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Purified cathepsin G fragments of fibronectin were used to locate the binding sites for streptococci and
staphylococci in the fibronectin molecule. The iodinated, NH2-terminal, 30-kilodalton (kd) fragment bound to
group A and G streptococci and to Staphylococcus aureus. The 1251-labeled, COOH-terminal, 120- to 140-kd
fragment bound weakly to group A streptococcus strain and to S. aureus when tested in a buffer of low ionic
strength. The 30- and 120- to 140-kd fragments inhibited the binding of iodinated fragments to bacteria. The
two fragments were, on a molar basis, equally effective, and they were more potent inhibitors than intact
fibronectin. The gelatin-binding 40-kd fragment neither bound to any of the bacterial strains nor inhibited the
binding of 'HI-labeled 30-kd or '251-labeled 120- to 140-kd fragments to bacteria. The results indicate that
fibronectin has at least two separate binding sites for streptococci and staphylococci, one in the NH2-terminal
region and another in the COOH-terminal region of the molecule, both capable of specific interaction with a

complementary structure exposed on streptococcal and staphylococcal cell surfaces.

Fibronectin is a high-molecular-weight glycoprotein (5, 17,
20, 25) found in association with basement membranes, in
interstitial connective tissue matrix (23), and in soluble form
in plasma (15) and other body fluids (3, 11, 12, 28, 29). The
soluble form of fibronectin is a dimer of two disulfide-
bonded, 210- to 250-kilodalton (kd) polypeptides (9, 14, 16,
32). Fibronectin interacts with several kinds of macromol-
ecules, cells, and bacteria. The latter include beta-hemolytic
group A, C, and G streptococci and Staphylococcus auireuis
(10, 19, 24). Limited proteolysis has been an important
approach in identifying structural and functional features of
fibronectin, and many of the interactions have been located
in specific domains in the molecule. The binding site for
staphylococci and streptococci has been loca,ted to the NH.-
terminal end of fibronectin (18, 24), but there is also evidence
for two other possible binding sites for staphylococci in the
120-kd, COOH-terminal region of fibronectin (7).
For the present communication, we studied the interaction

of purified cathepsin G-cleaved fragments offibronectin with
different strains of streptococci and with S. auireus. Our
results indicate that there are at least two separate binding
sites in the fibronectin, both capable of interaction with a
complementary structure on streptococcal and staphylococ-
cal cell surfaces.

MATERIALS AND METHODS

Bacterial strains. A group A streptococcus (A-11), a bo-
vine group G streptococcus (DG-26), a human group G
streptococcus (G-16), and an S. aureus strain (Cowan I)
were included as fibronectin binding organisms identified in
a previous study (19). The group B streptococcus (B-1) was
used as a nonbinding strain (19). Bacteria were maintained
on sealed blood agar plates and transferred every 4 to 6
weeks or stored at -80°C suspended in fetal calf serum. For
experiments, bacteria were grown for 16 h in Todd-Hewitt
broth, washed with 0.01 M phosphate-buffered saline (PBS)
containing 0.02% sodium azide, stabilized by heating to 80°C
for 5 min, rewashed, and finally suspended in the PBS-azide
buffer (19). The concentrations of bacteria were determined

* Corresponding author.

433

by a microhematocrit analysis, in which it was assumed that
the 0.5% suspension contaiped 109 bacteria per ml.

Cathepsin G and fibronectin. Cathepsin G (EC 3.4.21.20),
a gift from Jeremy Saklatvala, Strangeways Research Labo-
ratory, Cambridge, United Kingdom, had been purified from
human neutrophil leukocytes as described previously (27)
and had an activity of 350 U/mg in the azocasein-hydrolysis
assay described by Starkey (22). Fibronectin was purified
from human plasma by the gelatin-Sepharose method (4),
modified as described previously (30).

Isolation of fragments of fibronectin. Purified fibronectin
(1,500 to 3,000 p.g/ml) was digested with cathepsin G in 50
mM Tris-hydrochloride (pH 7.5) at 37°C for 10 s, using an
enzyme-to-substrate ratio of 1:200 (wt/wt). The digestion
was terminated by adding phenylmethylsulfonyl fluoride to
give a final concentration of 1 mM. Defined fragments (the
NH2-terminal 30-kd, the gelatin-binding 40-kd, and the gela-
tin-nonbinding COOH-terminal 120- to 140-kd fragments)
were isolated by sequential affinity chromatography, using
gelatin-Sepharose, spermine-Sepharose, and heparin-Se-
pharose as described previously (26, 27). The purified frag-
ments were analyzed in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis by the method of Laemmli (13; see
Fig. 1).

lodination of fragments. lodination was performed by the
chloramine-T method (6). The specific radioactivities for the
30-, 40-, and 120- to 140-kd fragments were 1.6 x 107, 7.5 x
106, and 5.1 x 106 cpm/,ug, respectively. In the case of the
120- to 140-kd fragment, the solid-phase lactoperoxidase-
catalyzed iodination was also used, yielding a specific radio-
activity of 2.6 x 107 cpm/,ug of protein (8). The labeled
proteins were separated from the free isotope by gel filtra-
tion on Sepharose G-25 columns equilibrated with PBS
containing 1% (wt/vol) bovine serum albumin (PBS-BSA
buffer).

Binding assay. 125I-labeled cathepsin G fragments (3 to 4
ng; 2.8 x 104 to 4.5 x 104 cpm, chloramine-T iodinated) were
mixed and incubated with 2 x 108 to 2.5 x 108 bacterial cells
in 0.5 ml of 50 mM Tris-hydrochloride (pH 7.5) containing
1% BSA (Tris-BSA buffer) or PBS-BSA buffer with or
without 100 [LI of normal human serum for 2 h at room
temperature. Serum was used as a source of fibronectin to
inhibit the binding and to determine the binding independent
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FIG. 1. Purified fibronectin and its cathepsin G fragments ana-
lyzed in 9% SDS-polyacrylamide gel electrophoresis. Lanes: A,
intact fibronectin; B, cathepsin G digest of fibronectin; C, 30-kd
NH2-terminal fragment; D, 40-kd gelatin-binding fragment; E, 120-
to 140-kd COOH-terminal fragment. Molecular weight markers (in
kd) are shown on the left.

of fibronectin. After incubation, the bacteria were pelleted
by centrifugation and washed once with 2.0 ml of PBS
containing 0.1% BSA, and the radioactivity associated with
the bacteria was counted. The bound radioactivity was
expressed as the percentage of the added radioactivity after
subtraction of the reactivity associated with bacteria tested
in the presence of normal human serum.

Inhibition assay. Bacterial cells (2 x 108 to 5 x 108) were
incubated with a 125I-labeled, 30-kd fragment (2 ng; 3.8 x 104
cpm, chloramine-T iodinated) or with a 125I-labeled, 120- to
140-kd fragment (18 ng; 4.8 x 105 cpm, lactoperoxidase
iodinated) together with fibronectin or its fragments in 250 or
300 [L of PBS-BSA buffer for 2 h at room temperature, and
the radioactivity bound to bacteria was measured as de-
scribed above. The binding of the label was calculated
according to the formula [(counts per minute bound in the
presence of inhibitor)/(counts per minute bound in the ab-
sence of inhibitor)] x 100. Molar concentrations of the 30-,
40- and 120- to 140-kd fragments and of intact fibronectin
were calculated by using molecular weights 30,000, 40,000,
130,000 and 440,000, respectively.

RESULTS
Binding assays. Binding of cathepsin G fragments of fi-

bronectin to heat-stabilized bacteria was studied by using
purified labeled fragments (Fig. 1). Initial experiments were
performed with bacteria suspended in PBS-BSA buffer. The
125I-labeled, 30-kd, NH2-terminal fragment was reactive with
an uptake of 39% to the group A streptococcus and to S.
aureus (Fig. 2A). A low but definite uptake was noted with
the human group G streptococci. The binding of the 30-kd
fragment to the bovine group G streptococcus was only
slightly higher than that recorded with the group B Strepto-
coccus strain. None of the bacterial strains bound the 1251
labeled, 120- to 140-kd, COOH-terminal fragment better than
the nonreactive group B streptococcus when the chloramine-
T method was used for the iodination of the fragment (Fig.
2A). Lactoperoxidase-catalyzed iodination, however, pro-
duced the label that bound slightly better to the group A
streptococcus (2%) and S. aureus (4%) than to the group B
streptococcus (0.2%)(data not shown).

Binding experiments carried out at low ionic strength in
Tris-BSA buffer showed a slightly different picture. The 1251_
labeled, 30-kd, NH2-terminal fragment demonstrated high

binding reactivity, with an uptake of 35 to 55% to group A
and G streptococci as well as to S. aureus (Fig. 2B). The 125I
labeled, 120- to 140-kd fragment bound moderately to S.
aureus (9%) and very weakly to the group A streptococcus
and to the human group G streptococcus (5%). In this buffer,
the 120- to 140-kd fragment labeled by the lactoperoxidase-
catalyzed iodination displayed a similar binding pattern (data
not shown). The 125I-labeled, 40-kd, gelatin-binding frag-
ment showed only background binding in both buffer sys-
tems as recorded with the group B Streptococcus strain (Fig.
2A and B).

Inhibition assays. The binding activity detected in direct
uptake experiments was studied further in an inhibition
assay in which intact fibronectin and its 30-, 40-, and 120- to
140-kd fragments were used to inhibit the binding of either
the 125I-labeled 30-kd or the '25I-labeled 120- to 140-kd
fragment to streptococci and staphylococci.
The 30-kd and the 120- to 140-kd fragments inhibited in a

dose-dependent way the uptake of the labeled 30-kd frag-
ment to group A and G streptococci and to S. aureus (Fig. 3).
The two fragments were, on a molar basis, equally effective.
They were more potent inhibitors than the intact fibronectin
molecule. Half-maximal (50%) inhibiton of the uptake of the
125I-labeled 30-kd fragment to group A and G streptococci
was obtained with unlabeled fragments at 10 to 20 nM and
with purified fibronectin at 70 to 80 nM. In the case of S.
aureus, the corresponding concentrations were 4 to 5 nM for
the 30-kd and 120- to 140-kd fragments, and approximately
10 nM for intact fibronectin. Analogous experiments demon-
strated that both the 30-kd and the 120- to 140-kd fragment
inhibited the uptake of '25I-labeled 120- to 140-kd fragment
to the group A streptococcus and S. aureus (Fig. 4). Half-
maximal inhibition was achieved with unlabeled fragments at
12 to 17 nM. The 40-kd gelatin-binding fragment inhibited the
uptake of neither the labeled 30-kd fragment nor the 120- to
140-kd fragment (Fig. 3 and 4).
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FIG. 2. Binding of 1251I-labeled 30-, 40-, and 120- to 140-kd
cathepsin G fragments of fibronectin to group A (a), bovine group G
(b), and human group G (c) streptococci, to S. aureus (d), and to
group B streptococcus (e) in PBS-BSA (A) and in Tris-BSA (B)
buffer. For experimental details, see the text.
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FIG. 3. Inhibition of the binding of the "25I-labeled 30-kd, NH2-terminal fragment to S. aureus (A), bovine group G streptococci (B), and
group A streptococci (C) by 30-kd NH2-terminal fragment (0), by 40-kd gelatin-binding fragment (A), by 120- to 140-kd COOH-terminal
fragment (O), and by intact fibronectin (0). For experimental details, see the text.

DISCUSSION

In the present investigation, defined fragments of fibron-
ectin were produced by controlled proteolysis and used to
locate the binding sites for streptococci and staphylococci in
the fibronectin molecule. Data obtained by direct binding
assays and in inhibition experiments confirmed and extend-
ed earlier studies by other investigators, who reported that
fibronectin binds to beta-hemolytic streptococci and to S.
aureus via the NH2-terminal end of the molecule (18, 24).
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FIG. 4. Inhibition of the binding of the 125I-labeled, 120- to 140-

kd COOH-terminal fragment to group A streptococcus (A) and S.
aureus (B) by cathepsin G fragments of fibronectin. Symbols are the
same as in Fig. 3.

The existence of other binding site(s) for S. aureus, but not
for other bacterial species, has been suggested by Hayashi
and Yamada (7). The weak but detectable binding of the
COOH-terminal, 120- to 140-kd fragment to bacteria ob-
served in the present experiments was further substantiated
in inhibition experiments. The capacity of the COOH-termi-
nal fragment to inhibit the uptake of the 30-kd amino-
terminal fragment to group A and G streptococci and to S.
aureus, and vice versa, clearly demonstrates the presence of
an additional binding site in the COOH portion of the
molecule. There are, therefore, at least two separate binding
sites in the fibronectin molecule capable of interaction with
complementary component exposed on the surface of group
A and G streptococci and on S. aureus. These sites are
located in the 30-kd NH2-terminal and in the 120- to 140-kd
COOH-terminal regions of the molecule. The observation
that the two reactive fragments were equipotent inhibitors
indicates that these sites did not differ appreciably in recep-
tor affinity. In these experiments, only heat-stabilized bacte-
ria were used. Though in our previous study, living and heat-
stabilized bacteria behaved similarly (19), stabilized and
nontreated bacterial cells may express different types of
receptors for fibronectin. The capacity of the reactive frag-
ments to inhibit both fragments suggests that the amino-
terminal and carboxy-terminal fragments interact with the
same component exposed on the bacterial cell surface. It is
therefore reasonable to think that the two binding sites
identified in the present studies might be structurally related,
possessing a common three-dimensional structure comple-
mentary to the bacterial cell receptor. Whether the strepto-
cocci and staphylococci interact with identical binding sites
or with the separate ones is not yet known, but the many
similarities observed between these bacteria in the present
study are in favor of identical or closely related sites.
The labeled 120- to 140-kd fragment showed a weak

binding compared with the high reactivity noted in inhibition
experiments performed with the unlabeled fragment. The
impaired binding could be due to the iodination procedure
causing alteration of the tertiary protein structure and lead-
ing to the reduced binding. This possibility is further sup-
ported by the finding that staphylococci attach very effi-
ciently on glass cover slips coated with the 120- to 140-kd
fragment (unpublished data). Intact fibronectin was, on a
molar basis, a less potent inhibitor than were the 30- and 120-
to 140-kd fragments. This may be due to self-association of
fibronectin (31) reducing the number of available binding
sites.
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Fibronectin may help streptococci to bind dental tissues
(2, 21), and fibronectin present on the surface of human
oropharyngeal cells may modulate the colonization of cellu-
lar surfaces by pathogenic bacteria (1, 33). Binding sites
identical or analogous to those described in the present
report may be involved in the host-parasite interaction
between bacteria and fibronectin-carrying cells and tissue
components.
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