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An interaction between fibronectin and viral envelope glycoprotein micelles
isolated from influenza A, parainfluenza 1, and mumps viruses was found by
enzyme immunoassay. All three different glycoprotein micelles bound efficiently
to solid-phase fibronectin. When fibronectin was permitted to bind to solid-phase
viral glycoproteins, dose-dependent binding was observed. Soluble glycoprotein
micelles inhibited the binding of fibronectin to immobilized glycoprotein prepara-
tions. The binding was not observed when fibronectin was pretreated with
neuraminidase, suggesting that the sugar moieties of fibronectin are responsible
for the affinity. This affinity may play a role in virus-cell interactions or in the
opsonization of certain viruses during infection.

A number of biological interactions between
fibronectin and different macromolecules have
previously been described (19, 23, 31). Fibro-
nectin can bind to collagens, heparin, fibrinogen
and fibrin, actin, and DNA. The strong affinity
of fibronectin for gelatin has been of special
importance in studies on the structure of fibro-
nectin (6, 8). Fibronectin is considered to be one
of the nonspecific opsonins of blood and is also
known as an opsonic ax2-surface-binding glyco-
protein (2, 24). This concept accords with the
observation that it binds to Staphylococcus au-
reus (11).

Viral envelope glycoproteins play a central
role in the infectivity of viruses. The hemaggluti-
nin molecules of myxo- and paramyxoviruses
mediate the binding of the virus onto sialic acid
containing glycoproteins on the cell surface (4,
7, 15, 27), and antibodies against virus envelope
glycoproteins can protect the host from infection
(4, 18). Hemagglutinin can attach to glycophorin
on the erythrocyte membrane. The receptor
structure in glycophorin is also sialic acid (3).
Envelope glycoproteins of certain viruses can
easily be purified, and they form protein mi-
celles. Viral glycoprotein micelles are composed
of several viral envelope spike proteins attached
together with their hydrophobic membrane-
bound segments in the middle of the micelle and
hydrophilic parts at the periphery (29). These
glycoprotein micelles are stable and can be used
as models for viral envelope glycoproteins.
The role of fibronectin in the pathogenesis of

bacterial infections has been studied widely (11,
22, 24, 33, 35, 36), whereas the interactions of
fibronectin with viruses and viral proteins are
poorly understood. We therefore studied in the
present investigation the interactions between
viral surface glycoproteins and human plasma

fibronectin, using isolated glycoprotein micelles
from influenza A, parainfluenza 1, and mumps
viruses. The binding was detected either by
enzyme immunoassay (EIA) or by measuring
the binding of radiolabeled viral glycoprotein
micelles to fibronectin. All viral glycoprotein
micelles bound efficiently to fibronectin; the
binding was inhibited by soluble fibronectin, but
not by neuraminidase-treated fibronectin. The
binding of fibronectin to viral glycoproteins was
inhibited by all viral glycoprotein preparations
tested, suggesting that the binding site for viral
envelope glycoproteins can be localized to a
specific domain of the fibronectin molecule.

MATERIALS AND METHODS
Viruses and viral glycoprotein micelles. Influenza A

(HlNl, Brazil strain and H3N2, Bangkok strain),
parainfluenza 1 (Sendai strain), and mumps viruses
(Enders strain) were grown in embryonated chicken
eggs. At 3 to 5 days postinfection, allantoic fluid was
collected and clarified by low-speed centrifugation
(14,600 x g, 40 min). The allantoic fluid was concen-
trated with a liquid concentrator, and after another
low-speed centrifugation, the virus was pelleted be-
tween 30 and 50% sucrose cushions in phosphate-
buffered saline (PBS) in a Spinco L4 Ti-15 rotor at
32,000 rpm for 2 h. The virus was concentrated on a
50% sucrose cushion in a SV-27 rotor for 1.25 h at
25,000 rpm. The virus was diluted and centrifuged in a
15 to 30% sucrose gradient for 20 min at 25,000 rpm at
4°C. A visually detected virus band was collected from
the middle of the gradient, pelleted (25,000 rpm, 1 h),
and after suspension in PBS in an ice bath, stored in
aliquots at -70°C.

Viral glycoprotein micelles were prepared as de-
scribed elsewhere (29) with the following modification.
After disruption of the viruses with Triton X-100 for 30
min at 37°C (virus protein/detergent ratio of 1:4), the
nucleocapsids were pelleted at 100,000 x g for 30 min
at 20°C (28). Viral envelope glycoprotein micelles were
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FIG. 1. Polypeptide analysis of viral glycoprotein
micelles. Purified glycoprotein micelles (5 to 8 ,ug/slot)
were run under reducing conditions on a 10 to 15%
polyacrylmide gel and stained. Lane 1, Influenza A,
HlNl strain; lane 2, parainfluenza 1; and lane 3,
mumps glycoprotein micelles. HA1 and HA2, Hemag-
glutinin; NA, neuraminidase; HN, hemagglutinin-
neuraminidase; Fl, fusion protein; F2 stained poorly,
and its migration is not indicated.

formed in a 20 to 50% sucrose gradient as described
previously (29). Analysis by polyacrylamide gel elec-
trophoresis in the presence of sodium dodecyl sulfate
was carried out to demonstrate the purity of the viral
glycoprotein micelle preparations (Fig. 1). The poly-
peptides of the micelles were as described elsewhere
(5, 17). Hemagglutinin and neuraminidase activities
were well preserved in glycoprotein micelles as detect-
ed by hemagglutinin titration with 0.5% 1-day-old
chicken erythrocytes in PBS plus 0.2% bovine serum
albumin and by neuraminidase assay (26).

Radioactive labeling of viral glycoprotein micelles.
Influenza A (H3N2) glycoprotein micelles were la-
beled for galactose residues by a modification of the
method of Luukkonen et al. (14). The glycoprotein
micelles (500 p.g/200 p.l in PBS) were incubated with 20
IU (20 p.l) of galactose oxidase (Kabi AB, Stockholm,
Sweden) at 37°C for 30 min. The protein mixture was
moved onto frozen tritiated sodium borohydride
(NaB3H4, 2 mCi in 200 p.1 of 0.01 N NaOH); after 30
min of incubation at 20°C, the reaction mixture was
passed through a Sepharose 4B column (Pharmacia,
Uppsala, Sweden; 0.7 by 8 cm), and the labeled
glycoprotein micelles were separated from free
NaB3H4. The specific activity was 140,000 cpm/,lg of
protein.

Fibronectin, macromolecules, and other reagents.
Fibronectin was purified from human plasma by affini-
ty chromatography over gelatin-agarose columns (8)
modified as described elsewhere (32). The purity of the
fibronectin was >97% as judged by analysis in poly-
acrylamide gels. The following were obtained from
commercial sources: bovine serum albumin (Sigma
Chemical Co., St. Louis, Mo.), gelatin (type I; Sigma),
fetuin (type III; Sigma), heparin (Medica Oy, Helsinki,
Finland), N-acetylneuraminic acid (NeuAc, sialic
acid; Sigma), 2-(3-methoxyphenyl)-N-acetyl-D-neura-
minic acid (Boehringer, Mannheim, West Germany),
and neuraminidase (Vibrio cholerae, 1 U/ml; Behring-
werke AG, Marburg, West Germany).

Antisera and enzyme conjugates. Antisera against

virus envelope glycoproteins were obtained by immu-
nizing rabbits with glycoprotein micelles. Twenty mi-
crograms of protein in Freund complete adjuvant was
injected three times directly into popliteal lymph
nodes at 2-week intervals, and the rabbits were bled 2
weeks after the last injection. Serum antibody titers
varied from 300,000 to 1,000,000 as measured by the
EIA described below, and the antisera did not react
with fibronectin in the EIA. Antifibronectin antiserum
was produced in rabbits, and the specificity of the
antiserum was determined as described earlier (32).
Antifibronectin antiserum did not react with viral
glycoprotein micelles in the EIA. Horseradish peroxi-
dase-labeled swine antibodies against rabbit immuno-
globulins were used as an enzyme conjugate (Dako,
Copenhagen, Denmark). A background absorbance of
the conjugate was less than 0.200 for all of the glyco-
protein micelle preparations, as well as for fibronectin.
EIA. Polystyrene microtiter plates (Linbro, Titer-

tek; Flow Laboratories, Inc., Hamden, Conn.) were
coated with 50 p.1 (5 jig/ml) of fibronectin, glycoprotein
micelles, bovine serum albumin, or V. cholerae neur-
aminidase all in PBS at 37°C for 2 h. Plates incubated
with PBS served as controls. The plates were washed
twice with 150 ,u1 of PBS containing 0.05% Tween 20
(PBS-Tween) and once with distilled water and kept
dry at 4°C until used (25).

Different dilutions of fibronectin (50 pI in PBS-
Tween) were incubated in viral glycoprotein-coated
and noncoated wells for 2 h at 37°C. After two
washings with PBS-Tween, 50 p.1 of antifibronectin
serum in PBS-Tween at a 1:30,000 dilution (30 times
the endpoint titer) was added, and the wells were
incubated at 37°C for 2 h. They were then washed
twice with PBS-Tween, and 50 p.1 of horseradish
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FIG. 2. Binding of virus glycoprotein to solid-
phase fibronectin. Virus glycoprotein micelles were
allowed to react with solid-phase fibronectin and non-
coated microtiter wells, and the bound virus proteins
were quantified by EIA. The binding of parainfluenza
1 (1), influenza A, HlNl strain (2), and mumps virus
(3) glycoprotein micelles to fibronectin was detected
with the respective antisera. The binding of influenza
A (4), parainfluenza 1 (5), and mumps (6) virus glyco-
protein micelles to noncoated microtiter wells is also
shown. A492, Absorbance at 492 nm.
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FIG. 3. Binding of fibronectin to solid-phase viral

glycoprotein micelles. Fibronectin was allowed to
react with solid-phase parainfluenza 1 (1), influenza A,
HlNl strain (2), and mumps (3) glycoprotein micelle-
coated wells and noncoated wells (4). The binding was
detected with antifibronectin sera by EIA.

peroxidase-labeled swine antibodies against rabbit
immunoglobulins was added at a 1:800 dilution in PBS-
Tween to each well followed by incubation at 37°C for
2 h or at 20°C for 16 h. After two washings with PBS-
Tween and one washing with distilled water, 100 ,ul of
o-phenylenediamine (0.4 mg/ml; Koch-Light Labora-
tories, Colnbrook, Bucks, England) together with
H202 (0.2 mg/ml) in phosphate-citrate buffer (pH 5.5)
was added, and after 30 min of incubation at 20°C, the
enzyme reaction was stopped with 50 p.l of 4 N sulfuric
acid (34). The intensity of the color reaction was read
at 492 nm with a multichannel photometer (Titertek,
Multiskan; Eflab OY, Helsinki, Finland).
We studied the binding of viral glycoprotein micelles

to fibronectin-coated cuvettes as described above,
using the appropriate antisera (30 times the endpoint
dilution). To study the inhibition of fibronectin binding
to solid-phase glycoprotein micelles, we added 25 RI1 of
a fibronectin dilution in PBS-Tween simultaneously
with 25 ,ul of the inhibitor studied. The final concentra-
tion of fibronectin was 3 pg/ml. We performed the
inhibition studies for viral glycoprotein binding to
solid-phase fibronectin similarly, using fibronectin as

an inhibitor.
The titers of rabbit antisera against fibronectin and

glycoprotein micelles were determined as the recipro-
cal of the last serum dilution giving twice the absor-
bance of preimmune sera. The EIA was carried out as

described above. Triplicate determinations were used
throughout the study.

Radioassay. Radiolabeled influenza A (H3N2) glyco-
protein micelles were diluted with unlabeled micelles
at a ratio of 1:3 and allowed to bind onto solid-phase
fibronectin, neuraminidase-treated fibronectin, bovine
serum albumin, or noncoated microtiter wells at pro-

tein concentrations of 0.1 to 32 p.g/ml (50 p.1/well in
PBS-Tween). After 2 h of incubation at 37°C, the wells
were washed twice with PBS-Tween and once with
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FIG. 4. Inhibition of fibronectin binding to solid-
phase mumps glycoproteins. Fibronectin (3 p.g/ml)
was added simultaneously to mumps glycoprotein
micelle-coated wells with different concentrations of
bovine serum albumin (1); heparin (2); gelatin (3);
fetuin (4); and mumps (5), parainfluenza 1 (6), and
influenza A (7) glycoprotein micelles, and the bound
fibronectin was determined by EIA. The results are
expressed as a percentage of the absorbance ratio of
uninhibited fibronectin binding.

distilled water, and 150 ,ul of 2% sodium dodecyl
sulfate in H20 was added for 30 min. The liquid was
moved into scintillation liquid, and the radioactivity
was determined in a liquid scintillation counter. Tripli-
cate determinations were used.
Other techniques. Polyacrylamide gel electrophore-

sis in the presence of sodium dodecyl sulfate was
carried out as described by Laemmli (12) with gradient
gels (10 to 15% acrylamide monomer concentration).
Protein concentrations were determined by the meth-
od of Lowry et al. (13). Liquid-phase fibronectin was
treated with V. cholerae neuraminidase (substrate/en-
zyme ratio in PBS, 15:1; final pH, 6.2) at 37°C for 16 h.

RESULTS
Binding of viral glycoprotein micelles to fibro-

nectin. The binding of three different prepara-
tions of viral glycoprotein micelles to fibronec-
tin-coated microtiter wells was studied by EIA
with different concentrations of the micelles.
The binding was detected by antibodies specific
for each preparation used. Efficient, dose-de-
pendent binding to solid-phase fibronectin was
observed with influenza A (HiNt), parainfluen-
za 1, and mumps glycoprotein micelles (Fig. 2).
Influenza A glycoprotein micelles bound slightly
better than did the other two viral glycoprotein
preparations. No EIA reaction was observed
when noncoated microtiter wells were used.
The binding could be inhibited by soluble

fibronectin. A decrease of 25 to 40% in absor-
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FIG. 5. Binding of radiolabeled influenza A glyco-
protein micelies to fibronectin. Radiolabeled influenza
A (H3N2) glycoproteins were permitted to bind to
fibronectin- (1) and neuraminidase-treated fibronectin-
(2) coated wells, noncoated microtiter wells (3), and
bovine serum albumin-coated wells (4), and the bound
radioactivity was determined.

bance was achieved, depending on the glycopro-
tein micelle preparation used, by a 10-fold (30
pxg/ml) excess of soluble fibronectin (data not
shown).
Binding of fibronectin to solid-phase viral gly-

coproteins. Soluble human plasma fibronectin
was permitted to bind to microtiter wells coated
with glycoprotein micelles. The dose-dependent
binding of fibronectin to all glycoprotein micelle
preparations was observed, but some differ-
ences in the binding efficiency were seen (Fig.
3). No binding of fibronectin to noncoated wells
was found.

Inhibition of fibronectin binding to mumps
virus glycoprotein micelles. Fibronectin was in-
cubated in wells coated with glycoprotein mi-
celles of mumps virus, together with some other
macromolecules. Bovine serum albumin, hepa-
rin, and gelatin did not inhibit the binding of
fibronectin to mumps proteins. High concentra-
tions (32 ,ug/ml) of fetuin had some inhibitory
effect. In contrast, all three preparations of virus
glycoprotein micelles were effective inhibitors,
and mumps glycoprotein micelles had possibly
the best inhibitory effect (Fig. 4).

Inhibition experiments were also carried out
on fibronectin binding to wells coated with influ-
enza A glycoprotein micelles. An inhibition sim-
ilar to that of fibronectin binding to mumps
glycoprotein micelles was observed.

Sialic acid and 2-(3-methoxyphenyl)-N-acetyl-

E
cr,i
ItS

0.5i

10 1 0.1 0.01
FIBRONECTIN (Jg/ml)

FIG. 6. Binding of fibronectin to V. cholerae neur-
aminidase. Fibronectin was allowed to react with
neuraminidase-coated wells (1) and noncoated wells
(2), and the binding was detected by EIA.

D-neuraminic acid, a synthetic substrate for
neuraminidase (0.01 to 100 jxg/ml), were also
tested for their ability to inhibit the binding. No
inhibitory effect on fibronectin binding to solid-
phase influenza A, parainfluenza 1, and mumps
virus glycoproteins could be observed.

Interaction of influenza A glycoprotein micelles
with V. cholerae neuraminidase-treated fibronec-
tin. Since the hemagglutinins of myxo- and para-
myxoviruses can bind to sialic acids, we treated
liquid-phase fibronectin with neuraminidase to
find out whether the removal of sialic acids from
fibronectin affected its ability to bind viral glyco-
protein micelles. A significant decrease in the
binding of radioactive influenza A (H3N2) glyco-
protein micelles to neuraminidase-treated solid-
phase fibronectin was observed (Fig. 5). Unlike
untreated fibronectin, neuraminidase-treated fi-
bronectin did not inhibit radiolabeled influenza
A glycoprotein binding to solid-phase fibronec-
tin.
To study whether purified neuraminidase

could interact with fibronectin, we tested the
ability of fibronectin to bind to neuraminidase
purified from V. cholerae, which is commercial-
ly available in pure form. V. cholerae neuramini-
dase can remove any sialic acid irrespective of
the attaching linkage. V. cholerae neuramini-
dase (5 ,ug/ml in PBS) was used to coat the wells,
and different concentrations of fibronectin were
permitted to bind to the coated wells. Dose-
dependent binding of fibronectin to solid-phase
neuraminidase was observed (Fig. 6). The bind-
ing of fibronectin to solid-phase V. cholerae
neuraminidase was inhibited by all three glyco-
protein micelles. A decrease in absorbance of 25
to 35% was achieved by a 10-fold excess of viral
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glycoprotein (30 ,ug/ml) (data not shown). This
affinity was not characterized further.

DISCUSSION
In the present work, we have demonstrated

that fibronectin can interact with viral glycopro-
tein micelles in a dose-dependent manner. Bind-
ing was observed when either fibronectin or
viral glycoproteins were in the solid phase,
whereas it was inhibited by fluid-phase proteins.

Sialic acid-containing glycoproteins may
serve as receptors when myxo- and paramyxo-
viruses, as well as many other virus groups, bind
onto the cell surface (15, 27). We tested the
effects of free sialic acid and methoxyphenyl
neuraminic acid on the binding, but they did not
show any inhibition. Sialic acids alone are inef-
fective inhibitors of viral hemagglutination,
whereas macromolecules with large quantities of
sialic acids are effective (3, 21). Fetuin, rich in
sialic acids with NeuAca2-3Gal linkages (1),
slightly inhibited the binding of fibronectin to
viral glycoprotein micelles. The inhibition, how-
ever, may result from fetuin-viral glycoprotein
interaction, which may sterically inhibit the fi-
bronectin binding.
The capacity of the virus to attach to the cell

surface can be abolished, and even cell surface-
bound virus can be removed by treatment with
neuraminidase (7, 15, 16). Plasma fibronectin
contains sialic acids linked mainly by NeuAca2-
4Gal linkages (30, 37). Myxo- and paramyxo-
virus hemagglutinin predominantly attaches to
a2-3-positioned sialic acids, suggesting this link-
age to be important as a receptor (3, 15). We
treated fibronectin with neuraminidase and ob-
served a marked decrease in its ability to bind
viral glycoprotein micelles. Our data suggest
that sialic acids with suitable linkages to galac-
tose on the fibronectin molecule can serve as
binding sites for viral hemagglutinin. The bind-
ing of viral glycoprotein micelles to fibronectin
may thus be mediated via the sugar moieties of
fibronectin.
The gelatin-binding site offibronectin contains

the carbohydrate-rich part of the molecule (19,
23, 31). The affinity of fibronectin for collagen,
especially gelatin, is high. The binding of fibro-
nectin to fibrinogen and actin is efficiently inhib-
ited by gelatin (9, 10). Both fibronectin and actin
have binding sites that are close to the gelatin-
binding site but are distinct (23, 31). Gelatin was,
however, ineffective in the present inhibition
assays, suggesting that the viral envelope glyco-
protein-binding site is distinct from the gelatin-
binding site. On the other hand, the binding sites
for the different viral glycoproteins may be iden-
tical or close to one another. Fibronectin also
bound to V. cholerae neuraminidase, suggesting
a more wide-ranging binding capacity of fibro-

nectin. The binding of fibronectin to solid-phase
V. cholerae neuraminidase was inhibited by
liquid-phase viral glycoprotein micelles. The
binding site of the glycoprotein micelles on the
fibronectin molecule might thus be close to the
binding site of V. cholerae neuraminidase. Steric
aspects may play a role in the binding because
viral glycoprotein micelles in the liquid phase
bound more efficiently to solid-phase fibronectin
than vice versa. Differences in the binding effi-
ciency of glycoprotein micelles onto plastic, as
well as differences between the sizes of different
glycoprotein micelles, may affect the quantity of
bound protein.
The interaction of fibronectin with staphylo-

cocci (11) involves a surface protein common to
a number of different strains of Staphylococcus
aureus and S. epidermidis (33). Mosher and
Proctor (20) have localized the binding site for
staphylococci in fibronectin to a 27,000-dalton
fragment at the amino-terminal end of the mole-
cule. It has been proposed that fibronectin acts
as a staphylococcal opsonin (22), but its opsonic
activity is probably relatively weak as compared
with C3b and immunoglobulin G (33). However,
the adherence of certain bacteria to epithelial
cell surfaces is affected by fibronectin (35).
Further, the decrease in cell surface fibronectin
correlates with increased susceptibility to adher-
ence by Pseudomonas aeruginosa (36). The
affinity of fibronectin for viral envelope glyco-
proteins may play a role in the opsonization of
viruses in vivo or in virus-cell interactions.
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