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Abstract

The biofilm matrix, composed of exopolysaccharides, proteins, nucleic acids and lipids, plays a well-known role as a defence
structure, protecting bacteria from the host immune system and antimicrobial therapy. However, little is known about its
responsibility in the interaction of biofilm cells with host tissues. Staphylococcus aureus, a leading cause of biofilm-
associated chronic infections, is able to develop a biofilm built on a proteinaceous Bap-mediated matrix. Here, we used the
Bap protein as a model to investigate the role that components of the biofilm matrix play in the interaction of S. aureus with
host cells. The results show that Bap promotes the adhesion but prevents the entry of S. aureus into epithelial cells. A broad
analysis of potential interaction partners for Bap using ligand overlayer immunoblotting, immunoprecipitation with purified
Bap and pull down with intact bacteria, identified a direct binding between Bap and Gp96/GRP94/Hsp90 protein. The
interaction of Bap with Gp96 provokes a significant reduction in the capacity of S. aureus to invade epithelial cells by
interfering with the fibronectin binding protein invasion pathway. Consistent with these results, Bap deficient bacteria
displayed an enhanced capacity to invade mammary gland epithelial cells in a lactating mice mastitis model. Our
observations begin to elucidate the mechanisms by which components of the biofilm matrix can facilitate the colonization
of host tissues and the establishment of persistent infections.

Citation: Valle J, Latasa C, Gil C, Toledo-Arana A, Solano C, et al. (2012) Bap, a Biofilm Matrix Protein of Staphylococcus aureus Prevents Cellular Internalization
through Binding to GP96 Host Receptor. PLoS Pathog 8(8): e1002843. doi:10.1371/journal.ppat.1002843

Editor: Matthew R. Parsek, University of Washington, United States of America

Received March 5, 2012; Accepted June 21, 2012; Published August 2, 2012

Copyright: � 2012 Valle et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: J.V. and A.T-A were supported by Spanish Ministry of Science and Innovation ‘‘Ramón y Cajal’’ contract. This work was supported by Spanish Ministry of
Science and Innovation Grants BIO2008-05284-C02-01, AGL2011-23954 and the grant of Dpto. de Inovación from Gobierno de Navarra IIQ14066.RI1. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: ilasa@unavarra.es

Introduction

Staphylococcus aureus is a regular commensal of the skin of animals

and human population and it persistently colonizes the anterior

nares of around 25% of human adults [1]. S. aureus is harmless in

these locations, but it turns into an extremely threatening

pathogen when it traverses the epithelial barrier and gains access

to internal tissues from where it can infect almost any organ and

cause a broad spectrum of infections including abscesses,

pneumonia, endocarditis, osteomyelitis, sepsis and infections

associated with foreign-body implants [2]. Once in the internal

tissue, S. aureus remains mainly extracellular, in the interstitial

space between the cells [3,4], where bacteria encounter cellular,

humoral and complement compounds of the host innate immune

system. To succeed in this environment, S. aureus produces a large

variety of virulence factors that mediate cell and tissue adhesion

(surface proteins), contribute to tissue damage and spreading

(proteases, coagulase, DNAse, lipases, toxins) and protect bacteria

against the host immune defense system (superantigens) [5,6]. In

some cases, S. aureus proliferates producing bacterial aggregates

that grow encased in a self-produced extracellular polymeric

matrix, known as a biofilm [7–11]. Based on the susceptibility of

the biofilm matrix to the disaggregation with glycoside hydrolases

(dispersin B), proteases or DNAse, it is recognized that the S. aureus

biofilm matrix can be made of exopolysaccharides, proteins and

DNA [12–17]. The exopolysaccharidic biofilm matrix is composed

of a polymer of poly-N-acetyl-b-(1–6)-glucosamine, termed poly-

saccharide intercellular adhesin (PIA) or poly-N-acetylglucosamine

(PNAG) [18–21]whereas the proteinaceous biofilm matrix can be

assembled with different surface proteins, namely Bap, FnBPs,

SasG and Protein A [16,17,22–26].

The first example of a surface protein able to induce biofilm

development was Bap. It is a large protein of 2,276-aminoacids

with a series of identical repeats of 86 amino acids that accounts

for more than half of the protein [22], and two canonical calcium

binding EF-hand motifs able to control Bap functionality in

response to the calcium present in the growth media [27]. The bap

gene in S. aureus was initially identified in a mobile pathogenicity

island (SaPIbov2) whose mobility depends on the activity of a self-

encoded recombinase protein [28]. So far, the bap gene has never

been found in S. aureus human isolates. However, a bap ortholog

gene is present in the core genome of several coagulase-negative

staphylococcal species that are frequent colonizers of human skin

[29].All the S. aureus strains harbouring the bap gene are strong
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biofilm producers and Bap-mediated biofilm formation process

occurs independently of the presence of the PIA/PNAG

exopolysaccharide [30].A particularly interesting issue concerning

this Bap assembled matrix is that functionally related proteins

homologous to Bap exist in many phylogenetically unrelated

bacteria including Enterococcus faecalis, Acinetobacter baumanii, Pseudo-

monas aeruginosa, Salmonella enteritidis, Lactobacillus reuteri, Bordetella

pertussis and Escherichia coli (for a review see [31]). All the Bap

homologous proteins show high molecular weight, contain a core

domain of repeats and promote bacterial aggregation and biofilm

development.

It is currently clear that matrix production and subsequent

biofilm formation is very often associated with the establishment of

persistent infections due to the highly resistant nature of the

embedded bacteria to both the host immune defences and the

antimicrobial therapy. In this respect, several studies have

demonstrated that the PIA/PNAG matrix aids S. aureus in the

evasion of host immune defences by protecting bacteria from

macrophage phagocytosis and attenuating host proinflammatory

responses [32–35].Furthermore, phenol-soluble modulins (PSMs)

surfactant peptides secreted to the biofilm matrix of S. aureus act as

biofilm structuring factors but also have multiple functions in

immune system evasion [35,36].

In addition to its protecting role, it is feasible to envision that the

biofilm matrix may mask important bacterial surface antigens, and

in this context, the interaction between bacteria inside the biofilm

and the host might rely on the specific binding of extracellular

matrix components to host cell receptors. Accordingly, various

studies have proposed a role of the Bap-mediated biofilm matrixes,

including BapA of S. Enteritidis, Esp of E. faecalis, Lsp of L. reuteri

and Bap of A. baumanii, in the adhesion to host cells [37–40]. With

regard to Bap of S. aureus, we have previously shown that the

presence of a Bap-mediated biofilm matrix interferes with the

binding of several S. aureus adhesins (fibronectin-binding protein

and clumping factor) to their targets (fibrinogen and fibronectin) in

host tissues [41]. Despite this masking effect caused by the Bap

matrix, S. aureus strains producing Bap display an enhanced

capacity to colonize and persist in the mammary gland

[30].However, the underlying molecular mechanisms of the

interaction between the Bap related proteins and eukaryotic cells

remain unknown.

In this study, we used the staphylococcal Bap mediated matrix

as a model to investigate the role that components of the biofilm

matrix play in the interaction with host cells. Our results revealed

that Bap enhances the adhesion but inhibits the entry of S. aureus

into the epithelial cells. We also identified a direct interaction

between Bap and the Gp96 chaperone protein from host cells.

Binding of Bap to Gp96 was responsible for the inhibition of

bacterial invasion into nonprofessional phagocytic cells by

interfering with the fibronectin-binding protein mediated inter-

nalization pathway. Overall, our results reveal new facets of the

roles that the biofilm matrix plays during the establishment of

persistent infections.

Results

Bap promotes adhesion but inhibits the entry of S. aureus
into epithelial cells

To analyze the involvement of the Bap matrix on the adherence

capacity of S. aureus, we tested the ability of S. aureus V329 strain and

Dbap mutant to adhere to two different cell lines, a bovine mammary

epithelial (MAC-T)and a human hepatocyte (Hep-3B) cell line. The

bacterial inoculum used in cell assays came from an overnight

culture in which S. aureus V329 strain aggregated at the bottom of the

tube and also formed a Bap-dependent biofilm adhered to the glass

wall, whereas Dbap mutant grew planktonically (data not shown).

The results revealed that the V329 strain adhered 4-fold more

efficiently (P,0.05) than the Dbap mutant to both cell lines

(Figure 1A). It is worth noting that Bap-negative bacteria also

showed a reduce capacity to adhere to a HEK293 cell line, despite

the fact that these differences passed unnoticed in a previous study of

our group [41].We then compared the adhesion of a natural bap-

negative strain, S. aureus Newman, and its isogenic derivative

containing a chromosomal copy of the bap gene (S. aureus New-

man_Bap) [27]. S. aureus Newman_Bap showed a5 times (P,0.05)

higher capacity to adhere to both MAC-T and Hep-3B cell lines

than its parental bap-deficient S. aureus Newman strain (Figure 1B).

These results indicated that the presence of Bap enhances the

capacity of S. aureus to bind to epithelial cells, but they did not answer

the question as to whether the Bap protein was sufficient to promote

adhesion. To elucidate this point, the Bap protein was expressed in a

heterologous surrogate bacterium, Enterococcus faecalis and its

adherence capacity was tested. E. faecalis producing the Bap protein

adhered significantly more efficiently to both MAC-T and Hep-3B

cell lines (P,0.05) than the corresponding wild type strain

(Figure 1B). Taken together, these results demonstrated that the

Bap protein confers the capacity to adhere to epithelial cells.

Next, taking into account that S. aureus strain V329 invaded

human embryonic kidney cells (HEK293)less efficiently than its

corresponding Bap-deficient strain [41],we decided to test whether

Bap could also block S. aureus entry in our cellular models, MAC-T

and Hep-3B cells. Quantification of intracellular bacteria, after

invasion assays with S. aureus V329 and Dbap revealed that S. aureus

Dbap, despite its deficiency in the adhesion capacity to epithelial

cells, was able to invade more efficiently MAC-T and Hep-3B cells

than the wild type strain(Figure 1C). To ensure that inhibition of S.

aureus entry was due to the presence of Bap rather than to the

presence of a biofilm matrix, we compared the invasion capacity of

S. aureus V329 and Dbap strains complemented with a plasmid

carrying the icaADBC operon (pSC18) as well as S. aureus ISP479r,

a strain that constitutively produces large amounts of PIA/PNAG

exopolysaccharide, and its isogenic Dica mutant. The results

Author Summary

Staphylococcus aureus is a pathogen responsible for a wide
variety of infections, some of which become chronic due
to the capacity of this bacteria to form multicellular
communities that grow embedded in a self-produced
extracellular matrix, referred to as biofilms. Numerous
evidences have demonstrated that growing in the biofilm
protects bacteria from the immune system and antimicro-
bial treatments. However, less attention has been paid to
the role that the biofilm extracellular matrix plays in the
interaction with host cells. Here, we investigate this issue
through the use of the proteinaceous biofilm matrix
assembled by the Bap protein as a model. Our results show
that the Bap biofilm matrix triggers the adhesion to
epithelial cells. After adhesion, Bap binds directly to the
host receptor Gp96 and this interaction inhibits the entry
of the bacteria into the cells by interfering with the
fibronectin-binding protein mediated invasion pathway.
As a result, the expression of Bap decreased cell invasion
and increased bacterial persistence in lactating mice
mammary glands. Thus, our findings revealed a dual role
for the Bap-dependent biofilm matrix during the estab-
lishment of persistent infections, promoting adhesion of S.
aureus to epithelial cells and impairing host cell invasion.

Bap Biofilm Matrix Inhibits Host Cell Invasion
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showed that the presence of the PIA/PNAG matrix does not have

any effect on the capacity of bacteria to invade epithelial cells

(Supplementary Figure S1).

Taken together, these results showed that the Bap-mediated

matrix promotes bacterial adhesion to epithelial cells, and on the

other hand, interferes with S. aureus cell entry.

Identification of Gp96 as the ligand for Bap
We then aimed to identify putative host cell receptors

interacting with Bap by means of a ligand overlay approach.

MAC-T and Hep-3B total cell extracts were separated by SDS-

polyacrylamide gel electrophoresis, transferred onto a nitrocellu-

lose membrane and incubated in the presence of purified

recombinant Bap protein containing a 6xHistidine tag replacing

the LPXTG motif. Then, proteins that bound specifically to Bap

were detected by probing the membrane with an anti-Bap serum.

A Coomassie blue stained gel of the total membrane protein

profile of each strain is shown for reference (Figure 2A). We

focused on Bap-reactive bands that were present in both cell

extracts and absent when the membranes were not incubated

with the Bap protein (Figure 2B). A prominent band in the range

of ,100 kDa was apparent in both MAC-T and Hep-3B cell

extracts. To exclude that the 6xhistidine tag present in the

recombinant Bap protein could be responsible for the interaction

with the eukaryotic protein, we performed a similar ligand

overlayer assay using the unrelated6xHis tagged dispersin

protein. As expected, no specific bands reacting with the cell

extracts were detected when this protein was used as a bait (data

not shown).

To determine the identity of the ,100 kDa Bap binding

protein, the region corresponding to the location of the ,100 kDa

band was excised from a parallel Coomassie stained gel and this

sample was subject to trypsin digestion and MALDI-TOF analysis

followed by peptide mass fingerprinting that was compared with

the human proteome. The results showed that the protein band

corresponded to the endoplasmic reticulum chaperone Gp96

(GRP94), a member of the Hsp90 family of molecular chaperones

[42,43].

Gp96 is expressed at the cell surface of MAC-T and Hep-
3B cells

Although Gp96 is recognized as an endoplasmic reticulum

chaperon for Toll-like receptors [44], numerous evidences indicate

that it is also expressed on the plasma membrane of different cell

types [45–55].Thus, we decided to analyze whether Gp96 protein

is expressed at the cell surface of MAC-T and Hep-3B cells. As a

negative control, we also included in the assay two cell lines (Vero

and GPC-16) that have been previously shown to poorly express

extracellular Gp96 [52]. Firstly, we confirmed the expression of

Gp96 in whole MAC-T and Hep-3B cell extracts by immuno-

blotting using anti-Gp96 antibodies (data not shown). Secondly,

we investigated if Gp96 was localized in the plasma membrane of

MAC-T and Hep-3B cells, by means of labelling surface exposed

proteins of intact cells using the membrane-impermeable biotiny-

lation reagent sulpho-N-hydroxysuccinimide (NHS) biotin (Pierce).

After harvesting the cells, the biotinylated proteins were purified

on streptavidine-beads. Upon reduction, the biotinylated proteins

were released from the beads and analyzed by western-blot using

anti-Gp96 antibodies. The results revealed the presence of Gp96

in the biotinylated protein fraction of MAC-T and Hep-3B cells.

Accordingly, a faint band was detected in Vero and GPC-16 cells.

In addition, to verify that membrane impermeability was not

disrupted during the assay and exclude that cytoplasmic Gp96

could be labeled during the experiment, the biotinylated protein

fractions were interrogated using anti-a-catenin antibodies. The

absence of a-catenin, an abundant protein in the cytoplasm,

confirmed that the biotinylated fraction did not contain cytoplas-

mic proteins (Figure 3A).

Lastly, we used immunofluorescence staining to localize Gp96

distribution at the cell surface. Nonpermeabilised MAC-T, Hep-

3B, Vero and GPC-16 cells were incubated with polyclonal anti-

Figure 1. A) Effect of Bap expression in S. aureus adherence to
epithelial cells. Adhesion of S. aureus V329 wild type (Wt) and Dbap
mutant to the bovine mammary gland epithelial cells MAC-T and to
human hepathocytes Hep-3B. B) Adhesion of S. aureus Newman wild
type (Wt), S. aureus Newman expressing Bap (Bap+), E. faecalis 23 wild
type (Wt) and E. faecalis expressing Bap (Bap+) to MAC-T and Hep-3B
epithelial cells. After 1 h of infection, cells were lysed and cell extracts
were vigorously vortexed for 2 min. Bacterial adhesion was measured
by CFU counts. Increase in adhesion was statistically significant (p
value,0,05) in all comparisons shown. C)Effect of Bap expression in S.
aureus entry into MAC-T and Hep-3B epithelial cells. Bacterial invasion
was measured by CFU count after gentamicin assay. Experiments were
performed in triplicate and repeated four times for each cell line.
doi:10.1371/journal.ppat.1002843.g001

Bap Biofilm Matrix Inhibits Host Cell Invasion
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Gp96 followed by incubation with a secondary antibody conjugated

with Alexa-488. Then, cells were permeabilized and F-actin was

labelled with Alexa-Fluor 647-phalloidin. In agreement with

previous results, Gp96 was clearly detected at the cell surface of

nonpermeabilized MAC-T and Hep-3B cells whereas it was absent

from the cell surface of GPC-16 and Vero cells (Figure 3B).

Figure 2. Identification of Gp96 as a Bap cellular receptor by a ligand overlayer assay. A) Total protein extracts from MAC-T and Hep-3B
cells were separated on a SDS gel, transferred to a nitrocellulose membrane by western-blotting and probed with/without pure Bap protein (50 mg/
ml). B) Bound Bap protein was detected with polyclonal anti-Bap antibodies (a-Bap). A ,100 kDa band reacting with anti-Bap antibodies is shown by
the arrow. This protein was identified by MALDI-TOF analysis of the comigrating band on a Coomasie blue stained gel as Gp96.
doi:10.1371/journal.ppat.1002843.g002

Figure 3. Gp96 is expressed at the cell surface of MAC-T and Hep-3B cells. A) Western-blot analysis of Gp96 expressed at the cell surface.
Surface exposed proteins (SF-extract) of MAC-T, Hep-3B, Vero and GPC-16 cells were labeled with sulpho-N-hydroxysuccinimide (NHS) biotin and
purified using streptavid in columns. Captured proteins were separated in 10% SDS gel, transferred onto a nitrocellulose membrane and probed with
anti-Gp96. To control membrane impermeability, a-catenin was detected from the surface proteins (SF-extract) using anti-a-catenin antibodies,
whose specificity was verified using total cell extracts (T-extract). B) Cellular localization of Gp96. The cellular distribution of Gp96 was analyzed by
immunofluorescence using nonpermeabilized MAC-T, Hep-3B, Vero and GPC-16 cells labelled with anti-Gp96 (Gp96 ex.), phalloidin (actin) and DAPI.
doi:10.1371/journal.ppat.1002843.g003

Bap Biofilm Matrix Inhibits Host Cell Invasion
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Gp96 is a ligand for Bap on intact S. aureus
One caution of the ligand overlay assay is that proteins

presented in non-native conformations may interact in artificial

ways with a ligand and lead to the detection of ‘‘false positive’’

interactions. Several lines of evidences were used to indepen-

dently verify that Gp96 is a ligand of Bap. First, we assessed the

interaction of purified Bap with recombinant Gp96 by coimmu-

noprecipitation using anti-Bap polyclonal antibodies, and as a

result, we found a band corresponding to Gp96 after immuno-

precipitation of the complex (Figure 4A). Second, we analyzed

the binding of Gp96 to live, intact S. aureus bacteria. For that, S.

aureusV329 (Bap+) and it isogenic S. aureus Dbap mutant were

incubated with recombinant Gp96 protein. Binding of Gp96 to S.

aureus was detected by western-blot using monoclonalanti-Gp96

antibodies. As shown in figure 4B, the presence of Gp96 was only

detected in cell extracts of S. aureus producing Bap. These results

confirmed that Gp96 serves as a ligand for native Bap in intact

bacteria. Third, the specificity of the Gp96binding to Bap was

further validated by the ability of polyclonal anti-Bap antibodies

to block the binding of Gp96 to Bap producing bacteria

(Figure 4B).Fourth, as Bap homologues have been identified in

several staphylococcal species including S. epidermidis, S.chromogenes

and S. hyicus [29], we investigated whether Bap homologous

proteins were also able to interact with Gp96. For that, live intact

S. epidermidis C533, S. hyicus 12and S. chromogenes C483 bacteria

were incubated with recombinant Gp96 protein and binding of

Gp96 was detected by western-blot using anti-Gp96. As shown in

Figure 4C, all the coagulase negative staphylococcal strains

producing Bap proteins were capable of pulling down Gp96

indicating that all Bap homologous proteins produced by

different coagulase negative staphylococcal species interact with

Gp96.

Bap mediated adhesion to epithelial cells is independent
of the presence of Gp96

To investigate whether the interaction of Bap with Gp96 was

responsible for the Bap-mediated adhesion of S. aureus to

epithelial cells, we measured the adhesion of S. aureus to Hep-

3B cells after knocking down the Gp96 message by siRNA. The

efficiency of Gp96 down regulation was determined by densi-

tometry of Gp96 immunoblots using anti-Gp96 antibodies. As is

shown in figure 5A, transfection of Gp96 specific siRNA duplexes

consistently resulted in a 90% reduction in Gp96 protein levels

compared to the nontransfected cells or to the cells transfected

with control siRNA. The specific silencing of Gp96 expression

was further confirmed by the lack of effect of Gp96 siRNA on the

fibronectin protein. However, inhibition of Gp96 expression had

no significant effect on the adhesion of Bap producing bacteria,

suggesting that Gp96 was not required for Bap-mediated

adhesion (Figure 5B).Additional evidence that Gp96 was not

required for S. aureus adhesion to epithelial cells was obtained by

assessing the adhesion of S. aureus V329 and Dbap to the Gp96

deficient cell lines, Vero and GPC-16. The results revealed that

the V329 strain still adhered significantly more efficiently

(P,0.05) than the Dbap mutant to both cell lines, indicating that

the interaction of Bap with Gp96 was not required for the Bap-

mediated adhesion to epithelial cells (Figure 5C).

Bap and Gp96 interaction inhibits the entry of S. aureus
into epithelial cells

We next examined a plausible role of the interaction of Bap

with Gp96 in the invasion of S. aureus into epithelial cells. For that,

we first determined the entry of S. aureus V329 and Dbap to the

Gp96 deficient cell lines, Vero and GPC-16. The results showed

no significant differences between bacteria expressing Bap and the

Dbap mutant (Figure 6A), suggesting that the presence of Gp96 on

the cell membrane is necessary for Bap-mediated inhibition of

cell invasion. To confirm this, we carried out invasion assays on

Vero cells producing Gp96 from a pcDNA3 vector containing

gp96 cDNA [56] (Figure 6B).The presence of Gp96 signifi-

cantly reduced (P,0.05) the capacity of S. aureus V329 (Bap+) to

invade the cells whereas it did not have any significant effect on

the entry of Dbap deficient bacteria(Figure 6C).These results

Figure 4. Bap binds the cellular receptor Gp96. A) For the co-
immunoprecipitation (Co-IP) recombinant Gp96 was incubated with
purified Bap protein and immunoprecipitated with anti-Bap and protein
G sepharose beads. In the control assay, the incubation step with Bap or
Gp96 was omitted. Immunoprecipitated proteins were separated in
10% SDS gel, transferred onto a nitrocellulose membrane and probed
with anti-Gp96 (a-Gp96) or anti-Bap (a-Bap). B) Recombinant Gp96
binds to S. aureus expressing Bap. Bacteria expressing Bap (V329) and
the Bap deleted mutant (Dbap) were subcultured with 5 mg/ml of
recombinant Gp96 in the absence or presence of anti-Bap serum as
indicated. Unbound Gp96 was removed by extensive washing and
Gp96 bound to bacteria was detected using immunoblot analysis. C)
Bap proteins of coagulase negative staphylococci(S. epidermidis C533, S.
hyicus 12, S. chromogenes C483) bind Bap. Bacteria were subcultured
with 5 mg/ml of recombinant Gp96. Unbound Gp96 was removed by
extensive washing and Gp96 bound to bacteria was detected using
immunoblot analysis (upper part). Bap expression in S. epidermidis
C533, S. hyicus 12, S. chromogenes C483 by immunoblot using
polyclonal anti-Bap (a-Bap) serum (lower part).
doi:10.1371/journal.ppat.1002843.g004

Bap Biofilm Matrix Inhibits Host Cell Invasion
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confirmed that it is the interaction of Bap with Gp96 and not

the fact that Bap producing bacteria are merely coated in a

matrix, which reduces the capacity of S. aureus to invade

epithelial cells. Finally, we determined the entry of S. aureus in

Hep-3B cells after knocking down the expression of Gp96 by

siRNA (Figure 6D). The number of intracellular S. aureus V329

increased significantly (P,0.05) when the expression of Gp96

was inhibited(Figure 6E). Taken together, these results indicate

that the interaction of Bap with Gp96 inhibits the entry of S.

aureus into epithelial cells.

Bap-Gp96 interaction interferes with FnBPs mediated
entry of S. aureus in epithelial cells

We next investigated the mechanisms by which the Bap-Gp96

interaction was inhibiting the entry of S. aureus into the host cell.

To this end, we first analyzed whether Bap-Gp96 interaction was

affecting the signaling pathway downstream Gp96.For that, we

blocked Gp96activityand therefore the downstream signaling

pathway by incubating the cells overnight in the presence of 17-

AAG (17-(Allylamino)-17-demethoxydeldanamycin), which binds

with high affinity into the ATP binding pocket of Gp96. The

results revealed that the presence of 17-AAG (1 mM) did not affect

S. aureusV329 entry (Figure 7A). To confirm these results and also

to rule out the possibility of an indirect effect of the Gp96 absence

on the expression of other Bap receptors we transcomplemented

Gp96 deficient cells with purified soluble Gp96 and analyzed the

infection rates of S. aureus V329 and Dbap. Addition of soluble

Gp96 prior to infection significantly reduced the entry of S. aureus

V329 into Vero cells and this reduction was even higher when

bacteria were preincubated with recombinant Gp96 before

infection (Figure 7B). In contrast, the entry of the Bap deficient

strain was not affected by the preincubation with Gp96 (Figure 7B).

Together, these results indicate that the inhibition of S. aureus entry

caused by Bap-Gp96 interaction is neither due to an interference

with the Gp96 signaling pathway nor to a blockage of Bap binding

to other cell receptors.

In cell culture models, invasion of non-professional phagocytic

cells by S. aureus depends on the presence of FnBPs on the

bacterial surface, and fibronectin and integrins on the host cell.

FnBPs are important not only for adhesion but also for activating

host-cell cytoskeletal remodeling via integrin-coupled signaling

[57–63].We thus investigated the hypothesis that Bap-Gp96

interaction might be somehow interfering with the FnBPs-

mediated invasion process. To this end, we deleted both fnbA

and fnbB genes(Dfnb) in both S. aureus V329 and in the Dbap

mutant. As shown in figure 7C, the wild type strain and its

mutant in fnbAB showed a similar infection rate, whilst deletion of

FnBPs counteracted the increased invasion capacity shown by the

S. aureus V329 Dbap. To further explore this question, we made

use of S. aureus Newman strain that is deficient in the production

of FnBPs [64] and consequently presents a very low invasion rate.

As expected, complementation of this strain with plasmid

pFNBA4 that expresses the fnbA gene significantly enhanced its

entry capacity into MAC-T cells. Notably, when the bap gene was

expressed from the chromosome of this fnbA complemented

strain, the invasion rate decreased significantly (Figure 7D). To

confirm the requirement of Gp96 in the masking effect on FnBPs-

mediated internalization process activity, similar experiments

were carried out in Vero cells transfected with pcDNA3gp96.A-

gain,reductionof FnBPs-mediated invasion of Bap producing

bacteria only occurred when Vero cells were producing Gp96

(Figure S2). Taken together, these results suggest that Bap-Gp96

interaction interferes with FnBPs-mediated entry of S. aureus in

epithelial cells.

A shorter allele of Bap exhibits a low capacity to inhibit
FnBPs-mediated bacterial invasion

As Bap is a large protein of 2276-amino-acid we wondered

whether the interaction of Bap with Gp96 could act as a steric

hindrance, limiting the accessibility of FnBPs to its target,

fibronectin, and in consequence minimizing cell entry. To further

assess this hypothesis we constructed a S. aureus strain that

produces a recombinant short Bap protein, containing a single

repetition (DrepBap), and leading to a Bap derivative about half

Figure 5. Bap mediated adhesion is independent of Gp96. A)
Hep-3B cells were transfected with control (siRNA-Ct), silencer gp96
(siRNA-gp96) or nontransfected (w) for 18 h. Gp96 expression was
analyzed by western-blot using anti-Gp96 antibodies (a-Gp96) followed
by signal quantification with ImageJ software. Right panel shows the
levels of fibronectin expression of transfected cells. Adhesion of S.
aureus V329 wild type (Wt) and Bap deficient strain (Dbap) on Hep-3B
cells transfected with control (siRNA-Ct) or silencer gp96 (siRNA-gp96)
(B) or to Vero and GPC-16 cells that do not express Gp96 at the cell
surface (C). After 1 h of infection, cells were lysed and cell extracts were
vigorously vortexed for 2 min. Bacterial adhesion was measured by CFU
counts. Error bars represent the standard deviation of at least 3
independent experiments.
doi:10.1371/journal.ppat.1002843.g005
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the size of the wild type protein (Figure 8A). Western-blot analysis

using anti-Bap antibodies confirmed that S. aureus DrepBap strain

produced similar levels of the short Bap protein compared to

wildtype strain (Figure 8B). Moreover, the biofilm formed by S.

aureus DrepBap strain was indistinguishable from that produced by

V329 strain indicating that the short Bap variant is functional

(Figure 8 C).

Then, we investigated whether DrepBap still retained the

capacity to interact with Gp96 using the pull-down assay. As

shown in figure 8D, Gp96 was pulled down by intact cells

producing DrepBap as efficiently as bacteria producing wildtype

Bap, indicating that a Bap allele containing a single repetition can

interact with Gp96. S. aureus DrepBap strain was then tested for its

ability to invade epithelial cells. The efficiency of entry of S. aureus

producing a DrepBap-mediated biofilm matrix was significantly

higher than that of wildtype bacteria and very similar to that of the

Bap deficient strain (P,0.05) (Figure 8E). Together these data

indicate that a short version of Bap, although still able to interact

with Gp96, is unable to block the infection capacity of wild type

bacteria, and thus support the hypothesis that the interaction of

Bap with Gp96 might cause a stearic impediment that interferes

with the FnBPs binding to fibronectin.

Figure 6. Bap-Gp96 interaction reduces the entry of S. aureus to epithelial cells. A) Invasion of S. aureus V329 wild type (Wt) and Bap
deficient strain (Dbap) into naturally Gp96-depleted Vero and GPC-16cells. Bacterial invasion was measured by CFU count after 2 h of gentamicin
treatment. Experiments were repeated in triplicate four times for each cell line. B) Vero cells were transfected with the pcDNA3 vector containing
gp96 DNA. Expression of Gp96 was determined by western-blot analysis of cell surface proteins. Surface exposed proteins were labelled with sulpho-
N-hydroxysuccinimide (NHS) biotin and purified using streptavidin columns. Captured proteins were separated in 10% SDS gel, transferred onto a
nitrocellulose membrane and probed with anti-Gp96 (a-Gp96) serum. C) Entry of S. aureus V329 wild type and Dbap mutant to Vero nontransfected
cells (w) and transfected with pcDNA3gp96 was analyzed by gentamicin assay. Bacteria entry was measured by CFU count after 2 h of gentamicin
treatment. D) Silencing Gp96 increases S. aureus V329 invasion. Hep-3B cells were transfected with 25 nM of control siRNA (siRNA-Ct), gp96 siRNA
(siRNA-gp96) or nontransfected (w). Gp96 expression was analyzed by western-blot using anti-Gp96 antibodies (a-Gp96) followed by signal
quantification with imageJ software. Right panel shows the levels of fibronectin expression of transfected cells. E) Hep-3B cells transfected with
control siRNA-Ct and siRNA-gp96 were examined for invasion of S. aureus V329 and Bap deficient strain (Dbap). Bacterial invasion was measured by
CFU count after gentamicin assay. Error bars represent the standard deviation of at least 3 independent experiments.
doi:10.1371/journal.ppat.1002843.g006
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Bap hinders S. aureus mammary gland invasion in a
lactating mouse mastitis model

To investigate the relevance of the Bap-dependent biofilm

matrix in the prevention of in vivo host cell invasion we used a

lactating mouse mastitis model. We first confirmed that Gp96 is

expressed in mammary glands of lactating mice by western-blot

using anti-Gp96 antibodies (Figure 9A). Two mammary glands (L4

and R4) of a group of 7 lactating mice were inoculated with a

bacterial solution containing 106 CFU of S. aureus V329 (Bap+)

and bap::tet strains. After 18 h post-infection mammary glands

were treated 3 h with a solution of PBS containing gentamicin to

remove all the extracellular bacteria. Then, the mammary glands

were removed aseptically, homogenized and several dilutions were

plated on selective agar. To evaluate the invasion capacity of each

strain we used the competition index method. As a previous

control, we first verified that the invasion differences detected in-

vitro between the wild-type and the bap-deficient strain were

maintained when both strains were used to co-infected MAC-T

cells (Figure S3).In agreement with in vitro assays, wild type

bacteria producing Bap showed a significantly lower capacity to

invade the mammary gland cells compared with Bap deficient

bacteria (Figure 9B). Next, the experiment was repeated compar-

ing the in vivo invasion capacity of Bap deficient bacteria and the

strain expressing a short Bap derivative. These two strains showed

a very similar capacity to invade mammary gland cells (Figure 9B).

These results again confirmed in vitro results showing that the entry

efficiency of S. aureus producing a DrepBap-mediated biofilm

matrix is equal to that of the Bap deficient strain. Together, these

results strongly suggest that full-size Bap acts as anti-invasion

factor of the mammary gland in vivo.

Discussion

Biofilm formation is recognized as causing or exacerbating

several S. aureus chronic infections such as osteomyelitis, endocar-

ditis and device related infections. The molecular mechanisms

Figure 7. The expression of Bap minimized S. aureus cell entry by interfering with the FnBPs. A) Evaluation of the effect of 17-AAG on the
invasion phenotype mediated by Bap. MAC-T cells were treated overnight with 1 mmol/l of 17-AAG, an inhibitor of HSP90. Invasion assays were then
carried out with either S. aureus V329 and Dbap strain. Internalized bacteria were determined by CFU count after gentamicin assay. B)
Transcomplementation of Vero cells with Gp96. Invasion assay with S. aureus V329 and Dbap was performed in Vero cells (w), in Vero cells incubated
with 10 mg/ml of recombinant Gp96 for 30 min before infection (Cells+Gp96) or with bacteria pre-incubated with 5 mg/ml of recombinant Gp96
(Bacteria+Gp96). C)Inhibition of bacterial invasion mediated by Bap requires the FnBPs. Invasion of S. aureus V329 wild type (Wt), a mutant in FnBPs
(Dfnb), Dbap and double mutant DfnbDbap. After 1 h infection invasion values were calculated as the number of bacteria that survived to 2 h of
gentamicin treatment in MAC-T cells.(D) MAC-T cells invasion with S. aureus Newman (Nw) and Newman_Bap complemented with plasmid pFNBA4
that expresses the fnbA gene. Experiments were performed in triplicate and repeated three times.
doi:10.1371/journal.ppat.1002843.g007
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underlying the persistence of biofilm infections have been mainly

associated with the protection barrier that the biofilm matrix

provides against the host immune response and the antibiotic

treatments to the embedded bacteria. For example, exopolysac-

charidic PIA/PNAG biofilm matrix protects S. aureus from

phagocytosis by polymorphic neutrophils and from antibodies

mediated opsonisation and retards the rate of antibiotic penetra-

tion enough to induce the expression of genes that mediate

resistance [32,65–67].

With the aim to identify new functions for the biofilm matrix

that may facilitate the development of persistent infections, we

have investigated the role of the proteinaceous Bap-mediated

biofilm matrix in the interaction with host cells. Our results

provide evidences that the Bap biofilm matrix promotes the

adhesion of S. aureus to different types of epithelial cells. For this

function, Bap does not require the participation of any other

staphylococcal factors, because production of Bap in E. faecalis is

sufficient to bestow the capacity to adhere to epithelial cells.

Screening for the specific molecular target on the epithelial cells

using a ligand immunoblot overlay approach revealed that Bap

binds to Gp96, also known as GRP94 or endoplasmin, which is a

major chaperon of the lumen of the endoplasmic reticulum (ER)

[42,43,68]. We initially received this result with caution because,

using the same approach, Gp96 had been previously identified as

the ligand for Vip, a surface protein of Listeria monocytogenes without

homology with Bap [52]. To exclude that Bap might be

interacting with Gp96 in an artificial way, confirmatory pull

down studies were carried out. The results revealed that (i)

recombinant Gp96 was pulled down with native Bap protein

anchored to the cell wall of intact bacteria; (ii) recombinant Gp96

was pulled down with soluble Bap and anti-Bap antibodies; and

(iii)anti-Bap antibodies were able to inhibit the interaction between

Bap and Gp96. Another caution about Gp96 being the ligand for

Bap was that Gp96 was initially described as an endoplasmic

reticulum (ER) protein based on the presence of the KDEL motif

in the carboxy-terminal domain of the protein [47,69,70].

However, in agreement with other studies [45–50,52,54,55], we

have found that Gp96 is not restricted to the ER and is also

present on the surface of some epithelial cell lines (Hep-3B and

MAC-T).

Figure 8. Effect of Bap repetitions in Gp96 interaction and cell invasion. A) Structural organization of Bap with or without repetitions. SP,
signal peptide; A, region A; B, region B; C, repetition region; D, region of serine-aspartate (SD) repeats; MA cell wall anchor. B) Western-blot analysis
with anti-Bap (a-Bap) serum of surface protein preparations obtained under isosmotic conditions from S. aureus V329 (Bap+), Dbap and DrepBap
(truncated Bap). C) Biofilm phenotypes of S. aureus V329, Dbap and DrepBap. Congo red morphology on congo red agar plates and biofilm formation
in microtiter plates. D) Interaction of Bap-truncated protein with Gp96. S. aureus V329 (Bap+), Dbap and DrepBap strains were subcultured with 5 mg/
ml of recombinant Gp96. Unbound Gp96 was removed by extensive washing and Gp96 bound to bacteria was detected using immunoblot analysis.
E) Entry of S. aureus V329, Dbap and DrepBap strains was analyzed by gentamicin assay in MAC-T and Hep-3B cells. Experiments were performed in
triplicate and repeated three times for each cell line.
doi:10.1371/journal.ppat.1002843.g008
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Given that Bap was interacting with Gp96 and promoting

adherence to epithelial cells, we hypothesized that binding of Bap

to Gp96 might be responsible for the enhanced adherence of Bap

producing bacteria to the surface of the epithelial cells. In contrast

to our assumption, we found that depletion of Gp96 expression by

siRNA in Hep-3B cells did not reduce the adhesion capacity of

Bap positive bacteria. Furthermore, bacteria producing Bap also

displayed a higher capacity to adhere to cells that do not produce

Gp96 than Bap deficient bacteria, indicating that Bap was

interacting with another factor, different from Gp96, to promote

the adhesion to the epithelial cells. These results raised the

question as to why this receptor was not identified with the ligand

overlay experiment. At least two reasons can be envisioned to

explain this failure. Either the ligand is not a protein and/or Bap

might recognize its ligand only in its native folded structure.

Further experiments will be needed to identify this additional

cellular ligand.

On the other hand, we have shown that the interaction of Bap

with Gp96 inhibits bacterial entry into epithelial cells. Several

results support this conclusion: (i) Bap deficient bacteria showed

higher levels of invasion than the corresponding wildtype strain in

cells producing Gp96; (ii) the invasion differences between Bap

positive and negative strains disappeared when invasion was tested

inGp96 negative cells; (iii) the entry of Bap positive bacteria

decreased in cells overproducing Gp96 and increased in cells

depleted of Gp96 by the expression of siRNA; (iv) preincubation of

cells or bacteria with soluble Gp96 inhibited the S. aureus entry into

the cells. These former results also indicate that Bap does not need

to interact with membrane anchored Gp96 to inhibit bacterial

entry. How does the interaction between Bap and Gp96 interfere

with S. aureus invasion? We initially explored the possibility that the

binding of Bap with Gp96 might interfere with the signaling

pathway downstream Gp96. Against this hypothesis, we have

shown that treatment of MAC-T and Hep-3B cell with 17-AAG, a

drug that affects the signaling pathway regulated by Gp96, does

not affect the invasion levels of Bap producing bacteria.

Furthermore, incubation of Vero cells with soluble Gp96, which

is not linked with the cytoplasmic partners, still reduced the

capacity of S. aureus to invade the cells. Alternatively, the

interaction of Bap with Gp96 could be directly interfering with

the recognition of another host ligand. The main known

mechanism of S. aureus invasion into the host cell is mediated by

the bacterial fibronectin binding proteins, FnBPA and FnBPB and

host cell fibronectin anda5b1 integrins [57–63].Our results suggest

that the interaction of Bap with Gp96 interferes with the FnBPs-

fibronectin-integrin invasion pathway because deletion of FnBP

proteins counteracted the increased invasion rates of Bap deficient

bacteria. In addition, overexpression of FnBPs restored the

invasion capacity of Bap negative bacteria but did not change

the decreased invasion capacity of Bap producing bacteria. It is

worth noting that the interference of the FnBPs invasion pathway

depends on the length of Bap, because a short but still functional

allele of Bap displayed a significantly lower efficiency than the full-

length protein to inhibit bacterial entry.

Gp96 has been reported to be the ligand for various bacterial

surface proteins, though the consequences of this interaction seem

to be different depending on the bacteria [52,53,55,56,71–73].

The bacterial Outer membrane protein A (OmpA) of Escherichia

coli interacts with Ecgp96, an homolog of Gp96 that is highly

expressed in brain microvascular endothelial cells during menin-

gitis infection, and induces bacterial invasion [56,71,72]. Also,

Cabanes et al. [52]identified that the interaction of Vip with Gp96

promotes Listeria monocytogenes invasion of the cell. Gp96 has also

been described to interact with other bacterial products such as the

exotoxin A (TxA) of Clostridium difficile [74]and the outer

membrane vesicles (OMVs) produced by adherent-invasive E. coli

(AIEC) promoting bacterial invasion [55]. In contrast, the

interaction of the outer membrane porin PorBIA of Neisseria

gonorrhoeae with Gp96 inhibits bacterial invasion [53]. Moreover,

the interaction of Hsp90 (a chaperone homolog to Gp96) with the

trimeric surface protein NadA also interferes with bacterial

adhesion and invasion [73]. It is worth noting that OmpA, Vip,

PorB and NadA do not show any homology with Bap that would

explain the interaction with the same ligand. One may speculate

that Gp96 is able to bind unspecifically to these bacterial proteins

due to its chaperone structure. However, pull down and ligand

overlay assays with bacteria producing two other members of the

Bap family (Esp protein of Enterococcus faecalis and BapA from

Salmonella Enteritidis) or an unrelated bacterial protein (dispersin)-

did not show any interaction with Gp96 (data not shown),

excluding the hypothesis that Gp96 can interact with any bacterial

protein. Also, these results indicate that not all the members of the

Bap family can interact with Gp96 protein.

The presence of Bapin S. aureus is specifically enriched, by yet

unknown reasons, in mastitis-derived isolates where Bap facilitates

the persistence of the bacteria in lactating ewes mammary glands

[30]. Bap homologous proteins are also encoded in different

coagulase negative staphylococcal species associated with chronic

mastitis infections [75–77].Gp96 is expressed in the bovine

mammary glands during the lactating period (Figure 9A) and its

Figure 9. Effect of Bap expression in S. aureus invasion into
mammary glands using a murine mastitis model. A) Gp96
expression in mammary glands L4 and R4. Glands were homogenized
and proteins were resolved by 10% SDS-polyacrylamide gels. Gp96 was
detected using anti-Gp96 antibodies. B) Competition indexes of Dbap-
Wt and Dbap-DrepBap. Mice mammary glands were coinfected with
equal numbers of the strains tested. After 18 h post-infection mammary
glands were treated (intra-mammary administration) with PBS with
gentamicin for 3 h. Bacterial counts (CFU) were obtained from each
mammary gland. Competition indexes were calculated and statistical
differences were determined with a t-test. Horizontal bars represent the
means of the competition indexes. Asterisks indicate that competition
indexes are significantly greater than one (**, P,0.01 [very significant]).
ns, non significant differences.
doi:10.1371/journal.ppat.1002843.g009
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presence in the milk has been suggested to be a host defense

mechanism [78]. In the present study, we have found a connection

between these two findings using a lactating mice infection model,

where the Bap expression had a profound impact on the capacity

of the bacteria to adhere and invade the mammary gland epithelial

cells. Overall, our results support the view that Bap mediated

biofilm development facilitates the formation of bacterial aggre-

gates that survive attached to the epithelial cells of the mammary

gland by impairing the bacterial internalization through the

interaction with Gp96. In this situation, the Bap biofilm matrix

promotes the establishment of long-term persistent infections and

mediates immune evasion by masking surface antigens. Whether

the proteinaceous Bap-dependent biofilm matrix of different

bacterial species is playing a similar role in the interaction with

the host cells is worthy of further exploration.

Materials and Methods

Ethics statement
All animal studies were reviewed and approved by the ‘‘Comité

de Etica, Experimentación Animal y Bioseguridad’’ of the

Universidad Pública de Navarra (approved protocol PI-6/10).

Work was carried out at the Centro de Agrobiotecnologı́a building

(Idab) under the principles and guidelines described in the

‘‘European Directive 86/609/EEC’’ for the protection of animals

used for experimental purposes.

Bacterial strains, cell culture and culture conditions
Escherichia coli DH10B was cultured in Luria-Bertani (LB) media

or on LB agar (Pronadisa, Spain) with appropriate antibiotics.

Staphylococcal strains were grown in Trypticase soy broth (TSB)

or Trypticase soy agar (TSA) supplemented with glucose 0.25%

(TSB-glu) when indicated. Media were supplemented with the

following appropriate antibiotics at indicated concentrations:

erythromycin 20 mg ml21 or 1.5 mg ml21, chloramphenicol

20 mg ml21, ampicillin 100 mg ml21, tetracycline 10 mg ml21.Bo-

vine mammary gland epithelial cell line (MAC-T) was used

because bap gene is frequently present in S. aureus isolates causing

mastitis infections. Human hepathoma cell line (Hep-3B, ATCC

number CCL-2) was used as an example of any other cell line

different from mammary gland epithelial cells. Vero epithelial cells

(ATCC number CCL-81) and guinea–pig GPC-16 epithelial cells

were used due to their low extracellular Gp96 expression [52].

Cells were maintained in Dulbecco’s modified Eagle’s medium

(DMEM) (Gibco-BRL) supplemented with 10% heat-inactivated

fetal bovine serum (Gibco-BRL).

Manipulation of DNA
To generate the deletion in the bap gene we amplified by PCR

two fragments of 500 bp that flanked the left sequence of the gene

using primers Dbap-A (ggatccgacatacattagatatttgg) and Dbap-B

(ctcgagcaattttatgacgcactatt) and the right sequence of bap using

primers Dbap-C (ctcgagcccattttattattggttctg) and Dbap-D

(gaattcgccgaaatgttggccgtattc). Fragments were then fused by

ligation into the shuttle vector pMAD, and the resulting plasmid

was transformed in V329 strain by electroporation. Allelic

exchange in the absence of a selection marker was performed as

previously described [27]. FnBPs mutant in V329 and Dbap strains

was performed as previously described [17]. To generate the

DrepBap strain, the bap gene of S. aureus V858 whose bap contains a

single C-repeat was amplified using DNA polymerase KOD XL

(Merck) with primers BapXho-5 (ctcgagtaaaaaaatttattttgaggtgag)

and BapXho-3 (ctcgagctctccacctttgtaagtg). The gene was cloned

into the pMAD plasmid and the resulting plasmid was

transformed into Dbap strain by electroporation. Allelic exchange

in the absence of a selection marker was performed as previously

described [27]. DrepBap strains were verified using primers Bap-6m

(cctatatcgaaggtgtagaattgcac) and Bap-7c (gctgttgaagttaatactg-

tacctgc).

S. aurues bap::tet strain was constructed using plasmid pJP188

[79].For complementation experiments, the multicopy plasmid

pFNBA4 [80] that carries the wild-type fnbA gene of S. aureus8325-

4 was used. E. faecalis 23 was complemented with plasmid pBT2-

bap.

Generation of purified Bap recombinant protein
For Bap purification we constructed a recombinant Bap protein

in which the LPXTG motif of Bap was replaced by the 6-histidine

tag. For that, a 281 bp fragment upstream the LPXTG was

amplified using primers BapEco-A (gaattcaattcaggtgctggagacac)

and BapBam-B (ggatcctcagtggtggtggtggtggtgttctggtaattcattttg). A

600 bp fragment downstream Bap was amplified using primers

BapBam-C (ggatccatgtttaaattattgtaaat) and BapEco-D (gaattcgcc-

gaaatgttggccgtattc). Fragments were cloned into the EcoRI site of

the pMAD plasmid [81]and the resulting plasmid was transformed

into V329 strain by electroporation using a previously described

protocol [30]. The construction was verified by sequencing the

insert. Allelic exchange in the absence of a selection marker was

performed as previously described [27]. As the LPXTG motif was

replaced by the 6xHis tag, the recombinant Bap-6xHis protein was

obtained at the supernatant. One liter of the supernatant was

concentrated using centrifugal filter units 10,000 wco (Millipore).

Bap-6xHis tagged protein was purified from the supernatant using

His GraviTrap affinity columns (GE Healthcare).

Ligand overlayer assay
MAC-T and Hep-3B epithelial cells were lysed in RIPA-buffer

(150 mM NaCl, 50 mM Tris pH7.5, 0.1% SDS, 1% Triton X-

100, 0.5% sodium deoxycholate, 1 mM sodiumorthovanadate,

10 mM NaF, b-glycerophosphate 100 mM and protease inhibitor

cocktail (Roche)). Lysates were clarified and protein concentration

was determined. 40 mg of cell lysates were resolved by 10% sodium

dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis. Pro-

teins were transferred onto a nitrocellulose membrane and blocked

overnight. The membrane was then incubated with 50 mg/ml of

purified Bap, washed and incubated with anti-bap antibodies

diluted 1:20,000 [30]. Alkaline phosphatase-conjugated goat anti-

rabbit immunoglobulin G diluted 1:10,000 was used as secondary

antibody. Protein identification was analyzed by MALDI-TOF

analysis followed by peptide mass fingerprinting [16].

Pull-down assays
10 mg of the recombinant Gp96 protein (SPP-766 Stressgen)

were mixed with 10 mg of purified Bap. The mix was incubated at

4uC for 2 h in slow agitation. Gp96 was immunoprecipitated using

1.5 ml of anti-Bap antibodies, for 2 h at 4uC and then with 50 ml of

Protein G sepharose beads (GE Healthcare). Immunoprecipitated

proteins were boiled in Laemmli buffer and analyzed by SDS-

polyacrylamide gel electrophoresis, inmmunoblotted with primary

antibodies anti-Bap (1:2500) or anti-Gp96 (1:1000)monoclonal

antibodies (SPA-850 Stressgen)and with secondary antibodies goat

anti-rabbit immunoglobulin-G HRP (Thermo) or anti-rat immu-

noglobulin-G HRP (SAB-200 Stressgen). Pull down experiment

using bacteria was performed as follows. S. aureus V329 expressing

Bap, Dbap, DrepBap and CNS(S. epidermidis C533, S. hyicus 12, and

S. chromogenes C483) were grown overnight at 37uC. A volume of

cells corresponding to an OD600 value of 5 was centrifuged and

washed twice with PBS buffer. Bacteria were then incubated with
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5 mg/ml of recombinant Gp96 protein in the absence or in the

presence of anti-Bap antibodies for 2 h at 4uC and slow agitation.

Unbound Gp96 was removed by washing the bacteria 4 times with

1 ml of PBS buffer. Immunoprecipitated Gp96 was detected using

anti-Gp96 antibodies and anti-rat immunoglobulin-G HRP.

Biofilm phenotype
Biofilm formation assay in microtiter wells was performed as

described [18]. Briefly, strains were grown overnight at 37uC and

were diluted 1:40 in TSB-gluc. Cell suspension was used to

inoculate sterile 96-well polystyrene microtiter plates (IWAKI).

After 24 hours at 37uC wells were gently rinsed three times with

water, dried and stained with 0.1% of crystal violet for 15 min.

Colony morphology of S. aureus was analyzed using Congo red

agar plates [82–84].Congo red agar was prepared as follow: 30 g/l

of trypticase soy (Pronadisa), 15 g/l of agar (Pronadisa), 0.8 g/l of

Congo red stain (Sigma) and 20 g/l of sucrose. The Congo red

stain and the sucrose solution were autoclaved separately (121uC
for 20 minutes) and (115uC for 15 minutes) respectively. S. aureus

strains were streaked on congo red agar and were incubated at

37uC for 24 hours. Rough colonies are being indicative of biofilm

formation.

Epithelial cell adhesion and invasion assays
Adherence and invasion experiments were performed as

described previously [57]. Briefly, prior to use, wells were seeded

with 0.36106 cells in 6-well tissue culture plates and 0.56105 cells

in 24-well tissue culture plates. Once cells were confluent (1.26106

or 0.2 106 cells per well) the culture medium was removed and

cells were washed with DMEM plus 10% heat-inactivated fetal

bovine serum. For adherence assays, overnight bacterial cultures

were mixed vigorously and added to the monolayer cells in a

multiplicity of infection of 10 in DMEM. Incubation was carried

out 1 hour at 37uC in 5% CO2. To remove non-adherent

bacteria, cells were washed three times with sterile PBS.

Eukaryotic cells were lysed with 0.1% Triton X-100. Before

plating extracts were mixed vigorously by vortexing and sonica-

tion. The number of adherent bacteria were determined by serial

dilution and plating. For invasion assays, bacteria were added to

the monolayer cells in a multiplicity of infection of 40 in DMEM.

Incubation was carried out for 1 hour at 37uC in 5% CO2. To kill

extracellular bacteria, media was replaced with 2 ml of DMEM

containing 50 mg ml21 of gentamicin (SIGMA) for 2 hour. Cell

monolayers were washed three times with sterile PBS and lysed

with 0.1% Triton X-100. Before plating extracts were mixed

vigorously by vortexing and sonication. The number of intracel-

lular bacteria was determined by serial dilution and plating.

Experiments were performed in triplicate.

Cell surface protein biotinylation
Cell surface biotinylation was performed using Pierce Cell

surface protein isolation kit according to the manufacturer’s

protocol. Briefly, 4 flasks of 75 cm2 of live confluent cells were

incubated with Sulfo-NHS-SS-Biotin for 30 min at 4uC. Sulfo-

NHS-SS-Biotin was quenched and biotinylized cells were lyzed.

For isolation of labelled proteins lyzed cell were incubated with

NeutrAvidin Agarose. Eluted proteins were resolved by 10%

sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophore-

sis. Immunodetection was performed following protein transfer

onto nitrocellulose membrane and incubation with anti-Gp96

antibodies. To control membrane impermeability a-catenin was

detected using anti-a-catenin antibodies (H-297 Santa Cruz

Biotechnologies).

Immunofluorescence analysis
Cells grown on coverslips, fixed with paraformaldehyde 3.5%

(SIGMA) and stained with anti-Gp96 (H-212; Santa Cruz Biotech)

diluted 1:100 and stained secondary antibody Alexa Fluor 488-

conjugated goat anti-rabbit (Invitrogen). Cells were then permea-

bilized (0.1% triton X-100 for 5 min in PBS). Alexa-Fluor 647-

Phalloidin (Invitrogen) diluted 1:200 was used to label actin

filaments. Preparations were observed with an epifluorescence

microscope and images were acquired and analyzed with EZ-C1

software (Nikon).

Plasmid DNA and silencer gp96 transfections
Transient transfection of pcDNA3-gp96 in Vero cells was

performed using Lipofectamine 2000 (Invitrogen) following the

manufacturer’s protocol. Briefly, lipofectamine was diluted 1:25 in

DMEM media. Diluted lipofectamine was then mixed with 0.8 mg

of DNA in a 2:1 ratio and the mixture was incubated for 20 min at

room temperature. After incubation, 100 ml were added to a 24-

well culture vessel containing Vero confluent cells. To silence gene

expression by siRNA, Hep-3B cells were transfected with Gp96

silencer siRNA (Hs_TRA1_9) and control siRNA (Allstars

Negative Control) purchased from Qiagen (Valencia, CA).

Transfection was performed using a Ready-to-Use mix from

Qiagen as described by the manufacturer. Cells were collected for

immunodetection of Gp96 using monoclonal anti-Gp96 antibodies

and fibronectin using anti-fibronectin antibodies (SIGMA).Gp96

expression was determined by density measurement of digital

images using ImageJ software.

Treatment with 17-AAG and transcomplementation with
Gp96

MAC-T and Hep-3B monolayers were treated with 1 mM of 17-

(Allylamino)-17-demethoxydeldanamycin (17-AAG) or the vehicle

control DMSO, one day before the experiments. Overnight

treatments of MAC-T and Hep-3B had no effect on cell

morphology. Then, cells were washed and incubated with bacteria

for invasion assays. Transcomplemetation of Vero cells were

performed as described by Rechner et al., 2007 [53]. Briefly,

0.56106 Vero cells were incubated with 10 mg/ml of Gp96 for

30 min (cells+Gp96) and infected with S. aureus V329 and Dbap

strains (MOI = 40) to perform invasion assays. Additionally, S.

aureus V329 and Dbap strains were incubated with 5 mg/ml of

recombinant Gp96 protein for 2 h at 4uC. After washing bacteria

were used for infection of Vero cells (0.56106) (bacteria+Gp96).

Mice intramammary infection model
CD1 mice were maintained in the animal facility of the Institute

of Agrobiotechnology, Public University of Navarra. Seven to 10

days after parturition, pups of a group of 7 lactating female mice

were removed 2 h before bacterial inoculation. A mixture of

ketamine/xylazine was used to anaesthetize lactating mice. 100 ml

of a solution containing 106 CFU of a mix of S. aureus bap::tet and

V329 strains or a mix of bap::tet and DrepBap strains were used to

inoculate L4 (on the left) and R4 (on the right) mammary glands.

After 18 h post-infection L4 and R4 mammary glands were

inoculated with 200 ml of a solution of PBS containing

100 mg ml21 of gentamicin (SIGMA). After 3 h,L4 and R4

mammary glands were aseptically removed and homogenized.

Viable counts were performed on these homogenates by plating

the samples on TSA and TSA containing tetracycline. To evaluate

the invasion capacity of each strain we used the competition index

method. A competition index equal to 1 indicates similar

invasiveness for both strains. A competition index significantly

Bap Biofilm Matrix Inhibits Host Cell Invasion

PLoS Pathogens | www.plospathogens.org 12 August 2012 | Volume 8 | Issue 8 | e1002843



greater than 1 indicates a higher invasion capacity of the Bap

mutant and a competition index lower than 1 indicates the

opposite. Prior to the start of the coinfection assays, a competition

experiment was performed with all strains tested to confirm that

coincubation of the strains did not affect their growth capacity.

Statistical analysis
Data corresponding to adhesion and invasion were compared

using the Mann-Whitney tests. Competition indexes of wild type-

Dbap and Dbap-DrepBap were calculated using t-test and statistical

differences were determined with the t-test.

Supporting Information

Figure S1 Effect of the presence of PIA/PNAG exopolysac-

charidic biofilm matrix in S. aureus invasion capacity. A) Dot-blot

analysis showing PIA/PNAG accumulation in S. aureus V329 and

Dbap complemented with pSC18 and S. aureus ISP479r. Cell

surface extracts were treated with proteinase K and spotted onto

nitrocellulose filters diluted 1/10. PNAG production was detected

with anti-S. aureus PNAG antiserum. Invasion of S. aureus V329,

V329 pSC18, Dbap mutant, Dbap pSC18, ISP479r and ISP479r

Dica into MAC-T (B) and Hep-3B (C) cells. Bacterial invasion was

measured by CFU count after 2 h of gentamicin treatment.

Statistical analyses were performed using Mann-Whitney tests.

(EPS)

Figure S2 Invasion of S. aureus Newman (Nw) and New-

man_Bap complemented with plasmid pFNBA4 that expresses

the fnbA gene to Vero cells and Vero cells transfected with

pcDNA3gp96. After 1 h infection invasion values were calculated

as the number of bacteria that survived to 2 h of gentamicin

treatment.

(EPS)

Figure S3 Competition index of Dbap-Wt and Dbap-DrepBap

strains in vitro. An equal number of bacteria of S. aureus V329 (Wt)

and Dbap or Dbap and DrepBap were used to infected MAC-T

epithelial cells. After 1 h infection, invasion efficiency was

calculated as the number of cfu that survived to 2 h of gentamicin

treatment. Statistical differences were determined with Mann-

Whitney tests. Horizontal bars represent the means of triplicates of

two independent experiments. Asterisks indicate differences in

competition indexes greater than one (P,0,05); ns, non-significant

differences.

(EPS)

Acknowledgments

We thank Professor Pascale Cossart for providing pcDNA3-gp96; Timothy

J. Foster for providing pFNBA4 plasmid; Ricardo de la Fuente for

providing the MAC-T cells. Edith Gouin for providing the GPC-16 and

Vero cells; F. Gotz for pSC18 plasmid; J. Pier. Harvard Medical School for

anti-PIA/PNAG antiserum. Enrique Calvo from the Proteomic service of

CNIC for his expert help in protein identification; Esteban Veiga and

Junkal Garmendia for fruitful discussions.

Author Contributions

Conceived and designed the experiments: JV IL. Performed the

experiments: JV CL CG CS ATA. Analyzed the data: JV ATA CS JRP

IL. Contributed reagents/materials/analysis tools: JV JRP IL. Wrote the

paper: JV IL.

References

1. Wertheim HF, Vos MC, Ott A, van Belkum A, Voss A, et al. (2004) Risk and

outcome of nosocomial Staphylococcus aureus bacteraemia in nasal carriers versus

non-carriers. Lancet 364: 703–705.

2. Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med 339: 520–532.

3. Lowy FD (2000) Is Staphylococcus aureus an intracellular pathogen? Trends

Microbiol 8: 341–343.

4. Cheng AG, McAdow M, Kim HK, Bae T, Missiakas DM, et al. (2010)

Contribution of coagulases towards Staphylococcus aureus disease and protective

immunity. PLoS Pathog 6: e1001036.

5. Foster TJ (2005) Immune evasion by staphylococci. Nat Rev Microbiol 3: 948–

958.

6. Foster TJ (2009) Colonization and infection of the human host by staphylococci:

adhesion, survival and immune evasion. Vet Dermatol 20: 456–470.

7. Hensen SM, Pavicic MJ, Lohuis JA, de Hoog JA, Poutrel B (2000) Location of

Staphylococcus aureus within the experimentally infected bovine udder and the

expression of capsular polysaccharide type 5 in situ. J Dairy Sci 83: 1966–1975.

8. Akiyama H, Huh WK, Yamasaki O, Oono T, Iwatsuki K (2002) Confocal laser

scanning microscopic observation of glycocalyx production by Staphylococcus

aureus in mouse skin: does S. aureus generally produce a biofilm on damaged skin?

Br J Dermatol 147: 879–885.

9. Akiyama H, Hamada T, Huh WK, Yamasaki O, Oono T, et al. (2003) Confocal

laser scanning microscopic observation of glycocalyx production by Staphylococcus

aureus in skin lesions of bullous impetigo, atopic dermatitis and pemphigus

foliaceus. Br J Dermatol 148: 526–532.

10. Swidsinski A, Goktas O, Bessler C, Loening-Baucke V, Hale LP, et al. (2007)

Spatial organisation of microbiota in quiescent adenoiditis and tonsillitis. J Clin

Pathol 60: 253–260.

11. Gardner A, Percival S, Cochrane C (2011) Biofilms and role to infection and

disease in veterinary medicine. In: Percival S, Knottenbelt D, Cochrane C,

editors. Biofilms and Veterinary Medicine. Springer. pp. 111–128.

12. Kaplan JB, Ragunath C, Velliyagounder K, Fine DH, Ramasubbu N (2004)

Enzymatic detachment of Staphylococcus epidermidis biofilms. Antimicrob Agents

Chemother 48: 2633–2636.

13. Rice KC, Mann EE, Endres JL, Weiss EC, Cassat JE, et al. (2007) The cidA

murein hydrolase regulator contributes to DNA release and biofilm development

in Staphylococcus aureus. Proc Natl Acad Sci U S A 104: 8113–8118.

14. Izano EA, Amarante MA, Kher WB, Kaplan JB (2008) Differential roles of poly-

N-acetylglucosamine surface polysaccharide and extracellular DNA in Staphy-

lococcus aureus and Staphylococcus epidermidis biofilms. Appl Environ Microbiol 74:

470–476.

15. Stevens NT, Greene CM, O’Gara JP, Humphreys H (2009) Biofilm

characteristics of Staphylococcus epidermidis isolates associated with device-related
meningitis. J Med Microbiol 58: 855–862.

16. Merino N, Toledo-Arana A, Vergara-Irigaray M, Valle J, Solano C, et al. (2009)
Protein A-mediated multicellular behavior in Staphylococcus aureus. J Bacteriol 191:

832–843.

17. Vergara-Irigaray M, Valle J, Merino N, Latasa C, Garcia B, et al. (2009)

Relevant role of fibronectin-binding proteins in Staphylococcus aureus biofilm-
associated foreign-body infections. Infect Immun 77: 3978–3991.

18. Heilmann C, Schweitzer O, Gerke C, Vanittanakom N, Mack D, et al. (1996)
Molecular basis of intercellular adhesion in the biofilm-forming Staphylococcus

epidermidis. Mol Microbiol 20: 1083–1091.

19. Mack D, Haeder M, Siemssen N, Laufs R (1996) Association of biofilm

production of coagulase-negative staphylococci with expression of a specific
polysaccharide intercellular adhesin. J Infect Dis 174: 881–884.

20. Cramton SE, Gerke C, Schnell NF, Nichols WW, Gotz F (1999) The

intercellular adhesion (ica) locus is present in Staphylococcus aureus and is required

for biofilm formation. Infect Immun 67: 5427–5433.

21. Maira-Litran T, Kropec A, Abeygunawardana C, Joyce J, Mark G, 3rd, et al.
(2002) Immunochemical properties of the staphylococcal poly-N-acetylglucosa-

mine surface polysaccharide. Infect Immun 70: 4433–4440.

22. Cucarella C, Solano C, Valle J, Amorena B, Lasa II, et al. (2001) Bap, a

Staphylococcus aureus Surface Protein Involved in Biofilm Formation. J Bacteriol
183: 2888–2896.

23. Corrigan RM, Rigby D, Handley P, Foster TJ (2007) The role of Staphylococcus

aureus surface protein SasG in adherence and biofilm formation. Microbiology

153: 2435–2446.

24. Kuroda M, Ito R, Tanaka Y, Yao M, Matoba K, et al. (2008) Staphylococcus aureus

surface protein SasG contributes to intercellular autoaggregation of Staphylococcus

aureus. Biochem Biophys Res Commun 377: 1102–1106.

25. O’Neill E, Pozzi C, Houston P, Humphreys H, Robinson DA, et al. (2008) A

novel Staphylococcus aureus biofilm phenotype mediated by the fibronectin-binding

proteins, FnBPA and FnBPB. J Bacteriol 190: 3835–3850.

26. Shanks RM, Meehl MA, Brothers KM, Martinez RM, Donegan NP, et al.
(2008) Genetic evidence for an alternative citrate-dependent biofilm formation

pathway in Staphylococcus aureus that is dependent on fibronectin binding proteins

and the GraRS two-component regulatory system. Infect Immun 76: 2469–
2477.

27. Arrizubieta MJ, Toledo-Arana A, Amorena B, Penades JR, Lasa I (2004)

Calcium inhibits bap-dependent multicellular behavior in Staphylococcus aureus.

J Bacteriol 186: 7490–7498.

Bap Biofilm Matrix Inhibits Host Cell Invasion

PLoS Pathogens | www.plospathogens.org 13 August 2012 | Volume 8 | Issue 8 | e1002843



28. Ubeda C, Tormo MA, Cucarella C, Trotonda P, Foster TJ, et al. (2003) Sip, an

integrase protein with excision, circularization and integration activities, defines

a new family of mobile Staphylococcus aureus pathogenicity islands. Mol Microbiol

49: 193–210.

29. Tormo MA, Knecht E, Gotz F, Lasa I, Penades JR (2005) Bap-dependent

biofilm formation by pathogenic species of Staphylococcus: evidence of horizontal

gene transfer? Microbiology 151: 2465–2475.

30. Cucarella C, Tormo MA, Ubeda C, Trotonda MP, Monzon M, et al. (2004)

Role of biofilm-associated protein Bap in the pathogenesis of bovine

Staphylococcus aureus. Infect Immun 72: 2177–2185.

31. Lasa I, Penades JR (2006) Bap: a family of surface proteins involved in biofilm

formation. Res Microbiol 157: 99–107.

32. Leid JG, Shirtliff ME, Costerton JW, Stoodley P (2002) Human leukocytes

adhere to, penetrate, and respond to Staphylococcus aureus biofilms. Infect Immun

70: 6339–6345.

33. Begun J, Gaiani JM, Rohde H, Mack D, Calderwood SB, et al. (2007)

Staphylococcal biofilm exopolysaccharide protects against Caenorhabditis elegans

immune defenses. PLoS Pathog 3: e57.

34. Thurlow LR, Hanke ML, Fritz T, Angle A, Aldrich A, et al. (2011) Staphylococcus

aureus biofilms prevent macrophage phagocytosis and attenuate inflammation in

vivo. J Immunol 186: 6585–6596.

35. Otto M (2012) Molecular basis of Staphylococcus epidermidis infections. Semin

Immunopathol 34: 201–214.

36. Periasamy S, Joo HS, Duong AC, Bach TH, Tan VY, et al. (2012) How

Staphylococcus aureus biofilms develop their characteristic structure. Proc Natl Acad

Sci U S A 109: 1281–1286.

37. Shankar N, Lockatell CV, Baghdayan AS, Drachenberg C, Gilmore MS, et al.

(2001) Role of Enterococcus faecalis surface protein Esp in the pathogenesis of

ascending urinary tract infection. Infect Immun 69: 4366–4372.

38. Latasa C, Roux A, Toledo-Arana A, Ghigo JM, Gamazo C, et al. (2005) BapA,

a large secreted protein required for biofilm formation and host colonization of

Salmonella enterica serovar Enteritidis. Mol Microbiol 58: 1322–1339.

39. Walter J, Chagnaud P, Tannock GW, Loach DM, Dal Bello F, et al. (2005) A

high-molecular-mass surface protein (Lsp) and methionine sulfoxide reductase B

(MsrB) contribute to the ecological performance of Lactobacillus reuteri in the

murine gut. Appl Environ Microbiol 71: 979–986.

40. Brossard KA, Campagnari AA (2012) The Acinetobacter baumannii biofilm-

associated protein plays a role in adherence to human epithelial cells. Infect

Immun 80: 228–233.

41. Cucarella C, Tormo MA, Knecht E, Amorena B, Lasa I, et al. (2002) Expression

of the biofilm-associated protein interferes with host protein receptors of

Staphylococcus aureus and alters the infective process. Infect Immun 70: 3180–3186.

42. Ma Y, Hendershot LM (2001) The unfolding tale of the unfolded protein

response. Cell 107: 827–830.

43. Li Z, Dai J, Zheng H, Liu B, Caudill M (2002) An integrated view of the roles

and mechanisms of heat shock protein gp96-peptide complex in eliciting

immune response. Front Biosci 7: d731–751.

44. Yang Y, Liu B, Dai J, Srivastava PK, Zammit DJ, et al. (2007) Heat shock

protein Gp96 is a master chaperone for toll-like receptors and is important in the

innate function of macrophages. Immunity 26: 215–226.

45. Srivastava PK, DeLeo AB, Old LJ (1986) Tumor rejection antigens of

chemically induced sarcomas of inbred mice. Proc Natl Acad Sci U S A 83:

3407–3411.

46. Takemoto H, Yoshimori T, Yamamoto A, Miyata Y, Yahara I, et al. (1992)

Heavy chain binding protein (BiP/GRP78) and endoplasmin are exported from

the endoplasmic reticulum in rat exocrine pancreatic cells, similar to protein

disulfide-isomerase. Arch Biochem Biophys 296: 129–136.

47. Altmeyer A, Maki RG, Feldweg AM, Heike M, Protopopov VP, et al. (1996)

Tumor-specific cell surface expression of the-KDEL containing, endoplasmic

reticular heat shock protein Gp96. Int J Cancer 69: 340–349.

48. Wiest DL, Bhandoola A, Punt J, Kreibich G, McKean D, et al. (1997)

Incomplete endoplasmic reticulum (ER) retention in immature thymocytes as

revealed by surface expression of ‘‘ER-resident’’ molecular chaperones. Proc

Natl Acad Sci U S A 94: 1884–1889.

49. Crom DB, Chathaway DK, Tolley EA, Mulhern RK, Hudson MM (1999)

Health status and health-related quality of life in long-term adult survivors of

pediatric solid tumors. Int J Cancer 12: 25–31.

50. Robert J, Menoret A, Cohen N (1999) Cell surface expression of the

endoplasmic reticular heat shock protein Gp96 is phylogenetically conserved.

J Immunol 163: 4133–4139.

51. Morales H, Muharemagic A, Gantress J, Cohen N, Robert J (2003) Bacterial

stimulation upregulates the surface expression of the stress protein Gp96 on B

cells in the frog Xenopus. Cell Stress Chaperones 8: 265–271.

52. Cabanes D, Sousa S, Cebria A, Lecuit M, Garcia-del Portillo F, et al. (2005)

Gp96 is a receptor for a novel Listeria monocytogenes virulence factor, Vip, a surface

protein. EMBO J 24: 2827–2838.

53. Rechner C, Kuhlewein C, Muller A, Schild H, Rudel T (2007) Host

glycoprotein Gp96 and scavenger receptor SREC interact with PorB of

disseminating Neisseria gonorrhoeae in an epithelial invasion pathway. Cell Host

Microbe 2: 393–403.

54. Huang QQ, Sobkoviak R, Jockheck-Clark AR, Shi B, Mandelin AM, 2nd, et al.

(2009) Heat shock protein 96 is elevated in rheumatoid arthritis and activates

macrophages primarily via TLR2 signaling. J Immunol 182: 4965–4973.

55. Rolhion N, Barnich N, Bringer MA, Glasser AL, Ranc J, et al. (2010)

Abnormally expressed ER stress response chaperone Gp96 in CD favours

adherent-invasive Escherichia coli invasion. Gut 59: 1355–1362.

56. Prasadarao NV, Srivastava PK, Rudrabhatla RS, Kim KS, Huang SH, et al.

(2003) Cloning and expression of the Escherichia coli K1 outer membrane Protein

A receptor, a Gp96 homologue. Infect Immun 71: 1680–1688.

57. Dziewanowska K, Patti JM, Deobald CF, Bayles KW, Trumble WR, et al.

(1999) Fibronectin binding protein and host cell tyrosine kinase are required for

internalization of Staphylococcus aureus by epithelial cells. Infect Immun 67: 4673–

4678.

58. Sinha B, Francois PP, Nusse O, Foti M, Hartford OM, et al. (1999) Fibronectin-

binding protein acts as Staphylococcus aureus invasin via fibronectin bridging to

integrin alpha5beta1. Cell Microbiol 1: 101–117.

59. Joh D, Wann ER, Kreikemeyer B, Speziale P, Hook M (1999) Role of

fibronectin-binding MSCRAMMs in bacterial adherence and entry into

mammalian cells. Matrix Biol 18: 211–223.

60. Massey RC, Kantzanou MN, Fowler T, Day NP, Schofield K, et al. (2001)

Fibronectin-binding protein A of Staphylococcus aureus has multiple, substituting,

binding regions that mediate adherence to fibronectin and invasion of

endothelial cells. Cell Microbiol 3: 839–851.

61. Agerer F, Michel A, Ohlsen K, Hauck CR (2003) Integrin-mediated invasion of

Staphylococcus aureus into human cells requires Src family protein-tyrosine kinases.

J Biol Chem 278: 42524–42531.

62. Fowler T, Wann ER, Joh D, Johansson S, Foster TJ, et al. (2000) Cellular

invasion by Staphylococcus aureus involves a fibronectin bridge between the

bacterial fibronectin-binding MSCRAMMs and host cell beta1 integrins.

Eur J Cell Biol 79: 672–679.

63. Sinha B, Francois P, Que YA, Hussain M, Heilmann C, et al. (2000)

Heterologously expressed Staphylococcus aureus fibronectin-binding proteins are

sufficient for invasion of host cells. Infect Immun 68: 6871–6878.

64. Grundmeier M, Hussain M, Becker P, Heilmann C, Peters G, et al. (2004)

Truncation of fibronectin-binding proteins in Staphylococcus aureus strain Newman

leads to deficient adherence and host cell invasion due to loss of the cell wall

anchor function. Infect Immun 72: 7155–7163.

65. Vuong C, Voyich JM, Fischer ER, Braughton KR, Whitney AR, et al. (2004)

Polysaccharide intercellular adhesin (PIA) protects Staphylococcus epidermidis

against major components of the human innate immune system. Cell Microbiol

6: 269–275.

66. Cerca N, Jefferson KK, Oliveira R, Pier GB, Azeredo J (2006) Comparative

antibody-mediated phagocytosis of Staphylococcus epidermidis cells grown in a

biofilm or in the planktonic state. Infect Immun 74: 4849–4855.

67. Jefferson KK, Goldmann DA, Pier GB (2005) Use of confocal microscopy to

analyze the rate of vancomycin penetration through Staphylococcus aureus biofilms.

Antimicrob Agents Chemother 49: 2467–2473.

68. Csermely P, Schnaider T, Soti C, Prohaszka Z, Nardai G (1998) The 90-kDa

molecular chaperone family: structure, function, and clinical applications.

Pharmacol Ther 79: 129–168.

69. Mazzarella RA, Green M (1987) ERp99, an abundant, conserved glycoprotein

of the endoplasmic reticulum, is homologous to the 90-kDa heat shock protein

(hsp90) and the 94-kDa glucose regulated protein (GRP94). J Biol Chem 262:

8875–8883.

70. Castelli C, Rivoltini L, Rini F, Belli F, Testori A, et al. (2004) Heat shock

proteins: biological functions and clinical application as personalized vaccines for

human cancer. Cancer Immunol Immunother 53: 227–233.

71. Prasadarao NV (2002) Identification of Escherichia coli outer membrane Protein A

receptor on human brain microvascular endothelial cells. Infect Immun 70:

4556–4563.

72. Mittal R, Prasadarao NV (2010) Nitric oxide/cGMP signalling induces

Escherichia coli K1 receptor expression and modulates the permeability in human

brain endothelial cell monolayers during invasion. Cell Microbiol 12: 67–83.

73. Montanari P, Bozza G, Capecchi B, Caproni E, Barrile R, et al. (2011) Human

heat shock protein (Hsp) 90 interferes with Neisseria meningitidis adhesin A (NadA)-

mediated adhesion and invasion. Cell Microbiol 14: 368–85.

74. Na X, Kim H, Moyer MP, Pothoulakis C, LaMont JT (2008) Gp96 is a human

colonocyte plasma membrane binding protein for Clostridium difficile toxin A.

Infect Immun 76: 2862–2871.

75. Burriel AR, Dagnall GJ (1997) Leukotoxic factors produced by staphylococci of

ovine origin. Microbiol Res 152: 247–250.

76. Deinhofer M, Pernthaner A (1995) Staphylococcus spp. as mastitis-related

pathogens in goat milk. Vet Microbiol 43: 161–166.

77. Jarp J (1991) Classification of coagulase-negative staphylococci isolated from

bovine clinical and subclinical mastitis. Vet Microbiol 27: 151–158.

78. Smolenski G, Haines S, Kwan FY, Bond J, Farr V, et al. (2007) Characterisation

of host defence proteins in milk using a proteomic approach. J Proteome Res 6:

207–215.

79. Maiques E, Ubeda C, Tormo MA, Ferrer MD, Lasa I, et al. (2007) Role of

staphylococcal phage and SaPI integrase in intra- and interspecies SaPI transfer.

J Bacteriol 189: 5608–5616.

80. Greene C, McDevitt D, Francois P, Vaudaux PE, Lew DP, et al. (1995)

Adhesion properties of mutants of Staphylococcus aureus defective in fibronectin-

binding proteins and studies on the expression of fnb genes. Mol Microbiol 17:

1143–1152.

Bap Biofilm Matrix Inhibits Host Cell Invasion

PLoS Pathogens | www.plospathogens.org 14 August 2012 | Volume 8 | Issue 8 | e1002843



81. Arnaud M, Chastanet A, Debarbouille M (2004) New vector for efficient allelic

replacement in naturally nontransformable, low-GC-content, gram-positive
bacteria. Appl Environ Microbiol 70: 6887–6891.

82. Freeman DJ, Falkiner FR, Keane CT (1989) New method for detecting slime

production by coagulase negative staphylococci. J Clin Pathol 42: 872–874.

83. Deighton M, Pearson S, Capstick J, Spelman D, Borland R (1992) Phenotypic

variation of Staphylococcus epidermidis isolated from a patient with native valve
endocarditis. J Clin Microbiol 30: 2385–2390.

84. Gotz F, Verheij HM, Rosenstein R (1998) Staphylococcal lipases: molecular

characterisation, secretion, and processing. Chem Phys Lipids 93: 15–25.

Bap Biofilm Matrix Inhibits Host Cell Invasion

PLoS Pathogens | www.plospathogens.org 15 August 2012 | Volume 8 | Issue 8 | e1002843


