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Abstract

Two-component signaling systems involving receptor-histidine kinases (RHKs)
are present in all branches of life outside of the animal kingdom. Remarkably, very little
is known concerning the extracellular ligands that presumably bind to RHKs to initiate
signaling. The two-component agr signaling circuit in the bacterial pathogen,
Staphylococcus aureus, is one system where the ligands are known in chemical detail.
These ligands (the AIPs) are short (7-9 aminoacyl residue) peptides containing a
thiolactone structure, in which the a-carboxyl group of the C-terminal amino acid is
linked to the sulfhydryl group of a cysteine, which is always the fifth amino acid from the
C-terminus of the peptide. In the agr system, the AIPs generally activate virulence
expression in the producer strain and cross-inhibit virulence expression in S. aureus
strains expressing other AIPs. In this study, genetic studies on the receptor-histidine
kinase, AgrC, have demonstrated that intra-group activation and inter-group inhibition
are both mediated by the same group-specific receptors. Pharmacological analysis has
shown that the AIPs compete for a common binding site on the receptor, and this site has
been partly localized through the use of chimeric receptor analysis. Structure-activity
relationship (SAR) studies have identified residues within the AIPs that are critical for
receptor binding and activation. These results have facilitated the development of global
inhibitors of virulence in S. aureus, which, in one case, consists of a truncated version of
one of the naturally occurring AIPs. Cell-based in vitro assays of this peptide have
demonstrated IC,,'s in the nanomolar range for inhibition of the transcription of a known
global regulator of virulence in S. aureus, RNAIII. Virulence inhibition in vivo has been
seen with native AIPs in a murine subcutaneous abscess model. Ongoing studies are
focused on peptidomimetic design to generate stable and pharmacologically relevant lead
compounds. These results collectively suggest that the design of molecules that compete
with natural agonists for binding at RHK sensor domains could represent a general

approach to the inhibition of RHK signaling.



Chapter 1 - Introduction

Receptor-regulated histidine kinase signaling (or two-component signaling) is
widespread in nature, and is mainly utilized for cell-cell and cell-environment
communication. Receptor-histidine kinases (RHKSs) have been extensively characterized
in bacteria, and are present in archaea, microbial eukarya, and higher plants, where they
have recently been shown (in Arabidopsis) to play a role in hormone signaling
(Sakakibara et al., 2000). In bacteria, RHKSs are involved in sensing the environmental
surroundings. Many of these kinases contain two transmembrane helices flanking a
periplasmic domain. This domain contains the binding site for the appropriate ligand,
such as metal ions (Mg** in the case of PhoP) (Groisman, 2001; Lesley and Waldburger,
2001). In the vast majority of cases, the ligands or environmental cues that trigger
histidine kinase signaling are unknown. Noted exceptions include amino acid ligands,
such as aspartate, in the bacterial chemotaxis system (Falke and Hazelbauer, 2001), and
more complex peptide ligands, such as thiolactone-containing autoinducing peptides
(AIPs), in the agr system of Staphylococcus aureus (Novick and Muir, 1999). Ligand
recognition and signaling by two-transmembrane-helix-containing chemoreceptors has
been extensively studied in bacterial chemotaxis systems (Falke and Hazelbauer, 2001,
Yu and Koshland, 2001). In contrast, relatively little is known about peptide ligand
recognition by polytopic receptor-histidine kinases (RHKSs) in S. aureus or any other
species.

Many RHKs have been shown to exist as preformed dimers in the inner cell
membrane of gram-negative bacteria (Stock et al., 2000). In the case of EnvZ, a pair of

cytoplasmic a-helices from each monomer forms a four-helix bundle (Tomomori et al.,



1999), and this structure is likely shared among the vast majority of RHKSs. In gram-
positive bacteria, pheromone-inducible RHKSs usually have a polytopic sensor domain,
containing five to eight membrane spanning segments. RHKs predicted to possess this
polytopic sensor domain include: AgrC from Staphylococcus aureus (Lina et al., 1998),
CombD from Streptococcus pneumoniae (Havarstein et al., 1996), ComP from Bacillus
subtilis (Tortosa and Dubnau, 1999) and SapK from Lactobacillus sakei Lb706 (Axelsson
and Holck, 1995). These RHKSs respond to secreted signaling peptides, which bind to the
sensor domain to initiate the transmembrane signal that activates the intracellular
histidine kinase (HK). Activation of the HK domain is known to involve trans
autophosphorylation of a conserved histidine residue in the dimerizing four-helix bundle,
followed by phosphorelay to a downstream response regulator (Wright et al., 1993; Dutta
and Inouye, 2000; Qin et al., 2000).

The ligands of the agr system in Staphylococcus aureus have been characterized
and thereby represent a model system in which to elucidate the mechanistic basis for
ligand-mediated RHK activation. As cells grow, an extracellular peptide, known as the
AIP, is secreted and accumulates. This AIP is derived from processing of the propeptide,
AgrD. Upon reaching a threshold concentration, the AIP triggers activation of the
receptor-histidine kinase, AgrC. This kinase activation results in increased transcription
of the unique regulator, RNATII, that ultimately increases secretion of virulence factors
and down-regulates various surface proteins (Fig. 1.1, and Table 1.1) (Novick et al.,
1993; Tegmark et al., 1998). This signaling process is an example of density-dependent
or “quorum sensing” systems widespread in bacteria (Table 1.2) (Fuqua et al., 2001;

Schauder and Bassler, 2001; Fuqua and Greenberg, 2002).



Table 1.1 — Virulence Factors in S. aureus

Factor Pathoge nic Activity agr-regulated
Systemic toxins
Enterotoxin A Food Poisoning, TSS
Enterotoxin B Food Poisoning, TSS +
Enterotoxin C Food Poisoning, TSS +
Enterotoxin D Food Poisoning, TSS +
Enterotoxin E Food Poisoning, TSS
Toxic Shock Toxins
TSST-1 TSS +
TSST-O None (?)
Exfoliative Toxins
ETA Scalded Skin Syndrome +
ETB Scalded Skin Syndrome +
Cytotoxins
o—hemolysin Hemolysis, Necrosis +
B—hemolysin Hemolysis, Necrosis +
d—-hemolysin ? ?
Y-hemolysin Hemolysis, Necrosis +
Leukocidin Leukolysis +
Enzymes
Proteases Spread, Nutrition +
Nucleases Spread, Nutrition
Lipases Spread, Nutrition +
Hyaluronidase Spread, Nutrition -
Esterases Inactivation of toxic +
fatty acids
Surface Factors
Protein A Anti-phagocytosis +
Coagulase ? +
Clumping factors ? ?
Fibronectin Binding Protein Adhesion +

+, expression of these virulence factors changes in response to activation of agr
signaling, with decreased expression of surface factors and increased expression of the
other listed virulence factors. -, No agr effect. 7, undetermined. (Novick and Muir, 1999)




The agr Locus

Pheromone

G L papa s o L
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Figure 1.1. The agr locus is depicted, showing the various components and their putative
actions in the signaling network. This signaling system is a doubly auto-catalytic circuit,
as AgrC activation induces transcription of more receptor, along with more of the
propeptide inducer, AgrD, processed by AgrB to form the pheromone AIPs. The end-
result of the pathway is activation of RNAIII transcription by the response regulator,
AgrA, which leads to downstream activation and repression of virulence-associated
factors via transcriptional and translational regulation by this unique RNA molecule

(Novick et al. 1993).



Table 1.2. Many Bacterial Processes are Controlled by Quorum Sensing

Processes Bacterial Signaling | Reference(s)
species molecules
Bioluminescence Vibrio harveyi HSLs, AI-2 (Freeman et al.,
2000)
Biofilms/virulence P. aeruginosa HSLs (Fuqua and
Greenberg,
2002)
Conjugation Agrobacterium HSLs (Toyoda-Yamamoto
et al., 2000;
Vannini et al.,
2002)
Virulence Vibrio cholerae CAI-1, AI-2 (Miller et al., 2002)
oni

* Gram-positive bacteria are shaded in grey.



The AIPs were first purified and characterized from bacterial culture supernatants and
tested by Northern blotting for their effect on RNAIII expression (Ji et al., 1995).
Bacterial supernatants from group I agr+ cells, when added to pre-exponential bacterial
cultures of similar cells, induced early RNAII expression, due to activation of RNAIII
expression by AIP-I from the added supernatants (Fig. 1.2) (Ji et al., 1995). Later studies
also utilized Northern blotting of RNAIII expression to demonstrate cross-inhibition (or
bacterial interference) of agr activation by supernatants derived from different agr
specificity groups (Ji et al., 1997).

The sequence of the AIPs is highly variable, resulting in at least four specificity
groups of strains within S. aureus and many more (>25) in other staphylococci (Fig. 1.3)
(Jietal., 1997; Otto et al., 1998; Jarraud et al., 2000; Dufour et al., 2002). A group is
defined as the collection of strains that produce the same AIP. The agrB, D, and C
regions vary in concert to maintain the specificity of AIP processing and function (Ji et
al., 1997). This specificity results in four different receptors for the AIPs in S. aureus,
designated AgrC-1, -1I, -II1, and —IV, reflecting the group that expresses them.
Remarkably, there is extensive cross-communication at the level of ligand-mediated
signaling, as most AIPs activate their cognate receptor while inhibiting activation of non-
native receptors (Ji et al., 1997). This inhibition is a form of bacterial interference that
does not result in growth inhibition but rather in the block of accessory gene functions,
presumably resulting in an advantage for the strain producing the most abundant and/or

most potent AIP. The native AIPs in S. aureus are referred to as AIP-1, -II, -1l and -1V,

reflecting the group that expresses them.



Normal Agr Induction in growing bacterial cultures

hs 0 1 2 3 4 5 6 7

Induction with stationary-phase bacterial supernatants

hrs 0 03 . ‘1 .

RNAIII

Figure 1.2. Northern blots of RNAIII induction in a Group I, RN6390b, strain. The
stationary-phase supernatants were collected as described in Methods and added at 1/10"
volume to pre-exponential bacterial cultures. Addition of supernatants induces early
RNAIII expression. The population doubling timeof S. aureus in culture is approximately
30 minutes, and, depending on the initial inoculum size, the time to reach stationary phase
of growth can be from 6-12 hours. Control experiments monitoring cell density revealed

no difference in cell growth between the strains with and without added supernatants. This

experiment was performed by Naomi Balaban.



Figure 1.3. Lineup of Predicted AgrD Propeptide Sequences from

Various Staphylococci

SaureusT MNTLFNLFFDFITGILKNIGNIAA YSTCDFIM DEVEVFK® .TQLHE-~---~-
SaurII MNTLVNMFFDFIIKLAKAIGIVG GVNACSSLF DEFK'.! Al LTNLYDK------
SaurIII MKKLLNKVIELLVDFFNSIGYRAAY INCDFLL DEAFVFKZLTQLHE-------
SaurIv MNTLLNIFFDFITGVLKNIGVAS YSTCYFIM DEVZVIK' TQLHE-------
SlugdI MNLLSGLFTKGISAIFEFIGNFSAQ DICNAYF DEPEVPQELIDLQRK--—---
SlugdII MNLLSGLFTKGISVIFEFIGNFSVQ DMCNGYF DEPEVPQELIDLHRN------
Sarlettael  MNLLNSFFSFFAKKFFELIGTVAG VNPCGGWF DEPEVPEELTKYSE-------
SauricI MMKLVNLLLSSTTSILQMVGNRQK AKTCTVLY DEPZY-KELTQELEK-~---—
SauricII MMK-DNLLLSSTTSILOMVGNRSK TKTCTVLY DEPEV-KELIQELEK------
ScapitisI MIMNSLFNLIFKFFTVIFEFIGFVAG ANPCQLYY DEPEVPEELSKLYE-------
ScapII MIMDALFNLIFKFFTVIFEFIGFVAG ANPCALYY DEPEVPDELSKLYE-------
Scaprael MMQIINLLFKVITAVFEKIGFIAG YSTCSYYF DEPEVPKELLEIYKK------
ScaprII MKMMQIFDLLFKVISAVFEKIGFLAG YRTCNTYF DEPEVPKELFETYQK------
Scarnosus MNFNMDILNGIFKFFAFIFEQIGNIAK YNPCVGYF DEPEVPSELLDEQK-------
Sconc** MHIFESIINLFVKFFSVLGAISG GKVCSAYF DEPEVPKEIKDLYK-------
Sconu*** MNIFESIINLFAKFFAFIGTISS VKPCTGFA DEPEIPKELTDLYK-------
Sepil MNLLGGLLLKLFSNFMAVIGSAAK YNPCASYL DEPQV/PEELTKLDE--—-----
SepiIl MEIIFNLFIKFFTTILEFIGTVAG DSVCASYF DEPEVPEELTKLYE-------
SepiIII MNKLLGGLLLKIFSNFMAVIGNASK YNPCSNYL DEPQVLPEELTKLDE------
SepiIV MNKLLGGLLLKIFSNFMAVIGNAAK YNPCANYL DEPQVLPEELTKLDE------

Sgallinarum MNILDSLLNLATKFFSALGASVG ARPCGGFF DEPEVPAEITELHK-~------
Sintermedius* MRILEVLFNLITNLFQSIGTFA RIPTSTGFF DEPEIPAELLEEEK-------

SsimulansI MDLLNGIFKLFAFIFEKIGNLAK YNPCLGFL DEPTVPKELLEEDK-------
SsimIT MELLNGIFKLFAFIFEKIGNLAK YYPCFGFL DESEVPQFLLDEDK-------
Sxylosus MNIFESILNLFAKFFSVLGVMAG AKPCGGFF DEPEVPSEITKLYE-------
Swarnerii MEFLVNLFFKFFTSIMEFVGFVAG YSPCTNFF DEPE\PS:LTKIYES----~-

* S. intermedius AIP containing a serine in place of the conserved cysteine.

** S. cohnii cohnii

**%* S. cohnii urealyticum

* Note the conserved DE (Asp-Glu) processing motif C-terminal to the mature AIP, and the
conserved Glycine several residues N-terminal to the mature AIP.

« All AIPs contain hydrophobic amino acids as the two C-terminal residues.

* The length of the AIPs varies from 7-9 residues. Therefore, at the beginning of this
study, only AIP-I, AIP-II, and S. epidermidis AIP-II had been fully characterized by mass
spectrometry and shown to encode an octapeptide, a nonapeptide, and an octapeptide,
respectively (Otto et al. 1998, Mayville et al. 1999). There is also evidence from N-
terminal sequencing of a purified S. lugdenensis AIP that it is comprised of a
heptapeptide (Ji et al. 1997). All other AIPs listed had an undefined N-terminus relative

to the conserved DE processing motif at the beginning of this study.



Structure-activity relationship (SAR) studies have been performed on the AIPs
(Otto et al., 1998; Mayville et al., 1999; Otto et al., 1999), and have shown that (Fig. 1.4):
i) the AIPs contain a thiolactone structure that is absolutely required for potent biological
activity; ii) the thioester linkage is formed from the condensation of the o-carboxyl group
of the peptide with the sulfhydryl group of a conserved cysteine; iii) the conserved
cysteine is always the fifth amino acid from the C-terminus; iv) the lactam and lactone
analogs of AIP-II are potent agr cross-group inhibitors, but lack activity against self, at
concentrations up to 5 pM (Mayville et al., 1999); v) the N-terminal four amino acids of
the group I AIP, collectively referred to as the “tail region”, are necessary for self-
activation but not for cross-group inhibition (Mayville et al., 1999); and vi) the sixteen
atom-membered ring of the AIPs is also known as the macrocycle.

The structure-activity relationships summarized above were determined by
analyzing the effects of chemically synthesized AIPs on agr activation. The strategy for
the chemical synthesis of the AIPs is shown in Fig. 1.5. This strategy uses unprotected
peptides in solution or on resin and relies on a chemoselective transthioesterification
reaction that proceeds quantitatively and with no epimerization of the C-terminal amino
acid (Dawson et al., 1994). All peptides synthesized, tested and reported up to and
including the year, 1999, when this study commenced, are listed in Table 1.3. Much of
the information provided by these AIPs formed the basis for many of the questions
addressed in this study. Furthermore, the alanine scanning results of AIP-II are shown in
Fig. 1.6. These results suggest that residues in the tail region of AIP-II might be critical
for receptor activation, while certain residues in the macrocycle might be critical for

receptor binding, as these latter alanine analogs have no activity whatsoever.
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A)

AIlIP-ll lactone AIP-ll lactam
B)

“tail region”

Figure 1.4. AIP structures. A) Chemical structures of AIP-I, AIP-II, AIP-II lactone and
AIP-II lactam. B) An energy-minimized structural model of AIP-II (using Insight II,

MSI). The AIPs consist of a flexible “tail region™ and a thiolactone macrocycle.
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Figure 1.5. Chemical synthesis of AgrD thiolactone-containing autoinducing

peptides via a solid-phase intramolecular chemical ligation strategy. Key to this

process is the ability to prepare a fully unprotected peptide immobilized on a solid-

support through a reactive thiol ester bond. Simply swelling such an unprotected peptide-

[thioester]-resin in aqueous buffer results in a chemoselective ligation reaction and

concomitant cleavage of the peptide from the support (Mayville et al., 1999).
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Table 1.3. AIPs synthesized up to and including the year, 1999.

AlPs Endocyclic mass expected mass observed
AIP-1 D FIT | M 961.1 960.9
AJP-II S S|L|[F 879.0 8789
AIP-II lactam S S L |F 861.9 862.0
AIP-II lactone N S L |F 863.0 861.9
AIP-1I linear free acid S S|L{F 897.0 896.4
AIP-II linear thioester S s L |g¢ 953.0 952.0
-AIP-I G1A S S|L|{F 893.0 893.0
AIP-II V2A S S{L|F 850.9 850.0
AIP-II N3A S S YL |F 836.0 835.9
AIP-IT S6A S S{L|F 862.9 861.9
AIP-TI STA S S|IL{F 862.9 862.0
AIP-TI L8A S S|L|F 836.9 836.0
AIP-H F9A S S|L|F 802.9 803.0
AIP-III octapeptide D F|L|L 982.2 981.9
S. epidermidis AIP 9-mer A S)JY|F 930.0 Mass not reported 6
Linear S. epi 9-mer A S|Y|F 948.0 Mass not reported 6
S. epi. AIP 8-mer A S |Y|F 873.0 Mass not reported
Linear S. epi 8-mer A S }|Y|F 891.0 Mass not reported 6
S. epi. AIP 8-mer Lactone A S|Y|F 857.0 Mass not reported ®
S. epi. AIP 8-mer Lactam A S|1Y[|F 856.0 Mass not reported §
S. epi. AIP 7-mer A S|Y|F 758.0 Mass not reported 6
Linear S. epi 7-mer S A S|Y|F 776.0 Mass not reported 6

ac: acetylation; bi, biotinylated; f1, fluorescein-conjugated

lexocyclic residues are shaded in the table; 2All of the peptides with a conserved cysteine contain a thiolactone
formed via the condensation of the a-carboxyl group of the AIPs with the sulfhydryl group, except for the linear
peptides; * X=Dapa: diaminopropionic acid; 4 The marked serine contributes its hyrdroxyl group to condense with the
a-carboxyl group of the AIP; ° There is a C-terminal thioester linker on this peptide after HF cleavage; ¢ These AIPs
were synthesized by another group, that of Otto and Goetz (Otto et al., 1998; Otto et al., 1999), while all other AIPs

were synthesized by Mayville et al. 1999.
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A Activation of the agr Resnonse

B. Inhitition of the ag

Figure 1.6. Alanine Scanning of AIP-II. Effect of replacing each residue within AIP-II with
alanine on activation (A) and inhibition (B) activity. The results are superimposed on a
model of AIP-II created using the program Discover (Biosym/MSI, San Diego, CA). The
EC5( values (activation, group II cells) were as follows: AIP-1I, 3.6 + 1.1 nM; Alal, 3.2 +
2.2 nM; Ala2, 73.7 + 1.9 nM; Ala3, no activity; Ala6, 33.6 + 1.5 nM; Ala7, <1 nM; Ala8, no
activity up to 10 uM; Ala9, no activity up to 10 uM. The IC 50 values (inhibition, group I
cells) were as follows: AIP-1I, 2.9 + 1.2 nM; Alal, <1 nM; Ala2, <1 nM; Ala3, <1 nM;

Ala6, <<1 nM; Ala7, <1 nM, Ala8, no activity up to 10 uM; Ala9, no activity up to 10 pM.
Note, none of the peptides activated the agr response in group I S.aureus strains. Published
results also indicated that none of these peptides were self-inhibitors of group II, although see
Results section for clarification of this (Mayville et al, 1999).



It has been suggested that the N-terminal region of AgrC, the sensor domain,
contains the binding site for the agonist AIP (Ji et al., 1995; Ji et al., 1997). In contrast
with the conserved HK domain, the sensor domain is highly variable, thus suggesting a
means for discriminating among AIPs from different groups. Suggestive evidence
supporting AIP binding to AgrC was obtained in an AIP pull-down experiment in which
cells overexpressing AgrC titrated out AIP-I from biological supernatants (Figure 1.7).
Paranthetically, this is indirect proof, as it is formally possible that AgrC is or induces an
enzyme that destroys the AIP or induces a second protein that binds the activator.
Topological mapping via hydropathy analysis and PhoA fusions (Manoil and Beckwith,
1986) suggests that the sensor domain is composed of five or six transmembrane helices,
depending on whether the N-terminus of the protein is placed on the inside or outside of
the cell (Lina et al., 1998). This same study suggested that the third extracellular loop of
AgrC-1 is critical for AIP-I induced activation, as an MBP-AgrC fusion protein
containing only the third extracellular loop, one transmembrane helix and the HK domain
was activated by group I dertved supernatants. In this study, attempts have been made to
confirm these results using synthetic AIPs. Although these results were not confirmed
(see Results), other studies described in this thesis implicate the C-terminal half of the
sensor domain of AgrC in AIP-induced receptor activation (see Section 2.5).

The lack of agonist activity of the lactone and lactam analogs of AIP-II (see Fig.
1.4 for structures) led to the hypothesis that the AIPs might activate AgrC through
covalent reaction of the thioester with a nucleophile in AgrC (Mayville et al., 1999). The
obvious candidate for such a nucleophile is a cysteine, but there is no such residue in the

sensor domain of AgrC-II, although other putative nucleophiles are present. As no ligand-
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Figure 1.7. AIP Titration by AgrC-overexpressing cells. Agr null group I RN6911
strains carrying different agr genes cloned under control of the blaZ promoter were
induced with 5 pg CBAP per mL for two hours, washed with 20 mM Tris-HCl buffer (pH
7.5), incubated for one minute with a standard amount of activator AIP-I from
supernatants, and then centrifuged to remove the cells. The resulting supernatants were

then assayed for activity (Ji et al., 1995).
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receptor signaling cascade has yet been shown to proceed through covalent reaction of
the ligand with the receptor, the testing of this hypothesis was of the utmost priority in
this work. This analysis has led to the synthesis and characterization of the AIPs from the
four known agr groups of S. aureus, thus yielding significant insight into the mechanism
of interaction of the AIPs with the receptors (both as agonists and antagonists).

Agr mutants are greatly attenuated for virulence in several animal models of
infection (Abdelnour et al., 1993; Cheung et al., 1994; Booth et al., 1995; Gillaspy et al.,
1995; Giraudo et al., 1996; Tegmark et al., 1998). This suggests that blockade of agr
signaling in vivo might have therapeutic utility. Toward this end, the availability of
naturally occurring peptide-based agr antagonists has opened the door to peptidomimetic
and/or small molecule drug discovery efforts. In fact, the agr system is the only system
described thus far where interfering with quorum sensing can attenuate virulence in vivo
(Mayville et al., 1999). A subcutaneous abscess mouse model of S. aureus infection was
used to demonstrate that co-injection of agr group I S. aureus with the antagonist, AIP-II,
led to greatly attenuated abscess formation (Fig. 1.8). This co-injection experiment has
now been repeated several times with similar results, although preliminary experiments
with injection of AIP-II at different sites from the bacterial injection site have not
revealed any effect (unpublished observations, Jesse Wright). This outcome could be
caused by the base-lability and putative exo- and endopeptidase susceptibility of AIP-II
in vivo. Therefore, one aspect of this work has included a focus on the development of
potent and stable AIP analogs that inhibit agr signaling (in all agr groups) for future

testing in animal models of infection.
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Figure 1.8. Attenuation of staphylococcal skin abscesses by a synthetic thiolactone-
containing peptide (Mayville et al., 1999). Mice were injected subcutaneously with 10°
cfu of either the agr+ wildtype group I strain, RN6390B (B), or an agr-null derivative,
RN6911 as the negative control (C). For RN6390B, the synthetic AgrDII peptide, at 5

(D) or 10 mg per mouse, was included with the injected bacteria in two of the three

groups of mice. Photographs were taken on day 5.



Although not studied in this thesis, the mechanism by which the AIPs are
processed from the propeptide, AgrD, and subsequently secreted could bear upon the
subject of how the AIPs evolved. Therefore, AgrD processing by AgrB is being studied
by several groups. AgrB/AgrD swapping experiments have been used to address the
mechanism of processing. Strains containing mixed and matched agrB and agrD genes
were cultured and stationary-phase supernatants collected. These supernatants were then
assayed for their ability to activate or inhibit AgrC-1 (Ji et al., 1997) (see Fig. 1.9B for
partial AgrD sequences, including the AIP sequences). For the matched AgrB-I/AgrD-I
strains, the expected results were obtained: AgrB-I can process AgrD-I to form AIP-I, as
the supernatant from this strain activates AgrC-1, and AgrB-II, -11I, and S. lugdunensis
AgrB process AgrD-II, -III and S. lug. AgrD to form AIP-1I, -III, and S. lug. AIP,
respectively, which all inhibit AgrC-I activation. For the mixed strains, e.g. AgrB-I with
AgrD-II, the result was that AgrB did not process heterologous AgrDs, with notable
exceptions. This included AgrB-III processing of AgrD-I to generate an activator of
AgrC-1, which was presumably AIP-I, and AgrB-I processing of AgrD-III to generate an
inhibitor of AgrC-I, which was presumably AIP-IIL. The caveat to these results is that the
AIPs themselves were not analytically characterized, so it is impossible to know what
was formed in the mixed AgrB/AgrD experiments. This is particularly important because
the AIPs vary in length, ranging in size from 7-9 amino acids. Thus, it is possible, for
example, that AgrB-I could process AgrD-III to form an octapeptide version of AIP-III,
even though AIP-III is itself a heptapeptide (see Section 2.4). In fact, this logic was
initially used to conclude erroneously that AIP-III might be an octapeptide, as AgrB-I

could process AgrD-III to form a group I inhibitory peptide (Ji et al., 1997).
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Figure 1.9. AgrD processing by AgrB. A) The putative topology of AgrB-I is shown,
with the cysteine residue boxed in red that is speculated to be of importance in AgrD
processing. The location of the AgrB-PhoA fusion points are indicated with triangles and
rectangles: triangle, high PhoA activities; rectangle, low PhoA activities. This figure has
been reproduced from Zhang et al. (2002) JBC, 277, 34736. The entire N-terminus of the
protein is not shown here, presumably due to space considerations or alternative start site
locations. B) A portion of the AgrD propeptide sequence from various groups is shown
below AgrB for reference. Note that all AIPs contain a conserved cysteine, with the
exception of a substituted serine in the AIP of S. intermedius. The predicted
transmembrane alpha helices by TopPred II, TMHMM, and DAS analyses are indicated

by filled shapes.



Recently, two papers have studied AgrB in more detail (Saenz et al., 2000; Zhang
et al., 2002). One group overexpressed AgrB and AgrD in S. epidermidis and showed that
the concentration of AIP produced was equivalent to that produced in wild-type strains,
~20 nM (Saenz et al., 2000). This result led to the suggestion that processing or secretion
of the AIPs might require some other rate-limiting factor besides AgrB or AgrD, although
no agr-independent factor has ever been shown to be required for agr signaling. The
same group raised antibodies against AgrB and demonstrated that AgrB is localized in
the membrane fraction, thus suggesting that it is a membrane protein, consistent with
hydropathy analysis (Saenz et al., 2000). These authors could only detect AgrB in the
overexpressing strains and not the wild-type strains, which is consistent with the idea that
agr proteins are expressed at very low levels. The second group utilized a His-tagged
version of AgrB expressed in S. aureus and E. coli. The authors report confirmation of
the membrane localization of AgrB in S. aureus using an anti-His antibody (Zhang et al.,
2002). Secondly, using PhoA fusion analysis, the authors derive a transmembrane
topology model of AgrB (Fig. 1.9A) that is consistent with some, but not all, of the
computer-predicted transmembrane helices. In fact, this new model contains two
transmembrane helices that are only twelve amino acids in length, which is not normally
long enough to span the membrane The use of PhoA fusion analysis to determine
membrane topology relies on the assumption that the C-terminal portion of the membrane
protein plays no role in the assembly of the correct topological structure, an assumption
that is not always the case and has formed the basis for the development of PhoA
“sandwich-fusion” approaches (Ehrmann et al., 1990). Thirdly, the authors detect, upon

co-expression of a His-tagged version of the propeptide, AgrD, with AgrB in S. aureus, a
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His-tagged cleavage product of AgrD that derives either from cleavage at the N- or C-
terminus of the AIP; the resolution of SDS-PAGE analysis does not allow distinction
between the two possibilities. Finally, the authors speculate that processing of AgrD by
AgrB could proceed through an acyl-enzyme intermediate resolved by nucleophilic attack
by the thiolate anion of the cysteine side-chain in the AIP. As shown in Fig. 1.9A, there
is a conserved cysteine in AgrB that could very well play a role in forming a thioester
acyl-enzyme intermediate that could be resolved by nucleophilic attack by the cysteine
thiolate anion in the AIPs. Future efforts should elucidate the mechanism by which this

putative membrane protease/ secreting enzyme produces active AIP.
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Objectives of Thesis

Outlined below are the specific aims of the thesis proposal, originally submitted

in May, 2000. Significant progress toward each of these aims is reported herein.

Specific aim #1 -- Develop a more efficient assay system for testing
synthetic analogs of the AIPs. As the previous assay system was
problematic for a number of different reasons, the development of new
strains of S. aureus containing reporter genes should enable one to assay

new compounds more efficiently.

Specific aim #2 -- Design, synthesize and assay analogs of the AIPs to
discover which parts of the structure are crucial for activation and
which parts for inhibition. Such studies should lead to a more general
understanding of how these peptides function, which will lend itself to

rational design of potent global inhibitors of S. aureus virulence.

Specific aim #3 -- Address by genetic and biochemical means whether
activation and inhibition of the agr response proceeds directly through
the receptor, AgrC. Begin to test experimentally a model that holds that
activation and inhibition of virulence involves specific binding of the

AIPs (perhaps via covalent acylation) to the cell surface receptor, AgrC.

Specific aim #4 -- Begin to explore genetically and biochemically how
activation of AgrC leads to a transcriptional response. Begin to address
which parts of AgrC are crucial for its function, including the regions that
may interact with the AIPs and the regions that may be involved in

receptor dimerization.
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Chapter 2 - Results

Section 2.1 -- Assays utilized to study AIP-induced AgrC
signaling

Perhaps the most important predictor of success in experimentation is the amount
of thought and effort that goes into assay development. There are various methods by
which one could assay the effects of various AIPs on agr activation in S. aureus. Some of

these have been developed, tested and refined herein.

Northern blotting to determine agr-regulated RNAIII production

Northern blotting was used initially to investigate RNAIII expression in a newly
discovered agr variant, named group IV, with an AIP of predicted sequence YSTCYFIM
(Jarraud et al., 2000), which has now been confirmed through synthetic means (see
Section 2.4) and tandem mass spectrometry of biological supernatants (see Section 2.7).
As an example of this type of analysis, group I bacterial cells (RN8465) were incubated
with or without addition of culture supernatants from a group IV agr+ strain, RN4850,
and aliquots removed at various timepoints from zero to four hours and analyzed by
Northern blotting. As illustrated in Figure 2.1, RNAIII expression was up-regulated
dramatically in group III cells by four hours, reflecting the normal timing of RNAIII
expression in this strain, whereas RNAIII expression was strongly inhibited by the
addition of group IV culture supernatants. This inhibition by AIP-IV of agr group Il

activation was later confirmed using a group III reporter strain and synthetic AIP-1V

(vide infra) (Lyon et al., 2002).
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Figure 2.1. Northern blot hybridization analysis of the effects of group I'V (RN4850)
supernatant on agr activation in group III (RN8465) cells . One-tenth volume of post-
exponential RN4850 supernatant (+) or broth (-) was added to a mid-exponential phase
culture of RN8465 and hourly samples were taken for Northern blot hybridization
analysis using an RNAIII-specific probe. The population doubling time is approximately
every 30 minutes, and it takes approximately 6-12 hours of growth before S. aureus cells
enter the stationary phase, depending on the initial inoculum size. For this agr group,
RNALIII expression is turned on relatively late, after 4 hours of growth. Control
experiments monitoring cell density revealed no difference in cell growth between the

strains with and without added supernatants.
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Analyzing agr expression via RP-HPLC analysis of d-toxin levels

d—toxin is a ~25 amino acid hemolytic peptide encoded by RNAIII, and the level
of this translation product is proportional to the level of RNAIII in the cell (Otto et al.,
1998; Mayville et al., 1999; Otto et al., 1999). §—toxin is an amphiphilic molecule with
surfactant-like properties that was discovered to bind under hydrophobic interaction
chromatography conditions to a phenyl-derivatized column (Otto and Gotz, 2000). With
the relatively harsh washing conditions of water/organic solvents, —toxin selectively
binds to the column in preference to most other proteins in bacterial supernatants. The
reason for this is likely because of the extreme amphiphilic nature and a-helical structure
of d—toxin, although it is unknown how much of this secondary structure is retained
under acidic conditions. Very tight binding of such amphiphilic molecules to reversed-
phase matrices has been described (Zhou et al., 1990). Therefore, HPLC analysis of
d—toxin binding to a Resource Phe 1-mL column (Amersham Pharmacia Biotech)
provides a quantitative readout of RNAIII expression.

This relatively simple assay was utilized in lieu of Northern blotting to monitor
RNAIII expression in staphylococcal strains for which reporter strains were not yet
available (vide infra). For example, construction of a reporter strain for group III was
initially problematic for technical reasons, so 8—toxin expression was monitored to
analyze the effects of various synthetic AIPs. Two such AIPs are AIP-II and trAIP-II, a
truncated version of AIP-II (see Section 2.2). Inhibition of RNAIII expression in early
exponential-phase cultures of group I and III agr+ cells was monitored by HPLC analysis
of d—toxin production in the presence of increasing concentrations of AIP-II or trAIP-1.

Supernatants were collected after nine hours of growth and the amount of 3—toxin
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quantitated in each sample. Inhibition of group III agr activation by AIP-II and tr AIP-II
was demonstrated, with ICs, values of 17 nM (95% CI, 4-70 nM) and 10 nM (95% CI, 5-
20 nM), respectively. A representative curve for inhibition by trAIP-II is shown in
Figure 2.2. TrAIP-II also inhibited group I agr activation, with an ICs, of 200 nM (95%
CI, 10-3000 nM). These results were later confirmed with group I and III reporter strain.
This assay has also been utilized to assess the activity of AIPs in alternative
staphylococcal species (vide infra).

It is notable that unknown components were detected by ESMS on fractions
separated from &-toxin by optimized RP-HPLC gradient conditions (see Methods), with
one mass in particular, 4667.0 Da, repeatedly observed in S. epidermidis strains. Unless
an optimized HPL.C gradient is used to separate these components, it is not possible to
quantitate d-toxin in isolation, although this appears to have been done in the original
assay (Otto et al., 1998; Otto et al., 1999). This was only possible because these other
components are also agr-regulated, as their expression levels decrease in parallel with
inhibition of d-toxin expression (as assessed by the HPLC traces). Furthermore, control
experiments with agr-null strains, RN6911 for S. aureus (Novick et al. 1993) and Tii38
for S. epidermidis (Vuong et al., 2000) (kindly provided by M. Otto) demonstrated that
these other components as well as 6-toxin are absent from post-exponential phase
bacterial supernatants. This confirms that the other components binding and eluting from

the Pharmacia Resource PHE column are agr-regulated.
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Figure 2.2. 8—toxin Assay with group III cells. The Group III strain, RN8465, was

grown in the presence of differing concentrations of tr AIP-1I for nine hours, after which

the supernatants were collected. A representative inhibition curve derived from reversed-

phase HPLC analysis of d—toxin levels in culture supernatants is shown. Quantitation of

d—toxin levels was obtained by integration of peak area from the HPLC trace.
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Development of Reporter Strains through reconstitution of agr signaling in agr-null
host backgrounds

Shuttle vectors containing agrC and agrA under control of the agr-P2 promoter,
along with a B-lactamase reporter gene driven by the agr-P3 promoter, were introduced
into agr-null strains (see Fig. 2.3, and Table 2.1 for bacterial strains and plasmids). It
was reasoned, based upon prior studies (Ji et al., 1997) that these constructs would be
sufficient for signaling to occur in agr-null backgrounds in response to exogenously
added AIP. This was confirmed for the group I and II reporter strains, as shown in Table
2.2 and by example in Fig. 2.4. Two strains were used in these experiments, RN9222
(CA1-I) and RN9372 (CA2-1II), containing the cloned agrCA/B-lactamase in the
corresponding agr-null S. aureus strain (the reconstituted strains are provided with a
descriptor in the format; CAx-y, which indicates Group x agrC and agrA on the Group y
agr-null background). In both cases, dose-dependent activation of the agr-response was
observed upon addition of the cognate synthetic AIP (for example, see Fig. 2.4), with
EC;,, values listed in Table 2.2. No dose-dependent agr-activation was observed in the
control strains, RN9033 and RN9416, which contain the vector alone (for example, see
Fig. 2.4A).
A similar strategy was utilized to construct a reporter strain for group IV. and this strain
and the group I and II reporter strains were used to characterize bacterial supernatants
from the three groups. As shown in Fig. 2.5A, there was no detectable RNAIII activation
in cultures of the group IV reporter strain, RN9371, treated with group L, I, or III
supernatants (note that 8-lactamase is produced endogenously in group III cells and

complicates this assay), whereas there was a strong signal in cultures treated with the
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autogenous group IV (RN4850) supernatant. The groups 2 and 3 supernatants inhibited
activation by the RN4850 supernatant, as is usually the case with heterologous AIPs (J1 et
al., 1997). The Group 1 supernatant, however, did not inhibit group IV agr activation by
RN4850 supernatant. Conversely, as shown in Fig. 2.5B, the group IV (RN4850)
supernatant inhibited agr activation of group II; however, it activated the group I strain to
approximately 30% of the level seen with the group 1 supernatant. These results were
later confirmed for groups 1 and 2 with synthetic AIPs (see Table 2.3). Lastly, as earlier
demonstrated by Northern blotting analysis, group III agr activation is inhibited by group
IV culture supernatants. Eventually, a group III reporter strain was constructed which
provides a reliable readout of agr activation by group III supernatants and synthetic AIP-
III (see Methods). This strain was utilized to confirm the above findings with group IV
supernatants, and to test synthetic AIP-III and other AIPs, including AIP-1V (vide infra
and Table 2.3).

This reporter gene assay method has been extended to the study of various other
agr groups (vide infra) and is different from a previously utilized assay (Ji et al., 1995,
Mayville et al., 1999), in enabling an assessment of AIP activity in the absence of
skewing effects of endogenous AIP production. In addition, the previous assay utilized
cells in which the plasmid was genetically unstable, perhaps due to the presence of two
P3 promoters in the cell, one on the chromosome and the other on the plasmid. This
resulted in the generation of promoter-negative mutants, as confirmed by DNA

sequencing of the recovered plasmids (Novick et al, unpublished data), thus rendering the

assay unreliable.
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Figure 2.3. Diagram illustrating an example of the type of reporter plasmid
developed to monitor P3 promoter activity in response to added AIPs (Jarraud et al.

2000).

31



A)

® RN9222 (CA1-l)
A RN9033 (vector alone)

V(init) in mOD/min

log conc [ AIP-1] in nM

B)

Group | Inhibition by AIP-II

Vinit iIn MOD/min
N w By (o) D
o o o o o
L 1 I i i
Ld
»

—
?

T T T T 1 1

0 1 2 3 4 5
log conc [ AIP-Il ] in nM

'
N
A

Figure 2.4. Synthetic thiolactone peptides are biologically active in reconstituted
strains. Shown are representative data for activation (A) and inhibition (B) of the agr
response by synthetic AIPs. Degree of activity based upon 8-lactamase activity is shown
as a plot of V; (initial velocity) versus peptide concentration. (A) Activation of the agr
response in RN9222 (CA1-I) by AIP-I. The RN9033 (vector alone) control is shown. (B)
Inhibition of the agr response in RN9222 (CA1-I) by Group II AIP in the presence of
activating AIP-I at 100 nM.
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Table 2.1. Bacterial Strains and plasmids used for cloning and/or monitoring of

native agr activation

Strains References Comments
S. aureus
RN4220 (Novick, 1991) mutant of 8325-4 that accepts foreign
DNA
RN6390b (Komblum et al., 1988) Group [ prototype
RN6734 (Kornblum et al., 1988) Group [ strain, $13 lysogen of 6390b
RN6911 (Novick et al., 1993) Group I, RN6390b, with tetM
replacing agr (agr-null)
RN7206 (Novick et al., 1993) Group I prototype, RN6734, with tetM
replacing agr
RN6607 (Jietal, 1997) Group II prototype
RN9120 Group II with tetM replacing agr (agr-
null)
RN8465 (Jietal., 1997) Group III prototype
RN4850 Group IV prototype from U. Minn.,
strain KG, kindly provided by Dr.
Patrick Schlievert
RN9121 Group IV with tetM replacing agr
(agr-null)
RN9033 (Lyon et al., 2000) RN6911 with pRN7035
RN9416 (Lyon et al., 2000) RN6607 with pRN7105
CA1-1 (RN9222) (Lyon et al., 2000) RN6911 with pRN7062
CA1-I (RN9365) (Lyon et al., 2000) RN7206 with pRN7062
CA1-II (RN9366) (Lyon et al., 2000) RIN9120 with pRN7062
CA2-IT (RN9372) (Lyon et al., 2000) RN9120 with pRN7105
CA2-I (RN9367) (Lyon et al., 2000) RN7206 with pRN7105

CA4-IV (RN9371)

(Lyon et al., 2000)

RN9121 with pRN7107

CA4-1 (RN9380)

(Lyon et al., 2000)

RN7206 with pRN7107

Group II reporter (RN9532)

(Lyon et al., 2002)

RN6911 with pRN7131

S. epidermidis
RN2375, RN9420, RN9421, RN9422,
RN8111, ATCC, Tii3298, Tii38 (agr-
null)

(Lyon et al., 2000)

clinical isolates, and ATCC, Tii3298,
Tii38 (agr-null) kindly provided by Dr.
Michael Otto

S. warnerii, RN3178

(Lyon et al., 2000)

clinical isolate

S. intermedius, RN9423

clinical isolate, kindly provided by Dr.
Gerard Lina

E. coli, DH50 cloning strain
Plasmids
pRN7035 (Lyon et al., 2000) Shuttle vector containing only agr-
P3::blaZ fusion
pRN7062 (Lyon et al., 2000) Shuttle vector containing agrCA-1 and
agr-P3::blaZ
pRN7105 (Lyon et al., 2000) Shuttle vector containing agrCA-II and
agr-P3::blaZ
pRN7107 (Lyon et al., 2000) Shuttle vector containing agCA-IV and
agr-P3::blaZ
pRN7128 (Lyon et al., 2002) pRN7107 modified to include an AfIII
site between the sensor domain and the
HK domain of AgrC
pRN7131 (Lyon et al., 2002) Shuttle vector containing AgrC-III

sensor domain fused to the HK domain
of AgrC-IV, and AgrA-IV and agr-
P3::blaZ
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Table 2.2. Agr Activation and Inhibition in different genetic backgrounds

Activation EC,,(nM)

RN9222 RN9366 RN9372 RN9367
(CA1-D) (CA1-ID (CA2-TII) (CA2-1)
AIP-] 30+ 10 237
AIP-II 30+£10 28+14
Inhibition IC;, (nM)*
AIP-1 26 =7 135+ 52
AJP-II 90 + 30 78 £12

All results were from B-lactamase assays. Errors are quoted as + SEM, which provides

a smaller error range than from 95% CL

e These values were obtained with a constant concentration, 100 nM, of the synthetic

autologous (activating) AIP.

No detectable activity up to a concentration of at least 10 uM.
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Figure 2.5. Agr activation and inhibition by culture supernatants. A & B. One-tenth
volume of postexponential phase culture supernatants or CY broth was added to mid-
exponential phase cultures, growth was continued for an additional 1 hr with shaking at
37°C, and samples were then assayed for B-lactamase by the nitrocefin method. Note that
B-lactamase activity in samples treated with Group III supernatant (cross-hatched)
represents the endogenous f3-lactamase activity released from the group III strain into the
supernatant and does not represent activation of group IV, as determined in control
experiments without the addition of any cells. Furthermore, there is one instance (panel B)
where the combination of I and IV supernatants results in greater than 100% activation of
group I cells, as compared to the value obtained with Group I supernatant alone. This
activation enhancement is thought to result artefactually from pH and/or salt differences

brought about by the addition to the cells of 2/10" volume of supernatant rather than 1/10"

volume.
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Table 2.3. Agonism and Antagonism by native AIPs and trAIP-II

Activation (EC,) Inhibition (IC,)
Group | Group | Group | Group Group | Group | Group | Group
I I 11 1\ 1 I i IV
AIP-I 30nM 26 yM 250M 3nM
(20-50) (23-29 uM) (14-45) (2-5)
ATP-II 30nM 40 nM 10M 86 nM
(10-90) (12-140) (0.72.6) | (65-111)
ATP-IIT 26 M 70 nM 6 nM 150 nM
(22-31) (30-150) (5-6.5) (104-207)
AIP-TV 62nM 130M 4nM 1M
(50-75) (7-40) (3-5) (0.5-3)
trAIP-II 260 nM 230 nM 40M 150 oM
(95-695) | (190-270) (3-5) (90-260)

- No detectable activity up to a concentration of =2 10 pM.

All results were from B-lactamase assays. Inhibition values were obtained using the

standard reporter strains for groups I-IV with a constant concentration, 100 nM, of the

synthetic autologous (activating) AIP. Errors are quoted as (95% CI). The group III

reporter strain includes a chimeric receptor, with the AgrC-III sensor domain attached to

the AgrC-IV HK domain (see methods). There is no evidence that this would change in

any way the behavior of the AIPs on native AgrC-II1, as all data support the notion that

the AIPs act only at the level of the sensor domain (see Results).
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Section 2.2 -- Rational Design of Global Inhibitors of Virulence

in S. aureus

The development of anti-infective compounds that target virulence, rather than
bacterial growth per se, is a relatively new concept requiring rigorous testing. In the
clinical setting, it is unlikely that the agr grouping of S. aureus clinical isolates will
always be known. Therefore, in order to test the efficacy of agr inhibitors in vivo, it is
important to develop compounds that turn off agr signaling in all strains of S. aureus,

independent of their agr grouping.

Modification of one residue in AIP-II converts an agonist into an antagonist

It was originally observed that an AIP-II analog with alanine in place of
asparagine (N3A) in the tail region was a potent cross-inhibitor but was unable to self-
activate and seemed also unable to self-inhibit (Mayville et al., 1999). Using the newly
developed reporter gene assay in which no endogenous AIPs are produced (vide supra), it
has now been discovered that this peptide is, in fact, an antagonist of self-activation, with
an IC,, value of 180 nM (95% CI, 120-270 nM), as well as an antagonist of group I
activation as previously published (Mayville et al., 1999). These data suggest that a key
molecular determinant of AIP-II-mediated receptor activation resides in the side-chain of
the asparagine residue, and that modification of this residue to alanine still allows for
receptor binding but without receptor activation. This is one of the first AIP analogs
synthesized that has the property of self-inhibition, thus opening the door to the design of
global inhibitors of virulence. The other alanine-modified peptides synthesized

previously have been re-tested in the new reporter strains and the published results
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(Mayville et al., 1999) confirmed. This includes the lack of self-inhibition (up to 5 M)
by AIP-II analogs in which the remaining amino acids in the tail region and cyclic
portion of the peptide were replaced by alanine, and the complete lack of activation or
inhibition by AIP-II L8A and F9A, suggesting that these conserved hydrophobic residues

in the AIPs may be critical for receptor binding.

Global inhibitors of virulence in S. aureus

It was reasoned that a truncated AIP analog containing only the thiolactone ring
structure with the conserved hydrophobic residues and lacking the activating tail (and
thus the asparagine residue) might be able to bind AgrC but would not have the tail
necessary for activation. This analog would therefore be a good inhibitor not only in a
cross-group manner but also within the same group. Conversion of a receptor agonist into
an antagonist of its autologous group as well as an inhibitor of heterologous groups
would result in a global inhibitor of virulence in S. aureus.

A truncated group II thiolactone peptide (trAIP-II) was synthesized (see Figure
2.6A for structure) and tested for its ability to activate and inhibit the agr-response in
group I, II, I1I and IV reporter strains. TrAIP-II had no detectable activation activity for
the four groups. Furthermore, the peptide was an inhibitor in the nanomolar range of the
agr-response in all four groups (Table 2.3, Figure 2.6B). TrAIP-1I is therefore a potent
inhibitor for all four agr-specificity groups of S. aureus.

The activity of trAIP-II and AIP-II were also tested in alternative staphylococcal
species, using HPLC analysis of d-toxin production. The results showed weak inhibition

(in the puM range) of S. epidermidis strain, RN2375, by AIP-II and trAIP-1I, and strong
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Figure 2.6. Testing of trAIP-II and trAIP-II lactam for inhibition of group II agr
activation. A) The structures of trAIP-II thiolactone and trAIP-II lactam are shown,
illustrating the one atom difference between them, colored in red. B) Both AIPs were
tested for inhibition of agr activation in group II cells, using the nitrocefin method to
quantitate the P3 reporter readout. The degree of activity based upon B-lactamase activity

is shown as a plot of V,, (initial velocity) versus peptide concentration.
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inhibition of agr expression in the S. warnerii strain, RN3178, by trAIP-II, with an IC,,
value of 20 + 12 nM. Thus, trAIP-II represents a significant advance toward the
development of a global agr inhibitor of staphylococci (Lyon et al., 2000). From a drug
development perspective, this compound is relatively small (579 Da) and should be
resistant to exopeptidase cleavage, due to its macrocylization and N-terminal acetylation.
However, the compound does suffer from base-lability, due to the thioester linkage, and
putative endopeptidase susceptibility, due to the presence of multiple amide bonds.

To address the first problem of base-lability, the lactam analog of trAIP-II
(Figure 2.6A) was synthesized and assayed. While this lactam analog is completely
stable to base-hydrolysis (no decomposition or hydrolysis was observed by HPLC
analysis after treatment with 0.5 M NaOH for 30 minutes), the compound is dramatically
less potent (~100-fold) in terms of agr inhibition (Figure 2.6B). The dramatic loss of
potency of the lactam analog versus the thiolactone analog has been explained in
structural terms by two-dimensional NMR studies of the two peptides in solution (vide
infra). Efforts are underway to develop more potent and stable peptidomimetic

compounds (see Section 2.8).
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Section 2.3 -- Agonism/Antagonism occurs through competitive

binding at the sensor domain of AgrC

A high priority of this work involved testing the hypothesis that the AIPs, with
their highly reactive thioester linkage, react covalently with AgrC. Pharmacological
analysis of the AIP-receptor interaction (in collaboration with Dr. Arthur Christopoulos)
yielded insights into this hypothesis and the mechanistic basis of the interaction, along

with providing suggestive evidence concerning the dimeric status of the receptor.

Reconstitution of cross-strain inhibition in the absence of AgrB

As previously demonstrated (Ji et al., 1997), S. aureus culture supernatants inhibit
agr activation in heterologous strains. A prior study using a reporter gene assay in strains
containing the endogenous agr locus (Mayville et al. 1999), demonstrated that synthetic
AIPs could reproduce these effects. However, the site of action for the inhibition by these
peptides was not determined. Although the most likely site seems to be AgrC, the
diversity of sequences among inhibitory peptides and their analogs suggests that some
mechanism other than competitive blocking of activator binding could be responsible.
One possibility would be binding to the putative processing-secretion enzyme, AgrB,
causing interference with production or secretion of the activator. Alternatively, the
peptides could bind to any range of targets on or within the cells and interfere with the
agr signaling pathway up- or downstream of AgrC activation.

As was already shown in Figure 2.4B, the new group I reporter strain was
incubated with AIP-I at 100 nM along with various concentrations of AIP-II. AIP-II

inhibits agr activation in a dose-dependent fashion, thus demonstrating that inhibition
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occurs in the absence of AgrB. Similar experiments were performed with the group II
reporter strain and AIP-, yielding similar results (Table 2.3). These results, in two
different agr specificity groups, confirm that AgrB cannot be the target of inhibition, as

the new strains lack AgrB.

The agrAC two-component module is necessary and sufficient for group-specific
activation and inhibition

It was asked whether AgrC determines the group-specificity of the AIP response.
This was addressed by testing the two-component module in agr-null host backgrounds
derived from different agr groups. Transfer of the group-specific signaling phenotype
with agrCA would argue against any other group-specific determinant. Accordingly, two
strains, RN9366 (CA1-1I) and RN9367 (CA2-I), were tested for their ability to respond to
supernatants from agr + strains, as well as to AIP-I and -II. The identity of the AgrC
being expressed on which genetic background is included in the CA nomenclature given
to each strain, where CAx-y stands for group x agrC and agrA on a group y agr-null
background.

The two strains were compared with the appropriate controls, RN9222 (CA1-I)
and RN9372 (CA2-II), which are the normal reporter strains, for activation by post-
exponential phase supernatants from a series of agr + strains and by the synthetic AIPs.
As illustrated in Figure 2.7, only supernatant from the group II agr wild-type strain,
RN6607, was able to activate B-lactamase expression in RN9372 (CA2-II) and RN9367
(CA2-D). In addition, simitar ECy, values for activation were obtained for both strains

using AIP-II (see Table 2.2). Analogous results were obtained using RN9222 (CA1-I)
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Figure 2.7. Group II agr Activation in different genetic backgrounds. A

representative example of activation of RN9372 (CA2-II) and RN9367 (CA2-I) by post-

exponential supernatants collected from Group 1, 2, and 4 agr+ cells. Data were

collected as B-lactamase activity (V,,, in mOD/min) and then normalized to percentage

activation.
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and RN9366 (CA1-II): these were activated by wild-type group I supernatants (RN6734)
and not by Group II supernatant or by agr-null supernatants from either group. Moreover,
similar EC,, values for activation were obtained for both strains using AIP-I (Table 2.2).
Therefore, the group-specificity of agr signaling does not depend upon the host
background. Furthermore, the conversion of an agr-null group I strain, RN7206, into a
group II responsive strain, RN9367 (CA2-I), by the insertion of plasmid-encoded group II
agrC and agrA (and vice versa), suggests strongly that the group-specificity of the agr
response depends upon the expression of the two-component module containing agrC
and agrA. Since AgrC is a variable transmembrane receptor (Lina et al. 1998) and AgrA
is identical at the protein level in all four groups, it is very likely that the agonists act at
the level of AgrC.

The next question was whether cross-strain inhibition also proceeds through the
AgrC/A two-component cascade. If so, a Group II agr-null strain (RN6607) reconstituted
with Group I agrC and agrA, i.e. RN9366 (CA1-II), should be inhibited by Group II agr*
supernatants or by AIP-II. Alternatively, if inhibition were to involve a group-specific
factor outside of the agr locus, then inhibition would depend upon the host background in
which AgrC and AgrA are expressed. The former scenario was shown to be correct, as
very similar ICsy's for inhibition by AIP-II in RN9366 (CA1-II) and RN9222 (CA1-I)
were obtained (Table 2.2). The same was true for inhibition of RN9372 (CA2-II) and
RN9367 (CA2-I) by AIP-I, albeit with a slight difference in the IC,'s (Table 2.2). It is
apparent that inhibition by the AIPs is dependent upon which agrC and agrA genes are

expressed and not upon the genetic background in which they are expressed, thereby



indicating that the site of inhibition must lie within Agr C, since AgrA is identical at the

protein level in all four groups.

The sensor domain of AgrC determines group-specificity of agonism and
antagonism

AgrC consists of a divergent N-terminal sensor domain, and a conserved C-
terminal histidine kinase (HK) domain (Ji et al., 1995; Lina et al., 1998), of which the
former is predicted to contain the determinant of group specificity. To confirm this
prediction, chimeric receptors were constructed (shown in Fig. 2.8) in which the sensor
domain of AgrC from either group I or I was fused to the HK domain of the group IV
receptor (Jarraud et al., 2000). As shown in Fig. 2.9, the chimeric receptors were
activated or inhibited only by AIP-I or AIP-II (from culture supernatants or chemically
synthesized) according to their respective sensor domains, thus confirming the above
prediction. The group I chimera was activated not only by group I supernatant but also
marginally by group IV supernatant, consistent with previous results (vide supra)
(Jarraud et al., 2000). Activation and inhibition titration curves of the chimeric receptors
with synthetic AIP-I or AIP-II yielded curves similar to those for the wild-type receptors
(not shown). As the AIPs appear to activate or inhibit only AgrC, activation or inhibition
of each group will henceforth be referred to according to the group-specific sensor
domain of the activated or inhibited receptor. For example, group II activation will be
referred to as AgrC-II activation, and inhibition of group I activation will be referred to as

AgrC-I inhibition, thus reflecting the mechanistic basis for these processes.
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Figure 2.8. Schematic representation of the sensor-domain-swapped AgrC RHKs.
The Group I and Group II chimeras have the polytopic sensor domains from the Group I

and Group II receptors, respectively, fused to the Group IV receptor HK domain.
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Figure 2.9. Sensor Domain-swapping results. A) Testing of the Group IV receptor with
bacterial supernatants from the four agr groups, collected as previously described (Lyon et
al., 2000). Cross-group inhibition was confirmed by co-incubating cells with AIP-II at 1 uM.
B) Testing of the Group I chimera with bacterial supernatants from the four agr groups.
Cross-group inhibition was demonstrated as in (A). C) Testing of the Group II chimera with
bacterial supernatants from the four agr groups. Cross-group inhibition was demonstrated by
co-incubating cells with AIP-I at 1 uM. Data were collected as B-lactamase activity (V,, in
mOD/min) and are shown =* standard error of the mean (SEM). Unless otherwise visible,

error bars are contained within the confines of the border of the bar.
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Activation by the native AIP is reversible

Reversibility of agonist AIP binding to the receptor was analyzed by determining
whether agonism could be reversed by washing or by competition from added antagonist.
As a direct binding assay has thus far not been developed (vide infra), functional assays
of ligand binding and release were utilized, in which downstream reporter gene activation
was used as a read-out of upstream ligand binding at the receptor (Lyon et al., 2000).
Such assays are highly sensitive owing to downstream amplification of the binding event.
In these experiments, group I cells were incubated with AIP-I at 1 uM, followed by
washing as indicated in Fig. 2.10A. $-lactamase activation was monitored and the data
normalized at each time point. In the standard AIP assay without washing, the agr system
was activated 25-fold during 180 minutes of incubation. Two washes decreased the
activation to about 10-fold, and five and ten washes variably decreased the activation
further but never completely eliminated it. Competition experiments were conducted after
two washes by adding AIP-1I at 1 uM to resuspended cells. As can be seen in Fig. 2.10A,
this completely abolished activation. An analogous experiment was performed with
group II cells, where it was shown that 40-fold activation was reduced to 15-fold by two
washes, and was eliminated by addition of AIP-I at 1 uM. Similar results were obtained
when the truncated AIP-II (trAIP-II) was used as the antagonist of group II activation. In
this case, 70-fold activation was reduced to 15-fold with two washes and abrogated
completely by addition of trAIP-II (Fig. 2.10B).

A low level of B-lactamase activity was consistently observed in all experiments
in the absence of added AIP. To test for the possibility that this might be agr-dependent,

the basal transcription level of the B-lactamase reporter gene was monitored in the
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Figure 2.10. Functional binding and competition studies. A) Group I cells were
activated with buffer or AIP-I at a concentration of 1 uM, followed by washes as

indicated. For one set of cells, AIP-II was added after two washes at 1 uM. Data were

collected as B-lactamase activity (V,,, in mOD/min) and then normalized to an induction

ratio (induced/basal). The data points from the final time point of activation (at 210

minutes) were combined from four separate experiments, and are shown + SEM. B)

Similar to (A), except that Group II cells were used with AIP-II as the agonist and trAIP-

IT as the antagonist.
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presence or absence of antagonists. Group II cells were incubated for one hour in the
absence of agonist, followed by the addition of buffer, AIP-I or trAIP-II (both at 1 uM)
and monitoring of -lactamase activity and cell density over the next three hours. Basal
transcription proceeded at a constant rate per unit of cell mass, and this activity was not
diminished in the presence of antagonists, demonstrating that this basal level is

independent of agr regulation (data not shown).

Cross-group inhibition of agr signaling is reversible

There are a number of possible mechanisms for inhibition by the antagonist AIPs
depending on whether or not the observed inhibition is reversible. If inhibition is
reversible, pre-treatment with antagonist should have no effect on subsequent activation.
However, if inhibition is irreversible, pre-treatment with antagonist followed by washout
should prevent subsequent activation. This was tested by pre-incubation of group I cells
with AIP-II, followed by washing and then challenge with AIP-I. Pre-treatment with the
antagonist versus buffer (followed by washing and then addition of agonist) did not affect
subsequent activation, as the induction ratios for pre-treatment with buffer versus pre-
treatment with antagonist were 14.8 +2.7 and 13.9 % 2.9, respectively (Fig. 2.11A).
Thus, inhibition is reversible. Varying the time of pre-incubation from 5 minutes up to
one hour (or, in the case of activation, from 30 minutes to one hour) gave results similar
to those observed in the above experiment.

The kinetics of inhibition were analyzed by titration of AIP-II in the presence of
AIP-1. In these experiments, the agonist was added to group I cells five minutes before,

simultaneously, or five minutes after the antagonist, followed by a one hour incubation
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Figure 2.11. Pre-incubation and washing studies. A) AIP-II pre-incubation, followed
by washing and subsequent activation of Group I cells with a fixed concentration of AIP-
I. Data were collected as B-lactamase activity (V,,;, in mOD/min) and normalized to an
induction ratio (induced/basal). Data are shown + SEM, and are derived from several
timepoints (150, 180 and 210 minutes) combined after normalization. B) TrAIP-II
preincubation, followed by washing and subsequent activation with AIP-II of group II
cells. Data were collected as -lactamase activity (V,,, in mOD/min). Data are shown +

SEM, and, unless visualized, error bars are within the confines of the symbol.
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period. Under the conditions used in this experiment, the three curves were
indistinguishable within experimental error, with an ICy, value of 281 + 19 nM, and the

maximal stimulation achieved was the same as that seen with activation by AIP-I alone

(Fig. 2.12A).

Self-inhibition by trAIP-II is also reversible

Since trAIP-II has the same ring structure as the native AIP, it is likely to bind to
the same receptor site. Because this AIP derivative shows self-inhibition, it was
investigated whether its antagonism is reversible, similarly to that of the cross-inhibitory
AIPs. Activation of group II cells by AIP-II over a 60 minute incubation was unaffected
by prior incubation with trAIP-II, yielding indistinguishable EC,, values of 45 + 5 nM
(Fig. 2.11B). To probe the mechanism of self-inhibition further, inhibition concentration-
response curves were measured where AIP-II was added before, during or after the global
inhibitor. The three inhibition curves were indistinguishable within experimental error,

with an IC,, value for group II inhibition of 244 + 12 nM (Fig. 2.12B).

Pharmacological analysis of concentration-response curves

Agonist concentration-response curves were generated with increasing
concentrations of antagonist. Shown in Figure 2.13A is an example of this type of
experiment, in which AIP-I was used to activate AgrC-I in the presence of [AIP-II] at O,
10, 100, and 1000 nM. In this example and in other experiments of this type, the agonist
curves shifted in a parallel, dextral fashion with increasing concentrations of the

antagonist, with no significant effect of the antagonist on the maximum response to the

52



% Maximal activation

e

% Maximal activation

125+

100+

75+

50+

25+

® simultaneous addition
AIP-| first
v AIP-Il first

»

125+

1004

754

50

log [AIP-1l] in nM

= simultaneous addition
A AIP-Il first
v trAIP-Il first

0 1 2 3 4
log [TrAIP-1] in nM

[ =

Figure 2.12. Order of addition studies. A) Group I cells were either pre-treated for five
minutes with AIP-II at various concentrations, followed by addition of AIP-I at a fixed
concentration of 100 nM, or both peptides were added simultaneously. In a third instance,
AIP-I was added at a fixed concentration five minutes before titration of AIP-II. B)
Similar to (A), except that Group II cells were used, with AIP-II as the agonist and trAIP-
IT as the antagonist. Data were collected as B-lactamase activity (V,,, in mOD/min) and

then normalized to percentage maximal activation. Data are shown = SEM.
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Figure 2.13. Pharmacological analysis. A) Group I cells were treated with varying
[AIP-I] in the presence or absence of AIP-II at concentrations indicated as + zero, 10,
100, or 1000 nM. Data were collected as B-lactamase activity (V,, in mOD/min). Data
are shown = SEM. B) Non-linear regression analysis (equation 2 in Methods), showing
the relationship between antagonist concentration and the shift of the agonist
concentration-response curve location parameter (pECs;). Shown on the plot is the
nonlinear curve-fit to the data compiled from four separate experiments. C) Clark plot,
displaying the data from (B) in linear fashion. D) Group II cells were treated with
varying [AIP-I] in the presence or absence of AIP-II at concentrations indicated as + 10,

100, 500, or 1000 nM.
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agonist. Other combinations giving qualitatively similar translocations of concentration
response curves were: group II cells with AIP-II in the presence of differing [AIP-I],
group II cells with AIP-II in the presence of differing [tr AIP-II], group I cells with AIP-I
in the presence of differing [trAIP-I1], and group I cells with AIP-Iin the presence of
differing [AIP-II lactam]. As there is a reciprocal relationship between the AIPs in terms
of activation and inhibition of their respective groups, we also performed the reciprocal
experiment, namely antagonism by AIP-I of AgrC-II activation in the presence of
differing agonist [AIP-1I]. Fig. 2.13D shows representative data from two experiments
using a wide range of agonist concentrations. The data show that the inhibition curves
also shift in a parallel, dextral fashion in the presence of increasing (maximally-
activating) concentrations of agonist.

The use of a wide range of antagonist concentrations in multiple experiments
allows for the assessment and quantification of the data according to a model of simple
competitive antagonism (equation below and repeated as equation 2 in Methods), using
nonlinear regression analysis (Lew and Angus, 1995; Christopoulos et al., 2001).

pEC;, = -log([B]’+ 10%) ~log ¢
where pEC,, is the negative logarithm of the ECy, [B] is the antagonist concentration, pK
and log c are fitting constants, and s is equivalent to the Schild slope factor.

This method provides greater precision than the standard and older linear
regression method of Arunlakshana and Schild (Arunlakshana, 1959), for the following
two reasons, first, the control curve pECs, values (i.e., absence of antagonist) are included
in the analysis, increasing the degrees of freedom; second, the data weighting is more

even because the control pECs, values are treated equally to all other pECy, values; in
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contrast, the Schild method relies heavily on the determination of the “concentration-
ratio”, which could be overly and incorrectly biased by a poorly defined control agonist
curve. Importantly, an advantage of all analyses based on the method of Schild and its
variants is that the determination of the Schild slope parameter (s in the above equation)
tests the conformity of the data to a competitive model while the pK parameter allows for
the quantification of antagonist potency when the slope is equal to one.

Concentration response curves of Group I cells with AIP-I in the presence of
differing [AIP-II] were analyzed. Fig. 2.13B shows the relationship between antagonist
concentration and the shift of the agonist concentration-response curve location
parameter (pECs,) with data combined from four experiments. Also shown on the plot is
the nonlinear curve-fit to the data. The equation with the variable Schild slope parameter
generated the better fitting curve, as judged by the extra sum of squares test, with a P
value of 0.016. The slope value obtained in this case was 0.55 + 0.14, which is
significantly less than the value of unity seen with simple competitive inhibition. The
results from the nonlinear regression analysis can be displayed in linear fashion in the
form of a Clark plot (Fig. 2.13C) (Stone and Angus, 1978; Lew and Angus, 1995).
Because the data did not conform to simple, competitive antagonism, pK; could not be
estimated. However, an estimate of antagonist potency, pA,, could be obtained (see
Methods), and this value was 8.90.

The Schild slopes, p values and pA, values obtained from various analogs tested on
AgrC-I or -II are summarized in Table 2.4. It is notable that in all cases tested, the Schild
slope values are considerably less than the value of unity normally seen with simple

competitive antagonism. Thus, the application of a competitive model of agonist-
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Table 2.4. Schild slopes, pA, values, and EC;, values

Group I inhibition®

AlPs slope P value pA) IC,,"
AIP-II 0.55+0.14 0.016 8.90 40 nM
(12-140)
AIP-II Lactam 0.71 £ 0.09 0.012 7.60 155 M
(75-315)
trAIP-II 0.62 +£0.05 0.130 6.50 260 nM
(95-695)
Group II inhibition”
AlPs slope Pvalue pA,S IC,°
AIP-1 0.45 +0.09 0.004 9.70 25 nM
(14-45)
trAIP-11 0.55+0.09 0.005 7.50 230 nM
(190-270)

% All experiments were performed at least in duplicate, yielding concentration-

response curves in the presence of at least five different antagonist concentrations.

Curves were generated with either the Schild slope held constant at unity or with the

slope allowed to vary, and the better-fitting model was determined by an extra-sum-of-

squares test using PRISM. In this test, a P value < 0.05 indicates a slope value

significantly less than one. In the case of trAIP-II group I inhibition, the p value was

trending toward <0.05.

° The pA, is an estimate of antagonist potency, irrespective of underlying mechanism,

determined via the relationship, pA, = pK/s (Christopoulos et al., 1999).

4 The IC,, values from bioassays are shown, with their 95% CI in parentheses, for

comparison to the pA, values, thus revealing a trend between biological activity of the

inhibitors and their empirical binding estimates.
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antagonist interactions to the data reveals significant deviations from the predictions of
simple competition. As a consequence, estimates of antagonist dissociation constants
(pKjy values) cannot be obtained, but empirical estimates of antagonist potency, pA.,, are
still possible and at least provide a semi-quantitative basis for comparing antagonist
activities. The pA, values are consistent in their trend with the IC,, values for inhibition
by various analogs (Table 2.4), albeit with the relatively wide 95% confidence intervals
for the ICs, values (reflecting the inherent sources of error in this assay- see Methods)
and the errors associated with the Schild slope determinations. This provides suggestive
evidence that the differences in IC,, values between these analogs results from decreased
binding to the receptor, rather than from post-binding effects on receptor activation.

On the basis of sequence similarities to other bacterial RHKSs that are known to be
dimeric (Stock et al., 2000) along with structural homology modeling (vide infra), it is
very likely that AgrC is also dimeric with two agonist binding sites. Therefore, it is
possible that the competitive interactions of agonist and antagonist at the receptor might
involve cooperativity between the binding sites (see Figure 2.14 for a model of this
process). For example, an allosteric change induced upon binding of antagonist to one
sensor domain in a dimer could inhibit binding of antagonist to the second, in addition to
directly competing with the agonist at the first domain. Such negative cooperativity
between antagonist molecules would make the antagonists appear less potent at higher
concentrations, thus yielding a Schild slope substantially less than 1.0. A similar type of
cooperativity has been observed in the chemotactic aspartate receptor (Koshland, 1996),

which lends indirect support to this hypothesis.
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Figure 2.14. A putative model of AgrC, indicating the dimeric nature or the receptor,
mediated via a cytoplasmic 4-helical bundle and possibly via interaction between the
sensor domains, which themselves each have six transmembrane helices. The
pharmacological data suggest possible allosteric negative cooperativy between the

binding sites in a receptor dimer.



A different possible explanation for the observed Schild slopes is the lability of
the thioester bond in the AIPs. It is well-documented that drug-removal mechanisms are a
common cause of Schild slope values less than one (Kenakin, 1997). If the slope values
are artificially low due to AIP breakdown, the agonist-antagonist interaction could
represent simple competitive antagonism after all. However, experiments utilizing the
stable AIP-II lactam analog as antagonist still yielded a slope value significantly less than
one (0.71 £ 0.09). Unfortunately, all available potent agonists contain a labile thioester
bond by necessity, thus making it difficult to rule out definitively drug-removal and/or
other possible explanations. Further studies in this area are focused on confirming the
dimeric nature of the receptor, especially at the level of the transmembrane sensor
domains, and on the continued development of a direct AIP binding assay (vide infra),
which will enable a definitive test of the deviation from simple competitive antagonism
and the determination of its basis.

Ligand binding to a site that is structurally distinct from the primary site can lead
to reversible allosteric modulation of receptor activation. However, in this instance, one
would expect eventual saturation of the allosteric site with increasing concentrations of
the antagonist. Therefore, this sort of allosterism would result in a rightward shift of the
curves similar to competitive antagonism, but, unlike the latter, a maximal shift would be
obtained when the allosteric site becomes saturated (Kenakin, 1997). The concentration-
response curves in this study were generated in the presence of increasing antagonist
concentrations that spanned a 1000-fold range. In no instance was a maximal, limiting,
shift demonstrated, a finding which is inconsistent with a mechanism of allosteric

modulation from a separate site on the receptor.
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The lactam analog of AIP-II is an agonist at high concentrations

A central question of this research revolved around whether the AIPs bind
covalently to AgrC, given their highly reactive thioester linkage. The above
pharmacology data suggest that a stable covalent linkage does not form between AIP and
receptor, although the data do not necessarily rule out a transient covalent linkage. A
previous study speculated that a stable or transient covalent linkage might occur, as
supported by the inactivity of a lactam analog tested up to a concentration of 10 uM
(Mayville et al., 1999). As the pharmacology data are inconsistent with stable covalency,
the lactam analog was re-tested at higher concentrations. As shown in Figure 2.15A,
starting at around 10 uM, activation increases linearly with increasing concentrations of
AIP-II lactam. The lactam analog was also tested for its ability to cross-inhibit group I
and IV cells and to self-inhibit group II cells. Potent cross-inhibition was observed, with
an ICs, value of 140 + 70 nM for Group I and 48 + 22 nM for Group IV, consistent with
previous results (Mayville et al., 1999). Significant self-inhibition was not detected at any
concentration tested up to 20 uM. These results suggest that the lactam analog binds to its
own receptor extremely weakly, although it binds heterologous receptors quite strongly.
This suggests that activation of AgrC requires very specific AIP-receptor interactions,
while cross-inhibiton does not. This will be addressed further in the Discussion.

The activation seen with the lactam analog was unusual in that the Hill slope of
activation was shallower as compared to AIP-II and a maximal activation level, i.e. a

plateau, was not observed up to the solubility limit of the peptide. Thus, it was uncertain
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Figure 2.15. AIP-II lactam studies A) Group II cells, RN9372 (CA2-II), were incubated
with varying [AIP-1I lactam]. The AIP-II concentration-response curve is shown for
comparison. B) Cells expressing Group Il agrC-A in an agr-null group I background,
RN9367 (CA2-I), were incubated with the AIP-II lactam analog at various concentrations
in the absence or presence of AIP-I at 0, 100, or 1000 nM. Data were collected as B-

lactamase activity (V,;;, in mOD/min) and are shown + SEM.
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whether the activation by the lactam analog was truly specific to the receptor or a result
of non-specific effects of the peptide at such high concentrations. In order to address this
specificity issue, two variables were investigated. First, if the activation were specific, it
should be inhibited in a concentration-dependent manner by the antagonist, AIP-I. This is
exactly what was observed, as shown in Fig. 2.15B. Second, it has been previously
demonstrated that group-specific activation is independent of strain background (see
above). If the activation seen by AIP-II lactam occurs via the receptor, then it should also
be independent of genetic background. This was indeed the case, as is shown in Figure
2.15B, where activation of RN9367 (CA2-I) celis, similar to that seen with RN9372
(CA2-II) cells, was observed.

Williams and co-workers have recently reported that the AIP-I lactam analog is
also an activator at concentrations higher than 5 uyM (McDowell et al., 2001), thus
lending support to the notion that activation by the AIPs does not require the thioester
linkage, albeit with a substantial loss in potency for the lactam analogs and a shallower
Hill slope. This difference in bioactivity between the thiolactone and lactam analogs is

partially explained by dramatic differences in their structures in solution, as characterized

by 2D NMR (vide infra).

Attempts to Detect AIP-I Binding to AgrC-I

As an initial foray into the detection of an AIP-receptor complex, a previously
published pull-down experiment ((Ji et al., 1995) and see Introduction) was re-visited. A
cell line, RN8559, overexpressing AgrC from a B-lactam inducible promoter (via BlaR

signaling) was utilized to investigate AIP binding (Figure 2.16A&B). As in the previous
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study, different amounts of induced cells were added to a fixed concentration of AIP for
five minutes, followed by spin-down of the cells and recovery of the supernatant. This
supernatant was then assayed on a reporter strain, in this case, the group I RN9222 strain,
for any remaining AIP activity. In this experiment, the AIP was synthetic, rather than
purified from bacterial supernatants, as in the published study (Ji et al., 1995). In
confirmation of previous results, increasing amounts of cells titrated out AIP-1, as
assessed by remaining biological activity (Figure 2.16C). In contrast, attempting to use
the group I reporter strain, RN9222, or agr-null cells, RN6911, did not result in any
titration of AIP-I, indicating that overexpression of AgrC is critical for significant and
detectable AIP-I depletion. An alternative explanation is that treatment of the cell line,
RN8559, with methicillin results in physiological changes to the cell wall that cause
increased uptake or non-specific binding of AIP-I to the cells. According to the previous
study (Ji et al., 1995), the same cell line expressing AgrA alone and also treated with
methicillin did not titrate AIP-I, thus indicating that methicillin treatment is not the cause
of increased AIP-I binding. This control was not repeated in the present study, although it
probably should be repeated in future experiments involving this cell line.

AIP-I was labeled with fluorescein to undertake fluorescence studies of AIP
binding to AgrC+ cells, RN8559 and RN9222 (Figure 2.17A and vide infra for
biological activity data). However, endogenous and variable auto-fluorescence, with a
maxima near to the fluorescein emission wavelength, of S. aureus cells complicated the
interpretation of the resulting data, as assessed by fluorescence spectroscopy and
microscopy (not shown). SDS-PAGE analysis, followed by in-gel fluorescence detection,

of whole cell lysates from bacterial cultures pre-treated with fluorescein-AIP-I or buffer
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Figure 2.16. AgrC over-expression. A) A cell line overexpressing AgrC from a plasmid
in response to a B-lactam compound was investigated for use in a direct binding assay. B)
After methicillin induction, the production of 3-lactamase from the chromosomal pBla
promoter was monitored as an indirect readout of plasmid pBla activity, leading to AgrC
over-expression. C) AgrC-I overexpressing cells (RN8559), agr-null cells (RN6911) and
uninduced AgrC-I expressing cells (RN9222) were titrated with a fixed amount of AIP-I,
followed by spin-down and bioassay of supernatants. Control experiments quantitating
the bioactivity of the same amount of AIP-I in the absence of cells showed little to no
depletion of AIP-1 by the addition of the agr-null cells.
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did not reveal a fluorescent protein of the approximate molecular weight of AgrC, ~50
kDa, even though the free fluorescent AIP-I was readily detected and agr-activation of
the AIP-treated cultures (in the case of RN9222) or -lactamase induction (in the case of
RN8559, Figure 2.16B) was demonstrated.

Furthermore, biotinylated AIP-I was utilized in efforts to demonstrate covalent
binding of the AIPs to AgrC (Figure 2.17A and vide infra for bioassay data). In cell
lysates of bacterial cultures pre-treated with biotinylated-AIP-I or buffer, no AgrC-
specific signal was ever detected via Western blotting with streptavidin-conjugated
horseradish peroxidase, even though parallel experiments demonstrated agr-activation in
the AIP-treated cultures (data not shown). As the receptor, AgrC, was not epitope-tagged
and as all efforts to develop an anti-AgrC antibody have thus far failed (vide infra), it is
formally possible that AgrC was degraded or otherwise absent from the cell lysates,
either before or after SDS-PAGE analysis. However, the lack of detection of a covalent
AlP-receptor adduct by the above methods is consistent with the pharmacology results
demonstrating that the AIP-receptor interaction is reversible.

Efforts were then undertaken to prepare radioactively labeled AIPs for binding
assays with whole AgrC+ cells. Radioiodination of the tyrosine amino acid in AIP-I was
attempted (by B. Ayers and T. Muir); however, this was abandoned due to extremely
facile hydrolysis of the thioester linkage in the AIPs during the labeling procedure (data
not shown). Acetylation in solution of the N-terminus of AIP-I with tritiated acetic
anhydride, followed by hydrophobic column chromatography, produced a pure, tritiated

AIP-1, which was shown to activate agr in group I cells (Figure 2.17A&B and not
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shown). However, whole cell binding assays, utilizing filter binding or cell pelleting
methods, yielded mixed results, mainly due to a high level of non-specific binding of
AIP-T in parallel with low specific activity of the radioligand and unknown receptor
expression levels. For example, in some experiments, binding of tritiated AIP-I to cells
overexpressing AgrC appeared to be greater than in uninduced or agr-null cells (Figure
2.18A&B). This difference was reproducible with uninduced versus induced RN8559
cells. However, the difference between induced RN8559 cells and agr-null RN6911 cells
was not reproducible and, in fact, indicated more binding to RN6911 cells on one
occasion, despite considerable efforts to equalize cell densities between the different
populations. Furthermore, attempts at competition with cold non-radioactive AIP-I or —II
actually increased the amount of tritiated AIP-I bound to the cells (Figure 2.18B), a
result inconsistent with receptor-specific binding of tritiated AIP-I. In binding
experiments comparing agr+ RN9222 cells with agr-null RN6911 cells, no difference in
binding of tritiated AIP-I was ever detected, a result consistent with the pull-down
experiments (vide supra). Successful development of a direct radioactive binding assay
may hinge upon the use of radioligands with much higher specific activities;
overexpression of an epitope-tagged receptor using a metal ion-inducible promoter such
as cadmium, instead of a cell wall disrupting drug like methicillin (which could indirectly
lead to an increase in non-specific binding); and/or enrichment of receptor levels through

the use of bacterial cell membrane preparations or liposomal reconstitution.
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Figure 2.18. Whole cell binding assays. A) RN8559 cells (+ methicillin induction and
corrected for cell density differences) were incubated with tritiated AIP-I at 1 uM for 20
minutes, followed by spin-down, washing, and radioactive counting of the pellet. B)
Binding of tritiated AIP-I to induced RN&8559 cells was higher than binding to agr-null
cells, RN6911. The same binding experiments with RN8559 cells were conducted with a
ten-minute competition with a large excess of non-radioactive (cold) AIP-I (DI) or AIP-II
(D2). These results are counter-intuitive, as one should expect to observe decreased

binding of radioactive AIP-I in the presence of cold AIP-I (see Results).
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Section 2.4 -- Key Determinants of Receptor Activation in the AIPs

AlP-induced receptor activation proceeds through specific, reversible and
extracellularly-mediated AIP binding to the sensor domain of AgrC, followed by receptor
activation. A central question therefore revolves around which components (or
determinants) in the AIPs are important for receptor binding and/or activation. Toward
this end, a chemical approach was taken to analyze the AIPs, complemented by a genetic
approach to analyze the receptor (this section and section 2.5). This powerful
combination of chemistry and genetics has yielded new insights into AIP-induced

receptor activation.

Structural independence of tail and macrocycle

Endocyclic (within macrocycle) hydrophobic residues in AIP-II appear to be
important for receptor binding, whereas an exocylic residue (asparagine) is important for
receptor activation. It was asked whether these two regions of the peptide are structurally
independent. To address this idea, two-dimensional NMR studies of AIP-II, trAIP-II and
alanine-substituted analogs were performed. Fig. 2.19A shows a comparison of the
chemical shift differences (CSDs) of the backbone amide protons of AIP-II alanine
analogs (determined in 90% H,0/10% D,0, pH 4.0) relative to the native AIP-1L
Substitution with alanine at any position slightly affects the CSDs surrounding the site of
modification, without affecting other regions of the peptide backbone. The trend
exhibited for the amide protons also holds true for the alpha and beta protons (see
Appendix 1 for all NMR chemical shift assignments), thus suggesting that the side-

chains in the tail of AIP-II do not influence the backbone and sidechain structure of
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Figure 2.19. Chemical shift comparisons of AIP analogs. A) The backbone amide 'H
chemical shifts of AIP-II alanine analogs are depicted as chemical shift differences
(CSDs) relative to native AIP-1I normalized to zero (performed in 90% H,0/10% D,0,
pH 4.0 at 298 K) B) The backbone amide 'H chemical shifts of trAIP-1I thiolactone, AIP-
I1 lactam, trAIP-II lactam and the linear free acid version of AIP-II are depicted as

chemical shift differences (CSDs) relative to native AIP-1I normalized to zero (performed

in DMSO-d, at 298 K).
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the macrocycle, and vice-versa. This idea is further supported by the comparison between
AIP-II and trAIP-II (performed in DMSQO), which shows no significant CSDs between
the two peptides in the five amino acids that are common between them (Fig. 2.19B). In
these experiments, a CSD > 0.1 Appm was considered significant. These results
collectively suggest that the tail of AIP-II, containing the key asparagine at position 3,
does not stably interact with the macrocycle in solution.

A similar chemical shift comparison between AIP-II, trAIP-II and their lactam
analogs (performed in DMSO) reveals dramatic CSDs (>>0.1 Appm) between the thiolactone
and lactam analogs in the amide, alpha, and beta protons of residues within the macrocycle
but not within residues of the tail (Fig. 2.19B, and Table 2.5 for AIPs synthesized), further
suggesting that the tail and macrocycle are structurally independent. Furthermore, these
results demonstrate that the lactam macrocycle has a very different conformation in solution
than the thiolactone, independent of whether the tail is present or not. This dramatic
difference in solution structure is correlated with the much weaker activity of the AIP-II
lactam for AgrC-II activation and the trAIP-II lactam for AgrC-II inhibition (Lyon et al.,
2002) (vide supra). Furthermore, the potent cross-inhibition of AgrC-I by the AIP-II lactam,
as compared to the relatively weak cross-inhibition by trAIP-II lactam, suggests that the tail
of AIP-II is particularly important for AgrC-I binding, especially in the context of a lactam
analog. This is supported by the decrease in potency of the thiolactone rAIP-II in

comparison to AIP-II for cross-group inhibition (see Table 2.6 for ICs, values).
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Table 2.5. AIPs and derived analogs

AlPs exocy‘clic1 ‘ endocyclic mass expected mass observed
AIP-I : j“‘Y“ s T e |p |Fl1 M 961.1 960.9
AIP-1 D5N ¥ s T c [N |F|I|M 960.1 959.9
AIP-IV y s T fc |y |F|1|M 1009.2 1008.9
AIP-IV YSF Y |s At F |F|1 M 9932 992.9
AIP-I DSA YS T lc |a |F|l1|M 917.1 916.9
AIP-I M8I y|s |t fc |p |F|1 |1 943.1 942.9
Acetyl-AIP-I a@‘;:m y s c |p |F|1|M 1003.2 1003.0
Biotinylated-AIP-I bl ‘; Y s T Te o 8|1 |m 1187.4 1186.9
Fluorescein-AIP-I - S T C D [F|I | M 1319.4 1318.8
AIP-1 linear free acid Is |1 |c |p|F|1|M 979.1 978.9
rAIP-I | a c |p |F|1]|M 651.8 652.0
trAIP-IV o Ja e |Y [F|1|M 699.9 700.0
trAIP-1 D2A | e lc |a |F|1|mM 607.8 607.0
AIP-II G- VN A dc |s |s|Ll|E 879.0 878.9
trAIP-II N ac e |s |s|L]F 578.7 579.0
AIP-TI lactam G | *ijj N ‘ A Axs|s |s|L|F 861.9 862.0
ATIP-II linear free acidf G . V “ N A C S S|L|F 897.0 896.4
AIP-II/I G v|N|a |c |[p|F|1|M 951.1 951.0
AIP-I/II ¥ s T e |s |s|L]|F 889.0 889.0
AIP-IIT U N lc |plrlL]L 819.0 818.9
AIP-III octapeptide Y I;‘ N e o |r|L|L 982.2 981.9
AIP-ITI nonapeptide | A | Y |T | N c |p |F|L]|L 1053.2 1052.9

ac: acetylation; bi, biotin‘ylated;yﬂ, fluorescein-conjugated

lexocyclic residues are shaded in the table; 2All of the peptides with a conserved cysteine contain a thiolactone

formed via the condensation of the ¢-carboxyl group of the AIPs with the sulfhydryl group, except for AIP-1

and -II linear free acid, which have a C-terminal carboxylic acid and a free thiol group;’ X=Dapa:

diaminopropionic acid
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Table 2.6. AIP activity on the four agr groups of S. aureus

Activation (EC,,) Inhibition (IC,y)
AlPs |- AgrC- | AgrC- | AgrC- | AgrC- | AgrC- | AgrC- | AgrC- | AgrC-
N S R i v I il I v
AIP-I S30mM oL e - .26 M 25nM 3nM
C@soy | ] @3-29uM) (14-45) 2-5)
AIPT | 90mM | - | 360mM. | . - 32nM 200M
D5N (60-130) | (280450) | (20-50) (15-30)
APV | @a | - s M 4nM InM
S0 f (4 (3-5) (0.5-3)
APIV M o T 1amM 20M 0.20M
YSF ‘ a2 (15-3) | (0.05-0.3)
AIP1 2 5nM 8§ oM 0.3 M 3nM
DSA | (-7) @17 | 02-04) 2-5)
AIP T 7o 130M 8 oM
MSI S| (6408209 (8-20) (7-9)
ACAIPT | CRNE I 60 nM 12 M
~ o . | (50-70) (8-18)
Linear - - 540 oM 190 nM
AIP] ‘ S (500-590) | (150-240)
twAIP-I 45pM 47nM 240 iM
(35-6uM) | (40-55) | (40-1200)
trAIP- 930 nM 8§ nM 10 nM 1M
v g (570-1521) |  (6-10) (522) | (3-55uM)
twAIP-1 - 5nM 5nM 0.1nM 50M
D2A R G-7 3-8) | (003-02) (4-6)
AIPI ~—T3onM | o 40 nM oM 86 nM
+ (1090 - ‘ (12-140) (0.7-2.6) (65-111)
trAIP-II ‘ ‘ - 260 nM 230 nM 4nM 150 nM
(95-695) | (190-270) |  (3-5) (90-260)
Linear - y -
AIP-II I IR
AIP-IIT TS T Sond 70nM | 350nM | 9.9 M
] (360-810) (33-147) | (290-420) | (6-16 uM)
AIP-I/II N 10 nM 230nM | 0.3nM 120M
o (6-15) | (140-370) | (0.2-04) (9-15)
AIPII T 2o | 70 nM 6 oM 150 oM
@30 | (30-150) (5-6.5) (104-207)

The dash ( ) indicates no acﬁvity at any'concentration tested up to at least 10 uM. It is worth

noting that AIPs that are full agonists cannot simultaneously be antagonists.
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Furthermore, chemical shift assignments (in DMSO) of the linear free acid version of
AIP-II (see Table 2.5 sequence) reveals dramatic CSDs in comparison to AIP-II, thus
highlighting the necessity for the presence and appropriate structure of the AIP-II
macrocyle for potent agonist activity (Fig. 2.19B). Similarly large structural differences
were observed between the linear free acid version of AIP-I and native AIP-I (see
Appendix 1 for chemical shift assignments and Table 2.5 for peptide sequences).

Structural independence was also examined between the macrocycle and tail of AIP-I
and AIP-IV. Two-dimensional NMR was performed on full-length AIP-I and —IV and
compared to their truncated analogs, trAIP-1 and trAIP-IV (see Table 2.5 and Appendix
1). The CSDs in the amide, alpha and beta protons were never any greater than 0.3 Appm
and were in most instances less than 0.1 Appm. This outcome is similar to the case of
AIP-1I and trAIP-II, supporting the inference of structural independence. Furthermore,
acetylation of the N-terminus of AIP-I (Table 2.5) only results in local CSDs within the

tail, as compared to AIP-1, without causing significant CSDs in the macrocycle.

Probing the Importance of the Macrocycle for Biological Activity

The linear free acid version of AIP-II was previously reported to be biologically
inactive on AgrC-1, -1I, and 111, utilizing the prior bioassay (Mayville et al., 1999). In
this previous report, the sample of linear AIP-II was obtained by hydrolysis of a small
quantity of AIP-II thiolactone, followed by RP-HPLC purification. As this procedure did
not yield enough material for 2D-NMR characterization, the peptide was re-synthesized
using standard Fmoc methods and characterized by NMR (vide supra). Furthemore,

linear AIP-II was re-tested on AgrC-1, -II, and —III, and tested for the first time on AgrC-
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IV. In no case was agr activation or inhibition observed, up to a final concentration of 55
MM, thus confirming and extending the prior results with the new reporter strains. Thus,
in the case of AIP-II, the macrocycle is critically important for biological activity.

It was initially assumed that this result would extend to all of the AIPs examined.
Upon synthesis and testing of linear AIP-I (Table 2.5, 2.6) it was found that this
molecule does not fully activate or inhibit AgrC-I and —IV up to a concentration of 69
uM. However, it does inhibit AgrC-II and -III activation, with IC,, values in the sub-
micromolar range (Table 2.6). These results indicate that linear AIP-I can bind to AgrC-
IT and —I1II, most likely through the two C-terminal hydrophobic side-chains. However,
the ICs, values for inhibition of AgrC-1I and —III by linear AIP-I are at least 20-fold
higher than those values observed for AIP-I thiolactone inhibition. It is very likely that
macrocylization in AIP-I serves the purpose of rigidifying the peptide backbone and
orienting the side-chains, thus increasing binding affinity to the receptor, perhaps through
a decrease in entropic costs incurred upon binding. It is also possible that, in an in vivo
infection, the concentration of hydrolyzed linear AIP-I does not reach concentrations high
enough to cross-inhibit other groups, as the reported concentration of AIPs in culture
supernatants is around 30 nM (Saenz et al., 2000). However, further testing is required to
verify the lack of activity of hydrolyzed linear AIP-I in wild-type strains during the
course of natural infections. In summary, the macrocycle of AIP-I and —II appears to play

an important (if not critical) role in the biologically relevant activity of the AIPs.
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Role of the N and C termini, using AIP-I

To probe the steric and electrostatic requirements of the N-terminus of AIP-I in
terms of receptor binding, a series of N-terminally modified analogs were synthesized. N-
acetylated AIP-I activates AgrC-I and inhibits AgrC-II and -III with values comparable
to those obtained with native AIP-I (Table 2.6- unless otherwise listed, all activation and
inhibition results are presented in the table, including 95% confidence intervals). N-
acetylated AIP-I does not activate or inhibit AgrC-IV at any concentration tested, which
is consistent with the fact that AIP-I only weakly cross-activates AgrC-IV (Table 2.6).
Relatively bulky fluorescein or biotin groups were attached to the free amino terminus of
ATP-I. These additions did not have any major effect on AIP-I function, as both
fluorescein-conjugated AIP-1 and biotinylated AIP-I could activate AgrC-I and inhibit
AgrC-II at concentrations comparable to AIP-I in the nanomolar range, with an ECs,
value for AgrC-I activation by fluorescein-conjugated AIP-I of 40 nM (22-74 nM, 95%
CI). Thus, the function of AIP-I is not dramatically affected by acetylation or the addition
of bulky groups on the N-terminus, suggesting that the ligand binding pocket can either
accommodate these bulky groups or, more likely, that the N-terminus is solvent exposed.

In other studies, it was tested whether the C-terminal hydrophobic amino acid,
methionine, in AIP-I could be replaced by another hydrophobic amino acid without
affecting function. Therefore, AIP-I with isoleucine replacing methionine at position 8
was synthesized. AIP-I M8I activates AgrC-I as well as native AIP-I (Table 2.6), and
similarly inhibits AgrC-II and -III, as compared to native AIP-I. AIP-I M8I activates
AgrC-IV more effectively than does AIP-I (730 nM vs. 26 pM), suggesting that this

substitution permits improved binding and/or ligand-induced receptor activation by this
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analog. Lastly, substitution of methionine with leucine in agrD by genetic methods
results in a bacterial strain that autoinduces in a manner similar to wild-type cells (Ji, G.
and R.P.N, unpublished observations). These data collectively indicate that the thioether
linkage in methionine is not required for agonist activity, which is inconsistent with a

recent proposal from McDowell et al. that this linkage is critical (McDowell et al., 2001).

Effect of tail length, using AIP-III

The chemical structures of various AIPs have been previously ascertained either
by preparation of synthetic peptides with demonstrated activity or by peptide sequencing
of AIPs purified from culture supernatants by RP-HPLC. The AIPs thus far examined by
these methods include: a heptapeptide from S. lugdunensis (Ji et al., 1997), octapeptides
from group I S. aureus (Ji et al., 1997), group IV S. aureus (see below), S. epidermidis
(Otto et al., 1999), and a nonapeptide from group II S. aureus (Ji et al., 1997). The former
method of synthetic peptide preparation was chosen to verify the sequence of AIP-III.
Based on sequence similarities to AIP-I and the ability of AgrB from group I or III to
process the group I or I AgrD propeptide in vivo, it was initially assumed that ATP-II1
would be an octapeptide (Ji et al., 1997). Accordingly, the octapeptide thiolactone was
synthesized and shown to have cross-inhibitory activity toward group I cells. However,
agr activation of AgrC-I1I could not be demonstrated with this peptide (Mayville et al.,
1999). Indeed, the thiolactone octapeptide turns out to be an antagonist of AgrC-1II
activation by group III agr+ supernatant, with an IC,; of 360 nM (300-430 nM, 95% CI)
(Fig. 2.20A). Therefore, the octapeptide is clearly not the native AIP-III. The group I

thiolactone hepta- and nonapeptides were synthesized according to the group IIl agrD
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Figure 2.20. AIP-III studies. A) Group III cells were incubated with a constant amount
of group III culture supernatant with varying [AIP-III octapeptide]. B) Group III cells
were incubated with varying [AIP-II1 heptapeptide]. Data were collected as 3-lactamase
activity (V,,, in mOD/min) and are shown at each concentration + SEM. Unless otherwise

visible, error bars are contained within the confines of the symbol.

79



amino acid sequence. The nonapeptide does not activate AgrC-IIT up to a concentration
of 2.6 uM and instead inhibits AgrC-I1I activation by group IIl agr+ supernatant, with an
IC5, of 790 nM (480-1310 nM, 95% CI). On the other hand, the thiolactone heptapeptide
is an activator of AgrC-III, with an EC;, of 26 nM (Fig. 2.20B, Table 2.6). Furthermore,
no additive or inhibitory effects were observed when the heptapeptide was added with
group I agr+ supernatant to the group III cells, with the synthetic peptide at various
concentrations up to 60 pM. This suggests that the heptapeptide is likely to be the native
AIP-III.

Further analysis supports this hypothesis, as the heptapeptide mimics what has
been seen with group III agr+ supernatants, as well as with supernatants from other
groups (Ji et al., 1997). It does not activate AgrC-I, II, or IV at any concentration tested
up to 30 pM and instead inhibits their activation (Table 2.6). Furthermore, AIP-I, -II, and
-IV inhibit AgrC-III activation by the heptapeptide (Table 2.6). The fact that the
thiolactone heptapeptide corresponds to the native AIP-III is further supported by tandem
mass spectrometry analysis performed on group III culture supernatants indicating the
presence of the heptapeptide (vide infra). The fact that the addition of amino acids onto
the N-terminus of AIP-III abolishes activation of AgrC-II, but that the addition of
functional groups onto the N-terminus of AIP-I has little effect on its activity, indicates
that the N-terminus plays different functional roles in the AIPs thus far examined. This is
indicated in Figure 2.21, where the N-terminus of AIP-IH is marked with an asterisk to

denote its importance for agr activation.
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AIP-II AIP-IV

Figure 2.21. Structure and key determinants of the AIPs. Standard single letter codes
for amino acids are indicated. The sulfur atom of the cysteine and the carbonyl
contributed from the C-terminal amino acid are shown in a thioester linkage, which
closes the macrocycle. Exocyclic (tail) residues are represented in shaded grey circles,
whereas endocyclic residues are represented in clear circles. Residues that are critical for
receptor activation are marked with an asterisk (*). The N-terminus of AIP-III is marked

with an asterisk (*), to reflect the fact that additional amino acids on the N-terminus

abolish receptor activation.
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Activity of AIP-IV

Several laboratories have identified a new group of S. aureus strains, designated
group IV (vide supra) (Jarraud et al., 2000; McDowell et al., 2001; Otto et al., 2001).
Group IV agr+ supernatant activates RNAII expression in group IV strains and the P3
promoter in a group IV reporter strain, while inhibiting agr expression in group II and Il
strains (vide supra). Furthermore, group IV agr+ supernatant activates group I cells
(Jarraud et al., 2000) and also activates to a similar extent a chimeric receptor, in which
the sensor domain from AgrC-I is fused to the HK domain from AgrC-1V (vide supra)
and (Lyon et al., 2002). Such data indicate that AIP-IV is a cross-activator of AgrC-1.
However, it has recently been reported that the synthetic octapeptide AIP-IV (sequence
shown in Fig. 2.21) is an inhibitor of group I agr expression, with an ICs, of 7 uM, rather
than a cross-activator (McDowell et al., 2001). McDowell et al. suggested that the
difference in activity between the synthetic AIP-IV and bacterial supernatants could be
accounted for by the presence in the supernatant of other components capable of
influencing agr expression. As there is no other known extracellular signal that has been
reproducibly confirmed to activate the agr system (Novick, 2000), it would be important
to confirm the existence of such a factor, if it does exist. Accordingly, the octapeptide
thiolactone AIP-IV was synthesized and assayed in the absence of group IV culture
supernatant.

Synthetic AIP-1V is an activator of AgrC-1V and -1, with EC, values in the
nanomolar range (Table 2.6). Synthetic AIP-IV is, as expected, an antagonist of AgrC-I1I
and -III activation. Conversely, both AIP-1I and AIP-1II inhibit AgrC-1V activation by

AIP-IV (Table 2.6). The above results mimic the activity previously seen with group IV
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agr+ supernatant (Jarraud et al., 2000; Lyon et al., 2002), providing strong evidence that
the octapeptide thiolactone corresponds to the native AIP-IV. This is also consistent with
tandem mass spectrometry analysis performed on group IV culture supernatants, which
has indicated the presence of the octapeptide (vide infra). Since the activity of the
synthetic AIP-IV mimics that of culture supernatants, this strongly suggests that there is
no additional factor in group IV culture supernatants activating group I cells, and
confirms that AIP-IV can cross activate AgrC-I. It is noteworthy that McDowell er al. did
not report whether their synthetic AIP-IV activates group IV cells (McDowell et al.,
2001). Furthermore, none of their peptides were characterized by two-dimensional NMR,
thus making it impossible to verify that their peptides are identical to the ones reported
herein. This is particularly important, as it is well-known that the synthetic methodology
utilized by McDowell et al. to prepare their AIPs can promote C-terminal epimerization
(Goodman and McGahren, 1967, Nakayama et al., 2001) (vide infra concerning synthesis

of lactone AIPs).

Probing the critical side-chain differences between AIP-1 & -IV

AIP-I and AIP-IV differ by only one amino acid: an endocyclic aspartate versus
tyrosine in AIP-I and -1V, respectively (Figure 2.21). As shown above, the amino acid at
this position profoundly affects the properties of the peptide, as AIP-I strongly activates
AgrC-I but only weakly activates AgrC-IV, whereas AIP-1V strongly activates both. This
contrasts with AIP-II, where substitution of this position by alanine (AIP-II S6A) did not
result in any major change in bioactivity (Mayville et al., 1999). This prompted structure-

activity relationship studies of this critical residue in AIP-I and —IV to determine what
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role it plays in ligand-receptor binding and/or activation (Fig. 2.22, Table 2.6). Initially,
this residue was replaced with alanine. This peptide, abbreviated AIP-I D5A, does not
activate AgrC-I or -IV at any concentration tested (up to 10 uM), and instead potently
inhibits activation of both receptors (Table 2.6). The inhibition of AgrC-I by this analog
is consistent with the results on group I cells obtained by McDowell et al. using the same
analog (McDowell et al., 2001). AIP-I D5A is also as potent as AIP-I and -IV in
inhibiting AgrC-II and -I1I (Table 2.6), thus resulting in universal inhibition of all four
agr groups. Thus, replacing the relatively bulky side-chain at this position with an alanine
methyl group has little to no effect on receptor binding but switches the peptide from an
agonist into an antagonist.

To probe the role of this position further, more subtle modifications were
introduced. Substitution of the AIP-IV tyrosine with phenylalanine (YS5F) had no effect,
as the peptide was similar to native AIP-IV in its activation/inhibition activities (Table
2.6), suggesting that the polar hydroxyl in tyrosine at position 5 is not required for
bioactivity. In the case of AIP-I, the aspartate side chain is expected to be deprotonated at
physiological pH, thus generating a negative charge at this position. In order to test
whether a negative charge is required, we introduced an asparagine residue at this
position. AIP-I D5N activates AgrC-I with an ECs, value only slightly higher than that of
AIP-I (Table 2.6), thus demonstrating that the negative charge of the aspartate side-chain
is not essential for AgrC-I activation. In contrast to AIP-1, AIP-I DSN does not activate
AgrC-IV at any concentration up to 50 uM and instead inhibits AgrC-IV and AgrC-II
activation (Table 2.6). Remarkably, AIP-I DSN does not inhibit AgrC-III activation by

AIP-II1, but rather activates group III cells, with an ECs, of 360 nM (Table 2.6). This
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Figure 2.22. Structure-activity relationship studies on AIP-I and -IV. The chemical
structure of the invariant portion of AIP-I and -IV is depicted, with an “R” group
representing the site of modification. Various chemical groups were introduced at this

position to probe different aspects of AIP-I and —IV function.
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example is the only case to date of conversion of an inhibitory AIP into an activator. All
other previous substitutions have either inactivated the peptides or converted them from
activators into inhibitors.

AgrC-III activation by AIP-I DSN was investigated further. As the functional
readout for AgrC-III activation is comprised of the sensor domain of AgrC-III fused to
the HK domain of AgrC-IV, upstream of AgrA-1V and including the P3-blaZ reporter
gene cassette (see Methods and vide supra), it was important to confirm that the
activation by AIP-I D5SN proceeds through this chimeric receptor. Therefore, in analogy
with earlier receptor-swapping experiments, the plasmid containing the chimeric AgrC-
III and other elements was moved onto different genetic backgrounds. As shown in
Figure 2.23A, AgrC-IIl is activated by AIP-III and AIP-I D5N regardless of receptor
expression in different group-specific genetic backgrounds, with AIP-III acting as the
more potent agonist. However, the AIP-1 DSN-mediated AgrC-III activation is highly
resistant to inhibition by the known inhibitors of AIP-III mediated AgrC-III activation,
e.g. AIP-I and AIP-II (Figure 2.23B). Furthermore, the self-inhibitor, AIP-1II
octapeptide, is also a very weak inhibitor of AgrC-III activation by AIP-I D5N, and it
furthermore appears that inhibition by all 3 AIPs occurs at approximately the same high
concentrations, which could represent non-specific inhibition. This profile is clearly
distinct from that observed with competitive inhibition of AIP-III mediated AgrC-III
activation, suggesting that activation of AgrC-III by AIP-I D5N could be occurring
through a non-competitive mechanism. This activation most likely occurs through the
sensor domain of AgrC-III, as it occurs regardless of the genetic background in which

AgrC-III is expressed and all AIPs thus far tested have acted through extracellular
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Figure 2.23. Testing AIP-I D5SN activation of group III cells. A) The activation by
AIP-III or AIP-I D5SN of AgrC-III is shown, with AgrC-III expressed on two different
agr-null genetic backgrounds (agr GI and GII). B) The marginal inhibition of AIP-I D5N-
induced AgrC-III activation by three analogs, i.e. AIP-III octapeptide, AIP-II, and AIP-I.

In contrast, all of these analogs are potent nanomolar range inhibitors of AIP-I1I-induced

AgrC-III activation.
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binding to the sensor domain of AgrC. However, further studies are needed to prove this
rigorously and to elucidate the mechanistic basis of activation by this analog.

Lastly, it was tested whether modification of the side-chains of AIP-I and AIP-IV
could affect the structure of the macrocycle, which might alter biological activity. Two-
dimensional NMR chemical shift assignments confirmed the presence of the correct
substitutions and demonstrated that the amide and alpha protons of AIP-IV YSF and AIP-
I D5N were not significantly different from those determined for AIP-IV and AIP-I,
respectively (< 0.1 Appm differences at all positions). In the case of AIP-I D5A,
comparison of the chemical shifts to those of AIP-I revealed no significant differences,
except at position 5, where local effects from the alanine substitution were observed.
Thus, these substitutions have little effect on the backbone structures of the peptides in

solution (see Appendix I for all chemical shift assignments).

Properties of trAIP-1 & trAIP-IV

The endocyclic position 5 in AIP-I and —IV is a key determinant for AgrC-I and
—IV activation, respectively, whereas the exocyclic position 3 in AIP-II is a key
determinant for AgrC-II activation (Lyon et al., 2002). Removal of the tail of AIP-II and
thus removal of position 3 converted AIP-1I into an antagonist (Lyon et al., 2000).
Therefore, removal of the tail in AIP-I might produce a peptide retaining activating
activity. Accordingly, an AIP-1 derivative (trAIP-I) was synthesized, in which the tail
was replaced by an acetyl group (Table 2.5 and 2.6). This expectation seems to have
been realized, at least in part, as this peptide by itself activates AgrC-I very weakly at

high concentrations but also inhibits AgrC-I activation by AIP-I, with ECy, and IC;,
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values that are not significantly different from one another (Table 2.6). This
concentration-dependent inhibition by trAIP-I reduces AgrC-I activation by AIP-I to the
maximal activation observed with trAIP-I alone (Fig. 2.24A). A ligand with decreased
efficacy of activation is defined as a partial agonist (Pliska, 1999), and it is the first time
that such a ligand has been characterized in a bacterial signaling system (to the
knowledge of this author).

TrAIP-I neither activates nor inhibits AgrC-IV at any concentration up to 44 pM,
indicating that it most likely does not bind AgrC-IV. Therefore, the very weak activity of
full-length AIP-I on group IV cells is abolished completely by removal of the tail. The
fact that trAIP-I is a partial agonist only at very high concentrations for AgrC-I and no
longer activates AgrC-IV at the highest concentration tested suggests that the tail
contributes to receptor binding and/or activation in both instances, but that the
macrocycle itself can partially activate AgrC-1. TrAIP-I inhibits AgrC-II with similar
potency to AIP-I (Table 2.6) and more weakly inhibits AgrC-1II as compared to AIP-I
(240 vs. 3 nM). Therefore, removal of the tail has little effect on cross-inhibition of
AgrC-1II but does affect the potency of AgrC-III inhibition.

A truncated version of AIP-1 DSA was also tested to determine whether the loss
of activity by the substitution also resulted in a loss of partial agonism. This peptide,
abbreviated trAIP-I1 D2A, has no detectable AgrC activation activity and is a strong
inhibitor of activation of all four AgrC’s (Table 2.6, and Fig. 2.24B for group IV
inhibition). This result underscores the key role of the amino acid at position 5 in AIP-I

for AgrC-I activation.
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concentration-response curve is shown for comparison. B) Group IV cells were co-
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within the confines of the symbol.
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Since the same critical activating residue occurs in AIP-IV, a truncated version of
this peptide was synthesized and tested. Activation by trAIP-IV (Table 2.5 and 2.6) was
undetectable up to its solubility limit (~10 uM) and it was a weak, though complete,
inhibitor of both AgrC-IV and -I, with IC, values of 4.1 uM and 930 nM, respectively
(Fig. 2.24B, Table 2.6). Thus, partial agonism by trAIP-IV could not be detected and
seems unlikely since it inhibits AgrC activation completely. Lastly, trAIP-IV is an
inhibitor of AgrC-II and -HI activation in the low nanomolar range (Table 2.6),
suggesting that removal of the tail has little effect on cross-inhibition by trAIP-IV.

The partial agonism seen with trAIP-I again contrasts with a recent study, which
reported that trAIP-1 is solely an inhibitor of AgrC-I (McDowell et al., 2001). This
discrepancy can be explained by the fact that McDowell et al. utilized a cell line
producing endogenous AIP-I for their bioassay, which might impede the observation of

partial agonism by trAIP-I.

Properties of chimeric AIPs

In an attempt to analyze further the remarkable differences between AIP-II and
—I/-IV with respect to critical residues, chimeric peptides were prepared in which the tail
of AIP-II was attached to the macrocycle of AIP-I and vice-versa. If the macrocyle from
AIP-I binds to AgrC-II in a similar orientation to that of AIP-II, then one might expect
that this chimeric peptide, designated AIP-II/I (Table 2.5) might be able to activate
AgrC-IL. However, a different orientation of binding would most likely result in
inhibition of AgrC-II activation. This idea was tested, which yielded the latter result, as

AIP-II/1, inhibits AgrC-II activation (Table 2.6). Furthermore, AIP-II/I also contains the
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key endocyclic residue for AgrC-I activation, aspartate, within its macrocyle, and the
macrocyle alone (trAIP-I) is a partial agonist for AgrC- I. However, AIP-II/I does not
activate AgrC-I at concentrations up to 20 uM, and instead fully inhibits AgrC-I
activation (Table 2.6). Therefore, addition of the tail from AIP-II to the macrocycle of
AIP-I increases its inhibitory potency relative to trAIP-I and eliminates partial agonism
by this analog. Finally, AIP-II/I inhibited AgrC-III and —IV activation, with IC, values of
350 nM and 9.9 pM, respectively, which compares to IC,, values of 240 nM and > 44

uM for inhibition of AgrC-III and ~IV by trAIP-1. This outcome suggests that addition of
the AIP-II tail to the AIP-I macrocycle increases its affinity for binding to AgrC-IV while
having no effect on binding to AgrC-III.

The reciprocal chimera, AIP-V/II, in which the tail from AIP-I was fused to the
macrocyle of AIP-II (Table 2.5), inhibits AgrC-I, -1I, -III, and -1V activation (Table 2.6).
Comparing these ICy, values to those for trAIP-1I (Table 2.6) suggests that the addition
of the tail of AIP-I to the AIP-II macrocycle increases affinity for AgrC-I, -III, and -IV
relative to trAIP-II without increasing the affinity for AgrC-II. The lack of activation by
this analog was expected, as it possesses neither of the residues from AIP-I or I critical
for activation.

Lastly, chemical shift mapping was utilized to determine whether the structure of
the swapped macrocycles and tails in the chimeric AIPs changed as a result of fusing two
different group-specific segments together. Two-dimensional NMR chemical shift
assignments demonstrated that the amide and alpha protons of the macrocycles of AIP-
I/IT and AIP-II/I were not significantly different from those determined for AIP-II and

AIP-I, respectively (Figure 2.25). In addition, the amide and alpha protons of the tails of
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AIP-I/IT and AIP-II/T were not significantly different from those determined for AIP-I and
AIP-II, respectively (Figure 2.25 and see Appendix 1 for chemical shift assignments).
This further supports the inference of structural independence of tail and macrocycle, and
suggests that the tails and macrocycles of the chimeric AIPs can assume similar

structures to the segment of the native AIPs from which they are derived.
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Figure 2.25. Chemical shift comparisons of chimeric AIPs with native AIPs. A) The
backbone amide 'H chemical shifts of the chimeric AIPs are depicted as chemical shift
differences (CSDs) relative to native AIP-II normalized to zero (performed in DMSO-d,
at 298 K). The N-terminal amineof AIP-I does not have an amide chemical shift, so AIP-I
and AIP-I/IT are assigned a value of zero at position 2. B) The backbone amide 'H
chemical shifts of the chimeric AIPs are depicted as chemical shift differences (CSDs)

relative to native AIP-I normalized to zero (performed in DMSO-d, at 298 K).
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Section 2.5 -- Chimeric sensor domains localize the AIP-

Binding Site (in collaboration with Jesse Wright)

The close homology and asymmetric cross-reactivity between AgrC-1 and AgrC-
4 for their cognate AIPs initially prompted an examination of sensor domain chimeras
between these two receptors. This is to be distinguished from previous experiments in
which entire sensor domains were swapped onto the same HK domain. A suggested
topology and homology model for AgrC, illustrating the breakpoint for construction of
the chimeras, is diagrammed in Fig. 2.26. The group IV HK domain is common to all
chimeric sensor domain receptors. Chimeras are therefore designated as N::C, where N
represents the N-terminal and C the C-terminal region of the sensor domain (and the
common group IV HK domain is left out of the nomenclature). Paranthetically, one
inspiration for the construction of chimeric receptors and their pharmacological analysis
with various peptide analogs came from an extensive body of literature on hormonal
signaling via G-protein coupled receptors (GPCRs) ((Unson, 2002) and references

therein).

Localizing the Binding Site

Initial studies focused on chimeric sensor domains between AgrC-I and -1V, as
these receptors share 87% identity. The AgrC-IV::I chimera was activated upon addition
of either AIP-1 or AIP-IV (Table 2.7, Fig. 2.27A,B). However, AIP-1 was a more potent
activator than AIP-IV on the AgrC-IV::I chimera (Table 2.7). The AgrC-L::IV chimera

responded in an analogous but reverse fashion (Table 2.7). Again, both AIP-I and
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Figure 2.26. Topology and Homology model of AgrC. A) The putative topology of AgrC
is shown, with six transmembrane helices as predicted by bioinformatics and sequence
alignment of multiple AgrCs. The highly conserved breakpoint (or chimeric junction) for the
construction of chimeric sensor domains is shown with an arrow. The conservation of amino
acids between AgrC-I, -IIT and -1V is depicted with various shaded colors, and the residues
unique between all three receptors are marked as such. B) Cloning strategy. At top is a
diagram of the agrCA reporter construct using blaZ transcriptionally fused to the P3
promoter. The six subdomain chimeras for which results are reported are illustrated below. In
each case, the recombinant agrC gene was cloned to the reporter construct replacing the
receptor domain-encoding region of the native gene. Chimeras involving AgrC-II were also
constructed but were essentially inactive and are not presented.
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