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In order for Staphylococcus aureus to adhere to host extracellular matrix (ECM) substrates, it elicits a wide
range of surface proteins. We have characterized a novel �1.1-MDa protein in S. aureus, termed Ebh (for ECM-
binding protein homologue), which has homology to other ECM-binding proteins. Ebh consists of several
domains, including a large central region with 44 imperfect repeats of 126 amino acids. Expression analysis
revealed ebh to be growth phase regulated and repressed by agr. A fragment of the central repeat region of Ebh
was cloned, overexpressed, and used in ligand-binding studies to determine Ebh function. The recombinant
protein was found to specifically bind human fibronectin. Ebh is produced during human infection since serum
samples taken from patients with confirmed S. aureus infections were found to contain anti-Ebh antibodies.
Localization studies revealed Ebh to be cell envelope associated and is proposed to form a specialized surface
structure involved in cellular adhesion.

Staphylococcus aureus is able to cause a wide range of dif-
ferent infections, such as endocarditis, arthritis, and septicemia
(55). In order for S. aureus to colonize and disseminate
through its host, the bacterium expresses an array of proteins
which interact with molecules of the host extracellular matrix
(ECM). These bacterial cell surface and extracellular proteins
bind to a wide range of host proteins, such as fibronectin (Fn)
(15, 21, 25, 42), fibrinogen (Fg) (21, 36, 40, 56), vitronectin
(21), collagen (50), thrombospondin (18), bone sialoprotein
(51), elastin (8), and von Willebrand factor (16), belying the
ability of S. aureus to act as the etiological agent of a variety of
pathologies. Fn is an adhesive glycoprotein found on the sur-
face of mammalian cells and in serum (7). Previous studies
have implicated staphylococcal Fn-binding proteins with adhe-
sion to different cell types (1, 23, 37, 38, 47). Also, they bind Fn,
which acts as an invasin, forming a bridge between S. aureus
and an integrin on the surface of nonprofessional phagocytes
(1, 9, 23, 33, 46, 48). Most of the ligand-binding proteins that
have previously been characterized are found associated with
the cell wall and are known as microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs) (13).
The specific interactions that these adhesins undergo with the
ECM, coupled with the fact that they are found on the surface
of the cell, means that they may be useful targets for prophy-
laxis or therapy, e.g., as vaccine components, as targets for
passive immunotherapy, or for novel antiadhesive strategies.

Recently, the genomes of S. aureus strains N315 and Mu50
have been published (31), and determination of the genomes
of five additional strains has either been done or is nearing
completion. These studies have revealed the presence of many

uncharacterized putative surface proteins. The two largest
genes, ebhA and ebhB, encode putative proteins of ca. 722 and
421 kDa, respectively. EbhA shows homology to the major
adhesin of Streptococcus defectivus, Emb, a protein that binds
to ECM (33). It has been hypothesized that EbhA and EbhB
may be surface ligand-binding proteins (31). In the present
study, we have examined ebh, a fusion of ebhA and ebhB, and
the activity of the Ebh repeat region in vitro. Determination of
the role and regulation of Ebh has shown that it is a Fn-binding
protein, ionically bound to the cell envelope.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids used in this work are
listed in Table 1. Escherichia coli strains were grown in Luria-Bertani medium by
using selection with the antibiotics ampicillin (100 �g/ml) and kanamycin (50
�g/ml) where appropriate. S. aureus strains were grown in brain heart infusion
(BHI) medium (Oxoid) containing the antibiotics erythromycin (5 �g/ml), tet-
racycline (5 �g/ml), kanamycin (50 �g/ml), neomycin (50 �g/ml), or lincomycin
(25 �g/ml) where appropriate. All bacterial cultures were grown at 37°C. Phage
transduction was performed as described by Novick (41), by using �11 as the
transducing phage.

Construction of an ebh mutant and ebh::lacZ fusion strain. All molecular
biology and recombinant DNA techniques were carried out by using standard
techniques. PCRs were done with Pwo polymerase (Roche). A derivative of
pAZ106 (27), an integrating plasmid conferring resistance to erythromycin and
containing a promoterless lacZ gene, was constructed to create a mutation in ebh.
The forward primer was designed so that it was �850 bp downstream of the
putative 5� end of the gene and includes a BamHI site (italicized) (5�-CGGGA
TCCATGCTAATGATGGTTCCGGG-3�), and the reverse primer contained
an EcoRI site (italicized) (5�-GGAATTCGTACCTCTTAATTGCTCAGC-3�).
PCR was carried out with S. aureus 8325-4 DNA as a template, creating a
�1.6-kbp fragment that was cut with BamHI and EcoRI and ligated into the
suicide vector pAZ106, which had been cut with the same enzymes. The ligated
product, designated pAZ4353, was then transformed into E. coli DH5�. Trans-
formants were selected for ampicillin resistance (Apr) and checked for the
correct insert size. This plasmid was then transformed into S. aureus RN4220 by
electroporation (46) and selected for by erythromycin resistance (Emr). The
fidelity of the insertion of this plasmid into ebh was verified by Southern blot
analysis. The mutation was transduced into strains S. aureus 8325-4 and COL,
and the resulting strains were designated S. aureus LH9 and LH17, respectively.
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In order to create an ebh::lacZ fusion for expression analysis, a construct based
on plasmid pMUTIN4 (52) which carries a copy of lacZ, was made so as to leave
an intact copy of ebh under the control of Pspac. A forward oligonucleotide with
a HindIII site (italicized) (5�-CGCAAGCTTGCTAAGGAGTGAACAATAG
CTGTG-3�) and a reverse primer, c. 1.2 kb downstream with a BamHI site
(italicized) (5�-CGCGGATCCCTGCTCCTGCTCCATGACTC-3�), were used
to amplify 8325-4 DNA. The PCR product was cut with BamHI and HindIII and
ligated into pMUTIN4 which had been similarly cut. The construct, designated
pMUTHEX, was transformed into E. coli DH5�, and transformants were iso-
lated by selection for Apr. Plasmids were checked for correct insert size and
transformed into S. aureus RN4220 by electroporation (46), where they inte-
grated into the bacterial chromosome. Transformants were isolated by selection
for Emr. The construct was checked by Southern blot analysis and transduced
into S. aureus 8325-4, PC6911 (agr), PC1839 (sarA), and COL. The constructs
were designated S. aureus LH10, LH11, LH12, and SRC001, respectively.

Murine skin abscess model of infection. An established murine abscess model
of infection was used to assess the virulence of the wild-type and mutant strains
(6). Briefly, S. aureus cells were grown to stationary phase in BHI medium (time,
15 h) and washed twice in phosphate-buffered saline (PBS). The cells were then
adjusted to 5 � 108 CFU ml�1, and 200 �l of the cell suspension was injected
subcutaneously in 6- to 8-week-old female BALB/c mice. The precise inoculum
was determined by plating out onto BHI agar. At 7 days postinjection, the mice
were euthanized with CO2 and the lesions were removed aseptically and frozen
in liquid nitrogen. The lesions were homogenized in a miniblender in 2.5 ml of
ice-cold PBS. After 1 h of incubation on ice, the lesions were homogenized again
before serial dilution of the resultant suspension. The total number of bacteria
was determined by growth on BHI agar. Statistical significance was evaluated
based on the percent recovery of strains by using the Student t test with a 5%
confidence limit.

Reporter gene (lacZ) fusion assays. 	-Galactosidase assays used MUG (4-
methylumbelliferyl-	-D-galactopyranoside) as a substrate as previously described
(4). Cultures for LacZ assays were grown as described previously (4). Briefly,
100-�l culture samples were stored at �70°C. Thawed samples were centrifuged
at 16,100 � g for 5 min, and the pellets resuspended in 500 �l of ABT buffer (60
mM K2HPO4, 40 mM KH2PO4, 100 mM NaCl). The reactions were started by
the addition of 50 �l of MUG (10 mg/ml). The reaction mixture was incubated
at 25°C for 1 h and stopped by the addition 500 �l of 0.4 M Na2CO3. The assay
mixture was then serially diluted in a 1:1 (vol/vol) mixture of ABT and Na2CO3

in a 96-well microtiter plate (Nunc). Fluorescence was measured by using a

Victor plate reader (Wallac). The results shown are representative of experi-
ments that were repeated at least twice and that showed 
20% overall variation.

Cloning and overexpression of the H2 polypeptide. The oligonucleotides H2F
(5�-CCATGCCATGGATGTTAACACCAGTGAACC-3�), which included an
NcoI restriction site (italicized), and H2R (5�-CCGCTCGAGGCACTTGATTC
ATCGCTTCAG-3�), which included an XhoI (italicized) site, were used to PCR
amplify a section of ebh that corresponds to part of the putative central ligand-
binding domain. The resultant �1.1-kb DNA fragment was digested with NcoI
and XhoI and ligated into similarly cut pET24-d. The ligation mixture was
transformed into E. coli DH5�, and transformants were selected for kanamycin
resistance (Kmr) and checked by restriction digestion and sequencing to confirm
the fidelity of the PCR. A representative plasmid, pETH2, was transformed into
E. coli BL21(DE3). His6 tag recombinant H2 was expressed by the addition of
100 �M IPTG to growing cells. Purification was achieved by using the Hi-Trap
System (Amersham Biosciences). Eluted fractions were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the pro-
tein concentration was determined by using the Bio-Rad protein assay kit.

Anti-Ebh antibodies. Antibodies were raised in young New Zealand White
rabbits against recombinant H2. In order to remove antibodies that cross-react
with other S. aureus proteins, a lysate of S. aureus LH17 (COL ebh) was used to
absorb the sera. Briefly, a 200-ml overnight culture of LH17 was centrifuged at
16,000 � g for 5 min at 4°C, the pellet was resuspended in 10 ml of 50 mM
Tris-HCl [pH 8.0]), and lysostaphin (Sigma) was added to a final concentration
of 10 �g/ml. The suspension was incubated at 37°C for 15 min, sonicated on ice,
and then centrifuged at 12,000 � g for 10 min at 4°C. Then, 50 �l of immune
rabbit serum was diluted 1:10 (vol/vol) in 2% (wt/vol) bovine serum albumin
(BSA) in TBST (10 M Tris-HCl [pH 7.4], 0.15 M NaCl, 0.05% [vol/vol] Tween
20) and added to 150 �l of lysate. The mixture was incubated at room temper-
ature for 4 h before NaN3 was added to a 0.05% (wt/vol) final concentration.

Human serum. Sera samples were collected from individuals with proven
S. aureus infections diagnosed at the John Radcliffe Hospital, Oxford, United
Kingdom, and the Royal Hallamshire Hospital, Sheffield, United Kingdom.

Preparation of cell wall material. Fifty-milliliter batches of BHI broth were
inoculated 1:50 with overnight cultures of S. aureus. Growing cultures were
harvested and diluted as appropriate to an optical density at 600 nm of 1.0. Then,
50 ml was centrifuged at 16,100 � g for 5 min at 4°C, resuspended, and washed
in 1 ml of TBS (50 mM Tris-HCl [pH 7.5], 0.1 M NaCl, 0.5 mM phenylmethyl-
sulfonyl fluoride, 1 mg of iodoacetamide/ml). The samples were centrifuged at
16,100 � g for 5 min at 4°C, and pellets were resuspended in 1 ml of TBS. Next,

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype or description Source or reference

Strains
S. aureus

8325-4 Wild-type cured of known prophages 41
RN4220 Accepts foreign DNA (r� m�) 30
COL Methicillin resistant 29
PC6911 agr�::tetM Tcr in 8325-4 background 4
PC1839 sarA::km Kmr in 8325-4 background 5
LH9 ebh::pAZ4353 Emr in 8325-4 background This work
LH10 ebh::pMUTHEX in 8325-4 background This work
LH11 ebh::pMUTHEX in PC6911 background This work
LH12 ebh::pMUTHEX in PC1839 background This work
LH17 ebh::pAZ4353 Emr in COL background This work
SRC001 ebh::pMUTHEX in COL background This work

E. coli
DH5� �80dlacZ�M15 recA1 endA1 gyrA96 thi-1 hsdR17 (rK

� mK
�) supE44 relA1 deoR �(lacZYA-argF)U169 Promega

BL21(DE3) F� ompT gal [dcm] [lon] hsdSB (rB
� mB

�) Novagen

Plasmids
pAZ106 Promoterless, transcriptional lacZ fusion vector; Apr (E. coli), Emr (S. aureus) 27
pAZ4353 pAZ106-based vector containing a �1.6-kb BamHI/EcoRI-cut fragment of ebh; Apr (E. coli), Emr

(S. aureus)
This work

pMUTIN4 Promoterless, transcriptional lacZ fusion vector; Apr (E. coli), Emr (S. aureus) 52
pMUTHEX pMUTIN4-based vector containing a �1.2-kb BamHI/HindIII-cut fragment of ebh, creating an

ebh::lacZ fusion; Apr (E. coli), Emr (S. aureus)
This work

pET24-d His6 tag overexpression vector; Kmr Novagen
pETH2 pET24-d containing �1-kb internal ebh fragment encoding H2 polypeptide; Kmr This work
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0.5 ml of suspension was added to a FastPrep tube (Bio 101) containing glass
beads, which was then shaken 10 times in a FastPrep machine (Bio 101) set at
speed 6 for 40 s. The tubes were placed on ice and allowed to cool between each
cycle. The glass beads were allowed to settle, and the supernatant containing
insoluble cell wall material was removed. Insoluble material was recovered by
centrifugation at 16,100 � g for 10 min at 4°C and washed twice in 10 volumes
of TBS by centrifugation at 16,100 � g for 10 min at 4°C before resuspension in
200 �l of SDS-PAGE buffer. The samples were boiled for 3 min, and insoluble
material was removed by centrifugation at 16,100 � g for 10 min at 4°C.

SDS-PAGE and immunoblotting. Proteins were separated by SDS-PAGE with
a 4% (wt/vol) stacking gel and a 6 or 12% (wt/vol) resolving gel for S. aureus-
derived proteins and recombinant H2 polypeptide, respectively, in a Mini-Pro-
tean II gel apparatus (Bio-Rad). For Western blotting, proteins were transferred
to Immun-Blot polyvinylidene difluoride membranes (Bio-Rad) by electroblot-
ting. After overnight blocking at 4°C in TBST containing 6% (wt/vol) skimmed
milk powder, probing was carried out with serum (human and rabbit) diluted
1:1,000 for 90 min at room temperature. The blots were then incubated with
alkaline phosphatase-conjugated secondary antibodies (anti-human or anti-rab-
bit; Sigma) diluted 1:30,000 for 30 min at room temperature. Bound antibody was
detected by using nitroblue tetrazolium (NBT)-BCIP (5-bromo-4-chloro-3-in-
dolylphosphate) solution (Roche).

Ligand affinity blotting. Purified H2 polypeptide was electrophoresed on an
SDS-PAGE gel as described above, transferred to a supported nitrocellulose
membrane (BDH) by electroblotting, and blocked in TBST containing 3% (wt/
vol) BSA (Sigma). Either Fn (ICN) or Fg (Calbiochem), labeled by using the
Roche biotin labeling kit, was used to probe the membrane at a final concen-
tration of �2 �g/ml. Bound ligands were detected by using alkaline phosphatase-
conjugated avidin (Bio-Rad) and NBT-BCIP solution (Roche).

ELISA analysis of ligand binding. An enzyme-linked immunosorbent assay
(ELISA) was used to analyze the ability of recombinant H2 to bind ligands. The
method used was based on that described by Wann et al. (56). Briefly, 100 �l of
appropriate ligand or BSA in PBS (5 �g/ml), was added to wells of a 96-well
microtiter plate (Nunc) overnight at 4°C. Plates were washed three times with
PBST (PBS containing 0.05% [vol/vol] Tween 20), and the remaining protein-
binding sites were blocked with 5% (wt/vol) BSA in PBS for 2 h at room
temperature. The plates were again washed three times in PBST, and different
concentrations of purified H2 polypeptide diluted in PBS–0.1% (wt/vol) BSA
were added. The plates were incubated for a further 1 h before being washed
three times, and anti-H2 (diluted 1:1,000) was added in PBS–0.1% (wt/vol) BSA,
followed by 1 h of incubation. The plates were washed an additional three times
and alkaline phosphatase-conjugated anti-rabbit antibodies diluted 1:30,000 in
PBS–0.1% (wt/vol) BSA were added and the plates incubated for 1 h. Finally,
bound antibodies were detected by using the Sigma Fast p-nitrophenyl phosphate
system (Sigma). Plates were read at 405 nm in a Victor microtiter plate reader
(Wallac).

The inhibition ELISA was also carried out as described previously (56). The
recombinant H2 was incubated with various concentrations of Fn, Fg, or BSA for
1 h at room temperature in PBS–0.1% (wt/vol) BSA. The reactions were then
added to Fn-coated wells, and bound protein was detected as described above.

RESULTS

Sequence analysis of the ebh gene. Comparison of ebhA and
ebhB with the genome sequences of S. aureus strains 8325
(http://www.genome.ou.edu) and COL (http://www.tigr.org)
revealed a single open reading frame, ebh. The ebh gene has a
putative GTG start codon and in S. aureus 8325 was found to
be 28,605 bp long but 31,494 bp long in COL, as graphically
represented in Fig. 1. The gene in 8325 has a 36% GC content,
and a predicted pI value of 5.8. Comparison of the peptide
sequences from 8325 and COL revealed that they are identical
up to amino acid 5944 but, from this point, the COL version of
Ebh has an extra 1,058 amino acids not found in the 8325
protein. After these extra residues, the amino acid sequences
of Ebh from the two strains are homologous, except that the
8325 version has 94 extra residues, making it 964 amino acids
shorter than the COL version. Thus, the 8325 and COL nas-
cent Ebh are 9,535 and 10,498 amino acids, respectively. This
makes ebh by far the largest open reading frame in this organ-
ism. Similarly, the genome of S. aureus MW2 (http://www.bio
.nite.go.jp) possesses a single ebh open reading frame. The
sequenced genomes of S. aureus N315 and Mu50 have two
adjacent genes, ebhA and ebhB, which are homologous to the
C- and N-terminal parts of Ebh, respectively. Sequence anal-
ysis of the intergenic DNA between ebhA and ebhB in strains
N315 and Mu50 does not reveal any likely ribosome-binding
site, and it therefore appears likely that a frameshift mutation
has occurred, thus separating ebh into two open reading
frames.

A Dotblot analysis (http://www.isrec.isb-sib.ch/java/dotlet
.html) was carried out by using the 8325 Ebh sequence to
determine whether it contained any repeat regions. The results
confirm the presence of three such regions within Ebh. The
three putative repeat regions were further analyzed by using
CLUSTAL (http://www2.ebi.ac.uk/clustal/). The first region
has two 77-amino-acid imperfect repeats (amino acids 2854 to
2931 and 3019 to 3096), the second has 44 imperfect repeats
that are 126 amino acids in length (amino acids 3101 to 8569).
The third region consists of three 77-amino-acid imperfect
repeats (amino acids 8709 to 8863 and 9111 to 9188). Such

FIG. 1. Organization of ebh in S. aureus strains 8325 and COL and ebhA and ebhB in Mu50 and N315. The crossed box in COL represents the
missing sequence in 8325. The positions of the repeat regions and the H2 polypeptide are shown.
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repeat regions are present in host ligand-binding and pepti-
doglycan-binding proteins (12, 13).

The peptide sequence of Ebh of S. aureus 8325 was sub-
jected to hydrophobicity analysis by using the TopPred2-
Topology prediction of the membrane protein database (http:
//www.sbc.su.se/�erikw/toppred2/). The results suggest that it is
mainly a hydrophilic protein, except for the first 36 amino acids
at the N-terminal end; this is consistent with a signal peptide,
a 21-amino-acid stretch just before amino acid 2500, and 61
amino acids at the C-terminal end of the protein, which are
indicative of a membrane-spanning domain.

A BLAST-P search using the Ebh sequence from strain 8325
revealed homologies to Mrp (57) (21% identity over 1,357
amino acid residues) and FmtB (28) (20% identity over 1,462
amino acid residues) of S. aureus in the central portion and the
C-terminal end of the protein. The second repeat region was
also homologous to the Emb protein of S. defectivus (21%
identity over 1,412 amino acid residues), which was found to
bind to ECM proteins extracted from baby hamster kidneys
(33).

Isolation and characterization of an S. aureus ebh mutant. In
order to elucidate the function of ebh in S. aureus, a plasmid
carrying an erythromycin resistance marker was introduced
into the ebh gene by homologous recombination to disrupt the
chromosomal copy. Analysis of the growth rate, proteins
present in the whole cell, and wall and supernatant fractions
revealed no difference in mutants compared to wild types (re-
sults not shown). The pathogenicity of LH9 (8325-4 ebh) in a
murine skin abscess model of infection showed no significant
alteration compared to 8325-4 (data not shown).

Transcription of ebh is regulated by agr. A chromosomal
reporter gene (lacZ) fusion was made with ebh so that its
expression during growth could be analyzed, along with any

regulatory role for the accessory gene regulator (agr) or the
staphylococcal accessory regulator (sarA), which act as global
regulators of virulence in S. aureus (5, 22). An insertion of the
plasmid pMUTHEX, which carries a copy of lacZ, into the
chromosome of S. aureus 8325-4 created an ebh::lacZ fusion
strain LH10. This mutation was transduced into S. aureus
strains COL, PC6911 (agr), and PC1839 (sarA) to create strains
SRC001, LH11, and LH12, respectively. Expression of ebh was
growth phase dependent in all strains assayed and begins at
postexponential phase (Fig. 2). In 8325-4, peak expression is
achieved at 8 h with 300 MUG units. Expression of ebh is little
affected by sarA mutation but is repressed by agr; as in strain
LH11 (agr), expression reaches a maximum of �900 MUG
units (Fig. 2). ebh is also expressed in strain COL to a maxi-
mum level of �550 MUG units.

Human sera contain anti-Ebh immunoglobulin G. As part
of a study to identify antigenic components of S. aureus, anti-
bodies to Ebh were detected (results not shown). In order to
show specific Ebh production, the H2 polypeptide was pro-
duced. H2 is a polypeptide of �44 kDa and spans three repeats
(amino acids 3203 to 3595) of the central putative ligand-
binding domain (Fig. 1). H2 was produced as a soluble His6-
tagged protein in E. coli BL21 and purified by affinity chroma-
tography. The purity (�95%) of the isolated recombinant
protein was verified by SDS-PAGE. Purified H2 was shown to
have the N-terminal sequence MDVNTVNQKA, which cor-
responds exactly to the predicted sequence, and ran at �46
kDa as determined by SDS-PAGE. Serum samples from pa-
tients convalescing from S. aureus infections were used to
probe a Western blot of recombinant H2 polypeptide. All of
the sera used showed that antibodies to this portion of the
protein are present in the sera from S. aureus-infected patients
with a range of diseases (Fig. 3).

Detection of Ebh in the cell envelope fraction. In order to
specifically localize Ebh on S. aureus cells, H2 was used to
immunize a rabbit. Anti-Ebh antibodies that are reactive to the
H2 polypeptide were absorbed of nonspecific antistaphylococ-
cal antibodies by using a lysate of strain LH17 (COL ebh). By
using this preparation, a single reactive band was detected in
the cell envelope extract of COL but not 8325-4 (Fig. 4) This
band corresponds to Ebh since it is not found in LH17 (COL
ebh). The ability to remove the protein from the cell walls by
boiling it in SDS-PAGE sample buffer is indicative of the
protein being bound ionically to the cell envelope (12). Me-
chanical breakage of the cells in this manner and subsequent
purification of insoluble material provides a pure preparation
of cell wall material, free of cellular membranes (12). The
reactive band was larger than any size marker available (max-

FIG. 2. Expression of ebh::lacZ fusion during growth of S. aureus,
as described in Materials and Methods. A representative growth curve
of LH10 [8325-4] at an optical density at 600 nm is shown (E). 	-Ga-
lactosidase activity was measured for LH10 (8325-4; F), SRC001
(COL; Œ), LH11 (8325-4; agr; ■ ), and LH12 (8325-4, sarA; }).

FIG. 3. Western immunoblot of H2 polypeptide (each lane con-
taining �1 �g), with serum samples collected from four patients re-
covering from S. aureus infections. Lanes 1, Coomassie blue-stained
H2 polypeptide; 2, patient diagnosed with toxic shock syndrome; 3,
patient diagnosed with discitis; 4, patient diagnosed with a deep ab-
scess; 5, patient diagnosed with septic arthritis.
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imum size, 205 kDa); hence, we were unable to estimate the
size of the mature protein. The protein was present in both 3-
and 8-h samples. No reactive proteins were detected in sam-
ples of extracellular proteins (results not shown).

H2 polypeptide binds Fn. To ascertain any potential ligand-
binding activity of the central repeat region of Ebh, human Fg
and Fn were biotinylated and used to Western blot H2
polypeptide. The purified H2 bound Fn but not Fg (Fig. 5).

The specific Fn-binding activity of the recombinant H2
polypeptide was assessed by ELISA and compared with its
ability to bind Fg and BSA as a control. H2 bound to the
immobilized Fn in a dose-dependent and saturable manner.
Saturation occurs at �10 �M H2 (Fig. 6). An apparent Kd of
�0.5 �M can be calculated from the concentration of H2
giving half-maximum binding. However, no binding to immo-
bilized Fg or BSA was detected. Similarly, it was possible to
inhibit the binding of H2 to immobilized Fn with excess soluble
Fn, but not with Fg or BSA, �90% inhibition was observed at
1 �M Fn (Fig. 7). Taken together, these data support the
specific nature of the H2-Fn interaction and demonstrate that
H2 is capable of binding both immobilized and soluble Fn.

DISCUSSION

In this study, we describe the Ebh protein of S. aureus, which
is found in the cell wall fraction and recognizes human Fn. It
is a homologue of Emb, the major adhesin of Streptococcus
defectivus (33) and two predicted S. aureus proteins of un-
known function, Mrp and FmtB (28, 57). Ebh is encoded by the
longest single gene in the S. aureus 8325 and COL genomes. In
strains N315 and Mu50, the gene is divided into two open
reading frames, ebhA and ebhB, that are the largest and sec-
ond-largest genes, respectively (31). The large size of Ebh made
it impossible to determine the molecular size of the mature
protein, but its presence at the top of the 6% (wt/vol) SDS-

PAGE gel used for Western blotting indicates that, in the
mature form, it is still very large. The predicted size of Ebh is
�1.1 MDa.

S. aureus possesses a selection of surface proteins that bind

FIG. 4. Western immunoblot of S. aureus cell wall extracts with
anti-H2 antisera. Samples were taken at time 3 and 8 h postinocula-
tion. Lanes: 1, LH9 (8325-4 ebh) at 3 h; 2, LH9 at 8 h; 3, 8325-4 at 3 h;
4, 8325-4 at 8 h; 5: LH17 (COL ebh) at 3 h; 6, LH17 at 8 h; 7, COL at
3 h; 8, COL at 8 h. The band corresponding to Ebh appears �2 mm
into the resolving gel (total length, 6 cm).

FIG. 5. Screening for Fn-binding activity by using the Western af-
finity blotting technique. H2 polypeptide binds human Fn but not Fg.
Lanes: 1, Coomassie blue-stained H2 polypeptide (�1 �g); 2, H2
polypeptide (�1 �g) blotted with human Fn; 3, H2 polypeptide (�1
�g) blotted with human Fg.

FIG. 6. Binding of H2 polypeptide to microtiter plate wells coated
with Fn (F), Fg (Œ), or BSA (■ ). Increasing concentrations of H2 were
incubated in the wells for 1 h at room temperature. Bound protein was
detected with anti-H2 antibodies and anti-rabbit AP-conjugated anti-
bodies. Values represent the means of triplicate wells. H2 polypeptide
binds immobilized Fn, but not Fg or BSA.

FIG. 7. Inhibition of H2 polypeptide binding to immobilized Fn.
Wells were coated with Fn. H2 was preincubated for 1 h with increas-
ing concentrations of Fn (F), Fg (Œ), and BSA (■ ) prior to incubation
in Fn-coated wells. Bound proteins was detected with anti-H2 antibod-
ies and anti-rabbit AP-conjugated antibodies. Values represent the
means of triplicate wells. H2 polypeptide binds soluble Fn, but not Fg
or BSA, inhibiting binding to immobilized Fn.

6684 CLARKE ET AL. INFECT. IMMUN.



Fn, with perhaps the best-characterized being Fn-binding pro-
tein A (FnBPA) and FnBPB (13, 15, 25); these two proteins
have been shown to facilitate the binding of cells to immobi-
lized Fn. These proteins have similar structural organization to
that of the Fn-binding proteins of other bacterial species. Like
Ebh, the ligand-binding domains of these two proteins contain
repeated amino acid sequences (13). Interestingly, the repeat
sequence appears to lack a folded secondary structure but
seems to gain such a formation upon binding to Fn (20). The
cell surface-located ECM protein, Emp, has been shown to
bind Fn, as well as Fg and vitronectin (21). An extracellular
ligand-binding protein, Eap, has also been identified; this pro-
tein is found in culture supernatant and binds at least seven
plasma proteins, including Fn, and also to the surface of S.
aureus (42). Furthermore, AtlC and Aas, the autolysins of
Staphylococcus caprae and Staphylococcus saprophyticus, have
been shown to bind Fn (2, 17).

Transcription of ebh was observed to be under the control of
the agr global regulator of virulence. The agr locus encodes a
two-component signal transduction system that responds to a
quorum-sensing signal (22). Thus, in this system, toxins and
extracellular enzymes are in general positively regulated and
cell surface proteins are commonly negatively regulated, as
seen here with ebh. Studies have shown that agr mutants are
able to bind a greater amount of Fn than the corresponding
wild-type strains and that FnBPA and FnBPB are regulated at
transcription by the agr system (45).

Binding of Fn by gram-positive pathogenic bacteria is com-
mon, and these bacteria possess an array of surface proteins
with which to bind this ubiquitous eukaryotic ECM protein. Fn
is essential for the adhesion of almost all cell types and is
abundant in the circulation and at various extracellular sites.
The present study showed that Ebh is able to bind Fn, but not
Fg, another circulating glycoprotein (7). Not only have Fn-
binding proteins been implicated in binding to certain eukary-
otic cell types (1, 21, 37, 39, 43), but interactions between Fn
and Fn-binding proteins have been implicated in the invasion
of nonprofessional phagocytes (1, 9, 23, 34, 47, 48). In such
instances, Fn forms a bridge between the bacterial surface
protein and an integrin on the surface of the eukaryotic cell
(47). It is temping to speculate that Ebh may play a role in such
a process, but we were unable to detect any alteration in
virulence in an ebh mutant strain. We were also unable to
detect Ebh in cell wall preparations of 8325-4 but were able to
detect it in COL. Since reporter gene fusion experiments
showed transcription of the gene in both strains, the lack of any
detectable protein in 8325-4 may be due to the amount of
proteases produced by this strain (32). The genotypes of these
two strains are known to be similar, although 8325-4 lacks a
functional rsbU gene, which encodes the activator of 
B (14). It
has been shown that several proteases are negatively regulated
by 
B (58); therefore, since 8325-4 lacks full 
B function, it
produces more active proteases than COL.

The evaluation of a single adhesin’s role in pathogenesis can
prove troublesome and needs to be viewed with respect to S.
aureus as a complex background, with one or more such ligand-
binding proteins being able to substitute for the loss of function
in a deletion mutant. Indeed, in previous experimental infec-
tions, deletion of one adhesive protein has not completely
prevented infection (39) or has had no effect at all (11). The

presence of Fn-binding proteins FnBPA, FnBPB, Emp, and
Eap would likely substitute for any observable Fn-binding ac-
tivity by Ebh. However, transposon mutagenesis of emb, the
S. defectivus homologue of ebh, abolished the ECM adherence
of that organism (33). The functions of single proteins can be
elucidated by cloning them into nonpathgenic bacteria such as
Lactococcus lactis (44) or Streptococcus gordonii (49). In the
case of Ebh it would not be technically feasible to express the
whole protein given its very large size, but it may be possible to
express a section of it, such as H2, although there would also be
a requirement for artificial attachment to the cell surface,
which could alter the behavior of the peptide.

Anti-Ebh immunoglobulin G was detected in serum samples
obtained from S. aureus-infected individuals, indicating that
Ebh is expressed during the infective process. Furthermore,
recent studies have identified it in a screen for genes expressed
in vivo during human infection (10), and thus it is possible that
this protein could have potential as a target in prophylaxis or
therapy. Adhesins have been used previously as protective
antigens (26), and monoclonal antibodies against the collagen-
binding protein have been shown to detach S. aureus from a
collagen substrate (54).

Many previously characterized ligand-binding proteins found
on the surface of gram-positive bacteria are covalently bound
to the peptidoglycan via a Leu-Pro-X-Thr-Gly (LPXTG) pen-
tapeptide consensus sequence at the C terminus (13). Such
proteins are attached to the cell wall peptidoglycan by the
membrane-associated enzyme sortase, which recognizes the
LPXTG motif and joins the Thr residue to the nascent cross-
bridge of the peptidoglycan (35). Ebh lacks such a consensus
sequence but appears to be tightly associated with the cell
surface, since we were unable to detect its presence in the
liquid supernatant but were able to extract it from cell enve-
lope wall material.

Gram-positive bacteria employ several different mechanisms
to attach proteins to the cell surface. In addition to sortase-
mediated systems, InlB of Listeria monocytogenes binds directly
to lipoteichoic acid via carboxy-terminal tandem repeats (3,
24). The LytA protein of Streptococcus pneumoniae contains a
20-amino-acid repeat that binds to choline-substituted teichoic
acid or lipoteichoic acid (19). The WapA protein of Bacillus
subtilis contains a repeat region that binds the protein ionically
to cell wall peptidoglycan (12). Ebh does possess a putative
C-terminal membrane-spanning domain, which may attach the
peptide to the cell membrane, but also a putative peptidogly-
can-binding repeat region that may bind it ionically to the
peptidoglycan, similarly to what occurs in WapA.

The secretion of such a large protein as Ebh is an interesting
biological question. It would be of interest to determine
whether secretion is mediated by the Sec pathway, which is
common to gram-positive bacteria (53), or if a specialized
apparatus exists. Presumably, production and secretion would
also be very expensive energetically and, as such, it seems
unlikely that it would occur unless the presence of Ebh on the
cell surface conferred some benefit to the bacterium.

Why S. aureus should produce such a large protein as Ebh is
uncertain. Since it binds to Fn, it can be added to the growing
list of proteins potentially involved in host-pathogen interac-
tion. Given the large size of Ebh, it is tempting to speculate
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that it forms a specialized surface structure involved in cellular
adhesion.
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