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SUMMARY

Bacterial cell-to-cell signaling or quorum-sensing (QS) is the phenomenon used by bacteria
to coordinate gene expression across their communities by production, secretion and recognition
of chemical signals known as pheromones. This work focuses on studying QS in Streptococcus
pyogenes, an obligate human colonizer and pathogen, which causes a variety of diseases including,
but not limited to, pharyngitis, rheumatic fever and necrotizing fasciitis. It accounts for substantial
mortality related to infections worldwide. Recent studies indicate that streptococci produce and
respond to several secreted peptide pheromones, including those known as SHPs (short
hydrophobic peptides). Upon transport into the bacterial cell, the pheromones bind to and modulate
activity of receptor proteins belonging to the Rgg family of transcription factors. In S. pyogenes,
four Rgg paralogs exist, each serving as transcriptional regulators of genes associated with
pathogenesis (RopB), biofilm development (Rgg2 and Rgg3), or a cryptic competence regulon
(ComR). The aims of this study were to : 1) identify the mature form of pheromones SHP2 and
SHP3 from cell-free culture supernatants, 2) to discover antagonists of pheromone signaling by
screening compound libraries for molecules that disrupt Rgg-pheromone interactions; and 3)
characterize Rgg proteins biochemically. Bioluminescent reporters were developed to detect active
pheromones in cell-free culture supernatants fractionated by reverse-phase chromatography. Mass
spectrometry allowed for the identification of several peptide variants whose specific activities
were subsequently tested by bioluminescence assay. Rgg-SHP interactions were investigated using
a fluorescence-polarization (FP) assay, leading to the elucidation of the peptide-receptor affinities
ranging between 500 nM and 5 uM. High-throughput screening (HTS) identified several
compounds capable of disrupting Rgg:SHP complexes, the most potent being cyclosporin A,

which was able to inhibit biofilm development.
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SUMMARY (continued)
The x-ray crystal structure of Rgg without any ligand and in presence of cyclosporin A was solved
in collaboration with another lab, and the contact residues of SHP with Rgg were identified by
mutagenic analysis of Rgg.
Revelation of the mature peptide pheromones, as well as identification of molecules that
compete with pheromone signaling, are important steps forward in designing antagonists whose
purpose may lie in future therapeutics aimed at treating infections by interfering with bacterial

communication.
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I. INTRODUCTION
(Reprinted in part from Aggarwal, C and Federle, MJ: Peptide Pheromones and their Protein
Receptors: Cellular Signaling in Gram-positive Bacteria. In: Bell E., Bond J., Klinman J.,
Masters B., Wells R. (Ed.) Molecular Life Sciences: An Encyclopedic Reference, Springer,

Berlin Heidelberg, in press)

1.1 Signaling in lower organisms

Introduction: For hundreds of years following their discovery, bacteria were considered
asocial, unicellular, vegetative cells, unable to act as cohorts. Not until the late 20th century did
research in microbiology establish that bacterial cells could in fact communicate with each other
in ways that are similar to higher organisms. Bacterial cell-to-cell communication, also known as
quorum sensing (QS), is a process rooted in extracellular chemical signaling. Hormone-like
diffusible signals constitute a language perceived by molecular receptors that control gene
expression. QS, in many instances, is a mechanism used by bacteria to detect a critical number of
cells, or a “quorum”. This ability assists single-celled organisms in overcoming many challenges,
such as competing for limited nutrients and metals, defending themselves from predators and
hosts” immune systems, or adapting to changing environmental conditions. QS enables bacteria to
synchronize activities across their communities that if carried out by individual cells may prove to
be unproductive. Working together, for example, may accelerate nutrient acquisition, empower
defense mechanisms, or bolster stress responses.

The process of quorum-sensing relies on the production, secretion and detection of small
signaling molecules called pheromones or autoinducers. Gram-negative bacteria generally employ

small chemicals termed homoserine lactones (HSLs) with acyl side-chains of various moieties and



lengths that are distinctive to each species. Gram-positive bacteria also generate species-specific
signals, but instead employ linear or cyclical oligopeptides, ranging in size between 5 and 30 amino
acids that may incorporate modified residues (1, 2). Regardless of a signal's chemical nature, QS
pathways rely on the production and release of signals to the local environment, where they are
detected by members of the bacterial community. Pheromone receptors are located either on the
surface of cells, thereby engaging signal-transduction pathways to implement gene regulation, or
are located within the cytosol and encounter pheromones once they are translocated, actively or
passively, across the membrane. Most cytosolic pheromone receptors are capable of regulating
gene expression directly, serving as DNA-binding transcription factors whose activity is
modulated by the pheromone ligand; however, some receptors instead modulate gene expression
indirectly by interacting with secondary regulators.

Cellular responses to signals occur only when pheromones accumulate to concentrations
that favor an interaction with their receptors. The concentration of a pheromone in a cell’s local
environment depends on several factors and is a function of pheromone synthesis, diffusion and
degradation. Since signaling molecules are released from the cell, they are vulnerable to conditions
that affect their ability to accumulate. Therefore, sensing of a "quorum® may be more complicated
than the direct reflection of a population's density. For instance, pheromone concentrations may
be diminished if solvent flow around bacteria carries cellular products away from cells. Therefore,
a molecule’s concentration reflects the conditions (pH, redox state, viscosity, flow rate, etc.) and
composition (proteases, acylases, etc.) of the environment, or even the presence of other bacterial
species that may contribute or deplete signals.

It is now realized that bacteria use QS to regulate a variety of physiological processes, such

as virulence gene expression, horizontal gene transfer, biofilm development, cellular



morphogenesis, antibiotic production, fratricide and other traits (2-9). Studying QS mechanisms
presents an opportunity to harness bacterial behaviors for the benefit of advancing industrial and
medical microbiology. As it becomes possible to control signal concentration and signal
perception, so too should it become possible to control both beneficial and harmful behaviors of
bacteria.

This chapter provides an overview of peptide-mediated signaling in Gram-positive bacteria
beginning with the biogenesis and maturation of peptide signals, and will then focus on
intracellular peptide pheromone-receptors of the RNPP and Rgg families.

1.2 Biosynthesis of Peptide Pheromones

Gram-positive bacteria utilize oligopeptides as signaling molecules for QS (10). Peptide
pheromones are products of a multistep maturation pathway that begins with the generation of
precursor polypeptides by the ribosome. Commonly, the polypeptides are short in length (less than
60 amino acids), and may originate from segments of large proteins. To serve as intercellular
signals, pheromones must gain access to the extracellular environment; therefore, the polypeptide
precursors are translocated across the cell membrane by ATP-binding cassette (ABC) transporters.
The generalized secretion system (Sec) may fulfill this role for some peptides but frequently a
dedicated and specialized ABC transporter moves precursor polypeptides outside the cell. A third
component to pheromone biogenesis is proteolytic processing and an optional chemical
modification step. Processing is often coupled to the translocation process, incorporating site-
specific proteases at or within the membrane, or processing can occur outside the cell and after the
preliminary polypeptide is completely secreted. Precursor peptides are processed and/or modified

by one of four general mechanisms (Figure 1.1):



i.  The C-terminus region of the pro-peptide is the mature form and the N-terminal
signal sequence is removed after processing.

ii.  The active peptide is an internal segment preceded by an N-terminal signal sequence
and followed by a C-terminal polypeptide. As exemplified in Enterococcus faecalis,
the C-terminal segment can be a large protein.

iii.  The mature peptide is produced following cyclization of a precursor peptide.
iv.  The mature peptide is formed by chemical modification of a precursor peptide.
Post-translational modifications, like cyclization or prosthetic addition of a functional

group, may occur prior, during or after secretion.

General mechanisms of peptide maturation

(1) N Q\f c Eg. Competence Stimulating Peptide (CSP), PapR
O, Active peptide

Active peptide
(2) N C Eg. Enterococcus cCF10

Active peptide

(3) N . C cyclization

(o= 0 » )

® g 5 0 Eg. Staphylococcus AIP
(4) N A C Eg. ComX (isoprenylated)

(=
O, Active peptide

FIGURE 1.1. General mechanisms of peptide pheromone maturation in Gram-
positive bacteria.



This chapter discusses several specific examples of pheromone maturation and highlights the
primary differences between pheromones that interact with their cognate receptors on the surface
of cells and those that are transported into the cell where they interact with receptors in the cytosol.

1.2.1 Pheromones detected externally

a. Linear, unmodified peptides: Many Gram-positive bacteria have the capacity to
acquire DNA from their surroundings and incorporate genetic material into their own genomes.
This event occurs when cells enter the competent state and is tightly controlled in Gram-positive
bacteria, usually by QS. Streptococcus pneumoniae provides a paradigm for this process and
utilizes a linear peptide, called competence stimulating peptide (CSP), to induce the QS circuit
(11). The comC gene encodes a 40 amino-acid peptide precursor that is processed following a Gly-
Gly motif by the ComA protein, a member of the bacteriocin-associated transporter family that
possesses protease activity (11, 12). The mature form of CSP is 17 amino acids and is detected by
ComD, a membrane-spanning histidine kinase that, upon binding CSP, phosphorylates the ComE
response regulator. ComE subsequently induces transcription of the alternative sigma factor,
ComX, and genes of the competence pathway (for review, see (13)).

b. Chemically modified peptides: Bacillus subtilis uses multiple pheromones to control
competence including a modified signaling peptide called ComX (not to be confused with the S.
pneumoniae sigma factor of the same name). The ComX precursor is a long polypeptide (55 amino
acids in strain 168) (14) but the mature pheromone, depending on the strain and species of Bacillus,
ranges between 5 and 10-amino acids in length (15), and is isoprenylated at a conserved tryptophan
residue (decorated with various geranyl, farnesyl, or other isoprenoid moieties) (16-18). The exact
mechanisms of its export, processing, and modification remain poorly understood. For cells to

produce active ComX, ComQ, a protein with homology to isoprenyl diphosphate synthases, is



required for the isoprenylation step, and also may be involved in processing (19). The mature form
is a 10-residue peptide derived from the C-terminus of the precursor (14). More studies are needed
to fully understand the biogenesis of this complex pheromone. ComX is detected by the histidine
kinase ComP, which transfers a phosphoryl group to the response regulator ComA. The
phosphorylation state of ComA is subject to other layers of regulation, including pheromone
signaling through the Rap-Phr QS systems discussed below.

c. Cyclic peptides: Staphylococcus aureus controls several factors important in
pathogenesis, including toxin production, using a QS system termed Agr for accessory gene
regulator. The peptide signals used in this system are known as auto-inducing peptides or AlPs
and are cyclical in nature. AIPs are present within AgrD, a 46 amino acid precursor. A membrane-
spanning transporter with endopeptidase activity, AgrB, is responsible for the first proteolytic
event, removing the C-terminus of the pro-peptide (20, 21). Upon cleavage, the thiol side chain of
a conserved cysteine residue in the precursor forms a thioester bond with the free carboxylic acid
at the new peptide terminus, generating a thiolactone ring (Figure 1.1). A second proteolytic event
is catalyzed by the type | signal peptidase SpsB, removing the N-terminal leader segment and
releasing the mature pheromone peptide from the cell's membrane (22). Thus, mature AIP is a
cyclic peptide with a length between seven and nine amino acids. AIPs are detected by the
AgrC/AgrA two-component signal transduction system that is directly responsible for gene
regulation (23-25).

1.2.2  Pheromones with intracellular receptors

Peptide pheromones whose receptors are located in the cytosol require transport across the
cellular membrane. Peptides are typically imported back into the cells by oligopeptide permeases

(Opp) or other ABC transporters dedicated to the translocation of peptides for nutritional or



signaling purposes. To date, all peptide pheromones known to be imported are linear and
unmodified. Two such examples whose maturation pathways differ slightly are discussed below.

a. Short precursors. Bacillus species produce several types of signaling peptides but,
unlike the complex steps involved in producing the modified peptide ComX discussed above, the
production of the PapR pheromones by Bacillus cereus and Bacillus thuringiensis follow a rather
simple path. B. thuringiensis, an important insect pathogen commonly used as an organic
insecticide, uses PapR to control expression of virulence factors, including the critical Cry toxins
(26-28). In this QS system, the papR gene encodes a 48 amino acid pre-pro-peptide, whose N-
terminus encodes a common signal sequence directing its cellular export via the Sec system.
During secretion, the signal sequence is removed, possibly by a signal peptidase (29), and a 27
amino acid propeptide is released from the cell (28). Outside the cell, the pro-peptide is processed
by neutral protease B (NprB), generating a mature pheromone (29). Activity-based HPLC
fractionation and mass-spectrometric analysis determined that the mature form originates from the
C-terminus of the peptide, encompassing the final seven amino acids (30). Finally, mature PapR
is imported into the cell by the oligopeptide permease (Opp) system where it interacts with PIcR
to control virulence gene expression (31).

b. Lipoprotein precursors. Peptide pheromones need not originate from polypeptides of
short length (i.e. <50 amino acids); their precursors can originate from large proteins.
Enterococcus faecalis employs a pheromone system to regulate plasmid conjugation (horizontal
transfer of DNA from one bacterial cell to another), which is used to disseminate antibiotic
resistance and virulence genes (32, 33). For plasmid transfer, E. faecalis assembles conjugation
machinery and a surface aggregation substance in response to pheromone accumulation and

recognition (for detailed review, refer to (34-36)). The conjugative pheromones share the names



of the plasmids for which they assist in transferring. For example, the pheromones cCF10 and
cAD1 induce conjugation of pCF10 and pAD1 plasmids, respectively. The pheromone precursors
include a domain that incorporates a large lipoprotein (the cCF10 precursor is 348 aa), whereas
the mature pheromones are less than 10 amino acids long (mature cCF10, LVTLVFV (37)). The
precursor is processed in multiple steps, first by type Il signal peptidase, then by a membrane-
associated metalloprotease called Eep (enhanced expression of pheromone), and by a yet-to-be
defined exopeptidase (38).

It is apparent that bacteria employ a variety of maturation pathways to produce peptide
pheromones having diverse structural properties. Although it is not surprising that peptide
sequence diversity provides signal specificity between species and strains, it remains unknown
what evolutionary advantage cyclization or other modifications contribute to their signaling
properties. Perhaps they provide added stability to maintain signal longevity in environments in
which linear peptides are unstable. For example, cyclization may provide some resistance against
proteolytic degradation.

1.3 Intracellular Peptide Pheromone Receptors

To have productive communication, reception of a signal is as critical as its transmission.
In any QS circuit, it is ultimately the interaction of the signaling ligand with its cognate receptor
that elicits a genetic response. This section reviews pheromone receptors, specifically cytosolic
receptors, and discuss their mechanisms for gene regulation. Until recently, the only identified
cytosolic, peptide receptors were of the RNPP family, named after its four prototypical members:
Rap, NprR, and PIcR, each found in several Bacillus species, and PrgX of E. faecalis (39, 40).
However, in recent years, studies have identified a new class of intracellular QS receptors known

as Rggs, which will be discussed briefly as well.



The determined and predicted secondary structures of RNPP proteins are the basis for their
grouping. The hallmark feature of these proteins is presence of multiple tetratricopeptide repeats
(TPRs), where each repeated unit is a 34-amino acid long motif, consisting of an antiparallel alpha-
helical fold (41, 42). Multiple tandem TPRs form a superhelical bundle that mediates protein
oligomerization and protein-peptide interactions (41, 42). Additionally, all RNPP proteins, with
exception of Rap proteins, have an N-terminal helix-turn-helix (HTH) domain that provides DNA
binding activity (39).

Upon binding their cognate peptide pheromones, RNPP proteins undergo conformational
changes distinct for each protein type. Despite structural similarities between RNPP members, the
mechanisms by which each protein controls gene expression in response to peptides have been
found to be surprisingly different. Here these differences are highlighted to illustrate the various
ways that gene regulation is carried out by these QS regulators.

1.3.1 Rap proteins:

Rap proteins of Bacillus subtilis are among the best-studied examples of peptide-binding
proteins, and their cognate signaling peptides are called Phr (phosphatase regulators). To date, all
identified phr genes are positioned immediately downstream of rap family genes. Although the
Rap family derives its name from the first identified members, shown to be response regulator
aspartate phosphatases (43), not all Rap proteins have phosphatase activity. The B. subtilis
genome encodes 11 paralogous Rap proteins that contain six TPR domains each (44). Rap
proteins lack DNA-binding HTH domains found in other RNPP proteins, and therefore do not
control transcription directly but regulate gene expression by engaging other response-regulator
components in the cell. In the absence of Phr pheromones, Rap proteins bind these regulatory

proteins and inhibit their activity. When Phr peptides accumulate in the local environment and



are transported into the cell, they engage the Rap proteins and elicit a conformational change.
Binding of the peptide drives an intramolecular rearrangement in the Rap receptor releasing the
response regulator and relieving repression (Figure 1.2A).

In B. subtilis, SpoOA is the central regulator controlling the commitment to spore
development, and its phosphorylation state is the key determinant to this process. Among the
proteins responsible for SpoOA phosphorylation, SpoOF is the primary mediator targeted by several
Rap proteins. RapA, RapB, RapE and RapH directly interact with SpoOF, altering its conformation
and promoting dephosphorylation, thereby diminishing phosphate flow to SpoOA and ultimately
inhibiting sporulation (45, 46). Competence development is another significant developmental
process controlled by Rap-dependent QS. In this case, RapC directly binds a surface of the
transcription factor ComA that allosterically blocks ComA’s ability to bind DNA, thereby
preventing induction of competence genes (44) .

In each of these cases, when Phr peptides have accumulated to a level where they are
imported to the cytosol and can engage their corresponding Rap proteins, conformational
rearrangements in the Rap protein causes it to dissociate from the response regulator. For example,
RapA bound to PhrA is unable to dephosphorylate SpoOF, and PhrC (also known as competence
and sporulation factor, CSF) bound to RapC cannot engage ComA (44, 47). Thus, these peptide-

receptor interactions lead to the induction of the competence and sporulation pathways.
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FIGURE 1.2. Molecular rearrangements of RNPP regulators upon binding their cognate
peptide pheromones. The left column represents the physiological state of the QS regulator
protein at low cell density (low pheromone concentration); the right column illustrates the change
each receptor undergoes upon binding the peptide pheromone at high cell density (high peptide
concentration). (A) When Rap proteins bind cognate peptide pheromones they release response
regulators used to activate target gene expression. (B) Pheromone binding induces a
conformational rearrangement in PICR that allows the HTH domain to engage the target-gene
promoter. (C) iCF10 enhances PrgX tetrameric structures and DNA looping, whereas cCF10
disrupts the tetramer and looping, thereby activating target gene expression.

1.32 NprR

NprR was described as the regulator of neutral protease in B. cereus (48); however, it is
now known from transcriptomic analysis that NprR regulates at least 41 genes, including many
that encode degradative enzymes likely used during the saprophytic stage of the B. cereus lifecycle

(49). The sequence similarity of NprR to Rap proteins provided an early clue that NprR may be

responsive to peptide signals (47). NprR contains nine TPR domains and one HTH-domain (48).
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Perchat et al. found that NprR controls expression of the NprA protease by responding to a peptide
pheromone encoded by the gene nprX that is located between nprA and nprR.

Biochemical analysis determined that NprR associates with a short peptide of seven amino
acids that originates from an internal segment of the NprX polypeptide precursor (48). When
associated with NprX, NprR binds to the promoter region of nprA to activate transcription (48).
NprX peptide modulates activity of the NprR regulator. In vitro biochemical studies and the X-ray
crystal structure of NprR show that it is a dimer in absence of peptide; however, NprX binding
drives an oligomeric change, converting NprR into a tetramer (50). Unlike other members of the
RNPP family, NprR increases its oligomeric state upon peptide binding. Another peculiarity of
this system is the observation that deletions of the Opp system have only minor reductions in nprA
expression (49), thus implying the presence of another peptide importer involved in this QS circuit.
1.3.3 PIcR

PIcR was named for its ability to regulate the gene encoding phospholipase C (51), but is
now recognized to function as a pleiotropic regulator in B. cereus, controlling 45 genes, including
its own expression as well as a variety of virulence factors (51, 52). The activity of PIcR is
modulated by a peptide derived from PapR. The genetic organization of plcR-papR resembles that
of the rap-phr cassettes and nprR-nprX, with papR genes found immediately downstream of plcR
(28).

The crystal structure of PIcR bound to the PapR peptide was determined and found to
contain five TPR domains and one DNA-binding HTH domain (39). Small angle X-ray scattering
(SAXS) data and the crystal structure suggest that apo-PIcR exists in a dimeric form with its TPR
domains comprising the dimer interface (39, 53). Experiments using fluorescence polarization

established that PICR directly binds to the PapR heptapeptide in vitro with low uM affinity (30).
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In the absence of PapR, PIcR does not bind to DNA, as shown by DNA footprinting and isothermal
calorimetry experiments (28). Upon binding PapR, the PIcR dimer undergoes an intermolecular
rearrangement as observed in the crystal structure of the ternary complex comprised of PIcR bound
to PapR and DNA (Figure 1.2B). The rearrangement releases the rigidity of the PICR N-terminal
HTH domain which allows it to bind along one face of the DNA double helix, thereby activating
gene expression (39, 53).
1.34 PrgX

PrgX is a transcriptional repressor that regulates a pheromone-inducible, plasmid-
conjugation system in E. faecalis. PrgX, being among the first Gram-positive QS receptors studied,
derives its name from pheromone responsive gene. Overall, regulation of the conjugation system
entails multiple components beyond those facilitating QS, and these additional layers of regulation
are described elsewhere (see reviews (35, 36)). Here we discuss only the modulation of PrgX
activity in response to its cognate pheromones. PrgX is a unique member of the RNPP family
because it responds to two distinct peptide pheromones, a conjugation agonist, cCF10 (encoded
on the chromosome), and a conjugation inhibitor, iCF10 (encoded on the plasmid pCF10,
alongside other conjugation genes, including prgX). The fact that the agonistic pheromone gene is
located on the chromosome and is genetically unlinked to its receptor is unlike the other
pheromone-receptor pairs identified to date; all other characterized systems have found the
receptor and peptide genes to be adjacent.

The crystal structure of PrgX, absent the bound ligand, has been solved (54). Although the
primary amino acid sequence of PrgX lacks bona fide TPR domains (39) as estimated by the
TPRpred TPR prediction algorithm (55), the structure reveals the characteristic TPR fold that is

characteristic of the other RNPP family members (39, 54). The structure also clearly reveals two
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distinct domains of the protein, forming an N-terminal DNA binding domain and a C-terminal
regulatory domain containing the peptide-binding site and protein oligomerization surfaces (54).

PrgX mediates repression of the conjugation process by differentially responding to the
two opposing peptides, whose effects ultimately determine the oligomeric status of PrgX. Binding
of the inhibitory peptide stabilizes PrgX in a dimer-dimer tetrameric state that forms between two
PrgX dimers, and is linked through C-terminal domain contacts (54). In this conformation, the
tetramer is able to simultaneously bind two DNA sites, 70 base pairs apart, thereby generating a
DNA loop between the sites and restricting access of RNA polymerase to the target promoter of
prgQ (56). The conjugation-promoting pheromone has an opposing effect on PrgX by disrupting
the tetramer, thus abolishing DNA looping (Figure 1.2C) and allowing expression of conjugation
genes (54).

Members of the RNPP family of proteins, in spite of sharing structural similarities, each
respond to cognate peptides in their own unique manner and regulate genes by vastly different
mechanisms. Many Gram-positive bacteria do not contain recognizable RNPP family members
and in some of these species a class of proteins known as Rgg facilitates QS.

1.3.5 Ragg proteins

Rgg proteins are found extensively throughout many Gram-positive species, but have only
recently been shown to mediate QS responses by direct interaction with signaling peptides in
recent years (9, 57-61). The Rgg family derives its name from the first member discovered in
Streptococcus gordonii as regulator gene of glucosyltransferase (62). Predicted structural
similarity of Rgg proteins to RNPP members, including an N-terminal HTH domain and C-

terminal regulatory domain consisting of a-helices, is consistent with their ability to serve as QS
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regulators; however, low sequence similarity and inability to identify TPR domains using
prediction algorithms have kept the families classified separately.

Genomic analysis reveals that most rgg genes are located in close vicinity to small open
reading frames encoding putative peptides shorter than 30 amino acids in length (63). These
peptides are found to have a positively charged N-terminus, but with an overall hydrophobic
character, and are hence named short hydrophobic peptides, or SHPs (63). To date, several SHPs
have been shown to serve as signaling pheromones; however, the mechanisms for how these
peptides modulate Rgg proteins has yet to be determined.

Ibrahim, et al. discovered the first Rgg-based QS system in S. thermophillus in which the
transcriptional regulator Rgg1358 responds to the peptide pheromone SHP1358 (57, 60), and
direct interaction of the Rgg with peptide was confirmed by surface plasmon resonance. Mass-
spectrometric analysis determined that the active pheromone is the C-terminal nine amino acids of
the SHP1358 pre-peptide (60). This QS circuit regulates the transcription of a short cyclic peptide
called Pep1357C, encoded by a small adjacent gene; however, the physiological relevance of this
system is not yet known (57).

In separate studies, several highly similar Rgg proteins found across many Streptococcal
species were each found encoded adjacent to highly conserved peptide genes. These Rgg-peptide
pairs were named ComR-ComS and were found to regulate competence development in S.
thermophilus, S. salivarius, and S. mutans, and recently were shown to control competence-related
genes in S. pyogenes (58, 59, 64, 65).

Additional layers of complexity involving Rgg proteins can be seen in S. pyogenes, where
two Rgg proteins (Rgg2 and Rgg3) each respond to two similar SHPs peptides (SHP2 and SHP3)

to regulate gene expression and biofilm formation (9). In this system, biofilm production was
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shown to be increased in response to both the peptide pheromones SHP2 and SHP3 (9). Rgg2 and
Rgg3 compete for the same DNA binding sites; however, Rgg3 acts to repress gene expression
whereas Rgg2 serves as a gene activator (9). In the absence of SHPs, Rgg3 out-competes Rgg?2 for
DNA binding and blocks transcription of the shp genes, keeping gene expression off. When SHP
pheromones enter the cell, they bind to the Rgg regulators, causing Rgg3 to release from DNA and
allowing Rgg?2 to take its place. When bound to SHP, Rgg?2 is able to activate gene expression (9,
66). The purpose of having two opposing Rgg proteins to regulate gene expression remains
unknown, but may serve as a means to provide ultra-tight regulation, keeping gene expression off
in the absence of pheromone while achieving high levels of expression when pheromones are
present.

As studies surrounding Rgg QS expand into other species and regulatory pathways, further
mechanistic insights into how these proteins respond to peptide ligands will be gleaned from
biochemical and structural approaches. Aside from discovering new physiological processes
controlled by Rggs and their pheromones, it will be interesting to learn how these proteins are
controlled through peptide interactions, and whether they follow molecular rearrangements
exemplified in RNPP proteins.

1.4 Quorum-sensing Inhibition

The global increase in bacterial antibiotic resistance calls for development of innovative
anti-infectives. Classic antibiotics are either bactericidal or bacteriostatic and hence put strong
selective pressure on bacteria to develop resistance mechanisms. New targets need to be identified
for anti-infectives which do not affect bacterial growth while minimizing virulence capabilities

(67). Such targets can be found within well characterized QS pathways known to regulate bacterial
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virulence or biofilm formation. It is, therefore, not surprising that there is an increasing amount of
research on QS inhibition in human pathogens where antibiotic resistance is a challenge (68-70).

For Gram-positive pathogens, QS inhibition as anti-infective strategy has been widely
explored for agr QS signaling system of S. aureus (68, 71). In one particular example, inhibition
of agr signaling has been shown to abolish skin abscesses caused by experimental staphylococcal
infection in murine model (72). In this study, an analog to the AIP pheromone was used to block
receptor-signal recognition. The AIP analog was tested in mice infected with S. aureus. Using in
vivo imaging, agr pathway expression was shown to be diminished preventing abscess formation
in mice (72) and suggesting that quorum-quenching may reduce virulence for some bacterial
species.

QS is much discussed as an ideal target for development of next generation antibiotics
given that QS pathways are often involved in regulating pathogenicity of an organism without
being essential for its growth. However, apart from laboratory examples of quorum quenching,
there are no examples from clinical setting where such compounds were shown to be effective.
There are some concerns about specificity and selectivity of QS inhibitors (73) and resistance to
such compounds cannot be ruled out (74). Even so, in the last few years the number of patent
applications on QS inhibition has been steadily increasing (75), suggesting that there are many
compounds and targets for interfering with bacterial communication. It is one area where perhaps
an academia-industry partnership could take the field forward and exploit its full potential.

1.5 Streptococcus pyogenes

This research work focuses on deciphering Rgg mediated quorum-sensing in Streptococcus
pyogenes. S. pyogenes, also known as Group A Streptococcus (GAS), is a Gram-positive obligate

human pathogen. It can cause a variety of health outcomes varying in severity, from asymptomatic
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colonization to mild infections of the pharynx and skin (strep throat; impetigo) to highly aggressive
and invasive infections of the blood, muscle, and connective tissue (toxic shock; necrotizing
fasciitis) (76-78). In addition, GAS can also cause post-infection sequelae such as rheumatic heart
disease and glomerulonephritis due to generation of autoantibodies by human host in response to
GAS infections (76, 79-82). Epidemiological studies estimate the annual number of deaths
worldwide attributable to GAS infection to be greater than 500,000, placing it among the top ten
leading causes of death from infectious pathogens (83). GAS utilizes large numbers of virulence
factors (e.g. pyrogenic toxins, secreted proteases, cytolysins, antiphagocytic factors, DNases, and
others) to combat the immune system by misregulating and inactivating its various components
(77). Many regulatory factors control virulence gene regulation as a result of environmental cues
(84).

1.6 Summary and scope of this work:

Given the complex environments in which bacteria reside, sophisticated mechanisms that
monitor environmental conditions have evolved to adapt behaviors. QS is one such mechanism
used by bacteria to deal with the environmental challenges they face. Over the years numerous QS
systems have been identified, and though intercellular communication is ultimately based on
receptor-ligand interactions, the mechanisms leading to cellular responses are surprisingly diverse.
Current research in QS focuses on expanding the identification of novel systems in different
bacteria, as well as enhancing the understanding of known systems. In the latter case, this includes
defining the properties of mature peptide pheromones, characterizing protein-peptide and protein-
DNA interactions, and testing for cross-talk between species. One area of research that holds great
potential in medical sciences and industrial applications is to identify compounds that interfere

with these signaling pathways to manipulate bacterial behaviors.
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Previously, our lab discovered and characterized an Rgg based QS circuit in S. pyogenes,
however, the identity of SHP pheromones remained elusive and their interaction with Rgg
receptors was not studied. In this work, we elucidate the SHP pheromones using mass-
spectrometry, study SHP-Rgg interactions using in vitro biochemistry experiments, characterize
Rgg proteins, elucidate their X-ray structure; and finally discover compounds that can interfere

with Rgg-SHP mediated quorum-sensing to inhibit biofilm formation by this pathogen.
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I1. Multiple length peptide-pheromone variants produced by Streptococcus pyogenes
directly bind Rgg proteins to confer transcriptional regulation
(Reprinted with permission from Aggarwal, C., Jimenez, J.C., Nanavati, D., and Federle, M.J.,

2014 J. Biol. Chem. 289:22427-22436)

2.1 Introduction

Bacteria coordinate gene expression between members of a group by means of
extracellular chemical signaling, commonly referred to as quorum sensing (QS). By producing,
secreting and detecting various signaling molecules, referred to here as pheromones, bacteria
manage population-scale behaviors using information supplied by means of pheromone identity
and abundance. An extraordinary diversity of pheromones continues to be discovered in the pursuit
to elucidate regulatory networks controlling a variety of microbial behaviors, including but not
limited to, production of virulence attributes, horizontal genetic exchange, and biofilm
development (2). Since QS appears to play an important regulatory role for several bacterial
pathogens during host colonization, spread, or disease progression (2, 69, 85), the therapeutic
potential of manipulating bacterial behavior by modulating bacterial communication has been
proposed as an attractive alternative to current antimicrobial therapies (75).

Streptococcus pyogenes (synonymous with Group A Streptococcus, GAS) is a human-
restricted bacterium responsible for a wide range of diseases arising from localized (pharyngitis,
impetigo) or systemic and invasive infections (necrotizing fasciitis, toxic shock) (76, 77). Adaptive
immune responses directed at the bacterium may lead to post-infection sequelae, such as acute
rheumatic fever, where serum components initiate self-recognition followed by inflammation (76).

Rates of asymptomatic carriage of S. pyogenes are based on limited studies and presumably range
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between a few percent of adults to as many as 25% or more of school-aged children (78).
Nonetheless, this bacterium persists in a significant proportion of the population without causing
disease, and events leading to pathogenesis or carriage remain poorly understood (76).

For low-G+C Gram-positive bacteria (Firmicutes), oligopeptides are by far the most
common and best understood bacterially-produced pheromones. Among the multiple classes of
peptide- signal receptors is a family of transcription factors known as Rgg (which include proteins
annotated as MutR or GadR, whose role in QS among species of Lactobacillales has recently come
into focus (58-61, 86). Rgg proteins serve as pheromone receptors and directly bind short linear
peptides, which thereby modulate Rgg activity. Because Rgg—pheromone interactions occur in the
cytoplasm, extracellular peptide signals must be imported across the cell envelope, typically via
an oligopeptide permease. Biosynthesis of these pheromones originates from small open reading
frames whose expression is controlled by Rgg proteins themselves, facilitating feedback
regulation. Ribosomal translation of the full coding sequence produces a precursor polypeptide
(typically < 35 amino acids for most pheromones identified to date). Translation is subsequently
followed by secretion and processing steps that present mature signals to other bacteria in the local
environment (87). Recently, it was demonstrated that separate species of Streptococcus, found to
have similar pheromone and rgg genes, are capable of interspecies signaling, indicating that
mechanisms of pheromone development and detection are conserved to some degree between
organisms (88).

A recently characterized quorum-sensing network, found to control production of biofilm-
like structures in some strains of S. pyogenes, involves two Rgg proteins termed Rgg2 and Rgg3
(9). Together, these proteins regulate gene expression of at least two characterized promoters in

response to short hydrophobic peptide pheromones (SHPs), named SHP2 and SHP3 (9, 66). Rgg2
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serves as a transcriptional activator of the target operons, which include the shp genes, whereas
Rgg3 is the transcriptional repressor that blocks shp promoter expression under non-inducing
conditions (9). The shp genes encode for 22 (SHP2: MKKVNKALLFTLIMDILIIVGG) or 23
(SHP3: MKKISKFLPILILAMDIIIVGG) amino-acid long pre-peptides that are processed and
secreted to the extracellular environment. Thus, cell-free culture supernatants contain the active
derivative(s) of the pre-peptides and are known to stimulate shp expression in a feed-forward loop.
Curiously, the C-terminus of SHP2 and SHP3 peptides are highly similar; the final nine positions
vary in just one hydrophobic residue. Genetic studies have determined the minimum length of a
SHP peptide required to stimulate shp expression is the C-terminal eight amino acids (9). However,
the natural mature form(s) of each peptide produced by S. pyogenes remains elusive.

The molecular basis of any quorum-sensing circuit hinges on receptor—ligand interactions
that effectuate differential gene regulation. To completely understand the nature of these circuits,
it is imperative to define the ligands that control the molecular switches. For peptide pheromones,
the prediction of their composition is greatly facilitated by knowledge of their corresponding gene's
coding sequence; however, predictions of mature products based solely on sequence information
may neglect critical signaling properties afforded by naturally-produced pheromones of a
particular length and composition. Furthermore, understanding the molecular interactions of
natural signals could significantly enhance the development of therapeutic compounds selected or
designed to alter signaling. Here, we report the identification of naturally produced, bio-active
SHP pheromones present in cultures of S. pyogenes. We found that multiple length SHP variants
are present in culture supernatants, demonstrating that our prediction that the mature forms of
SHP2 and SHP3 pheromones would contain a length of only eight residues offered a rather limited

picture of the natural complexity of the system.
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2.2 Materials and methods

Bacterial strains, plasmids and culture media. Bacterial strains and plasmids used in
this study are listed in Table 2.1. S. pyogenes was routinely grown in Todd-Hewitt medium (BD
Biosciences) supplemented with 0.2% (wt/vol) yeast extract (Amresco) (THY), or in a chemically-
defined medium (CDM) (9) containing 1% (w/v) glucose. Luciferase-reporter assays were
performed by growing S. pyogenes reporter strains in CDM. When necessary, antibiotics were
included at the following concentrations for S. pyogenes: chloramphenicol (Cm), 3 pg ml?;
erythromycin (Em), 0.5 pg ml?; spectinomycin (Spec), 100 pg ml?. E. coli strains DH10p
(Invitrogen) and BH10C (89) were used for cloning purposes and were grown in Luria broth (LB)
or on Luria agar with antibiotics at the following concentrations: chloramphenicol, 10 ug ml™;
erythromycin, 500 pg ml?; spectinomycin, 100 pug ml?, ampicillin 100 pg ml™. The E. coli
expression strain C41 (DE3) (90) was maintained on LB agar with ampicillin.

Construction of mutant strains and plasmids. Strains used in this study were derived
from S. pyogenes serotype M49 strain NZ131. Construction of derivative strains and luciferase
reporters have been discussed in detail previously (9, 88, 91). To generate pBL125 plasmid to
complement full-length shp2, primers BL241
(CATGAGATCTGCCTTAAGGTTTTTCCGAGTTCTTT) and SHP2-C9-Rev
(CATGAGATCTACAAACTAAATATAAGGGTTTCC) were used to amplify the region
encompassing shp2 and its promoter from NZ131 genomic DNA. This amplified fragment was
then digested with Bglll and ligated into Bglll-digested pLZ12spec. Genotypes were confirmed by
PCR and sequencing.

Spent-culture medium fractionation. S. pyogenes strains were grown overnight and

diluted 1:100 in 50 ml fresh CDM. Cultures were grown statically at 37°C until reaching an ODseqo
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of 0.6 and cells were separated from the liquid phase by centrifugation at 4,000 RPM for 15
minutes, followed by filtration through a 0.2 pm filter (VWR International). Filtered spent-culture
supernatants were loaded onto 2000 mg HyperSep C18 cartridges (Thermo Scientific) and washed
with 5% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA). Fractions were eluted with 10
ml of each ACN concentration (20%, 40%, and 70%, each containing 0.1% TFA). 100 pl (1% of
total volume) of each fraction was tested for activity in the luciferase-reporter assay. The remaining
eluates were dried in vaccuo using a SpeedVac Concentrator (Savant SC250EXP, Thermo). The
dried fractions were sealed and stored at -20°C until further analysis.

Synthetic Peptides. Synthetic peptides were purchased from NeoBiolab (Cambridge, MA)
at >95% purity. Synthetic peptides were reconstituted as 2 mM stocks in DMSO and stored in
aliquots at -80°C. All dilutions for working stocks were made in DMSO and stored at —20°C.

Luminescence transcriptional reporter assays. To assess the transcription-inducing
activity of eluted fractions, a luciferase reporter strain BNL178 (Table 2.1) was used. This strain
was grown to an exponential-growth phase ODgoo 0f 0.1 in CDM. 100 pl of this culture was used
to suspend the dried fraction and then dispensed to a 96-well, clear-bottom plate. Decanal, the
aldehyde substrate required for luciferase, was provided as a 1% solution in mineral oil and was
included in the plate in spaces outside of wells, as has been described previously (91, 92). The
plate was lidded, sealed, and read in a Synergy 2 plate reader (BioTek) set to 37°C with continuous
shaking to prevent cells from settling at the bottom of the plate. The ODegoo and luminescence
values (in counts per second, cps) were monitored every 10 minutes for eight hours. The maximum
cps/ODeoo (relative luminescence) reached by each culture was plotted for Figure 2.1A.

Titration curves of peptides in Figure 2.2A, B were prepared by doing the same experiment

as described above with serially diluted synthetic peptides provided as 1% of the final volume.
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The luminescence value immediately after peptide addition was recorded for each sample and
plotted as cps/ODsoo (relative luminescence) vs peptide-concentration to calculate the effective
concentration for 50% maximum activity (ECso) of each peptide.

Mass-spectrometry for identification of peptides. The dried, active eluates were
suspended in 50 pl 5% acetonitrile, 0.1% formic acid. The samples were loaded directly onto a 15
cm x 75 pm reversed phase capillary column (ProteoPep™ II C18, 300 A, 5 pm size, New
Objective, Woburn MA) and a solvent gradient ranging from 5% to 100% acetonitrile was applied
over 100 minutes by a Proxeon Easy n-LC Il HPLC instrument (Thermo Scientific, San Jose, CA).
The peptides were directly eluted into an LTQ Orbitrap Velos mass spectrometer (Thermo
Scientific, San Jose, CA) with electrospray ionization at 350 nl/minute flow rate. The mass
spectrometer was operated in the data dependent mode, and for each MS1 precursor ion scan the
ten most intense ions were selected from fragmentation by collision induced dissociation (CID).
Other mass-spectrometry analysis parameters were as follows: resolution of MS1 was set at
60,000, normalized collision energy 35%, activation time 10 ms, isolation width 1.5, and +4 and
higher charge states were rejected.

SHP3 and SHP2 peptides were fragmented in silico using online tool

http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct and the MS spectra

was manually searched for all the fragments obtained from in silico analysis. The entire “b”
fragment ion series of the identified peptides were matched between experimental and theoretical
spectrum.

Purification of recombinant Rgg3 and MBP-Rgg2. Details of purification schemes have
been described previously (9, 66). Briefly, His6-SUMO-Rgg3 was expressed and purified from E.

coli using nickel-affinity chromatography. The His6-SUMO tag was removed using an in-house
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purified SUMO protease, and untagged Rgg3 was used in all experiments. Recombinant MBP-
Rgg2 was also expressed in E.coli and purified with amylose resin (New England BioLabs Inc.).
Purified MBP-Rgg2 was used for all experiments requiring Rgg2.

Fluorescence polarization (FP): For the direct FP assay, the concentration of N-terminal
FITC-labeled synthetic peptides was kept constant at 10 nM for all reactions. Purified Rgg proteins
were serially diluted, ranging from 10 uM to 5 nM, and mixed with peptide in a final reaction
volume of 50 pL in protein storage buffer (20 mM Tris-HCI buffer, pH 7.4; 200 mM NaCl, 1 mM
EDTA, 10 mM B-mercaptoethanol, 20% (v/v) glycerol). For FP, the storage buffer was
supplemented with 0.01% Triton X-100 and 0.1 mg/ml BSA. Reactions were transferred to a
Corning® 96-well, half-area, black polystyrene plate prior to incubation at 20°C for 30 minutes.
Polarization values were measured using a BioTek Synergy 2 plate reader and the resulting
millipolarization (mP) values were plotted for each protein concentration tested to assess protein-
peptide interactions (93).

For competition FP assays, 10 nM FITC-SHP was incubated for 10 minutes with the
concentration of Rgg protein corresponding to the K value, as determined from the direct FP assay
(500 nM Rgg3 or 1 uM MPB-Rgg2). Reactions were then titrated against serial dilutions of
unlabeled peptides. mP values were determined as described above.

Biofilm assays: Bacterial strains were grown overnight in THY at 30°C, diluted 1:20 into
fresh CDM and 0.5 mL was dispensed, in duplicate, to two wells of a cell-culture treated 24-well
polystyrene plate (Greiner Bio-one). Synthetic peptide pheromones were added to concentrations

ranging from 1 - 1000 nM. Plates were incubated statically at 37°C with 5% CO5 for 24 hours.

Liquid medium was aspirated, wells were washed once with 300 ul of 0.9% NaCl to remove

unattached cells, and the remaining biomass was dry-fixed overnight at 37 °C. Biofilms were
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stained with 0.2% crystal violet solution, washed three times with a solution containing 0.9%

NaCl, 10% EtOH, and quantified by measurement of absorbance (Asgs) by area scan of the wells

in a Synergy 2 BioTek plate reader. A minimum of three biological replicates was performed for

each condition.

TABLE 2.1: BACTERIAL STRAINS AND PLASMIDS USED IN THIS STUDY

Straln_/ Description Reference
plasmid
NZ131 | Wild-type S. pyogenes M49 strain (94, 95)
BNL148 | NZ131 integrated with pBL111 Psypo-luxAB reporter, Erm’ (9)
BNL193 [ NZ131 Argg3::cat shp2cceshp3ces; Cm' (91)
BNL170 | NZ131 shp2cccshp3cec (88)
BNL177 Elrzrir?,l shp2cceeshp3cae integrated with pBL111 Psnpo-luxAB reporter, (88)
BNL178 [ NZ131 Argg3, shp3caeshp2cea::Pshpo-luxAB reporter, Erm' This study
BNL187 | NZ131 Argg3::cat Ashp2—shp3; Cm" (91)
BNL198 | NZ131 Argg3::cat Ashp3—shp2; Cm' (91)
JCC177 | NZ131 Argg3::cat shp3ges; Cm" with pBL125 (91)
Shuttle-suicide vector that integrates at streptococcal bacteriophage T12
p7INT attB site; Erm' (96)
BL111 DNA fragment containing the shp2 promoter (500 bp) fused to luxAB )
P and cloned into p7INT; Erm"
pBL120 | pFED760-based vector for mutation of shp2 start codon to GGG; Erm" | (88)
pBL122 | pFED760-based vector for replacement of shp2 with shp3; Erm' (91)
pFED760-based vector for simultaneous rgg3::cat and shp3—shp?2
pBL123 mutations; Cm" Erm' (91)
E&%lz' Shuttle vector encoding spectinomycin resistance; pWVO01 origin; Spec” | (97)
pBL125 | pLZ12 spec based full-length shp2 complementation plasmid, spec' This study
pFED76 | Shuttle vector pGh9-1SS1 deleted for ISS1 element; temp-sensitive;
0 Erm’ (59, 98)
- 1 . r
0JC175 EI;IE}P%O based vector for replacement of rgg3 with cat cassette; Cm )
pJC180 | pFED760-based vector for mutation of shp3 start codon to GGG; Erm" | (88)
DNA fragment containing the shp3 promoter (384 bp) fused to luxAB
pJC219 and cloned into p7INT; Erm' (92)

Erm, Erythromycin; Cm, Chloramphenicol; Spec, Spectinomycin
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2.3 Results
2.3.1 Multiple SHP-peptide length variants are present in GAS culture supernatants.

As previously reported, S. pyogenes suspended in cell-free culture supernatants of a strain
in which the rgg3 regulator was deleted (JCC131, Argg3) display highly induced levels of shp2
and shp3 transcripts as compared to cultures grown in medium alone (9). Induction of transcription
is due to the presence of mature SHP pheromones that were secreted by producing cells and remain
in the supernate medium. Genetic studies utilizing shp3 gene truncations revealed the minimum
length of shp3 capable of activating the Rgg2/3 circuit was a version encoding the carboxy-
terminal nine amino acids (notated SHP-C9) (9). Though synthetic peptides comprising the eight
C-terminal amino acids encoded by shp genes (sSSHP2-C8 and sSHP3-C8) are sufficient to induce
transcription (9), the native composition of mature SHP signaling pheromones remain unsolved.
We, therefore, sought the identity of naturally-produced pheromones in spent culture supernatants
using mass spectrometry. Because the C-terminal nine amino acids encoded by both shp genes
(MDIIVGG and MDILIIVGG) have identical predicted masses, mass-spectrometry would be
unable to distinguish between SHP-types if mature pheromones entailed peptides less than ten
amino acids. Therefore, strains expressing either shp2 or shp3 exclusively were required for
analysis. Furthermore, because shp gene dosage influences pheromone vyield (91), strains
expressing each shp in multiple copies were utilized; strain BNL187 contains two gene copies of
shp3 (Argg3Ashp2—shp3), and JCC177 (pSar72) is a strain expressing shp2 from a multi-copy
plasmid [Argg3 shp3caeae (pshp2), (91)].

Collected supernatants from cultures of each SHP-producing strain, as well from a strain
unable to express either shp2 or shp3 (4rgg3 shp2cee shp3ees, BNL193), were subjected to solid-

phase extraction. Eluates were generated from C18 column cartridges with increasing
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concentration steps of acetonitrile and were assessed for their ability to induce luciferase in a
reporter strain responsive to SHP pheromones (4rgg3 shp3ceesShp2ees::Pshp2-luxAB; BNL178).
40% acetonitrile eluate from strains producing SHP2 or SHP3 each generated luciferase activity
(Figure 2.1A). These fractions, along with the equivalent 40% acetonitrile fraction from a SHP
non-producing strain (4rgg3 shp2ceeshp3ces, BNL193), were further analyzed by liquid
chromatography-tandem mass-spectrometry (LC-MS/MS). Taking a non-biased approach for
peptide identification, the total-ion chromatograms were surveyed for ion masses corresponding
to all theoretically possible peptide fragments derived from full-length shp coding sequences, and
included the possibility for mass derivatives corresponding to common modifications, such as
oxidation, formylation and acetylation. None of the detected ions present in extracted supernatants
of the shp™ strain (BNL193) corresponded to any theoretical mass of a predicted SHP derivative.
However, for strains producing an active fraction, four different ion masses corresponding to the
C-terminal 7, 8, 9, and 10 amino acids of SHP2 (Figure 2.1B) and SHP3 (Figure 2.1B) were
identified. Henceforth, these peptides are referred to as SHP-C7 through -C10, depending on their
length from the C-terminus. The SHP-C9 and SHP-C10 peptides contained an oxidized methionine
residue, but SHP-C7 and SHP-C8 ion masses corresponded to unmodified, linear peptides and no
other post-translational modifications were evident. Each peptide ion was validated using
collision-induced fragmentation by tandem mass spectrometry. Presuming that each of the C7, C8,
C9 and C10 ions have relatively similar potential to ionize and be detected, it was observed that
the SHP-C8 peptides were the most abundant forms of the peptide present in supernatants, as
accounted by the integrated area under the curve of the extracted ion chromatogram peaks for each
respective ion (Figure 2.1B, Table 2.2). It was not possible to integrate ion peaks for SHP2-C10

or SHP3-C9, presumably due to their low prevalence in culture supernatants.
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FIGURE 2.1. Identification of SHP pheromone variants from active fractions of culture
supernatants. Culture supernatants from strains expressing shp2 (JCC177), shp3 (BNL187), or
neither shp gene (BNL193) were fractionated with an acetonitrile (ACN) step gradient using C18
reverse-phase chromatography. (A) Maximum relative luciferase activity of elution fractions
tested by reporter BNL178 (4rgg3, shp3cccShp2eee::Pshp2-luxAB). (B) Extracted ion
chromatograms of identified SHP variants. Peaks with gray shading demark integrated areas
providing relative amounts of peptide ions detected.

TABLE 2.2: INTEGRATED AREAS UNDER CURVES FOR SHP VARIANTS IN
EXTRACTED ION CHROMATOGRAMS

Peptide Sequence | Retention time (minutes) Area under curve
SHP2-C10 IMDILIIVGG 46.48 ND
SHP2-C9 MDILIIVGG 46.80 2,110,058
SHP2-C8 DILIIVGG 50.69 178,286,415
SHP2-C7 ILIIVGG 42.28 6,311,768
SHP3-C10 AMDIIIVGG 51.29 701,251
SHP3-C9 MDIIVGG 46.68 ND
SHP3-C8 DIIVGG 51.55 ND (too broad)
SHP3-C7 HIVGG 40.29 1,711,157

ND, Not Determined
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2.3.2 SHP-C8 is the most active variant of SHP peptides.

Having identified four lengths of each SHP in the active fraction, we next sought to
examine the specific activity of each variant using synthetic peptides (sSHP) titrated to cultures of
the shp~ bioluminescent reporter strain (shp2ceeshp3cee Pshp2-luxAB; BNL177). The relative
luminescence activity that followed peptide addition was used to generate dose-response curves
and the subsequent determination of effective concentrations resulting in 50% of the log maximum
luminescence activity (ECso) (Table 2.3).

In prior studies investigating the minimum length of SHP peptides that produced
bioluminescence activity, neither endogenously expressed shp317-23 (C7) nor the synthetic SHP3-
C7 peptide were capable of inducing Psnp-luxAB reporters at the concentrations tested (9).
However, because we found C7 peptide in the active fraction, SSHP-C7 along with sSSHP-C8, -C9
and -C10 variants were fully assessed using luciferase reporters. The peptides generating the
lowest ECso values (greatest bioactivity) were sSHP2-C8 and sSHP3-C8, and displayed similar
ECso values (Figure 2.2A, Table 2.3). sSSHP-C7 was found to be slightly active only at the highest
concentrations tested. Among the three SHP2 variants longer than seven amino acids, an inverse
relationship was observed between peptide length and luminescence activity, with C8 having the
greatest activity and C9 being more effective at stimulating transcription than C10 (Figure 2.2A).
Unexpectedly, SHP3 variants did not display this pattern, and sSHP3-C10 was more active than
sSHP3-C9 (Figure 2.2A). Likewise, it was surprising to find a 10-fold difference in activity
between C9 peptides, considering the basis for their distinction is the same discrepancy between

C8 peptides (C-6 position, Leu versus lle), which contained similar bioactivities.
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FIGURE 2.2. Synthetic SHP variant activities in bioluminescence reporter strains. Relative
luminescence activity of the Pshp2-1uxag reporter in response to synthetic SHP variants (A) in a strain
(BNL177) incapable of producing endogenous SHPs; or (B) in a wild-type genetic background
strain (BNL148). Plots indicate the means of at least three independent experiments, with ECso
calculated by applying linear-regression analysis to dose-response curves using GraphPad Prism,
version 6.01. A single concentration of SHP3-C8-reverse peptide was included as a control. The
relative luminescence of BNL177 (C) and WT (D) is plotted versus time following addition of
each peptide at its ECso concentration.

TABLE 2.3: PEPTIDE VARIANT ECso VALUES AS OBTAINED FROM LUCIFERASE
ASSAY DOSE-RESPONSE CURVES.

ECso (M)
WT | BNL177
SHP2-C8 | 1.1 1.1
SHP2-C9 | 2.1 1.8
SHP2-C10 | 7.7 8.5
SHP3-C7 |499.0 | 335.0
SHP3-C8 | 1.3 1.0
SHP3-C9 | 299 | 145
SHP3-C10 | 95 6.2
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2.3.3. SHP variants stimulate positive-feedback to induce endogenous SHP production.

The experiments described above demonstrate that various SHP peptides are produced by
GAS and that each variant has a distinct potential to induce Rgg-dependent transcription in reporter
strains unable to produce endogenous pheromones. However, to test each variant's effect on the
natural signaling network containing a feed-forward loop of autoinduction of shp genes, individual
synthetic peptides were tested in a wild-type reporter strain (BNL148) containing all aspects of
SHP signaling. Under laboratory conditions used for the luminescence bioassay, unstimulated
wild-type cultures of GAS do not produce sufficient quantities of pheromone to induce Rgg2/3
signaling autonomously, and therefore require an exogenous supply of pheromone to induce
observable luminescence. At initial time points following stimulus with SHP-peptide variants,
luciferase induction patterns matched those seen in shp™ reporters (Figure 2.2B, Table 2.3).
However, elevated and sustained responses were seen in WT cultures stimulated by several of the
SHP variants compared to shp™ strain (Figure 2.2D vs Figure 2.2C), indicating an ability to trigger
the feed-forward loop. Though luminescence activity was observable for SHP3-C9 and SHP2-C10
at concentrations tested, neither peptide was able to reach a critical threshold to maintain positive
feedback.
2.3.4. SHP peptides bind Rgg proteins directly and with varying affinities

Central to Rgg-mediated quorum sensing in Firmicutes is the hypothesis that Rgg proteins
directly bind to mature peptide pheromones for the modulation of protein activity. Upon
identification of several variant SHP lengths with differing specific activities, it was imperative to
determine how peptide-length and composition affected interaction with Rgg2 and Rgg3. To test
this, a direct fluorescence-polarization (FP) binding assay was developed in which fluorescein iso-

thiocynate (FITC)-labelled sSHP-C8 peptides were combined with purified recombinant Rgg
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proteins. The affinity of this interaction was determined using a constant amount of FITC-labeled
peptide probe (10 nM) while titrating increasing amounts of purified Rgg proteins. As expected,
both SHP-C8 peptides were able to bind either MBP-Rgg2 (Figure 2.3A) or Rgg3 (Figure 2.3B)
with low-micromolar affinities (Table 2.4). Given the similarity of the two SHP-C8 peptides, it
was not surprising that both peptides bound to both Rgg proteins with similar affinity.

To explore the relative affinities of SHP variants, an FP competitive-binding assay was
employed. In this assay, FITC-SHP-C8 (10 nM) was pre-incubated with a concentration of purified
Rgg3 that generated half-maximal Rgg-SHP complex formation, as was determined from direct-
binding FP. Subsequently, unlabeled SHP variants, as well as peptides comprised of the reversed-
sequence of SHP (SHP-C8-rev), were titrated into the reaction and tested for their ability to
compete with FITC-SHP-C8 for binding to Rgg3 protein (Figure 2.3C and 2.3D). Results
indicated that unlabeled peptides were able to displace the already-bound FITC-labeled peptides,
and the concentration at which unlabeled SHP peptides disrupted Rgg: FITC-SHP complexes by
50% were considered the ICso. For both SHP2-C8 and SHP3-C8, the ICs of unlabeled peptides
were consistently lower than the apparent Kq values of FITC-SHP-C8 peptides. This modest
decrease in affinity of FITC-peptides is presumably due to interference by the added fluorescein
conjugate. For other SHP variants, affinity for the Rgg proteins was lower than that seen for SHP-
C8 peptides (Figure 2.3C and 2.3D), and a direct correlation was observed between peptide
affinity for Rgg and the activity measured by bioluminescence assay. Interestingly, the SHP3-C7
peptide, like the SHP-C8-rev peptide, was unable to interact with Rgg proteins (Figure 2.3D). The
inability of SHP3-C7 to bind Rgg is consistent with its inability to induce Pshp expression (9, 60,
99), and indicates that a negatively charged residue at position C-8 is required for binding, as was

suggested previously (9, 60, 99). Similar competition-FP experiments were performed for MBP-
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Rgg2, where it was found to bind all unlabeled SHP variants except SHP3-C9 and SHP3-C10

(Figure 2.3E and 2.3F).
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FIGURE 2.3. Synthetic SHP variant interaction with purified Rgg proteins. (A-B) Direct
fluorescence polarization (FP) of 10 nM FITC-labeled synthetic peptides titrated with purified
MBP-Rgg2 (A) or Rgg3 (B) proteins. (C-D) Synthetic SHP variants were assessed for their ability
to compete with FITC-labeled SHP2 for binding to Rgg proteins. Complexes of Rgg3:FITC-SHP2-
C8 (formed under conditions containing 500 nM Rgg3, 10 nM FITC-SHP2-C8) were titrated with
synthetic SHP2 variants (C) or SHP3 variants (D). (E-F) Synthetic SHP variants were assessed
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for their ability to compete with FITC-labeled SHP2-C8 for binding to Rggs. Complexes of MBP-
Rgg2:FITC-SHP2-C8 (formed under conditions containing 1uM MBP-Rgg2, 10nM FITC-SHP2-
C8) were titrated with synthetic SHP2 (E) and SHP3 (F) variants. Plots indicate the means of at
least three independent experiments. Kq values were determined by applying linear-regression on
dose-response curves using GraphPad Prism (version 6.01).

TABLE 2.4: SHP VARIANT Kp VALUES AS OBTAINED FROM FLUORESCENCE
POLARIZATION.

Direct FP (K4 in uM)
MBP-Rgg2 Rgg3
FITC-SHP2-C8 0.98 0.50
FITC-SHP3-C8 2.58 1.88
Competition FP with Rgg3 (Kq in uM)
SHP2 SHP3
C7 - ND
C8 0.2 0.15
C9 0.5 4.6
C10 ND 0.3
Competition FP with MBP-Rgg2 (K4 in pM)
C8 0.4 0.5
C9 2.5 ND
C10 ND ND

ND, Not Determined

Consistent among models of peptide-based intercellular signaling in Gram-positive
bacteria is the premise that pheromones are synthesized by the ribosome as inactive precursors
(pre-peptides), which undergo processing and/or modification to generate an active signal at a time
concomitant or subsequent to peptide secretion. For Rgg signaling pathways, a requirement for
maturation outside the cytoplasmic compartment would prevent premature activation of the
pathway and avoid direct stimulation of Rgg within the producing cell. Previously, it was
determined that the 23 amino-acid sSHP3 (full-length SHP) was able to induce the luciferase bio-
reporter, albeit to levels much lower than sSSHP3-C8 (9). It was therefore pertinent to test the ability
of a SHP pre-peptide to engage Rgg proteins. Using the competitive-binding FP assay we found

that full-length SHPs were unable to compete for Rgg binding (Figure 2.4). This supports the
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notion that pre-peptides adopt a conformation incapable of Rgg interaction, and that synthetic, full-
length SHPs must undergo some type of processing event outside the cell, prior to their functioning

as an active signal.
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FIGURE 2.4. Full-length native SHP peptides do not bind Rgg proteins. Synthetic SHP
variants were assessed for their ability to compete with FITC-labeled SHP2 for binding to Rgg
proteins. Complexes of Rgg3:FITC-SHP2-C8 (pre-formed under conditions described in Figure
2.3) were titrated with synthetic SHP3-C8 or full-length SHPs.

2.3.5. Induction of biofilm formation by SHP variants

As previously reported, SHP-C8 pheromones are capable of stimulating biofilm
development in the wild-type strain NZ131 (9). To test functionality of the SHP-pheromone
variants in culture conditions conducive to biofilm formation, cells were grown in the presence of
increasing concentrations of sSHP-C8, -C9 and -C10. As a first test, a strain incapable of
endogenous SHP production (BNL170) was used to monitor biofilm development. Consistent with

results obtained for transcriptional reporters, SHP-C8 pheromones were the most efficient at
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producing biofilms, initiating a measurable response at concentrations between 10 — 25 nM, and

reaching saturation at approximately 100 nM (Figure 2.5A). SHP-C9 and -C10 pheromones were

able to induce biofilm development only at high-nanomolar concentrations (400-1000 nM), and

only SHP3-C9 generated biomass comparable to those produced by either SHP-C8 pheromones.
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FIGURE 2.5. SHP variants induce biofilm formation. NZ131 derivative strains were grown in
24-well plates and stimulated with varying concentrations of SHP variants. At 24 hours, biofilms
were assessed by a standard crystal violet staining method. Synthetic SHP variants were used to
stimulate a strain (BNL170) unable to produce endogenous SHPs (A), or in a WT strain (B). Error
bars indicate standard error from a minimum of three independent experiments. [Experiment was
performed by Juan C. Jimenez]

When tested with wild-type cells, which are able to synthesize pheromones de novo in

response to exogenously-provided signals, SHP-C8 peptides were able to increase biofilm

production at concentrations as low as 5 nM (Figure 2.5B). The remaining variants, with exception

to SHP2-C10, were effective at inducing biofilm production, albeit at lower concentrations (10 nM
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to 25 nM) required for C8 peptides. The SHP2-C10 variant on the other hand, only triggers a weak
increase in biofilm production in the concentrations tested.
2.4 Discussion

In recent years, the capacity for Rgg-protein family members to serve as pheromone
receptors has been revealed for several species of Streptococcus (9, 57-61, 88, 99). Whereas many
rgg genes are identifiable among streptococci and several other genera of the Firmicutes (60, 63),
identification of cognate pheromone genes, if present, has been significantly more difficult due to
their small size and a limited amount of information relating to their ability to serve as extracellular
signals. In order to advance an understanding pertaining to the nature of mature signaling
pheromones produced by bacteria, we attempted to identify and characterize all potential signaling
pheromones of a specific Rgg quorum-sensing pathway. Here, we show that S. pyogenes secretes
multiple forms of SHP pheromones displaying varying activities. Luciferase-based bioreporter
assays demonstrated that of these multiple forms, SHP-C8 is the most active. With a series of in
vitro Rgg-peptide binding experiments, it was established that SHP variants have different
affinities for binding to Rgg proteins, and more significantly, their binding affinity correlated with
Rgg-dependent transcriptional activity and ability to induce biofilm formation.

The use of mass spectrometry to identify mature Rgg-related pheromones from culture
supernatants has been successful in previous studies investigating SHP peptides produced by S.
thermophilus, S. agalactiae, and S. mutans (SHP1358sn, SHP1299st, SHP1555sqg, and
SHP1509smy) (60, 99) and ComS-derived pheromones of S. thermophilus and S. mutans (100, 101).
Evidence that multiple variants of a pheromone signal can be generated by bacteria has also been
documented. For example, three forms of ComS (ComS14-24, S15-24,and S16.24) Were found in culture

supernatants of S. thermophilus, one of which (ComSi4.24) could be verified by MS/MS (101).
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Similarly, the C9 and C5 (carboxyl nine and five amino acids) variants of SHP1299 of S.
thermophilus were identified directly from culture supernatants without need for purification or
concentration (99). It remains unclear, however, how activity of these variants compare to that of
the presumed mature peptides in their ability to engage the target receptors and induce their
activity.

Considering the possibility that variant peptides present in cultures supernatants may
themselves be active or inhibitory, it was our intention to measure specific activities of each
identifiable variant in culture supernatants. Each SHP variant contained the same intact C-terminus
(corresponding with the final codon of the open reading frame) and size variations were due to N-
terminal truncations, consistent with previous studies indicating that SHP pre-peptides are
processed internally or from their N-terminus (9, 60). The protease(s) responsible for generating
length variants remains to be identified, but the fact that each variant differs by only one residue
supports the likelihood that an amino-peptidase is responsible, as has been hypothesized for ComS
variants in S. thermophilus (101). Further studies will be needed to identify the processing factor
and its essentiality for extracellular signaling. It also remains unclear if the production of size
variants provides a use in downstream gene regulation. Although the C8 variants were shown to
contain the greatest activity for Rgg2/3 responses in S. pyogenes, the potential exists that SHP
variants may have differential effects on orthologous Rgg proteins of other species with which S.
pyogenes corresponds. It was recently shown that an S. agalactiae Rgg could respond to
pheromones generated by S. pyogenes (88), and though size variants were not tested, the SHP3-
C8 peptide (a peptide not produced by S. agalactiae) displayed more activity than SHP2-C8 (99).
These findings indicate sequence, and possibly size variations, could have unpredicted

consequences on receptor activity.
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The key step in any cell-cell communication circuit centers on interactions between the
signaling molecule and its cognate receptor. Herein, we have developed methodology using
fluorescence polarization to assess the direct interaction between fluorescently-labeled peptide
variants with recombinant Rgg-protein receptors. By these methodologies, we report Rgg:SHP-C8
interactions occur at sub-micromolar affinity. We also found that native SHP variant affinities for
Rgg proteins directly correlated with their ability to activate the proteins, as determined by culture-
based luminescence reporters. Perhaps the greatest benefit in testing each SHP variant was the
ability to correlate length and sequence variations to differences in receptor affinity and activity.
These correlations highlight important molecular interactions between Rgg receptors and ligands.
Because S. pyogenes SHP2 and SHP3 variants differ in sequence at only two positions (C-10 and
C-6), the corresponding differences in measured activity can be attributed to only a few variables.
Most striking is the difference that position C-10 (tenth residue from the C-terminus, SHP2aia Vs
SHP3,ie) has on binding affinity to Rgg proteins. Remarkably, SHP2-C10 induces to only one-
tenth of the maximal luciferase expression seen by all other SHP variants (Figure 2.2A). This is
consistent with a weak SHP2-C10 interaction with Rgg (Figure 2.3C). Since SHP3-C10 is
relatively more capable of binding Rgg than SHP2-C10, it appears the 1st residue of the C10
peptides can dramatically affect interactions with the receptor. A related finding is seen in
differences between C9 peptides; however, in these variants only the C-6 positions differ, and the
SHP2 variant displays greater activity than SHP3, though to a lower differential than seen between
C10 variants. Taken together, these results indicate that the C-6 position may potentiate binding
differences seen with peptides having extensions from the N-terminus. Since binding affinities of
SHP-C8 peptides are nearly equivalent (Figure 2.3A, 3B) differences in binding of C9 and C10

appear due to their added lengths. Interestingly, we also observed that the shortest length peptide,
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SHP-C7, had the least capacity to engage Rgg proteins (Figure 2.3D) and this reconfirms earlier
observations that an N-terminus-proximal, negatively-charged residue is essential for activity (9,
60, 99). As the only position within any of the SHP variants that contains a charged residue, it
seems likely that the amino acid at C-8 would orient the ligand properly to the binding interface.
It will be interesting to see effects of placing the charged residue at other locations along the
peptide. Going forward, a systematic approach for substitutions along the polypeptide, together
with supplementary studies that identify binding-pocket contributions, will greatly enhance an
understanding of the intermolecular interactions and may facilitate design of peptides or
compounds that have enhanced affinity.

Consistent with models that suggest pre-peptides require processing and/or modification
concomitant or subsequent to peptide secretion, we found that full-length SHP pre-peptides were
unable to engage Rgg proteins in vitro (Figure 2.3E). Whether interaction with Rgg by the pre-
peptide is inhibited due to an unfavorable conformation caused by intramolecular interactions of
the ligand, or whether an extended N-terminus presents a steric clash with the binding pocket of
the receptor cannot be distinguished by our current means of assessment. Additional mechanisms
may be in place in the cell to forgo unintended auto-stimulation by unprocessed peptides, including
the possibility for translationally-coupled secretion of pre-peptides, as well as selectivity by
peptide transporters against importation of longer peptides. Nevertheless, our findings underscore
the notion that an unprocessed pre-peptide located in the cytoplasm will not trigger a cellular
response.

A deeper understanding of the ligand-receptor interactions presented by Rgg-SHP
complexes will facilitate the development of new strategies aimed at disrupting bacterial

communication. Development of a straightforward fluorescence-polarization assay allows for
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quick assessment of compounds that have the potential to interfere with ligand receptors.
Fortuitously, we observed relatively quick off-rate kinetics of labeled peptides from Rgg proteins,
as based on observations that reaction equilibriums were reached within the short incubation times
(15 minutes) upon adding unlabeled competitor peptides in FP experiments. This finding is a
potentially important consideration for the future development of competitor compounds aimed at
disrupting Rgg-SHP interactions. Given that Rgg proteins are conserved across streptococci, these
proteins present an exciting target for quorum-quenching strategies. The ease by which the FP-
competition assay can be carried out, even in small volumes, is especially amenable for high-
throughput screening of compound and peptide libraries for the identification of high affinity

ligands.
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I11. Identification of quorum-sensing inhibitors disrupting Rgg-SHP signaling in
streptococci
(Reprinted from Aggarwal, C., Jimenez, J.C., Lee H, Chlipala G.E., Ratia K, and Federle, M.J.,

2014, mBio, submitted)

3.1 Introduction

Intercellular chemical signaling among bacteria (quorum sensing, QS) provides
communities of microbes the opportunity to coordinate gene expression to facilitate group
behavior. Bacteria establish communication networks by emitting signaling molecules (here
referred to as pheromones) to be detected by other members of the community, eliciting a response.
Quorum sensing influences a variety of behaviors, and in some species may facilitate the
development or dispersal of biofilms, may promote an aggressive attack on neighbors or
coordinate a community defense system, or may foster symbiotic relationships with a host or
engender pathologic consequences (2, 69, 75, 102). In cases where QS contributes to behaviors
that are detrimental to the health of humans or animals, it may be beneficial to identify
methodologies that disrupt active QS circuits (70). Furthermore, as antibiotic-resistant bacteria
continue to threaten health, new sustainable strategies to combat microbial infections are needed,
thus presenting an opportunity to target virulence through methods like QS interference that do
not rely on impeding bacterial growth.

Streptococcus pyogenes (Group A Streptococcus, GAS) is a human-restricted pathogen
responsible for a variety of diseases that range in severity from localized, superficial infections
like impetigo and pharyngitis to highly aggressive, invasive infections like necrotizing fasciitis
and toxic shock (76-78). Immune responses to GAS infections in some instances generate

autoantibodies and immune complexes that direct immune responses towards tissues of the heart
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(acute rheumatic fever) and kidney (glomerulonephritis) (76, 79-82). GAS infections cause more
than 500,000 deaths annually, ranking this pathogen among the most common infectious diseases
worldwide with significant morbidity and mortality (83).

Previously we described a quorum-sensing network conserved in all sequenced genomes
of GAS that utilize two Rgg protein family members (Rgg2 and Rgg3) as cytoplasmic receptors
of short hydrophobic peptide (SHP) pheromones (9, 103). Rgg family members are widespread
among Firmicutes and are ubiquitous among all species of Streptococcus and Lactobacillales, and
multiple paralogs are often found within a genome, presumably serving as independently
functioning transcriptional regulators. Rgg proteins contain an N-terminal helix-turn-helix (HTH)
DNA binding domain and a C-terminal alpha-helical domain predicted to fold in a similar fashion
to tetratricopeptide repeat (TPR)-containing proteins of the prototypical Rap/NprR/PIcR/PrgX
(RNPP) protein family (39, 40, 50, 54, 104). Signaling peptides corresponding with the Rgg and
RNPP families are produced by the ribosome from coding transcripts as unmodified, linear pre-
peptides that are secreted and processed through various pathways that release mature pheromones
from the cell that can be recovered in culture supernatants. In signal-receiving cells, pheromones
must be imported to the cytoplasm, typically by oligopeptide permease (Opp) transporters, where
they directly engage and control activity of cytoplasmic receptors (40, 60, 105, 106).
Consequently, small molecules that disrupt pheromone-receptor interactions must also transverse
the cytoplasmic envelope.

In GAS, Rgg2 and Rgg3 regulate expression of polycistronic transcripts encoding SHP
pheromones and downstream genes. The effect of SHP pheromones on the transcriptional state is
borne out in two ways, by suppressing the repressive activity of Rgg3 and simultaneously

enhancing the activating properties of Rgg2, culminating in robust induction of transcription. In
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the absence of pheromones, transcriptional intensity is maintained at very low levels. The
phenotypic effect of SHP pheromone induction can be seen in some GAS strains in the
development of biofilms, where addition of as little as 5 nM synthetic SHP leads to surface-
associated films (103). GAS biofilms have been suggested to be a contributing cause of antibiotic
treatment failures of pharyngeal infections (107-109).

By a methodology developed to study interactions between Rgg proteins and their cognate peptide
ligands (103), an in vitro, small-volume, high-throughput, compound library screen was utilized
to identify compounds that specifically interfere with Rgg3:SHP interactions. These compounds
were subsequently tested on S. pyogenes bioluminescent reporter cultures and shown to block Rgg-
mediated transcription and prevent biofilm formation. Rgg2/3-SHP circuits are well -conserved
across multiple species of Streptococcus (88, 99), and we found that inhibitors worked to disrupt
Rgg-dependent transcription in S. agalactiae (Group B Streptococcus), S. dysgalactiae (Group G
streptococcus), and S. porcinus.

3.2 Materials and methods

Bacterial strains, plasmids and culturing conditions. Bacterial strains and plasmids used
in this study are listed in Table 3.1. S. pyogenes, S. mutans, S. agalactiae (Group B Streptococcus,
GBS), S. dysgalactiae subsp. equisimilis (Group G Streptococcus, GGS), S. porcinus were
routinely grown in Todd-Hewitt medium (BD Biosciences) supplemented with 0.2% (wt/vol) yeast
extract (Amresco) (THY), or in a chemically-defined medium (CDM) (9) containing 1% (w/v)
glucose. Luciferase-reporter assays were performed by growing reporter strains in CDM. When
necessary, antibiotics were included at the following concentrations for S. pyogenes:
chloramphenicol (Cm), 3 ug ml™*; erythromycin (Erm), 0.5 pg ml™; spectinomycin (Spec), 100 pg

ml. E. coli strains DH10p (Invitrogen) and BH10C (89) were used for cloning purposes and were
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grown in Luria broth (LB) or on Luria agar with antibiotics at the following concentrations:
chloramphenicol, 10 pg ml™?; erythromycin, 500 pg ml™; spectinomycin, 100 pg ml™, ampicillin
100 pg ml™. The E. coli expression strain C41 (DE3) (90) was maintained on LB agar with
ampicillin.

Construction of plasmids. Construction of derivative strains and luciferase reporters have
been discussed in detail previously (9, 88, 91). Plasmid pLC301 (Pshp2-luxAB reporter for S.
dysgalactiae) was obtained by PCR amplifying Pshp2::luxAB from plasmid pBL111 (9) using
primers BL27 and BL43 (9) and cloning the fragment into the pLZ12-spec plasmid using BamHI
and EcoRl restriction sites. pJC254 was constructed to monitor the expression of the S. porcinus
shp3 gene. 227 bp upstream region of the open reading frame was amplified using primers JC324
(CATGGGATCCTACAAGATATTTCGGACTCG) and JC325
(CAAATATTTCCAAACTTCATCTCGCTTCTCCTTTTACTTT), and this promoter product
was fused to luxAB in a second PCR reaction using JC324/BL27 (9). This product was inserted
into BamHI and EcoRI sites of pLZ12-Spec (97). Genotypes were confirmed by PCR and
sequencing.

Purification of recombinant Rgg3 and ComR. Details of His6-SUMO-Rgg3 purification
scheme have been described previously (9, 66). The S. mutans UA159 comR gene was amplified
using primers LW10:51 (GCGTGCATATGTTAAAAGATTTTGGGAA) and LW10:52
(GCGTGGGATCCTTATGTCCCGTTCTGAGAAT) and was cloned into Ndel and BamHI sites
of pET 15b expression vector downstream of His6 tag; the resulting vector, pWAR368, was
electroporated in E. coli C41 (DE3) cells. Expression of His6-comR was induced at an approximate
ODeoo of 0.6 with 0.5 mM IPTG for six hours at 30°C. Cells were pelleted and suspended in Buffer

A (phosphate buffer saline, PBS, pH 7.4, 20mM imidazole, 10mM B-mercaptoethanol) with

47



Complete EDTA-free protease inhibitor (Roche). Cells were disrupted by sonication on ice and
cellular debris was removed by centrifugation at 45,0009 for 20 minutes at 4°C. His6-ComR was
then purified using a His-Trap-HP Nickel column (GE Biosciences) and eluted with 250 mM
imidazole. The purified protein was dialyzed in PBS followed by addition of glycerol to a final
concentration of 20% glycerol. Aliquots were flash-frozen in a dry ice-ethanol bath and stored at
-80°C.

High-throughput screening (HTS) of compound library. All HTS assays were
assembled on a Tecan Freedom EVVO 200 with an integrated Tecan Infinite F200 Pro plate reader
fitted with appropriate polarized filters. Assays were performed in duplicate in black, flat-bottom
384-well plates (Greiner Bio-One 781-076) at room temperature. For Rgg3 assays, 0.1 pL of 10
mM compound in DMSO (Prestwick Chemical Library®) was added by pin tool (V&P Scientific)
to test wells containing 30 pL of Rgg3 assay mix (1x PBS, 0.1 mg/mL BSA, 0.01% Triton-X 100,
5mM DTT, 180 nM His-Sumo-Rgg3, 10 nM FITC-SHP2-C8). 32 negative-control wells per plate
received 0.1 pL of DMSO and 32 positive-control wells per plate received 0.1 pL of 1 mM
unlabeled SHP2-C8 peptide. Following compound/control addition, plates were shaken at 1,500
rpm for 20 seconds on a Te-Shake plate shaker and then incubated at room temperature for 15
minutes. Fluorescence polarization values were measured at excitation and emission wavelengths
of 485 (20) nm and 535 (25) nm, respectively, and percent inhibition was calculated for each

sample using the following equation:

Px_.uc+)

%I = 100 * (1 -
He— = He+

Where %l is the percent inhibition of sample X, Py is the polarization value of sample X, zc+
is the mean polarization value of the positive controls per plate, and uc- is the mean polarization

value of the negative controls per plate.
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ComR was assayed as above; with the exception that the ComR assay mix contained the
following: 1x PBS, 0.1 mg/mL BSA, 0.01% Triton-X 100, 10 mM B-mercaptoethanol, 1 pM
ComR, and 10 nM FITC-XIP. ComR positive-control wells contained the above buffer lacking
ComR protein.

To assess the quality of the screening data, Z’ values (Zhang JH et al., 1999) were

calculated for each plate using the following equation:

(306+ + 306_>
ltcs — pe-|

7' =
Where, oc+ and oc are the standard deviations of the positive and negative control
polarization values, respectively, and pc+ and pe-are their mean values.
Fluorescence polarization (FP): FP assays were performed as described in detail earlier
(103). Briefly, for the direct-FP assay, the concentration of N-terminal FITC-labeled synthetic
peptides was kept constant at 10 nM for all reactions. Purified Rgg and ComR were serially diluted,
ranging from 10 uM to 5 nM, and mixed with peptide in a final reaction volume of 50 uL in protein
storage buffer (PBS, pH 7.4, 10mM pB-mercaptoethanol, and 20% (v/v) glycerol). For FP, the
storage buffer was supplemented with 0.01% Triton X-100 and 0.1 mg/ml BSA. Polarization
values were measured using a BioTek Synergy 2 plate reader and the resulting millipolarization
(mP) values were plotted for each protein concentration tested to assess protein-peptide
interactions (93).
For competition-FP assays, 10 nM FITC-SHP2-C8 or FITC-XIP was incubated for 10
minutes with the concentration of Rgg or ComR corresponding to the Kq value, as determined
from the direct-FP assay (160nM160 nM His6-SUMO-Rgg3 or 1 pM ComR). Reactions were then

titrated against serial dilutions of either unlabeled peptide or compounds identified from HTS. mP

values were determined as described above. Plots in Figure 3.2A indicate the means of at least
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three independent experiments. Kq values were determined by applying linear-regression on dose-
response curves using GraphPad Prism (version 6.01).

Bacterial growth curves and luminescence transcriptional reporter assays. To test the
effect of compounds on bacterial growth, S. pyogenes cultures were grown at 37°C in CDM to an
ODeoo 0f 0.1 and then provided with either 10 nM SHP2-C8 or with 10 nM SHP2-C8 and 10 uM
quorum-sensing inhibitor (QSI) compound. ODego Was measured every 30 minutes for 8 hours.

To assess the transcription-inhibiting activity of QSI compounds, luciferase reporter strains
(Table 3.1) were used. This strain was grown to an exponential-growth phase ODeoo of 0.1 in
CDM. 100 pl of this culture was then dispensed to a 96-well, clear-bottom plate with each well
containing either 10 nM SHP2-C8 or 10 nM SHP2-C8 with 10 uM of compound. Decanal, the
aldehyde substrate required for luciferase, was provided as a 1% solution in mineral oil and was
included in the plate in spaces outside of the bioassay wells, as has been described previously (91,
92). The plate was lidded, sealed, and read in a Synergy 2 plate reader (BioTek) set to 37°C with
continuous shaking to prevent cells from settling at the bottom of the plate. The ODsgo and
luminescence values (in counts per second, cps) were monitored every 15 minutes for eight hours.
The maximum cps/ODeoo (relative luminescence) reached by each culture was plotted for Figures
3.2B, 3.2C, 3.2D, 3.2F, and 3.4.

Titration curves of top hits obtained from HTS in Figure 3.2C were prepared by doing the
same experiment as described above with serially diluted compounds provided as 1% of the final
volume. The maximum cps/ODeoo (relative luminescence) reached was recorded for each sample
and plotted as cps/ODeoo (relative luminescence) vs compound concentration to calculate the 50%

inhibitory concentration (IC50, 50% of activity seen without inhibitor) of each compound.
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Biofilm assays: Strain NZ131 was grown overnight in THY medium at 30°C, and then
back diluted 1:100 into fresh CDM and grown at 37°C to an ODsoo = 1.0. Bacteria were back
diluted 1:50 into tubes of fresh CDM containing 10 nM SHP2-C8 and two-fold dilutions of
cyclosporin A or valspodar, ranging in concentrations from 5 to 0.156 uM. A reversed-Sequence
form of SHP2-C8, called SHP2-revC8, was used as control, as were tubes lacking either SHP2-C8
or inhibitor. Bacteria were incubated for approximately one hour at 37°C until they reached an
ODesoo of approximately 0.1, and then plated in duplicate in cell culture-treated 24 well plates.
Plates were then incubated at 37°C with 5% CO: for 20 hours to promote biofilm growth. Medium
was aspirated, wells washed once with 0.9% NaCl, and biomass dry-fixed overnight. Biofilms
were stained with 0.2% crystal violet solution, washed three times with a solution containing 0.9%
NaCl and 10% ethanol, and quantified by measurement of absorbance Asgs by area scan of the

wells in a BioTek plate reader. Experiments were performed at least four times per each condition.
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TABLE 3.1: BACTERIAL STRAINS AND PLASMIDS USED IN THIS STUDY

Ndel and BamHI restriction sites; AmpR

Strain/ plasmid Description Reference
NZ131 Wild-type S. pyogenes M49 strain (94, 95)
BNL148 NZ131 integrated with pBL111 Psppo-iuxas reporter, Erm' 9)
BNL178 NZ131 Argg3, shp3cccShp2eee::Pshp2-luxAB (103)
MGAS315 S. pyogenes M3 isolate with Psigx-luxAB reporter on plasmid (64, 110)
(PWAR200) pWAR?200 ’
UA159 (pWAR304) | S. mutans isolate with Psigx-luxAB on plasmid pWAR304 (59, 111)
Wild-type S. agalactiae A909 clinical isolate with Pshp1s20- | (88, 112,
A909 (pSar110) luxAB cloned in pLZ12-spec 113)
S. dysgalactiae subsp. equisimilis strain with Pshp2-luxAB on | (88) and
CIEE-L L (plhest) | pLZ12-spec plasmid this study
Wild-type S. porcinus Collins et. al. (ATCC 43138) strain.
S. porcinus This is Jelinkova 176 isolate from hemorrhagic swine lymph | (114)
nodes
Shuttle-suicide vector that integrates at streptococcal
BrUNY bacteriophage T12 attB site; Erm' (96)
Shuttle vector encoding spectinomycin resistance; pWVv01
pLZ12-spec origin: Spec’ (97)
227bp upstream region of shp3 fused to luxAB genes and :
A cloned in BamHI and EcoRI sites of pLZ12-spec I ST
OWAR368 PET 15b-expression vector with UA159 comR cloned into This study

Erm, Erythromycin; Spec, Spectinomycin; Amp, Ampicillin

3.3 Results

3.3.1. A fluorescence-polarization high-throughput screen identified Rgg3 antagonists.

We previously described a method quantifying a direct, reversible interaction between Rgg

proteins and SHP peptides using a competitive fluorescence-polarization assay (103). From these

assays, we found that purified Rgg3 formed complexes with a synthetic FITC-labeled SHP2-C8

(comprising the C-terminal eight amino acids encoded by the shp2 gene, DILIIVGG), with an

apparent Kq of 0.2 uM (103). We hypothesized that due to the reversibility of this interaction it

might be possible to find compounds that displace bound SHP from Rgg:FITC-SHP complexes,

and such compounds might therefore interfere with Rgg2/3-regulated pathways, including biofilm
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development. We employed the competition-FP assay in a high-throughput fashion (see Methods)
to screen the Prestwick chemical library, containing 1,280 agency-approved drugs, to identify
compounds that decreased FP values attained by Rgg3:FITC-SHP2-C8 complexes (Figure 3.1A).
To assist our ability to identify compounds that worked specifically on Rgg3, we developed a
second FP assay utilizing the S. mutans ComR protein. ComR is another Rgg-type protein, present
among streptococcal species of Pyogenic, Mutans, and Bovis groups, and binds directly to an XIP
(S. mutans GLDWWSL) peptide pheromone (58, 59, 64). Direct specific binding between ComR
and FITC-XIP was observed in this assay as ComR bound to FITC-XIP but not to different peptide
with similar properties (FITC-2040-C8, ADLAYQSA) (Figure 3.1C). The interaction was also
found to be reversible since unlabeled XIP displaced FITC-XIP associated with ComR in a
competition assay (Figure 3.1D). Pre-formed ComR:FITC-XIP complexes were thus also used to
screen the Prestwick library. The results of screening, performed in duplicate for each targeted
receptor-ligand complex, are presented in Figure 3.1B. Five hits were identified that exhibited >
75% inhibition of FITC-SHP binding to Rgg3 while displaying < 20% inhibition of FITC-XIP
binding to ComR (Figure 3.1B, Table 3.2). Since compounds that specifically bind Rgg3 are the
primary focus of this study, ComR antagonists will be reported in detail elsewhere. Compounds
that displayed non-specific antagonism in both assay types were set aside and assumed to interfere

with the fluorescent readout of the assay.
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FIGURE 3.1. |Identification of Rgg3-specific
antagonists from high-throughput screening of drug
compound library. (A) Rgg3:FITC-SHP2-C8
complexes were combined with individual compounds
of an arrayed drug library and screened by fluorescence
polarization (FP) to identify those that disrupted the
receptor-ligand interaction. Data points denote the
percent disruption (i.e. % inhibition) for each
compound using the average of two FP measurements.
(B) The top five compounds that selectively inhibited
Rgg3 by > 75% and ComR by < 20% are highlighted
(red dots). (C) 10 nM FITC-XIP was titrated with
purified His-ComR to generate a binding curve by the
direct-FP assay. (D) Synthetic unlabeled XIP or HTS
compounds were assessed for their ability to compete
with FITC-XIP for binding to ComR. [Experiments in
panel A and B were performed by Hyun Lee and Kiira
Ratia]
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TABLE 3.2: HIGH THROUGHPUT SCREENING HITS

Average %

Average %

HTS Hit Inhibition Rgg3 z Inhibition ComR z
Cyclosporin A 115 0.74 (0 0.41
Telmisartan 99 0.74 |3 0.35
Simvastatin 85 0.75 |10 0.39
Saquinavir 84 074 |13 0.35
mesylate

Olmesartan 73 074 |1 0.35

3.3.2 Cyclosporin A and a chemical analog bind Rgg3 with an affinity similar to SHP.

To validate and characterize the Rgg3-inhibitory activity of each of the top five hits, dose-
response experiments were performed using the FP-based binding assay in which 0.1-100 uM of
each compound was incubated with 500 nM Rgg3 pre-mixed with 10 nM FITC-SHP2-C8 (Figure
3.2A). Cyclosporin A (CsA) bound to Rgg3 with a similar affinity (0.45 uM) to that of SHP2-C8
for Rgg3. The remaining four best compounds displayed at least a 10-fold lower K4 than CsA
(Figure 3.2A, Table 3.3). CsA is a fungal-derived drug with immunosuppressive properties (115)
due to its ability to target cyclophilin and inhibit calcineurin and cytokine responses in T-cells
(116). Non-immunosuppressive analogs of CsA are well characterized (117, 118) and we
hypothesized that one, valspodar (PSC-833, (119)), whose structure is highly similar to CsA,

would contain Rgg3-SHP-disrupting properties. Valspodar also bound to Rgg3 with an affinity

(0.55 uM) similar to that of CsA and SHP (Figure 3.2A).
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FIGURE 3.2. Rgg antagonist activities. (A) The top five compounds identified from screening,
as well as the CsA analog valspodar, were assessed for their ability to compete with FITC-SHP2-
C8 for binding to Rgg3. Complexes of His-SUMO-Rgg3:FITC-SHP2-C8 (pre-mixed at 160 nM
Rgg3, 10 nM FITC-SHP2-C8) were titrated with the HTS hits. (B-D) Relative luminescence
activity of the Pshp2-luxAB reporter in response to a single concentration (10 uM) of test compounds
(B), a range of concentrations (C) in the wild-type genetic background (BNL148), or the activity
(D) in a Argg3 strain (BNL178). (E) Optical densities of S. pyogenes cultures grown at 37°C in
the presence of sSHP2-C8 (10 nM) with Rgg antagonists provided at 10 uM. (F) Relative
luminescence of Psigx-luxAB in S. pyogenes and S. mutans cultures in response to CsA and
valspodar.
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TABLE 3.3: HTS HITS Ko VALUES OBTAINED FROM FP AND ICso VALUES
OBTAINED FROM LUCIFERASE ASSAY

Kg in uM for Rgg3 [ ICso (M)
SHP2-C8 0.22
Cyclosporin A 0.45 203.3
Valspodar 0.55 251.5
Telmisartan 8.3 NT
Simvastatin 9.7 >10 uM
Saquinavir mesylate | 8.5 >10 uM
Olmesartan 19.8 NT

NT, Not Tested

3.3.3. Validation of HTS hits using a cell-based luciferase reporter.

Since Rgg proteins interact with pheromones in the bacterial cytoplasm, the cell surface
and envelope are likely significant barriers to compounds that disrupt these receptor-ligand
interactions. To test the ability of Rgg antagonists to surmount these barriers, a bioluminescent-
reporter strain (BNL148) containing an Rgg-regulated promoter Pshp2-luxAB, was employed that
enables the quantification of Rgg activity in culture. Addition of synthetic pheromone to BNL148
cultures leads to robust induction profiles that exceed the basal level of transcription by more than
100-fold. We asked if Rgg antagonists could block SHP-induced light activity by providing
BNL148 with 10 nM SHP2-C8 together with a 1,000-fold excess (10 uM) of each antagonist
compound (Figure 3.2B). At these concentrations, CsA and valspodar completely abolished light
production, and a third hit, saquinavir, inhibited transcription by approximately 90%. The
remaining compounds telmisartan, olmesartan and simvastatin were less effective, inhibiting light
production by less than 50% (Figure 3.2B).

To further evaluate their specific activity, antagonist compounds were titrated into cultures

of the synthetic SHP2-C8 (sSHP)-induced bioluminescent reporter. The relative luminescence
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activity that followed was used to generate dose-response curves and to calculate the inhibitory
concentrations resulting in 50% reduction (ICso) of the log maximum luminescence activity that
was generated when sSHP2-C8 was provided alone (Figure 3.2C, Table 3.3). CsA and valspodar
were found to be the most active antagonists and had similar sub-micromolar 1Cso values, whereas
saquinavir was 10times less active. A direct correlation was observed between apparent binding
constants of antagonists towards Rgg3, as determined by FP assays, and the compound
bioactivities as seen in transcriptional reporter measurements, with CsA and valspodar displaying
the lowest Kq and 1Cso concentrations. Therefore, only these compounds were pursued in further
analysis. Because Rgg2 and Rgg3 both contribute to shp promoter regulation, we also tested CsA
and valspodar on a reporter strain in which only Rgg2 was present (BNL178). Both compounds
were effective at inhibiting transcription in this genetic background indicating that the inhibitors,
identified using Rgg3, are also capable of inhibiting Rgg2 (Figure 3.2D). Importantly, even at
these high concentrations, none of the compounds, with exception of simvastatin, inhibited culture
growth (Figure 3.2E).

To rule out the possibility that CsA and valspodar inhibited light production in BNL148
by a mechanism independent of Rgg:SHP disruption, perhaps either by blocking SHP-peptide
uptake through the oligopeptide permease transporter (Opp) or by disrupting the luciferase
enzymatic reaction, we tested the antagonists in the ComR-XIP reporter system that also relies on
Opp for XIP transport and luciferase as an assay readout. (59). Psigx-luxAB reporter strains, S.
pyogenes (MGAS315 (pWAR200)) or S. mutans (UA159 (pWAR304)), were each incubated with
10 uM CsA or valspodar in the presence of 100 nM XIP, but light production was not affected
(Figure 3.2F). Therefore, we conclude that CsA and valspodar are inhibitors specific for the

Rgg2/3 quorum-sensing pathway.
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3.3.4. Antagonists block SHP-dependent biofilm development.

We previously reported that addition of SHP pheromones to cultures of S. pyogenes strain
NZ131 stimulates development of biofilms (9, 103), and therefore we asked if the Rgg antagonists
were capable of blocking this phenotype. As documented before, addition of 10 nM sSHP2-C8
peptide to cultures was sufficient to induce formation of biofilm mats of S. pyogenes along the
bottom surface of culture wells. Concentrations as low as 0.625 uM CsA added to cultures together
with SHP peptides were unable to develop biofilms (Figure 3.3). Similar results are shown for
valspodar, in which a concentration of 0.312 uM was sufficient to inhibit the biomass increase
(Figure 3.3). These results confirm that the Rgg2/3 pathway is required for biofilm development

in this system.
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FIGURE 3.3. Rgg3 antagonists prevent biofilm formation. S. pyogenes wild-type strain NZ131
cultures, grown in 24-well plates, were treated with 10 nM SHP2-C8 and various concentrations
of CsA and valspodar. At 24 hours, biofilms were assessed by a standard crystal violet staining
method. Error bars indicate standard error from a minimum of three independent experiments.
[Experiment was performed by Juan C. Jimenez]
3.3.5. Rgg antagonists block quorum sensing in several Streptococcus species.

Rgg-SHP quorum-sensing circuits are conserved in multiple species of Streptococcus (9,
59, 60, 99), where sequence alignments show greater than 50% identity and over 70% similarity
(88). We therefore predicted that Rgg antagonists might block Rgg quorum-sensing pathways in
other species of streptococci. To test this, the inhibitory activities of CsA and valspodar were
assessed using Psnp-luxAB bioluminescent reporters constructed in S. agalactiae (Group B
Streptococcus, GBS), S. dysgalactiae (Group G Streptococcus, GGS) and S. porcinus (Group E

Streptococcus, GES), each important pathogens in their own right. Reporters in GBS and GGS

strains, unlike S. pyogenes, were found to be induced even in the absence of exogenously provided
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SHP peptides, indicating these strains produce endogenous levels of SHP that are sufficient to
induce Rgg-dependent promoters under the growth conditions tested. S. porcinus remained
uninduced in the absence of exogenous SHP and therefore SSHP was needed to stimulate light
production. Under conditions found to produce luciferase in each of these species, CsA and
valspodar were able to inhibit light production by at least 5-fold in each (Figure 3.4); however,

valspodar had only a moderate effect on the S. porcinus strain.

Bl SHP2-C8
Bl SHP2-C8 + CsA
Bl SHP2-C8 + Valspodar
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GBS GGS S. porcinus

FIGURE 3.4. Rgg3 antagonists are effective in multiple streptococcal species. Relative
luminescence activity of Pshp-luxAB transcriptional reporters in multiple streptococcal species in
response to Rgg antagonists (5 uM).
3.4 Discussion

Antimicrobials, whether cidal or growth inhibitory, place strong selective pressures on

bacteria to develop resistance, and their widespread use has accelerated the emergence of resistant

pathogens. Though there is a desperate need for the discovery and production of novel
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antimicrobials, an investment in developing new strategies that target mechanisms of virulence
rather than bacterial growth may offer therapeutic potential that is more sustainable. These so-
called anti-infective therapies (67, 120, 121) would ideally target bacterial pathways that lead to
disease, but not interfere with bacterial growth. Impeding quorum-sensing pathways is a strategy
that conforms to anti-virulence approaches and therefore could lead to an effective therapeutic
tactic.

In this study we identified inhibitors of the Rgg-SHP quorum-sensing signaling pathway
found in streptococcal species. An in vitro fluorescence polarization assay was used to screen
compounds from the Prestwick chemical library that specifically target Rgg3 and compete with
SHP binding. The Prestwick compound library contains compounds approved for human use by
various agencies including the FDA. The library’s drug diversity provides a foundation on which
drug optimization can proceed by medicinal chemistry approaches. Some of the compounds
identified by our screen exhibited sub-micromolar affinity to Rgg3 and blocked transcription of
Rgg controlled promoters without affecting bacterial growth. The most potent inhibitor identified
from the screen, based on the measured binding affinity to Rgg3 and the ICso of luciferase
transcriptional reporters, was cyclosporin A. Cyclosporin was first isolated from the fungus
Tolypocladium inflatum and shown to contain immunosuppressive activities in the 1970s (122,
123). CsA targets cyclophilin and modulates its interaction with calcineurin, inhibiting signal
transduction of T-cell receptor signaling to induce cytokine expression (124-126). A variety of
CsA analogs exist, many without immunosuppressive activities, such as valspodar (PSC 833, [3'-
keto-Bmt1]-Val2]-cyclosporine) (127, 128). Since valspodar is structurally similar to CsA, it is
perhaps not surprising that its Rgg-inhibitory activity nearly matched CsA (ICso = 0.5 uM). Both

inhibitors were found to act specifically on Rgg2 and Rgg3 receptors and did not bind to ComR
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(an Rgg-family homolog whose cognate peptide ligand, XIP, is unlike SHP2/3) or interfere with
ComR-controlled transcription. CsA and valspodar also prevented SHP-dependent biofilm
formation in S. pyogenes and blocked Rgg-SHP mediated QS pathways in several other species of
Streptococcus, indicating the effectiveness of this screening platform, even on a relatively small
library (1280 compounds), to identify inhibitors of multiple organisms containing Rgg quorum-
sensing pathways. Further screening of larger chemical libraries might yield novel scaffolds with
lower ICso properties. The screen also identified inhibitors capable of specifically blocking ComR
and other compounds that inhibited both ComR and Rgg3 proteins and may act as generalist
compounds capable of binding either type of Rgg protein. It will be of particular interest to
elucidate the mechanism underlying non-specific Rgg inhibitors, considering the mechanism of
action leading to their identification relies on competition with peptide pheromone binding to the
receptors. Since SHP and XIP ligands are highly dissimilar, it is not clear at this stage of
understanding how a competitive inhibitor is able to substitute for either ligand.

Rgg proteins likely switch between two functional states whose conformation is
determined by SHP binding. Our studies indicate that Rgg3 binds to DNA and represses
transcription of target promoters in the absence of pheromone. Upon binding SHP, it is predicted
that Rgg3 undergoes a conformational change that makes DNA binding unfavorable, impairing
Rgg3 from acting as a transcriptional repressor. Rgg2 behaves differently from Rgg3 since the
Rgg2:SHP complex binds DNA and induces transcriptional activation. Our studies indicate that
affinity of Rgg2 for DNA is not affected by SHP; instead, SHP likely drives a conformational
change in Rgg2 that favors positive interaction with RNA polymerase (66). Thus for both Rgg2
and Rgg3 proteins, SHP pheromones promote a functional state resulting in increased transcription

of target promoters. Consequently, preventing Rgg:SHP complexes has the combined effect of
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blocking Rgg2-dependent transcriptional activation while simultaneously favoring Rgg3-induced
repression. CsA and valspodar each appear to compete directly with SHP binding to both Rgg2
and Rgg3. Because Rgg inhibitors were selected by their ability to displace FITC-SHP, it is likely
CsA and valspodar share the same or overlapping binding sites on Rgg. Elucidation of the exact
SHP and CsA binding sites on Rgg proteins would greatly facilitate the design of enhanced anti-
Rgg compounds, but will likely require co-complex structure elucidation and targeted mutagenesis
to fully understand the nature of interactions.

A primary aim in the development of anti-virulence therapeutics is to decrease the
pathogenic potential of bacteria without directly inhibiting their growth. Cyclosporin A and
valspodar do not display toxic effects on GAS growth at concentrations at least 20-fold greater (10
HMM) than the effective concentrations needed to inhibit transcription and biofilm development.
Even if a genetic variant resistant to CsA or other inhibitors were to emerge at these elevated
concentrations in bacterial culture, there is no apparent reason it would exhibit a growth advantage.
However, our observations indicate that SHPs give rise to unknown changes of the bacterial
surface that culminate in the development of biofilms (9). Though the physiological significance
of biofilm development remains unclear for GAS, it has been proposed that biofilms could account
for antibiotic treatment failure and recurrence of GAS infections (129). If Rgg-dependent quorum
sensing contributes to biofilm development in vivo, and if Rgg inhibitors block this process, then
GAS quorum-sensing inhibitor (QSI)-resistant variants that emerge as ligand-blind bypass mutants
would be unable to regulate the processes enabling these bacteria to enter, and possibly exit, the
biofilm state. Though such resistant mutants would be non-responsive to a QS inhibitor, they
would also be incapacitated in the ability to respond properly to regulatory systems that

presumably provide an evolutionary advantage, given the absolute conservation of these pathways
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in all sequenced genomes. However, in the face of antibiotic challenge, a QSI-resistant variant that
constitutively conforms to a biofilm lifestyle may have enhanced resistance to antibiotic treatment,
but may also be less pathogenic. A primary concern yet to be addressed in any GAS study is the
consequence that misregulation of any quorum-sensing pathway of GAS plays in pathogenesis. It
should be cautioned that disruption of biofilms may not be ideal, as it has been demonstrated that
dispersion of GAS biofilms as a consequence of enhanced activity of the SpeB protease (a primary

transcriptional target of RopB (Rggl)) in a skin infection model led to enhanced lesions (130).
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IV. Structural and Biochemical Characterization of Rgg2- and Rgg3- type proteins
(Components of this chapter will be submitted for publication to be authored by: Vijay
Parashar*, Chaitanya Aggarwal*, Michael J. Federle, Matthew B. Neiditch, 2014, in preparation)

*Both authors contributed equally

4.1 Introduction

Quorum sensing in Gram-positive bacteria is mediated by peptide pheromones.
Pheromones are either detected by extracellular receptors on the bacterial cell surface, as seen for
the agr pathway of S. aureus, or for the CSP (competence stimulating peptide)-mediated pathway
of S. pneumoniae (13, 24), or are transported into cytoplasm through a peptide transporter to
engage with intracellular protein receptors (87). The intracellular receptors in Gram-positive
bacteria belong to well-characterized RNPP family of proteins which consists of Rap, NprR and
PIcR found in Bacillus species and PrgX found in Enterococcus (40) as its bona fide members. In
the last few years, another class of cytoplasmic receptor that has been revealed is the Rgg family,
which shares low sequence similarity with the RNPP family, however, algorithms that predict
secondary and tertiary folds of proteins indicate that Rgg proteins may share an overall structure
despite their sequence disparity (59, 60).

Rgg proteins are present across the phylum Firmicutes, have been best described in species
of streptococcus where peptide pheromones of at least two classes, called 'SigX inducing peptides'
(XIPs) and 'short hydrophobic peptides' (SHPs), have been identified and shown to affect cognate
Rgg transcriptional activities. Interestingly, multiple rgg paralogs are commonly encoded in an
individual genome. For example, four Rgg paralogs (RopB, Rgg2, Rgg3, and ComR) can be

identified in the S. pyogenes genome and account for widespread regulatory roles that includes
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virulence gene regulation, biofilm development, and induction of a cryptic competence regulon (9,
59, 131, 132). The S. pyogenes Rgg2 and Rgg3 (Rgg2spy and Rgg3spy) proteins are the most alike
among the four paralogs (75% similar), and in fact, both bind to SHP2 and SHP3 with similar
affinities (103) and both bind to the same DNA sequences upstream of target promoters (66). The
net effect of adding SHP pheromone to bacteria results in robust expression of Rgg2/3-controlled
promoters; however, the mechanism by which Rgg2 and Rgg3 affect transcription is by opposite
means. Rgg3 serves to repress transcription in the absence of pheromone. Conversely, Rgg2
induces transcription, but only in presence of SHP peptide (9). Therefore, these proteins work
together to keep transcription off in the absence of pheromone, and turn transcription on when
pheromone is present. How these changes are instilled at the molecular level remains unknown.
The X-ray crystal structures of each bona fide protein member of RNPP family have been
solved (39, 50, 54, 104). Though these proteins share common structural features, but interestingly,
their structures revealed that their mechanisms of action in response to cognate peptide
pheromones are rather distinctly different (40). This implies that even if the predicted structures
of Rggs are similar to those of RNPP family members, the response of Rggs in response to cognate
SHPs cannot be accurately predicted in absence of X-ray crystal structure of their own. Rgg
proteins have been shown to be involved in controlling a variety of physiological functions such
as regulation of virulence factor (SpeB) in S. pyogenes (131, 133-135), biofilm production (9, 103),
bacteriocin production by S. mutans (136), interspecies communication in streptococci (88), and
pathogenicity regulation in S. agalactiae (137, 138). Solving the structure of widely spread Rgg
proteins provides an opportunity to elucidate the receptor-ligand nature of Rgg signaling
mechanism. Some inhibitors that block Rgg function have been discovered (chapter 3). Further,

knowing the structure of Rgg proteins may assist in performing structure-activity relationships
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which may lead to better design of Rgg inhibitors and will therefore, improve our ability to
manipulate a variety of bacterial behaviors controlled by Rgg proteins.

Previously, we elucidated identity of SHP pheromones (103) and discovered Rgg inhibitors
using a high-throughput screen. This study presents the first X-ray crystal structure of an Rgg
protein (the crystal structure was solved by Neiditch lab at Rutgers University and mutagenic
analysis of Rgg was done in Federle lab). Rgg 0529 of S. dysgalactiae (Rggsays), whose sequence
is 86% identical to Rgg2 of S. pyogenes, was crystalized and structure determined at a resolution
of 2.05 A in absence of any ligand. Structure of Rgg bound to its inhibitor cyclosporin A (CsA)
was also solved at a resolution of 1.95 A. In vivo genetic analysis on Rggsays protein was carried
out by site-directed mutagenesis and mutants were tested for activity using transcriptional reporter
system in S. pyogenes to find out critical residues involved in response to SHPs and CsA. Rgg
structure suggested presence of a disulfide bond in it indicating a potential redox sensing
mechanism for this protein. Gel-filtration chromatography and analytical ultracentrifugation data
revealed change in oligomeric state of Rgg3 upon SHP binding. Overall, the findings provide a
mechanism for inhibition of Rgg by its chemical inhibitor and an explanation for Rgg3 working
as a transcriptional repressor.

4.2 Materials and methods

Bacterial strains, plasmids and culturing conditions. Bacterial strains and plasmids used
in this study are listed in Table 4.1. S. pyogenes and S. dysgalactiae subsp. equisimilis (Group G
Streptococcus, GGS) were routinely grown in Todd-Hewitt medium (BD Biosciences)
supplemented with 0.2% (wt/vol) yeast extract (Amresco) (THY), or in a chemically-defined
medium (CDM) (9) containing 1% (w/v) glucose. Luciferase-reporter assays were performed by

growing reporter strains in CDM. When necessary, antibiotics were included at the following
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concentrations for S. pyogenes: chloramphenicol (Cm), 3 ug ml%; erythromycin (Em), 0.5 ug ml”
1. spectinomycin (Spec), 100 pug ml™. E. coli strains XL10-Gold (Stratagene) and BH10C (89)
were used for cloning purposes and were grown in Luria broth (LB) or on Luria agar with
antibiotics at the following concentrations: chloramphenicol, 10 ug ml™; erythromycin, 500 ug ml
1. spectinomycin, 100 ug ml™?, ampicillin 100 ug ml™. The E. coli expression strain C41 (DE3)
(90) was maintained on LB agar with ampicillin.

Construction of plasmids and mutants. Construction of derivative strains and luciferase
reporters have been discussed in detail previously (9, 88, 91). Plasmid pCA113 (rgg_0529 of S.
dysgalactiae LT1 strain expressed under its own promoter) was obtained by PCR amplifying
rgg_0529 gene along with 89 bp upstream region from genomic DNA of S. dysgalactiae LT1
strain using primers pCA113_fwd and pCA113_Rev2 and cloning them into pLZ12-spec plasmid
using Bglll and EcoRl restriction sites. Genotypes were confirmed by PCR and sequencing. Site-
directed mutagenesis was conducted on pCA113 using complementary PCR primers (listed in
Table 4.2) containing targeted mutations in rgg_0529 and then doing PCR using QuikChange
lightning site-directed mutagenesis kit (Stratagene catalog number 210518).

Fluorescence polarization (FP): FP assays were performed as described in detail earlier
(103). Briefly, for the direct-FP assay, the concentration of N-terminal FITC-labeled synthetic
SHP2 was kept constant at 10 nM for all reactions. Purified His-Rgg_0529 was serially diluted,
ranging from 10 uM to 5 nM, and mixed with peptide in a final reaction volume of 50 uL in protein
storage buffer (20 mM Tris, pH 7.5, 200 mM NaCl, | mM EDTA, 10mM B-mercaptoethanol, 20%
(v/v) glycerol). For FP, the storage buffer was supplemented with 0.01% Triton X-100 and

0.1mg/ml BSA. Polarization values were measured using a BioTek Synergy 2 plate reader and the
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resulting millipolarization (mP) values were plotted for each protein concentration tested to assess
protein-peptide interactions (93).

For competition-FP assay, 10 nM FITC-SHP2-C8 was incubated for 10 minutes with the
concentration of Rgg corresponding to the Kq value, as determined from the direct-FP assay (500
nM His6-Rgg_0529). Reactions were then titrated against serial dilutions of unlabeled peptide. mP
values were determined as described above.

Luminescence transcriptional reporter assays. To assess the transcriptional activity of
Rgg mutants, luciferase reporter strain BNL200 (Table 4.1) was transformed with plasmids
expressing either wild-type Rgg or its mutant form (pCA113-pCA129). This strain was grown to
an exponential-growth phase ODegoo 0f 0.1 in CDM. 100 pl of this culture was then dispensed to a
96-well, clear-bottom plate with each well containing either 10 nM SHP2-C8 or 10 nM SHP2-C8
with 10 uM of compound. Decanal, the aldehyde substrate required for luciferase, was provided
as a 1% solution in mineral oil and was included in the plate in spaces outside of the bioassay
wells, as has been described previously (91, 92). The plate was lidded, sealed, and read in a
Synergy 2 plate reader (BioTek) set to 37°C with continuous shaking to prevent cells from settling
at the bottom of the plate. The ODeoo and luminescence values (in counts per second, cps) were
monitored every 15 minutes for eight hours. The maximum cps/ODsoo (relative luminescence)
reached by each culture was plotted for Figure 4.3, 4.5B and 4.6.

Size-exclusion chromatography (SEC). MBP-Rgg2 and Rgg3 proteins in their respective
storage buffers as described before (9, 66) were filtered through 0.22 um filter unit (VWR). Sample
for analysis was prepared by separately incubating 14 uM each protein with either 14 uM Reverse-
SHP-C8 or 14 uM SHP2-C8 for 30 minutes on ice. 200 pl of this sample was then injected using

a 500 pl loop onto a Superdex 200 10/300 GL column (GE Healthcare) pre-equilibrated with the
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sample buffer. Size-exclusion experiments were performed on an AKTA Purifier (GE Healthcare)
with a flow-rate of 0.5 ml/min and elution profile was monitored by absorbance at 280 nm. The
molecular weights of eluted protein peaks were estimated by running a calibration gel-filtration
standard (Bio-Rad catalog number 151-1901) on the column before every experiment.
Analytical ultra-centrifugation (AUC). Rgg3 protein was dialyzed in PBS and diluted to
0.3 mg/ml (~9 uM). AUC experiment was run at Keck’s Biophysics Facility at Northwestern
University. The protein samples, in absence or presence of 10 uM SHP2-C8, were centrifuged at
50,000 rpm for 7 hours. Rotor was maintained at 4°C throughout the run and absorbance was
measured at 280 nm. Data was analyzed using UltraScan 9.9 software suite and the UltraScan
Public LIMS database (University of Texas, San Antonio) at The Advanced Computing Center
(University of Texas at Austin) (139). Preliminary van Holde - Weischet plot of the edited scans
was used to obtain model-independent and diffusion corrected range for the sedimentation
coefficients for each sample (140). The range was used to initialize a 2-dimensional spectrum
analysis (2DSA) with noise fitting routines. After all the systematic noise was removed from this
data, the van Holde - Weischet analysis was repeated using the refined data. 5% of the boundary
values were excluded from the top and the bottom of the boundary to eliminate potential stochastic
noise contributions. The values obtained above were used to initialize a new 2-dimensional

spectrum analysis of the noise-corrected dataset with 40 Monte-Carlo iterations (141-143).
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TABLE 4.1: BACTERIAL STRAINS AND PLASMIDS USED IN THIS STUDY

Straln_/ Description Reference
plasmid
NZ131 Wild-type S. pyogenes M49 strain (94, 95)
GGS-LT1 S. dysgalactiae subsp. equisimilis strain with Pshpo-iuxag On a pLZ12- (88)
(pLC301) spec plasmid
BNL178 NZ131 Argg3, shp3eeeshp2cce::Pshp2-luxAB (103)
NZ131 Ashp3Ashp2 (both ATG—GGG) Argg2 with integrated .
BNL200 oBLIL1 (PsﬁpZ-Iug AB() ) Argg & This study
Shuttle-suicide vector that integrates at streptococcal bacteriophage
SN T12 attB site; Erm’ ’ i i (96)
pBL111 DNA fragment containing the shp2 promoter (500 bp) fused to 9)
luxAB and cloned into p7INT; Erm’
pLZ12-spec gggétrle vector encoding spectinomycin resistance; pWV01 origin; (97)
Rgg_0529 (S. dysgalactiae) cloned with its own promoter between .
PCALLS Bgﬂ_l and E(coRBII sgijtes in pl_)le-spec plasmid i This study
pCA114 Rgg 0529 (R81A) with pCA113 as parent plasmid This study
pCA115 Rgg 0529 (N150A) with pCA113 as parent plasmid This study
pCA116 Rgg 0529 (N153A) with pCA113 as parent plasmid This study
pCAl1l17 Rgg_0529 (Y222A) with pCA113 as parent plasmid This study
pCA118 Rgg 0529 (K178A) with pCA113 as parent plasmid This study
pCA119 Rgg 0529 (D217A) with pCA113 as parent plasmid This study
pCA120 Rgg_0529 (L219A) with pCA113 as parent plasmid This study
pCA121 Rgg_0529 (Truncation 275-284) with pCA113 as parent plasmid This study
pCA122 Rgg_0529 (Truncation 280-284) with pCA113 as parent plasmid | This study
pCA123 Rgg_0529 (Y84A) with pCA113 as parent plasmid This study
pCA124 Rgg_ 0529 (1146A) with pCA113 as parent plasmid This study
pCA125 Rgg 0529 (L262A) with pCA113 as parent plasmid This study
pCA126 Rgg_0529 (L183A) with pCA113 as parent plasmid This study
pCA127 Rgg 0529 (L187A) with pCA113 as parent plasmid This study
pCA128 Rgg_0529 (C45S) with pCA113 as parent plasmid This study
pCA129 Rgg 0529 (N190A) with pCA113 as parent plasmid This study
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TABLE 4.2: PRIMERS USED IN THIS STUDY

Name

Sequence

pCA113_fwd

GCGTGagatctGACAGCTTCCTTTCTGATT

pPCA113 Rev (2)

GCGTGQaattcTTAACCTTCTTCCTCATCTTCTTCATC

pCA114-R81A_fwd

CTACATTTTTCTCAGCATAATATTTCGCTACCCGACTTAGCAG
TGT

pCA114-R81A Rev

ACACTGCTAAGTCGGGTAGCGAAATATTATGCTGAGAAAAA
TGTAG

pCA115-N150A_fwd

GTTGTAATTAATAAAGCGTGAGCAAGCGCCTAACAAAATAA
TTTCGTAATA

pCA115-N150A_rev

TATTACGAAATTATTTTGTTAGGCGCTTGCTCACGCTTTATTA
ATTACAAC

pCA116-R153A Fwd

AAAATAAGGTGTTGTAATTAATAAAGGCTGAGCAATTGCCT
AACAAAATAATTT

pCA116-R153A_Rev

AAATTATTTTGTTAGGCAATTGCTCAGCCTTTATTAATTACAA
CACCTTATTTT

pCA117-Y222A_Fwd

CATATAAAAAGACAGTCTTTTCAGCAAAGTTAAGCTCATCTC
GCAACAAAAACTCAA

pCAL17-Y222A_Rev

TTGAGTTTTTGTTGCGAGATGAGCTTAACTTTGCTGAAAAGA
CTGTCTTTTTATATG

pCA118-K178A_Fwd

TGTTTTGTTGGTCGCATTTTGCTCTGAATAAGCAAACGATGT

pCA118-K178A_Rev

ACATCGTTTGCTTATTCAGAGCAAAATGCGACCAACAAAAC
A

pCA119-D217A_Fwd

AGTCTTTTCATAAAAGTTAAGCTCAGCTCGCAACAAAAACTC
AA

pCA119-D217A_Rev

TTGAGTTTTTGTTGCGAGCTGAGCTTAACTTTTATGAAAAGA
CT

pCA120-L219A Fwd

TATAAAAAGACAGTCTTTTCATAAAAGTTAGCCTCATCTCGC
AACAAAAACTCAA

pCA120-L219A_Rev

TTGAGTTTTTGTTGCGAGATGAGGCTAACTTTTATGAAAAGA
CTGTCTTTTTATA

pCA121-Trunc
1 Fwd

AACATTACCGTAAGGAAGTCTAAGAATTCATCTGCAGGGG

pCA121-Trunc
1 Rev

CCCCTGCAGATGAATTCTTAGACTTCCTTACGGTAATGTT

pCA122_Trunc2_Fw
d

CCCCTGCAGATGAATTCTTATTCTTCATCTCCAAGGACTT

pCAl122_ Trunc2_Re
%

AAGTCCTTGGAGATGAAGAATAAGAATTCATCTGCAGGGG

pCA113 Fwd seq

GCCCGCTTTCCAGTCGGGAAACCTGT

pCA123_Y84A_Fwd

GCTACATTTTTCTCAGCAGCATATTTCCTTACCCGACTTAGCA
GTGTAAA
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pCA123_Y84A Rev

TTTACACTGCTAAGTCGGGTAAGGAAATATGCTGCTGAGAA
AAATGTAGC

pCA124_1146A Fwd

GCAATTGCCTAACAAAGCAATTTCGTAATACCCCCACTGTTC
GACA

pCA124_1146A_Rev

TGTCGAACAGTGGGGGTATTACGAAATTGCTTTGTTAGGCAA
TTGC

pCA125_L262A_Fwd

GTAATGTTCCTTATAGCTGTAGTAAGCAGCGTCTTCTCCAAG
ATATTTGAAA

pCA125_L262A_Rev

TTTCAAATATCTTGGAGAAGACGCTGCTTACTACAGCTATAA
GGAACATTAC

pCA126 L183A Fwd

TTAATCGATAACTGAGTTACTGCTGTTTTGTTGGTCTTATTTT
GCTCTGAATAAGC

pCA126_L183A_Rev

GCTTATTCAGAGCAAAATAAGACCAACAAAACAGCAGTAAC
TCAGTTATCGATTAA

pCA127 L187A_Fwd

ACTGATAATCAGGCAATTAATCGATGCCTGAGTTACTAATGT
TTTGTTGGTC

pCA127_L187A_Rev

GACCAACAAAACATTAGTAACTCAGGCATCGATTAATTGCCT
GATTATCAGT

pCA128_C45S_Fwd

AAGATTAAGTAAACGACTACTGCTGATTTCTGACTCTCCAC

pCA128_C45S_Rev

GTGGAGAGTCAGAAATCAGCAGTAGTCGTTTACTTAATCTT

pCA129 N190A Fw
d

ATCAATACTGATAATCAGGCAAGCAATCGATAACTGAGTTA
CTAATGTTTTGTTGG

pCA129 N190A_Rev

CCAACAAAACATTAGTAACTCAGTTATCGATTGCTTGCCTGA
TTATCAGTATTGAT
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4.3 Results
4.3.1. Oligomeric state of Rgg2 and Rgg3.

Proteins of RNPP family are dimeric in nature (40) and upon interaction with their cognate
peptide pheromones; PrgX and NprR change their oligomeric state (50, 54). The change in
oligomeric state is critical for their mechanism of action. NprR changes from a dimer to a
tetrameric protein in response to NprX peptide; this tetramer then has a functional interaction with
DNA to activate the transcription of downstream genes (50). PrgX, on the other hand, is a dimer
of dimers but upon interaction with cCF10 peptide (see chapter 1 for details), it changes to two
dimers and this rearrangement allows for de-repression of target genes (54) . The oligomeric state
of Rgg proteins and effect of SHP binding on it is not yet known and may unearth information as
to how Rgg2 act as a transcriptional activator and Rgg3 as a repressor. Therefore, we first sought
to investigate the oligomeric state of Rggs in absence and presence of SHP peptide. MBP-Rgg2
and Rgg3 were analyzed by size-exclusion chromatography (SEC). The SEC column used had a
void volume of 8 ml. It was first calibrated by running a cocktail of protein molecular weight
standard (see methods). The retention volume of elution for each specific molecular weight was
recorded. MBP-Rgg2 showed two-distinct elution peaks on SEC column. One of these peaks
corresponded with the size of MBP-Rgg2 dimer (based on the elution profile of the molecular
weight standard) (Figure 4.1A). The second peak was observed to be eluted within first 8 ml from
the column. Any elution peak that comes out of the column in this volume implies that it is larger
than the molecular weight limit of the size-exclusion resin packed in the column. The upper

molecular weight limit of this column was 600 kDa; therefore, this observed peak in the void
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volume could have been the resident aggregate fraction of the protein preparation (Figure 4.1A).
The effect of SHP binding on oligomeric state of Rgg2 was then analyzed by incubating Rgg2
with equimolar amount of SHP2-C8 and analyzing again on SEC column. Rgg2 peaks eluted at
same retention volumes as observed in absence of peptide, suggesting that binding to peptide does
not cause change in oligomeric form of Rgg2 (Figure 4.1A).

Similarly, to assess the oligomeric state of Rgg3 protein, SEC was employed. In absence
of peptide, Rgg3 showed three elution peaks, corresponding to its dimer, tetramer and an aggregate
(Figure 4.1B). Interestingly, in presence of equimolar amount of SHP2-C8, there was an increase
in area of aggregate peak and a 2-fold decrease in area of the dimeric peak. These results suggested
that Rgg3 has conformational heterogeneity and peptide binding favors higher oligomeric form of
Rgg3 (Figure 4.1B).

The limitations of SEC analysis are that it cannot provide exact molecular weight of the
species that elute in void volume of the column and neither can it quantify the relative amount of
void volume species. For these reasons and to confirm SEC result, another technique was
employed known as sedimentation velocity analytical ultracentrifugation (AUC), which can
measure the molecular weight and relative quantity of each individual species present in the
sample. AUC experiments were performed on Rgg3 in absence and presence of SHP2-C8. AUC
confirmed the observations made from SEC. In absence of peptide, Rgg3 primarily existed as a
dimer (~80%) with 10% each of tetramer and higher oligomeric form (Figure 4.1C). The higher
oligomeric form whose mass was at least 12 times the monomeric mass of Rgg3 increased four
times in presence of the peptide, whereas the dimeric form decreased 2-times, thus, confirming the

SEC results (Figure 4.1C).
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FIGURE 4.1. Oligomeric state of Rgg2 and Rgg3. (A) Size-exclusion chromatography (SEC)
elution profile of MBP-Rgg2 shows presence of a dimer peak and an aggregate of the protein
eluting out in void-volume of the column. (B) SEC analysis of Rgg3 revealed presence of dimer,
tetramer and higher oligomer in solution. Presence of SHP pheromone drove Rgg3 to higher
oligomeric form, which was confirmed by sedimentation velocity analytical-ultracentrifugation
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4.3.2. Rggsdys X-ray crystal structure.

The X-ray crystal structure of Rggsays (encoded by rgg 0529, referred to as Rgg2
henceforth) without bound ligand was determined to a resolution of 2.05 A (Figure 4.2). There
were four Rgg2 protomers in the crystallographic asymmetric unit, but for simplicity, only two of
those (protomer A, B) are shown in figure 4.2. Gel filtration analysis established that Rgg2 forms
homodimers in solution (Figure 4.1A), and this result is consistent from the crystal structure
showing dimer interfaces of protomers A-B. Each monomer consists of an N-terminal helix-turn-
helix DNA-binding domain (HTH) (residues 1-66) connected by a short linker region (residues
67-70) to a large C-terminal domain (residues 71-284) comprising five repeated a-helical motifs.
Both the N- and C-terminal domains mediate contacts across the dimer interface, and the N- and
C-terminal domains are swapped around the approximate two-fold axis (Figure 4.2A). The
structure showed a concave ligand binding pocket, highlighted in Figure 4.2B.

Comparison of the Rgg2 N-terminal HTH structure to all previously determined structures
in the PDB showed that the domain is most structurally similar to members of the Cro/C1 family
of helix-turn-helix DNA binding domains (DBD). Members of this family of DBDs contain five
a-helices in which helices a2-a3 and the linker connecting them form the HTH fold. Helix a3 is
the principal DNA binding helix, and residues in helices a4, a5, and the loop connecting a3 and
o4 mediate DBD homodimerization. The Rgg2 X-ray crystal structure revealed that the Rgg
protein HTH is covalently linked across the dimerization interface by a disulfide bond in helix a4

involving residue Cys-45 (Figure 4.2A).
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FIGURE 4.2. Apo-structure of Rgg2. (A) Rggsays structure. Helices are shown as cylinders. The
Rgg domain is labeled with “R” labels and HTH DNA binding domain with “o” labels.
Intermolecular disulfide bond formed by residues Cys45 is shown by stick model. (B) Surface of
Rggsays showing the concave peptide/CsA binding pocket. [Structure solved by Dr. Matthew
Neiditch]

4.3.3. Identification of the SHP binding site.

The concave surface of the C-terminal repeat domain was identified as the peptide-
pheromone binding site in pheromone receptors in Bacillus and Enterococcus species (39, 53, 54).
We hypothesized that the Streptococcus Rgg receptors similarly employed the concave surface of
their repeat domain as the SHP binding site. To test this hypothesis we developed a test-bed assay
system using a Argg2 Ashp2Ashp3::Psap2-luxAB (BNL200) strain of S. pyogenes that is unable to
produce or respond to SHP pheromones. When the S. dysgalactiae wild type (WT) rgg2 gene was
transferred to the test-bed strain, response to synthetic SHP peptides was completely restored, as

indicated by luminescence activity produced by the integrated Pshp2-luxAB reporter (Figure 4.3A).

This luminescence response was inhibited by Rgg inhibitors previously identified cyclosporin A
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(CsA) and valspodar (Figure 4.3A). Variants of Rgg2, containing targeted alanine substitutions of
the concave surface, were then transferred to the test bed and assessed for their response to
synthetic SHP pheromones (Figure 4.3B). Rgg2 variants N150A, R153A, N190A, and Y222A
were completely insensitive to SHP peptide. Some Rgg2 variants (R81A, L183A, L219A)
exhibited lower sensitivity to SHP peptide compared to wild-type Rgg2 (Figure 4.3B).

Only surface-exposed residues throughout the concave surface of the repeat domain were
targeted for site-directed mutagenesis in order to minimize the effects of the mutations on Rgg2
folding; however, for those Rgg?2 variants that didn’t respond to 10 nM SHP at all (N150A, R153A,
N190A, Y222A), we determined that these proteins were folding-competent by measuring their
response to SHP2 at a concentration 100-fold higher than the ECsy, i.e., 1,000 nM instead of 10
nM (Figure 4.3C). All the above discussed mutants that showed lower sensitivity to SHP support
the hypothesis that SHP2 activates Rgg2 by binding to the concave surface of the Rgg2 C-terminal
repeat domain. However, to find all the residues involved in Rgg2-SHP interaction, a more

saturating random mutagenesis screen would be required.
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FIGURE 4.3. GAS complementation with Rggsdys in luciferase reporter and Rgg activity. (A)
Relative luminescence activity of the Psnp2-1ixas reporter in response to exogenous sSHP2-C8 in
presence of Rggspy (red) and Rggsdys (green) in Argg2 background. Luminescence is inhibited by
CsA and valspodar. (B) Luciferase response of Rgg2 mutants in GAS test bed. (C) Response of
Rgg2 mutants to 1000 nM SHP2-C8. (D) Luciferase response when chromosomally encoded wild
type Rgg2 was poisoned with non-functional Rgg2 mutants. Plots indicate the means of at least
three independent experiments.

N150A and N190A were the only two mutants which did not respond to even 1,000 nM
SHP. These two mutants were separately transformed into a reporter strain containing WT Rgg?2
on the chromosome but lacking Rgg3 (BNL178) to test for their ability to form mixed heterodimers
with WT Rgg2 and poison the activity of the wild-type protein, presuming that misfolded variants

would not interfere with the wild type’s ability to induce luciferase. The hypothesis was if these

mutants remained capable of normal folding they might be capable of forming mixed-dimers with
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chromosomally-encoded, wild-type Rgg2 polypeptide. We reasoned that a mixed dimer would
form a poisoned complex, unable to produce a fully functional transcriptional activator since the
mutant was completely incapacitated at responding to SHP. A strain expressing the mutant allele
on a multi-copy plasmid together with the wild-type allele in single copy from the chromosome to
display significantly lower luminescence compared to a strain expressing the wild type alone. In
this assay, expression of mutant alleles results in a decreased luminescence activity, and is in-line
with the prediction that mutagenesis would de-sensitize Rgg to pheromone; however, light
production was only diminished ~2-fold compared to the strain expressing WT Rgg2 (Figure
4.3D). It remains difficult to fully interpret these results since the degree to which mixed dimers
form in vivo is unknown. Further, it remains possible that mixed heterodimers may remain
somewhat functional when one-half of the dimer contains the wild-type allele. Therefore, further
analysis on these particular mutants is necessary to elucidate the mechanism of their malfunction.
4.3.4. Rgg2-CsA complex X-ray crystal structure.

Previously, we showed that CsA inhibits SHP2 activation of S. dysgalactiae Rgg2 in vivo
(Chapter 3), and because sequence similarity between Rgg2spy and Rgg2says is considerable (92%),
and because both proteins recognize identical SHP pheromones, we tested the possibility that CsA
was capable of directly interfering with Rgg2says in vitro by fluorescence polarization (FP). Using
FP, SHP2 and CsA bound S. dysgalactiae Rgg2 (Figure 4.4A, B) with similar binding affinities

(~500 nM) as shown earlier with S. pyogenes Rgg proteins.
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FIGURE 4.4. FP analysis of SHP and CsA interaction with Rggsays. (A) Direct fluorescence
polarization (FP) of 10 nM FITC-SHP2-C8 synthetic peptide titrated with purified Rggsays. (B)
CsA competes directly with FITC-SHP2-C8 for binding to 500 nM Rggsays in the FP assay. Plots
indicate the means of at least three independent experiments. Kq values were determined by
applying linear-regression on dose-response curves using GraphPad Prism (version 6.01).

To gain functional insight into how CsA functions to inhibit SHP-triggered Rgg2
transcriptional activity, we determined the Rgg2—-CsA complex X-ray crystal structure refined to
1.95 A resolution (Figure 4.5A). Clear electron density corresponding to CsA was observed in all
four copies of Rgg2 in the crystallographic asymmetric unit; that is, each Rgg2 protomer was found
to bind CsA. Moreover, CsA makes extensive interactions throughout the concave surface of the
Rgg?2 repeat domain (Figure 4.5A)

To begin to determine which of the receptor-ligand interactions observed in the Rgg2-CsA
complex crystal structure are functionally important, we measured the ability of CsA to inhibit
SHP-induced activity of Rgg2 mutants containing single alanine substitutions in Rgg2-CsA
interfacial positions (Figure 4.5A, residues highlighted in green). Our structural data suggested
that the SHP2 and CsA binding sites overlap significantly, and consistent with these results we

found that many of the Rgg2 CsA binding residues (N150, R153, N190, Y222) are required for

SHP2 activation of Rgg2 (Figure 4.3B). However, we also identified a few Rgg2 residues (Y84,
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K178, L187, Figure 4.5B) that were suspected to be required for CsA-mediated inhibition of SHP-
induced Rgg2 activity but dispensable for SHP2-mediated activation. These residues were targeted
for alanine replacement and were subjected to SHP+CsA treatment. Luminescence activities
indicated these residues mediated critically important interactions with CsA but appeared to have
less contribution to SHP2 binding energy. These data, together with the genetic and biochemical
results described above, show that CsA and SHP2 compete for overlapping non-identical Rgg2

binding sites.
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FIGURE 4.5. Rgg2-CsA crystal structure and CsA binding residues. (A) X-ray crystal
structure of Rgg2 bound to CsA. Contact residues are highlighted in green. (B) Luciferase response
(reporter BNL200) of Rgg2 mutants that respond to SHP but do not respond to CsA. Plot indicates
the means of at least three independent experiments. [Figure in panel A produced by Dr. Matthew
Neiditch]
4.3.5. Rgg proteins contain a cys-cys disulfide bond.

The X-ray crystal structures of S. dysgalactiae Rgg2 alone and complexed with CsA

revealed a surprising finding: the presence of an intermolecular disulfide bond formed between the
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HTH domains by residue Cys-45 located in HTH domain. This cysteine residue was found to be
conserved in all Rgg2/3 orthologs across multiple species of streptococci found in Genebank, but
the cysteine is not present in any other homologs of Rggs, like Rggl or Rgg4.

To examine the biological importance of this disulfide, we made C45S mutant of Rgg2 and
tested using luciferase reporter assay as described above. This mutant showed ~3-fold less
activation compared to WT Rgg2 (Figure 4.6A). Because this mutant didn’t show significant loss
of activity to SHP, a conclusion on biological significance of cys-45 with respect to SHP signaling
could not be drawn. To further analyze the cys45 residue, we attempted to affect the redox state of
the reporter cells in vivo by adding either reducing agents (10 mM DTT and 2.5 mg/ml N-acetyl
Cysteine, NAC) or oxidizing agent, paraquat (10 mM) to the S. pyogenes culture. The hypothesis
was that if this disulfide bond is required for responding to SHP, adding reducing agent may not
allow its formation, which may result in lower light activity of the reporter cells. On the contrary,
in presence of an oxidizing agent, there might be more efficient formation of this disulfide bond,
and if it is required for SHP signaling, such a setting may result in higher light activity from the
bio-luminescence reporter. The bioluminescent reporter culture (BNL178, Table 4.1) was treated
with each of the reagents mentioned above along with SHP2-C8 and tested for light production.
However, no difference in light activity was observed in these experiments (Figure 4.6B).

Therefore, at this stage, the role of this disulfide bond remains unclear.
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FIGURE 4.6. Characterization of cys-45 residue. (A) Luciferase response of C45S mutant in
BNL200 reporter strain compared to WT Rgg2. (B) Luciferase response of WT Rgg?2 in presence
of reducing agents (10 mM DTT and 2.5 mg/ml N-acetyl Cysteine, NAC) or oxidizing agent,
paraquat (10 mM).
4.4 Discussion

Prior to this study, only structures available for Gram-positive cytosolic QS regulators were
those of Rap, NprR, PrgX and PIcR (39, 50, 53, 54, 104, 144). From these structures, it was learned
that though they are structurally similar and are marked by presence of same domains, their mode
of actions are rather distinct. Therefore, using these structures as a reference, accurate predictions
for mode of action of Rgg proteins could not be made. Despite the growing significance of Rgg
and Rgg regulated pathways, prior to this work we lacked deeper understanding of Rgg
functionality. It was imperative to undertake this study seeking to reveal the mechanism of action
of Rgg proteins at atomic level.

Here we report biochemical, genetic and structural characterization of Rgg proteins. Gel-
filtration chromatography and analytical ultracentrifugation experiments showed that Rgg3

progresses from a primarily dimeric state in absence of SHP to a multimeric state in presence of

SHP, whereas Rgg2 does not undergo an oligomeric change and stays a dimer. X-ray structure of
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Rggsqys (Rgg2) confirmed the finding that Rgg2 is a dimer. Structural and genetic characterization
of Rgg2 elucidated some important residues involved in responding to SHP peptide. Structure
showed presence of a cysteine-cysteine disulfide bond in Rgg2 HTH domains. Rgg2-CsA complex
structure showed that there are overlapping sites between SHP and CsA binding on Rgg and CsA
binds competitively to Rgg2 in the concave surface where SHP binds.

Rgg2 and Rgg3 are highly similar proteins with sequence similarity of 75%, however, they
have antagonistic activities for transcription of target genes. Conversion of Rgg3 to a higher
oligomeric form in presence of SHP could imply that Rgg3 forms non-functional structures and
releases the DNA for Rgg?2 to activate transcription, which is in concordance with our previously
proposed model that both Rgg2 and Rgg3 compete for DNA binding to regulate this circuit (66) .
Once Rgg3 forms these higher order structures, it may no longer be able to bind DNA again and
therefore, in presence of SHP, relieve of repression by Rgg3 is irreversible. Future studies would
require characterization of Rgg3 in vivo to confirm that change in its oligomeric state is not an
artifact of in vitro biochemical characterization. Structure of Rgg3 in complex with SHP will allow
for greater understanding as to how it can change its oligomeric state whereas Rgg2 cannot.

The Rgg2 structure showed that the Rgg proteins have identical domain architectures to
PrgX, NprR, and PIcR proteins, i.e., an N-terminal HTH DNA binding domain and C-terminal
helical repeat TPR domains. Indeed, searching the PDB for proteins structurally similar to Rgg2
identified PrgX (54), PIcR (53), NprR (50), and Rapl (Rapl contains a repeat domain but no HTH)
(104), with corresponding Z-scores of 19.2, 13.1, 11.7, and 10.7 (145, 146). Furthermore, Psi-Blast
analysis of PIcR and PrgX was shown to return the Rgg proteins RggD and MutR belonging to S.
gordonii and S. mutans, respectively (39). It was previously proposed based largely on functional

similarity and predicted secondary structure that the RNPP family should include the Rgg proteins
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(59, 60, 88). Based on the structural similarity of S. dysgalactiae Rgg2 to PrgX, PIcR, NprR, and
the Rap proteins, as the role of all of these proteins as peptide pheromone receptors, the Rgg
proteins can be definitively included as bona fide members of the RNPP family and extend the
family acronym to RRNPP (Rgg, Rap, NprR, PIcR, PrgX).

Previously, studies of RNPP structures showed repeat domain concave surface as the
peptide pheromone binding site (39, 50, 53, 54, 144). Consequently, we hypothesized that the
residues of concave surface on Rgg2 protein might be involved in interacting with SHPs. Site
directed mutagenesis of those residues showed that indeed concave surface residues of Rggs are
involved in responding to SHPs as these mutants lost their sensitivity to SHP. Two of these site
directed Rgg2 mutants, N150A and N190A, completely lost their activity as they did not respond
even to excess SHP (1000 nM). Furthermore, the experiments performed by poisoning WT Rgg2
with these non-functional mutants proved non-conclusive. Hence, these two residues provide an
opportunity to gain a better understanding of Rgg2 protein function. Future experiments would be
required to characterize the importance of these residues by mutating N150 and N190 to similar
amino-acids such as either a glutamine or a aspartic acid. Nevertheless, our genetic studies of S.
dysgalactiae Rgg2 identify this surface as the binding site for linear SHP pheromones. To fully
understand the transcription activation mechanism of Rgg2 in response to SHP, future work would
be needed focusing on X-ray crystal structure of Rgg-SHP and Rgg-SHP-DNA complex.

Rgg2 structure showed presence of a cysteine-cysteine disulfide bond formed between the
HTH domains of Rgg monomers. Mutating this cysteine to a serine did not significantly affect the
Rgg activity in response to SHP. Changing the oxidative state of the reporter cells with reducing
and oxidizing agents also did not affect the response of reporter culture to SHP. Though this

cysteine 45 residue seems to be absolutely conserved in all the Rgg2 and Rgg3 alleles across
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phylum Firmicutes, its biological relevance with respect to SHP signaling is still not clear. It
remains to be seen if there are cues other than SHPs, like oxidative conditions, that Rggs respond
to using this cysteine residue. Further experiments for in vitro characterization of this residue
would need purification of C45S mutant. This protein would then be characterized with SEC to
assay its ability to form dimers in reducing and oxidizing conditions; FP to see if it has different
affinity for SHPs and most importantly, DNA binding assays to see if it has a comparable DNA
binding affinity like WT Rggs. The luciferase based reporter used in our transcriptional assays
require oxygen and FMNH2 (147), and hence is not the most ideal reporter system to characterize
the this cysteine residue in vivo because tempering the oxidative state of the cell may directly affect
the luciferase read-out, as was seen when the cells were treated with oxidizing agent diamide (data
not shown). Perhaps another reporter systems based on gus or lacZ reporter would be more suitable
for performing in vivo experiments. At this stage, it can’t be ruled out that this disulfide might be
required for unknown promoters other than Pshp that Rggs might be affecting in GAS.
Rgg2-CsA complex X-ray structure showed that cyclic peptide inhibitor CsA binds to Rgg
in the same concave surface where SHP binds. Therefore, we conclude that the CsA is competitive
inhibitor of SHP binding to Rgg2 and CsA binding inhibits SHP2-triggered activation. If CsA
analogs are used as quorum-sensing inhibitors, mutations in Rgg may arise that will make it
insensitive to these drugs. However, given that CsA and SHP binding sites on Rgg overlap, it may
be hypothesized that such mutations on Rgg will still make Rggs insensitive to SHPs and hence
Rgg mediated quorum-sensing circuit may not be functional. Also, we have previously shown in
Chapter 3 (Aggarwal, et al, submitted) that CsA and its non-immunosuppressive analog
valspodar work through both Rgg2 and Rgg3. To develop resistance to these inhibitors, mutants

will have to arise in both Rgg2 and Rgg3 to become fully resistant. Other mechanisms of resistance
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to CsA like efflux of QSI by the bacterial cells cannot be ruled out, which will be independent of
mutations arising in Rgg proteins. Further experiments would be required to isolate such mutants
and compare the cost of such mutations versus the benefit that bacteria derive out of such

mutations.
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V. GENERAL DISCUSSION AND FUTURE DIRECTIONS

Previously, Rgg-SHP QS pathways had been discovered and partially characterized in our
lab. It had been established that one pathway employs two antagonistic Rgg regulators: Rgg2 as a
transcription activator and, Rgg3 as a transcriptional repressor. Presence of SHP pheromones
allowed both these regulators to modulate their respective activities and regulate target gene
expression. However, the identity of mature SHP pheromones remained elusive. Also, it was not
known how SHP binding modulates the activities of the Rgg regulators. In this work, we have
advanced the characterization of Rgg/SHP quorum-sensing circuit of S. pyogenes as summarized
in Figure 5.1. Here, we have reported the identity of mature SHP peptides, characterized the Rgg-
SHP interactions (Figure 5.1A), found residues important for Rgg-SHP interaction, described the
effect of SHP binding on Rggs (Figure 5.1B) and discovered inhibitors of Rgg-SHP signaling that
prevent biofilm formation (Figure 5.1C). Each of these findings was rather surprising: instead of
the anticipated one mature SHP peptide, we found multiple secreted length variants of SHPs which
were all biologically activity albeit to different extents; Rgg3, a repressor, was found to
oligomerize in response to SHPs; the best quorum-sensing inhibitor identified from high-
throughput screen was an immunosuppressive compound. All these findings add significantly to
our understanding of Rgg-SHP quorum-sensing pathways and provide us with an opportunity to

explore QSI as an anti-infective strategy.
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FIGURE 5.1. Overview schematic. (A) Full-length SHPs (SHP-FL) are ribosomally produced
by S. pyogenes and processed to multiple length variants outside the cell. These were isolated from
culture supernatants by fractionation and mass-spectrometry (chapter 2), out of which SHP-C8
showed the greatest activity (depicted by arrow thickness). (B) These peptides bind to Rgg2 and
Rgg3 at specific residues identified by site-directed mutagenesis (depicted by stars) and drive
oligomerization of Rgg3 which then releases DNA (chapter 4). (C) Using FP assay, compounds
(cyclosporin A and valspodar) were identified from a high-throughput screen that disrupt
Rgg3:SHP complexes, inhibit Rgg-SHP mediated gene induction and prevent biofilm formation
in S. pyogenes (chapter 3). [Figure made by Juan C. Jimenez]
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In chapter 2, we described the identification of multiple variants of SHP pheromones
present in active fractions of conditioned medium. Though multiple-length peptide pheromones
have not been witnessed in Gram-positive bacteria, it is reminiscent of certain examples from
Gram-negative quorum-sensing pathways where multiple lengths of acyl-homoserine lactones
(AHL) have been identified from single bacterium. For instance, a LuxI-type protein of Rhizobium
meliloti, Sinl, produces multiple lengths of principally similar AHLs (148), though their biological
relevance is not understood. In other studies identifying Gram-positive QS peptides, targeted
search for hypothesized pheromone was carried out instead of an unbiased approach and hence, it
is entirely possible that using the strategy we employed, multiple length pheromones could be
identified from other organisms as well. Multiple variants of SHPs secreted by S. pyogenes could
either be biologically insignificant, produced as a result of non-specific processing by bacterial
proteases, or they could be involved in inter-species signaling with other streptococcal species
colonizing the human host to facilitate symbiotic or competitive behavior. To test this hypothesis,
multiple Rgg-SHP systems would need to be unearthed from the organisms that colonize the
human host along with S. pyogenes and tested for cross-species signaling. A more holistic
approach bringing quorum-sensing together with microbiome research may prove beneficial in
finding out the role of multiple signals in in vivo environment where multiple bacterial species co-
reside.

With increasing antibiotic resistance, new drug targets are being investigated and anti-
virulence strategies have become an area of particular interest. The basic premise behind this
strategy is to make bacteria avirulent without Killing them so that the Darwinian selective pressure
is lower than what it would be if bacterial growth was being affected. There are many examples of

anti-virulence drug targets in the literature that have been pursued in non-clinical settings, such as
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inhibition of E. coli pilus formation (149) , inhibition of Gram-negative secretion systems (150),
and antibody against Shiga toxin (151, 152). Other examples of anti-virulence targets include anti-
quorum sensing compounds, for example, lactonase enzyme for degrading acyl-homoserine
lactone signals (153) and compound C-30 that blocks LasR quorum-sensing receptor of
Pseudomonas aeruginosa (154). It might be argued that despite promising in vivo data on these
compounds, barely any of these have made it to clinical trial. A part of the challenge with
commercial development of anti-virulence therapies is design of suitable clinical trial studies for
testing the efficacy of such drugs (67, 155), but nevertheless, scientifically such approaches hold
promise (67).

Quorum-sensing pathways can be blocked in a number of ways: by blocking production of
the signal, by degradation of the pheromone, blocking the import of signals, blocking of signal
receptors and by blocking the QS regulated virulence factors. Some of the advantages offered by
anti-quorum sensing compounds are less selective pressure to develop resistance and preservation
of host’s endogenous microbiotic diversity. In addition, QSI can be used in combination with
traditional antibiotics to improve their efficacy because QS regulates the development of biofilm
in several different bacteria and biofilms are known to enhance bacterial persistence against
antibiotics. There have been studies showing the synergistic effect of antibiotics and QSI, for
example, in P. aeruginosa infection model, an antibiotic, tobramycin, showed synergistic effect
with QSI, C-30, in decreasing bacterial load (156, 157). In another study, 2-log decrease in
bacterial count of Burkholderia cepacia species was observed in presence of QSI compared to
tobramycin alone in a biofilm model (158).

Using the knowledge gained about SHPs and assays that we developed for studying Rgg-

SHP interactions, we sought to find antagonists that block binding of SHP to Rggs. We hypothesize
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that Rgg-SHP communication networks provide a target for developing anti-virulence drugs. In
our in vitro studies, we showed inhibition of biofilm formation by the inhibitors we found.
Furthermore, because Rgg-SHP genes are well conserved across streptococcal species, the
inhibitors were active at repressing Rgg proteins of several species. This pathway may provide a
common drug target in other related pathogens that share similar transcription factor proteins
which function by similar mechanisms, for example Clostridia and Listeria.

Future work exploring QSI on Rgg-SHP would involve finding a phenotype for this
pathway in an animal model and testing the efficacy of inhibitors in that model. Current efforts in
our lab focus on exploring the role of Rggs in colonization of S. pyogenes and S. agalactiae in
mouse vaginal model. The efficacy of the inhibitors found in this work could be improved by
screening larger compound libraries and finding a common Rgg blocking scaffold which could
then be modified by medicinal chemistry to improve its binding properties for Rggs.

It should be noted that none of these anti-virulence strategies are fool-proof against
development of resistance. Mutations may arise in the QS genetic pathway either during infection,
for example, mutations in lasR observed in P. aeruginosa cystic fibrosis infections abolishing QS
(159, 160); or mutation may arise in response to use of QS inhibitors, for example, mutations that
increased efflux of C-30 compound, an antagonist of QS in P. aeruginosa (161). Evolution of
resistance mechanisms to antivirulence drugs is inevitable; nevertheless, the frequency of such
evolutionary events can be controlled better with anti-virulence strategies. Perhaps a better way
for discovery of such drugs would be to test them outside the test-tube and observe if cost of
spontaneous mutation versus its benefit to bacterial communities is advantageous for them in

natural environment or not (121, 162).
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An important question that warranted an answer was how Rgg2 and Rgg3 despite being so
similar (75%), have antagonistic transcriptional activities. To decipher this, we turned to
biochemical characterization of these proteins. We found that Rgg3 undergoes dramatic
conformational change in response to SHPs by changing its oligomeric state, whereas, Rgg2 shows
no change in its oligomeric change. Oligomerization of Rgg3 to a higher oligomeric state could
mean that once Rgg3 binds to SHPs, it can no longer repress the transcription of target genes and
would correspond to the “off” state of this regulator; whereas, Rgg2 needs to bind to DNA to
activate transcription and hence does not oligomerize.

The X-ray crystal structure of Rgg2 showed that its structure is highly similar to the already
known structures of RNPP proteins in that it is helical in nature and composed of TPR domains
characteristic of Gram-positive QS receptors. It does imply that Rgg proteins can be included as
members of RNPP family as has been previously suggested by Fleuchot et. al (60) and Warren et.
al (59). It remains unclear how Rgg2 binding to SHPs induces target gene transcription. It is
possible that SHP binding promotes productive interaction of Rgg2 with RNAP. In the future, a
crystal structure of the Rgg2-SHP complex could provide a greater insight into its function.
Furthermore, despite having similar structures, all these receptors show completely different
mechanisms by which they modulate their activities, making it difficult to predict action of
mechanism of other similar proteins belonging to Rgg/ComR family.

Previously, it was reported from in silico analysis that there are 484 Rgg-SHP pairs, which exist
in almost all sequenced genomes of Lactobacillales and Listeriaceae (60, 63). We found that S.
porcinus Rgg (STRPO_0498) acted as a transcriptional activator, despite being more similar to

Rgg3 (73%) than Rgg2 (55%). This suggests that roles of Rgg proteins cannot be predicted from
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their sequences. In future, it will be interesting to solve structures of multiple Rggs and establish

structural patterns that might differentiate an activator Rgg from a repressor Rgg.
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APPENDIX A
Pheromone-dependent regulation of S. pyogenes secreted cysteine protease SpeB

Abstract

Streptococcus pyogenes (Group A Streptococcus, GAS) possesses a huge arsenal of
virulence factors including toxins and proteases. SpeB, a secreted cysteine protease, is the most
abundant virulence factor produced by GAS in the late log phase of growth. The transcription
factor RopB (also known as Rggl) is a master regulator, controlling hundreds of genes in GAS.
Literature suggests that RopB is necessary, but is not sufficient, to express speB. Missing from
current understanding is identification of the growth-phase dependent factor required for SpeB
production. The aim of this study is to identify the unknown factor, which we hypothesize to be a
peptide pheromone produced and secreted by GAS that then activates RopB to induce speB
expression.

To monitor speB transcription, a luciferase reporter was generated by fusing promoterless
luxAB genes to the speB promoter (Pspee-luXAB). Using this reporter, it was demonstrated that
SpeB-inducing factor was present in cell-free culture supernatants. Based on our filtration studies,
the active factor is predicted to have a molecular weight between 500 Da and 3,000 Da. The spent
culture supernatants lost their speB inducing activity upon treatment with proteases suggesting that
signaling molecule is proteinacious in nature. Using reverse phase chromatography as a method to
purify the factor from culture supernatants, we show that C18-resin eluants stimulate Pspes-luxAB
reporter cells. These biochemical properties are consistent with peptides used by other Gram-
positive bacteria and by GAS for cell-to-cell communication.

Background and Significance

Four Rgg homologs (numbered here Rggl-4 for simplicity) are present within the GAS
genome, and Rggl (encoded by spy2042, also known as RopB) has been extensively studied.
RopB (regulator of protease SpeB) is implicated in regulating several virulence factors (e.g.,
streptolysins, streptokinase and strepdornase) and genes involved in metabolism and stress
response (137, 138, 163). One of the important virulence factors transcriptionally regulated by
RopB is speB (streptococcal pyrogenic exotoxin B). SpeB is a secreted cysteine protease that
targets both host and bacterial proteins. Within the host, several substrates have been identified,
including immunoglobulins (164), complement factor C3b (165), as well as extracellular matrix
proteins like fibronectin and vitronectin (166). Targeting these factors may contribute to evading
immune responses, disruption of extracellular matrix barriers, and induction of inflammation.
SpeB also targets GAS secreted and surface-anchored proteins, such as M-protein, C5a peptidase,
and pyrogenic exotoxin super-antigens (167, 168). Self-processing of bacterial factors may provide
a means to disengage surfaces by proteolyzing extracellular matrix-binding proteins which could
facilitate dissemination. Patients with GAS infections seroconvert to the SpeB antigen (169, 170),
indicating that SpeB expression occurs during infection.

Activity of SpeB is regulated at both transcriptional and post-transcriptional levels. Post-
transcriptional regulation has been characterized during secretion and processing of the protease
(131, 171). However, the most dramatic changes seen in SpeB activity result from transcriptional
regulation during late logarithmic growth phase. Transcription of speB is induced >100 fold as the
cells enter stationary phase in pure culture, and it may be the most highly expressed gene at this
time (172, 173). RopB is necessary for speB transcription, and ropB null mutants do not produce
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Appendix A (continued)

SpeB (131, 133, 134). However, ectopic expression of ropB from a multi-copy plasmid is unable
to decouple growth phase-dependent production of SpeB suggesting that speB expression requires
another factor present during the late logarithmic growth phase (134, 135, 172, 173). Studies have
suggested this factor to be an environmental signal that develops as GAS grows to high cell
densities. Many environmental conditions, such as pH, salt and sugar concentrations do, in fact,
affect SpeB activity (134, 135, 172, 173), but a separate growth phase-dependent factor remains
unidentified (see below) as suggested by published literature (10, 174). This growth phase-
dependent gene expression is consistent with that seen in quorum-sensing systems of other
bacteria. In quorum-sensing systems, pheromones accumulate in the extracellular medium until a
critical concentration is met, typically at high cell densities, thereby stimulating a regulatory
pathway in a pattern that reflects the population density. We hypothesize that RopB control of
speB is dependent on an unknown growth-phase related factor.

Our hypothesis is that the unknown factor required for speB expression is a secreted
pheromone which acts through RopB. The known quorum-sensing systems in Gram-positive
bacteria mediated either by Rgg proteins or RNPP family, require an intact oligopeptide permease
(Opp) system, which is responsible for importing peptides into the bacterial cytoplasm (31).
Supporting our hypothesis, it has been demonstrated that gene deletion of the membrane-spanning
subunits of the Opp system (oppDF) in GAS leads to greatly diminished SpeB production (174),
indicating that imported peptides may be involved in speB expression.

Our research suggests, and it is the overall hypothesis, that RopB binds to small, signaling
peptide pheromone for activity. This idea is significant because 1) it would explain a long standing
puzzle of growth phase-dependent regulation of RopB’s primary gene target and important
virulence factor, the secreted cysteine protease SpeB; 2) it would describe the first quorum-sensing
system regulating virulence found in all strains of GAS.

Results

To test our hypothesis that RopB is a peptide-binding transcriptional regulator of speB, we
developed a luciferase-based transcriptional reporter to monitor speB transcription in real time
during cell growth. The luciferase-based reporter system was generated by fusing the 940 base pair
(bp) intergenic region between ropB and speB (containing the speB promoter) to promoterless
luxAB, encoding for bacterial luciferase (Figure A1.1A). This fusion construct was integrated in
single copy at a neutral site in the GAS chromosome using the p7INT delivery system (96). The
assay was carried out by measuring the optical density (O.D.soonm) at several time points during
growth and measuring luciferase activity of samples of the culture following exposure to the
luciferase substrate, a long acyl-chain aldehyde (e.g., decanal). Light production in this assay is a
direct reflection of speB induction.

Using this assay, it was observed that transcription of speB was induced around a 100-fold
when the cells entered stationary phase (Figure A1.1B, blue line). This pattern of expression is
reminiscent of quorum sensing since expression only occurs at high cell density in wild-type
cultures. Since quorum-sensing signaling molecules are exported from cells and typically
accumulate in the growth medium (2), we therefore tested culture supernatants for the presence of
a factor that could induce speB expression. Cell-free culture supernatants of high cell density
cultures (O.D.soo> 0.6) were able to induce luciferase expression in cells growing at low density
(O0.D.e00=0.1) to levels 10-100-fold over control cultures grown in fresh medium (Figure A1.1B,
red line). These results indicated that a factor had accumulated to sufficient concentrations in
stationary-phase supernatants to induce light production in early logarithmic-phase cells.
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To estimate the molecular size range of this signaling factor, we filtered culture
supernatants through 10 kDa or 3 kDa filters. When added to cells growing at low density, the
filtrates stimulated PspeB-luxAB expression, indicating the factor was smaller than 3kDa (Figure
Al.1B, purple line). The activating factor was retained when a 500 Da MWCO membrane was
used to dialyze culture supernatants against fresh medium (Figure A1.1C, red line). These results
indicated the active signaling molecule had a molecular weight between 0.5kDa to 3kDa.
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Figure A1.1. Transcriptional activation of speB is mediated by a small molecular weight
factor. (A) Schematic of the PspeB-luxAB reporter. Promoters of speB are indicated as bent red
arrows [20]. The 940 bp intergenic region was fused to luxAB and then inserted at a neutral site in
the GAS genome. (B) PspeB-luxAB is induced by: culture supernatant (red), or filtrates after 10
kDa (green) and 3 kDa (purple) filtration, and by culture supernatants (C) retained in 500 Da
MWCO (red) dialysis tubing, but not 50 kDa MWCO tubing (purple), when dialyzed against fresh
medium . (D) Culture supernatant (sup, red) or fresh medium (purple) were applied to C18 reverse
phase resin, washed and eluted with 10% acetonitrile. The eluate was dried, added to cells and
light activity was compared to fresh medium (blue).

To establish that speB transcriptional activation by culture supernatant in the above
experiments was not due to changes in physiological conditions of the growth medium, such as
loss of nutrients or a drop in pH, we fractionated the culture supernatant using C-18 reverse phase
chromatography column with the intention of isolating the factor on the hydrophobic resin. Culture
supernatant filtered with a 3kDa filter was adsorbed to a C-18 reverse-phase column and washed
to remove all unbound components. Fractions were eluted with increasing percentages of
acetonitrile (ACN), desiccated, and then suspended in fresh growth medium. As a control, fresh
growth medium was treated in the same manner. We found that only the eluate obtained with 10%
ACN from culture supernatant (Figure A1.1D, red line), and not from fresh medium, could
stimulate the speB reporter (Figure A1.1D, purple line). These results confirmed that molecule(s)
capable of inducing speB expression is present in the hig" :ell density culture supernatants
generated by GAS.
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To test the hypothesis that the speB inducing factor was proteinacious, we treated spent
culture supernatants, and fresh medium as a control, with proteases, such as proteinase K and
pronase. Following treatment, the proteases were heat-inactivated by boiling. Untreated and boiled
supernatants (mock treatment) retained full activity, suggesting that the putative factor is heat
stable. Although proteinase K treatment had only mild effects on activity, pronase treatment of
supernatants substantially diminished speB induction (Figure Al.2). Similar treatment with
trypsin and pepsin failed to yield any effect (data not shown). Pronase is a commercially-available
mixture of endopeptidases (serine and metalloproteases) and exopeptidases (carboxy- and
aminopeptidases). It has a broad specificity, cleaving nearly all proteins into individual amino
acids (175). The decrease in light activity following protease treatment supports the notion that the
cell signaling factor is proteinacious in nature, thereby bolstering our hypothesis.
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Figure Al.2. speB inducing factor is protease sensitive. Culture supernatants were mock treated
(+ control) or treated with proteinase K or pronase and added to reporter cells. Light activity is
plotted as percent of mock treatment.

However, since pronase has broad specificity, we were unable to predict the sequence
composition of the putative peptide. It is noteworthy that the peptide sex pheromone of E. faecalis,
cCF10, was first assumed to be a peptide when partially purified supernatant lost its activity after
treatment with pronase (37).

SpeB induction has been shown to require complex medium containing peptides; GAS
cultures grown in chemically defined medium failed to induce speB (176). Therefore, to isolate
the SpeB inducing peptide from culture supernatants would require extensive fractionation of spent
medium and mass-spectrometry. For this reason, we collaborated with Cech Lab at University of
North Carolina, Greensboro. Cech lab specializes in peptide isolation and identification from
complex medium. Large scale S. pyogenes cultures were grown (500 ml) and cell-free spent
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medium from these cultures along with fresh C-medium was fractionated using C-18 Flash
chromatography at Cech lab. The fractions thus obtained with gradient of methanol were tested
for activity using speB-luxAB reporter (Figure Al.3). Fraction 3 and 4 were the most active
fractions out of the 60 fractions collected.
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Figure A1.3. Fractionation of conditioned medium and fresh medium on C18 reverse phase
column. Spent and fresh medium was fractionated on C18 flash chromatography column. Dried
fractions were tested for activity.

The active fractions were analyzed by mass-spectrometry. However, peptide could not be
identified given the complex nature of the medium (data not shown) which warranted further
fractionation. The active fraction from this analysis was then further fractionated using silica
column, however, activity could not be recovered from any of these fractions (Figure Al.4). The
loss of activity could be due to delays in sample processing and shipping as the fractionated
samples were shipped from Greensboro, NC to Chicago, IL.
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Figure Al.4. Fractionation of conditioned medium and fresh medium on Silica column.
Active fraction as shown in figure Al.3 was fractionated on silica column. Dried fractions were

tested for activity.

Fractionation of fresh and conditioned medium was repeated using C18 column with faster
processing time to ensure samples don’t lose their bioactivity. Surprisingly, fraction # 1 from fresh
medium also showed high bioactivity, similar to activity recovered from fraction #1 of conditioned
medium (Figure A1.5). We hypothesize that S. pyogenes might use peptide(s) from complex
medium as substrate(s) and process those into active pheromone for the inducing speB.
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Figure Al.5. Fractionation of conditioned medium and fresh medium on C18 reverse phase
column. Spent and fresh medium was fractionated on C18 flash chromatography column. Dried
fractions were tested for activity.

Future directions

To isolate the speB inducing pheromone, some of the proposed experiments would be:

Filtration: Using membrane filtration on a pressurized device, conditioned medium
should be filtered through 1kDa filters to get rid of all the bigger unwanted
molecules before it is fractionated using chromatography column. This filtration
cannot be scaled up using Millipore centrifugal filters because they get clogged
when used with C-medium.

Iterative fractionation with faster sample processing: Iterative fractionation could
be done following the active fraction from C18 and then fractionating it by either
silica or ion-exchange chromatography. However, it might be more advantageous
to do it at UIC in collaboration with a natural products lab to minimize sample
handling time. Higher the sample processing time, greater the probability of losing
bioactivity of the fraction.
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e Chemically defined medium: Another way of reducing noise in mass-spectrometry
of active fractions would be starting with a cleaner medium. It needs to be tested if
CDM either spiked with serum (human/bovine) or with small percentage of peptone
could induce speB reporter.
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