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FIG. 4. Gel electrophoresis of fibronectin fragments obtained by
trypsin digestion. (A) Coomassie brilliant blue staining or (B)
autoradiography. Lanes I and III, samples reduced with 2-mercap-
toethanol; lanes II and IV, unreduced. The arrows and numbers
indicate the migration distances of standard proteins and their
molecular weights. Fibronectin was digested with trypsin and la-
beled with ['?*I]iodine as described in the text.

To identify the fibronectin fragments binding to bacteria,
the mixture of peptides was labeled by '*I-iodination. Most
but not all of the fibronectin fragments were labeled by this
procedure (Fig. 4). The radiolabeled peptide mixture was
then incubated with streptococci or staphylococci. After
separation of the cells from the incubation mixture, the
fibronectin peptides bound to the bacteria and those peptides
remaining in the incubation medium were analyzed by
polyacrylamide gel electrophoresis followed by autoradiog-
raphy (Fig. 5). Both streptococcal and staphylococcal cells
bound one '*I-labeled peptide with an apparent M, of ~27k.
Whereas this peptide appears to be the only fragment
associated with staphylococci, streptococci bound an addi-
tional peptide (M., ~23k). These findings indicated that
streptococcal cells bound the same peptide that previously
had been shown to bind to staphylococci (12), as well as
another somewhat smaller fragment. Since not all fibronec-
tin fragments became '*I-labeled (Fig. 4), it could not be
excluded that the bacteria bound peptides other than those
detectable in Fig. 5.

The relationship between the fibronectin binding sites for
staphylococcal and streptococcal cells was further investi-
gated. Fragmented, unlabeled fibronectin was incubated
with streptococci and staphylococci, respectively. After the
bacteria, along with associated fibronectin fragments, had
been removed by centrifugation, the remaining fragments
were tested for their ability to inhibit [***I]fibronectin bind-
ing to both bacteria. The results show that fragments remain-
ing after adsorption with streptococci were poor inhibitors of
["*Ifibronectin binding to streptococci (Fig. 6A). These
remaining peptides had also largely lost their ability to inhibit
the binding of ['*I]fibronectin to staphylococci (Fig. 6B).
Likewise, fragments preadsorbed with staphylococci were
poor inhibitors of ['Z]]fibronectin binding to both staphylo-

cocci and streptococci. However, the relative inhibitory

potency of the peptides remaining after adsorption with
streptococci or staphylococci differed. Thus, binding of
(*?°I}fibronectin to staphylococci was more effectively inhib-
ited with fragments remaining after adsorption with strepto-
cocci than with staphylococci (Fig. 6B). Furthermore, pep-
tides preadsorbed with staphylococcal cells were slightly
better inhibitors of ['*Ilfibronectin binding to streptococci
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than were streptococci-adsorbed fragments. The data indi-
cate that staphylococcal and streptococcal cells may not
have exactly identical binding sites in the fibronectin mole-
cule.

The binding site in fibronectin for staphylococci has
previously been localized to a fragment with an apparent
molecular weight of 25 to 27k obtained from the amino-
terminal portion of the protein. Purified fragment of this type
was found to be a potent inhibitor of the binding of ['**I]fi-
bronectin to both streptococci and staphylococci (Fig. 7).
However, whereas ['*I]fibronectin binding to staphylococci
was completely inhibited by addition of the peptide at a low
concentration, the fragment could not totally inhibit the
binding to streptococci even when relatively high amounts of
peptide were added. Taken together, these results suggest
that the N-terminal peptide contains the major binding site(s)
for both staphylococcal and streptococcal cells, although
streptococci appear to have an additional binding site that
may be located outside the N-terminal region represented by
the 25k peptide.

Solubilization of fibronectin receptors from streptococcal
cells. Recent results indicate that the fibronectin receptor on
Staphylococcus aureus is a protein (15). The possibility that
a similar component on the surface of Streptococcus pyo-
genes 1321 is responsible for the binding of fibronectin to
these bacteria was therefore investigated. Streptococcal
cells were incubated with trypsin or papain for increasing
periods of time. Subsequently, binding of [!*’I]fibronectin to

FIG. 5. Electrophoretic analysis of '*°I-labeled fragments bind-
ing to Streptococcus pyogenes 1321 and Staphylococcus aureus
Cowan I. The '*°I-labeled fibronectin fragments were incubated
with cells of Staphylococcus aureus Cowan 1 and Streptococcus
pyogenes 1321 for 3 h. The mixture was then centrifuged, and the
supernatant and bacterial pellet were boiled in the presence of 2%
sodium dodecyl sulfate and 5% 2-mercaptoethanol. Both the super-
natant and material released from bacterial cells were analyzed by
gel electrophoresis. Gels were dried and subjected to autoradiogra-
phy. Lanes I and III, peptides adsorbed on the surface of Strepto-
coccus pyogenes 1321 and Staphylococcus aureus Cowan 1, respec-
tively; lanes II and 1V, peptides remaining in the supernatant of the
incubation mixture with Streptococcus pyogenes 1321 and Staphylo-
coccus aureus Cowan I, respectively. Arrows and numbers in the
left margin indicate the migration distances and molecular weights of
the standard proteins.
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FIG. 6. Inhibition of binding of ['*’I]fibronectin to bacteria by
fibronectin fragments remaining after adsorption with streptococci
and staphylococci. Trypsin-digested fibronectin was incubated for 3
h with Streptococcus pyogenes 1321 or Staphylococcus aureus
Cowan I cells. After removal of bacteria and associated peptides by
centrifugation, the inhibitory effect of the remaining fragments was
determined. Unadsorbed and adsorbed fibronectin fragments were
added at the indicated concentrations to the standard mixtures (see
the text) of ['**I]fibronectin and cells of (A) Streptococcus pyogenes
1321 or (B) Staphylococcus aureus Cowan I, and the amount of
bound !#I-labeled protein was estimated. Data are expressed as
percentages of the control, i.e., incubations performed in the
absence of fragments. Symbols: @, untreated mixture of fibronectin
fragments; A, mixture of fragments remaining after absorption with
cells of Staphylococcus aureus Cowan I; O, mixture of fragments
remaining after absorption with cells of Streptococcus pyogenes
1321. The amount of added peptides refers to the 1.2-ml incubation
mixture.

the digested bacteria was tested (Fig. 8). Both papain and
trypsin were shown to destroy the fibronectin binding struc-
tures on the bacteria, suggesting that these structures are
protein(s). The material released from the bacteria by incu-
bation with trypsin was found to inhibit the binding of
[*?*Iifibronectin to streptococci, whereas material released
by papain had no activity. The inhibitory activity of the
trypsinate was not destroyed by heat inactivation (90°C for
10 min) but was abolished when the trypsin-released material
was incubated with papain (data not shown). When the
trypsinate was passed through a column of fibronectin-
Sepharose, the inhibitory activity was adsorbed (Table 2). In
control experiments, the trypsinate was found to retain its
inhibitory activity after passage through columns of egg
albumin-Sepharose 4B or unsubstituted Sepharose 4B (Table
2). In view of these findings, it seems reasonable to assume
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that the inhibitory activity in the trypsinate was due to
released receptor fragments.

In recent reports (1, 16) it was proposed that the fibronec-
tin receptor on streptococci is identical to lipoteichoic acid.
In view of the recently demonstrated release of lipoteichoic
acid by trypsin digestion of streptococci (9), the possibility
was considered that lipoteichoic acid was the active compo-
nent in the trypsinate. Trypsin-released material was passed
through a column of protein A-Sepharose on which had been
adsorbed a monoclonal antibody against poly-glycerol-phos-
phate. The presence of lipoteichoic acid in the trypsinate
before and after passage through the immunoadsorbent was
estimated by the enzyme-linked immunosorbent assay (Fig.
9). Lipoteichoic acid was detected in the trypsinate but was
removed by passage through the column containing immobi-
lized antibodies. However, the inhibitory activity of the
trypsinate was not changed by passing this material through
the immunoadsorbent (Table 2). These results demonstrate
that lipoteichoic acid is not the major fibronectin receptor on
Streptococcus pyogenes 1321.

Fibronectin receptors released from streptococcal cells by
trypsin digestion and solubilized from staphylococci by
incubation with lysostaphin were tried as inhibitors of
fibronectin binding to both bacteria. The results of this
experiment (Fig. 10) showed that receptor molecules solubi-
lized from streptococci were as efficient as receptors ob-
tained from staphylococci in inhibiting ['2°I]fibronectin bind-
ing to both staphylococci and streptococci. Hence,
staphylococcal and streptococcal cells appear to bind to the
same site (or closely spaced structures) in the N-terminal
region of the fibronection molecule.
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FIG. 7. Inhibition of '*I-labeled fibronectin binding to Staphylo-
coccus aureus and Streptococcus pyogenes by the N-terminal 25k
fibronectin fragment. Increasing amounts of the purified N-terminal
fibronectin fragment were added to cells of Streptococcus pyogenes
1321 (@) or Staphylococcus aureus Cowan I (O). The procedure was
the same as that described in the legend to Fig. 6.
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FIG. 8. Binding of [‘”I]ﬁbronectm to Streptococcus pyogenes
1321 premcubated with trypsin or papain. Bacteria were incubated
with papain (10 U/ml) (A) or trypsin (25 wg/ml) (O) for the indicated
times (for details see the text). Digested bacteria were assayed for
[*?*I}fibronectin binding activity, and binding was expressed as a
percentage of the activity of an untreated control.

TABLE 2. Inhibition of binding of [!**I]fibronectin to
Streptococcus pyogenes 1321 by trypsin-released streptococcal
cell wall components and adsorption of inhibitory activity”

Expt % Inhibition
No trypsinate added ................ccooiiiiiiiit, 0
Expt I
Crude trypsinate. ................coiiiiininnnnn. 94.5
Trypsinate passed through:
Sepharose 4B . ... 86.0
Egg albumin-Sepharose 4B ..................... 90.0
Fibronectin-Sepharose 4B ...................... 7.0
Expt II° ) ‘
Crude trypsinate. . ............oooveiennienenn.... 64.5

Trypsinate passed through:
Protein A-Sepharose complexed with anti-poly-
glycerol-phosphate antibodies (7B 11)........... 65.0

“ Trypsinate was produced by digestion of cells of Streptococcus
pyogenes 1321 as described in the text. Materials was adsorbed on
columns of substituted or unsubstituted gels. Three hundred microli-
ters (experiment I) or 200 wl (experiment II) of crude trypsinate or
trypsinate passed through the columns was tried as an inhibitor of
[***I]fibronectin binding to Streptococcus pyogenes 1321 in the
standard assay. Data are expressed as percentages of inhibition of
binding, relative to the control.

b Ascites fluid (0.4 ml) from a mouse injected with the cloned
hybridoma 7 B 11 was mixed with 0.5 ml of 1% ovalbumin in PBS
and 0.5 ml of protein A-Sepharose. The mixture was incubated (end
over end) for 3 h at 20°C. After the gel was washed with PBS, 1.5 ml
of the trypsinate was added, and this mixture was incubated for 2.5
h. The gel containing adsorbed proteins was removed by filtration,
and the inhibitory activity of samples (200 pl) of the trypsinate
before and after adsorption was analyzed.
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FIG. 9. Lipoteichoic acid in material released from streptococci
by trypsin digestion before and after immunoadsorption. Strepto-
coccus pyogenes 1321 cells were digested with trypsin as described
in the text, and a portion of the released material was adsorbed on a
column of anti-poly-glycerol-phosphate antibodies bound to protein
A-Sepharose (see Table 2, footnotes a and b). Samples (200 wl) of
dilutions of the trypsinate before (O) and after (®) immunoadsorp-
tion were transfered to a multiwell plate (Linbro E.I.A. microtitra-
tion plate) and incubated at 4°C overnight. The wells were washed
three times with PBS and incubated with 200 pl of 1% bovine serum
albumin in PBS for 2 h at 37°C to block remaining protein binding
sites on the plastic surface. The wells were washed and incubated at
37°C for 2 h with ascites fluid from a mouse injected with the
hybridoma 7 B 11 diluted 100-fold in PBS containing 1% ovalbumin.
After extensive washing, 200 nl of the second antibody, phospha-
tase-conjugated goat anti-mouse IgG + IgM (Kirkegaard & Perry
Laboratories, Gaithersburg, Md.), was added at a 100-fold dilution,
and the incubation was continued for 1.5 h at 37°C. The wells were
washed, and the substrate p-nitrophenyl phosphate (Sigma) was
added. The absorbance at 405 mm was determined in a Titertek
Multiskan (Flow Laboratories, Inc., McLean, Va.).

DISCUSSION

In the present report, the binding of ['*I]fibronectin to a
strain of Streptococcus pyogenes is characterized. The se-
lected strain originated from a collection of strains of strep-
tococci that were isolated from human infections and that
previously had been screened for ['*’Ilfibronectin binding
19).

Labeled fibronectin bound to the bacteria could not be
displaced by subsequent incubation with a large excess of
unlabeled fibronectin, demonstrating that the fibronectin-
bacteria interaction is very strong. The binding of ['*I}fi-
bronectin was specific in the sense that it was completely
inhibited by the presence of unlabeled fibronectin. Other
proteins tested were not as efficient inhibitors of [!ZI)fibro-
nectin binding to the bacteria, although a significant reduc-
tion of the bacteria-bound ['*Ilfibronectin was observed in
the presence of some proteins. These proteins may not
necessarily compete with fibronectin for its receptor. It is
possible that the observed inhibitory effect of the proteins in
Table 1 has sterical grounds. Streptococci have been report-
ed to bind galactose units (T. Wadstrom, unpublished obser-
vations), as well as fibrinogen (5) and IgG (6), and so did the
selected strain (data not shown). When these components
become bound on the surface of the streptococci, they may
partly cover the fibronectin receptors and, for sterical rea-
sons, interfere with the fibronectin receptor interaction.
Along this line, egg albumin was found to partially inhibit the
binding of fibronectin to streptococci, although solubilized
fibronectin receptors showed no affinity for egg albumin
Sepharose (Table 2). On the other hand, the presence of
bovine serum albumin did not interfere with the binding of
fibronectin.
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FIG. 10. Inhibition of fibronectin binding to bacteria by solubi-
lized receptors. Fibronectin receptors solubilized from staphylococ-
cal (O) and streptococcal (@) cells by digestion of the bacteria with
lysostaphin and trypsin, respectively, were tested as inhibitors of
[**’I]fibronectin binding to (A) Streptococcus pyogenes 1321 and (B)
Staphylococcus aureus Cowan I. Data are expressed as percentages
of inhibition where binding to bacteria incubated in the absence of
potential inhibitors was set as 0%. The volume of added solubilized
receptors refers to the 1.2-ml incubation mixture.

Digestion of streptococci with proteolytic enzymes re-
duced fibronectin binding to the cells, and the trypsinate
inhibited binding of fibronectin to bacteria. In addition to
peptides, the trypsinate contained lipoteichoic acid (9). The
latter component could be removed without loss of inhibi-
tory activity. These results demonstrate that lipoteichoic
acid is not the major fibronectin receptor on S. pyogenes
1321. The inhibitory activity of the trypsinate was lost after
papain digestion, suggesting that the major streptococcal
receptor is protein.

Fibronectin receptors solubilized from streptococci or
staphylococci inhibited the binding of fibronectin to both
species of bacteria. Furthermore, an isolated fibronectin
fragment inhibited the binding of intact [**I]fibronectin to
both streptococcal and staphylococcal cells. These findings
indicate that both species of bacteria bind to the same
structure (or to closely spaced sites) in the fibronectin
molecule. The receptors on streptococci and staphylococci
differed in susceptibility to proteolytic digestions; the staph-
ylococcal receptor was released by trypsin digestion but in
an inactive form (15), whereas the same treatment released
the major streptococcal receptor in an active form. This
difference suggests that the primary structures of the major
receptor proteins from staphylococci and streptococci may
differ.
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By analyzing the ability of fibronectin peptides to bind to
bacteria or to inhibit the fibronectin-bacteria binding, we
located a major bacterial binding site to one peptide (M, =
~25 to 27k) that is derived from the N-terminal region of the
molecule. However, streptococci appear to bind an addition-

‘al peptide of slightly smaller size M, = ~23k). Since this 23k

peptide apparently does not bind to staphylococci, it is
somewhat surprising that receptors solubilized from the two
species of bacteria were equally efficient in inhibiting fibro-
nectin binding to either strain of bacteria. This finding could
be explained if two types of fibronectin receptors are present
on streptococcal cells; one receptor class that is solubilized
by trypsin and binds the 25k peptide and a second class
which binds to the smaller 23k peptide and is neither
solubilized nor destroyed by trypsin treatment.

A large number of streptococcal and staphylococcal
strains express fibronectin receptors, although fibronectin
receptor-deficient strains have also been isolated (13, 19,
20). It is noteworthy that staphylococci and streptococci,
which are not genetically closely related, both express
distinct surface proteins that have the ability to specifically
bind fibronectin. Staphylpcocci and streptococci are also the
major causes of bacterial wound infections. In view of these
observations, it was proposed that fibronectin binding is
advantageous to the bacteria and represents a mechanism of
bacterial adherence which enables tissue colonization and
development of an infection. In a wounded tissue, fibronec-
tin in the intracellular matrix or fibronectin incorporated into
the fibrin clot during blood coagulation may become exposed
to bacteria in the environment and serve as a substrate to
which bacteria may adhere. It should be noted that some
staphylococci and streptococci also often bind to fibrin/
fibrinogen (5, 18), which may represent a parallel mechanism
of bacterial adherence in the wound.

Since fibronectin has been demonstrated to act as an
opsonin in some systems, it is tempting to speculate that
fibronectin mediates the phagocytosis of bacteria. However,
the possible role of fibronectin as an opsonin remains unclear
and should be investigated.
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