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ABSTRACT Streptococcus pyogenes (group A Streptococcus [GAS]) causes a wide
range of human infections. The pathogenesis of GAS infections is dependent on the
temporal expression of numerous secreted and surface-associated virulence factors
that interact with host proteins. Streptococcal pyrogenic exotoxin B (SpeB) is one of
the most extensively studied toxins produced by GAS, and the coordinate growth
phase-dependent regulation of speB expression is linked to disease severity pheno-
types. Here, we identified the endopeptidase PepO as a novel growth phase-
dependent regulator of SpeB in the invasive GAS M1 serotype strain 5448. By using
transcriptomics followed by quantitative reverse transcriptase PCR and Western blot
analyses, we demonstrate through targeted mutagenesis that PepO influences
growth phase-dependent induction of speB gene expression. Compared to wild-type
and complemented mutant strains, we demonstrate that the 5448ΔpepO mutant
strain is more susceptible to killing by human neutrophils and is attenuated in viru-
lence in a murine model of invasive GAS infection. Our results expand the complex
regulatory network that is operating in GAS to control SpeB production and suggest
that PepO is a virulence requirement during GAS M1T1 strain 5448 infections.

IMPORTANCE Despite the continuing susceptibility of S. pyogenes to penicillin, this
bacterial pathogen remains a leading infectious cause of global morbidity and mor-
tality. A particular subclone of the M1 serotype (M1T1) has persisted globally for de-
cades as the most frequently isolated serotype from patients with invasive and non-
invasive diseases in Western countries. One of the key GAS pathogenicity factors is
the potent broad-spectrum cysteine protease SpeB. Although there has been exten-
sive research interest on the regulatory mechanisms that control speB gene expres-
sion, its genetic regulation is not fully understood. Here, we identify the endopepti-
dase PepO as a new regulator of speB gene expression in the globally disseminated
M1T1 clone and as being essential for virulence.
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Streptococcus pyogenes, the beta-hemolytic group A streptococcus (GAS), is a strictly
human bacterial pathogen with a global distribution that is often associated with

mild infections of the respiratory tract (pharyngitis) and the skin (impetigo). Less
commonly, scarlet fever may develop following pharyngeal infection, predominantly
afflicting children. GAS has the capacity to penetrate deeper tissues, causing much
more severe potentially life-threatening infections, such as septicemia, necrotizing
fasciitis, and streptococcal toxic shock syndrome. GAS may also cause autoimmune
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sequelae, such as rheumatic fever and acute glomerulonephritis, upon repeated infec-
tion. GAS is a leading infectious cause of human mortality, with an estimated global
burden of over half a million deaths annually (1). Hence, the worldwide resurgence of
scarlet fever outbreaks and invasive GAS strains in recent years raises major public
health concerns (2–8).

While many different emm types and subtypes of GAS are capable of causing serious
infections, the globally disseminated M1T1 clone has become one of the most preva-
lent isolates and is associated with a disproportionate number of invasive disease cases
(5, 9). This association appears to be linked to the propensity of the M1T1 clone to
switch to an invasive disease phenotype through the acquisition of mutations in a
two-component regulatory system, covRS, during the course of an infection (10). One
key factor that may promote the transition from localized to invasive infections is
the abrogation of extracellular cysteine protease SpeB expression as a result of
covRS mutations (10–13).

SpeB is one of the most abundant secreted proteins of GAS and a major virulence
factor that contributes to adhesion and colonization of the host epithelium, and it has
the ability to degrade a wide array of host proteins (14, 15). SpeB has also been shown
to degrade numerous secreted GAS virulence factors implicated in processes that
include bacterial invasion, immune evasion, and several toxins and superantigens (13).
The diverse activities of SpeB are echoed by its extraordinarily tight regulation, which
involves both transcriptional and posttranscriptional mechanisms that are still not fully
elucidated (for details, see reference 16). SpeB is cotranscribed with its cognate
inhibitor protein Spi (17) and translated into a 43-kDa preproprotein, followed by
removal of a signal peptide generating the 40-kDa zymogen form (18, 19). Under
reducing conditions that can be replicated in vitro, the zymogen form undergoes
autocatalytic processing to the 28-kDa mature enzymatically active form of SpeB. While
SpeB is an important virulence factor of GAS, its role during the course of streptococcal
infection remains incompletely understood (15).

One of the regulators that directly controls the transcription of speB is the regulator
of proteinase B (RopB), also known as Rgg, which is located adjacent to the speB gene
in the GAS genome (16, 20, 21). RopB belongs to the RRNPP family of transcriptional
regulators and binds to the speB promoter to facilitate transcription initiation in a
growth phase-dependent manner (21–24). Like other members of the RRNPP family,
RopB was recently shown to sense and respond to a cognate secreted peptide
pheromone signal to mediate speB gene regulation (24, 25). The open reading frame
(ORF) encoding the SpeB-inducing peptide is located in the ropB-speB intergenic region
and belongs to a new class of short leaderless intercellular peptide signals in bacteria
(25).

Gram-positive bacteria, such as GAS, use small peptides as communication signals in
response to environmental stimuli and population density, in a process called quorum
sensing (QS), to coordinate gene expression (26, 27). To date, four Rgg paralogs have
been identified in GAS: RopB (Rgg), Rgg2, Rgg3, and ComR (Rgg4) (28, 29). All four Rgg
paralogs respond to signaling peptides and have been shown to regulate genes
involved in virulence, biofilm formation, and competence (29).

A novel mechanism for regulating activity of RRNPP-type QS systems has recently
been identified in GAS by Wilkening and colleagues (30). These authors discovered that
proteolysis of short signaling peptides by the endopeptidase PepO, a member of the
M13 family of metallopeptidases, abrogated the Rgg2/3 signaling pathway under stress
conditions, suggesting a role in biofilm formation (30). This CovRS-dependent role of
PepO in Rgg2/3 signaling, however, was not conserved among different GAS serotypes
and thus might implicate additional roles for PepO, such as the recently reported role
in evasion of complement-mediated bacteriolysis by direct binding to human comple-
ment factor C1q (31).

In the present study, we examined the role of PepO in the representative M1T1 GAS
strain 5448. We conducted a microarray transcriptome comparison of wild-type 5448
and isogenic pepO mutant strains and demonstrate that PepO specifically inhibits speB
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gene expression during logarithmic-growth phase. This inhibitory role of PepO on speB
gene expression was pronounced under peptide-rich and carbohydrate-poor growth
conditions that are consistent with skin and soft tissue infections (20, 32). We further
show that mutation of pepO rendered GAS strain 5448 more susceptible to human
neutrophil clearance and resulted in reduced virulence in a murine model of invasive
GAS disease.

RESULTS
Subcellular localization of endopeptidase PepO in GAS strain 5448. GAS endo-

peptidase PepO is a 71-kDa (631-amino-acid) protein, which belongs to the ubiquitous
neprilysin (M13) family of zinc-metalloenzymes that are potent regulators of peptide
signaling (33). The pepO gene is highly conserved in sequenced GAS genomes, and the
encoded protein shows 28% amino acid sequence identity with chain A of human
neutral endopeptidase (PDB: 1DMT_A). Previous studies have detected PepO either
solely in the cytoplasm (30) or both in the cytoplasm and as a secreted protein in the
culture supernatant, depending on the GAS serotype (31).

To address the serotype-specific subcellular localization of PepO in GAS strain 5448,
we prepared streptococcal cell lysates and collected culture supernatants of wild-type
and pepO mutant strains grown in Todd-Hewitt broth supplemented with 1% yeast
extract (THY) medium. The pepO mutant has been constructed by replacing the pepO
coding region with the erythromycin resistance gene (erm), preserving the integrity of
coding sequences and the regulatory elements of neighboring genes. The chromo-
somal context of the gene rules out any polar effect on neighboring ORFs (Fig. 1A). The
presence of the PepO protein was detected using polyclonal rabbit anti-PepO antise-
rum. Immunoblot analysis revealed that PepO is already expressed at early growth
stages, where it is predominantly localized in the cytoplasmic fraction (Fig. 1B). In
addition, PepO was detectable in the culture supernatant after early logarithmic-
growth phase (Fig. 1B). No classical sequence motifs have been found that target GAS
PepO to the extracellular surroundings (30); therefore, the mechanism by which PepO
is released into the supernatant is unknown.

Transcriptional comparison of GAS strains 5448 and 5448�pepO. It was previ-
ously reported that PepO modulated Rgg2/3 QS signaling, suggesting a role in regu-
lating the global transcriptional response (30). To investigate this in M1T1 GAS, we
performed transcriptional profiling of wild-type 5448 and an isogenic pepO mutant
strain. Each strain was grown to mid-logarithmic-growth phase (A600, �0.8), and the
gene expression profiles of both strains were compared by microarrays (Fig. 2). Overall,
182 genes had a �2-fold change in expression. Two genes encoding the protease-
inhibitor pair SpeB-Spi were identified as being the only genes that were upregulated
in the pepO mutant strain (listed in Table 1), supporting the prior demonstration that

FIG 1 Subcellular localization of PepO. (A) Schematic of the pepO open reading frame in wild-type GAS
strain 5448. Predicted promoters and Rho-independent transcriptional terminators are indicated. (B)
Cytoplasmic fractions and culture supernatant of GAS strains 5448 (�) and 5448ΔpepO (�) were
prepared at early logarithmic phase (EL; A600, � 0.4), mid-logarithmic phase (ML; A600, �0.8), and
stationary-growth phase (SP; A600, �1.2) in THY medium. All fractions were subjected to Western blot
analysis with anti-PepO antiserum. Data shown are representative of at least three independent
experiments.
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these genes are cotranscribed (17). Both genes had a �5-fold change in expression,
which was the threshold change required to be included in further analyses. However,
we were unable to detect any difference in the expression of previously described
target genes of the Rgg2/3 QS system (30). Despite an �10-fold increase in speB-spi
mRNA abundance, none of the known regulators of speB gene expression were affected
at the transcriptional level by the deletion of pepO. As expected, pepO was the most
downregulated gene in the mutant strain. To validate the microarray results and
confirm a regulatory role of PepO in speB expression, we performed quantitative
reverse transcriptase PCR (qPCR). The qPCR results verified that speB expression was
strongly upregulated in the pepO mutant strain by �20-fold (Fig. 3). The expression of
the gene encoding RopB, the major positive regulator of SpeB, was unaffected by the
loss of pepO (Fig. 3).

PepO reduces SpeB protein expression in a growth phase-dependent manner.
We next investigated whether increased speB mRNA levels in the pepO mutant resulted
in increased SpeB production and whether this is a growth phase-related phenotype.
To address this issue, we examined SpeB production in a growth medium (C medium)
rich in peptides and poor in carbohydrates, which supports high-level expression of
speB and was reported to reflect in vivo gene expression patterns observed during
infection of mice (32). Western blot analysis of culture supernatants taken at different
growth stages in C medium demonstrated that SpeB protein levels were significantly
increased by 6-fold in the pepO mutant during early growth phase (one-way analysis of
variance [ANOVA], P � 0.05, n � 4) and by 2-fold during mid-logarithmic-growth phase
(one-way ANOVA, P � 0.01, n � 4) (Fig. 4), correlating with speB transcript abundance
in THY medium. However, PepO-mediated repression of SpeB production was insignif-
icant by the time stationary phase was reached. These results highlight a previously
undescribed role for PepO to provide temporal control of speB expression under in vitro

FIG 2 Gene expression profiling of an M1T1 5448 pepO mutant strain. Microarray analysis (MA) plot comparison of gene
expression in a pepO mutant relative to the wild-type strain based on microarray analyses. The fold change (FC) of each gene
(represented as dot) is plotted against the average expression level. Genes with a �5-fold change in expression are highlighted
in red. The plot was generated using the Degust Web server (http://degust.erc.monash.edu).

TABLE 1 Genes found to be strongly differentially expressed in a 5448ΔpepO mutant
versus wild-type strain, as identified by DNA microarray profiling

Locus Gene Function log2 FCa P value FDRb

M5005_Spy1734 spi Streptopain protease inhibitor 3.42 1.81e�5 1.16e�2
M5005_Spy1735 speB Streptococcal pyrogenic exotoxin B 3.36 5.04e�6 4.87e�3
aFC, fold change.
bFDR, false-discovery rate.
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growth conditions reported to mimic the physiological conditions found during GAS
infection.

Contribution of the CovRS system to PepO-dependent speB gene regulation.
The CovRS two-component system temporally coordinates the transcriptional network
of multiple GAS virulence-associated genes in response to environmental changes. The
recent report that pepO is part of the CovRS regulatory circuit, being significantly
repressed by CovR in GAS strain NZ131 (30), prompted us to investigate the influence
of the CovRS system on pepO gene regulation in strain 5448. We therefore used an
animal-passaged (AP) hypervirulent covRS mutant strain of 5448 to study relative gene
expression patterns in C medium using qPCR (13). During the early logarithmic phase
of growth, at the onset of speB expression, the levels of pepO mRNA were indeed
increased by 3-fold in the 5448AP strain compared to the wild-type strain (Fig. 5A).
However, despite significantly elevated levels of pepO mRNA, there was no detectable
difference in speB expression compared to the wild-type strain at this time point. In
contrast, the levels of the speB transcript were dramatically increased by �60-fold in the
pepO mutant strain. Considering the pronounced phenotype of the pepO mutant in C
medium, we also measured the expression patterns of aroE.2 (shikimate dehydrogenase
gene) as a target gene of the Rgg2/3 QS circuit (28). Although the expression of the
aroE.2 gene was increased by 3-fold in the 5448ΔpepO mutant, confirming the results
of a previous study (30), this change in expression is relatively lower than the strong
increase in speB expression. Again, there was no detectable difference in aroE.2
expression in the 5448AP strain regardless of increased pepO transcription. Gene
expression patterns in the examined strains changed when cells entered mid-
logarithmic-growth phase (Fig. 5B). Although still significantly increased compared to
the wild-type strain and pepO gene-complemented strain, relative speB gene expres-
sion in the pepO mutant was approximately 10-fold lower than during early logarithmic
growth, at levels similar to that observed for aroE.2 (Fig. 5B). Strain 5448AP showed a

FIG 3 Confirmation of microarray data by quantitative reverse transcriptase PCR analysis of gene
expression. Gene expression of the two genes speB and ropB in 5448ΔpepO relative to the wild-type
strain grown in THY broth to mid-log phase (A600, �0.8). Relative gene expression was calculated using
the 2�ΔΔCT method using gyrA as the reference gene. A 2�ΔΔCT value equal to 1 (ratio of a ΔΔCT value
of 0) indicates no change in gene expression compared to the wild-type control. Data represent the
mean 2�ΔΔCT values � standard deviations from 3 independent biological replicates. A two-tailed
unpaired Student t test was used for comparisons to the wild-type control (***, P � 0.001).

FIG 4 Inhibitory effect of PepO on SpeB production. Culture supernatants prepared from different
growth phases in C medium were analyzed by Western blotting, as detailed in Materials and Methods,
using the anti-SpeB antibody. Arrows indicate the 40-kDa zymogen form (proSpeB) and 28-kDa mature
form of SpeB (mSpeB) Lane 1, 5448 wild type (WT); lane 2, 5448ΔpepO; lane 3, 5448ΔpepO::pepO; lane 4,
5448 ΔspeB. EL, early log phase (A600, �0.4); ML, mid-log phase (A600, �0.8); SP, stationary phase (A600,
�1.2).
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severe impairment in speB expression (�100,000-fold) at this growth phase, which
confirms the results of previous studies (34, 35). Of note, the expression of the gene
encoding RopB, the major positive regulator of SpeB, was again unaffected by the loss
of pepO (data not shown). Taken together, our data show that genes of the speB operon
are the primary target of PepO regulation in GAS M1T1 strain 5448, and they suggest
that pepO is part of the CovRS regulon mainly during the early stages of growth, albeit
that the expression of both speB and aroE.2 was unaffected in the AP mutant of GAS
5448. However, these genes could already be at baseline expression at this growth
phase, which would provide an explanation as to why there was no significant
differential expression.

PepO plays a role in protecting GAS strain 5448 from human neutrophil-
mediated killing. SpeB is a potent broad-spectrum cysteine protease that has been
shown to possess proteolytic activity against multiple secreted GAS virulence factors,
including the Sda1 DNase and the pore-forming toxin streptolysin O (SLO) (13). It is
established that both of these virulence factors render GAS more resistant to
neutrophil-mediated killing. Sda1 attenuates the host antimicrobial defense by degrad-
ing DNA-based neutrophil extracellular traps (NETs), liberating entrapped GAS (11, 36,
37). SLO, on the other hand, was shown to induce neutrophil apoptosis and to rapidly
impair the neutrophil oxidative burst during phagocytosis (38, 39). We hypothesized
that the increased secretion of SpeB could consequently affect the susceptibility of the
pepO mutant strain to neutrophil-mediated killing. To test this hypothesis, we investi-
gated in vitro GAS survival after incubation with neutrophils purified from human
blood. We observed that loss of pepO was significantly associated with reduced survival
upon exposure to human neutrophils. Complementation of the 5448ΔpepO mutant
with pepO restored survival to wild-type levels (Fig. 6A).

Loss of PepO attenuates virulence of GAS strain 5448 in a murine model of
invasive disease. To ascertain the contribution of PepO to GAS virulence in vivo, we
examined the phenotype of the 5448ΔpepO mutant in a transgenic humanized plas-

FIG 5 Quantitative transcript abundance analysis. Gene expression of indicated genes in 5448ΔpepO, 5448ΔpepO::pepO, and 5448AP
mutants relative to the wild-type strain grown in C medium- to early log phase (A600, �0.4) (A) and mid-log phase (A600, �0.8) (B). Relative
gene expression was calculated using the 2�ΔΔCT method using gyrA as the reference gene. A 2�ΔΔCT value equal to 1 (ratio of a ΔΔCT
value of 0) indicates no change in gene expression compared to the wild-type control. Data represent the mean 2�ΔΔCT values � standard
deviations from 3 independent biological replicates. The two-way ANOVA test was used for all comparisons to the wild-type control for
each strain (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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minogen mouse model of invasive infection (40). Following subcutaneous infection,
mouse survival was monitored daily over a period of 10 days. Fifty percent of the mice
succumbed to infection between days 4 and 6 postinfection in the group infected with the
5448 wild-type strain. In contrast, all mice infected with the 5448ΔpepO mutant strain
survived challenge. Complementation of the mutant strain with pepO restored virulence
(Fig. 6B). These data demonstrate that the presence of an intact pepO gene is required for
full virulence of this highly virulent GAS strain 5448 in a murine model of invasive disease.

DISCUSSION

The neprilysin (M13) family of peptidases is composed of evolutionary conserved
zinc metalloproteases which play diverse roles in physiological processes (33). Members
of this family are described in a wide range of organisms, including mammals and
bacteria, and are recognized as important regulators involved in the processing and
degradation of neuropeptides and peptide hormones (41, 42). In recent years, the
endopeptidase PepO, a homolog of neprilysin/neutral endopeptidase, has gained
increasing attention in the genus Streptococcus for its influence on multiple virulence-
related phenotypes, having evolved remarkable functional regulatory diversity. Inter-
estingly, homologues of the PepO endopeptidase occur only in a limited number of
bacteria, most commonly in Gram-positive pathogenic bacteria (43).

PepO is a highly conserved enzyme that shares about 90% amino acid sequence
similarity among streptococci (44). It has been shown to display endopeptidase activity
involved in the degradation of small peptides, including the human opioid neuropep-
tide Met-enkephalin, a substrate for human neprilysin (30, 43, 45, 46). Besides its role in
peptide signaling, studies in Streptococcus pneumoniae revealed multifaceted functions
of PepO in host-pathogen interactions. Agarwal and colleagues reported growth
phase-dependent secretion of PepO to the culture supernatants, with the capability to
bind to both human plasminogen and fibronectin in a dose-dependent manner (47). A
later report discovered a direct interaction of PepO with the complement C1q protein
that was required for adhesion to host cells in vitro (48). Further, S. pneumoniae PepO
was shown to be involved in the activation of the host immune response partially
through Toll-like receptor 2 (TLR2)- and TLR4-mediated signaling pathways, both
in vitro and in vivo (49–51). The importance of this endopeptidase in pathogenesis has
also been reported in the important porcine and human pathogen Streptococcus suis,
where secreted and immunogenic PepO has been suggested as a potential vaccine
candidate (52). In addition, the mutation of pepO in Streptococcus mutans was associ-
ated with a strong induction of bacteriocin mutacin I expression, although the mech-
anism of action of PepO in this process remains to be determined (44). More recently,

FIG 6 Contribution of PepO to GAS virulence. (A) Human neutrophil killing assay. Bacteria were
incubated with neutrophils isolated from blood of healthy donors at an MOI of 10. After 30 min of
incubation, bacteria were plated onto agar plates for enumeration. The survival rate is calculated as the
number of CFU at a given time point divided by the initial CFU at the initiation of the experiment. Error
bars represent the standard deviations of the results from three independent experiments. Statistical
analyses were performed using the unpaired Student’s t test; *, P � 0.05. (B) Survival curves following
subcutaneous infection of humanized plasminogen transgenic mice with the indicated strains of GAS
5448. Mice (10 per group) were challenged with an injection of GAS at a dose of 1 	 108 CFU. Statistical
analyses of the survival curves were performed using the log-rank (Mantel-Cox) test.

S. pyogenes PepO Regulates the SpeB Cysteine Protease Journal of Bacteriology

April 2018 Volume 200 Issue 8 e00654-17 jb.asm.org 7

http://jb.asm.org


evidence has been obtained to show that PepO is a potent regulator of the Rgg2/3
quorum sensing circuit facilitating biofilm formation in GAS, albeit in a strain-
dependent fashion (30). This study thereby provided the first direct experimental
evidence demonstrating that bacterial cytoplasmic PepO functions as an enzymatic
silencer of an RRNPP-type QS pathway. While the cytoplasmic localization of PepO
appears to be conserved in GAS, clinical isolates showed varied abilities to release PepO
into the extracellular milieu (31). Secreted PepO was reported to directly bind human
complement factor C1q, thereby helping GAS to escape complement-mediated bacte-
riolysis, similar to that observed in S. pneumoniae (31, 48). Together, these findings
suggest distinct localization-dependent functions of PepO in streptococci, a phenom-
enon referred to as moonlighting. Moonlighting proteins are highly conserved enzymes
that can carry out diverse functions involved in bacterial virulence (53). Hypothetically,
it seems possible that secreted PepO is directly involved in host-pathogen interactions,
while intracellular PepO could actively affect peptide pheromone signaling and regu-
late virulence gene expression in Gram-positive bacteria.

With this work, we extend recent knowledge of PepO as an important virulence
factor in GAS. By using DNA microarrays for whole-genome transcriptome profiling, we
identified the extracellular SpeB cysteine protease as a primary regulatory target of
PepO. Our findings bring to light a new player in the complex regulatory control of speB
expression (16). SpeB is a major virulence factor of GAS, yet its role in streptococcal
infection remains controversial (15). While SpeB is essential for the establishment for
localized skin infection, speB expression is inversely correlated with the severity of
infection, i.e., a significant proportion of GAS isolates from severe invasive infections
exhibit a SpeB-negative phenotype (12, 54, 55).

The pepO mutant showed a reduction in virulence compared to the wild type. The
increased susceptibility of the mutant to human neutrophil killing might be a conse-
quence of reduced levels of Sda1 as a result of changes in extracellular levels of SpeB,
which is known to degrade Sda1 (13). However, a direct interaction of PepO with the
human complement system offers an alternative explanation for the reduced virulence
phenotype of the mutant, as PepO has recently been shown to aid S. mutans evasion
of complement-mediated opsonization (56). The deletion of pepO enhanced levels of
C3b deposition and opsonophagocytosis of S. mutans by human neutrophils. Since
PepO has already been shown to degrade human C1q in GAS (31), it therefore seems
possible that pepO mutation renders GAS more prone to complement-dependent
opsonophagocytosis by neutrophils. However, it remains to be determined whether the
reduced virulence of the pepO mutant in the mouse model of invasive GAS disease is
due to enhanced bacterial clearance by neutrophils or if dysregulation of speB caused
the low virulence phenotype in mice.

The activation of speB transcription is dependent on the RRNPP family regulator
RopB, located immediately adjacent to speB (21). While there is a strain-specific varia-
tion in the RopB regulon, the genes of the speB operon are likely the only core regulon
of RopB (57–59). Like other members of the RRNPP family of transcriptional regulators,
RopB responds to short signaling peptides to control gene expression. RopB has
recently been shown to respond to a cell density-specific activation peptide signal to
induce speB expression (24, 25). The conserved peptide is encoded within the ropB-speB
intergenic region and is a requirement for the robust induction of speB expression (25).
Furthermore, RopB was shown to bind to an N-terminal signal peptide of the virulence
factor-related (Vfr) protein, inhibiting RopB-mediated speB transcription in response to
changes in bacterial cell density (60), which adds a more fine-tuned level of regulation
to the RopB signaling pathway in GAS.

The speB-specific and growth phase-dependent regulatory role of PepO led us to
hypothesize that PepO may be involved in the degradation of a RopB-activating
peptide signal. To test this, we performed culture supernatant-swapping experiments,
as previously described (24), but our attempts to demonstrate an accumulation of a
potential activating peptide in the pepO mutant were unsuccessful (data not shown).
Alternatively, we hypothesized that PepO could be involved in the processing of the
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N-terminal peptide signal of Vfr, even though substrates for M13 peptidases are
typically smaller peptides. However, the addition of different concentrations of the
synthetic Vfr peptide (10 nM to 1 �M; LAVLFGVR, purity of �95%; Neo Scientific) to
culture medium had no effect on increased speB transcript levels in the pepO mutant
strain (data not shown). Despite these observations, degradation of a RopB-activating
proteinaceous factor still seems a plausible explanation for temporal PepO-mediated
regulation of speB expression.

We suggest that this regulatory role of PepO in virulence gene expression could
occur in other bacteria. Of note, PepO has been shown to control mutacin I transcrip-
tion in S. mutans through an as-yet-unknown mechanism (44). The authors report that
mutations in pepO increased mutA gene expression by more than 100-fold. Interest-
ingly, mutA is under the control of MutR, an Rgg family transcription regulator indis-
pensable for mutacin I production, whose activity is further linked to biofilm formation
in S. mutans (61, 62). These results therefore suggest a possible conserved role of PepO
in Rgg QS pathways in Gram-positive pathogenic bacteria. Altogether, our results
suggest a role for PepO in controlling growth phase-dependent expression of the GAS
virulence factor SpeB.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The S. pyogenes M1T1 clinical isolate 5448 (5) and

isogenic derivatives were grown statically at 37°C in liquid Todd-Hewitt broth supplemented with 1%
yeast extract (THY) medium or, where indicated, in C medium adjusted to pH 7.5 with NaOH (20).
Escherichia coli strains MC1061 and BL21(DE3) (Stratagene) were routinely used for cloning experiments
and grown in Luria-Bertani (LB) medium. For plasmid selection and maintenance, antibiotics were added
at the following final concentrations: ampicillin at 100 �g/ml for E. coli, and spectinomycin and
erythromycin at 100 �g/ml for both GAS and E. coli. All bacterial strains and plasmids used are listed in
Table 2.

DNA manipulation and genetic techniques. The GAS pepO mutant strain 5448ΔpepO was con-
structed as follows. The 1-kb region upstream of pepO was amplified using primers PepO-5U-F (con-
taining EcoRI restriction site) and PepO-5U-R (Table 3). The 1-kb downstream region was amplified using
primers PepO-3D-F and PepO-3D-R (containing XhoI restriction site) (Table 3). The spectinomycin
resistance cassette was amplified from pUCSpec (63) using Spec-F and Spec-R (Table 3). The three
resulting PCR fragments (5=- and 3=-flanking regions with spectinomycin cassette) were joined together
with primers PepO-5U-F and PepO-3D-R. The subsequent fragment was cloned via restriction ligation
into the pHY304 shuttle vector (64) and transformed into E. coli MC1061. Electrotransformation and allelic
replacement mutagenesis were undertaken using standard protocols (37, 65). For complementation, the
entire wild-type region of pepO, including the 1-kb upstream and downstream sequences, was amplified
using primers PepO-5U-F and PepO-3D-R. The resulting fragment was cloned via restriction ligation into
pHY304 and transformed into E. coli MC1061. Electrotransformation and allelic replacement mutagenesis
were undertaken as described above. Successful complementation was assessed by a loss of spectino-
mycin resistance. All strains were confirmed by DNA sequencing (Australian Equine Genome Research
Centre, University of Queensland, Brisbane, Australia).

TABLE 2 Bacterial strains and plasmids used in the study

Strain or plasmid Descriptiona Reference or source

Strains
Escherichia coli

MC1061 Laboratory cloning strain 69
BL21(DE3) Laboratory expression strain Stratagene

Streptococcus pyogenes
5448 Invasive M1T1 strain 13
5448ΔpepO 5448 ΔpepO::spec mutant This study
5448ΔpepO::pepO 5448 ΔpepO::pepO-complemented strain This study
5448AP AP hyperinvasive covRS mutant strain of 5448 13

Plasmids Description Reference
pHY304 Temperature-sensitive shuttle plasmid::Emr 64
pHY304-pepOKO pHY304 � pepO knockout construct inserted at the EcoRI and XhoI site This study
pHY304-pepO pHY304 � pepO complement construct inserted at the EcoRI and XhoI This study
pUCSpec pUC18-derived plasmid::Spr 63
pET151 Directional TOPO expression plasmid::Apr Invitrogen
pET151-pepO pET151 � pepO expression construct This study

aEmr, erythromycin resistance; Spr, spectinomycin resistance; Apr, ampicillin resistance.
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Production of polyclonal antiserum to recombinant PepO. The full-length pepO gene was
amplified by PCR from the chromosomal DNA of GAS M1T1 isolate 5448 with primers pET151PepO-F and
pET151PepO-R (Table 3). The amplified DNA was cloned in vector pET151 for protein expression. GAS
PepO with an N-terminal 6	His tag was expressed from the pET151 vector in E. coli BL21(DE3)
(Stratagene) and purified using a nickel-nitrilotriacetic acid column (GE Healthcare), according to the
manufacturer’s instructions. The 6	His tag was removed after on-column cleavage by recombinant
6	His-tagged tobacco etch virus (TEV) protease, followed by passage through a second nickel-
nitrilotriacetic acid column (GE Healthcare). Antibodies were raised against purified recombinant PepO
protein in a rabbit at the South Australian Health and Medical Research Institute (SAHMRI).

Immunoblotting. Cultures of GAS strains were either grown in THY broth containing the cysteine
protease inhibitor E64 (28 �M) or, where indicated, in C medium. GAS supernatants were precipitated
with 15% trichloroacetic acid (TCA). Cellular extracts and protein pellets from TCA precipitates were
resuspended in loading buffer normalized to the optical density. Samples were boiled for 10 min,
subjected to SDS-PAGE, and then transferred to nitrocellulose membrane for detection by Western
immunoblotting. Western blot analyses were performed using rabbit anti-SpeB (PBI222; Toxin Technol-
ogy) and rabbit anti-PepO (SAHMRI), with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(GenWay Biotech) as the second antibody for colorimetric detection with diaminobenzidine (DAB;
Sigma).

Transcriptome analysis. M1T1 GAS 5448 strains were grown in THY to mid-logarithmic-growth
phase (A600, �0.8). Bacterial cells were collected by centrifugation, and cell pellets were frozen imme-
diately on dry ice and stored at �80°C. Total RNA was extracted using an RNeasy minikit (Qiagen),
according to the manufacturer’s protocol. Labeled cDNA was generated from RNA samples by using the
FairPlay III microarray labeling kit (Agilent Technologies, Stratagene). RNA from the 5448 wild type was
labeled with Cy5 monoreactive dye (catalog no. Q15108; GE Healthcare), whereas 5448ΔpepO mutant
RNA was labeled with Cy3 monoreactive dye (catalog no. Q13108; GE Healthcare), according to the
manufacturer’s instructions. Labeled cDNA was purified using the MinElute kit (Qiagen). The amount of
incorporated label was determined by measuring the absorbance at 550 nm (Cy3) or 650 nm (Cy5).

Glass slide DNA microarrays used in this study contained 1,932 70-mer oligonucleotide probes of
nonrepetitive open reading frames present in the sequenced genome of M1 strain SF370, as described
previously by Dalton et al. (66). The slides were rehydrated, cross-linked, and blocked in a prehybrid-
ization solution (5	 SSC [1	 SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% SDS, 0.1 mg/ml bovine
serum albumin) according to the manufacturer’s instructions (Corning).

For each set of microarray experiments, Cy5-labeled cDNA and Cy3-labeled cDNA (both 200 pmol)
were pooled, concentrated, and resuspended in hybridization buffer solution (40% formamide, 5	 SSC,
0.1% SDS, 0.1% dithiothreitol, 0.6 �g/�l salmon sperm DNA). The Cy3-Cy5 probe mixture was heated at
95°C for 10 min before being applied to the array. The probe was allowed to hybridize to the array at 42°C
for at least 16 h. Following hybridization, the arrays were washed twice with 2	 SSC– 0.1% SDS
(preheated to 55°C), twice with 0.1	 SSC– 0.1% SDS, and three times in 0.1	 SSC.

The washed array slides were scanned using a GenePix 4000B scanner (Axon Instruments) and
analyzed using the GenePix Pro 4.0 software (Axon Instruments). Data from each microarray had
undergone strict threshold and normalization, as described previously (66). Statistical analysis was
performed using the Degust Web server (http://degust.erc.monash.edu).

TABLE 3 List of primers used in the study

Primer by function Sequence (5=–3=)
Deletion mutation and reverse complementation

constructs
PepO-5U-F TAGAGAATTCCTACCAACGCTTGATTGCTTTGCG
PepO-5U-R CCATAAAACTAAAGTCGTATCTCCTCGTATCTCCTTATATCATTTTAAATTTGTAGAATCTTTATC
PepO-3D-F TTCATTCTAATTGGTAATCAGTTAGGTTAGGTAGTTGATAAACCTTCAAATGCCTGTGAT
PepO-3D-R ATAGCTCGAGAAGCTCAATTATCAGACGATGTGATTACTG
Spec-F CCTAACTGATTACCAATTAGAATGAATATTTCCCAAATATTAAATAATAAAAC
Spec-R GGAGATACGACTTTAGTTTTATGGAAATGAAAGATCATATCATATATAATCTAG

Protein expression studies
pET151PepO-F CACCATGACAACTTATCAAGATGAT
pET151PepO-R TTACCAAATAATCACACGGTCTTTCGG

qPCR studies
gyrA-F CGACTTGTCTGAACGCCAAA
gyrA-R GTCAGCAATCAAGGCCAACA
pepO-F TGCCTTTAAAGAGCGCACAG
pepO-R CTACCCCACCTAGATCAGCG
speB-F TGCTGACGGACGTAACTTCT
speB-R CCACCAGTACCAAGAGCTGA
aroE.2-F ACAGTTGTATACAGGGAGCCA
aroE.2-R ATTTGTTGATCAGCCAATTCCTT
ropB-F TGAACGGTGTTGTGTGTCTT
ropB-R TCTGCACACACTTTTGCTCA
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Quantitative gene expression studies. GAS strains were harvested at the desired growth phase
grown either in THY broth or C medium, where indicated. Bacterial cells were first mechanically disrupted
using FastPrep lysing matrix B tubes (MP Biomedicals). Total RNA was extracted using the RNeasy minikit
(Qiagen), according to the manufacturer’s protocol. RNA samples were treated with Turbo DNase
(Ambion) to eliminate contaminating genomic DNA. cDNA was subsequently synthesized using the
SuperScript Vilo cDNA synthesis kit (Invitrogen). Quantitative reverse transcriptase PCR was performed
with the QuantStudio 6 Flex system (Applied Biosystems) using the SYBR green PCR master mix (Applied
Biosystems), according to the manufacturer’s instructions. Relative gene expression was calculated using
the threshold cycle (2�ΔΔCT) method with gyrA as the reference housekeeping gene. Gene-specific primer
sequences are listed in Table 3. All reactions were performed in triplicate from three independently
isolated RNA samples.

Neutrophil killing assay. GAS survival was determined following exposure to human neutrophils ex
vivo, as previously described (11). Neutrophils were isolated from the blood of healthy donors, and
experiments were performed in triplicate using early logarithmic-phase (A600, �0.4) GAS at a multiplicity
of infection (MOI) of 10:1 (GAS-to-neutrophil ratio).

Murine infection model. Transgenic humanized plasminogen mice heterozygous for the human
plasminogen transgene (AlbPLG1�/�) were infected with a dose of approximately 1 	 108 CFU of either
the 5448, 5448ΔpepO, or 5448ΔpepO::pepO strain. Sex- and age-matched mice (n � 10 per group) were
subcutaneously infected with freshly prepared GAS strains in 100 �l phosphate-buffered saline (PBS), and
virulence was assessed as previously described (11).

Ethics approval. All animal experiments were conducted according to the Australian code for the
care and use of animals for scientific purposes (National Health and Medical Research Council, Australia
[67]) and were approved by the University of Queensland animal ethics committee. Human blood
donation for use in neutrophil killing assays was conducted in accordance with the National
statement on ethical conduct in human research (68), in compliance with the regulations governing
experimentation on humans, and was approved by the University of Queensland medical research
ethics committee.

Statistical analyses. Statistical analysis of bacterial killing by human neutrophils was performed
using an unpaired two-tailed Student t test. Differences in relative gene expression were analyzed using
a two-tailed unpaired Student t test and two-way analysis of variance (ANOVA), followed post hoc with
Dunnett’s t test. Murine survival curves were analyzed using the Mantel-Cox log rank test. Statistical
analyses were performed using the GraphPad Prism 7 software package.

Accession number(s). Microarray data have been deposited in the Gene Expression Omnibus
database (http://www.ncbi.nlm.nih.gov/geo) (accession no. GSE108748).
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