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STUDIES ON THE MATURATION OF SECRETED QUORUM SENSING
PEPTIDES THAT REGULATE S. AUREUS VIRULENCE
Jeffrey Grant Johnson, Ph.D.
The Rockefeller University 2015

The accessory gene regulator (agr) locus in the commensal human pathogen,
Staphylococcus aureus, is a two-promoter operon with allelic variability that encodes a
quorum sensing circuit involved in regulating virulence in the bacterium. Secretion of
unique autoinducing peptides (AIPs) and detection of their concentration via AgrC, a
transmembrane receptor histidine kinase, coordinates local bacterial population density
with global changes in gene expression. In order for S. aureus to produce AIP, three
proteolytic transformations involving the proteins AgrB and SpsB are required. However,
despite our current understanding of AIP peptide processing, the actual manner in which
the AIP crosses the cellular membrane, and specifically the role of AgrB in this process,
has not been examined. Neither is it clear whether SpsB cleaves all four variants of the
AgrD precursor peptide. Initially, the aims of this thesis were to: 1) determine the role of
AgrB in secreting the AgrD(1-32)-thiolactone and 2) confirm that SpsB is the protease
responsible for the final cleavage step of AgrD in AIP biosynthesis. To achieve these
goals, an in vivo secretion assay using intein chemistry to produce AIP in the absence of
AgrB was developed to examine whether AgrB facilitates AIP secretion. Also, SpsB
biochemical assays were used to provide a thorough investigation of the final cleavage
step in AIP biosynthesis for AgrD-I and AgrD-II. The findings of this work indicate that
AgrB does not facilitate secretion, and SpsB can only cleave AgrD-I correctly but not

AgrD-II. Taken together, these observations suggest that AgrB and SpsB are two proteins



associated with AIP biosynthesis, but there are likely other proteins that need to be
identified. The final aim of this work was to investigate the effect of AIP macrocycle size
on AgrC activation. Since staphylococcal virulence can be inhibited through antagonism
of its quorum sensing system, there has been tremendous interest in understanding the
structure-activity relationships underlying the AIP-AgrC interaction. The defining
structural feature of the AIP is a 16-membered, thiolactone-containing macrocycle.
However, the importance of ring size on agr activation or inhibition has not been
explored. This deficiency is addressed through the synthesis and functional analysis of
AIP analogs featuring enlarged and reduced macrocycles. This study is the first to
interrogate AIP function using both established cell-based reporter gene assays and newly
developed in vitro AgrC-I binding and autophosphorylation activity assays. Based on our
data, we present a model for robust agr activation involving a cooperative, 3-points-of-

contact interaction between the AIP macrocycle and AgrC.
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Chapter 1. Introduction

1.1 Regulation of Virulence in Staphylococcus aureus

1.1.1 Emergence of Antibiotic-Resistant Strains of S. aureus

Staphylococcus aureus is part of the commensal microbial flora of ~30% of the adult
population. In spite of its normal, beneficial nature, S. aureus is an opportunistic
pathogen and a major health threat worldwide when it is capable of invading mucous
membranes or soft tissue.'! Once invasion occurs, the bacterium is a remarkable,
dynamic pathogen that is known to cause both acute and chronic illnesses such as
bacteremia, sepsis, endocarditis and toxic shock syndrome.[z’ 3 Although the immune
system and treatment with antibiotics can clear these infections, there are several risk
factors that include a weakened immune system, surgery, and/or implanted medical
devices that can lead to fatal infections."! Noticeably, these risk factors often persist in a
hospital environment, and virulent S. aureus strains can thrive in hospitals, where
vulnerable patients being treated for an unrelated problem may become infected with a
commensal strain or with a strain spread in the hospital.”’ Such infections have only
become more lethal with the emergence of antibiotic resistant strains of S. aureus (e.g.
MRSA and VRSA). In 2005, there were over 278,000 MRSA-related hospitalizations,
and estimates place MRS A-related deaths of at least 18,000 per year in the United States,

which is nearly as many deaths as AIDS, tuberculosis and viral hepatitis combined.*”!

Researchers have been trying to understand the emergence of antibiotic resistant
S. aureus strains starting with penicillin resistance in the 1940s.**! As these new resistant

strains emerged, new antibiotics were used to combat infections, resulting in several



waves of antibiotic resistant strains of S. aureus.”’ Methicillin, the first semisynthetic
penicillin (Figure 1), was introduced in October 1960 and within 6 months the first
methicillin-resistant S. aureus (MRSA) strains had been isolated.”'” Between 1998 and
2007, hospital-acquired MRSA (HA-MRSA) infections increased from 3.2 hospital
discharges to 4.8 discharges per 1000."""" While this increase was statistically significant,
even more significant was the increase in community-acquired MRSA (CA-MRSA)
infections. During the same time period, CA-MRSA infections increased from 0.4
hospital discharges to 3.3 discharges per 1000—an 8-fold increase. Alarmingly by 2007,
CA-MRSA infections accounted for 82% of all MRSA infections in children under the

age of fifteen.""" The threat of MRSA infections has, thus, left the hospital "> **!

During this 4-decade evolution of MRSA infections, S. aureus was also under
another selective pressure from vancomycin—one of the antibiotics of last resort for
Gram-positive bacteria (Figure 1). By the late 1990s, the first vancomycin intermediate-
resistant S. aureus (VISA) strains were isolated in Japan, and the first vancomycin-
resistant S. aureus (VRSA) strain was isolated in the United States in 2002.° '*'7
Uncompromisingly fueled by its need for survival, this tiny organism continues to expand
its arsenal and defense to dominate in a chemical war between host and pathogen. To
combat the pervasive, pathogenic potential of this bacterium, research efforts to further

understand S. aureus virulence and pathogenesis are essential.
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Figure 1. Chemical Structures of Several Antibiotics Used to Treat S. aureus
Infections

A) Penicillin G or benzylpenicillin is one of the more common penicillin antibiotics. B)
Methicillin is a derivative of pencillin, but it is a penicillinase-resistant [(3-lactam
antibiotic. C) Vancomycin belongs to the glycopeptide class of antibiotics. All three of

these antibiotics inhibit cell wall synthesis.!"* !



1.1.2 A Quorum Sensing Circuit Coordinates Virulence in S. aureus

In bacteria, extracellular small-molecules play a major role in cell-cell communication,
which involves the production, release, and community-wide detection of such small
molecules. Quorum sensing (QS) is one form of cell-cell communication that allows a
bacterial strain to monitor its own population and to adjust gene expression according to

bacterial population changes.”” *'!

In a QS circuit, a signaling molecule—an
autoinducer—is constitutively secreted in proportion to bacterial population density.
Once a threshold autoinducer concentration is achieved, the target receptor is activated
resulting in a specific, coordinated response through targeted gene transcription and
expression. Thus, activation of energetically demanding processes is limited to instances
in which there are enough bacteria present to elicit the desired effect. Synchronized
behaviors regulated by QS circuits include bioluminescence, sporulation, conjugation,
pigment production, biofilm formation and production of virulence factors.””*»*! There
are two general types of QS systems in bacteria: LuxIR circuits in Gram-negative
bacteria and oligopeptide two-component circuits in Gram-positive bacteria. In the LuxIR
circuit, the LuxI-type enzyme catalyzes the formation of a specific acyl-homoserine
lactone (AHL) autoinducer that freely diffuses in and out of a cell. The LuxR-type
proteins bind a specific AHL autoinducer once it reaches a threshold concentration.” In
Gram-positive bacteria, the autoinducers are short peptides called autoinducing peptides

(AIPs) that are typically detected by a classical histidine kinase two-component signaling

(TCS) system "%



In the Gram-positive bacterium, S. aureus, the accessory gene regulator (agr)
locus encodes a quorum sensing circuit that includes a canonical TCS system.” In
general, TCS systems are ubiquitous in bacteria, allowing them to sense and react to a
variety of stimuli, including osmolarity, pH, oxygen, chemoattractants, and
autoinducers.”” Each TCS is typically composed of a receptor histidine protein kinase
(HPK) that senses the signal and a response regulator (RR) transcription factor that
modulates gene expression. The HPK receptor typically forms a dimer, and each receptor
protomer consists of a sensory domain and an histidine kinase (HK) domain, which is
further divided into two subdomains: 1) an a-helical coiled-coil region containing the
dimerization interface and histidine phosphorylation site (DHp) and 2) the catalytic
kinase domain (CA).””? Stimulus detection by the HPK sensory domain triggers
activation of the HK domain, resulting in trans-autophosphorylation of the contralateral
histidine and then phosphoryl-group transfer to a conserved aspartate in the TCS-

associated RR.

As part of the agr locus encoded QS system, there is also an AIP autoinducer that
helps coordinate virulence factor production.”***"" S. aureus has a diverse arsenal of
virulence factors by which it evades the host immune system and then becomes very
toxic in the correct host environment. The two main classes of virulence factors are
associated with different phases of population growth in S. aureus (Figure 2).”! During
the lag and exponential phases, virulent S. aureus cells produce cell wall-associated
factors that facilitate tissue attachment and evasion of the host immune system, allowing

the bacteria to accumulate and possibly form a biofilm.”"! For example, microbial surface



components recognizing adhesive matrix molecules (MSCRAMMS) adhere to the
extracellular matrix to give the bacteria an attachment point in the host. Protein A binds

IgG antibodies to form a protective coat and evade the host immune system.'"*!

Once the S. aureus bacterial population size achieves the autoinducer threshold
concentration, the cell wall-associated factors are down-regulated in late exponential
phase and stationary phase, allowing for detachment from the original colonization site
and possible establishment of an invasive infection.”® At the same time, the bacterium
secretes enzymes and toxins, termed exoproteins, to degrade host tissue and to promote
spread of the infection. The degradative enzymes include proteases and hemolysins,
which lyse red blood cells by creating pores in the cell membranes or by hydrolyzing
membrane lipids. Enterotoxins are the causative agents of S. aureus food poisoning and
contribute to toxic shock syndrome and other diseases by stimulating T-cells to produce
proinflammatory cytokines in excessive amounts.""*** Such coordination of virulence

factors is conserved not only in Staphylococci” but also within the phylum firmicutes™*!

1

including pathogenic bacteria such as  Enterococcus faecalis”>  Listeria

[38]

monocytogenes,*® Clostridium perfringens,”” and Clostridium botulinum™ all showing

identifiable AIP-like signals.
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Figure 2. The Effect of S. aureus Population Growth on Virulence Factor
Expression

Adapted from references 2 and 32. Cell surface-associated virulence factors are highly
expressed during exponential growth in order to promote attachment to the host
extracellular matrix and evade the host immune system. In stationary phase, the cell
surface-associated virulence factors are down-regulated and expression of secreted
exoproteins is induced to promote invasion of the host and impart toxicity.!"” > **!
Staphylococci monitor their increase in population density using the quorum sensing
circuit encoded by agr, which regulates the transition between exponential and stationary
growth phases and coordinates expression of the two classes of S. aureus virulence

factors.*"



While the agr locus is considered a global regulator of S. aureus virulence, it is
only one of several genetic loci that produce a complex signaling network that
coordinately regulate the staphylococcal virulon (Figure 3).*°**' The staphylococcal
accessory regulator (sar) and its relatives are important regulators of virulence that
mediate many of their effects by influencing agr transcription: SarA, SarU and SarR up-
regulate agr transcription. SarA and SarU are also repressed by SarR and SarT, which
thereby indirectly down-regulate agr transcription. Some Sar family proteins regulate
virulence factors independently of agr. In a variety of infection models, loss of function
mutations in either agr or sar exhibit reduced virulence, and the virulence of double agr
sar’ mutants is, in some models, further reduced.””*”" The mgrA locus also appears to

regulate sar transcription and thereby agr transcription.'*

It also up-regulates some
efflux pumps and exoproteins in S. aureus among many other genes involved in
virulence. Other important loci include S. aureus exoprotein expression (sae),*”" which
may act downstream of agr to maintain hemolysin and coagulase expression;””
staphylococcal respiratory response (srr), which is required for optimal growth in
anaerobic conditions and inhibits agr output;®'" and repressor of toxins (rot), which
counteracts many effects of agr but also induces expression of some exoproteins.”>>*!

Because of this complex genetic network of virulence loci in S. aureus, it is still not

precisely understood what role agr plays in initiating and establishing an infection.

The agr locus of S. aureus contains two divergent promoters, P2 and P3, of which
the P2 transcript encodes a 4-gene operon, agrBDCA, whose gene products are four

proteins involved in the biosynthesis (AgrB and D) and detection (AgrC and A) of the



AIP—the autoinducer of the agr QS system (Figure 4A).*""*>%! For AIP biosynthesis,
AgrD undergoes two proteolytic cleavage events: 1) AgrB cleaves off the C-terminus of
AgrD and catalyzes the AIP thiolactone cyclization via an enzyme-mediated trans-

thioesterification reaction,”®>”

and 2) a signal peptidase cleaves AgrD near its newly-
formed, cyclized C-terminus™ to release the mature AIP into the surrounding, cellular
environment, where it increases in concentration as bacterial growth continues. The four
allelic AIPs expressed by S. aureus are 7-9 amino acid residues in length (Figure 4B).
Structurally, they have 2-4 amino acid residues connected to a thiolactone macrocycle,
which contains 5 amino acid residues and a thiolactone linkage formed by condensation
of the sulfhydryl group of a conserved Cys residue and the a-carboxyl group."*”’ Similar to
other staphylococci, these AlPs also have at least two hydrophobic residues at their C-
terminus.”™' AIP binding of AgrC, a membrane-bound receptor histidine kinase, results in
the activation of a TCS system comprised of AgrA and AgrC. Upon AIP binding, AgrC
dimers undergo autophosphorylation and then phosphoryl-group transfer to AgrA, the
TCS response regulator.”" > Phosphorylated AgrA binds and activates the P2 and P3
promoters completing a strong, positive feedback loop."”’ The P3 transcript encodes
RNAIII, which encodes the &-hemolysin toxin and is a regulatory RNA and effector

molecule of S. aureus virulence factors.” !
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Figure 3. A Network Schematic of Some of the Genetic Loci That Control Virulence
in S. aureus

The regulation and expression of virulence genes such as a-hemolysin (hla), d-hemolysin
(hld), serine proteases (splA-F), exotoxins (hlgA-C and pmtA-D), and Protein A (spa) is
modulated by a complex, interactive network of many regulatory loci, including the agr
locus, in S. aureus. Repressive interactions are represented in red. Activating interactions
are represented in green. The sar locus is the staphylococcal accessory regulator,
including SarA, SarU and SarR, which up-regulate agr transcription. MgrA is a
transcription regulator with homology to SarA and MarR proteins. Other important TCS
systems include: arlR and -S, S. aureus exoprotein expression (sae) and staphylococcal
respiratory response (srr). Genes of interest: st = toxic shock toxin; rot = repressor of
toxin; tdcB = threonine dehydratase; and aur = aureolysin. norA, norB and tetK are

efflux pumps. sigB encodes an alternative sigma factor in S. aureus.



While the agr locus is conserved among the staphylococci, it has undergone an
interesting evolutionary divergence, giving rise to variant specificity groups, of which
there are four groups in S. aureus and at least two groups in several other staphylococcal
species. The sequence variability of each agr specific group appears within the genes of
agrB, agrD, and the transmembrane sensor domain of agrC, giving rise to the variability
of the AIP and its receptor.”"***'"! (It is important to note that a S. aureus bacterium can
only express one of the four specificity groups.') Meanwhile, agrA is identical across all
four agr groups of S. aureus. Each group produces a distinct AIP with a different amino
acid sequence and with differing ligand-receptor specificities with its AgrC receptor.
These different ligand-receptor interactions are responsible for agr group identification
and activation when cognate AIP and AgrC interact.” Interestingly, a heterologous
pairing of AIP and AgrC inhibits the agr feedback loop while still allowing bacterial
growth to continue.” The only exception to this intergroup interference is the cross-
activation observed between groups I and IV, which is likely due to these two AIPs
differing in sequence by a single amino acid.”” Intergroup quorum sensing interference
may be unique to S. aureus, since such a phenomenon has not been observed among the

agr groups of S. epidermidis.”

The in vivo relevance and therapeutic implications of
this intriguing phenomenon are the subject of ongoing study in several laboratories. This
cross-group antagonism has also proven a valuable tool for studying AIP structure-

activity relationships (SAR) and makes agr an especially attractive model system for the

study of quorum sensing in Gram-positive bacteria.
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Figure 4. The agr Quorum Sensing Circuit

A) Schematic depicting the general agr QS circuit in S. aureus (black arrows). The P2
operon (blue) contains four genes to synthesize and detect AIP. The AgrD precursor
peptide is processed into the mature AIP. (Schematic of sequence and structure of the
four possible AIPs is shown in B.) Production of AIP requires an integral membrane
protease, AgrB. Secretion of the AIP involves the AgrD precursor crossing the bacterial
membrane and a second cleavage step that liberates AIP into the extracellular
environment. AIP (dark blue) binds to homodimeric AgrC, a receptor histidine kinase
(HK), which induces its autokinase activity. Activated AgrC relays the phosphoryl group
to the response regulator, AgrA, which then activates transcription of both P2 and P3
(purple) operons in the agr locus. This results in a positive feedback on the circuit and an
up-regulation of the P3 transcript, RNAIII, which controls the expression of agr-related
virulence genes. A heterologous AIP (orange and red) suppresses agr expression and

[21,55]

RNAIII production by inhibiting AgrC autokinase activity.
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1.2 Molecular Components of the agr Locus

The agr system is one of the most extensively studied QS systems with the work of
several laboratories providing a relatively detailed picture of the molecular mechanisms
in this biological system. Our understanding of this system is nevertheless a work in
progress, and the following sections detail what is known in the field and what questions
remain to be answered.

**Note: one convention employed herein will be to designate group specificity when
referring to agr-encoded proteins by adding the group number in roman numerals
following the protein or AIP (e.g. AIP-I, AgrB-II, AgrC-III and AgrD-1V). If no
specificity group is designated, it can be assumed that a general statement is being made

about the referenced agr molecule —protein or AIP.

1.2.1 AIP Biosynthesis

The AIP sequence is embedded within the AgrD polypeptide (Figure 5A).*>% 1In S.
aureus, AgrD is a polypeptide chain of either 46 or 47 amino acids depending on the
specificity group. (AgrD-II is the only one consisting of 47 amino acids.) Structurally,
AgrD can be divided into three general domains: 1) the N-terminal 24 residues form an
amphipathic helix that is capable of targeting the AgrD polypeptide to the cell
membrane;* 2) the middle section of AgrD contains the amino acid sequence for the

(31, 64]

AIP molecule; and 3) the C-terminus of AgrD is highly acidic and contains key

residues for recognition of and removal by AgrB.”” These three general domains of

AgrD are conserved among all staphylococcal species.””"*"!
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A) 2nd AgrB

cleavage cleavage
Residue # 10 20 30 40
AgrD-I MNTLFNLFFDFITGILKNIGNIAA YSTCDFIM j DEVEVPKELTQLHE
654321
AgrD-II MNTLVNMFFDFIIKLAKAIGIVG GVNACSSLF j DEPKVPAELTNLYDK
54321
AgrD-III MKKLLNKVIELLVDFFNSIGYRAAY INCDFLL j DEAENPKELTQLHE
7654321
AgrD-1IV MNTLLNIFFDFITGVLKNIGNVAS YSTCYFIM j DEVEIPKELTQLHE
654321
Membrane Association Domain Secretion Inhibitor Domain
(MAD) AIP (SID)
Amphipathic Helix Acidic/Charged
B)
Spase
cleavage
site
-6 -3 -lw
N H C
+4+++ Pro Pro Ala Ala
Gly Gly Ser  Ser
Val Gly
Thr
Leu
Ile
Gly

Figure 5. AgrD Sequence Alignment and Structural Characteristics

A) S. aureus AgrD sequences aligned with the AIP sequences colored navy blue and
conserved residues shaded light blue. Domain characterization and cleavage sites are
indicated, and the residues leading into the AIP N-terminal cleavage site are numbered.
B) Schematic representation of a typical bacterial signal peptide, which usually contains a
positively charged N-terminus (N), a central hydrophobic region (H), and a polar, C-
terminal region (C).'”” Helix-breaking proline or glycine residues are often found in the
middle of the H-region and between the H- and C-regions at the -6 position relative to the
cleavage site. The signal peptidase (SPase) recognition sequence consists of small
aliphatic residues at positions -1 and -3, relative to the cleavage site. The most common
residue at these positions is Ala, although other common residues are listed. Compared to

this schematic, the N-terminus of AgrD has some C-region characteristics.
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The N-terminal helix can vary significantly in sequence with only 5 of 32 residues
conserved among the AgrD polypeptides of S. aureus. Despite this variability, the
amphipathic properties are thought to be maintained. Removal of the first 12 residues of
AgrD-I is also tolerated with some AIP-I being produced, but deletion of the first 14
residues prevents AIP-I biosynthesis.” If these removed amino acids are replaced with
an artificial amphipathic helix, AIP-I production can be rescued, suggesting the function
of this section is membrane targeting, but not necessarily to mediate any specific
interactions with AgrB." More recently, the AgrD N-terminal leader was discovered to
exist in the amyloid fibrils of S. aureus biofilms.'”* "' Such behavior resembles the small
peptide toxins expressed by S. aureus known as phenol-soluble modulins (PSMs).* Like
PSMs, the N-terminus of AgrD forms and seeds amyloid fibrils outside the cell and
displays cytolytic and proinflammatory properties, indicating that the N-terminus of
AgrD might be another virulence factor directly expressed by agr.*®” How a S. aureus
bacterium might secrete and/or regulate this amphipathic leader peptide is not understood

at all.

In other work, the N-terminus of AgrD-I was replaced with a transmembrane
helix to limit the orientation of AgrD-I to the cytoplasmic side of the membrane, but this
altered AgrD-I did not lead to AIP production, indicating that the N-terminal leader must
be amphipathic to allow AgrB processing.'”*! Additionally, the processing of AgrD results
in a secreted peptide. However, the N-terminus does not resemble a canonical signal
peptide typically used to target polypeptides to the secretion machinery embedded in the

cell membrane (Figure 5B);'°” and using signal peptide predictive software indicates that
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the N-terminus of AgrD does not include classical, recognizable elements of signal
peptides.” Thus, the N-terminal, amphipathic helix of AgrD targets the molecule to the
cell membrane, where it associates with AgrB for further processing into AIP. That is
also why, herein, the N-terminus of AgrD is referred to as the membrane association

domain (MAD).

The small AIP-encoding domain of AgrD also shows considerable divergence
within S. aureus. For now, it is important to note that among the four S. aureus AIPs
there is a conserved cysteine residue at the -5 position relative to the AgrB cleavage site
(Figure 5A). This cysteine forms the thiolactone ring structure of AIP. Also, AIP-I and -

IV vary by one amino acid.

The C-terminal tail is the most conserved portion of AgrD in S. aureus, especially
the first nine residues.”” The C-terminal portion begins with the residues aspartate and
glutamate as the first two amino acids followed by two other absolutely conserved
proline and glutamate residues at the sixth and eighth positions, respectively, relative to
the AgrB cleavage site. The conserved proline residue at the +6 position has been used to
predict the C-terminus of AIP autoinducers within several other Gram-positive bacteria
that still require some experimental validation.”"! There are also two conserved leucine
residues in the C-terminus of AgrD. Some elegant genetic work using alanine point
mutants has shown that the first conserved glutamate (E34) and leucine (L41) residues
are essential for AIP production and AgrB cleavage of AgrD.”” It has also been reported

that only a small portion of the C-terminus can be removed and still maintain AIP
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production. Deleting the four most C-terminal amino acid residues is tolerated, which
further confirms the importance of the E34 and L41 residues, since they are more than
four amino acid residues from the C-terminus.”” Finally, the C-terminus is highly
negatively charged with at least four acidic residues within a 14-residue span. In order to
biologically synthesize and secrete AIP, AgrB must remove this densely charged region
of AgrD. While there is no clear secretion mechanism for AIP, secretion of this small
peptide would clearly benefit from removal of this acidic patch. Therefore, the C-
terminus of AgrD can be referred to as the secretion inhibitor domain (SID), which AgrB

removes.

AgrB is a 22-kDa integral membrane protein and cysteinyl endopeptidase that
removes the SID of AgrD and mediates the formation of the AIP thiolactone
macrocycle.”™*” In many respects, AgrB is a unique feature of the staphylococcal agr
system since it lacks significant sequence similarity with other quorum-sensing proteins
and does not share homology with other cysteine proteases or other autoinducer
processing proteins in Gram-positive bacteria.”>** When comparing the different AgrB
sequences among S. aureus agr types there is a significant amount of variation between
strains. Overall hydrophobic sections that make up transmembrane sections are
conserved, though the sequences of these regions are diverse—a common feature of
integral-membrane protein homologs. Interestingly, the N-terminal portion of AgrB is
highly conserved among staphylococcal species, with the first 34 residues being
absolutely conserved among the four S. aureus agr groups. This region is required for

AgrB function. " However, its role in AIP production is currently unknown.
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The group specificity of AgrB in the processing of AgrD is not as stringent as that
of AIP-AgrC interactions. While in most cases AgrB will only process its cognate AgrD,
there are exceptions. AgrB-III can process AgrD-I to form AIP-I, and AgrB-I can process
AgrD-1II to form AIP-III.®Y AgrB-I and -IV may also be capable of processing both
AgrD-I and -1V, as the sequences of these two groups are very similar, but this possibility
has yet to be tested. In trying to understand the basis for AgrB-AgrD specificity, Zhang et
al. constructed a panel of AgrB-1/II chimeras by swapping homologous segments of the
two proteins, then determined their ability to synthesize active AIPs from AgrD-I or
AgrD-IL."Y The authors narrowed down the determinants of specificity in AgrB-I to
amino acids 43 to 67 and to residues 126 and 141 in AgrB-II. These regions correspond

to either the second and fourth transmembrane regions according to one AgrB topology

[56] [72]

map,” or a cytoplasmic loop and an extracellular loop in another AgrB topology map.
While the lack of expression and localization data for the mutant proteins is a caveat of
this study, it is nonetheless interesting that the specificity determinants for AgrB-I and

AgrB-1II appear to be in different regions of the primary sequence. Further study will need

to focus on how these patches impart specificity and how they recognize AgrD.
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Figure 6. Topology Models of AgrB

AgrB topological studies using a A) PhoA-fusion protein strategy”® or B) SCAM."” The
catalytic residues C84 and H77 are indicated with either a blue circle or purple triangle,
respectively, in their approximate location. The italicized numbers identify the residue
number at the beginning or end of a proposed transmembrane domain, which are

represented in the AgrB cartoons presented in A and B as cylinders within the cell

membrane.
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Attempts to structurally characterize AgrB have proceeded slowly. Two studies a
decade apart have produced topology maps of AgrB, which have several major
disagreements.”® " The first study used alkaline phosphatase (PhoA) fusions of AgrB in
E. coli to try to map the topology of AgrB in the inner membrane (Figure 6A). This
method generated a topology map with six transmembrane regions, in which both the N-
and C-termini are predicted to be inside the cell and a 27-residue loop located outside the
cell. Topological studies indicate that the catalytic residues (H77 and C84) are located on
the cytoplasmic face of the membrane.” The second study used the substituted cysteine
accessibility method (SCAM) to investigate AgrB topology (Figure 6B). SCAM resulted
in a topology map with four transmembrane regions, in which both the N- and C-termini
are predicted to be outside the cell and a re-entrant loop on the cytoplasmic face positions
the catalytic residues near the membrane.” Clearly, a crystal structure will be the only

way to resolve these topological discrepancies.

Initially, progress towards elucidating the mechanism of AIP biosynthesis
preceded slowly from the original report in 1995 that indicated AgrB is involved in the
process.”'! Recent research, however, has helped elucidate the cleavage mechanism of
AgrB. The first evidence for an AgrB-mediated removal of the AgrD SID came from
Western blot analysis of crude cell lysates containing epitope-tagged AgrD, in which
only AgrD intermediates corresponding to the MAD and AIP sequences were observed;
and there was no intermediate detected corresponding to the AIP and SID sequences.”

Mutagenesis experiments also revealed that residues H77 and C84 are required for

production of an active AIP;"" and later Thoendel er al. used Western blot analysis to

20



detect an AgrB-AgrD-I intermediate in membrane fractions of an E. coli strain that
expresses AgrB-1 and Hiss-tagged C28A AgrD-1.°" They were also able to prevent
formation of this acyl-enzyme intermediate by using a C84S AgrB single-point
mutation.”” The C84S AgrB-I and C28A AgrD-I point mutants indicate that AIP
biosynthesis requires a thioester intermediate to then undergo a thioester exchange step to
form the AgrD(1-32)-thiolactone. From all of this work, a detailed AgrB-mediated
cleavage mechanism can be proposed as follows (Figure 7): The SID of AgrD is
removed when the sulfhydryl group of C84 in AgrB attacks the amide carbonyl of the
32" amino acid in AgrD to form an acyl-enzyme thioester intermediate. (H77 of AgrB
acts as a general base to deprotonate C84.) The thiolactone macrocycle of AIP is formed
when the conserved sulthydryl group of C28 in AgrD attacks the acyl-enzyme thioester
intermediate in an intramolecular trans-thioesterification reaction."®*"! The product of
AgrB cleavage is a 32-residue polypeptide with a C-terminal thiolactone macrocycle,

which includes the last five C-terminal amino acid residues (28-32).
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Figure 7. Proposed AgrB Cleavage Mechanism of AgrD to Form the AgrD(1-32)-
thiolactone Precursor

Proposed mechanism of AgrB cleavage of AgrD. C-terminal cleavage of AgrD (dark
blue) is mediated by residues H77 and C84 of AgrB to yield an acyl-enzyme
intermediate > %"
sulthydryl group of the conserved C28 residue of AgrD. The product of AgrB cleavage
is a 32-residue polypeptide with a C-terminal thiolactone macrocycle, which includes the
last five C-terminal amino acid residues (28-32). This AIP precursor will often be
referred to as the AgrD(1-32)-thiolactone. The cytoplasmic proximal region of AgrB is

shown in green.
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The next step in AIP biosynthesis following formation of the AgrD(1-32)-
thiolactone requires transport of the intermediate across the membrane in preparation for
release into the external environment. There is no clear mechanism for AIP secretion. In
the literature, it is assumed that AgrB is somehow involved in transporting the
intermediate it forms across the membrane.”® """ Only recently, has some work tried
to investigate the role of AgrB in AIP secretion. After screening many AgrB mutants
obtained from random mutagenesis, three point mutations were found to affect AIP
production although none of the three inhibited AgrB peptidase activity. K129, K130 and
K131 of AgrB form a lysine patch, and when mutated to glutamate, they inhibit secretion
of an active AIP but not AgrB peptidase activity.®® These residues are predicted to be in
an extracellular loop or near the extracellular membrane face in the topology maps.* "
This same study attempted to determine whether AgrB forms oligomers. Oligomerization
of AgrB might indicate that AgrB forms a pore to help transport the AgrD(1-32)-
thiolactone across the membrane. Expressing a T7-AgrB fusion protein and a Hisg-
tagged AgrB together in E. coli, the authors argue, based on co-immunoprecipitation
data, for the existence of a complex between the two proteins.”” However, this study did
not shed light on whether this complex was a dimer or some higher oligomer, nor did it

address the functional relevance of this complex for secretion. Consequently, the

secretion mechanism for the AIP precursor remains poorly understood.
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Figure 8. Type I Signal Peptidases

A) A sequence alignment of several type I SPases compares spsB and spsA to the
classical Gram-negative (LepB, E. coli) and Gram-positive (SipS, B. subtilis) SPases and
reveals that SpsB does have the catalytic serine/lysine dyad in the conserved regions of
known SPases while SpsA does not.””’ B) The active site of SpsB (apoenzyme, pdb file
1KNO9) is depicted in a stick model with oxygen (red), nitrogen (blue), sulfur (yellow) and
carbon (blue-gray).”* S90 is the nucleophile and K145 acts as a general base in the
hydrolysis of peptide bonds. C) This model for signal peptide insertion into the
cytoplasmic membrane and cleavage by type I SPase is adapted from van Roosmalen et
al ™' First, the signal peptide interacts with the membrane, inserting into the membrane
and unlooping to pull part of the mature protein through the membrane. During or shortly
after translocation by the protein transport machinery (not shown), the signal peptide is
cleaved by type I SPase and, thereby, the mature protein is released from the membrane.

Finally, the mature protein folds into its native conformation.
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AIP production requires three chemical transformations: two proteolytic cleavage
steps and thiolactone formation. AgrB accomplishes one cleavage step and forms the AIP
thiolactone macrocycle. While it is unlikely AgrB performs all three chemical
transformations to produce AIP, there are no other candidate proteins encoded in agr.””
For over a decade, there was speculation that other proteins in addition to AgrB may be
involved in AIP production.” " 7' In 2007, a new player in AIP processing was
discovered —SpsB —the type I signal peptidase (SPase) in S. aureus.”™™ Type 1 SPases
utilize a Ser-Lys catalytic dyad (Figure 8A & B),*7* 77 and they are membrane bound
proteases responsible for removing N-terminal signal peptides as proteins are being
secreted through the Sec or Tat secretion pathways (Figure 8C).[>" In Gram-positive
bacteria, SPases have an N-terminal transmembrane segment that anchors the catalytic
domain to the outside of the membrane.>’* " In S. aureus, SpsB is essential for cell
growth and viability.””' Proximal to the spsB gene is another open reading frame, spsA,
and only 15 nucleotides separate the two genes. Alignment of these two genes with LepB
(E. coli SPase) and SipS (B. subtilis SPase) indicates that SpsA is a catalytically inactive
SPase, where the conserved Ser-Lys catalytic dyad is replaced by Asp and Ser,
respectively.”” Therefore, SpsB is thought to be the only active type I SPase in S. aureus,

although many other Gram-positive bacteria may have multiple SPases.'”

It has been reported that SpsB carries out the second cleavage event of AgrD-I,
removing the N-terminal region.”® In support of this assertion, signal-peptidase inhibitors
were capable of preventing AIP production and agr activation in both agr-I and agr-I1

strains, albeit at millimolar concentrations. Also, a synthetic peptide substrate derived
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from AgrD-1I, NIAAYST tagged with fluorescein was added to various lysate fractions;
and the correct cleavage products were identified by comparing their agarose gel
retention times to synthetic standards. Through a series of fractionation and inhibition
experiments, the proteolytic activity was attributed to SpsB."™ It remains untested
whether SpsB is involved in AIP production for all four specificity groups of S. aureus
and other staphylococcal strains, so further investigation is necessary to verify the

universal requirement of SPase in AIP biosynthesis.

Using all the experimental findings outlined above, a model for AIP biosynthesis
has been proposed (Figure 9). First, AgrD associates with the cytoplasmic membrane via
its MAD. At the membrane, AgrB catalyzes cysteine-dependent nucleophilic attack on
AgrD, removing the SID through a two-step process: 1) the formation of a covalent
intermediate in which AgrD and AgrB are linked through a thioester bond and 2) the
conserved sulfhydryl group of C28 in AgrD exchanges with the acyl-enzyme thioester
intermediate through a trans-thioesterification reaction to create the thiolactone
macrocycle and to form the AgrD(1-32)-thiolactone—the AIP precursor. Finally, the
precursor is transported across the membrane through an unknown mechanism, where a
membrane protease such as SpsB removes the MAD sequence to release AIP into the
extracellular environment. While some of the steps such as AgrD targeting to the
membrane, AgrB-mediated cleavage and SpsB-mediated cleavage have been

demonstrated, experimental evidence supporting the other steps is lacking.
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Step 1 Step 2 Step 3 Step 4 Step 5

Membrane AgrB Trans- Transport Cleavage/
association cleavage thioesterification across the release
cyclization membrane

Figure 9. Proposed AIP Biosynthetic Pathway Model

A proposed AIP biosynthetic pathway model adapted from Theondel et al.:"*' Step 1, the
MAD of AgrD helps target AgrD to the cytoplasmic membrane. Step 2, AgrB removes
the SID of AgrD. Step 3, the acyl-enzyme thioester intermediate undergoes a trans-
thioesterification reaction with the conserved Cys residue of AgrD, liberating the peptide
from AgrB and forming a thiolactone macrocycle at the C-terminus of the peptide. Step 4,
the AgrD(1-32)-thiolactone is transported to the outer face of the membrane. Step 5, a
membrane protease such as SpsB removes the MAD of AgrD, releasing AIP from the

membrane into the external environment.
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Table 1. SAR of Previously Synthesized AIPs and AIP Derivatives

(Not All Synthetic AIPs Are Listed)

AIP AIP AgrC Activation AgrC inhibition

Derivative Sequence L[ [ m [ v L [ m v
AlP-| YSTCDFIM +++ — — + — +++ +++ —
AIP-1I GVNACSSLF — +++ — — +++ — +++ +++
AIP-11I INCDFLL — — +++ — +++ +++ — ++
AIP-IV YSTCYFIM ++ — — +++ — +++ +++ —
AIP -1l YSTCSSLF — — — — +++ ++ +++ +++
AIP II-1 GVNACDFIM — — — — ++ +++ ++ +
AIP-Il Lactone GVNASSSLF — — nt nt +++ — nt nt
AIP-I Lactam YST(Dpr)-FIM + nt nt nt nt nt nt nt
AIP-Il Lactam GVNA(Dapa)-SSLF — + nt nt +++ - nt nt
tr-AlP-1” Ac-CDFIM + — — +++ +++ +++ +++
tr-AlP-1I CSSLF — — — — ++ ++ +++ ++
tr-AlP-1117 Ac-CDFLL nt nt nt nt +++ +++ — +++
tr-AlP-IV CYFIM — — — — ++ +++ +++ +
tr-AlP-1/IV 2A CAFIM — — — — +++ +++ +++ +++
Y1A AIP-1 ASTCDFIM ++ nt nt nt — nt nt nt
S2A AIP-I YATCDFIM +++ nt nt nt — nt nt nt
T3A AIP-I YSACDFIM ++ nt nt nt — nt nt nt
D5A AIP-1/IV YSTCAFIM — — — — +++ +++ +++ +++
F6A AlP-I YSTCDAIM + nt nt nt — nt nt nt
17A AIP-1 YSTCDFAM + nt nt nt — nt nt nt
MB8A AIP-1 YSTCDFIA + nt nt nt — nt nt nt
M8l AIP-I YSTCDFII +++ — — ++ — +++ +++ —
G1A AIP-II AVNACSSLF — +++ nt nt +++ — nt nt
V2A AIP-II GANACSSLF — ++ nt nt +++ - nt nt
N3A AIP-II GVAACSSLF — — — — +++ ++ +++ +++
S6A AIP-II GVNACASLF — +++ nt nt +++ — nt nt
S7A AIP-II GVNACSALF — +++ nt nt +++ — nt nt
L8A AIP-II GVNACSSAF — — nt nt — — nt nt
F9A AIP-II GVNACSSLA — — nt nt — - nt nt
D5N AIP-I/IV YSTCNFIM +++ — ++ — — +++ — +++
D5F AIP-I/IV YSTCFFIM +++ — — +++ — +++ +++ —
11A AIP-11IA ANCDFLL nt nt nt nt +++ +++ ++ +++
N2A AIP-1IIA IACDFLL nt nt nt nt +++ +++ — +++
D4A AIP-1IIA INCAFLL nt nt nt nt +++ +++ +++ +++
F5A AIP-IlIA INCDALL nt nt nt nt — - — +
L6A AIP-11IA INCDFAL nt nt nt nt — - — —
L7A AIP-1IIA INCDFLA nt nt nt nt — - — —
p-11 AIP-11IA pINCDFLL nt nt nt nt +++ +++ +++ +++
p-N2 AIP-IlI* IDNCDFLL nt nt nt nt +++ +++ +++ +++
p-C3 AIP-IlI? INDCDFLL nt nt nt nt — - — —
p-D4 AIP-IlIIN INCoDFLL nt nt nt nt ++ +++ — +++
p-F5 AIP-llIA INCDoFLL nt nt nt nt — - — +
p-L6 AIP-11IA INCDFoLL nt nt nt nt — - — —
p-L7 AIP-11IA INCDFLbL nt nt nt nt +++ +++ — +++
AIP-11l BAA” YINCDFLL nt nt — nt +++ +++ +++ +++
AIP-111 9AA AYINCDFLL nt nt — nt nt nt ++ nt
b-AlP-I biotin-YSTCDFIM ++ — — — — +++ +++ —
Ac-AlP-I Ac-YSTCDFIM +++ — — — — +++ +++ —
fl-AlP-1 fluorescein-YSTCDFIM ++ — — — — +++ +++ —
AIP-11 acid GVNACSSLF-oH — — — nt — - — nt
AIP-II thioester GVNACSSLF-sr — — — nt — — — nt
AIP-I peptomers 10-20 library — — — — ++ ++ ++ ++
AIP-I norleucyl YSTCDFI(Nle) — nt nt nt — nt nt nt
AIP-I methionyl YSTCDFIM* — nt nt nt — nt nt nt
sulfoxide

+, ++, +++ = weak to strong activity. The dash (—) indicates no activity detected. nt = not tested. Dapa =
diaminopropanoic acid. trAIP = truncated AIP. AA = amino acids. The small D indicates a D-amino acid.
Endocyclic amino acid residues are in boldface.

AThe activity for these AIPs and AIP derivatives were determined using a cell-based reporter gene assay
with GFP instead of (3-lactamase.

“Both cell-based reporter gene assays (GFP and 3-lactamase) were used to determine the activity for these

AIPs and AIP derivatives.
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1.2.2 AIP Structure and Activity
A large effort has been made toward determining the structure—activity relationships
(SAR) of the four AIPs by employing synthetic methods and a rapid, quantitative

agrP3::blaZ reporter assay""* %62 63, 79:83]

or a similar reporter gene assay using gfp
instead of blaZ ™ *' Efficient chemical synthesis of AIPs combines solid-phase peptide
synthesis (SPPS) and solution phase chemistry.*> % %31 [n the most efficient protocol
using BOC chemistry, the linear peptide is first synthesized by SPPS on an a-thioester-
generating resin, then cleaved from the solid support, and the final AIP product is
obtained by spontaneous trans-thioesterification of the unprotected peptide a-thioester in
neutral aqueous solution.'”” Synthetic AIPs are extremely potent agonists and antagonists
of cognate and non-cognate AgrC receptors, respectively, with ECy, and IC, values in
the low to sub-nanomolar range.*>**% %% %% The recognition determinants for agonism
are much more stringent than those for antagonism, consistent with the requirement for
group-specific AIP-AgrC interactions for activation but not inhibition (Table 1).1*> %
%! For example, the exocyclic “tail” residues are dispensable for inhibition but not
activation.> % *I Indeed, some truncated AIPs consisting of only the pentapeptide
macrocycles inhibit all four S. aureus AgrC receptors, including their cognate AgrC.™
Furthermore, replacing the thiolactone linkage of the AIP with a lactam or lactone causes
a dramatic reduction in agonistic potency but has virtually no effect on antagonism."*>*"
Linear versions of the AIPs are completely inactive, indicating that a macrocyclic
structure is one requirement for inhibition as well as for activation.””’ The presence of

two bulky hydrophobic residues at the C-terminus, a strongly conserved feature of the

staphylococcal AIPs (Figure 10), also seems to be critical for binding and activity since
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alanine substitutions at either of these positions in AIP-I, -II and -III have all resulted in a
dramatic reduction in agonist and antagonist potency.*>* ¥ *I Recent NMR studies
produced structures of the four native AIPs that revealed a tri-residue “hydrophobic
knob” essential for binding and therefore bioactivity (Figure 11).*" Thus, the macrocycle
and hydrophobic binding motif are important for bioactivity, and the thioester and tail
residues are additionally required for AgrC receptor activation but not necessarily for

binding or inhibition.

While all four S. aureus AIPs follow the general paradigm described above,
determinants of specific AIP-AgrC interactions vary considerably among the different
groups. Alanine scanning mutagenesis revealed that the key residues for receptor
activation lie in different positions in the sequences of different AIPs. *>* %I For
example, D5 of AIP-1 and D4 of AIP-III are endocyclic, and N3 of AIP-II is in the tail.
Each residue is a critical determinant for specific activation of its cognate AgrC receptor.
Replacing these critical residues’ side chain functionalities with the methyl group of
alanine leads to the DSA AIP-I, D4A AIP-III and N3A AIP-II mutants that results in loss
of specificity but not activity, as the AIP analogs maintain antagonism of non-cognate
AgrC receptors and are converted to antagonists of their cognate receptors (Table 1).
Conversely, substitution of an amide for the acid in DSN AIP-I unexpectedly converts the
peptide to an AgrC-III agonist while maintaining cognate AgrC-I activation, and DSF
AIP-I is also an agonist of AgrC-1."" Finally, nonnative appendages, such as biotin, can
be conjugated to the N-terminus of AIP-I without significantly affecting its activity, but

the addition of one amino acid to the N-terminus of AIP-III leads to a loss of agonism.'*”!
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S. conhii cohnii

S. aureus, group 1 c I F|I M
S. aureus, group IV CYF|I M
S. aureus, group 111 CDF|L L
S. aureus, group 11 c L F
S. capitis, group 1 cCOLly ¥
S. capitis, group 11 CAL(Y Y
S. epidermidis, group 1 c Y F
S. epidermidis, group 11 (] Y L
S. epidermidis, group I11 (] Y L
S. warnerii c F F
S. caprae, group I c Y F
S. caprae, group 11 c Y F
S. lugdunensis, group 1 CINA|Y F
S. lugdunensis, group 11 CING|Y F
S. carnosus CVG|Y F
S. simulans, group I CLG|F L
S. simulans, group 11 CFG|Y F
S. intermedius G(F F
S. auricularis, group 1 V(L ¥
S. auricularis, group 11 V(L ¥
S. arlettae G(w F
S. gallinarum v G|F F
S. xylosus G|F F

AlY F

G|F A

S. cohnii urealyticum

Figure 10. Sequence Alignment Indicates a Hydrophobic, C-terminal Motif in
Known and Predicted Staphylococcal AIPs

Polar residues are shaded blue and non-polar residues are shaded yellow, highlighting the
conserved C-terminal hydrophobic motif outlined in black. The conserved cysteine is
shaded in gray, and note that the S. intermedius AIP contains a serine instead of a
cysteine, which forms a lactone instead of a thiolactone. This figure is adapted from

Wright et al.™
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Activation

Leu7

Recognition
and Binding

Figure 11. AIP Binding Hydrophobic Knob Motif

A space-filling model of AIP-III displaying hydrophobic residues in yellow and
hydrophilic in green. This figure is adapted from Tal-Gan et al."® The model is oriented
with the AIP macrocycle extending out of the plane of the paper and the AIP tail is
hidden behind. The red triangle indicates the side chains of AIP-III involved in this
proposed “hydrophobic knob” binding motif, which is necessary for AgrC binding. The
light blue dot indicates another important interaction within AIP-III for activation—the

side chain of Ilel is required for activation. ™"
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Competitive antagonism best explains the mechanism of intergroup agr
interference of the AgrC receptor.”” The less stringent AIP sequence requirements for
antagonism suggest that an AIP binding event is sufficient for blocking activation of
AgrC by a cognate AIP and that AgrC activation requires an additional, specific agonistic
interaction. Wash-out and order of addition experiments indicated that both agonists and

antagonists bind AgrC in a reversible manner,””’

consistent with competitive antagonism
and contradictory to an earlier model involving receptor acylation by the thioester-
containing AIP."™ Inverse agonism has also been observed in constitutively active AgrC
mutants, which does further support competitive binding of AgrC and raises the
possibility that some non-cognate AIPs induce and/or stabilize an inactive receptor
conformation.”” Recently, AgrC-1 was incorporated into nanometer-scale lipid bilayer
discs (nanodiscs) for in vitro biochemical assays, and among other findings, AIP-1I was
not only confirmed as an inverse agonist of AgrC-I but also shown to stabilize AgrC-I in
an inactive conformation.™ Thus, the mechanism of intergroup agr interference of AgrC
occurs in a competitive fashion where AIP can act as a simple, neutral antagonist or help

to stabilize an inactive conformation of AgrC as an inverse agonist. -7 #5781
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1.2.3 Detecting the AIP Through a Two Component Signaling System

AgrC is an HPK that belongs to the small, unique HPK,, subfamily of QS receptors in
Gram-positive bacteria (Figure 12A and B).™ These receptors have a polytopic
transmembrane sensor domain, a distinct sequence pattern, F[RKJHDY XN, around the
histidine phosphoryl-acceptor residue (known as the H box), and catalytically important
N-box and G-box residues. They lack a D-box motif, typically involved in nucleotide
binding. Besides these differences, AgrC does not contain a coiled-coil HAMP (histidine
kinase, adenylyl cyclase, MCP, and phosphatase) domain but instead has a putative

[55, 88]

coiled-coil in the DHp subdomain (Figure 12A), which likely mediates
homodimerization. In order to determine whether AgrC exists as a pre-formed or ligand-
induced dimer, co-immunoprecipitation of differentially tagged versions of AgrC in the

absence and presence of AIP was performed. This analysis indicated that AgrC exists as a

preformed dimer in the absence of AIP.”

The sensor domain of HPK, family members is predicted to be polytopic.®*'! To
obtain more accurate topographical description of the HPK,, sensory domain, *> **
bioinformatic analysis of sixteen HPK,, sequences using TOPCONS, which merges the
topology predictions of five different predictive programs into a single consensus
topology,”””! generated a consensus topology for an HPK,, sensory domain with four
highly conserved TM domains within the C-terminal two-thirds of the sensory domain
sequence that have the same orientation in all sixteen HPK ,, receptors.”” It also indicated

that the N-terminus of the sensor domain is not well conserved and that the position and

number of TM domains is variable among the 16 different HPK,, receptors, of which
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AgrC was included. The AgrC sensor domain consists of the first ~205 amino acids out
of 430.”" Two different experimental studies have tried to determine the topology of the
AgrC sensor domain. The first study used hydropathy analysis of AgrC along with AgrC-
phoA fusion proteins, which indicated AgrC possesses six transmembrane (TM) helices
and the N- and C-termini of the AgrC sensor domain on the cytosolic side of the
membrane.”" A more recent study, however, reported a topology for AgrC with seven
TM helices. Wang et al® used AgrC-GFP fusion proteins and the substituted cysteine
accessibility method (SCAM) to determine AgrC’s topology with a periplasmic N-
terminus and a cytosolic C-terminus.”” (Similar topological inconsistencies were
observed in structural studies of another HPK , family member, PInB.”*°"") While the
topology of the AgrC sensor domain is unresolved, experimental results and
bioinformatics suggest there is some variability in its N-terminal portion.” What effect
such variability has in the sensor domain is not fully understood, although some efforts

have attempted to understand where AIP might bind and interact with AgrC.

In order to find the specificity determinants in AgrC, sensor domain chimeras
were constructed by dividing the AgrC sensor domain into proximal and distal segments
(Figure 12C).”" Using the six TM helices predicted by Lina et al.,”* residues 86-93 of
AgrC-I are located within the third transmembrane domain and are identical in AgrC-I, -
III and —IV. They were, therefore chosen as the site for splicing AgrC chimeras together
(red line in Figure 12C). The resulting constructs were transduced into a [-lactamase
reporter strain in order to analyze their activities.”” In general, the functionality of each

chimera was proportional to the degree of sequence conservation between the two
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contributing receptors. AgrC-I and IV sensor domains share 87% sequence identity, and
both AgrC-I::IV (N-terminal portion of AgrC-I fused to C-terminal portion of AgrC-IV
sensor domain) and AgrC-IV::I were functional. Chimeras involving AgrC-III (~54%
sequence identity with AgrC-I and IV) were functional but had unpredictable activities.
Chimeras involving the most divergent receptor, AgrC-II, were not functional. Attempts
to detect AgrC and the chimeras by western blot were unsuccessful in this study; thus, it
was unclear whether the lack of function was