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Fibronectin-binding proteins A and B are multifunctional LPXTG staphylococcal adhesins, comprising an N-terminal region that binds ﬁbrinogen
and elastin, and a C-terminal domain that interacts with ﬁbronectin. The
C-terminal domain of ﬁbronectin-binding protein A is organized into 11
tandem repeats, six of which bind the ligand with high afﬁnity; other sites
bind more weakly. Fibronectin-binding protein B has been postulated to
harbor 10 rather than 11 repeats, but it contains the same number of highafﬁnity ﬁbronectin-binding sites as ﬁbronectin-binding protein A. In this
study, we conﬁrm this prediction and show that six of 10 sites bind with
dissociation constants in the nanomolar range. We also found that the fulllength repetitive region of ﬁbronectin-binding protein B stimulated the production of a mAb (15E11) that binds with high afﬁnity to an epitope
shared by repeats 9 and 10 from both adhesins. With the use of truncated
fragments of repeat 9 of ﬁbronectin-binding protein A, we mapped the
antibody epitope to the N-terminal segment and the ﬁbronectin-binding site
to the C-terminal segment of the repeat. The distinct localization of the
15E11 epitope and the ﬁbronectin-binding site suggests that the interfering
effect of the antibody might result from steric hindrance or a conformational change in the structure that reduces the accessibility of ﬁbronectin to
its binding determinant. The epitope is well exposed on the surface
of staphylococcal cells, as determined by genetic analyses, ﬂuorescence
microscopy, and ﬂow cytometry. When incubated with cells of Staphylococcs
aureus strains, 15E11 inhibits attachment of bacteria to surface-coated
ﬁbronectin by almost 70%.

Abbreviations
FITC, fluorescein isothiocyanate; Fn, fibronectin; FnBPA, fibronectin-binding protein A; FnBPB, fibronectin-binding protein B; FnBR,
fibronectin-binding repeat; FnBRA, fibronectin-binding repeat region of FnBPA; FnBRB, fibronectin-binding repeat region of FnBPB; GST,
glutathione S-transferase; HRP, horseradish peroxidase; LIBS, ligand-induced binding site; MSCRAMM, microbial surface components
recognizing adhesive matrix molecule; NTD, N-terminal domain; RU, resonance units; SPR, surface plasmon resonance.
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Introduction
Staphylococcus aureus, one of the most important
Gram-positive pathogens of humans and animals, is a
highly versatile bacterium capable of causing a wide
spectrum of diseases, ranging from superﬁcial skin
infections [1,2] to life-threatening diseases such as septic arthritis, pneumonia, septicemia, and endocarditis
[3–7]. It is also a major cause of infections associated
with indwelling medical devices, such as prostheses and
catheters [8]. The increased virulence and resistance to
antibiotics exhibited by this bacterium make the understanding of its pathogenic mechanisms an urgent
challenge [9,10]. S. aureus produces a variety of cell
surface-associated and extracellular factors that enable
bacteria to colonize and multiply within the host to
evade host defences and to destroy host tissues [11].
Attachment to host tissue is considered to be a critical
early step in the infection process. A family of cell surface adhesins termed ‘microbial surface components
recognizing adhesive matrix molecules’ (MSCRAMMs)
bind to extracellular matrix proteins, such as ﬁbronectin (Fn), and use these as a bridge between the bacterial surface and host cell receptors [12].
S. aureus MSCRAMMs that bind to collagen, Fn
and ﬁbrinogen have been identiﬁed and characterized
in detail [12].
Fn is a large glycoprotein present in a soluble form
in body ﬂuids and in an insoluble, ﬁbrillar form in the
extracellular matrix. Its main functions include cell
adhesion and spreading, regulation of cell shape and
migration, and differentiation of many cell types [13].
Fn is a dimer of two similar polypeptides held together
by a pair of disulﬁde bonds at their C-termini. It
is one of the main proteins deposited on implanted
biomaterials [14]. The protein has a modular structure
and is composed of type 1, type 2 and type 3 (F1, F2,

and F3) modules. The bacterial binding site in the Nterminal domain (NTD) of Fn contains ﬁve sequential
F1 modules [15–18]. S. aureus expresses a number of
proteins that can bind speciﬁcally to Fn [19,20]. The
prototype of this class of protein is Fn-binding protein A (FnBPA) [21]. The structural characteristics of
FnBPA include a C-terminal hydrophobic tail, an
LPXTG motif that is critical for attachment to the cell
wall, and a disordered region with Fn-binding activity.
FnBPA also possesses ﬁbrinogen-binding [22] and
tropoelastin-binding abilities, mediated by the N-terminal A-domain region [23].
The Fn-binding moiety is organized into 11 tandem
repeats, each interacting with the NTD of Fn. Six of
these repeats bind the NTD with dissociation constants
in the nanomolar range [21]. It has been proposed that
each FnBPA repeat binds a string of three or four F1
modules in the NTD through a variation of the tandem b-zipper mechanism, which was discovered in
Streptococcus agalactiae interactions with 1F12F1 [24].
The crystal structure of Fn-binding sites from FnBPA
in complex with Fn domains has been reported [25].
S. aureus contains a second Fn-binding protein, termed
Fn-binding protein B (FnBPB), which shows very signiﬁcant sequence homology (68%) and has an organization and function similar to those of FnBPA [26]. In
fact, as is the case for FnBPA, the N-terminal region
of FnBPB interacts with ﬁbrinogen and elastin [23],
whereas the C-terminal repetitive region binds Fn [26].
On the basis of sequence alignment, it has been predicted that FnBPB contains 10 rather than 11 repeats
[21] (Fig. 1). Clinical isolates contain at least one fnb
gene, and many contain two [27,28]. Both Fn-binding
proteins participate in chronic staphylococcal infection
by promoting adhesion to surgical implants [29].
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Results
High-affinity binding sites for full-length Fn and
its N-terminal fragment in FnBPA and FnBPB

Fig. 1. Structural organization of FnBPA and FnBPB of S. aureus
strain 8325-4. (A) The locations of the secretory signal sequence
(S), fibrinogen ⁄ elastin-binding region A, the predicted FnBRs (11
and 10 repeats in FnBPA and FnBPB, respectively), the proline-rich
repeats (PRR), the cell wall-spanning sequence (W) and the membrane-spanning region (M) in each protein are indicated. Binding
repeats with high affinity for Fn and 15E11 are indicated by red and
green asterisks, respectively. It is of note that the high-affinity
Fn-binding sites in FnBPA are retained in FnBPB. (B) The amino
acid sequences of the 10 FnBRs of FnBPB (Swiss-Prot
entry Q53682).

The interaction between Fn-binding proteins and
integrin a5b1 on ﬁbroblasts [30], epithelial cells [31,32]
and endothelial cells [32,33] is critical in promoting
S. aureus colonization and invasion. Deletion of the
Fn-binding proteins from S. aureus is associated with a
poorly adhesive, noninvasive phenotype [31]. It is
believed that the ability of S. aureus to invade the host
cells is important for causing chronic infection, because
the bacterium can protect itself from antibiotics and
host defences. Upon interaction with endothelial cells,
Fn-binding proteins induce proinﬂammatory responses,
including expression of cell adhesion molecules and
secretion of chemokines and cytokines [34]. Fn-binding
proteins also mediate activation of human platelets via
ﬁbrinogen and Fn bridges to integrin GpIIb ⁄ IIIa [35].
The goal of this study was to identify and characterize immunologically the main Fn-binding sites in
FnBPB. In particular, we demonstrate, as previously
reported for FnBPA, that Fn binds to particular
repeats, and we report measurements of the afﬁnities.
We also show that the high-afﬁnity binding sites in
FnBPB correspond to those discovered in the repetitive
4492

region of FnBPA. Finally, we selected and characterized a mAb produced against the recombinant repetitive region of FnBPB that recognizes an epitope
shared by repeats of FnBPA and FnBPB, and inhibits
staphylococcal attachment to Fn. Taken together,
these data strongly suggest the conservation of structural and functional features of the Fn-binding moieties of FnBPA and FnBPB.

In a previous study, detailed characterization of the
biochemical and immunological properties of the
FnBPA repeat region was reported [21]. Here, we have
extended the analysis to FnBPB. We constructed
recombinant clones expressing single Fn-binding
repeats (FnBRs) of FnBPA and FnBPB fused to glutathione S-transferase (GST). The purity of the isolated
recombinant FnBPB and FnBPA repeats was veriﬁed
by SDS ⁄ PAGE (Fig. S1). Figure 2A,C shows the
results of an ELISA binding assay in which the reactivities of the FnBRs from FnBPA and FnBPB for intact
Fn were compared. We identiﬁed six potential highafﬁnity Fn-binding motifs (FnBPB-1, FnBPB-4,
FnBPB-5, FnBPB-9, FnBPB-10, and FnBPB-11) in
both proteins, and low-afﬁnity binding sites in the
remaining motifs. This was conﬁrmed when the single
repeats were subjected to SDS ⁄ PAGE and then tested
with an Fn blotting assay (Fig. 1B,D). The similarity of
the results obtained when either FnBPA or FnBPB
repeats were used in the assays conﬁrms the almost
identical organization of the repeat regions in both proteins. Dose–response binding experiments in an ELISA
format showed that Fn bound to FnBPB repeats in
a saturable manner, and conﬁrmed that FnBPB-1,
FnBPB-5 and FnBPB-9 bound to Fn with higher afﬁnity than FnBPB-2 ⁄ 3 and FnBPB-6 (data not shown).
BIAcore experiments were performed in which the
GST–FnBRs were bound to a chip, and increasing
concentrations of NTD were passed over the chip.
These showed that motifs 9 and 10 of both adhesins
interacted with the NTD, with dissociation constants
(KD) in the nanomolar range at physiological ionic
strength (Fig. 3). From analysis of the equilibrium
binding data, the dissociation constants for interaction with the NTD were as follows: FnBPA-9,
17.8 ± 1.1 nm; FnBPA-10, 41.8 ± 8.4 nm; FnBPB-9,
68.0 ± 21 nm; and FnBPB-10, 103.2 ± 35 nm. This
indicates that the NTD binds to GST–FnBRs with
similar afﬁnities (Table 1).
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Fig. 2. Binding of Fn to the predicted FnBRs of FnBPB and FnBPA. (A, C) ELISA. Recombinant His-tagged FnBRB (A) and FnBRA (C) and
their FnBRs in fusion with GST were immobilized on microtiter wells (1 lg in 100 lL) and probed with 100 lL of 10 lgÆmL)1 Fn. After washing, the wells were incubated with 2 lg of a rabbit polyclonal antibody against Fn. Bound antibody was detected by incubation with secondary antibody [HRP-conjugated goat anti-(rabbit IgG)]. (B, D) Western blot. Purified amounts (8 lg) of FnBRB (B), FnBRA (D) and their single
repeats were separated on a 12.5% polyacrylamide gel under nonreducing conditions, and then electroblotted onto nitrocellulose membranes. The membranes were incubated with 10 lg of Fn and, after washing, bound Fn was visualized by incubation with rabbit polyclonal
antibody against Fn followed by addition of peroxidase-conjugated goat anti-(rabbit IgG).

Monoclonal antibodies against FnBRs of FnBPB
A panel of mouse mAbs was produced against the
recombinant repetitive region of FnBPB. Analysis of
mAbs binding to the recombinant FnBR indicated the
generation of two categories of antibody. One group
bound marginally to the puriﬁed full-length FnBR
region of FnBPB (FnBRB), even after prolonged incubation, whereas a second group of mAbs interacted
with high reactivity (data not shown). When the ﬁrst
group of antibodies was tested in the presence of soluble Fn, their reactivity with FnBRB was signiﬁcantly
stronger than in the absence of the ligand. Thus, it
appears that FnBRB possesses ligand-induced binding
site (LIBS) epitopes, i.e. determinants exposed upon
binding of the ligand (Fn) (manuscript in preparation).
The second group of mAbs against FnBRB included
antibodies that bound the antigen in the absence of
Fn. One of these mAbs, designated 15E11, was
selected for further study.

15E11 is a mAb that recognizes an epitope
shared by distinct FnBPA ⁄ FnBPB repeats
Mapping the 15E11 epitopes
In an attempt to map the epitopes recognized by
15E11, the collection of Fn-binding single repeats of
FnBPB fused to GST were examined by ELISA. As
shown in Fig. 4A, the antibody recognized FnBPB-9
and FnBPB-10. These results were conﬁrmed in immunoblotting experiments by incubating the individual
FnBRs on a nitrocellulose membrane with 15E11
(Fig. 4B). When the FnBRs of FnBPA were tested
with 15E11 in ELISA and by western immunoblotting,
FnBPA-9 and FnBPA-10 showed reactivities similar to
those exhibited by the homologous repeats of FnBPB.
Additionally, the ELISA assay and western immunoblotting revealed weak recognition of FnBPA-4 and
FnBPA5 by 15E11 (Fig. 4C,D).
To conﬁrm the localization of the epitope, we
constructed a truncated form of FnBRB from which
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Fig. 3. SPR analysis of NTD binding to FnBRs of FnBPA and FnBPB fused to GST. Different concentrations of the NTD were compared for
binding to GST–repeats immobilized on the surface of a CM5 sensor chip. Sensorgrams of the binding to GST–repeats were obtained by
passing increasing concentrations of the NTD (0.5–512 nM) over FnBPA-9 (A), FnBPA-10 (B), FnBPB-9 (C), and FnBPB-10 (D) (2–1024 nM).
Injection began at 0 s and ended at 180 s.

Table 1. Affinity parameters for NTD–FnBR interactions. The
parameters were determined by SPR measurements, with immobilized FnBRs of FnBPA and FnBPB as ligands and the NTD as the
analyte. KD, dissociation equilibrium constant.
Protein

KD (nM)

FnBPA-9
FnBPA-10
FnBPB-9
FnBPB-10

17.8
41.8
68.0
103.2

±
±
±
±

1.1
8.4
21
35

the contiguous repeats 9 and 10 were deleted
(FnBRBD9,10). The protein was then tested for binding
to Fn by ELISA and western immunoblotting (Fig. 5).
Whereas signiﬁcant binding of FnBRBD9,10 to Fn was
conserved (Fig. 5A,B), the reactivity of 15E11 with
FnBRBD9,10 was completely abolished (Fig. 5C,D).
The reactivity of 15E11 with FnBRA and
FnBRAD9,10 was also tested. As shown in Fig. 6A,B,
deletion of repeats 9 and 10 did not affect the interaction of FnBRBD9,10 with Fn. In contrast, a signiﬁcant
reduction in antibody binding was observed by ELISA
and western immunoblotting when 15E11 was incubated with FnBRAD9,10 as compared with the binding
of 15E11 to the intact repeat region (Fig. 6C,D). The
residual binding of 15E11 to FnBRAD9,10 could be a
consequence of the weak binding of repeats 4 and 5 to
the antibody.
4494

15E11 affinity for the relevant epitopes
The afﬁnity of 15E11 for its epitopes was determined
by surface plasmon resonance (SPR). The antibody
was covalently immobilized on a chip by using aminecoupling chemistry, and this was followed by the injection of soluble repeats 9 or 10 of both FnBPA and
FnBPB across the sensor chip surface. Table 2 reports
the kinetic constants of the binding and the calculated
KD values. The afﬁnities of 15E11 for the repeats ranged from 40–45 nm (FnBPA repeats) to 140–200 nm
(FnBPB repeats).
Further definition of the 15E11 epitope in FnBPA-9
On the basis of the above ﬁndings (Table 2), FnBPA-9
represents the repeat with the highest afﬁnity for
15E11. Thus, it was hypothesized that the FnBPA-9
repeat harbors a more discrete binding site that is capable of interacting with 15E11. To validate this assumption, we constructed subfragments of FnBPA-9 by
removing the ﬁrst 10 N-terminal or the last 10 C-terminal amino acids (Fig. 7A). Loss of N-terminal amino
acids 1–10 of FnBPA-9 almost completely eliminated
15E11-binding activity, suggesting that this region carries amino acids that are essential for 15E11 binding,
or that it indirectly participates in the formation of or
stabilization of the epitope (Fig. 7B,D). In contrast, the
truncated form lacking the extreme C-terminal segment
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Fig. 4. Binding of 15E11 to the predicted FnBRs of FnBPB and FnBPA. (A, C) ELISA. Recombinant His-tagged FnBRB (A) and FnBRA (C)
and their FnBRs in fusion with GST were immobilized on microtiter wells (1 lg in 100 lL) and probed with 100 lL of 10 lgÆmL)1 15E11.
Bound antibody was detected by incubating with secondary antibody [HRP-conjugated rabbit anti-(mouse IgG)]. (B, D) Western blot. Purified
amounts (8 lg) of FnBRB (B), FnBRA (D) and their single repeats were separated on 12.5% polyacrylamide gel and electroblotted onto nitrocellulose membranes. The membranes were incubated with 10 lg of 15E11. Bound antibody was visualized with HRP-conjugated rabbit
anti-(mouse IgG).

(amino acids 29–38) lost Fn-binding activity but not
15E11-binding ability. Thus, Fn and 15E11 recognize
different regions of FnBPA-9 (Fig. 7C,E).
Epitopes of 15E11 are displayed on the surface of
S. aureus strains
To determine whether the epitopes recognized by
15E11 are displayed on the staphylococcal cell surface,
a genetic approach was used in which mutants of
S. aureus strains SH1000 and P1 lacking protein A
and Fn-binding proteins were complemented with plasmid pCU1 carrying the full-length fnbA gene or fnbAD
9,10. Adhesion to immobilized elastin and Fn was
measured, as well as binding of 15E11. As shown in
Fig. 8A,B,D,E, adherence of the complemented strains
to either elastin or Fn did not differ substantially from
that of the wild-type strains, suggesting that the entire
FnBPA protein was expressed. Furthermore, bacteria
expressing FnBPA bound 15E11 strongly, whereas the
strain expressing FnBPAD9,10 showed a signiﬁcant
reduction (P < 0.05) (Fig. 8C,F). Taken together,
these data demonstrate that repeats 9 and 10 of

FnBPA are fully exposed on the surface of staphylococcal cells and are recognized by 15E11.
Immunoﬂuorescent staining of S. aureus strains
SH1000, P1 and Cowan 1 from which the gene for
protein A (spa) was deleted conﬁrmed the surface
localization of the epitopes. Bright ﬂuorescent staining
was observed with cells incubated with 15E11, but not
with those incubated with an unrelated mAb (14G6),
conﬁrming that the epitopes in repeats 9 or 10 of
FnBPA and FnBPB are exposed on the cell surface
(data not shown). Furthermore, the ﬂuorescein isothiocyanate (FITC)-labeled antibody demonstrated signiﬁcant surface binding to the staphylococcal strains as
compared with the control mAb 14G6 when evaluated
by ﬂow cytometry (data not shown).
15E11 affects attachment of S. aureus strains to
surface-coated Fn
To determine whether 15E11 could inhibit adherence of
staphylococci to immobilized Fn, strains SH1000 spa,
Cowan 1 spa or P1 spa and the clinical isolate
MRSA190 were incubated with increasing concentrations
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of 15E11 and then tested for attachment to Fn-coated
microtiter wells. Nonadherent bacteria were removed by
washing, and the bound cells were detected with rabbit
antibody against S. aureus. Under these conditions,
15E11 blocked adherence to Fn in a concentrationdependent fashion, with a maximal blocking effect at
 0.3 lm. Conversely, no inhibition was observed when
bacteria were incubated with 14G6 (Fig. 9).

Discussion
The results presented in this study show that the
FnBRs of FnBPB bound to Fn with different afﬁnities.

Fn

Fig. 5. Binding of Fn or 15E11 to FnBRB lacking FnBPB-9 and
FnBPB-10. (A, C) ELISA. Recombinant His-tagged entire FnBRB
and FnBRB lacking FnBPB-9 and FnBPB-10 were immobilized on
microtiter wells (1 lg in 100 lL) and probed with 100 lL of
10 lgÆmL)1 Fn (A) or with 100 lL of 10 lgÆmL)1 15E11 (C). After
washing, Fn-bound wells (A) were incubated with 2 lg of rabbit
polyclonal antibody against Fn. Binding of the polyclonal antibody
(A) or mAb (B) was detected by incubating the wells with HRP-conjugated goat anti-(rabbit IgG) or secondary antibody [HRP-conjugated rabbit anti-(mouse IgG)], respectively. (B, D) Western blot.
Purified amounts (8 lg) of entire FnBRB and FnBRB lacking
FnBPB-9 and FnBPB-10 were separated on a 12.5% polyacrylamide
gel and then electroblotted onto nitrocellulose membranes. The
membranes were incubated with 10 lg of Fn (B) or 10 lg of 15E11
(D). Membranes incubated with Fn were washed and further incubated with rabbit polyclonal antibody against Fn. Binding of the
polyclonal antibody (B) or mAb (D) to the filters was visualized by
addition of HRP-conjugated goat anti-(rabbit IgG) or rabbit anti(mouse IgG), respectively.
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Fig. 6. Binding of Fn or 15E11 to FnBRA lacking FnBPA-9 and
FnBPA-10. (A, C) Recombinant, His-tagged full-length FnBRA and
FnBRA lacking FnBPA-9 and FnBPA-10 (FnBRAD9,10) were immobilized on microtiter wells (1 lg in 100 lL) and probed with 100 lL
of 10 lgÆmL)1 Fn (A) or 100 lL of 10 lgÆmL)1 15E11 (C). After
washing, Fn-bound wells (A) were incubated with 2 lg of rabbit
polyclonal antibody against Fn. Binding of the polyclonal antibody
(A) or mAb (C) was detected by incubating the wells with HRP-conjugated goat anti-(rabbit IgG) or secondary antibody [HRP-conjugated rabbit anti-(mouse IgG)], respectively. (B, D) Western blot.
Purified amounts (8 lg) of full-length FnBRA and FnBRA lacking
FnBPA-9 and FnBPA-10 (FnBRAD9,10) were separated on a 12.5%
polyacrylamide gel and then electroblotted onto nitrocellulose membranes. The membranes were incubated with 10 lg of Fn or 10 lg
of 15E11. Membranes incubated with Fn (B) were washed and further incubated with rabbit polyclonal antibody against Fn. Binding of
the polyclonal antibody (B) or the mAb (D) to the filters was visualized with HRP-conjugated goat anti-(rabbit IgG) or rabbit anti(mouse IgG), respectively.

In fact, newly deﬁned FnBRs (FnBPB-1, FnBPB-4,
FnBPB-5, FnBPB-9, FnBPB-10, and FnBPB-11)
bound Fn signiﬁcantly better than the other repeats,
and with KD values in the nanomolar range. It was
predicted from previous work [21] that binding afﬁnities similar to that observed for the homologous
repeats in FnBPA would be seen. Likewise, as FnBPB1 is the ﬁrst repeat and FnBPB-11 is the last, highafﬁnity Fn binding occurs over a large segment of
FnBPB. The demonstration that FnBPB-1 binds Fn
with high afﬁnity is also important, as this indicates
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that the A-domain of FnBPB, which binds ﬁbrinogen
and elastin, and the ﬁrst Fn-binding repeat are closer
together than previously envisioned. This situation is
again reminiscent of the A-region and FnBR organization of FnBPA [21]. Although not experimentally proven, it is most likely that the FnBRs from FnBPB
interact with Fn at the NTD according to the b-zipper
model.
We previously analyzed antibody reactivity to
FnBPA in blood plasma from patients with staphylococcal infections. All patients had elevated levels of
antibodies against FnBP as compared with those of
young children, who presumably had not been exposed
to staphylococcal infections. The antibodies against
FnBPA preferentially reacted with the LIBSs in the
repetitive region of the adhesin. Additionally, none of
the IgG preparations from the patients’ plasma inhibited the binding of Fn to isolated recombinant FnBPA
or to intact staphylococci [21,36]. A similar picture
emerged when mAbs were raised in mice immunized
with the full-length FnBR region of FnBPA (FnBRA)
[21] or FnBPB (manuscript in preparation). When the
whole panel of mAbs against FnBRs from FnBPA or
FnBPB was examined for reactivity towards recombinant FnBR preparations from both proteins in the
presence or absence of Fn (or the NTD), all of the
mAbs showed strong anti-LIBS activity. However,
these results do not rule out the possibility that the
immune system of the host might generate antibodies
inhibiting the interaction of Fn with the repeats of
both staphylococcal adhesins.
To eliminate the inﬂuence of Fn binding on antibody development, Huesca et al., [37] using synthetic
peptide immunogens lacking the ability to bind Fn,
generated polyclonal antibodies and mAbs that were
effective as inhibitors of Fn binding to FnBPA. Peptides derived from FnBPA expressed on cowpea
mosaic virus and potato virus were also shown to be
immunogenic, and the resulting sera blocked adherence
of S. aureus to solid-phase-immobilized Fn [38].
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Table 2. Kinetic and affinity parameters for 15E11–FnBR interactions. The parameters were determined by SPR measurements,
with immobilized 15E11 as ligand and FnBRs of FnBPA and FnBPB
as analytes. Kon, association rate constant; Koff, dissociation constant; KD, dissociation equilibrium constant (means ± standard deviation, n = 3).

14 -

Fig. 7. Binding of Fn or 15E11 to FnBPA-9 lacking the N-terminal
or C-terminal moieties. (A) Sequence of full-length FnBPA-9 and its
deletion mutants. Amino acids deleted at the N-terminus and C-terminus are in gray and white boxes, respectively. (B, D) ELISA.
Recombinant deletion mutants of FnBPA-9 lacking the first 10
N-terminal (FnBPA-9DN) or the last C-terminal (FnBPA-9DC) amino
acids were immobilized on microtiter wells (1 lg in 100 lL) and
probed with 100 lL of 20 lgÆmL)1 Fn (B) or 100 lL of 10 lgÆmL)1
15E11 (D). After washing, the wells incubated with Fn were supplemented with 2 lg of rabbit polyclonal antibody against Fn.
Bound antibody was detected by incubating the wells with secondary antibodies [HRP-conjugated goat anti-(rabbit IgG) (B) or rabbit
anti-(mouse IgG) (D)]. (C, E) Western blot. Purified FnBPA-9DN and
FnBPA-9DC (8 lg) were separated on 12.5% polyacrylamide gels
and electroblotted onto nitrocellulose membranes. The membranes
were incubated with 10 lg of Fn (C) or 10 lg of 15E11 (E). After
washing, the membrane incubated with Fn (C) was incubated with
rabbit polyclonal antibody against Fn. Binding of the polyclonal antibody (C) or mAb (E) to the filters was visualized by the addition of
HRP-conjugated goat anti-(rabbit IgG) or rabbit anti-(mouse IgG),
respectively.

Following this line of investigation, we isolated and
characterized a mAb, named 15E11, from a hybridoma
clone obtained by immunizing mice with the repetitive
region of FnBPB. The mAb bound speciﬁcally and
with high afﬁnity to an epitope shared by repeats 9
and 10 from both FnBPA and FnBPB. Truncated
forms of FnBPA-9 lacking 10 N-terminal or 10 C-terminal amino acids were tested by ELISA and western
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Fig. 8. 15E11 epitopes are displayed on the surface of S. aureus strains. Attachment of S. aureus to surface-coated elastin and Fn. Microtiter wells coated with 1 lg of elastin (A–D) or Fn (B–E) were incubated with 2.5 · 108 cells per mL of S. aureus strains P1 (A, B) and SH1000
(D, E). After several washings, 1 lg of rabbit polyclonal antibody against S. aureus was added. Bound antibody was detected by incubation
with secondary antibody [HRP-conjugated goat anti-(rabbit IgG)]. (C, F) Binding of 15E11 to surface-coated S. aureus cells. Microtiter wells
coated with 2.5 · 108 cells per mL S. aureus P1 (C) and SH1000 (F) were incubated with 1 lg of 15E11. Bound antibody was detected by
incubation with secondary antibody [HRP-conjugated rabbit anti-(mouse IgG)].
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Fig. 9. Effect of 15E11 on the binding of S. aureus strains to surface-coated Fn. Microtiter wells were coated with 1 lg of Fn, and
2.5 · 107 cells of the indicated S. aureus strains preincubated with increasing amounts of mAbs 15E11 and 14G6 were added. After several
washings, the wells were incubated with 0.5 lg of rabbit polyclonal antibody against S. aureus. Bound antibody was detected by incubation
with secondary antibody [HRP-conjugated goat anti-(rabbit IgG)].

immunoblotting to map the epitope of 15E11. The
mAb cannot bind to FnBPA-9 lacking the 10 N-terminal amino acids, whereas binding of Fn to FnBPA-9
was completely abolished when the C-terminal 10
4498

amino acids were removed. Thus, Fn and 15E11 recognize distinct determinants in FnBPA-9. Alignment of
repeats 9 and 10 of both FnBPA and FnBPB showed
almost complete identity of their ﬁrst 10 amino acids,
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Fig. 10. Sequence alignment of repeats 9 and 10 from FnBPA and
FnBPB. Segments including the first 10 amino acids in each repeat
are boxed.

explaining the cross-reactivity of these repeats with
15E11, and suggesting the crucial role of the
KYEQ(H)GGNIV(I)D sequence in epitope formation
(Fig. 10). It is of note that the poor conservation of
this stretch in the other repeat units of both adhesins
is consistent with the marginal reactivity of the repeats
to 15E11. Overall, these data conﬁrm that the speciﬁc
KYEQ(H)GGNIV(I)D sequence is the target of
15E11.
Solid-phase-binding assay, ﬂuorescence microscopy
and ﬂow cytometry showed that the mAb epitope is
clearly exposed on the surface of S. aureus cells. Consistent with this, the antibody blocked, in a dosedependent fashion, attachment of staphylococci to
immobilized Fn. However, the inhibitory activity of
15E11, although signiﬁcant (70%), was incomplete,
suggesting that the residual attachment of bacteria to
Fn, even in the presence of excess amounts of 15E11,
is mediated by repeats that are not targeted by the
mAb. Interestingly, the inhibitory effect of 15E11 on
the attachment of three distinct strains was substantially similar, suggesting that the epitopes are conserved and well exposed on the cell surface.
The ﬁnding that 15E11 is a blocking antibody, combined with the indication that Fn and the mAb map to
different subsites on FnBPA-9, seems to suggest that
the mechanism by which 15E11 inhibits ligand binding
involves not merely competition with Fn, but also a
conformational change in the repeat that results in preventing Fn from binding its own determinant. We refer
to this phenomenon as ‘the mAb-promoted conformational change mechanism’. A possible implication of
this allosteric perturbation is that antibody binding
shifts adhesin repeats from a high-afﬁnity to a lowafﬁnity state. As previously reported, the ligand-binding repeats of FnBPA [21], and possibly those of
FnBPB in solution, have an intrinsically disordered
structure in the apo-form. On binding to Fn, these
motifs acquire conformations that can be monitored
by speciﬁc mAbs recognizing LIBS epitopes [21] or by
CD analysis [39]. Thus, the ﬂexibility of the FnBPA-9
repeat ﬁts well with the hypothesis of the mAb-promoted conformational change mechanism. Furthermore, it is noteworthy that repeat ﬂexibility is the
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common prerequisite for both epitope binding by LIBS
antibodies and the inhibitory activity of 15E11.
Although the above mechanism could be strictly operational in the interaction of Fn with FnBPA-9, it is
plausible that it is also effective in the binding of the
ligand to the other repeats that share a common epitope. Other inhibition mechanisms cannot be excluded;
among these, there is the possibility that, through the
effect of the proximities of the antibody-binding and
Fn-binding sites, the interaction of the repeat with Fn
may be sterically hindered in the presence of the antibody.
The results of this study allow us to draw several
conclusions. First, we conﬁrm that the repeat region of
FnBPB shows functional organization and immunological features of the homologous domain of FnBPA.
Second, the epitopes recognized by 15E11 are localized
to repeats 9 and 10 of both FnBPA and FnBPB,
rather than being reactive with only a speciﬁc repeat.
Third, although S. aureus adherence is mediated by
several distinct repeats on both FnBPA and FnBPB,
adhesion of bacteria to surface-coated Fn was inhibited signiﬁcantly by the mAb, suggesting that the antibody-targeted repeats play a major role in Fn binding
by FnBPA ⁄ FnBPB. Fourth, although a limited number of strains were tested, the antibody was an effective inhibitor of attachment to Fn, suggesting that a
mAb with the ability to block all strains can be produced. Finally, the selection of a mAb that signiﬁcantly reduces interaction of FnBPs with Fn indicates
that the repetitive region of the major staphylococcal
Fn-binding proteins, besides promoting the production
of LIBS antibodies, has the potential to elicit the generation of blocking antibodies. Thus, the repetitive
motifs of Fn-binding proteins from S. aureus could be
successfully used as immunogens, and promote a
blocking immune response by the host. This information leads to a reassessment of the value of the repetitive region of FnBPA ⁄ FnBPB as an immunogen, and
raises the possibility of utilizing these proteins as components of a future anti-S. aureus vaccine.

Experimental procedures
Bacterial strains, plasmids, and culture
conditions
The strains used are listed in Table 3 [23,40–45]. Escherichia
coli strains were grown in LB broth or LB agar (Becton
Dickinson, Buccinasco, Italy), and S. aureus strains were
grown in Tryptic Soy Broth or Tryptic Soy agar (Becton
Dickinson) at 37 C in the presence of appropriate antibiotics with constant shaking.
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Table 3. S. aureus and E. coli strains used in this work.

Strain

Relevant genotype

Properties

S. aureus
8325-4

Wild type

8325-4 spa
SH1000
SH1000 spa
SH1000 fnbA fnbB
SH1000 fnbA fnbB spa

spa::Kanr
Wild type
spa::Kanr
fnbA::Tetr fnbB::Ermr
spa::Kanr fnbA::Tetr fnbB::Ermr

spa::Kanr

NTCT 8325 cured of prophages; 11 bp
deletion in rsbU
Mutant strain of 8325-4 defective in protein A
Strain 8325-4 with repaired defect in rsbU
Mutant strain of SH1000 defective in protein A
Mutant strain of SH1000 defective in FnBPs
Mutant strain of SH1000 defective
in FnBPs and protein A
Mutant strain of SH1000 defective
in FnBPs and protein A, complemented
with plasmid expressing fnbA+
Mutant strain of SH1000 defective
in FnBPs and protein A, complemented
with plasmid expressing fnbA+ lacking
repeats 9 and 10
Rabbit virulent strain expressing FnBPs
Mutant strain of P1 defective in protein A
Mutant strain of P1 defective in FnBPs
Mutant strain of P1 defective in FnBPs
and protein A
Mutant strain of P1 defective in FnBPs and
protein A, complemented
with plasmid expressing fnbA+
Mutant strain of P1 defective in FnBPs and
protein A, complemented with plasmid
expressing fnbA+ lacking repeats 9 and 10
Restriction-negative 8325-4 derivative.
Intermediate host for plasmid transfer
from E. coli to S. aureus
Mutant strain of Cowan defective in protein A

recA1 endA1 lac [F¢ proAB lac1q Tn10(Tetr)]
F– ompT gal [dcm] [lon] hsdSB (rB– mB–)

Cloning host
Cloning host

SH1000 fnbA fnbB spa
(pCU1 fnbA+)

spa::Kanr fnbA::Tetr fnbB::Ermr
(pCU1::fnbA+ Cmr)

SH1000 fnbA fnbB spa
(pCU1 fnbA+ D9,10)

spa::Kanr fnbA::Tetr fnbB::Ermr
(pCU1::fnbA+ D9,10 Cmr)

P1
P1 spa
P1 fnbA fnbB
P1 fnbA fnbB spa

Wild type
spa::Kanr
fnbA::Tetr fnbB::Ermr
spa::Kanr fnbA::Tetr fnbB::Ermr

P1 fnbA fnbB spa
(pCU1 fnbA+)

spa::Kanr fnbA::Tetr fnbB::Ermr
(pCU1::fnbA+ Cmr)

P1 fnbA fnbB spa
(pCU1 fnbA+ D9,10)

spa::Kanr fnbA::Tetr fnbB::Ermr
(pCU1::fnbA+ D9,10 Cmr)

RN4220

r-m+

Cowan I spa
E. coli
XL-1 Blue
BL21(DE3)

Routine DNA manipulation and mutagenesis
DNA preparation, puriﬁcation, restriction digestion, agarose
gel electrophoresis and ligation were performed with standard methods [46] or following the manufacturer’s instructions, unless otherwise stated. All enzymes were purchased
from Roche Diagnostic (Milan, Italy). Plasmid DNA was
isolated with the QIAprep Spin Miniprep kit (Qiagen,
Monza, Italy). Routine preparation of E. coli competent
cells and transformation of DNA into E. coli were performed by a one-step procedure [47]. Routine preparation of
S. aureus electrocompetent cells and transformation of
DNA into S. aureus were performed by electroporation.
The spa::KaR mutation was transduced from S. aureus
strain 8325-4 spa into strains P1, P1 fnbA fnbB, SH1000
and SH1000 fnbA fnbB with phage-85 [48], selecting on
50 lg kanamycin mL)1. The pCU1::fnbA+ and pCU1::
fnbA+D9,10 constructs were transduced from strain

4500

Source or
reference

40
41
42
41
43
This work
This work

This work

44
41
23
This work
This work

This work

45

41
Stratagene
Novagen

RN4220 to strains P1 fnbA fnbB spa and SH1000 fnbA
fnbB spa with phage-85 [48], selecting for resistance to
10 lgÆmL)1 chloramphenicol.

Cloning of FnBR constructs
Cloning and expression of both the whole FnBRA and the
recombinant individual repeats from FnBPA were performed as previously reported [21].
pQE30 and pET23b (GE Healthcare, Milan, Italy) were
used as vectors for cloning and expression of FnBRA and
and the whole FnBRB, respectively. pGEX-6P1 (GE
Healthcare) was used as a vector for expressing the single
repeats from both FnBPA and FnBPB.
A pBluescript vector encoding full-length fnbB was used
as a template for all PCR reactions. In all cases, oligonucleotide primers were designed to encode BamHI (5¢-end) and
EcoRI (3¢-end) restriction sites (Table S1). PCR products

FEBS Journal 277 (2010) 4490–4505 ª 2010 The Authors Journal compilation ª 2010 FEBS

G. Provenza et al.

were digested with BamHI and EcoRI, puriﬁed, and ligated
to BamHI-digested and EcoRI-digested pGEX-6p1 (for
cloning all FnBRs) or pET-23b (for cloning FnBRB)
(Table S1). The ligation mixtures were transformed into
E. coli BL21(DE3), and the cells were incubated at 37 C on
LB agar plates (100 lgÆmL)1 ampicillin) to select for transformants. Insertions were conﬁrmed by DNA sequencing.
pQE30 and pET23b vectors harboring inserts corresponding to the repetitive regions of FnBPA and FnBPB,
respectively, were used as templates for the inverse PCR
reaction to produce the truncated forms of both proteins,
lacking repeats 9 and 10.
The vector pGEX-5X carrying the insert for FnBPA-9
was used as a template for the PCR reaction to produce
the truncates lacking the ﬁrst 10 N terminal or the last 10
C-terminal amino acids of the repeat.

Expression and purification of recombinant
FnBRs
FnBRs were expressed as GST fusion proteins. E. coli
BL21(DE3) transformed with pGEX6P1 harboring the insert
corresponding to each repeat was selected on LB agar
(100 lgÆmL)1 ampicillin). An overnight transformant culture
was diluted 1 : 100 in LB medium and grown at 37 C, with
shaking, until the D600 nm reached 0.5–0.6. Expression was
induced by adding isopropyl-thio-b-d-galactoside (Inalco,
Milan, Italy) to a ﬁnal concentration of 0.3 mm. Bacteria
were harvested by centrifugation at 1700 g for 5 min, and
lysed by passage through a French press. The cell debris was
removed by centrifugation (20 000 g), and the ﬁltered supernatant (0.45 lm membrane) was applied to a 5 mL glutathione–Sepharose-4B column (GE Healthcare). Fusion protein
was eluted with ﬁve column volumes of 10 mm reduced
glutathione (Sigma) in 50 mm Tris ⁄ HCl (pH 8.0). Fractions
corresponding to the recombinant protein were pooled and
extensively dialyzed against NaCl ⁄ Pi (140 mm NaCl, 2.7 mm
KCl, 10.0 mm Na2PO4, 1.8 mm KH2PO4, pH 7.4). A single
band of the expected molecular mass was observed for each
of the different FnBR GST fusions when they were subjected
to SDS ⁄ PAGE. Protein concentrations were determined with
a bicinchoninic acid protein assay kit (Pierce, Rockford, IL,
USA).

FnBPA and FnBPB from S. aureus

the mAbs was performed with a Mouse-Typer sub-isotyping kit (Zymed Laboratories, San Francisco, CA, USA).
The hybridoma clone producing 15E11, an IgG2b–k, was
subcloned and grown to high cell density. The mAbs were
puriﬁed from the supernatant by ammonium sulfate precipitation, followed by afﬁnity chromatography on a protein G–Sepharose column, according to the manufacturer’s
protocol (GE Healthcare). Experiments with animals were
carried out in accordance with the European Communities
Council Directive of 24 November 1986 regarding the care
and use of animals for experimental procedures.

Solid-phase-binding assays (ELISA)
Fn binding to FnBRA and FnBRB
Microtiter wells were coated for 1 h at 37 C with 100 lL
of 10 lgÆmL)1 FnBPA-1, FnBPA-2, FnBPA-3, FnBPA-4,
FnBPA-5, FnBPA-6, FnBPA-7, FnBPA-8, FnBPA-9,
FnBPA-10, and FnBPA-11, and FnBPB-1, FnBPB-2 ⁄ 3, FnBPB-4, FnBPB-5, FnBPB-6, FnBPB-7, FnBPB-8, FnBPB-9,
FnBPB-10, and FnBPB-11, in fusion with GST or with
GST alone in coating buffer (50 mm sodium carbonate,
pH 9.5). After washing with NaCl ⁄ Pi-T [NaCl ⁄ Pi containing 0.1% (v ⁄ v) Tween-20], the wells were blocked for 1 h at
22 C with 200 lL of NaCl ⁄ Pi containing 2% (w ⁄ v) BSA.
Subsequently, 100 lL of Fn (10 lgÆmL)1) was added to the
wells. Wells were washed with NaCl ⁄ Pi-T and incubated
with 100 lL of a rabbit polyclonal antibody against human
Fn (20 lgÆmL)1) for 60 min. Binding of antibodies against
Fn to the wells was detected by incubating the plates with
horseradish peroxidase (HRP)-conjugated goat anti-(rabbit
IgG) (1 : 1000 dilution; DakoCytomation, Glostrup, Denmark) for 45 min. The binding of the secondary antibody
was quantiﬁed by adding the substrate o-phenylenediamine
dihydrochloride and measuring the resulting absorbance
at 490 nm in a microplate reader (Bio-Rad, Richmond,
CA, USA).

Binding of 15E11 to FnBRs

Human Fn was prepared as previously reported [49,50].
For solid-phase-binding studies, the NTD was isolated with
the procedure described by Zardi et al. [51].

Microtiter wells were coated for 1 h at 37 C with the single
recombinant repeats of FnBPA or FnBPB (10 lgÆmL)1) in
coating buffer (50 mm sodium carbonate, pH 9.5). After
washing with NaCl ⁄ Pi-T, the wells were blocked for 1 h at
22 C with 200 lL of NaCl ⁄ Pi containing 2% (w ⁄ v) BSA.
Subsequently, 100 lL of the mAb (10 lgÆmL)1) was added,
and the wells were incubated for 1 h. Bound mAb was
detected by incubating the wells with a 1 : 1000 dilution of
HRP-conjugated rabbit anti-(mouse polyclonal IgG).

Monoclonal antibody preparation

SDS ⁄ PAGE and western blotting

Monoclonal antibodies directed against FnBRB were raised
with the procedure previously reported [52,53]. Isotyping of

SDS ⁄ PAGE was performed with a 12.5% polyacrylamide
gel. The gels were stained with Coomassie Brilliant Blue

Preparation of Fn
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(BioRad, Hercules, CA, USA). For the western blot assay,
FnBRA, FnBRB and the corresponding single repeats were
separated by SDS ⁄ PAGE, and then electroblotted onto a
nitrocellulose membrane (GE Healthcare). The membrane
was treated with a solution containing 5% dried milk in
NaCl ⁄ Pi, washed, and incubated with 10 lg of Fn for 1 h
at 22 C. Following additional washings with NaCl ⁄ Pi, the
membranes were incubated for 1 h with 2% milk in
NaCl ⁄ Pi containing a rabbit polyclonal antibody against
Fn. After several washings in NaCl ⁄ Pi-T (NaCl ⁄ Pi containing 0.5% Tween-20), the membranes were incubated for
45 min with 2% milk in NaCl ⁄ Pi including an HRP-conjugated goat anti-(rabbit IgG). Finally, the membranes were
treated with ECL detection reagents 1 and 2 (GE Healthcare) according to the procedure recommended by the manufacturer, and exposed to an X-ray ﬁlm for 10–20 s.

Effect of mAbs on staphylococcal attachment to
surface-coated Fn
Microtiter wells were coated with 100 lL of 10 lgÆmL)1
Fn. The remaining binding sites in the well were blocked
by incubation with 200 lL of 2% BSA for 1 h at 22 C.
After washing with NaCl ⁄ Pi-T, the wells were incubated for
1 h at 22 C with 2.5 · 107 cells of the indicated strains of
S. aureus preincubated with increasing concentrations of
15E11 or the control mAb 14G6. After washing with
NaCl ⁄ Pi-T, adherent cells were detected by incubation for
1 h with 100 lL (300 ng) of rabbit anti-(S. aureus polyclonal IgG). Binding of the antibody to bacteria was
detected by incubating the plates with HRP-conjugated
goat anti-(rabbit IgG) (1 : 1000 dilution; DakoCytomation,
Glostrup, Denmark) for 45 min. The binding of the secondary antibody was quantiﬁed by adding the substrate
o-phenylenediamine dihydrochloride and measuring the
resulting absorbance at 490 nm in a microplate reader.

SPR analysis
SPR analysis of NTD binding to repeats was performed
with the BIAcore X100 system (GE Healthcare). Goat antibody against GST (30 lgÆmL)1; GE Healthcare) was
diluted in 10 mm sodium acetate buffer at pH 5.0 and
immobilized on CM5 sensor chips by amine coupling. This
was performed with 1-ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide hydrochloride, followed by N-hydroxysuccinimide and ethanolamine hydrochloride, as described by the
manufacturer. A single repeat fused to GST (2 lgÆmL)1)
was passed over the anti-GST surface of one ﬂow cell while
recombinant GST (5 lgÆmL)1) was passed over the other
ﬂow cell to provide a reference surface. Increasing concentrations of the NTD were passed over the surface at a rate
of 5 lLÆmin)1. All sensorgram data presented were subtracted from the corresponding data from the reference
ﬂow cell. The response generated from injection of buffer
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over the chip was also subtracted from all sensorgrams.
Data were analyzed with BIAevaluation software version 3.0. A plot of the level of binding [resonance units
(RU)] at equilibrium against concentration of analyte was
used to determine the KD.
Monoclonal antibody binding studies were carried out
using the ProteOn XPR36 Protein Interaction Array system
(Bio-Rad), based on SPR technology.
The 15E11 and 14G6 mAbs were covalently immobilized
on parallel-ﬂow channel surfaces of a Proteon GLC sensor
chip (Bio-Rad), using amine coupling chemistry. This was
performed by activating the surface for 5 min with a mixture
of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (0.2 m)
and sulfo-NHS (0.05 m), and then injecting the ligand
(30 lgÆmL)1 in sodium acetate, pH 5.0 for the antibodies
and pH 4.0 for Fn), at a ﬂow rate of 30 lLÆmin)1. The
remaining activated groups were blocked with a 5 min injection of 1 m ethanolamine. The amount of ligand covalently
immobilized on the surface, expressed in RU (1 RU = 1 pg
protein per mm2), was about 5000 RU. In parallel, a reference channel was prepared by using the same activation ⁄ deactivation procedure and injecting vehicle only. After
the immobilization procedure, the ﬂuidic system of ProteOn
was rotated by 90, allowing the testing in parallel of up to
six different analytes, or up to six different concentrations of
the same analyte, over the target surface.
Concentrations, ranging from 100 to 1000 nm, of each
analyte were then injected over the immobilized ligand
(or over the reference surface in parallel) at a rate of
30 lLÆmin)1 for 3 min (association phase). The dissociation
phase was evaluated during the following 10 min. The vehicle was always injected in parallel-ﬂow channels. The running buffer, NaCl ⁄ Pi (pH 7.4, 0.005% Tween-20; Biorad)
was also used to dilute the analyte. All of the assays were
performed at 25 C.
The sensorgrams (time course of the SPR signal in RU)
were normalized to a baseline value of 0. All sensorgram
data presented were subtracted from the corresponding
data obtained from the reference ﬂow cell. The sensorgrams
were ﬁtted for the simplest 1 : 1 interaction model (Langmuir model; analysis software from Proteon, Columbus,
OH, USA) to obtain the association and dissociation rate
constants (Kon and Koff) and the corresponding equilibrium
dissociation constant (KD = Koff ⁄ Kon).

Fluorescence microscopy
Samples were observed with an Olympus BX51 microscope
with standard ﬂuorescence equipment. Blue excitation was
performed with BP 450–480, DM 500 and barrier ﬁlter
BA 515. Objectives UVPlanFl ·20 (0.50), UVPlanFl ·40
(0.75) and Plan ·40 (0.65) Ph were routinely used. The
UPC-D condenser allowed the bright as well as the contrast
ﬁeld phase setting. Fluorescence microphotographs were
taken using an Olympus Camedia C4040 digital camera.
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Flow cytometry
Bacteria (2.5 · 108 cells) from the exponential phase
(D490 nm of  0.6) were washed two times in NaCl ⁄ Pi, ﬁltered (0.2 lm membrane), and then incubated in NaCl ⁄ Pi
containing 300 lg of 15E11 or 14G6 for 1 h at 4 C with
moderate shaking.
Bacteria were harvested by centrifugation at 18 300 g for
5 min. The resulting pellet was resuspended in 500 lL of
NaCl ⁄ Pi containing secondary antibody [FITC-conjugated
goat anti-(mouse IgG)] at a 1 : 50 dilution for 1 h at 4 C
with moderate shaking. Samples were analyzed by a PAS II
ﬂow cytometer (Partec GmbH, Münster, Germany)
equipped with an argon ion laser with 20 mW output
power at 488 nm. Green ﬂuorescence emission from FITC
was measured in the FL1 channel (510–535 nm bandpass ﬁlter). Data were recorded and analyzed with flowmax software from Partec.

Statistical analysis of ELISA experiments
Each experiment was repeated at least twice, with duplicate
or triplicate measurements for every data point. Results are
represented on graphs as the average of replicates in each
experiment, with standard deviation used for error bars.
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