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Fibronectin is a large, adhesive glycoprotein which is found in a number of lo-
cations, most notably on cell surfaces, in extracellular matrixes, and in blood.
Fibronectin has been detected in all vertebrates tested and in many inverte-
brates. Its presence in sponges is significant because this suggests that fibronec-
tin may have appeared very early in evolution, possibly with the most primitive
multicellular organisms. Cellular and plasma fibronectins have many striking
similarities. However, the locations of the polypeptide chain differences be-
tween these two proteins indicate that plasma fibronectin cannot be derived
from cellufar fibronectin by means of simple post-translational proteolysis. In-
stead, these different types of fibronectin may be products of different genes
or of differentially spliced messenger RNA molecules. Amniotic fluid fibronec-
tin is possibly a third form of the protein. Cellular and plasma fibronectins are
composed of at least six protease-resistant domains which contain specific
binding sites for actin, gelatin, heparin, Staphylococcus aureus, transglutamin-
ase, fibrin, DNA, and a cell surface receptor. The relative locations of these
domains have been mapped in the primary structure of fibronectin. The cell
surface receptor for fibronectin has not been positively identified, but may be
a glycoprotein, a glycolipid, or a complex of the two. Although cell-substrat-
um adhesion is mediated by fibronectin, the locations of the areas of closest
approach of the cell to the substratum (the adhesion plaques) and fibronectin
are not coincident under conditions of active cell growth. Under conditions of
cell growth arrest in low serum concentrations, some fibronectin may become
localized at the adhesion plaques. Models describing the domain structure of
fibronectin and the molecular organization of the adhesion plaque area are
presented.

Key words: fibronectin, evolution, proteolytic fragment, domain structure, receptor, glycoprotein,
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Fibronectins are high molecular weight, multifunctional, adhesive gly-
coproteins found on cell surfaces, in extracellular matrices, and in blood. Studies
of the structure and function of fibronectin have expanded rapidly in the past few
years, and since earlier work has been extensively reviewed in numerous previous
publications [cf. 1-4], such an effort will not be repeated here. In this brief re-
view, we shall concentrate on several recent important conceptual advances in the
biochemistry of this glycoprotein. The reader should consult the recent general re-
views for background and historical information.
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EVOLUTION

Fibronectin has been localized in such a wide variety of mammalian
and avian tissue and cell types that it can be considered a virtually ubiquitous
structural and adhesive protein in these animals. Sources of fibronectin, besides
cultured fibroblasts and blood, include amniotic fluid [5-7], platelets {8], endothe-
lial cells [9-11], myoblasts [12,13], lens epithelial cells [14], cerebrospinal fluid
[15], and seminal plasma [16]. Furthermore, fibronectin has been localized in a
wide range of basement membranes [17] including tooth basement membrane [18],
kidney mesangium [19], and glomerular basement membrane [20]. The biochemi-
cal similarities among the fibronectins from the different sources are quite stri-
king, and the immunological cross-reactivities are well established [21-23].

Fibronectin, or an antigenically similar protein, has been detected by immu-
nofluorescence techniques on cells from three lower invertebrates: the sea urchin
(Sphaerachinus granularis) embryo [24], dissociated freshwater sponge (Ephydatia
mulleri) cells [25], and dissociated seawater sponge (Microciona porifera) cells
[26]. In most cases, fibronectin is localized to the external surfaces of the cells and
the area between cells. Unlike vertebrate cell surface fibronectin, invertebrate fi-
bronectin does not appear to be arrayed in fibrillar patterns. Populations of disso-
ciated sponge cells do not diplay uniform staining, but instead, a fraction of both
the freshwater and seawater sponge cells always exhibit no fibronectin. This may
be attributable to the existence of different sponge cell types producing varying
amounts of fibronectin or to sponge cells in different stages of development pro-
ducing different amounts of fibronectin. Nevertheless, these results suggest that fi-
bronectin on invertebrate cells may play a similar role to that on vertebrate
cells—as a component of the extracellular matrix.

Radioimmunoassay determinations of fibronectin in animal tissue homogen-
ates suggest that fibronectin is present in all vertebrates and urochordates and in
most invertebrates [26]. Fibronectin apparently evolved with the earliest organisms
displaying differentiated cells. Some animals, notably the horseshoe crab and the
earthworm, have no fibronectin in their body tissues, although horseshoe crab
hemolymph appears to contain substantial amounts. It must be emphasized, how-
ever, that negative results with the radioimmunoassay do not necessarily imply the
complete absence of fibronectin. Such a result may be caused by lack of sensitivity
or immunocrossreactivity under the conditions of the assay.

MAJOR FIBRONECTIN TYPES

Although fibronectin is distributed in a wide variety of animals and tissues,
there are at least two major forms: plasma fibronectin, also known as cold insolu-
ble globulin (or Clg), is found in blood, and cellular fibronectin, previously
known as LETS (large, external, transformation-sensitive) protein or CSP (cell
surface protein), is found on the surfaces of cultured cells. Plasma fibronectin is
involved in cell-substratum adhesion, blood clotting, and reticuloendothelial sys-
tem clearance of colloids. Cellular fibronectin seems to function in cell-cell adhe-
sion, cell-substratum adhesion, cell motility, specific binding of macromolecules,
and maintenance of a normal phenotype {1-4, 27-36].

Both types of fibronectin have closely similar molecular weights of =200-
250,000 [2], similar amino acid compositions and peptide maps {37, 38], immuno-
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logical cross-reactivities [54, 69], carbohydrate contents of = 5% [38], and similar
spectroscopic and hydrodynamic properties [37, 39, 40]. Additionally, the two
forms of fibronectin both show biological activities for cell attachment to colla-
gen, cell spreading, and binding to gelatin, heparin, actin, DNA, Staphylococcus
aureus, transglutaminase, and the plasma membrane [1, 2, 42-44].

However, there are some significant differences between the two major types
of fibronectin. Cellular fibronectin is an insoluble multimer under physiological
conditions, whereas plasma fibronectin is a soluble dimer [37]. Cellular fibronec-
tin is =50 x more active in morphological restoration of transformed cells and
150-200 x more active in hemagglutination [44]. Cellular fibronectin also contains
much less fucose and possibly sialic acid than the plasma molecule [45, 46].

Chicken fibroblast fibronectin and chicken plasma fibronectin have at least
three specific regions in their polypeptide chains that differ [42]. Figure 1 shows a
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis pattern of ther-
molysin digests of chicken cellular and plasma fibronectins. The two forms are
cleaved in a homologous manner, but the 132,000- and 114,000-molecular weight
(MW) fragments from plasma fibronectin are = 10,000 daltons smaller than the
analogous fragments from cellular fibronectin. These fragments are found on fur-
ther analysis to contain two difference regions [42]. In contrast, the 44,500-MW
fragment from plasma fibronectin is /arger than the 43,200-MW fragment from
the cellular protein. This fragment contains the third difference region. These dif-
ferences are significant in that their internal locations on the polypeptide chain ex-
clude the possibility that plasma fibronectin is a simple posttranslational proteoly-
tic product of cellular fibronectin. Therefore, the existence of these two different
types of fibronectin can be attributable either to difference genes or to different
messenger RNA splicing mechanisms. Thus, although all fibronectins appear to be
very similar in a number of important aspects, it must be emphasized that they are
not identical.

A third possible form of fibronectin is found in amniotic fluid. This material
is derived from amniotic tissue rather than maternal or other fetal tissues [5, 6]. It
has immunological cross-reactivity with plasma fibronectin, although amniotic
fluid fibronectin has a slightly higher monomer MW of 230,000 [5, 6]. This differ-
ence at least partially derives from its higher carbohydrate content of 9.5-9.6%
compared with plasma (5.8%) and cellular (5.6%) fibronectins [7, 37]. Amniotic
fluid fibronectin has similar amounts of mannose and sialic acid as plasma fibro-
nectin, but contains more glucosamine, galactosamine, galactose, and fucose. This
difference in glycosylation may possibly be related to differences in cell type or
developmental stage [7]. Amniotic fluid and plasma fibronectins have the same
amino acid compositions, and very similar, though not identical tryptic digestion
maps. However, such differences in the peptide maps may be attributable to dif-
ferential susceptibility to proteolysis resulting from dissimilar carbohydrate con-
tent [7, 47].

Amniotic fluid fibronectin has the same activity as plasma fibronectin in cell
spreading assays [7]. Furthermore, amniotic fluid fibronectin has been localized to
the extracellular and pericellular matrix of cultured amniotic fluid cells in fibrillar
patterns that are similar to those of cellular fibronectin [6]. The biological signifi-
cance of the difference in glycosylation of this form of fibronectin is not known,
and its biochemical relationship to the plasma and cellular fibronectins is not yet
clear.
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DOMAIN STRUCTURE OF FIBRONECTIN

Fibronectin is an asymmetric glycoprotein with disulfide bonded A and B
chains joined near the C-terminus [1-4]. The A and B chains are very similar but
not identical polypeptides [48] which are organized into discrete functional do-
mains. These domains have been characterized as specific protease-resistant frag-
ments that bind to gelatin [7, 42, 49-53, 55-62], heparin [42, 57, 63, 64], actin
[42, 62], DNA [42], S aureus [42, 43], fibrin [66], transglutaminase [43, 58, 67],
and the plasma membrane [56-58]; they also have characteristic carbohydrates
and free sulfhydryl groups. These domains, isolated or identified mainly by affin-
ity chromatography of proteolytic fragments, are summarized in Table I. A model
representing the assembly of these functional domains into a complete fibronectin
monomer is shown in Figure 2, emphasizing the relative positions of the binding
sites, carbohydrates, and the intrachain disulfide bonds within the primary
structure.

The N-terminus has been studied in detail [50, 60, 68]. The terminal amino
acid is a pyrolidone glutamic acid which can be removed by pyroglutamate ami-
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Fig. 1. SDS-polyacrylamide gel electrophoresis of proteolytic fragments of chicken plasma (p) and
cellular (¢) fibronectins. The fibronectins (1 mg/ml) were digested in 0.1 M NacCl, 10 mM CacCl,, and
50 mM Tris-HCI (pH 7.0) at 30°C for 30 min by thermolysin at a concentration of 30 ug/ml. A com-
posite gel system was employed using a 4% stacking gel with a 7.5-13.5% resolving gel as described in
reference [42]. Each slot was loaded with 15 ug of protein. Numbers to the right of the gel indicate the
molecular weights of the fibronectin fragments.
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no-peptidase. The amino acid sequence is pGlu-Ala-Glx-Glx-Met-Val- which is
identical to that of a 72,000-MW gelatin binding fragment formed by cathepsin D
digestion [50]. This 72,000-MW fragment is further cleaved into a 29,000- and a
43,000-MW fragment by subsequent thrombin digestion. The smaller fragment re-
tains the blocked N-terminal amino acid sequence, but does not bind to gelatin,
whereas the 43,000-MW fragment binds to gelatin and has a different N-terminal
amino acid sequence of Ala-Ala-. N-terminal fragments of MW 27-34,000 similar
to the 29,000-MW cathespin D thrombin fragment appear early in proteolytic di-
gests by subtilisin, thermolysin, leukocyte elastase, and trypsin. The latter frag-
ments can be purified either as a nongelatin binding fraction or with a DEAE col-
umn as a nonadsorbed fraction. This polypeptide region (designated as domain 1)
contains binding sites for actin [42, 62}, fibrin [66], heparin [42, 57], and S aureus
{42, 43], and has many intrachain disulfide bonds but no carbohydrates or free
sulfhydryls. It can be cross-linked to polyamines and collagen by transglutaminase
42, 58, 67].

The nearest neighbor to domain 1 is a region which binds exclusively to gela-
tin (domain 2). It has an N-terminal sequence of Ala-Ala-Val-Tyr-GiIn-Pro-Gln-
Pro-His-Pro-Glu-Pro-(Pro)-(Gly)-Try-Gly-His-( )-Val- {50, 59, 60], and
has a MW of 30-45,000. Domain 2 can be produced by virtually all proteases.
This region contains almost all of the total fibronectin carbohydrate and =25
half-cystines, but no free sulfhydryls [58].

Limited thermolysin digestion results in a 55- to 57,000-MW fragment which
can bind to actin, DNA, gelatin, heparin, and S aureus; it can be subsequently
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Fig. 2. Tentative model of the domain structure of fibronectin. This model was deduced from the
data reported in the references cited in the text. CHO indicates the positions of the complex carbohy-
drate moieties which are attached to the polypeptide chain via asparaginyl residues. S-S and -SH indi-
cate the relative positions of the disulfide bonds and a free sulfhydryl group, respectively. The domains
are numbered as described in the text. The sizes of the domains represent the molecular weights of pro-
teolyic-resistant fragments and, hence, vary according to the protease used. The ligands refer to the
binding site specificities possessed by each domain.
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cleaved to a 45- to 45,000-MW fragment which binds only gelatin [42]. Thus, do-
main 3 must be a very small (MW =<20,000) region which can bind to actin,
DNA, gelatin, heparin, and S aureaus. Domain 3 has not yet been isolated or well
characterized, but seems to have few disulfides and no carbohydrates.

The C-terminal half of fibronectin is not well understood. To avoid confu-
sion, the next two domains will be designated domain “4” and domain “5”, where
the quotation marks emphasize the tentative nature of any assignment. Both do-
mains “4” and “5” bind to heparin and DNA and either domains 3, “4”, or “5”
may contain the fibronectin cell-binding site [42, 56, 57, 58, 65]. Domain “4”
binds to S aureus whereas domain “5” does not. Domain “4” seems to have no
carbohydrates, few disulfides, one free sulfhydryl, and includes a 50,000-MW
heparin-binding fragment with an N-terminal sequence of Glu-Asp-Asp- [64].
Domain “5” has few carbohydrates, no free sulfhydryls, and has a 21,000-MW
fibrin-binding fragment derived from the A chain [66]. Domains “4” and “5” have,
however, not been extensively investigated and the possibility exists that, in the
future, the region may be divided into three or more domains; the arrangement of
this section of the fibronectin molecule in Figure 2 must, therefore, be regarded as
provisional.

The C-terminus of the fibronectin molecule is contained in a very small frag-
ment of MW <2000 (domain 6). The C-terminus itself appears to be blocked and
its sequence is unknown. Domain 6 has not been positively identified but is be-
lieved to contain the interchain disulfide bond(s). Very mild digestion of fibronec-
tin by any protease seems to remove this domain, as indicated by the fact that the
migration of the remaining large fragment (MW = 200,000) in SDS-gel electro-
phoresis has never been observed to be influenced by the presence or absence of
dithiothreitol.

The three difference regions between chick cellular and plasma fibronectins
discussed in the previous section have all been localized: in domain 2 (cellular fi-
bronectin is 1000 MW smaller), in domain “4” (cellular fibronectin is 11,000 MW
larger), and in domain “S” (cellular fibronectin is 1000 MW smaller) [42].

CELL SURFACE RECEPTOR

Fibronectin is a cell surface and extracellular matrix protein and not an in-
tegral membrane protein, as it can be detached without the use of detergents [1, 2,
30, 70]. Although arranged in immobilized fibrillar arrays across the cell surface,
fibronectin does not form molecular barriers. Surface antigens, lipid probes, and
fluorescent ganglioside analogs all have free mobility within the entire lipid phase
of the cell surface [71], although large particles can be impeded [72].

Direct and indirect interactions between cytoskeletal elements and fibronec-
tin on the cell surface have been suggested [1, 2, 73-76]. There appear to be areas
of close transmembrane associations between fibronectin fibers and 5-nm microfil-
aments in dense zones just inside the plasma membrane [74]. Some immunofluor-
escence studies suggest a direct transmembrane linkage between fibronectin and
actin-containing fibers [75, 76]. The directionality of the fibronectin-cytoskeletal
interaction appears to be two way. Treatment of normal cells with proteases or
antifibronectin antibodies causes cell rounding and a loss of cytoskeletal organiza-
tion [22]. Disrupting the cytoskeleton with cytochalasin causes a release of cellular

270:CR



Fibronectins JSSCB:353

fibronectin [76]. Conversely, the addition of fibronectin to transformed cells pro-
motes the organization of microfilament bundies {1, 2, 36, 78].

All the observations cited previously suggest that fibronectin might bind at
discrete points on the cell surface via a specific receptor. Although the exact na-
ture of the fibronectin receptor is still unknown, it should be specific for fibronec-
tin, anchored in the plasma membrane, and somehow directly or indirectly
interact with cytoskeletal components. There are indications that the cell surface
receptor for fibronectin is either a glycoprotein, or a glycolipid, is possibly both
[79-84].

Fibronectin-coated latex beads bind to the surface of baby hamster kidney
cells [79]. The rate of binding is temperature dependent, with much faster binding
at 22°C than at 4°C; surprisingly, the binding can occur even in the absence of
divalent cations. Binding of the beads to the cells is saturable and is competitively
inhibited by attachment of the cells to fibronectin-coated dishes. Mild pretreat-
ment of the cells with trypsin (0.01 mg/ml for 10 min) results in greatly reduced
cell-bead binding. Also, when cells were treated with various plant lectins, eg,
the presence of 50 ug/ml wheat germ agglutinin, but not concanavalin A, inhibit-
ed the binding of the coated beads to the cells. These findings have been inter-
preted as suggesting that the cell surface receptor for fibronectin is a glycoprotein
[79, 80].

However, glycolipids have also been implicated as possible cell surface fibro-
nectin receptors [81-84]. Gangliosides rich in sialic acid inhibit the binding of Chi-
nese hamster ovary cells to collagen [81]. Of the six gangliosides tested, GT, and
GD,, most effectively inhibit cellular attachment in a concentration-dependent
manner. Such effects cannot be attributed to cytotoxicity and are not produced by
the ceramide portion of the gangliosides, individual sugars, or polysaccharides.
The isolated, sialic acid-containing oligosaccharide portion of mixed gangliosides
retains this inhibitory effect, whereas oxidation of the sialic acid portion of intact
gangliosides diminishes it. Mixed brain gangliosides inhibit both the binding of fi-
bronectin to human fibroblasts {83] and the spreading of baby hamster kidney
cells on plastic [84]. A variety of other biological assays for fibronectin are inhib-
ited by gangliosides [82]. These assays include fibronectin-mediated hemagglutina-
tion, cell spreading, and restoration of a normal morphological phenotype to
transformed cells. Charged phospholipids such as phosphatidylserine and phos-
phatidylinositol are less inhibitory, whereas uncharged lipids and ceramides are
not inhibitory. The extent of inhibition increases with the number of sialic acid
residues per ganglioside. The specificity for the fibronectin-ganglioside interaction
appears to involve the oligosaccharide moiety, but it is relative rather than abso-
lute. Consequently, a cell with large amounts of GM, may be able to bind as
much fibronectin as a cell with smaller amounts of GD,, or GT,.

The interaction of fibronectin and the cytoskeleton is especially interesting
on the ventral surfaces (bottoms) of fibroblasts at those areas of minimum dis-
tance between the cell and the substratum called adhesion plaques. Fibronectin is
concentrated on the ventral surfaces of isolated cells [2, 85]. Although cell-sub-
stratum adhesion can be mediated by fibronectin [33], it has become apparent
that, in general, the locations of fibronectin and those of adhesion plaques do not
coincide. On freshly plated human fibroblasts, the locations of fibronectin immu-
nostaining and adhesion plaques (focal contacts) as observed by reflection inter-
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ference microscopy are not identical [86], although it could be argued that the Tri-
ton X-100 extraction used in this case was insufficient to allow penetration of the
antifibronectin antibodies [87]. The adhesion plaques (focal contacts) of chick
heart fibroblasts are also generally found to be devoid of fibronectin, although it
can often be found in very close proximity to these loci [88]. Less than 10% of the
adhesion plaques/cell show any substantial fibronectin localization and 7-12%
show weak fibronectin localization. These results are independent of the method
of fixation (3% glutaraldehyde or 4% formaldehyde) and method of permeabiliza-
tion (1% Triton X-100 or 100% acetone). In addition, ultrathin frozen sections
show no immunoelectron microscopic labeling for fibronectin at adhesion plaques
although there is extensive labeling elsewhere on the cell surface [89]. As a
control, labeling for concanavalin A is observable in the adhesion plaques, indica-
ting such areas are accessible to antibodies {88, 89].

The organization of fibronectin on the cell surface closely resembles but does
not necessarily coincide with that of microfilament bundles [1, 2, 73, 75, 90]. Vin-
culin is a 130,000-MW protein, which is located at the membrane attachment re-
gions for actin fibers throughout the cell and near the ends of the fibronectin
fibers on the dorsal surfaces (tops) of the cells [91, 92]. Fibronectin fibers have
been found to be associated with vinculin in the adhesion plaques of growth-ar-
rested cells cultured in very low concentrations of serum; however, this relation-
ship seems to disappear in growing cells [93], where the distributions of
fibronectin and vinculin seem not to be related in many cases.

The major features of the findings discussed in this section can be summar-
ized in a highly schematic model (Fig. 3) for the possible molecular arrangement
of the adhesion plaques of cultured fibroblasts. It must be emphasized that cell
adhesion is a very complex event. There are at least two types of adhesion con-

Actin
/ Microfilaments

Vinculin

vvvvv

Fig. 3. Tentative schematic model for the adhesion plaque area of a cell. The symbol @ represents as
yet unidentified serum proteins, {1 represents the cellular fibronectin binding site, and V represents the
intramembrane anchoring site for microfilament bundles.
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tacts of cells to substrata [94, 95] and multiple, specialized cell-cell adhesive struc-
tures [95-98]. These cell-substratum structures include both adhesion plaques (fo-
cal contacts) and broad areas of slightly more distant contact called close contacts.
It is, therefore, likely that other proteins besides fibronectin will be implicated in
cell adhesion.

Cells are thought to adhere to collagen or artificial substrates by means of
intermediary proteins such as fibronectin or other serum and cellular proteins and
macromolecules. The role of fibronectin in adhesion has been well documented
[1-4, 98] and, although it is absent from adhesion plaques under some conditions,
it is present in the close contact regions of cell-substratum adhesion [86, 87, 89].
In fact, cell spreading and locomotion can occur in the absence of focal contacts,
presumably by means of close contacts [100, 101]. Thus in Figure 3, fibronectin is
shown as being adjacent to, but not at the site of, the adhesion plaque. The mole-
cules on the substrate under the plaque may be serum proteins or other cellular
proteins besides fibronectin.

The model shows two key anchor points at the plasma membrane. The first
involves vinculin and perhaps an integral membrane component anchoring actin
microfilaments to the inner face of the plasma membrane. The other is the fibro-
nectin receptor (either a glycoprotein, glycolipid, or both in a complex) anchoring
fibronectin fibrils to the outside of the plasma membrane. These two anchor
points may not be at superimposable locations at opposite sides of the plasma
membrane, and the question mark emphasizes our current uncertainty about the
relationship of the hypothesized points. In fact, vinculin and the fibronectin re-
ceptor are probably bound to separate membrane constituents, since their immu-
nolocalization patterns can differ. The two anchor points may communicate via a
hypothetical transmembrane element, although not necessarily by a direct physical
association. Further analysis of this possible linkage will be of considerable
interest.

PROSPECTS FOR THE FUTURE

A large number of advances have been made during the past few years in
fibronectin research, especially in the areas of the structure and localization of
fibronectin. However, much more research will be necessary to elucidate the mo-
lecular basis for the functionality of fibronectin. Characterization of the cellular
binding site on fibronectin is an important and necessary next step. Although a
cell binding domain seems to have been observed, it has neither been isolated nor
examined in detail. Perhaps the use of antibody or glycolipid affinity chromatog-
raphy will help to isolate the cellular binding domain(s). Furthermore, the DNA,
transglutaminase, and other domains have yet to be positively identified. More-
over, the possible binding of certain ligands to the same sites should be examined.
The C-terminal portion of the molecule is still ill defined, and positive localization
and quantitation of the interchain disulfide bond(s) are still needed.

Isolation of the cell surface receptor for fibronectin is essential before ques-
tions about the molecular basis for cellular attachment and mobility can be an-
swered. The relationship between fibronectin and the cytoskeleton must also be
better elucidated. Since fibronectin seems to be a highly conserved protein, it
would also be very interesting to isolate and/or localize fibronectins from various
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invertebrate sources and compare their molecular characteristics, eg, domain
structures.

Finally, the cell type that synthesizes plasma fibronectin should be identified,
and the genetic or messenger RNA splicing mechanisms responsible for the pro-
duction of cellular versus plasma fibronectins determined. It is probably safe to
predict that the field of fibronectin research will continue to provide many more
surprises and insights into the molecular basis of cell behavior.
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