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Abstract. 

 

The interaction of cells with fibronectin gen-
erates a series of complex signaling events that serve to 
regulate several aspects of cell behavior, including 
growth, differentiation, adhesion, and motility. The for-
mation of a fibronectin matrix is a dynamic, cell-medi-
ated process that involves both ligation of the 
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 integ-
rin with the Arg-Gly-Asp (RGD) sequence in 
fibronectin and binding of the amino terminus of fi-
bronectin to cell surface receptors, termed “matrix as-
sembly sites,” which mediate the assembly of soluble fi-
bronectin into insoluble fibrils. Our data demonstrate 
that the amino-terminal type I repeats of fibronectin 
bind to the 

 

a

 

5

 

b

 

1

 

 integrin and support cell adhesion. 
Furthermore, the amino terminus of fibronectin modu-

lates actin assembly, focal contact formation, tyrosine 
kinase activity, and cell migration. Amino-terminal fi-
bronectin fragments and RGD peptides were able to 
cross-compete for binding to the 
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 integrin, suggest-
ing that these two domains of fibronectin cannot bind 
to the 
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 integrin simultaneously. Cell adhesion to 
the amino-terminal domain of fibronectin was en-
hanced by cytochalasin D, suggesting that the ligand 
specificity of the 
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b
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 integrin is regulated by the cy-
toskeleton. These data suggest a new paradigm for integ-
rin-mediated signaling, where distinct regions within 
one ligand can modulate outside-in signaling through 
the same integrin.

 

F

 

ibronectins 

 

are a family of high molecular weight,
multidomain glycoproteins that circulate in the
plasma as soluble, protomeric molecules, and are

also found in an insoluble, multimeric form within the ex-
tracellular matrix. Fibronectin contains multiple binding
sites, including those for sulfated glycosaminoglycans, gel-
atin, fibrin, and cell surface integrin receptors (43, 47, 72).
As a result, fibronectin plays an important role in orches-
trating a variety of adhesive and migratory events that oc-
cur during embryogenesis, angiogenesis, thrombosis and
hemostasis, inflammation, and wound repair (31). Fi-
bronectin expression is widely distributed in embryos (31,
68) and is essential for embryogenesis (18), providing
pathways for neural crest and mesodermal migration (18,
31, 68). Cell-mediated fibronectin polymerization also oc-
curs during the repair phase following tissue injury, where
it promotes the migration and attachment of fibroblasts,
endothelial cells, monocytes, and neutrophils into the
wound area (10, 31). In addition, altered deposition of a fi-
bronectin matrix has been correlated with several patho-
logical events. Increased deposition of a fibronectin matrix

has been associated with atherosclerosis and fibrosis (7,
38, 67), while restoration of fibronectin matrix assembly in
transformed cells has been correlated with a reduction in
tumorigenicity (19).

Adherent cells polymerize an insoluble fibronectin ma-
trix by assembling cell- or plasma-derived soluble fi-
bronectin into insoluble fibrils (44). In one of the initial
steps of matrix assembly, cell surfaces bind the amino-ter-
minal region of fibronectin in a reversible and saturable
manner (39, 54). Subsequent homophilic binding interac-
tions are thought to promote the polymerization of the fi-
bronectin molecule into an insoluble matrix (8, 24, 25, 41,
42) and allow for the regeneration of the cell surface
amino-terminal–binding site (44). The binding of the amino
terminus of fibronectin to cell surface receptors, termed
matrix assembly sites (39), is mediated by the first five
type I repeats, which appear to function as a single-binding
unit (66). Fibronectin fragments and recombinant con-
structs missing the amino-terminal region are not assem-
bled into a fibrillar matrix (40, 62, 66). In addition, the
presence of excess amino-terminal fibronectin fragment
blocks the binding of intact fibronectin to cell surfaces and
inhibits matrix assembly (39). The molecule(s) that medi-
ates the initial binding of the amino terminus of fibronec-
tin to cell surfaces has not been identified.

Cellular adhesion to fibronectin is mediated primarily
by the 
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 integrin receptor that interacts with the Arg-
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Gly-Asp (RGD) sequence within fibronectin’s tenth type
III module (30, 48). The importance of the 
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 integrin in
fibronectin matrix assembly has been demonstrated in sev-
eral studies. Overexpression of the 
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 integrin in CHO
cells results in increased fibronectin deposition (19). Anti-
bodies directed against the 
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 integrin inhibit fibronec-
tin fibril formation (1, 17). In addition, anti-
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 integrin
antibodies have been shown to inhibit binding of the
amino-terminal fragment to the cell surface, suggesting
that the 
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 integrin can regulate the expression of matrix
assembly sites (17). More recently, amino-terminal fi-
bronectin fragments were shown to colocalize with 
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integrins at sites of focal adhesions (9, 15).
The interaction of cells with the extracellular matrix via

cell surface integrins generates a series of complex signal-
ing events that serve to regulate several aspects of cell be-
havior, including growth, differentiation, adhesion, and
motility (30). Ligation of the 
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 integrin with the RGD
sequence of fibronectin results in the local accumulation
of signaling molecules and cytoskeletal components at
sites of focal adhesions, and stimulates the tyrosine phos-
phorylation of specific proteins associated with focal adhe-
sions, including focal adhesion kinase (FAK)

 

1

 

 (21, 35, 59),
paxillin (6, 69), tensin (5), and p130

 

cas

 

 (46, 71). Focal adhe-
sions, defined morphologically as regions of close cell sub-
stratum contact, are dynamic structures that serve to struc-
turally link the extracellular matrix with the cytoskeleton
during cell adhesion, and facilitate the transduction of sig-
naling events triggered by extracellular matrix molecules
(34). The localization of amino-terminal fibronectin frag-
ments to sites of focal adhesions (15) suggests the possibil-
ity that intracellular signals may be generated in response
to the interaction of the amino terminus of fibronectin
with the matrix assembly site during fibronectin polymer-
ization.

Fibronectin matrix assembly involves both ligation of
the 
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 integrin with the RGD sequence in fibronectin
and binding of the amino terminus of fibronectin to cell
surface matrix assembly sites. To examine the cellular re-
sponse initiated upon binding of the amino-terminal do-
main of fibronectin to cell surfaces, cycloheximide-pre-
treated cells were allowed to adhere to either recombinant
amino-terminal (70 kD) or cell adhesive (III

 

9,10

 

) fragments
of fibronectin. In this study, we demonstrate that amino-
terminal fragments of fibronectin promote 
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 integrin-
mediated cell adhesion and induce the assembly of novel
focal contact structures, which are distinct from those ob-
served after the interaction of the 
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 integrin with the
RGD-containing III

 

9,10

 

 modules of fibronectin. Differen-
tial ligation of the 
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 integrin with either the amino-ter-
minal or RGD domain of fibronectin results in differences
in the level of tyrosine phosphorylation of FAK and paxil-
lin. Treatment of suspended cells with cytochalasin D up-
regulates cell adhesion to amino-terminal fibronectin frag-
ments, suggesting that the ligand specificity of the 
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integrin is regulated by the cytoskeleton. In addition, the
amino terminus of fibronectin promotes an increase in cell
motility in haptotatic assays. Taken together, these data
indicate that the interaction of cells with the amino termi-

nus of fibronectin generates specific intracellular signaling
events that represent a unique pathway for cell communi-
cation with the extracellular matrix. These studies suggest
a mechanism, whereby the 
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 integrin coordinates and
modulates cell function by interacting with separate re-
gions of the fibronectin molecule.

 

Materials and Methods

 

Reagents and Antibodies

 

Gel electrophoresis supplies were from Bio-Rad Laboratories (Rich-
mond, VA). Unless otherwise indicated, chemical reagents were obtained
from Sigma Chemical Co. (St. Louis, MO). The following monoclonal an-
tibodies were purchased: anti-integrin subunits 
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2

 

 (P1E6), 
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3

 

 (P1B5), 

 

a

 

5

 

(mAb16), 

 

b

 

1

 

 (mAb13), and 

 

b

 

3

 

 (7F12) were purchased from Collaborative
Biomedical Products/Becton Dickinson (Bedford, MA); anti-integrin 
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v
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3

 

(LM609), talin, and 

 

a

 

-actinin were from Chemicon International Inc. (Te-
mecula, CA); anti-fibronectin (3E3), anti-integrin subunits 

 

b

 

5

 

 (P1F6), and

 

b

 

1

 

 (P4C10) were purchased from Life Technologies/GIBCO BRL (Gaith-
ersburg, MD); paxillin, phosphotyrosine (PY20), and FAK were pur-
chased from Transduction Laboratories (Lexington, KY); anti-vinculin
was purchased from Sigma Chemical Co. Polyclonal antibodies to FAK
(BC3) were purchased from Upstate Biotechnology Inc. (Lake Placid,
NY). The polyclonal anti-

 

a

 

5

 

 antibody, 4318, was a generous gift from Ken-
neth Yamada (National Institutes of Health, Bethesda, MD). The murine
anti–human fibronectin monoclonal antibody, 9D2, was a gift from Deane
Mosher (University of Wisconsin, Madison, WI). The epitope recognized
by 9D2 is found within the III

 

1

 

 module (8).

 

Cell Culture

 

Human foreskin fibroblasts, A1-F, were a gift from Lynn Allen-Hoffmann
(University of Wisconsin, Madison, WI). A1-Fs were cultured in DME
(GIBCO BRL) supplemented with 10% FBS (Sterile Systems, Logan, UT).

 

Purification of Fibronectin and Fibronectin Fragments

 

Human plasma fibronectin was purified from a fibronectin- and fibrino-
gen-rich by-product of factor VIII production by ion exchange chroma-
tography on DEAE-cellulose (Pharmacia Biotechnology Inc., Piscataway,
NJ), as previously described (40). Fig. 1 shows a schematic of the various
fragments and constructs used in this study. The 70-kD amino-terminal
fragment of fibronectin was generated by limited digestion of intact fi-
bronectin with cathepsin D, followed by gelatin affinity chromatography,
as previously described (40). The 70-kD fragment was further cleaved into
a 27-kD amino-terminal fragment and a 40-kD gelatin-binding fragment
by limited digestion with trypsin (3). The 27- and 40-kD fragments were
then separated by gelatin affinity chromatography. For affinity chroma-
tography, experiments involving isolated 
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 integrins, the 27- and 70-kD
fragments were further purified by immunoabsorbing contaminating fi-
bronectin fragments with the anti-fibronectin antibody, 9D2 (8), co-
valently coupled to protein A-Sepharose (Pharmacia Biotechnology Inc.).
Immunoblot analysis indicated that these preparations contained less than
1 ng of III

 

10

 

-containing fibronectin fragments per 10 

 

m

 

g of 70- or 27-kD
fragment (data not shown). A preparation containing the 120-kD cell-
binding fragment was generated by limited digestion of fibronectin with
chymotrypsin and isolated from the unbound fractions of sequential gela-
tin– and heparin–Sepharose affinity columns (Pharmacia Biotechnology
Inc.), as previously described (50). Purity of all fragments was assessed by
SDS-PAGE and proteins were frozen at 

 

2

 

80

 

8

 

C until use.

 

Preparation of Recombinant Fibronectin Modules

 

Recombinant rat 70 kD (r70 kD) and 40 kD (r40 kD) proteins were pro-
duced using a baculovirus expression system, as previously described (65).
Recombinant proteins were purified from SF21 insect cells grown in se-
rum-free SF900-II medium (GIBCO BRL) on columns of gelatin-agarose
(65). SF21 cells do not produce any detectable fibronectin. Therefore, the
r70 and r40 kD proteins produced by these cells do not contain any con-
taminating fibronectin.

Recombinant human III

 

9,10

 

 (rIII

 

9,10

 

) was expressed in BL21(DE3) bac-
teria as a fusion protein composed of glutathione-S-transferase (GST) and
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III

 

9

 

 and III

 

10

 

, as previously described (25). To separate III

 

9,10

 

 from GST,
fusion proteins were incubated with TPCK-trypsin-agarose beads (1 U/mg)
for 30 min at 20

 

8

 

C. Following incubation, the TPCK-trypsin-agarose beads
were removed by centrifugation. rIII

 

9,10

 

 was further purified by passing
the digested material over a glutathione agarose column. Purity of recom-
binant protein preparations was assessed by SDS-PAGE and proteins
were frozen at 

 

2

 

80

 

8

 

C until use.

 

Preparation of 
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 Integrins

 

The 

 

a
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 integrin was isolated from term placenta by affinity chromatog-
raphy on 120-kD Sepharose columns, according to the method of Pytela
et al. (52, 53). Placenta (

 

z

 

500 g) was dissected free of chorion, amnion,
and umbilical cord, and homogenized briefly with an equal volume of
buffer A (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM CaCl

 

2

 

, 1 mM MgCl

 

2

 

,
1 mM MnCl

 

2

 

, 2 mM PMSF) containing 0.5 mM Pefablock (Boehringer
Mannheim Biochemicals, Indianapolis, IN). The homogenate was centri-
fuged at 16,000 

 

g

 

 for 20 min at 4

 

8

 

C and washed three times with buffer A.
The pellet was extracted for 1 h on ice with an equal volume of 50 mM oc-
tyl-

 

b

 

-

 

d

 

-thioglucopyranoside (OGPS) in buffer A and centrifuged at
27,000 

 

g

 

 for 20 min at 4

 

8

 

C. The supernatant was incubated overnight at
4

 

8

 

C with 120 kD-Sepharose (1 mg 120 kD/ml Sepharose). The suspension
was packed into a chromatography column and washed with 15 mM
OGPS in buffer A. Bound material was eluted with 20 mM EDTA, 25 mM
OGPS in buffer A, and then passed over a wheat germ agglutinin column
(Vector Labs Inc., Burlingame, CA) pre-equilibrated with buffer B (0.1%
NP-40 in buffer A). The wheat germ agglutinin column was washed with
buffer B and eluted with 200 mM 

 

N

 

-acetyl glucosamine in buffer B. Purity
of the 
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b

 

1

 

 integrin preparation was 

 

>

 

90% as assessed by SDS-PAGE
electrophoresis, followed by Coomasie blue staining. Identity of the 
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b

 

1

 

integrin was confirmed by immunoblotting with the anti-

 

b

 

1

 

 antibody, P4C10.
Purified 

 

a

 

5

 

b

 

1

 

 integrin was also immunoblotted with the anti-fibronectin
antibody, 3E3, which recognizes an epitope within the III

 

9-10

 

 modules of fi-
bronectin (49). Fibronectin was not detected upon development of the im-
munoblot with enhanced chemiluminescence.

 

Cycloheximide Pretreatment

 

A1-F fibroblasts were seeded onto 100 mm tissue culture dishes (Corning/
Costar, Cambridge, MA) at 10

 

6

 

 cells/ml in DME containing 10% FBS, and
allowed to reach confluence (3–4 d). To minimize endogenous fibronectin
levels during experimental procedures, cells were washed three times with
serum-free DME, and pretreated for 3.5 h with cycloheximide (20 

 

m

 

g/ml)
in DME containing 0.4% ReduSerII (Upstate Biotechnology Inc.; 39).
Cells were detached by incubation in PBS containing 0.5 mM EDTA, fol-
lowed by 0.08% trypsin (GIBCO BRL). Trypsin activity was inhibited by
the addition of 10

 

3

 

 excess of soybean trypsin inhibitor and cells were
washed three times with DME/0.4% ReduSerII. Cycloheximide (20 

 

m

 

g/ml)
was present at all stages of detachment and washing. Cells were resus-
pended in serum-free DME/0.4% ReduSerII/20 

 

m

 

g/ml cycloheximide, and
allowed to recover from trypsinization at 37

 

8

 

C for 60–90 min before plat-
ing onto various adhesive substrates.

 

Cell Attachment Assays

 

To quantitate cell adhesion to various fibronectin constructs, r40 kD, r70 kD,
and rIII

 

9,10

 

 were diluted to 10 

 

m

 

g/ml in PBS, and coated onto 24-well tissue
culture plates (Corning/Costar) for 3 h at 37

 

8C. Wells were blocked with
BSA at 10 mg/ml for 30 min. Control wells were coated with BSA alone.
Cycloheximide-pretreated A-1F fibroblasts were seeded into precoated
24-well tissue culture plates at 105 cell/well. In some wells, anti-integrin
antibodies, GRGDS or GRGES peptides (Life Technologies Inc./GIBCO
BRL), heparin, or EDTA were added at time of seeding. After a 5-h incu-
bation at 378C, cells were washed three times in serum-free media, fixed
with 1% paraformaldehyde, and stained with 0.5% crystal violet. After
staining, cells were washed with water, solubilized with 0.1% SDS, and the
absorbance was determined at 540 nM.

70-kD Fragment Affinity Chromatography
r70-, 70-, 27-, 40-, and 120-kD proteolytic fibronectin fragments were cou-
pled to cyanogen bromide-activated Sepharose-4B (Pharmacia Biotech-
nology Inc.), according to manufacturer’s instructions. Each protein was
coupled at a molar concentration of 14.3 mM (70 kD 5 1 mg/ml). The
amount of protein coupled to each resin was determined by monitoring

the absorbance at 280 nM of all buffers and washes during the coupling
and blocking procedures. Coupling efficiency was >96% for all proteins.
Coupled resins were blocked with 0.5% protease-free BSA (Intergen,
Purchase, NY) and pre-equilibrated with lysis buffer before use.

Media was removed from cycloheximide-pretreated A-1F fibroblasts,
and cells were washed twice with ice-cold PBS. Cells (5 3 106 cells/ml lysis
buffer) were lysed on ice using 60 mM OGPS in Tris buffer (50 mM Tris
buffer, pH 7.4, containing 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 0.5%
BSA, 2 mM PMSF, 1 mM Pefablock, 0.5 mg/ml soybean trypsin inhibitor,
25 mg/ml leupeptin and 25 mg/ml pepstatin; 52). Cell lysates were clarified
by centrifugation at 15,000 g for 15 min at 48C and supernatants were
rocked overnight at 48C with the protein-conjugated resins (1 ml superna-
tant/ml packed resin). For experiments involving isolated a5b1 integrins,
purified a5b1 integrins were diluted in 50 mM OGPS/Tris buffer and
rocked overnight at 48C with the protein-conjugated resins (z5 mg of a5b1

integrin/0.5 ml packed resin). Resins were washed with 60 mM OGPS in
Tris buffer, packed into columns, and washed with an additional 10 col-
umn volumes of 15 mM OGPS in Tris buffer. The columns were eluted
with 20 mM EDTA and 25 mM OGPS in Tris buffer (52). Fractions (1 ml)
were precipitated with trichloroacetic acid, dissolved in nonreducing sam-
ple buffer, and analyzed by SDS-PAGE and immunoblotting.

Immunoprecipitation
r70 kD, rIII9,10, and fibronectin were diluted to 10 mg/ml in PBS and
coated onto 100 mm tissue culture dishes for 3 h at 378C. Unbound protein
was removed and plates were blocked with BSA at 10 mg/ml for 30 min.
Cycloheximide-pretreated A-1F fibroblasts were prepared as described
above and seeded at 2 3 106 cell/plate in DME/0.4% ReduSerII/cyclohex-
imide into precoated 100 mm tissue culture dishes. After a 15-h incubation
at 378C, media was removed and cells were washed twice with ice-cold
PBS. Cells were incubated on ice for 20 min with 1 ml cold RIPA buffer
(50 mM Tris, pH 7.6, containing 150 mM NaCl, 1% Triton X-100, 1% so-
dium deoxycholate, 1 mM EDTA, 1 mM EGTA, 25 mg/ml leupeptin, 25
mg/ml aprotinin, 200 mM sodium orthovanadate, 1 mM H2O2, 0.1% so-
dium azide, 0.5 mg/ml soybean trypsin inhibitor, and 2 mM PMSF). Cells
were scraped from the dish and lysates were clarified by centrifugation at
15,000 g for 30 min at 48C. Supernatants were assayed for protein concen-
tration using bicinchroninic acid reagents (Pierce, Rockford, IL), accord-
ing to manufacturer’s instructions. 400 mg aliquots were adjusted to equal
volume, precleared with mouse IgG and protein A–Sepharose (Pharmacia
Biotechnology Inc.) for 1 h at 48C, and incubated with 4 mg primary anti-
body for 1 h on ice. Protein A–Sepharose was added to tubes and aliquots
were incubated with rocking for an additional 1 h at 48C. Immunoprecipi-
tates were washed four times with RIPA buffer, solubilized with reducing
sample buffer, and analyzed by SDS-PAGE and immunoblotting.

Gel Electrophoresis and Immunoblotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed according to Laemmli (36) using a discontinuous buffer
system (Bio-Rad Laboratories). Samples were diluted 1:1 in gel buffer
containing 4% SDS and 20% glycerin in 0.05 M Tris, pH 6.8. Some sam-
ples were reduced with 2% b-mercaptoethanol before electrophoresis.
For immunoblotting, electrophoretic transfer of proteins to nitrocellulose
(Schleicher & Schuell Inc., Keene, NH) was performed in a transblot ap-
paratus (Bio-Rad Laboratories), according to manufacturer’s instructions.
Blots were incubated with 3% BSA in Tris-buffered saline, pH 7.6, con-
taining 0.1% Tween-20 (TBS-T), and immunoblotted with primary anti-
body (anti-phosphotyrosine, PY20, at 1:5,000; anti-b1, P4C10, at 1:1,000;
anti-a5, 4318, at 1:1,000; anti-a3, P1B5, at 1:1,000) followed by a 1:6,000 di-
lution of either goat anti–rabbit or goat anti–mouse peroxidase-linked sec-
ondary antibody (Bio-Rad Laboratories). Immunoblots were developed
using enhanced chemiluminescence (Amersham Corp., Arlington Heights,
IL) according to the manufacturer’s protocol. After detection, the immu-
noblots were stripped in 62.5 mM Tris, pH 6.7, 2% SDS, 100 mM b-mer-
captoethanol at 708C for 60 min. Before reprobing, blots were re-equili-
brated in TBS and reblocked with 3% BSA in TBS-T.

Immunofluorescence Microscopy
18-mm glass coverslips were coated for 3 h at 378C with 10 mg/ml of either
fibronectin, rIII9,10, or r70 kD, diluted in PBS. Unbound protein was re-
moved and coverslips were blocked with BSA for an additional 30 min.
Cycloheximide-pretreated A1-F fibroblasts were seeded onto coverslips
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in 12-well cluster dishes (Corning /Costar) at 4 3 104 cells/well in DME/
0.4% ReduSerII/20 mg/ml cycloheximide. After a 15-h incubation at 378C,
media was removed and cells were fixed with 2% paraformaldehyde in
Small’s cytoskeletal buffer (63), and permeabilized with ice-cold 0.5% Tri-
ton X-100. Cells were incubated for 60 min with primary antibody diluted
1:300 in Small’s cytoskeletal buffer followed by incubation with fluores-
cein-conjugated goat anti–mouse antibody (Cappel Laboratories, Durham,
NC) for an additional 60 min. Cells were stained for b1 integrins using the
monoclonal anti-b1 antibody, AIIB2 (a gift of C. Damsky, University of
California at San Francisco, San Francisco, CA), followed by incubation
with a fluorescein-conjugated goat anti–rat antibody (Cappel Laborato-
ries). Cells were washed, mounted, and then examined using an Olympus
microscope.

Haptotaxis Assay
Cell migration in the presence of r70 kD, rIII9,10, or fibronectin was as-
sayed using individual modified Boyden chambers. Polycarbonate filters
(8 mm pore, 13 mm diam) (Nucleopore Corp., Pleasanton, CA) were pre-
coated on one side with various concentrations of either r70 kD, rIII9,10, or
fibronectin diluted in PBS. Control filters were precoated with BSA. Fi-
broblast-conditioned media containing 0.4% ReduSerII and 20 mg/ml cy-
cloheximide was added to the lower chamber, and filters were placed be-
tween the upper and lower chambers so that the protein-coated side faced
the lower compartment. Cycloheximide pretreated A-1F fibroblasts were
seeded into the upper chamber at 105 cell/well in DME/0.4%/ReduSerII/20
mg/ml cycloheximide and cells were incubated for 12 h at 378C. Filters
were then separated from the chamber and cells on the upper surface
were removed. Filters were fixed and stained with Diff-Quik (Baxter Sci-
entific, McGaw Park, IL), mounted on glass slides, and the number of cells
that had migrated to the lower surface were quantitated by light micros-
copy (magnification of 200). Five random microscopic fields were counted
per well and experiments were performed in triplicate.

Results

A Recombinant 70-kD Amino-terminal
Fibronectin Fragment Supports Cell Adhesion
via an a5b1-dependent Mechanism

Cellular adhesion to fibronectin is mediated primarily by
the a5b1 integrin, which binds to fibronectin through the
RGD sequence contained within the III10 module (49, 50,
53). Adherent cells also express sites on their cell surfaces
which bind the amino-terminal portion of fibronectin in a
specific and saturable manner (39, 54). To determine whether
the amino-terminal region of fibronectin could also sup-
port cell adhesion, fibroblasts were incubated in 24-well
tissue culture plates precoated with either recombinant 70
kD (r70 kD), recombinant 40 kD (r40 kD), or BSA. The
27-kD amino-terminal fragment contains the first five type
I repeats that are required for fibronectin binding to cell
surfaces, whereas the 40-kD gelatin-binding fibronectin
fragment lacks these five type I repeats and does not bind
to cell surfaces (Fig. 1; 39, 54). Recombinant fibronectin
fragments were used to eliminate the possibility that con-
taminating fragments, present in proteolytic preparations,
mediated cell adhesion. To inhibit endogenous fibronectin
synthesis, newly confluent fibroblast monolayers were pre-
treated for 3.5 h with 20 mg/ml cycloheximide (40), and
washed extensively before trypsinization and reseeding
onto fragment-coated wells. Cycloheximide was continu-
ously present during the pretreatment and reseeding steps,
and the adhesion assay. As shown in Fig. 2 A, r70 kD sup-
ported cell adhesion, whereas r40 kD did not. Similar re-
sults were obtained using 70- and 40-kD proteolytic frag-
ments derived from human fibronectin (data not shown).

The number of cells which adhered to r70 kD was typically
60–70% of the total number of cells adherent to the rIII9,10
modules of fibronectin (data not shown). Adhesion of cells
to r70 kD was inhibited with RGD peptides, the anti-b1
antibody, mAb13 (1), and EDTA (Fig. 2 A). Partial inhibi-
tion of cell adhesion to r70 kD was observed with the anti-a5
antibody, mAb16 (1) (Fig. 2 A). In contrast, antibodies to
integrin subunits a2, a3, b3, b5, or to the integrin avb3 (Fig.
2 B), as well as RGE peptides (Fig. 2 A), had no effect on
adhesion of cells to r70 kD. In addition, adhesion to r70
kD was not inhibited by excess heparin (Fig. 2 A), suggest-
ing that heparan sulfate proteoglycans do not mediate ad-
hesion to r70 kD. Cells isolated from fibronectin-null mice
and cultured in serum-free media were also able to adhere
specifically to r70 kD-coated wells, demonstrating that ad-
hesion to r70 kD can occur in the complete absence of fi-
bronectin (J. Sottile, unpublished observations). Taken to-
gether, these results indicate that the amino terminus of
fibronectin can support cell adhesion and further, suggest
that this adhesion may be mediated by the a5b1 integrin.

Binding of the a5b1 Integrin to the Amino Terminus
of Fibronectin

Our studies indicate that the adhesion of fibroblasts to
r70 kD occurs through an a5b1 integrin–dependent mecha-
nism. To determine whether the amino terminus of fi-
bronectin is capable of directly interacting with the a5b1
integrin, affinity chromatography experiments were con-
ducted. Purified a5b1 integrins were incubated with r70-,
70-, 27-, 40-, and 120-kD affinity columns. Resins were
eluted with 20 mM EDTA and fractions were analyzed by
SDS-PAGE and immunoblotting. As shown in Fig. 3, puri-
fied a5b1 integrins bound to the r70-, 70-, 27-, and 120-kD
affinity columns. In contrast, a5b1 integrins were not de-
tected in fractions eluted from the 40-kD affinity column
(Fig. 3). To verify that the 40-kD fragment had been cou-
pled to the affinity resin, the ability of gelatin to bind to
the 40-kD affinity resin was determined (2). In experi-
ments not shown, the 40-kD affinity column supported gel-
atin binding, whereas the 120-kD affinity column did not.

To determine whether other fibronectin-binding integ-
rins could interact with the amino terminus of fibronectin,
affinity chromatography experiments were performed us-
ing whole cell lysates. Cycloheximide-pretreated fibro-
blasts were lysed using n-OGPS. Clarified cell lysates
were split into fractions of equal volume and applied to ei-
ther a 27-, 40-, 70-, or 120-kD affinity column. Resins were
eluted with 20 mM EDTA and fractions were analyzed by
SDS-PAGE and immunoblotting. As shown in Fig. 4 A, b1

Figure 1. Fibronectin fragments. Schematic representation of fi-
bronectin molecule. Shown are the 27- (cathepsin-trypsin: amino-
terminal), 40- (cathepsin-trypsin: gelatin binding), 70- (cathepsin:
amino-terminal), and 120-kD (chymotrypsin: cell binding) frag-
ments. Rectangles, type I modules; ovals, type II modules;
squares, type III modules; hatched squares, III9 and III10 modules.
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integrin subunits bound to the 27- and 70-kD affinity col-
umns and were eluted with EDTA. In contrast, b1 integrin
subunits were not detected in fractions eluted from the
40-kD affinity column (Fig. 4 A). As previously demonstrated
(52), b1 integrin subunits were detected in fractions eluted
from the 120-kD affinity column with EDTA (Fig. 4 A).

To determine the specificity of the interaction of the
amino terminus of fibronectin with the b1 integrin subunit,
immunoblots were stripped and sequentially reprobed

with antibodies directed against either the a5 or the a3
(Fig. 4 C) integrin subunits. As shown in Fig. 4 B, a5 integ-
rin subunits were detected in fractions eluted from the 27-,
70-, and 120-kD columns, but not from the 40-kD column.
In contrast, a3 integrin subunits were not detected in frac-
tions eluted from either the 27-, 40-, 70-, or 120-kD col-
umn, although the a3 integrin subunit was present in the
unfractionated lysate (Fig. 4 C). Furthermore, no staining
was detected when blots were stripped and reprobed using
antibodies directed against either the b3 or b5 integrin sub-
units, even though these integrins were present in the orig-
inal lysate (data not shown). Taken together, these studies
demonstrate that the a5b1 integrin can bind specifically to
the amino-terminal type I repeats of fibronectin.

Inhibition of a5b1 Binding to 70 kD by RGD Peptides

Data obtained from our cell adhesion experiments indi-
cate that addition of excess RGD peptides inhibits cell ad-
hesion to r70 kD (Fig. 2 A). To determine whether RGD
peptides could inhibit a5b1 integrin binding to immobi-
lized 70 kD, cell lysates were incubated with either the 70-
or 120-kD affinity column in the presence of either excess
RGD peptides or the inactive peptide, RGE (52). As
shown in Fig. 5, addition of 1 mg/ml RGD peptides to cell
lysates resulted in a z50% decrease in the binding of a5b1
integrins to 70-kD affinity columns, as compared to the
level bound in the presence of RGE peptides (Fig. 5). As
expected (52), addition of RGD peptides to cell lysates in-
cubated with the 120-kD affinity column resulted in an
z75% reduction in the binding of a5b1 integrins to 120 kD
compared to that observed in the presence of the RGE
peptides (Fig. 5). These data suggest that occupancy of the
a5b1 integrin with the RGD sequence of fibronectin inhib-
its the ability of the a5b1 integrin to interact with fibronec-
tin’s amino terminus.

Inhibition of a5b1 Binding to RGD by 70 kD

Our data indicate that the a5b1 integrin contains a binding
site for the amino terminus of fibronectin, and that the in-
teraction of the a5b1 integrin with r70 kD is inhibited by
RGD peptides. To determine whether the amino terminus
of fibronectin could competitively inhibit the binding of

Figure 2. Adhesion of fibroblasts to r70 kD. Fibroblasts were
pretreated with 20 mg/ml cycloheximide for 3.5 h as indicated un-
der Materials and Methods. Cells were resuspended in DME/
0.4% Redu-SerII containing 20 mg/ml cycloheximide, and plated
at 105 cell/well in 24-well tissue culture plates precoated with 10
mg/ml r70-kD, r40 kD, or BSA. Cells were allowed to attach for 5 h
in the absence (10) or presence of (A) RGD or RGE peptides
(0.5 mg/ml), the anti-b1 antibody, mAb 13 (20 mg/ml), the anti-a5
antibody, mAb 16 (20 mg/ml), EDTA (5 mM), or heparin (100
mg/ml) or (B) antibodies to the following integrin subunits (20
mg/ml): b1 (mAb13), avb3 (LM609), b3 (7F12), a2 (P1E6), a3
(P1B5), or a5 (mAb16). Cells were then washed, fixed with
paraformaldehyde, and stained with 0.5% crystal violet. After
staining, cells were washed, solubilized with 0.1% SDS, and the
absorbance was determined at 540 nM. The absorbance obtained
on BSA-coated wells was subtracted from all wells. Data are ex-
pressed as the mean absorbance at 540 nM 6 the standard error
and represent one of three experiments done in triplicate.

Figure 3. 70-kD affinity chro-
matography of purified a5b1
integrins. Purified a5b1 inte-
grins were diluted in Tris
buffer, pH 7.4, containing 50
mM n-OGPS (final concen-
tration z10 mg/ml), and incu-
bated for 15 h at 48C with
resins coupled to either re-

combinant 70-kD (r70kD), 70-kD (70kD), 27-kD (27kD), 40-kD
(40kD), or 120-kD (120kD) fibronectin fragments (z5 mg a5b1/
resin). Resins were eluted with 20 mM EDTA. Eluted fractions
were precipitated with trichloroacetic acid and resuspended in
nonreducing sample buffer before electrophoresis into 10% SDS-
PAGE gels. Gels were transferred to nitrocellulose and immuno-
blotted with the anti-b1 antibody, P4C10. Approximately 1 mg of
the starting material (SM) is shown. Molecular mass standards
are myosin (200 kD) and phosphorylase B (97.4 kD).
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the a5b1 integrin to the RGD region of fibronectin, cell ly-
sates were incubated with 120-kD affinity columns in the
absence or presence of either 70- or 40-kD fibronectin
fragments. As shown in Fig. 6, addition of 200 mg/ml of the
70-kD fragment to cell lysates incubated with the 120-kD
affinity resin resulted in a z70% decrease in the binding
of the a5b1 integrin to the 120-kD fragment; addition of an
equal molar concentration of the gelatin-binding 40-kD fi-
bronectin fragment had no effect on the binding of a5b1 in-
tegrins to 120 kD (Fig. 6). Addition of excess 70-kD fi-
bronectin fragments to cell lysates incubated with 70-kD

affinity columns resulted in an z80% inhibition of binding
of a5b1 integrins to 70 kD (Fig. 6). These data indicate that
binding of the amino terminus of fibronectin to the a5b1
integrin attenuates the ability of the integrin to interact
with the RGD sequence of fibronectin and suggest that
the a5b1 integrin cannot bind to the RGD and amino-ter-
minal domains of fibronectin simultaneously.

Upregulation of Cell Adhesion to r70 kD by 
Cytochalasin D

Earlier studies have shown that cytochalasins, which bind
to the barbed end of actin and inhibit the growth of actin
filaments (11), induce the functional activation of the amb2
integrin to promote binding of factor X to monocytes (16).
To investigate whether actin redistribution plays a role in
the ligand-binding specificity of the a5b1 integrin, the ef-
fect of cytochalasin D on cell adhesion to r70 kD was de-
termined. Cycloheximide-treated fibroblasts were incu-
bated with various concentrations of cytochalasin D for 1 h
before seeding onto tissue culture wells precoated with
r70 kD. After a 4-h incubation at 378C, unattached cells
were removed by washing and adherent cells were quanti-
tated by staining with crystal violet. As shown in Fig. 7 A,
pretreatment of fibroblasts with cytochalasin D resulted in
a dose-dependent increase in the number of cells adherent
to r70 kD. Moreover, cell adhesion to r70 kD was in-
creased 60–80% over control levels by pretreatment of
cells with 0.5–1 mM cytochalasin D (Fig. 7 A). To deter-
mine whether cytochalasin D promotes a similar increase
in cell adhesion to the RGD domain of fibronectin, the ef-
fect of cytochalasin D pretreatment on cell adhesion to
rIII9,10 was measured in a 30-min assay, at which time the
number of adherent cells was z70% of the total number
of cells in the assay (data not shown). In contrast to the re-
sults obtained with cells adherent to r70 kD, cytochalasin
D pretreatment resulted in a small, but significant de-
crease in cell adhesion to rIII9,10 (Fig. 7 A). Pretreatment
of cells with cytochalasin D did not promote cell attach-

Figure 4. 70-kD affinity chromatography of cycloheximide-pre-
treated cell lysates. Fibroblasts were pretreated with cyclohexi-
mide as indicated under Materials and Methods. Cells were lysed
using 60 mM n-OGPS, and clarified lysates were incubated for 15 h
at 48C with resins coupled to 27 (27k), 70 (70k), 40 (40k), or 120-kD
(120k) fibronectin fragments. The starting material (SM) is shown.
Resins were eluted with 20 mM EDTA. Eluted fractions were
precipitated with trichloroacetic acid and resuspended in nonre-
ducing sample buffer before electrophoresis into 10% SDS-
PAGE gels. Gels were transferred to nitrocellulose and immuno-
blotted (Blot) with anti-b1 (A) antibodies. Blots were then
stripped and reprobed using antibodies against a5 (B) or a3 (C)
subunits. Molecular mass standards are myosin (200 kD), phos-
phorylase B (97.4 kD), BSA (68 kD), and ovalbumin (43 kD).

Figure 5. Effect of RGD peptides on
a5b1 integrin–binding to 70-kD affinity
columns. Fibroblast lysates were gen-
erated as indicated in the legend to
Fig. 4. Lysates were then incubated
with either 70 (70k) or 120-kD (120k)
affinity columns in the presence of ei-
ther GRGDSP (1RGD) or GRGESP
(1RGE) at 1 mg/ml for 15 h at 48C.
Resins were eluted with 20 mM
EDTA. Eluted fractions were precipi-
tated with trichloroacetic acid and re-
suspended in nonreducing sample
buffer before electrophoresis into
10% SDS-PAGE gels. Gels were trans-
ferred to nitrocellulose and immuno-
blotted (Blot) with an anti-b1 antibody.
Molecular mass standards, shown by
dashes, are the same as those indicated
in the legend to Fig. 4. (B) Densitomet-
ric scan of the immunoblot shown in A.
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ment to BSA-coated wells (data not shown). Addition of the
anti-b1 integrin antibody, mAb13, to cytochalasin D–pre-
treated cells inhibited adhesion to r70 kD, whereas addi-
tion of the anti-avb3 integrin antibody, LM609, had no effect
on cell adhesion, indicating that the cytochalasin D–induced
increase in cell adhesion to r70 kD was mediated by the b1
integrin (Fig. 7 B). Taken together, these data indicate that
treatment of suspended cells with cytochalasin D upregu-
lates b1-integrin–mediated cell adhesion to the amino ter-
minus of fibronectin.

To investigate further the effect of cytochalasin D on
cell adhesion to either the amino-terminal or RGD region
of fibronectin, cell adhesion to varying substrate coating
concentrations was assayed. As shown in Fig. 8 A, pre-
treatment of cells with 1 mM cytochalasin D resulted in
a marked enhancement of cell adhesion over a range of
r70-kD coating concentrations as compared to control
cells, indicating that cytochalasin D pretreatment increases
the efficiency of a5b1 integrin-mediated adhesion to the
amino terminus of fibronectin. In contrast, pretreatment
of cells with 1 mM cytochalasin D resulted in a decrease in
the efficiency of cell adhesion to rIII9,10 (Fig. 8 B). These
data indicate that inhibition of actin filament assembly in
suspended cells differentially affects a5b1 integrin-medi-
ated cell adhesion to the amino terminus and the RGD re-
gion of fibronectin and further, suggest that redistribution
of actin filaments may modulate the ligand-binding speci-

Figure 6. Effect of 70 kD on
a5b1 integrin–binding to 120-kD
affinity columns. Cell lysates
were generated as indicated in
the legend to Fig. 4, and incu-
bated with either 70- (70k) or
120-kD (120k) affinity columns
in the absence (10) or presence
of 30 mM 70- (170k) or 40-kD
(140k) for 15 h at 48C. Eluted
fractions were precipitated with
trichloroacetic acid and resus-
pended in nonreducing sample
buffer before electrophoresis
into 10% SDS-PAGE gels. Gels
were transferred to nitrocellu-
lose and immunoblotted (Blot)
with an anti-b1 antibody. Molec-

ular mass standards are the same as those indicated in the legend to Fig. 4. (B) Densitometric scan of the immunoblot shown in A; 10
(solid bars); 170 kD (open bars); 140 kD (shaded bars).

Figure 7. Upregulation of cell adhesion to r70 kD by cytochalasin
D. (A) Cycloheximide-pretreated fibroblasts were incubated with
increasing concentrations of cytochalasin D in DME/0.4% Redu-
SerII/cycloheximide for 1 h before seeding onto 24-well tissue
culture plates precoated with 10 mg/ml of either r70 kD (solid
bars) or rIII9,10 (hatched bars). After either a 4-h (r70 kD) or 30-
min (rIII9,10) incubation at 378C, adherent cells were quantitated
as indicated in the legend to Fig. 2. Cytochalasin D was present

throughout the adhesion assay. Data is presented as percent of
cell adhesion measured in the absence of cytochalasin D. (B) Cy-
cloheximide-pretreated fibroblasts were incubated for 1 h with
0.5 mM cytochalasin D before seeding into tissue culture wells
precoated with r70 kD (solid bars) in the absence (10) or pres-
ence of either the anti-b1 antibody, mAb 13, or the anti-avb3 anti-
body, LM609. Control cells were pretreated with DMSO alone
for 1 h before seeding onto wells precoated with rIII9,10 (hatched
bars). After a 4-h incubation at 378C, adherent cells were quanti-
tated as indicated in the legend to Fig. 2. Data is presented as
mean absorbance measured at 540 nM 6 standard error and rep-
resents one of three experiments performed in triplicate.
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ficity of the a5b1 integrin by increasing the affinity of the
a5b1 integrin for the amino terminus of fibronectin.

Cellular Adhesion to r70 kD Induces Clustering of b1 
Integrins, but Not FAK, at Sites of Focal Adhesions

The cytoplasmic region of integrin receptors interacts with
cytoskeletal proteins and provides a link between the ex-
tracellular matrix and the cytoskeleton at sites of focal ad-
hesions (30). To determine whether adhesion of cells to
r70 kD could promote the formation of focal adhesion
structures, cycloheximide-pretreated fibroblasts were seeded
onto glass coverslips precoated with either r70 kD or
rIII9,10, and allowed to adhere and spread for 15 h. After
this incubation, cells were fixed, permeabilized, and stained
for the presence of various proteins previously shown to
be associated with focal contact structures. Cells adherent
to r70 kD developed long, thin, focal adhesions, as observed

by interference reflection microscopy (data not shown).
These focal adhesions showed positive staining for b1 inte-
grins, paxillin, a-actinin (Fig. 9 A, a–c), vinculin, and talin
(data not shown). FAK and phosphotyrosine staining were
not detected (Fig. 9 A, d and e). In addition, actin was not
organized into stress fibers commonly observed in fi-
bronectin-adherent cells (Fig. 9 B, f), but instead was seen
primarily in a circular pattern surrounding the nucleus
with fibers terminating in cell extensions (Fig. 9 A, f). Cells
seeded onto rIII9,10 developed focal adhesion structures
which appeared shorter and denser by interference reflec-
tion microscopy than those observed on r70-kD cells (data
not shown). Focal adhesions in rIII9,10-adherent cells stained
positively for b1 integrins, paxillin, a-actinin, (Fig. 9 B, a–c),
vinculin, and talin (not shown). In addition, cells seeded
onto rIII9,10 showed positive staining for both FAK and
phosphotyrosine (Fig. 9 B, d and e), and actin was orga-
nized as elongated stress fibers (Fig. 9 B, f). Focal adhe-
sions in fibronectin-adherent cells also stained positively
for b1 integrins, vinculin, talin, a-actinin, paxillin, FAK, and
phosphotyrosine (data not shown). These data indicate that
adhesion of cells to r70 kD recruits a number of cytoskele-
tal proteins to focal adhesions, but does not recruit FAK
to these structures and does not promote actin stress fiber
formation. In addition, these focal adhesions do not stain
for phosphotyrosine. Thus, these studies suggest that liga-
tion of the a5b1 integrin by the amino terminus of fibronec-
tin stimulates the formation of focal adhesion structures
which are distinct from those formed upon ligation of the
a5b1 integrin by the RGD sequence of fibronectin.

Protein Tyrosine Phosphorylation Patterns from 
Fibroblasts Adherent to r70 kD

Previous studies have demonstrated that cellular adhesion
to fibronectin stimulates the tyrosine phosphorylation of a
number of focal adhesion-associated proteins, including
FAK and paxillin (6). In the present study, cells adherent
to r70 kD did not stain for phosphotyrosine, suggesting
that a nontyrosine phosphorylated form of paxillin is re-
cruited to focal adhesion structures following adhesion to
r70 kD. To further investigate the pattern of tyrosine
phosphorylation of cellular proteins in response to adhe-
sion to r70 kD and to compare this pattern to that ob-
tained from cells adherent to either intact fibronectin or
rIII9,10, lysates were prepared from cells seeded onto r70 kD,
rIII9,10, or fibronectin and analyzed by SDS-PAGE and
immunoblotting. Fig. 10 shows an immunoblot of cell ly-
sates probed with an anti-phosphotyrosine antibody. In
cells seeded onto either rIII9,10 or intact fibronectin, ele-
vated levels of phosphotyrosine staining could be detected
in proteins migrating at z125 and 70 kD (Fig. 10, arrow-
heads). These protein bands most likely correspond to the
proteins FAK and paxillin, respectively (6). In contrast,
the levels of phosphotyrosine staining of the 125 and 70-kD
bands were significantly reduced in lysates obtained from
cells adherent to r70 kD (Fig. 10, arrowheads). In addition,
adhesion of cells to r70 kD stimulated the tyrosine phos-
phorylation of a protein migrating at z110 kD that was
not tyrosine phosphorylated in lysates isolated from cells
adherent to either fibronectin or rIII9,10 (Fig. 10, arrow).
These data suggest that the interaction of cells with the

Figure 8. Efficiency of cell adhesion to r70-kD- or rIII9,10-coated
substrates after cytochalasin D treatment. Cycloheximide-pre-
treated fibroblasts were resuspended in DME/0.4% Redu-SerII/
cycloheximide and treated with either 1 mM of cytochalasin D
(s) or DMSO (d) for 1 h before seeding onto 24-well tissue cul-
ture plates precoated with increasing concentrations of r70 kD
(A) or rIII9,10 (B). Adherent cells were quantitated as indicated in
the legend to Fig. 2. Data is presented as absorbance measured at
540 nM and represents one of two experiments performed in qua-
druplicate.
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amino terminus of fibronectin stimulates intracellular ty-
rosine kinase signaling pathways which are distinct from
those stimulated in response to ligation of the a5b1 inte-
grin by the RGD sequence of fibronectin.

Cellular Adhesion to r70 kD Results in Reduced Levels 
of Tyrosine Phosphorylation of FAK and Paxillin

To quantitate the levels of tyrosine phosphorylation of
FAK and paxillin generated in response to adhesion to
r70 kD, lysates were extracted from cells seeded onto ei-
ther fibronectin, rIII9,10, or r70 kD and immunoprecipi-
tated with antibodies directed against either FAK (Fig. 11 A)
or paxillin (Fig. 11 B). Immunoprecipitates were analyzed
by SDS-PAGE and immunoblotting using an anti-phos-

photyrosine antibody. To ensure equal loading conditions,
immunoblots were stripped and reprobed using antibodies
against either FAK (Fig. 11 A) or paxillin (Fig. 11 B). Lev-
els of tyrosine phosphorylation were quantitated by scan-
ning densitometry. The level of tyrosine phosphorylation
of FAK in cells adherent to r70 kD was z70% less than
levels of FAK tyrosine phosphorylation observed in cells
adherent to either rIII9,10 or fibronectin (Fig. 11 A). Fur-
thermore, in contrast to rIII9,10- or fibronectin-adherent
cells, paxillin was not tyrosine phosphorylated in cells ad-
herent to r70 kD (Fig. 11 B). These data indicate that a5b1
integrin–mediated adhesion to the amino terminus of fi-
bronectin results in significantly reduced levels of FAK ty-
rosine phosphorylation and does not stimulate tyrosine
phosphorylation of paxillin to detectable levels. Taken to-

Figure 9. Characterization
of r70-kD–induced focal ad-
hesions. Cycloheximide-pre-
treated fibroblasts were re-
suspended in DME/0.4%
ReduSerII containing 20 mg/
ml cycloheximide and seeded
at 105 cell/ml onto 18-mm
coverslips precoated with ei-
ther r70 kD (A) or rIII9,10
(B). After a 15-h incubation,
cells were fixed, permeabi-
lized, and stained for b1 inte-
grins (a), paxillin (b), a-actinin
(c), FAK (d), or phosphoty-
rosine (e), using a 1:300 dilu-
tion of primary antibody fol-
lowed by a 1:300 dilution of
FITC-labeled goat anti–mouse
antibody. Cells were stained
for actin (f) using fluores-
cein-conjugated phalloidin.
Cells were washed, mounted,
and examined on a micro-
scope equipped for epifluo-
rescence. Bar, 10 mm.



The Journal of Cell Biology, Volume 141, 1998 250

gether, these data suggest that the level of tyrosine phos-
phorylation of FAK and paxillin may be modulated by the
ligand specificity of the a5b1 integrin.

Adhesion to r70 kD Stimulates Migration of Fibroblasts

The a5b1 integrin has previously been shown to mediate
cell migration on fibronectin-coated substrates (32). Addi-
tional studies have demonstrated an inverse relationship
between the number and extent of focal adhesions and cell
motility on fibronectin (14). Our data indicate that a5b1 in-
tegrin–mediated adhesion of cells to r70 kD results in the
formation of focal adhesion structures that are distinct in
terms of protein composition and phosphotyrosine con-
tent from those formed in response to adhesion to rIII9,10.
Therefore, to examine cell motility on a r70-kD–coated
substrate, cycloheximide-pretreated fibroblasts were seeded
into modified Boyden chambers and allowed to migrate
through filters which had been precoated on the underside
with various concentrations of either r70 kD, rIII9,10, or in-
tact fibronectin. Fibroblast-conditioned media was added
to the lower chamber to act as a chemoattractant. As shown
in Fig. 12, cells seeded onto filters coated with increasing
concentrations of either r70 kD, rIII9,10, or fibronectin dis-
played a biphasic response with the peak rate of cell
migration occurring at a coating concentration of 7.1 nM.
This biphasic response is similar to results obtained in pre-
vious studies demonstrating that maximal cell migration
occurs at intermediate substrate-coating concentrations
(13). At both lower (0.07 nM) and higher (71.5 and 143
nM) coating concentrations, the number of cells that
migrated through r70-kD–coated filters was significantly
greater than the number of cells which migrated through
either rIII9,10- or fibronectin-coated filters (Fig. 12). The
largest difference in cell migration was observed at a coat-
ing concentration of 71 nM (r70-kD–coating concentration
of 5 mg/ml); at this concentration, 75% more cells mi-
grated through r70-kD–coated filters than through rIII9,10-
coated filters (Fig. 12). These data indicate that the amino

terminus of fibronectin is capable of supporting directed
cell migration, and that the extent of migration of stimu-
lated fibroblasts on a r70-kD–coated substrate at both low
and high coating concentrations is greater than that ob-
served with cells adherent to rIII9,10. Taken together, these
data suggest that the amino-terminal and cell-adhesion do-
mains of fibronectin can differentially affect cell motility.

Discussion
At various times during development and wound repair,
fibronectin matrix assembly is upregulated to support the
functions of cell adhesion, migration, and differentiation.
In one of the initial steps of fibronectin matrix assembly,
adherent cells bind the amino-terminal region of fibronec-
tin (39, 54). Whereas several earlier studies have charac-
terized the response of cells to RGD-containing fragments
of fibronectin (61), in the present study, we have devel-
oped a model that allows us to examine the cellular re-
sponse initiated by the binding of the amino terminus of fi-
bronectin to cell surfaces. The results presented in this
study provide evidence that the amino terminus of fi-
bronectin can trigger a5b1 integrin–mediated intracellular
signals that are distinct from those generated in response
to ligation of the a5b1 integrin with fibronectin’s RGD se-
quence. These findings are the first to demonstrate that
the amino-terminal matrix assembly domain of fibronectin
directly modulates integrin-mediated tyrosine kinase ac-
tivity and focal contact assembly.

Previous studies have demonstrated that inhibition of

Figure 10. Tyrosine phos-
phorylation of proteins iso-
lated from cells adherent to
r70 kD, rIII9,10, or fibronec-
tin. Cycloheximide-pretreated
fibroblasts were resuspended
in DME/0.4% ReduSerII
containing 20 mg/ml cyclo-
heximide and seeded at 106

cell/ml onto 100-mm tissue
culture dishes precoated with
fibronectin (FN), rIII9,10,
(rIII9,10), or r70 kD (r70k).
After a 15-h incubation at
378C, cells were lysed with
RIPA buffer, and equal ali-
quots of clarified lysates
were electrophoresed into
8% SDS-PAGE gels. Gels

were transferred to nitrocellulose and immunoblotted (Blot) using
an anti-phosphotyrosine (Anti-pTyr) antibody. The positions of
p125 and p70 are indicated by the arrowheads. The position of p110
is indicated by the arrow to the right of the blot. Molecular mass
standards are the same as those indicated in the legend to Fig. 4.

Figure 11. Phosphotyrosine content of FAK and paxillin isolated
from cells adherent to r70 kD, rIII9,10, and fibronectin. Cyclohex-
imide-pretreated fibroblasts were seeded onto 100-mm tissue cul-
ture dishes precoated with either fibronectin (lane 1), rIII9,10,
(lane 2), or r70 kD (lane 3). After a 15-h incubation at 378C, cells
were lysed with RIPA buffer, and equal aliquots of clarified ly-
sates were immunoprecipitated (IP) with anti-FAK (A) or anti-
paxillin (B) antibodies. Immunoprecipitates were separated by
SDS-PAGE and analyzed by immunoblotting (Blot) using the
anti-phosphotyrosine antibody, PY20 (pTyr). To ensure equal
loading, blots were stripped and reprobed with the anti-FAK (A)
or anti-paxillin (B) antibodies.
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tyrosine kinase activity prevents the tyrosine phosphoryla-
tion of FAK and the formation of focal adhesions, suggest-
ing that FAK tyrosine kinase activity is necessary for focal
contact formation (6, 56). Other studies, however, suggest
that FAK activation plays a role in the modulation, rather
than the formation of focal adhesion structures. Overex-
pression of the carboxyl-terminal noncatalytic domain of
FAK, pp41/43FRNK (60), was shown to inhibit tyrosine
phosphorylation of endogenous FAK and delay, but not
prevent focal adhesion formation (55). Similarly, microin-
jection of cells with a construct containing the FAK focal
adhesion targeting sequence, but not the kinase domain,
decreased both the association of endogenous FAK with
focal adhesions and focal adhesion tyrosine phosphoryla-
tion content, but did not reduce focal adhesion formation
(20). Moreover, fibroblasts isolated from FAK-deficient
mouse embryos formed phosphotyrosine-containing focal
adhesions (33). Our data provide evidence that clustering
of occupied b1 integrins and formation of focal adhesions
can occur in the absence of FAK clustering and in the

presence of reduced tyrosine phosphorylation. Further-
more, whereas clustering of b1 integrins was induced by
adhesion to either the amino-terminal or RGD domain of
fibronectin, only RGD-mediated ligation induced FAK
clustering, suggesting that specific ligand occupancy of the
a5b1 integrin, and not b1 clustering, recruits FAK to focal
adhesions and modulates tyrosine kinase activity.

After cell attachment to fibronectin, both FAK and pax-
illin accumulate at sites of focal adhesions and are rapidly
phosphorylated on tyrosine residues (6). Overexpression
of FAK in chicken embryo cells results in the induction of
tyrosine phosphorylation of paxillin (58). In addition, in
vitro and in vivo evidence suggests that paxillin may be a
substrate for tyrosine phosphorylation by FAK (4, 23, 70).
The association of paxillin with FAK has led to the sugges-
tion that FAK activity may be required for targeting of
paxillin to focal adhesions (57). More recent evidence,
however, indicates that tyrosine phosphorylation of paxil-
lin by FAK is not required for the localization of paxillin
to established focal contacts (4). Our data extend these ob-
servations by providing evidence that paxillin tyrosine
phosphorylation is not required for localization into newly
formed r70-kD–induced focal adhesions. In addition, pax-
illin accumulates in 70-kD–induced focal adhesions in the
absence of focal adhesion–associated FAK.

Adhesion of cells to r70 kD stimulated the tyrosine phos-
phorylation of a protein with a molecular mass of z110 kD
(p110). Tyrosine phosphorylation of p110 was unique to
r70-kD–adherent cells as this protein was not tyrosine
phosphorylated in lysates extracted from cells which were
adherent to rIII9,10. To date, we have been unable to deter-
mine the identity of this protein. Nevertheless, the tyrosine
phosphorylation of p110 after cell adhesion to r70 kD pro-
vides further evidence that the interaction of cells with the
amino terminus of fibronectin stimulates a unique signaling
pathway not associated with RGD-mediated cell adhesion.

The ability of the a5b1 integrin to transduce distinct sig-
nals upon interacting with either the amino-terminal or
RGD region of fibronectin suggests that information spec-
ified by different regions of fibronectin may serve to mod-
ulate intracellular signals stimulated during processes in-
volving adhesion to fibronectin. The ability of r70 kD to
promote an increased haptotactic response versus rIII9,10
suggests the possibility that altering the ligand specificity
of the a5b1 integrin may be a mechanism by which cells
regulate the rate and/or extent of migration. Cellular mi-
gration is a dynamic process, which requires adhesive
events that coordinate interactions between the integrin
receptor and the actin cytoskeleton to regulate the forma-
tion and release of focal adhesions (28). Previous studies
have correlated a decrease in actin stress fiber formation
(14) and a disruption of focal adhesions (37) with growth
factor–stimulated increases in cell motility. In addition,
CHO cells expressing aIIbb3 integrin mutants that increase
the organization of actin filaments, displayed a decrease in
the rate of cellular migration on a fibrinogen-coated sub-
strate (29). In the present study, adhesion of cells to r70
kD was associated with a decrease in focal contact density,
as well as a decrease in actin stress fiber formation as com-
pared to rIII9,10-adherent cells. The ability of the a5b1 integ-
rin to transduce separate signals that give rise to both dis-
tinct patterns of actin organization and differences in the

Figure 12. Haptotaxis of fibroblasts on r70-kD-, rIII9,10- or
fibronectin-coated substrates. Cycloheximide-pretreated fibro-
blasts were resuspended in DME/0.4% ReduSerII containing 20
mg/ml cycloheximide and seeded into individual Boyden cham-
bers at 105 cell/ml onto 8 mm polycarbonate filters precoated on
the underside with either r70 kD (solid bars), rIII9,10 (open bars),
or fibronectin (hatched bars). After a 12-h incubation at 378C, fil-
ters were removed and the number of cells that had migrated
onto the substrate-coated side of the filter were quantitated as in-
dicated under Materials and Methods. Migration results are ex-
pressed as cells/high power field (HPF). The average number of
cells that migrated on BSA-coated filters was <2/HPF. Data is
presented as mean HPF 6 standard error and represents one of
two experiments performed in triplicate. *Significantly different
from rIII9,10 group (P , 0.05). 'Significantly different from rIII9,10
group (P , 0.01).



The Journal of Cell Biology, Volume 141, 1998 252

extent of cell motility, suggests that the preferential liga-
tion of the a5b1 integrin with either the amino-terminal or
RGD region of fibronectin may serve to modulate cell mi-
gration on a fibronectin matrix.

Pretreatment of fibroblasts with cytochalasin D differen-
tially affected a5b1 integrin-mediated cell adhesion to the
amino-terminal or RGD domains of fibronectin, suggesting
that the ligand specificity of the a5b1 integrin is regulated
in part by the actin cytoskeleton. The cytochalasin D–induced
increase in efficiency of cell adhesion to amino-terminal
fibronectin fragments suggests that actin filament redistri-
bution promotes an increase in the affinity of the a5b1 integ-
rin for the amino terminus of fibronectin. Previous studies
have demonstrated that the integrin cytoplasmic domain
plays a role in modulating the conformation and ligand-
binding properties of the extracellular domain of several
integrin subclasses, including a5b1 (12, 22, 26, 51). There-
fore, as hypothesized by Elemer et al. (16), it is possible
that transient alterations in actin filament assembly may
function to modulate a cytoskeletal constraint on the cyto-
plasmic region of the integrin to allow for changes in ligand
recognition. Our data are consistent with a model, in which
actin filament redistribution releases a conformational con-
straint on the cytoplasmic domain of the a5b1 integrin, which
serves to promote the transition of the a5b1 integrin to a con-
formation recognized by the amino terminus of fibronectin.

The present study, together with several recent studies
(24, 64, 73), suggest the existence of three distinct sites on
cell surfaces which interact with fibronectin’s amino termi-
nus. We have previously identified a conformation-depen-
dent binding site within the III1 module of fibronectin
which binds to the amino terminus of fibronectin (24).
More recently, cross-linking studies have identified large
molecular mass molecules that interact with the 70-kD fi-
bronectin fragment on cell surfaces (73). Whereas our data
clearly demonstrate that the matrix assembly domain of fi-
bronectin binds to the a5b1 integrin and modulates a5b1-
dependent signaling pathways, the possible contribution of
the large molecular mass molecule to the observed pheno-
type of cells adherent to the 70-kD fibronectin fragment
cannot be ruled out. Similarly, although our experiments
were conducted in the presence of cycloheximide, we can-
not exclude the possibility that small amounts of fibronec-
tin may contribute to or modify the r70-kD–induced pheno-
type in cycloheximide-pretreated fibroblasts. Nevertheless,
the 70-kD–induced phosphorylation of p110, as well as the
novel actin structures observed in cells adherent to 70 kD,
provide compelling evidence that the amino-terminal ma-
trix assembly domain of fibronectin modulates a5b1-
dependent signaling pathways involved in the regulation
of focal adhesion formation and intracellular tyrosine
phosphorylation events.

Our studies suggest a model of a5b1 integrin occupancy,
in which binding of either the amino-terminal or RGD do-
main of fibronectin to the a5b1 integrin negatively regu-
lates occupancy by the other fibronectin ligand. Recently,
Mould et al. (45) demonstrated that occupancy of the a5b1
integrin with RGD-containing peptides allosterically in-
hibits the binding of the anti-b1 antibody, mAb13, to the
a5b1 integrin, suggesting that occupancy of the a5b1 integrin
with RGD induces a conformational change within the in-
tegrin, which attenuates the expression of the epitope-rec-

ognized mAb 13. In the present study, RGD peptides were
shown to inhibit cell adhesion to the amino terminus of fi-
bronectin, whereas amino-terminal fibronectin fragments
and RGD peptides were able to cross-compete for binding
to the a5b1 integrin, suggesting that these two domains of
fibronectin cannot bind to the a5b1 integrin simultaneously.
The reciprocal inhibition of a5b1 integrin binding, coupled
with the ability of these two regions of fibronectin to gen-
erate distinct intracellular signaling events, suggests that
these two conformations of the a5b1 integrin may reflect
an actin-dependent intramolecular switch that serves to
control integrin function. Previous studies have shown that
divalent cations, as well as monoclonal antibodies, can af-
fect ligand binding to integrins, suggesting that conforma-
tional changes within the integrin can affect ligand speci-
ficity (27, 61). Our studies suggest the possibility that the
amino terminus of fibronectin and the “classic” cell-bind-
ing domain of fibronectin may represent examples of
physiologically relevant ligands that can modulate integrin
conformation and, furthermore, provide direct evidence
that these conformational changes lead to the activation of
distinct intracellular signaling pathways. These studies also
provide the groundwork for future studies which may elu-
cidate the specific pathways responsible for control of dis-
tinct cellular phenotypes previously attributed to b1 inte-
grin function, including cell migration, matrix assembly,
and secretion of metalloproteases (27).
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