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Abstract

Successful pathogens use complex signaling mechanisms to monitor their environment and
reprogram global gene expression during specific stages of infection. Group A Streptococcus
(GAYS) is a major human pathogen that causes significant disease burden worldwide. A secreted
cysteine protease known as streptococcal pyrogenic exotoxin B (SpeB) is a key virulence factor
that is produced abundantly during infection and is critical for GAS pathogenesis. Although
identified nearly a century ago, the molecular basis for growth phase control of speB gene
expression remains unknown. We have discovered that GAS uses a previously unknown peptide -
mediated mtercellular signaling system to control SpeB production, alter global gene expression,
and enhance virulence. GAS produces an eight amino acid leaderless peptide [SpeB-inducing
peptide (SIP)] during high cell density and uses the secreted peptide for cell-to-cell signaling to
induce population-wide speB expression. The SIP signaling pathway includes peptide secretion,
reimportation into the cytosol, and interaction with the ntracellular global gene regulator regulator
of Protease B (RopB), resulting in SIP-dependent modulation of DNA binding and regulatory

activity of RopB. Notably, SIP signaling causes differential expression of ~14% of GAS core
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genes. Several genes that encode toxins and other virulence genes that enhance pathogen
dissemination and infection are significantly up-regulated. Using three mouse infection models,
we show that the SIP signaling pathway is active during infection and contributes significantly to
GAS pathogenesis at multiple host anatomic sites. Together, our results delineate the molecular
mechanisms involved in a previously undescribed virulence regulatory pathway of an important

human pathogen and suggest new therapeutic strategies.

Publication 2

Makthal N, Do H, VanderWal AR, Olsen RJ, Musser JM, Kumaraswami M. Signaling by a
Conserved Quorum Sensing Pathway Contributes to Growth Ex Vivo and Oropharyngeal
Colonization of Human Pathogen Group A Streptococcus. Infection and Immunity 86:¢00169-18.
Abstract

Bacterial virulence factor production is a highly coordinated process. The temporal pattern of
bacterial gene expression varies in different host anatomic sites to overcome niche-specific
challenges. The human pathogen group A streptococcus (GAS) produces a potent secreted
protease, SpeB, that is crucial for pathogenesis. Recently, we discovered that a quorum sensing
pathway comprised of a leaderless short peptide, SpeB-inducing peptide (SIP), and a cytosolic
global regulator, RopB, controls speB expression in concert with bacterial population density. The
SIP signaling pathway is active in vivo and contributes significantly to GAS nvasive infections.
In the current study, we investigated the role of the SIP signaling pathway in GAS-host interactions
during oropharyngeal colonization. The SIP signaling pathway is functional during growth ex vivo
in human saliva. SIP-mediated speB expression plays a crucial role in GAS colonization of the

mouse oropharynx. GAS employs a distinct pattern of SpeB production during growth ex vivo in
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saliva that includes a transient burst of speB expression during early stages of growth coupled with
sustained levels of secreted SpeB protein. SpeB production aids GAS survival by degrading LL37,
an abundant human antimicrobial peptide. We found that SIP signaling occurs during growth in
human blood ex vivo. Moreover, the SIP signaling pathway is critical for GAS survival in blood.
SIP-dependent speB regulation is functional in strains of diverse emm types, indicating that SIP
signaling is a conserved virulence regulatory mechanism. Our discoveries have implications for

future translational studies.
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ABSTRACT

ABSTRACT

Quorum sensing (QS) is a process in which bacteria use diverse signaling molecules to
monitor their population density and regulate population-wide expression of genes involved in
several key bacterial processes such as virulence, biofilm formation, and antibiotic resistance.
Gram-positive bacteria typically use oligopeptides as intercellular signaling molecules. The
secreted oligopeptides modulate gene expression by either activating the sensor kinase of a two-
component system on the bacterial surface or by interacting with cognate transcription regulator
in the bacterial cytosol. The gram-positive bacteria Group A Streptococcus (GAS) is a major
human pathogen responsible for over 700 million infections annually worldwide. GAS produces a
wide spectrum of virulence factors that play crucial roles in disease pathogenesis. Among the many
toxins produced by GAS, Streptococcal pyrogenic exotoxin B (SpeB) is one of the well-studied
virulence factor. SpeB is a secreted cysteine protease that is produced abundantly during infection
and is critical for GAS pathogenesis. Although SpeB is extensively studied for a century, the
precise regulatory events that govern speB gene expression are not fully understood. In this study,
we have discovered that GAS employs a previously unknown peptide-mediated quorum sensing
pathway to control speB expression during high bacterial population density. GAS genome
encodes a novel class of leaderless peptide signal, SpeB-Inducing Peptide (SIP). SIP lacks several
characteristic features that are hallmarks of bacterial peptide signals. Contrary to all the
characterized bacterial peptide signals, SIP is produced in its mature form and lacks amino acid
sequences in the amino terminus required for secretion. Nevertheless, SIP functions as an effective
ntercellular signal. SIP is secreted and reinternalized into GAS cytosol where it interacts with its
cognate regulator, Regulator of proteinase B (RopB). SIP binding to RopB induces allosteric

changes in the regulator, which leads to high affinity RopB-DNA interactions, RopB
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oligomerization and activation of speB gene expression. Importantly, we demonstrate that the SIP
signaling pathway is active in vivo and contributes significantly to GAS virulence in multiple
mouse models of GAS infection. We also show that the SIP signaling occurs during GAS growth
ex vivo n human saliva and blood and SIP-mediated speB expression is crucial for GAS survival
in both saliva and blood. Together, our discoveries in this study identify a novel bacterial signaling

pathway and suggest new therapeutic strategies for future translation studies.
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INTRODUCTION

The discovery of antibiotics and the ability to treat bacterial infections have revolutionized
human health care in many respects (5). Since the discovery of penicillin in 1928, several natural
or synthetic antimicrobial agents have been developed (6). However, abuse and overuse of
antibiotics in the subsequent decades have endangered the efficacy of antibiotics due to the rapid
emergence of drug-resistant bacteria (7-9). New drugs are being developed by the pharmaceutical
industry to overcome bacterial antimicrobial resistance. However, the pipeline began to dry out in
the recent years, posing an imminent threat to human health care (6, 10). Thus, novel approaches
are needed to identify and characterize new antimicrobials to prevent/treat drug-resistant bacterial
infections. In this regard, a complete understanding of bacterial virulence mechanisms is crucial

in our efforts to devise targeting strategies and develop future antimicrobials (5).

1.1 Group A Streptococcus and its pathogenesis

Streptococcus pyogenes, also known as Group A Streptococcus (GAS), is a gram-positive,
non-spore forming, coccibacterium (11). GAS is an exclusive human pathogen that causes a vast
spectrum of pyogenic disease conditions in oropharyngeal (throat) and skin mucosal surfaces,
resulting in pharyngitis (commonly known as “strep throat”) and impetigo respectively (Fig. 1) (2,
12-16). Pharyngitis is the most common GAS disease manifestation with over 600 million cases
worldwide, affecting approximately 20 —40% of children and 10 — 15% of adults every year (17,
18). GAS persists in human saliva by overcoming the host innate and acquired immune system.
The survival of GAS in saliva is crucial for person-to-person disease transmission, presumably via

saliva droplets (18-20). Impetigo is a highly contagious skin disease spread through direct skin
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Figure 1. Overview of diseases caused by GAS infections. Common disease manifestations caused by
GAS infections in human. Adapted from (1).

contact resulting in approximately 111 million global cases every year, mostly in children from

developing countries (19, 21).

Recurring untreated pharyngitis can lead to post-infection auto immune disorders such as

acute rheumatic fever (ARF), rheumatic heart disease (RHD), and acute post-streptococcal
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glomerulonephritis (APSGN) (Fig. 1) (19, 22, 23). ARF and RHD constitute the major cause of
morbidity and mortality caused by GAS infections. Globally, approximately 2.4 million children
develop heart disease as a result of RHD every year (15, 24). Consequently, RHD is the most
preventable pediatric heart disease n the world (25, 26). APSGN is an autoimmune disorder of
kidneys, sequelae of GAS pharyngitis or impetigo. The most common clinical features include
edema, hypertension, proteinuria, urinary sediment abnormalities (19, 27). Half amillion casesare
recorded every year worldwide that results in approximately 1% mortality (13).

In complicated cases, GAS invades epithelial barriers and penetrates into deeper tissues,
which can lead to severe life-threatening invasive infections (11, 28). Bacteremia and cellulitis are
the most common GAS invasive diseases. GAS infections can also lead to less common, but
difficult to treat invasive diseases such as necrotizing fasciitis (also known as “flesh-eating
disease”), and streptococcal toxic shock syndrome (STSS) (also known as “bacterial sepsis™) (15,
19, 29-31). Invasive infections are responsible for approximately 500,000 deaths every year
worldwide (19, 32). Due to the global disease and economic burden caused by GAS infections,
GAS is listed as one of the top ten infectious causes of mortality (19, 33).

Though mild GAS infections can be treated with penicillin and cephalosporin, recent
studies have reported a 20 — 40% failure rate of penicillin in treating pharyngitis (34, 35).
Moreover, GAS resistance to other antibiotics in developing countries is on the rise and is a
worldwide concern (19). Contrary to mild infections, invasive infections are unresponsive to
antibiotics treatment and often require surgical intervention for infection control. Similarly, RHD
disease control requires expensive long-term antibiotics administration, and/or surgical
debridement of infected valves (15, 19). Thus, a human GAS vaccine will be highly beneficial in

GAS disease prevention. A great deal of work has been done in the last 70 years on M protein
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(encoded by emm gene) as a potential candidate for the development of a vaccine. However, the
existence of more than 200 emm type variations in GAS and the associated antigenic diversity pose
amajor roadblock for the development of single effective universal M protein based GAS vaccine
(20). Furthermore, the antibodies developed against M protein cross-react with human heart tissue
and trigger the development of ARF and RHD. Thus, the need for the identification of novel
vaccine or antimicrobial targets to treat or prevent GAS diseases is urgent (36-38). As a result,
continued investigations into basic virulence pathways is imperative to elucidate novel therapeutic

and/or prophylactic strategies toward GAS infection control.

2. Virulence factors

The ability of GAS to successfully colonize, evade the immune system and invade different
host niches depends on the spatiotemporal production of wide array of virulence factors (Fig. 2)
(37). GAS virulence factors are categorized into two groups depending on their location; cell

surface-associated and secreted toxins (2, 16, 37).

2.1 Cell-associated virulence factors

GAS genome encodes multiple adhesins such as collagen binding proteins, fibronectin (Fn)
binding proteins (Stbl, Stbll, SOF, PrtF2, FbpA, FbaB and Pfbp), lipoteichic acids (LTA), and
plasminogen binding proteins that play a crucial role in host cell attachment (Fig. 2) (37, 39, 40).
Virulence factors such as the immunoglobulin binding proteins (M protein superfamily, SibA),
C5a peptidase, hyaluronic acid capsule, lipoprotein (Lsp), streptococcal protective antigen (Spa),

heme-binding protein, HtrA protease, streptococcal collagen-like surface proteins (Scll and Scl2),
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CD15s-related antigen, plasminogen binding proteins and serum opacity factor cleave host
immune factors and aid GAS in immune evasion (Fig. 2) (37). Amongst the many cell-associated
virulence factors, M protein and hyaluronic acid capsule (produced by hasABC gene cluster) are
the two best-studied factors (15, 37). M protein confers phagocytosis resistance by binding to host
immune effectors such as complement-inhibitory proteins C4BP, factor H, and factor H-like
protein (41-43). Similarly, hyaluronic acid capsule also provides antiphagocytic function by

restricting the access of GAS surface to opsonins (44, 45).

Fibronectin-binding

Proteases .

SpeB proteins

PrtS Proteases Sfo1, Sfbll, SOF, PrtF2,
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¢
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Figure 2. Virulence factors encoded in GAS genome. GAS produces several virulence factors that
contributes to disease pathogenesis by facilitating host cell attachment, anti-phagocytosis, immune invasion,
and immune evasion. Cell-associated factors are shown on the surface of GAS and secreted factors are
indicated by black arrows. Blue boxes show the list of virulence factors. Orange boxes show the list of
virulence factors participating in the indicated cellular process.
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2.2 Extracellular secreted virulence factors

GAS produces several major secreted virulence factors such as hemolysins, DNAses,
superantigens (SAgs), and proteases (Fig. 2) (46). Streptolysin O (SLO) is a major pore-forming
hemolysin that disrupts the integrity of host cell membrane and induces apoptosis (47).
Streptolysin S (SLS), a second hemolysin encoded by GAS, contributes to GAS virulence in
several ways that include host cell cytotoxicity, activation of inflammatory responses, and
antiphagocytosis (46, 48). The host innate immune system deploys neutrophil extracellular traps
(NETs) to control bacterial growth. NETs contain bactericidal proteases on webs of DNA (49). To
counter this, GAS produces several secreted DNAses, such as streptodornase (Sdn), and
streptodornase-a (Sda). GAS-encoded DNAses degrade NETs by digesting DNA and aid immune
evasion (46, 49). Streptococcal inhibitor of complement (SIC) contributes to GAS pathogenesis
by degrading several host cells, including lymphocyctes and erythrocyctes (50). SIC can also
disrupt the host signals involved in producing antimicrobial peptides (AMPs) and facilitate GAS
survival in the host (51, 52). GAS superantigen proteins such as SPE A, SPE C, SPE G-M,
streptococcal mitogenic exotoxin Z (SmeZ) and streptococcal superantigen A (SSA) belong to a
family of highly mitogenic exotoxins (53, 54). SAgs share the ability to trigger overstimulation of
T lymphocytes, which leads to the release of pro-inflammatory cytokines and development of
STSS (53). GAS secretes many proteases such as SpeB, PrtS, IdeS, and SpyCEP that contribute
significantly to GAS pathogenesis by facilitating host tissue degradation and disease dissemination
(46). In addition, GAS produces secreted esterases such as SSE, CAMP factor, hyaluronidases such
as HlyP, HlyA, and soluble M proteins that contributes significantly towards the success of GAS

pathogenesis (46).
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3. Major virulence factor - Streptococcal pyrogenic exotoxin B

Among the several virulence factors produced by GAS, SpeB is a major secreted toxin that
plays acritical role in GAS disease pathogenesis (55). Streptococcal pyrogenic exotoxin B (SpeB),
also known as streptopain, is one of the most extensively studied GAS virulence factors (2, 14).
SpeB is the predominant extracellular virulence factor in GAS culture supernatant during growth
in vitro (56). Although the established name for this enzyme is SpeB, SPE B is still occasionally
used in the literature (2, 14). Two separate branches of investigation independently identified the
same molecule but classified it differently (2). Nearly a century ago, a secreted protease activity
was observed in streptococcal growth (57). Subsequent biochemical studies demonstrated that the
protease activity in the secreted component of streptococcal growth was similar to cysteine
protease papain and classified it asa cysteine protease (2, 14, 58). Ina parallel line of investigation,
exotoxins were identified in the streptococci culture filtrates obtained from patients with scarlet
fever and were designated as superantigens SPE A, SPE B, and SPE C (53, 59). Significant
technological advances in the molecular techniques later revealed that the observed superantigen
activity of SPE B was likely the result of other streptococcal contaminants (60). In subsequent
years, detailed genetic analysis revealed that SPE B and cysteine protease are the same protein
encoded by the GAS genome. Importantly, it was concluded that SpeB is not a superantigen, it is
rather a cysteine protease (61). Although SpeB is neither pyrogenic nor exotoxin, the designation

is widely employed by researchers over the years and retained in the current literature.

3.1 Role of SpeB in GAS pathogenesis
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Several lines of study have provided evidence that SpeB is a critical player in GAS
pathogenesis (62-66). The chromosomally encoded speB gene is highly conserved in virtually all
disease-causing GAS isolates (67-69). Inactivation of SpeB attenuated GAS virulence in multiple
mouse models and non-human primate model of GAS infection (70-75). SpeB is crucial for GAS
survival and proliferation ex vivo in human saliva and blood (76-81), suggesting that the protease
activity of SpeB is critical for GAS virulence. SpeB contributes to GAS pathogenesis in two major
ways, immune evasion by degrading immune molecules and disease dissemination by proteolytic

degradation of host tissue matrix proteins and GAS surface proteins (Fig. 3) (14).

The substrate profile of SpeB includes a myriad of host and bacterial proteins.
Immunoglobulins (Ig), secreted by B cells of the host adaptive immune system plays a critical role
in neutralizing pathogens. SpeB aids GAS immune evasion by degrading multiple classes of
immunoglobulins including IgA, IgM, IgD, and IgE (82). SpeB-mediated cleavage of IgG results
in decreased opsonophagocytosis (14, 83). In addition to Ig, SpeB also cleaves several host
immune effectors such as complement component C3b (84), signals required for the activation of
antimicrobial cytokines (14, 85), host interleukin I 8 (IL-1p) (63), and kininogen (86), resulting in
induction of inflammatory responses. SpeB can degrade the antimicrobial peptide (AMP) LL-37
directly (87) or indirectly by promoting the release of dermatan sulfate from decorin (88). The
proteolytic activity of SpeB contributes indirectly to GAS immune evasion by releasing several
GAS surface associated virulence factors (14, 89, 90). SpeB releases the mature form of M protein
from GAS surface to confer resistance to phagocytosis (90, 91). SpeB-dependent cleavage of
protem H aids GAS immune evasion by the binding of protein H fragment to host IgG and

inhibition of host complement activation (92). C5a peptidase is an important virulence factor
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anchored to GAS surface and C5a released by SpeB-mediated cleavage mnhibits chemotactic

recruitment of phagocytic cells to the site of infection (90, 93).

The proteolytic activity of SpeB contributes to GAS dissemination into deeper host tissues
by enzymatic degradation of host tissue (72, 74, 75, 94-96). SpeB cleaves major host tissue matrix

proteins fibronectin and degrades vitronectin and contributes to tissue destruction (97). The

Secretion

Host environment

.-~ =~ Auto-cleavage
~

Figure 3. SpeB biogenesis and its contribution to GAS pathogenesis. SpeB is produced and secreted in
an inactive zymogen precursor form (SpeBz). Auto-cleavage of SpeBz results in the release of mature active
cysteine protease (SpeBwm). The title of individual gray boxes represents the SpeBwm activity on host factors.
Left column in each grey box indicates the identity of SpeBwm substrate, whereas the right column represents
the consequences of SpeBwmactivity on those factors. Adapted from (2)
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protease activity of SpeB has been implicated in the induction of caspase-dependent apoptosis in

host epithelial cells (98).

GAS produces SpeB during human infection (99, 100). Infected humans produce anti-Spe B
antibodies (101, 102) and low antibody titers correlate with severe invasive disease (102, 103),
suggesting that SpeB participates in GAS pathogenesis during natural infection. Consistent with
this, immunization of mice with SpeB reduced mortality caused by experimental GAS infections
(104-107). Similarly, mice treated with a small molecule protease inhibitor conferred protection
against GAS invasive diseases (62), suggesting that SpeB is an ideal therapeutic or prophylactic
target to treat GAS infections. Collectively, these observations indicate that SpeB is a major GAS

virulence factor that contribute to GAS pathogenesis in the host.

3.2 Biogenesis of SpeB protease

The full-length SpeB is a 398 amino acid long protein with a molecular mass of 43 kilo
daltons (kDa) (Fig. 4). The first 27 amino acids in the amino terminus of SpeB harbor the secretion
signal sequence that facilitates its transport out of the cytosol. SpeB is initially made in an inactive
form, known as zymogen (SpeBz) (amino acids 28 — 398) (Fig. 3 and 4). The pro-domain (amino

acids 28 — 145) is inserted mnto the active site of SpeB in the zymogen form and keeps the protease
1 27 145 398

Signal
Sequence

Pro-domain SpeBm

| SpeBz I

Figure 4. Schematic diagram showing the domain architecture of SpeB. The individual domains and
motifs in the full-length SpeB are marked and labeled as follows: grey box represents the secretion signal
sequence; orange box indicates the pro-domain; and green box represent the mature cysteine protease
(SpeBwm). The structural elements color coded in orange and green boxes represent the inactive pre-cursor
SpeB zymogen form. The numbers above indicate the amino acids that constitute each highlighted SpeB
domain. Adapted from (2).
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enzymatically inactive in GAS cytosol. Upon secretion to the extracellular environment, SpeBz

undergoes several autocatalytic steps, which results in the cleavage of pro-domain and release of

the mature active cysteine protease (amino acids 146 — 398, SpeBy) (Fig. 3 and 4) (2). Genetic

and structural studies identified the active site of the protease that is comprised of amino acids

cysteine 192, histidine 340 and tryptophan 357. The catalytic site of SpeBy is essential for SpeB

maturation and its proteolytic activity (2, 108, 109). In accordance with the role of SpeB as a major

GAS virulence factor, the biogenesis of SpeB is a multistage process that is controlled by several

GAS factors at transcriptional, post-transcriptional and translational levels (Fig. 5) (2, 68).

Level of regulation

H

Factor(s) involved (directly)

Effect of polymorphisms

Factor(s) involved (indirectly)

Environmental factor(s)

Factor Effect

ropB Decrease in transcript levels
covRS Decrease in transcript levels
cepA Decrease in transcript levels

Factor(s) involved

Factor Effect

clpX Decrease in transcript levels
fabT Decrease in transcript levels
luxS Decrease in transcript levels
pel Decrease in transcript levels
sagP Decrease in transcript levels
vfir Increase in transcript levels
codY Increase in transcript levels
laeD. 1 Increase in transcript levels

nra
SVF

Increase in transcript levels
Increase in transcript levels

TP Factor Effect
cvfAd Reduced mRNA stability
l Factor(s) involved
S ¢ Factor Effect
ropA Decrease in secretion

H

H

l

Factor(s) involved

Factor Effect

ropA Reduced maturation process
prsd Reduced maturation process
misR Reduced maturation process
hird Reduced maturation process
fisH Reduced maturation process
gdpP Reduced maturation process

Factor(s) involved

Effect
Autocleavage Reduced cleavage of zymogen

Factor

Factor(s) involved

Activity <

Factor Effect
Reducing- Increase in activity
conditions

Factor Effect
pH Change in transcript levels
NaCl Change in transcript levels

Figure 5. Schematic diagram showing the factors involved in the regulation of SpeB. Boxes to the left
represent the level of SpeB regulation. Corresponding color-coded boxes to the right show the factors
involved and their known effect on the respective level of regulation.
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3.3 Transcription regulation of speB

GAS-encoded factors as well as environmental factors such as pH and NaCl were
implicated in the regulation of speB expression (Fig. 5) (2, 89, 110-112). Although the
environmental signals contribute to transcription regulation of speB,the molecular mechanisms of
how pH and salt mediate transcription regulation of speB are yet to be elucidated. It is possible
that specific pH and salt requirements for speB expression may mimic host niche environments
GAS encounters during infection (110). Expression of speB is under the control of 13 different
GAS-encoded transcription factors (Fig. 5) (2). The GAS global transcription regulator, the
Regulator of proteinase B (RopB), is located in the genetic vicinity of speB gene and is essential
for speB expression (2, 71, 113, 114). The ropB and speB genes are divergently transcribed and
separated by a 940 nt intergenic region (Fig. 6) (71, 114). Expression of speB is driven from two
individual transcription start sites (TSS), P and P1, located 842 nt and 697 nt upstream of the speB
gene (115, 116). A third TSS, P2 located at 137 nt upstream of speB gene was previously
identified, however, it was recently re-annotated as a RNase Y processing site of speB mRNA
(Fig. 6) (114, 116). In addition to the complex transcription process (Fig. 5), the ntergenic region
also harbors several important regulatory factors and small open reading frames (orf) whose

functions are yet to be elucidated (Fig. 6) (2, 114-116).

SpeB production is growth phase-dependent and speB expression predominantly occurs
during stationary phase of GAS growth or high GAS population density (110, 117). Similar to
speB, maximum expression of ropB also occurs during late exponential phase (114). Transcription
of speB i1s under the direct control of RopB. The speB promoter has binding sites for RopB and the
occupancy of RopB at speB promoter is critical for the upregulation of speB expression (2, 114).

Although RopB is essential for the activation of speB transcription, ectopic expression of ropB
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from a constitutive promoter during early exponential phase of growth or low population density
was not sufficient to activate speB expression (2, 114). This observations suggest that additional
high population density-specific regulatory factors are required to activate RopB-dependent speB
expression. Consistent with this, the addition of cell-free culture supernatant obtamed from high
GAS population density to cells grown to low bacterial population density induced speB
expression, suggesting the presence of unidentified high population density-specific secreted

activation factor(s) (71).

PspeB PIspeB RNaseY

I\ processing site —

ropB | l orf-2 orf-3 oS speB
-940 nt -842 nt -697 nt l/ -137 nt +1 nt

PmpB
-625 nt

Figure 6. Schematic diagram showing the genetic organization of ropB and speB genes. Promoter
region of speB (PspeB) and ropB (PropB) are marked by bent arrows above and below the line, respectively.
The coding regions of ropB, speB and predicted open reading frames, orf-2 and orf-3, are shown as block
arrows. The start codon of SpeB coding region is marked as +1 and the number below the line indicate the
location of identified genetic elements relative to speB start codon.

4. Quorum-sensing in bacteria

Bacteria communicate with each other by a process called quorum sensing (118, 119). It
involves the production and secretion of small molecules known as autoinducers (Als), and sensing
of the Als by cognate receptors in the neighboring cells (118-120). At low bacterial population
density, the concentration of Als is below the threshold concentration required to elicit responses
in the neighboring cells. However, at high bacterial population density, Als reachcritical threshold

concentration and evoke transcriptional responses in a population-wide fashion (118, 120-122).
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The Als at high concentrations are recognized by their cognate sensory receptors and control the
expression of genes involved in several bacterial traits, including virulence (120, 121, 123). Gram-
negative bacteria uses small chemical molecules as intercellular signals (121), whereas Gram-
positive bacteria uses either linear or modified oligopeptides to communicate with each other
(120). The secreted extracellular peptides are sensed by either a membrane-bound sensor kinase
of two-component signaling system or by intracellular transcription regulators (124). The
mtracellular quorum-sensing transcription regulators belong to the RRNPP family of regulators
(4, 125-128). RRNPP family regulators comprises of the Rap phosphatases from Bacillus subtilis,
Rgg from Streptococcus species, NprR from B. cereus group, PIcR from B. cereus group, and

PrgX from Enterococcus faecalis (4,71, 125, 126, 129).

5. RopB
RopB belongs to Rgg subfamily of RRNPP super family of transcription regulators. RopB
influences the transcription of approximately 25% of the GAS genome during stationary phase of

growth (71). Consistent with its role in SpeB regulation, genetic inactivation of ropB results in the

attenuation of GAS virulence in animal models of GAS infection (4, 70, 130).

RopB shares significant structural homology with the RRNPP family regulators (Fig. 7)
(4, 71). All the characterized RRNPP family regulators use high bacterial population density-
specific linear oligopeptides as cognate signals and mediate target gene regulation (131, 132). The
RRNPP regulators control several bacterial traits such as biofilm formation, virulence, sporulation,
necrotrophic lifestyle, and antibiotic resistance (4, 133-135). Structurally, RRNPP family
regulators are characterized by a two-domain architecture: an amino-terminal DNA binding

domain, and a C-terminal peptide binding and oligomerization domain. The amino-terminal and
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N-terminal domain
B Linker helix

C-terminal domain

RopB-CTD

NprR-CTD-NprX PlcR-PapR-DNA PrgX-cCF10

Figure 7. Domain architecture of the RRNPP-family regulators. Overall architecture of the crystal
structure of RapF bound to its cognate peptide signal ComA (pdb code: 3ULQ) (4), Rgg (pdb code: 4YV6)
(B), RopB-CTD (pdb code: 5DL2) (C), NprR-CTD bound to its cognate peptide signal NprX (pdb code:
4GPK) (D), PIcR bound to its cognate peptide signal PapR and DNA (pdb code: 3U3W) (E), PrgX bound
to its cognate peptide signal cCF10 (pdb code: 2AXZ7) (F) are shown. Residues colored in green represent
the N-terminal domain, blue represent the C-terminal domain and the linker helix connecting both the
domains are shown in orange. In panels B-F, ribbons colored in pink represent the second subunit of the
dimer molecules. Black rectangle boxes show the concave peptide binding pockets. The cognate peptide
signals of the respective regulator is shown as spheres located inside the box. Note: Surface residues on top
of the peptide binding pocket are removed for panels 4, D, E and F. Figure generated using Pymol (3).
Adapted from (4).

C-terminal domains are connected by a linker helix (Fig. 7) (125, 129, 132, 136, 137). With the
exception of Rap phosphatases, all RRNPP regulators contain a helix-turn-helix (HTH) DNA
binding motif in the amino-terminal domain that binds DNA. Contrary to this, the amino-terminal
domain of Rap proteins contains a 3-helix bundle that directly interacts with a target transcription
regulator and modulates gene expression by blocking the interactions between regulator-DNA (4,

138-142). The C-terminal domain of the RRNPP family regulators are characterized by the
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presence of tandem repeats of tetratricopeptide repeat (TPR)-motifs. Each TPR motif is comprised
of a pair of antiparallel helices, and TPR domains typically contain 5 TPR motifs (4). TPR domain
of the RRNPP family regulators forms a right handed super helical structure which results in a
convex exterior and a peptide or protein binding concave interior surface (Fig. 7) (4, 143).
Typically, TPR motifs identified in eukaryotic and prokaryotic proteins are involved in protein-
protein or protein-peptide interactions (144, 145). Consistent with its structural homology, the C-
terminal domain of RopB also contain a TPR domain comprised of 5 TPR motifs (71). Given that
RopB shares high degree of structural homology with RRNPP family regulators (4) and its role in
population density-specific regulation of speB, it is likely that RopB uses GAS population density-

specific peptide signals to control speB expression.

5.1 Peptide signals controlling the regulatory activity of RRNPP regulators

The cognate mature peptide signals of the RRNPP regulators are linear, hydrophobic and
short 5-8 amino acids long oligopeptides (4, 125). The peptide signals are synthesized as nactive
pre-peptides in the bacterial cytosol (4, 146). The pre-peptides of cognate RRNPP regulators are
encoded by small open reading frame (SORF) genes. The pre-peptides of Rap, NprR and PIcR are
typically 40 — 50 amino acids in length, whereas the pre-peptides of Rgg regulators are 15 to 35
amino acids long (125, 147). The peptide signals of the RRNPP family share several amino acid
sequence traits: i) the peptides are made in their longer, pre-cursor form, i) contain a recognizable
amino-terminal secretion signal sequence required for the peptide secretion, iii) contain amino acid
sequences that function as processing sites for intramembrane and/or secreted proteases, iv) during
secretion, the pre-peptides undergo intramembrane and extracellular proteolytic processing that

result in the release of mature active peptide signals (4, 118, 120, 146). The mature peptide signals
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are imported back to the bacterial cytosol by the highly conserved oligopeptide transporter, Opp
permeases (4, 125). The cytosolic cognate receptors senses the reinternalized peptides and the
peptide-bound receptors mediate gene regulation (4, 125). Typically, the sORF encoding the
cognate peptide signals of RRNPP family regulators are located in the immediate genetic vicinity
of their respective regulators (Fig 8) (4, 125). However, our initial nucleotide sequence analysis of
the genetic vicinity of ropB gene failed to identify a peptide signal-like sORF. As a result, RopB

was considered as an orphan regulator.

phr

rap

ner ner

papR

plcR

rgg shp

ropB

Ao

Figure 8. Genetic location of RRNPP family regulators and their cognate peptide signals. Blue arrows
indicate the gene encoding the regulator and yellow arrows indicate the gene encoding the cognate peptide
signal of the respective regulator. Transcription direction is indicated by the direction of the arrow.
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AIM AND SCOPE OF THE STUDY

Despite the significant advances in the understanding of structure and function of SpeB
protease and its contribution to GAS pathogenesis, the precise molecular mechanisms governing
speB gene regulation remain poorly understood (2). Given that the gene regulatory activity of
RopB requires stationary growth phase-specific regulatory factor(s) and RopB shares structural
homology with peptide-sensing RRNPP family of quorum-sensing regulators, we hypothesized
that the factor responsible for stationary phase or high GAS population density-specific activation
of speB expression is a peptide signal. Thus, the major goal of this study was to identify the peptide

signal and characterize signaling mechanism during GAS growth in vitro and during infection.

To that end, the work presented in chapter 1 identifies and characterizes a novel peptide
signal in the genetic vicinity of ropB that controls speB expression. However, the identified peptide
signal is a leaderless peptide as it lacks several amino acid characteristics of characterized peptide
signals. This lack of conformity hampered our mitial efforts in the identification of peptide signal.
Despite the lack of several traits of bacterial peptide signals, the cognate peptide signal for RopB
is secreted, reimported into GAS cytosol, sensed by RopB, and control RopB-dependent speB gene
expression. We further show the global impact of the peptide signal on the GAS transcriptome
using RNA-sequencing studies. Finally, we show that the peptide signal pathway is active during

infection and crucial for GAS virulence in multiple mouse models of infection.

In chapter 2, using ex vivo gene expression, mouse infection, and immunological studies,
we show that the peptide signal pathway is active and control speB expression during GAS growth

ex vivo in human saliva and blood. Importantly, we show that the peptide signaling pathway
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contributes significantly to GAS survival ex vivo in human saliva and blood, and is critical for

mouse oropharyngeal GAS colonization.
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Successful pathogens use complex signaling mechanisms to monitor
their environment and reprogram global gene expression during
specific stages of infection. Group A Streptococcus (GAS) is a major
human pathogen that causes significant disease burden worldwide.
A secreted cysteine protease known as streptococcal pyrogenic exo-
toxin B (SpeB) is a key virulence factor that is produced abundantly
during infection and is critical for GAS pathogenesis. Although iden-
tified nearly a century ago, the molecular basis for growth phase
control of speB gene expression remains unknown, We have discov-
ered that GAS uses a previously unknown peptide-mediated inter-
cellular signaling system to control SpeB production, alter global
gene expression, and enhance virulence. GAS produces an eight-
amino acid leaderless peptide [SpeB-inducing peptide (SIP)] during
high cell density and uses the secreted peptide for cell-to-cell signal-
ing to induce population-wide speB expression. The SIP signaling
pathway includes peptide secretion, reimportation into the cytosol,
and interaction with the intracellular global gene regulator Regula-
tor of Protease B (RopB), resulting in SIP-dependent modulation of
DNA binding and regulatory activity of RopB. Notably, SIP signaling
causes differential expression of ~14% of GAS core genes. Several
genes that encode toxins and other virulence genes that enhance
pathogen dissemination and infection are significantly up-regulated.
Using three mouse infection models, we show that the SIP signaling
pathway is active during infection and contributes significantly to
GAS pathogenesis at multiple host anatomic sites. Together, our
results delineate the molecular mechanisms involved in a previously
undescribed virulence regulatory pathway of an important human
pathogen and suggest new therapeutic strategies.

Streptococcus pyogenes | SpeB | virulence regulation | quorum sensing |
leaderless peptide

Spatiotemporal regulation of virulence factor production is a
fundamental trait required to be a successful pathogen. Bac-
terial pathogens sense their environment at infection sites and re-
spond by modulating expression of genes involved in pathogen—host
interactions (1-6). In addition to host-derived signals, bacteria
monitor their population density using secreted small molecules and
modulate gene expression during high cell density by a process
called quorum sensing (2, 7, 8). Quorum sensing includes pro-
duction and secretion of signaling molecules, signal detection, and
altered gene regulation (7-9). Typically, gram-positive bacteria use
either linear or modified oligopeptides as quorum-sensing mole-
cules to monitor their population density (7-9). Quorum sensing
controls several bacterial properties, including virulence (7, 8).
However, a direct link between quorum signaling and bacterial
virulence is limited to the agr signaling pathway in Staphylococcus
aureus and other related gram-positive pathogens (10).

Group A Streptococcus (GAS) is an exclusive human path-
ogen that causes a spectrum of diseases, including mild pharyngitis

E8498-E8507 | PNAS | Published online September 18, 2017

(“strep throat”) and life-threatening necrotizing fasciitis (“flesh-
eating disease™) (11, 12). GAS produces many bacterial surface-
bound or secreted virulence factors, including superantigens, cyto-
Iytic toxins, and proteases (11, 12). Streptococcal pyrogenic exotoxin
B (SpeB) is a potent secreted cysteine protease that functions as a
major GAS virulence factor (13-20). SpeB is produced abundantly
in infected humans and during experimental animal infection (13—
19). The protease degrades various host proteins to contribute to
tissue damage and cleaves bacterial cell-surface proteins to promote
disease dissemination (14-19, 21, 22). Consistent with its docu-
mented significance in infection, interference strategies targeting
SpeB or its proteolytic activity confer protection against GAS in-
fection (23-26).

SpeB production in vitro is greatly up-regulated late in growth at
high bacterial cell density (18, 27). Since the discovery of SpeB
nearly a century ago, regulation of its biogenesis has been the focus
of extensive investigation (18, 21, 22, 27-38). Several regulatory
circuits converge on transcriptional and posttranscriptional control
of SpeB production (18, 21, 22, 27-36). However, the exact mo-
lecular mechanism underlying cell density-dependent up-regulation
of SpeB has remained elusive. The Regulator of Protease B
(RopB), a global gene regulator, directly controls speB expression
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during the stationary growth phase (18, 22, 27, 35). Although RopB
is indispensable for growth phase-dependent transcription of speB,
RopB alone is not sufficient to activate speB expression; additional
unknown cell density-specific regulatory factors are required (27,
35). Consistent with this, recent findings suggest that transcriptional
regulation of speB is controlled by a RopB-dependent quorum-
sensing signaling pathway (18, 35). Several lines of evidence sup-
port this model, which includes cell density-dependent regulation of
speB, structural homology of RopB with the Rgg-Rap-NprR-PlcR-
PrgX (RRNPP) family of quorum-sensing transcription regulators,
and antagonistic effects of cell density-specific secreted proteina-
ceous factors on speB expression (18, 35, 39). However, due to the
lack of precise delineation of all necessary genetic and biochemical
regulatory signals, quorum-sensing regulation of speB expression
remains only a formal possibility.

We here report that GAS uses a short peptide-mediated in-
tercellular communication mechanism to modulate virulence gene
expression in a cell density-dependent fashion. The short peptide
lacks a secretion signal sequence. Our results support a model in
which the leaderless peptide is produced by GAS at high cell den-
sity, secreted extracellularly, imported into the cytosol, and sub-
sequently interacts with RopB. Peptide binding to RopB promotes
high-affinity RopB-DNA interactions and RopB polymerization,
resulting in activation of RopB-dependent speB expression. Im-
portantly, we show that this peptide signaling pathway is active
during infection and contributes significantly to GAS virulence in
multiple mouse models of infection.

Results
The ropB-speB Intergenic Region Encodes a Factor That Up-Reg

CHAPTER 1

(Fig. 1 D-F). In contrast, the orf-2* and orf-3* mutant strains had
WT-like speB transcript levels, suggesting that the putative
polypeptides encoded by orf-2 and orf-3 are dispensable for speB
expression (Fig. 1 D-F). Provision of orf-1 alone in trans (pDC-
orf-1) was sufficient to rescue the defective phenotype of the orf-1*
mutant. Phenotype restoration in the orf-1* mutant by the trans-
complementation plasmid was reversed by translational disruption
of orf-1 in trans (pDC—orf-1*) (Fig. 1 D and F and S7 Appendix, Figs.
52 and S3). To exclude the possibility that defective speB expression
in the orf-1* mutant is due to altered ropB expression, we measured
the transcript levels of ropB in the WT, orf-1* mutant, and trans-
complemented strains. The transcript levels of ropB during different
phases of growth in the orf-7* mutant were comparable to those of
WT and frans-complemented strains, suggesting that the nonsense
substitution in the start codon of orf-1 does not affect the expression
of divergently transcribed ropB (SI Appendix, Fig. S4). Together,
these results suggest that the observed phenotype of the orf-1*
mutant strain is caused by genetic inactivation of orf-1, not by
promoter alterations (Fig. 1 D-F and SI Appendix, Figs. S3 and $4).
Importantly, trans-complementation plasmid pDC-orf-1 failed to
restore speB expression in the AropB mutant strain (Fig. 1D), in-
dicating that the regulatory activity of the orf-7 gene product re-
quires RopB. Collectively, these data indicate that orf-/ encodes the
activation factor for RopB-dependent speB expression. For the
purpose of clarity, due to its ability to induce speB expression, we
will refer to the putative eight-amino acid polypeptide corre-
sponding to the orf-I gene product as SpeB-inducing peptide (SIP).

A GAS-Encoded Short Peptide Signal Activates RopB-Dependent speB

speB Expression. The structural homologs of RopB have their
cognate regulatory peptides encoded in their immediate genomic
vicinity (ST Appendix, Fig. S14). Thus, we analyzed the 940-bp
ropB-speB intergenic region for ability to alter speB expression
(Fig. 1A4). To identify the region that may encode an activation
factor, we constructed three frans-complementation plasmids
that contain different fragments of the intergenic region (Fig. 1 B
and C). Typically, gene expression is higher from a multicopy
plasmid than the chromosome (S7 Appendix, Fig. S1B). Thus, we
hypothesized that higher expression levels of a gene encoding the
putative activation factor will decouple growth phase-dependent
speB expression. To test this hypothesis, we introduced each of
the three plasmids into wild-type (WT) GAS and characterized
the resulting strains for early onset of speB expression by qRT-
PCR. Relative to the WT strain, each of the three intergenic
fragments caused an 8- to 14-fold increase in speB transcript
level in the late exponential phase of growth. These results
suggest that the activation factor for speB expression is likely
encoded within the shortest of the three fragments, that is, the
257-bp fragment located between —775 and —519 bp upstream of
the SpeB translation start site (Fig. 1 4 and B).

Analysis of the 940-bp intergenic region identified three hy-
pothetical ORFs (orf), termed orf-1, orf-2, and orf-3 (Fig. 14).
Given that the intergenic region contains cis-acting regulatory
elements required for speB expression (27), genetic alterations
within the promoter in the form of nucleotide deletions or in-
sertions might disrupt the regulatory elements and spacing be-
tween the regulatory elements in the promoter. Thus, to preserve
the overall architecture of the promoter, we constructed isogenic
mutant strains that replace the start codon (ATG) of each orf
with a stop codon (TAG) in the chromosome. None of the
resulting three mutant strains grew differently than the WT
strain (57 Appendix, Fig. S1C). Translational disruption of orf-1
(i.e., orf-1* mutant) abolished speB expression, SpeB protein
levels, and SpeB protease activity (Fig. 1 D-F and 5! Appendix,
Fig. S2). The transcript level of speB made by the orf-1* mutant
strain was comparable to that of the AropB mutant, suggesting
that orf-1 is a crucial factor in speB transcriptional regulation

Do etal.

Expression. To determine if orf-1 is transcribed, we performed
Northern blot analysis using a probe complementary to orf-1.
Consistent with the polycistronic nature of speB transcripts (34,
40), several bands ranging in size between 300 and 1,500 bases
corresponding to the orf-I transcript were detected (Fig. 24).
Importantly, the orf-] transcript was detected only in WT GAS
grown to the stationary phase, indicating that orf-I is expressed
at high cell density (Fig. 24). To investigate if the predicted short
peptide encoded by orf-1 acts as an intercellular signal and ac-
tivates speB expression, we conducted two synthetic peptide
addition experiments. First, synthetic peptides containing dif-
ferent fragments of SIP were tested for their ability to restore
speB expression to an orf-1* mutant (Fig. 2B). When the orf-1*
mutant strain was grown to stationary phase and supplemented
with synthetic peptides of varying length, only the full-length SIP
(SIP-1) caused robust induction of speB expression (>630 fold)
and restored WT-like speB transcript levels, secreted SpeB lev-
els, and SpeB protease activity (Fig. 2 B-D). Synthetic peptide
SIP-5 containing the N-terminal seven amino acids had weaker
activity (>30 fold), whereas all other tested synthetic peptides
failed to activate speB transcription (Fig. 2 B-D). Second, we
also tested the ability of SIP to cause early induction of speB
expression by WT GAS. Consistent with our observations de-
rived from the orf-/* mutant strain, peptide SIP-1 decoupled
growth phase dependency of speB expression and induced early
onset of speB expression by the WT strain (>130 fold) in the late
exponential growth phase (Fig. 2E).

To determine if the observed speB induction is specific for the
primary amino acid sequence of SIP, we conducted analogous
experiments with a scrambled (SCRA) peptide of identical
length and amino acid composition of SIP (Fig. 28). Importantly,
SCRA peptide did not activate speB expression in either the orf-1*
mutant or WT strain. These results are consistent with the in-
terpretation that induction is specific for SIP (Fig. 2 B-F). As
expected, addition of SIP-1 to the isogenic AropB mutant strain
did not induce speB transcript production (Fig. 2B), even when
SIP was added at 300-fold excess (Fig. 2B). Together, these data
indicate that amino acid sequences corresponding to SIP-1 are
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Fig. 1. The ropB-speB intergenic region has the genetic element encoding the activation peptide signal for RopB-dependent speB expression. (4) Organi-
zation of the ropB and speB gene region in GAS. The ropB and speB genes are divergently transcribed. The angled arrows above the line indicate two
transcription start sites for speB, designated P1 and P2. The angled arrow below the line indicates the transcription start site for ropB (PropB). The intergenic
region with three predicted ORFs, designated orf-1 (orange), orf-2 (green), and orf-3 (blue), is shown as horizontal arrows. (B) Characterization of the se-
quences in the ropB-speB intergenic region for their role in speB expression. High-copy-number plasmids containing different fragments of the intergenic
region were introduced individually into WT GAS, and the resulting strains were characterized for premature induction of speB expression. Cells were grown
to the late exponential growth phase (Agg ~ 1.0), and speB transcript levels were assessed by qRT-PCR. Numbers at either end of the constructs indicate the
nucleotide positions relative to the first nucleotide of the speB start codon. Fold changes in speB transcript levels in the trans-complemented strains relative to
reference GAS growth are shown. WT GAS (WT: empty vector) grown to late exponential growth was used as the reference. (C) Nucleotide sequence
characteristics of the ropB-speB intergenic region. The numbers above the nucleotides indicate positions relative to the first nucleotide of the speB start
codon. Nucleotides corresponding to transcription start sites P1 and P2 are highlighted in orange. Nucleotide sequences of orf-1, orf-2, orf-3, and speB are
italicized and colored in red. An inferred ribosomal-binding site (RBS) located upstream of orf-1 is boxed and labeled. (D) Analysis of speB transcript levels in
the indicated strains as determined by qRT-PCR. N.D., not detected. (F) Western immunoblot analysis of secreted SpeB in filtered growth media from in-
dicated strains. Growth media samples were probed with anti-SpeB polyclonal rabbit antibody and chemiluminescence. The masses of molecular weight
markers in kilodaltons (kDa) are shown. The mature form of purified recombinant SpeB (SpeBu; 25 kDa) was used as a marker. (F) Milk plate clearing assay to
assess SpeB protease activity in indicated strains. Protease activity was determined by the presence of a clear zone around the bacterial growth.
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Fig. 2. Synthetic peptides containing the amino acid sequences of SIP activate speB expression. (A) The orf! gene, encoding SIP, is expressed during the
stationary phase of GAS growth. Total RNA extracted from WT GAS grown to either the late exponential (LE; Aggp ~ 1.0) or stationary (STAT) phase of growth
and orf-1* mutant grown to the STAT phase of growth were analyzed by Northern blot. (B, Inset) Amino acid sequences of the synthetic peptides (SIP-1-5IP-7)
used in the experiment. (B) SCRA peptide of an identical length and aminc acid composition as SIP-1 but differing in the order of sequence was used as a
negative control. The orf-1* mutant strain was grown in chemically defined medium (CDM) to the early STAT phase (Aggo ~ 1.7) and supplemented with either
100 nM indicated synthetic peptide or the carrier for the synthetic peptides (DMS0). After 60 min of incubation, transcript levels of speB were assessed by
gRT-PCR. The orf-1* mutant strain supplemented with DMSO was used as a reference, and fold changes in speB transcript levels relative to the reference are
shown. (C) Western immunoblot analysis of secreted SpeB in filtered growth media from the indicated samples. Cell growth and synthetic peptide sup-
plementation were performed as described in A. Growth media collected were probed with anti-SpeB polyclonal rabbit antibody and detected by chem-
iluminescence. The masses of molecular weight markers in kilodaltons (kDa) are marked. (D) Milk plate clearing assay to assess the ability of various SIPs to
induce SpeB protease activity in the orf-7* mutant. (£) Addition of 5IP-1 and SIP-5 decouples the growth phase dependency of speB expression in WT GAS. The
WT GAS was grown in CDM to the mid-exponential growth phase (4spo ~ 0.6), and cells were incubated with 100 nm of each synthetic peptide for 60 min.
Transcript levels of speB were assessed by gRT-PCR, and the fold change in speB expression relative to DMSO-supplemented growth is shown.
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the high cell density-specific activation peptide signal for RopB-
dependent speB expression.

Molecular Mechanism of GAS Intercellular Signaling. Most of the
characterized peptide signals in gram-positive bacteria are gen-
erated by proteolytic processing of a precursor propeptide form
into mature active peptide by membrane-bound enhanced ex-
pression of pheromone (Eep) protease (41-44). However, SIP is
unique in that it is made as a mature leaderless peptide (Fig. 34).
The extracellular mature peptides are subsequently reinternal-
ized into the bacterial cytosol by oligopeptide permeases (Opp)
(41, 45, 46). Consistent with this process, inactivation of opp or
dipeptide permease (dpp) in GAS caused down-regulation of
speB expression (47, 48). To test the hypothesis that SIP bio-
synthesis involves similar molecular mechanisms, we constructed
isogenic single-mutant strains of eep (Aeep), opp (AoppDF), or dpp

Do etal.

(AdppA) and the double mutant, AoppDF/AdppA. When tested for
speB expression, all four mutant strains had WT-like speB transcript
levels and protease activity (Fig. 3 B and C), indicating that the eep,
opp, and dpp genes are not involved in SIP signaling.

To address the lack of influence of Opp and Dpp permeases
on SIP signaling, we considered two possibilities: (i) SIP is not
secreted, and thus does not require active import by peptide
permeases, or (ii) SIP is secreted and internalized by a yet-to-be-
identified mechanism. The results from secretome swap assays
and synthetic peptide addition experiments suggest that SIP is
secreted and internalized into the cytosol (35) (Fig. 2). To test
the hypothesis that the regulatory factor in the secretome is
encoded by the sip gene, we performed secretome swap assays
using conditioned medium obtained from the WT or orf-1*
mutant strain. Consistent with our hypothesis, compared with the
WT secretome, inactivation of SIP in the orf-7* mutant resulted
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Fig. 3. Eep protease, Opp, and Dpp do not participate in SIP biosynthesis. (4) Alignment of amino acid sequences of characterized propeptides specific for each
founding member of RRNPP family regulators. The propeptides of small hydrophobic peptide 3 (SHP3) from Streptococcus pyogenes, phosphatase regulator A
{PhrA) from Bacillus subtilis, peptide signal for neutral protease regulator (NprX) from B. cereus, peptide controlling conjugative transfer of plasmids (cCF10) from
E. faecalis, peptide activating PlcR (PapR) from B. cereus, arbitrium communication peptide (AimP) from phage Phi3T, and SIP from 5. pyogenes are shown. The
positively charged residues characteristic of bacterial peptide signals are shown in red, and the amino acid sequence corresponding to each mature peptide is
boxed and highlighted in pink. Transcript levels of the speB (B) and SpeB protease activity of SpeB (C) were assessed in the indicated strains by qRT-PCR and milk
plate clearing assay, respectively. (D) Genetic inactivation of sip results in loss of regulatory activity in the secreted component of GAS growth. A gRT-PCR analysis
of speB transcript level in WT GAS grown in cell-free culture supernatants obtained from the indicated strains is shown. Secretome preparation and secretome
swap assay were performed as described in S/ Appendix, Supplemental Materials and Methods. Triplicate biological replicates were grown on two different
occasions and analyzed in duplicate. The data were graphed as the mean + SD. ME, mid-exponential phase of growth; ME SEC, total secretome prepared from
mid-exponential growth phase; orf-1# STAT SEC, total secretome prepared from the stationary growth phase of the orf-7* mutant; WT STAT SEC, total secretome
prepared from the stationary growth phase of WT GAS. (E, Inset) Amino acid sequence of the synthetic peptide 5IP-1 with fluorescein modification at its amino
terminus (FITC-SIP-1) used in the experiment. (E) The orf-7* mutant strain was grown in chemically defined medium (CDM) to the early stationary phase (STAT,
Agoo ~ 1.7) and supplemented with either the indicated synthetic peptide or the carrier for the synthetic peptides (DMSO). Unmodified SIP-1 was added at a final
concentration of 1 uM, whereas varying concentrations of FITC-SIP-1 were used. After 60 min of incubation at 37 °C, cells were washed three times with sterile
PBS, suspended in PBS, and lysed. Fluorescence measurements were obtained with clarified cell lysates using excitation and emission wavelengths of 480 nm and
520 nm, respectively. The unsupplemented orf-7* mutant strain was used as a reference, and changes in relative fluorescence units (RFU) relative to the reference
are shown. (F) Confocal microscopy images of the orf-1* mutant strain either unsupplemented or supplemented with the indicated synthetic peptide. Synthetic
peptide addition to the orf-7* mutant strain was performed as described in E. For each sample, bright-field, fluorescence-field, and merged images are shown.
{Bottom) Magnified view of the FITC-SIP-1-supplemented growth. [Scale bars: 63.4 pm x 63.4 pm (y axis x x axis) at 100x magnification.]

in the loss of regulatory activity in the secretome derived from  activation factor in the secretome that induces speB expression
this strain, indicating that SIP is the high cell density-specific ~ (Fig. 3D). We next investigated if the secreted SIP is reinternalized
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into the bacterial cytoplasm using synthetic SIP peptide containing
fluorescein modification at its amino terminus (FITC-SIP-1) (Fig.
3E). Peptide addition experiments with FITC-SIP-1 demonstrated
that the modified FITC-SIP-1 is functional and retained the ability
to induce speB expression in the orf-I* mutant strain similar to
unmodified SIP-1 (81 Appendix, Fig. S5). To determine if FITC-
SIP-1 is reimported into the bacterial cytoplasm, we incubated the
orf-1* mutant with FITC-SIP-1 and assessed the cytosolic presence
of FITC-SIP-1 by measuring the relative fluorescence in the clari-
fied cell lysates. An FITC-SIP-1 concentration-dependent increase
in fluorescence was observed in the cell lysates from FITC-SIP-1-
treated samples compared with SIP-1-treated or untreated GAS
(Fig. 3E). Next, we investigated the cytosolic presence of FITC-SIP-
1 in the orf-1* mutant strain by confocal microscopy. The fluores-
cence signal was present in the cytoplasm of GAS cells incubated
with FITC-SIP-1, whereas no fluorescent signal was detected in the
unsupplemented or unmodified SIP-1-supplemented GAS growth
(Fig. 3F). These results are consistent with the interpretation that
exogenously added FITC-SIP-1 is transported into the bacterial
cytoplasm. To test the presence of additional import mechanisms,
we constructed a triple-mutant strain (AoppDF/AdppA/orf-1¥) in
which the orf-7* mutation was introduced into the isogenic double-
mutant strain, AoppDF/AdppA. Expression of speB in this triple-
mutant strain is dependent entirely on exogenously provided
synthetic SIP peptide. Thus, we measured speB transcript levels
in the triple-mutant strain grown in the presence or absence of
exogenously added SIP. As observed in the orf-/* mutant strain,
addition of SIP restored WT levels of speB expression and SpeB
protease activity in the triple mutant (Fig. 3 B and C). Together,
these data indicate that secreted SIP is reimported into the
bacterial cytosol, and that GAS uses specialized export and im-
port mechanisms for SIP signaling that are distinct from other
characterized bacterial peptide signaling pathways.

To obtain information about the molecular mechanism of gene
regulation by SIP, we used a fluorescence polarization (FP) assay to
test the hypothesis that SIP directly interacts with RopB. RopB
bound directly to SIP with a K4 of ~2.6 nM, indicating a very high-
affinity interaction between the two partners (Fig. 44). This strong
interaction was disrupted only by the addition of unlabeled SIP,
indicating that the RopB-SIP interaction is sequence specific (Fig.
4B). To understand the downstream mechanistic consequences of
RopB-SIP interaction, we first assessed the effect of SIP binding on
RopB-DNA interactions using an oligoduplex containing the pu-
tative RopB-binding site located upstream of the P1 promoter (27)
(Fig. 4 C and D). Although apo-RopB had the ability to mediate
sequence-specific DNA interactions (K4 of ~352 nM) (Fig. 4E), SIP
binding caused a ninefold increase in the affinity of the SIP-
bound form of RopB for DNA (K, of ~38 nM) (Fig. 4F).
These results suggest that SIP binding promotes high-affinity
RopB-DNA interactions.

To further study RopB-DNA interactions, we analyzed the
DNA-binding properties of RopB by electrophoretic mobility shift
assay (EMSA). RopB bound to promoter sequences containing
RopB-binding sites that are located upstream of the P1 promoter,
whereas it failed to bind sequences upstream of the P2 promoter
that lack the RopB-binding site, indicating that these interactions
are sequence specific (87 Appendix, Fig. S6). However, no SIP-
induced differences in RopB-DNA interactions were observed, as
both apo- and SIP-bound RopB had similar DNA-binding prop-
erties (57 Appendix, Fig. S6). Given that apo-RopB binds DNA with
relatively high affinity (Fig. 3E), it is likely that the sensitivity of
EMSA is not sufficient to distinguish the differences in DNA-
binding affinities of apo- and SIP-bound RopB. We also observed
that RopB at higher concentrations formed multiple supershifted
RopB-DNA complexes, suggesting that RopB multimerizes on the
promoter sequences (SI Appendix, Fig. S6 B and C). Finally, to rule
out the possibility that the defective speB expression in the orf-1*
mutant is not due to impaired RopB binding to speB promoter
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Fig. 4. SIP directly interacts with RopB and controls gene regulation by
inducing allosteric changes in RopB. (A} Analysis of the binding between
purified RopB and fluoresceinated SIP by an FP assay. (B) Ability of SIP or
SCRA peptide to compete with the FITC-labeled SIP-RopB complex for
binding. A preformed RopB (350 nM)-labeled SIP (10 nM) complex was ti-
trated with the indicated unlabeled peptides. (C) Schematics of the location
of RopB-binding sites within the P1 promoter. The transcription start site of
the P1 promoter is shown as bent arrows, whereas the two RopB-binding
sites with the inverted repeats are marked as arrows. Alignment of the nine-
base-long nucleotide sequences of the RopB-binding half-sites from site
1 and site 2 are aligned from a 5'—=3’ direction, and the identical bases
among the half-sites are shaded in gray. (D) Nucleotide sequence of the
RopB-binding site used in the binding studies is shown. The pseudoinverted
repeat within the RopB-binding site is marked by arrows. Analysis of the
binding between the FITC-labeled oligoduplex containing the putative RopB-
binding site and apo-RopB (£) or SIP-bound RopB (F) by FP assay is shown.
(G) Size exclusion chromatography analysis of purified RopB with or without
the presence of either synthetic SIP or SCRA peptide. Molecular masses were
calculated based on the calibration curve using molecular weight standards.
(H) Mass spectrometry analyses of the apo- or SIP-bound RopB complex pu-
rified as described in E for the presence of SIP. (/) Increasing concentrations of
the apo- or peptide-bound form of RopB (+, 1.5 pg: ++, 3 pg) were analyzed
by Blu-native PAGE. The oligomeric forms of RopB, assessed based on the
molecular weight marker [M; in kilodaltons (kDa)], are labeled.

sequences, we carried out EMSA studies using speB promoter se-
quences from the WT or orf-1* mutant strain. We observed no
significant differences in RopB interactions with the WT and orf-1*
promoters (ST Appendiv, Fig. S7). These data add further support to
our conclusion that translation disruption of orf-I is the underlying
cause for the defective speB expression in the orf-1* mutant strain.

Purified apo-RopB typically eluted as a homodimer during
size exclusion chromatography (Fig. 4G). However, we observed
that the addition of SIP caused a shift from RopB dimer to a
higher order oligomer much larger than a dodecamer (Fig. 4G).
Mass spectrometry analysis of the oligomer fractionated by size
exclusion chromatography confirmed that the oligomeric RopB
contains bound SIP, indicating that SIP binding induces RopB
oligomerization (Fig. 4 G and H). These results were further
confirmed by Blu-native PAGE analysis of RopB in the presence
or absence of SIP. Although apo-RopB had the tendency to
oligomerize, the higher order oligomeric form of RopB was
stabilized only by SIP binding (Fig. 47 and SI Appendix, Fig. S8).
To probe the structural components of RopB involved in SIP-
dependent oligomerization, we conducted similar experiments
using the C-terminal domain (residues 56-280) of RopB (RopB-
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CTD) (35). Interestingly, SIP failed to induce RopB-CTD olig-
omerization (S/ Appendix, Fig. S9), suggesting that an intact
DNA-binding domain (residues 1-55) is required for SIP-
dependent RopB oligomerization. To investigate if RopB binds
DNA in both dimeric and oligomeric forms, we conducted
EMSA with purified RopB dimer coincubated with SIP and
DNA, or preformed RopB-SIP oligomer fractionated by size
exclusion chromatography (Fig. 4G). Consistent with previous
results, RopB dimer formed higher order RopB-SIP-DNA
complex, whereas preformed RopB-SIP oligomer failed to bind
DNA (SI Appendix, Fig. S10). These results indicate that the
preformed RopB-SIP oligomer is not compatible for DNA
binding and that SIP-induced high-affinity RopB-DNA interac-
tions precede RopB multimerization. Together, the data suggest
that SIP directly interacts with RopB and modulates gene reg-
ulation by inducing a two-pronged allostery in RopB, namely,
high-affinity RopB-DNA interactions and RopB polymerization.

Global Gene Regulatory Influence of SIP Signaling Pathway. To test
the hypothesis that SIP controls a global quorum-sensing reg-
ulon, we constructed an isogenic Aorf-! mutant strain with an in-
frame deletion of the entire SIP coding region. Deletion of orf-1
abolished speB expression, and addition of synthetic SIP peptide
restored WT-like speB transcription and SpeB protease activity
in the Aorf-I mutant, indicating the nonpolar nature of the Aorf-
1 mutant (87 Appendix, Fig. S11). We next used RNA-sequencing
(RNA-seq) analysis to compare the global transcript profiles of
the WT and Aorf-/ mutant strains grown to stationary phase.
Compared with the WT strain, 271 genes (14% of the GAS core
chromosome, P < (.05, and twofold differences) were differen-
tially regulated in the Aorf-I mutant strain, of which 228 genes
were up-regulated and 43 genes were down-regulated (57 Ap-
pendix, Tables S1 and S2). As expected, the level of speB tran-
script was drastically down-regulated in the Aorf-/ mutant strain
(>2,000-fold reduction) relative to the WT strain (SI Appendix,
Fig. S12). Additional genes that were significantly down-regulated
in the Aorf-I mutant include genes that encode known virulence
factors, such as SagP, NdoS, Sdn, and HIyIII (SI Appendix, Table
S1). Conversely, the up-regulated genes in the Aorf-] mutant strain
belong to the following categories: (i) de novo protein synthesis (1ps,
rpl, and rpm operons that encode ribosomal subunits), (i) DNA
synthesis (pyr, pur, guaAB, nrd, carAB, and rexAB operons), (i) cell
wall synthesis and cell division (nuwB, nuurN, pgdA, smc, and
divIVA), (iv) group A carbohydrate antigen synthesis (rgpBCDEFG
operon), (v) transporters involved in nutrient acquisition (dpp, opp,
and pot operons), (vi) proteases (pcp, pepB, pepN, pepQ, pepXP,
¢ppA, and clpX), and (vii) cell surface protein (grab) (SI Appendix,
Table S2).

To further understand the effect of SIP on global gene regu-
lation, we also performed RNA-seq analysis of WT and orf-1*
mutant strains grown to stationary phase. Compared with the
WT strain, 72 genes (4% of the GAS core chromosome, P <
0.05, and twofold differences) were differentially expressed in
the orf-1* mutant strain, of which 31 genes were up-regulated
and 41 genes were down-regulated (57 Appendix, Tables S3 and
S4). As observed in the Aorf-/ mutant strain, the level of speB,
spi, and orf-3 (SpyM3_1743) transcripts was drastically down-
regulated in the orf-1* mutant strain (>1,300-fold reduction)
relative to the WT strain (ST Appendix, Fig. S12). However, the
SIP regulon identified in the orf-7* mutant strain is relatively
smaller compared with that of the Aorf-1 mutant strain. To un-
derstand the differences in the global gene regulatory influence
of SIP between orf-1* and Aerf-! mutant strains, we compared
the RNA-seq reads from the orf-I* and Aorf-I mutant strains
within the ropB-speB gene loci (SI Appendix, Fig. S12). In-
terestingly, the level of ropB transcript was significantly up-
regulated in the Aorf-] mutant strain relative to the WT strain
(greater than threefold increase) (SI Appendiv, Fig. S12 and
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Table S2), whereas no significant difference in the ropB tran-
script level was observed in the orf-7* mutant strain. Thus, it is
possible that transcription activation of speB, spi, and orf-3
(SpyM3_1743) by RopB is SIP-dependent; however, RopB has
additional SIP-independent regulatory roles that may con-
tribute to the larger regulon observed in the Aorf-I mutant strain.
Together, the global transcriptome data demonstrate that the SIP
signaling pathway directly or indirectly up-regulates the expression
of several secreted virulence factors, including SpeB.

RopB-SIP Signaling Pathway Is Required for WT GAS Virulence. To
test the hypothesis that the RopB-SIP signaling pathway partic-
ipates in GAS pathogenesis, we compared the virulence of the
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Fig. 5. SIP-mediated regulation of virulence genes is critical for GAS patho-
genesis in mouse models of infection. (A) Twenty outbred CD-1 mice were
inoculated i.p. with each indicated strain. Kaplan-Meier survival curves with P
values derived by the log-rank test are shown. p.i., postinfection. (B) Twenty
outbred CD-1 mice per strain were injected i.m. with each indicated strain.
Kaplan-Meier survival curves with P values derived by the log rank-test are
shown. (C) Gross (Top) and microscopic (Bottom) analyses of hind-limb lesions
from mice infected with each indicated strain. (Top) Larger lesions with ex-
tensive tissue damage in SpeB-expressing strains are boxed (white boxes).
(Bottom) Areas of disseminated lesions in the infected tissues are boxed (black
box), whereas confined, less destructive lesions are circled. (D) Fifteen immu-
nocompetent hairless mice were infected s.c. with each indicated strain, and
the lesion area produced by each strain was determined. The lesion area was
measured and graphed (mean + SEM). The P value was derived by two-way
ANOVA. (E) Histopathologic analysis of lesions from mice infected s.c. with
each indicated strain. Areas of disseminated lesions and ulcerations on the
skin surfaces caused by SpeB-producing strains are marked by arrows, whereas
confined, less destructive lesions caused by SpeB-deficient strains are boxed.
[Scale bars: C and £, 2.2 mm x 1.7 mm (y axis x x axis) at 4x magnification.]
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‘WT and orf-1* mutant strains in a mouse model of bacteremia
(17, 49, 50). Consistent with its key role in SpeB production, the
virulence of the orf-1* mutant strain was significantly attenuated
relative to the WT strain and comparable to that of the AropB
and AspeB mutant strains that lack SpeB production (Fig. 54).
Next, we tested if SIP signaling is also critical for GAS virulence
in invasive disease using a mouse model of necrotizing myositis
(17, 49, 50). The orf-1* mutant strain was significantly less vir-
ulent than the WT and frans-complemented strains (Fig. 5B).
Inasmuch as SpeB contributes to host tissue damage and disease
dissemination (14-18, 22, 51), we also investigated lesion char-
acter by visual and microscopic examination. Consistent with the
virulence phenotype, the orf-I¥ AropB, and AspeB mutant
strains caused smaller muscle lesions with less severe tissue de-
struction relative to WT and frans-complemented strains (Fig.
5C). Finally, we tested if the RopB-SIP signaling pathway con-
tributes to GAS virulence in a mouse model of skin and soft
tissue infection (17, 49, 50). Compared with WT and trans-
complemented strains, the orf-I*, AropB, and AspeB mutant
strains caused significantly smaller and more confined lesions
(Fig. 5D) with less tissue damage and ulceration (Fig. 5E). To-
gether, these virulence data demonstrate that the RopB-SIP
signaling pathway significantly contributes to GAS pathogene-
sis at multiple anatomic sites.

RopB-SIP Signaling Pathway Is Active During Mouse Infection. We
next investigated if the RopB-SIP-mediated quorum-sensing
pathway controls speB expression in vivo during the course of
infection. Mice were inoculated s.c. with each of the indicated
strains, and speB transcript levels in the infected lesions were
measured by QRT-PCR. Compared with the WT strain grown to
the late exponential phase in laboratory medium, the WT strain
isolated from infected lesions had a 3,000-fold higher level of
speB transcript (Fig. 64). Consistent with the in vitro observa-
tions, lesions from mice infected with AropB and orf-1* mutants
had drastically decreased speB expression in vivo and speB
transcript levels were comparable to those of the WT strain in
the late exponential growth phase (Fig. 64). Importantly, trans-
complementation of the orf-1* mutant strain with pDC-orf-1
fully restored WT-like speB transcript levels, indicating that SIP-
mediated speB regulation occurs in vivo (Fig. 64). Finally, we
assessed the ability of synthetic peptide SIP to activate speB
expression in vivo and promote bacterial virulence using the s.c.
mouse model of infection. Coinjection with SIP restored a WT-
like virulence phenotype to the orf-1* mutant strain, resulting in
larger ulcerated lesions relative to orf-1* mutant coinjected with
the SCRA peptide (Fig. 6 B-D). These data indicate that syn-
thetic peptides containing the SIP amino acid sequences have
biological activity in vivo, and are sufficient to restore GAS
pathogenesis in the orf-7* mutant strain. Collectively, our data
demonstrate that SIP signaling is active during host infection
and, moreover, show that SIP-mediated up-regulation of viru-
lence gene expression contributes significantly to GAS virulence.

Discussion

In the aggregate, we here show that GAS uses complex in-
tercellular communication machinery to monitor its population
density and determine whether to initiate a virulent lifestyle that
involves host tissue damage and disease dissemination. The re-
sults presented herein show that an intercellular peptide signal,
SIP, and the intracellular global gene regulator RopB form a
signal/receptor pair that contributes significantly to GAS path-
ogenesis by modulating virulence gene expression. Importantly,
the nucleotide sequence encoding the inferred eight amino acids
of SIP is absolutely conserved, and the promoter sequences
upstream of the SIP-coding region are highly conserved among
11 different GAS serotypes (S/ Appendix, Fig. S13). Thus, the
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Fig. 6. SIP signaling controls speB expression during infection. (4) Analysis of
the speB transcript level in the s.c. lesions from mice infected with the indicated
strains. Samples were collected 24 h postinfection (P.1.) from the lesions of four
mice per strain and analyzed in triplicate. Data were graphed as mean 5D, with P
values derived from a two-sample t test. Ten immunocompetent hairless mice per
group were infected s.c. with the orf-1* mutant coinjected with either 10 pg of
synthetic SIP or SCRA peptide. LE, late exponential GAS growth in laboratory
medium. The lesion area (B) and ulceration (C) caused by each peptide at 24 h P.I.
were determined. The lesion area was measured and graphed (mean + SEM). The
P value was derived by the Mann-Whitney test. *P < 0.05; **P < 0.001. (D) His-
topathologic analysis of lesions from mice coinjected s.c. with SIP or SCRA peptide.
SIP-induced ulcerated lesions that extend beyond the field of view are boxed.
Coinjection with SCRA peptide caused small abscesses that are confined to the
inoculation site (indicated by arrows). [Scale bars: 3.3 mm x 4.4 mm (y axis x
x axis) at 2x magnification ] (E) Proposed model for the mechanism of intercellular
communication and GAS virulence regulation. (Left) At low cell density, the se-
cretion signal sequence of Vfr binds to RopB and negatively influences RopB-
dependent transcription activation from the P1 promoter, possibly by disrupting
RopB-DNA interactions. (Right) At high cell density, SIP is produced, secreted, and
reimported into the cytosol. The high-affinity RopB-DNA interactions and RopB
polymerization aided by SIP binding lead to up-regulation of sip expression, which
results in robust induction of SIP production by a positive-feedback mechanism. In
addition to up-regulation of virulence genes, the SIP signaling circuit down-
regulates the expression of categories of genes involved in GAS growth and
host cell attachment. Finally, the SIP-dependent up-regulation of speB leads to
abundant secretion of mature SpeB (SpeByy), which facilitates host tissue damage
and disease dissemination by cleavage of various host and GAS proteins.

SIP signaling pathway likely represents a virulence regulatory
mechanism conserved among many GAS M-protein serotypes.
All previously characterized bacterial peptide signals are
produced as propeptides that have a cleavable amino-terminal
secretion signal sequence and protease cleavage sites, resulting
in a mature peptide (8) (Fig. 34). The secretion signal sequence
targets the propeptide to the secretion machinery at the cell
membrane, where the propeptide undergoes proteolytic cleav-
age. The released mature peptide is exported, and subsequently
reimported into the cytosol by Opp permeases (39). In contrast,
SIP lacks the distinctive sequence motifs of bacterial peptide
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signals. GAS produces SIP in a mature form that is devoid of a
secretion signal sequence and protease cleavage site (Fig. 34).
Nevertheless, SIP is secreted and reimported by an Opp permease-
independent import mechanism. These differences indicate that SIP
biosynthesis is an important exception to the established paradigm
of bacterial peptide signaling. Thus, SIP belongs to a previously
undescribed new class of leaderless bacterial peptide signals. Such
lack of conformity likely hobbled previous extensive efforts to
identify SIP (18, 21, 22, 27, 30-33, 35, 36). Given that RRNPP
family proteins are widespread among low guanine + cytosine gram-
positive bacteria and bacteriophages (42, 52), and the cognate
peptide signals for the vast majority of these regulators have not yet
been identified, we speculate that leaderless peptides analogous to
SIP will participate in other microbial signaling pathways. Thus, our
delineation of SIP signaling may accelerate discovery of similar
peptide signals in other microorganisms.

Typically, the internalized cognate peptides bind to the respective
regulators and trigger regulator-specific conformational changes that
modulate gene regulation (39). The characterized activation peptide-
induced allostery among RRNPP family regulators includes disrup-
tion of tetramerization in PrgX from Enterococcus faecalis, induction
of tetramerization in NprR from Bacillus cereus, and unmasking of
the N-terminal DNA-binding domain that aids promoter binding by
PIcR from B. cereus (39, 53-55). Our results indicate that SIP con-
trols RopB regulatory activity by facilitating high-affinity RopB-
DNA interactions and RopB polymerization (Fig. 4). The se-
quences upstream of the P1 promoter have two putative RopB-
binding sites, site 1 and site 2, and these two sites are separated by
a 121-bp-long spacer region. The two sites are highly similar (Fig.
4C), and RopB binds to each site with comparable affinity. Thus, it is
plausible that SIP promotes RopB interactions with the two high-
affinity operator sequences. Using these interactions as nucleation
events, RopB polymerizes on the spacer between the two sites,
resulting in RopB-dependent transcription activation from the
P1 promoter. However, additional investigations will be required to
test the proposed model and elucidate the mechanism by which
RopB polymerization contributes to its regulatory activity.

Based on earlier work (18) and results presented here, we propose
the following model (Fig. 6E). During low cell density, the inhibition
peptide signal derived from the secretion signal sequence of Vir in-
teracts with RopB and negatively influences spel3 expression, possibly
by inhibiting RopB-DNA interactions (Fig. 6E). Conversely, during
high cell density, expression of vfr is down-regulated, which results in
low-level SIP production. The initial SIP production acts as a positive
feedback loop, resulting in robust induction of SIP. The SIP-bound
RopB binds to operator sequences, polymerizes on the promoter, and
mediates transcription activation of target genes.

To summarize, the data we present here provide detailed mo-
lecular and mechanistic understanding of a key virulence regula-
tory pathway of an abundant human pathogen responsible for
greater than 700 million human infections annually worldwide (56,
57). Moreover, the work identified previously unknown molecular
targets that may be exploited to develop new therapeutics.
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Materials and Methods

Bacterial Strains, Plasmids, and Experimental Procedures. The bacterial strains
and plasmids used in this study are listed in 5/ Appendix, Table S5. Probes and
primers used in this study are listed in 5/ Appendix, Table 56. The composi-
tion of the chemically defined medium (58) is provided in 5/ Appendiix, Table
S7. Details of the isogenic mutant strain construction, trans-complementa-
tion plasmids, and plasmids for overexpression are included in S/ Appendix,
Supplemental Materials and Methods. Details of protein overexpression and
purification are provided in 5/ Appendix, Supplemental Materials and
Methods. Preparation of synthetic peptides used for SIP addition experi-
ments, FP assays, EMSA, and animal infection studies is described in 5/ Ap-
pendix, Supplemental Materials and Methods. Details of speB transcript
level analysis by qRT-PCR, secreted SpeB protein levels by Western immu-
noblotting, and SpeB protease activity by milk plate clearing assay are
provided in S/ Appendix, Supplemental Materials and Methods. Secretome
swap assays were performed as described previously (8), and the details are
given in SI Appendix, Supplemental Materials and Methods. Details of
confocal microscopy studies and fluorescence measurements to monitor the
uptake of fluorescein-labeled SIP are included in 5/ Appendix, Supplemental
Materials and Methods.

Northern Blot and RNA-Seq Analysis. Northern blot analysis was performed as
previously described (59). Membranes were hybridized in ULTRAhyb Ultra-
sensitive Hybridization Buffer (Thermo Fisher) at 42 °C with 3?P-end-labeled
DNA oligonucleotides. Signals were visualized with a Typhoon phosphor-
imager (GE Healthcare), and band intensities were quantified using GelQuant
software (BiochemLabSolutions). RNA-seq experiments were performed as de-
scribed previously (60). Experimental details are given in S/ Appendix, Supple-
mental Materials and Methods.

RopB-DNA Interaction Studies. Interactions between RopB and SIP and dsDNA
were studied by FP assay and EMSA. Details of binding isotherm measure-
ment conditions and protocols are given in SI Appendix, Supplemental
Materials and Methods.

Analysis of RopB Oligomerization State. Size exclusion chromatography and
blue-native polyacrylamide gel electrophoresis were used to determine the
oligomerization state of recombinant RopB in the presence and absence of
synthetic peptides. Experiment details are provided in S/ Appendix, Sup-
plemental Materials and Methods. Details of sample preparation and mass
spectrometry analysis of the different oligomeric forms of RopB fractionated
by size exclusion chromatography are described in S/ Appendix, Supple-
mental Materials and Methods.

Animal Virulence Studies. Mouse experiments were performed according to
protocols approved by the Houston Methodist Research Institute Institutional
Animal Care and Use Committee. The studies were carried out in accordance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals (61). Virulence of the isogenic mutant GAS strains was assessed
using three mouse models of infection, namely, i.p., i.m., and s.c. inoculation
(17, 18, 62) (approved nos. AUP-0716-0038, AUP-0615-0041, and AUP-0416-
0019). Details of mouse infection studies and data analyses are given in 5/
Appendix, Supplemental Materials and Methods.
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Figure S1

A)

R > W phr
< g she
BRI > > nprX
GERIE >> WP> parR
<£| ’ iCF10
< “ropE Il siv

B)

0

B wr.ppC
[ WT:pDC-INT-1
I WT:pDC-INT-2

]
[4,]
1

=Y
o
L

relative to tufA

Log, orf-3 transcript levels

C)

=
o
1

—— Wild type

—&— AspeB

—¥— AropB

—— orf-1*

—e— orf-1*:pDC-orf-1
—3¢ ornf-2*

—— orf-3*

o
©
1

0.6 4

0.44

0.2+

Absorbance at 600 nm

12

4 8
Time (in h)

Figure S1. (A) The genetic organization of the coding regions of different members of RRNPP
family regulators and their characterized cognate peptides are shown. (B) Complementation
of WT GAS by trans-complementation plasmid containing different fragments of the ropB-

speB intergenic region. Transcript levels of orf-3 in the indicated strains as measured by gRT-
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PCR. Samples were collected at late exponential (Asgo — 1.0) phase of growth for transcript
level analysis. Triplicate biological replicates were grown on two different occasions and
analyzed in duplicate. Data graphed are mean + standard deviation. (C) Growth kinetics of
the indicated strains in THY broth. Three biological replicates were grown and the graph

represents mean + standard deviation.
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Figure S2
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Figure S2. Schematics showing the organization of genetic elements in different GAS strains

and trans-complementation plasmids used in this study. The ropB and speB genes are

divergently transcribed. The angled arrows above the line indicate two transcription start sites

for speB, designated P1 and P2. The intergenic region with three predicted open reading

frames, designated orf-1 (orange), orf-2 (green), and orf-3 (blue), are shown as horizontal

arrows. Numbers indicate the nucleotide positions relative to the first nucleotide of speB start

codon. Nucleotides corresponding to transcription start sites, P1 and P2, are highlighted in
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orange. Inferred ribosomal binding site (RBS) located upstream of orf-7 is underlined and
labeled. Nucleotide sequences of orf-1 are italicized and colored in orange. Amino acid

*

sequence corresponding to each codon of orf-71 is given below. * indicates stop codon.
Substitution of orf-1 start codon with stop codon in orf-1* and trans-complementation plasmid,

pDC-orf-1* is highlighted in green.
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Figure S3
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Figure S3. Translation disruption of orf-71 in the trans-complementation plasmid, pDC-orf-1
(pDC-orf-1%), failed to rescue the defective speB expression in isogenic orf-1* mutant. (A)
Transcript levels of speB in the indicated strains as measured by qRT-PCR. Samples were
collected at stationary (Asoo > 1.8) phase of growth for transcript level analysis. Triplicate
biological replicates were grown on two different occasions and analyzed in duplicate. Data
graphed are mean * standard deviation. (B) Milk plate assay to assess the protease activity

of SpeB in the indicated strains.
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Figure S4
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Figure S4. Genetic inactivation of orf-7 does not alter ropB expression profile. Transcript
levels of ropB (A) and speB (B) in the indicated strains measured by qRT-PCR. Samples
were collected at early exponential (Asoo - 0.25), mid-exponential (Asoo - 0.5), late exponential
(Aesoo — 1.0), and stationary phase (Asoo — >1.8). Triplicate biological replicates were grown on
two different occasions and analyzed in duplicate. Data graphed are mean + standard

deviation.
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Figure S5
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Figure S5. Fluorescein modification of SIP-1 (FITC-SIP-1) at its amino-terminus does not
affect its ability to induce speB expression. The orf-7* mutant was grown in chemically
defined medium (CDM) to early stationary phase (STAT, Asoo ~ 1.7) and supplemented either
with 100 nM of indicated synthetic peptide or DMSO. After 60 min incubation, transcript levels
of speB were assessed by qRT-PCR. The orf-1* mutant supplemented with DMSO was used

as a reference and fold changes in speB transcript levels relative to the reference are shown.
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Figure S6
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Figure S6. Analysis of RopB binding sites within the ropB-speB intergenic region. (A) The
ropB and speB genes are divergently transcribed. The angled arrows above the line indicate
two transcription start sites for speB, designated P1 and P2. The intergenic region with three
predicted open reading frames, designated orf-1 (orange), orf-2 (green), and orf-3 (blue), are
shown as horizontal arrows. The putative RopB-binding sites located upstream of P1 is
shown as red rectangles. Numbers indicate the nucleotide positions relative to the first
nucleotide of speB start codon. Promoter fragments (probes 1-3) tested for RopB binding in
the electrophoretic mobility shift assay (EMSA) are shown as bars and the numbers at either
sides of each probe indicate the positions of 5’ and 3’ ends of the fragment relative to the first
nucleotide of the speB start codon. (B-D) Increasing concentrations of purified apo-RopB or
SIP-bound RopB (70, 140, 210, and 280 nM of RopB dimer) were incubated with the
indicated probe and reaction mixtures were resolved on a 10% native-PAGE. SIP was added
in the reaction mixture at a final concentration of 4 uM to generate SIP-bound RopB. The

positions of free (F) and different RopB oligomer-bound (B1-B3) probes are indicated.
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Figure S7
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Figure S7. Genetic alterations in orf-1* mutant dees not affect the interactions between RopB
and speB promoter (PspeB). Promoter sequences corresponding to probe 1 or probe 2
fragments were amplified from wild type (WT) and orf-71* mutant strains. Interactions between
the indicated promoter sequences and RopB-SIP-1 were assessed by EMSA. Increasing
concentrations of purified apo-RopB dimer incubated with 4 uM SIP (70, 140, 210, and 280
nM of RopB dimer) were incubated with each indicated probe and reaction mixtures were
resolved on a 10% native-PAGE. Probes 1 and 2 were prepared as described in Fig. S5,
panel A. The positions of free (F) and different RopB oligomer-bound (B1-B4) probes are

indicated.
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Figure S8
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Figure S8. Blu-native PAGE analysis of the apo- or peptide-bound forms of RopB. An
uncropped image of the Blu-native gel presented in panel 4/ is shown. Increasing
concentrations of the apo- or peptide-bound forms of RopB (+ - 1.5 ug: ++ - 3 ug) were
analyzed by Blu-native PAGE. The masses of the molecular weight marker (M, in kilodaltons)

are labeled.
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Figure S9
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Figure S9. SIP binding does not induce the higher oligomer formation of RopB-CTD. (A)
Analysis of the binding between purified RopB-CTD and fluoresceinated SIP-1 by fluorescent
polarization (FP) assay. (B) Size exclusion chromatography analysis of purified RopB-CTD
with or without the presence of either synthetic SIP-1 or SCRA peptides. Molecular masses

were calculated based on the calibration curve using molecular weight standards.
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Figure S10
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Figure S10. Pre-formed RopB-SIP oligomer does not bind speB promoter. Interactions
between promoter sequence of speB and different oligomeric forms of RopB were assessed
by EMSA. Increasing concentrations of purified apo-RopB dimer incubated with SIP (RopB
dimer) or pre-formed RopB-SIP oligomer (RopB oligomer) fractionated by size exclusion
chromatography (70, 140, 210, and 280 nM of RopB dimer) were incubated with probe 2 and
reaction mixtures were resolved on a 10% native-PAGE. Probe 2 was prepared as described
in Fig. S5, panel A. The positions of free (F) and different RopB oligomer-bound (B1 and B2)

probes are indicated.

14

59|Page



CHAPTER 1

Figure S11
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Figure S11. (A) The Aorf-1 mutant was grown in chemically defined medium (CDM) to early
stationary phase (STAT, Aswo ~ 1.7) and supplemented either with 100 nM of indicated
synthetic peptide or DMSO. After 60 min incubation, transcript levels of speB were assessed
by qRT-PCR. Aorf-1 mutant supplemented with DMSO was used as a reference and fold
changes in speB transcript levels relative to the reference are shown. (B) Milk plate assay to

assess the ability of SIP to induce SpeB protease activity in Aorf-7 mutant.
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Figure S12
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Figure S12. Visualization of RNA sequencing reads for ropB-speB genomic locus in the
indicated strains. The bottom panel shows the location of annotated and identified genes
within the ropB-speB genomic locus. Individual genes are shown as bars and labeled above
the bar. Transcription start sites (TSS) for ropB and sip genes are marked as bent arrows
below and above the bars, respectively. The direction of gene expression is shown as arrows

in the bottom.
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Figure S13
M1 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M3 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M4 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M5 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCACGTACCTAATACGTAACAA
M6 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTATGCATGTACCTAATACGTAACAA
M12 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M18 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M28 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M49 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M53 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
M59 ATGTCAAGCCTTCCTAGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAA
LR R R R EE A EE RS R AR R R AR R R R R EEEEE SRR R LB EEEEEEEREEE RS SR ESS]
M1 GTTGAATGTTTCGGATGATAGTCGCTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
M3 GTTGAATGTTTCGGATGATAGTCGGTTATGATGGGTACATAAGGTCAGTAGCCAGATGCG
M4 GTTGAATGTTTCGGATGATAGTCGCTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
M5 GTTGAATGTTTCGGATGATAGTTGGTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
M6 GTTGAATGTTTCGGATGATAGTCGGTTATGATGGGTACATAAGGTCAGTAGCCAGATGCG
M12 GTTGAATGTTTCGGATGATAGTCGCTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
M18 GTTGAATGTTTCGGATGATAGTCGGTTATGATGGGTACATAAGGTCAGTAGCCAGATGCG
M28 GTTGAATGTTTCGGATGATAGTCGCTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
M49 GTTGAATGTTTCGGATGATAGTCGCTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
M53 GTTGAATGTTTCGGATGATAGTTGGTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
M59 GTTGAATGTTTCGGATGATAGTCGCTTATGATAGGTGCATAAGGTCAATAGCCAGATGCG
khhkhhhhkhhhhhhdhkhhhhhkhhdh % khkkhhhhdh %khk khkhkhhhdhhhkhhk ,hkhkhhhhhkhkhk*k
M1 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
M3 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTAAAAAATACGT
M4 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
M5 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
M6 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTAAAAAATACGT
M1l2 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
M18 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTA-TAGATGTAAAAAATACGT
M28 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
M49 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
M53 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
M59 ATAGTTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGT
hkkhkkkhkkhkhkkhkhhkhkkhkhkhhhkhkhhhhhhhhkhkhhhhkhkhkhhhhkhhkh *kkkhkhkhkhk **kkkkhkkk*%
M1 TACGTGTGTACCTAATACGTAACAAAATAATGCGTTAGCAAAATAAGCAGCTATGATATA
M3 TACGTGTGTACCTAATACGTAACAAGATAATGGGTTAGCAAAATAAGCAGCTATGATATA
M4 TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATA
M5 TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATA
M6 TACGTGTGTACCTAATACGTAACAAAATAATGCGTTAGCAAAATAAGCAGCTATGATATA
M12 TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATA
M18 TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATA
M28 TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATA
M49 TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAARATAAGCAGCTATGATATA
M53 TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATA
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TACGTGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATA

khhkdhkhkhkdkhkhkhkhhddhhkhkhhddhhrhd dhhhhdkddhdhhhdhhrhddddhhhdddhrhddkhir

GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTITITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTIITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTTTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTITTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTTTGTAG
GCCATAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTTTGTAG
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Figure S13. Nucleotide sequences containing the P1 promoter sequences and S/P-coding

region are highly conserved among GAS serotypes. Alignment of the nucleotide sequences

of SIP-coding region, and the upstream P1 promoter sequences located between SIP- and

ropB-coding regions from different M serotypes of GAS is shown. Identical positions among

the serotypes are marked with asterisks (*). The operator sequences, site1 and site2,

containing RopB binding sites are underlined and shaded in grey. The transcription start site

of P1 promoter is highlighted in blue and the putative ribosomal binding site for SIP

translation is underlined. The SIP-coding region is indicated in bold and highlighted in grey.
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Table S1. Genes that are downregulated in ASIP mutant

Locus tag Spy Number®  Fold- Annotation®
change®
Virulence
factors
speB SpyM3_1742 2420 Pyrogenic exotoxin B
spi SpyM3_1741 2291 Intracellular SpeB inhibitor
sdn SpyM3_1409 31 Streptodornase (sdn) — phage associated
ndoS SpyM3_1568 2.2 Secreted endoglycosidase
hlylll SpyM3_0815 2.1 Putative hemolysin
sagP SpyM3_1196 6.4 Anti-tumor glycoprotein
Stress
responses
dnaK SpyM3_1531 24 Molecular chaperone DnaK
groEL SpyM3_1765 2.0 Molecular chaperone GroEL
groES SpyM3_1766 23 Molecular chaperone GroES
grpE SpyM3_1532 3.2 Heat shock protein GrpE
clpL SpyM3_0607 25 ATP-dependent Clp protease
clpP SpyM3_0287 2.0 ATP-dependent Clp protease subunit
hrcA SpyM3_1533 4.2 Heat-inducible transcription repressor
arcB SpyM3_1194 54 Ornithine carbomoyl transferase
arcC SpyM3_1191 2.1 Carbamate kinase
Others
copA SpyM3_1491 3.1 Copper transporting ATPase
copy SpyM3_1492 3.9 Copper responsive regulator
copZ SpyM3_1490 2.1 Copper chaperone
serS SpyM3_1516 3.2 Seryl-tRNA synthase
scrA SpyM3_1569 23 Sucrose-specific PTS transporter subunit
IIABC
xerS SpyM3_0839 23 Site-specific tyrosine recombinase
Hypothetical
proteins
M3_0377 SpyM3_0377 2.3 Hypothetical protein
M3_0742 SpyM3_0742 2.1 Hypothetical protein
M3_0894 SpyM3_0894 2.0 Hypothetical protein
M3 _0895 SpyM3_0895 2.4 Hypothetical protein
M3_0896 SpyM3_0896 2.4 Hypothetical protein
M3 0897 SpyM3_0897 2.1 Hypothetical protein
M3_0898 SpyM3_0898 2.2 Hypothetical protein
M3_0899 SpyM3_0899 2.1 Hypothetical protein
M3_0900 SpyM3_0900 24 Hypothetical protein
M3 1192 SpyM3_1192 25 Hypothetical protein
M3 1193 SpyM3_1193 3.6 Hypothetical protein
M3_1195 SpyM3_1195 6.7 Hypothetical protein
M3 1705 SpyM3_1705 25 Hypothetical protein
M3 1709 SpyM3_1709 2.3 Hypothetical protein
M3 1743 SpyM3_1743 2080 Hypothetical protein
M3 1828 SpyM3_1828 4.4 Hypothetical protein

19
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M3_1829 SpyM3_1829 3.9 Hypothetical protein
M3_1830 SpyM3_1830 3.8 Hypothetical protein
M3 1831 SpyM3_1831 2.0 Hypothetical protein

Table S2. Genes that are upregulated in ASIP mutant.

Locus tag Spy Number®  Fold- Annotation®
change"
Protein synthesis
mpiB SpyM3_0043 23 508 ribosomal protein L2
miC SpyM3_0040 2.8 508 ribosomal protein L3
plD SpyM3_0041 26 508 ribosomal protein L4
rpiL SpyM3_0754 2.6 508 ribosomal protein L7/L12
piM SpyM3_1664 31 508 ribosomal protein L13
mlQ SpyM3_0067 3.1 508 ribosomal protein L17
mis SpyM3_0474 29 508 ribosomal protein L19
miT SpyM3_0540 2.4 508 ribosomal protein L20
mplv SpyM3_0045 2.3 508 ribosomal protein L22
piw SpyM3_0042 24 508 ribosomal protein L23
rpmB SpyM3_1629 36 508 ribosomal protein L28
rpmF SpyM3_1816 3.0 508 ribosomal protein L32
pmG SpyM3_1817 3.6 508 ribosomal protein L33
pmdJ SpyM3_0063 2.9 508 ribosomal protein L36
psC SpyM3_0046 2.2 308 ribosomal protein S3
psF SpyM3_1582 24 30S ribosomal protein S6
msG SpyM3_0199 23 308 ribosomal protein S7
rpsl SpyM3_1663 4.5 30S ribosomal protein S9
rpsd SpyM3_0039 29 30S ribosomal protein S10
psK SpyM3_0065 25 30S ribosomal protein S11
rpsL SpyM3_0198 25 308 ribosomal protein S12
rpsM SpyM3_0064 26 308 ribosomal protein S13
rpsN.2 SpyM3_1615 2.5 30S ribosomal protein S14
mpsO SpyM3_1681 3.0 308 ribosomal protein S15
psP SpyM3_0567 23 308 ribosomal protein S16
msR SpyM3_1580 3.0 30S ribosomal protein S18
rpsT SpyM3_0872 3.1 308S ribosomal protein S20
rluD SpyM3_0786 25 Ribosomal large subunit
pseudouridine synthase
def SpyM3_1684 24 Peptide deformylase
Amino acid metabolism
amiC SpyM3_0618 17.3 Amidase
aroA.2 SpyM3_1279 25 Aromatic amino acid biosynthesis
braB SpyM3_0236 29 Branched amino acid transport
DNA synthesis, repair, and
metabolism
purC SpyM3_0019 8.1 Purine biosynthesis
purF SpyM3_0021 36 Purine biosynthesis
purH SpyM3_0024 3.1 Purine biosynthesis
purL SpyM3_0020 3.6 Purine biosynthesis
purl SpyM3_0022 35 Purine biosynthesis
purN SpyM3_0023 29 Purine biosynthesis
pyrB SpyM3_0560 27.5 Pyrimidine biosynthesis
pyrD
20
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pyrE SpyM3_1091 6.1 Pyrimidine biosynthesis
pyrF SpyM3_0617 304 Pyrimidine biosynthesis
pyrG SpyM3_0616 446 Pyrimidine biosynthesis
pyrP SpyM3_1632 24 Pyrimidine biosynthesis
pyrR SpyM3_0559 375 Pyrimidine biosynthesis
guaA SpyM3_0558 491 Pyrimidine biosynthesis
guaB SpyM3_0845 2.3 GMP synthase
SpyM3_1857 23 Inosine 5'-monophosphate
nrdE. 1 dehydrogenase
SpyM3_1049 43 Ribonucleotide-diphosphate
nrdF.1 reductase o subunit
SpyM3_1050 47 Ribonucleotide-diphosphate
nrdG reductase {3 subunit
SpyM3_1791 24 anaerobic ribonucleotide reductase
nrdH activator
nrdl. 1 SpyM3_1048 46 Glutaredoxin-like protein
carA SpyM3_1706 2.3 Flavoprotein Nrdl
SpyM3_0561 215 Carbamoyl phosphate synthase small
carB subunit
SpyM3_0562 18.5 Carbamoyl phosphate synthase large
rexA subunit
SpyM3_0514 3.6 ATP-dependent exonuclease subunit
rexB A
SpyM3_0513 2.8 ATP-dependent exonuclease subunit
polC B
parC SpyM3_1687 23 DNA polymerase Il
parkE SpyM3_0625 2.8 DNA topoisomerase IV-subunit A
rpoA SpyM3_0624 2.2 DNA topoisomerase |V-subunit B
dyr SpyM3_0066 2.7 RNA polymerase-alpha subunit
udk SpyM3_0602 2.6 Dihydrofolate reductase
upp SpyM3_1042 33 Uridine kinase
thyA SpyM3_0286 33 Uracil phosphoribosyl transferase
fopA SpyM3_0601 3.4 Thymidylate synthase
ssbh.2 SpyM3_0820 24 DNA topoisomerase |
xpt SpyM3_1581 24 Single strand DNA-binding protein2
cdd SpyM3_0794 4.2 Xanthine phosphoribosyltransferase
SpyM3 0869 24 Cytidine deaminase
Proteases/Peptidases
pcp
pepB SpyM3_0355 2.2 Pyrrolidone-carboxylate peptidase
pepN SpyM3_1062 3.0 Oligopeptidase
pepO SpyM3_0875 23 Aminopeptidase_N
pepXP SpyM3_1784 24 Endopeptidase
cppA SpyM3_1603 5.3 x-prolyl dipeptidyl aminopeptidase
clpX SpyM3_1598 3.5 C3-degrading proteinase
SpyM3_0604 27 ATP-dependent protease
Group A polysaccharide antigen
synthesis
rgpBe group A polysaccharide antigen
SpyM3_0523 2.3 synthesis
rgpCce group A polysaccharide antigen
SpyM3_0524 2.1 synthesis
group A polysaccharide antigen
rgpDe SpyM3_0525 2.3 synthesis
rou A olysaccharide antigen
rgpEc SpyM3_0526 22 gyntr?esis Poy °
rgpFc group A polysaccharide antigen
21
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SpyM3_0527 2.8 synthesis
rgpGe group A polysaccharide antigen
SpyM3_0528 2.4 synthesis
Transporters
OppD Oligopeptide ABC transporter ATP-
SpyM3_0218 22 binding subunit
pstB SpyM3_0877 2.3 Phosphate transporter ATP-binding
protein
dppB SpyM3_1719 2.8 Dipeptide ABC transporter permease
dppC SpyM3_1720 2.9 Dipeptide ABC transporter permease
dppD SpyM3_1721 26 Dipeptide ABC transporter ATP-
binding subunit
dppE SpyM3_1722 2.7 Dipeptide ABC transporter ATP-
binding subunit
potA SpyM3_0764 2.8 Polyamine transporter complex -
subunit A
potB SpyM3_0765 3.3 Polyamine transporter complex -
subunit B
potC SpyM3_0766 3.2 Polyamine transporter complex -
subunit C
potD SpyM3_0767 3.3 Polyamine transporter complex -
subunit D
glpF.2 SpyM3_1600 25 Glycerol uptake facilitator protein
Cell wall synthesis
murB SpyM3_0763 26 UDP-N-acetylpyruvoylglucosamine
reductase
murN SpyM3_0434 2.2 Peptidoglycan ~ branched peptide
synthesis protein
pgdA SpyM3_1044 22 Peptidoglycan-N-acetyl glucosamine
deacetylase
smc SpyM3_0376 3.1 Chromosome  condensation  and
segregation protein
divIVA SpyM3_1167 23 Cell division initiation protein
ftsH SpyM3_0012 24 Cell division protein
SpyM3 0012 2.4 Cell division protein
Enzymes
acpA SpyM3_0375 2.8 Double strand RNase
acpP.2 SpyM3_1526 2.9 Acyl carrier protein
ccdA SpyM3_1269 26 Cytochrome c biosynthesis
coaA SpyM3_0871 2.8 Panthothenate kinase
cobQ SpyM3_0677 2.5 Cobyric acid synthase
cysE SpyM3_1674 2.2 Serine acetyl transferase
cysS SpyM3_1672 3.4 Cysteinyl-tRNA synthetase
fabH SpyM3_1527 29 3-oxoacyl-ACP synthase
fhs.1 SpyM3_0853 5.0 Formate-tetrahydrofolate ligase
folD SpyM3_1157 3.0 Methylene-tetrahydrofolate
dehydrogenase
alyQ SpyM3_1472 25 Glycyl-tRNA synthetase
msrA. 1 SpyM3_1267 3.0 Bifunctional methionine sulfoxide
reductase
mvaS.1 SpyM3_0599 22 3-hydroxy-3-methylglutaryl
coenzymeA
mvaS.2 SpyM3_0600 2.2 3-hydroxy-3-methylglutaryl coenzyme
A synthase
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phaB SpyM3_1529 3.3 Enoyl-coA hydratase
pmi SpyM3_1566 25 Mannose-6-phosphate isomerase
ppc SpyM3_0430 25 Phosphoenolpyruvate carboxylase
sla SpyM3_1204 2.7 Phospholipase-A2-like protein
spi SpyM3_1592 26 Signal peptidase |
thrS SpyM3_0365 2.8 Threonine-tRNA ligase
trmU SpyM3_1840 26 tRNA-specific thiouridylase
Transcription regulators
ropB SpyM3_1744 31 Regulator of Protease B
covS SpyM3_0245 2.8 Two-component histidine kinase
Hypothetical proteins
M3_0014 SpyM3_0014 4.0 Hypothetical protein
M3_0025 SpyM3_0025 3.1 Hypothetical protein
M3_0029 SpyM3_0029 2.4 Hypothetical protein
M3 0038 SpyM3_0038 2.9 Hypothetical protein
M3_0072 SpyM3_0072 3.2 Hypothetical protein
M3_0092 SpyM3_0092 25 Hypothetical protein
M3 0104 SpyM3_0104 35 Hypothetical protein
M3 0212 SpyM3_0212 3.6 Hypothetical protein
M3 0226 SpyM3_ 0226 2.4 Hypothetical protein
M3_0227 SpyM3_0227 2.8 Hypothetical protein
M3 0228 SpyM3_0228 3.2 Hypothetical protein
M3_0229 SpyM3_0229 2.7 Hypothetical protein
M3 0230 SpyM3_0230 3.3 Hypothetical protein
M3 0237 SpyM3_0237 3.3 Hypothetical protein
M3_ 0238 SpyM3_0238 24 Hypothetical protein
M3_0243 SpyM3_0243 2.2 Hypothetical protein
M3_0254 SpyM3_0254 24 Hypothetical protein
M3_0265 SpyM3_0265 2.3 Hypothetical protein
M3 0267 SpyM3_0267 2.2 Hypothetical protein
M3_0268 SpyM3_0268 2.2 Hypothetical protein
M3 0272 SpyM3_0272 3.2 Hypothetical protein
M3_0334 SpyM3_0334 22 Hypothetical protein
M3 0340 SpyM3_ 0340 3.1 Hypothetical protein
M3_0402 SpyM3_0402 27 Hypothetical protein
M3_ 0437 SpyM3_0437 24 Hypothetical protein
M3_0515 SpyM3_0515 3.3 Hypothetical protein
M3 0528 SpyM3_0528 2.7 Hypothetical protein
M3_0529 SpyM3_0529 36 Hypothetical protein
M3 0530 SpyM3_0530 25 Hypothetical protein
M3_0531 SpyM3_0531 2.8 Hypothetical protein
M3_0532 SpyM3_0532 3.5 Hypothetical protein
M3_0541 SpyM3_0541 2.3 Hypothetical protein
M3 0576 SpyM3_0576 2.3 Hypothetical protein
M3_0603 SpyM3_0603 34 Hypothetical protein
M3_0605 SpyM3_0605 3.1 Hypothetical protein
M3_0606 SpyM3_0606 2.8 Hypothetical protein
M3 0619 SpyM3 0619 5.4 Hypothetical protein
M3_0620 SpyM3_0620 6.8 Hypothetical protein
M3 0627 SpyM3_0627 3.6 Hypothetical protein
M3_0636 SpyM3_0636 25 Hypothetical protein
M3_0637 SpyM3_0637 2.7 Hypothetical protein
M3 0638 SpyM3_0638 2.4 Hypothetical protein
M3_0652 SpyM3_0652 2.4 Hypothetical protein
M3 0653 SpyM3_0653 3.9 Hypothetical protein
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M3_0655 SpyM3_0655 4.0 Hypothetical protein
M3_0656 SpyM3_0656 35 Hypothetical protein
M3 0774 SpyM3_0774 3.6 Hypothetical protein
M3 0779 SpyM3_0779 2.2 Hypothetical protein
M3_0780 SpyM3_0780 24 Hypothetical protein
M3 0783 SpyM3_0783 24 Hypothetical protein
M3_0793 SpyM3_0793 5.3 Hypothetical protein
M3_0795 SpyM3_0795 48 Hypothetical protein
M3 0797 SpyM3_0797 2.5 Hypothetical protein
M3 0812 SpyM3_0812 2.6 Hypothetical protein
M3_0857 SpyM3_0857 56 Hypothetical protein
M3_0860 SpyM3_0860 3.6 Hypothetical protein
M3 0870 SpyM3_0870 3.9 Hypothetical protein
M3 1019 SpyM3_1019 3.4 Hypothetical protein
M3_1020 SpyM3_1020 14.0 Hypothetical protein
M3_1021 SpyM3_1021 3.3 Hypothetical protein
M3_1040 SpyM3_1040 2.5 Hypothetical protein
M3 1060 SpyM3_1060 2.8 Hypothetical protein
M3_1061 SpyM3_1061 3.7 Hypothetical protein
M3_1068 SpyM3_1068 2.8 Hypothetical protein
M3_1069 SpyM3_1069 24 Hypothetical protein
M3_1070 SpyM3_1070 26 Hypothetical protein
M3 1075 SpyM3_1075 2.4 Hypothetical protein
M3_1077 SpyM3_1077 2.5 Hypothetical protein
M3 1146 SpyM3_1146 2.3 Hypothetical protein
M3_1184 SpyM3_1184 22 Hypothetical protein
M3 1264 SpyM3_1264 2.4 Hypothetical protein
M3 1268 SpyM3_1268 2.7 Hypothetical protein
M3 1277 SpyM3_1277 3.0 Hypothetical protein
M3_1388 SpyM3_1388 2.8 Hypothetical protein
M3_1396 SpyM3_1396 23 Hypothetical protein
M3 1478 SpyM3_1478 3.2 Hypothetical protein
M3 1507 SpyM3_1507 2.3 Hypothetical protein
M3_1508 SpyM3_1508 23 Hypothetical protein
M3_1509 SpyM3_1509 3.0 Hypothetical protein
M3_1510 SpyM3_1510 24 Hypothetical protein
M3 1514 SpyM3_1514 4.5 Hypothetical protein
M3_1528 SpyM3_1528 29 Hypothetical protein
M3_1587 SpyM3_1587 24 Hypothetical protein
M3_1597 SpyM3_1597 3.1 Hypothetical protein
M3 1602 SpyM3_1602 5.3 Hypothetical protein
M3 1606 SpyM3_1606 25 Hypothetical protein
M3 1635 SpyM3_1635 24 Hypothetical protein
M3_1671 SpyM3_1671 4.3 Hypothetical protein
M3_1673 SpyM3_1673 3.0 Hypothetical protein
M3 1686 SpyM3_1686 2.7 Hypothetical protein
M3 1714 SpyM3_1714 2.3 Hypothetical protein
M3_1792 SpyM3_1792 2.2 Hypothetical protein
M3 1811 SpyM3_1811 2.3 Hypothetical protein
M3_1834 SpyM3_1834 26 Hypothetical protein
M3 1843 SpyM3_ 1843 5.3 Hypothetical protein
M3_1844 SpyM3_1844 2.2 Hypothetical protein
M3_1849 SpyM3_1849 3.0 Hypothetical protein
M3_1850 SpyM3_1850 26 Hypothetical protein
M3_1861 SpyM3_1861 3.2 Hypothetical protein
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Others
manM
mecA
ptsl

salK
salR
int315.4

grab
cpsY

SpyM3_1512
SpyM3_0206
SpyM3_1046

SpyM3_1645
SpyM3_1646
SpyM3_1266

SpyM3_1032
SpyM3_0614

Mannose-specific transporter 11IC
Adaptor protein

PEP:sugar phosphotransferase
system

Salavaracin regulon response
regulator

Salavaracin regulon sensor histidine
kinase

Phage encoded putative integrase
G-related alpha 2M-binding protein
Transcription regulator

Table S3. Genes that are downregulated in orf-7* mutant

Locus tag Spy Number® Fold- Annotation®
change

Virulence factors
speB SpyM3_1742 1380 Pyrogenic exotoxin B
spi SpyM3_1741 1324 Intracellular SpeB inhibitor
Enzymes
acpA SpyM3_0375 2.0 Ribonuclease 3
adk SpyM3_0061 2.6 Adenylate kinase
dyr SpyM3_0602 2.1 Dihydrofolate reductase
hylP.1 SpyM3_0725 27 Hyaluronidase
nrdH SpyM3_1048 2.0 Glutaredoxin-like protein
pheS SpyM3_0506 24 Phenylalanyl-tRNA synthetase
rexA SpyM3_0514 2.4 ATP-dependent exonuclease A
thrS SpyM3_0365 23 Threonyl-tRNA synthetase
trmU SpyM3_1840 22 tRNA 2-thiouridine synthase
trx.1 SpyM3_0091 2.0 Thioredoxin
Others
psB SpyM3_1782 2.2 308 ribosomal protein S2
psd SpyM3_0039 2.5 30S ribosomal protein S10
Hypothetical proteins
M3 0411 SpyM3_0411 2.1 Hypothetical protein
M3 0439 SpyM3_0439 22 Hypothetical protein
M3_0492 SpyM3_0492 2.0 Hypothetical protein
M3_0515 SpyM3_0515 2.5 Hypothetical protein
M3_0603 SpyM3_0603 3.0 Hypothetical protein
M3 0627 SpyM3_0627 4.4 Hypothetical protein
M3_0926 SpyM3_0926 33 Hypothetical protein
M3_1068 SpyM3_1068 2.0 Hypothetical protein
M3_1069 SpyM3_1069 2.1 Hypothetical protein
M3_1208 SpyM3_1208 23 Hypothetical protein
M3 1212 SpyM3_1212 25 Hypothetical protein
M3 1226 SpyM3_1226 2.0 Hypothetical protein
M3 1277 SpyM3_1277 2.2 Hypothetical protein
M3_1278 SpyM3_1278 2.4 Hypothetical protein
M3_1388 SpyM3_1388 2.6 Hypothetical protein
M3_1412 SpyM3_1412 3.9 Hypothetical protein
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M3_1413
M3_1414
M3_1415
M3 1417
M3_1419
M3_1420
M3_1421
M3_1422
M3 1716
M3_1717
M3_1743

SpyM3_1413
SpyM3_1414
SpyM3_1415
SpyM3_1415
SpyM3_1419
SpyM3_1420
SpyM3_1421
SpyM3_1422
SpyM3_1716
SpyM3_1717
SpyM3_1743

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Table S4. Genes that are upregulated in orf-7* mutant.

Locus tag Spy Number® Fold-  Annotation®
chang
b
Virulence factors
slo SpyM3_0130 3.6 Streptolysin O
nga SpyM3_0128 24 NAD glycohydrolase
hilylll SpyM3 0815 2.2 Putative hemolysin
Transporters
glnQ SpyM3_0998 2.3 Glutamine ABC transporter
misC SpyM3_0320 22 Manganese transporter permease
opuABC SpyM3_0144 2.5 Glycine-betaine binding permease
Enzymes
metB SpyM3_0133 22 Cystathonine beta-lyase
nox.1 SpyM3_0808 25 NADH oxidase
phaB SpyM3_1529 23 Enoyl-coA hydratase
Others
chp SpyM3_0098 2.0 Collagen-binding protein
rf SpyM3_0327 23 Ribosome recycling factor
spoJ SpyM3_1865 2.3 Chromosome segregation protein
Hypothetical proteins
M3_0072 SpyM3_0072 23 Hypothetical protein
M3 0129 SpyM3_0129 3.0 Hypothetical protein
M3 0163 SpyM3_0163 24 Hypothetical protein
M3_0164 SpyM3_0164 2.6 Hypothetical protein
M3_0331 SpyM3_0331 2.3 Hypothetical protein
M3 0377 SpyM3_0377 2.7 Hypothetical protein
M3 0742 SpyM3_0742 2.1 Hypothetical protein
M3 0744 SpyM3_0744 2.0 Hypothetical protein
M3_0979 SpyM3_0979 23 Hypothetical protein
M3_ 1254 SpyM3_1254 3.1 Hypothetical protein
M3_1350 SpyM3_1350 2.2 Hypothetical protein
M3 1547 SpyM3_1547 2.0 Hypothetical protein
M3_1667 SpyM3_1667 2.4 Hypothetical protein
M3_1820 SpyM3_1820 2.0 Hypothetical protein
M3_1821 SpyM3_1821 23 Hypothetical protein
M3 1822 SpyM3_1822 2.5 Hypothetical protein
M3 1828 SpyM3_1828 5.0 Hypothetical protein
M3_1829 SpyM3_1829 5.2 Hypothetical protein
M3_1830 SpyM3_1830 5.8 Hypothetical protein
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Strain or Plasmid

Description

Reference

Strains

WT

Invasive isolate MGAS10870, serotype
M3

(1)

WT.pDC

MGAS10870 trans-complemented with
empty vector pDC123, chloramphenicol
resistant

(2)

WT:pDC-INT-1

MGAS10870 trans-complemented with
plasmid pDC-INT-1, chloramphenicol
resistant

This study

WT:pDC-INT-2

MGAS10870 frans-complemented with
plasmid pDC-INT-2, chloramphenicol
resistant

This study

WT:pDC-INT-3

MGAS10870 frans-complemented with
plasmid pDC-INT-3, chloramphenicol
resistant

This study

AropB

MGAS10870AropB::aad9

()

AropB:pDC-orf-1

AropB mutant trans-complemented with
plasmid pDC-orf-1, Chloramphenicol
resistant

This study

AspeB

MGAS10870AspeB::aad9

(2)

orf-1*

Isoallelic mutant strain that has the start
codon of orf-1 changed to stop codon in
parental serotype MGAS10870

This study

orf-1*:pDC

Aorf-1* mutant trans-complemented with
empty vector pDC123, Chloramphenicol
resistant

This study

orf-1*:pDC-orf-1

Aorf-1* mutant trans-complemented with
plasmid pDC-orf-1, Chloramphenicol
resistant

This study

orf-2*

Isoallelic mutant strain that has the start
codon of orf-2 changed to stop codon in
parental serotype MGAS10870

This study

orf-3*

Isoallelic mutant strain that has the start
codon of orf-3 changed to stop codon in
parental serotype MGAS10870

This study

Aorf-1

orf-1 deletion mutant in parental serotype
MGAS10870

This study

Aeep

MGAS10870Aeep::aad9

This study

AoppDF

MGAS10870A0ppDF:.aad9

This study

Isoallelic mutant strain that has the in-
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AdppA

frame deletion of dppA of dppABCDF
operon in parental serotype MGAS10870

This study

AoppDF/AdppA

Isoallelic mutant strain that has the in-
frame deletion of dppA of dppABCDF
operon in AoppDF mutant strain

This study

AoppDF/AdppA/orf-1*

Isoallelic mutant strain that has the start
codon of orf-1 changed to stop codon in
AoppDFAdppA mutant strain

This study

E. coli DH5ua

Host strain for cloning purposes

E. coli BL21 (DE3)

Host strain for protein overexpression, F-
, ompT, hsdSB(rB-mB-), gal(A ¢ | 857,
ind1, Sam7, nin5, lacUV-T7 gene1),
dem(DE3)

Plasmids

pJL

Low-copy number plasmid capable of
replication in GAS and Escherichia coli,
Chloramphenicol resistant

Used to generate isoallelic GAS mutants

(4)

pDC

Low-copy number plasmid, pDC123,
capable of replication in GAS and
Escherichia coli, Chloramphenicol
resistant

(5)

pDC-INT-1

pDC with the fragment of intergenic
region (-772 to -1) between ropB and
speB

This study

pDC-INT-2

pDC with the fragment of intergenic
region (-772 ~ -268) between ropB and
speB

This study

pDC-INT-3

pDC with the fragment of intergenic
region (-772 ~ -519) between ropB and
speB

This study

pDC-orf-1

pDC with the fragment of intergenic
region (-772 ~ -646) between ropB and
speB

This study

pDC-orf-1*

pDC-orf-1 that has the start codon of orf-
1 changed to stop codon

This study

pET28a

Overexpression vector for N-terminally
hexahistidine tagged recombinant
proteins, Km®

Novagen

pET15b

Overexpression vector for N-terminally
hexahistidine tagged recombinant
proteins, Amp®

Novagen
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Table S6. Primers and probes used in this study
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Primer Sequence 5' - 3 Purpose
INT1_Top CGCATGCTAAGCTTACTAGGATCTAAAAAATA | 5 primer for 5 region of
CGTTACGTGTG INT1 fragment of ropB-speB
intergenic region
INT1_Bottom CATATGAATTCAGCTGCAGGATCTTTTTTTATA | 3' primer for 5 region of
CCTCTTTCAAAAT INT1 fragment of ropB-speB
intergenic region
INT2_Bottom CATATGAATTCAGCTGCAGGATCCTACTAGGC | 3' primer for 5 region of
AGACTGATAGGC INT2 fragment of ropB-speB
intergenic region
INT3_Bottom CATATGAATTCAGCTGCAGGATCCTAGTAGAT | 3' primer for 5 region of
GCTCATTTCAGTTGAC INT3 fragment of ropB-speB
intergenic region
Orf-1_Bottom CATATGAATTCAGCTGCAGGATCCTACAAAAA | 3' primer for 5 region of
TAGTAACAATAACCAC orf1 fragment in ropB-speB
intergenic region
pJL_INT Top GAATTCCTGCAGCCCGGGGGATCAATAACTTT | 5 primer for 5 region of
TGAAAACACCATC ropB-speB intergenic region
to clone intergenic region
into pJL for the
mutagenesis
pJL_INT_ GGCCGCTCTAGAACTAGTGGATCTGCTGATTT | 3’ primer for 5 region of
Bottom TTGGATAAATG ropB-speB intergenic region
to clone intergenic region
into pJdL for the
mutagenesis
orf-1* Top GTTAAAAGGAGGCGCCTACTTAGTGGTTATTG | 5' primer for 5’ region of orf-

TTACTATTTTTG

1 to change the start codon
to stop codon

orf-1* Bottom

CAAAAATAGTAACAATAACCACTAAGTAGGCG
CCTCCTTTTAAC

3' primer for 5" region of orf-
1 to change the start codon
to stop codon

orf-2* Top

GTAGTTCCTTTTGCAAATAGGTAGTAGATAAAA
ATGAG

5' primer for 5’ region of orf-
2 to change the start codon
to stop codon

orf-2* Bottom

CTCATTTTTATCTACTACCTATTTGCAAAAGGA
ACTAC

3" primer for 5" region of orf-
2 to change the start codon
to stop codon

orf-3* Top

GAAAAAGCCTACGAGTCAACTATAGGACAACC
CAAAAAAAGACAAAG

5’ primer for 5’ region of orf-
3 to change the start codon
to stop codon

orf-3* Bottom

CTTTGTCTTTTTTTGGGTTGTCCTATAGTTGAC
TCGTAGGCTTTTTC

3’ primer for 5’ region of orf-
3 to change the start codon
to stop codon
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Aorf-1 Bottom CATTTTGCAAAAGGAACTACAACCACATAGTA | 3' primer for 5 region of orf-
GGCGCCTCC 1 to delete orf-1
Aorf-1 Top GGAGGCGCCTACTATGTGGTTGTAGTTCCTTT | 5 primer for 5 region of orf-
TGCAAAATG 1 to delete orf-1
Aeep-A CGCCTGTCAGGAATTGACAAG 5' primer for 5" region of eep
Aeep-B GTTATAGTTATTATAACATGTATTCCTAACATA | 3 primer for 5’ region of eep
GATCTCCTTTCAG with spc sequence overlap
Aeep-C CTATTTAAATAACAGATTAAAAAAATTATAACA | 5 primer for 5 region of eep
TGCGCGTCTTTTTCTAATCAAG with spc sequence oveﬂap
Aeep-D CATGGCACCGCCATCTCC 3" primer for 3’ region of eep
Aeep-E GTTTGGAGTCGCAACAACGCG 5" primer for 5" region of eep
Aeep-F CATCACGATACTTAGACT 3’ primer for 3’ region of eep
Aeep-G GTTCCGATGGACCATTACCTC 5’ primer for 5’ region of eep
Aeep-H TGAATAAGCAATAGTATCTTC 3’ primer for 3’ region of eep
Aeep-spcF CTGAAAGGAGATCTATGTTAGGAATACATGTT | 5 primer for spc along with
ATAATAACTATAAC eep overlap sequence
Aeep-spcR CTTGATTAGAAAAAGACGCGCATGTTATAATTT | 3' primer for spc along with
TTTTAATCTGTTATTTAAATAG eep overlap sequence
AoppDF-A GACTTTTCAAGCGTTATATTTG 5" primer for 5 region of
oppDF
AoppDF-B GTTATAGTTATTATAACATGTATTCATTTTAACT | 3' primer for 5 region of
CCTATCTATGTGA oppDF with spc sequence
overlap
AoppDF-C CTATTTAAATAACAGATTAAAAAAATTATAAATT | 5 primer for 5 region of
GTAAAAGAGATGCACTGAC oppDF with spc sequence
overlap
AoppDF-D GTATACGATATCTTTACTGTCATTG 3’ primer for 3’ region of
oppDF
AoppDF-E TGTATCACTGGATGGATTGGTGTCG 5' primer for 5 region of
oppDF
AoppDF-F TGGCTTGTTACATGCAGGAACTC 3’ primer for 3’ region of
oppDF
AoppDF-G CACTTTTACTAGGAGATATTGTCATG 5' primer for 5 region of
oppDF
AoppDF-H CTGTCGCTGACAGATTTATTTCTC 3" primer for 3' region of
oppDF
AoppDF-spcF TCACATAGATAGGAGTTAAAATGAATACATGTT | 5 primer for spc along with
ATAATAACTATAAC oppDF overlap sequence
AoppDF-spcR GTCAGTGCATCTCTTTTACAATTTATAATTTTTT | 3' primer for spc along with
TAATCTGTTATTTAAATAG OppDF Oveﬂap sequence
AdppA-A GAATTCCTGCAGCCCGGGGGATCGCTATTCC |5 primer for 5 region of
AAATAGATTGAATCCTC dppA
AdppA-B CTAAAATAAGCCCAGTCAAAAATAACG 3' primer for 5 region of
dppA
AdppA-C CGTTATTTTTGACTGGGCTTATTTTAGCGCGTT | 5" primer for 5 region of
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TAGTTAATACAGCGAC dppA
AdppA-D GGCCGCTCTAGAACTAGTGGATCGGTAACATA | 3' primer for 3’ region of
AGGTGCTTAATCCG dppA
pET-28a ropB GGACAGCAAATGGGTCGCGGATCCATGGAAA | 5 primer for 5 region of
top TTGGTGAAACCGTTG ropB
pET-28aropB | TCGACGGAGCTCGAATTCGGATCTCAGGACA | 3’ primer for 3’ region of
bottom GTTTATGTTTAATG ropB

tufA qRTFwd

CAACTCGTCACTATGCGCACAT

5" primer for tufA qRT-PCR

tufA qRTRev

GAGCGGCACCAGTGATCAT

3’ primer for tufA qRT-PCR

tufA probe C

CTCCAGGACACGCGGACTACGTTAAAAA

Probe for tufA qRT-PCR

speB gRTFwd ACTCTACCAGCGGATCATTTG 5’ primer for speB qRT-PCR
speB gRTRev CAGCGGTACCAGCATAAGTAG 3' primer for speB qRT-PCR
speB probe TGCTTCCTTCATGGAAAGTTATGTCGAACA Probe for speB qRT-PCR
ropB qRTFwd AAGATAGTAAGCCAACAAAGGA 5' primer for ropB gqRT-PCR
ropB gRTRev TGACAAATAAGTCCGCTCTG 3’ primer for ropB gRT-PCR
ropB probe TTGGTCAAGGTGTTATTAGCAACTCTTACTGA | Probe for ropB gqRT-PCR
GGAA
orf-3 qRTFwd CTTGGTGTTGTGGACCCTATC 5’ primer for orf-3 gqRT-PCR
orf-3 gqRTRev TAGGCAGACTGATAGGCAAGA 3’ primer for orf-3 gqRT-PCR
orf-3 probe CAGCTAGCAAACAATAGGTTGTGCTTGAC Probe for orf-3 qRT-PCR
orf-1 probe ATAGTAGGCGCCTCCTTTTAAC Probe for orf-1 Northern blot
5 primer for 5 region of
Probe1-fwd ATGTCAAGCCTTCCTAGTTG probe 1 used in EMSA
CAAAAATAGTAACAATAACCACTAAGTAGGCG | 3' primer for 3’ region of
Probe1-rev CCTCCTTTTAAC probe 1 and probe 2 used in
EMSA
CGCATGCTAAGCTTACTAGGATCTAAAAAATA | 5 primer for 5 region of
Probe2-fwd CGTTACGTGTG probe 2 used in EMSA
5' primer for 5 region of
Probe3-fwd TAGATACGGCAGAAG probe 3 used in EMSA
3’ primer for 3’ region of
Probe3-rev CACCTCCTTACTTAG probe 3 used in EMSA

pET-15b speB
top

GGGAATTCCATATGTTTGCTCGTAACGAAAAA
GAAGCA

5' primer for 5 region of
speB

pET-15b speB
bottom

CGCCGCTCGAGCTAAGGTTTGATGCCTACAA
CAGCA

3’ primer for 3’ region of
speB
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Table S7. Preparation of Chemically-Defined Medium

Component grams/liter
Chemically Defined Medium A* 17.12
NaHCO; 2.5
Carbon source (Glucose) 10
L-cysteine HCI 0.5

CHAPTER 1

Bring to volume, filter sterilize (0.22 um pore size), and store at 4° C, protected from light.

CDM is typically good for about a week, if stored at 4°C; discard when precipitates form.

*Chemically Defined Medium A (recipe below) was originally formulated by SAFC

Biosciences (taken over and subsequently discontinued by Sigma Aldrich).

*Chemically Defined Medium A recipe

I. Amino Acids grams/liter
DL-Alanine 0.1
L-Arginine 0.1
L-Aspartic Acid 0.1
L-Cystine, 2HCI 0.0652
L-Glutamic Acid 0.1
L-Glutamine 0.2
Glycine 0.1
L-Histidine 0.1
Hydroxy L-Proline 0.1
L-Isolueicine 0.1
L-Leucine 0.1
L-Lysine HCI 0.1249
L-Methionine 0.1
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L-Phenylalanine 0.1
L-Proline 0.1
L-Serine 0.1
L-Threonine 0.2
L-Tryptophan 0.1
L-Tyrosine, 2Na, 2H,0 0.1442
L-Valine 0.1

ll. Bases grams/liter
Adenine Sulfate, 2H,0 0.02
Guanine, HCI, H,O 0.02
Uracil 0.02

. Salts grams/liter
Calcium Chloride, Anhydrous 0.005066
Magnesium Sulfate, Anhydrous 0.3419
Manganous Sulfate, H,O 0.005
Potassium Phosphate, Dibasic,
Anhydrous 0.2
Potassium Phosphate,
monobasic, Anhydrous 1
Sodium Acetate Anhydrous 2.7126
Sodium Phosphate, Dibasic,
Anhydrous 7.35
Sodium Phosphate, monobasic,
H.O 3.195

IV. Iron grams/liter
Ferric Nitrate, 9 H.O 0.001
Ferrous Sulfate, 7 H,O 0.005

V. Vitamins grams/liter
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Beta-NAD, 3 H,O 0.0025
Biotin 0.0002
Cyanocobalamin 0.0001
D-Calcium Pantothenate 0.002
Folic Acid 0.0008
Niacinamide 0.001
Para-Aminobenzoic Acid 0.0002
Pyridoxal, HCI 0.001
Pyridoxamine, 2HCI 0.001
Riboflavin 0.002
Thiamine, HCI 0.001
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Supplemental Materials and Methods

Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids used in
this study are listed in supplementary table S3. Strain MGAS10870 is a previously described
invasive serotype M3 isolate whose genome has been fully sequenced (1). MGAS10870 is
representative of serotype M3 strains that cause invasive infections and has wild-type
sequences for all major regulatory genes (1). Escherichia coli DH5a. strain was used as the
host for plasmid constructions and BL21(DE3) strain was used for recombinant protein
overexpression. GAS was grown routinely on Trypticase Soy agar containing 5% sheep
blood (BSA; Becton Dickinson) or in Todd-Hewitt broth containing 0.2% (w/v) yeast extract
(THY; DIFCO). When required, spectinomycin or chloramphenicol was added to a final
concentration of 100 pg/ml or 5 pg/ml, respectively. All GAS growth experiments were done
in triplicate on three separate occasions for a total of nine replicates. Overnight cultures were
inoculated into fresh media to achieve an initial absorption at 600 nm (Agoo) of 0.03. Bacterial
growth was monitored by measuring the optical density at Aspo. The Escherichia coli strain

used for protein overexpression was grown in Luria-Bertani broth (LB broth; Fisher).

Creation of isoallelic strains. Isoallelic strains containing either single codon changes or
inactivation of entire coding region were generated as previously described (3). A DNA
fragment with approximately 600 bp on either side of the coding region of interest was
amplified using the primers listed in supplementary table S4 and cloned into the multi-cloning
site of the temperature-sensitive plasmid pJL1055 (5). The resultant plasmids were
electroporated into group A streptococci and colonies with plasmid incorporated into the GAS
chromosome were selected for subsequent plasmid curing. DNA sequencing was then

performed to ensure that no spurious mutations were introduced.
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Construction of frans-complementation plasmids. To complement the isoallelic mutant
strains, either the different fragments of the speB-ropB intergenic region or the coding
sequence of SIP gene together with the native promoter region were cloned into the E. coli-
GAS shuttle vector pDC123 (4). Using the primers listed in supplementary table S4, the
respective fragments were amplified by PCR from GAS genomic DNA, digested with Bglll
and Ndel, and ligated into digested vector pDC7123. The inserts were verified by DNA

sequencing and electroporated into the appropriate GAS strains.

Northern blot analysis. Northern blotting analysis was performed as previously described
(6). Membranes were hybridized in ULTRAhyb Ultrasensitive Hybridization Buffer (Thermo
Fisher) at 42 °C with *P-end-labeled DNA oligonucleotides. Signals were visualized with a
Typhoon phosphorimager (GE healthcare) and band intensities were quantified using the

GelQuant software (BiochemLabSolutions).

Transcript level analysis. GAS strains were grown to the indicated Asgo and incubated with
two volumes of RNAprotect (Qiagen) for 10 min at room temperature. RNA isolation and
purification were performed with an RNeasy kit (Qiagen). After quality control analysis, cDNA
was synthesized from the purified RNA using Superscript Il (Invitrogen) and Tagman
quantitative RT-PCR was performed with an ABI 7500 Fast System (Applied Biosystems).
Comparison of transcript levels was performed by the ACt method of analysis using tufA as
the endogenous control gene (7). The Tagman primers and probes used are listed in

Supplementary table S4.

Western immunoblot analysis of SpeB in the culture supernatant. For the purpose of

raising rabbit polyclonal anti-SpeB antibodies, we overexpressed and purified the mature
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form of SpeB (SpeBw). Briefly, the coding region of speB of strain MGAS10870 without its
secretion signal sequence (amino acids 1-27) was cloned into plasmid pET-15b using the
primers listed in supplementary table S4. Protein was overexpressed in E. coli strain
BL21(DE3). Cells were grown at 37°C till the Aggo reaches 0.5 and induced with 0.5 mM IPTG
at 37°C for 3 hours. Cells were resuspended in buffer A (20 mM Tris HCI pH 8.0, 0.2 M NaCl,
5% glycerol, and 1 mM TCEP) and lysed by a cell lyser (Constant systems). The N-terminal
hexa-histidine tagged zymogen form of SpeB was purified by affinity chromatography using a
Ni-NTA agarose column. Purified recombinant SpeB zymogen was incubated at 4°C for 2
days to facilitate its autocatalytic conversion into SpeBw. Finally, SpeBu was purified by size
exclusion chromatography with superdex 75G column. The protein was purified to > 95%
homogeneity and the sequence identity of the purified SpeBy was confirmed by mass
spectrometry-based identification of the N-terminal amino acids.

Purified SpeBw was used to produce rabbit polyclonal anti-SpeB antibodies
commercially (Pacific Immunologicals). Briefly, purified SpeBwm (100pg) mixed with Freund’s
complete adjuvant was injected subcutaneously to each of two rabbits. Two additional
immunizations with SpeBy mixed in Freund's incomplete adjuvant were carried out every 3
weeks. Serum was collected and SpeB-specific antibodies were affinity purified using SpeBwy.
Specific reactivity with SpeB was assessed by western blotting and detected only in the post-
immunization serum.

Cells were grown to indicated growth phase and harvested by centrifugation. The cell-
free culture supernatant was prepared by filtration with 0.22 ym membrane and the filtrate
was concentrated two-fold by speed-vac drying. Equal volumes of the samples were resolved
on a 15% SDS-PAGE gel, transferred to a nitrocellulose membrane, and probed with

polyclonal anti-SpeB rabbit antibodies. SpeB was detected with a secondary antibody
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conjugated with horseradish peroxidase and visualized by chemiluminescence using the

SuperSignal West Pico Rabbit IgG detection kit (Thermo Scientific).

SpeB protease activity assay. Analysis of SpeB protease activity was assessed by casein
hydrolysis and zone of clearance on skim milk agar plates. GAS growth was stabbed on milk

agar plates and protease activity was analyzed following overnight incubation at 37°C.

Synthetic peptide addition assay. Synthetic peptides of high purity (>90% purity) obtained
from Lifetein (Lifetein LLC, NC) were suspended in 100% DMSO to prepare a 10 mM stock
solution. Stock solutions were aliquoted and stored at -20°C until use. Working stocks were

prepared by diluting the stock solution in 25% DMSO.

Secretome swapping experiments. To assess the presence or absence of the regulatory
factor in the stationary growth phase culture supernatant of GAS that induces speB
expression, the indicated strains were grown to stationary phase (Asoo > 1.5). Cell-free culture
supernatants were prepared by centrifugation and filtering through 0.22 ym membrane filter.
The cell pellets of the wild type GAS grown to mid-exponential growth phase (Asgpo — 0.8)
were resuspended in the secretomes prepared from the stationary growth phase of the
indicated strains and incubated at 37°C for 1 h. Transcript level analyses was performed by

gRT-PCR as described above.

Fluorescence measurements. To demonstrate the cytosolic internalization of exogenously
added FITC-SIP, GAS cells were grown to early stationary phase of growth (Asopo - 1.7;
3.04x10® colony-forming units/ml) and incubated with the indicated concentrations of FITC-

SIP-1 for 1h at 37 °C. Cells were harvested by centrifugation, washed twice with phosphate-
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buffered saline (PBS), and resuspended in equal volume of PBS. Cells were lysed by
fastprep (MP Biomedicals) and lysates were clarified by centrifugation at 13,000 rpm at 4°C
for 30 minutes. Samples were analyzed in 100 pl volume using an excitation and emission
wavelengths of 490 nm and 520 nm, respectively. Readings were taken using a Biotek
microplate reader (Biotek) and fluorescence measurements in relative fluorescence units

(RFU) were reported.

Confocal fluorescence microscopy. To demonstrate the internalization of FITC-SIP, GAS
cells were grown to early stationary phase of growth (Aspo - 1.7; 3.04x10% colony-forming
units/ml) and incubated with FITC-SIP-1 for 1h at 37 °C. Cells were harvested by
centrifugation, washed twice with PBS, and images were taken using a laser scanning

confocal microscope (Olympus, Fluo-ViewTM FV1000) at 100X magnification.

Protein overexpression and purification. The coding region of either the full-length or C-
terminal domain (RopB-CTD) (amino acids 56-280) of ropB gene of strain MGAS10870 was
cloned into plasmid pET-28a and protein was overexpressed in E. coli strain BL21 (DE3).
Protein overexpression and purification for both full-length RopB and RopB-CTD were carried
out as described previously (2, 8). The protein was purified to >95% homogeneity and

concentrated to a final concentration of ~ 20 mg/ml.

Fluorescence polarization assay. Fluorescence polarization-based RopB-ligand binding
experiments were performed with a Biotek microplate reader (Biotek) using the intrinsic
fluorescence of fluorescein labelled DNA or synthetic peptides. The polarization (P) of the
labelled DNA or synthetic peptides increases as a function of protein binding and equilibrium

dissociation constants were determined from plots of millipolarization (P x 107) against
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protein concentration. For RopB-DNA-binding studies, 1 nM 5'-fluoresceinated oligoduplex in
binding buffer (20 mM Tris—HCI pH 8.5, 200 mM NaCl, 1 mM TCEP and 25% DMSO) was
fitrated against increasing concentrations of purified RopB and the resulting change in
polarization measured. Samples were excited at 490 nm and emission measured at 530 nm.
The RopB-peptide-binding studies were performed in a peptide-binding buffer composed of
20mM potassium phosphate pH 6.0, 75mM Nacl, 2% DMSO, 1mM EDTA and 0.0005%
Tween 20. All data were plotted using Kaleidagraph and the resulting plots were fitted with
the equation P = {(Puound — Pree)[protein)/(Kp + [protein])} + Pree, where P is the polarization
measured at a given protein concentration, Pree is the initial polarization of the free ligand,
Poound is the maximum polarization of specifically bound ligand and [protein] is the protein
concentration. Non-linear least squares analysis was used to determine Pyoung, and Kg. The
binding constant reported is the average value from at least three independent experimental

measurements.

Electrophoretic mobility shift assay. Probes containing different fragments of the promoter
sequences of speB was generated by polymerase chain reaction using the primers listed in
the Supplementary table S4. Binding reactions were carried out in 20 pl volume of binding
buffer (20 mM Tris-HCI pH 8.0, 0.2 M NaCl, 1 mM Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP), and 5% glycerol) containing 50 nM of probe and increasing
concentrations of recombinant RopB. After 15 minutes incubation at 37°C, the reactions
mixtures were resolved on a 10% native polyacrylamide gel supplemented with 5% glycerol
(native PAGE) for 90 minutes at 100V at 4°C in Tris Borate (TB) buffer with 5% glycerol. The
gels were stained with ethidium bromide and analyzed on a BioRad Gel Electrophoresis

System.
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Size exclusion chromatography. Size exclusion chromatography was used to determine
the oligomerization state of recombinant RopB in the presence and absence of synthetic
peptides. A Superdex-200 column (GE healthcare) was calibrated using cytochrome C (Mr
12,400), carbonic anhydrase (Mr 29,000), bovine serum albumin (Mr 66,000), alcohol
dehydrogenase (Mr 150,000) and p-amylase (200,000). The Kaenge (Kae) was calculated
using the equation Ku. = (Ve — Vo)/(Vr — Vo), where Vi, Ve and V, are the total column
volume, elution volume and void volume of the column, respectively. A standard graph was
obtained by plotting the logarithm of the molecular weight (Mr) versus the K, (Graphpad
prism). The K,.. of each marker and the experimental samples were the average value of two

or more experiments.

Analysis of RopB oligomerization state. The oligomerization state of recombinant RopB in
the presence and absence of synthetic peptides was analyzed by blue-native polyacrylamide
gel electrophoresis. Apo- or peptide-bound RopB fractionated by size exclusion
chromatography were run on a 4-16% NativePAGE™ Novex Bis-Tris gel (Thermo Fisher
Scientific) according to the manufacturer's instructions. NativeMark™ unstained molecular
mass ladder (ThermoFisher Scientific) was used as molecular weight marker to determine

the oligomeric state of RopB.

Mass spectrometry analysis. All reagents were prepared in 50 mM HEPES (pH 8.5). For
samples containing RopB, cysteine reduction was performed using dithiothreitol, followed by
alkylation with iodacetamide, and digestion with trypsin. For the sample containing only the
SIP-1, these steps were omitted. For all samples a clean-up step was performed using

OASIS HLB pElution Plate (Waters). Samples were analysed on a Q Exactive Plus
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instrument (Thermo Scientific). Peptide separation was performed using the UltiMate 3000
RSLC nano LC system (Dionex) equipped with a trapping cartridge (u-Precolumn C18
PepMap 100, 5um, 300 pm i.d. x 5 mm, 100 A) and an analytical column (Acclaim PepMap
100 75 pm x 50 cm Cqg, 3 pm, 100 A) over a 60-minute gradient and online injected into the
mass spectrometer. MS scan resolution was set to 70,000. The ion filling time was set to a
maximum of 10 ms with a target of 3x10°. Acquisition was performed in data dependent
mode (DDA). Selection and fragmentation of singly charged (1+) precursor ions was enabled.
MS2 scan resolution was set to 17,500, with a 100 ms fill time and a target of 2x10° ions.
HCD normalized collision energy was set to 26. SIP-1 identification from the RopB+SIP-1
complex sample was performed based on the precursor mass and comparison with the MS2

spectrum of SIP-1 obtained from the single peptide, SIP-1, experiment.

RNA-seq analysis. GAS strains were grown in THY medium to stationary phase of growth
and a total of 5 biological replicates per strain were used. RNA isolation and purification were
performed using an RNeasy (Qiagen) mini kit according to the manufacturer's protocol. RNA
was analyzed for quality and concentration with an Agilent 2100 Bioanalyzer. The ribosomal
RNA was then removed using a Ribo-zero treatment kit (Epicenter) according to
manufacturer’s protocol and further purified using the Min-Elute RNA purification kit (Qiagen).
The ribosomally depleted RNA was then used to synthesize adaptor tagged cDNA libraries
using the ScriptSeq V2 RNA-seq library preparation kit (Epicenter). cDNA libraries were then
run on a NextSeq using the lllumina v2 reagent kit (lllumina). Approximately 10 million reads
were obtained per sample and the reads were mapped to the MGAS315 genome (1) using
the CLC-Genomics WorkBench, version 5 (CLC Bio). For RNA-seq analysis, the total number
of reads per gene between the replicates was normalized by TPKM [(transcripts/kilobase of

gene)/(million reads aligning to the genome)]. Using the TPKM values, pair-wise comparisons
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were carried out between the two samples to identify the differentially expressed genes.
Genes with 2-fold difference and P < 0.05 after applying Bonferroni’s correction considered to

be statistically significant.

Animal virulence studies. Mouse experiments were performed according to protocols
approved by the Houston Methodist Hospital Research Institute Institutional Animal Care and
Use Committee. These studies were carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals, 8™ edition.
Virulence of the isogenic mutant GAS strains was assessed using three mouse models. For
intraperitoneal infection, 10 female 3-4 week-old CD1 mice (Harlan Laboratories) were used
for each GAS strain. Animals were inoculated intraperitoneally with 1 X 107 CFUs and
survival was monitored daily. Data were graphically displayed as a Kaplan-Meier survival
curve and analyzed using the log-rank test. For intramuscular infection, 10 female 3-4 week-
old CD1 mice (Harlan Laboratories) were inoculated in the right hindlimb with 1 x 10’ CFU of
each strain and monitored for near mortality. Results were graphically displayed as a Kaplan-
Meier survival curve and analyzed using the log-rank test. For subcutaneous infection, 10
female 4- to 5-week-old, immunocompetent SKH1-hrBR hairless mice (Charles River BRF,
Houston, TX) were inoculated subcutaneously with 1 x 10’ CFUs of each strain and lesion
areas were measured daily. Data were graphically displayed as mean +/- SEM lesion area
over time (Prism4) and analyzed using ANOVA (XLStat). For histopathology, infected
hindlimbs were examined at 24 and 48 h post-inoculation. Tissues from excised lesions were
fixed in 10% phosphate-buffered formalin, decalcified, serially sectioned, and embedded in
paraffin using standard automated instruments. Hematoxylin and eosin and Gram-stained

sections were examined in a blinded fashion with a BX5 microscope and photographed with a
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DP70 camera (Olympus). Micrographs of tissues taken from the inoculation sites that showed

pathology characteristic of each strain were selected for publication.

Statistical analysis. Prism (GraphPad Software 7.0) was used for statistical analyses. All
GAS growth experiments for transcript level analyses were done in ftriplicate on three
separate occasions for a total of nine replicates. The protein-peptide and protein-DNA binding
experiments were done on three separate occasions to ensure reproducibility. For near
mortality, values are shown as Kaplan-Meier survival curves, and
statistical significance was determined using the log-rank test. For lesion area measurements

in the subcutaneous mouse model of infection, statistical significance was determined using a

Two-way ANOVA (XLStat).
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ABSTRACT Bacterial virulence factor production is a highly coordinated process.
The temporal pattern of bacterial gene expression varies in different host anatomic
sites to overcome niche-specific challenges. The human pathogen group A strepto-
coccus (GAS) produces a potent secreted protease, SpeB, that is crucial for patho-
genesis. Recently, we discovered that a quorum sensing pathway comprised of a
leaderless short peptide, SpeB-inducing peptide (SIP), and a cytosolic global regula-
tor, RopB, controls speB expression in concert with bacterial population density. The
SIP signaling pathway is active in vivo and contributes significantly to GAS invasive
infections. In the current study, we investigated the role of the SIP signaling path-
way in GAS-host interactions during oropharyngeal colonization. The SIP signaling
pathway is functional during growth ex vivo in human saliva. SIP-mediated speB ex-
pression plays a crucial role in GAS colonization of the mouse oropharynx. GAS em-
ploys a distinct pattern of SpeB production during growth ex vivo in saliva that in-
cludes a transient burst of speB expression during early stages of growth coupled
with sustained levels of secreted SpeB protein. SpeB production aids GAS survival by
degrading LL37, an abundant human antimicrobial peptide. We found that SIP sig-
naling occurs during growth in human blood ex vivo. Moreover, the SIP signaling
pathway is critical for GAS survival in blood. SIP-dependent speB regulation is func-
tional in strains of diverse emm types, indicating that SIP signaling is a conserved
virulence regulatory mechanism. Our discoveries have implications for future transla-
tional studies.

KEYWORDS colonization, group A streptococcus, pathogenesis, quorum sensing,
virulence regulation

Bacterial pathogens colonize different host anatomic sites with various ecologies
and encounter unique challenges in each tissue microenvironment. The host
employs niche-specific anatomic barriers, antimicrobial defense mechanisms, and nu-
tritional immune mechanisms to inhibit bacterial proliferation. Successful pathogens
have sensory mechanisms to monitor environmental cues and mount tailored tran-
scriptional responses to adapt to new environments. One such sensory program in
Gram-positive bacteria, known as quorum sensing, uses secreted bacterial peptide
signals to monitor the population density and mediate the spatiotemporal regulation
of virulence factor production (1, 2). The quorum sensing pathway involves signal
production, secretion, and sensing by neighboring bacteria and population-wide mod-
ulation of gene expression (1-3). Quorum sensing pathways control several bacterial
traits, including virulence, biofilm formation, antibiotic resistance, sporulation, and
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FIG 1 Proposed model for mechanism of SIP-dependent intercellular communication and GAS virulence
regulation. At a high cell density, SIP is produced, secreted, and reimported into the cytosol. The
high-affinity RopB-DNA interactions and RopB polymerization aided by SIP binding lead to upregulation
of SIP gene expression, which results in the robust induction of SIP production by a positive-feedback
mechanism. Finally, the SIP-dependent upregulation of speB leads to the abundant secretion of the
mature form of SpeB protease (SpeB,,), which facilitates host tissue damage and disease dissemination
by cleavage of various host and GAS proteins. The ropB and speB genes are divergently transcribed. The
block arrows indicate the coding regions of ropB, speB, and the gene for SIP. The angled arrows above
the line indicate two transcription start sites for speB, designated P1 and P2. The pseudo inverted repeats
containing the RopB-binding site within the speB promoter are marked by arrows and colored in red.

genetic competence (2-7). Virulence regulation by quorum sensing has been studied
extensively in vitro. However, bacterial growth in laboratory medium does not fully
recapitulate the growth in the complex host environment in which the signaling occurs
during infection. Thus, elucidation of the niche-specific contribution of quorum sensing
pathways during infection is critical to understand the dynamics of quorum sensing
regulatory pathways in vivo. In addition, knowledge of the spatiotemporal pattern of
signaling in vivo may lead to interference strategies targeting the quorum sensing
pathways for antimicrobial or vaccine development.

Streptococcus pyogenes, also known as group A streptococcus (GAS), is a versatile
human pathogen that colonizes diverse host anatomic sites. GAS causes a range of
disease manifestations (8, 9), including mild pharyngitis and skin infections and life-
threatening invasive infections, such as necrotizing fasciitis and streptococcal toxic
shock syndrome. GAS also causes acute rheumatic fever (ARF), rheumatic heart disease
(RHD), and poststreptococcal glomerulonephritis (10-12). Despite the significant mor-
bidity and mortality associated with GAS infections worldwide (10, 13), disease pre-
vention efforts are significantly hampered by the lack of a licensed human GAS vaccine
(14, 15). Thus, continued study of virulence regulatory pathways is warranted to identify
additional molecular targets and aid vaccine development.

A secreted cysteine protease known as SpeB is a major virulence factor that is crucial
for GAS pathogenesis in multiple anatomic sites (16-20). SpeB is produced abundantly
during infection, and its protease activity contributes significantly to host tissue dam-
age and disease dissemination (16, 17, 21, 22). Consistent with this, inactivation of SpeB
attenuates virulence in several animal models of infection (18-21, 23, 24). Recently, we
discovered that a noncanonical GAS quorum sensing pathway controls speB expression
in coordination with bacterial population density (4, 25). A GAS-encoded leaderless
peptide signal designated SpeB-inducing peptide (SIP) and an intracellular peptide-
sensing global transcription regulator known as regulator of protease B (RopB) form a
peptide signal and receptor pair and activate speB expression during high bacterial
population density (4). The 8-amino-acid SIP is produced during high bacterial popu-
lation density, secreted, and reimported into the bacterial cytosol and engages in direct
interactions with cytosolic RopB (4) (Fig. 1). SIP binding induces allosteric changes in
RopB, resulting in high-affinity interactions with the operator sequences located within
the speB promoter and RopB oligomerization (Fig. 1). Subsequently, the transcription-
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Quorum Sensing Contributes to GAS Growth Ex Vivo

ally competent association between RopB-SIP and the speB promoter induces robust
speB expression (3, 4) (Fig. 1). Importantly, the SIP signaling pathway is active during
invasive infection in mouse models, and each component of the SIP signaling pathway
is critical for GAS pathogenesis (4).

Pharynagitis is the most common form of GAS disease. Oropharyngeal GAS coloni-
zation is a major predisposing factor for the development of immunopathological
consequences, such as ARF and RHD (12, 26-28). Saliva is the first line of host defense
in the oral cavity and contains several innate and adaptive immune factors that control
microbial growth (29). However, GAS successfully proliferates and persists in human
saliva, and GAS transmission between hosts typically occurs through saliva (30-34).
Similarly, development of systemic infection requires that GAS survive in human blood.
Previous studies indicated that SpeB is critical for GAS survival ex vivo in human saliva
and blood (30). However, the regulatory mechanisms controlling SpeB biogenesis, their
contributions to GAS survival ex vivo in human saliva and blood, and their role in
oropharyngeal GAS colonization remain unknown. Here we used biochemical analyses,
ex vivo gene expression studies, mouse infection studies, and immunologic methods to
demonstrate that the SIP signaling pathway is active during GAS growth ex vivo in
human saliva and blood and controls speB expression. We discovered that GAS has a
distinct speB expression profile during growth ex vivo in human saliva, which may be
crucial for pathogen survival in the human host. Importantly, the SIP signaling pathway
is functional among strains of diverse GAS emm types and contributes to GAS persis-
tence in human saliva and mouse oropharyngeal GAS colonization. In summary, our
findings reveal a ubiquitous role for SIP-mediated SpeB production in GAS pathogen-
esis in multiple host niches and suggest new therapeutic strategies.

RESULTS

Kinetics of speB transcripts during GAS growth ex vivo in human saliva. To
determine the speB expression pattern during GAS growth in vitro, we analyzed GAS
growth kinetics and the speB transcript level in GAS grown in Todd-Hewitt broth
containing 0.2% (wt/vol) yeast extract (THY). The initial induction of speB expression
occurred only during high bacterial population density (6.9 x 108 CFU/ml; 695-fold
induction in speB expression), and the speB transcript level persisted at higher levels
during stationary phase of GAS growth (Fig. 2A). Next, we assessed growth kinetics and
speB transcript levels during GAS growth ex vivo in human saliva. GAS growth increased
during the first 16 h and reached a maximum population density (~107 CFU/ml) at 16
h postinoculation (Fig. 2B). Subsequently, GAS entered into a phase of persistence and
sustained viability at a lower population density (~10° CFU/ml) until 6 days postinoc-
ulation (Fig. 2B). Correlation of speB transcript levels with GAS growth in saliva showed
a density-dependent pattern of speB expression (Fig. 2B). Compared to the starting time
point, the initial induction of speB expression occurred at 12 h postinoculation (2.4 X
108 CFU/ml; 1,169-fold induction of speB expression). speB transcript levels peaked at 16
h postinoculation, corresponding to the highest GAS population density in saliva (1.1 X
107 CFU/ml; 2,533-fold induction of speB expression) (Fig. 2B). speB transcript levels
decreased drastically by 48 h postinoculation and remained at basal levels as the
number of GAS CFU in saliva declined (Fig. 2B).

We next compared the kinetics of speB transcript levels in GAS grown in saliva and
nutrient-rich laboratory (THY) medium. Under both growth conditions, GAS upregu-
lated speB expression in concert with an increase in the bacterial population density
(Fig. 2A and B). However, significant differences in the speB expression profiles were
observed between the two growth conditions. In saliva, initial induction of speB
expression occurred at a much lower population density (2.4 X 10° CFU/ml; 1,169-fold
induction in speB expression) relative to GAS growth in laboratory medium (6.9 x 108
CFU/ml; 695-fold induction in speB expression) (Fig. 2A and B). Importantly, even at a
much higher bacterial population density (4.3 x 108 CFU/ml; no induction in speB
expression), no upregulation of speB expression was observed during in vitro growth
(Fig. 2A). Further, in saliva, speB expression increased at between 12 and 24 h postin-
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FIG 2 GAS growth and speB transcript level kinetics in human saliva. The MGAS10870 strain was grown
to mid-exponential phase (Ag,, ~0.4), washed twice in sterile PBS, and suspended in human saliva at a
starting bacterial population density of ~10% CFU/ml. Samples were collected at the indicated time
points to determine the number of CFU, speB transcript levels, and SpeB protein levels. (A and B) The
kinetics of GAS growth and speB transcript levels in THY medium (A) and human saliva (B) are shown. The
left y axis represents the growth curve, as determined by assessing the number of CFU by plating serial
dilutions of 100-ul aliquots collected at the indicated time points. The right ¥ axis represents the fold
change in speB transcript levels at the indicated time points, as measured by qRT-PCR. The fold change
in transcript levels relative to the level in the starting culture (time point = 0 h} is shown. (Inset) The
exponential phase of GAS growth in saliva is shown. The data graphed are means * standard deviations
for three biological replicates. (C) Western immunoblot analysis of secreted SpeB during growth in
human saliva. The cell-free saliva samples were resolved on a 15% SDS-polyacrylamide gel and trans-
ferred to nitrocellulose membranes. The membranes were probed with anti-SpeB polyclonal rabbit
antibody and visualized with chemiluminescence. The mature form of purified recombinant SpeB (SpeB,;
25 kDa) was used as a marker. The masses of the molecular mass markers are shown in kilodaltons.

oculation, and the induction of speB expression was transient (Fig. 2B). In contrast,
during GAS growth in laboratory medium, the transcript levels of speB continued to
increase along with the increase in bacterial population density.

Finally, to understand the downstream consequences of the transient induction of
speB expression on GAS growth in saliva, we assessed secreted SpeB protein levels by
Western immunoblotting. The secreted SpeB protease levels resembled the speB
expression profile, as SpeB was initially detected at 12 h postinoculation and reached
maximal levels at 24 h postinoculation in saliva (Fig. 2C). However, unlike the speB
transcript profile, the secreted SpeB protease levels persisted in saliva during the entire
6-day study period (Fig. 2C). Collectively, these data suggest that GAS employs a
pattern of speB expression during growth ex vivo in human saliva distinct from the
pattern of growth in vitro, and early induction of speB expression and sustained
secreted SpeB protease levels may contribute to GAS survival in human saliva.

SIP signaling is active during ex vivo growth in human saliva. To test the
hypothesis that the SIP signaling pathway controls speB expression during GAS growth
ex vivo in human saliva, we performed synthetic SIP (SIP; MWLLLLFL) addition experi-
ments using the isogenic $/P* mutant strain. In this mutant, the start codon of SIP was
replaced with a stop codon, thereby disrupting the translation of SIP (4) (see Fig. S1 in
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FIG 3 SIP signaling occurs during GAS growth in human saliva. Addition of synthetic SIP restores speB
expression in the isogenic SIP* mutant strain during growth in human saliva. Scrambled peptide (SCRA),
with a length and amino acid composition identical to those of SIP but with the order of the amino acid
sequence being varied, was used as a negative control. The S/P* mutant strain was grown to late
exponential phase (A, ~1.5) in THY, washed in sterile PBS, resuspended in an equal volume of human
saliva, and incubated for 30 min. Cells were supplemented with either 500 nM the indicated peptides or
the solvent used in peptide stock solutions (DMSO) and incubated for an additional 30 min at 37°C.
Transcript levels of speB were assessed by qRT-PCR. The fold change in speB transcript levels relative to
the level in unsupplemented GAS growth is shown. The data graphed are means * standard deviations
for three biological replicates.

the supplemental material). Thus, in the SIP* mutant strain endogenous SIP production
is defective and speB expression is dependent on exogenously added synthetic SIP (4).
A scrambled peptide (SCRA; LLFLWLLM) with an amino acid composition identical to
that of SIP but in which the order of the sequence was varied was used as a negative
control (4). The SIP* mutant strain was grown to late exponential growth phase (A4q0,
~1.5) in THY medium, washed with phosphate-buffered saline (PBS), and suspended in
an equal volume of fresh human saliva. After 30 min of incubation, cells were supple-
mented with either synthetic SIP or SCRA and speB transcript levels were measured by
quantitative reverse transcription-PCR (qRT-PCR). Consistent with our hypothesis, ad-
dition of SIP caused the significant induction of speB expression. In contrast, SCRA failed
to induce speB expression (Fig. 3). These results suggest that SIP signaling occurs during
GAS growth in human saliva and that SIP is responsible for the upregulation of speB
expression in saliva.

The SIP signaling pathway promotes GAS growth ex vivo in human saliva.
Given that SIP-dependent upregulation of speB expression occurs during GAS growth
in saliva, we hypothesized that the SIP signaling pathway is required for optimal growth
in saliva. To test this hypothesis, we compared the growth kinetics of the wild-type (WT)
parental strain with that of the isogenic AspeB, AropB, or SIP* mutant strain. All four
strains had similar growth kinetics during growth in laboratory medium (4). However,
compared to the growth of the WT parental strain, all three mutant strains were
significantly impaired in growth in saliva. In addition, the mutant strains persisted at a
significantly lower population density (Fig. 4A). Importantly, the defective growth of the
isogenic SIP* mutant strain in saliva was restored to the WT-like phenotype in the
trans-complemented strain (SIP*:pDC-SIP) (Fig. 4A and S1). Collectively, these data
suggest that gene regulation by the SIP signaling pathway contributes significantly to
the ability of GAS to persist in saliva.

The SIP signaling pathway contributes significantly to mouse oropharyngeal
GAS colonization. We next tested the hypothesis that the SIP signaling pathway
contributes to GAS colonization of the mouse oropharynx. Although GAS is a human-
only pathogen, the murine model of oropharyngeal GAS colonization has been exten-
sively used to investigate GAS survival at the oropharynx (35-39). Mice were infected
intranasally with 108 CFU of each GAS strain. The mouse oropharynx was swabbed
daily, and GAS colonization was determined by assessing the number of CFU in throat
swabs. Significantly fewer mice were colonized by the isogenic AropB, AspeB, and SIP*
mutant strains than by the WT parental strain (Fig. 4B) (P < 0.0001). However, the
defective colonization by the SIP* mutant strain was restored to WT colonization levels
in the trans-complemented (S/P*:pDC-SIP) strain (Fig. 4B) (P < 0.0001). Together, these
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FIG 4 The SIP signaling pathway aids bacterial survival in human saliva and contributes significantly to
GAS colonization of the mouse oropharynx. (A) Growth curves of the indicated strains in human saliva.
GAS grown to stationary phase (A, —~1.7) in laboratory medium was washed with sterile PBS and
resuspended in human saliva. Growth was monitored by plating serial dilutions of 100-ul aliquots at the
indicated time points postinoculation. Colonies were counted to determine the number of CFU. The data
graphed are means * standard deviations for three biological replicates. P values (**, P < 0.01) for the
indicated strains were determined by comparison to WT GAS. (B) The SIP signaling pathway contributes
significantly to GAS colonization of the mouse oropharynx. The percentage of mice with GAS isolated
from the oropharynx at the indicated time points is shown. Adult outbred CD-1 mouse (20 mice per
group) nostrils were inoculated with 2 X 108 CFU of the indicated GAS strains. The mouse oropharynx
was swabbed daily, and the swabs were plated on streptococcal selective agar (SSA). The plates were
incubated for 48 h, and beta-hemolytic colonies were counted. P values (****, P < 0.0001) for the
indicated strains were determined by comparison to WT GAS.

data suggest that the SIP signaling pathway contributes significantly to the ability of
GAS to colonize the mouse oropharynx.

SIP signaling occurs during growth ex vivo in human blood, and inactivation of
the SIP signaling pathway results in decreased GAS survival in blood. We previ-
ously demonstrated that inactivation of SIP attenuated GAS virulence in a mouse model
of bacteremia (4). This result led us to hypothesize that the SIP signaling pathway is
critical for GAS survival in human blood and systemic disease pathogenesis. To test this
hypothesis, we first assessed whether the SIP signaling pathway controls SpeB biogen-
esis during growth in human blood ex vivo. To test this hypothesis, the isogenic SIP*
mutant strain was grown to late exponential phase (Agy, ~1.5) in THY, washed with
sterile PBS, and suspended in an equal volume of fresh human blood ex vivo. Consistent
with our observations with GAS growth in saliva, the addition of synthetic SIP caused
robust induction of speB expression in the SIP* mutant during growth ex vivo in blood
(Fig. 5A). Restoration of speB expression in the SIP* mutant was specific for the amino
acid sequence of inferred native SIP, as the scrambled peptide (SCRA) failed to induce
speB expression (Fig. 5A). Collectively, these data indicate that SIP signaling is respon-
sible for the induction of speB expression during GAS growth in blood ex vivo.

Next, we assessed the contribution of the SIP signaling pathway to GAS survival in
human blood. The parental WT and isogenic mutant GAS strains were grown in human
blood for 3 h, and bacterial growth was assessed by counting the number of CFU.
Compared to the WT strain, the AropB, AspeB, and SIP* mutant strains were defective
in their ability to proliferate in blood (Fig. 5B). However, the WT-like growth phenotype
in blood was restored in the SIP* mutant strain complemented with pDC-SIP, suggest-
ing that provision of SIP in trans is sufficient to reverse the defective phenotype of the
SIP* mutant (Fig. 5B). Together, these results suggest that SIP-dependent gene regu-
lation is crucial for GAS survival ex vivo in human blood and may contribute to GAS
virulence during systemic infection.
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FIG 5 SIP signaling occurs during GAS growth in human blood and contributes significantly to GAS
growth in human blood. (A) Addition of synthetic SIP restores speB expression in the isogenic SIP* mutant
strain during growth in human blood. The fold change in speB transcript levels relative to unsupple-
mented bacterial growth is shown. The data graphed are means *+ standard deviations for three
biological replicates. (B) Bactericidal assay of the indicated GAS strains. Bacteria were grown to mid-
exponential phase (Ao, —0.4) in THY, and approximately 100 CFU of each GAS strain was inoculated into
300 pl of fresh human blood. After 3 h of incubation at 37°C, the multiplication factors were calculated
by dividing the numbers of CFU per milliliter obtained after 3 h of incubation by the starting inoculum.
The P values (n.s., not significant [P > 0.5]; ****, P < 0.0001) for the indicated strains were determined
by comparison to WT GAS. The data graphed are means = standard deviations for three biological
replicates.

SIP-dependent speB expression contributes to GAS resistance against LL37-
mediated cytotoxicity. Antimicrobial peptides such as LL37 are abundant in human
saliva and blood. LL37 mediates its cytotoxicity by inducing bacterial membrane lysis
(40-43). Given that SIP-dependent gene regulation is crucial for GAS survival in human
saliva and blood ex vivo, we hypothesized that the SIP signaling pathway contributes
to GAS resistance against LL37-induced cytotoxicity. To test this hypothesis, GAS grown
to stationary phase was washed and incubated with LL37 in phosphate buffer for 45
min. The bacterial resistance to LL37-mediated cytotoxicity was assessed by comparing
the survival of untreated and LL37-treated GAS. Consistent with the role of SpeB as an
LL37-degrading protease (41, 44), the SpeB-producing WT and trans-complemented
GAS strains exhibited significant resistance against LL37 treatment (Fig. 6). Con-
versely, the isogenic AspeB, AropB, and SIP* mutant strains, which cannot produce
SpeB, were killed significantly more efficiently by LL37 than the SpeB-producing
strains (Fig. 6) (P < 0.005). These data indicate that the resistance to LL37-mediated
cytotoxicity conferred by SIP-dependent speB expression contributes to GAS sur-
vival,

The SIP signaling mechanism is conserved among diverse GAS emm types.
Genes encoding RopB, SIP, and SpeB are highly conserved among emm types, sug-
gesting that the SIP signaling pathway is a conserved virulence regulatory mechanism
among genetically diverse strains (4). To test the hypothesis that the SIP signaling
mechanism is functional in various GAS emm types, we performed a synthetic SIP
addition experiment using genetically diverse GAS strains that belong to M-protein
serotypes M1, M3, M12, M59, and M89 (45-49). The genomes of the strains used have
been sequenced and have WT alleles for all known major regulatory genes, including
ropB, mga, and covRS. The strains of all tested emm types encode the same inferred SIP
amino acid sequence.
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FIG 6 SIP-dependent gene regulation confers GAS resistance against LL37-mediated cytotoxicity. GAS
strains grown to stationary phase of growth in THY (A, —1.7) were washed with PBS and incubated
with 2.5 uM synthetic LL37 in phosphate buffer for 45 min at 37°C. The antimicrobial effect of LL37 was
assessed by calculating the ratio of the number of surviving cells in the LL37-treated group to the total
number of bacteria incubated in the mock-treated group. Statistical significance was determined by t
test. P values (n.s., not significant [P > 0.5]; ****, P << 0.0001) for the indicated strains were determined
by comparison to the WT.

Expression of speB occurs predominantly during the stationary phase of GAS growth
in THY medium (4, 23, 25, 50). Thus, we tested whether the addition of the synthetic
peptide containing the amino acid sequence of SIP decouples the growth phase
dependency of speB expression and causes the early onset of speB expression in these
different strains. Consistent with our previous observations in the GAS M3 serotype (4),
SIP-specific induction of speB expression occurred during the exponential phase of
growth in all tested strains (Fig. 7). Thus, SIP-dependent upregulation of speB expres-
sion is a conserved regulatory mechanism among diverse GAS emm types commonly
causing human infections.

SIP is produced in vivo in infected humans. Next, we tested the hypothesis that
SIP is produced during human infection and evokes production of anti-SIP antibodies
by measuring anti-SIP antibody titers by enzyme-linked immunosorbent assay (ELISA).
A random 9-amino-acid peptide derived from an unrelated GAS protein was used as a
nonspecific control. Serum samples from 5 convalescing patients with previous invasive
GAS infections and 5 pediatric patients with culture-positive GAS pharyngitis were
assessed. All tested serum samples from patients with either invasive or pharyngeal
GAS infections had anti-SIP antibody titers of a 1:1,000 dilution. However, even at a
1:100 dilution, the serum samples failed to react with the nonspecific control peptide.

Fold change in speB transcript
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FIG 7 The SIP signaling pathway is conserved among several GAS M-protein serotypes. WT GAS isolates
belonging to M-protein serotypes M1 (MGAS2221), M3 (MGAS10870), M59 (MGAS15249), M89
(MGAS26844), and M12 (MGAS9429) were grown to mid-exponential phase (A, —0.4). Cells were
subsequently incubated with either 500 nM synthetic SIP or scrambled peptide (SCRA) for an additional
60 min. The transcript levels of speB were assessed by qRT-PCR, and the fold change in speB expression
relative to that in DMSO-supplemented growth is shown.
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Collectively, the human serologic data provide evidence that SIP is produced in vivo in
infected humans.

DISCUSSION

The antivirulence approach is an emerging paradigm to combat bacterial infections
by targeting either the virulence factors or regulatory networks controlling virulence
factor production for antimicrobial development (51-53). The ideal target for an
antivirulence strategy must be active during infection and during the time of treatment
and participate in disease pathogenesis (51-53). Thus, knowledge of the spatiotempo-
ral pattern of virulence factor production in vivo is a crucial prerequisite for successful
antivirulence targeting studies. Given that the SIP signaling pathway is active in the
host and that SIP-mediated SpeB production is critical for GAS virulence in invasive
animal models of infection (4), the SIP signaling pathway is an attractive target for
antivirulence strategies to treat GAS infections. However, the contribution of the SIP
signaling pathway to GAS survival in the oropharynx, the primary route of GAS entry
into the host, remains unknown. In this study, we demonstrated that the SIP signaling
pathway is the primary regulatory mechanism controlling speB expression during GAS
growth ex vivo in saliva. Importantly, SIP-mediated speB regulation is critical for
bacterial survival in human saliva and contributes significantly to oropharyngeal GAS
colonization. Collectively, our results suggest that the SIP signaling pathway is active
during GAS infection and participates in disease pathogenesis in multiple host niches,
including the oropharynx (4, 23).

GAS employs a temporal pattern of speB expression during growth ex vive in saliva
that is distinct from the kinetics of the speB transcript profile during GAS growth in vitro
(Fig. 2A and B). GAS triggers a transient but robust induction of speB expression during
the early stages of growth in saliva (Fig. 2B), resulting in the accumulation of large
amounts of extracellular SpeB protease (Fig. 2C). Early induction of SpeB protease
production in saliva is likely an adaptive strategy to achieve sufficient quantities of SpeB
protease in saliva before the onset of host innate immune responses. Given that human
saliva contains several antimicrobial mechanisms (29, 40), the protease activity of SpeB
may aid GAS survival in saliva by negating the cytotoxicity of host immune factors.
Consistent with this, SIP-dependent SpeB production aids GAS survival in the presence
of LL37 (Fig. 6), indicating that SpeB-mediated cleavage of LL37 likely contributes to
GAS evasion of LL37-mediated cytotoxicity.

The temporal pattern of SpeB biogenesis during GAS growth in human saliva also
has significant implications for future translational studies targeting the SIP signaling
pathway for antimicrobial development. SIP signaling occurs only during the early
stages of GAS growth ex vivo in saliva and is relatively inactive during the later stages
of growth in saliva (Fig. 2B). Thus, the therapeutic targeting of the SIP signaling
pathway to treat oropharyngeal GAS infections may be more effective during early
stages of GAS infection. Alternatively, prophylactic targeting of the SIP signaling
pathway may be a viable option, as anti-SIP antibodies are likely to be disruptive to SIP
signaling and SpeB production. Furthermore, SpeB is present in relative abundance for
a prolonged period during GAS growth ex vivo in saliva. Importantly, SpeB-producing
strains demonstrated a better ability to persist in saliva and colonize the mouse
oropharynx. Thus, targeting SpeB for antimicrobial development may be an effective
strategy to treat oropharyngeal GAS infections.

GAS reaches a maximum population density of only 107 CFU/ml, which is 2 log,o-
fold less than the bacterial population density observed during GAS growth in vitro (Fig.
2A and B). Our observations are consistent with the GAS population densities reported
in prior ex vivo growth studies in saliva or the GAS burden during acute pharyngitis in
human patients (30-33). During growth in vitro, the SIP-mediated upregulation of speB
expression occurs only at population densities greater than 10® CFU/ml (Fig. 2B).
Although GAS does not reach such high population densities during growth in human
saliva, it has the ability to induce speB expression at significantly lower population
densities (~10% CFU/ml) (Fig. 2A). These results suggest that additional mechanisms or
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signals in saliva may contribute to the upregulation of speB expression. To address the
niche-specific distinction in the regulation of speB expression in saliva, we considered
two possibilities. First, the host uses salivary glycoproteins to promote GAS aggregation
as a defense mechanism to prevent bacterial attachment to epithelial surfaces and
eliminate GAS from the oral cavity (54). Thus, it is possible that GAS may reach locally
high bacterial population densities within a confined environment, such as bacterial
aggregates, which leads to the local accumulation of SIP and induction of speB
expression. Consistent with this, Staphylococcus aureus at a relatively low population
density within a confined space, such as phagosomes, senses the accumulating extra-
cellular peptide signal and activates the quorum sensing regulon (55, 56). Alternatively,
additional bacterial or host-derived molecules present in saliva may act as inducers that
provide the initial impetus toward the activation of the SIP signaling pathway, which
leads to the autoinduction of the endogenous SIP signaling pathway and upregulation
of speB expression. In accordance with this, Pseudomonas aeruginosa uses the excess
aromatic amino acids in the sputum from cystic fibrosis patients as precursors for the
synthesis of a quorum sensing signal molecule and activates the quorum sensing
regulon (57). Additional investigations are required to elucidate the mechanistic basis
for speB expression at relatively low GAS population densities in saliva.

The GAS genome encodes four different peptide-signaling systems comprised of
sensor-peptide pairs, namely, ComR-ComS, SilAB-SilCR, Rgg-SHP, and RopB-SIP (4,
58-60). The ComRS system is involved in the regulation of genetic competence in
streptococci, but its role in GAS remains elusive (61, 62). Although the SilCR signaling
pathway participates in GAS pathogenesis, it is not conserved among GAS emm
serotypes and is encoded by less than 25% of the sequenced GAS genomes (59, 60).
The Rgg-SHP quorum sensing system is conserved among GAS emm serotypes, but its
contribution to GAS pathogenesis is not fully understood (58, 59). In contrast, the
RopB-SIP signaling pathway is highly conserved in all the sequenced GAS genomes, is
functional in diverse GAS emm serotypes, and is critical for GAS disease pathogenesis
in multiple host anatomic sites (4, 22) (Fig. 7). These properties of the SIP signaling
pathway, combined with the observed immunological recognition of SIP by the host
immune system, make the SIP signaling pathway a potential candidate for GAS vaccine
development.

In conclusion, we demonstrate that GAS employs a combination of early activation
of the SIP signaling pathway and timely SpeB production for successful persistence in
saliva and colonization of the mouse oropharynx. The critical differences in the SIP
signaling profile observed between GAS growth in vitro and ex vivo also underscore the
significance of the need to study bacterial virulence regulatory programs under con-
ditions that simulate their natural environment. In summary, in addition to elucidating
the molecular details of niche-specific virulence regulation by the SIP signaling path-
way, the results from this study also provide the scaffold for future translational studies
targeting the SIP signaling pathway to treat or prevent pharyngeal GAS infections.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this
study are listed in Table 51 in the supplemental material. Strain MGAS10870 is a previously described
invasive serotype M3 isolate whose genome has been fully sequenced (46). MGAS10870 is representative
of serotype M3 strains that cause invasive infections and has wild-type sequences for all known major
regulatory genes (46). The Escherichia coli DH5« strain was used as the host for plasmid constructions.
GAS was grown routinely on Trypticase soy agar containing 5% sheep blood (BSA; Becton Dickinson) or
in Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract (THY; Difco). When required, chloramphen-
icol was added to a final concentration of 5 ug/ml. All GAS growth experiments were done in triplicate
on three separate occasions for a total of nine replicates. Overnight cultures were inoculated into fresh
medium to achieve an initial absorption at 600 nm (A, of 0.03. Bacterial growth was monitored by
measuring the A, The E. coli strain was grown in Luria-Bertani (LB) broth (Fisher).

Collection of human saliva. Saliva from adult volunteers was collected on ice under a protocol
approved by the Institutional Review Board at Houston Methodist Research Institute (approval number
Pro00003833) using the method described previously with minor modifications (30). Dithiothreitol (DTT;
Gold Biotechnology) was added at a final concentration of 2.5 mmol to the saliva pool, and the mixture
was incubated on ice for 30 min. The saliva was clarified by centrifugation at 23,000 X g for 1 h, followed
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by filtration through a 0.22-pm-pore-size membrane filter (Corning, NY). Pooled saliva was stored frozen
at —20°C. Saliva from at least four donors was pooled to minimize the potential effects of donor variation.

GAS growth in human saliva, The ability of GAS strains to grow and persist in human saliva was
evaluated as described previously (30). Briefly, human saliva was collected from healthy volunteers and
pooled as described above. GAS was grown overnight in Todd-Hewitt broth supplemented with 0.2%
yeast extract (THY; BD Biosciences, Sparks, MD), diluted 1:100 with fresh THY, and grown to the growth
phase indicated above. The bacterial cells were pelleted, washed twice with sterile PBS, and suspended
in saliva at ~1 x 10° CFU/ml. Aliquots were removed at the time points indicated above and in the
figures. Samples were serially diluted 10-fold in sterile PBS and plated in duplicate on Trypticase soy agar
plates supplemented with 5% sheep blood (BD Biosciences). The plates were incubated overnight, and
colonies were counted to determine the number of CFU. All incubations were at 37°C with 5% CO,. Each
experiment was performed in triplicate on three separate occasions.

Mouse oropharyngeal infection. All animal experiments were conducted under a protocol ap-
proved by the Houston Methodist Research Institute Institutional Animal Care and Use Committee
(approval number AUP-1215-0069). Twenty 3- to 4-week-old female CD1 mice (Harlan Laboratories) were
inoculated intranasally with 2 < 10® CFU of the appropriate GAS strain in 50 ul phosphate-buffered saline
(PBS). Mouse throats were swabbed prior to inoculation to ensure the absence of beta-hemolytic bacteria
and daily thereafter for a total of 7 days to assess GAS colonization. Throat swab specimens were
vortexed in 300 pl sterile PBS at 1,000 rpm on a high-speed microplate shaker (lllumina, San Diego, CA),
and the numbers of CFU per milliliter were determined by serial diluting 1:10 in PBS, plated on group A
streptocaccal selective agar with 5% sheep blood (SSA; Becton Dickinson), and grown overnight at 37°C,
and the beta-hemolytic colonies were counted.

GAS growth studies in human blood. Whole blood was drawn from consenting, healthy, nonim-
mune donors in sodium heparin tubes (Becton Dickinson) under a Houston Methodist Research Institute
Institutional Review Board-approved experimental protocol (approval number Pro00004933). GAS
growth in blood was performed as described previously (63). Indicated GAS strains were grown in THY
at 37°C in 5% CO, to mid-exponential phase (A, ~0.4) and harvested. The cells were washed twice and
suspended in an equal volume of sterile PBS. Approximately 20 to 100 CFU of each GAS strain was
inoculated into 300 ul of fresh human blood. Samples were incubated for 3 h at 37°C in 5% CO, with
end-to-end rotation. The numbers of CFU per milliliter were determined by serially diluting the samples
1:10 in PBS, plating the samples, and growing the samples overnight at 37°C in 5% CO,, and the
beta-hemolytic colonies were counted. Multiplication factors were calculated by dividing the number of
CFU per milliliter determined after 3 h of incubation by the starting inoculum. Each experiment was
performed in triplicate on separate occasions.

GAS RNA isolation and gene transcript analysis from human saliva and blood. One volume of
GAS strains grown in human saliva or human blood was collected in 2 volumes of RNAprotect (Qiagen)
at the time points indicated above, incubated at room temperature for 10 min, and harvested by
centrifugation. Bacterial cell pellets grown in blood were suspended in 10 volumes of ammonium
chloride lysing solution (Becton Dickinson), incubated for 10 min on ice, and separated from lysed
erythrocytes by centrifugation at 3,000 X g at 4°C for 10 min. RNA was isolated from the GAS growth in
saliva or blood and purified using an RNeasy kit (Qiagen) according to the manufacturer's instructions.
A,eolA,g, ratios were used to assess RNA integrity. cDNA was synthesized from purified RNA using
SuperScript Il reverse transcriptase (Invitrogen). TagMan PCR was performed with an ABI 7500 Fast
system (Applied Biosystems). Comparison of transcript levels was performed by the AC; threshold cycle
(C;) method of analysis using tufA as the endogenous control gene (64). The sequences of the probes and
primers used in the TagMan PCR are listed in Table S2.

Western immunoblot analysis. MGAS510870 was grown in human saliva to the time points indicated
above, and supernatant was collected by centrifugation. The culture supernatant was filtered through a
0.22-pm-pore-size filter (Millipore), and the filtrate was concentrated by drying with a Speed-Vac. Equal
volumes of concentrated supernatant sample were resolved on a 15% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane (Bio-Rad), and probed with polyclonal anti-SpeB rabbit antibodies.
Secondary antibody conjugated with horseradish peroxide was used to detect SpeB and visualized with
chemiluminescence using a SuperSignal West Pico rabbit IgG detection kit (Thermo Scientific).

Synthetic peptide addition assay during GAS growth in human saliva and human blood.
Synthetic peptides of high purity (=90% purity) obtained from Peptide 2.0 (Chantilly, VA) were sus-
pended in 100% dimethyl sulfoxide (DMSO) to prepare a 10 mM stock solution. Stock solutions were
aliquoted and stored at —20°C until use. Working stocks were prepared by diluting the stock solution in
25% DMSO.

LL37 cytotoxicity assays. GAS strains were grown to stationary phase in THY (A, —1.7), washed
with PBS, and suspended in 10 mM sodium phosphate buffer (pH 6.8). Similar starting numbers of CFU
per milliliter of each strain were preincubated at 37°C for an additional 2 h. Subsequently, LL37 was
added to a final concentration of 2.5 uM, the culture was incubated for 45 min, and bacterial killing was
assessed by counting the numbers of CFU per milliliter. The LL37 cytotoxicity was assessed by calculating
the ratio of the number of surviving cells in the LL37-treated group to the number of bacteria incubated
in the mock-treated group.

Analysis of in vivo SIP expression by ELISA. ELISA was used to determine if SIP is expressed during
human GAS infection. Synthetic SIP was used to coat MaxiSorp ELISA plates (Nunc) at 0.5 ug/well at 4°C
overnight. A synthetic 9-mer peptide derived from an unrelated GAS cytosolic protein (CvfA, SpyM3_1376)
with an amino acid sequence of YALISIRLK was used as a nonspecific control. Convalescent-phase human
serum samples were collected from 5 patients with previous invasive GAS infections under a protocol
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approved by the Houston Methodist Research Institute Institutional Review Board. Acute-phase human serum
samples from 5 pediatric patients with acute GAS pharyngitis were also collected. A serial 2-fold dilution of
the serum samples was used, and secondary horseradish peroxidase (HRP)-conjugated anti-human immu-
noglobulin antibody (Millipore Sigma Inc.) was used to detect bound primary antibody. The absorbance of the
plates at 420 nm (A,,,) was read. An A,,, reading greater than at least thrice the value of the PBS negative
control was considered a positive reaction.

Statistical analysis. Repeated-measure analysis of variance (ANOVA) was used to test the differences
in nasopharyngeal colonization between strains. Paired Student’s t test was used to compare the ability
of GAS strains to survive in human saliva or blood by comparing the log,, number of CFU per milliliter
of the indicated strains on day 6 or multiplication factors after 3 h of incubation, respectively. Statistical
significance was assigned at a two-sided P value of 0.05, using Bonferroni’s adjustment for multiple
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comparisons when appropriate. GraphPad Prism software was used for statistical calculations.
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Figure S1. Schematics showing the organization of genetic elements in GAS strains and
trans-complementation plasmid used in this study. The ropB and speB genes are divergently
transcribed. The angled arrows above the line indicate two transcription start sites for speB,
designated P1 and P2. The intergenic region with three predicted open reading frames are
shown as horizontal arrows. Numbers indicate the nucleotide positions relative to the first
nucleotide of speB start codon. Nucleotides corresponding to transcription start site P1 is
highlighted in orange. Inferred ribosomal binding site (RBS) located upstream of SIP is
underlined and labeled. Nuclectide sequences of SIP are italicized and colored in orange.
Amino acid sequence corresponding to each codon of SIP is given below. * indicates stop

codon. Substitution of SIP start codon with stop codon in S/P* strain is highlighted in green.
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Primer

Sequence 5" - 3’

Purpose

tufA qRTFwd

CAACTCGTCACTATGCGCACAT

5' primer for tufA qRT-PCR

tufA qRTRev

GAGCGGCACCAGTGATCAT

3’ primer for tufA qRT-PCR

tufA probe C

CTCCAGGACACGCGGACTACGTTAAAAA

Probe for tufA qRT-PCR

speB qRTFwd ACTCTACCAGCGGATCATTTG 5' primer for speB qRT-PCR
speB gRTRev CAGCGGTACCAGCATAAGTAG 3’ primer for speB qRT-PCR
speB probe TGCTTCCTTCATGGAAAGTTATGTCGAACA Probe for speB qRT-PCR

107|Page



Table S1. Bacterial strains and plasmids used in this study.

CHAPTER 2

Strain or Plasmid

Description

Reference

Strains

Invasive isolate MGAS10870, serotype

WT M3 (1)
MGAS10870 trans-complemented with
WT:pDC empty vector pDC123, chloramphenicol (2)
resistant
MGAS2221 Invasive isolate, serotype M1 (3)
MGAS15249 Invasive isolate, serotype M59 (4)
MGAS26844 Invasive isolate, serotype M89 (5)
MGAS9429 Pharyngeal isolate, serotype M12 (6)
AropB MGAS10870AropB::aad9 (7)
AspeB MGAS10870AspeB::aad9 (2)
Isoallelic mutant strain that has the start
SiP* codon of SIP changed to stop codon in (8)
parental serotype MGAS10870
SIP* mutant frans-complemented with
SIP*.pDC empty vector pDC123, Chloramphenicol (8)
resistant
SIP* mutant trans-complemented with
SIP*:pDC-SIP plasmid pDC-SIP, Chloramphenicol (8)
resistant
E. coli DH5a Host strain for cloning purposes
Plasmids
Low-copy number plasmid capable of
pJL replication in GAS and Escherichia coli, (9)
Chloramphenicol resistant
Used to generate isoallelic GAS mutants
Low-copy number plasmid, pDC1723,
pDC capable of replication in GAS and (10)
Escherichia coli, Chloramphenicol
resistant
pDC with the fragment of intergenic
pDC-SIP region (-772 ~ -646) between ropB and (8)

speB
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DISCUSSION

DISCUSSION

The emergence of bacterial multidrug resistance against existing antibiotics and lack of
new antibiotics in the pipeline pose a major threat to public health (5, 148-150). Thus, novel
targeting strategies are urgently required to identify new antimicrobial targets to combat
complicated infections caused by multidrug resistant bacteria. In this regard, the toxins produced
by bacteria or signaling pathways controlling toxin production are ideal targets for antimicrobial
development asthey contribute significantly to disease pathogenesis. Anideal antimicrobial target
must be expressed during infection, participate in disease pathogenesis, and accessible in the host
for therapeutic targeting (151-153). Given that cysteine protease SpeB is produced abundantly
during human GAS infection (99, 100), and SpeB protease activity is a key contributor to GAS
pathogenesis due to its role in various bacterial processes during infection (1, 2, 68, 72, 73, 96,
154), it is a plausible candidate for antimicrobial targeting studies. Consistent with this, SpeB
protease has been previously targeted for vaccine and antimicrobial development (104, 106).
Although preclinical protection studies showed significant promise, the success has not translated
to clinical trials (155). In this study, we have discovered that GAS produces a novel quorum-
sensing signal, a leaderless peptide SIP, which acts as an intercellular signal to control the
expression of speB in concert with high bacterial population density. Contrary to all the
characterized bacterial peptide signals, SIP amino acid sequence lacks several classical features
that are required for peptide secretion and maturation. Nevertheless, SIP functions as an effective
mtercellular signal (chapter 1). In addition to SIP identification, we have deduced several
mechanistic steps in the SIP signaling pathway that includes production of SIP in its mature form,
and secretion and reinternalization of SIP to GAS cytosol by yet to be identified mechanisms. The

reinternalized SIP is recognized by its cognate receptor, transcription regulator RopB, in the
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cytosol. Binding of SIP induces allosteric changes in RopB that are crucial for activation of speB
gene expression. Importantly, we showed that the SIP signaling pathway is active in vivo and
contributes significantly to GAS virulence in mouse models of infection. We also showed that SIP
signaling occurs during GAS growth ex vivo in human saliva and blood, and SIP-mediated speB
expression is important for GAS survival in both saliva and blood. Given that SIP-dependent gene
regulation is the primary signaling pathway that controls speB expression during infection, we
propose that the molecular components of peptide signaling pathway may present alternate targets
for therapeutic or prophylactic possibilities to treat GAS infections. However, further
investigations are required to identify various components of this pathway for successful

antimicrobial targeting.

1. Mechanism of SIP export

Without exception, the bacterial quorum sensing signals must be secreted to coordinate
population-wide gene regulation (120, 126, 133-135). Gram-positive bacteria typically use
oligopeptides as secreted signals, commonly referred to as peptide signals or auto-inducing
peptides. The peptide signals are initially produced as inactive pre-peptides (125). Biogenesis of
active (mature) peptide signals is a multi-step process involving secretion and proteolytic
processing of the nactive pre-peptides. (4, 156). Generally, the peptide signals have three regions:
the amino-terminus segment (n-region) rich in positively-charged amino acids, central core part
(h-region) containing hydrophobic amino acids, and the C-terminus (c-region) fragment that has
the protease recognition and cleavage region (107, 157). The basic n-region contains the

characteristic secretion signal sequence that directs the translocation of the peptide signal to
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bacterial membrane for secretion via the general secretory pathway (Sec) (4, 156, 158). The
membrane-bound signal peptidase I then cleaves the secretion signal sequence as the peptide
signals emerge from the Sec pathway (158). The c-region of the peptide signal typically contains
one or more protease cleavage sites that are processed in the membrane by the intramembrane
protease, enhanced expression of pheromone (Eep), and various secreted proteases (4, 125, 159).
The extracellular peptide signals are subjected to additional processing by the secreted proteases

before releasing the active (mature) peptide signal (127).

The biogenesis of mature SIP is unique compared to the hall marks of characterized
bacterial peptide signals in other gram-positive bacteria. SIP is encoded in GAS genome as an 8-
amino acid peptide in its mature form. SIP lacks the amino acid sequence characteristics in the n-
region required for secretion (Fig. 3A of chapter 1). The lack of secretion signal sequence raises
an important question — is SIP secreted? However, we demonstrated that the cell-free culture
supernatant from peptide-producing WT GAS growth has regulatory activity, whereas the cell-
free culture supernatant obtained from the peptide non-producing sip * (start codon ATG mutated
to stop codon TAG to disrupt the translation) mutant does not have the regulatory activity (Fig.
3D of chapter 1). These results showed that only the SIP-producing strains contain regulatory
activity in the secreted component of GAS growth, thus establishing direct causation between the
presence of intact sip gene n GAS genome and extracellular regulatory activity. Our efforts to
provide direct evidence demonstrating the extracellular presence of SIP by mass-spectrometry are
unsuccessful so far, likely due to the hydrophobic nature of SIP. In conclusion, despite the lack of

a secretion signal sequence, SIP is secreted.

SIP amino acid sequence also lacks protease cleavage sites in the c-region (Fig. 3A of

chapter 1). SIP does not require proteolytic processing by Eep as the genetic inactivation of eep in
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Aeep mutant did not affect speB expression (Fig. 3B and 3C of chapter 1), indicating that SIP is

produced in its mature form.

The dedicated PptAB exporter was previously shown to be required for the export of SHP,
cognate peptide signals of Rgg regulators in Streptococcus (160, 161). However, our findings
indicated that PptAB is not required for SIP signaling (unpublished data). Collectively, our
analyses demonstrate that SIP is the founding member of a new class of leaderless peptide signals

and is likely exported out of GAS cytosol by a yet-to-be identified novel secretion pathway.

2. Import of extracellular SIP to the GAS cytoplasm

The general paradigm of bacterial peptide signaling requires that the secreted mature
peptide signals are recognized either extracellularly by the membrane-bound sensor kinase of two
component systems or by the cytosolic transcription regulators (4, 125). The members of RRNPP
family regulators are cytosolic peptide receptors that differentially regulate target gene expression
upon their interactions with the cognate peptide signals (4, 125). Invariably, the import of cognate
peptide signals of RRNPP family regulators into the cytosol is mediated by the membrane-bound
peptide permeases, oligopeptide permeases (Opp) or dipeptide permeases (Dpp) (4, 125, 162-164).
Both Opp and Dpp permeases are five subunit complexes that belong to the family of ATP-binding
cassette (ABC) transporters (165-170). Typically, the opp and dpp genes are transcribed as a five-
gene operon and highly conserved across Gram-positive bacteria (165-170). Opp mediates the
uptake of longer peptides (up to 35 residues), independent of their amino acid composition (165-
168), whereas Dpp permeases import dipeptides into the bacterial cytosol (171). As in other

bacteria, two different five-gene operons, oppABCDF and dppABCDE, encoding Opp and Dpp
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permeases, respectively, are present in the GAS genome. Previously, both Opp and Dpp permeases
were implicated in the regulation of speB expression (164, 172). The role of peptide permeases in
speB regulation combined with our discovery of SIP suggested that Opp or Dpp may influence
speB expression due to their role in SIP reimport. However, our results revealed that genetic
inactivation of opp (AoppDF),or dpp (AdppA) permeases in GAS M3 serotype did not affect speB
expression (Fig. 3B of chapter 1). Given that the two permeases are highly conserved, we
considered the possibility that the two importers may be functionally redundant, and inactivation
of one importer may be compensated by the presence of second importer. To test this possibility,
we generated a AoppDF/AdppA double mutant strain and measured speB transcript levels.
Surprisingly, speB gene expression in the AoppDF/AdppA double mutant strain was comparable
to that of WT GAS (Fig. 3B of chapter 1). Furthermore, addition of synthetic SIP to
AoppDF/AdppA mutant restored WT-like speB expression in the Aopp DF/AdppA/Asip strain (Fig.
3B of chapter 1). Collectively, these observations suggest that Opp/Dpp permeases are not
mvolved in SIP reimport. Importantly, the lack of a role for peptide permeases in SIP reimport
raises a fundamental question: is SIP imported back to GAS cytoplasm? Our supplementation
studies with fluorescein isothiocyanate (FITC)-labelled SIP unambiguously demonstrated that
exogenously added SIP is internalized in GAS cytosol (Fig. 3F of chapter 1). Thus, it is likely that
novel mechanisms are involved in SIP import. However, additional investigations will be required

to fully elucidate the molecular details of SIP transport mechanisms.

3. Binding of SIP to RopB and its implications in speB expression

Despite the vast differences in the biogenesis, secretion and import mechanism between

SIP and other RRNPP family signaling peptides, our results indicate that the underlying molecular
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mechanism by which SIP influences speB regulation is consistent with the other members of the
family. Typically, the mature peptide signals are 5 — 8 amino acid long, highly hydrophobic and
modulate the expression of target genes by binding to their respective regulators with ahigh degree
of specificity (4). Consistent with this, our protein-peptide binding studies (chapter 1) indicate that
the intact SIP in its native order of amino acid sequence is engaged in high affinity and sequence-
specific interactions with RopB (dissociation constant K4~ 2.6 nM). Truncation of SIP by single
amino acid disrupted RopB binding (Fig. 4A and 4B of chapter 1), indicating that full-length SIP
is require for RopB interactions. The in vitro observations were recapitulated in vivo as single
amino acid truncation of SIP failed to induce speB expression in sip * mutant strain (Fig. 2B of
chapter 1). Thus we conclude that the binding of SIP to RopB regulator is a crucial step for the
activation of speB expression. These findings were further corroborated by our structural studies
in which we delineated the chemical basis for SIP recognition by RopB (173). We showed that
SIP binds to the concave surface in the C-terminal domain of RopB. The SIP binding pocket is
composed of hydrophobic and aromatic amino acids as well as asparagines that are characteristics
of TPR domains (4). Importantly, the SIP-contacting RopB residues are crucial for the in vivo
expression of SpeB and GAS virulence (173). Collectively, these results demonstrate that SIP

recognition by RopB is crucial for the transcription regulation of speB.

The influence of environmental pH on the expression of speB is known for several decades
(2). Caparon and group have reported that the speB expression was maximum when the in vitro
culture medium was acidified to pH 6.0 and repressed at pH 7.5 (110). GAS auto-acidifies its
growth conditions due to lactic acid production (from pH 7.5 during exponential growth phase to
pH 6.0 during stationary phase) (2). Interestingly, the auto-acidification coincides with both high

GAS population density and the onset of speB expression. These observations suggest the presence
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of an interplay between environmental pH and SIP signaling. In accordance with this, our recent
findings demonstrated that the binding affinity of SIP to RopB is sensitive to pH and high affinity
interactions are favored under below neutral pH conditions (pH 6.0) (accepted manuscript). These
results suggest that environmental pH controls SIP recognition by RopB. Compared to binding
affinity (K, value) in pH 6.0, the affinity was significantly reduced in buffer with pH 7.5 and pH
9.0 by 23-fold and 177-fold, respectively (data not shown). Intriguingly, when environmental
acidification occurs, GAS cytosol also acidified (pH 5.8), indicating that the cytosolic environment
during high population density is the conducive for high affinity RopB-SIP interactions. We
further demonstrated that a pH-sensing histidine switch is present in RopB that monitors

environment pH and controls SIP binding to the pocket in RopB (173).

In addition to pH, other GAS factors such as the two-component CovRS system, major
transcription regulator Mga, transcription regulator CcpA also (Fig. 5 of Introduction) regulate
SpeB production. However, how all these factors work, either individually or in tandem, to tightly
modulate the production of SpeB is poorly understood (2). Given that SIP is the primary
mechanism controlling speB expression and environmental pH is integrated into SIP pathway, it
is possible that other GAS factors may exert their influence on speB expression by modulating SIP
signaling pathway. Such discoveries would significantly advance our current understanding of the

complex signaling peptide functions in GAS, and other pathogenic bacteria.

4. Allosteric changes in RopB upon SIP binding

Typically, the RRNPP family cognate peptides induce allosteric changes upon binding to

their respective regulator, and these conformational changes in the regulators are crucial to the
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target gene regulation (4). Among the RRNPP regulators, the binding of activation peptide cCF10
disrupts PrgX tetramerization, which is crucial for the activation of gene expression. On the other
hand, in Bacillus cereus, the binding of NrpX peptide to NrpR induces NrpR tetramerization which
represents the transcriptionally active state of NprR (132, 174). Similarly, the binding of PapR to
PIcR releases the otherwise masked N-terminal DNA binding domain of PlcR which leads to
promoter binding and gene regulation (175). Our results indicate that SIP induces unique allosteric
changes in RopB to activate speB expression. SIP facilitates high-affinity RopB-DNA interactions
and subsequent polymerization of RopB on speB promoter to control gene expression. Although
two different promoter sequences P1 and P2 have been implicated to be the involved in starting
the transcription of speB (114), the role of P2 has been in question for several years now. Hence,
we included the probe containing the sequence of P2 in our EMSA experiment to deduce its role
in RopB regulatory activity. Our results show that both apo-RopB and RopB-SIP complex do not
bind to the probe containing the promoter sequence of P2 (Fig. S6D of chapter 1) and these findings
are consistent with the recent re-annotation of P2 promoter as a Rnase Y processing site of speB
mRNA (116). Importantly, we show that SIP promotes RopB binding to two binding sites, site 1
and site 2, in speB promoter. The two sites are located upstream of P1 and are separated by a 121-
bp-long spacer region (Fig. 4 and S6 of chapter 1). SIP also induces RopB oligomerization on the
promoter sequences, however the DNA binding event precedes RopB oligomerization (Fig. 4] and
S9 of chapter 1). Based on these findings, we propose that SIP promotes high affinity interactions
between RopB and the two binding sites in P 1. Using these interactions as nucleation event, RopB
polymerizes between the spacer region of the two sites and the polymerization event of RopB

results in the activation of speB transcription. Our future structural studies will be directed to
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identify SIP-induced allosteric changes in RopB that contribute to RopB-DNA interactions and

RopB oligomerization on DNA.

5. Role of SIP in GAS pathogenesis

The production/protease activity of SpeB has been extensively studied (2). The role of
SpeB in GAS disease pathogenesis in animal models of infection and during natural human
infections is well established (71, 72, 74, 75, 94, 95). Our in vitro analyses demonstrate that SIP
signaling pathway is the primary regulatory mechanism controlling speB expression. However, the
findings in the laboratory medium do not fully recapitulate the conditions encountered by GAS in
the complex host environment (2). This led us to ask a three-part question (i) whether SIP is
produced during GAS infection, i) whether SIP signaling pathway is active during GAS infection
in the host, and iii) whether SIP signaling pathway contributes to GAS pathogenesis. Our findings
in chapter 2 show that the serum samples obtained from 5 convalescing patients with prior invasive
GAS infections and 5 pediatric patients with GAS pharyngitis had anti-SIP antibodies, suggesting
that SIP is produced by GAS in the host during infection (Table 1 of chapter 2). To answer the
second and third part of the question, we compared the in vivo speB expression levels in mice
infected subcutaneously with one of the following strans: WT, sip * mutant, and sip * mutant trans-
complemented with sip. We have used WT GAS strain grown to late-exponential phase in the
laboratory medium as the reference. We observed a ~ 3000-fold increase in speB transcript levels
in WT GAS compared to the reference. However, the sip * mutant strain had speB transcript levels
comparable to that of reference (Fig. 6A of chapter 1), indicating that SIP signaling pathway is

active and controls speB expression in vivo during infection. Overall, these results (Fig. 1D of
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chapter 1) demonstrate that SIP is produced during infection and intercellular SIP signaling

pathway activates GAS virulence gene regulation in the complex host environment.

GAS is a versatile pathogen that infects several host niches. Given the variations in the
complex host milieu at different host anatomical sites, it is remarkable that GAS possess
mechanisms to colonize and establish infections in diverse host environments (12, 19). In this
regard, we raised the question whether SIP signaling pathway contributes to GAS pathogenesis at

different host anatomical sites (Fig. 5 of chapter 1).

The host oropharynx is the most common site for GAS colonization and pharyngitis is the
common form of GAS disease manifestation (13, 176). GAS employs unique transcriptional
program to survive in human saliva and colonize oropharynx. Among the GAS genes upregulated
during growth in saliva, SpeB is critical for optimum GAS growth ex vivo n human saliva (77,
177). This is not surprising considering the fact that saliva is the first line of host defense and
contains antimicrobial peptides such as LL37 to control pathogen growth (76, 178). Using the ex
vivo growth conditions, we demonstrated that addition of synthetic SIP activates speB expression
in the sip* mutant during growth ex vivo in human saliva and blood. These observations suggest
that SIP signaling occurs during growth in human body fluids and SIP signaling pathway is the
primary regulatory mechanism that controls speB expression. Furthermore, when comparing the
growth kinetics of WT, sip*, and trans-complemented strains for survival in human saliva and
oropharyngeal colonization, the SIP non-producing strains were significantly impaired in growth
ex vivo in human saliva and oropharyngeal colonization compared to SIP-producing strains (Fig.
4A and Fig. 5B of chapter 2). Given that the oropharynx is the primary route of GAS entry, our

discovery that the SIP-mediated speB regulation is critical for GAS colonization in the host is of
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particular importance as this can lead to translational strategies targeting SIP signaling pathway to

control GAS survival in the oropharynx (Fig. 4B of chapter 2).

6. General model of quorum sensing mediated regulation of SpeB

The ability of bacterial pathogens to sense environmental cues and mediate spatiotemporal
regulation of virulence factors is crucial for successful survival in the host (107, 120, 121, 179,
180). In this regard, GAS employs multilayered regulatory mechanisms to coordinate speB
expression in concert with high bacterial population density. We have previously demonstrated
that the transcription of speB is negatively influenced by the N-terminal secretion signal peptide
of virulence factor related (Vfr) protein during low bacterial population density (107). Although
the exact identity of the peptide sequence was not determined, our results indicated that the mature
peptide resides in the N-terminal 40 amino acids of Vfr and modulates speB expression by binding
to RopB (107). Based on these observations, we propose the following model (Fig. 6E of chapter
1) for population density-dependent regulation of speB expression. The mature Vir peptide
produced during low GAS population density binds to RopB and negatively influences speB
expression. Conversely, during high GAS population density, the expression of vfr is
downregulated and sip expression is induced. Once SIP reaches the threshold concentration, it
binds to RopB and induces RopB-dependent activation of speB expression (Fig. 6E of chapter 1).
SIP production also activates the positive feedback loop causing robust induction of sip and speB
expression. Similar mode of gene regulation was observed in PrgX from Enterococcus faecalis.
As in RopB, PrgX has two cognate peptides, an inhibitory peptide, iCF10 and an activation
peptide, cCF10. Both peptides compete to bind to the PrgX protein and modulate the gene

regulation activity of PrgX (181).
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7. Perspectives and future directions

The Rgg/Rap/NprR/PIcR/PrgX proteins constitute the founding members of RRNPP
family of regulators in gram-positive bacteria. However, bioinformatics analyses of bacterial
genomes suggest that a large number of RRNPP homologs exist in different bacteria (125, 129).
The cognate signaling peptides of the prototypical RRNPP family regulators have been identified.
However, the cognate signaling peptides for most of these homologs are yet to be identified. RopB
forms a subfamily of Rgg regulators. A major challenge in identifying the cognate peptide signals
for RopB-like regulators is that the sSORFs encoding non-canonical SIP-like bacterial peptide
signals that are produced i its mature form. Thus, identification of such bacterial peptide signals
using the criteria for classical bacterial peptide signals can be unsuccessful (125, 182). In this
regard, our discovery of SIP provides a roadmap for the identification of SIP-like leaderless
peptide signals and accelerate the discovery of the similar leaderless peptide signals in other
bacteria. Furthermore, identification of SIP also underscores the complexities associated with

bacterial intercellular communication pathways and expands the repertoire of bacterial languages.

In pathogenic bacteria, quorum sensing pathways play a significant role in the regulation
of crucial traits such as virulence, sporulation, biofilm formation, and antibiotic resistance (71,
133-135, 183). Although wehave elucidated the identity of the peptide signal controlling virulence
gene regulation in GAS, several steps of this pathway remain poorly understood. Specifically, the
molecular mechanisms by which SIP is secreted and brought back to the GAS cytosol are
unknown. Thus, investigations into other aspects of SIP signaling will establish the basic principles
of leaderless peptide signaling and will likely identify previously unknown therapeutic targets and

strategies.
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