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The ability of Streptococcus pyogenes lipoteichoic acid and palmitic acid to
bind to purified human plasma fibronectin was investigated. Initial studies
indicated that intact fibronectin formed soluble complexes with lipoteichoic acid,
resulting in a change in the mobility of fibronectin in an electrical field.
Fibronectin covalently linked to agarose beads bound radiolabeled lipoteichoic
acid in the acylated form but not in the deacylated form. An 18-M excess of
fibronectin inhibited binding of lipoteichoic acid to the immobilized protein by
92%. Fibronectin-bound [*Hllipoteichoic acid could be specifically eluted with
unlabeled lipoteichoic acid, as well as by fatty acid-free serum albumin. Serum
albumin, which is known to contain fatty acid-binding sites capable of binding to
the lipid moieties of lipoteichoic acid, inhibited the binding of lipoteichoic acid to
fibronectin in a competitive fashion. The fibronectin-bound lipoteichoic acid
could be eluted by 50% ethanol and various detergents but not by 1.0 M NaCl,
various amino acids, or sugars. Similarly, radiolabeled palmitic acid adsorbed to
fibronectin could be eluted with 50% ethanol but not with 1.0 M NaCl. Fibronectin
adsorbed to a column of palmityl-Sepharose was eluted with 50% ethanol in 0.5%
sodium dodecyl sulfate but not with 1.0 M NaCl or 1% sodium dodecyl sulfate
alone. The binding of lipoteichoic acid to fibronectin followed first-order kinetics
and was saturable. A Scatchard plot analysis of the binding data indicated a
heterogeneity of lipoteichoic acid-binding sites similar to that previously found for
serum albumin. Nevertheless, fibronectin contains at least one population of high-
affinity binding sites for lipoteichoic acid. The binding affinity (nKa = 250 pM™!)
is 2 orders of magnitude greater than the binding affinity of serum albumin. These
data suggest that human plasma fibronectin contains specific binding sites for fatty
acids and that lipoteichoic acid binds to these sites by way of its glycolipid moiety.

Lipoteichoic acid (LTA), an amphipathic mol-
ecule found in most gram-positive bacteria, con-
sists of a chain of polyglycerol phosphate cova-
lently linked to a glycolipid at one end.
Depending on the species of origin, the polyglyc-
erol phosphate backbone is substituted to vary-
ing degrees with glycosyl and alanyl residues
(49). The backbone of Streptococcus pyogenes
LTA is substituted with alanyl but not glycosyl
residues (23, 24, 41); the glycolipid moiety con-
sists of glycerophosphoryldiglycosyl diglyceride
10, 42).

LTA has been implicated in a number of
inflammatory reactions in experimental animals,
including arthritis (28), nephritis (47), and bone
resorption (17). LTA causes lymphocytes to
undergo mitogenesis (4), stimulates the release
of lysosomal enzymes from macrophages (16),
and binds to a variety of eucaryotic cells (2-8,
29, 40). In addition, LTA inhibits attachment of
streptococci to oral epithelial cells (2, 6, 29), and

the number of LTA-binding sites on these cells
is related to their binding capacity for strepto-
cocci (40). Each of these biological activities
depends on the lipid moiety of the LTA mole-
cule. In addition, the polyanionic backbone of
LTA forms complexes with cell wall proteins of
Streptococcus pyogenes (30).

Fibronectin, a large (440,000-dalton) glyco-
protein (1, 25, 26, 31, 35), is a soluble constituent
of blood plasma and other tissue fluids and an
insoluble component of the extracellular matrix
of various cells and tissues (9, 21). This molecule
is present in stimulated saliva (37) and is associ-
ated with human buccal mucosal cells (51).
Recently, plasma fibronectin has been found to
bind to Staphylococcus aureus (20, 27) and to
Streptococcus pyogenes (38). We have shown
that LTA blocks the binding of fibronectin to
streptococci (38). Deacylated LTA failed to in-
hibit the binding of fibronectin to streptococci or
to inhibit streptococcus-induced agglutination of
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fibronectin-coated latex beads, suggesting that
the interaction of LTA and fibronectin is depen-
dent on the intact ester-linked fatty acids of the
LTA molecules. In this paper we present evi-
dence that plasma fibronectin possesses fatty
acid-binding sites similar to those of serum albu-
min (13), B-lactoglobulin (43), and the z-protein
of heart and liver tissue (11, 48). Furthermore,
we show that the binding of LTA to these fatty
acid-binding sites is mediated by the lipid moiety
of the LTA molecule.

MATERIALS AND METHODS

Materials. [*Hlpalmitic acid (specific activity, 11.6
Ci/mmol), ['*Ilfibronectin (specific activity, 23 nCi/
ug), and [2-3H]glycerol (specific activity 200 mCi/
mmol) were purchased from New England Nuclear
Corp., Boston, Mass. Bovine serum albumin (fatty
acid free), hyaluronic acid, amino acids (arginine,
histidine, tyrosine, tryptophan, phenylalanine), hepa-
rin, sugars (a-methyl-D-mannoside, sucrose, maltose,
glucose), Tween 20, and palmitic acid were obtained
from Sigma Chemical Co., St. Louis, Mo. Triton X-
100 and sodium dodecyl sulfate were purchased from
Bio-Rad Laboratories, Richmond, Calif.

[PHILTA (specific activity, 3,000 to 9,000 cpm/p.g)
was extracted with phenol from the 1RP41 strain of
group A streptococci (originally obtained from R.
Lancefield, The Rockefeller University, New York,
N.Y., and stored frozen at —70°C in Todd-Hewitt
broth supplemented with 20% normal rabbit serum)
grown in a chemically defined medium (44) supple-
mented with [2-*H]glycerol and purified on a bovine
serum albumin column, as previously described (8,
39). Deacylated [PH]LTA was obtained by NH,OH
hydrolysis of purified [’HJLTA as described previous-
ly (29).

Fibronectin was purified by affinity chromatography
of human plasma on columns of gelatin-Sepharose,
followed by chromatography on columns of arginine-
Sepharose, as described by Vuento and Vaheri (46).
The purified fibronectin migrated as a typical doublet
during 0.1% sodium dodecyl sulfate-5% polyacryl-
amide gel electrophoresis and migrated as a homoge-
nous protein with an apparent molecular weight of
=220,000 under reducing conditions. In some experi-
ments, the purified fibronectin was labeled with
[*H)formaldehyde by the method of Grinnel (14).

Preparation of fibronectin-Sepharose beads. Purified
fibronectin was coupled to cyanogen bromide-activat-
ed Sepharose 6-B (Pharmacia Fine Chemicals, Inc.,
Piscataway, N.J.) by the procedure of March et al.
(22). The amounts of fibronectin cross-linked to sever-
al batches of activated beads prepared during the
course of our experiments ranged from 50 to 100 ug/ml
of packed beads, as determined by automatic amino
acid analysis with a Beckman model 121 instrument of
2 ml of packed beads hydrolyzed for 18 h in constantly
boiling 6 N HCI (19).

Assays for binding of [PH]JLTA to fibronectin. Assays
for binding of [*H]LTA to fibronectin were performed
by adding different amounts of [*H]JLTA to a 50%
suspension of fibronectin-Sepharose to a final volume
of 0.25 ml in 0.15 M NaCl-0.02 M phosphate (pH 7.4)
(NaCl/P). At different times, triplicate samples were
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removed, and the beads were collected by membrane
filtration (pore size, 1.0 pm; Nucleopore Corp., Pleas-
anton, Calif.) under reduced pressure and washed with
10 ml of NaCl/P;. The membrane filters were then
mixed with 10 ml of Scintiverse (Fisher Scientific Co.,
Fairlawn, N.J.) and counted with a Packard Tri-Carb
scintillation counter with an efficiency of 26%.
Quenching was monitored as previously described
(39). The binding of [*H]LTA to control gelatin-Se-
pharose beads (see below) was less than 5% of the
binding to the fibronectin-Sepharose beads.

Various substances were tested for the ability to
elute bound [*HILTA from fibronectin-Sepharose by
first incubating the immobilized fibronectin with
[*HILTA for 30 min, removing the unbound LTA by
washing three times with NaCl/P;, and then adding the
substances. After 30 min of incubation at ambient
temperature, triplicate samples were removed and
washed, and the radioactivity was counted as de-
scribed above. The amount eluted was expressed as
follows: {1 — (counts per minute of [*H]LTA bound in
the presence of a test substance/counts per minute of
[*HILTA bound in the presence of NaCl/P;)} X 100.

Competitive inhibition assays were performed by
incubating different concentrations of [PHJLTA with a
50% suspension of fibronectin-Sepharose in the pres-
ence or absence of albumin. The mixture was incubat-
ed for 60 min at ambient temperature, filtered,
washed, and assayed for radioactivity as described
above.

Chromatography of [*HJLTA on fibronectin-Sephar-
ose columns. Disposable columns (10 by 0.7 cm; Bio-
Rad) were packed with fibronectin-Sepharose to yield
a total bed volume of approximately 2.5 ml. [*H]LTA
or deacylated [PH]JLTA (6 ug) in NaCl/P; was loaded
onto the columns and equilibrated overnight at ambi-
ent temperature. The columns were washed consecu-
tively with 2 column volumes of NaCl/P;, 1.0 M NaCl,
and 10 to 50% ethanol in NaCl/P;. Fractions (0.2 ml)
were collected and assayed for radioactivity as de-
scribed above. Control columns consisted of gelatin
rather than fibronectin conjugated to Sepharose.

Chromatography of ['**I}fibronectin on palmityl-Se-
pharose column. [*H]palmitic acid was coupled to AH-
Sepharose (Pharmacia) with carbodiimide by the
method of Peters et al. (32). Approximately 10 pwmol of
palmitic acid was bound per ml of packed beads. A
column (10 by 0.7 cm; Bio-Rad) was packed with 3 ml
of palmityl-Sepharose in NaCUP;, 3 ug of ['?*I}fibro-
nectin was applied to the column, and the column was
then washed with various eluting agents as described
above. Fractions (0.75 ml) were collected and moni-
tored for eluted [**I]fibronectin with a Packard Auto-
gamma scintillation counter. In some experiments
[*Hlfibronectin was used, and similar results were
obtained.

Binding of [*H]palmitic acid to fibronectin-Sephar-
ose. Distilled water was saturated with [*H]palmitic
acid by dissolving [*H]palmitic acid in heptane, adding
an equal volume of distilled water, and mixing. The
two phases were allowed to separate and equilibrate
for 2 days at ambient temperature. A sample from the
aqueous phase was removed, applied to a fibronectin-
Sepharose column (10 by 0.7 cm; Bio-Rad), and al-
lowed to equilibrate overnight at ambient temperature.
The column was then washed with various eluting
agents as described above. Fractions (1.0 ml) were
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FIG. 1. Immunoelectrophoresis of fibronectin
alone (C), fibronectin mixed with LTA (A), and deacy-
lated LTA (dLTA) (B). After electrophoresis, rabbit
antifibronectin was placed in each of the troughs, and
immunoprecipitin lines were allowed to develop for 25
h in a humid atmosphere at ambient temperature.

collected and assayed for radioactivity as described
above.

Immunoelectrophoresis. Fibronectin (500 pg/ml) was
mixed with LTA (2 mg/ml), deacylated LTA (2 mg/ml),
or NaCl/P; and incubated for 18 h at ambient tempera-
ture. The mixtures were placed in wells on an agarose
plate (Immunotec II; Behring Diagnostic, Sommer-
ville, N.J.) and electrophoresed for 1.5 h at 140 V in
0.04 M Veronal buffer (pH 8.3). Immunoprecipitin
lines were developed by using rabbit antifibronectin.

Antisera. Fibronectin (100 pg in complete Freund
adjuvant) was injected subcutaneously into New Zea-
land White rabbits, and a booster (100 pg in Freund
incomplete adjuvant) was injected after 4 weeks. Sera
were collected at weekly intervals and stored at 4°C.
The specificity of antifibronectin was demonstrated by
a single precipitin line when it was tested against
human plasma.

RESULTS

Complexing of LTA with fibronectin. LTA
mixed with fibronectin markedly changed the
mobility of fibronectin in an electrical field,
whereas deacylated LTA had no effect (Fig. 1),
suggesting that LTA formed complexes with
fibronectin through the lipid moiety of the LTA
molecule. This idea was further substantiated by
mixing fibronectin with radiolabeled LTA, fol-
lowed by immunoelectrophoresis; assays of 0.5-
cm slices of the agar gel showed that the region
of maximum radioactivity coincided with the
precipitin line produced by antifibronectin (data
not shown). These results are similar to the
results of previous studies of the interaction of
LTA with serum albumin, which is known to
possess fatty acid-binding sites (39). To charac-
terize further the binding of LTA to fibronectin,
purified human plasma fibronectin was immobi-
lized by covalently linking it to Sepharose
beads. When radiolabeled LTA was added to a
column of fibronectin-Sepharose, the LTA was
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retained on the column. When this preparation
was applied to a second column of fibronectin-
Sepharose, almost all (87%) of the material in
the flow-through (first peak) was retained, indi-
cating that the first column was overloaded with
LTA. The bound LTA was quantitatively eluted
by aqueous solutions of ethanol but not by 1.0 M
NaCl (Fig. 2). In contrast, none of the radiola-
beled, deacylated LTA added to the column was
able to bind to the fibronectin-Sepharose; all of
it was eluted in the initial buffer flow-through
(Fig. 2) in a manner similar to the manner
previously observed in binding studies of LTA
to immobilized serum albumin (39). In control
experiments in which a gelatin-Sepharose col-
umn was used, more than 98% of the applied
LTA was recovered in the initial flow-through,
indicating that nonspecific binding of LTA to the
support medium was negligible. These results
further suggested that the lipid moiety was an
important determinant in the binding of LTA to
fibronectin.

Specificity of the binding of LTA to fibronectin.
To determine the specificity of the binding of
LTA to fibronectin, various substances were
tested for the ability to elute the LTA bound to
immobilized fibronectin. More than 85% of the
radiolabeled LTA was eluted by unlabeled LTA
(Table 1). Serum albumin (14.9 uM), which is
known to bind to the lipid moieties of LTA (39),
eluted 72% of the fibronectin-bound LTA. Each
of the detergents tested eluted more than 92% of
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FIG. 2. Elution profile of LTA (A) and deacylated
LTA (B) from a fibronectin-Sepharose column. A 6-pg
portion of [PHJLTA (A) or deacylated [*HJLTA (B)
was loaded onto a fibronectin-Sepahrose column with
a bed volume of 2.5 ml and equilibrated overnight at
ambient temperature. The column was washed con-
secutively with 5 ml of NaCl/P;,, 1 M NaCl, and a
5-ml stepped gradient containing 10 to 50% ethanol in
NaCV/P;. Fractions (0.2 ml) were collected and assayed
for radioactivity as described in the text.
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TABLE 1. Elution of radiolabeled LTA from
immobilized fibronectin by various substances

Test substance® % Eluted
NaCI/Pi ..................... 0
Unlabeled LTA (117.6 pM) ........ 87
Bovine serum albumin (14.9 pM) . ... 72
Fibronectin® 23 uM) ............ 42
@6puM) ... ... 63
Fibronectin-binding substances
Gelatin(I1mg/ml) ............. 32
Heparin(1mg/ml) ............. 0
Hyaluronic acid 1 mg/ml) ....... 8
Glucose 2.5%) . .............. 8
Arginine (1 mg/ml) ............ 4
Detergents
Sodium dodecyl sulfate (1%) . . . . .. 92
Tween20(1%) . .............. 93
Triton X-100(1%) ............. 95
Zwittergent (1%) .. ............ 95
Amino acids
L-Tryptophan (1 mg/ml) ......... 6
L-Phenylalanine 1 mg/ml) . . . .. ... 6
L-Tyrosine (1 mg/ml) ........... 0
L-Histidine 1 mg/ml) ........... 0
Sugars
a-Methyl-D-mannopyranoside (2.5%) 12
Sucrose 2.5%) ............... 0
Maltose 2.5%) . .............. 7

2 Test substances were dissolved in NaCl/P;.

® Fibronectin-Sepharose beads with bound [PH]JLTA
were mixed with test substances. After 30 min, tripli-
cate samples were removed, washed with NaCl/P;, and
assayed for radioactivity as described in the text.
Percent eluted was calculated as follows: [1-(amount
of LTA bound with test substance/amount of LTA
bound with NaCl/P;)] x 100.

< Fibronectin concentrations in excess of 2 mg/ml
often resulted in visible aggregates of fibronectin and
therefore were not used.

the LTA. Because Vuento et al. (45) have shown
that the nonionic detergents used in our experi-
ments have no effect on the binding of fibronec-
tin to gelatin-Sepharose, the elution of LTA by
these detergents appears to be specific for a fatty
acid-binding site(s) distinct from the gelatin-
binding sites on the fibronectin molecule. Of the
known fibronectin-binding substances tested,
only gelatin eluted small amounts of LTA (Table

1).

Because we have shown previously that LTA
binds by its lipid end to the fatty acid-binding
sites of albumin (39), we performed experiments
to determine the inhibitory effect of albumin on
the binding of LTA to fibronectin. Fibronectin-
Sepharose beads were incubated with different
concentrations of radiolabeled LTA in the pres-
ence of two different concentrations of albumin,
and the binding data were analyzed by a double-
reciprocal plot. Figure 3 shows that albumin
competitively inhibited the binding of LTA to
fibronectin, suggesting that albumin competes
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FIG. 3. Competitive inhibition of [P'H]LTA binding
to fibronectin by albumin. Different amounts of
[PHILTA (3.8 to 25 pg) were added to 0.2 ml of a 50%
suspension of fibronectin-Sepharose. NaCl/P; (@) or
bovine serum albumin (250 pg [O] or 50 pg [A]) was
added to a final volume of 0.25 ml. Tripicate samples
(0.075 ml) were removed, washed with 10 ml of NaCl/
P;, and assayed for particle-bound radioactivity as
described in the text.

o 0.1 0.2

with fibronectin for the lipid end of the LTA
molecule. To demonstrate that lipid-binding
sites similar to those on the immobilized fibro-
nectin reside on the intact soluble molecule,
increasing concentrations of soluble fibronectin
were tested for inhibition of the binding of LTA
to fibronectin-Sepharose. An 18-M excess of
soluble fibronectin inhibited binding by 92%
(Fig. 4). Together with previous data, these

100 1

60 1

20 1

INHIBITION OF LTA BINDING (%)

o T .z T T -r v
o 4 8 12 16 20 24
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FIG. 4. Inhibition of LTA binding to fibronectin-
Sepharose by native fibronectin. [PHJLTA (13 pg) was
adflgd to suspensions of fibronectin-Sepharose con-
taining molar excesses of native fibronectin. The mix-
tures were incubated for 1 h at ambient temperature
and washed four times with 10 volumes of NaCl/pP;,
and triplicate samples were removed and assayed for
radioactivity.
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FIG. 5. Profile of [*H]palmitic acid elution from a
fibronectin-Sepharose column. Approximately 3 pmol
of [*H]palmitic acid in distilled water was added to a
fibronectin-Sepharose (A) or gelatin-Sepahrose (B)
column with a bed volume of 3 ml and allowed to
equilibrate for 18 h at ambient temperature. The
column was washed consecutively with 10 ml of NaCl/
P;, 10 ml of 1 M NaCl, and 10 ml of 50% ethanol
(EtOH) diluted in NaCl/P;. Fractions (1 ml) were
collected and assayed for radioactivity as described in
the text.

results suggest that fibronectin contains a fatty
acid-binding site(s) that recognizes the ester-
linked fatty acids of LTA.

Binding of palmitic acid to fibronectin. Be-
cause of the suggestion that fibronectin contains
binding sites for fatty acids, the ability of puri-
fied plasma fibronectin to bind radiolabeled pal-
mitic acid (the major fatty acid in LTA) was
investigated in two complementary experi-
ments. In the first experiment [*H]palmitic acid
was adsorbed to a column of fibronectin-Sephar-

ose, and attempts were then made to desorb the-

fatty acid with various eluting agents. As Fig. 5
shows, the adsorbed palmitic acid was totally
resistant to elution with 1.0 M NaCl, but was
quantitatively eluted with 50% ethanol in NaCl/
P;, indicating that the interaction of palmitic acid
with fibronectin is hydrophobic. More than 95%
of the radiolabeled palmitic acid applied to a
control column of gelatin-Sepharose was recov-
ered in the initial flow-through (Fig. 5).

In the second experiment, radiolabeled fibro-
nectin was adsorbed to a column of palmityl-
Sepharose. The bound fibronectin could be elut-
ed with 50% ethanol in 0.5% sodium dodecyl
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sulfate but not with 1.0 M NaCl or with up to 1%
sodium dodecyl sulfate alone (Fig. 6). In con-
trast, all of the fibronectin applied to an octyl-
Sepharose column was eluted in the initial flow-
through with phosphate-buffered saline. This is
consistent with the decreasing affinities of bind-
ing of shorter hydrocarbon chains to fatty acid-
binding sites, as has been shown for albumin
13).

Affinity of the binding of LTA to fibronectin.
The binding of radiolabeled LTA to immobilized
fibronectin reached equilibrium after 30 min of
incubation (Fig. 7) and was saturable. Since
unlabeled LTA eluted most of the labeled LTA
from the immobilized fibronectin (Table 1), the
values were not corrected for nonspecific bind-
ing. Analysis of the binding by a Scatchard plot
(Fig. 8) indicated a heterogeneity of binding sites
similar to that shown for the binding of LTA to
serum albumin (39). Because of the complexity
of the Scatchard plot, the affinity constant was
estimated from the y intercept, which equals
nKa (39), where n represents the total number of
binding sites. A further examination of the plot
revealed at least one population of high-affinity
binding sites and possibly several others having
low affinities for LTA. The nKa was approxi-
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FIG. 6. Elution of [*I]fibronectin from a palmityl-
Sepharose column. Approximately 3 ug of [***I]fibro-
nectin was loaded onto a palmityl-Sepharose (A) or
octyl-Sepharose (B) column (bed volume, 3 ml) and
then washed consecutively with 10 ml of NaCl/P;, 10
ml of 1 M NaCl, 10 ml of 0.1% sodium dodecy! sulfate
(SDS), and 10 ml of 0.5% sodium dodecyl sulfate in
50% ethanol (EtOH). Sodium dodecyl sulfate was
diluted in NaCl/P;. Fractions (0.75 ml) were collected,
and radioactivity was counted with a Packard Auto-
gamma scintillation counter.
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FIG. 7. Time course of [*H]LTA binding to fibro-
nectin. [*H]LTA (25 ug) was added to 0.85 ml of a 50%
suspension of fibronectin-Sepharose beads to a total
volume of 1 ml. Triplicate samples (0.05 ml) were
removed at different times and washed with 10 ml of
NaCl/P; over membrane filters, which were then as-
sayed for radioactivity as described in the text.

mately 250 uM ™!, compared with an nKa of 0.63
pM ™! for the binding of LTA to albumin (39).
Thus, the affinity of the binding of LTA to
fibronectin is 2 orders of magnitude greater than
the binding of LTA to albumin.

DISCUSSION

From our data the following lines of evidence
suggest that fibronectin contains a fatty acid-
binding site(s) that binds streptococcal LTA: (i)
LTA but not deacylated LTA changed the elec-
trophoretic mobility of fibronectin; (ii) LTA
bound to fibronectin was eluted by alcohol,
detergents, and serum albumin, and serum albu-
min is known to contain fatty acid-binding sites
that recognize the glycolipid of LTA (39) (more-
over, albumin competitively inhibited binding of
LTA to fibronectin, suggesting a similar binding
site on fibronectin); and (iii) immobilized fibro-
nectin was able to bind soluble palmitic acid,
and immobilized palmitic acid was able to bind
soluble fibronectin. Although there is the possi-
bility that the immobilized fibronectin may have
exposed new hydrophobic sites due to confor-
mational changes of the molecule (15), this ex-
planation for the binding of LTA and palmitic
acid seems unlikely since soluble fibronectin
was able to inhibit more than 90% of the binding
of LTA to fibronectin-Sepharose beads.

A Scatchard plot analysis of LTA binding to
fibronectin revealed at least one population of
high-affinity binding sites. Since fibronectin
bound to palmityl-Sepharose but not to octyl-
Sepharose, it is possible that the affinity of
fibronectin for fatty acids increases with chain
length, as has been reported for albumin (13, 34).
This notion is strengthened by the observation
that LTA was eluted from fibronectin-Sepharose
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in five peaks by increasing concentrations of
ethanol (Fig. 2). Since LTA is known to contain
a range of fatty acids (29), these fives peaks may
represent different populations of LTA, as deter-
mined by the relative lengths of their fatty acids.
These findings are consistent with the concept
that fibronectin either possesses more than one
population of binding sites or posesses a single
binding site with differing affinities for different
fatty acids.

Our data show that the binding site(s) of LTA
on the fibronectin molecule is distinct from the
previously defined binding sites for heparin (18),
hyaluronic acid (18), glucose (12), and arginine
(9). Gelatin only slightly inhibited the binding of
LTA to fibronectin, suggesting that the LTA-
binding site(s) and thus the fatty acid-binding
site(s) on fibronectin may be near but not identi-
cal to the collagen-binding region.

Recent studies have shown that fibronectin
binds to Staphylococcus aureus (20, 27, 33) and
to Streptococcus pyogenes (38) and that fibro-
nectin mediates attachment of some strains of
both organisms to neutrophils (33, 38). In this

012345678 9101112
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FIG. 8. Scatchard plot (36) of [PHJLTA binding to
fibronectin. Different amounts of [*’HJLTA (0.025 to 10
ug) were added to 0.2 ml of a 50% suspension of
fibronectin-Sepharose to a total volume of 0.25 ml.
The mixture was incubated for 60 min at ambient
temperature. Triplicate samples (0.075 ml) were re-
moved, filtered, and washed with 10 ml of NaCl/P;.
The radioactivity associated with each filter was as-
sayed as described in the text. The ratio of LTA bound
per mole of fibronectin (r) (assuming a molecular
weight of 8,500 for LTA and a moelcular weight of
440,000 for fibronectin) to the molar concentraiton of
free LTA (c) was plotted as a function of the LTA
bound per mole of fibronectin. The intercept with the
ordinate corresponds to the number of binding sites
per fibronectin molecule (n) times the affinity constant
(Ka). By this analysis, fibronectin appears to have at
least one population of binding sites with high affinity
for LTA (nKa, 250 uM ™).
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paper we report that LTA, a surface component
of streptococci, binds to fibronectin, suggesting
that LTA may be a streptococcal receptor for
fibronectin. This hypothesis is supported by the
fact that LTA inhibits the binding of fibronectin
to streptococci (38).

Although the biological consequence of the
binding of LTA to plasma fibronectin is un-
known, it may be of particular relevance that
LTA has been shown to mediate attachment of
Streptococcus pyogenes to oropharyngeal cells
(2, 6, 29, 40), which in turn are coated with
fibronectin (50, 51). Procter et al. (R. A.
Procter, D. F. Mosher, and G. Christman, Pro-
gram Abstr. Intersci. Conf. Antimicrob. Agents
Chemother, 20th, abstr. no. 643, 1980) suggested
that tissue fibronectin may serve as binding sites
for gram-positive bacteria and that plasma in
circulation could inhibit binding. In addition, we
have found that fibronectin inhibits the binding
of streptococci to epithelial cells, whereas pre-
treatment of the epithelial cells with fibronectin
enhances streptococcal binding (36a). Thus, fi-
bronectin is a plausible candidate for a receptor
in the LTA-mediated binding of Streptococcus
pyogenes to oropharyngeal epithelial cells.
Whether epithelial cell-associated fibronectin
plays a broader role in the attachment of other
gram-positive bacteria known to contain LTA
remains to be determined.

In view of the above described, we conclude
that human plasma fibronectin contains a fatty
acid-binding site(s) and that streptococcal LTA
binds to this site(s) via its fatty acid moiety.

ACKNOWLEDGMENTS

We thank Ella Pinals for expert technical assistance, David
Hasty and Ellen Whitnack for critical review of the manu-
script, and Johnnie Smith for typing the manuscript.

This study was supported by research funds from the
United States Veterans Administration and by Public Health
Service research grants AI-10085 and AI-13550 from the
National Institutes of Health. W.A.S. received Public Health
Service Young Investigator Award DE-05773 from the Nation-
al Institutes of Health. E.H.B. received a Medical Investiga-
torship Award from the United States Veterans Administra-
tion.

LITERATURE CITED

1. Akiyama, S. K., K. M. Yamada, and M. Hatashi. 1981.
The structure of fibronectin and its role in cellular adhe-
sion. J. Supramol. Struct. Cell Biochem. 16:345-358.

2. Beachey, E. H. 1975. Binding of group A streptococci to
human oral mucosal cells by lipoteichoic acid. Trans.
Assoc. Am. Physicians 88:285-292.

3. Beachey, E. H., T. M. Chiang, I. Ofek, and A. H. Kang.
1977. Interaction of lipoteichoic acid of group A strepto-
cocci with human platelets. Infect. Immun. 16:649-654.

4. Beachey, E. H., J. B. Dale, S. Grebe, A. Ahmed, W. A.
Simpson, and 1. Ofek. 1979. Lymphocyte binding and T-
cell mitogenic properties of group A streptococcal lipotei-
choic acid. J. Immunol. 122:189-195.

S. Beachey, E. H., J. B. Dale, W. A. Simpson, J. D. Evans,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

BINDING OF STREPTOCOCCAL LTA 769

W. K. Knox, L. Ofek, and A. J. Wicken. 1979. Erythrocyte
binding properties of streptococcal lipoteichoic acid. In-
fect. Inmun. 23:618-625.

. Beachey, E. H., and 1. Ofek. 1976. Epithelial cell binding

of group A streptococci by lipoteichoic acid on fimbriae
denuded of M protein. J. Exp. Med. 143:759-771.

. Chorpenning, F. W., and H. B. Stamper. 1973. Spontane-

ous adsorption of teichoic acids to erythrocytes. Immuno-
chemistry 10:15-20.

. Courtney, H., 1. Ofek, W. A. Simpson, and E. H. Beachey.

1981. Characterization of lipoteichoic acid binding to
polymorphonuclear leukocytes of human blood. Infect.
Immun. 32:625-631.

. Engvall, E., and E. Ruoslahti. 1977. Binding of soluble

form of fibroblast surface protein, fibronectin, to collagen.
Int. J. Cancer. 20:1-5.

Fischer, W., H. U. Koch, P. Rosel, F. Fiedler, and L.
Schmuck. 1980. Alanine ester-containing native lipotei-
choic acids do not act as lipoteichoic acid carrier. Isola-
tion, structural and functional characterization. J. Biol.
Chem. 255:4557-4562.

Fournier, N., M. Geoffroy, and J. Deshusses. 1978. Purifi-
cation and characterization of a long chain, fatty-acid
binding protein supplying the mitochondrial beta-oxida-
tive system in the heart. Biochim. Biophys. Acta 533:457-

464.

Gartner, T. K., and P. P. Agin. 1980. Plasma fibronectin
binds glucose. Biochim. Biophys. Res. Commun.
96:1747-1754.

Goodman, D. S. 1958. The interaction of human serum
albumin with long chain fatty acid anions. J. Am. Chem.
Soc. 80:3892-3898.

Grinnel, F. 1980. Fibroblast receptor for cell substratum
adhesion: studies on the interaction of baby hampster
kidney cells with latex beads coated by cold insoluble
globulin (plasma fibronectin). J. Cell Biol. 86:104-112.
Grinnel, F., and M. K. Feld. 1981. Fibronectin absorption
on hydrophilic and hydrophobic surfaces detected by
antibody binding and analyzed during cell adhesion in
serum containing medium. J. Biol. Chem. 257:4888-4893.
Harrop, P. J., R. L. O’Grady, K. W. Knox, and A. J.
Wicken. 1980. Stimulation of lysosomal enzyme release
from macrophages by lipoteichoic acid. J. Peridontal Res.
15:492-501.

Hausmann, E. O., O. Luderitz, K. Knox, A. Wicken, and
N. Weinfield. 1975. Structural requirements for bone
resorption by endotoxin and lipoteichoic acid. J. Dent.
Res. 54:B94-B99.

Jilek, F., and H. Hormann. 1979. Fibronectin (cold insolu-
ble globulin). VI. Influence of heparin and hyaluronic acid
on the binding of native collagen. Physiol. Chem.
360:597-603.

Kang, A. H. 1972. Studies on the location of intermolecu-
lar cross link in collagen. Isolation of a CNBr peptide
containing delta-hydrox-lysinonorleucine. Biochemistry
11:1828-1835.

Kuusela, P. 1978. Fibronectin binds to Staphylococcus
aureus. Nature (London) 276:718-720.

Kuusela, P., A. Vaheri, J. Palo, and E. Ruoslahti. 1978.
Demonstration of fibronectin in human cerebrospinal flu-
id. J. Lab. Clin. Med. 92:595-601.

March, S. C., 1. Parikh, and P. Cuatrecasas. 1974. A
simplified method for cyanogen bromide activation of
agarose for affinity chromatography. Anal. Biochem.
60:149-152.

McCarty, M. 1959. The occurrence of polyglycerol phos-
phate as an antigenic component of various gram-positive
bacterial species. J. Exp. Med. 109:361-378.

McCarty, M. 1964. The role of D-alanine in the serological
specificity of group A streptococcal glycerol teichoic
acids. Proc. Natl. Acad. Sci. U.S.A. 52:259-265.

. Mosesson, M. W., and D. L. Amrani. 1980. The structure

and biologic activities of plasma fibronectin. Blood
56:145-158.

. Mosher, D. F. 1980. Fibronectin. Prog. Hemostasis



770

27.

30.

31.

32

33.

34.

3s.
36.

Thromb. 5:111-151.

Mosher, D. F., and R. A. Procter. 1980. Binding and factor
XIII,-mediated cross linkage of a 27-kilodalton fragment
of fibronectin to Staphylococcus aureus. Science 209:927-
929.

. Ne’eman, N., and 1. Ginsberg. 1972. Red cell sensitizing

antigen of gorup A streptococci. II. Immunological and
immunopathological properties. Isr. J. Med. Sci. 8:1799-
1816.

. Ofek, 1., E. H. Beachey, W. Jefferson, and G. L. Camp-

bell. 1975. Cell membrane binding properties of group A
streptococcal lipoteichoic acid. J. Exp. Med. 141:990-
1003.

Ofek, I., W. A. Simpson, and E. H. Beachey. 1982. Forma-
tion of molecular complexes between a structurally de-
fined M protein and acylated or deacylated lipoteichoic
acid of Streptococcus pyogenes J. Bacteriol. 149:426-433.
Pearistein, E., L. I. Gold, and A. Garcia-Pardo. 1980.
Fibronectin: a review of its structure and biological activi-
ty. Mol. Cell. Biochem. 29:103-128.

Peters, T., Jr., H. Taniuchi, and C. B. Anfinsen, Jr. 1973.
Affinity chromatography of serum albumin with fatty
acids immobilized on agarose. J. Biol. Chem. 248:2447-
2451.

Procter, R. A., E. Prendergrast, and D. F. Mosher. 1982.
Fibronectin mediates attachment of Staphylococcus aur-
eus to human neutrophils. Blood 59:681-687.

Reed, R. G., T. Gates, and T. Peters, Jr. 1972. Albumin
immobilized on agarose as a tool for measuring ligand
binding by proteins or peptides. Anal. Biochem. 69:361-
371.

Ruoslahti, E. 1981. Fibronectin. J. Oral Pathol. 10:3-13.
Scatchard, G. 1949. The attraction of proteins for small
molecules and ions. Ann. N.Y. Acad. Sci. 51:660-672.

36a.Simpson, W. A., and E. H. Beachey. 1983. Adherence of

37.

38.

group A streptococci to fibronectin on oral epithelial cells.
Infect. Immun. 39:275-279.

Simpson, W. A., H. Courtney, and E. H. Beachey. 1982.
Fibronectin—a modulator of the oropharyngeal bacterial
flora, p. 346-347. In D. Schiessinger (ed.), Microbiolo-
gy—1982. American Society for Microbiology, Washing-
ton, D.C.

Simpson, W. A., D. L. Hasty, J. M. Mason, and E. H.
Beachey. 1982. Fibronectin-mediated binding of group A

COURTNEY, SIMPSON, AND BEACHEY

39.

41.

42.

43.

45.

47.

49.

51.

J. BACTERIOL.

streptococci to human polymorphonuclear leukocytes.
Infect. Immun. 37:805-810.

Simpson, W. A., I. Ofek, and E. H. Beachey. 1980. Bind-
ing of streptococcal lipoteichoic acid to fatty acid bovine
sites on serum albumin. J. Biol. Chem. 255:6092-6097.

. Simpson, W. A., 1. Ofek, C. Sarasohn, J. C. Morrison, and

E. H. Beachey. 1980. Characteristics of the binding of
streptococcal lipoteichoic acid to human oral epithelial
cells. J. Infect. Dis. 141:457-462.

Slabyj, B. M., and C. Panos. 1973. Teichoic acid of a
stabilized L-form of Streptococcus pyogenes. J. Bacte-
riol. 114:934-942.

Slabyj, B. M., and C. Panos. 1976. Membrane lipoteichoic
acid of Streptococcus pyogenes and its stabilized L-form
and the effect of two antibiotics upon its cellular content.
J. Bacteriol. 127:855-862.

Spector, A. A., and J. E. Fletcher. 1970. Binding of long
chain fatty acids to beta-lactoglobulin. Lipids 5:403-411.

. van de Rijn, L., and R. E. Kessler. 1980. Growth character-

istics of group A streptococci in a new chemically defined
medium. Infect. Immun. 27:444-448.

Vuento, M., E. Salonen, K. Osterlund, and U. Stenman.
1982. Essential charged amino acids in the binding of
fibronectin to gelatin. Biochem. J. 201:1-8.

. Vuento, M., and A. Vaheri. 1979. Purification of fibronec-

tin from human plasma by affinity chromatography under
non-denaturing conditions. Biochem. J. 183:331-337.
Waltersdorff, R. L., B. A. Fiedel, and R. W. Jackson.
1977. Induction of nephrocalcinosis in rabbit kidneys after
long-term exposure to a streptococcal teichoic acid. In-
fect. Inmun. 17:665-667.

. Warner, M., and A. H. Neims. 1975. Studies on Z-

fraction. I. Isolation and partial characterization of low
molecular weight ligand-binding protein from rat hepatic
cytosol. Can. J. Physiol. Pharmacol. 53:493-500.

Wicken, A. J., and K. W. Knox. 1975. Lipoteichoic acids:
a new class of bacterial antigens. Science 187:1161-1167.

. Woods, D. E., D. C. Straus, W. G. Johanson, Jr., and

J. A. Bass, 1981. Role of fibronectin in the prevention of
adherence of Pseud. aerugi to buccal cells. J.
Infect. Dis. 143:784-790.

Zetter, B. R., T. E. Daniels, C. Quadra-White, and J. S.
Greenspan. 1979. Lets protein in normal and pathological
human oral epithelium. J. Dent. Res. 58:484—488.




