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Fibronectin (Fn) was found to bind to protein A-containing isolates of Staph-
ylococcus aureus, but not to mutant strains devoid of this protein nor to clinical
isolates of S. epidermidis. Fn was purified from human plasma by affinity
chromatography on gelatin-Sepharose. After elution with 4 M urea, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis of purified material detected
no immunoglobulin contamination. This purified Fn was radiolabeled with 125I
and used in binding assays. Quantitatively, Fn binding was directly correlated
with the cellular protein A content of the various strains tested. Mannitol salt
broth preculture of organisms resulted in a reduction of their cellular protein A
and a decrease in Fn binding by these cells. However, soluble protein A maximally
inhibited the binding of radiolabeled Fn to protein A-positive strains of staphy-
lococci by only 50%, indicating the possibility of multiple Fn binding sites. Fn's
binding to protein A-containing S. aureus strains may play a role in the patho-
genicity of these organisms by promoting their attachment to and subsequent
invasion of host tissues.

Fibronectin (Fn) is a high-molecular-weight
(440,000) glycoprotein important in many bio-
logical systems. Within recent years, many of
Fn's properties have been elucidated, and its
physiological role in host homeostasis has been
recognized. Fn has been shown to bind to a
number of different ligands, including native and
denatured collagens (gelatin) (4), fibrin (21), and
heparin (12). In vivo, soluble Fn is found in body
fluids and, in its cell-associated form, on connec-
tive tissues and basement membranes (13, 16),
as well as on platelets (17) and fibroblasts (22).
It functions in vitro to modulate cell-to-cell
adhesion and promotes cell-to-substratum ad-
herence (1). Soluble Fn can act to enhance the
phagocytosis of target particles, including some
bacterial species, by both macrophages (3, 11)
and polymorphonuclear leukocytes (R. A. Proc-
tor, E. Prendergast, and D. F. Mosher, Clin. Res.
27:650a, 1979; M. E. Lanser, and T. M. Saba,
RES J. Reticuloendothel. Soc. 28:21a, 1980; J.
E. Doran, R. H. Raynor, A. C. Reese, and H. T.
Edmondson, Fed. Proc. 40:755,1981). Clinically,
the knowledge of Fn's opsonic activity has led
to the treatment of trauma-associated bacterial
sepsis by the therapeutic administration of cry-
oprecipitate (a fraction of human plasma, rich in
Fn) (19, 23, 24).
Fn does not appear to bind all bacterial species

uniformly, as demonstrated by Kuusela (9), who
showed that Fn binds to Staphylococcus aureus
but not to Mycobacterium butyricum. Kuusela's

results also suggested that the binding site for S.
aureus is distinct from the gelatin-binding site
on the Fn molecule. Mosher and Proctor (14)
have confirmed and extended these findings by
demonstrating that the S. aureus-binding site of
Fn is located on a 27-kilodalton fragment of Fn
which is distinct from the gelatin-binding region.
They further showed that either intact Fn or the
27-Kilodalton fragment of Fn could be cross-
linked to S. aureus by coagulation factor XIIIa.
Although the binding site on the Fn molecule

for S. aureus has been elucidated, the site or
sites of binding of Fn on the S. aureus cell wall
have not been determined. We now report that
Fn binding to staphylococci is related to the
protein A content of these organisms.

MATERIALS AND METHODS
Bacterial strains. The protein A-rich strain S.

aureus Cowan I was obtained from the American Type
Culture Collection. Protein A-deficient S. aureus
strains Wood 46 and EMS were a gift from P. K.
Peterson. The remainder of S. aureus strains studied
were recently obtained clinical isolates, as were the 10
strains of S. epidernidis. All clinical isolates desig-
nated S. aureus were determined to produce coagulase
(8), ferment mannitol (8), and have demonstrable sur-
face protein A by slide agglutination (27). S. aureus
strains Cowan and Wood 46 were verified to be coag-
ulase and mannitol positive, whereas EMS lacked both
of these properties. Furthermore, EMS and Wood 46
were both surface protein A negative, as expected. S.
epidermnidis strains were coagulase and protein A neg-
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ative, as expected; however, one isolate was able to
ferment mannitol. All cultures were maintained on
tryptic soy agar (Difco Laboratories) slants.

Protein A. Commercially available purified protein
A (Sigma Chemical Co.; P-8143) was used as the source
of protein A in inhibition experiments. This material
was prepared by Sigma, using a modification of the
ion-exchange and gel chromatography procedures out-
lined by Sjoquist et al. (25). Such procedures are
reported to yield homogeneous preparations as deter-
mined by disc gel electrophoresis.

Purification and radiolabeling of Fn. Fn was
purified from citrated human plasma by affinity chro-
matography on gelatin-Sepharose by a modification
(3) of the basic procedure of Ruoslahti and Engvall
(20). Briefly, citrated human plasma was batch incu-
bated with gelatin-Sepharose (coupled by the cyano-
gen bromide procedure of Porath et al. [18]) for 2 h at
room temperature. The slurry was poured into a col-
umn and washed thoroughly with phosphate-buffered
saline, pH 7.4 (PBS), followed by additional washing
with 1 M urea in 0.05 M tris(hydroxymethyl)-
aminomethane (Tris) buffer, pH 7.5. The purified Fn
was eluted with 4 M urea in the same Tris buffer and
concentrated by vacuum dialysis against 0.05 M Tris
buffer, pH 7.8. Fn purified in this manner was shown
to be free of low-molecular-weight contaminants by
sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis stained with Coomassie brilliant blue (Fig.
1).

Purified Fn was radiolabeled with 125I by the oxi-
dative iodine monochloride method ofDoran and Spar
(2) or by using Iodogen (Pierce Chemical Co.) accord-
ing to the procedure of Markwell and Fox (10). The
labeled material was stored in the presence of 0.1%
bovine serum albumin (Sigma).
Fn binding assays. Overnight cultures of bacteria

were grown in tryptic soy broth (TSB) or mannitol
salt broth (MSB) as indicated for each experiment.
The bacterial cells were harvested by centrifugation,
washed three times with PBS, and adjusted spectro-
photometrically to an absorbance of 1.2 at 540 nm in
PBS (for organisms grown in TSB, this represents
approximately 6 x 108 colony-forming units/mi). Var-
ious numbers of organisms, as indicated for each ex-
periment, were placed in polystyrene culture tubes (12
by 75 mm; Sardstet), adjusted to a 1.0-ml volume, and
centrifuged at 2,000 x g for 15 min. The supernatant
liquids were discarded, and the binding reaction mix-
ture consisting of 300 ,ul of bovine serum albumin (35
mg/ml), 50 pl of inhibitor or buffer control, and 20 pl
of [I251]Fn (60 ,ug of Fn/ml) was added to the pellet.
The tubes were placed on a platform shaker and
rocked at 37°C for 90 min, after which time the bac-
teria were harvested by centrifugation and washed
three times with PBS containing 1% Tween 20
(Sigma). Radioactivity that remained associated with
the bacterial cell pellet was determined by using a
Nuclear-Chicago gamma spectrometer.

Protein A assay. The cell-associated protein A
content of each S. aureus strain was quantified by a
modification of the procedure described by Winblad
and Ericson (27). Briefly, sheep erythrocytes (SRBC)
were sensitized with anti-sheep hemolysin (GIBCO
Laboratories) by incubation of a 4% suspension of
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FIG. 1. Polyacrylamide gel electrophoresis ofpur-
ified Fn. Purified human Fn (25 pg) (A), human serum
albumin (25 jig; Sigma) (B), and Cohn fraction II
human immunoglobulin (50 jig; Difco) (C) were re-
duced in 2-mercaptoethanol at 99°C and electropho-
resed in the presence of 0.1% SDS on 5% polyacryl-
amide gels. The gels were stained with Coomassie
brilliant blue.

SRBC in PBS with an equal volume of hemolysin (1:
100 dilution in PBS) for 45 min at room temperature.
This dilution of hemolysin was shown in preliminary
trials to be sufficient for sensitization without causing
agglutination. The SRBC were then washed twice
with PBS and resuspended to effect a 2% suspension.

Overnight cultures of each S. aureus strain were
adjusted spectrophotometrically to an absorbance of
1.2 at 540 nm. One-milliliter portions were removed
and centrifuged at 2,000 x g for 10 min. The resulting
pellets were incubated for 2 h at 37°C with 1 ml of
PBS containing 25 U of lysostaphin (Sigma). At the
end of the incubation period, nonlysed cells and debris
were removed by centrifugation, and the supernatant
fluids were decanted and diluted in PBS before the
addition of the sensitized SRBC. To 200 1i of each
protein A supematant dilution was added 100 ,l of a
2% suspension of sensitized SRBC. This mixture was
incubated for 2 h at 37°C and then kept at 4°C
overnight. The protein A agglutination titer is defined
as the inverse of the highest dilution which was found
to agglutinate the sensitized SRBC.

RESULTS
In preliminary experiments, we observed

staphylococcal aggregation when Fn was incu-
bated with a clinical isolate of S. aureus desig-
nated Williams, but not when incubated with
the protein A-deficient strain Wood 46. Since
protein A is known to bind to human immuno-
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globulin G (8), our Fn preparations were checked
for immunoglobulin contamination. Figure 1
shows the results of SDS-polyacrylamide gel
electrophoresis of Fn, human serum albumin
(Sigma), and Cohn fraction II human immuno-
globulin (Difco). Visual examination of these
gels indicated no low-molecular-weight contam-
inants in our Fn preparation. The sensitivity of
such gels when stained with Coomassie brfilliant
blue is 0.5 lAg of protein per cm2 (5). Hence, with
25 ,tg of protein loaded on the gel initially, un-
detectable contaminants would therefore consti-
tute a maximum of 2% of the Fn preparation.
The extent of immunoglobulin G contamination
in two different Fn preparations determined by
laser nephelometry (Calbiochem-Behring) was
1.1 and 1.5%.

In further experiments, we quantified the ac-
tual binding of Fn to S. aureus strains Cowan I,
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Williams, and EMS and to an S. epidermidis
strain designated SEL. Radiolabeled Fn was in-
cubated with bacterial cells ranging from 5 x 106
to 3 x 10' cells per assay, and binding was
assessed (Fig. 2). The background control in
these experiments was radiolabeled Fn incu-
bated in reaction tubes in the absence of bacte-
ria. Protein A-positive strains Williams and
Cowan demonstrated statistically significant
amounts of Fn bound above background with as
little as 5 x 106 organisms. This binding contin-
ued to increase as cell concentrations were raised
and began to show ligand depletion at a concen-
tration of 108 cells per vial. The maximal binding
achieved under these experimental conditions
was 42% of labeled material offered. Preculture
of the organisms in MSB reduced the amount of
Fn bound at all concentrations of cells tested
and increased the concentration of cells neces-

5 25 50 100 200 300
Bacteria (M}

FIG. 2. Binding of Fn to different concentrations of staphylococci. Various concentrations (expressed in
millions of organisms per reaction mixture) of several strains of staphylococci were tested for their ability to
bind Fn. The organisms were incubated with Fn (4.33 x 105 cpm) for 90 min at 37°C, after which the unbound
material was removed and cell-associated Fn was determined (blank control retained 4.6 x 103 cpm). Each
point represents the mean of duplicate determinations expressed as percentage of the amount of Fn that
bound to S. aureus Cowan (1.72 x 1(1 cpm). Fn binding by each strain is represented by a different symbol: S.
aureus Williams grown in TSB () or MSB ([I), S. aureus Cowan grown in TSB (-) or MSB (0), S. aureus
EMS grown in TSB (A), and S. epidermidis SEI grown in TSB (0).
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sary for the Fn binding plateau to be attained.
Fn binding appeared to be restricted to protein
A-positive S. aureus strain s.

Additional binding experiments were per-

formed to determine the generality of this ob-
servation. To compare the relative Fn binding
between strains, we examined the binding of Fn
to 108 organisms of each isolate of S. aureus and
S. epidermidis (Fig. 3). This number of orga-
nisms was chosen for use since it was the mini-
mal number of organisms that showed maximal
differences in Fn binding as compared with the
control. This number of cells also formed a fairly
compact, visible pellet upon centrifugation, mak-
ing aspirations simpler to perform. Although the
percentage of labeled Fn bound to each bacterial
isolate varied between experiments, the rank
order of isolates remained constant between ex-

periments, e.g., Cowan = Williams > Pascal >
Wood > EMS. A significant difference (P <
0.001 by the Mann-Whitney U test) in Fn-bac-
teria binding was observed between the S. epi-
dermidis and S. aureus protein A-positive
strains. Only minimal binding was seen in pro-

tein A-deficient strains Wood or EMS. Orga-
nisms precultured in MSB bound between 28
and 41% less Fn than did cells of the same strain
cultured in TSB.

Since it appeared that Fn bound preferentially
to protein A-positive staphylococcal isolates, the
correlation between the protein A content of
these organisms and Fn binding was studied.
Figure 4 shows a scattergram of the results of
concurrent protein A and Fn binding determi-
nations. Fn binding to the cell surface was found
to correlate with cell-associated protein A with

a Spearman rank correlation coefficient of r =

0.62 (P < 0.005, df = 16). Organisms grown in
MSB showed reduced Fn binding and protein A
titer as compared with their TSB-cultured coun-

terparts (Fig. 4).
Finally, purified protein A was tested for its

ability to inhibit Fn binding to protein A-positive
S. aureus strains. Figure 5 illustrates the effect
of increasing amounts of protein A (Sigma P-
8143) on the binding of [125I]Fn to S. aureus

Williams cultured in TSB or MSB. Soluble pro-
tein A at concentrations of 50 jig per assay and
above maximally inhibited the binding of Fn to
S. aureus Williams by approximately 50%. The
binding of Fn to MSB-grown S. aureus Williams
was only weakly inhibited by soluble protein A
to the same plateau as TSB-cultured organisms.

DISCUSSION
Previous investigations have demonstrated

that Fn binds to cells of S. aureus (9, 14); how-
ever, the site of this binding on the cell wall of
these organisms has not as yet been elucidated.
This report examines the binding of Fn to a

number of strains of both S. aureus and S.
epidermidis and the relationship of this binding
to the presence of staphylococcal protein A.
Although the purification procedure for Fn is

well established, it was important for this study
to demonstrate minimal human immunoglobu-
lin contamination. The SDS-polyacrylamide
electrophoresis gels pictured in Fig. 1 confirm
the lack of significant low-molecular-weight con-

taminants in our Fn preparation. Furthermore,
nephelometric measurements verified less than
2% immunoglobulin G contamination in rou-

S. epidermidis

MSB S. aureus

TSB S. aureus 0 Am

0 25 50 75 100

'251-Fn Bound (% of Cowan)

FIG. 3. Fn binding to staphylococcal strains. ['25I]Fn binding (4.62 x 105 cpm offered) to 108 organisms of
a number of strains of S. aureus was determined. Four S. aureus strains were grown in the presence of TSB
and MSB, and the results for both culture conditions are included. Presented are the means ofFn binding of
quadruplicate samples expressed as a percentage of Fn bound by the protein A-enriched strain S. aureus
Cowan (a; 1.76 x 105 cpm). Blank control retained 6.3 x 103 cpm. Closed circles (0) represent Fn binding for
various clinical isolates ofS. aureus or S. epidermidis cultured in TSB. S. aureus strains Cowan (U), Williams
(A), Pascal (V), Wood (0) and EMS (*) were cultured in TSB as well as in MSB, [Cowan (El) Williams
(A), Pascal (7) and EMS (O)].
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FIG. 4. Correlation of protein A content with Fn
binding to S. aureus strains. The binding of [/25ITFn
to various strains of S. aureus was determined con-

currently with measurements of ceUular protein A
content of these organisms. Lysostaphin digests of
each strain were diluted and tested for their ability
to agglutinate immunoglobulin-sensitized SRBC.
The protein A titer is expressed as the reciprocal of
the highest dilution which caused the visible agglu-
tination of the SRBC. Fn binding by each strain is
expressed as the percentage of the labeled material
that bound to theprotein A-enriched strain S. aureus
Cowan. Determinations ofFn binding andprotein A
content were performed on S. aureus strains Cowan
(*), Williamns (A), and Pascal (U) grown in TSB as

well as in MSB (O, A, 0, respectively). All other
isolates are shown by 0. [5IJFn offered, present in
blank control, and associated with Cowan as in Fig.
3.

tinely prepared Fn samples.
The data in Fig. 2 and 3 indicate that Fn is

able to bind to most strains of S. aureus within
the 90-min incubation time, whereas it appears
unable to bind significantly to strains of S. epi-
dermidis. Interestingly, little or no Fn bound to
the protein A-deficient S. aureus strains EMS
and Wood. This binding was seen with as few as
5 x 10' cells, was dependent on bacterial cell

concentration, and reached a plateau (indicating
Fn depletion) with approximately 108 organisms
(Fig. 2). The extent to which Fn was bound
(40%) was far greater than expected if the bind-
ing was due to immunoglobulin contamination
alone. Nonspecific adsorption or trapping of la-
beled Fn did not appear to occur, as evidenced
by the lack of cell-associated Fn with S. aureus
EMS or the S. epidernidis strain SE1 (Fig. 2).
Thus, variations in Fn binding between strains
appear to reflect differences in binding site den-
sities on the bacteria themselves, differential
affinities for Fn, or both.

Further experiments demonstrated that cell-
associated protein A was significantly correlated
with the amount of Fn bound to the staphylo-
cocci; however, a one-to-one correspondence of
protein A content and Fn binding was not ob-
served. This is probably because the protein A
assay used in these experiments measures total
cellular protein A in the organisms rather than
the cell surface materials available to react with
Fn. The fact that Fn binding to protein A-posi-
tive staphylococci can be inhibited by soluble
protein A (Fig. 5) is consistent with Fn binding
to the protein A on the surface of the staphylo-
cocci. Experiments using organisms cultured in
MSB, in which bacteria synthesize less protein
A (7, 15), clearly show less Fn binding than TSB-
precultured cells (Fig. 2-4). Although these ex-
periments do not in themselves confirm Fn's
binding to protein A, they are certainly consist-
ent with this hypothesis. The possibility of a
contaminant in Sigma's protein A preparation
which represents the actual Fn binding site can-
not be excluded. The contaminant, if present, is
highly associated with protein A, since its pres-
ence is correlated with the protein A content of
cells grown in vitro, and this association is pre-
served throughout two purification procedures.
One possibility under investigation is that Fn's
binding site is the point at which protein A is
covalently linked to the staphylococcal cell wall
(26).
These data appear to contradict those ob-

tained by Kuusela (9), who reported that 100 ,ug
of protein A per ml caused no inhibition of Fn
binding to Formalin-fixed S. aureus cells. How-
ever, Kuusela's assays do not appear to be as
sensitive as the one used in these experiments,
since she observed half-maximal inhibition with
3 to 4 iLg of Fn per ml, whereas our system
reached similar inhibition with 1 ,Ag of Fn (data
not shown). In addition, we show that protein A
only partly inhibits the binding of Fn to S.
aureus Wiiams (Fig. 5). This phenomenon was
also demonstrated with S. aureus Cowan and
other clinical isolates of S. aureus (data not

VOL. 33, 1981
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FIG. 5. Protein A inhibition of Fn binding to S. aureus Williams. Different amounts of protein A were
added to reaction mixtures that contained organisms of S. aureus Williams cultured in TSB (0) or MSB
(0), and [125I]Fn (2.77 x 105 cpm offered) binding to the organisms was determined. Results are expressed as
a percentage ofthe amount ofFn bound by TSB-cultured S. aureus Williams in the absence of any competing
protein A (7.1 x 10 cpm). Shown are the means ± standard deviation ofquadruplicate determinations. Blank
control retained 4.1 x 1O cpm.

shown). These data suggest that Fn binds readily
to protein A (or a closely associated material
that copurifies with protein A) as well as to some
other unidentified component(s) of the protein
A-positive staphylococcal cell wall. Since Fn
bound to neither EMS nor Wood 46 to any great
extent during the incubation period, Fn's un-
known ligand must be absent or very much
reduced in these S. aureus strains or have a
comparably low affinity for Fn. This view is
supported by binding experiments now in prog-
ress which determine the number of Fn binding
sites per Cowan organism. Mathematical analy-
sis of preliminary binding data produced a non-
linear Scatchard plot consistent with a hetero-
geneity of Fn receptors on the Cowan organism.
The ability of Fn to bind to protein A-contain-

ing strains of S. aureus leads to speculation on
the relationship of this phenomenon to the path-
ogenicity of this organism. Diagnostically, coag-

ulase production has been the accepted criterion
for differentiating the "pathogenic" species of
staphylococci, S. aureus, from "nonpathogenic"
S. epidermidis (8). Protein A production by
staphylococci is highly correlated with coagulase
production, being present in approxiimately 99%
of coagulase-positive staphylococcal strains (6).
Since protein A is covalently bound to the pep-
tidoglycan structures of the bacterial cell wall

(26), it would be clearly exposed to the host
environment. Fn, present on basement mem-
branes and connective tissues (13, 16), may
therefore facilitate the attachment, growth, and
dissemination of pathogenic staphylococci
through its binding to the protein A on these
organisms.
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