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ABSTRACT

Chronic and fatal infections caused by Staphylococcus aureus are sometimes associated
with biofilm formation. Secreted proteins and cell wall-anchored proteins (CWAPS) are
important for the development of polysaccharide-independent biofilms, but functional
relationships between these proteins are unclear. In the current study, we report the roles
of the extracellular adherence protein Eap and surface CWAP SasG in S. aureus MR23,
a clinical methicillin-resistant isolate that forms a robust protein-dependent biofilm and
accumulates a large amount of Eap in the extracellular matrix. Double-deletion of eap
and sasG, but not single eap or sasG deletion, reduced biomass of the formed biofilm.
Mutational analysis demonstrated that cell wall-anchorage is essential for the role of
SasG in biofilm formation. Confocal laser scanning microscopy revealed that MR23
formed a rugged and thick biofilm; deletion of both, eap and sasG, reduced biofilm
ruggedness and thickness. Although sasG deletion did not affect either of these features,
eap deletion reduced the ruggedness but not thickness of the biofilm. This indicated that
Eap contributes to the rough irregular surface structure of the MR23 biofilm, and that both
Eap and SasG play a role in biofilm thickness. The pathogenicity of Aeap AsasG strain in
a silkworm larval infection model was significantly lower (P < 0.05) than that of the

wild-type and single-deletion mutants. Collectively, these findings highlight the redundant
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36  and distinct roles of a secreted protein and a CWAP in biofilm formation and
37  pathogenicity of S. aureus and may inform new strategies to control staphylococcal

38  biofilm infections.
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INTRODUCTION

Biofilms are recognized as the dominant form of life of microbes on Earth (1, 2).
Pathogenic and commensal bacteria that form biofilms in the human body or artificial
implants can cause chronic infections (3, 4). Since bacteria embedded within biofilms
acquire tolerance to host immunity and antibacterial drugs (5), biofilm-associated
infections are difficult to treat, can be life-threatening, and increase treatment costs in the
clinical setting (6). To combat biofilm-associated issues, understanding the molecular
mechanisms of biofilm formation and development of strategies to control biofilm
formation based on the gained mechanistic insights are pivotal.

Staphylococcus aureus is a commensal bacterium carried by approximately 30%
of healthy population (7, 8). It is an opportunistic pathogen that causes various infectious
diseases, from superficial skin infections to invasive infections (9, 10). S. aureus can also
cause chronic infections associated with biofilms (11). Within biofilms, bacterial cells are
embedded in an extracellular matrix (ECM) comprised of DNA, polysaccharides, and/or
proteins (12), but the amount of each component differs depending on the strain and
culture conditions (13). Extracellular DNA (eDNA) is important for the primary attachment
of cells to the substratum, and contributes to the maintenance of biofilm structure in both

gram-negative bacteria and gram-positive bacteria, including S. aureus (14-16). Specific
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polysaccharides, i.e., polysaccharide intercellular adhesin (PIA) or
poly-N-acetylglucosamine, play an important role in S. aureus biofilms (17—-19). On the
other hand, certain strains produce PIA-independent and protein-dependent biofilms (20),
mainly relying on either secreted proteins or cell wall-anchored proteins (CWAPS) (12).

Extracellular adherence protein (Eap), also known as MHC class Il analog
protein (Map), is an S. aureus-specific secreted protein (21). Eap contributes to the
virulence of S. aureus by facilitating interactions between the bacterial cell surface and
several plasma proteins, thus promoting adherence to the host endothelium and
internalization into human fibroblasts and epithelial cells (22, 23). Eap plays an important
role in biofilm formation under certain growth conditions (24, 25). Disruption of the eap
gene in S. aureus Newman leads to a slight reduction of biofilm formation under low-iron
conditions (24). Further, deletion of eap remarkably reduces biofilm formation by S.
aureus SA113 (ATCC 35556) derived from the laboratory strain NCTC8325, under
iron-replete conditions in the presence of human serum (25).

CWAPs are classified into four distinct groups (26). The first group belongs to the
microbial surface component-recognizing adhesive matrix molecules and includes
clumping factors (CIfA and CIfB) and fibronectin binding proteins (FnBPA and FnBPB).

Proteins from the second group harbor the near-iron transporter motif and include
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iron-regulated surface determinant proteins (IsdA, IsdB, and IsdH). The third group
proteins contain tandemly repeated three helical bundles, e.g., protein A. The fourth
group comprises the G5-E repeat family proteins, including S. aureus surface protein G
(SasG). All CWAPs contain a characteristic five-amino acid structure called the LPXTG
motif (Leu-Pro-any amino acid-Thr-Gly) (27). The LPXTG motif is recognized by the
membrane protein sortase A (SrtA) (27), which cleaves the peptide bond between
threonine and glycine residues and covalently bridges the threonine to lipid Il, a precursor
of peptidoglycan (28). Although extensive efforts have been made to demonstrate the
individual importance of these proteins in biofilm formation and pathogenesis, functional
relationships among them are still largely unknown.

SasG, also known as Aap in Staphylococcus epidermidis, is one of the
extensively characterized CWAPs in S. aureus and promotes cell-cell interactions during
biofilm formation (29, 30). SasG/Aap is comprised of the N-terminal secretion signal, the
A domain, and the repeated B domains harboring two short G5-E repeats, followed by the
C-terminal wall/membrane-spanning regions containing the LPXTG maotif (31). Biofilm
promotion is mainly achieved by interactions between B domains of two SasG/Aap
molecules in a Zn**-dependent fashion (32). Atomic force microscopy demonstrated that

homophilic interactions between B domains of two SasG/Aap molecules are involved in
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biofilm promotion activity (33). On the other hand, it is still unclear whether cell
wall-anchorage is essential for the SasG/Aap function in biofilm promotion.

In the current study, we aimed to define the roles of Eap and SasG in biofilm
formation. We show that the secreted protein Eap and CWAP SasG compensate for one
another in biofilm formation, but only Eap plays a key role in the ruggedness of biofilm
structure. In addition, loss of both proteins significantly reduces the pathogenicity of S.
aureus in a silkworm larval infection model. These findings provide insight into the
multicellular behaviors and pathogenicity of S. aureus and emphasize the importance of

developing anti-biofilm therapies that target multiple biofilm components.
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RESULTS

Eap and CWAPs play similar roles in biofilm biomass determination. In the
current study, S. aureus strains were cultured at 37°C in brain heart infusion (BHI)
medium supplemented with 1% (w/v) glucose (BHIG medium), since a large variety of S.
aureus strains produce substantial biofilms under these conditions (34). We previously
showed that MR23, a clinical methicillin-resistant isolate of S. aureus, forms a robust
protein-dependent biofilm in BHIG that is dispersed by proteinase K (Fig. S1) (35). To
identify proteins that are important for biofilm formation, known biofilm-associated genes
were deleted in MR23 by using the in-frame deletion method (36, 37). Although MR23
ECM contains large amounts of Eap and Eap promotes biofilm formation in strains that
do not produce substantial biofilms (35), deletion of eap did not affect the biomass of
MR23 biofilm (Fig. 1A), similarly to S. aureus SA113 Aeap grown in BHIG (25). This
suggested that Eap does not contribute to biofilm formation in MR23 and/or that other
molecules, including proteins, eDNA, and PIA, compensate for the loss of Eap function.
To address the latter possibility, we treated a preformed MR23 Aeap biofilm with enzymes
that degrade major biofilm components. The biofilm was destroyed by proteinase K, but
not by DNase | or PIA-degrading dispersin B (Fig. S1A). This indicated that MR23 Aeap

formed a protein-dependent biofilm and that other proteins contributed to biofilm
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formation.

CWAPs are important for biofilm formation in various bacteria (38—-42). We
therefore asked whether CWAPs play a role in biofilm formation in MR23 Aeap. Sortase A
covalently links the CWAP LPXTG motif to peptidoglycan, anchoring CWAPs to the cell
wall (27). Therefore, the role of cell wall-anchored CWAPSs can be investigated by
deleting srtA. To test whether Eap played a role in biofilm formation, srtA was disrupted in
MR23 wild-type and MR23 Aeap. Although the biofilm biomass of the AsrtA mutant was
the same as that of the wild type, strain Aeap AsrtA formed significantly less biofilm than
other strains (Fig. 1A). In addition, the biomass of Aeap AsrtA strain biofilm was restored
by expressing either Eap or SrtA from the respective plasmids (Fig. 1B). Expression of
Eap and SrtA was confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) of ECM (Fig. 1C) and cell wall fractions (Fig. 1D).
Drastically reduced levels of CWAPs in Aeap AsrtA mutant were recovered by the
expression of exogenous SrtA (Fig. 1D). These observations indicated that Eap and
certain cell wall-anchored CWAP(s) play redundant roles in the formation of the
substantial protein-dependent biofilm of MR23.

Eap and SasG play redundant roles in biofilm formation. To identify the

CWAP that compensated for the loss of Eap in biofilm formation by MR23, we disrupted
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major CWAP-encoding genes belonging to different groups (26) in MR23 wild type and
Aeap mutant. Simultaneous deletion of eap and sasG resulted in a significant reduction
of the biofilm biomass, while combined deletions of eap and other CWAP genes did not
(Fig. 2A). In addition, the biomass of AsasG mutant biofilm was similar to those of
wild-type and Aeap strains (Fig. 2A). The reduced biomass of Aeap AsasG strain biofilm
was restored by the expression of either Eap or SasG from the respective plasmids (Fig.
2B). Expression of Eap and SasG was confirmed by SDS-PAGE (Fig. 2C) and western
blotting (Fig. 2D). Of note, the amount of SasG produced by a plasmid-encoded gene
was higher than that of wild-type strain harboring the empty vector pLC1 (Fig. 2D), which
may account for a slight increase in biomass of biofilm formed by Aeap AsasG mutant
harboring pSasG"'" (Fig. 2B). These observations revealed that Eap and SasG play
redundant roles in the formation of substantial biofilm by MR23.

MR23 is a hyper Eap-producing strain compared with other clinical isolates as
recently reported (34). In addition, the protein level of SasG in MR23 was similar or
higher than those in most other strains (Fig. S2). Therefore, the redundant roles of Eap
and SasG might be specific for certain strains that overproduce Eap and SasG. As shown
in Fig. S3A, single knockouts of eap and sasG slightly reduced the biofilm biomass in

RN4220, a restriction-deficient strain of S. aureus derived from the laboratory strain

10
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NCTC8325 (43), while double knockout of both genes did so more effectively.
Overproduction of either Eap or SasG drastically stimulated biofilm formation of RN4220
Aeap AsasG. The biofilm biomass of RN4220 Aeap AsasG co-overexpressing Eap and
SasG was similar to those of cells overexpressing each protein (Fig. S3B). Under the
conditions tested, the amount of Eap expressed from pEap-SasG was lower than that
from pEap, while the amount of SasG produced from pEap-SasG was almost the same
as that from pSasG (Fig. S3C). Supplementation of high concentrations of
anhydrotetracycline (aTc), an inducer, did not stimulate biofilm formation of RN4220 Aeap
AsasG pEap-SasG (data not shown). Therefore, we added purified Eap into the biofilm
culture of RN4220 Aeap AsasG pEap-SasG. Exogenously added Eap did not promote
biofilm formation of RN4220 Aeap AsasG pEap-SasG, although it stimulated that of
RN4220 Aeap AsasG pLC1 in a dose-dependent manner (Fig. S3D). Analysis of
extracellular matrix confirmed that a sufficient amount of Eap was used in this experiment,
since Eap in the culture of RN4220 Aeap AsasG pEap was estimated to be 90.9 + 2.9 nM
(n = 3). These results indicate that redundancy between Eap and SasG is likely specific
for certain strains that overproduce Eap and SasG as in the case of MR23.

SasG is a DNA-binding protein and capable of stabilizing eDNA in the

biofilm. The biofilms formed by wild type and Aeap were resistant to DNase I-treatment,
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whereas those by AsasG and Aeap AsasG were sensitive slightly and remarkably,
respectively (Figs. 3A and S1), suggesting two possibilities that Eap and SasG interact
with and protect eDNA from nucleases and that the importance of eDNA is masked by
these proteins. Recently, it has been reported that Eap can bind to DNA and is capable of
blocking neutrophil extracellular trap (NETs) formation (44). However, DNA-binding
capacity of SasG has not yet been elucidated. Therefore, we performed gel shift assay to
examine the interaction between SasG and DNA. As shown in Figure 3B, purified SasG
bound to purified lambda DNA in a dose-dependent manner. Next, we examined effect of
SasG on the stability of DNA. Although lambda DNA was digested by DNase | rapidly,
SasG protected it from degradation under the tested conditions (Fig. 3C). Taken together,
these results indicate that SasG is a DNA-binding protein and capable of stabilizing
eDNA in the biofilm.

Cell wall-anchorage of SasG is essential for biofilm formation. SasG
contains an N-terminal signal peptide, A domain, repeated B domains, and LPXTG motif
(28). DNA sequencing revealed that the MR23 sasG gene encodes a protein of
approximately 108 kDa, containing four B domains (Figs. 4A and S4). SasG promotes
adhesion of bacterial cells during biofilm formation, and while interactions between the B

domains are important for adhesion, the A domain is dispensable (31). However, it was
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unclear whether cell wall-anchorage was essential for SasG function in biofilm
development. To address this, we removed the SasG LPXTG motif and tested whether
that affected biofilm formation by MR23. Plasmid-encoded wild-type SasG (SasG"")
restored the biofilm biomass of Aeap AsasG strain to wild-type levels, whereas
expression of the protein lacking the LPXTG motif (SasG"") did not (Fig. 4B). As
expected, SasG"' was present in the cell wall fraction but SasG*-was not (Fig. 4C). By
contrast, large amount of SasG"- was detected in the culture supernatant (Fig. 4D).
These observations indicated that cell wall-anchorage is essential for the key role of
SasG in biofilm formation. This was consistent with the reduced biofilm biomass of Aeap
AsrtA strain (Fig. 1A), in which SasG was not tethered to the cell wall.

Eap plays an important role in rugged biofilm formation. Eap is a major
component of MR23 ECM. Eap contributes to biofilm formation by promoting bacterial
cohesion and bacterial cell-surface interactions (30, 38), whereas SasG promotes
bacterial cell-cell adhesion (31). To determine whether these proteins affected the
three-dimensional structure of MR23 biofilm, we analyzed biofilms formed by MR23
wild-type and derived mutant strains by using confocal laser scanning microscopy
(CLSM). Wild-type strain formed a thick biofilm with a highly rugged surface (Fig. 5).

Strain AsasG formed a biofilm whose thickness and ruggedness were similar to those of
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the wild-type biofilm. Strain Aeap formed a biofilm with a similar thickness but smoother
than those of wild-type and AsasG strain biofilms. On the other hand, strain Aeap AsasG
formed a thin and smooth biofilm. These observations indicated that Eap and SasG play
similar roles in determining biofilm biomass and thickness, but different roles in
determining biofilm ruggedness.

We then analyzed biofilms at an initial phase of formation (4-h biofilms) by using
atmospheric scanning electron microscopy (ASEM). This enabled the visualization of
biofilms in solution at a higher resolution than that afforded by CLSM, and with minimal
artifacts caused by dehydration (45). MR23 wild-type biofilm contained highly aggregated
cell clusters (Fig. S4). By contrast, biofilm formed by strain Aeap AsasG spread on the
surface of ASEM dish, and the formed cell clusters were smaller and less numerous than
those of wild-type strain. In addition, both focused and defocused cells were observed in
wild-type strain, while focused cells were predominant in strain Aeap AsasG. This
indicated that the former formed a multilayer biofilm while the latter formed a monolayer
biofilm after 4-h cultivation. These differences might be associated with the
three-dimensional structures of the biofilms observed using CLSM (Fig. 5).

Double deletion of eap and sasG reduces pathogenicity of S. aureus. We

next examined the impact of eap and sasG deletion on the pathogenicity of S. aureus in
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vivo, using the silkworm larvae (Bombyx mori) as a model of human pathogenic bacterial
infection (46). All silkworm larvae survived for at least 60 h after injection of 0.6% NaCl
solution, but 70% of larvae died within that period after injection of 1 x 10" cells of MR23
wild type (Fig. 6). No statistically significant difference in the survival rate of silkworm
larvae infected with Aeap strain and wild type were apparent. Similarly, no statistically
significant differences were observed in the mortality of larvae infected with AsasG and
wild-type strains. By contrast, the survival rate of silkworm larvae infected with Aeap
AsasG strain was significantly higher than that of larvae infected with the wild type (Fig.
6). Since proliferation of S. aureus in silkworm larvae is required for the lethality of
infection (46), we also evaluated the survival of the tested strains in silkworm larvae. After
24-h infection, no significant differences in the retrieved CFU/ml were apparent between
the strains (Fig. S5). Since the mortality of larvae infected with Aeap AsasG was
significantly lower than that of larvae infected with the wild type, this indicated that the
effect was not associated with a reduction of bacterial cell numbers in silkworm larvae,

but rather, with the strain’s biofilm forming capacity in vitro.

DISCUSSION

In the current study, genetic and microscopic analyses, and silkworm infection
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experiments revealed that the secreted protein Eap and CWAP SasG play redundant and
distinct roles in biofilm development and pathogenicity of S. aureus. To the best of our
knowledge, this is the first-ever report describing the functional relationship between a
secreted protein and a bona fide cell wall-anchored CWAP in the multicellular behavior
and pathogenesis of an opportunistic pathogen.

Mutational analyses revealed that simultaneous disruption of eap and srtA, and
that of eap and sasG resulted in a significant reduction of the biomass of MR23 biofilm
(Figs. 1 and 2). However, the biomass of Aeap AsrtA strain biofilm was lower than that of
Aeap AsasG strain biofilm (Figs. 1 and 2), indicating that additional CWAP(s) might be
responsible for biofilm formation by the Aeap AsasG strain. In addition, strain Aeap AsrtA
formed a low but significant amount of biofilm (approximately 25% of that produced by
the wild type) that was sensitive to proteinase K and DNase |, but not dispersin B (Fig.
S1), suggesting that other non-CWAP proteins and eDNA contribute slightly to biofilm
formation.

SasG promotes cell-cell interactions during biofilm formation. This is mainly
achieved by interactions between B domains of two SasG molecules anchored to
different S. aureus cells, in a Zn?*-dependent fashion (32). Although at least five B

domains were shown to be indispensable for SasG to promote biofilm formation, the
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number of B domain varies between 2 and 10 (29). In the current study, we confirmed
that MR23 SasG harbors four B domains (Accession humber: LC388387) and yet it
contributes to biofilm formation of MR23 (Fig. 1). The slight contradiction between the
previous study and our study regarding the number of B repeats required for biofilm
formation could be due to the different strains and experimental conditions. Eap harbors
four to six tandem repeats of a characteristic domain, the EAP domain, comprised of an
alpha-helix positioned diagonally across a five-stranded, mixed beta-sheet (47). DNA
sequencing revealed that MR23 Eap has five EAP domains (Accession number:
LC388386). Revisiting the minimum number of B domains in SasG and determining the
role of EAP domain in biofilm formation will provide further insights into molecular
mechanisms of biofilm formation mediated by these proteins.

Previously, the involvement of a secreted protein Sbp and a cell wall-anchored
protein Aap in biofilm formation was analyzed in S. epidermidis (48). The authors
reported that Sbp, but not Aap, is involved in biofilm formation of S. epidermidis strain
1457, a PIA-dependent biofilm producer. They noticed that reduced biofilm formation in
Asbp was due to the down regulation of icaA transcription. Subsequently, the authors
revisited the roles of Sbp and Aap in an ica-negative mutant of strain 1457.

Overproduction of the B domains of Aap and supplementation of recombinant Sbp
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promoted biofilm formation of the ica-negative strain in a dose-dependent manner. It
should be emphasized that the authors used only the B domain of Aap (amino acids
596-1507) that was not covalently linked to the cell wall and did not show the importance
of cell wall-anchored Aap. Interestingly, we found that cell wall-anchorage was essential
for SasG function in MR23 biofilm and that the role of SasG was reinforced in the
absence of Eap (Fig. 4). On the other hand, S. aureus protein A and Listeria
monocytogenes internalin A do not require cell wall-anchoring to promote biofilm
development (39, 49). The requirement of cell wall-anchorage for biofilm promotion
depends on the CWAP. Protein A and internalin A may bind to cell surface even in the
absence of the LPXTG motif and are expected to promote bacterial cell-cell interactions
via protein-protein or protein-other component(s) interactions. Data presented herein
indicated that SasG"- was present in the culture supernatant but no or very little protein
was present in the cell surface fraction (Fig. 4). This suggested that SasG was unable to
associate tightly with the bacterial cell surface in the absence of the LPXTG motif.
Reduced biofilm formation by strain Aeap AsrtA (Fig. 1) supported this notion, since
LPTXG-containing proteins cannot be covalently bridged to the cell wall in that strain.
CLSM analysis revealed that Aeap and AsasG strains produced a thick biofilm,

similar to the wild type, and that strain Aeap AsasG formed a thinner biofilm than the wild
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type (Fig. 5). These observations were consistent with the results of conventional crystal
violet staining (Fig. 2A). Interestingly, deletion of eap significantly reduced the
ruggedness of the MR23 biofilm, whereas that of sasG did not (Fig. 5), indicating that
Eap contributes to the ruggedness of the biofilm. ASEM analysis indicated that Eap is
important for bacterial cohesion, leading to the formation of highly aggregated cell
clusters at the initial stage of biofilm formation (Fig. S4). This property of Eap appeared to
be associated with the roughness of biofilm.

We also examined the impact of eap and sasG deletions on S. aureus
pathogenicity in vivo, using the silkworm larva model. No statistically significant
differences between the survival rates of silkworm larvae infected with wild-type and
Aeap strains were apparent; however, the survival rate of silkworm larvae infected with
Aeap strain was slightly higher than that of larvae infected with wild-type and AsasG
strains (Fig. 6). Eap contributes to the virulence of S. aureus by interacting with bacterial
cell surface and several host plasma proteins (22, 23). The role of SasG in virulence is
still unclear. It was reasonable to assume that the effect of Eap on pathogenicity is
greater than that of SasG, and that biofilm biomass quantified in vitro correlated with
pathogenicity. Indeed, the pathogenicity of S. aureus in the silkworm larva model is

associated with adhesion to host cells but not toxin production (50). Therefore, it is not
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surprising that key players in biofilm formation also contribute to pathogenicity in
silkworm larvae.

How does MR23 produce the large amount of Eap and SasG and how does such
strain emerge? Our preliminary data revealed that agrC and one-third of agrA are
spontaneously deleted in MR23 (data hot shown). Dysfunction of agr leads to
up-regulation of the expression of surface proteins including Spa and FnBA at the
transcriptional (51-53) and protein levels (54, 55). Although regulation of SasG
expression is largely unknown, a previous report suggested that the transcription of sasG
was increased in agr-dysfunctional isolates (56). In addition, surface proteins are
stabilized due to down regulation of the expression of extracellular proteases in agr
mutants (57). These data suggest that agr dysfunction may be involved in the enhanced
expression and accumulation of SasG in MR23. Previously, it was reported that S.
aureus Newman produced a high amount of Eap via enhanced activity of SaeS, a
positive regulator of Eap, due to a unique mutation in SaeS (Leul8 to Prol18) (58). The
same mutation was not found in MR23, but another mutation was detected in the
C-terminal part of SaeS (Val299 to Leu299). It would be interesting to determine whether
the latter mutation is also involved in the overproduction of Eap. Glucose was shown to

repress SaesS, leading to down regulation of Eap (59); however, MR23 still produced a
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large amount of Eap even in the presence of glucose (34). Therefore, other factors, apart
from SaeS, should also be involved in the extremely high amount of Eap in MR23. We
found a single-base substitution in the 5'-untranslated region of eap in MR23 compared
with other strains (data not shown). This base-substitution may stabilize eap mMRNA
and/or promote its translation, which could account for the extremely high amount of Eap
in MR23.

Taken together, the presented findings highlight the functional relationship

between a secreted protein and a CWAP in S. aureus biofilm formation and pathogenicity.

There may be similar redundancies between Eap and SasG, between other secretion
protein(s) and other CWAP(s), between proteins and eDNA, and between
polysaccharides and other extracellular substances in other strains and bacteria. In fact,
we found redundancy between proteins (Eap and SasG) and eDNA, as the DNase
I-resistant biofilm of MR23 became DNase I-sensitive when eap and sasG were deleted
(Figs. 3A and S1). In addition, our results indicate for the first time that SasG binds to and
stabilizes DNA (Fig. 3B, C). The present paper will provide an important avenue to
consider that different biofilm adhesins may play overlapping roles in both biofilm
formation and infection. This knowledge may contribute to the development of anti-biofilm

therapies targeting multiple biofilm components.
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METHODS

Bacterial strains and culture media. Bacterial strains used in the current study
are listed in Table S1. S. aureus strains were grown at 37°C in BHI medium (Becton
Dickinson, Franklin lakes, NJ), BHIG medium (Wako, Osaka, Japan), or mannitol salt
agar (Merck, Darmstadt, Germany). Escherichia coli strains were grown at 37°C in
Luria-Bertani (LB) medium containing 1% (w/v) tryptone (Becton Dickinson), 0.5% (w/v)
yeast extract (Becton Dickinson), and 1% (w/v) NaCl. When required, appropriate
antibiotics (100 ug/ml ampicillin and 5 ug/ml chloramphenicol; Nacalai Tesque, Kyoto,
Japan) and an inducer (100 ng/ml aTc; Sigma, St. Louis, MO) were added to the media.

Plasmid construction. Mutant strains of S. aureus MR23 were constructed
using the E. coli-S. aureus shuttle vector pKORL1 (37) as described by Chiba et al. (60).
Briefly, sequences approximately 500-bp upstream and downstream of each target gene
were PCR-amplified from MR23 genomic DNA using KOD Plus ver. 2 DNA polymerase
(Toyobo, Osaka, Japan) and the appropriate primer sets (Table S2). The fragments were
connected by splicing using overlap extension PCR (36). The generated PCR products
were cloned into pKOR1 using the Gateway BP Clonase Il enzyme mix (Life
Technologies, Palo Alto, CA); the resulting plasmids are described in Table S2.

Plasmids for the complementation of the respective gene deletions were
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constructed using the E. coli-S. aureus shuttle vector pLC1 as previously described (61).
Briefly, eap, srtA, sasG"'", sasG”", and eap-sasG"'" genes were PCR-amplified from
genomic DNA using KOD Plus ver. 2 DNA polymerase and primers listed in Table S2.
The amplified fragments were cloned into pLC1 linearized by inverse PCR with primers
pLC1-F and pLC1-R (Table S2) using the GeneArt Seamless cloning and assembly kit
(Life Technologies) according to the manufacturer’s instructions.

To overproduce recombinant N-terminally Hisg-tagged SasG (His-SasG) in E. coli,
the fragment encoding MR23 SasG lacking the signal sequence and the C-terminal
portion with the LPXTG motif (amino acid residues 51-954) was PCR-amplified from the
MR23 genome using KOD Plus Neo DNA polymerase (Toyobo), and the primers
pCold-SasG-F and pCold-SasG-R (Table S2). The amplified fragment was cloned into
pCold I (Takara, Otsu, Japan) using the GeneArt Seamless cloning and assembly kit, as
above. The resultant plasmid was named pCold-SasG (Table S1).

Oligonucleotide primers (Table S2) were synthesized by Life Technologies.

Construction of deletion mutants. Plasmids derived from pKOR1, described
above, were used to transform S. aureus RN4220 by electroporation (62). After
purification, the plasmids were introduced into strain MR23 by electroporation, and the

target genes were deleted from the MR23 genome by in-frame deletion as described

23

1sanb Ag 6T0Z ‘€z Arenuer uo /610 wse rel//:dny woll papeojumod


http://iai.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Infection and Immunity

Infection and Immunity

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

previously (32, 45) (Table S1). Similarly, RN4220 isogenic mutants were generated.

Biofilm formation. Overnight S. aureus cultures grown in BHI medium at 37°C
were diluted 1000 times in BHIG. Then, 200-ul suspensions were cultured at 37°C for 24
h in 96-well polystyrene flat-bottom plates (Corning, Corning, NY). When required, aTc
(200 ng/ml), an inducer, and chloramphenicol (5 ug/ml), a selective agent, were added to
the culture medium from the onset of biofilm formation. Biofilms formed on plastic surface
were washed twice with 200 ul of phosphate-buffered saline and stained with 200 ul of
0.05% (w/v) crystal violet for 5 min at 25°C. After staining, biofilms were washed once
with 200 pl of phosphate-buffered saline and their mass quantified by measuring the
absorbance at 595 nm using a microplate reader Infinite F200 Pro (Tecan, Mannedorf,
Switzerland). The limit of the microplate reader was ABSsgs = 4.0.

To analyze the biofilm susceptibility to enzymes, proteinase K (100 pg/ml)
(Sigma), DNase | (100 U/ml) (Roche, Mannheim, Germany), or dispersin B (20 ug/ml)
(Kane Biotech, Winnipeg, MB, Canada) (63) were added to 24-h biofilms and incubated
for 1 h at 37°C. Biofilm biomass was then quantified as described above.

Isolation of ECM, cell wall, and culture supernatant fractions. ECM was
isolated from bacteria grown under biofilm-forming conditions as previously reported (60).

Briefly, overnight cultures were diluted 1000 times in 10 ml of BHIG medium in 15-ml
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conical tubes (Becton Dickinson) and statically incubated at 37°C for 24 h. After
incubation, the conical tubes were centrifuged at 8000 x g for 10 min at 25°C to separate
bacterial cells from culture supernatant. To extract ECM components, cell pellets were
suspended in 100 pl of 1.5 M NaCl solution. The suspensions were centrifuged at 5000 x
g for 10 min at 25°C. The supernatants (ECM fractions) were then transferred to new test
tubes. Cell pellets were suspended in 100 ul of 25% (w/v) sucrose (Nacalai Tesque)
solution containing 10 mM Tris-HCI (pH 8.0) (Wako) and protease inhibitor cocktail
(Nacalai Tesque). The suspensions were treated with lysostaphin (200 pug/ml) (Wako) for
30 min at 37°C and then centrifuged at 15,000 x g for 10 min at 25°C. The supernatants
were collected as the cell wall fractions. To concentrate the culture supernatants, the
supernatants (600 ul) were mixed with equal amount of 20% (w/v) trichloroacetic acid
(Nacalai Tesque) and incubated for 30 min on ice. After centrifugation at 10,000 x g for 10
min at 4°C, the pellets were washed with 1 ml of acetone (Wako) and centrifuged (10,000
x g for 10 min at 4°C). The pellets were suspended in 60 ul of SDS sample buffer [125
mM Tris-HCI (pH 6.8), 4% (w/v) SDS, 20% (w/v) glycerol, 10% (v/v) 2-mercaptoethanol]
and used as concentrated (10x) culture supernatant fractions.

Purification of recombinant SasG. His-SasG was overexpressed from

pCold-SasG in E. coli BLR (DE3) cells (Table S1), which were grown at 30°C in 1 | of LB
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medium containing 100 pg/mL ampicillin. Expression of His-SasG was induced by the
addition of isopropyl p-D-1-thiogalactopyranoside (1 mM) and incubating at 15°C for 24 h.
Cells were harvested by centrifugation and resuspended in 50 ml of buffer A [20 mM
Tris-HCI (pH 8.0) and 300 mM NacCl] supplemented with protease inhibitor cocktail
(Nacalai Tesque). After sonication on ice, cell lysates were centrifuged at 8500 x g for 30
min at 4°C, and the supernatant was loaded onto 2-ml bed volume of TALON resin
(Takara) that had been washed with buffer A supplemented with 5 mM imidazole.
Recombinant proteins were eluted using 250 mM imidazole. Eluted fractions were
dialyzed against buffer B [20 mM Tris-HCI (pH 8.0), 1 mM dithiothreitol, and 20% (w/v)
glycerol] using Slide-A-Lyzer dialysis cassettes (Thermo Fisher, Waltham, MA), and
purified by chromatography using a HiTrap Q column (GE Healthcare, Pittsburgh, PA)
and 0-1 M NaCl gradient in buffer C [20 mM Tris-HCI (pH 8.0), 1 mM dithiothreitol, and
10% (w/v) glycerol]. Purified His-SasG was pooled and quantified using Bradford assay
kit (Bio-Rad Laboratories, Hercules, CA).

Characterization of proteins in ECM, cell wall, and culture supernatant
fractions. The amount of proteins in the ECM fractions was standardized to the wet
weight of bacterial pellets before ECM fraction isolation. Protein concentrations in the cell

wall fractions were determined using Pierce protein assay reagent (Thermo Fisher).
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Standardized amounts of proteins were resolved on 15% (w/v) polyacrylamide gels (Atto,
Tokyo, Japan). After SDS-PAGE, the gels were stained with CBB (Nacalai Tesque) or
used for western blotting.

Western blotting. After SDS-PAGE, proteins were transferred to a
polyvinylidene difluoride membrane using iBlot 2 dry blotting system (Thermo Fisher).
The membrane was treated for 30 min at 25°C with 1% (w/v) skimmed milk (Wako)
dissolved in Tris-buffered saline (TBS-T) composed of 10 mM Tris-HCI (pH 7.4) (Wako),
100 mM NacCl, and 0.1% (v/v) Tween 20. After gentle washing with TBS-T, the membrane
was probed with anti-SasG primary rabbit polyclonal antibody [developed by Eurofins
Genomics (Tokyo, Japan) using purified His-SasG as the antigen] diluted 5000 times in
CanGet Signal 1 (Toyobo), for 1 h at 25°C. The membrane was washed twice with TBS-T
and was subsequently incubated with a secondary goat anti-rabbit IgG antibody
conjugated with horse radish peroxidase (BioRad Laboratories) diluted 100,000 times in
CanGet Signal 2 (Toyobo), for 1 h at 25°C. After washing three times with TBS-T, the
signal was detected using ECL prime western blotting detection reagent (GE Healthcare)
and LAS-4000 Image Analyzer (GE Healthcare).

Gel shift assay. Purified SasG (0.1, 0.5, and 1 yM) was mixed with purified

lambda DNA (15 pg/ml, Takara) in buffer containing 0.5 mM Tris-HCI (pH 8.0) and 0.05
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mM EDTA. After incubation at 25°C for 1 h, the samples were analyzed by agarose gel
electrophoresis with ethidium bromide staining.

DNA protection assay. Purified lambda DNA (15 pg/ml, Takara) was
pre-incubated with or without purified SasG (1 uM) in buffer containing 400 mM Tris-HCI
(pH 7.9), 100 mM NacCl, 60 mM MgCl,, and 10 mM CacCl, at 25°C for 30 min. Then,
DNase | (1 U/ml) was added to the mixture. At the indicated time points, small aliquots of
the mixture were taken, mixed with proteinase K (1 mg/ml), and incubated at 25°C for 10
min to digest DNase | and SasG. The residual DNA was analyzed by agarose gel
electrophoresis. Band intensities were measured using LAS-4000 Image Analyzer.

CLSM. Overnight bacterial cultures grown in BHI medium at 37°C were diluted
1000 times in BHIG and incubated at 37°C for 24 h on glass-bottomed dish (35-mm
diameter; Matsunami Glass, Osaka, Japan). Biofilms were fixed with 1% (w/v)
glutaraldehyde for 10 min at 25°C (Wako). After glutaraldehyde removal, 50 mM
ammonium chloride (Kanto Chemical, Tokyo, Japan) was added to quench the residual
glutaraldehyde. The fixed biofilms were stained with 25 uM of thioflavin T (AAT Bioquest,
Sunnyvale, CA), which binds to bacterial RNA and is used to visualize bacterial cells (64).
Three-dimensional biofilm structures were observed using LSM880 confocal laser

scanning microscope with a 63x oil objective lens (Carl Zeiss, Oberkochen, Germany).
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Thioflavin T fluorescence was detected using excitation at 458 nm and emission at 470—
510 nm. All z-sections were collected at 0.25-um intervals and three-dimensional
structures were reconstructed using the free microscope software ZEN for ZEISS
Microscopy (Carl Zeiss).

Evaluation of S. aureus pathogenicity in the silkworm model. Fifth instar
silkworm larvae of B. mori (S30 x xe5) were obtained from the Institute of Genetic
Resources Faculty of Agriculture (Kyusyu University, Fukuoka, Japan). To prepare
bacterial suspensions, 700 ul of overnight cultures were centrifuged at 8000 x g for 5 min
at 25°C. The pellets were washed with 700 pul of 0.6% NacCl solution, centrifuged at 8000
x g for 5 min at 25°C, and re-suspended in 700 pl of 0.6% NaCl solution. Then, 50 pl of
bacterial suspensions were injected (1 x 10’ CFU) into the hemolymph through the dorsal
vessel using 30-G syringe (Becton Dickinson). Pressure was immediately applied to the
injection site for 20 s to stop leakage of the body fluid. As a control, larvae were injected
with 50 ul of 0.6% NaCl solution. Larval survival was observed at 25°C for 60 h without
feeding.

To evaluate bacterial survival in silkworm larvae, the rear legs of injected
silkworms were cut with scissors and the body fluid was collected, 24 h after injection of

bacteria. After 10-fold serial dilution, samples were spread on mannitol salt agar plates
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selective for S. aureus, incubated at 37°C overnight, and the colonies counted.

Accession numbers. Nucleotide sequences of eap and sasG from S. aureus
MR23 determined in the current study have been deposited in the DDBJ database under
the accession numbers LC388386 and LC388387, respectively.

Statistical analyses. Statistical analysis of biofilm biomass was performed using
EZR software (57). ANOVA and Student’s t-test were used to assess significant
differences in biofilm formation between bacterial strains and in enzyme susceptibility
between treatments. For multiple group comparisons, Kruskal-Wallis and Mann-Whitney
U-tests with Bonferroni correction were used to determine whether any of the groups
exhibited statistically significant different thickness of biofilms. The log-rank test was
used to assess significant differences in the pathogenicity of bacterial strains in the

silkworm model. For all statistical analyses, P < 0.05 was considered significant.
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Figure legends

FIG 1 Eap and SrtA play redundant roles in biofilm formation. (A) Biomasses of biofilms
formed by MR23 wild-type (WT), Aeap, AsrtA, and Aeap AsrtA strains grown in BHIG at
37°C for 24 h were determined by crystal violet staining. (B) Reduced biomass of Aeap
AsrtA strain biofilm was complemented by providing plasmid-encoded Eap or SrtA.
Empty vector (pLC1) was introduced into WT and Aeap AsrtA strains as a positive and
negative control, respectively. The data are presented relative to the positive control,
designated as 100%. (A, B) The means and standard deviations of biofilm biomass from
three independent experiments are shown. **, P < 0.01; NS, not significant. (C) Protein
profiles of ECM isolated from WT pLC1, Aeap AsrtA pLC1, Aeap AsrtA pEap, and Aeap
AsrtA pSrtA strains were analyzed by SDS-PAGE with Coomassie Brilliant Blue (CBB)
staining. Prominent bands indicated by an arrowhead correspond to Eap (35). (D) Cell
wall fractions of the indicated strains were analyzed by SDS-PAGE with CBB staining.

The images are representative of at least three independent analyses.

FIG 2 Identification of CWAPs responsible for biofilm formation in MR23. (A, B)
Biomasses of biofilms produced by the indicated strains were quantified as described in

Fig. 1. The means and standard deviations of biofilm biomasses from three independent
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experiments are shown. **, P < 0.01; NS, not significant. (C) Protein profiles of ECM
isolated from the indicated strains were analyzed by SDS-PAGE with CBB staining. (D)
Proteins in the cell wall fractions of the indicated strains were subjected to SDS-PAGE

with CBB staining, or western blotting with anti-SasG antibody.

FIG 3 SasG is a DNA-binding protein. (A) DNase I|-sensitivities of the biofilms formed by
the indicated strains are shown. Relative biofilm biomasses are shown (non-treated
biofilms are defined as 100%). Original data are shown in Figure S1. -, absence; +,
presence. (B) DNA-binding capacity of SasG was analyzed by gel shift assay. Purified
SasG (0.1, 0.5, and 1 yM) was mixed with lambda DNA (ADNA) prior to agarose gel
electrophoresis. (C) Degradation of ADNA by DNase | was analyzed in the presence and
absence of purified SasG. After the treatment, DNase | and SasG were degraded by
proteinase K, and the residual DNA was analyzed by agarose gel electrophoresis. Band
intensities were measured using LAS-4000 Image Analyzer and the relative intensities

are shown in the graph.

FIG 4 LPXTG motif in SasG plays a role in compensating for the loss of Eap in biofilm

formation. (A) The domain structure of MR23 SasG. S, signal peptide; A, Adomain; B, B
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domain; and LPXTG, LPXTG motif. Plasmids for the expression of SasG"" and SasG""
were constructed in the current study (Table S1). (B) Biomass of biofilms produced by the
indicated strains was determined as described in Fig. 1. The means and standard
deviations from three independent experiments are shown. **, P < 0.01. (C, D) SasG
proteins in the cell wall fractions (C) and culture supernatants (D) were analyzed by

western blotting using anti-SasG antibody.

FIG 5 Three-dimensional structure of bacterial biofilms. (A) Biofilms formed by the
indicated strains were stained with thioflavin T and analyzed using CLSM. Typical top
oblique and side views of the biofilms are shown. (B) Thickness of the biofilms formed in
three independent dishes was determined using Image J software. The line in each box
and whisker plot represents the median thickness of biofilms formed by the indicated

strains. O, outlying values; **, P < 0.01; NS, not significant.

FIG 6 Evaluation of the pathogenicity of S. aureus strains in silkworm larvae. Ten
silkworm larvae were injected with diluted overnight cultures (1 x 10’ CFU) of the
indicated strains. Larval survival was monitored at 25°C for 60 h. The curves are

representative of at least three independent experiments. The differences between WT
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781 and Aeap AsasG strains, or between WT and the injection control (0.6% NacCl solution)
782  were statistically significant (P < 0.05 and P < 0.01, respectively). By contrast, no
783  statistical difference was apparent between WT and Aeap strain treatments, or between

784  WT and AsasG strain treatments (P > 0.05).
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