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ABSTRACT
Extracellular vesicles (EVs) can be released from gram-positive bacteria and would participate in 
the delivery of bacterial toxins. Streptococcus pyogenes (group A Streptococcus, GAS) is one of the 
most common pathogens of monomicrobial necrotizing fasciitis. Spontaneous inactivating muta
tion in the CovR/CovS two-component regulatory system is related to the increase of EVs 
production via an unknown mechanism. This study aimed to investigate whether the CovR/CovS- 
regulated RopB, the transcriptional regulator of GAS exoproteins, would participate in regulating 
EVs production. Results showed that the size, morphology, and number of EVs released from the 
wild-type strain and the ropB mutant were similar, suggesting RopB is not involved in controlling 
EVs production. Nonetheless, RopB-regulated SpeB protease degrades streptolysin O and bacterial 
proteins in EVs. Although SpeB has crucial roles in modulating protein composition in EVs, the 
SpeB-positive EVs failed to trigger HaCaT keratinocytes pyroptosis, suggesting that EVs did not 
deliver SpeB into keratinocytes or the amount of SpeB in EVs was not sufficient to trigger cell 
pyroptosis. Finally, we identified that EV-associated enolase was resistant to SpeB degradation, 
and therefore could be utilized as the internal control protein for verifying SLO degradation. This 
study revealed that RopB would participate in modulating protein composition in EVs via SpeB- 
dependent protein degradation and suggested that enolase is a potential internal marker for 
studying GAS EVs.
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Introduction

Extracellular vesicles (EVs) are lipid-bilayer spheres in 
size ranging from 20 nm to 500 nm in diameter and can 
be produced by eukaryotic and prokaryotic cells [1]. 
Gram-negative bacteria, such as E. coli, have been 
shown to produce EVs (known as outer membrane 
vesicles, OMVs) by a pinching-off process from the 
periplasmic space [2,3]. Gram-positive bacteria have 
a thick cell wall that is disadvantageously for EVs for
mation; however, several important gram-positive 
pathogens, including Mycobacterium tuberculosis, 
Staphylococcus aureus, and Streptococcus pyogenes, are 
capable of releasing EVs [4–6].

Streptococcus pyogenes (group A Streptococcus, GAS) is 
the human pathogen that causes diseases including phar
yngitis, tonsillitis, pyoderma, scarlet fever, necrotizing 

fasciitis, and toxic shock syndrome [7]. Resch et al [8] 
showed that GAS produces EVs in diameter ranging 
between 10–272 nm. The virulence-associated proteins, 
including M protein, C5a peptidase (ScpA), and streptoly
sin O (SLO) are identified in EVs [8]. Noticeably, the 
production of EVs is negatively regulated by the two- 
component regulatory CovR/CovS system [8]. The inacti
vating mutations in covR and covS are frequently identified 
in isolates from patients with severe manifestations [9,10]; 
therefore, the increased production of EVs in the covR or 
covS mutants might have roles in GAS infection. 
Nonetheless, the mechanism of how CovR/CovS controls 
EV production and the role of EVs in GAS pathogenesis 
are largely unknown.

CovR/CovS not only regulates the expression of 
virulence factors but also has crucial roles in controlling
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the expression of transcriptional regulators [11]. The 
studies showed that CovR/CovS regulates RopB and 
RopB-controlled SpeB cysteine protease expression by 
modulating both the transcriptional expression and 
regulatory activity of RopB [12,13]. RopB is the 
quorum-sensing regulator that binds to the SpeB- 
inducing peptide (SIP) to activate speB expression 
under acidic conditions [14,15]. SpeB is the most abun
dant secreted protein in GAS culture supernatant and 
could be released from bacteria with EVs [16]. Recent 
studies showed that SpeB can cleave gasdermin A in the 
keratinocytes to trigger caspase-independent cell pyr
optosis [17,18]. SpeB itself cannot penetrate the host 
cell membrane and fails to trigger pyroptosis [17]. EVs 
have been shown to have roles in delivering bacterial 
toxins into host cells [19]. Whether EV-associated SpeB 
could trigger cell pyroptosis remained to be elucidated.

RopB has important roles in regulating the expres
sion of SpeB and exoproteins in GAS [20]. In this 
study, whether RopB is involved in controlling EVs 
production was investigated. Although the results did 
not support that RopB could regulate EV production, 
we found that SpeB protease had a critical role in 
degrading proteins in EVs. Further, enolase (also 
known as streptococcal surface enolase), which was 
resistant to SpeB degradation, could be utilized as the 
internal control protein for GAS EV analyses. SpeB and 
enolase are virulence-associated proteins [21–25]. This 
study reveals that SpeB and enolase are EV-associated 
proteins and might contribute to GAS pathogenesis 
during infection.

Results

RopB is not involved in controlling EV production

The production of extracellular vesicles (EVs) in GAS is 
repressed by CovR/CovS through an undefined 
mechanism [8]. RopB is an important regulator of 
exoproteins expression and is regulated by CovR/CovS 
[13,20,26,27]; therefore, whether RopB is involved in 
controlling EVs production was evaluated. The EVs 
released from the wild-type A20 strain and its ropB 
isogenic mutant after 16 h of incubation were collected 
by ultracentrifugation and the number of released EVs 
was analysed by Nanoparticle tracking (NTA) and tun
able resistive pulse sensing (qNano) systems. The dia
meter of EV determined by NTA and qNano ranged 
from 113–138 nm; no significant difference in size was 
found between EVs from A20 and the ropB mutant 
(Figure 1a,b, and supplementary Fig. S1). Also, the 
number of released EVs from A20 and the ropB mutant 
was similar (3.61–3.99 × 1010 /ml by NTA and 9.19– 

9.17 × 109/mL by qNano). Under the electron micro
scope observation, the size and morphology of EVs 
released from A20 and the ropB mutant were similar. 
These results suggested that RopB is not involved in 
controlling EV production.

SLO in EVs is degraded by SpeB cysteine protease

Streptolysin O (SLO) is the pore-forming toxin and has 
been identified in EVs [8,28]. We found that SLO can 
only be detected in the culture supernatants from the 
ropB mutant but not that from the wild-type A20 strain 
after 12–16 h of incubation (Figure 2a). To compare to 
the ropB mutant, the amount of SLO in the culture 
supernatants from the ropB trans-complementary 
strain [∆ropB (Comp), Figure 2b] was decreased, sup
porting that the presence of RopB would be related to 
the decrease of SLO in bacterial culture supernatants. 
The transcriptional level of slo was similar in A20 and 
the ropB mutant after 8–16 h incubation (Figure 2c), 
indicating that the decrease of SLO in A20 culture 
supernatants was not caused by the transcriptional 
inhibition of slo. To elucidate the role of RopB in 
regulating protein secretion with EVs, the EVs released 
from the wild-type A20 strain and its ropB mutant were 
collected by ultracentrifugation, and the EVs and the 
EV-depleted ultracentrifuged supernatants (UCSs) were 
subjected for western blot hybridization. SLO was 
detected in both EVs and UCSs from the late- 
exponential-phase A20 and ropB mutant (O.D. 600 =  
1.0) (Figure 2d). Nonetheless, after 16 h of incubation, 
SLO can only be detected in EVs from the ropB mutant 
but not in EVs from A20 (Figure 2d). SLO has been 
shown to be degraded by the RopB-regulated SpeB 
cysteine protease [29]. To verify whether the loss of 
SpeB in the ropB mutant was related to the presence 
of SLO in its EVs, the EVs from the speB mutant and 
the SpeB cysteine protease-inactivated mutant 
(SpeBC192S) were collected and analysed by western 
blot. To ensure SLO in EVs can be detected by western 
blot hybridization, the bacterial-free culture superna
tant was concentrated by using a 100 kDa filter before 
the ultracentrifugation (Figure 2e) [19]. Similar to the 
ropB mutant, SLO can be detected in the EVs released 
from the speB mutant and SpeBC192S mutant 
(Figure 2e). SpeB is secreted as the 42 kDa zymogen 
form and autocatalyzed into the 28 kDa mature pro
tease [30,31]; therefore, in the SpeBC192S mutant, only 
the 42 kDa zymogen form SpeB can be detected 
(Figure 2e). It has been known that RopB binds to the 
quorum-sensing peptide SIP to activate the speB 
expression [14]. Our results showed that the expression 
of SpeB was inhibited in the SIP-inactivated mutant
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(SIP*) and SLO can be detected in EVs from this 
mutant (Figure 2e). To be noted, the growth activity 
of the wild-type strain, the ropB mutant, speB mutants, 
and SIP* mutant was similar (data not shown). Further, 
the size and the number of released EVs from the speB 
mutant and SpeBC192S mutant were similar (Figure 2f), 
suggesting that the inactivation of SpeB secretion would 
not affect EV production. These results suggested that 
SLO could be degraded by SpeB in EVs.

SpeB degrades GAS proteins in EVs

SpeB has been identified in EVs by proteomic analysis 
[16]. This study suggested that SLO in EVs can be 
degraded by SpeB; therefore, whether SpeB is located 
in EVs was further verified by the protease K protection 
assay [32]. The EVs were isolated from the wild-type 
A20 strain in the stationary phase (8 h of incubation) 
and incubated at 37ºC with or without protease K and 
1% SDS treatments. In the absence of 1% SDS, the 

mature form SpeB (28 kDa) was resistant to the pro
tease K (2 µg/mL) degradation (Figure 3a). When the 
EVs’ membrane was disrupted by 1% SDS, SpeB and 
proteins in EVs were completely degraded by 0.5 µg/mL 
protease K after 60 min of treatments (Figure 3a). 
These results supported that SpeB is in EVs. Further, 
to demonstrate SpeB could degrade proteins in EVs, the 
EVs were isolated from A20 and its speB mutant in the 
stationary phase, and the EV-associated proteins were 
detected by 10% SDS-PAGE gel electrophoresis after 
incubating EVs at 37ºC for 12–24 h. The amount of 
zymogen and mature forms of SpeB was decreased after 
12–24 h of incubation (Figure 3b). We found that the 
band density of proteins larger than 55 kDa was 
decreased significantly in EVs from A20 but showed 
no difference in EVs from the speB mutant after incu
bation (Figure 3b), suggesting that SpeB has roles on 
degrading proteins in EVs.

To further verify the role of SpeB in degrading 
proteins in EVs, the EVs from the overnight culture

Figure 1. RopB is not involved in regulating the production of extracellular vesicles. The EVs from the overnight culture wild- 
type A20 strain and the ropB mutant (∆ropB) were collected by ultracentrifugation, and the particle size and number were analysed 
by (a) the nanoparticle tracking system (NTA) and (b) the tunable resistive pulse sensing system (qNano). (c) The morphology of EVs 
from A20 and ropB mutant under the scanning electron microscope observation (indicated by arrows).
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wild-type A20 strain and its speB mutant were collected 
and the proteins in EVs were identified by the protein 
ID approach. The abundance of identified proteins over 
0.1% [Peptide Spectrum Matches (PSMs) of the identi
fied protein/total PSMs] in each sample was included 
for analysis. SpeB degrades C5a peptidase (J7M6P7) 
and M protein (Q99XV0) [29,33]. In line with the 
previous findings, the protein ID analysis showed that 
the abundance of C5a peptidase and M protein in EVs 
from the speB mutant was increased 1.65–2.29-fold 
compared to that from the A20 strain. Furthermore, 
a hundred and one proteins were identified in EVs 
from A20 and the speB mutant (Supplementary Table 
S1). Among these proteins, nineteen proteins showed 
an increase of abundance (>1.5-fold), and only three 
proteins showed a decrease of abundance (<0.5-fold), in 

EVs from the speB mutant compared to that from the 
wild-type A20 strain (Figure 3c). These results sug
gested that SpeB had roles on modulating protein com
position in EVs.

SpeB in EVs fails to trigger pyroptosis in 
keratinocytes

SpeB could degrade gasdermin A (GSDMA) to trigger 
the GSDMA-dependent and caspase-independent pyr
optosis in keratinocytes [17,18]. LaRock et al [17] sug
gested that the extracellular SpeB cannot translocate 
across the plasma membrane to degrade GSDMA; how
ever, the SpeB protein packaged in liposomes can trig
ger cell pyroptosis effectively. EVs are lipid-bilayer 
spheres and could enter the cell through absorption

Figure 2. The SpeB cysteine protease degrades streptolysin O (SLO) in extracellular vesicles. (a) and (b) SLO in bacterial 
culture supernatants from the wild-type A20 strain, its ropB mutant (∆ropB), and the ropB complementary strain [∆ropB (Comp)]. (c) 
The expression of slo in the wild-type A20 strain and its ropB mutant. RNAs were extracted from A20 and ropB mutant after 5–16 h of 
incubation. The expression of slo was normalized to that of gyrA. *, P < 0.05. (d) SLO in ultracentrifuged culture supernatants (UCSs) 
and extracellular vesicles (EVs) from A20 and the ropB mutant. The lower panel shows the protocol for separating UCSs and EVs. (e) 
SLO and SpeB in EVs from A20, the ropB mutant, the speB isogenic mutant (∆speB), the SpeB protease-inactivated (SpeBC192S) 
mutant, and the SpeB-inducing peptide-inactivated (SIP*) mutant after 16 h of incubation. The lower panel shows the protocol for 
isolating EVs. Thirty-µL of supernatants and EVs were utilized for western blot hybridization. zSpeB, the zymogen form SpeB (42 kDa); 
mSpeB, the mature form SpeB (28 kDa). (f) The size and the number of released EVs from A20, the ropB mutant, the speB mutant, 
and the SpeBC192S mutant. The EVs were analysed by the nanoparticle tracking system.
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(in the cytoplasm) or endocytosis (in the endosome). 
Both absorption and endocytosis could facilitate SpeB 
to penetrate the cell membrane. Therefore, whether 
EV-associated SpeB could trigger cell death was evalu
ated. First, we found that the concentrated bacterial 
culture supernatant from the wild-type A20 strain was 
more toxic to HaCaT keratinocytes than that from the 
speB mutant in the presence with or without the pan- 
caspase inhibitor Z-vad-fmk (Figure 4a). The bubbling 
morphology, the typical characteristics of the pyropto
tic cell, was identified in HaCaT cells treated by the 
concentrated A20 supernatant but not by the concen
trated speB mutant supernatant (Figure 4b), suggesting 
that EV-associated SpeB in the concentrated superna

tant could participate in triggering HaCaT keratino
cytes pyroptosis. Nonetheless, the EVs from the wild- 
type A20 strain and its speB mutant cannot trigger cell 
death even if the multiplicity of infection (M.O.I.) was 
up to 1000 (Figure 4c).

Streptolysin O (SLO) is the pore-forming toxin pro
duced by both A20 and its speB mutant. The expression 
level of SpeB in the slo mutant was similar in A20 and the 
speB mutant (Figure 4d). Nonetheless, the cytotoxicity of 
the concentrated culture supernatant from the slo mutant 
was decreased significantly compared to cells treated by 
the concentrated supernatants from A20 and its speB 
mutant (Figure 4e,f). These results suggested that SLO 
was required to trigger HaCaT cell death in the concent

Figure 3. The SpeB protease degrades bacterial proteins in extracellular vesicles. (a) Protease K protection assay for SpeB in 
EVs. EVs from the stationary phase A20 (after 8 h of incubation) were collected by ultracentrifugation and incubated with protease 
K in the presence with or without 1% SDS. SpeB was detected by western blot (the upper panel) and the lower panel shows the total 
protein of EVs. (b) SpeB and total protein profiles in A20’s and the speB mutant’s (∆speB) EVs after 0–24 h incubation at 37ºC. SpeB in 
EVs was detected by western blot (the upper panel) and the total protein profile in EVs (the middle panel) was visualized. The band 
density in the dash-line indicated region (the middle panel) was calculated, and the band density relative to 0 h was shown in the 
lower panels. zSpeB, the zymogen form SpeB (42 kDa); mSpeB, the mature form SpeB (28 kDa). *, P < 0.05. (c) The protein 
abundance in EVs from the speB mutant relative to that in EVs from A20. The relative protein abundance was calculated as 
[PSMs(∆speB) of target protein/total PSMs(∆speB)]/[PSMs of target protein(A20)/total PSMs(A20)]. The proteins with a relative abundance 
greater than 1.5-fold were shown. The accession number (UniProt) and the coding gene of target proteins were indicated on the 
x-axis. Results from the two-independent experiments were included for analysis.

VIRULENCE 5



Figure 4. Extracellular vesicle-associated SpeB fails to trigger HaCaT keratinocyte pyroptosis. (a) The cytotoxicity of the 
concentrated supernatant (by 10 kDa centrifugal filter) from A20 and the speB mutant (∆speB) to HaCaT cells. HaCaT cells were 
incubated with the 2-fold concentrated supernatants at 37ºC for 4 h. Z-vad-fmk (20 µM), the pan-caspase inhibitor. The morphology 
of concentrated supernatant-treated cells was shown in (b). The bubbling morphology, the typical characteristic of pyroptotic cells, is 
indicated by arrows. (c) Cytotoxicity of EVs from A20 and the speB mutant to HaCaT cells. HaCaT cells were treated by EVs with the 
multiplicity of infection (M.O.I.) 10–1000 at 37ºC for 4 h. (d) The expression of SpeB and SLO in A20, the speB mutant, and the slo 
mutant (∆slo). Bacterial strains were cultured to the stationary phase and the bacterial culture supernatant was analysed by western 
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rated bacterial supernatants. Also, these results suggested 
that EVs, from the wild-type strain and speB mutant, 
were not sufficient to trigger pyroptosis in HaCaT cells.

Enolase in EVs is resistant to SpeB degradation

We found an unknown protein (43–55 kDa) was con
sistently being detected in EVs from the wild-type 
strain and speB mutant (Figure 3b). To verify this 
unknown protein was in EVs, the EVs from the wild- 
type A20 strain and its speB mutant were collected and 
treated with protease K in the presence with or without 
1% SDS. This unknown protein was only completely 
degraded by protease K when 1% SDS was presented 
(Figure 5a), indicating that this protein was the EV- 
associated protein. The protein ID analysis suggested 
that this unknown protein is enolase (45 kDa). Enolase, 
also known as the streptococcal surface enolase [34], 
was detected in EVs from both A20 and the speB 
mutant by the protein ID analysis (Table S1), further 
suggesting that enolase could be the EV-associated 
protein that resistant to SpeB degradation. Fontan 
et al [35] showed that GAS enolase could cross-react 
with the human anti-enolase antibody. We found that 
the commercially available anti-human enolase anti
body can detect GAS enolase specifically (Figure 5b). 
The signals detected by the human anti-enolase anti
body were corresponding to the enolase signals 
revealed by the SDS-PAGE electrophoresis (Figure 5b, 
c), supporting that this protein could be GAS enolase. 
Further, in the EV-depleted ultracentrifuged culture 
supernatants, GAS enolase cannot be detected 
(Figure 5d), indicating that GAS enolase was the EV- 
associated protein.

GAS enolase was resistant to SpeB degradation and 
was one of the dominant proteins in EVs; therefore, we 
further utilized enolase as the internal control protein to 
demonstrate that SLO could be degraded in EVs from the 
wild-type strain but not that from SpeB mutants. EVs 
from the overnight cultured wild-type A20 strain, the 
speB isogenic mutant, the SpeB protease-inactivated 
(SpeBC192S) mutant, and the slo mutant were collected, 
and SLO, SpeB, and enolase in EVs were detected by 
western blot hybridization. As the internal control pro
tein, enolase was detected in EVs from all analysed strains 
(Figure 5e). In line with the results from Figure 2, SLO 
was detected in EVs from the speB mutant and SpeBC192S 

mutant but not in EVs from the wild-type strain and the 
slo mutant (Figure 5e), indicating that SLO in EVs was 
degraded by SpeB. Further, these results suggested that 
enolase could be utilized as the internal control protein 
for analysing GAS EVs.

Discussion

Resch et al [8] showed that the EV production is 
increased in the covS mutant compared to that of the 
wild-type strain. The covS mutant has the encapsulated 
cell morphology and repression of the SpeB production; 
however, these two phenotypes do not affect GAS EV 
production [8]. In this study, we hypothesized that 
RopB, the CovR/CovS-regulated transcriptional regula
tor, would participate in controlling EV production. 
Although RopB regulates multiple exoproteins expres
sion in GAS [20], the results from this study did not 
support that RopB has roles in regulating EV produc
tion. Alternatively, we found that RopB-controlled 
SpeB was the EV-associated protein and has a crucial 
role in degrading GAS proteins in EVs. Furthermore, 
the downregulation of SpeB in the ropB mutant might 
prevent the degradation of bacterial secreted and sur
face proteins and result in the precipitation of protein 
aggregates after ultracentrifugation and high back
ground under electron microscope observation. 
Therefore, SpeB has crucial roles in degrading GAS- 
secreted proteins, and the SpeB-positive and SpeB- 
negative GAS would have different protein composi
tions in their EVs.

EVs have been shown to have important roles in deli
vering bacterial toxins into host cells. The content of EVs 
could enter host cells through absorption and endocyto
sis. Therefore, EVs might deliver virulence factors in 
a concentrated manner to the host cells. In support of 
this concept, the intact EVs from Gram-positive bacteria 
are more cytotoxic to cells than disrupted EVs or purified 
toxin alone [19,36,37]. LaRock et al [17] showed that the 
liposome-package SpeB but not purified SpeB protein 
could induce pyroptosis in keratinocytes. Based on these 
results, we proposed that EVs, especially EV-associated 
SpeB, could be cytotoxic to keratinocytes. Nonetheless, 
EVs from both the wild-type strain and its speB mutant 
did not show cytotoxicity to HaCaT keratinocytes even 
the M.O.I. 1000 was used. EVs might need to bind to host 
cells for the entrance. SpeB in EVs could degrade the

blot hybridization. zSpeB, the zymogen form SpeB (42 kDa); mSpeB, the mature form SpeB (28 kDa). (e) The cytotoxicity of the 
concentrated supernatant (by 10 kDa centrifugal filter) from A20, the speB mutant, and the slo mutant to HaCaT cells. The 
morphology of concentrated supernatant-treated cells was shown in (f) and the bubbling cell morphology was indicated by the 
arrow. Cytotoxicity was determined by the lactate dehydrogenase (LDH) assay. *, P < 0.05.
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major GAS adhesin M protein, which might result in 
reducing the binding activity of EVs and therefore could 
not facilitate SpeB to enter the cytoplasm of HaCaT cell. 
In addition, we cannot rule out that EVs were eventually 
degraded during the endocytosis process or the concen
tration of SpeB delivered by EVs was not sufficient to 
induce cell pyroptosis.

Enolase is the glycolytic enzyme that could be the 
cytosolic and surface-associated protein; therefore, GAS 
enolase is also known as streptococcal surface enolase 
(SEN) [23]. Pancholi et al [34] suggested that GAS 
enolase contributes significantly to the streptococcal 
ability to bind to plasminogen. Human plasminogen 
is activated to plasmin, a serine protease that degrades 
fibrin clots. A previous study showed that streptoki
nase, which activates human plasminogen to plasmin, is 
a key pathogenicity factor for group A streptococcal 
infection [38]. Our results showed that enolase is the 
predominant EV-associated protein and is resistant to 

SpeB degradation. Further, M protein, the primary 
plasminogen-binding protein (PAM, plasminogen- 
binding group A streptococcal M protein) is also the 
EV-associated protein [38]. M protein and enolase 
cannot activate plasminogen; however, the EV- 
associated M protein and enolase might bind to plas
minogen and deliver the streptokinase-activated plas
minogen (plasmin) to the fibrin clot to enhance GAS 
dissemination. Nonetheless, the role of EV-associated 
enolase in GAS infection remains to be elucidated.

SpeB can cleave or degrade host matrix proteins, immu
noglobulins, and complements, and therefore is the impor
tant virulence factor for GAS infection [33]. Nonetheless, 
SpeB could also degrade GAS-secreted toxins; therefore, 
preventing toxins from SpeB degradation would be 
a benefit for GAS infection. For example, the repression 
of speB expression and upregulation of GAS virulence 
factors such as SLO and DNases are suggested to contribute 
to the hypervirulent phenotype of covS mutants [9,10]. EVs

Figure 5. Enolase is resistant to SpeB degradation and could be utilized as the internal control protein in analysing GAS 
EVs. (a) Protease K protection assay for the unknown 45 kDa protein (indicated by the arrow) in EVs from A20 and speB mutant 
(∆speB). EVs from A20 and speB mutant were collected by ultracentrifugation and incubated with protease K in the presence with or 
without 1% SDS for 60 min at 37ºC. (b) Detection of the unknown 45 kDa protein by anti-human enolase antibody. EVs from A20 
were analysed by western blot with an anti-human enolase antibody. The lower panel shows the total protein in EVs. The arrow 
indicates the unknown 45 kDa protein. 2×, two-fold dilution. (c) Protease K protection assay for enolase in EVs. EVs were incubated 
with protease K in the presence with or without 1% SDS. GAS enolase was detected by an anti-human enolase antibody and the 
lower panel shows the total protein of EVs. (d) Detection of enolase in EV-depleted ultracentrifuged culture supernatants (UCS). The 
thirty- and 15-µL UCSs and EVs from A20 were analysed by western blot with the anti-human enolase antibody. (e) Utilization of 
enolase as the internal control protein for analysing SLO and SpeB in EVs from A20, the speB mutant, the SpeB protease-inactivated 
mutant (SpeBC192S), and the slo mutant (∆slo). Thirty-µL of EVs was analysed by western blot with anti-SLO, anti-SpeB, and anti- 
human enolase antibodies. The lower panel shows the total protein in EVs. zSpeB, the zymogen form SpeB (42 kDa); mSpeB, the 
mature form SpeB (28 kDa).
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have been shown to participate in bacterial pathogenesis 
[39]. For example, the pore-forming toxins in EVs from 
Listeria monocytogenes and Staphylococcus aureus contri
bute to the escape of bacteria from host vacuoles and the 
inflammasome activation in macrophages [32,40]. The pre
sent study showed that SpeB has crucial roles in changing 
protein composition in EVs, revealing the potential role of 
EV-associated SpeB in GAS infection. Although this study 
showed that EVs from the wild-type strain and speB mutant 
did not have cytotoxicity to HaCaT keratinocytes, further 
studies, including different infection models, would be 
necessary to evaluate the role of EV-associated SpeB in 
GAS pathogenesis.

Materials and methods

Bacterial strains and culture conditions

GAS strain A20 (emm1-type), its ropB mutant, and the 
SpeB-inducing peptide (SIP)-inactivated mutant was 
described previously [12,13,41]. GAS strains (Table 1) 
were cultured on trypticase soy agar containing 5% sheep 
blood or in tryptic soy broth (Becton Dickinson and 
Company; Sparks, MD, USA) supplemented with 0.5% 
yeast extract (TSBY). When appropriate, the antibiotics 
chloramphenicol (3 µg/mL) and spectinomycin (100 µg/ 
mL) were used for selection.

DNA and RNA manipulations

Bacterial RNA extraction and reverse transcription were 
performed as previously described [45]. Real-time PCR was 
performed in a 20 µL reaction mixture containing 1 µL of 
cDNA, 0.8 µL of primers (10 µM), and 10 µL of 
SensiFASTTM SYBR Lo-ROX pre-mixture (Bioline Ltd; 
London, UK) according to the manufacturer’s instructions. 
Biological replicate experiments were performed using 
three independent RNA preparations in duplicates. The 
expression level of slo was detected with primers slo-F-1 
and slo-R-1 [46], normalized to gyrA, and analysed using 
the ∆∆Ct method (QuantStudio™ 3 System, Thermo Fisher 

Scientific Inc.; Rockford, IL, USA). In addition, all values of 
the control and experimental groups were divided by the 
mean of control samples before statistical analysis [47]. 
Primers used for real-time PCR analysis were designed 
using Primer3 (v.0.4.0, http://frodo.wi.mit.edu) according 
to the MGAS5005 sequence (NCBI accession number 
CP000017.2).

Construction of speB, slo, SpeB protease 
inactivated (SpeBC192S) mutants

To construct the speB mutant, the speB gene including 
its upstream (549 bp) and downstream (532 bp) regions 
were amplified by primers del-speB-Ba-2-F (5’- 
tttggatcccttgtcaactgaaatgagca-3’) and del-speB-Ba 
-2-R (5’-tctggatcccaaaaatcgtaaaaggactga-3’) and ligated 
into the temperature shuttle vector pCN143 [43]. The 
speB gene in this plasmid was removed by PCR with the 
reverse primers a-speB-SacII-F (5’-tagccgcggtatggaaa 
tgcatttcg-3’) and a-speB-SacII-R (5’-catccgcggtttttttat 
acctcttt-3’) and replaced by the chloramphenicol cas
sette from Vector-78 [48]. The constructed plasmid, 
pCN226, and pCN171 (for construction of the slo 
mutant) [44] and pCN144 (for construction of SpeB 
C192S substitution) [45] were transformed into the 
wild-type A20 strain by electroporation and the trans
formants were selected as described previously [42]. 
The deletions and mutations in the target genes were 
confirmed by Sanger sequencing.

Isolation of extracellular vesicles (EVs)

The extracellular vesicles (EVs) were isolated based 
on the ultracentrifugation method. GAS strains 
were grown to the early-stationary phase (O.D.600  

= 1.0) or cultured for 8–16 h at 37ºC with 5% CO2 

supplementation. The bacterial culture superna
tants were collected, and bacterial cells were 
removed by utilizing an 0.22 µm filter (Millipore; 
MA, USA). The cell-free culture supernatant, with

Table 1. Bacterial strains and plasmids used in this study.
Plasmid or strain Descriptiona Reference or source

Plasmids
pCN143 Temperature-sensitive, E. coli-streptococci shuttle vector [42]
pCN144 pCN143:speBT574A [43]
pCN171 pCN143:slo ∆cat [44]
pCN226 pCN143:speB ∆cat This study
Strains
A20 The emm1 wild-type strain [41]
SCN142 (∆ropB) A20 ropB isogenic mutant [13]
SCN138 (SpeBC192S) A20 SpeB C192S substituted mutant [43]
SCN305 (SIP*) A20 SIP-inactivated mutant [12]
SCN344 (∆speB) A20 speB isogenic mutant This study
SCN356 (∆slo) A20 slo isogenic mutant [44]

Note: a, cat, chloramphenicol cassette. 

VIRULENCE 9

http://frodo.wi.mit.edu


or without 100 kDa centrifugal filter (Millipore) 
concentrated, was centrifugated at 3300 ×g at 4ºC 
for 10 min to remove the debris. Finally, the super
natant was centrifugated at 175,000 ×g at 4ºC for 4  
h. The resulting pellet (EVs) was resuspended by 
sterilized 1× PBS and stored at −80ºC before 
analysis.

Nanoparticle tracking and qNano analyses

The number and size of EVs were analysed by nanopar
ticle tracking analysis (NTA) and the tunable resistive 
pulse sensing system (TRPS). Nanosight NS300 
(Malvern Panalytical; Malvern, UK) was utilized for 
nanoparticle tracking analysis. A camera level of 14 and 
a gain of 1 were applied for the data collection. Frame 
sequences were analysed with a screen gain of 10 and 
a detection threshold of 5. Each sample was analysed 
three times for 60 s at 25ºC with Nanoparticle Tracking 
Analysis software (Version 3.1). qNano Gold (Izon 
Science Ltd.; Christchurch, New Zealand) was utilized 
for TRPS analysis. The nanopore NP150 was prepared 
according to the manufacturer’s instructions (Izon 
Science Ltd.) and was stretched to 47.5 mm by using 
digital calipers to measure the distance between two 
opposite arms. The optimized setting for the measure
ments was determined by using 40 µl of PBS in the upper 
fluid cell, with a variable pressure module applied to 7  
mbar positive pressure and the current ranged between 
100–120 nA. The diluted calibration particles were mea
sured by qNano Gold with the optimal settings as the 
positive control.

Negative stain-transmission electron microscope 
imaging

The isolated EVs (4 µL) were dropped on the Formvar/ 
carbon-supported copper grids and incubated at room 
temperature for 1 min. The grids were washed with 
water, and the excess water was removed by filter 
papers. For negative staining, the grids were treated 
with 2% uranyl acetate for 1 min, air-dried, and the 
images were acquired by the transmission electron 
microscope (JEM-1400 m JEOL Ltd.; Akishima, 
Tokyo, Japan).

Protease K protection assay

The isolated EVs were incubated with 0.5–2 µg/mL 
protease K in the presence with or without 1% SDS at 
37ºC for 1 h. After incubation, the protease K activity 
was blocked by 1 M Phenylmethylsulfonyl fluoride 
(PMSF; Merck, Darmstadt, Germany). The samples 

were mixed with 6× protein loading dye, boiled for 5  
min, and analysed by 10% SDS-PAGE and western blot 
hybridization.

Western blot hybridization

Bacterial culture supernatants (with or without 100 kDa 
filter concentration) and EVs were mixed with 6× pro
tein loading dye and loaded into a 10% SDS-PAGE. 
The separated proteins were transferred onto polyviny
lidene fluoride membranes (Millipore). The mem
branes were blocked with 5% skim milk in PBST 
buffer (phosphate-buffered saline containing 0.2% vol/ 
vol Tween 20) at 37ºC for 1 h. SpeB and SLO were 
detected by anti-SpeB (Toxin Technology, Inc.; 
Sarasota, IL, USA) and anti-SLO antibodies (GeneTex; 
Irvine, CA, USA), respectively. Enolase (streptococcal 
surface enolase, SEN) was detected by the ENO1 poly
clonal antibody (PA5–116513, Invitrogen; Waltham, 
MA, USA) with 1:1000 dilution. After hybridization at 
4ºC for 16–24 h, the membrane was washed with PBST 
buffer and hybridized with a secondary antibody, per
oxidase-conjugated goat anti-rabbit IgG (Cell Signaling 
Technology, Inc.; Danvers, MA, USA) at room tem
perature for 1 h. The blot was developed using Pierce 
ECL Western blotting substrate (Thermo Fisher 
Scientific Inc.; Rockford, IL, USA) and the signals 
were detected with Gel Doc XR+ system (Bio-Rad 
Laboratories, Inc.; Hercules, CA, USE).

Cytotoxicity assay

GAS strains were grown for 12–16 h. The bacterial 
culture supernatant (with 0.22 µm filtration), the con
centrated bacterial culture supernatant (by using a 10 
kDa centrifugal filter), and EVs (by ultracentrifugation) 
were collected. For evaluating the cytotoxicity of the 
bacterial supernatants, the attached HaCaT cells were 
incubated with the conditional medium (the 900 µl of 
phenol red-free and FCS-free DMEM medium and 100  
µL of culture supernatants or the 20-fold concentrated 
culture supernatants) at 37ºC for 4 h. The cytotoxicity 
was determined by detecting the release of lactate dehy
drogenase (LDH) from the infected cells by CytoTox96® 
Non-Radioactive Cytotoxicity Assay (Promega; 
Fitchburg, WI, USA) according to the manual. The 
cytotoxicity (%) was calculated as follows: [(sample 
LDH – medium blank)/(maximum LDH – medium 
blank)] × 100. The maximum LDH was defined as the 
LDH released from uninfected cells treated with lysis
buffer for 45 min at 37ºC.
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Protein ID by mass spectrometry

To identify the unknown protein, the target protein was 
obtained from the 10% SDS-PAGE and digested with 
sequencing-grade modified porcine trypsin (Promega) 
at 37ºC for 16 h. The peptides were extracted from the 
gel, dried by vacuum centrifugation, and analysed by 
LC-MS/MS with Xcalibur software (version 2.2, 
Therma Fisher Scientific Inc.). The full-scan MS was 
performed in the Orbitrap LC-MS over a range of 400– 
2000 Da and a resolution of 120,000 at m/z 400. Raw 
data were analysed by Proteome Discoverer software 
(version 2.3, Therma Fisher Scientific Inc.). The MS/ 
MS spectra were searched against the UniPro database 
(https://www.uniprot.org) with the Mascot search 
engine (Matrix Science, version 2.5).

Statistical analysis

Statistical analyses were performed using Prism soft
ware, version 5 (GraphPad Software, Inc., San Diego, 
CA, USA). Significant differences between multiple 
groups were determined using ANOVA. Post-tests for 
ANOVA were performed using Tukey’s honestly sig
nificant difference test. Statistical significance was set at 
P < 0.05.
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