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Staphylococcus aureus fibronectin-binding proteins (FnBPs) play a critical role in S. aureus pathogenesis.
FnBPs mediate adhesion to fibronectin and invasion of mammalian cells, including epithelial, endothelial, and
fibroblastic cells, by fibronectin bridging to the host cell fibronectin receptor integrin (�5)�1. Strain Newman
is a laboratory strain frequently used for genetic, functional, and in vivo studies. However, despite pronounced
production of FnBPs, strain Newman is only weakly adherent to immobilized Fn and weakly invasive. We
examined whether these effects are due to a structural difference of FnBPs. Here, we show that both fnbANewman and
fnbBNewman contain a centrally located point mutation resulting in a stop codon. This leads to a truncation of both
FnBPs at the end of the C domain at identical positions. Most likely, the stop codon occurred first in fnbBNewman
and was subsequently transferred to fnbANewman by replacement of the entire region encompassing the C, D, and W
domains with the respective sequence of fnbBNewman. Using heterologous expression in Staphylococcus carnosus, we
found that truncated FnBPs were completely secreted into the culture medium and not anchored to the cell wall,
since they lack the sortase motif (LPETG). Consequently, this led to a loss of FnBP-dependent functions, such as
strong adhesion to immobilized fibronectin, binding of fibrinogen, and host cell invasion. This mutation may explain
some of the earlier reported conflicting data with strain Newman. Thus, care should be taken when drawing negative
conclusions about the role of FnBPs as a virulence factor in a given model.

Staphylococcus aureus fibronectin-binding proteins (FnBPs)
appear to play a critical role in S. aureus pathogenesis (35), as
has been shown, e.g., for infective endocarditis (29, 49) and
osteomyelitis (22). However, so far, often conflicting results
have been reported that argue for (3, 22, 29, 38, 49) or against
(2, 5, 10, 33, 41) their role as virulence factors in a given model
in vivo. In most situations, the adhesive and invasive functions
of FnBPs are the likely functional link in pathogenicity. Adhe-
sion to fibronectin and invasion of mammalian cells, including
epithelial, endothelial, and fibroblastic cells, depend on fi-
bronectin bridging between FnBPs and the host fibronectin
receptor integrin (�5)�1 (54).

During the analysis of the mechanism for cellular invasion of
S. aureus, we found that several reference strains are invasion
deficient compared to clinical isolates (54). Strain Newman is
a laboratory strain frequently used for genetic, functional, and
in vivo studies. Despite strong production of FnBPs (57), strain
Newman is only weakly adherent to immobilized Fn and
weakly invasive (54). Another often-used reference strain,
8325-4, is also only weakly invasive (54); however, this appears
to be due to regulatory defects resulting in low FnBP expres-
sion rather than structural FnBP modifications. Strain 8325-4
has a regulatory defect (rsbU) (28) and expresses FnBPs at a
low level (60). However, upon heterologous expression, both
FnBPs are functionally intact (49, 55). Both strains, 8325-4 and
Newman, have been widely used for in vivo and in vitro studies.

In addition, strain Newman strongly expresses Eap (extracel-
lular adherence protein), which among other ligands binds
fibronectin (20), thus rendering the interpretation of data de-
rived from in vivo (4, 5, 8, 23–25, 39, 44, 50, 58, 59) and in vitro
(6, 9, 12, 13, 16, 20, 32, 34, 42, 43, 48, 62, 66, 67, 69, 70) studies
rather difficult.

Moreover, besides its ability to bind to fibronectin, FnBPA
has been shown to bind to fibrinogen (64). This may compli-
cate the interpretation of the resulting data, especially with
regard to the roles of FnBPs in several infection models.

This study aimed to determine whether the weak invasive-
ness and adherence to immobilized fibronectin of strain Newman
are due to structurally defective FnBPs rather than altered regu-
latory pathways. Here, we show that in strain Newman both fnbA
and fnbB harbor a central stop codon, leading to FnBPs truncated
in the C domain. As expected from the sequence data, using
heterologous expression in Staphylococcus carnosus, we found
that FnBPs were completely secreted and not anchored to the cell
wall. This can be explained by the lack of the LPETG motif for
sortase in the truncated protein. Consequently, this led to a loss of
FnBP-dependent functions, such as adhesion to immobilized fi-
bronectin, binding of fibrinogen, and host cell invasion. This mu-
tation may explain some of the conflicting data obtained with
strain Newman, and care should be taken when drawing negative
conclusions about the role of FnBPs as a virulence factor in a
given model.

MATERIALS AND METHODS

Reagents and enzymes. Phosphate-buffered saline (PBS) with and without
Ca2� or Mg2� was from Gibco-BRL (Karlsruhe, Germany). Recombinant lyso-
staphin (Ambicin; WAK Chemie/Applied Microbiology, Brooklyn, N.Y.), a mu-
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rolytic enzyme that specifically degrades the staphylococcal cell wall by cleaving
the pentaglycine bridge in peptidoglycan, and human serum albumin (HSA)
were from Behring (Marburg, Germany), and the prestained protein ladder (�10
to 180 kDa) was from MBI Fermentas (St. Leon-Rot, Germany). Lyophilized
bacterial culture media were from Merck (Darmstadt, Germany) (M17 broth and
brain heart infusion broth), Difco (Augsburg, Germany) (tryptic soy broth), and
Mast (Reinfeld, Germany) (Müller-Hinton broth).

Bacterial strains, plasmid DNA, and chromosomal DNA isolation and trans-
formation. All bacterial strains used are listed in Table 1. S. aureus strain Cowan
1 was used as a reference isolate; strains Newman D2C (ATCC 25904) and
8325-4 were used as donors for cloning fnbA and fnbB. The FnBP-encoding
plasmids pFNBA4 and pFNBB4 (15) were isolated from S. carnosus TM300
strains (55) by a modified alkaline lysis (including 10 �g of lysostaphin/ml in the
resuspension buffer) and the QIAGEN method (miniprep columns). S. carnosus
strain TM300 (52) was transformed by protoplast transformation (14). Briefly,
bacteria were grown to an optical density at 578 nm (OD578) of �0.5 in B2 broth.
After centrifugation, the pellet was resuspended in SMM (sucrose-MgCl2-maleic
acid)-Pennassay broth (adjusted for S. aureus and S. carnosus, respectively) with
lysostaphin (1.5 �g/ml). The cell suspension was incubated overnight at 30°C and
washed thoroughly on ice. The protoplasts were analyzed by microscope and
stored at �70°C. The protoplasts were mixed gently with plasmid DNA or
ligation products and briefly incubated after addition of the fusogen (40% poly-
ethylene glycol in SMM). After being washed with SMM-Pennassay broth, the
protoplasts were plated onto DM-3 (5% agar, 1 m sodium succinate, 5% casein
hydrolysate, 10% yeast extract, 50% glucose, 1 M NaCl2, and 5% bovine serum
albumin) plates and incubated for 4.5 h. To select transformants, the DM-3
plates were overlayed by soft agar with chloramphenicol (final concentration, 10
�g/ml), as described earlier (14). After 2 days, colonies were picked and tested
by restriction analysis and gel electrophoresis of isolated plasmids obtained by
the QIAGEN modified alkaline lysis method (miniprep columns).

Bacterial cultures. For the invasion assay, staphylococci were cultured in
Müller-Hinton broth at 37°C. All transformants were grown in the presence of 10
�g of chloramphenicol/ml. Wild-type (WT) strains were kept on sheep blood
agar plates, and transformants were kept on tryptic soy agar plates supplemented
with 10 �g of chloramphenicol/ml.

For ligand overlay blotting, the S. aureus and S. carnosus strains were cultured
in brain heart infusion broth to an OD578 of �1.0.

Construction of plasmids encoding FnBPA and FnBPB of S. aureus strain
Newman. In order to create an expression vector for fnbA or fnbB, the vector part
of pFNBA4 (15), including the signal peptide sequence of fnbA8325-4 (Fig. 1), was
amplified by PCR. The oligonucleotide primers used were 5�-GAA GAT CTT
ATG TCT GAT GAT TGA TAA CGA ACT-3� (the BglII recognition site is
underlined) and 5�-ATA TCT GCA GCT TCT TTG TCT TGT C �3� (the PstI
recognition site is underlined). Deep Vent DNA polymerase (New England

Biolabs) was used according to the manufacturer’s instructions. The blunt-ended
PCR product was purified using the QIAquick PCR purification kit (QIAGEN)
and ligated with T4 DNA ligase, resulting in the vector pMG8Vec (Fig. 1).
pMG8Vec contains the promoter region as well as the 5� part of the signal
peptide sequence of fnbA8325-4. The chromosomal DNA from S. aureus was
isolated with the QIAamp DNA Blood Mini kit (QIAGEN) according to the
manufacturer’s instructions. The fnbA and fnbB genes from S. aureus strains
Newman D2C (ATCC 25904) and 8325-4 were amplified by PCR using Deep
Vent DNA polymerase. The oligonucleotide primers used for the amplification
of fnbA were 5�-ATA TCT GCA GCA TCA GAA CAA AAG AC-3� and
5�-GAA GAT CTA ACC AAT GAA GCA ATC AGA A-3� (the BglII and PstI
recognition sites are underlined). The oligonucleotide primers used for the
amplification of fnbB were 5�-ACT TTT TAT TAA CTC GCT TTT TTT C-3�
and 5�-GAA GAT CTA CGC CTT CAT AGT GTC ATT GAG T-3�. After
purification of the PCR product with the QIAquick PCR purification kit, the
vector and the fnb products were digested by BglII and PstI and ligated by T4
DNA ligase.

Sequence analysis. For sequence analysis, the fnbA and fnbB genes from the S.
aureus strains 8325-4 and Newman were amplified by PCR (see above) and
purified with a PCR purification kit (QIAGEN). The DNA sequences of both
strands were determined by the dideoxy chain termination method (ABI PRISM
BigDye Terminator version 3.0), using the cycle-sequencing protocol with the
GeneAmp PCR system 2400 (Perkin-Elmer) on an ABI PRISM 3100-Avant
Genetic Analyzer.

Slide agglutination tests. All transformants of S. aureus and S. carnosus were
tested for the functional surface expression of adhesins qualitatively and semi-
quantitatively by two methods, as described previously (55): a routine slide
agglutination test with citrated rabbit plasma (BioMérieux, Marcy L’Etoile,
France) and a commercial S. aureus identification latex agglutination kit (Past-
orex Staph-plus; Bio-Rad, Marnes La Coquette, France) that recognizes ClfA,
SpA, FnBPs (by virtue of their fibrinogen-binding activities) (64), and capsular
polysaccharides 5 and 8.

Ligand overlay assays. FnBPs were identified using soluble fibronectin, as
described previously (18, 55), with minor modifications. Briefly, bacteria from
50-ml cultures grown to exponential phase were pelleted (3,500 � g; 20 min;
4°C). Total protein in the supernatants was precipitated by trichloroacetic acid
(10% [vol/vol] final concentration), and the pellet was washed with acetone and
resuspended in 300 �l of sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis buffer. For preparation of cell surface proteins, the bacterial pellet was
resuspended in 0.5 ml of hypertonic buffer (30% raffinose–0.05 Tris-HCl, pH 7.5)
with phenylmethylsulfonyl fluoride (2 �M) and lysostaphin (10 �g/ml). After
incubation for 30 min at 37°C, the protoplasts were pelleted (10,000 � g; 5 min),
and the resulting supernatant was used as a cell wall extract. Both bacterial-
culture supernatants and cell wall extracts were analyzed by ligand overlay

TABLE 1. Bacterial strains used in this study

Straina Relevant genotype or plasmid Properties Reference or source

S. aureus
Cowan 1 Reference isolate Isolated from septic arthritis ATCC 12598;

NCTC 8530
8325-4 Reference isolate; rsbU NCTC 8325 cured of prophages and plasmids 28, 40
DU5883 8325-4 fnbA::Tcr fnbB::Emr FnBPA� FnBPB� 15
DU5883 (pFNBA4) DU5883(pFNBA4) Cmr FnBPA8325-4

��� 15
Newman D2C Reference isolate ClfA positive (high level); nonhemolytic;

coagulase negative
ATCC 25904;

NCTC 10833
Newman Reference isolate ClfA positive (high level); strongly �-hemolytic

(variable colonies); coagulase positive
NCTC 8178b

S. carnosus
TM300 Reference isolate; WT No expression of adhesins 52
BS100 TM300(pFNBA4) FnBPA8325-4

��� 55
BS101 TM300(pFNBB4) FnBPB8325-4

��� 55
MG8Vec TM300(pMG8Vec) Cmr pFNBPA4 without fnbA This study
MG4ExpA TM300(pMG4ExpA) Cmr pMG8Vec with fnbANewman This study
MG4ExpB TM300(pMG4ExpB) Cmr pMG8Vec with fnbBNewman This study
MG5ExpA TM300(pMG5ExpA) Cmr pMG8Vec with fnbA8325-4 This study

a The fnbA/fnbB isogenic mutant of strain 8325-4 (DU5883) and the expression vectors pFNBPA4 and pFNBPB4 were kindly provided by T. Foster.
b The NCTC database refers to strain ATCC 13420, which does not (or no longer) exist. Inversely, the ATCC database refers to strain NCTC 8178 from another

isolate, I.J.7 (ATCC 31153), which is not Newman but a variant of Newman D2C. Both entries were verified again, as of 15 July 2004.

7156 GRUNDMEIER ET AL. INFECT. IMMUN.



blotting. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, blotted onto nitrocellulose membrane (Millipore), and blocked with
Tris-buffered saline containing 0.05% Tween 20 and 5% bovine serum albumin. The
blots were incubated with digoxigenin-3-O-methylcarbonyl-ε-aminocaproic acid-N-
hydroxysuccinimide ester (DIG; Roche)-labeled human fibronectin for 2 h. Subse-
quently, the blots were exposed to anti-DIG antibodies (Roche) and developed with
a color reaction according to the manufacturer’s protocol.

Solid-phase adherence assay. The radiometric adherence assay with log-phase
cultures was performed as described previously (19, 63). Briefly, polymethyl-
methacrylate (PMMA) coverslips (8 by 8 mm) were coated by incubation with 50
�g of purified human fibronectin (Chemicon, Temecula, Calif.)/ml in PBS for 60
min at 37°C and then rinsed with PBS. An inoculum containing 4 � 106 CFU (40
�l) of [3H]thymidine-labeled staphylococci was incubated with an Fn-coated
coverslip in a tube containing 960 �l of PBS with Ca2�-Mg2� supplemented with
0.5% HSA and incubated at 37°C for 1 h in a shaking water bath. Thereafter, the
PMMA coverslip was removed and washed three times with PBS, and the
adherent counts per minute were determined. The results were expressed as
percent recovery of the inoculum. In pilot experiments testing different concen-
trations of Fn (5 to 200 �g/ml), we found a rather flat dose response for
adhesion; thus, we used 50 �g of Fn/ml in subsequent experiments.

Preparation of FITC-labeled bacteria. Bacteria were prepared as described
previously (54). The bacteria were grown overnight without shaking, washed in
0.9% NaCl, and then fixed in 0.5% formaldehyde in PBS for at least 1 h and
washed. Subsequently, the bacteria were labeled in 3 ml of 0.5 M NaHCO3 buffer
(pH �9.5) supplemented with 100 �g of fluorescein isothiocyanate (FITC)/ml
(isomer I [Molecular Probes, Leiden, The Netherlands] solubilized in 150 �l of
dimethyl sulfoxide) for 1 h at 37°C. Finally, the bacteria were resuspended in
PBS–1% HSA and used within 24 h after preparation. The suspensions were
normalized for OD540 after gentle sonication in a water bath.

Cell culture. All medium components were from Gibco-BRL. 293 cells (ade-
novirus type 5 DNA-transformed primary human embryonic kidney cells) were
obtained from the American Type Culture Collection (ATCC) (CRL-1573);
maintained in Dulbecco’s modified Eagle’s medium (DMEM)–Nut mix F-12
(containing Glutamax I, a stable glutamine dipeptide) supplemented with 10%
fetal calf serum, 50 IU of penicillin/ml, and 50 �g of streptomycin/ml; and split
1:4 twice weekly by trypsinization. They were maintained in humidified air–5%
CO2 at 37°C and were used up to passage number 35 after freezing.

Flow cytometric invasion assay. The flow cytometric invasion assay was per-
formed as described previously (54, 55) with minor modifications (27). A fresh
bacterial culture was used for each experiment. Briefly, 293 cells were plated in
24-well plates at 0.4 � 106 cells/well the day before the assay. The cells were
washed with DMEM–Nut mix F-12, and then 0.5 ml of 1% HSA–10 mM HEPES
(pH 7.4) in DMEM–Nut mix F-12 (invasion medium) was added. The cells were
cooled on ice, and 50 �l of fixed, FITC-labeled bacterial suspensions was added,
resulting in an estimated multiplicity of infection of �25:1. The culture dishes
were preincubated for 1 h at 4°C to allow sedimentation of the bacteria and
shifted to 37°C for 3 h for invasion. Under the applied conditions, this assay

measures only internalized, not adherent, bacteria, as previously shown (54).
Furthermore, lysostaphin protection assays show a high correlation with this
assay (55). Finally, the cells were harvested, treated with 20 �M monensin (10
min at ambient temperature) to neutralize fluorescence quenching, and analyzed
by flow cytometry, after propidium iodide (5 �g/ml) exclusion, as previously
described (54). The results were normalized according to the mean fluorescence
intensity of the respective bacterial preparation, as determined by flow cytometry
(27).

Presentation of results. For each experiment, a fresh bacterial culture was
prepared. The results were expressed as the mean 	 standard error of the mean
(SEM) of n independent experiments performed in duplicate (the values of n are
specified in the figure legends), unless stated otherwise.

Nucleotide sequence accession number. The complete sequence data were
deposited in the EMBL database as follows: fnbANewman, accession number
AJ629121; fnbBNewman, accession number AJ629122.

RESULTS

Construction of expression vectors for fnbA and fnbB from
strain Newman. In order to test for potential functional dif-
ferences between FnBPANewman and FnBPBNewman, the re-
spective genes were heterologously expressed in S. carnosus.
For this purpose, fnbANewman and fnbBNewman were cloned into
an established staphylococcal expression vector (multicopy
plasmid), pFNBA4 (15), by replacing fnbA8325-4 with the re-
spective genes from strain Newman (Fig. 1).

The resulting plasmids all contained the same promoter
sequence and signal sequence of fnbA8325-4. Therefore, any
functional alterations should be due to structural rather than
to regulatory differences between the clones harboring the
different constructs. In parallel, fnbA8325-4 was reinserted into
the original vector as a control.

S. aureus strain Newman harbors a stop codon in fnbA and
fnbB. Sequence analysis of fnbBNewman, coding for FnBPB,
revealed that strain Newman shows a surprisingly high degree
of nucleotide identity (�99.9%) with the respective prototype
sequence of strain 8325-4. One of the few differences between
fnbBNewman and fnbB8325-4 is a base pair exchange near the 3�
end of the C domain of fnbBNewman. This exchange (nucleotide
position 2224 from the start codon) results in a stop codon near
the 3� end of the C domain of fnbBNewman and leads to a

FIG. 1. Schematic representation of vector construction. pMG8Vec is a modification of pFNBA4 and does not contain most of the fnbA gene
but has retained the complete sequence for the signal peptide. pMG8Vec was used as a vector part for the expression of fnbA and fnbB from S.
aureus strains Newman and 8325-4. pMG4ExpA is an expression vector for the fnbA gene from S. aureus strain Newman, in which the fnbA gene
was ligated into pMG8Vec by PstI and BglII. pMG4ExpB is an expression vector for the fnbB gene from S. aureus strain Newman, constructed
by the same procedure as pMG4ExpA. Only restriction sites relevant to the construction of the vector are shown.
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premature termination of FnBPB in strain Newman (Fig. 2A).
In addition, in fnbANewman, the C-terminal portion of the gene
(from the beginning of the C domain to the beginning of the M
domain), including the stop codon, appears to have been replaced
by the corresponding region of fnbBNewman (Fig. 2B). Apart from
this exchange, there were only 3 nucleotide differences over the

rest of the full sequence for fnbA. These two events, the stop
codon in the C domain of fnbBNewman in combination with the
sequence exchange in fnbANewman, lead to a truncation of both
FnBPs in S. aureus strain Newman (Fig. 2C).

Phenotypic characterization of strains. We tested the trans-
formants of S. carnosus for the surface expression and function

FIG. 2. S. aureus strain Newman expresses a regular fusion protein of FnBPA and FnBPB and harbors a stop codon at the ends of the C
domains of both fnbA and fnbB. (A) Sequence comparison of fnbA and fnbB of strains Newman and 8325-4 at the beginning of the D domain. The
protein translation shows a stop codon in fnbA and fnbB from strain Newman at the end of the C domain (asterisks indicate nucleotide sequence
identity of all genes; boldface asterisks indicate stop codons). (B) Sequence comparison of the divergent regions of fnbA and fnbB of strains
Newman and 8325-4, respectively. The sequence of fnbANewman was exchanged for that of fnbBNewman from the beginning of the C domain to the
end of the M domain. Boxed sequences are 100% identical (asterisks indicate nucleotide sequence identity of all genes). (C) Schematic
representation of FnBPA and FnBPB of strains Newman and 8325-4, respectively. S indicates signal peptide; further domain designations (A, B,
C, Wr, Wc, and M domains) were used as published previously (26). The sequences shown in the figure were obtained from strain Newman D2C,
purchased from the ATCC, by directly sequencing genomic PCR products and fnb genes cloned into the expression plasmids. The regions
containing the identified stop codons (in fnbA and fnbB) and crossovers (in fnbA) were verified by sequencing of genomic PCR products in all four
strains tested, designated Newman and Newman D2C (including the strain used by Wolz et al. and reference isolates for both strains, freshly
purchased from the NCTC), respectively.

7158 GRUNDMEIER ET AL. INFECT. IMMUN.



of adhesins qualitatively by two methods: a slide agglutination
test with rabbit citrate plasma and a commercial S. aureus
identification latex agglutination kit. All S. carnosus transfor-
mants containing plasmids that encode fnb genes from S. au-
reus strain 8325-4 tested positive in both agglutination tests (by
virtue of the fibrinogen-binding activity of FnBPs [64]). The S.
carnosus wild-type strain, as well as the S. carnosus transfor-
mants containing expression vectors with fnb genes from S.
aureus strain Newman, appeared negative (Table 2).

Strain Newman produces truncated forms of FnBPA and
FnBPB which are not cell wall anchored. Ligand overlay assays
with DIG-labeled fibronectin showed that both FnBPANewman

and FnBPBNewman were not found in lysostaphin-solubilized
cell wall material and total lysates upon heterologous expres-
sion in S. carnosus WT strain TM300 (Fig. 3). Bands corre-
sponding to truncated forms of FnBPANewman (apparent mo-
lecular mass, �120 kDa) and FnBPBNewman (apparent
molecular mass, �115 kDa) were visible when bacterial culture
supernatants were analyzed. As expected, this was clearly dif-

ferent for both FnBPs of strain 8325-4. Cell wall extracts of S.
carnosus transformants heterologously producing FnBPA8325-4

(Fig. 3) and FnBPB8325-4 (data not shown), respectively, con-
tained most of the FnBPs, whereas FnBPs were barely detect-
able in the culture supernatants. In addition, the FnBPs of
strain Newman were detectable at a position corresponding to
a smaller molecular mass than the respective FnBPs of strain
8325-4 (Fig. 3). Full-length FnBPs migrate with an apparent
molecular mass of �200 to 220 kDa (55).

S. carnosus producing either FnBPANewman or FnBPBNewman

does not adhere efficiently to immobilized fibronectin. In order
to determine whether the mutations observed so far led to a
loss of FnBP-mediated functions, we tested S. carnosus strains
heterologously expressing FnBPA and FnBPB for adherence
to immobilized fibronectin (Fig. 4). As expected, both FnBPs
of strain 8325-4 mediated efficient adherence to immobilized
fibronectin. Interestingly, the adherence of S. carnosus express-
ing FnBPANewman did not differ substantially from that of S.
aureus strain Newman but was stronger than that of WT S.
carnosus. S. carnosus expressing FnBPBNewman was less adher-
ent than S. carnosus expressing FnBPANewman but slightly
more than WT S. carnosus.

Neither FnBPANewman nor FnBPBNewman confers invasive-
ness on S. carnosus. Neither FnBPANewman nor FnBPBNewman

renders S. carnosus invasive, as opposed to the respective very
closely related FnBP prototype sequences of strain 8325-4
(Fig. 5). As observed previously, FnBPA8325-4 appears to be
slightly more effective for invasion than FnBPB8325-4 (54, 55).
Competition experiments with bacterial culture supernatants
of TM300 expressing FnBPANewman or FnBPBNewman demon-
strated that the truncated forms of FnBPs can act as inhibitors
of FnBP-dependent functions (data not shown), supposedly by
occupying binding sites on fibronectin by the residual Fn-bind-
ing sites in the B-C domain of the secreted FnBPs.

DISCUSSION

The importance of FnBPs for S. aureus is underlined by the
high prevalence of FnBPs in clinical isolates: all of 25 strains
(56) and all but one of 30 strains (36) tested carried at least one
fnb gene, as detected by PCR analysis of the entire region
encompassing the adjacent fnbA and fnbB genes and subse-
quent Southern blotting. More recent studies found a preva-

FIG. 3. FnBPANewman and FnBPBNewman are truncated and se-
creted, as shown in ligand overlay assays with cell wall-associated
proteins of S. carnosus transformants (strain TM300) expressing Fn-
BPs. FnBPs were detected with DIG-labeled fibronectin and peroxi-
dase-coupled anti-DIG antibodies. Supernatant of MG5ExpA with
FnBPA8325-4 of �200 kDa (lane 1), cell wall preparation of MG5ExpA
with FnBPA8325-4 of �200 kDa (lane 2), supernatant of S. carnosus
(lane 3), prestained protein ladder (�10 to 180 kDa) (lane M), cell
wall preparation of S. carnosus (lane 4), supernatant of MG4ExpA
with truncated FnBPANewman of �115 kDa (lane 5), cell wall prepa-
ration of MG4ExpA (lane 6), supernatant of MG4ExpB with truncated
FnBPBNewman of �110 kDa (lane 7), and cell wall preparation of
MG4ExpB (lane 8). The masses of marker proteins in the separation
gel (7.5%) are indicated.

TABLE 2. Surface expression of cell wall-anchored adhesins in transformantsa

Strain Heterologous expression Rabbit plasma NaCl Latex agglutination Control

S. aureus
Cowan 1 � ��� � ��� �
Newman D2C � ��� � ��� �

S. carnosus
WT TM300 � � � � �
TM300 (pFNBA4) FnBPA8325-4 �� � ��� �
TM300 (pFNBB4) FnBPB8325-4 �(�) � ��� �
TM300 (pMG4ExpA) FnBPANewman �/� � � �
TM300 (pMG4ExpB) FnBPBNewman � � � �
TM300 (pMG5ExpA) FnBPA8325-4 ��� � ��� �

a Surface expression of adhesins by transformants of S. carnosus (TM300) was tested by induction of clumping in citrated rabbit plasma and a commercial latex
agglutination kit (Pastorex Staph-plus), which detects fibrinogen binding by FnBPs, as described in Materials and Methods. Results were expressed semiquantitatively
in five categories: �, no clumping; �/�, �, ��, ��� (progressively more efficient and rapid clumping). S. aureus strain Cowan 1 was used as a positive control.
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lence of 100% for at least one fnb gene in clinical isolates (38,
45, 47, 51).

S. aureus critically depends on either of the two known forms
of FnBPs, FnBPA or FnBPB, to mediate efficient adherence to
and invasion of host cells. The lack of FnBPs largely abolishes

efficient internalization of the bacteria, with up to a 500-fold
reduction (7, 11, 30, 46, 54), whereas it can be conferred by
expression of either form of FnBP on noninvasive strains of
three different species (i.e., S. aureus, S. carnosus, and Lacto-
coccus lactis) (55). In the absence of functional FnPBs, as
observed in strain Newman, Eap, which is highly expressed in
this strain (18), appears to play a role in adherence to fibro-
blasts (20). Eap may partially compensate for the loss of Fn
binding and in consequence mediate residual invasiveness (16).

The major high-affinity binding sites of S. aureus FnBPs have
been located in 3.5 tandem repeats of �38 amino acids close to
the C-terminal wall-spanning region and an additional repeat
�100 amino acids upstream of these (21). However, full-length
FnBPA8325-4 was 
100 times more effective on an equimolar
basis than either of the two fragments encompassing the A and
B domains and the C to W domains, respectively (11), suggest-
ing a synergistic effect of the two adhesin domains. Subse-
quently, it was shown that only FnBPA8325-4 constructs with a
combined deletion of the B, C, and D domains lose their
adhesive and invasive functions (31). Using phage display, a
fragment of the B domain has been identified as a potential
additional fibronectin-binding region of FnBPs involved in
binding of bone tissue (65). The concept of multiple substitut-
ing binding sites on FnBPs has been extended recently, sug-
gesting a “beads on a string” model, where each interacting
domain would correspond to a bead (53). Besides binding
fibronectin, FnBPA8325-4 has been shown to bind fibrinogen via
a region of the A domain that has not yet been further char-
acterized (64). This appears to be functionally relevant, since
FnBP-producing S. carnosus transformants can be agglutinated
by latex beads sensitized with fibrinogen (this study and refer-
ence 55). Additionally, it has been shown recently that FnBPs
are also involved in platelet binding (17).

Here, we found that strain Newman produces only truncated
FnBPs, which are secreted, leading to a loss of FnBP-depen-
dent functions. In both FnBPs, the truncation is due to a stop
codon in the C-terminal end of the C domain, which deprives
the FnBPs of the sortase motif (LPETG) required to anchor
them covalently to the peptidoglycan layer. We have observed
moderate discrepancies for FnBPANewman in adherence to im-
mobilized fibronectin and invasiveness. Whereas transfor-
mants expressing FnBPANewman showed slightly higher adher-
ence to immobilized fibronectin than WT S. carnosus, i.e., in a
range similar to that of WT S. aureus strain Newman (Fig. 4),
their invasiveness was similar to the background, i.e., not
higher than of WT S. carnosus (Fig. 5). This could be explained
by a partial readthrough at the stop codon, resulting in the
production of a low proportion of full-length protein sufficient
to mediate moderate adherence. By contrast, the amount of
FnBPs required for invasion may not have been reached. This
difference was much less pronounced with FnBPBNewman.

Together with S. aureus strain 8325-4, strain Newman is a
reference strain that is frequently used for genetic, functional,
and in vivo studies. The described mutation in strain Newman
should allow us to better interpret apparently divergent results
of in vitro and in vivo studies (Table 3). Our data provide some
explanations for these discrepancies with regard to known
FnBP-dependent functions. A recent study found strain New-
man to be only weakly adherent and not invasive when tested
on confluent human umbilical vein endothelial cells (HUVEC)

FIG. 4. FnBPANewman and FnBPBNewman do not mediate adher-
ence of staphylococci to immobilized fibronectin. Adhesins were ex-
pressed in strain TM300 by multicopy plasmids. PMMA coverslips
were incubated with [3H]thymidine-labeled S. aureus strains Newman
and Cowan I and S. carnosus strains TM300, MG4ExpA, MG4ExpB,
MG5ExpA, and BS101. The results are means plus SEM of two inde-
pendent experiments run in quadruplicate. The data are shown as
percentages of adherent bacteria compared to the inoculum.

FIG. 5. FnBPANewman and FnBPBNewman do not confer invasive-
ness on noninvasive S. carnosus. Adhesins were expressed in strain
TM300 by multicopy plasmids. The total amount of internalized bac-
teria after invasion of 293 cells was measured by flow cytometry with
fixed bacteria. The results are means plus SEM of four independent
experiments run in duplicate and are expressed as relative invasiveness
compared to strain Cowan 1.
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despite strong fnbA transcription and FnBP production (57).
FnBPs have been shown to substantially contribute to the vir-
ulence of S. aureus: the fnb-deficient mutant of strain 8325-4
was clearly less virulent in a murine foreign-body osteomyelitis
model (22). However, a mutant of strain Newman (DU5886;
�clfA �fnbA �fnbB) did not differ in virulence from WT strain
Newman, which had been complemented genomically with cna
(clfA� fnbA� fnbB� cna�) in a rabbit foreign body osteomy-
elitis model (5). In light of our data, it appears that these
results are strain dependent rather than model dependent.

The roles of ClfA and FnBPs in the pathogenesis of infective
endocarditis have been a longstanding controversy. Using an
approach of adoptive pathogenicity (heterologous expression
of adhesins in the large apathogenic species Lactococcus lactis
subspecies cremoris), the respective contributions of ClfA and
FnBPs to virulence have been clearly dissected in a rat model
of traumatic endocarditis (49). FnBPA and ClfA are equally
effective for the initiation of the disease, reducing the 80%
infectious dose of L. lactis subspecies cremoris transformants
�100-fold to the level of wild-type S. aureus or streptococci in
this model. However, FnBPA-expressing but not ClfA-express-
ing lactococci are able to reproduce the progression of pathol-
ogy, marked clinical illness, and invasion of the vegetations and
surrounding endothelium. In light of these data, and the results
presented in this study, earlier work can be interpreted more
clearly. A study using strain 8325-4 (ClfA�) and its fnb-defi-
cient mutant in a rat model of traumatic endocarditis found no
difference in virulence (as determined by culture-positive veg-
etations and recovered CFU from vegetations) at 24 h postin-
fection (10). This is most likely due to the redundant functions
of ClfA and FnBPs in the initiation of infection. Another study
using strain Newman and isogenic coa-, clfA-, and double-
deficient mutants found �50%-reduced virulence (as deter-
mined by the number of positive cultures of blood and
vegetations, using an inoculum 80% infectious dose) of the
ClfA- and double-deficient mutants (but no role for coagulase)
(39). Most likely, this effect could be detected only because
strain Newman does not possess cell wall-anchored FnBPs, as
shown in this study. Thus, functionally, the four strains com-
pared were ClfA� Coa� FnBPA� FnBPB�, ClfA� Coa� Fn-

BPA� FnBPB�, ClfA� Coa� FnBPA� FnBPB�, and ClfA�

Coa� FnBPA� FnBPB�. In addition, fibronectin binding
could have been antagonized by secreted FnBPs.

By extension, our findings should be rather important for
studies which directly involve FnBP-dependent or partly
FnBP-mediated functions, e.g., adherence to fibronectin (61),
binding of fibrinogen (61, 62), binding to platelets (17), inva-
sion of host cells (7, 11, 30, 54, 55), and T-cell activation (37).
Adhesion to fibronectin for strain Newman has been examined
by several studies (32, 67). This may be relevant for the acti-
vation of platelets (42). In addition, in experiments where
culture supernatant is used, and when live bacteria are allowed
to produce FnBPs during the course of the experiment, this
may lead to competition for FnBP binding, as has been shown
in vitro (11, 54). Based on this, one may even expect results
apparently suggesting no role for FnBPs in the model investi-
gated.

Even with our findings of truncated FnBPs, some discrep-
ancies still remain unexplained. A 200-kDa protein, probably
full-length FnBPA, was detected in lysostaphin cell wall ex-
tracts of strain Newman by fibronectin overlay assays (67). The
reason for this is not clear, since the fnb sequences of this strain
contain the stop codon. However, it is conceivable that full-
length FnBPs may be expressed in very small amounts by
readthrough of the stop codon. This would explain the de-
tected 200-kDa protein (67) and the slightly increased adhe-
sion of S. carnosus heterologously expressing fnbANewman (Fig.
4). For the interpretation of data focusing on fnbA promoter
activity and global regulation in strain Newman (1, 57, 67, 68),
we would not expect to see an influence of the FnBP trunca-
tion. However, some of these studies use adherence to immo-
bilized fibronectin (fibronectin-binding capacity) to function-
ally monitor FnBP expression, which probably would reflect
mostly adhesion by a mechanism different from FnBPs. This
could include the strongly expressed anchorless adhesin Eap
(and potentially Emp), as discussed above. An inverse corre-
lation of the fibronectin-binding capacity and protease produc-
tion has been observed, except for strain Newman, where fi-
bronectin binding was low despite low protease production (1).

TABLE 3. Compilation of selected results for FnBP-dependent functions in strain Newman

Function Result Reference Comments

Adherence to immobilized Fn Higher than ISP479Cb 67c Regulation of adhesive mechanism different from
FnBPs examined?

Adherence to immobilized Fn Very low 61 Can be explained by fnbNewman mutation
Adherence to immobilized Fn Weak 46 Can be explained by fnbNewman mutation
Adherence to confluent HUVEC Weak
Adherence to confluent HUVEC Weak 57d Can be explained by fnbNewman mutation
Invasion of confluent HUVEC Background
Invasion of subconfluent 293 cells Weak 54 Can be explained by fnbNewman mutation
Invasion of human lung fibroblasts

and HACATa
Newman �eap reduced

compared to WT
16 Role of strongly expressed Eap most likely

detected due to lack of functional FnBPs
Virulence in rabbit osteomyelitis

(foreign body)
No difference for fnb-negative

mutant of Newman
5 FnBP dependence in fact not tested; results are in

contrast to reference 22, which uses 8325-4

a HACAT, human keratinocyte cell line.
b ISP479C, 8325-4 derivative.
c fnbA mRNA detected, as determined by Northern blotting, strongly upregulated in Newman �agr; FnBPs detected, as determined by fibronectin overlay assays

(resulting band, � 200 kDa); cell wall extracts, upregulated in Newman �agr; culture supernatants, strongly upregulated in Newman �agr.
d fnbA mRNA detected, as determined by Northern blotting; FnBPs detected, as determined by fibronectin overlay assays of cell wall extracts (resulting band, �180

kDa, additional very faint �200 kDa).
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This is in line with the lack of surface-anchored FnBPs in strain
Newman.

Another reason for divergent results obtained with strain
Newman may be the evolution of different subclones after
decades of in vitro culturing in different laboratories. A further
level of confusion is added because two different isolates have
been deposited in the National Collection of Type Cultures
(NCTC) (Newman and Newman D2C) (Table 1). Further-
more, apparently identical isolates were deposited in different
strain collections with different reference numbers, and refer-
ral to other strain collections is sometimes made using invalid
reference numbers (Table 1, footnote a).

In summary, this argues for an extremely cautious use and
interpretation of data, albeit for different reasons, with strains
Newman and 8325-4 in studies where FnBP-dependent func-
tions, including binding of fibrinogen, are investigated or may
play a role. Additionally, control of surface expression of
FnBPs may be warranted. On the other hand, if used deliber-
ately, strain Newman may allow us to examine the role of
adhesins in an FnBP-negative background. However, the re-
dundant fibronectin-binding capacity of strain Newman (67)
has to be considered.
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Addendum in Proof

Since acceptance of our paper, a paper reporting a major
role of fibronectin-binding proteins for adhesion to elastin,
which is mediated by the A domain, has been published (F. M.
Roche, R. Downer, F. Keane, P. Speziale, P. W. Park, and T.
J. Foster, J. Biol. Chem. 279:28433–28440, 2004). Thus, our
findings most likely extend to processes that depend on elastin
binding by Staphylococcus aureus strain Newman.
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