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YSIRK-G/S-directed translocation is required for Streptococcus suis to deliver
diverse cell wall anchoring effectors contributing to bacterial pathogenicity
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ABSTRACT

The Streptococcus suis serotype 2 (SS2) is a significant zoonotic pathogen that is responsible for
various swine diseases, even causing cytokine storms of Streptococcal toxic shock-like syndromes
amongst human. Cell wall anchoring proteins with a C-terminal LPxTG are considered to play vital
roles during SS2 infection; however, their exporting mechanism across cytoplasmic membranes
has remained vague. This study found that YSIRK-G/S was involved in the exportation of LPxTG-
anchoring virulence factors MRP and SspA in virulent SS2 strain ZY05719. The whole-genome
analysis indicated that diverse LPxTG proteins fused with an N-terminal YSIRK-G/S motif are
encoded in strain ZY05719. Two novel LPXTG proteins SspB and YzpA were verified to be exported
via a putative transport system that was dependent on the YSIRK-G/S directed translocation, and
portrayed vital functions during the infection of SS2 strain ZY05719. Instead of exhibiting an
inactivation of C5a peptidase in SspB, another LPxTG protein with an N-terminal YSIRK-G/S motif
from Streptococcus agalactiae was depicted to cleave the C5a component of the host comple-
ment. The consequent domain-architecture retrieval determined more than 10,000 SspB/YzpA like
proteins that are extensively distributed in the Gram-positive bacteria, and most of them harbor
diverse glycosyl hydrolase or peptidase domains within their middle regions, thus presenting their
capability to interact with host cells. The said findings provide compelling evidence that LPxTG
proteins with an N-terminal YSIRK-G/S motif are polymorphic effectors secreted by Gram-positive
bacteria, which can be further proposed to define as cell wall anchoring effectors in a new subset.
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Introduction the virulence of Streptococcus pneumoniae [5],
Streptococcus pyogenes [6] and Streptococcus agalactiae
[7]; muramidase-released protein (MRP) and extracellu-
lar protein factor (Epf) of S. suis are prominent virulence
factors, both of which contain a C-terminal LPxTG
motif [8]; M-like protein SzM is a surface protein that
carries an LPxTG motif, and plays key functions during
Streptococcus equi infections [9]. Therefore, screening
virulence factors from LPxTG anchoring surface pro-
teins can contribute to further elucidate the pathogenic

The Streptococcus suis serotype 2 (SS2) is a significant
zoonotic pathogen that is responsible for various swine
diseases and human cases having streptococcal toxic
shock syndromes [1,2]. Several factors associated with
the pathogenic process of S. suis have been reported [3],
and around one-third of them are surface proteins that
function outside the cytoplasm. Various surface proteins
of Gram-positive bacteria are covalently linked to the

cell wall envelope by a mechanism that requires an
N-terminal signal peptide and a C-terminal LPxTG
motif sorting signal [4]. Several of them have been
determined as vital virulence factors in pathogenic
Streptococcus species: endo-p-N-acetylglucosaminidases
that contain a C-terminal LPxTG motif are extensively
present amongst Streptococcus species, and have the
capability to cleave glycosidic bonds of host proteins
during bacteria-host interactions, thus contributing to

mechanism of SS2.

Translocation across the cytoplasmic membrane is
required for the LPxTG anchoring proteins to localize
to the bacterial cell surface [10], while the underlying
secretion pathway remains vague. In Staphylococcal
aureus, several LPXTG anchoring proteins have been
identified to be recognized by the sortase A (SrtA),
a cell wall sorting protein of the secY/A system
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[11,12]. Amongst these LPxTG-containing proteins,
lots of them comprise a conserved YSIRK-G/S motif
in their respective N-terminal regions. However, such
sequence is not found in all SrtA substrates and can
also be found in non-cell-wall proteins, suggesting that
YSIRK-G/S is not specific to SrtA and SecY/A systems
[12,13]. Combined with the predicament that the essen-
tial genes secY/A could not be deleted to perform
a comparative secretome analysis for the identification
of effectors, the said reports indicate no direct evidence
to verify that these proteins export via SecY/A system
currently. A previous study demonstrated that the inac-
tivation of the YSIRK-G/S motif significantly dimin-
ished the rate of signal peptide processing and the
protein secretion, whilst the cell wall anchoring or the
functional assembly of protein was unaffected [13].
Consequently, it was validated that the YSIRK-G/S
motif in S. aureus can address the proteins to cross
walls, the peptidoglycan layer that forms during cell
division to separate new daughter cells [14]. Indeed,
some studies have indicated that YSIRK-G/S signaling-
like motif portrays vital role for mediating numerous
LPxTG anchoring proteins’” secretion in diverse Gram-
positive bacteria [15-17], thus enabling screening more
LPxTG anchoring proteins with an N-terminal YSIRK-
G/S motif. This may further contribute toward explor-
ing their potential secretion pathways and expanding
our understanding to the pathogenic mechanisms of
the Gram-positive bacteria.

Over the recent decades, a large number of studies have
emphasized on the needlelike secretions that contain Type
III, Type IV, or Type VI secretion systems (T3SS, T4SS, and
T6SS) in Gram-negative bacterial species, which directly
transfer related proteins across the cell envelope into the
extracellular environment or the target cells [18]. These
secreted proteins have been professionally defined as effec-
tors, whilst the numerous cell surface proteins from Gram-
positive bacterial species have never been identified as
effectors that are exported by potential-secreted pathways.
In fact, several cell wall anchoring proteins have been
determined to mediate bacterial immune escapes just like
many well-known T3SS effectors: the LPxTG anchoring 5'-
nucleotidases of S. suis and S. equi subspecies zooepidemicus
dampen host immune responses or directly degrade neu-
trophil extracellular traps [19,20]; the C5a peptidases of
S. pyogenes and S. agalactiae have the capability to cleave
the C5a component of the host complement [21]; the
EndoD like ENGases of S. pyogenes and S. agalactiae hydro-
lyze the host IgG [6,7]. Truly, most LPxTG anchoring
proteins carry diverse functional domains within their mid-
dle regions to interact with the host to realize optimal
colonization and full virulence [4]. Therefore, for
Streptococcal pathogens including S. suis, the subset of

LPxTG anchoring proteins that are delivered through
a YSIRK-G/S directed translocation presents a kind of
bacterial effector that may have been neglected for a long
time. Thus, it is proposed that these proteins should be
properly defined as cell wall anchoring effectors [16].

In this study, it is found YSIRK-G/S motif is
required for the LPxTG-anchoring virulence factors
MRP [8,22] and SspA [23] to export to the extracel-
lular location of the SS2 virulent strain ZY05719.
Following bioinformatics retrieval revealed that diverse
LPxTG proteins fused with an N-terminal YSIRK-G/S
motif are present in the SS2 strain ZY05719. Two
novel LPxTG proteins SspB (subtilisin-like protease
B) and YzpA (YSIRK-G/S-related zinc-binding protein
A), were selected to validate the YSIRK-G/S dependent
export and the potential roles during bacterial infec-
tion by strain ZY05719. A strategy of matching the
diagnostic domain-architecture was then adopted to
identify the potential effectors that delivered through
a YSIRK-G/S directed translocation, employing
a sample sequence with N-terminal YSIRK-G/S and
C-terminal LPxTG motifs as the template. Through
this approach, diverse and widely distributed potential
effectors were discovered amongst the Gram-positive
bacterial species. This suggests that cell wall anchoring
proteins containing an N-terminal YSIRK-G/S motif
are indeed polymorphic effectors secreted by patho-
genic bacteria.

Materials and methods
Bacterial strains, plasmids, and culture conditions

The wild-type SS2 strain ZY05719 was isolated from
a diseased pig during an outbreak in the Sichuan pro-
vince of China. SS2 strain P1/7 and S. agalactiae strain
A909 were maintained in the OIE Reference Laboratory
for Swine Streptococcosis. All these strains were cul-
tured at 37°C in Todd-Hewitt broth (THB, Oxoid
Cheshire, UK) or THB agar (THA). The Escherichia
coli strains were grown on Luria-Bertani (LB; BD)
medium at 37°C. When necessary, antibiotics and che-
micals were added at the following concentrations:
spectinomycin (Sigma-Aldrich) at 100 pg/ml and
sucrose at 10% (wt/vol) for S. suis, spectinomycin at
50 pg/ml and ampicillin (Sigma-Aldrich) at 100 pg/ml
for E. coli. A detailed list of bacterial strains and plas-
mids used in this study can be found in Table S1.

Ethics statement

Swine blood was collected to perform following studies
from healthy pigs that tested negative for SS2, as



determined by ELISA [24,25]. Five-week-old female-
specific pathogen-free (SPF) BALB/c mice were pur-
chased from Yangzhou University (Comparative
Medicine Center). All animal experiments were per-
formed in strict accordance with the animal welfare
standards of the Animal Research Committee
Guidelines of Jiangsu Province (License Number:
SYXK (SU) 2017-0007), and approved by the Ethics
Committee for Animal Experimentation of Nanjing
Agricultural University.

DNA manipulations and plasmids construction

DNA amplification, ligation, and electroporation were
performed as previously described [26] unless other-
wise indicated. All restriction and DNA-modifying
enzymes were purchased from TaKaRa and performed
according to supplier instruction. Deletion mutants
were constructed using natural transformation method,
according to two recent studies [27,28]. The forward
and reverse homologous sequences of the target gene
were fused with the sacB-spc cassette by overlap PCR.
Then, the DNA products were mixed with the peptide
(a key fragment of the signal factor ComX for compe-
tence regulation) and wild-type bacterial cells, incu-
bated, and selected on THB agar (Spc®). The
complemented strains were also constructed by the
natural DNA transformation to replenish target genes
containing the putative promoter sequences to the non-
coding region [20] of the deleted strain genome using
the sacB-cm cassette. Additionally, AysirkCAsspB,
AysirkCAyzpA were constructed on the basis of
CAsspB, CAyzpA with three point-mutations (ASARA)
in YSIRK-G/S encoding sequence. DNA sequencing
was performed by Genscript Biotechnology Co Ltd
(Nanjing, China).

Purification of recombinant protein and
preparation of polyclonal antibody

Full-length gene sequences of sspA, sspB and yzpA
excepting N-terminal signal peptide encoding region
were amplified (primers listed in Table S2) with the
genomic DNA of strain ZY05719 or P1/7. The PCR
products were cloned into pET-21a vector (Table S1)
following the standard molecular cloning procedures.
The recombinant protein (rSspA, rSspB and rYzpA)
was purified by Ni-NTA Spin Columns (QIAGEN)
from BL21 (DE3) carrying the recombinant pET-21a
plasmid after IPTG induction (0.1 mM) for 6 h at 37°
C, and then ultrafiltered using the 30.0-kD cutoff
spin columns (Millipore) to maintain homogeneity.
Six five-week-old BALB/C mice in each group were

VIRULENCE (&) 1541

immunized by purified recombinant proteins (rSspA,
rSspB, and rYzpA) with 100 ug via intraperitoneal
injection. The polyclonal antiserum was collected
from immunized mice after 10 days of the third
immunization.

Indirect immunofluorescence analysis

An immunofluorescence microscopy assay was per-
formed in order to visualize the localizations of SspA,
SspB, and YzpA at the S. suis cell surface. Briefly,
ZY05719, AsspA, AsspB, AyzpA and their complemen-
ted strains were grown to exponential phase, and then
washed three times with sterile PBS. The 5 ul samples
were adsorbed on the coverslips, and fixed in 4% par-
aformaldehyde-PBS. Subsequently, the bacterial cells
were blocked with 5% BSA and then labeled with poly-
clonal antibody (anti-SspA, anti-SspB and anti-YzpA)
diluted at 1:500 at 37°C for 2 h. After thrice washed, the
samples were incubated with a goat anti-mouse IgG
(H + L) secondary antibody, Alexa Fluor 488-
conjugated (Thermo Fisher), diluted at 1:2000.
Around an hour later, bacterial DNA was stained by
4',6-diamidino-2-phenylindole (DAPI; KeyGEN
BioTECH) after three times” washing. The treated sam-
ples were finally visualized on the laser scanning con-
focal microscopes (Nikon Instruments, Inc. Leica Sp5
AOBS confocal system). To verify the YSIRK-G/S sig-
nal peptide is required for LPxTG proteins’ export to
extracellular location, the AysirkCAsspB,
AysirkCAyzpA, CAsspB, CAyzpA and ZY05719 were
conducted the same experiment.

Mouse infection assays

Instead of piglet infection model, BALB/c mouse model
is also widely used in virulence assessment of SS2 [29--
29-31]. Ten mice in each group were challenged with
the indicated S. suis strain at a dose of 5x 10° CFU/
mouse by intraperitoneal injection, and the clinical
symptoms and death of mice were monitored every
12 h for 7 days. The negative-control group was chal-
lenged with an equal volume of sterile PBS.
Additionally, a bacterial load assay was conducted to
evaluate the proliferation and invasion capacity of the
indicated S. suis strains. Mice were injected with 3 x 10°
CFU/mouse, and their blood and brain were harvested,
weighed, and homogenized in PBS at 6 h postinfection.
Subsequently, the homogenates and blood were serially
10-fold diluted and plated on THA medium to enu-
merate CFU.
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Cell experiments

The human laryngeal cancer epithelial cells (HEp-2)
were used to perform adhesion assays, and murine
macrophage-like RAW264.7 cells were used to study
antiphagocytosis of SS2. These two cell lines are the
classical pathogen-host interaction models for S. suis,
and has been widly used to explore the pathogenic
mechanism of SS2 [22,32,33]. The cells were cultured
in Dulbecco’s modified Eagle medium (DMEM), supple-
mented with 10% fetal bovine serum (FBS), and main-
tained at 37°C with 5% CO2. Adhesion assays were
performed as previously reported [34]. The bacterial
cells in logarithmic growth phase (ODgoo = 0.6) were
washed twice with PBS and resuspended with DMEM
culture medium to 1 x 10° CFU/mL. Subsequently, the
prepared bacterial cells were suspended with DMEM
culture medium incubated with HEp-2 cells for 2h at
a bacterium-to-cell ratio of 100:1. The following cell
lysate was serial diluted 10-fold and dropped on the
THA plate and incubated at 37°C for 12 h. The adhesion
rate of wild-type strain was set to 100%. All experiments
were repeated three times. For the anti-phagocytosis
assay, the bacterial strains in mid-exponential growth
phase (ODggg = 0.6) were incubated with macrophages
RAW?264.7 for 1.5 h at a bacterium-to-cell ratio of 100:1.
Then, the infected cells were washed three times with
PBS and incubated in DMEM containing gentamicin
(100 g/ml) and penicillin (5 g/ml) for another 1.5 h.
Finally, the macrophages were washed for five times
with PBS and lysed with sterile water. Serial dilutions
of the cell lysate were plated onto THA plate. Each assay
was repeated independently three times.

Survival in swine serum and blood

Briefly, late log-phase bacteria were collected and washed
with PBS for two times, and then were adjusted to
a concentration of 1 x 10° CFU/mL with sterile PBS.
Subsequently, 100 pl prepared bacterial cells was added
into a serum mixture, which contains 800 pl fresh swine
serum from the healthy pigs and 100 pl anti-ZY05719
serum. The anti-ZY05719 serum was used to activate
the complement pathway. Similarly, 100 ul prepared bac-
terial cells was added into a blood mixture, which contain
900ul fresh swine blood. The viable cells were determined
after incubation in indicated times by plating serial dilu-
tions onto THB plates and incubating overnight at 37°C.

Bioinformatics

The sample sequence with the N-terminal YSIRK-G/S
motif and C-terminal LPxTG motif was used as

a template for bioinformatics screening using the
CDART tool as previously described [35]. These ana-
lyses were performed in Streptococcus species at first,
and then extended to all Gram-positive bacterial spe-
cies. ~LPxTG-anchoring protein sequences of
Streptococcus species were retrieved from the National
Center for Biotechnology Information (NCBI) data-
base, and the corresponding information are listed in
Table S3, Table S4, Table S5, Figure 6 and Fig. S2. Their
functional prediction was performed using HHpred
(probability >50%) or Phyre2 (confidence >50%)
[36,37]. BLASTP analyses were performed against the
non-redundant protein database (ftp://ftp.ncbi.nih.gov/
blast/db/) to identify their homologs of screened
LPxTG motif-containing proteins. Phylogenetic ana-
lyses were performed following the procedures outlined
by Bingle et al [38]. A ClustalW alignment was gener-
ated using the amino-acid sequences of SspA/B like C5a
peptidase homologs. A phylogenetic tree was con-
structed using the MEGA 7.0 with the neighbor-
joining method with Poisson correction and 1000 boot-
strap replicates.

Cleavage of complement C5a observed by
SDS-PAGE

Recombinant protein rSspAp;;7, rSspBzyosz19, rSCpBasos
(100 ng) were incubated with human or mouse comple-
ment component C5a (0.5 pug) (R&D) in HEPE++ bulffer
(20 mM HEPES, 140 mM NaCL, 5 mM CaCL,, 2.5 mM
MgCL,) in a final volume 10 pL. At the same time, SS2
strain ZY05719 and S. agalactiae strain A909 in station-
ary phase (adjusted to 4 x 10° CFU) were washed twice
with PBS to incubated with human or mouse Cb5a
(0.5 pg) (R&D) with THB in a final volume 10 pl. All
samples were incubated at 37°C with 5% CO,. After 16 h,
samples were fractionated on 4-20% Bis-Tris plus gels
(Genscript) and stained by Instant blue (Expedeon) for
following SDS-PAGE analysis.

RNA isolation and qRT-PCR analysis

To compare the transcription level of the sspA, sspB
and yzpA genes in THB cultured cells and blood pro-
liferating cells during infection, three five-week-old
BALB/c mouse were challenged with the strain
ZY05719 at a dose of 3 x 10° CFU/mouse and the
blood were collected at 6 h postinfection for RNA iso-
lation. Total RNA was extracted using TRIzol reagent
(Vazyme, China) according to the manufacturer’s
instructions, and residual genomic DNA was then
removed by digestion with DNase I (TaKaRa). cDNA
was synthesized using the HiScriptII first-strand cDNA



synthesis kit (Vazyme). The relative amount of target
gene mRNA was normalized to the housekeeping gene
parC transcript [39]. The relative fold change was cal-
culated by the threshold cycle (2724€T) method [40].
The reported values represented the mean +SD of three
independent RNA extractions.

Subcellular proteins extractions

The subcellular proteins of S. suis strains were extracted
as the previous report with minor modifications [41].
Bacterial culture of 40 ml was incubated to logarithmic
phase (ODgg = 1.0), then centrifuged at 12,000 rpm for
10 min. For the secreted proteins preparation, the
supernatant was collected and filtered through 0.22-
pm-pore filters twice, then precipitated with 10% tri-
chloracetic acid on ice for 30 min. The precipitates were
washed twice with ice-cold acetone, and then the
secreted proteins were acquired. For fractionated cell
wall and cytoplasmic proteins, the bacterial pellets were
resuspended into 2 mL buffer A which is a mixture
contained 30 mM Tris-HCI, 3 mM MgCl,, 25% sucrose,
125 U/ml lysostaphin in pH 7.4, for a 60 min incuba-
tion at 37°C, then centrifuged at 12,000 rpm for 10 min
at 4°C. The supernatant contained the cell wall proteins
was precipitated with 10% trichloracetic acid on ice for
30 min, then the precipitates were washed twice with
ice-cold acetone, and the cell wall proteins were
acquired. The residual pellets were resuspended by the
buffer which is a mixture contained 30 mM Tris-HCI
and 3 mM MgCl,. After three freeze-thaw treatments,
the samples were sonicated for a 10-s pulse and cen-
trifuged at 12,000 rpm for 10 min, then the supernatant
was collected and treated as the same steps for the
secreted proteins, and the cytoplasmic proteins were
obtained.

Western blot analysis

To further reveal the subcellular localizations of bacter-
ial proteins, a western blot analysis was performed. The
proteins were separated by SDS-PAGE, and then trans-
ferred to PVDF membranes (Bio-Rad) and blocked
with 5% (w/v) skimmed milk for 2 h at 37°C.
Subsequently, the membranes were washed 3 times
and incubated with the prepared polyclonal antibody
(anti-SspA, anti-SspB, and anti-YzpA) diluted at 1:1000
by the milk at 37°C for 2 h. After thrice wash, the
processed membranes were stained with the HRP con-
jugated secondary antibodies (Thermo Fisher, 1:2000)
at 37°C for 1 h. The positive bands were detected using
the 3,3'-diaminobenzidine.
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Statistical analysis

Statistical analyses were performed using Prism 5.0
(GraphPad, LaJolla, CA, USA). Two-way ANOVA was
performed for the qRT-PCR results, and one-way
ANOVA was used for the bacterial survival assay in
fresh swine serum. For infection experiments, survival
data were analyzed with the log-rank test. Data from
in vivo colonization assays were analyzed by Mann-
Whitney two-tailed U tests. For all tests, a P value <0.05
were considered statistically significant, and all of the
data were shown as mean + SD.

Results

Cell wall anchoring virulence factors MRP and SspA
harbored an N-terminal YSIRK-G/S motif

Several cell wall surface proteins of gram-positive bac-
teria are covalently anchored to the cell wall by
a mechanism that requires a C-terminal anchoring
motif LPXxTG [42,43], and are typically identified as
required for bacterial pathogenicity. In S. suis, mura-
midase-released protein (MRP) and subtilisin-like ser-
ine protease (SspA), two prominent virulence factors,
were found to encode a C-terminal LPxTG motif
(Figure 1a), and thus anchored to the cell wall to play
key functions within the pathogen-host interaction
[22,23]. This study determined that the deletion of
mrp or sspA caused a significantly higher survival rate
compared to a wild-type strain (100% death rate) in
a mouse infection model (Figure 1b), thus suggesting
that the two aforementioned proteins were likewise
involved in the bacterial pathogenicity of the clinical
SS2 isolate ZY05719. However, a frameshift mutation
had occurred in the sspA gene of strain ZY05719 to
generate a termination codon at the 946 bp position,
which split the gene into two segments: redesignated as
sspA-up and sspA-down. Further study found three
potential initiation codons existing within the sspA-
down to generate three new ORFs. Thus, two deletion
mutants were constructed as shown in Figure 1c to
validate the production of SspA-down. A Western
blot analysis confirmed the presence of one SspA-up
at 32.1kD, and two SspA-downs at 103.2 kD and 63.4
kD (Figure 1c). The samples from strains Deletion 1
(deleted 945-2201 bp to damage the first ORF) and
Deletion 2 (deleted 945-2873 bp to damage the first
and second ORFs) depicted the protein band only at
63.4 kD, implying that the predicted ORF SspA-down2
did not actually produce protein.

Afterward, it was probed whether SspA-up or SspA-
down could be secreted and anchored to the cell wall. As
illustrated in Figure 1d, the indirect immunofluorescence
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Figure 1. The cell wall anchoring virulence factors MRP and SspA of SS2 contain an N-terminal YSIRK-G/S signal peptide. (a) Schematic
diagram of the domain organization of virulence factors MRP and SspA in SS2 strains ZY05719 and P1/7. (b) Survival curve of ZY05719,
AsspA, Amrp and their complemented strains in the mouse infection model. The five-week-old BALB/c mice were infected with indicated
SS2 strains at the same dose and monitored over a 7-day period. The figure showed the data for 72 h postinfection. After 72 h, there were
no newly dead mice. (c) Schematic diagram of the pseudogene sspA in strain ZY05719, and identification of its protein production by
Western Blot using the anti-SspAp;/7 serum. A frameshift mutation at the position of 967 bp generates a stop codon to divide sspA into two
segments sspA-up carrying YSIRK-G/S motif and sspA-down containing LPXTG domain. Multiple putative ORFs were predicted in sspA-
down fragment. Deletion 1: the fragment from 945 to 2201 bp was deleted to damage the first ORF; Deletion 2: the fragment from 945 to
2873 bp was deleted to damage the first and second ORFs. The protein samples for western blot were prepared using whole-cell lysate. (d)
To verify whether SspA-up and SspA-down could be secreted and anchored to the cell wall, the indirect immunofluorescence tests were
performed using an anti-SspAp,/, serum. The surface proteins, but not the intracellular proteins, could be recognized by the extracellular
SspApq,7 antiserum. CAsspA is the complemented strain of AsspA mutant. (e) Western blot analysis identified the subcellular localizations
of protein SspA in strains P1/7 and ZY05719.

assays applying an anti-SspAjye.e serum depicted that  localization on the P1/7 cells. Then, a Western blot analysis
neither SspA-up nor SspA-down carrying a C-terminal  using an anti-SspAp;,; serum was performed to identify the
LPxTG motif could be anchored to the bacterial surface,  subcellular localizations of the protein SspA on strains P1/7
whilst the intact SspA presented an apparent surface  and ZY05719. As illustrated in Figure le, the interrupted



protein SspA in strain ZY05719 could not be detected both
in the cell wall and in the culture supernatant; instead, it was
observed in the strain P1/7 samples. These observations
have indicated that the breakaway fragment of SspA-up is
required for the subcellular localization of SspA on the cell
surface. A sequence comparison of homologs from strains
P1/7 and ZY05719 found that both SspA and MRP encoded
an N-terminal YSIRK-G/S motif. A succeeding test using
the SignalP server 5.0 software predicted YSIRK-G/S as
a vital signal peptide to mediate the transport of extracel-
lular proteins. Further analysis of the several virulence
factors with a C-terminal LPxTG motif from the other
Streptococcus species identified that most of them encode
an N-terminal YSIRK-G/S motif, such as the M-like protein
SzM of the S. equi subspecies zooepidemicus [9], the C5a
peptidase ScpB of S. agalactiae [21] and the zinc metallo-
protease ZmpB of S. pneumoniae [44]. These observations
have suggested that the YSIRK-G/S-directed translocation
may portray functions during the infection of Streptococcus
pathogens, which have prompted screening more effectors
secreted by this approach for a better clarification of bacter-
ial pathogenesis.

Diverse LPxTG proteins fused with an N-terminal
YSIRK-G/S signal peptide were encoded in 552
strain ZY05719

Bioinformatics retrieval of the marker domain has been
successfully applied to the effectors’ screening of bac-
terial secretion systems [45,46], hence, using a YSIRK-
G/S motif as a marker to screen the potential effectors
delivered through a YSIRK-G/S-directed translocation
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can be an alternative proposal. Since this study primar-
ily focuses on exploring the pathogenic roles of effec-
tors’ translocation that is directed by YSIRK-G/S
during SS2 infection, mainly screening virulence-
related effectors from cell wall anchoring proteins can
be an effective method. As presented in Figure 1d,
neither SspA-up nor SspA-down proteins could be
anchored to the bacterial surface, implying that both
YSIRK-G/S and LPXTG motifs might be required for
an accurate subcellular localization and biological func-
tion of such proteins. Therefore, 23 predicted LPXxTG
proteins from the genomes of SS2 strains P1/7 and
ZY05719 were screened to analyze the encoding of
YSIRK-G/S motifs in their respective N-terminal
regions (Table 1). A total of 10 proteins including six
prominent virulence factors were identified to include
an N-terminal YSIRK-G/S motif, thus denoting as the
potential cell wall anchoring effectors secreted by the
putative transport system. Consequently, two unknown
proteins zy05719_07925 and zy05719_09405 were
selected for further examination in the virulent SS2
strain ZY05719. Notably, the expression of the said
genes has been proven to be significantly up-regulated
during infection using an in vivo induced antigen tech-
nology (IVIAT) [47].

YSIRK-G/S motif was required for LPxTG proteins’
export to extracellular locations

The genetic neighborhoods of genes zy05719_09405
and zy05719_07925 were validated (Figure 2a); their
encoding proteins were redesignated as SspB

Table 1. LPXTG proteins with or without N-terminal signal peptide YSIRK-G/S in Streptococcus suis serotype 2. The genomic accession
No. of SS2 strain P1/7 and ZY05719 are AM946016 and CP007497, respectively.

P1/7 ZY05719 Description YSIRK-G/S LPXTG-like Reference
Ssu0171/72° ZY05719_00985/90/95° Extracellular protein factor, Epf Y Y [8]
SsU0186 ZY05719_01065 Unknown Y [56]
SsU0201 ZY05719_01130 Unknown N Y -
S5U0253 ZY05719_01380 Atrophin N Y -
SsU0255 ZY05719_01390 Transposase N Y -
ssuo427 ZY05719_02340 Unknow N Y -
SSU0496 ZY05719_02665 Full = IgM protease Y Y! [57]
ssU0587 ZY05719_03065 Glycosyl hydrolase family protein N Y -
SsU0706 ZY05719_03650 Muramidase-released protein precursor, MRP Y Y [8,22]
SsuU0757 ZY05719_03915 ¢ C5a_Peptidase Y Y [23]
$5U0860 ZY05719_04860 MPP N Y -
SSU0879 ZY05719_04950 IgA-specific zinc metalloproteinase Y Y [58]
Ssu1128 ZY05719_06180 Unknow N \& -
Ssu1143 ZY05719_06260 M14_Peptidase N Y [59]
ssu1201 ZY05719_06545 Unknow N Y -
ssu1215 ZY05719_06615 Peptidase C69 N Y [60]
SSU1355 ZY05719_07310 MPP N Y -
SSU1476 ZY05719_07925 Unknown, LPXTG protein Y Y [47]
SsU1715 ZY05719_09105 Endo-beta-N-acetylglucosaminidase Y Y -
SsuU1773 ZY05719_09405 C5a_Peptidase Y Y [47]
SSU1849 ZY05719_09785 Surface-anchored amylopullulanase Y Y [61]
SSU1879 ZY05719_09925 2',3"-cyclic-nucleotide 2'-phosphodiesterase N Y [62,63]
SSU1888 ZY05719_09960 Pilus subunit protein N \& [64]

2: pseudogene; ': LGSTG; % LPXTS; 3 YPKTG.
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(subtilisin-like protease B) and YzpA (YSIRK-G/S
related zinc-binding protein A), respectively. To ver-
ify whether these two proteins were secreted to extra-
cellular locations and anchored to the cell wall, an
indirect immunofluorescence assay was conducted to
detect their subcellular localizations using anti-SspB
and anti-YzpA antibodies, which were prepared by
immunizations on mice using recombinant proteins
rSspB and rYzpA, respectively. As illustrated in
Figure 2b,c, the green fluorescence of proteins SspB
and YzpA was detected on 70% to 80% of the surface
of cells in wild-type ZY05719 strain, but not on the
surface of AsspB or AyzpA cells using the same detec-
tion approach. The expression of sspB and yzpA was
controlled at a low level in the wild-type strain,
which might cause a missed observation of the fluor-
escence completely suffusing the cell surface.
However, when the genes sspB and yzpA were,
respectively, reintroduced into the AsspB and AyzpA
cells, the specific green fluorescence was brighter
than that of wild-type cells (Figure 2b,c), further
indicating that the two proteins were successfully
secreted and anchored to the cell surface. It was
then tested whether the YSIRK-G/S motif was
required for the proteins’ exportation, hence, such
motif was destroyed by point mutations to construct
the mutants AysirkCAsspB and AysirkCAyzpA. As

presented in the bottommost panels of Figure 2b,c,
indirect immunofluorescence detected specific green
fluorescence on the cell surfaces of strains CAsspB
and CAyzpA, but not on point mutation strains
AysirkCAsspB and AysirkCAyzpA. Western blot ana-
lyses determined that SspB could not be detected in
the cell wall and culture supernatant of the strain
AysirkCAsspB, but was rather correctly produced
and intracellularly accumulated prior to exportation
(Figure 2d). Similar results were likewise found in
strain  AysirkCAyzpA (Figure 2e). These findings
implied that LPxTG-anchoring proteins SspB and
YzpA were indeed exported through a YSIRK-G/
S-dependent approach, and were thus identified as
the cell wall anchoring effectors of SS2.

Cell wall anchoring effector SspB was required for
full-virulence of SS2 strain ZY05719

Through bioinformatics analysis, both SspA (a promi-
nent virulence factor [23]) and SspB were predicted to
encode an N-terminal YSIRK-G/S motif, a C5a pepti-
dase domain and a C-terminal LPXxTG motif. The
qRT-PCR results depicted that both sspA and sspB of
strain ZY0519 were significantly upregulated during
the bloodstream infection of a BALB/c mouse model
(Figure 3a), which partially verified the IVIAT
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Figure 2. YSIRK-G/S motif is required for the export of SspB and YzpA to extracellular location. (a) Schematic diagram of the genetic
neighborhood of genes sspA and yzpA in S. suis strain ZY05719. Immunofluorescence test identified SspB (b) and YzpA (c) to be
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intracellular proteins could not be recognized by the extracellular antiserums. (d, €) Western blot analyses identified the subcellular

localizations of proteins SspB and YzpA in the indicated strains.



screening study [47], and suggested that SspB might
be involved in SS2 pathogenicity. Subsequently,
a virulence assessment test was conducted using
BALB/c mice injected with 5 x 10° CFU of related
mutant and wild-type strains. As illustrated in Figure
3b, the mice that were challenged with wild-type and
complemented strains developed serious clinical symp-
toms within 12 h; all of them died within 48 h. In
contrast, the mice that were challenged with AsspB
presented slight clinical signs up to 36 h postinfection,
and eventually obtained a 25% survival rate (Figure
3b). The growth curves manifested no significant dif-
ferences amongst the ZY05719, AsspB and CAsspB
strains (Fig. S1). The role of SspB in SS2 fitness in
the host bloodstream and brain was further verified.
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Figure 3c,d depicts that the deletion of sspB or sspA
significantly attenuated the bacterial loads in mice
brain and blood compared to the wild-type strain.
Overall, the findings have indicated that the cell wall
anchoring protein SspB contributes to the full viru-
lence of SS2 in the host bloodstream and brain during
systemic infection.

SspB was inactivated in C5a peptidase activity to
attack the host complement for the escape of
serum killing

Several existing studies have reported that the homo-
logs of LPxTG-anchoring Cb5a peptidase from
S. pyogenes and S. dysgalactiae can cleave the human
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Figure 3. SspB is critical for full-virulence of SS2 strain ZY05719. (a) Identification of the transcriptional activation of sspB during SS2
infection comparing with the THB culture. The data were normalized to the housekeeping gene parC transcript [39]. The relative
expression levels represented the mean £SD of three biological repeats (*** P < 0.01). (b) Survival curve of ZY05719, AsspB and
CAsspB strains in the mouse infection model. The five-week-old BALB/c mice were infected with indicated SS strains at the same
dose and monitored over a 7-day period. Mice inoculated with PBS were served as a negative control. The figure showed the data
for 72 h postinfection. After 72 h, there were no newly dead mice. (¢, d) Systemic infection experiments were conducted to assess
the bacterial proliferation in mouse blood and brain. Bacterial reisolation from the blood or brain at 6 h postinoculation was
quantified by plate count. Statistical significance was determined by a Student’s t test based on comparisons with the wild-type

group (*** P < 0.001).
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complement component C5a to release abnormally
sized and functionally impaired fragments, thus facil-
itating the bacterial cells to escape phagocytosis and
clearance from the host’s innate immunity [21]. Both
SspA and SspB harbored C5a peptidase domain; hence,
it should be verified whether to perform a similar func-
tion in S. suis. A phylogenetic analysis of C5a peptidase
homologs from Streptococcus species depicted that all
proteins were divided into three distinct clades (Figure
4a). Notably, SspA and SspB were located at distinct
branches, and exhibited a great evolutionary distance
from the first branch that contained prominent C5a

peptidase homologs from the S. pyogenes strain M1
and the S. dysgalactiae strain A909 (Figure 4a), thus
applying a potential functional difference between
them. To verify the function of both SspA and SspB
in Cb5a peptidase, the hydrolytic activities of the recom-
binant proteins SspAp;;; and SspBzyos;i0 on human
and mouse C5a were evaluated. As illustrated in the
upper panel of Figure 4b, both hC5a and mC5a that
were co-incubated with SspAp;; and SspBzyos719 pre-
sented no size reduction compared to C5a alone when
visualized by SDS-PAGE gels, whilst the ScpBagg trea-
ted hC5a manifested a significant size reduction. These
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Figure 4. SspB is inactivated in C5a peptidase activity to attack host complement. (a) Phylogenetic analysis of C5a peptidases from
Streptococcus species. A neighbor-joining tree (bootstrap n = 1000; Poisson correction) was constructed based on a ClustalW
alignment of the amino acid sequences of SspB and its homologs from diverse Streptococcus species using the MEGA software
version 5.0. The representative C5a peptidase homologs were labeled by overstriking and increasing font size. (b) Cleavage of human
and mouse complement factors C5a (0.5 ug) by whole-cell pellets (4 x 10° CFU) and recombinant protein rSspA and rSspB (100 ng).
Tests were performed at 37°C for 16 hours and visualized by SDS-PAGE and Coomassie staining. (c, d) Survival rate of indicted S. suis
strains in fresh swine serum and blood. The bacterial cells (1 x 107 CFU) were added into the fresh swine serum or blood, and
incubated in 5% CO,, 37°C for indicated times. Data were shown as the mean + SEM of three independent experiments performed in
triplicate. The laboratory K12 strain of E. coli and A cps2 mutant of ZY05719 were used as the positive controls.



findings have implied that the human or mouse C5a is
not a substrate of cell wall anchoring peptidases SspA
and SspB of S. suis. Further test evaluated the cleavage
activity of whole bacterial cells in SS2 strain ZY05719,
P1/7 and S. agalactiae strain A909 (4 x 10° CFU) to
hC5a and mCb5a. Similar to both SspAp;; and
SspBzyos719, the SS2 cells of strains ZY05719 and P1/7
could not cleave the complement component from
either the human or mouse C5a (Figure 4b), while the
S. agalactiae cells of strain A909 depicted a significant
cleavage to the human C5a. The cleaved protein band
by ScpBagge or strain A909 was identified by mass
spectrometry, and illustrated that the C-terminal 7aa
fragment of human C5a was cut off. This result is
consistent with a previous study [48], and validates
that both SspA and SspB of S. suis may have no Cba
peptidase activity to attack the host complement for
escape of serum Kkilling. Indeed, the AsspA and AsspB
deletion mutant strains have presented no significant
difference in swine serum and blood survival compared
to the wild-type strain (Figure 4c,d). Indeed, the under-
lying pathogenic mechanisms of SspA and SspB during
SS2 infection need to be further explored.

Cell wall anchoring effector YzpA was required for
full-virulence of SS2 strain ZY05719 by
anti-phagocytosis

Another screened cell wall anchoring effector that was
delivered through YSIRK-G/S-directed translocation was
the zy05719_07925 encoding protein YzpA (Table 1).
The qRT-PCR results presented that the yzpA of strain
ZY0519 was significantly upregulated during blood-
stream infection of the BALB/c mouse model (Figure
5a), implying that it might be involved in SS2 pathogeni-
city. Indeed, the mice challenged with AyzpA indicated
a significantly higher survival rate (100%), with or with-
out slight clinical signs, compared with the 100% death of
mice infected by the wild-type strain, which manifested
acute clinical signs, including shivering, rough hair coat,
and depression (Figure 5b). The role of YzpA in SS2
fitness during systemic infection was then verified. As
presented in Figure 5c,d, the deletion of yzpA signifi-
cantly attenuated the bacterial loads in mice brain and
blood compared to the wild-type strain. Altogether, the
data indicated that the cell wall anchoring effector YzpA
delivered by the YSIRK-G/S directed translocation con-
tributed to the full virulence of SS2.

Adhesion is the first step for bacterial cells to invade
host tissues [49]. Unexpectedly, the adhesion of AyzpA
had exhibited no significant difference compared to the
wild-type strain, insinuating that the cell surface location
of YzpA was not involved in bacterial adhesion (Figure
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5e). Meanwhile, anti-phagocytosis against macrophages
is considered as another critical step for the bacterial
pathogens to cause systemic infection [50]. As indicated
in Figure 5f, the yzpA deletion mutant strain was more
readily phagocytosed by the RAW264.7 cells, thus depict-
ing a significantly attenuated anti-phagocytosis versus the
wild-type strain. These results have implied that YzpA is
involved in anti-phagocytosis to play key functions in the
full virulence of SS2.

Cell wall anchoring effectors delivered through
YSIRK-G/S-directed translocation are widespread
in Streptococcus species

The cell wall anchoring proteins with a C-terminal
LPxTG motif are distributed extensively in Gram-
positive bacteria [42], and have been confirmed in
this study to fuse with an N-terminal YSIRK-G/S
motif for secretion in S. suis. It was speculated that
a few of these LPxTG-anchoring proteins might carry
diverse function domains in their middle regions to
serve as effectors that were delivered through YSIRK-
G/S-directed translocation in numerous Streptococcus
species. Thus, a whole-genome search of the LPxTG-
anchoring proteins was then performed in strains
S. suis serotype 9 (SS9) GZ0565, S. pneumoniae D39,
S. agalactiae A909 and S. equi ATCC 35,246, and found
more than 40 target proteins (Table 2). To further
validate the N-terminal sequences, a total of 26 (more
than 60%) proteins encoded a YSIRK-G/S motif (Table
2), and were predicted as the potential effectors deliv-
ered through YSIRK-G/S-directed translocation.
Thereafter, at least 15 proteins including 5'-
nucleotidase [20], C5a peptidases [21], Fibronectin-
binding proteins [51], and zinc metalloprotease ZmpB
[44], were identified as vital virulence factors [52],
further implying that the YSIRK-G/S-directed translo-
cation had contributed to export diverse cell wall
anchoring effectors to be involved in the pathogenicity
of the Streptococcus species. Applying protein homol-
ogy detection programs, HHpred and Phyre2 [36,37], it
was found that the potential effectors encoded protease,
host component binding, glycosyl hydrolase, and nucle-
ase domains, with the exception of a few domains with
unknown function (Table 2). Such an extensive distri-
bution of cell wall anchoring proteins highlights their
ability to acquire potential functions, thus acting as new
effectors  exported through  YSIRK-G/S-directed
translocation.

The identification of cell wall anchoring effectors
according to their specific domain architecture, namely,
the N-terminal YSIRK-G/S motif and the C-terminal
LPxTG domain, has been demonstrated to be successful
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Figure 5. YzpA is required for full-virulence of SS2 strain ZY05719 by anti-phagocytosis. (a) Identification of the transcriptional
activation of yzpA during SS2 infection comparing with the THB culture. The data were normalized to the housekeeping gene parC
transcript [39]. The relative expression levels represented the mean +SD of three biological repeats (*** P < 0.01). (b) Survival curve
of ZY05719, AyzpA and CAyzpA strains in the mouse infection model. The five-week-old BALB/c mice were infected with indicated SS
strains at the same dose and monitored over a 7-day period. Mice inoculated with PBS were served as a negative control. (c, d)
Systemic infection experiments were conducted to assess the bacterial proliferation in mouse blood and brain. Bacterial reisolation
from the blood or brain at 6 h postinoculation was quantified by plate count. Statistical significance was determined by a Student’s
t test based on comparisons with the wild-type group (*** P < 0.001). (e) The role of YzpA on the ability of SS2 to adhere to HEp-2
cells. There was no significant difference in adhesion rate observed between ZY05719, AyzpA and CAyzpA after 2 h co-incubation. (f)
The role of YzpA on the ability of SS2 to resist phagocytosis to RAW 264.7 after 1.5 h co-incubation. Data were shown as the mean +
SEM of three independent experiments performed in triplicate. Two-tailed unpaired Student’s tests were used for statistical analysis
(***, P < 0.001).

in S. suis both bioinformatically and experimentally.
The retrieval of specific domain architecture was then
extended to more pathogenic bacteria species. After
exception of the retrieved proteins with YSIRK-G/S or
LPxTG motif out of the C- or N- terminus (Table S4)
by further classification, more than 10,000 potential cell
wall anchoring effectors were identified in more than
60 bacterial species (Table S3). These potential effectors
had exhibited considerable diversity with different per-
mutations of domains in their middle regions, which
could be classified into 394 types (Table S3). Based on
functional prediction, the effectors could be divided
into six groups: 1) glycosyl hydrolase; 2) cell cycle
control and cell division; 3) adhesion and invasion; 4)
peptidase; 5) have no functional domain; and, 6) others
(Figure 6a). The domain architectures of the represen-
tative proteins were presented in Figure 6b—e. Notably,
more than 65% of the retrieved effectors were encoded

by Streptococcus species, and 51.52% harbored glycosyl
hydrolase domains in their middle regions (Figure 6a).
Further analysis classified the glycosyl hydrolase
domains into nine types: GH_101_like,
GH18_chitinase-like, Chb N-acetyl-B-hexosaminidase,
Sialidase, GH20_hexosaminidase, Glyco_hyd_65N_2,
LysM, GAG_Lyase and Glycosyltransferase_GTB
(right panel of Figure 6a, Fig. S2). These observations
indicate that cell wall anchoring effectors typically exist
in Gram-positive bacteria.

Discussion

Secretion systems have been confirmed to play key
functions in pathogen-host interaction, thus contribut-
ing to the full virulence of numerous bacteria [18].
However, most of them are encoded only by Gram-
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Table 2. LPxTG proteins with or without N-terminal signal peptide YSIRK-G/S in S. suis serotype 9 (5S9), S. pneumoniae, S. agalactiae,
S. equi subsp zooepidemicus. The genomic accession No. of SS9 GZ0565, S. pneumoniae D39, S. agalactiae A909 and S. equi
subspecies zooepidemicus are CP017142, CP00410, CP000114 and CP002904 respectively.

Gene locus Strain Description YSIRK-G/S LPXTG-like Reference
BFP66_00950 SS9 GZ0565 chimeric erythrocyte binding protein Y Y -
BFP66_01270 SS9 GZ0565 cell surface protein N Y -
BFP66_01275 SS9 GZ0565 methyl-accepting chemotaxis protein N Y -
BFP66_03605 SS9 GZ0565 hyaluronidase Y Y -
BFP66_04530 SS9 GZ0565 glucan-binding protein N Y -
BFP66_04855 SS9 GZ0565 bifunctional metallophosphatase/5'-nucleotidase N Y [
BFP66_05510 SS9 GZ0565 Glucan-binding protein C Y Y -
BFP66_05275 SS9 GZ0565 serine protease Y Y -
BFP66_06160 SS9 GZ0565 Glycosyl hydrolase family 20 (GH20) catalytic N Y -
BFP66_06465 SS9 GZ0565 Mac family protein Y Y [°%!
BFP66_06960 SS9 GZ0565 bifunctional metallophosphatase/5'-nucleotidase N Y [
BFP66_07660 SS9 GZ0565 Unknown Y Y -
BFP66_08445 SS9 GZ0565 G5 superfamily protein Y Y -
BFP66_09230 SS9 GZ0565 Nuclease N Y 201
SPD_0063 S. pneumoniae D39 beta-N-acetylhexosaminidase Y Y 06671
SPD_0080 S. pneumoniae D39 Fibronectin-binding Y Y ©Y
SPD_0250 S. pneumoniae D39 pullulanase, extracellular Y Y -
SPD_0335 S. pneumoniae D39 endo-alpha-N-acetylgalactosaminidase Y Y -
SPD_0444 S. pneumoniae D39 endo-beta-N-acetylglucosaminidase D N Y >
SPD_0562 S. pneumoniae D39 beta-galactosidase precursor Y Y -
SPD_0577 S. pneumoniae D39 zinc metalloprotease ZmpB Y Y [
SPD_1018 S. pneumoniae D39 Immunoglobulin A1 protease precursor Y Y >3
SPD_1376 S. pneumoniae D39 chimeric erythrocyte binding protein Y Y -
SPD_1617 S. pneumoniae D39 cell wall surface anchor family protein Y Y -
SPD_2017 S. pneumoniae D39 choline binding protein A Y Y [e8
SPD_1321 S. pneumoniae D39 cell wall surface anchor family protein N Y -
SPD_1789 S. pneumoniae D39 cell wall surface anchor family protein N Y -
SAK_0186 S. agalactiae A909 IgA-binding beta antigen Y Y [
SAK_1991 S. agalactiae A909 cell surface serine endopeptidase CspA Y Y -
SAK_1320 S. agalactiae A909 C5a peptidase Y Y 2!
SeseC_00398 S. equi ATCC 35246 cell surface-anchored protein N Y -
SeseC_00614 S. equi ATCC 35246 serine endopeptidase ScpC, lactocepin Y Y o
SeseC_00619 S. equi ATCC 35246 MUCin-Binding Protein Y Y -
SeseC_00994 S. equi ATCC 35246 collagen-like protein N Y -
SeseC_00180 S. equi ATCC 35246 fibrinogen- and Ig-binding protein precursor N Y -
SeseC_01072 S. equi ATCC 35246 UDP-N-acetylgl 1-carboxyvinyltransferase N Y R
SeseC_01085 S. equi ATCC 35246 Szp protein Y Y 2
SeseC_01092 S. equi ATCC 35246 cell surface-anchored protein N Y -
SeseC_02415 S. equi ATCC 35246 19G Fc-binding protein SzM Y Y &
SeseC_02304 S. equi ATCC 35246 sspB-C2 type Y Y -
SeseC_01703 S. equi ATCC 35246 hydrolase HAD family Y Y -

negative bacteria [18], and are neglected for conducing
related studies in Gram-positive bacteria. This study
has confirmed that the diverse LPxTG proteins fused
with an N-terminal YSIRK-G/S motif are export to
extracellular location in numerous Streptococcus spe-
cies, and has s proposed to identify this new subset of
secreted proteins as cell wall anchoring effectors deliv-
ered through YSIRK-G/S-directed translocation.

For the putative effector SspA, it should be noted that
the ORF of gene sspA is interrupted by frameshift muta-
tion in strain ZY05719, whilst it is still involved in the
virulence of such strain. The Western blot analysis pre-
sented that the interrupted sspA could produce three
fragments of SspA; as such, future works should be done
to explore their potential roles during bacterial infection.
Meanwhile, two novel LPxTG-anchoring effectors SspB
and YzpA were selected to explore their potential roles
during bacteria-host interaction and the pathogenic pro-
cesses in an animal infection model. Despite significant
transcriptional upregulation of sspB and yzpA in infected

blood, and significant decrease of bacterial loads and
mortality in AsspB and AyzpA mutant strains was
observed in the animal infection model, the biological
functions of SspB and YzpA were not fully elucidated in
this study. SspB contains a C5a peptidase domain, but
succeeding tests have revealed that both human and
mouse C5a cannot be cleaved by co-incubation with the
recombinant SspB. Arguably, SspB may specifically cleave
the C5a component of swine complement system, but not
the C5a homologs from other hosts. To explore the
potential roles of SspB against the bactericidal activity of
the swine complement system, the growth characteristics
of wild-type ZY05719, AsspA and AsspB strains in fresh
swine blood and serum with anti-ZY05719 antibodies
were compared. No significant difference was found in
the survival rate amongst these strains, thus suggesting
that the predicted attack from SspB to the swine comple-
ment system was ineffective or inexistent. Certainly, the
cleaving activity of a professional peptidase is always
released under strict incubation conditions, including
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Figure 6. Potential cell wall anchoring effectors delivered through the YSIRK-G/S directed translocation are found across various
Gram-positive bacteria species. (a) Distribution of predicted functional domains divided into six groups (left panel), and distribution
of nine main glycosyl hydrolase domains (right panel). The domain-architectures of predicted cell wall anchoring effectors from the
glycosyl hydrolase encoding group (b), cell cycle control domain encoding group (c), adhesion or invasion domain encoding group
(d) and peptidase encoding group (e), are presented briefly with different colored boxes.

specific temperature, pH, metal ions, special substrate
modifications, and some other vague terms. It is not
easy to meet an unknown reaction condition or fully
simulate the internal environment of the host cells or
tissues in vivo. For another protein, this study has pre-
sented that YzpA facilitates bacterial cells to avoid host
clearance through anti-phagocytosis, therefore playing
a crucial role during S. suis infection. However, regretta-
bly, little information can be found by bioinformatics
approach to determine a clear direction for further clar-
ification of the biological function of YzpA.

One windfall of the C5a peptidase activity tests
was that the positive control protein from the
S. agalactiae strain A909, ScpB [21], was found to
encode a C-terminal LPxTG motif, thus being iden-
tified as one of the cell wall anchoring effectors with

a clarified biological function. This result indirectly
indicates that the proteins’ translocation directed by
YSIRK-G/S indeed contributes to bacteria-host inter-
action and evasion from host immune clearance by
exporting specific cell wall anchoring effectors.
Further analysis has determined that the biological
functions of numerous cell wall anchoring effectors
have been clarified, such as the IgAl protease of
S. suis, S. pneumoniae and Neisseria meningitidis for
IgA degradation [53], M-like protein SzM of S. equi
for antibody binding [9], and IgG endopeptidase Mac
of S. pyogenes and S. equi for IgG degradation
[54,55]. These observations imply that cell wall
anchoring effectors delivered through YSIRK-G/
S-directed translocation play vital roles in the patho-
genic processes of Gram-positive bacteria.



This study primarily focused on the retrieval and
identification of virulence-related effectors that were
delivered through YSIRK-G/S-directed translocation
from cell wall anchoring proteins to better illustrate
the pathogenic mechanisms of Streptococcus species;
thus, numerous secretory proteins that only harbored
only an N-terminal YSIRK-G/S motif were filtered out
from the screening results. In fact, this type of secretory
proteins is widely distributed in Gram-positive bacteria
(Table S5), and most of them are delivered to the
extracellular space to participate in the physiological
processes of the bacteria themselves. However, there
are still many other proteins that carry potential effect
domains (Table S5), including diverse glycosyl hydro-
lases (e.g., sialidase, LysM) and peptidases (e.g., M26,
abhydrolase), which are predicted to sense environ-
mental shifts in extracellular spaces and mediate bac-
teria-host interactions. In this case, further study
should be conducted to clarify the functional mechan-
isms of this type of effectors.

Amongst the retrieved cell wall anchoring effectors
(Table S3), the glycosyl hydrolase and peptidase encod-
ing proteins should be more deeply explored. The sev-
eral proteins from these two types have been confirmed
to play significant functions in both bacteria-host inter-
action and pathogenic processes, such as Endo-f-
N-acetylglucosaminidases [5-7], C5a peptidases [21],
IgAl protease [53]. In particular, the three encoded
domains of potential effectors, including GH_101_like
N-acetyl-a-hexosaminidase, Chb N-acetyl-f-
hexosaminidase and GH20_hexosaminidase, were pre-
dicted to portray similar enzymic activities to the Endo-
B-N-acetylglucosaminidase homologs, thus suggesting
their potential roles during bacterial infection. Further
data analysis from domain architecture retrieval deter-
mined that the encoded YSIRK-G/S or LPxTG motif is
not located at the N- or C-terminus of around 8.6% of
the proteins (Table S4), including: 1) N-terminal
YSIRK-G/S and non-C-terminal LPxTG; 2) non-
N-terminal YSIRK-G/S and C-terminal LPxTG;
and 3) non-N-terminal YSIRK-G/S and non-
C-terminal LPxTG. The first protein group was pre-
dicted to be delivered through YSIRK-G/S-directed
translocation to the extracellular space, but the locali-
zation on the cell surface remained indeterminate.
The second group needed to be further explored as to
whether they can be exported to the extracellular space.
Meanwhile, the last group proteins needed to verify the
aforementioned concerns from the first and second
groups.

In summary, this study found that the diverse LPxTG
proteins fused with an N-terminal YSIRK-G/S signal
peptide are encoded in the SS2 strain ZY05719.
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Consequently, two novel LPxTG proteins SspB and
YzpA were verified to be exported to the extracellular
space via a putative transport system that was dependent
on YSIRK-G/S-directed translocation, and played vital
roles during the infection of the SS2 strain ZY05719.
A strategy for matching the diagnostic domain-
architecture  “N-terminal YSIRK-G/S motif and
C-terminal LPxTG motif” was then adopted, thus disco-
vering diverse potential effectors that were extensively
distributed on Gram-positive bacteria. These findings
have suggested that cell wall anchoring proteins that
contain an N-terminal YSIRK-G/S motif are poly-
morphic effectors secreted by pathogenic bacteria, and
may serve as therapeutic targets for counteracting or
preventing bacterial infection by Streptococcus species.

Disclosure statement

The authors declare that they have no competing interests.

Funding

This work was supported by the Natural Science Foundation
of China [31972650], Shanghai Agriculture Applied
Technology = Development Program [grant number

S0201700386], the Key Project of Independent Innovation
of the Fundamental Research Fund for the Central
Universities ~ of  Nanjing  Agricultural ~ University
[KJQN201932] and the project funded by the Priority
Academic Program Development of Jiangsu Higher
Education Institutions (PAPD).

ORCID

Zongfu Wu
Guangjin Liu
Huochun Yao

http://orcid.org/0000-0002-6048-6829
http://orcid.org/0000-0001-7857-9444
http://orcid.org/0000-0002-3749-8557

References

[1] Bonifait L, Veillette M, Letourneau V, et al. Detection
of Streptococcus suis in bioaerosols of swine confine-

ment  buildings. Appl  Environ  Microbiol.
2014;80:3296-3304.
[2] Goyette-Desjardins G, Auger JP, Xu ], et al

Streptococcus suis, an important pig pathogen and
emerging zoonotic agent-an update on the worldwide
distribution based on serotyping and sequence typing.
Emerg Microbes Infect. 2014;3:e45.

[3] Fittipaldi N, Segura M, Grenier D, et al. Virulence
factors involved in the pathogenesis of the infection
caused by the swine pathogen and zoonotic agent
Streptococcus suis. Future Microbiol. 2012;7:259-279.

[4] Boekhorst J, de Been MW, Kleerebezem M, et al.
Genome-wide detection and analysis of cell
wall-bound proteins with LPxTG-like sorting motifs.
J Bacteriol. 2005;187:4928-4934.



1554 Q. BAI ET AL.

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

Robb M, Hobbs JK, Woodiga SA, et al. Molecular
Characterization of N-glycan Degradation and
Transport in Streptococcus pneumoniae and Its
Contribution to Virulence. PLoS Pathog. 2017;13:
€1006090.

Nandakumar KS, Collin M, Happonen KE, et al.
Streptococcal Endo-beta-N-Acetylglucosaminidase
suppresses antibody-mediated inflammation In Vivo.
Front Immunol. 2018;9:1623.

Shadnezhad A, Naegeli A, Sjogren J, et al. EndoSd: an
IgG glycan hydrolyzing enzyme in Streptococcus dys-
galactiae subspecies dysgalactiae. Future Microbiol.
2016;11:721-736.

Smith HE, Vecht U, Wisselink HJ, et al. Mutants of
Streptococcus suis types 1 and 2 impaired in expression
of muramidase-released protein and extracellular pro-
tein induce disease in newborn germfree pigs. Infect
Immun. 1996;64:4409-4412.

D’Gama JD, Ma Z, Zhang H, et al. A conserved strep-
tococcal virulence regulator controls the expression of
a distinct class of M-Like proteins. mBio. 2019;10(5):
€02500-19.

Osaki M, Takamatsu D, Shimoji Y, et al
Characterization of Streptococcus suis genes encoding
proteins homologous to sortase of gram-positive
bacteria. J Bacteriol. 2002;184:971-982.

Roche FM, Massey R, Peacock §SJ, et al
Characterization of novel LPXTG-containing proteins
of Staphylococcus aureus identified from genome
sequences. Microbiology. 2003;149:643-654.

Sibbald MJ, Ziebandt AK, Engelmann S, et al. Mapping
the pathways to staphylococcal pathogenesis by com-
parative secretomics. Microbiol Mol Biol Rev.
2006;70:755-788.

Bae T, Schneewind O. The YSIRK-G/S motif of sta-
phylococcal protein A and its role in efficiency of
signal peptide processing. ] Bacteriol.
2003;185:2910-2919.

DeDent A, Bae T, Missiakas DM, et al. Signal peptides
direct surface proteins to two distinct envelope loca-
tions of  Staphylococcus aureus. Embo J.
2008;27:2656-2668.

Brega S, Caliot E, Trieu-Cuot P, et al. SecA localization
and SecA-dependent secretion occurs at new division
septa in group B Streptococcus. PloS One. 2013;8:¢65832.
Carlsson F, Stalhammar-Carlemalm M, Flardh K, et al.
Signal sequence directs localized secretion of bacterial
surface proteins. Nature. 2006;442:943-946.

Tsui HC, Keen SK, Sham LT, et al. Dynamic distribu-
tion of the SecA and SecY translocase subunits and
septal localization of the HtrA surface chaperone/pro-
tease during Streptococcus pneumoniae D39 cell
division. mBio. 2011;2(5):e00202-11.

Costa TR, Felisberto-Rodrigues C, Meir A, et al
Secretion systems in Gram-negative bacteria: structural
and mechanistic insights. Nature Rev Microbiol.
2015;13:343-359.

Ma F, Guo X, Fan H. Extracellular nucleases of strep-
tococcus equi subsp. zooepidemicus degrade neutro-
phil extracellular traps and impair macrophage
activity of the host. Appl Environ Microbiol. 2017;83
(2):02468-16.

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

Dai J, Lai L, Tang H, et al. Streptococcus suis synthe-
sizes deoxyadenosine and adenosine by 5’-nucleotidase
to dampen host immune responses. Virulence.
2018;9:1509-1520.

Lynskey NN, Reglinski M, Calay D, et al. Multi-
functional mechanisms of immune evasion by the
streptococcal complement inhibitor C5a peptidase.
PLoS Pathog. 2017;13:e1006493.

Li Q, FuY, Ma C, et al. The non-conserved region of
MRP is involved in the virulence of Streptococcus suis
serotype 2. Virulence. 2017;8:1274-1289.

Bonifait L, Vaillancourt K, Gottschalk M, et al
Purification and characterization of the subtilisin-like
protease of Streptococcus suis that contributes to its
virulence. Vet Microbiol. 2011;148:333-340.

Wu Z, Wu C, Shao ], et al. The Streptococcus suis
transcriptional landscape reveals adaptation mechan-
isms in pig blood and cerebrospinal fluid. Rna.
2014;20:882-898.

Wei Z, Cheng PL. Immunoproteomics of extracellular
proteins of Chinese virulent strains ofStreptococcus
suis type 2. Proteomics. 2007;7:4468-4476.

Ma J, Bao Y, Sun M, et al. Two functional type VI
secretion systems in avian pathogenic escherichia coli
are involved in different pathogenic pathways. Infect
Immun. 2015;83:3867-3879.

Zaccaria E, Wels M, van Baarlen P, et al. Temporal regula-
tion of the transformasome and competence development
in streptococcus suis. Front Microbiol. 2016;7:1922.

Zhu Y, Dong W, Ma J, et al. Utilization of the ComRS
system for the rapid markerless deletion of chromoso-
mal genes in Streptococcus suis. Future Microbiol.
2019;14:207-222.

Zhu W, Wu C, Sun X, et al. Characterization of
Streptococcus suis serotype 2 isolates from China. Vet
Microbiol. 2013;166:527-534.

Dominguez-Punaro MC, Segura M, Plante MM, et al.
Streptococcus suis serotype 2, an important swine and
human pathogen, induces strong systemic and cerebral
inflammatory responses in a mouse model of infection.
J Iimmunol. 2007;179:1842-1854.

Seitz M, Beineke A, Seele J, et al. A novel intranasal
mouse model for mucosal colonization by
Streptococcus suis serotype 2. J Med Microbiol.
2012;61:1311-1318.

Gao T, Tan M, Liu W, et al. GidA, a tRNA modifica-
tion enzyme, contributes to the growth, and virulence
of streptococcus suis serotype 2. Front Cell Infect
Microbiol. 2016;6:44.

Zhong X, Zhang Y, Zhu Y, et al. The two-component
signaling system vrasrss is critical for multidrug resis-
tance and full virulence in streptococcus suis serotype
2. Infect Immun. 2018;86(7):e00096-18.

Vanier G, Segura M, Friedl P, et al. Invasion of porcine
brain microvascular endothelial cells by Streptococcus
suis serotype 2. Infect Immun. 2004;72:1441-1449.
Geer LY, Domrachev M, Lipman D], et al. CDART:
protein homology by domain architecture. Genome
Res. 2002;12:1619-1623.

Kelley LA, Mezulis S, Yates CM, et al. The Phyre2 web
portal for protein modeling, prediction and analysis.
Nat Protoc. 2015;10:845-858.



(37]

(38]

(39]

[40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

Kelley LA, Sternberg MJE. Protein structure prediction
on the Web: a case study using the Phyre server. Nat
Protoc. 2009;4:363-371.

Bingle LE, Bailey CM, Pallen MJ. Type VI secretion:
a beginner’s guide. Curr Opin Microbiol. 2008;11:3-8.
Zhong X, Zhang Y, Zhu Y, et al. Identification of an
autorepressing two-component signaling system that
modulates virulence in streptococcus suis serotype 2.
Infect Immun. 2019;87:e0037719.

Livak K, Schmittgen T. Analysis of relative gene
expression data using real-time quantitative PCR and
the 2-AACt method. Methods. 2000;25:402-408.

Sayed N, Nonin-Lecomte S, Rety S, et al. Functional
and structural insights of a Staphylococcus aureus
apoptotic-like ~ membrane  peptide from a
toxin-antitoxin module. ] Biol Chem.
2012;287:43454-43463.

Siegel SD, Reardon ME, Ton-That H. Anchoring of
LPXTG-like proteins to the gram-positive cell wall
envelope. Curr Top Microbiol Immunol. 2017;404:159-175.
Hendrickx AP, Willems RJ, Bonten MJ, et al. LPXTG
surface proteins of enterococci. Trends Microbiol.
2009;17:423-430.

Bek-Thomsen M, Poulsen K, Kilian M. Occurrence and
evolution of the paralogous zinc metalloproteases IgA1
protease, ZmpB, ZmpC, and ZmpD in Streptococcus
pneumoniae and related commensal species. mBio.
2012;3(5):e00303-12.

Ma J, Sun M, Dong W, et al. PAAR-Rhs proteins
harbor various C-terminal toxins to diversify the anti-
bacterial pathways of type VI secretion systems.
Environ Microbiol. 2017;19:345-360.

Ma J, Pan Z, Huang J, et al. The Hcp proteins fused
with diverse extended-toxin domains represent a novel
pattern of antibacterial effectors in type VI secretion
systems. Virulence. 2017;8:1189-1202.

Gu H, Zhu H, Lu C. Use of in vivo-induced antigen
technology (IVIAT) for the identification of
Streptococcus suis serotype 2 in vivo-induced bacterial
protein antigens. BMC Microbiol. 2009;9:201.

Cleary PP, Prahbu U, Dale JB, et al. Streptococcal C5a
peptidase is a highly specific endopeptidase. Infect
Immun. 1992;60:5219-5223.

Tamura GS, Kuypers JM, Smith S, et al. Adherence of
group B streptococci to cultured epithelial cells: roles of
environmental factors and  bacterial  surface
components. Infect Immun. 1994;62:2450-2458.
Smith HE, Damman M, van der Velde J, et al.
Identification and characterization of the cps locus of
Streptococcus suis serotype 2: the capsule protects
against phagocytosis and is an important virulence
factor. Infect Immun. 1999;67:1750-1756.

Beulin DSJ, Radhakrishnan D, Suresh SC, et al.
Streptococcus pneumoniae surface protein PfbA is
a versatile multidomain and multiligand-binding adhe-
sin employing different binding mechanisms. Febs J.
2017;284:3404-3421.

Fu L, Zhao J, Lin L, et al. Characterization of IgAl
protease as a surface protective antigen of
Streptococcus suis serotype 2. Microbes Infect.
2016;18:285-289.

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(6]

(67]

(68]

VIRULENCE (&) 1555

Kotelnikova O, Alliluev A, Zinchenko A, et al
Protective potency of recombinant meningococcal
IgAl protease and its structural derivatives upon ani-
mal invasion with meningococcal and pneumococcal
infections. Microbes Infect. 2019;21:336-340.
Lannergard J, Guss B. IdeE, an IgG-endopeptidase of
Streptococcus equi ssp equi. FEMS Microbiol Lett.
2006;262:230-235.

von Pawel-rammingen U, Johansson BP, Bjorck L.
IdeS, a novel streptococcal cysteine proteinase with
unique specificity for immunoglobulin G. Embo J.
2002;21:1607-1615.

Vaillancourt K, Bonifait L, Grignon L, et al
Identification and characterization of a new cell surface
protein possessing factor H-binding activity in the
swine pathogen and zoonotic agent Streptococcus
suis. ] Med Microbiol. 2013;62:1073-1080.

Seele J, Singpiel A, Spoerry C, et al. Identification of
a novel host-specific IgM protease in Streptococcus
suis. J Bacteriol. 2013;195:930-940.

Dumesnil A, Auger JP, Roy D, et al. Characterization
of the zinc metalloprotease of Streptococcus suis ser-
otype 2. Vet Res. 2018;49:109.

Haas B, Isolation GD. Characterization and biological
properties of membrane vesicles produced by the swine
pathogen streptococcus suis. PloS One. 2015;10:
e0130528.

Zhang W, Lu CP. Immunoproteomics of extracellular
proteins of Chinese virulent strains of Streptococcus
suis type 2. Proteomics. 2007;7:4468-4476.

Ferrando ML, Fuentes S, de Greeff A, et al. ApuA,
a multifunctional alpha-glucan-degrading enzyme of
Streptococcus suis, mediates adhesion to porcine
epithelium and mucus. Microbiology.
2010;156:2818-2828.

Wan Y, Zhang S, Li L, et al. Characterization of a novel
streptococcal heme-binding protein SntA and its inter-
action with host antioxidant protein AOP2. Microb
Pathog. 2017;111:145-155.

Deng S, Xu T, Fang Q, et al. The surface-exposed
protein SntA contributes to complement evasion in
zoonotic  streptococcus  suis.  Front Immunol.
2018;9:1063.

Okura M, Osaki M, Fittipaldi N, et al. The minor pilin
subunit Sgp2 is necessary for assembly of the pilus
encoded by the srtG cluster of Streptococcus suis.
] Bacteriol. 2011;193:822-831.

Xiao G, Wu Z, Zhang S, et al. Mac protein is not an
essential virulence factor for the virulent reference strain
streptococcus suis P1/7. Curr Microbiol. 2017;74:90-96.
Pluvinage B, Chitayat S, Ficko-Blean E, et al
Conformational analysis of StrH, the surface-attached
exo-beta-D-N-acetylglucosaminidase from Streptococcus
pneumoniae. ] Mol Biol. 2013;425:334-349.

Pluvinage B, Stubbs KA, Hattie M, et al. Inhibition of
the family 20 glycoside hydrolase catalytic modules in
the Streptococcus pneumoniae exo-beta-
D-N-acetylglucosaminidase, StrH. Org Biomol Chem.
2013;11:7907-7915.

Maestro B, Sanz JM. Choline binding proteins from
streptococcus pneumoniae: a dual role as enzybiotics



1556 Q. BAI ET AL.

(69]

(70]

and targets for the design of new antimicrobials.
Antibiotics. 2016;5(2):21.

Heden LO, Frithz E, Lindahl G. Molecular character-
ization of an IgA receptor from group B streptococci:
sequence of the gene, identification of a proline-rich
region with unique structure and isolation of
N-terminal fragments with IgA-binding capacity. Eur
] Immunol. 1991;21:1481-1490.

Jobichen C, Tan YC, Prabhakar MT, et al. Structure of
ScpC, a virulence protease from Streptococcus

(71]

(72]

pyogenes, reveals the functional domains and matura-
tion mechanism. Biochem J. 2018;475:2847-2860.
Mao Y, Fan H, Lu C. Immunoproteomic assay of
extracellular proteins in Streptococcus equi ssp.
zooepidemicus. FEMS Microbiol Lett.
2008;286:103-109.

Lin HX, Huang DY, Wang Y, et al. A novel vaccine
against Streptococcus equi ssp. zooepidemicus infec-
tions: the recombinant swinepox virus expressing
M-like protein. Vaccine. 2011;29:7027-7034.



	Abstract
	Introduction
	Materials and methods
	Bacterial strains, plasmids, and culture conditions
	Ethics statement
	DNA manipulations and plasmids construction
	Purification of recombinant protein and preparation of polyclonal antibody
	Indirect immunofluorescence analysis
	Mouse infection assays
	Cell experiments
	Survival in swine serum and blood
	Bioinformatics
	Cleavage of complement C5a observed by SDS-PAGE
	RNA isolation and qRT-PCR analysis
	Subcellular proteins extractions
	Western blot analysis
	Statistical analysis

	Results
	Cell wall anchoring virulence factors MRP and SspA harbored an N-terminal YSIRK-G/S motif
	Diverse LPxTG proteins fused with an N-terminal YSIRK-G/S signal peptide were encoded in SS2 strain ZY05719
	YSIRK-G/S motif was required for LPxTG proteins’ export to extracellular locations
	Cell wall anchoring effector SspB was required for full-virulence of SS2 strain ZY05719
	SspB was inactivated in C5a peptidase activity to attack the host complement for the escape of serum killing
	Cell wall anchoring effector YzpA was required for full-virulence of SS2 strain ZY05719 by anti-phagocytosis
	Cell wall anchoring effectors delivered through YSIRK-G/S-directed translocation are widespread in Streptococcus species

	Discussion
	Disclosure statement
	Funding
	References



