
Streptococcus pyogenes Endopeptidase O Contributes to
Evasion from Complement-mediated Bacteriolysis via
Binding to Human Complement Factor C1q*

Received for publication, July 26, 2016, and in revised form, January 18, 2017 Published, JBC Papers in Press, January 30, 2017, DOI 10.1074/jbc.M116.749275

Mariko Honda-Ogawa‡, Tomoko Sumitomo‡, Yasushi Mori‡§, Dalia Talat Hamd‡, Taiji Ogawa¶, Masaya Yamaguchi‡,
Masanobu Nakata‡, and Shigetada Kawabata‡1

From the ‡Department of Oral and Molecular Microbiology, Osaka University Graduate School of Dentistry, §Division of Special
Care Dentistry, Osaka University Dental Hospital, and ¶Department of Prosthodontics, Gerodontology and Oral Rehabilitation,
Osaka University Graduate School of Dentistry, 1-8 Yamadaoka, Suita, Osaka 565-0871, Japan

Edited by Luke O’Neill

Streptococcus pyogenes secretes various virulence factors for
evasion from complement-mediated bacteriolysis. However,
full understanding of the molecules possessed by this organism
that interact with complement C1q, an initiator of the classical
complement pathway, remains elusive. In this study, we identi-
fied an endopeptidase of S. pyogenes, PepO, as an interacting
molecule, and investigated its effects on complement immunity
and pathogenesis. Enzyme-linked immunosorbent assay and
surface plasmon resonance analysis findings revealed that
S. pyogenes recombinant PepO bound to human C1q in a con-
centration-dependent manner under physiological conditions.
Sites of inflammation are known to have decreased pH levels,
thus the effects of PepO on bacterial evasion from complement
immunity was analyzed in a low pH condition. Notably, under
low pH conditions, PepO exhibited a higher affinity for C1q as
compared with IgG, and PepO inhibited the binding of IgG to
C1q. In addition, pepO deletion rendered S. pyogenes more sus-
ceptible to the bacteriocidal activity of human serum. Also,
observations of the morphological features of the pepO mutant
strain (�pepO) showed damaged irregular surfaces as compared
with the wild-type strain (WT). WT-infected tissues exhibited
greater severity and lower complement activity as compared
with those infected by �pepO in a mouse skin infection model.
Furthermore, WT infection resulted in a larger accumulation of
C1q than that with �pepO. Our results suggest that interaction
of S. pyogenes PepO with C1q interferes with the complement
pathway, which enables S. pyogenes to evade complement-me-
diated bacteriolysis under acidic conditions, such as seen in
inflammatory sites.

The human pathogen Streptococcus pyogenes is a �-hemo-
lytic Gram-positive bacterium that causes a wide variety of dis-

eases in various anatomical sites. Superficial infection of S. pyo-
genes generally leads to local suppurative lesions, such as seen in
pharyngitis and impetigo cases. Such mucosal and skin infec-
tions are occasionally followed by onset of immune sequelae,
including acute rheumatic fever and acute glomerulonephritis.
Furthermore, S. pyogenes infection can also cause invasive dis-
eases, such as necrotizing fasciitis, cellulitis, bacteremia, and
streptococcal toxic shock syndrome (STSS),2 with a high mor-
tality rate, which has been a serious problem throughout the
world (1–3).

Host possesses various immune systems such as the comple-
ment system, one of the most important components of innate
immunity, that contributes to host defense against pathogens,
especially in the early stage of infection (4). Recognition of an
invading pathogen is the trigger for complement pathway acti-
vation, and then each complement factor is activated in a
sequential manner with precise control (5). Together with
opsonization, complement-mediated direct killing of patho-
gens is attributable to formation of the membrane attack com-
plex (MAC), which consists of late complement factors and
induces bacteriolysis by pore formation on the surface of bac-
terial cells. During the course of infection, S. pyogenes also
produces virulence factors that are involved in evasion from
complement immunity. The serotype determinant M protein,
encoded by the emm gene, binds to C4b-binding protein,
resulting in inhibition of classical pathway activation. Further-
more, a variety of M protein types enable escape from C3b
opsonization by binding to Factor H (6, 7), whereas the strep-
tococcal inhibitor of complement-mediated lysis (SIC) was
reported to suppress bacteriolysis by MAC (8). In addition, the
streptococcal C5a peptidase ScpA has been found to be associ-
ated with evasion from bacterial clearance (9).

Modulation of activation of the complement cascade is finely
tuned by both activating and inhibitory functions. Conse-
quently, stoichiometric imbalance of complement compo-
nents, such as excess consumption or proteolysis of each com-
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ponent, allows discordant regulation of the complement
cascade. In fact, deficiencies of several complement factors
render the host more susceptible to bacterial infections (10). In
other studies, the C1 esterase inhibitor (C1-INH), a comple-
ment regulating factor that inactivates the C1 complex, has
been utilized as a therapeutic agent for sepsis (11, 12). In our
previous examination, we focused on the similarity of symp-
toms between STSS and C1-INH deficiency, and noted that a
decrease in C1-INH level caused by S. pyogenes infection is
associated with the pathogenesis (13, 14). In that study, we also
demonstrated that streptococcal pyrogenic exotoxin B (SpeB),
a representative cysteine protease from S. pyogenes, cleaves
C1-INH and complement factors, including C3 and late com-
plement factors, allowing bacterial evasion from complement-
mediated killing. It is considered likely that SpeB-mediated
degradation of C1-INH leads to overconsumption of comple-
ment factors downstream of the cascade. Furthermore, SpeB
also degrades C2, C4, and C3b, as well as late complement fac-
tors, thereby inhibiting MAC formation (15). Thus, we consider
that an imbalanced consumption of complement factors caused
by SpeB enables S. pyogenes to evade host innate immune
responses.

Strains with a relatively low level of SpeB activity have been
reported to efficiently interrupt complement immunity, thus
we speculate that S. pyogenes is able to hamper the classical
pathway in an SpeB-independent manner. Recently, endopep-
tidase O (PepO) secreted from Streptococcus pneumoniae has
been shown to bind to C1q and affect opsonophagocytosis (16).
S. pyogenes possesses a homologue with a 68% homology to
S. pneumoniae PepO on the amino acid level. Although it was
reported that cytoplasmic S. pyogenes PepO disrupts quorum
sensing, it is unclear whether that is also secreted or has biolog-
ical functions (17). In this study, we analyzed the interaction
between S. pyogenes PepO and human C1q, and investigated
whether PepO is involved in evasion from complement-medi-
ated immunity and pathogenesis.

Results

S. pyogenes Endopeptidase PepO Is Conserved and Expressed
in Various Strains—To examine the subcellular localization of
PepO, we prepared culture supernatant, cell wall, and cytoplas-
mic fractions from batch cultures of S. pyogenes clinical isolates
obtained from patients with invasive and non-invasive diseases,
as well as a laboratory strain (Table 1), then subjected them to
Western blot analysis using anti-PepO antiserum. The majority
of strains secreted PepO that was detected as a 71.2-kDa band
with anti-PepO antiserum into the culture supernatants (Fig.
1A), whereas it was scarcely detected in cell wall fractions (data
not shown). Also, PepO was detected in the cytoplasmic frac-
tions of all tested strains (Fig. 1B). Furthermore, PepO pro-
duced by TW3358 exhibited different band patterns in the cul-
ture supernatant and cytoplasmic fractions as compared with
the other strains. In addition, the expression level of PepO was
not related to disease severity, and there was no obvious corre-
lation between PepO production and the emm type of the
S. pyogenes strains (Fig. 1, A and B).

In a previous study, we found that SpeB has an ability to
interrupt the host complement system via degradation of vari-

ous host complement component factors. Despite low SpeB
production, the SSI-1 strain is able to avoid complement immu-
nity, indicating that alternative factors may be involved in the
evasion mechanism (15). In addition, C1q was not cleaved by
SpeB (data not shown). To examine the potential involvement
of PepO in complement system dysfunction, the SSI-1 strain
was used as the parental strain in the following experiments.

S. pyogenes PepO Interacts with Human Complement Factor
C1q—S. pneumoniae PepO has been shown to bind to human
complement factor C1q, which leads to bacterial evasion from
complement immunity via a classical pathway (16). Thus, we
examined the direct interaction between S. pyogenes PepO and
human C1q by SPR analysis at pH 7.4 (Fig. 2A and Table 2).
Surprisingly, C1q was found to bind to rPepO with high affinity
(KD � 1.09 � 10�9 M), which is comparable with the affinity of
C1q for IgG (KD � 2.45 � 10�9 M)(Table 2). Next, rPepO was
incubated with C1q following serial dilution with binding
buffer containing a physiological concentration of NaCl (150
mM), then, binding of C1q to PepO was determined by ELISA
(Fig. 2B). Our ELISA results showed that rPepO exhibited a
lower level of binding activity to C1q as compared with that of
human IgG, yet C1q was shown to bind to rPepO in a concen-
tration-dependent manner, similar to IgG. On the other hand,
BSA showed little or no capacity for binding with C1q.
Although PepO released from S. pyogenes exhibits a lower
capacity to bind to human C1q as compared with IgG, PepO
possesses a high affinity for C1q, similar to the affinity of IgG for
C1q under physiological conditions.

Effects of NaCl and pH on Interaction of PepO with C1q—C1q
consists of both collagen-like stalk and globular head domains
(18). At the beginning of the classical complement pathway, an
antigen-antibody complex binds to the C-terminal globular
head of C1q via lysine residues in the Fc region of IgG in an
electrostatic manner. Accordingly, it has been shown that the
interaction of IgG to C1q is inhibited under conditions that
include high concentrations of NaCl (19). To examine whether
electrostatic interaction is involved in the binding of PepO with
C1q, ELISA was performed in the presence of various concen-
trations of NaCl (Fig. 3A). We found that rPepO bound to C1q,

TABLE 1
Streptococcal strains used in this study

emm type Strain Origin

emm1 SSI-9 STSS
emm1 SF370 Wound infection
emm2 NIH2 STSS
emm2 SE1013 Pharyngitis
emm3 SSI-1 STSS
emm3 TW3358 Pharyngitis
emm4 TW3392 Pharyngitis
emm4 TW3398 Pharyngitis
emm6 JRS4 Laboratory strain
emm6 SE1303 Pharyngitis
emm12 NY-5 Scarlet fever
emm12 TW3337 Pharyngitis
emm18 T18 Rheumatic fever
emm18 TW3338 Pharyngitis
emm22 NIH32 STSS
emm22 TW3340 Pharyngitis
emm28 NIH35 STSS
emm28 TW3339 Pharyngitis
emm49 CS101 Impetigo
emm49 NZ131 Acute post-streptococcal

glomerulonephritis
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peaking at 37.5 mM NaCl, and then the binding capacity was
decreased in an NaCl concentration-dependent manner, with a
similar tendency observed in regard to the binding of IgG to
C1q. This result indicated that the association of PepO with
C1q is achieved by electrostatic interaction. However, unlike
IgG, the binding of PepO to C1q was strongly inhibited by
higher concentrations of NaCl.

It is known that pH levels are decreased in inflamed sites (20).
Therefore, we examined the effects of pH level on the binding of
PepO to C1q with phosphate buffer, the pH of which ranges
from 4.6 to 9 as binding buffer for use with ELISA (Fig. 3B).
rPepO at less than pH 7.0 showed a significantly higher affinity
for C1q as compared with that at pH 7.4, 8.0, and 9.0 (Fig. 3B,
left). On the other hand, lower pH levels seemed to have an
inhibitory effect on the affinity of IgG for C1q (Fig. 3B, right).
The pH level in inflamed tissues is substantially reduced to a
range of 5.0 – 6.0 (20 –22). Thus the binding activities of PepO
and IgG to C1q at pH 5.0 were further examined using ELISA.
As expected, the binding of PepO to C1q showed a higher affin-
ity, as compared with that of IgG at pH 5.0 (Fig. 3C). We spec-
ulated that PepO highly exerts its activity in low pH conditions.

PepO Inhibits the Binding of Human IgG to C1q under Low
pH Conditions—To examine whether PepO and IgG bind to
C1q in a mutually antagonistic manner under acidic conditions,
immobilized rPepO was incubated with C1q in the presence or
absence of increasing concentrations of human IgG as a com-
petitor at pH 5.0. IgG did not significantly inhibit the binding
of rPepO to C1q (Fig. 4A). On the other hand, immobilized
human IgG showed a lower affinity with C1q in the presence of
higher concentrations of rPepO at pH 5.0 (Fig. 4B). Taken
together, our results demonstrated that PepO possesses an abil-
ity to suppress the binding of human IgG to C1q in an acidic pH
condition.

PepO Is Involved in S. pyogenes Resistance to Human Comple-
ment System under Low pH Conditions—Complement C1q is
an initiator of the classical pathway, indicating the possibility
that PepO disturbs the complement cascade via binding to C1q.
Because it was previously reported that complement factors
infiltrate from blood vessels to inflamed tissues (23), we exam-
ined the survival of S. pyogenes WT and pepO deletion mutant
(�pepO) strains when grown in normal and complement-inac-
tivated human serum at pH 5.0. As shown in Fig. 5A, when
incubated in normal serum, the WT strain exhibited a signifi-
cantly higher growth rate as compared with the �pepO strain.
Although there was no significant difference between normal
and complement-inactivated serum in regard to the survival
rate of WT, the growth rate of the �pepO strain incubated in
complement-inactivated serum was significantly higher as
compared with that in normal serum. The survival rates of bac-
teria incubated in normal and complement-inactivated serum
with 20 mM phosphate buffer at pH 5.0 were similar to the rate
of bacterial survival in 10 mM phosphate buffer (data not
shown). We also examined the survival rates of these strains in
serum and complement-inactivated serum at pH 6.0 and 7.0.
WT showed significantly higher growth rate in normal serum
than �pepO at pH 6.0, whereas the growth of �pepO in com-
plement-inactivated serum was not significantly high as com-
pared with the growth of that strain in normal serum (Fig. 5B).
In addition, the survival rate of WT at pH 7.0 was equivalent to
that of �pepO (Fig. 5C). The effect of PepO for survival of
S. pyogenes in serum was decreased under higher pH condi-
tions. These results indicated that PepO renders S. pyogenes
more resistant to the bacteriostatic activity of human serum
under lower pH conditions.

To examine the effect of PepO on bacteriolysis, the bacterial
strains were incubated with normal or complement-inactivated

FIGURE 1. Subcellular localization of PepO. Culture supernatant (A) and cytoplasmic fractions (B) were prepared from a series of S. pyogenes strains. All
fractions were subjected to Western blot analysis with anti-PepO antiserum. Black arrowheads indicate bands representing PepO. S. pyogenes strains isolated
from invasive disease tissues are underlined. Data shown are representative of at least three independent experiments.
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human serum at pH 5.0 in 10 mM phosphate buffer, then their
surfaces were observed using a scanning electron microscope
(SEM) (Fig. 5D). Following 30 min of incubation in normal
serum, the �pepO strain displayed damaged bacterial surfaces
as compared with non-treated �pepO cells. Although the WT
also showed irregular surfaces after growth in normal serum as
compared with the non-treated WT cells, the �pepO grown in
normal serum showed more severe morphological changes. In
contrast, when grown in inactivated serum, both strains exhib-
ited only slightly irregular bacterial surfaces as compared with
when grown in normal serum. When 20 mM phosphate buffer
at pH 5.0 was added to normal serum, both the WT and �pepO
strains showed the same tendency as bacteria incubated in

FIGURE 2. Interaction between rPepO and human C1q at pH 7.4 with
physiological levels of salt concentration. A, the binding of C1q to immo-
bilized rPepO (upper panel) and human IgG (lower panel) was examined using
SPR analysis. Increasing concentrations of C1q (0.78 –12.5 �g/ml) were
applied as an analyte. Black and gray curves represent sensorgrams obtained
from SPR analysis and fitting curves, respectively. B, the binding activity of
rPepO to C1q was assessed by ELISA. Microtiter plates were coated with
rPepO, human IgG, or BSA, and incubated with human C1q. C1q binding was
detected with the anti-C1q antibody and a secondary antibody. Statistical
significance was calculated using a two-way ANOVA. *, p � 0.01 versus BSA.
Error bars indicate S.D. Representative data obtained from at least three inde-
pendent experiments are shown.

TABLE 2
Kinetics and affinity of human C1q for rPepO and IgG

Ligands ka kd KD

M�1s�1 s�1 M

PepO 3.37 � 106 3.69 � 10�3 1.09 � 10�9

IgG 1.23 � 106 3.01 � 10�3 2.45 � 10�9

FIGURE 3. Effects of NaCl and pH on binding of rPepO to human C1q. A, the
binding activity of rPepO to C1q in the presence of various concentrations of
NaCl was assessed by ELISA. IgG and BSA were used as positive and negative
controls, respectively. Statistical significance was determined by comparing
to results obtained with 150 mM NaCl using two-way ANOVA. **, p � 0.01; *,
p � 0.05. B, microtiter plates were coated with rPepO or human IgG, then 1 �g
of C1q was added at various pH levels with 150 mM NaCl. Statistical analyses
were performed using two-way ANOVA. **, p � 0.01; *, p � 0.05 versus pH 7.4
condition. C, the binding activities of rPepO and IgG to C1q at pH 5.0 with 150
mM NaCl were analyzed using ELISA. Bound C1q was detected with anti-C1q
and secondary antibodies. Statistical analyses were performed using two-
way ANOVA. *, p � 0.01 versus IgG. Error bars indicate S.D. Representative data
obtained from three independent experiments are shown.
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10 mM phosphate buffer at pH 5.0 (data not shown). These
findings suggest that human serum-induced morphological
changes of the bacterial surface under a low pH condition are
inhibited by PepO.

Effects of PepO on Development of Mouse Skin Lesions—A
mouse skin infection model was used to investigate the influ-
ence of PepO on S. pyogenes virulence in vivo. The WT strain
formed significantly larger lesions as compared with those
formed in mice infected with the �pepO strain until 3 days after
infection (Fig. 6, A and B). Therefore, lesions at 4 days postin-
fection exhibited a size similar to those seen at 3 days, and
lesions formed by both strains began to show a decrease in size
at 5 days (data not shown). Furthermore, the complement
activity in infected tissues was analyzed (Fig. 6C). Lesions
formed following infection with WT exhibited lower comple-
ment activity as compared with that with �pepO. To verify the
effect of the interaction between PepO and C1q on S. pyogenes
virulence, C1q levels in the lesions were semiquantified. Those
levels were increased in skin lesions of mice infected with WT
as compared with those infected with the �pepO strain (Fig.
6D). These findings indicate that the PepO-C1q interaction
participates in development of inflammatory lesions via sup-
pression of complement activity.

Discussion

Endopeptidase O, a zinc metalloendopeptidase, belongs to
the M13 peptidase family (24). A number of bacterial species,
including Streptococcus dysgalactiae, Streptococcus equi, Strep-
tococcus gallolyticus, Streptococcus parasanguis, Streptococcus
thermophilus, Lactococcus lactis, and Lactococcus helveticus,
possess its homologue and the active sites of these metallopro-

teases are all conserved. At the time of writing, the multifaceted
functions of S. pneumoniae PepO have received the most atten-
tion in research investigations. Pneumococcal PepO binds to
human plasminogen and fibronectin, thus facilitating bacterial
internalization into host cells and evasion from innate immu-
nity (25). Also, in vivo analysis using a mouse model revealed
that S. pneumoniae PepO induces a strong innate immune
response via the Toll-like receptor (TLR) 2 and TLR4 signaling
pathways (26). Furthermore, secretory PepO of S. pneumoniae
has an affinity to human C1q, thereby inhibiting C3b opsoniza-
tion (16). On the other hand, surface-associated PepO contrib-
utes to bacterial adherence to host cells via its interaction with
C1q. The present results revealed that PepO produced by
S. pyogenes is an extracellular protein and involved in com-
plement evasion via binding to C1q. In addition, there is a
possibility that S. pyogenes-produced PepO also possesses an
immunomodulatory function or host cell adhesion activity,
as previously reported for pneumococcal PepO.

The pepO gene is ubiquitously conserved in S. pyogenes
strains. There is no typical signal sequence in S. pyogenes PepO,
thus PepO is accordingly speculated to be a cytoplasmic pro-
tein. However, our results revealed that S. pyogenes PepO local-
izes not only in cytoplasm but also in culture supernatant,
whereas it was scarcely detected in cell wall fractions, unlike
S. pneumoniae PepO (Fig. 1, A and B). In addition to its previ-
ously reported functions, our findings suggest that PepO is
multifunctional in both cytoplasm and the extracellular milieu,
similar to the properties of GAPDH and enolase, which lack a
signal sequence but are found in culture supernatant (27–31).
The present study provides clues about the variable ability of
S. pyogenes strains to express and secrete PepO. On the other
hand, the relationships among disease severity, emm type, and
PepO localization were not revealed, and future studies of the
secretion mechanism and its contribution to virulence are
required.

C1q consists of three subunits, each of which possesses glob-
ular head and collagen-like domains. For C1q-IgG interaction,
acidic and basic amino residues of the IgG and C1q globular
head domains constitute salt bridges that provide connection
(32). These ionic bonds indicate that the interaction of IgG with
C1q is inhibited under a high salt concentration condition. Our
findings suggested that the ionic bond between acidic and basic
amino acid residues is also involved in the association of PepO
with C1q. In addition, the effect of PepO to inhibit the associa-
tion of IgG with C1q (Fig. 4B) indicates the possibility that
PepO and IgG share either the same or proximate site for C1q
binding. On the other hand, a previous study noted that a high
pH level of �8.5 enhances the binding of IgG to C1q (33), which
is consistent with our findings regarding the effect of pH level.
The three subunits of C1q are linked to each other by disulfide
bonds. It is known that an alkaline environment promotes for-
mation of a disulfide bond that plays a prominent role in
strengthening the C1q-IgG association (33). C-reactive protein
(CRP) is also able to interact with C1q and activates the classical
complement pathway. The reported crystal structure of the
C1q-CRP complex shows that lysine residues at the top of C1q
globular head have an electrostatic contact with Asp112 and
Tyr175 of CRP (32). Furthermore, it has been demonstrated that

FIGURE 4. Inhibitory effect of PepO on binding of IgG to C1q at pH 5.0 with
the physiological level of salt concentration. A, C1q was preincubated with
increasing concentrations of human IgG as a competitor, then reacted
with immobilized rPepO. B, C1q was preincubated with increasing concentra-
tions of rPepO as a competitor, then reacted with immobilized human IgG.
Bound C1q was detected using an anti-C1q antibody and secondary anti-
body. Statistical significance was calculated using a two-way ANOVA. **, p �
0.01; *, p � 0.05 versus the condition without competitor. Error bars indicate
S.D. Data shown are representative of three independent experiments.
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a low pH of �6.0 induces conformational changes of aromatic
residues in CRP, allowing the tyrosine residue of CRP to inter-
act with the lysine residue on C1q, which consequently acti-
vates the classical complement pathway (34). Our results
showed that the interaction between PepO and C1q is
enhanced under an acidic condition, and not attributable to the
disulfide bond-dependent morphology of C1q. Furthermore,
the influence of pH on binding of PepO to C1q is similar to the
property of CRP. Structural analysis of S. pyogenes PepO is
required to further elucidate the interaction between PepO and
C1q.

WT strain exhibited a significantly higher survival rate in
human serum at pH 5.0, as compared with the �pepO strain.
On the other hand, the survival rate of WT in complement-
inactivated serum was not significantly different as compared
with that in normal serum, whereas �pepO showed a signifi-
cantly higher growth rate when incubated in complement-in-
activated serum as compared with normal serum. Also, in
accordance with the increase in pH, the difference between the
WT and �pepO strains in regard to survival rate when grown in
normal serum was reduced. Our findings indicated that PepO
induces dysfunction of the classical pathway under low pH con-
ditions (Fig. 5, A–C). This speculation is also explained by the
higher binding activity of PepO for C1q as compared with that
of IgG (Fig. 3C), as well as the activity of PepO to suppress the
interaction between IgG and C1q under low pH conditions (Fig.
4B). Thus, our in vitro findings suggest that PepO functions as a

virulence factor to inhibit the interaction between IgG and C1q
in the initial step of the classical complement pathway in
inflammatory tissue. In addition, SEM observation of bacterial
surfaces revealed that the severe morphological changes on the
bacterial surface were evoked by deletion of PepO. A previous
study also reported that C1q-deficient serum demonstrated
low complement activity (35). Although another group found
that complement immunity associates with C1q for S. pyogenes
infection was independent of opsonophagocytosis, the S. pyo-
genes molecule that interacts with C1q was not identified (36).
It has also been speculated that some M proteins have an inter-
action with C1q, although that was not analyzed in detail (37).
Our results showing that PepO enabled escape from comple-
ment-mediated bacteriolysis (Fig. 5), indicate that the interac-
tion of PepO with C1q may lead to inhibition of opsonophago-
cytosis and depression of the late complement pathway.

At sites of infection or inflammation, infiltration and activa-
tion of inflammatory cells including phagocytes increase the
energy demand for mobility and oxygen (38), after which glu-
cose and oxygen consumption is accelerated via glycolysis by
phagocytes (22). Thus, local hypoxia induces metabolism con-
version. Accordingly, accumulation of lactic acid by fermenta-
tion induces a significant decrease in pH level at the inflamma-
tory locus (39). On the other hand, lack of neutrophil migration
to sites of infection with S. pyogenes in the early phase of STSS
has been shown (40, 41). Notably, the SSI-9 strain was shown in
previous studies to produce SpeB, which degrades C3b and

FIGURE 5. Function of PepO in evasion from complement-mediated bacterial killing under various pH conditions. WT and �pepO strains were resus-
pended in 10 mM phosphate buffer (A, pH 5.0; B, pH 6.0; C, pH 7.0), then incubated with normal or complement-inactivated human serum for 3 h at 37 °C. To
determine cfu values, each sample was plated on THY agar plates. Representative results from three independent experiments are shown. The cfu of each strain
before incubation with serum was set at a value of 1. Black and white bars indicate mean values, whereas error bars indicate the S.D. of three samples from a
representative experiment. **, p � 0.01; *, p � 0.05, Mann-Whitney U test. D, S. pyogenes strains were resuspended in 10 mM phosphate buffer (pH 5.0), then
incubated with normal or complement-inactivated human serum for 30 min at 37 °C. Bacterial surfaces following incubation in serum were observed with an
SEM. Bar � 1 �m. Data shown are representative of at least three independent experiments.
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enables evasion from opsonophagocytosis by neutrophils (41).
Consequently, no pH decrease may occur in inflammatory tis-
sues because of a lack of neutrophil migration. In the present

study, we utilized an SSI-1 strain that produces a small amount
of SpeB. Accordingly, it is possible that a pH decrease was
evoked at the site of infection in our mouse experiments,
because of the reduced effect of SpeB on neutrophils. Several
studies have found that low pH activates the complement sys-
tem (42– 44). Our results showed that PepO is involved in the
pathological mechanism (Fig. 6, A and B) and associated with
dysfunction of the complement system (Fig. 5) in low pH con-
ditions. In addition, tissues infected with WT displayed a sig-
nificantly lower level of complement activity as compared with
those infected with the mutant strain (Fig. 6C). On the other
hand, the C1q level in lesions formed by WT infection was
significantly higher than that in lesions formed by the �pepO
strain (Fig. 6D). Based on these results, we speculated that
secreted PepO binds to C1q, thus the interaction of IgG with
C1q is inhibited in an acidic environment (Figs. 3C and 4).
Although PepO-bound C1q remains in inflammatory lesions,
C1q is prevented from participating in the complement cas-
cade. Therefore, the interaction of PepO with C1q inhibits
complement activation by IgG in a low pH condition, indicating
that PepO is involved in the pathological mechanism (Fig. 7).

Nevertheless, the direct relationship between virulence in
vivo and the interaction of PepO with C1q remains unclear. The
expression of various virulence factors produced by S. pyogenes
is enhanced by the CovRS two-component system signal trans-
duction pathway under various stress conditions, including the
low level of pH, the host antimicrobial peptide LL-37, and a low
concentration of extracellular Mg2� (45– 49). In addition, pepO
gene expression has been demonstrated to be negatively regu-
lated by CovRS (17). Although the secretion pathway of PepO
remains unknown, it might also be influenced by environmen-
tal stress factors, such as found in vivo. Thus, it is possible that
PepO expression in infected lesions in vivo is facilitated by the
two-component system under a low pH condition. In addition,
a previous study reported an alternative function of S. pyogenes
cytoplasmic PepO that degrades mature short hydrophobic
peptides (peptide pheromones) and blocks its Rgg2/Rgg3 quo-

FIGURE 6. Effects of PepO on development of mouse skin lesions. A, WT
(left) and �pepO (right) were separately injected in an intradermal manner
into depilated mice skin. A representative image at 3 days after infection is
shown (bar � 10 mm). B, lesion size was examined daily for up to 3 days after
infection (bar represents mean of lesion size). Statistical significance was cal-
culated using a Mann-Whitney U test. *, p � 0.01. C, hemolytic activity in
tissues infected with WT or �pepO was measured using antibody-coated
erythrocytes. The degree of hemolysis was determined by measuring of
hemoglobin released from lysed erythrocytes by the membrane attack com-
plex. The value for absorbance of the sample obtained from the PBS-injected
tissue in each mouse was set as 100% complement activity. Statistical signif-
icance was calculated using a Mann-Whitney U test. *, p � 0.05. Error bars
represent S.D. D, the C1q levels in lesions formed following infection with WT
or �pepO were determined using Western blot analysis. The obtained band
density of C1q in each tissue sample was normalized to that of �-actin as a
loading control, then the relative amount of C1q to that in PBS-injected tissue
was calculated. Statistical significance was calculated using a Mann-Whitney
U test. *, p � 0.05. Error bars represent S.D. Representative data obtained from
three independent experiments are shown.

Evasion from 
complement-mediated

bacteriolysis

Suppression of
complement activation 

PepO-mediated
inhibition of interaction 
between C1q and IgG 

PepO

C1qPepO binds to C1q   

Accumulation of 
PepO-bound C1q 

in inflammatory tissue S. pyogenes

C1q PepOAntigen-antibody complex

FIGURE 7. Schematic diagram of evasion of S. pyogenes from comple-
ment-mediated bacteriolysis via PepO-C1q interaction. At the site of
inflammation, secreted PepO binds to C1q, thus the binding of C1q to IgG is
inhibited. Although PepO-bound C1q accumulates, C1q is not able to partic-
ipate in the complement cascade. Consequently, complement activation via
the classical pathway is suppressed and S. pyogenes escapes from comple-
ment-mediated bacteriolysis.
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rum-sensing responses (17). Although additional detailed
investigations are required to elucidate the mechanism of PepO
as a virulence factor, the present findings revealed that S. pyo-
genes attenuates complement activation by PepO-mediated
interaction with C1q, which contributes to its pathogenicity
under a low pH condition, such as in inflamed tissues.

Experimental Procedures

Bacterial Strains and Culture Conditions—S. pyogenes strain
SSI-1 (serotype M3) was isolated from a Japanese patient with
STSS in 1994 (50, 51). S. pyogenes strains obtained from phar-
yngitis, impetigo, scarlet fever, and STSS were kindly provided
by Dr. T. Murai (Graduate School of Japanese Red Cross Akita
College of Nursing, Akita, Japan), Dr. K. Kikuchi (Tokyo
Women’s Medical University, Tokyo, Japan), and Dr. K. Moriya
(Saga Prefectural Institute of Public Health and Pharmaceutical
Research, Saga, Japan) (52–54). The laboratory strain JRS4 was
kindly provided by Dr. E. Hanski (The Hebrew University,
Hadassah Medical School, Jerusalem, Israel) (55) (Table 1).
Escherichia coli strain XL-10 Gold (Agilent Technologies,
Santa Clara, CA) was used as a host for derivatives of plasmids
pSET4s (56) and pQE30 (Qiagen, Hilden, Germany). All strep-
tococcal strains were grown at 37 °C in Todd-Hewitt broth (BD
Bioscience) supplemented with 0.2% yeast extract (BD Biosci-
ence) (THY medium) or on THY agar plates. E. coli strains were
cultured in Luria-Bertani (LB; Sigma) medium at 37 °C with
agitation. For selection and maintenance of mutant strains,
antibiotics were added to the medium at the following concen-
trations: spectinomycin, 100 �g/ml for S. pyogenes and E. coli:
ampicillin, 100 �g/ml for E. coli.

Construction of S. pyogenes Mutant Strain and Recombinant
Vectors—Construction of the SSI-1 pepO in-frame deletion
mutant strain (�pepO) was performed using pSET4s and prim-
ers, as previously described (57). For construction of plasmids
expressing recombinant PepO from SSI-1, mature genes were
amplified using primers pepOFW/BamHI (5	-CGGGATCCA-
TGACAACTTATCAAGATGATTTTTACCAG-3	) and pep-
ORV/PstI (5	-TTCTGCAGTTACCAAATAATCACACGGT-
CTTTCGGAGC-3	), then each PCR product was cloned into
pQE30 and transformed into E. coli XL10-Gold, as previously
described (58).

Preparation of His-tagged Recombinant PepO and Antise-
rum—N-terminal His-tagged recombinant PepO (rPepO) was
hyperexpressed in E. coli and then purified using a QIAexpress
protein purification system (Qiagen), as previously reported
(58).

Mouse polyclonal antiserum against rPepO was acquired by
immunizing 5-week-old female BALB/c mice (Japan SLC, Inc.,
Shizuoka, Japan) with purified rPepO, as previously reported
(58). All mouse experiments were conducted under a protocol
approved by the Animal Care and Use Committee of Osaka
University Graduate School of Dentistry (authorization num-
ber 26-014-0).

Preparation of Culture Supernatant, Cell Wall, and Cyto-
plasm Fractions, and Western Blot Analysis—To examine the
expression of PepO, various S. pyogenes strains were cultured at
37 °C to the late-exponential phase (A600 � 1.2) in THY broth,
then culture supernatants were obtained by centrifugation at

5,800 � g for 10 min. Proteins in the culture supernatant sam-
ples were precipitated with 20% trichloroacetic acid at 4 °C
overnight, followed by centrifugation at 13,000 � g for 20 min.
The resulting pellets were washed several times with ice-cold
ethanol and resuspended in 25 �l of 1 M Tris buffer (pH 8.5).
Bacterial cells thus obtained were resuspended in 200 �l of
protoplasting buffer (0.1 M KPO4, pH 6.2, 40% sucrose, 10 mM

MgCl2) containing Complete EDTA-free Protease Inhibitor
tablets (Roche Applied Science, Basel, Switzerland) and 150
units/ml of N-acetylmuramidase (Sigma), then incubated for
1 h at 37 °C. The resulting protoplasts underwent sedimenta-
tion at 16,000 � g for 10 min, then the supernatants and pellets
were subjected to Western blot analysis as cell wall and cyto-
plasmic fractions, respectively.

To examine PepO expression levels in the obtained samples,
Western blot analysis was performed, as previously described,
with minor modifications (41, 58). Briefly, PepO in each sample
was detected using mouse anti-PepO antiserum diluted
to a concentration of 1:2000. Immunoreactive bands were
detected using horseradish peroxidase (HRP)-labeled goat
anti-mouse IgG (Cell Signaling Technologies, Danvers, MA)
diluted to 1:2000 and chemiluminescent HRP substrate
(Thermo Scientific).

Surface Plasmon Resonance Measurements—SPR analysis
was performed using a BIACORE X (GE Healthcare UK Ltd.,
Buckinghamshire, UK), as previously described (59). rPepO
and human purified IgG (Merck Millipore, Darmstadt, Ger-
many) were diluted to 50 �g/ml in 10 mM sodium acetate (pH
4.0 and 5.5, respectively), and immobilized on a CM5 sensor
chip using an amine coupling kit (GE Healthcare). A blank was
used as the reference. Human purified C1q (Merck Millipore) at
concentrations of 0.7813, 1.563, 3.125, 6.25, and 12.5 �g/ml was
prepared with HBS-P buffer (0.01 M HEPES, pH 7.4, 0.15 M

NaCl, 0.005% surfactant P20; GE Healthcare). C1q was injected
as the analyte at a flow rate of 30 �l/min at 37 °C followed by
injection of 1 M NaCl for regeneration. Obtained sensorgrams
were analyzed using Bio-evaluation software (version 3.0.2),
with application of the 1:1 Langmuir binding model.

Direct Binding Assay—Direct binding assays were performed
as previously described (16). Briefly, 96-well plates (Sumitomo
Bakelite Co., Ltd., Tokyo, Japan) were coated with 500 ng of
rPepO and human IgG (IgG) in 0.1 M bicarbonate buffer (pH
9.8) overnight at 4 °C. As a negative control, 500 ng of BSA
(Sigma) was coated onto each well. After blocking overnight at
4 °C, rPepO, IgG, or BSA was incubated with 100 �l of 2-fold
serial dilutions of C1q (0 –10 �g/ml) in HEPES-based binding
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM CaCl2, 50
�g/ml of BSA) or phosphate-based binding buffer (50 mM

phosphate buffer at pH 5.0, 150 mM NaCl, 50 �g/ml of BSA) for
2 h at room temperature. To examine the effect of NaCl on the
C1q-PepO interaction, 500 ng of rPepO, IgG, or BSA in bicar-
bonate buffer was coated onto the plates. Following a blocking
step, C1q in binding buffer containing NaCl at a final concen-
tration ranging from 0 to 900 mM was reacted with rPepO or
IgG. To identify the effect of pH on the binding of rPepO to
C1q, C1q was prepared in phosphate-based binding buffer (50
mM phosphate buffer, pH 4.6 to 9.0, 150 mM NaCl, 50 �g/ml of
BSA), and then added to plates coated with rPepO or IgG. To
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obtain competition ELISA findings, C1q (10 �g/ml) was
reacted with serially diluted IgG or rPepO (0 –500 �g/ml)
adjusted with phosphate-based binding buffer (50 mM phosphate
buffer, pH 5.0, 150 mM NaCl, 50 �g/ml of BSA) as competitors for
1 h at 37 °C. Then, plates coated with 500 ng of rPepO or human
IgG were incubated with the above-mentioned mixture contain-
ing 500 ng of C1q for 2 h at room temperature. After blocking,
bound C1q was detected using a rabbit anti-human C1q poly-
clonal antibody (DakoCytometry, Glostrup, Denmark) at a con-
centration of 1:2000. Furthermore, immunoreactive protein on
the plates was reacted with an HRP-labeled goat anti-rabbit IgG
polyclonal antibody, then detected with an HRP substrate pre-
pared for enzyme-linked immunosorbent assays (Moss, Pasadena,
MD). Absorbance was measured at 450 nm.

Serum Bactericidal Test—Human serum bactericidal assays
were performed in vitro according to a protocol reported by
Lancefield (60), with some modifications (15). S. pyogenes
strains SSI-1 and �pepO were cultured until the mid-exponen-
tial phase (A600 � 0.4), then cell concentrations were adjusted
to 2–3 � 103 cfu/ml with 10 mM phosphate buffer (pH 5.0, 6.0,
or 7.0). Bacteria were incubated with a 10% volume of human
complement serum (Sigma) or human complement-inacti-
vated serum at 37 °C for 3 h, then the suspensions were plated
on THY agar plates, and incubated overnight and quantified.
The cfu value obtained after 3 h of incubation was divided by
that obtained before incubation, then the fold-change of bacte-
rial increase was determined (% inoculum).

Scanning Electron Microscopic Analysis—WT and �pepO
strains were cultured until the mid-exponential phase (A600 �
0.4), then adjusted using 10 mM phosphate buffer (pH 5.0) to
1.5 � 107 cfu/ml. Bacterial suspensions (90 �l) for each sample
were incubated with 10 �l of human complement serum or
human complement-inactivated serum at 37 °C for 30 min,
then fixed with 2.5% glutaraldehyde on cover glasses coated
with Matrigel (BD bioscience) at room temperature for 1 h, and
washed with distilled water. The samples were dehydrated with
100% t-butyl alcohol and freeze-dried. Finally, they were coated
with platinum and examined with an SEM (JSM-6390LVZ,
JEOL Ltd, Tokyo, Japan), as previously described (15).

Mouse Experiments—One day before infection, the dorsal
skin of 6-week-old female BALB/c mice (Japan SLC, Inc.) was
depilated with Veet� hair removal cream (Reckitt Benckiser
Group plc, Slough, UK). Next, SSI-1 WT and �pepO strains
were cultured until the mid-exponential phase (A600 � 0.4), and
adjusted with PBS to 1.0 � 109 cfu/ml, then bacterial suspen-
sions (1 � 108 cfu) were injected in an intradermal manner into
depilated mice. The WT and �pepO strains were separately
injected into the flank on both sides of individual mice. Areas
with alteration in skin color were defined as lesions including an
ulcer. Lesion size was semiquantified using a computer-assisted
densitometer (ImageJ, version 8.8.7, National Institutes of
Health, Bethesda, MD) for up to 3 days after infection.

Complement activity in infected tissues was analyzed using a
CH50 complement activity measuring kit (Denka Seiken Co.,
Ltd., Tokyo, Japan), as previously described (16, 41). Briefly,
PBS was injected into the flank on one side and the WT (n � 7
mice) or �pepO (n � 6 mice) strain into the flank on the other
side of individual mice. Skin lesions were dissected at 3 days

after infection and placed in round-bottomed microcentrifuge
tubes filled with 300 �l of ice-cold RIPA buffer (150 mM NaCl,
1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 50 mM Tris, pH 8.0) containing EDTA-free pro-
tease inhibitor. Following homogenization with an electric
homogenizer (MagNA Lyser, Roche Applied Science), the sam-
ples were maintained with constant agitation for 2 h at 4 °C.
Next, lysed tissues were centrifuged at 11,000 � g for 20 min at
4 °C. Utilizing a BCA protein assay kit (Thermo Scientific), the
amount of protein in each supernatant was adjusted to 300
�g/ml with veronal buffer, then 130-�l samples were incubated
with 1 � 107 sensitized sheep erythrocytes adjusted with 20 �l
of veronal buffer in 96-well round-bottomed microtiter plates
(Iwaki & Co., Ltd., Tokyo, Japan) for 1 h at 37 °C. Instead of
tissue samples, veronal buffer and distilled water were used as neg-
ative and positive controls, respectively, for hemolysis. When the
period of incubation was finished, the reaction was stopped by
placing the samples on ice, then they were centrifuged in microti-
ter plates at 500 � g to pellet intact cells. The resulting superna-
tants were subjected to measurement of hemolysis as comple-
ment activity at a wavelength of 550 nm using an absorption
spectrometer. Absorbance of samples obtained from the PBS-
injected tissues in each mouse was set at 100% for calculation of
the complement activity of the samples from infected tissues.

For quantification of C1q in infected tissues, the total
amount of protein in each sample was adjusted to 3 mg/ml and
C1q was detected by Western blot analysis. The immunoblot
membrane was incubated with mouse anti-mouse C1q anti-
body (Abcam, Cambridge, UK) diluted to a concentration of
1:1000, followed by incubation with HRP-labeled goat anti-
mouse IgG diluted to 1:2000. Immunoreactive bands were
detected with a chemiluminescent HRP substrate. After detec-
tion of C1q, primary and secondary antibodies were removed
using stripping solution (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), then a rabbit anti-�-actin antibody (Cell Signal-
ing Technologies) diluted to 1:2000 was reacted as a loading
control, followed by reaction with HRP-labeled goat anti-rabbit
IgG diluted to 1:2000. Semiquantitative densitometric analysis
of protein bands was conducted using ImageJ software (version
8.8.7). The obtained density of C1q in each sample was normal-
ized to that of �-actin. Finally, the relative amount of C1q in the
infected lesion to that in PBS-injected tissue obtained from the
same mouse was calculated.

Statistical Analysis—For direct binding assays, the statistical
significance of difference was calculated using two-way analysis
of variance (ANOVA) with Bonferroni post-test correction. For
the bactericidal tests and mouse experiments, the significance
of the difference between the mean of each group was evaluated
using a nonparametric Mann-Whitney U test. All results were
analyzed using StatMate III software (ATMS, Tokyo, Japan). Sta-
tistical differences were considered to be significant at p � 0.05.
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