INFECTION AND IMMUNITY, June 1998, p. 2666-2673
0019-9567/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 66, No. 6

A Fibrinogen-Binding Protein of Staphylococcus epidermidis
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The present study reports on fibrinogen (Fg) binding of Staphylococcus epidermidis. Adhesion of different
S. epidermidis strains to immobilized Fg was found to vary significantly between different strains, and the
component responsible was found to be proteinaceous in nature. To further characterize the Fg-binding
activity, a shotgun phage display library covering the S. epidermidis chromosome was constructed. By affinity
selection (panning) against immobilized Fg, a phagemid clone, pSEFG1, was isolated, which harbors an insert
with an open reading frame of ~1.7 kilobases. Results from binding and inhibition experiments demonstrated
that the insert of pSEFG1 encodes a specific Fg-binding protein. Furthermore, affinity-purified protein encoded
by pSEFG1 completely inhibited adhesion of S. epidermidis to immobilized Fg. By additional cloning and DNA
sequence analyses, the complete gene, termed fbe, was found to consist of an open reading frame of 3,276
nucleotides encoding a protein, called Fbe, with a deduced molecular mass of ~119 kDa. With a second phage
display library made from another clinical isolate of S. epidermidis, it was possible to localize the Fg-binding
region to a 331-amino-acid-long fragment. PCR analysis showed that the fbe gene was found in 40 of 43 clinical
isolates of S. epidermidis. The overall organization of Fbe resembles those of other extracellular surface
proteins of staphylococci and streptococci. Sequence comparisons with earlier known proteins revealed that

this protein is related to an Fg-binding protein of Staphylococcus aureus called clumping factor.

Staphylococcus epidermidis and other coagulase-negative
staphylococci have been found to be among the most common
etiological agents for infections associated with foreign bodies.
In a study of incidences of surgical site infections (ranging
between 1 and 2.5%), staphylococci accounted for 30 to 40%
(36). S. epidermidis is also a common cause of peritonitis among
patients undergoing peritoneal dialysis (34) and is often found
in neonatal infections (23).

It has been hypothesized that adherence of S. epidermidis is
a two-step reaction, in which initial attachment is mainly me-
diated by hydrophobicity, whereas slime production is impor-
tant as a secondary step (6). The hydrophobicity seems to be
correlated to cell surface proteins, since both adherence
to biomaterial and hydrophobicity are reduced by protease
treatment. Timmerman et al. (31) and Veenstra et al. (33) have
described a cell surface protein that mediates adherence to
polystyrene. Also a correlation between the production of a
polysaccharide/adhesin and adherence to plastic biomaterial
has been reported (21, 32). Another adhesion mechanism used
by staphylococci involves their interaction with plasma pro-
teins. Precoating of surfaces in vitro with various plasma pro-
teins, such as albumin, fibrinogen (Fg), and fibronectin, had a
blocking effect on early adhesion for most of the S. epidermidis
strains tested (6). A decreased binding of S. epidermidis to
Fg-coated Dacron was also found by Zdanowski et al. (38).
However, in contrast to this finding, it has been clearly shown
that several strains of S. epidermidis have a capacity to adhere
to immobilized Fg (1, 5, 8, 19, 25, 37).

In this report, we study the Fg-binding activity of S. epider-
midis. The binding was found to be dependent on a surface-
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located protease-sensitive component(s). Therefore, a shotgun
phage display library containing chromosomal DNA from a
clinical S. epidermidis strain was constructed. The library was
affinity selected (panned) against immobilized Fg, which re-
sulted in a specific enrichment of Fg-binding phagemid parti-
cles. The inserts of the phagemids were analyzed and found to
be identical. By using this insert as a probe, the complete gene,
termed fbe, encoding an Fg-binding protein was isolated and
characterized. Interestingly, the encoded protein shows simi-
larities to a cell wall-bound Fg-binding protein of Staphylococ-
cus aureus called clumping factor (CIfA), a protein considered
to be involved in the virulence of this species (16-18, 20).

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. S. epidermidis HB was
obtained from Asa Ljung, Lund University, Lund, Sweden. This strain was
isolated from a human patient with osteomyelitis. S. epidermidis strains 2, 19, 269,
and 333 were isolated from patients with peritonitis. The S. epidermidis strains
were typed with the API-Staph system (BioMerieux, Lyon, France). S. aureus
Newman was used as a control in adhesion experiments. The phagemid pG8H6
(10) was used to construct the phage display library. For additional cloning, the
plasmid pUC18 was used. As hosts, the Escherichia coli strains MC1061 [hsdR
mcrB araD139 A(araABC-lew)7679 AlacX74 galU galK rpsL thi] and TG1 [supE
hsdAS5 thi A(lac-proAB) F'(traD36 proAB™ lacld lacZAM15] were used. S. epider-
midis HB was grown on blood agar plates or in broth culture with tryptone soya
broth (Oxoid, Basingstoke, Hampshire, United Kingdom). The E. coli strains
were grown in Luria-Bertani (LB) medium supplemented when appropriate with
100 wg of ampicillin per ml or alternatively on LA plates (LB medium supple-
mented with 1.5% agar and 50 wg of ampicillin per ml). All incubations were at
37°C.

Proteins and reagents. Human Fg was obtained from IMCO Corporation, Ltd.
(Stockholm, Sweden), and anti-human Fg rabbit immunoglobulin G (IgG) con-
jugated to horseradish peroxidase (HRP) was purchased from Dakopatts A/S,
Denmark. Bovine serum albumin (BSA; fraction V, radioimmunoassay grade)
was from U.S. Biochemicals (Cleveland, Ohio). Bovine collagen type I and
proteinase K were obtained from Boehringer GmbH, Mannheim, Germany.
Human serum albumin (HSA), bovine fibronectin, and human transferrin were
purchased from Sigma (St. Louis). Human IgG was obtained from Kabi Vitrum
(Stockholm, Sweden). Molecular weight markers used in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) were obtained from Bio-Rad
(Richmond, Calif.). Nitrocellulose (NC) filters (BA-S 85; 0.45-um pore size)
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used for Southern and Western blots were from Schleicher and Schuell (Dassel,
Germany). Sterile filters (Minisart N; 0.45-um pore size) were obtained from
Sartorius AG (Gottingen, Germany).

Adherence of S. epidermidis to immobilized Fg. Strains of S. epidermidis were
grown on blood agar plates overnight. The bacteria from one plate were har-
vested with 5 ml of phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 1.4 mM KH,PO, [pH 7.4]) and washed once, and the
optical density at 600 nm (ODg,) was adjusted to 1.0. The adherence was
measured as follows. Microtiter wells (Nunc, Copenhagen, Denmark) were
coated with Fg in PBS overnight at concentrations ranging from 0.005 to 10
wg/ml. Blocking was done with 2% BSA in PBS for 1 h at 37°C. After washing,
bacteria (100 wl) were added and allowed to adhere for 2 h at 37°C. Following
additional washing, the microtiter plates were air dried, and bacterial adherence
was determined by optical reading with a microtiter plate reader at 4,95. The
reading range was 0.00 to 0.20, with negligible background.

Reduction of binding after protease treatment of bacteria. Bacteria were
treated for 30 min at 37°C with protease K at concentrations ranging from 0.1
ng/ml to 1 mg/ml. After protease treatment, the cells were extensively washed,
and 100 pl (ODgy, of 1) was transferred to wells coated with Fg (coating
concentration, 10 wg/ml) as described above. Four strains of S. epidermidis (2, 19,
269, and HB) and one strain of S. aureus (Newman) were used in this experiment.

Construction of phagemid libraries of S. epidermidis. All DNA manipulations
were performed by standard methods (27). The shotgun phage display library
was constructed essentially as described by Jacobsson and Frykberg (9, 10). In
short, chromosomal DNA of S. epidermidis HB was prepared and fragmented by
sonication. After different time intervals, aliquots were analyzed on an agarose
gel. A sample with the majority of the DNA fragments in the size of ~500 bp was,
without prior size fractionation, made blunt ended by using T4 DNA polymerase.
The DNA fragments were ligated with the Ready-To-Go T4 DNA ligase kit
(Pharmacia Biotech, Uppsala, Sweden) into Smal-digested and dephosphory-
lated pG8HG6 vector (10). Electrotransformation of the ligated material into
E. coli TG1 cells gave ~4 x 107 ampicillin-resistant transformants. Part of an
overnight culture (5 ml) of the electroporated bacteria was infected with helper
phage R408 at a multiplicity of infection (MOTI) of 20 and poured together with
0.5% soft agar onto 20 LA plates. After incubation overnight, the phage particles
were eluted from the soft agar by vigorous shaking. The suspension was centri-
fuged (15,000 X g), followed by sterile filtration, and the titer of the phage display
library was determined to be 1.3 X 10'° CFU/ml.

A phage display library of S. epidermidis 19 was constructed in principle as
described for strain HB, except that instead of using the vector pG8HG6, a newly
developed phagemid vector called pG8SAET modified from pG8SPA1 (11) was
used. The number of transformants after ligation and electrotransformation was
calculated to be ~5 X 107. Infection with the helper phage resulted in a library
with a titer of 3 X 10'° CFU/ml.

Panning of the phagemid library and identification of an Fg-binding clone.
Microtiter wells (Maxisorp; Nunc, Copenhagen, Denmark) were coated over-
night at 4°C with 200 pl of human Fg at a concentration of 100 pg/ml in 0.05 M
NaHCO; (pH 9.7). The wells were blocked with PBS-0.05% Tween 20 (PBST)
containing BSA (final concentration, 1 mg/ml) for 1 h at room temperature.
After washing with PBST, 600 pl of the phagemid library was added to three
coated wells, and the wells were incubated overnight at 4°C. Before elution, the
wells were extensively washed with PBST at room temperature and then stepwise
eluted with 200-pl buffer solutions consisting of 50 mM Na-citrate and 150 mM
NaCl with decreasing pH (5.4, 3.4, and 1.9). The eluates were neutralized by the
addition of 75 pl of 2 M Tris-HCI (pH 8.6). From the eluates, 50 pl was used to
infect 20 wl of E. coli TG1 cells (overnight culture) supplemented with approx-
imately 100 pl of LB medium. After 20 min of incubation at 37°C, the cells were
spread on LA plates containing 2% glucose. The plates were incubated over-
night, and colonies corresponding to the two lowest pH elutions were resus-
pended in LB medium and pooled together. After infection with helper phage
R408 at an MOI of 20, the sample was mixed with 5 ml of 0.5% LB soft agar and
poured on an LA plate. After incubation overnight, the phagemid particles were
eluted and subjected to another round of panning as previously described (9, 10).
Finally, after the second panning, individual clones were grown on a small scale
for preparation of phagemid DNA in order to sequence the inserts and one such
clone, called pSEFG1, was chosen for further studies.

Activity of phagemid particles of pSEFG1. A phagemid stock of pSEFG1 was
prepared as follows. Five hundred microliters of E. coli TG1 cells harboring the
phagemid was infected with helper phage R408 (MOI of 20). After propagation
in soft agar on an LA plate, the phagemid particles were eluted as described
above. The phage stock generated (2 X 10° CFU/ml) was used in an inhibition
experiment and to analyze the binding specificity of the phagemid particles. In
the binding specificity experiment, the phage stock was panned in duplicates (200
wl/microtiter well) against immobilized Fg, transferrin, fibronectin, collagen type
I, IgG, HSA, and plastic (untreated wells) for 3 h at room temperature. The wells
were extensively washed with PBST and subsequently eluted by lowering the pH
to 1.9. Following neutralization with 2 M Tris-HCI (pH 8.6), aliquots of the
cluted phagemid particles were used to infect E. coli TG1 cells and plated on LA
plates supplemented with 2% glucose.

In the inhibition experiment, various concentrations of Fg and HSA were
separately mixed with 9 X 10° phagemid particles of pSEFG1. After 1 h of in-
cubation at room temperature, the samples (200 pl) were transferred to Fg-
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coated microtiter wells (100 wg/ml), followed by 3 h of incubation at room
temperature. The wells were washed and phagemid particles eluted as described
for the binding specificity experiment. E. coli TG1 cells were infected in dupli-
cates corresponding to each concentration of Fg and HSA and plated on LA
plates supplemented with 2% glucose.

SDS-PAGE and Western blot analysis. E. coli MC1061 harboring the phage-
mid pSEFG1 was grown overnight, diluted 1:10 in LB medium supplemented
with ampicillin, and grown to an ODy of 1.0. As controls, the E. coli host cells,
with or without pG8H6, were used. The cultures were induced by the addition of
0.1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) and incubated for an addi-
tional 3 h, whereupon the cells were pelleted, washed twice with 0.01 M Tris-HCl
(pH 8.1), and resuspended in a buffer containing 0.03 M Tris-HCI (pH 8.1), 20%
(wt/vol) sucrose, and 1 mM EDTA. After 10 min at 37°C, cells were collected and
resuspended in ice-cold 0.5 mM MgCl, for 10 min. After centrifugation, the
supernatants were collected and sterile filtered. The released proteins were ace-
tone precipitated, dissolved in PBS, and boiled in an equal amount of sample
buffer containing 5% B-mercaptoethanol and 2.5% SDS before being applied to
an 8 to 25% gradient SDS-PAGE gel with the PHAST system (Pharmacia
Biotech). To transfer the separated proteins, an NC filter was placed on top of
the gel at 65°C. After 30 min, the filter was soaked in PBST for 1 h at 37°C. The
filter was then incubated for 2 h in PBST containing human Fg (20 pg/ml) at
room temperature. After being washed with PBST, the filter was incubated with
HRP-labelled rabbit anti-human Fg antibodies (dilution of 1:1,000 in PBST).
After 1 h at room temperature, the filter was washed in PBST, and the bound
HRP-labelled antibodies were detected with 4-chloro-1-naphthol (Serva, Heidel-
berg, Germany) as a substrate.

Inhibition of S. epidermidis adherence to Fg by the encoded polypeptide of
PSEFG1. The fact that the insert of pSEFG1 N terminally is fused to a histidine
tag (six residues) of the vector was used to purify the encoded polypeptide of
pSEFG1 by using the HisTrap kit obtained from Pharmacia Biotech. One hun-
dred microliters of the affinity-purified protein at various concentrations was
added to Fg (10 pg/ml)-coated microtiter wells. An unrelated affinity-purified
histidine fusion protein was separately added as a control. Binding was allowed
for 1 h at 37°C before addition of 10° radiolabelled cells of S. epidermidis 19.
After further incubation for 2 h, the wells were washed to remove nonadherent
bacteria. Bound bacteria were released from the wells by addition of 50 pl of 3%
SDS and quantified by scintillation counting. Radiolabelling was done by growing
the bacteria for 5 h in 10 pCi of [*H|thymidine per ml (specific activity, 80
Ci/mol) (Amersham, Buckinghamshire, United Kingdom).

DNA sequencing and homology studies. The nucleotide sequence of the fbe
gene was determined with an ABI PRISM dye terminator cycle sequencing ready
reaction kit and the ABI Model 373A DNA sequencer. Alternatively, the Ther-
mo Sequenase fluorescence-labelled primer cycle sequencing kit and ALFexpress
DNA sequencer (Pharmacia Biotech) were used. Specific synthetic primers were
purchased from Pharmacia Biotech. Computer programs from the PCGENE,
DNA, and protein sequence analysis software package (Intelligenetics, Inc.,
Mountain View, Calif.) were used to record and analyze the sequence data. The
databases GenBank, EMBL, Swissprot, and PIR were screened for sequence
homologies. The program PALIGN in PCGENE was used for homology studies
between the Fbe and CIfA proteins using the structure-genetic matrix with an
open gap cost and unit gap cost of 10, respectively.

Detection of fbe in strains of S. epidermidis. Genomic DNA was prepared from
clinical strains of S. epidermidis with a QIA amp tissue kit obtained from Qiagen
(Hilden, Germany), with the modification that lysostaphin was used in solution
1. The presence of the fbe gene was detected by PCR with 5'-TAAACACCGA
CGATAATAACCAAA-3' as the upstream primer (corresponding to nucleo-
tides 306 to 329 in Fig. 4) and 5'-GGTCTAGCCTTATTTTCATATTCA-3" as
the downstream primer (corresponding to nucleotides 801 to 778 in the comple-
mentary strand in Fig. 4). The reactions were amplified for 30 cycles consisting
of a 30-s denaturation period at 94°C, a 1-min annealing period at 60°C, and a
1-min extension period at 72°C. After amplification, the samples were analyzed
on an agarose gel.

Nucleotide sequence accession number. The novel nucleotide sequence of the
fbe gene has been deposited in the EMBL sequence data bank and is available
under accession no. Y17116.

RESULTS

Adherence of S. epidermidis to Fg. A collection of S. epider-
midis strains were screened for their ability to bind immobi-
lized Fg. The protein was immobilized at various concentra-
tions in microtiter wells, and after binding and washing, the
bacteria adhering to the wells were measured by the turbid-
ity and light scattering caused by bound bacteria. The result
showed a great variation between strains, a finding that can be
used to group the strains into three categories: non-, medium-,
or high-binders. The adherence values for five strains of S. epi-
dermidis (2, 19, 269, 333, and HB) representing the three cat-
egories and S. aureus Newman are presented in Fig. 1, where
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FIG. 1. Bacterial binding to immobilized Fg. Microtiter wells were coated
with fibrinogen at the concentration indicated and blocked with BSA. Adherence
was allowed for 2 h, microtiter plates were washed and dried, and relative
bacterial adherence was determined spectrophotometrically (449s). O, S. aureus
Newman; O, S. epidermidis 2; m, S. epidermidis 19; A, S. epidermidis 269; @,
S. epidermidis 333; A S. epidermidis HB.

the adherence values, ranging from 0.00 to 0.20, as a function
of coating concentration of Fg are shown. In a separate test,
bacteria were treated with protease K and washed prior to
addition to immobilized Fg. Four different strains of S. epider-
midis (2, 19, 269, and HB) and one strain of S. aureus (New-
man) were used in this experiment. All strains tested showed
complete loss of Fg binding as a result of the protease treat-
ment (data not shown).

Identification of a phagemid clone displaying specific Fg-
binding activity. A shotgun phage display library was made
with fragmented chromosomal DNA from strain HB. The
phagemid library was affinity selected against Fg. The phage
stock obtained after the first panning was panned against both
Fg and the unrelated protein, BSA. Approximately 20 times
more phage were bound to Fg than to BSA, suggesting that the
binding was specific (data not shown). From the second pan-
ning, eight phagemid clones were chosen for further studies.
DNA sequence analysis of the junction between the insert and
vector showed that seven of the eight clones examined had an
identical insert with an open reading frame in both ends of the
inserted fragment. Restriction enzyme cleavage revealed an
insert of ~1.7 kb. One phagemid clone, called pSEFG1, was
chosen for further studies (Fig. 2).

Characterization of pSEFG1. To investigate the binding ac-
tivity encoded by pSEFGI, E. coli TG1 cells harboring the
phagemid were infected with helper phage R408. The gener-
ated phage stock was separately panned against six different
host proteins and against plastic (uncoated microtiter wells).
The proteins used in the assay were collagen type I, Fg, fi-
bronectin, HSA, IgG, and transferrin (Table 1). The binding of
phagemid particles was more than 1,000 times higher when
panned against Fg than when panned against any of the other
proteins or plastic. In addition, an inhibition experiment was
performed. Samples of the phage stock were separately prein-
cubated with various concentrations (100 ng/ml to 1 mg/ml) of
Fg or HSA. After incubation, the samples were transferred to
microtiter wells coated with Fg. The result showed that pre-
treatment with soluble Fg completely inhibited the binding of
the phagemid particles to immobilized Fg (Fig. 3A). The Fg-
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TABLE 1. Results from panning of a phage stock (pSEFG1)
against immobilized ligands

No. of phagemid particles/

Ligand ml of eluate (pH 1.9)*
FibIiNOZEN ..o 22X 107 + 2.2 X 10°
Transferrin .. 221X 10° £ 1.4 x 10%
Fibronectin......... o 1.0 X 10% = 7.8 X 107
Collagen (tyPe D) eeeuvverrvveerreesereeneseessseesssesssens 1.6 X 10° + 3.5 X 10?
1gG 2.8 X 10° + 1.4 X 10°
HSA ..o 2.6 X 10° + 6.3 X 10?
Plastic 6.7 X 10° + 1.4 X 10°

“ Determined after infection of E. coli TG1 cells as CFU on LA plates sup-
plemented with ampicillin. Values are means * standard deviations (two samples
from two separate microtiter wells).

binding activity of the polypeptide encoded by pSEFG1 was
also studied in a Western blot. The phagemid (pSEFG1) was
transformed into the nonsuppressive E. coli host MC1061,
which results in expression of the insert without fusion to the
phage coat protein VIII. After induction with IPTG, the E. coli
cells were harvested and treated by an osmotic shock proce-
dure described in Materials and Methods. As shown in Fig. 3B
and C, the result confirms the expression of a specific Fg-
binding protein in MC1061 harboring pSEFG1. Since the in-
sert of pSEFG1 is a fusion with six histidine residues originat-
ing from the vector, the expressed protein was affinity purified
by immobilized metal ion adsorption chromatography. The
purified protein was allowed to bind at various concentrations
to Fg immobilized in microtiter wells prior to addition of ra-
diolabelled cells of S. epidermidis 19. After incubation, the
wells were washed, and bound bacterial cells were released by
addition of SDS. The result showed that the purified protein of
pSEFG1 completely inhibited the binding in contrast to an
unrelated histidine fusion protein used as a control (Fig. 3D).

Characterization of fbe. To isolate the complete gene encod-
ing the Fg-binding protein of S. epidermidis, a Southern blot
analysis was performed with chromosomal DNA from strain
HB. An ~1.3-kb radioactively labelled PCR product of the
insert in pPSEFG1 was used as a probe. The probe hybridized to
an ~6-kb Xbal fragment (data not shown). This fragment was
subsequently ligated into pUCIS, and the insert of this plas-
mid, called pSEFG2, was characterized. Sequence analysis re-
vealed an open reading frame of 3,276 nucleotides starting

Foe [s] A [ ® []

PSEFG1 75-655 [ 1
19FG1 257-612 -_—
19FG2 269-658 -_—
19FG3 172-664 -_—
19FG4 218-652 —_—
19FG5 211-610 —eeeeeer
19FG6 247-651 L —— ]
19FG7 269-606 —
19FG8 238-599

FIG. 2. Schematic presentation of the Fbe protein and alignment of inserts
from nine phagemid clones obtained after panning against Fg. The different
regions are indicated by S (the signal sequence), A (the Fg-binding region), and
R (the highly repetitive region). The insert of the single clone (pSEFG1) origi-
nated from strain HB is shown as an open bar, while the eight clones derived
from strain 19 are presented by solid lines. The numbers indicate the positions of
amino acids (aa) in the Fbe protein as defined in the legend to Fig. 4.
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FIG. 3. (A) Inhibition of binding of phagemid (pSEFG1) particles to microtiter wells coated with Fg. Various concentrations of Fg and HSA were separately mixed
with 9 X 10° phagemid particles of pSEFG1. After 1 h of incubation, the samples (200 jul) were transferred to Fg-coated microtiter wells after 3 h of incubation at room
temperature. The wells were washed with PBST and subsequently eluted by lowering the pH to 1.9. Aliquots of the eluted phagemid particles were used to infect E. coli
TG1 cells and plated on LA plates supplemented with 2% glucose. The resulting number of CFU per milliliter is shown as a function (percentage) of different
concentrations of the two soluble plasma proteins added. Points representing the means of duplicates and standard deviations are indicated. (B) SDS-PAGE. Material
released by an osmotic shock procedure from an overnight culture of E. coli MC1061 harboring the phagemid pSEFG1 was concentrated by acetone precipitation.
E. coli MC1061 cells, with or without the phagemid vector pG8HG6, were used as negative controls. After centrifugation, the pellets were resuspended in PBS and boiled
in a sample buffer containing SDS and B-mercaptoethanol. Lanes: 1, E. coli MC1061(pSEFG1); 2, E. coli MC1061(pG8HG6); 3, E. coli MC1061. Molecular mass markers
are indicated. (C) Western blot analysis. After separation by SDS-PAGE, the samples were transferred to NC filters and analyzed for binding of Fg with HRP-labelled
anti-Fg antibodies. (D) Inhibition of the adherence of S. epidermidis (strain 19) to immobilized Fg by purified protein of pSEFG1. Microtiter wells coated with Fg were
incubated with the indicated amounts of affinity-purified proteins prior to addition of radiolabelled bacteria. After washing, bacterial adherence was determined by scintillation

counting. An arrow shows the value in the absence of fusion proteins. [J, purified protein expressed by pSEFG1; m, purified unrelated histidine fusion protein.

with an ATG codon at nucleotide position 38 and ending with
a TAA at position 3314 (Fig. 4). The open reading frame is
preceded by a sequence typical for a ribosome-binding site of
gram-positive cocci and is followed by sequences resembling
transcriptional termination. The gene, termed fbe, encodes a
protein of 1,092 amino acid residues, called Fbe. The deduced
protein has a calculated molecular mass of ~119 kDa. Analysis
by the method of von Heijne (35) identified a possible signal
cleavage site between amino acids 51 and 52, resulting in a
mature protein of 1,041 amino acids with a calculated molec-
ular mass of ~114 kDa. Following the signal sequence, there is
a region, called A, of 773 amino acids. The insert in pSEFG1
contains the sequence corresponding to residues 75 to 655 of
the A region (Fig. 2 and 4). The A region is followed by a
highly repetitive region of 216 amino acid residues composed
of tandemly repeated aspartic acid and serine residues, called

R (Fig. 4). The dipeptide region consists of an 18-bp sequence
unit (consensus of TCX GAX TCX GAX AGX GAX) re-
peated 36 times. The 18-bp sequence unit is maintained almost
perfectly throughout the whole R region, except for the second
unit, which is truncated, consisting of only 12 of the 18 bp and
the 3" end of the R region, in which the consensus sequence is
slightly disrupted (units 32, 34, and 36). The changes in these
units also result in amino acid exchanges. The C-terminal part
of the protein contains several of the features found in gram-
positive cell surface-bound proteins (13, 24, 30). The motif
LPXTG, shown to be involved in cell wall anchoring (28,
29), is found at position 1053 as LPDTG (Fig. 4). This
sequence is followed by a stretch of 17 hydrophobic amino
acids, called M, which is proposed to span the cell mem-
brane. The deduced protein ends in a stretch of charged
amino acid residues.



-8
AAAATTACATTGAAATAGTCAAAGAAAAGGAGTTTTTATGATTAATAAAAAAAATAATTTACTAACTAAAAAGAAACCTATAGCAAATAAATCCAATARATATGCAATTAGAAAATTCAC 120
M I N KKNDNTULTULTZ X KZ KPIANTZEKTSESNTZE KTYA ATITRTEKTF T28
—A
AGTAGGTACAGCGTCTATTGTAATAGGTGCAACATTATTGTTTGETTTAGGTCATAATGAGGCCAAAGCCGAGGAGAATTCAGTACAAGACGTTARAGATTCGAATACGGATGATGAATT 240
VeTASSIVIGATTLILTF®GLGHNEHA AZRKHAETEHN SV VOQDVZ KTDSNTTDTDELSES

ATCAGACAGCAATGATCAGTCTAGTGATGAAGAAAAGAATGATGTGATCAATAATAATCAGTCAATAAACACCGACGATAATAACCAAATAATTAAAAAAGAAGAAACGAATAACTACGA 360
S D § NDQ S$ S DEZEI XKDNDVINNDNNDN QS STINTUDIDNNDNGQTITIIZ KI KETETNNY DI108

TGGCATAGAAAAACGCTCAGAAGATAGAACAGAGTCAACAACAAATGTAGATGAAAACGAAGCAACATTTTTACAAAAGACCCCTCAAGATAATACTCATCTTACAGAAGAAGAGGTAAR 480
G I E XK R S EDRTE S TTTNUVDENEA AT FULOQQKXKTT?P QDNTHTILTE E E V K148

AGAATCCTCATCAGTCGAATCCTCAAATTCATCAATTGATACTGCCCAACAACCATCTCACACAACAATAAATAGAGAAGAATCTGTTCAAACAAGTGATAATGTAGAAGATTCACACGT 600
E S S S V E S SN S s I DT AOQQP S HTTTINU RETESVQETSDNVETD S H V188

ATCAGATTTTGCTAACTCTAAAATAAAAGAGAGTAACACTGAATCTGGTAAAGAAGAGAATACTATAGAGCAACCTAATAAAGTAAAAGAAGATTCAACAACAAGTCAGCCGTCTGGCTA 720
S DFANJS KTIKESDNTESGIEKEENTTIETZGQU?PNIZ KV KET DUSTTS Q P S G Y228

TACAAATATAGATGAAAAAATTTCAAATCAAGATGAGTTATTAAATTTACCAATAAATGAATATGAAAATAAGGCTAGACCATTATCTACAACATCTGCCCAACCATCGATTAAACGTGT 840
T N I D EK I S$S$NQQDETULTLNDNZLU?®PTINZET YENIZ KA ARU®PTILJSTTSAJQU?P S I K R V268

AACCGTAAATCAATTAGCGGCGGAACAAGGTTCGAATGTTAACCATTTAATTAAAGTTACTGATCAAAGTATTACTGAAGGATATGATGATAGTGAAGGTGTTATTAAAGCACATGATGC 960
T vV N Q L A A EQ G S NUVDNUHILTIIKWVTIDZ QS ITETZSGYUDDSEUGV I KAH D A308

TGAAAACTTAATCTATGATGTAACTTTTGAAGTAGATGATAAGGTGAAATC TGCGTGATACGATGACAGTGGATATAGATAAGAATACAGTTCCATCAGATTTAACCGATAGCTTTACAAT 1080
EN L I ¥ DV TVFEV DD KV K S GDTMTV D IDE KXKNTV P S DILTD S F T I 348

ACCAAAAATAAAAGATAATTCTGGAGAAATCATCGCTACAGGTACTTATGATAACAAAAATAAACAAATCACCTATACTTTTACAGATTATGTAGATAAGTATGAAAATATTARAAGCACA 1200
P XK I K DN S GEI I ATGTYDDNI KNI KQTITYTFTUDYV DI XY ENTI K A HZ388

CCTTAAATTAACGTCATACATTGATAAATCAAAGGTTCCAAATAATAATACCAAGTTAGATGTAGAATATAARACGGCCCTTTCATCAGTARAATAAAACAATTACGGTTGAATATCAAAG 1320
L K L T S8 Y I DK S XKV PDNNNTIEKULDVETYIZ KT AZLSS SVDNI KTTITVE Y Q RA428

ACCTAACGAAAATCGGACTGCTAACCTTCAAAGTATGTTTACAAATATAGATACGAAAAATCATACAGTTGAGCAAACGATTTATATTAACCCTCTTCGTTATTCAGCCAAGGAAACAAA 1440
P NENURTANILOSMFTNTIT DT KNI HTU VEZQTTIYTIDNUZPULRY S A IKE T N 468

TGTAAATATTTCAGGGAATGGTGATGAAGGTTCAACAATTATAGACGATAGCACAATAATTAAAGT TTATAAGGTTGGAGATAATCAAAATTTACCAGATAGTAACAGAATTTATGATTA 1560
VN~NTISGNGDESGSTTITIDDS T I I XV Y KV GDNOQNZLUPUDSNU RTIY D YS508

CAGTGAATATGAAGATGTCACAAATGATGATTATGCCCAATTAGGAAATAATAATGATGTGAATATTAATTTTGGTAATATAGATTCACCATATATTATTAAAGTTATTAGTAAATATGA 1680
S EYEDV TNUDUDYAQL GNNNDV VU NTINTFGNTIDSU?PYTITII KU VIS K Y DS548

CCCTAATAAGGATGATTACACGACTATACAGCAAACTGTGACAATGCAGACGACTATAAATGAGTATACTGGTGAGTTTAGAACAGCATCCTATGATAATACAATTGCTTTCTCTACAAG 1800
P N K DDJYTTTTIQQTVTMOQTTTIDNZEYTSGETFI®RTASYDNTTIATF S T 51588

TTCAGGTCAAGGACAAGGTGACTTGCCTCCTGARARAACTTATAAAATCGGAGATTACGTATGGGAAGATGTAGATAAAGATGGTATTCAAAATACAAATGATAATGAAAAACCGCTTAG 1920
s 6 ¢ G Q G DL P PEIZXKTVYX I GDYVWET DU VU DI XKDGTIOQQNTTNUDNDNTEZ K P L 5628

TAATGTATTGGTAACTTTGACGTATCCTGATGGAACTTCAAAATCAGTCAGAACAGATGAAGATGGGAAATATCAATTTGATCCATTGAAAAACGGATTGACTTATAAAATTACATTCGA 2040
NV L VvV TULTYPDGTSZ XK SVRTDEUDG G XY YQFDOGTU LI XKNUGTLTYIZ XTITF EG®668

AACACCTGAAGGATATACGCCGACGCTTAAACATTCAGGAACAAATCCTGCACTAGACTCAGAAGGTAATTCTGTATGGGTAACTATTAATGCGACAAGACGATATGACGATTGATAGTGG 2160
T P E G Y T P T L K H S GTDNUPA ALV DS SEGN SV WV T?INGIQDUDMTTITDS G708

ATTTTATCAAACACCTAAATACAGCTTAGGGAACTATGTATGGTATGACACTAATAAAGATGGTATTCAAGGTGATGATGAAAAAGGAATCTCTGGAGTTAAAGTGACGTTAAAAGATGA 2280
F Y Q T P XK Y S L ¢GNY VWYDTDNI KU DGTIQGDUDEIZ KTGTI S GV K V T UL KD E?748

AAACGGAAATATCATTAGTACAACTACAACCGATGAAAATGGAAAGTATCAATTTGATAATTTAAATAGTGGTAATTATATTGTTCATTTTGATAAACCTTCAGGTATGACTCAAACAAC 2400
N ¢ N I £ $S TTTTTDENSGI KYQPF DNILNSGNYIVHTFUDI KUPSGMTQTT?788
—R
AACAGATTCTGGTGATGATGACGAACAGGATGCTGATGGGGAAGAAGTTCATGTAACAATTACTGATCATGATGACTTTAGTATAGATAACGGATACTATGATGACGAATCGGATTCCGA 2520
T b $ G D DDEQDADGEEVUHYVTTITDHTUDU DT FSIDINGT Y Y DDES D S DB828

TAGTGACTCAGACAGCGACTCAGATTCCGATAGTGATTCAGACTCCGATAGCGACTCGGATTCAGACAGCGACTCAGATTCAGACAGCGACTCGGATTCTGATAGCGACTCGGATTCAGA 2640
S D §S DSDSDSDSDSDSDSDSDSDSDSD SD SD S D S D S D S D S D868

CAGCGACTCAGACTCAGACAGTGATTCAGATTCAGACAGCGACTCAGATTCCGATAGTGATTCAGACTCAGACAGCGACTCAGATTCTGATAGTGATTCAGACTCAGACAGTGATTCAGA 2760
S DS bDs$SDsSDSDSDSDSDSDSDSDSDSD S DS DS DS D s D S D S D908

TTCAGACAGCGACTCAGATTCCGATAGTGATTCAGACTCAGACAGCGACTCAGATTCCGATAGTGATTCAGACTCAGACAGCGACTCAGATTCTCGATAGTGATTCAGACTCAGACAGTGA 2880
s D s DSDSDSDSDSDSDSDSDSDSDSDSD SD S D S D S D S D S Do4s

TTCAGACTCAGACAGTGATTCAGATTCCGATAGTGATTCAGACTCCGATAGCGACTCAGACTCGGATAGTGACTCAGATTCTGATAGTGATTCAGACTCCGATAGCGACTCAGACTCGGA 3000
S b s$§DSDSDSDSDSDSDSDSD SDSD S D SD S DS D S D S D S D S D988

TAGTGACTCAGATTCTGATAGTGATTCAGACTCAGACAGCCACTCAGATTCTGATAGTGATTCAGACTCAGTCAGTGATTCAGATTCCGATAGTGATTCAGACTCAGGCAGTGATTCGGA 3120
S DS bsDSDSDSDSDSDSDSDSD SV SD SD S DSD S DS G S D s D1028

Re —M
TTCCGATAGTGATTCAGACTCAGACAACGACTCAGATTTAGGCAATAGCTCAGATAAGAGTACAAAAGATAAATTACCTGATACAGGAGCTAATGAAGATTATGGCTCTAAAGGCACGTT 3240
s D §$§DSDSDNDSDLGDNSSDI K ST KUDIEXKT LU®PDZ®TGANZEDYG S K GG T L 1068

ACTTGGAACTCTGTTTGCAGGTTTAGGAGCGTTATTATTAGGGAAACGTCGCAAAAATAGAAAAAATAAAAATTAAAATGTTCAAATGAAATTTGTAGAAAGAAGCAGATATGAGATTTG 3360
L ¢ T L F A GL GAULTULTU LS GI KU RI®RIEKNDNIZ RIEKNI KN * 1092

AATAGAAAGTAGATTTAGTCCAACAAATGTAAGATGTTGATTAAAACTATAATATAACTTTCACGTTTATCATATCTTGTGAAAAAGATGATGCAAACAAGGTCATTTCTATTAAAAATG 3480
ACTTAAATGTATGATTTTTAGAGAAACATATACAACTCACAATCTGACAATGATTTAATAGAGGAAACCGTGAATTTTAAATGAATTCATGGTTCCTTTTTATTGAATTAATAAAAATTC 3600

FIG. 4. Complete nucleotide sequence of the fbe gene from S. epidermidis HB and the deduced amino acid sequence of the encoded protein. A putative
ribosomal-binding site (RBS) is underlined, and possible transcription termination hairpin loops are double underlined. The putative signal sequence (S) is followed
by the nonrepetitive N-terminal region (A), which harbors the Fg-binding activity. R indicates the highly repetitive region. The amino acid sequence LPDTG, assumed
to be involved in cell wall anchoring, is printed in boldface. M indicates the membrane-spanning region, and the translational stop codon is marked with an asterisk.
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373 422
Fbe - YTFTDY'VDKYENIKAHLKLTSYIDKSKVPNNNTKLDVEYKTALSSV'Il\Hli'lI‘I
I N o -
Clfa - YTFTDYVNTKDDVKATLTMPAYIDPENV-KKTGNVTLATGIGSTTANKTV
317 365
423 470
Fbe - TVEYQRPNENRTANLQSMEFTNI DTKNHTVEQ‘T‘TTII?TLRYSAKET— -NVN
- LT
Clfa - LVDYEKYGKFYNLSIKGTIDQIDKTNNTYRQTIYVNPSGDNVIAPVLTGN
366 415
471 516
Fbe - I SGNGDEGST.i'. IDDSTI Tll(\lfﬁlﬂl{\llGDNQNIT PD?NRIYDYSEY]?]T\(TI?
] . . .
Clfa - LKPNTDSNALIDQONTSIKVYKVDNAADLSESY-FVNPENFEDVTN
416 . 460

FIG. 5. Alignment of the deduced amino acid sequence of the parts in the
Fg-binding regions of Fbe and CIfA with the highest similarity. The numbering
indicates the amino acid position in Fbe according to Fig. 4 and reference 17 for
CIfA. Vertical lines indicate identical amino acids, and dots show similar amino
acids. Gaps (indicated by dashes) were introduced to obtain optimal alignment.

Protein Fbe shows sequence similarities to an Fg-binding
protein of S. aureus. With the deduced amino acid sequence of
protein Fbe (except for the R region), several protein data-
bases were screened for sequence similarities. Interestingly,
the search showed that by far the highest score obtained was
for the clumping factor (CIfA), an extracellular protein of
S. aureus (16-18). This cell wall-bound protein binds Fg and
has been shown to promote aggregation of bacteria in the
presence of Fg. Various alignments of CIfA and Fbe were done
with the computer program PALIGN (22). The signal se-
quence and the C-terminal part, including the cell membrane-
spanning region of Fbe, show similarity to the corresponding
regions in CIfA of 64 and 44%, respectively. In the A regions
of Fbe and CIfA, the highest similarity (45%) is located be-
tween amino acid positions 373 to 516 and 317 to 460, respec-
tively (Fig. 5). In addition, the most obvious similarity to the
clumping factor is the repetitive R region. In both CIfA and
Fbe, the R repeat regions are encoded by the same 18-bp
consensus unit. A comparison of the nucleotide sequences of
fbe and clf4 shows that the R regions have approximately 80%
homology.

Occurrence of fbe in strains of S. epidermidis. A collection of
43 strains of S. epidermidis, including the strains used in the
Fg-binding experiment shown in Fig. 1, was screened by PCR
for the presence of the fbe gene. The reaction was designed to
amplify a region corresponding to a 496-bp-long fragment of
the 5" end of the fbe gene (Fig. 4). The result showed that this
fragment was amplified from 40 of the 43 strains tested.

Mapping the Fg-binding region in Fbe by phage display. An
additional phage display library was constructed based on frag-
mented DNA of S. epidermidis 19. The phage display library
of strain 19 was approximately the same size as the library of
strain HB. This library gave a much higher enrichment of
Fg-binding phagemid particles than the HB library when it was
panned against immobilized Fg. Sequence analysis revealed
that the inserts of the isolated clones were derived from the fbe
gene and that several clones had overlapping inserts. After two
separate pannings against Fg, eight different clones covering
amino acids 172 to 664 in Fbe were isolated (Fig. 2 and 4).
From the polypeptides encoded by the inserts of clones 19FG2,
19FG7, and 19FGS, an Fg-binding domain of 331 amino acids
was deduced that covered amino acids 269 to 599. Alignment
of the inserts also showed that the nucleotide sequence in the
region encoding the Fg-binding domain between strains HB
and 19 differed by only one silent nucleotide exchange.
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DISCUSSION

Implant biomaterials are instantly covered by circulating
plasma components, like Fg (37), promoting adhesion of host
cells. One complication that may arise is when contaminating
bacteria adhere to the same components on the biomaterial
surfaces, leading to infection.

In contrast to S. epidermidis, adherence of S. aureus to Fg
has been well characterized. A surface-associated Fg-binding
protein, termed clumping factor, mediates S. aureus adherence
to immobilized Fg (17) and contributes to virulence in an
experimental endocarditis model (20). Also, another surface-
located Fg-binding protein in S. aureus has been demonstrated
(4). In addition to these, there are no less than three extracel-
lular Fg-binding proteins released into the growth medium,
one of which is a coagulase (2, 3). To investigate the Fg-bind-
ing nature of S. epidermidis, different strains were tested for
their ability to bind to immobilized Fg. The result showed a
great variation between strains from non-binders to high-bind-
ers, in which the high-binders adhere to immobilized Fg in the
same order as S. aureus Newman (Fig. 1). The heterogeneity in
binding is in agreement with earlier findings (8) and might re-
flect different expression levels of Fbe or might be due to
production of interfering substances, such as slime (1). The Fg-
binding activity of S. epidermidis was found to be protein me-
diated, since protease treatment destroyed the binding. Thus,
to isolate the gene(s) encoding Fg-binding activity, a phage
display library of chromosomal DNA from a clinical isolate of
S. epidermidis was constructed. These types of libraries have
earlier been used successfully to isolate and characterize cell
surface proteins from other gram-positive cocci (9-12, 14).
Panning of the phage library against Fg resulted in an enrich-
ment of clones. Further analysis revealed that seven of eight
clones were identical, harboring an insert of 1,743 nucleotides
with one open reading frame.

The Fg-binding activity expressed by pSEFG1 was studied
with a specificity test. The pPSEFG1 phagemid particles showed
no binding activity to the various plasma and extracellular ma-
trix proteins tested (except Fg) or to plastic (Table 1). Fur-
thermore, it was possible to completely inhibit the binding of
phagemid (pSEFG1) particles to immobilized Fg in the pres-
ence of soluble Fg (Fig. 3A). As seen by SDS-PAGE (Fig. 3B),
expression of pSEFG1 in E. coli results in new protein frag-
ments, and a corresponding Western blot indicates that the
Fg-binding activity resides in a fraction with a size of around
100 kDa (Fig. 3C). This does not correlate with the calculated
molecular mass of the protein encoded by pSEFG1, which is
~70 kDa. However similar discrepancies have earlier been re-
ported for other cell surface proteins of staphylococci and
streptococci (13, 14, 26, 30). Furthermore, affinity-purified pro-
tein encoded by pSEFG1 can, in an adhesion experiment,
completely inhibit the binding of S. epidermidis to immobilized
Fg (Fig. 3D).

Shotgun phage display has proven to be an effective tech-
nique in mapping binding domains, since one can rapidly iden-
tify many overlapping clones (9-12, 14). With regard to the size
of the library of strain HB, it was unexpected to identify only
one clone (pSEFG1). The explanation can be that the binding
of the S. epidermidis protein to Fg requires a substantial part of
the protein and the majority of the ligated chromosomal DNA
fragments used to construct the library were only ~500 bp.
Therefore, another phage display library was constructed with
chromosomal DNA from strain 19. This strain was chosen
because it was grouped into the category of strains that were
high in Fg binding (Fig. 1). This time, the fragmentation con-
ditions of the chromosomal DNA were milder, and fragments
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with the mean size of 1 kb were used for ligation. This had a
dramatic effect on the enrichment of phage particles when the
library was panned against Fg and resulted in the isolation of
several overlapping clones (Fig. 2). By sequence alignment, it
was possible to localize the Fg-binding region to a 331-residue-
long part in the A region of Fbe located between amino acids
269 and 599 (Fig. 2 and 4).

Since the Fbe protein is thought to be a cell wall-bound
protein, it is assumed that a structure mediating this feature
would be found in the C-terminal part. Although the C termi-
nus of the protein has the characteristic membrane-spanning
region and the LPXTG motif, the predicted charged wall re-
gion, rich in proline residues, commonly found among staph-
ylococcal cell surface proteins (7, 24, 30) is not present.

By computer search, it was found that the Fbe protein is
related to the S. aureus clumping factor. Comparisons show
that both proteins have the same overall organization and
partially display a high degree of similarity. Using an inhibition
assay and a Western blot analysis, McDevitt et al. (18) located
the Fg-binding activity in CIfA at a 329-residue-long fragment
in the A region of CIfA. Alignment of the complete A regions
shows limited similarity, but the similarities between the pro-
teins increase in their respective Fg-binding domains. The
highest similarity in the A region between Fbe and CIfA is
found in a stretch of 144 residues located on the fragments
mediating Fg binding in both CIfA and Fbe (Fig. 5). The A
region of the CIfA protein has, in addition to binding Fg, been
shown to be involved in clumping and adherence of S. aureus
(18). However, cells of S. epidermidis HB and 19 do not show
a positive clumping reaction. Based on the quite moderate
homology between Fbe and CIfA, it cannot be ruled out that
Fbe binds Fg by a mechanism other than CIfA, which might
explain the lack of clumping in S. epidermidis. The most pro-
nounced similarity is found in the highly repetitive R region.
The function of the DS repeat region in CIfA is still not clear,
but it has been shown that the region is involved in neither Fg
binding nor clumping (18). In S. aureus, this region is reported
to vary in size between different isolates (16). Furthermore,
Southern blot experiments performed by McDevitt et al. (17)
showed that the R region had at least four homologous loci in
the S. aureus chromosome. In the same way, chromosomal
DNA from S. epidermidis HB was analyzed under stringent
conditions for the presence of the DS repeat with a probe
covering the R region of fbe. The result showed, in contrast to
S. aureus, that only a single locus was present in strain HB.
Furthermore, it was found by PCR analysis that the occurrence
of the fbe gene is common among clinical isolates of S. epider-
midis.

It has been suggested that S. epidermidis colonizes biomate-
rial in a two-step procedure, in which adherence is the primary
event followed by biofilm formation (15, 25). The importance
of the Fbe protein in virulence of S. epidermidis remains to be
demonstrated. We intend to clarify this issue in animal models
by using mutants of S. epidermidis in which the fbe gene has
been inactivated.
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