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ABSTRACT Streptococcus pyogenes, or group A Streptococcus (GAS), is both a patho-
gen and an asymptomatic colonizer of human hosts and produces a large number
of surface-expressed and secreted factors that contribute to a variety of infection
outcomes. The GAS-secreted cysteine protease SpeB has been well studied for its ef-
fects on the human host; however, despite its broad proteolytic activity, studies on
how this factor is utilized in polymicrobial environments are lacking. Here, we uti-
lized various forms of SpeB protease to evaluate its antimicrobial and antibiofilm
properties against the clinically important human colonizer Staphylococcus aureus,
which occupies niches similar to those of GAS. For our investigation, we used a skin-
tropic GAS strain, AP53CovS+, and its isogenic AspeB mutant to compare the pro-
duction and activity of native SpeB protease. We also generated active and inactive
forms of recombinant purified SpeB for functional studies. We demonstrate that
SpeB exhibits potent biofilm disruption activity at multiple stages of S. aureus bio-
film formation. We hypothesized that the surface-expressed adhesin SdrC in S. au-
reus was cleaved by SpeB, which contributed to the observed biofilm disruption. In-
deed, we found that SpeB cleaved recombinant SdrC in vitro and in the context of
the full S. aureus biofilm. Our results suggest an understudied role for the broadly
proteolytic SpeB as an important factor for GAS colonization and competition with
other microorganisms in its niche.

IMPORTANCE Streptococcus pyogenes (GAS) causes a range of diseases in humans,
ranging from mild to severe, and produces many virulence factors in order to be a
successful pathogen. One factor produced by many GAS strains is the protease
SpeB, which has been studied for its ability to cleave and degrade human proteins,
an important factor in GAS pathogenesis. An understudied aspect of SpeB is the
manner in which its broad proteolytic activity affects other microorganisms that co-
occupy niches similar to that of GAS. The significance of the research reported
herein is the demonstration that SpeB can degrade the biofilms of the human
pathogen Staphylococcus aureus, which has important implications for how SpeB
may be utilized by GAS to successfully compete in a polymicrobial environment.

KEYWORDS SpeB, Staphylococcus aureus, Streptococcus pyogenes, adhesins, biofilms,
proteases

treptococcus pyogenes, or group A Streptococcus (GAS), is a species of Gram-positive
bacteria and a common colonizer of human skin and mucosal surfaces (1-3).
Asymptomatic carriage of this organism is prevalent, especially in young children, with
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15 to 20% harboring GAS without apparent disease symptoms (3). It is also an
exclusively human pathogen and the causative agent of common and self-limiting
minor infections, such as pharyngitis (strep throat) and skin impetigo, which cause
about 600 million and 100 million infections, respectively, annually (2). In rare cases,
GAS can cause severe invasive disease, including necrotizing fasciitis and streptococcal
toxic shock syndrome, through breach of the epithelial barrier and entry into the
bloodstream (1-5).

GAS produces a large array of surface-expressed and secreted factors that contribute
to its ability to survive in the host, cause disease, and invade deeper tissues. One
extensively studied factor is SpeB (streptococcal pyrogenic exotoxin B), a cysteine
protease with multiple proposed roles in GAS pathogenesis (6). The gene encoding
SpeB is highly conserved across GAS strains (7-9), although expression and secretion of
the SpeB protein are more variable. The SpeB enzyme is initially produced as an inactive
40-kDa zymogen (SpeBz) followed by autocatalytic cleavage to the 28-kDa active
enzyme (SpeBm), a multistep process with several intermediates (10-12). Reduction of
the cysteine-192 residue is also required for mature enzyme activity (12-14).

The contributions of SpeB to GAS pathogenesis have not been fully elucidated, but
it has been shown to degrade multiple types of host proteins. Cleavage of extracellular
matrix (ECM) and junction proteins is hypothesized to promote bacterial colonization
and early invasion (15-17). SpeB has also been shown to degrade human immune
system components, including immunoglobulins and chemokines associated with
inflammatory and antibacterial responses (18-20). Regarding its pathogenicity, SpeB
can degrade not only various host cell proteins but streptococcal proteins as well,
including the plasminogen activator streptokinase (SK) (21) and streptococcal superan-
tigens (22). Proteolytic cleavage of streptococcal proteins by SpeB is hypothesized to
alter virulence and contribute to tissue tropism (15). An important consideration in
many reported SpeB studies is the use of purified proteins and nonphysiological
conditions. These limitations have been noted in studies demonstrating that SpeB does
not cleave immunoglobulins under eukaryotic cell-like conditions and that the previ-
ously observed cleavage activity was unlikely to have functional consequences in vivo
(23).

There is conflicting evidence regarding the role of SpeB in disease progression and
pathogenesis. While several SpeB mutant studies show SpeB-dependent contributions
to tissue damage, resistance to phagocytosis, and survival in mice (24-26), an inverse
relationship between SpeB production and disease severity in human isolates of the
M1T1 GAS strain has been observed (27). A more recent study showed that inactivation
of the streptococcal regulator srv resulted in constitutive expression of SpeB, which in
turn led to increased lesion size in mice, indicative of greater bacterial dissemination
(28). Other studies have found no difference in virulence between SpeB mutants and
wild-type GAS (29, 30). In a mouse model of invasive soft tissue infection, it was found
that the hyaluronic acid capsule and surface-expressed M protein were critical for the
observed pathology, but SpeB production did not contribute to pathology (29). Al-
though SpeB has been widely studied in view of host pathogenesis with various
conclusions, it is likely that strain- and context-dependent effects on the human host,
as well as the infection system utilized for studies, play a major role in the effects of
SpeB on disease outcomes.

SpeB is a cysteine family protease with functions similar to those of major secreted
proteases of Staphylococcus species, including disruption of host immune factors and
cell-cell junctions (31). Additionally, studies have observed the role of these bacterially
secreted proteases in influencing polymicrobial dynamics. Previous investigations have
shown that in competition for nasal mucosa between Staphylococcus aureus and
Staphylococcus epidermidis, S. epidermidis strains that produce the serine protease Esp
are able to outcompete and eradicate nasal colonization by S. aureus (32, 33). Com-
pared to the large number of host-based studies of SpeB, little research has been
conducted on potential roles of SpeB against other microorganisms in a polymicrobial
environment. Another human pathogen and skin colonizer, Staphylococcus aureus, can
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occupy niches similar to those occupied by the S. pyogenes strain AP53CovS+, a
skin-tropic, noninvasive GAS strain (34, 35). S. aureus is clinically important due to its
ability to cause human disease in the form of skin infections, sepsis, and pneumonia
(36-39). Though both organisms have been isolated from impetigo lesions (40), the
mixed microbial dynamics between S. pyogenes and S. aureus have been largely
unexplored, and they may provide a model by which to investigate alternative func-
tions of known host-acting virulence factors such as SpeB.

A clinically important phenotype of S. aureus is its ability to form biofilms, including
on abiotic surfaces such as implants and medical devices (41). However, to our
knowledge there have not been investigations into antimicrobial or antibiofilm prop-
erties of the SpeB protease. We hypothesized that the proteolytic activity of SpeB would
disrupt the normal growth and biofilm formation of S. aureus. In our investigation, we
observed a SpeB- and dose-dependent degradation of the biofilm in S. aureus strain
USA300, though planktonic growth was not abrogated. We hypothesized that SpeB
could disrupt S. aureus biofilms by targeting cell wall-anchored proteins, and our results
showed that the SdrC adhesin, important to S. aureus biofilm formation on abiotic
surfaces (42, 43), is directly cleaved by SpeB both in a recombinant form and directly
from S. aureus cells in a biofilm. Our results suggest a role for SpeB as an important
factor for GAS colonization and competition with other microorganisms in its niche.

RESULTS

Characterization of AP53CovS+ and an isogenic AspeB mutant. AP53CovS+ is
an M53 GAS strain belonging to the emm pattern D subgroup (34), members of which
are skin-tropic and have higher levels of SpeB secretion than strains with emm patterns
A to C (21). To evaluate the effects of SpeB production by the GAS strain AP53CovS+,
we first generated an isogenic speB deletion mutant. Importantly, growth remained
unchanged in the absence of the speB gene (see Fig. S1A in the supplemental material).
To determine changes in proteolytic activity in the SpeB knockout, stationary-phase
culture supernatants of the GAS strains were incubated with the general proteolytic
substrate azocasein. A reducing buffer with dithiothreitol (DTT) was added to the
reaction mixture to ensure reduction of the cysteine-192 (Cys'°?) residue essential for
proteolytic activity in the AP53CovS+ (wild-type) strain. As shown in Fig. S1B, the
wild-type AP53CovS+ strain had a higher secreted proteolytic activity than its isogenic
speB deletion mutant, as measured by azocasein digestion. This was also demonstrated
by zones of clearing around GAS colonies in milk agar, as the AspeB strain has a reduced
zone of clearing compared to its wild-type counterpart (see Fig. S1C).

Purification of recombinant SpeB protein. Active recombinant SpeB protease
(r-SpeB) was purified for its use in antimicrobial and antibiofilm studies with S. aureus.
To reduce issues with insolubility during purification, the speB gene was cloned without
its signal sequence, and a His tag was added to the C terminus of its product, as this
region remains after cleavage of the proenzyme form of SpeB (10). A product of
~28 kDa was observed after purification on nickel-nitrilotriacetic acid (Ni-NTA). This
corresponded to the size of the active form of SpeB, demonstrating that autocatalysis
occurred during the purification process, as the 40-kDa zymogen product was not
observed (see Fig. S2). Following dialysis against phosphate buffer, purified SpeB was
shown to have proteolytic activity in the azocasein digestion assay (see Fig. S3). The
catalytically inactive SpeB mutant, SpeB[C"°2S], was also purified on Ni-NTA, resulting in
an approximately 40-kDa product (data not shown). This corresponds to the size of
SpeB in its zymogen form, demonstrating that the mutant protein does not have
catalytic activity for cleavage into its active form. SpeB[C"°2S] was used as an enzymatic
activity control in experiments with r-SpeB.

SpeB does not contribute to host cell cytotoxicity. We first assessed whether the
active r-SpeB was cytotoxic to a line of human keratinocytes (HaCaTs). The human cells
were directly incubated with r-SpeB at a range of concentrations, and cytotoxicity was
assayed by ethidium homodimer uptake after 6 h to assess membrane permeabiliza-
tion. Cytotoxicity levels above vehicle control were not observed for any of the tested
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FIG 1 Growth curve of S. aureus USA300 in the presence of active recombinant SpeB and a vehicle
control of phosphate buffer over 16 h.

concentrations of r-SpeB (see Fig. S4). We next performed direct infection studies with
the GAS strains AP53CovS+ and AP53CovS+ AspeB on HaCaTs for 6 h at a multiplicity
of infection (MOI) of 10. While cytotoxicity levels above control were observed for GAS
infection overall, there was no significant difference in cytotoxicity between the SpeB-
producing and -deficient GAS strains (see Fig. S5). Together, these data show that SpeB
production by the skin-tropic GAS strain AP53CovS+ does not have a direct effect on
in vitro cytotoxicity.

Recombinant SpeB does not impact normal planktonic growth of S. aureus
USA300. As SpeB is a cysteine protease with broad activity and multiple host and
streptococcal protein targets, we aimed to assess whether its proteolytic activity would
affect the viability of another bacterial pathogen: S. aureus USA300. Overnight USA300
cultures were diluted in tryptic soy broth (TSB) and optimized for planktonic growth,
whereupon purified r-SpeB was added at concentrations ranging from 1,000 nM to
50 nM. Phosphate-buffered saline (PBS) was used as a vehicle control. Growth was
measured by determining optical density at 600 nm (OD,,) every 30 min for 16 h. As
shown in Fig. 1, all USA300 cultures exhibited similar sigmoidal growth patterns
regardless of the concentration of r-SpeB present. These data show that recombinant
SpeB does not have bacteriostatic or bactericidal effects on S. aureus USA300, as its
normal planktonic growth was not slowed or abrogated.

Recombinant SpeB- and SpeB-secreting GAS culture supernatants exert effects
on S. aureus biofilms. While we did not observe direct antimicrobial activity by SpeB
in the form of growth inhibition, we considered the host proteins targeted by SpeB, the
degradation of which would not directly result in cell death. We hypothesized that SpeB
antagonized competing microbes by other means, including manipulation of biofilms.
We prepared biofilms by growing USA300 cultures in TSB-NaCl-glucose to promote
biofilm formation. Biofilms were grown on polyvinyl chloride (PVC) coverslips, as PVC is
a medically relevant plastic surface and is not cell culture treated, thus avoiding “false
positives” for biofilm formation that may occur on cell culture-treated surfaces. To more
broadly assess the impact of SpeB on S. aureus biofilms, both biofilm formation and
biofilm degradation were assessed. The impact on biofilm formation was determined
by adding treatments to USA300 overnight cultures, diluted 1:100, at the beginning of
biofilm formation. For biofilm degradation, treatments were added to biofilms that had
previously formed untreated for 24 h. For both formation and degradation experi-
ments, biofilms were treated for 24 h before a crystal violet assay was used as a readout
of biofilm density. We used active recombinant SpeB and the SpeB[C'92S] catalytic
mutant as biofilm treatments for precise control of the amount of protease added. A
representative image of biofilms treated with r-SpeB and assayed with crystal violet is
shown in Fig. 2A. As shown in Fig. 2B and C, there is a dose-dependent reduction in
biofilm density when biofilms are treated with active r-SpeB. Use of the SpeB[C'92S]
mutant at the highest concentration of r-SpeB (500 nM) did not affect S. aureus biofilm
density, demonstrating that catalytic activity of SpeB is required for the observed
biofilm disruption. Dose-dependent reduction was shown for both biofilm formation
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FIG 2 Biofilm density after SpeB treatment measured by crystal violet assay. (A) Representative image of dose-dependent reduction in biofilm
density after treatment with r-SpeB. (B) Crystal violet assay of biofilm formation over 24 h with r-SpeB. (C) Crystal violet assay of the degradation
of a 24-h-old biofilm after an additional 24-h treatment with r-SpeB. (D) Biofilm formation over 24 h in the presence of supernatants of AP53CovS+
and AP53CovS+ AspeB GAS strains. (E) Biofilm degradation of 24-h-old biofilm over an additional 24 h with GAS supernatants. *, P < 0.05; ****,
P < 0.0001; ns, not significant.

(Fig. 2B) and biofilm degradation (Fig. 2C). This shows that SpeB disrupts both early-
and late-stage biofilms in vitro.

Based on our results obtained with r-SpeB, we hypothesized that native SpeB
protease secreted from GAS would also antagonize S. aureus biofilms. Stationary-phase
culture supernatants of GAS strain AP53CovS+ and its isogenic AspeB mutant were
used for treatment of the USA300 biofilms. Briefly, the GAS strains were grown to
stationary phase in THY broth (Todd-Hewitt broth supplemented with yeast extract),
and the supernatants were applied to the biofilms as percent volumes of the TSB+ (TSB
supplemented with 1% NaCl and 0.5% glucose) used for biofilm growth. THY broth was
used as the vehicle control. A dose-dependent reduction in biofilm density was
observed according to the percent volume of AP53CovS+ supernatant present for both
biofilm formation and degradation (Fig. 2D and E). This same dose dependency was not
observed with supernatants from the isogenic AspeB mutant, where levels of biofilm
density were similar to the vehicle control.

We utilized a coculture model with both GAS bacteria and USA300 biofilms in a
Transwell system to assess any biofilm-antagonizing effects by actively growing GAS
cultures (Fig. 3A). USA300 biofilms were grown untreated on PVC coverslips before
being placed below a Transwell with a 0.4-um membrane (Corning), to allow the
passage of secreted factors but not bacteria. AP53CovS+ and AP53CovS+ AspeB GAS
cultures were grown above the membrane. THY medium was used for optimal SpeB
production by GAS, and we previously established that growth in THY alone did not
disrupt USA300 biofilms (data not shown). As shown in Fig. 3B, there was a SpeB-
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FIG 3 (A) Schematic of Transwell assay for biofilm degradation by GAS cultures. (B) Crystal violet assay
of USA300 biofilms after 16 h incubation in a Transwell with GAS cultures (AP53CovS+ and AP53CovS+
AspeB) and THY medium vehicle. ****, P < 0.0001; ns, not significant.

dependent, contact-independent disruption of USA300 biofilms by GAS cultures after
16 h.

In order to visualize biofilm disruption by SpeB, biofilms were grown in imaging
dishes for 24 h before being visualized on a Ti-E inverted microscope (Nikon) for 6 h
with r-SpeB or vehicle treatment. By 6 h, there was visible disruption of S. aureus
microcolonies into individual cocci in the presence of SpeB, whereas this morphology
was not seen in S. aureus cultures not treated with active r-SpeB (Fig. 4; also, see Videos
S1 and S2 in the supplemental material).

To assess whether SpeB-mediated cleavage of S. aureus biofilms occurred on host
surfaces, biofilms were grown on confluent monolayers of HaCaTs fixed in 4% para-
formaldehyde. As in our previous biofilm studies with endogenous SpeB, GAS culture
supernatants were added to the S. aureus cultures prior to biofilm formation over 24 h.
A significant reduction in the biofilm was observed when it was treated with
AP53CovS+ supernatants compared to treatment with AspeB mutant supernatant or
no treatment (see Fig. S6).

Taken together, these data show that SpeB, in both recombinant and natively
produced forms, has demonstrable antibiofilm activity against S. aureus USA300, both
on early- and late-stage biofilms and under different nutrient conditions.

We next sought to determine the mechanism by which SpeB acts to disrupt S.
aureus biofilms. As previously described, SpeB is a protease with multiple defined
targets. While it is likely that SpeB may target multiple proteins in order to cause the
observed biofilm disruption of S. aureus, we were particularly interested in cell wall-
associated proteins that were nonessential for survival. Given our finding that SpeB did
not have antimicrobial activity, the proteins on the surface of S. aureus would need to
be accessible to the protease. SdrC (serine-aspartate repeat protein C) is a cell wall-
anchored adhesin that has previously been associated with S. aureus biofilm formation
(44), more specifically in attachment to plastic surfaces and cell-cell adhesion (42, 43).
A deletion of the sdrC gene has been shown to decrease biofilm density, as measured
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FIG 4 USA300 biofilms treated with 100 nM r-SpeB (top) or PBS vehicle control (bottom) at time zero
(left) and 6 h (right). Images were taken on a Nikon Ti-E inverted microscope and processed on ImageJ.

by crystal violet assay (42). In order to evaluate whether SpeB has activity against SdrC,
we cloned and purified the A region of the SdrC protein (45) with an N-terminal His tag
(see Fig. S7). Our SdrC region A His tag protein allows full accessibility of the A region
on the cell wall for our studies and showed increased stability over purification of the
full-length SdrC protein (data not shown).

SpeB cleaves and degrades SdrC region A in vitro. We first evaluated if purified
recombinant SpeB is capable of cleavage activity against SdrC. SdrC-A and r-SpeB or
r-SpeB[C'92S] were first incubated at 37°C in phosphate buffer at a 10:1 ratio, respec-
tively, for 30 and 60 min. SdrC treated with SpeB showed degradation products within
30 min, while SdrC treated with inactive enzyme or left untreated remained stable
(Fig. 5A; also, see Fig. S8). Next, the ratio of SdrC to SpeB was changed to 100:1, and the
time course was expanded to 2 h. Recombinant SpeB rapidly cleaved the SdrC parent
product into multiple fragments, with a highly stable fragment around 36 kDa (Fig. 5B).
To determine the cleavage specificity of SpeB, we incubated SdrC and SpeB for shorter
times than our previous time course (<15 min) and subjected the fragments to
matrix-assisted laser desorption ionization (MALDI) and liquid chromatography-mass
spectrometry (LC/MS) analysis. From the identified peptide fragments, we used Se-
quence Editor software to predict cleavage sites within the recombinant SdrC-A
protein, including the N-terminal histidine tag. As shown in Fig. 6, predicted cleavage
sites that would result in the previously observed stable ~36-kDa product (shown in
blue) were residues 46 to 372 or residues 47 to 373, with potential cleavage on either
side of a threonine residue (shown in red).

Biofilm incubation with SpeB results in cleaved SdrC products. While we ob-
served rapid degradation of the r-SdrC region A by r-SpeB, we sought to demonstrate
if a similar phenomenon would be observed in a whole-biofilm model. USA300 biofilms
were grown on PVC coverslips for 24 h, then washed with PBS, and treated with r-SpeB,
r-SpeB[C'92S], or buffer for 2 h. Supernatants, containing any cleaved proteins, were
removed, pooled, filtered, and concentrated. Protein concentrations were normalized
by A,go, and were used for sodium dodecy! sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analysis. Rabbit serum antibody against SdrC was used to
detect any reactive SdrC fragments in the supernatant. As shown in Fig. 7, a product of
approximately 75 kDa was detected with anti-SdrC antibody under all three conditions.
However, a population of lower-molecular-weight products between 50 and 60 kDa
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A

FIG 5 In vitro incubation of recombinant SpeB with recombinant SdrC region A. (A) Incubation of SdrC
and SpeB[C'92S]-vehicle at a 10:1 ratio for 30 and 60 min. (B) Incubation of SdrC and SpeB at a 100:1 ratio
for 0 to 120 min. Protein products were run on SDS-PAGE and Coomassie stained prior to imaging.

was observed only under conditions in which the biofilm was incubated with SpeB.
These products are larger than the approximate 50-kDa size of our recombinant SdrC
region A, suggesting that cleavage of SdrC from the biofilm occurs in the B-repeat
regions downstream of the A region (43). These data demonstrate that cleavage
products of SdrC that are unique to the presence of SpeB can be observed in the
context of the full S. aureus biofilm and correlate with the disruption of biofilms
observed only under conditions where SpeB is present.

DISCUSSION

Group A Streptococcus produces a myriad of virulence factors that enable it to be
both a successful pathogen and asymptomatic colonizer of its human host. The
secreted cysteine protease, SpeB, has been widely studied for its effects on host
proteins and its contributions to pathogenesis, but little attention has been given to
how SpeB may be utilized in polymicrobial dynamics. We hypothesized that the broad
proteolytic activity of SpeB may be used by GAS to compete in a polymicrobial
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HVNQTTGKTEFWATSSDVLKLKANYTIDDSVKEGDIFTFKYGQYFRPGSVRLP 210
SQTQNLYNAQGNIIAKGIYDSTTNTTTYTFTNYVDQYTNVRGSFEQVAFAKRK 263
NATTDKTAYKMEVTLGNDTYSEEIIVDYGNKKAQPLISSTNYINNEDLSRNMTA 317
YVNQPKNTYTKQTFVTNLTGYKFNPNAKNFKIYEVTDQNQFVDSFTPDTSKLK 370
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FIG 6 Sequence of SdrC region A with an N-terminal His tag with predicted cleavage sites of SdrC region
A after in vitro incubation with r-SpeB. Reactions were assessed by MALDI and LC/MS after 15 min of
incubation. Cleavage sites are shown with arrows. An approximately 36-kDa product seen to be stable
over the incubation time course (shown in blue) was predicted to result from cleavage on either side of
the threonine residues shown in red.

environment. To begin investigating this hypothesis in the skin-tropic, noninvasive
strain of group A Streptococcus, AP53CovS+, we tested whether SpeB impacted the
growth and the biofilm development and maintenance of the human pathogen and
skin colonizer Staphylococcus aureus. Our results showed SpeB-dependent reduction in
the formation and maintenance of the S. aureus biofilm, observed with both recombi-
nant and endogenous SpeB (Fig. 2 and 3). In our investigation into the possible
mechanisms of SpeB-dependent biofilm disruption, we hypothesized that SpeB might
target SdrC, a serine-aspartate repeat protein expressed on the surface of S. aureus
linked to biofilm formation. Our findings show that recombinant SdrC can be directly
cleaved by SpeB (Fig. 5); furthermore, we show that native SpeB produced by GAS
generates specific cleavage products of SdrC concomitant with biofilm dispersal of S.
aureus (Fig. 6).

Many excellent studies and reviews have summarized the role of bacterial proteases
in host cell infection and colonization, but less focus has been given to the role of
secreted proteases in polymicrobial dynamics, including how they may be used in an
antimicrobial or antibiofilm manner to kill or disperse competing microbes. While our
results did not show that SpeB has direct antimicrobial activity against S. aureus USA300
(Fig. 1), we considered that SpeB is known to cleave surface proteins on GAS itself (46)
and hypothesized that this activity could be extended to other microbial pathogens,

+SpeB +C192S untreated

p T e _ .
-~ 50
- 37

FIG 7 Western blot of SdrC in supernatants of USA300 biofilms. Biofilms were treated with SpeB or
SpeB[C'2S] or left untreated for 2 h, after which the supernatants were collected. Rabbit serum antibody
against SdrC region A was used at a 1:1,000 ratio to detect SdrC fragments in the supernatant. The top
band present in all three conditions runs at approximately 75 kDa, and the cleaved products in the SpeB
condition run at approximately 55 to 60 kDa.
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impacting properties such as biofilm formation without direct killing. Previous studies
showed that Esp, a secreted serine protease of Staphylococcus epidermidis, degraded S.
aureus biofilms by targeting the biofilm matrix and cell wall proteins and further
inhibited nasal colonization by S. aureus by targeting surface host receptors (32). Similar
to our results with SpeB, Esp alone did not have demonstrable bactericidal activity
against S. aureus but did result in increased susceptibility of S. aureus to host immune
components (47). It is reasonable to consider that SpeB-mediated disassembly of S.
aureus biofilms increases the susceptibility of S. aureus to antimicrobial agents or overall
bacterial clearing, but determining the extent of this activity and identifying possible
synergistic effects with antimicrobials require further investigation.

In our investigation into the possible mechanisms of our observed SpeB-dependent
biofilm disruption, we hypothesized a role for SdrC, a serine-aspartate repeat protein
expressed on the surface of S. aureus. Previous studies showed that SdrC promotes
cell-cell adhesion in S. aureus through homophilic interactions and mediates attach-
ment to hydrophobic abiotic surfaces (43). The N terminus of SdrC contains an A region
with three subdomains (N1, N2, and N3). It has been shown that using a peptide to
block the N2 and N3 subdomains reduced biofilm formation of S. aureus (43). Similarly,
Barbu et al. reported that a knockout of the sdrC gene in S. aureus had reduced biofilm
formation and that binding sites within the N2 subdomain promoted biofilm formation
(42). Based on these previous studies, we hypothesized that the SpeB-dependent
biofilm disruption could be due to disruption of SdrC region A by SpeB. Incubation of
our SdrC-A product with recombinant SpeB in vitro at a 100:1 ratio rapidly resulted in
a series of cleavage products, while SdrC-A remained stable when incubated with the
SpeB[C'22S] mutant or left untreated. MALDI and LC/MS analysis of lower-molecular-
weight cleavage products resulted in several predicted cleavage sites, including those
at Thr residues that resulted in a more stable cleaved product of SdrC (Fig. 6). SpeB has
not been shown to have high substrate sequence specificity and generally has been
shown to have cleavage preference for three amino acids upstream of the cleavage site
and a hydrophobic residue preferred at the P2 position before the cleavage site (15, 48).
From our analysis of the cleaved SdrC fragments, we speculate that early cleavage from
the N terminus of SdrC occurs first, with overlap between subsequent cleavage
products, which suggests that independent rather than sequential cleavage of SdrC by
SpeB likely occurs. These in vitro cleavage products are likely dependent on SpeB
concentration, as earlier in vitro incubation at a 10:1 ratio resulted in few products
below 36 kDa, indicative of their rapid degradation at higher SpeB concentrations.

While in vitro incubation demonstrated that SpeB was capable of rapidly cleaving
SdrC region A, it was necessary to assess if this activity occurred within whole S. aureus
biofilms and contributed to the observed biofilm disruption. For our whole-biofilm
incubation studies, rabbit serum anti-SdrC antibody was used to blot for SdrC products
in the supernatants of SpeB-treated SdrC biofilms. Interestingly, an SdrC product of
approximately 75 kDa was present under all conditions. While not the size of full-length
SdrC, this does correspond to the predicted size of both region A and the B repeats
preceding the Ser-Asp repeat regions (43), suggesting that some portion of SdrC is
present in the biofilm supernatants even in the absence of SpeB. Importantly, a
population of lower-molecular-weight products was observed only in the supernatants
of biofilms that had been incubated with active SpeB (Fig. 7). This population of cleaved
products was larger than the approximate 50-kDa size of SdrC region A. This suggests
that in the context of a whole biofilm, SpeB may cleave SdrC within the B-repeat region
prior to further processing, resulting in the products larger than the 50 kDa observed.
Further studies are required to more fully elucidate the mechanism of SpeB-dependent
disruptions of S. aureus biofilms.

In this study, we have demonstrated that SpeB is a potent disruptor of S. aureus
biofilms and that this phenotype is at least in part due to cleavage of the SdrC adhesin.
Disruption of bacterial biofilms by proteases has been studied previously, with protease
origins ranging from bacteria to fungi to plants (32, 49, 50). While not inherently
antimicrobial, disruption of biofilms can render bacteria more susceptible to antimi-
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crobial agents and immune components. Antibiofilm activity, to our knowledge, has
not previously been attributed to SpeB, and our data have implications for how it may
be utilized by GAS to compete in a polymicrobial environment. While the cleavage of
SdrC is likely an important factor in the SpeB-dependent biofilm disruption, based on
the known broad activity of SpeB, it is highly likely that there are other components in
both the cell wall and matrix that may be targeted. It will also be important to assess
if the antibiofilm activity of SpeB extends more broadly to other organisms in the
colonizing niche of GAS. It is interesting that r-SpeB alone, at the concentrations tested,
did not have demonstrable antimicrobial activity against S. aureus or cytotoxic activity
against human keratinocytes and that GAS infections with our AP53CovS+ strains did
not result in SpeB-dependent cytotoxicity in vitro. These data suggest that SpeB
exhibits low direct toxicity but has an important role in microenvironment manipula-
tion by GAS, whether through cleavage of host factors or antagonism of biofilms.
Overall, our studies suggest that in the skin-tropic, noninvasive GAS strain AP53CovS+,
SpeB allows GAS to manipulate its microenvironment through biofilm antagonism, and
our study provides support for the understudied role of secreted proteases in polymi-
crobial dynamics and microbiome stability.

MATERIALS AND METHODS

Bacterial growth conditions. Unless otherwise specified, GAS strains AP53CovS+ and AP53CovS+
AspeB were grown in Todd-Hewitt broth supplemented with 2% yeast extract (THY) at 37°C. S. aureus
USA300 was grown in tryptic soy broth (TSB) at 37°C. For biofilm experiments, USA300 was grown in TSB
supplemented with 1% NaCl and 0.5% glucose (TSB+) (see “Biofilm assays” below). For visualization of
casein digestion, colonies of GAS were stabbed into 10% skim milk Columbia agar plates and incubated
overnight at 37°C.

speB gene deletion. The GAS strain AP53 was described by Berge and Sjobring in 1993 (51), and
its whole-genome sequence was determined in 2016 (34). In 2013, it was discovered that the original
clinical isolate contained a mutated two-component signal protein (CovS) gene, which was not ex-
pressed (AP53CovS—) (35). This gene was mutated to the WT-CovS gene (AP53CovS+), and the resulting
strain was used as the GAS line for all studies, as it expresses higher levels of SpeB than the CovS— strain
(35).

Generation of a targeted deletion of the speB gene. To construct the targeting vector (TV) for
the speB (streptococcal pyrogenic exotoxin B gene) deletion in AP53CovS+ cells, a fragment was
amplified by PCR as the insert for the TV spanning 538 bp upstream of the ATG signal peptide for
speB and 435 bp downstream of the TAG stop codon for speB. During this process, the restriction
endonuclease sites 5’-Notl and 3’-Xhol were also cloned into the two ends of the insert DNA by
PCR primers, and they were used for insertion into the same sites of the temperature-sensitive
plasmid pHY304 (from M. J. Walker, Queensland, Australia), which also contained the erythromycin
resistance gene (erm) in the plasmid backbone. The primers used were SpeBKONot5F, SpeBKONot5R,
SpeBKOXho5F, and SpeKOXho3R (see Table S1 in the supplemental material).

The resulting targeting plasmid was then transformed into AP53CovS+ cells by electroporation.
Chromosomal integration via allelic replacement was achieved by single crossover (SCO) at 30°C for
plasmid replication and then switched to 37°C overnight on an erythromycin (Erm) plate (Erm, 3 ug/ml).
Surviving colonies were checked by PCR for erm gene insertion. A similar procedure for a secondary
crossover, or double crossover (DCO), was performed in order to remove the speB gene and the targeting
vector backbone with the insert in TV. In brief, SCO cells were grown at 30°C for 2 h and plated on a THY
plate without Erm to 37°C overnight. Colonies selected were plated on both THY plates and THY-Erm
plates, and colonies that grew in THY but not THY-Erm were selected due to the loss of the erm gene after
DCO. For confirmation of speB gene inactivation, positive colonies were screened by PCR using primers
upstream and downstream of the speB gene (SpeBext5F and SpeBext3R [see Table S1]). The final GAS cell
line with the speB gene deleted is referred to as AP53CovS+ AspeB.

Plasmid constructions for protein expression. (i) Generation of the SpeB expression construct.
An expression construct was created in order to generate recombinant SpeB containing a C-terminal
histidine tag and with the signal peptide, consisting of the first 81 nucleotides, removed. Primers (SpeB-F
and SpeB-R) were used to insert restriction sites for Ndel and EcoRI and a 6 XHis tag. The PCR product
from these primers was digested and ligated into the pET42A expression plasmid. Clones generated from
BL21 cell transformation were sequenced to confirm the correct insertion. The expression construct was
named pET42aSpeB.

Generation of catalytically inactive SpeB protein variants. In SpeB, the cysteine residue at
position 192 is essential for enzymatic activity (10). We generated a catalytically inactive variant of the
SpeB protein by replacing C192 with serine (SpeB[C92S]), using a series of PCR primers designated P1 to
P4 (see Table S1). For this construct, two PCR steps were employed. The first PCR step added the Ndel
restriction site in front of SpeB residue D28 (primer P1) and amplified to the A198 residue with the C'92S
mutation (TGT to TCT) in the reverse primer (P2). A second PCR fragment was generated from SpeB
residue Q186 with C'92S in the 5’ primer (P3) to the end of SpeB protein at residue P398, followed by a
6 His tag and a stop codon (TGA); then, an EcoRlI restriction endonuclease site was incorporated using
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the 3’ primer (P4). The second PCR step used the two products from first PCR as the DNA template for
PCR amplification by primers P1 and P4, for a DNA fragment with a C'92S mutation and Ndel and EcoRI
in the 5’ and 3’ ends, respectively. This full-length C'92S mutant DNA fragment was cloned into the
pCRII-TOPO vector, confirmed by sequencing, digested with Ndel and EcoRl, and isolated for ligation into
the same sites of the Escherichia coli expression vector pET42a. This pET42[C'92S] expression vector was
transfected and expressed in BL21(DE3) cells. The recombinant SpeB[C'92S] protein was purified on a
Ni-NTA column by routine procedures.

(iii) Generation of the 6 X His-SdrC-A expression construct. To generate an expression construct
for SdrC region A with an N-terminal His tag, the FastCloning technique was used as described previously
(52). In brief, SdrC region A (amino acids 52 to 496, described previously [45]) was PCR amplified from
S. aureus USA300 using primers pET15_sdrC-F and pET15_sdrC-A-R. The pET15 vector was amplified
using primers OMF512 and OMF513 (see Table S1), a kind gift from the P. Champion group (University
of Notre Dame). The insert and vector amplicons had a 16-bp overlapping region. The insert and vector
PCR products were transformed into DH5« cells, and ampicillin (50 wg/ml) was used for selection.
Purified plasmid was sequenced to confirm the insert, and the construct was transformed into BL21 cells
for protein purification. The expression construct was named pET15SdrC-A.

Purification of recombinant proteins. For purification of recombinant SpeB (r-SpeB), recombinant
SpeB[C'?2S] (r-SpeB[C'?2S]), and recombinant SdrC-A (r-SdrC-A), BL21 cells containing pET42aSpeB,
pET42a[C'92S], or pET15SdrC-A were grown under kanamycin (pET42aSpeB and pET42a[C'92S]) or
ampicillin (pET155drC-A) selection in Luria-Bertani (LB) medium, scaled up to 50 ml, and then scaled up
to 1 liter in Terrific Broth (53) under shaking conditions at 37°C. When the culture reached an ODy, of
0.6 to 0.8, 100 uM IPTG (isopropyl-B-b-thiogalactopyranoside) was added for induction, and the culture
was grown overnight at 25°C. Following induction, the bacteria were pelleted, collected, and resus-
pended in lysis buffer (50 mM NaH,PO,, 300 mM NaCl, 10 mM imidazole; pH 8.0) and spun again at
10,000 rpm for 10 min. The supernatant was removed, and the pellet was frozen at —80°C until lysis. Prior
to lysis, the pellet was thawed on ice and resuspended in lysis buffer with 1 mg/ml lysozyme and
protease inhibitor cocktail (Sigma). The pellet was incubated at 37°C for 30 min, with 25 U/ml universal
nuclease (Pierce) added during the last 10 min. The lysate was then sonicated for 10 min with the
following conditions: 20% amplitude with 2-s pulses and 1-s rest. The lysate was spun at 12,500 rpm for
40 min, and the soluble fraction was removed and filtered. Proteins were purified using a Ni-NTA column
on an Akta Pure (GE). Elution fractions were concentrated 1:10 with a filter with a molecular weight cutoff
of 10,000 and dialyzed against phosphate-buffered saline overnight at 4°C. Proteins were confirmed by
SDS-PAGE, MALDI, and MS/MS analysis. Proteolytic activity of r-SpeB was confirmed by azocasein digest
as previously described, with modifications (54). Briefly, purified proteins from the elution fraction were
incubated 1:1 with activation buffer (0.1 M sodium acetate [NaAc], 1 mM EDTA, 1 mM DTT; pH 5.0) at 37°C
for 30 min before incubation with azocasein reagent (2% azocasein in 0.1 M NaAc, T mM EDTA; pH 5.0)
1:1 at 37°C for 30 min. The reaction was quenched with 6% trichloroacetic acid (TCA), and the precipitate
was spun down at 10,000 X g for 10 min. The absorbance of the supernatant was read at 366 nm.

Growth curves. Overnight cultures of S. aureus USA300 were diluted to an ODy,, of 0.1 in fresh THY
medium. Dilute cultures were mixed with various concentrations of r-SpeB and plated on a 96-well
microtiter plate. The plate was incubated at 37°C, and OD,,, readings were taken every 30 min for 16 h
using the Synergy H1 microplate reader (BioTek) to measure the growth of planktonic USA300 cultures
in the presence of r-SpeB.

Host cell cytotoxicity using an ethidium homodimer assay. Human keratinocytes (HaCaTs) were
grown to 90% confluence in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). For infection studies, overnight cultures of AP53CovS+ and AP53CovS+ AspeB were
added to the HaCaTs at a multiplicity of infection (MOI) of 10 bacteria per host cell, and the HaCaTs were
infected for 6 h at 37°C and 5% CO,. To evaluate cytotoxicity of recombinant protease alone, r-SpeB was
added to the HaCaTs and incubated for 6 h at 37°C and 5% CO,. At the conclusion of the incubation with
bacteria or recombinant SpeB, HaCaTs were washed with PBS, and then a 4 uM concentration ethidium
homodimer solution in PBS was applied to the cells for 30 min in the dark. A fluorescent reading was
taken on a microtiter plate reader (BioTek) at an excitation of 528 nm and an emission of 617 nm. To
normalize for variation in the number of cells per well, a 0.1% solution of saponin was added to
permeabilize all cells, and a second fluorescence reading was taken with the same settings. Percent
membrane permeabilization was calculated as the first fluorescence reading divided by the second
reading.

Biofilm assays. Prior to biofilm formation, PVC coverslips (Fisher) were sterilized under UV light in 12-
or 6-well cell culture-treated plates. Single colonies of USA300 grown on TSB agar plates were grown
overnight in TSB and then diluted 1:100 in TSB+. Diluted USA300 cultures were added to the wells on
top of the PVC coverslips.

(i) Biofilm studies with recombinant SpeB protease. For biofilm formation assays with r-SpeB,
r-SpeB and the SpeB[C'92S] inactive variant were added at specified concentrations to the diluted
USA300 cultures prior to application on the PVC coverslips. Biofilms were left to form in the presence of
r-SpeB for 24 h. For biofilm degradation studies with r-SpeB, biofilms were left untreated for 24 h and
then rinsed with PBS, and fresh TSB+ containing r-SpeB was applied. Biofilms were incubated for an
additional 24 h.

(ii) Biofilm studies with GAS strains. For biofilm assays with GAS supernatants, AP53CovS+ and
AP53CovS+ AspeB strains were grown to stationary phase in THY. Cultures were spun at 3,500 rpm for
5 min to pellet bacteria, and the supernatant was removed and filtered using a 0.22-um filter. Specified
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percent volumes of GAS supernatants were added to dilute USA300 cultures or preformed biofilms as
described for the r-SpeB studies.

(iii) Biofilm coculture studies. For coculture Transwell assays, USA300 biofilms were grown un-
treated for 24 h before being rinsed with PBS and placed in a new 6-well plate in THY medium on the
underside of a 0.4-um Transwell membrane (Corning). GAS (AP53CovS+ and AP53CovS+ AspeB) cultures
(1 X 106 organisms) were added to the top of the Transwell in THY and left to grow for 16 h at 37°C.

(iv) Biofilm studies on host cell monolayers. HaCaTs were grown to 90% confluence in DMEM
supplemented with 10% FBS. The DMEM was removed and the cells were fixed using 4% paraformal-
dehyde (PFA) solution in phosphate buffer for 2 h at room temperature. The cells were washed five times
for 5 min each in PBS before biofilm treatments were applied. For these studies, dilute overnight cultures
of S. aureus (1:100) were mixed with 10% (by volume) filtered, concentrated culture supernatants from
AP53CovS+ and AP53CovS+ AspeB. The biofilms were grown for 24 h at 37°C prior to analysis. THY
medium was used as a vehicle control for GAS treatments.

(v) Assessment of biofilms by crystal violet assay. For all biofilm experiments, at the end of the
incubation time the supernatant was removed, the coverslip or cell monolayer was washed twice with
PBS, and 0.1% crystal violet solution was applied and incubated for 15 min. The crystal violet solution was
removed, and then the coverslips or cell monolayers were washed with PBS and allowed to dry. The
crystal violet was resuspended in 30% acetic acid, and absorbance was measured on a microtiter plate
reader at 550 nm to assess the biofilm formation or degradation.

Live imaging of USA300 biofilms incubated with SpeB protease. USA300 biofilms were grown
untreated for 24 h on imaging dishes (MaTek) in TSB+ before being washed and incubated with PBS plus
SpeB or PBS alone for 6 h. The biofilm was incubated and imaged in the environmental chamber of the
Eclipse Ti-E inverted microscope (Nikon). Images were taken every 10 min for 6 h using the differential
interference contrast (DIC) setting at a magnification of X60, and video and static images were processed
using ImagelJ.

Degradation of r-SdrC-A by r-SpeB in vitro. Purified r-SdrC-A protein (10 uM) was incubated with
r-SpeB (100 nM) at a 100:1 ratio for a time course ranging from 0 to 120 min. SdrC-A was incubated with
SpeB[C'92S] protein for the same time course as a control. Normalized amounts of protein were boiled
with SDS for denaturation and loaded into 4-to-15% SDS-PAGE gradient gels. The gels were stained with
Coomassie blue and destained overnight. Protein bands were imaged on the Azure Biosystem c500
system.

Generation of rabbit polyclonal antibody against SdrC-A. In order to generate polyclonal
antibody against SdrC-A for use in our studies, New Zealand White rabbits were injected with filter
sterilized r-SdrC-A and Freund'’s adjuvant at the Freimann Life Sciences Center (University of Notre Dame)
under the IACUC protocol 17-06-3956. Three booster injections were given at 3, 6, and 9 weeks, with a
terminal bleed at 11 weeks. Rabbit serum antibody was used for our Western blot studies at a 1:1,000
dilution in blocking buffer (see “Western blotting of S. aureus biofilm degradation products”).

Western blotting of S. aureus biofilm degradation products. S. aureus USA300 biofilms were
grown untreated on PVC coverslips for 24 h in TSB+ broth. The biofilms were washed twice with PBS to
remove planktonic bacteria, then 100 nM r-SpeB or SpeB[C'92S] in PBS was applied, and the biofilms were
incubated for 2 h. Biofilms treated without protease were used as an additional control. Protein levels
were normalized by A, 4, levels, and equal amounts of protein were run on SDS-PAGE as described above.
Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane overnight at 20V. The
membrane was blocked with 5% milk for 1 h, and rabbit serum primary antibody was applied for 2 h at
a 1:1,000 dilution. The membrane was washed, and horseradish peroxidase (HRP)-conjugated anti-rabbit
secondary antibody in blocking buffer (1:5,000 dilution) was applied to the PVDF membrane for 1 h. The
membrane was washed and imaged using the chemiluminescence reagent Lumiglow (KPL).

Mass spectrometry. (i) MALDI-TOF mass spectrometry. MALDI-time of flight (TOF) mass spectra
were acquired for positive ions using a Bruker UltrafleXtreme instrument equipped with an Nd:YAG laser
operating at a repetition rates between 50 and 200 Hz for linear-mode acquisition of protein mass
spectra and between 200 to 2,000 Hz for reflectron-mode acquisition of peptide mass spectra. A
supersaturated solution of sinapinic acid in 50:50 water-acetonitrile with 0.5% trifluoroacetic acid was
chosen as the matrix for proteins with molecular masses greater than 10,000 Da, while a supersaturated
solution of 2,5-dihydroxybenzoic acid in 50:50 water-acetonitrile with 0.5% trifluoroacetic acid was
chosen as the matrix for peptides with molecular weights less than 10,000 Da. MALDI-TOF mass spectra
represent the summation of 1,000 to 10,000 laser shots.

(ii) Liquid chromatography-mass spectrometry. The LC/MS instrument consisted of a Dionex
Ultimate 3000 rapid-separation ultraperformance LC system equipped with a Dionex Ultimate 3000
autosampler and a Dionex Ultimate 3000 photodiode array detector coupled with a Bruker MicrOTOF-Q
Il quadrupole time of flight hybrid mass spectrometer using Hystar 3.2 SR4 software. The Bruker
electrospray ionization source was operated in the positive ion mode with the following parameters: end
plate offset voltage of —500 V, capillary voltage of 2,000 V, and nitrogen as both a nebulizer (4 X 10° Pa)
and dry gas (8 liters/min) at 180°C. Mass spectra were accumulated over the mass range 500 to 6,000 Da
at an acquisition rate of 5,000 per second. LC separations were performed on an Agilent Poroshell
300SB-C3 column (5 um, 2.1-mm inside diameter by 75 mm) at 50°C. The mobile-phase (A, 0.1% formic
acid in water; B, 0.1% formic acid in acetonitrile) gradient consisted of elution at 0.4 ml/min with 95%
A-5% B for 3 min, followed by a 7.9-min linear gradient to 10% A-90% B, 10% A-90% B for 2 min, a
0.1-min linear gradient to 95% A-5% B, and then 95% A-5% B for 2 min. Multiply charged ions were
deconvoluted using the maximum-entropy algorithm.
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Statistical analysis. Statistical analysis was conducted using GraphPad Prism software. Student’s t
test was used for comparison of two groups, and analysis of variance was used for more than two groups.
A P value of <0.05 was considered significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, AVI file, 7.9 MB.
SUPPLEMENTAL FILE 2, AVI file, 9.8 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.6 MB.

ACKNOWLEDGMENTS
We thank colleagues in the Lee Lab, Keck Center for Transgene Research, and the
Mass Spectrometry and Proteomics Facility at the University of Notre Dame for their
valuable contributions to the development and editing of the manuscript.

This work was supported by a grant from the U.S. National Science Foundation (MRI
grant CHE1625944 for a MALDI-TOF mass spectrometer). V.P., F.J.C, and SW.L. are
supported by National Institutes of Health grant HL013423. K.E.C. is supported by the
Eck Institute for Global Health fellowship at the University of Notre Dame.

REFERENCES

1.

10.

1.

12.

13.

14.

June 2020 Volume 202

Walker MJ, Barnett TC, McArthur JD, Cole JN, Gillen CM, Henningham A,
Sriprakash KS, Sanderson-Smith ML, Nizet V. 2014. Disease manifesta-
tions and pathogenic mechanisms of group A Streptococcus. Clin Mi-
crobiol Rev 27:264-301. https://doi.org/10.1128/CMR.00101-13.

. Carapetis JR, Steer AC, Mulholland EK, Weber M. 2005. The global burden

of group A streptococcal diseases. Lancet Infect Dis 5:685-694. https://
doi.org/10.1016/51473-3099(05)70267-X.

. Cunningham MW. 2000. Pathogenesis of group A streptococcal infec-

tions. Clin Microbiol Rev 13:470-511. https://doi.org/10.1128/cmr.13.3
470-511.2000.

. Stevens DL, Tanner MH, Winship J, Swarts R, Ries KM, Schlievert PM,

Kaplan E. 1989. Severe group A streptococcal infections associated with
a toxic shock-like syndrome and scarlet fever toxin A. N Engl J Med
321:1-7. https://doi.org/10.1056/NEJM198907063210101.

. Cole JN, Barnett TC, Nizet V, Walker MJ. 2011. Molecular insight into

invasive group A streptococcal disease. Nat Rev Microbiol 9:724-736.
https://doi.org/10.1038/nrmicro2648.

. Hynes W, Sloan M. 2016. Secreted extracellular virulence factors. In

Ferretti JJ, Stevens DL, Fischetti VA (ed), Streptococcus pyogenes: basic
biology to clinical manifestations. University of Oklahoma Health Sci-
ences Center, Oklahoma City, OK.

. Yu C, Ferretti J. 1991. Frequency of the erythrogenic toxin B and C genes

(speB and speC) among clinical isolates of group A streptococci. Infect
Immun 59:211-215. https://doi.org/10.1128/IA1.59.1.211-215.1991.

. Chaussee MS, Liu J, Stevens DL, Ferretti JJ. 1996. Genetic and phenotypic

diversity among isolates of Streptococcus pyogenes from invasive infec-
tions. J Infect Dis 173:901-908. https://doi.org/10.1093/infdis/173.4.901.

. Olsen RJ, Raghuram A, Cantu C, Hartman MH, Jimenez FE, Lee S, Ngo A,

Rice KA, Saddington D, Spillman H, Valson C, Flores AR, Beres SB, Long
SW, Nasser W, Musser JM. 2015. The majority of 9,729 group A strepto-
coccus strains causing disease secrete SpeB cysteine protease: patho-
genesis implications. Infect Immun 83:4750-4758. https://doi.org/10
.1128/1A1.00989-15.

Carroll RK, Musser JM. 2011. From transcription to activation: how group
A streptococcus, the flesh-eating pathogen, regulates SpeB cysteine
protease production. Mol Microbiol 81:588-601. https://doi.org/10
.1111/j.1365-2958.2011.07709.x.

Chen C-Y, Luo S-C, Kuo C-F, Lin Y-S, Wu J-J, Lin MT, Liu C-C, Jeng W-Y,
Chuang W-J. 2003. Maturation processing and characterization of
streptopain. J Biol Chem 278:17336-17343. https://doi.org/10.1074/
jbc.M209038200.

Liu T, Elliott S. 1965. Streptococcal proteinase: the zymogen to enzyme
transformation. J Biol Chem 240:1138-1142.

Liu T, Elliott S. 1965. Activation of streptococcal proteinase and its
zymogen by bacterial cell walls. Nature 206:33-34. https://doi.org/10
.1038/206033a0.

Musser JM, Stockbauer K, Kapur V, Rudgers GW. 1996. Substitution of

Issue 11  e00008-20

20.

21.

22.

23.

24,

25.

cysteine 192 in a highly conserved Streptococcus pyogenes extracellular
cysteine protease (interleukin 1beta convertase) alters proteolytic activ-
ity and ablates zymogen processing. Infect Immun 64:1913-1917.
https://doi.org/10.1128/1A1.64.6.1913-1917.1996.

. Nelson DC, Garbe J, Collin M. 2011. Cysteine proteinase SpeB from

Streptococcus pyogenes - a potent modifier of immunologically impor-
tant host and bacterial proteins. Biol Chem 392:1077-1088. https://doi
.org/10.1515/BC.2011.208.

. Sumitomo T, Nakata M, Higashino M, Terao Y, Kawabata S. 2013. Group

A streptococcal cysteine protease cleaves epithelial junctions and con-
tributes to bacterial translocation. J Biol Chem 288:13317-13324. https://
doi.org/10.1074/jbc.M113.459875.

. Kapur V, Topouzis S, Majesky MW, Li L-L, Hamrick MR, Hamill RJ, Patti JM,

Musser JM. 1993. A conserved Streptococcus pyogenes extracellular
cysteine protease cleaves human fibronectin and degrades vitronectin.
Microb Pathog 15:327-346. https://doi.org/10.1006/mpat.1993.1083.

. Collin M, Olsén A. 2001. EndoS, a novel secreted protein from Strepto-

coccus pyogenes with endoglycosidase activity on human IgG. EMBO J
20:3046-3055. https://doi.org/10.1093/emboj/20.12.3046.

. Collin M, Olsén A. 2001. Effect of SpeB and EndoS from Streptococcus

pyogenes on human immunoglobulins. Infect Immun 69:7187-7189.
https://doi.org/10.1128/IA1.69.11.7187-7189.2001.

Egesten A, Olin Al, Linge HM, Yadav M, Mérgelin M, Karlsson A, Collin M.
2009. SpeB of Streptococcus pyogenes differentially modulates antibac-
terial and receptor activating properties of human chemokines. PLoS
One 4:4769. https://doi.org/10.1371/journal.pone.0004769.

Svensson MD, Sjobring U, Luo F, Bessen DE. 2002. Roles of the plasmin-
ogen activator streptokinase and the plasminogen-associated M protein
in an experimental model for streptococcal impetigo. Microbiology
148:3933-3945. https://doi.org/10.1099/00221287-148-12-3933.

Nooh MM, Aziz RK, Kotb M, Eroshkin A, Chuang WJ, Proft T, Kansal R.
2006. Streptococcal mitogenic exotoxin, SmeZ, is the most susceptible
M1T1 streptococcal superantigen to degradation by the streptococcal
cysteine protease, SpeB. J Biol Chem 281:35281-35288. https://doi.org/
10.1074/jbc.M605544200.

Persson H, Vindebro R, von Pawel-Rammingen U. 2013. The streptococcal
cysteine protease SpeB is not a natural immunoglobulin-cleaving enzyme.
Infect Immun 81:2236-2241. https://doi.org/10.1128/IA1.00168-13.
Lukomski S, Sreevatsan S, Amberg C, Reichardt W, Woischnik M, Pod-
bielski A, Musser JM. 1997. Inactivation of Streptococcus pyogenes
extracellular cysteine protease significantly decreases mouse lethality of
serotype M3 and M49 strains. J Clin Invest 99:2574-2580. https://doi
.org/10.1172/JCI119445.

Lukomski S, Burns EH, Wyde PR, Podbielski A, Rurangirwa J, Moore-
Poveda DK, Musser JM, Musser JM. 1998. Genetic inactivation of an
extracellular cysteine protease (SpeB) expressed by Streptococcus pyo-
genes decreases resistance to phagocytosis and dissemination to or-

jb.asm.org 14


https://doi.org/10.1128/CMR.00101-13
https://doi.org/10.1016/S1473-3099(05)70267-X
https://doi.org/10.1016/S1473-3099(05)70267-X
https://doi.org/10.1128/cmr.13.3.470-511.2000
https://doi.org/10.1128/cmr.13.3.470-511.2000
https://doi.org/10.1056/NEJM198907063210101
https://doi.org/10.1038/nrmicro2648
https://doi.org/10.1128/IAI.59.1.211-215.1991
https://doi.org/10.1093/infdis/173.4.901
https://doi.org/10.1128/IAI.00989-15
https://doi.org/10.1128/IAI.00989-15
https://doi.org/10.1111/j.1365-2958.2011.07709.x
https://doi.org/10.1111/j.1365-2958.2011.07709.x
https://doi.org/10.1074/jbc.M209038200
https://doi.org/10.1074/jbc.M209038200
https://doi.org/10.1038/206033a0
https://doi.org/10.1038/206033a0
https://doi.org/10.1128/IAI.64.6.1913-1917.1996
https://doi.org/10.1515/BC.2011.208
https://doi.org/10.1515/BC.2011.208
https://doi.org/10.1074/jbc.M113.459875
https://doi.org/10.1074/jbc.M113.459875
https://doi.org/10.1006/mpat.1993.1083
https://doi.org/10.1093/emboj/20.12.3046
https://doi.org/10.1128/IAI.69.11.7187-7189.2001
https://doi.org/10.1371/journal.pone.0004769
https://doi.org/10.1099/00221287-148-12-3933
https://doi.org/10.1074/jbc.M605544200
https://doi.org/10.1074/jbc.M605544200
https://doi.org/10.1128/IAI.00168-13
https://doi.org/10.1172/JCI119445
https://doi.org/10.1172/JCI119445
https://jb.asm.org

S. pyogenes Protease SpeB Degrades S. aureus Biofilms

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

June 2020 Volume 202

gans. Infect Immun 66:771-776. https://doi.org/10.1128/IA1.66.2.771-776
.1998.

Lukomski S, Montgomery CA, Rurangirwa J, Geske RS, Barrish JP, Adams
GJ, Musser JM. 1999. Extracellular cysteine protease produced by Strep-
tococcus pyogenes participates in the pathogenesis of invasive skin
infection and dissemination in mice. Infect Immun 67:1779-1788.
https://doi.org/10.1128/IA1.67.4.1779-1788.1999.

Kansal RG, McGeer A, Low DE, Norrby-Teglund A, Kotb M. 2000. Inverse
relation between disease severity and expression of the streptococcal
cysteine protease, SpeB, among clonal M1T1 isolates recovered from
invasive group A streptococcal infection cases. Infect Immun 68:
6362-6369. https://doi.org/10.1128/iai.68.11.6362-6369.2000.

Connolly KL, Roberts AL, Holder RC, Reid SD. 2011. Dispersal of group A
streptococcal biofilms by the cysteine protease SpeB leads to increased
disease severity in a murine model. PLoS One 6:e18984. https://doi.org/
10.1371/journal.pone.0018984.

Ashbaugh CD, Warren HB, Carey VJ, Wessels MR. 1998. Molecular anal-
ysis of the role of the group A streptococcal cysteine protease, hyal-
uronic acid capsule, and M protein in a murine model of human invasive
soft-tissue infection. J Clin Invest 102:550-560. https://doi.org/10.1172/
JCI3065.

Ashbaugh CD, Wessels MR. 2001. Absence of a cysteine protease effect
on bacterial virulence in two murine models of human invasive group A
streptococcal infection. Infect Immun 69:6683-6688. https://doi.org/10
.1128/1A1.69.11.6683-6686.2001.

Dubin G. 2002. Extracellular proteases of Staphylococcus spp. Biol Chem
383:1075-1086. https://doi.org/10.1515/BC.2002.116.

Sugimoto S, Iwamoto T, Takada K, Okuda K-, Tajima A, Iwase T, Mizunoe
Y. 2013. Staphylococcus epidermidis Esp degrades specific proteins
associated with Staphylococcus aureus biofilm formation and host-
pathogen interaction. J Bacteriol 195:1645-1655. https://doi.org/10.1128/JB
.01672-12.

Martinez-Garcia S, Rodriguez-Martinez S, Cancino-Diaz ME, Cancino-Diaz
JC. 2018. Extracellular proteases of Staphylococcus epidermidis: roles as
virulence factors and their participation in biofilm. APMIS 126:177-185.
https://doi.org/10.1111/apm.12805.

Bao Y-J, Liang Z, Mayfield JA, Donahue DL, Carothers KE, Lee SW, Ploplis
VA, Castellino FJ. 2016. Genomic characterization of a pattern D Strep-
tococcus pyogenes emm53 isolate reveals a genetic rationale for inva-
sive skin tropicity. J Bacteriol 198:1712-1724. https://doi.org/10.1128/JB
.01019-15.

Liang Z, Zhang Y, Agrahari G, Chandrahas V, Glinton K, Donahue DL,
Balsara RD, Ploplis VA, Castellino FJ. 2013. A natural inactivating muta-
tion in the CovS component of the CovRS regulatory operon in a pattern
D Streptococcal [sic] pyogenes strain influences virulence-associated
genes. J Biol Chem 288:6561-6573. https://doi.org/10.1074/jbc.M112
442657.

Benson PF, Rankin GL, Rippey JJ. 1962. An outbreak of exfoliative
dermatitis of the newborn (Ritter's disease) due to Staphylococcus
aureus, phage-type 55/71. Lancet i:999-1002. https://doi.org/10.1016/
S0140-6736(62)92036-6.

Parker MT, Tomlinson AJ, Williams RE. 1955. Impetigo contagiosa; the
association of certain types of Staphylococcus aureus and of Strepto-
coccus pyogenes with superficial skin infections. J Hyg (Lond) 53:
458-473. https://doi.org/10.1017/50022172400000966.

Mitchell-Heggs GB, Crow KD. 1946. Folliculitis decalvans associated with
penicillin-resistant Staph. aureus infection. Proc R Soc Med 39:686.
Sader HS, Mendes RE, Jones RN, Flamm RK. 2016. Antimicrobial suscep-

Issue 11  e00008-20

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Journal of Bacteriology

tibility patterns of community- and hospital-acquired methicillin-
resistant Staphylococcus aureus from United States Hospitals: results
from the AWARE Ceftaroline Surveillance Program (2012-2014). Diagn
Microbiol Infect Dis 86:76-79. https://doi.org/10.1016/j.diagmicrobio
.2016.06.017.

Bowen AC, Tong SY, Chatfield MD, Carapetis JR. 2014. The microbiology
of impetigo in indigenous children: associations between Streptococcus
pyogenes, Staphylococcus aureus, scabies, and nasal carriage. BMC
Infect Dis 14:727. https://doi.org/10.1186/512879-014-0727-5.

Otto M. 2018. Staphylococcal biofilms. Microbiol Spectr 6:GPP3-0023-
2108.

Barbu EM, Mackenzie C, Foster TJ, H66k M. 2014. SdrC induces staphy-
lococcal biofilm formation through a homophilic interaction. Mol Micro-
biol 94:172-185. https://doi.org/10.1111/mmi.12750.

Feuillie C, Formosa-Dague C, Hays LMC, Vervaeck O, Derclaye S, Brennan
MP, Foster TJ, Geoghegan JA, Dufréne YF. 2017. Molecular interac-
tions and inhibition of the staphylococcal biofilm-forming protein
SdrC. Proc Natl Acad Sci U S A 114:3738-3743. https://doi.org/10
.1073/pnas.1616805114.

Figueiredo AMS, Ferreira FA, Beltrame CO, Cortes MF. 2017. The role
of biofilms in persistent infections and factors involved in ica-inde-
pendent biofilm development and gene regulation in Staphylococcus
aureus. Crit Rev Microbiol 43:602-620. https://doi.org/10.1080/1040841X.
2017.1282941.

Barbu EM, Ganesh VK, Gurusiddappa S, Mackenzie RC, Foster TJ, Sudhof
TC, Ho6k M. 2010. B-Neurexin is a ligand for the Staphylococcus aureus
MSCRAMM SdrC. PLoS Pathog 6:21000726. https://doi.org/10.1371/
journal.ppat.1000726.

Raeder R, Woischnik M, Podbielski A, Boyle M. 1998. A secreted strep-
tococcal cysteine protease can cleave a surface-expressed M1 protein
and alter the immunoglobulin binding properties. Res Microbiol 149:
539-548. https://doi.org/10.1016/50923-2508(99)80001-1.

Iwase T, Uehara Y, Shinji H, Tajima A, Seo H, Takada K, Agata T, Mizunoe
Y. 2010. Staphylococcus epidermidis Esp inhibits Staphylococcus aureus
biofilm formation and nasal colonization. Nature 465:346-349. https://
doi.org/10.1038/nature09074.

Nomizu M, Pietrzynski G, Kato T, Lachance P, Menard R, Ziomek E. 2001.
Substrate specificity of the streptococcal cysteine protease. J Biol Chem
276:44551-44556. https://doi.org/10.1074/jbc.M106306200.
Baidamshina DR, Trizna EY, Holyavka MG, Bogachev MI, Artyukhov VG,
Akhatova FS, Rozhina EV, Fakhrullin RF, Kayumov AR. 2017. Targeting
microbial biofilms using Ficin, a nonspecific plant protease. Sci Rep
7:46068. https://doi.org/10.1038/srep46068.

Shukla SK, Subba Rao T. 2017. Staphylococcus aureus biofilm removal by
targeting biofilm-associated extracellular proteins. Indian J Med Res
Suppl 146:1-8. https://doi.org/10.4103/ijmr.lJMR_410_15.

Berge A, Sjobring U. 1993. PAM, a novel plasminogen-binding protein
from Streptococcus pyogenes. J Biol Chem 268:25417-25424.

Li C, Wen A, Shen B, Lu J, Huang Y, Chang Y. 2011. FastCloning: a highly
simplified, purification-free, sequence- and ligation-independent PCR
cloning method. BMC Biotechnol 11:92. https://doi.org/10.1186/1472
-6750-11-92.

Cold Spring Harbor Laboratory. 2006. Terrific Broth. Cold Spring Harb
Protoc 2006:pdb.rec8620. https://doi.org/10.1101/pdb.rec8620.
Svensson MD, Scaramuzzino DA, Sjébring U, Olsén A, Frank C, Bessen DE.
2000. Role for a secreted cysteine proteinase in the establishment of
host tissue tropism by group A streptococci. Mol Microbiol 38:242-253.
https://doi.org/10.1046/j.1365-2958.2000.02144.X.

jb.asm.org 15


https://doi.org/10.1128/IAI.66.2.771-776.1998
https://doi.org/10.1128/IAI.66.2.771-776.1998
https://doi.org/10.1128/IAI.67.4.1779-1788.1999
https://doi.org/10.1128/iai.68.11.6362-6369.2000
https://doi.org/10.1371/journal.pone.0018984
https://doi.org/10.1371/journal.pone.0018984
https://doi.org/10.1172/JCI3065
https://doi.org/10.1172/JCI3065
https://doi.org/10.1128/IAI.69.11.6683-6686.2001
https://doi.org/10.1128/IAI.69.11.6683-6686.2001
https://doi.org/10.1515/BC.2002.116
https://doi.org/10.1128/JB.01672-12
https://doi.org/10.1128/JB.01672-12
https://doi.org/10.1111/apm.12805
https://doi.org/10.1128/JB.01019-15
https://doi.org/10.1128/JB.01019-15
https://doi.org/10.1074/jbc.M112.442657
https://doi.org/10.1074/jbc.M112.442657
https://doi.org/10.1016/S0140-6736(62)92036-6
https://doi.org/10.1016/S0140-6736(62)92036-6
https://doi.org/10.1017/s0022172400000966
https://doi.org/10.1016/j.diagmicrobio.2016.06.017
https://doi.org/10.1016/j.diagmicrobio.2016.06.017
https://doi.org/10.1186/s12879-014-0727-5
https://doi.org/10.1111/mmi.12750
https://doi.org/10.1073/pnas.1616805114
https://doi.org/10.1073/pnas.1616805114
https://doi.org/10.1080/1040841X.2017.1282941
https://doi.org/10.1080/1040841X.2017.1282941
https://doi.org/10.1371/journal.ppat.1000726
https://doi.org/10.1371/journal.ppat.1000726
https://doi.org/10.1016/S0923-2508(99)80001-1
https://doi.org/10.1038/nature09074
https://doi.org/10.1038/nature09074
https://doi.org/10.1074/jbc.M106306200
https://doi.org/10.1038/srep46068
https://doi.org/10.4103/ijmr.IJMR_410_15
https://doi.org/10.1186/1472-6750-11-92
https://doi.org/10.1186/1472-6750-11-92
https://doi.org/10.1101/pdb.rec8620
https://doi.org/10.1046/j.1365-2958.2000.02144.x
https://jb.asm.org

	RESULTS
	Characterization of AP53CovS+ and an isogenic speB mutant. 
	Purification of recombinant SpeB protein. 
	SpeB does not contribute to host cell cytotoxicity. 
	Recombinant SpeB does not impact normal planktonic growth of S. aureus USA300. 
	Recombinant SpeB- and SpeB-secreting GAS culture supernatants exert effects on S. aureus biofilms. 
	SpeB cleaves and degrades SdrC region A in vitro. 
	Biofilm incubation with SpeB results in cleaved SdrC products. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial growth conditions. 
	speB gene deletion. 
	Generation of a targeted deletion of the speB gene. 
	Plasmid constructions for protein expression. (i) Generation of the SpeB expression construct. 
	Generation of catalytically inactive SpeB protein variants. 
	(iii) Generation of the 6×His–SdrC-A expression construct. 
	Purification of recombinant proteins. 
	Growth curves. 
	Host cell cytotoxicity using an ethidium homodimer assay. 
	Biofilm assays. 
	(i) Biofilm studies with recombinant SpeB protease. 
	(ii) Biofilm studies with GAS strains. 
	(iii) Biofilm coculture studies. 
	(iv) Biofilm studies on host cell monolayers. 
	(v) Assessment of biofilms by crystal violet assay. 
	Live imaging of USA300 biofilms incubated with SpeB protease. 
	Degradation of r-SdrC-A by r-SpeB in vitro. 
	Generation of rabbit polyclonal antibody against SdrC-A. 
	Western blotting of S. aureus biofilm degradation products. 
	Mass spectrometry. (i) MALDI-TOF mass spectrometry. 
	(ii) Liquid chromatography-mass spectrometry. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

