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NP40

^ 28Qnm
PBS

cPBS

FBI
PMSF
RES
RT°
S
SAM
S. aureus

Hours
Iodine
IniriunoelectroEhoresis
Kilodaltons
Litre (ml, millilitre, etc.)
Molar (mM, millimolar, etc.)
Morpholino ethane sulphonic acid
Minutes
Sodium azide
Sodium hydroxide
Anmonium hydroxide
Nonidet P-40
Optical density at a wavelength of 280 nm 
Phosphate buffered saline (137mM sodium chloride, 
2.79mM potassium chloride, 8mM di-sodium hydrogen 
fhosjhate, 1.53mM potassium di-hydrogen phosphate, 
pH 7.4
Carplete PBS as above with calcium chloride (1.34 mg/
ml) and magnesium chloride (1 mg/ml) added
As PBS with sodium iodide replacing sodium chloride
Phenylmethyl sul^bonyl fluoride
Reticuloendothelial system
Roan temperature
Sulphur
Substrate attached material
Staphylococcus aureus

(iv)



SDS-PAGE Sodium dodecyl suljbate polyacrylamide gel
electrofhioresis 

TBS Tris buffered saline
TCA Trichloroacetic acid

f ITEMED N, N, N , N - tetramethylethylene diamine.

(v)



CONTENTS Page. No.
Dedication (i)
Ackncwledgements (ii)
Abbreviation (iii)
Contents (vi)

CHAPTER 1 - GENERAL INTRODUCTICN

A. FIBRCNECTIN - STRUCTURE AND FUNCTIŒS 2

1. Discovery and Nonenclature 2
2. Distribution 5
3. Structure and Molecular Interactions 9

a) Chanical properties 9
b) Molecular interactions via structural demains 12

(i) Self association 15
(ii) Interaction with collagen /gelatin 15
(iii) Interaction with fibrin and

plasma transglutaminase 17
(iv) Interaction with glycosaminoglycans 18
(v) Interaction with 20

c) Plasma versus cellular FN 21
4. Fibronectin as an Adhesive Glycoprotein 24

a) Involvement in cell-substratum adhesion and
spreading 24

b) Role in cell transformation and malignancy
(vi)

24



Page No.

c) Other functions of FN 21
(i) Wound healing and haemostasis 31
(ii) ppsonisation 32
(iii) Development and differentiation 33

d) The nature of the cell surface receptor for FN 24

B. GANGLIOSIDES AS CELL SURFACE RECEPTORS 38

1. Structure and Ncmenclature 29
2. Membrane Organisation of Gangliosides 43
3. Ganglioside GM̂  ̂as the Cell Surface Receptor for

Cholera Toxin 45
4. Gangliosides as the Rec^tor for FN. 47

(vii)



Page No.

CHAPTER 2 - GANGLIOSIDE INHIBITION
OF CELL SPREADING

Introduction
Materials and Methods 54

Cell culture 54
Ganglioside purification 54
CHO cell attachment and spreading assays 55

(i) Preparation of collagen-coated substrata 55
(ii) CHO cell attachment assay 56
(iii) CHO cell spreading assay 56

BHK cell spreading assay 57
Radi oiodination procedures 58

(i) Fibronectin 58
(ii) Cholera toxin 58
(iii) Protein A 59

Binding of FN to plastic adsorbed gangliosides 82

Results 83
Ganglioside inhibition of FN-mediated CHO cell attachment and 
spreading 83

(i) Serum dependent CHO cell attachment 83
(ii) Effects of gangliosides 87
(iii) Ganglioside inhibition of CHO cell spreading

Ganglioside inhibition of FN-mediated BHK cell spreading 
Binding of FN to plastic-adsorbed gangliosides

(viii)



Page No.

Ganglioside inhibition of ConA-mediated BHK cell spreading. 96

Discussion i08

(ix)



Page No.

CHAPTER 3 - A COMPARISON OF CELL SPREADING 
Œ  SUBSTRATA COATED WITH FN, CT AND CONA

Introduction 118
Materials and Methods 124

Cell culture 124
Attachment and spreading on plastic substrata 124
Radioiodination of ligands 125
Quantitation of ligand binding to substrata 127
Derivitisation of glass covers lips 127
Effects of cytoskeletal disrupting agents on cell spreading 128 
Imnunofluorescent staining of F-actin 128
Visualisation of focal contacts 129

(A) Antibody exclusion technique 129
(B) Interference reflecticn microscopy 130

Scanning electrai microscopy 131

Results 132

Cell attachment to ligand-coated substrata 132
Cell spreading on ligand-coated substrata 132
Specificity of ligand-cell interactions 139
SEM analaysis of the spreading induced by FN, CT and ConA 144
Adsorption of ligands to microtitre wells 150
The effect of ligand density and receptor number on cell 
spreading 150

(x)



Page No,

The effects of cytoskeletal disrupting agents on cell 
spreading 158
F-actin organisation of cells spread on FN-, CT- and 
ConA- coated substrata 162
Ability of each ligand to trigger focal contact formation 186

Discussion

Cxi)



Page No.

CHAPTER 4 - THE RELATIONSHIP BETWEEN LEVELS OF 
rET.TüLAR GANGLIOSIDES AND THE ABILITY TO INTERACT WITH FN

Introduction ^^2
Materials and Methods 197

Cell culture 197
Ganglioside analysis 197
Cell spreading on ligand-coated substrata 198
Incubation of cells with ganglioside-containing medium 199
Inmunofluorescence 199
Interference reflection microscopy 200

Results and discussion 201
The ability of ganglioside-deficient variants of Balb/c 3T3 cells 
to interact with FN 201
The effect of exogenous gangliosides on the ability of cells to 
interact with FN 224
The effect of neuraminidase treatment of Balb/c 3T3 and BHK cells 
on their ability to spread on FN-coated substrata 234

(xii)



Page No.

CHAPTER 5 - CœCLUDING COMMENTS 246

APPENDIX I - PURIFICATION OF FN FROM HUMAN PLASMA

Protein estimation - Micro-Lcwry 251
SDS - polyacrylamide gel electrophoresis 251
Cyanogen branide activation of Sepharose 4B 253
Coupling of gelatin to cyanogen branide-activated Sepharose 4B 253
Purification of human plasma FN. 254

APPENDIX II - PRODUCTim AND CHARACTERISATION OF ANTI-FN ANTISERUM

Preparation of FtT for inntunisatian 259

Inrnunisation protocol 262
Affinity purification of anti-FN antiserum 262
Characterisation of rabbit anti-FN antiserum 264

(i) Ouchterlcny double diffusion test 264
(ii) Inmunof luorescence 264
(iii) Inminoelectrophoresis 267

35(iv) Immune precipitation of FN from S-methionine labelled
BHK cells 270

(v) Irrmuncblotting 275

BIBLIOGRAPHY 279

(xiil)



CHAPTER 1

GENERAL

INTRODUCTION



A. FIBRONECTIN - STRUCTURE AND FUNCTIONS (see reviews by Pearlstein et 
1980; Mosesson and Ararani, 1980; Ruoslahti; et al.)
1. Discovery and Nomenclature

Fibronectin (EN) was originally described by Morrison ̂  (1948)
as a fraction of human plasma isolated during the purification of 
fibrinogen and was referred to as cold insoluble globulin (CIG) due to 
its cryoprecipitability. Subsequently a number of investigators, working 
on a variety of research topics, have described proteins vhich are now 
known to be one of two closely related forms of EN, a soluble plasma form 
(pEN) and an insoluble cellular form (cEN) (see Table 1.1). Although not 
identical the tvro forms are very similar (Yamada and Kennedy, 1979) and 
in the following discussion the term fibronectin is used to include both 
the plasma and cellular forms. Only in cases where the two forms may 
differ significantly will the type be specified.

The discovery of EN associated with the surface of normal fibroblasts 
in cell culture (Hynes and Bye, 1974) and its loss following oncogenic 
transformation (Vaheri and MOsher, 1978) focused attention on this protein 
and it has subsequently been shown to possess a number of different 
functions (see Table 1.2). In general these involve the ability of EN 
to mediate the interaction of the extracellular matrix with the cell 
surface. Such interactions can have profound effects on cell adhesion 
and mobility and may also influence the differentiated state of a cell as 
a result of altered gene expression (Kleinman, Klebe and Martin, 1981).



Table 1.1 Fibronectin nomenclature

Name Reference
1. CoM-Insoluble Globulin (CIG) MOrrison, Edsall and Miller, 1948.
2. Antigelatin Factor Wolff, Timpl, Pecker and Steffen, 

1967.
3. Opsonic Protein {â  Surface 

Binding Glycoprotein)
Allen, Saba and Molnar, 1973.

4. Cell Attachment Protein Klebe, 1974.
5. Cell Spreading Factor Grinnell, 1976.
6. Cell Adhesion Factor Pearlstein and Gold, 1978.
7. Microfibrillar Protein Muir, Bomstein and Ross, 1976.
8. Fibroblast Surface Antigen Ruoslahti, Vaheri, Kuusela and 

Linder, 1973.
9. Galactoprote in A Gahmberg, Kiehn and Hakcmori, 1974.
10. Large External Transformation 

Sensitive Protein (LETS)
Hynes and Bye, 1974.

11. Cell Surface Protein (CSP) Yamada and Weston, 1974.
12". Zeta-Protein Jone and Hager, 1976.
13. Major Fibroblast Protein Sear, Grant and Jackson, 1977.



Table 1.2 Functions of fibronectin

1. Cellular Adhesion.
2. Regulation of Cellular Morphology, i.e. Spreading.
3. Cell Motility and Chemotaxis.
4. Organisation of the Microfilament System.
5. Opsonisation and Phagocytosis.
6. Haemostasis.
7. Determinant in Development and Differentiation.
8. Organisation of Loose Connective Tissue and the Extracellular Matrix.



2. Distribution

FN is a ubiquitous glycoprotein found in all vertebrates and at least 
three lo\ær invertebrates; the sea urchin embryo, dissociated freshwater 
sponge cells and dissociated seawater sponge cells (Akiyama, Yamada and 
Hayashi, 1981).

In vivo FN is widely distributed throughout the body being a major 
component of connective tissue and extensively associated with basement 
membranes (Hedman, Vaheri and Wartiovaara, 1978) with the possible 
exception of glomerular basement membranes (Linder, Stenman, Lehto and 
Vaheri, 1978). It is also found in exocrine glands, mucous membranes, 
sweat, sebaceous, mammary and parotid glands, spleen, intestine, liver 
sinusoids and the sarcol^nna of striated muscle (Pearlstein, Gold and 
Garcia-Pardo, 1980) . It is characteristically visualised as thin 
fibrillar structures associated with other connective tissue ccmponents 
such as collagen and glycosaminoglycans (GAG's). As a soluble form FN 
is found in human blood plasma at a concentration of 200-300yg/ml 
(Mosher and Williams, 1978). The absolute levels hâ /e been shown to 
increase with age (Labat-Robert, Polazman, Deroutte and Robert, 1981) and 
are generally slightly higher in males than females (Erikson, Clenmensen, 
Hansen and Ibsen, 1982). Interestingly, the levels of pFN have been 
reported to be reduced in patients with advanced malignancy (Mosher and 
Williams, 1978) and following major surgery or trauma (Saba, Blumenstock, 
Scovill and Bernard, 1978). Although the reasons for these variations 
are unclear at present a connection with FN's opsonic function has been 
proposed (Saba and Jaffe, 1980) . FN is also found in human amniotic



fluid (~170yg/ml), cerebrospinal fluid (1-3yg/ml), urine and synovial 
fluid (Ruoslahti, Engvall and Hayman, 1981). Serum levels of FN are 
approximately 35% less than plasma levels due to incorporation of FN 
into the fibrin clot, A small proportion (~0.5%) of the total blood FN 
in man is also found in the a granules of blood platelets and is released 
into the circulation during platelet stimulation by thrombin (Zucker, 
MOdesson, Brockman and Kaplan, 1979).

In vitro cFN was first identified associated with the surface of 
fibroblast ty cell surface labelling techniques (Hynes and Bye, 1974) 
and was later visualised by immunofluorescence microscopy as a complex 
fibrillar structure enmeshing most fibroblastic cell types (Yamada, 1978). 
It has also been shown to be produced by epithelial cells from the liver, 
kidney, gut, breast and amniotic membranes, together with myoblasts,
Schwann cells, macropdiages, undifferentiated chondrocytes, hepatocytes, 
endothelial cells and astroglial cells (see reviews by Ruoslahti ^  ,
1981). These in vitro findings further emphasise the widespread 
distribution of FN in vivo although some discrepancies between in vivo 
and in vitro studies do exist. For exanple, FN is ^parently not 
associated with astroglial cells in vivo (Schachner, Schoonmaker and 
Hynes, 1978) but is clearly present when these cells are taken into 
tissue culture conditions (Vaheri, Ruoslahti, Westerraark and Ponten, 1976).

Cellular FN is commonly found as complex fibrillar structures in 
confluent fibroblast cultures although radially orientated striae or 
punctate patterns have been observed in other cell types. The distribution 
of FN in relation to cell polarity also varies between cell types. In



cultured endothelial and amniotic epithelial cells FN is primarily found 
associated with the ventral cell surface abutting the substratum 
(Birdwell, Gospodarowicz and Nicolson, 1978) . In epithelial crypt cells 
it is found exclusively in areas of cell-cell contact (Quaroni, Isselbacher 
and Ruoslahti, 1978) and in fibroblastic cells it can be found in a 
pericellular distribution (Vaheri and Mosher, 1978), This suggests that 
the interaction of FN with the cell surface may be restricted to particular 
sites under certain conditions. This is further supported by the reported 
codistribution of FN with intracellular microf ilament bundles, and its 
localisation to specialised areas of cell-substratum contact known as 
focal contacts (Hynes, Destree and Wagner, 1982).

\

The distribution of FN is dependent on the cell cycle and cell 
density (Gahmberg and Hakcmori, 1974). In sparse fibroblast cultures it 
is found mainly on the underside of the cell and in regions of cell-cell 
contact, often forming small stitch-like structures. In more confluent 
cultures a conplex FN matrix is formed pericellularly in association with 
other matrix conponents, e.g. collagen and proteoglycans. Much of 
this matrix FN is not in close association with the cell surface and is 
disulphide bonded into multimeric conplexes (Hynes and Destree, 1977).
The presence of FN in a matrix form makes studies on the nature of its 
interaction with the cell surface particularly difficult. Subcellular 
fractionation experiments show that FN is not normally present in plasma 
membrane fractions but copur if ies with glycocalyx niaterial (Pearlstein et , 
1980). However, antibodies to FN are known to be toxic to FN-containing cells 
in the presence of conplement, but not to cells lacking FN (Milhaud, Yamada



and Gottesman, 1980) suggesting that at least part of extracellular FN 
is in close proximity to the cell surface.

In relation to the cell cycle, cell surface FN is depleted during 
mitosis and slowly accumulates after division during the phase (Hynes 
and Bye, 1974). Levels of FN are also dependent on cellular differentia
tion since during myoblast and chondrocyte differentiation in vitro FN 
expression is switched off as it is during embryonic differentiation of 
mesenchymal cells into muscle, cartilage and renal tubule epithelium 
in vivo (Mosesson and Amrani, 1980) . FN expression is apparently 
switched on during differentiation of teratocarcinoma stem cells into 
endodermal cells, which are known to have FN associated wdth them 
(Wartiovaara, Leivo, Virtanen, Vaheri and Graham, 1978).

Finally, FN is found as a soluble form in vitro in the culture 
medium of many cell types and may be analogous to pFN in vivo. The 
relationship between FN present in the culture medium and the matrix form 
is unclear although the two may be in equilibrium since pFN wnll 
incorporate into matrix material (Oh, Pierschbacher and Ruoslahti, 1981).

Although a great deal of data on the structure and function of FN 
has been accumulated it is perhaps inport ant to note that the vast 
majority of this work has been carried out using FN from either plasma, 
conditioned medium or tissue culture cell surfaces wdth little data on the 
behaviour of FN present in tissue samples.
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3. Structure and Molecular Interactions

a) Chemical properties

FN is a disulphide linked, dimeric glycoprotein with a subunit 
molecular weight of approximately 220Kd. In SDS-PAGE run under non-reducing 
conditions, pFN migrates as a single band of apparent molecular weight 
450Kd and after reduction it migrates as a closely spaced doublet 
(approximately 220Kd) (Mosesson, Chen and Huseby, 1975). This is in close 
agreement with sedimentation analysis which gives pFN a molecular weight 
of 450 ± 25 Kd and an S value of 12-14 (Mosesson et , 1975). Cellular 
FN migrates as a single band on reduced SDS-PAGE corresponding to the 
upper band of the pFN doublet (Hynes et 1978).

Peptide mapping in both 1 and 2 dimensions (Kurkinen, Vartio and 
Vaheri, 1980; Birdwell, Brasier and Taylor, 1980) suggests that the two 
polypeptides of pFN are very similar and a common amino-terminal 
sequence has been demonstrated which is blocked by a pyroglutaminic acid 
residue (Mosesson et , 1975).

FN has been shown to contain both intra- and inter-chain disulphide 
bridges (Wagner and Hynes, 1979). The interchain bridges are located w/ithin 
lOKd of the carboxyl terminus although the number of bridges is not clear. 
The intrachain disulphides are localised mainly in the amino terminal 
third of the molecule, as shown by S-cyanylated fragmentation (Fukuda and 
Hakomori, 1979), although seme may also be present in the carboxyl 
terminal third.



There are apparently 1-2 free sulphydryl groups per FN moroær, one 
situated about 170Kd from the amino terminus and probably another one 
closer to the carboxyl end (Wagner and Hynes, 1980; Smith, Mosher,
Johnson and Furcht, 1982). It has been suggested that these groups may be 
involved in the interaction of IN with the cell surface (All and Hynes, 
1978) although it has been reported that reduced and alkylated FN is still 
capable of mediating cell adhesion (Gold and Pearlstein, 1979).

Both cFN and pFN contain approximately 5% carbohydrate consisting 
of 4 to 6 ccnplex asparagine-linked units per monomer. Mannose, galactose, 
N-acetyl glucosamine and sialic acid are the contnon sugar residues in pFN 
vhile cEN contains fucose and much less sialic acid (Mosesson and Amrani, 
1980). Glucose and xylose have been shown to be present in chick embryo 
fibroblast cFN (Yamada, Schlesinger, Kennedy and Pastan, 1977) . Other 
variations in sugar content and linkages have been reported between cell 
and plasma IN and also betveen IN's from different sources. Amniotic 
fluid IN has an exceptionally high carbohydrate content of between 7-9.5% 
(Ruoslahti, Engvall, Hayman and Spiro, 1980). This may account for its 
higher apparent molecular weight as determined by SDS-PAGE since 
unglycosylated IN reportedly migrates faster than its normal counterpart 
(Olden, Pratt and Yamada, 1979). Thus, altered glycosylation may account 
for the variable electrophoretic mobilities of IN's frcm different sources. 
Most of the carbohydrate in IN is situated in a 40Kd sequence approximately 
30Kd from the amino terminal end which also has the ability to bind to 
collagen (Sekiguchi and Hakonori, 1980). Glycosylation of IN is not 
required for its functional activity although it protects the molecule from 
proteolytic attack, the unglycosylated IN being 2-3 times more sensitive to

10



degradation than normal IN (Olden et al., 1979) .

One of the key areas of interest in FN research is the 
elucidation of its complete amino acid sequence. Working on bovine pIN 
Peterson and co-workers have sequenced 27% of the molecule and have 
recently proposed three types of internal homology ( Skorstengaard, Th0gersen, 
Vibe-Pederson, Peterson and Magnusson, 1982). The amino terminal end is 
believed to form a "5 fingered" arrangement due to looping out of the 
polypeptide backbone, each loop being held in position by disulphide 
linkages. A further 4 "fingers" are found adjacent to these and possibly 
also at the carboxyl terminal end. This repeating structure is referred 
to as type I homology and sequences corresponding to type II and type III 
homology are found in the central and carboxyl half of the molecule 
respectively (Peterson et , 1983) .

Using recombinant ENA technology it has been shown that the chicken 
IN gene is 48 kilobases long, consisting of at least 48 constantly sized 
exons (147 ± 37 base pairs) separated by 40 introns of widely differing 
size (Hirano ̂  , 1983). Interestingly, the exon size of 150 base
pairs, or 50 amino acids, corresponds ^proximately to the size of one of 
the "fingers" in the type I homology regions described above. This 
might suggest that the gene for IN may have arisen by gene duplication of 
a primordial gene approximately 150 base pairs long. More recently cDNA 
clones for IN have been isolated from a rat liver library and used to 
establish the sequence of the C-terminal third of rat IN consisting of the 
cell-, heparin-, and fibrin-binding domains (Schwarzbauer, Tairikun,
Lemischka and Hynes, 1983). It was clearly demonstrated that the cell- and

1 1



heparin-binding domains consist of homologous, repeating sequences perhaps 
indicating a polyvalent interaction of IN with the cell surface.

b) Molecular interactions via structural domains (see reviews by 
Hynes and Yamada, 1982; Akiyama, Yamada and Hayashi, 1981; Sekiguchi, 
Fukuda and Hakomori, 1981 and Fig. 1.1) .

IN has been shown to interact with a large number of macromolecules, 
including sane as yet undetermined components of the cell surface, and 
has a diversity of functional properties. During recent years it has 
become possible to dissect the IN molecule into functional domains by the 
use of specific proteolytic fragmentation together with affinity 
chromatography. Using such a strategy it is possible to allocate specific 
molecular interactions to particular parts of the polypeptide backbone, 
commonly referred to as "domains ". The presence of distinct domain 
structures in IN had previously been suggested by physical studies vhich 
described IN as consisting of a number of globular regions connected by 
flexible link regions (Alexander, Colonna, Yamada, Pastan and Edelhoch,
1978; Alexander, Colonna and Edelhoch, 1979). Using differential 
scanning calorimetry of native IN Wallace et ̂  (1981) showed three distinct 
endothermal denaturatuon transitions suggesting the presence of at least 
three ordered "domain" regions. At the electron microscopic level native 
IN is seen as a V-shaped molecule with an angle of approximately 70° 
betvreen the two polypeptide subunits. Although no globerular structures 
ware apparent three hinge regions displaying considerable flexibility were 
present on each monomer and may connect more compact domain regions 
(Odermatt and Engel, 1982),

1 2
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Fia. 1.1 Demain structure of FN

Y complex asparigine-linked oligosaccharide units

-s— s- Interchain disulphide bonds

Intrachain disulrhide bonds

Demain regions

Flexible hinge regions usually corresponding 
to sites of proteolytic attack.

(see refs. Sekiguchi and Hakomori, 1980J Sekiguchi et al. 1981' 
Akiyama et al. 1981', I^es and Yamada, 1983', Sekiguchi and Hakomori, 
1983', Yamada, 1983).
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EN is capable of interacting with various itiacronolecules via specific 
domains within the molecule. Co-operativity between domains may be an 
inportant factor in some of these conplex molecular interactions. These 
are outlined below.

i) Self Association - The ability of cEN to self-associate is implied 
by its presence as fibrillar structures in matrix material and at the cell 
surface and also by its ability to form fibre-like structure in concentrated 
solutions. Ehrishman ̂  (1982) have recently proposed that horse serum 
EN contains twD self-associât ion sites at least 135Kd ^art. Qie site is 
within an amino terminal 60Kd peptide and the other site is within 35Kd
of the carboxyl terminus. It was suggested that this would allow a "head 
to tail" association of EN molecules and assembly into filamentous 
structures. This ability of EN to self associate may be inportant in the 
formation and organisation of the extracellular matrix.

ii) Interaction with collagen/gelatin - The interaction of EN with collagen 
was first identified the requirement of a serum or culture medium
factor to mediate cell attachment to collagenous substrata (Klebe, 1974; 
Pearlstein, 1976). This factor was later shown to be EN and its affinity 
for collagen demonstrated by direct binding assays (Eïigvall and Ruoslahti,
1977). The affinity of EN for different genetic types of collagen has been 
investigated by a number of workers with scmevhat contrasting results.
Gold et al. (1979) demonstrated equal binding to type I, II and III 
collagen, before and after dénaturation in agreement with the results of 
Dessau ̂  (1978). Hov\ever, other workers have shown preferential
binding to type III collagen and that dénaturation of all collagens

15



substantially increases EN binding to levels higher than any native 
collagen type (Ruoslahti and Engvall, 1978).

The binding of EN to collagen type I has been shown to be predominantly 
to a cyanogen bromide fragment of the a-1(I) chain of collagen consisting 
of residues 757 to 791 (Kleinman, McGoodwin, Martin, Klebe, Fietzek and 
Wolley, 1978). This fragment lacks carbohydrate and has a hydrophobic 
nature suggesting that the high affinity binding of EN with collagen may 
be due to hydrophobic interactions. This is further supported by the fact 
that the interaction is stable to high salt concentrations (Gold^al., 1980). Low 
affinity binding to other sites on the collagen molecule have also been 
demonstrated (Dessau, Melmann, Timpl and Martin, 1971).

The collagen binding site on EN has been localised to a 40Kd fragment 
by enzymatic digestion and affinity chromatography (Hahn and Yamada, 1979).
It is rich in intrachain disulphide bridges and contains most of EN's 
carbohydrate (Sekiguchi and Hakomori, 1980) although this is not required 
for collagen binding activity. The 40Kd fragment originates from a site 
approximately 30Kd from the amino terminus (Furie, Frey and Rifkin, 1980) 
and although still retaining gelatin binding properties it shows a lower 
affinity than the intact EN molecule. It has also been shown to possess 
transformation promoting activity although the significance of this is not 
clear at present (DePetro, Barlati, Vartio and Vaheri, 1981). The gelatin 
binding site has recently been further restricted to a 5-1OKd region 
within the 4 OKd domain by the use of monoclonal antibodies (Smith and 
Furcht, 1982).

16



The biological significance of the interaction of FN with collagen 
is unclear although extensive codistribution of these two matrix components 
in vitro and in vivo together with their coordinated loss following viral 
transformation (Vaheri, Kurkinen, Lehto, Linder and Timpl, 1978) suggests 
that the interaction is important. It seems likely that collagen-FN 
interactions may play a key role in the development of the extracellular 
matrix. However the presence of FN matrices in the absence of collagen 
demonstrates that such interactions arre not essential.

iii) Interaction with fibrin and plasma transglutaminase (Factor 
Xllla) - FN has been shown to bind to both fibrin and fibrinogen either 
non-covalently or covalently following Factor Xllla-mediated cross- 
linking. FN interacts rather poorly with fibrinogen although it has been 
shown to coprecipitate with fibrinogen in the cold and to bind to 
fibrinogen coupled to Sepharose beads at low temperatures (Stemberger and 
Hermann, 1976) . The interaction of FN with fibrinogen is apparently 
increased by the presence of heparin which has also been shown to bind 
to FN (Stathakis and Mosesson, 1977). In the presence of Factor Xllla 
(thrombin-activated plasma transglutaminase) FN and fibrinogen can be 
covalently linked via the carboxyl terminal end of Aa chain of fibrinogen 
and a glutamine residue three residues from the amino terminus of FN 
(Peterson et ̂ . , 1983). This glutamine residue is also the site at 
which Factor Xllla crosslinks FN to itself, fibrin, collagen and 
S. aureus. It is present in a 27Kd amino-terminal domain involved in non- 
covalent interaction with actin, S. aureus, fibrin and heparin, but 
interestingly not collagen. Thus, the major site of collagen crosslinking 
to FN is at a different site from the 4OKd collagen binding domain. The
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significance of this is not clear although the finding that physiological 
levels of polyamines inhibit cross-linking between FN and collagen hut not 
between FN and fibrin suggests that the former interaction may not be 
physiologically important (Mosher, Schad and Kleinman, 1979) .

The non-covalent interaction of FN with fibrin is apparently of 
higher affinity than that with fibrinogen since FN will bind to fibrin 
monomers coupled to Sepharose at room temperature but not fibrinogen 
(Iwanaga, Suzuki and Hashimoto, 1978) . Taking advantage of this in 
conjunction with proteolytic fragmentation Sekiguchi et (1981; 1983) 
have demonstrated binding of fibrin to a 21Kd fragment as well as to the 
27Kd domain mentioned above. This 21Kd domain is reported to be present 
on only one of the FN polypeptides, being located close to the carboxyl 
terminus, and is apparently not a substrate for Factor Xllla (Sekiguchi 
et al., 1981). Richter et (1981) however have proposed the presence 
of a transamidation susceptible site, in addition to that present in the 
27Kd domain, in a similar position to the 2lKd domain suggesting that 
under certain conditions it may be involved in transamidation. The 
interaction between FN, Factor Xllla and fibrin may be an important factor 
in wound healing and opsonisation.

iv) Interaction wdth glycosaminoglycans (GAG's) - GAG's are poly
saccharides that are found in animal tissues usually in covalent 
association wdth protein, forming proteoglycans (see review by Lindahl and 
HÔOk, 1978). The interaction between FN and GAG's appears to be of a 
complex nature with the binding to heparin being the best characterised 
(Hayashi and Yamada, 1982). Hyaluronic acid, heparin and heparan sulphate
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GAG's cause the ^glutination of gelatin-coated beads in the presence of
\FN, agglutination only occurring if FN and GAG's are present together 

(Ruoslahti et al., 1981). Interestingly, heparin reportedly stabilises 
the interaction between FN and collagen and also between FN and fibrinogen 
(Ruoslahti and FSigvall, 1980). Thus, interactions at one domain in FN 
may promote or stabilise binding at a different domain.

The interaction of chick cFN with hyaluronic acid and heparin was 
investigated by Yamada et (1980) using a filter binding assay which 
relied on cFN being precipitated onto filters at neutral pH. They 
demonstrated high affinity binding (K̂  = 10 ^-10 ®M) of both hyaluronic 
acid and heparin to cFN and suggested that binding was to separate sites 
on the basis of competition experiments. Extending this wDrk it was 
shown that heparin binding to FN was via at least two distinct sites with 
varying binding requirements (Hayashi and Yamada, 1982). One binding site 
was identified as being within a 3OKd plasmin fragment which was eluted 
from a heparin-Sepharose column by 0.25M salt and is thought to be 
equivalent to the 27Kd amino terminal domain described above (Richter,
Seidl and Hermann, 1981). Binding to this site was shown to be sensitive 
to physiological levels of calcium ions. A second heparin binding fragment 
(5OKd) has been located in the carboxyl terminal third of FN (Hayashi, 
Schlesinger, Kennedy and Yamada, 1980) and was less sensitive to salt and 
insensitive to divalent cations (Hayashi and Yamada, 1982). These two 
heparin binding sites have recently been identified independently by the 
use of monoclonal antibodies, one site being localised within the amino 
terminal 27Kd demain, the other being approximately 3OKd from the carboxyl 
terminus (Smith and Furcht, 1982) . Heparin can also interact wdth the

19



carboxyl terminal third of FN by a divalent cation sensitive mechanism 
(Hayashi and Yamada, 1982).

The finding that GAG's and FN are the major constituents of substrate 
attached material (SAM) remaining following detachment of cells from their 
substratum with EDTA (Culp, Murray and Rollins, 1979) and their codistribu
tion in tissue culture (Hedman, Johansson, Vartio, Kjellen, Vaheri and 
Hook, 1982) suggest that the interactions outlined above may be physiolo
gically important. In addition FN has been shown to associate with 
proteoglycans at the cell surface using a crosslinking reagent (Perkins,
Ji and Hynes, 1979).

As mentioned above FN binds with moderately high affinity to 
hyaluronic acid, however the position of this binding site(s) is unclear 
due mainly to the fact that FN wn.ll only bind effectively to hyaluronic 
acid when FN is in an aggregated form (Laterra and Culp, 1982) .

V )  Interaction with DNA - FN has been shown to bind to ENA coupled 
to Sepharose and bound to nitrocellulose membranes. A number of ENA- 
binding fragments were identified with molecular weights of 6 OKd, 5 OKd and 
25Kd (Zardi, Siri, Camemolla, Santi, Gardner and Hoch, 1979; McMaster and 
Zardi, 1982; Hoch, 1982). However, under physiological conditions the 
interaction between FN and ENA is of low affinity and is abolished by lOirM 
CaCl2 or MgCl2 / putting doubt on the importance of this interaction.
Recent evidence showing sequence homology between a 25Kd. INA-binding 
fragment of FN and the a subunit of the DNA-dependent RNA polymerase from 
E. coli on the other hand, suggests that the interaction may be of 
biological significance (Pande and Shively, 1982).
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vi) Interaction with the cell surface - The interaction of FN with 
the cell surface is perhaps the most important of its binding activities 
since it is thought to be involved in most, if not all, of the proposed 
functions of FN. The cell binding domain of FN has been shown to be 
separate from the gelatin- and heparin-binding domains and has recently 
been identified in a 12Kd fragment which is capable of mediating cell 
attachment and spreading (Pierschbacher, Hayman and Ruoslahti, 1981).
The primary structure of this domain has now been determined and shown 
to consist of 108 amino acid residues and to contain no carbohydrate 
(Pierschbacher, Ruoslahti, Sundelin, Lind and Petersen, 1982). It has 
been positioned in a central region of FN between the gelatin-binding 
domain and the carboxyl heparin-binding domain 127-197Kd frcm the amino 
terminus. This is supported by Ehrishman et (1982) who localised a 
cell attachment site between 153 and 165Kd from the amino terminus of 
horse serum FN. The close proximity of the heparin domain and cell 
attachment domain was shown by the isolation of a 42Kd chymotyptic/pronase 
fragment from horse serum FN which promoted myoblast attachment and also 
bound to heparin-Sepharose (Ehrishmann ̂  , 1982). The two are clearly
distinct however since other workers have identified fragments which 
pranote cell attachment but do not bind to heparin (Hayashi et. al.,
1980; Pierschbacher et al., 1981).

c) Plasma versus cellular FN

The relationship between plasma and cellular FN is not clear at 
present although they appear to be structurally similar and to qualitatively 
display the same biological activities. As well as having related amino
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acid compositions, peptide maps, spectroscopic and hydrodynamic properties, 
and being immunologic ally cross-reactive both forms are capable of binding 
to gelatin, heparin, actin, ENA, S, aureus. Factor Xllla and the cell 
surface (Hayashi and Yamada, 1981). Differences between the two forms do 
however exist. Cellular FN is generally insoluble at neutral pH, exists 
as a multimeric form at the cell surface and migrates as a single band on 
reduced SDS-PAGE while pFN is a soluble dimer at neutral pH and migrates 
as a doublet on reduced SDS-PAGE (Alexander ̂  , 1978 and 1979; Hynes
et , 1978j Hynes and Destree, 1977). As mentioned earlier variations 
in carbohydrate content and sugar linkages occurs between the two forms 
with cFN containing fucose and less sialic acid than pFN which in turn 
lacks fucose. Quantitative differences in the biological activities of 
cellular and plasma FN have also been reported. Cellular FN is more 
active than the plasma form in restoring normal morphology to transformed 
cells (5Ox) , haemagglutination of sheep red blood cells (150-2G0x) , and 
mediating NIL/HSV cell attachment to plastic (2-3x) (Hynes ^  , 1978 J
Yamada and Kennedy, 1979). The two forms are however equally active in 
promoting cell attachment and spreading (Yamada and Kennedy, 1979) and 
also in promoting uptake of particles by macrophages (Marquette, Molnar, 
Yamada, Schlesinger, Darby and Van Alten, 1981). Clearly pFN can bind to 
the cell surface receptor as well as cFN under certain assay conditions, 
indeed molecular cloning and nucleotide sequencing of the cell attachment 
domains of human pFN and cFN from a fibrosarcoma cell line show the two 
to be identical (Oldberg, Linney and Ruoslahti, 1983). It may be that 
the assays in which the biological activity of the two forms differ 
requires FN in an aggregated or multimeric form and since pFN shows a 
reduced tendency to aggregates than cFN it would be less active in these
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assays. This requirement for aggregation may be alleviated by adsorption 
to a solid substratum. Ehrishmann ̂  (1982) proposed that the
reduced tendency of pEN to agglutinate, or self-associate, is due to it 
lacking a self-association site on one of its polypeptides resulting in 
a heterodimeric structure incapable of the head-to-tail association 
displayed by the homodimer ic cellular form.

Uhtil recently the structural basis for these variations in biological 
activity has remained unclear although it appears not to be due to 
differences in glycosylation. However, it is now becoming clear that 
differences in the polypeptide backbone of cell and plasma FN do exist 
since homologous fragments from the two forms differ in molecular weight 
and a monoclonal antibody which preferentially recognises cFN has 
recently been produced (Hayashi and Yamada, 1981; Atherton and-Hynes,
1981). Frcm fragmentation studies on chicken plasma and cellular FN 
three difference regions have been identified. A 44.5Kd thermolysin 
fragment of pFN, containing the gelatin-binding domain, is 1.3Kd larger 
than its cellular equivalent and a 132Kd thermolysin fragment of pFN is 
apparently 10Kd smaller than in cFN and is located in the carboxyl half 
of the molecule. Further digestion of this fragment shows that in fact, 
two difference regions are present, pFN being 1 iKd smaller at one position 
and IKd larger at a site towards the carboxyl terminal end (Hayashi and 
Yamada, 1981). How these differences are related to specific differences 
in biological activity has yet to be determined and until the complete 
amino acid sequences have been determined the full extent of these 
differences will remain unresolved. However, the finding of difference 
regions at internal positions on the polypeptide backbone shows that pFN
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is not derived from cFN by post-translational proteolytic modification 
and suggest that the two forms are derived from different genes or are 
produced by different RNA splicing mechanisms. Interestingly, it has 
recently been shown that three different FN mRNA species could be 
detected in rat liver. These appear to arise hy alternative splicing of 
a single FN gene transcript Schwarzbauer et ̂ . , 1983) although their 
relationship to the different FN polypeptides is unclear. As a result of 
these differential splicing events mRNA's are generated which code for 
polypeptides containing internal difference regions of 95 to 120 amino 
acids. This is of the appropriate size and position to account for the 
molecular weight differences between the two polypeptides of pFN and also 
the difference between cFN and the smaller polypeptides of pFN.

4. Fibronectin as an Adhesive Glycoprotein

FN, through its ability to interact with a number of different 
components has been shown to be involved in a diversity of functional 
roles each important in their own right and extensively reviewed else
where. For these reasons I do not intend to talk at length about all 
of these topics but instead will concentrate on those aspects of FN 
function which are related to its interaction wdth its cell surface 
receptor, in particular its role in cellular adhesion and spreading.

a) Involvement in cell-substratum adhesion and spreading

Cell attachment and spreading on a substratum is an extremely complex 
process which essentially involves the interaction of cell surface
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conrponents with the substratum or molecules adsorbed onto it. This is 
followed by a series of ill-defined events which result in a general 
flattening of the cell, a process referred to as cell spreading (see 
review by Grinnell, 1978) . Cell spreading is an active process which is 
sensitive to agents which specifically disrupt actin-containing irAcro- 
filaments and requires the presence of divalent cations. It can occur 
on substrata coated wnth various ligands wdth an affinity for the cell 
surface such as lectins, glycosidases and antibodies directed against 
the cell surface, as w^ll as FN. However, the degree and mechanism of 
cell attachment and spreading on these substrata may differ (Grinnell and 
Hays, 1978; Rauvala, Carter and Hakcmori, 1981J Carter,Rauvala and 
Hakomori, 1981).

When considering cell attachment it is inportant to distinguish 
between passive and active absorption of cells to the substratum. In the 
absence of serum cells will adsorb to seme substrata almost instantly 
in a temperature and pH independent manner not requiring the cells to be 
metabolically active or even viable. This non-specific or passive 
attachment of cells probably represents direct adsorption to sites on the 
substratum to which serum proteins would normally bind. Passive 
adsorption is thus blocked in the presence of serum or other concentrated 
protein solutions. Following passive adsorption some cells are capable 
of going on to spread by the secretion of endogenous spreading factors 
such as fibronectin. Many cells however, e.g. BHK, Hela, L and Œ 0  cells 
show little tendency to spread under these conditions.
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A role for FN in cell attachment and spreading originally developed 
from the finding that serum factors ware capable of promoting the adhesion 
of tissue culture cells to plastic or collagen substrata by a mechanism 
involving activation of the substratum rather than a direct effect on 
the cell. Fractionation of serum has shown it to contain at least two 
different factors capable of mediating cell attachment and spreading,
FN and a recently identified 7OKd protein (Whateley and Knox, 1980;
Hayman al., 1982; Bames, Silnutzer, See and Shaffer, 1983). It has 
subsequently been shown that many cells require FN for efficient 
attachment and growth in vitro Orly et (1979) demonstrated that
FN could mediate cytokinesis and growth of rat follicle cells in serumrfree 
medium. Some cells however do not require an exogenous supply of FN for 
efficient attachment» These either produce sufficient levels of endogenous 
FN or utilise other attachment factors, e.g. chondronectin, landnin or 
vitronectin (Hewitt, Vamer, Silver, Dessau, Wilkes and Martin, 1982; 
Hayman, Pierschbacher, figren and Ruoslahti, 1983).

FN's ability to mediate cell attachment and spreading requires it to 
be bound to a solid substrate as in solution it has only a low affinity 
for the surface of cells in suspension. To explain this phenomena it has 
been postulated that FN undergoes some activation process as a result of 
adsorption to the substratum causing an increased affinity for the cell 
surface. This activation process may be due to a conformation change in 
FN or it may be that, as a result of substrate adsorption FN's cell 
binding activity is increased in a cooperative manner since it effectively 
becomes a single molecule with multiple cell binding sites. As a result 
of FN's poor affinity for the cell surface when in solution most studies
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on the interaction of FN with the cell surface have used substratum-bound 
FN thus involving cell attachment and spreading experiments. An alternative 
approach has been to study the uptake of FN-coated particles by cells, 
a process which may be analogous to cell spreading.

As mentioned above the interaction of a cell with substratum bound 
FN triggers an energy dependent cytoskeletal reorganisation resulting 
in cell spreading. It is thus apparent that FN is capable of interacting, 
presumably through its receptor, with the intracellular cytoskeleton, in 
particular the microfilament system (Hynes, 1981; Hynes, Destree and 
Wagner, 1982) . The transirembrane association of FN and actin-containing 
microfilaments is supported by the following data:-

i) Treatment of cells w/ith a microfilament-disrupting agent 
(cytochalasin B) results in a co-ordinated loss of cell surface FN 
(Kurkinen, Wartiovaara and Vaheri, 1978).

ii) Addition of FN to transformed cells (which normally lack FN 
and have a disorganised microfilament system) results in formation of 
surface FN fibrils and reorganisation of intracellular microfilaments 
(All, Mautner, Lanza and Hynes, 19771.

iii) Fixtemal FN fibrils show extensive codistribution with intra
cellular microfilaments on the ventral surface of well spread cells 
(Hynes and Destree, 1978a). At higher resolution the two systems were 
shown to form regions of very close, transmembrane association termed 
the fibronexus (Singer, 1979).
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iv) FN has been shown to be localised to specialised areas of cell- 
substratum adhesion, called focal contacts in stationary hamster 
fibroblasts (Hynes, 1981). These correspond to the sites at which 
microfilament bundles connect with the plasma membrane. Vinculin, a 
13 OKd act in-binding protein, has also been shown to codis tribute with FN 
at focal contacts (Burridge and Feramisco, 1980; Singer and Paradise, 
1981). The localisation of FN at focal contacts is at present 
controversial with many workers suggesting that FN is not present at 
these sites and under some circumstances appears to be actively ranoved 
(Birchmeier et , 1980; Chen and Singer, 1980; Aznur and Geiger, 1981). 
However, the finding that FN and actin are both found in material 
remaining attached to the substratum following removal of cells with FDTA 
or detergent (substrate attached material = SAM) and believed to 
represent sites of focal contacts,supports the idea that these two 
components are associated with specialised areas of the cell surface 
involved in cell-substratum adhesion (Culp et ̂ . , 1979).

There is thus good evidence that FN is capable of a transmembrane 
association with the actin-containing microfilament system and this 
capability may be a key factor in cell spreading. The findings of Folkman 
and Moscona (1978) demonstrating a strict correlation between the degree 
of cell spreading and DNA synthesis raised the possibility that FN, through 
its ability to regulate cell shape, may be an important factor in the 
regulation of cell growth in normal cells, although this does not appear 
to be the case for transformed cells.

28



b) Role in cell transformation and malignancy

Much of the recent interest in FN has stenmed from the finding that 
it is coinnonly lost from the surface of transformed cells (Hynes, 1976) . 
In vitro transformation of a variety of cell lines by tumour viruses, 
chemical carcinogens and spontaneous transformation has been reported to 
result in reduced levels of surface FN. Similarly, reduced levels of FN 
have been shown to correlate with the tumourigenic potential of a series 
of adenovirus transformants (Chen, Gallimore and McDougall, 1976) . 
However, a ten-fold reduction in the levels of surface FN accompanying 
the establishment of several rodent and chicken cell lines did not result 
in the acquisition of tumourigenicity (Chen, Maitland, Gallimore and 
McDougall, 1977). A lack of correlation between decreased expression of 
FN and tumourigenicity has also been demonstrated in human cell hybrids 
(Der and Stanbridge, 1978). Other studies suggest that a better 
correlation exists between FN levels and the metastatic potential of 
tumour cells than their tumour igenic ity per se. Using human epithelial 
cell lines derived from carcinomatous and nonmalignant tissue, Smith et 
(1979) demonstrated the presence of matrix FN in nonmalignant tissue, and 
primary carcinomas. In contrast, cell lines derived from metastatic 
carcinomas displayed very little or no FN. However, a recent study in 
this laboratory failed to detect any significant correlation between 
the levels of FN in various human colorectal tumours and their metastatic 
potential (Niemczuk, Perkins, Talbot and Critchley, 1982). The 
relationship between FN and malignancy is thus complex and at present 
incompletely understood.
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The mechanism of FN loss from transformed cells and its significance 
to the transformed phenotype has been extensively investigated. In 
transformed chick embryo fibroblasts the primary cause of reduced levels 
of cell surface FN is a reduction in the levels of FN-specific messenger 
RNA (Fagan, Sobel, Yamada, de Cronbrugghe and Pastan, 1981). Many trans
formed cells do however synthesise FN. For example, transformed rat 
kidney cells actually synthesise increased levels of FN following 
transformation but are unable to retain it at the cell surface (Hayman, 
Engvall and Ruoslahti, 1980). It does not appear that the FN produced 
by transformed cells differs significantly from that produced by normal 
cells in terms of biological activity and chemical structure (Wagner, 
Ivatt, Destree and Hynes, 1981). Hov^ver, it has also been demonstrated 
that functional cell surface receptors for FN are still present on some 
transformed cells as they are able to attach and spread on FN-coated 
substrates (Hayman ̂  , 1980). Alternatively the loss of FN frcm
transformed cells may reflect a more general inability of these cells 
to organised extracellular matrices. This is supported by the finding 
that collagen and some glycosaminoglycans are also lost or reduced 
following cell transformation (Adams et ̂ . , 1977; Satoh, Duff, Rapp and 
Davidson, 1973). Other explanations include:-

i) the increased levels of cell surface proteases associated with 
transformed cells may release cell-associated FN,

or ii) the disruption of the cytoskeleton following transformation may 
impair the cells ability to retain FN.
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It is clear therefore that no simple explanation can be given for 
the reduction of FN at the cell surface following transformation.

The loss of FN from transformed cells appears to be responsible for 
their rounded morphology, reduced adhesiveness, disorganised microfilament 
system and the inability to undergo directed movement, since addition of 
exogenous FN to cultures of transformed cells reverses these characteris
tics to those displayed by their normal counterparts. However, there is 
no effect on growth control following such treatment (Yamada, Yamada and 
Pastan, 1976).

c) Other functions of FN

FN has been shown to play a part in a number of other biological 
activities which involve its interaction with the cell surface. These 
are briefly mentioned below.

i) Wound healing and haemostasis - As described above FN binds to 
fibrin and collagen and can be cross-linked to these components by 
Factor Xllla. It thus becomes incorporated into the wound area at sites 
of tissue damage where it may serve as an organisational centre for the 
formation of new matrix structure. Additionally, it might increase the 
adhesive properties of the wound, promoting migration of fibroblasts into 
the damaged area and so promoting tissue repair. In vitro Grinnell ̂  al. 
(1980a) have shown that cross-linking of FN to fibrin-coated substrata 
by Factor Xllla markedly increased fibroblast attachment. Smaller 
increases in attachment are seen if cross-linking is emitted. Interestingly,

31



FN has been shown to be a potent chemo-attractant for human skin 
fibroblasts, a property which is retained in a 16OKd cell-binding 
fragment (Seppâ, Yamada, Seppâ, Silver, Kleinman and Schiffmann, 1981). 
Again this may promote migration into wound areas so increasing repair.

The function of platelet FN is at present unclear. Following 
platelet activation, FN is released from the a granules and became 
associated with the platelet surface (Zucker ̂  , 1979; Ginsberg,
Pointer, Forsyth, Birdwoll and Plow, 1980). It may thus play a part in 
platelet aggregation and it has been shown that FN can mediate the 
attachment and spreading of platelets, presumably via a component of the 
platelet surface (Grinnell, Feld and Snell, 1979). Using a chemical 
cross-linking reagent this component has recently been suggested to be 
thrombospondin (Lahav, Schwartz and Hynes, 1982).

ii) Opsonisation - FN has been shown to be a major plasma opsonic 
protein and is identical to the ot2-surface binding glycoprotein which 
promotes uptake of gelatin-coated particles by liver slices (Blumenstock, 
Saba, Weber and Baffin, 1978). It was thus suggested that pFN could act as 
a non-specific opsonin for the reticuloendothelial system (RFS). In 
support of this proposal is the fact that FN can bind to S. aureus, the 
Clq component of complement, denatured actin and fibrin suggesting that 
pFN may help to clear cellular debris, bacteria and fibrin from the 
circulation (Mosher and Proctor, 1980; Keski-Oja and Yamada, 1981 ;
Bing, Almeda, Isliker, Lahav and Hynes, 1982) .
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Saba eh (1978 and 1980) have reported extensively on the opsonic 
properties of FN and have demonstrated a general depression in the levels 
of pFN following major surgery,trauma and bums. They suggest this to be 
due to uptake of pFN by the RES during clearance of plasma debris and 
results in a number of clinical conditions which can apparently be 
alleviated by the administration of cryoprecipitate, a rich source of pEN.

The opsonic role of FN presumably involves it binding to cells of 
the RES via a specific receptor before its uptake and degradation.

iii) Development and differentiation - During embryonic differentia
tion of mesenchymal cells into muscle, cartilage and renal tubular 
epithelia the expression of FN is ^parently switched off indicating that 
it is linked with the differentiated state of a cell in vivo (Linder, 
Vaheri, Ruoslahti and Wartiovaara, 1975; Wartiovaara, Stenman and Vaheri, 
1976). This is supported by in vitro work on chondrocyte and myoblast 
differentiation. Dense culture of myoblasts, containing surface FN, 
loose it prior to their differentiation into myotubes (Chen et , 1977), 
a process which is inhibited by the addition of exogenous FN and 
promoted by antibodies to FN. In vitro chondrogenesis is also accorpanied 
by loss of surface FN.However, differentiated chondrocytes do produce 
FN suggesting that following differentiation chondrocytes are unable to 
retain FN at the cell surface. Treatment of chondrocyte cultures with 
vitamin A, which is known to inhibit in vitro chondrogenesis, results in 
increased accumulation of surface FN and addition of FN to chondrocytes 
alters the phenotypic expression of these cells from cartilage specific 
components to more fibroblastic components (Hassell, Pennypacker, Kleinman,
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Pratt and Yamada, 1979) . This is accompanied by reversion to a fibroblastic 
morphology. The presence of FN may thus influence the differentiated state 
of a cell as a result of its interaction with the cell surface.

FN has also been implicated as an agent responsible for directing 
morphogenetic movement during development, e.g. Xenopus larvis primordial 
germ cell migration and migration of embryonic tissue in early chick 
embryo development (Heasman, Hynes, Swan, Thomas and wyiie, 1981;
Critchley, Fhgland, Wakely and Hynes, 1979) .

d) The nature of the cell surface receptor for FN

FYom the above it is apparent that many of the functional activities 
of FN require its interaction with a cell surface receptor. The nature of 
this receptor is thus a key issue in these processes.

The characterisation of the FN receptor has been hampered due mainly 
to the following reasons. Firstly, FN can bind to many cellular components 
not necessarily involved in the initial interaction with the cell surface, 
e.g. heparin. It is thus necessary to separate these non-receptor 
activities from the true receptor-binding activity. The isolation of the 
cell-binding domain of FN may remedy these problems. Secondly and perhaps 
more importantly, FN displays a low affinity for the cell surface unless 
it is immobilised on a solid substratum. This precludes the use of 
classical ligand-binding experiments in measuring receptor activity.
Instead many investigators have used the ability of substratum-adsorbed 
FN to promote cell adhesion as a measure of FN-receptor interactions.

34



An alternative, although essential similar assay is the binding of FN-
coated latex beads to the cell surface. In contrast to fibroblastic

125cells, specific and saturable binding of I-labelled EU to thrornbin- 
stimulated human platelets has been demonstrated (Plow and Grinsberg, 
1981) . Binding was divalent cation dependent and was inhibited by 
unlabelled EU and normal serum but not by EU-depleted serum or a variety 
of proteins or glycoproteins. Scatchard analysis suggested a single class 
of binding sites with an apparent of 3 x 10 ^M, approximately 
1.2 X 10^ molecules of EU binding per platelet. It has recently been 
suggested that the interaction between EU and platelets may be mediated 
by thrombospondin since these two ccnponents can be cross-linked following 
platelet adhesion to EU-coated substrata (Lahav et , 1982). It thus 
seems likely that the interaction of EU with platelets is via a different 
mechanism to that involved in EU binding to fibroblastic cell types.

A number of lines of evidence suggest that carbohydrate moieties at 
the cell surface are involved in EU binding. Firstly, the use of 
tunicamycin, a drug vhich specifically inhibits N-linked glycosylation 
of proteins, shov\ed that cells lacking surface carbohydrate display a 
reduced ability to spread on EU-coated substrata (Butters, Devalia, Aplin 
and Hughes, 1980). Secondly, irutant cell lines with defective glyco
sylation activities also have a reduced adhesive capacity on various 
substrata (Pouyssegur and Pastan, 1976; Aplin and Hughes, 1981a). bHK 
cells selected for resistance to the lectin ricin, display reduced ricin 
binding together with a reduced level of surface EU and iitpaired ability 
to spread on EU-coated substrata (Meager, Ungkichanukit, Naim and Hughes, 
1975; Edwards, Dysart and Hughes, 1976; Pena and Hughes, 1978).
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To vhich plasm membrane component the carbohydrate sequences 
involved in FN binding are attached remins unclear. Using FU coupled 
to a photoactivatable cross-linking reagent a 47Kd glycoprotein has been 
shown to come into close proximity to substrate-adsorbed FU following 
BHK cell spreading (Aplin, Hughes, Jaffe and Sharon, 1981c). The same 
glycoprotein is detected following cell spreading on the lectins ricin, 
soybean agglutinin and concanavalin A. Perkins et (1979), also 
using a cross-linking derivative of FU, demonstrated that following 
binding of FU to hamster cell monolayers it became coupled minly to 
proteoglycans. Hovever, it seems likely that this interaction represents 
the binding of FU to extracellular mtrix mterial rather than to its 
cell surface receptor. Other evidence hovæver also suggests that 
proteoglycans and GAG's m y  play a role in FU-mediated cell adhesion.
Foir* example, substrate-attached mterial (SAM) , remaining following EDTA 
detachment of cells from the substratum, is enriched for FU and GAG's, 
in particular heparan sulphate (Culp, Murray and Pollins, 1979; Murray, 
Ansbacher and Culp, 1980) and highly sulphated heparan sulphate is also 
capable of binding to FU-Sepharose although undersul^ated heparan 
sulphate, hyaluronate or chondroitin species of GAG's do not (Laterra, 
Ansbacher and Culp, 1980). The demonstration of membrane-associated 
heparan sulphate (Kjellen, Pettersson and Hook, 1981) and the ability of 
such mterial to mediate some of the adhesive responses seen following 
FU-mediated cell adhesion (Laterra, Gilbert and Culp, 1983b) therefore make 
these GAG's candidate receptors for FN. Arguing against such a role 
however is the finding that the cell attachment domain of FN does not 
display heparin-binding activity ( Pierschbacher , 1981) .
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A number of groups have raised broad spectrum antisera against vhole 
cell or cell surface . material in an attempt to identify corrponents 
involved in FN binding (Wylie, Damsky and Buck, 1979; Hsieh and Sueoka,
1980; Knudsen, Rao, Damsky and Buck, 1981; Hughes, Butters and i^lin,
1981). Such'antisera generally cause cell rounding and detachment from 
the substratum as a result of binding to a restricted group of glyco
proteins . In particular, a 140Kd glycoprotein is comTOnly recognised 
although others with molecular v^ights of 50-, 80- and 120-Kd have also 
been identified.. Interestingly, a 140Kd cell surface glycoprotein has 
been identified as a major component of the detergent insoluble cyto- 
skeleton together with FN, 250Kd and 170Kd glycoproteins (Lehto, Vartio 
and Virtanen, 1980; Carter and Hakomori, 1981; Carter, 1982). This 
glycoprotein may thus play an inportant role in connecting the FN matrix 
with the cytoskeleton although direct evidence of it acting as a receptor 
for FN is not apparent. In fact the 140Kd glycoprotein is apparently trypsin- 
resistant although binding of FN-coated latex beads to BHK cells is 
sensitive to mild trypsinisation conditions and monocyte binding to FN- 
coated substrata is also abolished by trypsin (Grinnell, 1980; Bevilacqua, 
Amrani, Mosesson and Bianco, 1981) Also using proteases to investigate 
the nature of the FN receptor Tarone et (1982) demonstrated that pronase 
treatment of BHK cells conpletely inhibited their adhesion to FN^oated 
substrata although prolonged trypsin treatment had no effect. Protein 
synthesis was required to restore the adhesive capacity of the cells 
supporting a protein nature for the FN receptor. On the basis of their 
protease-resistance under conditions vhere cell adhesion was unaffected 
twD glycoproteins of molecular veight 120- and 80-Kd were implicated in 
FN-mediated cell adhesion.

These 140 kd glycoproteins are clearly diferent however and the Gpl40 
described by Carter et al has been shown to be the subunit of type VI 
collagen (Heller Harrison R.A. and Carter W.G. J. Biol. Chem.259,6858.)
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Whilst most studies have enphasised the potential role of glycosylated 
membrane proteins of various types in the interaction of cells with FN, 
indirect evidence that the FN receptor is a cell surface sialoglycosphingo- 
lipid (ganglioside) has also been put forward (Kleinman, Martin and 
Fishman, 1979 a J Kleinman, Hewitt, Murray, Liotta, Rennard, Pennypacker, 
McGoodwin, Martin and Fishman, 1979b).Gangliosides were able to inhibit the 
FN-dependent attachment of Œ 0  cells to collagen and the inhibitory 
activity was partially retained in the oligosaccharide moiety. Gangliosides 
have been implicated as receptors for a large number of molecules and in 
the following I will briefly outline our current understanding of these 
molecules and their role as cell surface receptors.

B. GANGLIOSIDES AS CFTT.T. SURFACE RFXZEPTORS (see reviews by Critchley and 
Vicker, 1977; Hakamori, 1981; Svennerholm, Mandel, Dreyfus and Urban, 
1980; Wiegandt, 1982).

Gangliosides are sialic acid containing glycolipids, or more correctly 
glycosphingolipids, that are found in high concentrations in neural tissue, 
in particular the brain, vhere they were first discovered by Klenk in 
1937. This localisation led to the belief that ganglioside might play a 
specific role in the functioning of the central nervous system and was 
supported by the finding that ganglioside accumulation is one of the 
symptoms of the mental disorder, Tay Sachs' disease. MOre recently it has 
became evident that gangliosides are ubiquitous membrane components being 
found in extra neutral tissue and most animal cells in culture. The use 
of modern analytical techniques, such as HPLC, mass spectroscopy and NMR,
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have shown that a surprising diversity of ganglioside species exist and
coupled with their localisation in the plasma menbrane they are uniquely 
qualified for specific recognition functions. Gangliosides have been 
implicated in cell growth and differentiation, malignant transformation, 
viral infection and as receptors for the glycoprotein hormones, 
interferon and many bacterial toxins (see Table 1.3).

1. Structure and Nomenclature (see Fig. 1.2 and Table 1.4)

Gangliosides consist of a membrane embedded lipid moiety linked to 
an externally exposed carbohydrate moiety. The lipid component, termed 
ceramide, consists of a sphingosine base linked to a fatty acid chain 
via an amide bond. The carbohydrate component necessarily contains one 
or more sialic acid residues (either N-acetyl or N-glycoyl neuraminic 
acid) usually at terminal positions. This combination of lipophilic 
ceramide and hydrophilic carbohydrate makes gangliosides highly polar 
lipids with carplex physicochemical properties such as the tendency 
to form micellar structures at concentrations as low as 10 ^-10 
(Formisano, Johnson, Lee, Aloj and Edelhoch, 1979).

The specificity of gangliosides as membrane receptors has been shown 
to reside in their oligosaccharide component. Synthesis of these 
structures is believed to occur in the Golgi ^paratus by sequential 
addition of nucleotide-activated monosaccharides to the cer amide backbone. 
These reactions are catalysed by a series of highly specific membrane- 
bound glycosyl transferases vhich have been postulated to exist as an 
ordered multienzyme complex to allow regulated sequential transfer of 
sugar residues (Fishman and Brady, 1976; Keenan, Morre and Basu, 1974).
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Fig. 1.2 - Structure of ganglioside GM^ (.Opposite)

Table 1.4 Ganglioside structure and ncmanclature (Svennerholine, 1970)

GM^ Cer - Glc - Gal - AcNeu

Cer - Glc - Gal (AcNeu) - GalNac 

Cer - Glc - Gal (AcNeu) - GalNac - Gal

GD^^ Cer - Glc - Gal (AcNeu) - GalNac - Gal - AcNeu

GD^ Cer - Glc - Gal (AcNeu) 2 " GalNac - Gal

Cer - Glc - Gal (AcNeu) - GalNac - Gal (AcNeu) 2 

GT^ Cer - Glc - Gal (AcNeu) 2 - GalNac - Gal - AcNeu

GQ^^ Cer - Glc - Gal (AcNeu) - GalNac - Gal (AcNeu) ̂

GQ^ Cer - Glc - Gal (AcNeu) 2 ” GalNac - Gal (AcNeu) 2

Cer., ceramic3ej Glc., glucose J Gal., galac±ose',
GalNac., N-acetylgalactosamine', AcNeu., N-acetylneur^minic 
acid (sialic acid).
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Table 1.3 Role of gangliosides as membrane receptors

Ligand Ganglioside specificity

1. Bacterial toxins
Cholera toxin
E.coli toxin
Botulinus toxin
Staphylococcus a toxin sialylparagloboside

2. 1Glycoprotein hormones
Thyrotropin (TSH) ® i b
Chorionic gonadotropin
Luteinising hormone

3. Migratory inhibitory factor (MIF) fucose containing 
ganglioside

4. Sendai virus ® 1 a  ® 1 b

5. Interferon

6. Fihronectin ®1b"

see Hakomori (1981) and Wiegandt (1982) for references.

1Recent evidence now seriously questions the role of gangliosides as 
receptors for the Glycoprotein hormones (Pacuszka et al Froc. Natl. 
Acad. Sci. USA 75, 764(
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2. Membrane Organisation of Gangliosides.

Gangliosides are present in membranes frcm most mamnalian cells and, 
being incapable of spanning the lipid bilayer, they are generally considered 
to be localised to the outer leaflet of the plasma membrane with the 
carbohydrate component exposed to the exterior.

The levels of membrane glycolipids labelled by galactose oxidase/ 
borotritiide have been shown to vary during the cell cycle, maximum 
labelling occurring at G1. However, the chemical levels of glycolipids 
appear to remain constant throughout the cell cycle suggesting that 
glycolipids and thus gangliosides may become masked or cryptic under 
certain conditions (Gahmberg and Hakomori, 1974).

Various studies have been carried out to investigate the organisation 
of gangliosides in membranes using model systems. It is thought that in 
the-presence of physiological levels of calcium or magnesium ions 
gangliosides are aggregated into lipid domains due to ccmplexing of sialic 
acid residues by these divalent cations (Sharom and Grant, 1978). 
Gangliosides may also becane partially iimobilised by charge interactions 
with the carbohydrate function of integral membrane glycoproteins 
(Sharom and Grant, 1978).

The interaction of gangliosides with specific membrane proteins has 
been considered for some time with the proposal that a ganglioside domain 
around a particular protein may provide an optimal local environment for 
the functional configuration of a particular protein. As such, gangliosides
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24-have been shown to greatly enhance the activity of the Mg -dependent 
ATPase enzyme from brain microsoraes (Capalto, Maccioni and Capulto, 1977) 
and can be cross-linked to specific "gangliophilic" proteins in the plasma 
membrane (LingwDOd and Hakomori, 1980). A low molecular weight protein 
was isolated from bovine erythrocyte membranes with specific affinity 
for GM^ (Watanabe, Hakomori, Powell and Yokota, 1980). As a consequence 
of their localisation in the outer leaflet of the plasma membrane 
gangliosides are incapable of a direct interaction with intracellular 
conponents. This raises the question of how, if at all, such 
interactions can occur. The demonstration that gangliosides can be 
induced to cap on the surface of lynç^ocytes by the addition of cholera 
toxin (a -specific ligand) (Revesz and Greaves, 1975) and the finding 
that antibodies directed against cause thymocyte stimulation (Sela,
Raz and Geiger, 1978) suggests that gangliosides are capable of such ‘ 
transmembrane interactions. This is supported by the recent evidence 
showing that gangliosides are associated with detergent-insoluble cyto- 
skeletons (Streuli, Patel and Critchley, 1981).

A property of gangliosides vhich has often been exploited in 
receptor studies is their ability to became incorporated into membranes 
vhen added exogenously (Callis, Schwarzmann, Radsak, Siegert and Wiegandt, 
1977; Radsak, Schwarzmann and Wiegandt, 1982). Using such an approach 
it is possible to reconstitute receptor-deficient membranes with specific 
gangliosides and identify vhich species functionally reconstitutes the 
membrane. This interaction between membranes and exogenous gangliosides 
appears to be a complex phenomena although it has been demonstrated in a 
number of systems that at least part of the nembrane-assoc iated ganglio
side is functionally active (Moss, Fishman, Manganiello, Vaughan and Brady, 
1976) .
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3. Ganglioside GM.| as the Cell Surface Receptor for Cholera Toxin (CT).

As mentioned above gangliosides have been suggested to act as 
receptors for a number of biolgically active factors and many also play 
a role in regulation of receptor function. Hovever, apart from the 
interaction betveen CT and ganglioside QVI.J most of this data is of an 
indirect nature and in sane cases disputed. I vould thus like to outline 
the data indicating a role for as the receptor for CT as this represents 
a well characterised system for studying ligand-ganglioside interactions. 
Also, this system is frequently used in this study as a comparison with 
FN-ganglioside interactions.

The interaction of CT with gangliosides has been extensively 
investigated and reviewed» (Van Heyningen, 1982). It binds with high 
affinity (K̂  = 10 ^-10 ) and specificity to ganglioside at the
surface of many cells in culture and isolated intestinal brush borders 
(Cuatrecacas, 1973; Critchley, Ansell, Perkins, Dilks and Ingram, 1979; 
Critchley, Magnani and Fishman, 1981) . This binding results in an 
irreversible activation of adenylate cyclase at the cytoplasmic face of 
the plasma membrane causing an increase in intracellular cyclic AMP and 
the associated pathological effects of CT (Van Heyningen, 1982) .
Initial evidence that (34̂  was the CT receptor came from studies 
involving inhibition of CT binding to membrane fractions. It was 
demonstrated that the GM.j was the most potent inhibitor of toxin binding 
to target cells or membranes (Cuatrecacas, 1973). Numerous studies 
have correlated the levels of with the ability to bind and react 
with CT. NCTC 2071 cells lack higher gangliosides, including GM.j, and
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are unresponsive to CT. Preincubation of these cells with QVI.J hovever 
causes them to become sensitised to CT (Moss ^  , 1979).

Specific binding of CT to has also been demonstrated using 
gangliosides adsorbed to plastic tubes and separated on thin layer 
chromatograms (Holmgren, Elwing, Fredman and Svennerholm, 1980; Magnani, 
Smith and Ginsberg, 1980). Specific binding could only be seen 
corresponding to GM.j. To demonstrate the absence of any glycoprotein 
component in CT binding, intestinal brush border glycoproteins were 
separated on SDS-PAGE and the gel overlaid with radiolabelled CT. Binding 
could only be demonstrated at the dye front corresponding to the position 
lipids run in this system. Binding of CT to the cell membranes specifically 
protected GM.̂  from galactose oxidase/borotritiide labelling while glyco
proteins showed no such protection (Critchley , 1981) .

Direct evidence for CT binding to 04^ at the cell surface has been 
demonstrated by Critchley ̂  al. (1979). CT-receptor complexes were 
isolated from galactose oxidase/borotritiide labelled cells by immune 
precipitation and shown to contain as the only labelled component 
specifically recovered. There is thus a vealth of information showing 
that CT binds specifically to ganglioside GM.j at the cell surface and 
that this binding is functionally involved in the physiological effects 
of CT.
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4. Gangliosides as the Receptor for FN.

Speculation about the involvement of glycolipids or gangliosides 
as potential receptors for FN probably originated from the finding that 
both complex gangliosides and FN vere reduced following cell transforma
tion. It was also known that the levels of certain gangliosides, the so 
called density-dependent glycolipids, increased as cells approached 
confluence, a similar stage at vhich FN begins to accumulate at the cell 
surface (Critchley and Vicker, 1977; Hynes and Bye, 1974). It was thus 
tempting to suggest that gangliosides may be important in the interaction 
of FN with the cell surface. Further circumstantial evidence linking 
these twD components came from evidence demonstrating a correlation 
between reduced levels of gangliosides and metastatic potential (Skipski 
et al., 1980) since the levels of FN are also believed to correlate with a 
cell's metastatic potential. More recently Yogeeswaran (1981) 
demonstrated that incorporation of mixed ganglioside into transformed 
Balb/c 3T3 cells caused a moderate increase in in vitro substrate 
adhesion and a substantial increase in tumour cell take in vivo. It 
would thus appear that gangliosides can influence the adhesive capacity of 
these cells and may thus be involved in the interaction with adhesive 
molecules such as FN.

In 1979 Kleinman ̂  provided indirect evidence that gangliosides, 
in particular GDla and GT^, could bind to FN and thereby block its

subsequent interaction with the cell surface. This was based on the 
ability of these gangliosides to inhibit FN-mediated adhesion of Chinese 
hamster ovary (CHO) cells to collagen-coated substrata. The inhibitory 
activity was partially retained in the oligosaccharide moiety of the
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gangliosides and it was thus proposed that gangliosides, or glycopro
teins bearing similar carbohydrate moieties (Rauvala and Finne, 1979) 
could act as cell surface receptors for FN.

I have attempted to make a critical evaluation of the role of 
gangliosides as receptors for FN using the following approaches.

i) Extending Kleinman's original data to examine the ability of 
gangliosides to inhibit BHK cell spreading on FN. In addition, the 
specificity of this effect for FN induced cell adhesion was investigated 
by examining the ability of gangliosides to inhibit cell spreading on 
concanavilin A-coated substrata. Concanavilin A is believed to induce 
cell adhesion by interaction with cell surface glycoproteins and not 
involving gangliosides.

ii) Investigating the ability of FN to bind to gangliosides iirmcbi- 
lised on plastic surfaces using a sensitive radio-immune detection system.

iii) In an attempt to determine vhether a cell surface ganglioside 
is capable of mediating cell attachment and spreading I have investigated 
the ability of a ganglioside-reactive substratum to promote Balb/c 3T3 
cell adhesion. In addition, by comparison of the adhesive response of 
these cells to ganglioside- and glycoprotein-reactive substrata with that 
to FN-coated substrata, it was hoped to be able to assess the relative 
importance of these cell surface corponents in mediating FN-induced cell 
adhesion.
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iv) Finally I have analysed the relationship between levels of 
cellular gangliosides and their ability to interact with FN. To do this 
I have used a series of ganglioside-deficient variants of Balb/c 3T3 cells 
previously isolated in this laboratory. The effect of altering the levels 
of cell surface gangliosides by neurarninidase-treatnent and ganglioside 
add-back experiments is also examined.
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CHAPTER 2

GANGLIOSIDE INHIBITION

OF CELL SPREADING
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INTRODUCTION

Characterisation of the cell surface receptor for FN has met with 
a number of problems. It has proved difficult to carry out classical 
ligand binding studies due to poor binding of FN to cells in suspension 
(Rennard, Wind, Hewitt and Kleinman, 1981) . Although binding of FN to 
cell monolayers has been shown (Rennard et , 1981; Perkins et al., 
1979), this probably represents binding to other matrix components, 
such as collagen, rather than its cell surface receptor. This is 
supported by data suggesting that receptor sites for FN became depleted 
from the dorsal surface of the cell following attachment and spreading 
(Grinnell, 1980). To demonstrate birring of FN to the cell surface it is 
necessary to activate the FN by adsorption to a suitable substrate, 
usually plastic (Klebe, Bentley and Schoen, 1981). This activation 
step is not understood although a number of explanations have been put 
forward. Following surface adsorption FN may undergo a conformational 
change such that a previously cryptic cell binding site becomes exposed. 
A similar such mechanism has been shown to occur during surface 
activation of blood clotting factor XII (the Hageman factor) by glass 
and other non-physiological substrata (Griffin, 1978). Alternatively, 
adsorption may allow cooperative binding of FN to the cell surface 
thereby increasing the overall affinity of the interaction. Due to the 
above limitations many studies of FN-cell interactions have involved the 
use of assays based on the ability of FN to promote cell-substrate 
attachment and spreading. This is thought to be due to the binding of 
substrate-adsorbed FN to a specific cell surface receptor. Klebe (1974)
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demonstrated that SV-3T3 cell attachment to collagen-coated dishes was 
mediated by a high molecular weight (>200Kd) serum component vhich was 
also capable of inducing cell spreading. Pearlstein (1976) later 
demonstrated FN-dependent attachment of PyBHK cells to collagen. Similar 
such assays have subsequently been developed by a number of other workers 
also using collagen-coated substrata (Grinnell and Minter, 1978;
Kleinman et , 1979c). However, there is no absolute requirement for 
collagen since FN can adsorb to a number of substrata and promote cell 
attachment and spreading (Klebe, Bentley and Schoen, 1981; Hughes, Pena, 
Clark and Dourmashkin, 1979; Grinnell, Hays and Minter, 1977).

Using a CHO cell attachment assay Kleinman et (1979a) 
demonstrated that gangliosides, in particular di- and tri-sialoganglio- 
sides (GDla and GT^), could inhibit 'tN-mediated cell attachment to 
collagen-coated substrata. CHO cell attachment to collagen was sham to 
be a consequence of FN binding to the collagenous substrata and 
subsequent cell attachment to the collagen-FN complex. Preincubation of 
the collagen-FN complex with gangliosides reduced the adhesive capacity 
of the substratum to the low levels seen on collagen alone. This 
inhibitory capacity was partially retained in the oligosaccharide moiety 
of the ganglioside and was not attributable to an effect on collagen-FN 
interactions. Using periodate modifications of the gangliosides it was 
demonstrated that sialic acid formed an essential component of the 
inhibitory activity, although sialic acid alone was not active. FYom 
this data it was proposed that gangliosides or other sialic acid- 
containing glycoconjugates with a similar carbohydrate sequence, may act 
as cell surface receptors for FN.
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In this study I have extended Kleinman's original observations by 
examining the ability of gangliosides to inhibit Œ 0  and BHK cell 
spreading on FN-coated substrata. In addition, I have attempted to 
obtain further evidence of FN-ganglioside interaction by investigating 
the binding of FN to gangliosides bound to plastic. A similar such 
approach has been used to study the binding of cholera toxin and tetanus 
toxin to gangliosides (Holmgren, Elwing, Fredman and Svennerholm, 1980). 
Gangliosides adsorb to plastic substrata via a strong hydrophobic 
interaction betveen their ceramide moiety and the plastic substrata 
leaving the oligosaccharide portion free to react with specific ligands. 
Since it is believed to be the carbohydrate component of ganglioside to 
vhich FN binds, this system is ideally suited to studying the interaction 
of FN with immobilised gangliosides. In order to establish the 
methodology for this technique I have used the binding of radioiodinated 
cholera toxin (CT) to plastic coated with ganglioside (34.̂, its endogenous 
cell surface receptor. Finally, I have asked if ganglioside inhibition 
of cell spreading is specific for the FN-mediated process or whether it 
represents a more general inhibition of the cell spreading process. To 
do this I have examined the effect of gangliosides on ConA-mediated BHK 
cell spreading.
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MATERIALS AND METHODS

Cell culture

Chinese hamster ovary (CHO) and bai^ hamster kidney (BHK) cells wsre 
all grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 
10% heat inactivated newborn calf serum, penicillin (100 units/ml) , 
streptomycin (lOOyg/ml) and amphotericin B (0.235mg/ml) in 9cm tissue 
culture dishes (Nunc) in a 5% CO^ incubator with a humidified atmosphere. 
Cells were routinely subcultured twice weekly using 0.25% trypsin. All 
tissue culture reagents were purchased from Gibco Bio-cult, Paisley, 
Scotland.

Cells were stored by slow freezing down to -70°C in 7.5% dimethyl 
sulphoxide/20% foetal calf serum before transfer to liquid nitrogen.

Ganglioside purification and analysis

Bovine brain mixed gangliosides were purchased from Sigma Chemical 
Company Ltd. and purified individual gangliosides from Supelco 
(Beliefonte Pa., U.S.A.). In addition a number of gangliosides were 
isolated from human brain tissue by Mr. B. Patel in this laboratory 
using previously published methodology (Svennerholm and Fredman, 1980; 
Fredman, Nilsson, Tayot and Svennerholm, 1980). This essentially 
consisted of extracting lipid material from human cerebral tissue with 
chloroform:methanol:water (4:8:3 v/v) and partitioning the lipid extract 
against water to isolate mixed gangliosides in the aqueous phase.
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Mixed gangliosides were then separated into mono-, di-, and tri- 
sialogangliosides using a DEAE-Sepharose CL-6B column (acetate form) 
eluted stepwise with potassium acetate in methanol (0.005M-0.02M) . 
Fractions vere analysed by thin layer chromatography on silica gel G 
plates (Merck) using the solvent system chloroform: methanol:water 
(60:35:8). Separated gangliosides vere visualised by resorcinol spray 
as follows:-

2.5ml of 2% aqueous resorcinol (BKî labs.) was mixed with 20ml of 
concentrated hydrochloric acid plus 62yl of 0.1M copper sulphate and 
made up to 25ml with water. The reagent was then left 4h before use. 
Plates ware sprayed with the resorcinol reagent and baked at 110-120^0 
for 10' to visualise ganglioside bands.

The yield of gangliosides was determined by assaying the lipid- 
bound sialic acid with the resorcinol method (Svennerholm, 1957) .

Chinese hamster ovary cell attachment and spreading assays

The attachment of CHO cells to collagenous substrata has been shown 
to be mediated by FN in a concentration dependent manner (Klebe, 1974). 
This system provides a sensitive assay for FN-cell interactions.

i) Preparation of collagen-coated substrata (Klebe, 1974). lOyg of 
acid soluble collagen (Sigma type III) was applied to 35irm tissue culture 
dishes (Falcon) in 2ml of 0.1% acetic acid containing 0.002% phenol red. 
Dishes v^e placed in a sealed container with a small beaker of NH^CH 
and rocked gently until the phenol red indicator had changed from yellow
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to a metallic red colour (S', RT°). Unpolymerised material was then 
decanted off, dishes washed three times with distilled water and air 
dried overnight. Collagen coated dishes were prepared freshly for each 
experiment.

ii) CHO cell attachment assay. Essentially as described by 
Kleinman ̂  ( 1979a). Collagen-coated dishes vere incubated with 1ml
of DMEM containing 0.02% BSA and varying amounts of serum or FN for 1h, 
37°C (for purification of FN see ^^jpendix I). 4 x 1 0 ^  freshly
trypsinised CHO cells were added to each dish in lOOyl of DMEM and 
allowed to spread for 1.5h, 37°C in a humidified CO2 incubator. 
Unattached cells vere removed by gently washing (x2) with 0.9% sodium 
chloride. Attached cells were then released with 0.25% trypsin/0.1% 
EDTA and counted dn a Coulter counter. In ganglioside inhibition 
experiments varying amounts of stock ganglioside solution (lOmg/ml, 
bovine brain mixed ganglioside in DMEM) vere added to FN-treated dishes 
and incubated for 1h, 37°C. Cells v^e then added directly to the 
ganglioside-containing medium.

iii) CHO cell spreading assay. As described above except that 
attached cells vere fixed with 3.8% formaldehyde in PBS for 40', PT^ 
and stained with crystal violet stain (0.02% in water) rather than 
counted. After preliminary experiments it was found that collagen 
treatment of the plastic dishes had little effect on FN-dependent cell 
spreading and the assay was modified as follows. Duplicate linbro 
wells (Flow labs.) were incubated with varying concentrations of FN in 
PBS for 1h, 37^C (25Oy 1/well) allowing non-specific adsorption of the
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protein to the plastic surface. Unbound material was decanted off and
4250yl of DMEM added. 5 x 1 0  freshly tryps inised and washed (PBS 

containing ImM phenylmethylsulphonyl fluoride, PMSF) CHO cells were 
then added to each well in lOOyl of DMEM and allowed to spread for 1h,
37°C in a humidified CO2 incubator. Cell spreading was quantitated 
using fixed and stained cells by microscopically counting the number 
of spread cells in 3-5 fields of view and expressing this as a 
percentage of the total cell number per field of view. A cell was 
scored as being spread if sufficient cell flattening had occurred to 
allow visualisation of the nucleus in crystal violet stained cells.
This usually involved the cells adopting a tripolar morphology with 
bipolar cells not being sufficiently veil spread to be scored as positive. 
Where appropriate, gangliosides (1mg/ml stock solution in DMEM) vere 
added to EN-coated wells and incubated 1h, 37°C before direct addition 
of cells. Stained cells vere photographed on a Leitz diavert microscope 
with the phase rings removed using Ilford Pan F film (50ASA).

Baby hamster kidney cell spreading assay

Essentially as described for CHO cell spreading. EN-coated linbro
4 owells vere incubated with 5 x 10 BHK cells for 1h, 37 C in a humidified

CO2 incubator. After fixing and staining, cell spreading was quantitated
as described above. For concanavalin A (ConA)-mediated cell spreading,
linbro wells vere coated with ConA (Miles-Yeda) in PBS for 1h, 37^C as
for EN-coating. It was found necessary to wash off unbound ConA prior
to the addition of cells as free ConA tended to block cell binding to
substrate-adsorbed ConA.
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Radioiodination procedures

i) Fihronectin - EN was iodinated using enzymobeads (Biorad Labs.) 
according to the manufacturers instructions. Beads v^re rehydrated in 
0.5ml of distilled water for 2h, 4*̂ C and 25yl added to a 1.5ml microfuge 
tube. 50yl of PBS pH7.2, 8yg EN (20ul in PBS) , lOyl Na^^^I (ImCi, 
Radiochemical Centre, Amersham) and 25pl of 1% beta-D-glucose were then 
added and incubated for 25', RT^. The beads were spun out in a Beckman 
microfuge and the supernatant transferred into lOOyl 0.1M sodium iodide/ 
PBS/0.05% BSA. After removing 5yl of the reaction mix into 2ml of PBI 
(as PBS with sodium iodide replacing sodium chloride) containing 0.05% 
BSA the remainder was loaded onto an 8ml Sephadex G25 (medium) column, 
equilibrated with 5 bed volumes of PBS/0.05% BSA, to separate free iodide 
from labelled protein. Labelled EN was then loaded onto a 1ml gelatin- 
Sepharose-4B column equilibrated with PBS/0.05% BSA and eluted with 4M 
urea/CAPS pHII.O. Between 60-70% of the counts loaded onto the column 
ware retained and could be eluted with urea. Analysis of the affinity 
purified material by SDS-PAGE showed that the majority of the radio
activity was associated with a single band which co-migrated with 
unlabelled EN (Fig. 2.1), The specific activity of the labelled 
material, as determined by the percentage of TCA precipitable counts in 
the reaction mix, was 8yCi/yg of protein.

ii) Cholera toxin - CT was iodinated by a chloramine T method
(Streuli et ̂ . , 1981) . lOyg of CT (Schwarz-Mann) was labelled at RT^

125with SOOyCi of Na I for 1 ' using 25yg of aqueous chloramine T (Sigma, 
lOmg/ml) as an oxidising agent. The reaction was terminated with 50yg

58



of sodium rretabisulphite (lOmg/ml in PBS) followed by 50yl 0.1M sodium 
iodide in 0.1M Tris pH7.5 containing 0.2% (w/v) gelatin. 2.5yl of the 
reaction mix was taken into 2ml of PBI containing 0.1% BSA to calculate 
the efficiency of incorporation and the remainer loaded onto a Sephadex 
G25 column equilibrated with 0.1M Ttis pH7.4/0.2% (w/v) gelatin to 
remove free iodide. Specific activities of 10-20yCi/yg protein v^re 
rountinely obtained with betveen 40-70% biological activity (as determined 
in cell binding assays).

iii) Protein A - protein A (Pharmacia) was radioiodinated using a
modification of the chloramine T procedure. 5yl of ImM chloramine T
was incubated with 20yl of 0. 1M sulphuric acid for 1 ' and for a further

1252' after the addition of 5yl Na I (SOOyCi). 30yl of potassium phosphate 
buffer pH7.0 was added followed ty 20yl of protein A (Img/ml) and 
incubated for 10', RT° with mixing. The reaction was then terminated by 
the addition of 30yl of saturated tyrosine solution followed by lOOyl of 
NET/gelatin buffer (150mM sodium chloride, SmM EDTA, SOmM Tris pH7.4,
0.05% Nonidet-P40, 0.25% gelatin) plus 20yl of beta-mercaptoethanol. 
Labelled protein was separated from free iodide using a Sephadex G25 
column equilibrated with NET/gelatin buffer. The specific acitivity of 
the labelled protein was 12yCi/yg and greater than 65% was able to bind 
to rabbit IgG as determined in a microv^ll binding assay.

All labelled proteins were stored at 4^C.
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Fig. 2.1 lodination of FN using Enzynpbeads - SDS-PAGE
profile of iodinated materials

IN was iodinated using Enzymobeads according to the manufacturer's
recaimendations (see Bio-Rad product information bulletin 1060E) and
as described in Materials and Methods. 8yg of human plasma FN was

125reacted with ImCi Na I in the presence of enzymobeads and 1% beta- 
D-glucose for 25', RT°. Iodinated material was separated from free 
iodide by Sephadex G25 chromatogra^tiy and biologically active lU 
then recovered by gelatin-Sepharose affinity chromatogra^iy. A 
sample of 4M urea eluted material was then analysed on a 7.5% SDS-PAGE 
by gel slicing or autoradiography (insert). ESA = bovine serum albumin 
marker, BPB = bromophenol blue marker.
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Binding of FN to plastic-adsorbed gangliosides (Holngren et , 1980)

Gangliosides dissolved in PBS vere adsorbed to 10 x SSitm polystyrene
tubes (AB Heger-Plast. Stallarholinen, Sweden) for 18h, RT°. Unbound
ganglioside was removed and the tubes washed three times with PBS before
incubation with 0.5ml of lOmg/ml BSA in PBS (1h, 37°C) to prevent non-

125specific adsorption of ligands to the plastic. I-labelled CT or FN
was then added (100-200 x 10^ CPM/tube) in 200yl of PBS containing 5mg/ml
BSA and the ligands allowed to bind for 2h, RT^. Unbound material was
aspirated and tubes washed three times with 0.05% Tveen 20 in PBS before 
125I counting on a Beckman 5500 gamma counter.

Binding of FN or CT to ganglioside-coated tubes was also determined
125using ligand-specific antisera and I-labelled protein A (see Appendix 

II for production and characterisation of anti-FN antiserum). 
Ganglioside-coated tubes were incubated with lOOyl of CT or FN in PBS 
containing 5mg/ml BSA for 2h, RT^ and after removal of unbound ligand 
tubes vere further incubated for 1h, 37^C with lOOyl of rabbit anti
ligand antiserum diluted 1:30 with PBS/BSA. Unbound antibody was removed 
by washing with PBS and tubes incubated 1h, 37°C with  ̂ I-labelled 
protein A in PBS containing 5mg/ml BSA. Tubes were washed three times 
with PBS/0.05% Tween 20 and counted as above.
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RESULTS

Ganglioside inhibition of FN-mediated Œ 0  cell attachment and spreading

i) Serum-dependent CHO cell attachment. Collagenous substrata 
lære prepared as described previously (Klebe, 1974; Pearlstein, 1976; 
Kleinman, McGoodwin, Rennard and Martin, 1979c). 35nm tissue culture 
dishes were coated with lOyg of collagen per dish by ammonia gelling 
and CHO cell attachment investigated in the presence of varying concen
trations of bovine serum (Fig. 2.2). Maximal cell attachment occurred 
at betveen 0.25 and 1.0% serum although this rarely exceeded 50% of the 
total cells applied to the dish. In the absence of serum the substrata 
had a reduced capacity to mediate cell attachment although considerable 
variation was observed. In some instances maximal cell attachment was 
only 3-fold higher than that seen in the absence of serum due to high 
"non-specific" attachment. Pretreatment of the collagen-coated dishes 
with 8M urea as described by Klebe (1974) and Pearlstein (1976) did not 
significantly reduce attachment in the absence of serum (Table 2.1). 
Using phase mucroscopy it was noted that in the absence of serum or FN 
most of the attached cells were rounded and translucent in appearance 
with only a few opaque, rounded cells being seen. Following addition 
of serum or FN the attached cells underwent cell spreading, i.e. 
flattening of the cell body with cytoplasmic extention away from the 
nucleus.
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Fig. 2.2 Serum dependent CHO cell attachinent to collagen-coated
substrata

35mm tissue culture dishes were coated with 10yg of collagen 
(type III, Sigma) by airmonia gelling. Each dish was then incubated 
with 1ml of DMEM/0.02% BSA and varying concentrations of bovine 
serum for 1h, 37^C. 4 x 1 0 ^  freshly trypsinised Œ 0  cells v^e
then added in 0,1ml of DMEM/G.02% BSA and incubated for a further 
I.Sh, 37^C. After removal of unattached cells, adherent cells 
v^e released by trypsinisation and counted electronically.
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Table 2.1 Effects of 8M urea treatment of collagen substrata
on CHO attachment

% Serum Cell attachment (x 10̂ )
+ 8M urea treatment - 8M urea treatment

0 0.24 0.17
0.1 0.82 0.78
0.5 0.90 0.93
1.0 0.84 0.89
5.0 1.0 0.82

Protocol essentially as described in Fig. 2.2. Where appropriate
collagen-coated dishes were washed with aqueous 8M urea for 20', RT^ 
then three times for 5' with water and allowed to air^dry. 
Freshly trypsinised CHO cells were then added and allowed to attach 
for 1.5h, 37°C.
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ii) Effect of gangliosides. When collagen-coated dishes vere 
incubated with 0.2% serum, a concentration capable of inducing approxi
mately 90% of maximal cell attachment, and subsequently with various 
concentrations of bovine brain mixed gangliosides it was found that 
cell attachement decreased with increasing ganglioside concentrations 
(Fig. 2.3) . Hovever, the reduction in cell attachment demonstrated 
here was far less than that demonstrated by Kleinman et (1979a) 
under similar conditions. Examination of the attached cells using 
microscopy demonstrated that cell spreading was far more sensitive 
to gangliosides than cell attachment (Fig. 2.3) . A ganglioside 
concentration of 0.67mM virtually abolished cell spreading while cell 
attachment was only inhibited by approximately 20%. 50% inhibition
of cell spreading was seen with a ganglioside concentration of 
approximately 0.2irM. The remaining attached cells were translucent in 
appearance thus resanbling cells attached in the absence of serum.

Due to the above difficulties in setting up a reliable CHO cell 
attachment assay it was decided to modify it by monitoring cell spreading, 
rather than attachment, since cell spreading displayed an absolute 
requirement for FW.
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Fig. 2.3 Ganglioside inhibition of CHO cell attachinent and
spreading on collagen-coated substrata

35irm tissue culture dishes vere coated with 10yg of collagen (type 
III, Sigma) by ammonia gelling. Dishes were then incubated with 1ml of 
DMEM/0.02% BSA plus 0.2% bovine serum and varying concentrations of 
mixed ganglioside for 1h, 37°C. Freshly trypsinised Œ 0  cells 
(4 X 10̂ ) vere then added and incubated for a further 1.5h, 37°C. 
Following removal of unattached cells, attached cells v^e released 
by trypsinisation and counted electronically. Cell spreading was 
scored semi-quantitatively on a 0-10 basis, 0 indicating a rounded 
morphology and 1-10 increasing numbers of well spread cells.
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iii) Ganglioside inhibition of CHO cell spreading. The problems 
of the CHO cell attachment assay are clearly demonstrated in Fig. 2.4,A 
vhere a high level of cell attachment to collagen-coated dishes is 
evident in the absence of serum or IN. All the attached cells hov^ver 
remained rounded. Addition of 0.5% bovine serum to the dish caused a 
dramatic change in the shape of the attached cells to a flattened well 
spread morphology (Fig. 2.4,B). This ability of serum to promote cell 
spreading can be partially blocked by carrying out the assay in the 
presence of 500yg/ml bovine brain mixed gangliosides. This inhibitory 
effect can be overcome by increasing the level of serum to 5.0%
(Fig. 2.4, C,D) suggesting that the inhibitory activity is not due to 
a cytotoxic effect on the cells.

The presence of collagen in Kleinman's attachment assay probably 
reduced non-specific attachment of the cells to plastic although in 
our case this was ineffective. Since ve were now monitoring cell 
spreading it was decided to investigate whether or not CHO cells vere 
capable of spreading on IN-coated linbro wells in the absence of 
collagen. Over the time course of the assay (1.5h) little or no cell 
spreading was evident in the absence of IN (Fig. 2.4,A^). Treatment of 
the wells with 3yg/ml IN in PBS for 1h, 37°C induced greater than 80% of 
the applied cells to spread (Fig. 2.4,B^). The spreading activity was 
corrpletely abolished by the presence of 500yg/ml mixed gangliosides 
(Fig. 2.4,03 . Thus, CHO cell spreading on plastic could be induced by 
IN-coating in the absence of collagen and forms a rapid, sensitive 
assay for IN activity. This activity is sensitive to mixed gangliosides 
although cell attachment is not greatly affected.
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Fig. 2.4 Ganglioside inhibition of CHO cell spreading

a) 35nm tissue culture dishes vere coated with 10yg of collagen as 
described in Materials and Methods. They vere then incubated for 1h, 
37^C with 1ml DMEM plus serum and mixed ganglioside as indicated.
4 X 10̂  freshly trypsinised CHO cells ^re then added in lOOyl of EMEM 
and allowed to spread for 1,5h, 37°C. Medium was then decanted off and 
cells fixed and stained.

A - No serum; no ganglioside 
B - 0.5% serum; no ganglioside 
C - 0.5% serum; 500yg/ml mixed ganglioside 
D T 5% serum; 500yg/ml mixed ganglioside

b) Linbro wells were coated with EN in PBS for 1h, 37°C followed 
by either DMEM or DMEM plus mixed ganglioside for a further 1h, 37°C.

4Freshly trypsinised CHO cells (5 x 10 ) vere then added to each well in 
100yl of EMEM and allo\æd to spread for 1.5h, 37^C. Cell spreading was 
visualised as described above.

A No EN ; no ganglioside
B 3yg/ml FN ; no ganglioside
C 3yg/ml EN; 500yg/ml ganglioside
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Quantitative data for FN-dependent CHO cell spreading is presented 
in Fig. 2.5. In the absence of FN, linbro veils vere unable to support 
CHO cell spreading although cell attachinent clearly occurred. Coating 
of the wells with increasing concentrations of FN over the range 
0.25-1.Oyg/ml caused a linear increas in the number of cells spread. 
Maximal cell spreading was achieved at a coating concentrations of 
2.Oyg/ml FN. Cell spreading in the absence of FN treatment was 
consistently less than 10% of the total number of attached cells and 
frequently as low as 5%. Slight variation in the amounts of FN required 
for maximal cell spreading v^e noticed betveen different batches of FN 
(betveen 1.5-2.5yg/ml FN). Repeated freeze thawing of FN stocks also 
reduced its ability to promote cell spreading and was thus avoided.

As previously shown (Fig. 2.4,b) mixed gangliosides inhibit FN- 
mediated CHO cell spreading. The concentration dependence of this 
phenomena is shown in Fig. 2.6. Linbro wells vere coated with 3yg/ml FN 
followed by increasing concentrations of bovine brain mixed gangliosides 
in DMEM. Freshly trypsinised CHO cells vere then added directly to 
the ganglioside containing medium. In the absence of gangliosides 
greater than 90% cell spreading was achieved. In the presence of 
gangliosides there was a steady reduction in the number of spread cells 
over the range 0-200yM mixed gangliosides. A 50% reduction in cell 
spreading was achieved at approximately lOOyM mixed gangliosides. To 
determine the ganglioside specificity of this inhibition, 200yM purified 
gangliosides (Supelco) v ^e added individually to the assay and cell 
spreading monitored (Table 2.2A). The di- and tri-sialogangliosides 
QDI^ and GT) were consistently better inhibitors of cell spreading than 
the monosialoganglioside, (34̂ . This is in agrément with data for
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Fig. 2.5 FN-dependent spreading of CHO cells on plastic
substrata; concentration dependence

Linbro wslls v^e incubated with varying concentrations of FN in 
PBS for 1h, 37°C (250yl/well). Unbound FN was then decanted off and 
250yl DMEM added. Freshly trypsinised CHO cells (5 x 10^ in lOOyl DMEM) 
were added and allowed to spread for Ih, 37°C in a 5% CO^ incubator. 
Cells vere then fixed and stained and cell spreading quantitated as 
described in Materials and Methods. Error bars represent standard 
deviation ( .
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Fig. 2.6 Ganglioside inhibition of Œ 0  cell spreading; 
concentration dependence

Linbro wells were coated with 3yg/ml FN in PBS (250yl/vell) for
1h, 37°C. IMxxind FN was then decanted off and replaced by 250yl of
DMFM containing varying concentrations of bovine mixed gangliosides.

o 4After incubating for Ih, 37 C. 5 x 1 0  freshly trypsinised CHO cells
were added to each well in lOOyl of EMEM and allowed to spread for Ih, 
o37 C. Medium was then gently decanted off and cells were fixed and 

stained and cell spreading quantitated as described in Materials and 
Methods.
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ganglioside inhibition of CHO cell attachment (Kleinman et , 1979a).

Because cells ^re added directly to ganglioside-containing medium 
in the above e:^riments the basis for the inhibitory activity of 
gangliosides on EN-dependent cell spreading is unclear. In an attenpt 
to establish vhether the inhibition was due to ganglioside binding to 
substrate-bound FN or to a direct effect on the cell vra carried out the 
following experiments. Preincubation of FN-coated plastic with mixed 
gangliosides followed by removal of unbound gangliosides prior to the 
addition of cells only partially relieved the inhibition (Table 2.2,B). 
In addition, preincubation of the plastic substratum with gangliosides 
prior to FN had no effect on subsequent cell spreading demonstrating 
that ganglioside binding to the plastic substratum was not responsible 
for the inhibitory effect.

The above data is thus consistent with that presented by Kleinman 
et al. (1979a) suggesting that gangliosides, in particular GDI^ and GT, 
can bind to substratum adsorbed FN thereby preventing its subsequent 
interaction with the cell surface.

Ganglioside inhibition of FN-mediated BHK cell spreading

An iiTportant extension of the above data is to examine whether 
gangliosides are inhibitory in other assays comnonly used to monitor 
FN-oell interaction. We therefore investigated the ability of 
gangliosides to inhibit FN-mediated BHK cell spreading, an established 
bioassay for FN (Pena and Highes, 1978). It was demonstrated that BHK

78



(A)

Ganglioside
(200pM)

% Cell spreading % Inhibition

No addition 90.2 - 3.3 —

CM̂ 82.2 - 2.2 8.9
GD 7.3 - 4.7 91.9
CT 0 100

Mixed 10.6 - 3.3 88.2

(B)

-

Incubations % Cell spreading % Inhibition

FN/wash/tMEM 74 i 10.9 0

FN/wash/ganglioside 28 - 10.9 62.2
FN/wash/ganglioside/wash 39 - 11.5 47.3
Ganglioside/wash/FN/wash 77 - 2.4 0
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Table 2.2 Ganglioside inhibition of CHO cell spreading

(A) Ganglioside specificity

Linbro wells \ære incubated for 1h, 37^C with 3yg/ml FN in PBS 
( 25Oy 1/well). Unbound FN was aspirated and replaced by DMEM containing 
specific gangliosides (Supelco standards, 200yM) as indicated. After 
incubating for Ih, 37°C freshly trypsinised CHO cells v^e added 
(4 X 10^/well in lOOyl DMEM) and cell spreading determined after Ih, 
37^C as described in Materials and r4ethods.

(B) Effect of removing unbound gangliosides

Linbro wells were incubated for Ih, 37°C with each of the above 
additions (25Oy 1/well) in the order shown. Where indicated wells were

4washed twice with EMEM prior to the next addition. 5 x 10 cells vere 
then added to each well in lOOyl DMEM and cell spreading determined 
as in (A) .

FN was 3yg/ml in PBS.

Gangliosides were bovine brain mixed gangliosides and v^re added 
in DMEM at a final concentration of 500yg/ml.
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cell spreading in linbro wells was FN-dependent with maximal cell 
spreading occurring at a coating concentration of bet\æen 1 -3yg/ml FN 
(Fig. 2.7) . In the absence of FN a low level of spreading was observed 
(apporx. 10-15%) (Fig. 2.7 and 2.8,E). Incubation of the FN-coated 
substrata (lyg/ml) with 50Oyg/ml bovine brain mixed gangliosides reduced 
cell spreading to less than 20%, however, at a higher FN coating concen
tration (5yg/ml) the ganglioside apparently had little effect on the 
number of cells spread (Fig. 2.8 and Table 2.3,B). The morphology of 
cells spread in ganglioside-containing medium (Fig. 2.8,D) was however 
slightly different from that in the absence of ganglioside. The 
significance of this observation is unclear at present. A detailed 
examination of the concentration dependence of ganglioside inhibition of 
BHK cell spreading by specific ganglioside is shown in Fig. 2.9. As mth 
CHO cell spreading, GD and GT were consistently the best inhibitors of 
BHK cell spreading. The concentration of gangliosides GD and GT needed 
to produce 50% inhibition of spreading on substrates coated wûth 2yg/ml 
FN were approximately 10 and 35yM respctively. However, in some 
experiments the difference between the activity of GD and GT was less 
apparent. Similar variability in the inhibition of FN-dependent CHO cell 
attachment by gangliosides GDI^ and.GT has previously been reported 
(Kleinman et , 1979a). MOnosialogangliosides (34̂  and QXÎj were less 
effective inhibitors of BHK cell spreading than GD and GT and inhibition 
was incouplete (73%) even at high ganglioside concentrations (200yM).
As wTith the CHO cell spreading assay it was inportant to demonstrate 
that the ganglioside effect was due to interaction with the FN substrate 
and not with the cells. Removal of unbound gangliosides from FN-coated 
wells only partially removed the inhibitory activity (Table 3.3,A) and.
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Fig. 2.7 Fibronectin dependent BHK cell spreading;
concentration dependence

Linbro wells v^e coated with varying concentrations of FN in 
250yl of PBS for 1h, 37̂ C, Unbound FN was then aspirated and replaced

4250]j1 of DMFJyi. 5 x 1 0  BHK cells ware then added to each wsll and 
allowed to spread for Ih, 37%. Medium was gently aspirated and cell 
spreading then quantitated as described in Materials and Methods.
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Fig. 2.8 Ganqlioside inhibition of BHK cell spreading - 
effect of increasing the serum concentration

Linhro wells vere coated with FU as indicated for 1h, 37^C. 
Unbound ESI was aspirated and replaced with 250jjl of DMEM +/“ 500yg/ml
bovine brain mixed ganglioside. After incubating for a further 1h,
o 437 C BHK cells ( 5 x 1 0 )  \ære then added in lOOyl CMSM and allowed to

spread for 1h, 37°C after v^ich the cells were fixed, stained and
photographed as described in Materials and Methods.

A - lyg/ml FN; no ganglioside
B - 5yg/ml FN; no ganglioside
C - lyg/ml FN; 500yg/ml ganglioside
D - 5ug/ml FN; 500yg/ml ganglioside
E - No FN; no ganglioside
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(A) Effect of rgnoving unbound gangliosides

Incubation protocol % Cell spreading % Inhibition

1. No addition 9.0 - 1.2 —

2. FN/wash/t)MEM 71.0 i 2.6 0

3. FN/wash/ganglioside 14.2 i 1.6 80.0
4. FN/wash/ganglioside/wash 45.5 - 6.1 35.9

(B) Effect of increasing FN concentration

Incubation protocol % Cell spreading % Inhibition

1. Ipg/nl FN/wash/DMEM 82.6 - 3.3 0

2. Ipg/ml FN/wash/ganglioside 7.4 - 2.5 91
3. 5pg/inl FN/wash/DMEM 90.9 - 2.8 0

4. 5pg/nl FN/wash/ganglioside 74.5 - 4.9 18

86



Table 2.3 Inhibition of FN-dependent BHK cell spreading
by gangliosides. (A) Effect of removing unbound 
gangliosides, (B) effect of increasing FN 
concentrations.

Linbro wells were incubated for 1h, 37°C with each of the above 
additions (25Oy1/well) in the order shown. Where indicated wells

4ware washed twice with DMEM prior to the next addition. 5 x 1 0  
cells were then added to each veil in DMFM and the percentage cell 
spreading determined after 1h, 37°C as described in Materials and 
Methods.

FN (3yg/ml) was added in PBS.

Gangliosides (mixed, bovine brain) were added in DMEM to a 
final concentration of 500yg/ml.
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Fig. 2.9 Inhibition of FN~mediated BHK cell spreading by
specific gangliosides - concentration dependence

Linhro wells were coated with 2]ig/ml lU for 1h, 37°C. Unbound 
PU was aspirated and replaced by 250yl DMEM containing specific 
gangliosides at varying concentrations for 1h, 37^C prior to the

4addition of 5 x 10 BHK cells. Cell spreading was quantitated 
after 1h, 37^C as described in Materials and Methods.

)f ; □-- □/ GM^ ; ■ # , GD; 0— 0 , GT.
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similar to Œ 0  cell spreading, pretreatment of wells with gangliosides 
prior to coating with FU had little effect on subsequent cell spreading 
(data not shown). It was noted hoover, that the inhibitory activity 
remaining following removal of unbound gangliosides varied considerably 
between experiments. The reason for this variability is not understood 
although the levels of FN used appears to be important.

Binding of fibronectin to plastic-adsorbed gangliosides

Gangliosides adsorbed to plastic surfaces have been used to
investigate the chemical nature of both the cholera and tetanus toxin
receptors (Holmgren eh ̂ . , 1980). We therefore attempted to demonstrate
binding of radioiodinated FN to various gangliosides using this technique.

125However, we vere only able to demonstrate trace levels of I-labelled
FU binding to tubes coated with high levels (200yM) of trisialoganglio-
sides (Table 2.4). Coating at higher concentrations up to 400yM did not
significantly increase binding. As a positive control for FU biological
activity, tubes vere coated with 1 mg/ml gelatin and treated as for
ganglioside coated tubes, in this case greater than 70% of the applied
counts remained bound to the tube. In order to establish that the tubes
had in fact been coated with gangliosides, control tubes ^ære incubated
with various gangliosides and their ability to support the binding of 
125I-labelled CT investigated. Ganglioside GM^ support the binding of
125I- labelled CT (Table 2.4), although little or no binding to other 
gangliosides was noted in agreement with the known specificity of CT 
for . Subsequent experiments demonstrated that treatment of tubes 
coated with di- and tri-sialoganglios.ides with Vibrio cholerae
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Ganglioside Ligand binding (CPM/tube)

GM3 (2pM) 0 0

(2pM) 0 46132
GD (2pM) 0 67
GT (2pM) 39 0

GT (200JJM) 251 ND
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Table 2.4 Binding of ^ F U  to plastic-adsorbed
gangliosides

Fibronectin binding to polystyrene tubes coated with various
125gangliosides was determined using I-labelled FU (90,000 CPM/tube, 

specific activity 2354 CPM/fnole). As a positive control for FU 
binding some tubes were coated with gelatin. Greater than 70% of 
the applied counts være bound.

To confirm the efficient binding of gangliosides to polystyrene
125and the specificity of the systen I-labelled CT (200,000 Cl^tube, 

40nM concentration) was added to ganglioside-coated tubes. Non
specific binding to tubes not coated with ligand has, in all cases, 
been subtracted from the total counts bound.

92



neuraminidase (0.02 Units/ml) increased CT binding in these tubes to
values similar to that for indicating that other gangliosides are
equally veil absorbed to these tubes. Thus, although it was established
that gangliosides vere bound to the tubes and that they could support
the binding of  ̂ CT only limited binding of  ̂ could be
determined. Similarly, when gangliosides vere separated by thin layer
chromatography and the plates overlayed with iodinated ligand as described
by Magnani et _^ ( 1982)  ̂̂ 5j»]_Qj2elled CT binding to GM^ was clearly

125demonstable although ve failed to detect binding of I-labelled FN to 
any of the gangliosides tested (data not shown).

Binding of unlabelled FN to gangliosides was reproducibly
125demonstrated using a rabbit antiserum to FN and I-labelled protein A

125as the detection system (Table 2.5). As in experiments using I-
labelled FN, binding could only be dOTonstrated vhen tubes were coated
with high levels of ganglioside (>200yM) and even then only low levels
of binding were observed. Binding of FN to di- and tri-sialogangliosides
was consistently higher than to the monosialogangliosides GM^ and @4^,
although the specificity for the former pair appeared to be variable.
Gelatin coated tubes were used as a control for FN binding and high
levels of bound FN could be demonstrated in contrast to the low levels

125seen on ganglioside-coated tubes, cf. 39610 and 3004 CPM of I- 
labelled protein A to gelatin- and ganglioside-ooated tubes respectively. 
Similarly, high levels of CT binding could be demonstrated to tubes 
coated with GM^ (Table 2.5). Only background levels of bound radio
activity could be detected when rabbit preinmune serum was used to 
replace either anti-FN or anti-CT antisera.
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Imnobilised
ganglioside Binding assay Protein A bound (CPM)

A) 2pM Ganglioside B) 200pM Ganglioside

GM^ Fibronectin 0 392
GM^ 0 935
GD 0 3004
CT 0 13$7

GM^ Cholera toxin 97039 38732
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Table 2.5 Demonstration of the binding of FN to gangliosides 
using a solid phase radioiinmne assay

Binding of fibronectin (114nM) to polystyrene tubes coated with
various gangliosides (2yM and 200yM) was determined using a rabbit

125anti-fibronectin antiserum (diluted 1:30 in PBS) and I-labelled
protein A (specific activity 350ŒM/fmole, 140,OOOCPPytube in
experiment A; 216CPM/fmole, 110, OOOCPM/tube in experiment B) . As
a positive control for binding, tubes were coated with 1 mg/ml of

125gelatin, and fibronectin binding assayed as above. The CPM of I-
labelled protein A bound vere 73693 (experiment A) and 39610
(experiment B) . To establish that gangliosides vere adsorbed
efficiently to the tubes, cholera toxin (40nM) binding was assayed

125using a rabbit anti-cholera toxin antiserum and I-labelled protein A.

125In all cases, non-specific binding of I-labelled protein A to 
tubes not coated with gangliosides has been subtracted (1010CPM) from 
the total counts bound. The results are expressed as the mean of 
duplicate determinations differing from the mean by <10%.
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Ganglioside inhibition of ConA-mediated BHK cell spreading

In order to demonstrate that the ability of gangliosides to inhibit 
cell spreading was specific for the FN-mediated process ve investigated 
the effect of gangliosides on ConA-mediated cell spreading, A number of 
workers have shown that the lectin ConA can mediate BHK cell spreading 
due to its ability to bind to mannose-containlng cell surface glyco- 
conjugates (Grinnell et al., 1978; Hughes et al., 1979). Here we 
demonstrate that coating of linhro wells with ConA induces BHK cell 
spreading in a concentration dependent manner with maximal spreading 
occurring at approximately 1OOpg/ml ConA (Fig. 2.10). Cells spread on 
ConA coated wells (100yg/ml) vere morphologically indistinguishable 
from cells induced to spread by FN (corrpare Fig. 2.8,B with Fig. 2.11,B) . 
Incubation of the ConA-coated wells with 500pg/ml bovine brain mixed 
gangliosides prior to the direct addition of the cells caused a dramatic 
reduction in the numbers of cells spread (Fig. 2.11,C and Table 2.6). 
However, if the ganglioside-containing medium was removed and wells 
washed prior to the addition of the cells the inhibitory activity was 
lost (Table 2.6). The magnitude of the ganglioside effect was shown to 
be dependent on the ConA coating concentrations (Table 2.6). Thus, 
raising the coating concentrations from 25ijg/ml to 1 mg/ml caused a - 
reduction in the inhibitory activity from 70.6% to 20.0%. As with 
similar data on the inhibition of FN spreading this argues against a 
direct cytotoxic effect of gangliosides on the cells being responsible 
for the inhibitory effect.
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Fig. 2.10 BHK cell spreading on ConA-coated substrata - 
concentration dependence

Linbro wells vere coated with varying concentrations of ConA 
in PBS ( 25Op 1/well) for 1h, 37°C. Wells were aspirated and washed

4once with PBS prior to the addition of 5 x 10 freshly trypsinised 
BHK cells in DMEM. Cells were alloved to spread for 1h, 37°C and 
cell spreading quantitated as for FN-induced cell spreading.
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Fig. 2.11 Ganglioside inhibition of ConA mediated BHK cell
spreading

Linbro wells were coated with 10Opg/ml ConA in PBS ( 25Op 1/veil) 
for Ihy 37°C. Unbound ConA was then aspirated and replaced by DMEM 
+/“ 500pg/ml bovine brain mixed ganglioside (250pl/well) .

4Trypsinised BHK cells ( 5 x 1 0 )  were added to each veil and allowed 
to spread for 1h, 37°C. Cells vere then fixed and stained as 
described in Materials and Methods.

A - No ConA; no ganglioside; cells
B - 1OOpg/ml ConA; no ganglioside; cells
C - 1OOpg/ml ConA; 5OOpg/ml ganglioside; cells
D - 1OOpg/ml ConA; 5OOpg/ml ganglioside; wash; cells,
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Incubation protocol % Cell spreading % Inhibition

(A)

1. No additions 8.4 - 0.9 -

2. ConA/wash/tMEM 76.9 - 4.1 0

3. ConA/wash/ganglioside 24.2 - 3.0 68.5
4. ConA/wash/ganglioside/wash 71.8 i 4.4 6.6

(B)

1. 25pg/ml ConA/wash/bMEM 68.3 - 5.4 0

2. 25]ig/ml ConA/wash/ganglioside 20.1 - 6.2 70.6
3. Img/ml ConA/wash/bMEM 80.4 i 4.3 0

4. Irrg/hil ConA/wash/ganglioside 64.3 i 3.4 20.0
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Table 2.6 Inhibition of ConA-mediated BHK cell spreading by 
gangliosides

(A) Effect of removing unbound ganglioside.
(B) Effect of increasing ConA concentration.

Linbro wells vere incubated with ConA in PBS ( 10Opg/ml in (A) ) 
for 1h, 37^C, unbound material removed by washing once with PBS and
further incubated with DMEM +/“ 5 OOpg/ml bovine brain mixed

o 4gangliosides for 1h, 37 C. Trypsinised BHK cells (5 x 10 ) vere
then added directly and the degree of cell spreading quantitated after
1 h, 37^C as outlined in Materials and Methods. VJhere indicated, wells
were washed tv/ice vrLth EMEM prior to the addition of cells.
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A detailed examination of the ganglioside specificity of the 
inhibitory activity is shown in Fig. 2.12. Linbro wells vere coated 
with 2OOpg/ml ConA, unbound material removed by washing and then further 
incubated with increasing concentrations of specific gangliosides in 
DMEM. BHK cells vere then added to the ganglioside containing medium 
and alloved to spread for 1h, 37°C. Although a relatively high coating 
concentration of ConA was used (200pg/ml) only 70% cell spreading was 
achieved in the absence of gangliosides. The reason for this low level 
of cell spreading is thought to be due to shedding of substratum- 
adsorbed ConA into the medium during the incubation of wells with 
ganglioside. The poor binding of ConA to plastic carpared to EN has 
previously been reported by Hughes ^  al. (1979). Even at higher 
coating concentrations the level of maximal cell spreading did not 
exceed 70%. Disialogangliosides vere the most effective inhibitors of • 
ConA-mediated cell spreading with a 50% inhibi.tory concentration of 
approximately 7pM and complete inhibition occurring at a concentration 
of 25pM. In contrast to their ability to inhibit EN-mediated spread, 
trisialogangliosides were only poorly inhibitory in the ConA spreading 
assay (50% inhibitory concentration approximately lOOpM) and were no 
more effective than the monosialogangliosides, and Although
considerable variation was observed in the level of cell spreading 
following ganglioside treatment disialogangliosides reproducibility 
produced a greater inhibitory effect than either the tri- or mono
sialogangliosides .
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Fig. 2.12 Inhibition of ConA-mediated BHK cell spreading
by specific gangliosides; concentration dependence

Linbro wells were coated with 200yg/ml ConA in PBS for 1h, 37^C, 
unbound material removed by washing once with PBS and further
incubated with specific gangliosides (isolated from human brain) in

o 4DMEM for 1h, 37 C. Eteshly trypsinised BHK cells ( 5 x 1 0 )  wsre then
added and cell spreading scored after 1h, 37*̂ C.

□ ■ By GM^ ; ^ O  GT; GD.
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DISCUSSION

At the outset of this project it had recently been demonstrated 
that di- and tri-sialogangliosides were capable of inhibiting the EN- 
mediated attachment of CHO cells to collagenous substrata and may thus 
act as cell surface receptors for EN (Kleinman ̂  , 1979a) . It was
irrportant therefore to confirm this report and to investigate vhether 
gangliosides were capable of inhibiting other EN-mediated activities.

Attempts to demonstrate EN-dependent CHO cell attachment to 
collagen-coated dishes met with two main problems.

i) High levels of CHO cell attachment to collagen in the absence of 
serum or EN.

ii) Maximal cell attachment in the presence of serum or EN rarely 
exceeded 50% of the total number of applied cells.

As a result of the above difficulties the attachment assay, in our 
hands at least, was rather insensitive with as little as a 3-fold 
promotion of cell attachment by EN often resulting. The cause of these 
problems is not known, although the preparation of the collagen substrate 
has been shown to be an inportant factor in this assay (Kleinman ̂  ,
(1979c) . The coating of the plastic substratum with collagen is a key 
step in this assay as it serves to prevent the non-specific attachment 
of cells to the plastic. In our hands hovever, considerable cell 
attachment to the collagen-coated dishes occurred in the absence of EN.
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Treatment of the collagen with 8M urea as described previously (Klebe, 
1974; Pearlstein, 1976) or the use of bacteriological as opposed to 
tissue culture dishes did not significantly reduce the levels of EN- 
independent attachment. Similar results were also obtained using rat 
tail collagen as described by Kleinman et (1979c, data not shown).
It has been shown that if high levels of phosphate (above 0.01M) are 
present during the preparation of the collagen substrate cell attachment, 
but not cell spreading may occur without EN (Kleinman et , 1979c). 
Although care was taken to avoid phosphate-containing buffers during our 
substrate preparations other, as yet unknown agents may be responsible 
for the high levels of EN-independent attachment. The demonstration of 
Harper and Juliano (1981) that CHO cells possess two distinct mechanisms 
of adhesion further supports the presence of EN-independent adhesion 
mechanisms in these cells. Attempts to demonstrate ganglioside 
inhibition of CHO cell attachment to collagen vere only partially 
successful in that although inhibition was observed it was far less than 
that previously reported (Kleinman et al., 1979a). Cell spreading 
however proved extremely sensitive to the presence of gangliosides. It 
seems likely therefore, that the lack of sensitivity of attachment to 
ganglioside inhibition is due to a proportion of the cells attaching 
to the substratum by a EN-independent mechanism. If this mode of 
attachment wsre insensitive to gangliosides it would e:^lain vhy only 
partial inhibition of cell attachment is observed in our assay. As this 
attachment is not followed by cell spreading in the absence of EN it may 
be non-physiological and may represent passive adhesion of cells to 
the substratum. Such adhesion has been shown to be independent of 
terrperature, pi, cellular integrity and cell fixation (Grinnell, 1978).
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In contrast to cell attachment to collagen-coated substrata, cell 
spreading was clearly dependent on the presence of FN. It was found 
that CHO cells spread on plastic surfaces in a FN-dependent manner 
without prior treatment of the substrata with collagen. An assay for FN 
biological activity was thus developed involving CHO cell spreading on 
plastic linbro walls. Maximal cell spreading occurred at 2.0yg/ml FN 
with less than 10% cell spreading in the absence of FN. Gangliosides 
inhibited CHO cell spreading in a similar manner to that previously 
described for cell attachment (Kleinman et , 1979a). At a FN coating 
concentration of 3yg/ml, bovine brain mixed gangliosides produced a 50% 
reduction in cell spreading at a concentration of approximately lOOyM. 
This is four times less than that required to inhibit CHO cell attachment 
suggesting a greater sensitivity of cell spreading to gangliosides than 
cell attachment. Di- and tri-sialogangliosides were the most effective 
inhibitors of cell spreading with the monosialoganglios ide GM^ showing 
little inhibition at a concentration of 200yM. That ganglioside 
inhibition was not due to any obvious direct effect of gangliosides on 
the cells was shown by, (a) inhibition could be overcome by increasing 
the concentration of FN used to coat the substrata and (b) removal of 
unbound ganglioside from the FN-coated substrata prior to the addition 
of the cells only partially relieved the inhibition. The above data is 
in agreement with that previously described for CHO cell attachment to 
collagen-coated substrata (Kleinman ̂  , 1979a).

Following confirmation of the ability of gangliosides, in particular 
GDI^ and GT, to block the interaction of FN with CHO cells, apparently 
through a direct interaction with substrate-bound FN, it was important to
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know viiether gangliosides were capable of disrupting other FN-mediated 
activities. It has previ.ously been shown that BHK cell spreading on 
plastic is a sensitive bioassay for FN activity (Pena and Hughes, 1978). 
Here I have demonstrated FN-dependent BHK cell spreading using a linhro 
plate assay. Maximal cell spreading was achieved at a FN coating 
concentration of 1-3yg/ml, similar to that described by Pena and Hughes 
(1978). Investigation of the effects of gangliosides on this system 
clearly shows that gangliosides can inhibit BHK cell spreading in a 
similar manner to that shown for CHO cell spreading. Thus:-

i) 500yg/ml mixed gangliosides inhibited spreading (lyg/ml FN) by 
greater than 80% and this inhibition could be overcame by increasing 
the coating levels of FN to 5yg/ml.

ii) di- and tri-sialogangliosides were consistently the best 
inhibitors of cell spreading, 50% inhibition at 10 and 35yM respectively.

iii) removal of unbound gangliosides from FN-coated veils only 
partially removed the inhibitory activity.

The demostration that di- and tri-sialogangliosides vere the best 
inhibitor of both CHO and BHK cell spreading clearly indicates these 
molecules are potential receptors for FN. Hovever, it is possible that 
some, as yet uncharacterised ganglioside species is capable of inhibiting 
cell spreading at far lover levels than that required for Œ) and GT. 
Therefore, it is important to know if BHK or CHO cells contain novel 
gangliosides capable of inhibiting FN-mediated spreading at lover
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concentrations than that demonstrated with bovine brain gangliosides.
If such a species exists in BHK cells it apparently binds to IN with

12^low affinity since I-labelled FU failed to bind to any BHK cell 
gangliosides separated by TLC using the Magnani overlay technique (data 
not shown). Subsequent to the corrpletion of this work Yamada ̂  al.
(1981) similarly demonstrated inhibition of BHK cell spreading by 
gangliosides. GTI^ and GDI^ \^re the best inhibitors with half maximal 
inhibition at concentrations of 10 and 40yM respectively. In addition, 
it was shown that gangliosides wsre capable of inhibiting FN-mediated 
haemagglutination as well as the ability of FN to restore a normal 
morphology to transformed cells. Other carbohydrate containing molecules 
tested, including hyaluronic acid, heparan sulphate, ovcmicoid, trans
ferrin as veil as free sialic acid, were inactive. In addition, 
glycopeptides obtained from the surface of BHK cells vere also without 
effect at the concentration tested (1mg/ml). Hov^ver, certain 
negatively charged phospholipids wsre inhibitory althou^ they ware an 
order of magnitude less effective than gangliosides.

A criticism of the interpretation that ganglioside inhibition of 
FN mediated cell spreading is due to receptor competition is the 
relatively high levels of gangliosides required to produce such an effect. 
For exanple, Rauvala et al. (1981) has shown that attachment of Balb/c 
3T3 cells to FN-coated surfaces was inhibited by relatively high 
concentrations of GTÎ  ̂(0.25-0.5irM) vhereas substantially lovær 
concentrations were required to inhibit adhesion to a sialic acid- 
specific lectin or Clostridium perfringens sialidase (O.OS-O.IitM) .
In addition, 3T3 cell adhesion to CT-coated substrata is inhibited by
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ganglioside GM^ at concentrations as low as 25-1 OOnM (see Chapter 3).
It is possible however that this siirply reflects a low affinity of FN 
for gangliosides.

In an atteirpt to obtain direct evidence of ganglios ide-FTJ inter
actions we investigated the ability of FN to bind to plastic absorbed 
gangliosides. Similar methodology has previously been used to
investigate the ganglioside nature of the cholera toxin and tetanus toxin

125receptors (Holmgren ̂  , 1980). Although specific binding of I-
labelled CT to (34̂  -coated tubes was clearly demonstrated only relatively 

125poor binding of I-labelled FN to gangliosides was evident. FN
binding could only be demonstrated in tubes coated with high levels of
GT (200yM) and then less than 0.25% of the applied counts vere bound.

125In addition, it was not possible to demonstrate binding of I-labelled
FN to gangliosides separated on plastic backed TLC plates although 

125binding of I-labelled CT to ganglioside (31̂  was clearly seen (data 
not shown). It is possible that the low levels of FN binding were due to 
inactivation of the protein during radioiodination. Eowever, a number 
of points argue against this.

i) Extremely mild iodination conditions were used to label the FN, 
i.e. enzymobeads, so that the protein was not exposed to high concentra
tions of oxidising or reducing agents,

ii) The protein appeared to be largely undegraded as judged by 
SDS-PAGE and autoradiography.
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iii) Greater than 70% of the labelled FN applied to gelatin-coated 
tubes was specifically bound.

However, the possibility that the radiolabelling procedure 
disrupted FN binding to gangliosides without effecting its gelatin- 
binding ability cannot be excluded. It was not possible to test 
radiolabelled FN for activity in a cell spreading assay due to the low 
concentration of labelled protein and also the presence of carrier BSA 
in the labelled protein preparation. The carrier BSA would compete with 
the FN for binding to the substratum thereby further lowering the 
effective concentration of FN.

In an attempt to resolve this possibility a radioirtmme assay
was developed vherehy bound FN was detected using a rabbit antiserum 

125to FN and I-labelled protein A. Using this system it was possible
to reproducibly demonstrate FN binding to di- and tri-sialogangliosides
and to a lesser extent to the mono-sialogangliosides GM^ and (3ig, in
agreement with the relative effectiveness of these gangliosides to
inhibit cell spreading. Because of the qualitative nature of the
radioimmune assay used the results do not allow a comparison to be made
between the relative binding affinities of FN and CT for gangliosides.
HovBver, the fact that we were unable to convincingly demonstrate 

125binding of I-labelled FN to ganglios ide-coated tubes under conditions
125where we could readily detect binding of I-labelled CT suggests 

that the ligands bind to gangliosides with widely differing affinities. 
Similarly, the affinity of FN for gelatin appears to be far greater 
than for gangliosides. The low affinity of FN for gangliosides in this
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system may reflect the low affinity of EN in solution for the cell 
surface. It has recently been proposed that limited proteolysis or 
binding of other extracellular matrix components such as heparan 
sulphate or collagen, significantly improves the ability of EN to bind 
to its receptor (Johansson and Hook, 1984). It was suggested that this 
was the result of an alteration in the conformation of the EN such that 
a previously crytic cell binding domain became available for binding.
It is thus of interest to know if such treatments are able to increase 
the binding of EN to ganglios ide-coated tubes.

It has previously been demonstrated that mild periodate treatment 
of GDI^ abolished the inhibitory activity of this ganglioside in the 
Œ 0  cell attachment æsay (Kleinman et , 1979a) suggesting that the 
sialic acid is important in EN binding. Hovever, it remains to be 
demonstrated that EN binding to GDI ̂ -coated tubes can be abolished by 
periodate or neuraminidase-treatment of the ganglioside. In addition, 
given the apparent low affinity of EN in solution for its cell surface 
receptor it is important to investigate the binding of labelled 
gangliosides to immobilised FN or FN-containing extracellular matrices. 
However, methodology for labelling gangliosides to high specific 
activity are generally lacking.

Although it has been shown that gangliosides inhibit CHO and BHK 
cell spreading on FN-coated substrates and that this inhibition 
^parently occurs via a low affinity interaction of gangliosides with 
FN it is possible that some inhibitory activity may result from a 
deleterious effect on the cell or the cytoskeleton. To test this we
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investigated the effect of gangliosides on ConA-mediated cell spreading. 
BHK cell adhesion to ConA-coated substrata has previously been described 
(Grinnell ̂  , 1978; Hughes ̂  , 1979) and is thought to Occur
via the interaction of substrate-adsorbed ConA with mannose-containing 
glycoconjugates at the cell surface. As gangliosides do not contain 
mannose it is thought that they do not play a part in ConA-mediated 
cell adhesion.

In agreement with previous reports (Grinnell et , 1978; Aplin 
and Hughes, 1981a) BHK cells plated onto ConA-coated substrata spread to 
a morphology indistinguishable from that induced by FN. In the presence 
of 500yg/ml mixed brain gangliosides this cell spreading was inhibited 
by 68.5% and was accompanied by a moderate reduction in cell adhesion 
(not quantitated). An investigation of the ganglioside specificity of 
inhibition demonstrated that, as for FN-coated substrata, GD was the 
most effective inhibitor. The 50% inhibitory concentration of (39 
for ConA-mediated spreading was 5-1 OyM a similar concentration to that 
required for FN-mediated spreading ( 10yM) . Trisialogangliosides v^re 
far less effective inhibitors of ConA-mediated spreading than for FN- 
mediated spreading with 50% inhibitory concentrations of 100 and 35yM 
respectively. This level of inhibition was similar to that produced 
by the monosialogangliosides and The significance of the
difference in inhibitory activity displayed by trisialogangliosides on 
the two substrata is unclear at present. Although considerable 
variation in the levels of inhibition were observed between experiments 
the inhibitory specificity 09 > GT = GM^ = 04^ was consistently observed. 
In addition to the apparent difference in inhibitory activity of
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trisialogangliosides towards ConA- and FN-mediated BHK cell spreading, 
gangliosides also displayed differing inhibitory activities in experi
ments where unbound gangliosides were removed from the substratum prior 
to the addition of cells. In the case of FN-coated substrata a 
proportion of the inhibitory activity remained following the removal of 
unbound material. However, on ConA-coated substrata the inhibitory 
activity was completely removed by such treatment. This may be inter
preted in one of two ways.

i) Gangliosides inhibit ConA-mediated spreading by interacting 
with the substrate-bound ligand but the interaction is of such low 
affinity that it is not resistant to washing.

ii) Gangliosides inhibit ConA-mediated spreading via a direct 
interaction with the cell surface. However, this does not represent 
direct cytotoxicity since raising the concentration of ConA relieves 
the inhibitory activity.

At present it is not known which of the above interpretations are 
correct, however, the fact that gangliosides do not contain mannose 
and are known to incorporate into membranes when cells are placed in 
ganglioside^ontaining medium (Fishman, Moss and Vaughan, 1976) supports 
the latter. In order to satisfactorily resolve the issue it will be 
necessary to determine directly whether or not ConA can bind to 
gangliosides. It is interesting to note that Yamada ̂  (1981),
also investigating the ability of gangliosides to block FN-mediated 
functions, failed to demonstrate any effect of gangliosides on ConA-
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mediated BHK cell spreading. Although it is not possible to explain 
this descrepancy with certainty it seems likely that the lack of 
inhibitory activity was related to the relatively high levels of ConA 
used to coat the substrata (1 mg/ml). We clearly show that the 
inhibitory activity displayed by gangliosides is markedly reduced by 
raising the coating concentration of ConA from 10Oyg/ml to 1 mg/ml.

In sumnary, we have demonstrated that gangliosides, in particular 
di- and tri-sialogangliosides, are capable of inhibiting both CHO and 
BHK cell spreading on FN-coated substrata in a similar manner to that 
previously described for FN-mediated CHO cell adhesion. We also provide 
direct evidence of FN binding to gangliosides although the levels of 
binding were at least an order of magnitude less than binding of FN 
to gelatin or CT to GM^. However, the finding that gangliosides inhibit 
BHK cell spreading on ConA-coated substrata seriously questions the 
specificity of the inhibitory effect of gangliosides towards FN-mediated 
functions. This is further supported by the finding that gangliosides 
inhibit cell adhesion to gelatin- and soybean agglutinin-boated 
substrata at similar concentrations to that required to inhibit FN- 
mediated cell adhesion (Rauvala et al., 1981).
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CHAPTER 3

A COMPARISON OF CELL

SPREADING ON SUBSTRATA

COATED WITH FN. CT AND

CONA
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INTRODUCTION

A major criticism of the proposed role of gangliosides as cell 
surface receptors for FN is that being localised to the outer leaflet of 
the plasma membrane (Hakomori, 1981; Luiza, Barbosa and de Silva, 1983), 
it is difficult to see how they might mediate the transmembrane inter
action of FN with the cytoskeleton. Such an interaction is thought to be 
essential in FN-mediated cell adhesion (Hynes, 1981). Given this 
criticism it is important to establish whether the interaction of FN wdth 
a cell surface ganglioside could support cell adhesion. We have thus 
examined the ability of CT, a ganglioside-specific ligand, to mediate 
cell attachment and spreading.

The interaction of a cell with the underlying substratum is a 
corrplex phenomenon which has been divided into four main corrponents 
(see review by Grinnell, 1978).

1. The nature of the substratum and adsorption of proteins

The adhesive capacity of a given substratum is dependent on a 
number of physical and chemical characteristics. For exanple, 
bacteriological grade polystyrene petri dishes have a low substrate 
wettability and do not generally support cell adhesion. However, 
sulphuric acid treatment (Martin and Rubin, 1974) or exposure to a 
coronal discharge (Amstein and Hartman, 1975) converts tliis surface into 
a substratum capable of mediating cell attachment under tissue culture 
conditions. The addition of cells to a plastic substratum in serumrfree
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medium generally results in rapid and catplete cell adhesion. Such 
adhesion has however been shown to be independent of temperature, pH, 
metabolic activity and cell viability and is termed passive adhesion 
(Taylor, 1961). This process probably represents the direct adsorption 
of cells to the substratum at sites to which serum proteins are bound 
under normal culturing conditions. Thus, in serumrcontaining medium 
passive adhesion is blocked and active cell adhesion results due to the 
adsorption of specific adhesion factors onto the substratum.

ii) Cell contact wâth the substratum

In general an electrostatic barrier exists between a cell and the 
substratum due to the net negative charge of both the cell surface at 
physiological pH and the substratum under many conditions. Theoretical 
considerations suggest that cellular microextensions might facilitate 
initial cell contact by penetrating this electro static barrier (Grinnell, 
1978). This has been supported: by light- and electron-microscopic studies 
demonstrating that microvilli are involved in initial contact with the 
substratum and that larger structures, termed filopodia, are involved 
in initiating the subsequent cell spreading events (Grinnell, 1978).

iii) Formation of bonds of attachment

Following cell contact with the substratum new bonds of attachment 
are formed by the extension of filopodial structures from the base of 
the cell. The filopodia form new distant points of adhesion, presumably 
by specific ligand-receptor interactions, and thus increase the net
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adhesive bond between the cell and the substratum.

iv) Cell spreading

The movement of cytoplasm along and between the filopodial
extensions of the main cell body result in broad laraellapodia and a
gradual transition from a rounded to a flattened, well spread morphology,

2+Cell spreading is an active, Ca -dependent process thought to be 
brought about by specific cytoskeletal corrponents, namely the act in- 
containing microfilament system. Disruption of these structures by 
cytochalasin B effectively inhibits the spreading process (Nath and 
Srere, 1977). The microtubule system does not appear to be directly 
involved in cell spreading although it may be iirportant in cellular 
polarisation (Grinnell, 1974).

Following the initial spreading response Wiereby a cell has reached 
a wall spread morphology further specialised adhesive structures may 
develop (Izzard and Lochner, 1976). One such structure is the focal 
contact or focal adhesion plaque. These small punctate or arrowhead 
shaped regions represent areas of intimate approach between the ventral 
cell surface and the substratum ( 10-15nm) and correspond to sites at 
which microfilament bundles attach to the plasma membrane. The cyto
skeletal protein vinculih has been shown to be concentrated on the 
cytoplasmic surface of focal contacts and may play a key role in linking 
the microfilament system to the plasma membrane (Geiger, Tokuyasu, 
Dutton and Singer, 1980). The presence of FN on the extracellular 
surface of focal contacts and its ability to promote the formation of
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such structures is the subject of some debate at present. Focal contacts 
in rat dermal fibroblasts have been reported to contain FN (Rees et , 
1978) and coincident localisation of actin, FN, vinculin and focal 
contacts has been reported in NIL 8 fibroblasts (Singer, 1982). However, 
other workers have reported the absence (Chen and Singer, 1980) and even 
the active removal of FN from focal contacts (Avnur and Geiger, 1981). 
Focal contacts are thought to be involved in the stable adhesion of cells 
to the substratum and are less evident in actively moving cells (Kolega, 
Shure, Chen and Young, 1982). A second type of adhesion site, termed 
close contacts, are characterised by a set of broader areas where the. 
cell surface is further separated from the substratum than in focal 
contacts ( 30nm). These structures appear to be important in cell- 
substratum adhesion related to cell motility (Kolega et ̂ . , 1982).

FN is one of the best characterised adhesion factors to date 
although it is by no means unique. Cell adhesion can be mediated hy 
many ligands vhich display an affinity for the cell surface, e.g. lectins, 
glycosidases, antibodies directed at cell surface determinants (Grinnell 
and Hays, 1978; Carter et ̂ . , 1981), as well as other physiologically 
important adhesion factors such as laminin and chondronectin (Tirtpl 
^  , 1979; Hew/itt, Kleinman, Pennypacker and Martin, 1980). Detailed
analysis of cell adhesion to FN- and other ligand-coated substrata have 
identified a number of criteria which determine a cell's ability to 
spread on a given ligand (Aplin and Hughes, 1981a; Rauvala et al., 1981 ; 
Carter et al., 1981). These are:-
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i) The number of ligand receptors at the cell surface,
ii) the concentration of substratum-bound ligand, 

and iii) the valency of the ligand.

An inverse relationship was shown to exist between receptor number 
and the ligand density required to trigger cell spreading (Aplin and 
Hughes, 1981a). Thus, a cell which is unable to spread on a given ligand 
might be induced to do so by raising the number of ligand receptors at 
the cell surface or alternatively, by increasing the density of 
substratumrbound jligand. That ligand valency might be important in cell 
spreading was indicated by data demonstrating that monovalent ConA, 
although able to promote cell attachment, was unable to induce the 
spreading response produced by native, tetravalent ConA (Carter ̂  ,
1981). This indicates that cross-linking of cell surface receptors 
might play an important role in triggering cell spreading.

Carter ̂  (1981) showed that although ligand-receptor interactions
were important determinants in cell adhesion they alone are not sufficient 
to promote and maintain a stable adhesion response. It was proposed 
that following affinity-dependent binding of cell surface receptors to 
ligand-coated substrata, cell-dependent attachment and spreading 
processes are stimulated. These are essential for stable cell adhesion 
to occur and are independent of the stimulating adhesion surface. The 
capacity of a ligand to promote cell spreading may thus be dependent on 
its ability to promote the cell-d^)endent response in addition to the 
criteria outlined above.
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In this study I have investigated the ability of Balb/c 3T3 cells 
to spread on a substratum coated with the ganglioside-specific ligand CT, 
and compared this response with that induced by FN and the glycoprotein- 
binding lectin, ConA. Cell spreading on ConA is of interest because it 
is thought to be mediated by mannose-containing glycoproteins at the cell 
surface and is not thought to involve gangliosides. Since glycoproteins 
as well as gangliosides have been postulated to act as receptors for FN 
during fibroblast adhesion, the ConA response forms an important 
comparison to cell spreading on CT and FN. In addition to characterising 
the morphological response of these cells to the three ligands the role 
of the cytoskeleton and focal contacts in generating the spread 
morphologies were also examined.
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MATERIALS AND METHODS

Cell culture

Essentially as in Chapter 2. A subclone (S24) of Balb/c 3T3 A31 
cells was used throughout this study and grown in DMEM/10% NCS 
supplemented with penicillin/streptomycin/amphotericin B. Subconfluent 
monolayers were routinely subcultured twice weekly using 0.25% trypsin 
Balb/c 3T3 A31 cells were obtained from the Imperial Cancer Research 
Fund, London.

Attachment and spreading on plastic substrata

Dynatech microtitre wells (M129B) were incubated for 2h, RT°, ivith 
lOOyl of CT, toxin B subunit (Schwarz Mann and Sigma) , ConA (Miles Yeda), 
or FN in PBS followed by lOmg/ml BSA/PBS to block non-specific cell 
attachment. To quantitate attachment, 2-4 x 10^ trypsinised cells, 
labelled w/ith C^̂ S] methionine (O.SyCi/ml) for 18h in methionine-free 
medium and washed in DMEI^ImM PMSF, were added to each well in lOOyl of 
DMEM. After incubation for 2h, 37*̂ C in a humidified CO^ incubator, 
unattached cells were removed by gently washing wdth PBS. Attached cells 
were solubilised in 1M NaOH and counted in a toluene-based scintillant 
(4.51 toluene, 27 gms butyl BPD, 2.251 Fisons emulsifier No.l, 675ml v/ater) 
on a Packard scintillation counter.

The ability of cells to spread on various ligands was examined in
4a similar manner except that between 1-4 x 10 unlabelled cells were
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used. These were fixed with 3.8% formaldehyde/PBS for 30', PT^ and 
subsequently stained with crystal violet (BDH, 0.02% w/v) 10', RT*̂ .
Cells were either photographed following staining using a Leitz diavert 
microscope with Pan F film (50ASA) and an automatic exposure system or 
spreading quantitated as follows. The clearly different morphologies 
displayed by these cells on different ligands made it important to 
clearly define a spread cell so as to include the various spread 
morphologies. We have thus defined a cell as being "spread" if sufficient 
cell flattening has occurred to allow visualisation of nuclear outline in 
crystal violet stained cells. The number of spread cells in 3-6 fields 
of view (80-100 cells/field) wsre counted and expressed as a percentage 
of the total number of attached cells.

Where indicated cells were treated with 0.04units/ml Vibrio cholerae 
neuraminidase (Behringwsrke ) in for 1h, 37°C prior to trypsinisation 
and plating. Monolayers were washed twice with DMEM before enzyme 
treatment to remove serum since it is known to inhibit enzyme activity.

Radioiodination of ligands

ConA was radioiodinated as described by Burridge (1978). 50yg of 
ConA in lOyl PBS containing 0.23M a-methylmannoside, 5yl 1 (240^Ci)
and 2.5yl aqueous chloramine T (5mg/ml) v^re incubated for 1.5', RT^ and 
the reaction terminated b̂  ̂the addition of 5yl of sodium metabisulphite 
(lOmg/ml in PBS) folloæd by 50yl 0.1M sodium iodide/0.1M Tris pH 7.4,/ 
0.1% BSA. lodinated lectin was separated from unreacted iodine and 
inhibitory saccharide ^gel filtration on a Biogel P-10 column
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equilibrated with PBS/0.1% BSA. The specific activity of the labelled 
lectin was 4yCi/yg.

CT (Sigma) was iodinated using iodogen (Pierce). lOyg of iodogen 
(in 50yl of chloroform) was dried onto the surface of a small glass 
iodination tube. lOyl of toxin (0.5mg/ml) , 55yl 0.2M phosphate buffer, 
pH 7.4 and 2.5yl (250yCi, carrier free. Radiochemical Centre,
Amersham) were then added and incubated for 15', RT°. The reaction was 
terminated by the addition of 50yl of saturated tyrosine solution
(aqueous) and transfering the reaction mix into lOOyl of 0.1M Tris/0.25%

125 -gelatin, pH 7.4. Free I was removed using a Sephadex G-25 column. 
Specific activities of 20yCi/yg were obtained using this method.

FN was iodinated by a chlor amine T procedure described by Ruoslahti 
^  (1982). Briefly, lOyl of gelatin-Sepharose purified FN (Img/ral)
was mixed with lOyl of 1M phosphate buffer, pH 7.0, InCi of and
10yl of 4mg/ml chloramine T and incubated for 1 ', RT^. The reaction was 
terminated with lOyl of sodium metabisulphite (2.4mg/ml) followed by the

1 2 5  -addition of 500yl of PBS/1 mg/ml BSA. Free I was then separated from 
labelled protein on a Sephadex G-25 column. A specific activity of 
30yCi/yg protein was obtained.

In all cases the efficiency of labelling was determined by taking 
4 X 2yl aliquots from the reaction mix following iodination and 
determining the percentage of TCA precipitable counts.
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Quantitation of ligand binding to substrata

Ligand binding to microtitre væIIs and glass coverslips was 
125quantitated using I-labelled ligands. Substrata wsre incubated with

125varying concentrations of I-labelled ligand (constant specific 
activity) as described for cell spreading experiments and unbound 
material removed by extensive washing with PBS. The bases of the micro- 
titre wells were removed with a hot scalpel and counted on a Beckman 
gamma counter together with ligand derivitised glass coverslips.

Derivitisation of glass coverslips

For immunofluorescence and interference reflection microscopy (IBM) 
cell spreading was carried out on 12mm diameter glass coverslips 
(Chance Proper) derivitised with ligands essentially as described by 
Aplin and Hughes (1981b). Coverslips were soaked overnight, RT°, in 
20% ^280 ,̂ washed twice with distilled water and once with 0.1M NaOH. 
Excess NaOH was removed by blotting and coverslips transfered to a 
Pyrex crystallising dish where they were incubated with 3-aminopropyl- 
triethyloxysilane (Sigma) for 4', RT^, ensuring ccirplete coverage.
After washing w/ith excess water and PBS, coverslips were iirmersed in 
0.25% glutaraldehyde/PBS for 45*, RT°, and then further washed three 
times wâth PBS. lOOyl of protein in PBS was then added and allowed to 
couple for 1h, RT^ in a humidified atmosphere followed by incubation 
with lOmg/ml BSA overnight, 4°C to block any unreacted sites and 
thereby preventing non-specific cell attachment and spreading. In order 
to monitor ligand binding coverslips were derivitised wâth radioiodinated
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ligand and the counts/min remaining following three washes in PBS 
determined using a Beckman gamma counter. At a derivitisation concentra
tion of 10Oyg/ml, 39Of moles FN, 151 Of moles CT and 174Of moles ConA were 

2bound per cm .

Effects of cytoskeletal disrupting agents on cell spreading

Microtitre wells were coated with ligand as described above and 
2x10^ trypsinised cells added to each well. Where indicated, cells 
were pretreated in suspension, with cytochalasin B (5yg/ml, Sigma) for 
30', RT^. The effect of sodium azide on spreading was investigated by 
adding cells to wells containing azide such that the final concentration 
was 5mM. The stability of the spread morphologies to cytochalasin B 
(5yg/ml) and demicolcemid (Sigma, lOyg/ml) was investigated by applying 
these drugs to cells after being allowed to spread for 2h, 37°C. After 
a further 1.5h cells were fixed with 3.8% formaldehyde/PBS and stained 
with crystal violet.

Inmunofluorescent staining of F-actin

Cells spread on derivitised glass coverslips were fixed wâth 3.8% 
formaldehyde/PBS for 30', RT°, and then permeabilised with 0.25% Triton 
X-100/PBS for 5', RT^. After washing gently three times with PBS 
F-actin was visualised by staining for 30', RT*̂ , wâth 0.1 yM NBD- 
phallicidin (7-nitrobenz-2-oxa-1,3-^iazole phallicidin; Molecular Probes 
Inc., Texas) as previously described by Barak et al. (1980). Stock 
solution of NBD-phallicidin were stored in methanol at -20^C and
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reconstituted in PBS prior to use. Coverslips were then weshed three 
times with PBS (30' per wash) and mounted in 50% (v/v) glycerol/PBS. 
Stained cells were examined on a Zeiss Standard-16 microscope equipped 
with epifluorescence using filter set No. 9. Photographs were taken 
on Ilford HP5 35irn\ film (400ASA) uprated to 800ASA during developing.
An exposure of 30secs was routinely used since after this time NBD- 
phallicidin staining was largely bleached out.

Visualisation of focal contacts

Two methods were used to look at specialisation of the underside of 
cells spread on various ligands, (A) a modified version of an antibody 
exclusion method previously described by Grinnell (1980) and (B) inter
ference reflection microscopy (IR4) the standard technique for 
visualisation of focal and close contacts (Abercrombie and Dunn, 1975).

(A) Antibody exclusion technique. 12irm coverslips were derivitised
4wâth FN, CT or ConA as described above. Freshly trypsinised cells ( 10 ) 

were then added to each coverslip in lOOyl of DMEM and allowed to attach 
for approximately 10-15', 37^C in a CO^ incubator. Coverslips, in 6cm 
petri dishes, were gently flooded with DMEM and cells allowed to spread 
for 4h, 37^C. After gently washing once wâth PBS cells were fixed wâth 
3.8% formaldehyde for 40', PT° or overnight, 4°C and further washed 
three times wâth PBS to remove fixative. Coverslips were then incubated 
with a rabbit antiserum against the coupled ligand, diluted 1:100 in PBS 
( 10Oyl/coverslip) for 40', RT^. After further washing wâth PBS cells 
were permeablised wâth 0.25% Triton X-100/PBS for 5', RT^, washed twâce
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with PBS and F-actin visualised by staining for 30', RT^ with 0.1 yM 
NBD-phallicidin as described above. Bound primary antibody was visualised 
with rhodamine-labelled goat anti-rabbit immunoglobulin (Nordic Ltd.) 
diluted 1:50 in PBS, at the same time as F-actin staining.

(B) Interference reflection microscopy (IRM). This technique, 
originally developed by Curtis (1964) and subsequently improved by 
Abercrombie ̂  (1975), is an optical technique used to visualise
regions of close ■ apposition between the ventral cell surface and the 
substratum.

A Zeiss Standard-16 microscope was modified as follows for IRM.
A narrow waveband filter (254nm) and polariser were fitted between the 
50W tungs£en lamp and the beam splitter housing from which the standard 
barrier fillers had been removed. An analysing filter was placed 
between the beam splitter and eye piece. This arrangement is essentially 
as described by Abercrombie and Dunn, (1975). Cells were then viewed 
using a x63 antiflex oil emersion objective or occasionally a standard 
xlOO phase objective. The latter objective lens gave a less well 
defined image but allowed phase images to be seen wâthout changing 
objectives, unlike the x63 antiflex lens.

Live cells were used throughout the study as fixation has been 
suggested to reduce the quality of the image obtained and also makes 
interpretation difficult (Dr. R.A. Badley, personal communication).
Cells were allowed to spread for 4h, 37*̂ C on derivitised coverslips in 
a humidified CO^ incubator and then viewed directly as follows.
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Excess DMEM was removed from the coverslip by blotting and the cell-free 
surface cleaned by gentle wiping on a damp tissue. The coverslip was 
then inverted onto a 13mm silicone gasket (Millipore Cat. NO. SXOO 01301) 
sealed to a standard microscope slide with a small amount of vaseline.
The gasket prevented direct contact of the coverslip with the slide, an 
arrangement which gave better IRM images than simply inverting the 
coverslip onto the slide. The space between the slide and the coverslip 
was filled with DMEM by placing a drop of medium in the centre of the 
gasket prior to applying the coverslip. Exess medium was then gently 
blotted off. IRM images were photographed using Ilford Pan F film 
(50ASA) and an automatic exposure system.

Scanning electron microscopy (SEM)

Cells were plated onto glass coverslips derivitised wâth the above 
ligands and allowed to spread for 2h, 37^C. After fixing overnight in 
Kamovsky's fixative (3% formalin (v/v), 4% glutar aldehyde (v/v), 0.07M 
sodium cacodylate, 0.05% calcium chloride (w/v), pH 7.4) cells were 
washed for 2h, RT° in 0.05M sodium cacodylate, pH 7.4 and then post-fixed 
with cacodylate-buffered osmium tetroxide (1% v/v) for 45', RT°. After 
dehydration in a graded ethanol series coverslips were stored overnight 
in 100% acetone before being critical point dried, mounted and gold 
coated by standard methods (Kamovsky, 1965).
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RESULTS

Cell attachment to ligand-coated substrata

Dynatech microtitre wells coated with FN (lOyg/ml), CT-B subunit 
(100yg/ml), whole toxin (100yg/ml, or ConA (100yg/ml) were all capable 
of supporting stable cell attachment of Balb/c 3T3 cells wâth only 
minimal attachment occurring in the absence of the ligand (Table 3.1). 
Cell attachment to B subunit-coated wells was effectively blocked in 
the presence of 500 ;ug/hil bovine mixed brain gangliosides indicating that 
CT-induced attachment was indeed due to an interaction with cell surface 
gangliosides. Although CT effectively promoted cell attachment it is 
known that its addition to Balb/c 3T3 cells causes cell rounding due to 
an increase in cAMP levels in response to activation of adenylate 
cyclase by the toxin A-subunit. The ability of cells to spread on the 
B subunit (referred to as CT from this point on) was thus investigated.

Cell spreading on ligand-coated substrata

In an attempt to demonstrate whether or not a cell surface 
ganglioside is capable of mediating the spreading response we examined 
whether, as a result of cell attachment to CT-coated substrata, cells 
then went on to adopt a spread morphology as has previously been 
demonstrated on FN- and ConA-coated substrata. Cells were found to be 
able to spread on substrata coated wâth FN (lOyg/ml, 22.5nM) and ConA 
( 10Oyg/ml, 0.91yM), although the morphology of the spread cells was 
clearly different (Fig. 3.1 A,B). Cells spread on FN displayed a typical
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Table 3.1 Attachment of Balb/c 3T3 cells to substrata coated 
with FN, ConA and CT

Ligand No. of cells attached per well 
(X lo"̂ )

None 0.22
FN (lOyg/ml) 2.30
ConA (100yg/ml) 3.20
CT (100yg/ml) 3.00
CT-B subunit (100 >ig/ml) 2.40
CT-B subunit plus ganglioside 0.49

3.75 X 10^ cells (labelled with ^^S-methionine, 140(XZPIŶ 10̂  cells) 
were added to Dynatech microtitre veils coated with various ligands, 
and the number of cells attached after a 2h incubation at 37°C determined 
as described in Materials and Methods. The results represent the mean 
of triplicate determinations.
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Fig. 3.1. Cell spreading on FN-, ConA- and CT-coated substrata

Cells wsre plated onto Dynatech microtitre wells coated with the 
above ligands and incubated for 2h, 37^C before fixing and staining.
(A) lOyg/ml (22.5nM) IN; (B) 10Oyg/ml (0.91yM) ConA; (C, D) 10yg/ml
(0.182yM) CT; (E, F) lOOyg/ml (1.82yM) CT. In (D) and (F) cells were 
pretreated with 0.04units/ml of neuraminidase for 1h, 37^C prior to 
trypsinisation and plating onto wells coated with CT, (Molarities 
expressed assuming the following M.wts. EN 440000; ConA 110000;
CT 55000)
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fibroblastic morphology v^ile cells on ConA appeared to be circularly 
spread with an ill-defined outline due to poor staining of the thin 
cytoplasm at the cell periphery. In contrast, cells plated onto CT- 
coated wells were only poorly spread at coating concentrations up to 
lOOyg/ml (1.82yM) (Fig. 3.1 C and E) . However, many cells showed 
evidence of extensive cytoplasmic processes indicating that they were 
in a preliminary stage of spreading (Fig. 3.1, E). As the number of
ligand receptors is knor/n to affect the ability of the cell to spread at a
fixed ligand concentration the effect of neuraminidase treatment of 
Balb/c 3T3 cells on their ability to spread on CT was investigated. It 
has previously been demonstrated that the toxin binding capacity of 
Balb/c 3T3 cells can be increased by 2-5 fold by pretreatment of the 
cells in monolayer with neuraminidase due to conversion of the higher 
gangliosides *GD̂  ̂  and GT into GM^. Neuraminidase treatment markedly 
increased the ability of cells to spread on both low (lOyg/ml) and high 
(100yg/ml) concentrations of CT although even at the high concentration 
cell spreading on CT did not resemble that on either IN or ConA (Fig. 3.1 
D,F).

Analysis of the time course of cell spreading (Fig. 3.2) demonstrated
that cell spreading on CT is generally slower than on either FN or ConA
with full cell spreading occurring after ^jproximately 2 hours on CT,
80 mins on FN and 60 mins on ConA. Cells spread on CT and ConA retained 
a distinctive morphology, dissimilar from cells spread on FN, even after 
prolonged incubation times (4h). The differing time courses of cell 
spreading on each ligand might reflect quantitative differences in ligand 
receptor interaction or alternatively a qualitative difference in the
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Fig. 3.2 Time course of Balb/c 3T3 cell spreading on CT- 
and ConA-coated substrata

Glass covers lips vjere derivitised with either fibronectin, 
concanavalin A or cholera toxin B subunit at a concentration of 
1.8yM. Cover slips were then treated with 1 mg/ml ESA for 1h, 37°C 
to block non-specific cell spreading. Neuraminidase-treated 
Balb/c 3T3 cells were then added and cell spreading quantitated 
at various times after addition.

□---□
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Concanavalin A 
Fibronectin
Cholera toxin B subunit
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mechanisms of cell spreading induced by each ligand.

Spec if ic ity of 1 igand-cell interactions

To establish the specificity of cell spreading on each ligand the 
ability of ligand-specific antibodies to inhibit the cell spreading was 
investigated (Table 3.2). Antibodies to IN almost completely inhibited 
cell spreading on FN-coated substrata, but did not effect spreading 
on CT or ConA (see Appendix II for characterisation of anti-BN antiserum). 
Similarly, antibodies to CT and ConA only inhibited cell spreading on 
the respective ligand. Due to the longer time course of CT spreading 
corpared to IN or ConA, it was possible that this cell spreading might 
be due to secretion of endogenous IN onto the substratum. The 
demonstration that anti-IN antibodies do not affect CT spreading argues 
against such a possibility. In addition, imnnunofluorescent staining of 
CT- and ConA-spread cells failed to detect any secreted IN even after 
permeabilisation of the cells with 0.25% Triton X-1 GO/PBS (data not shown).

It has previously been shown that cell spreading on ConA-coated 
substrata was inhibited by preincubating the substratum with a-methyl- 
mannoside (Grinnell and Hays, 1978) demonstrating the specificity of 
ConA towards mannose-containing glycoconjugates. In order to demonstrate 
that cell spreading on CT was due only to an interaction with ganglioside 
GM^ at the cell surface, the ability of various gangliosides to inhibit 
CT-induced cell spreading was investigated (Fig. 3.3). CT-coated micro- 
titre wells were incubated with specific gangliosides at various 
concentrations and unbound material removed by washing. Cells were plated
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Ligand Antibody Percent of cells spread

IN Anti-IN 4.8
Anti-ConA 97.6
Anti-CT 96.0
None 95.7

ConA Anti-IN 84.4
Anti-ConA 0
Anti-CT 80.9
None 9.8.1

CT Anti-IN 91.8
Anti-ConA 88.1
Anti-CT 6.3
None 93.4
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Table 3.2 Ligand specificity of cell spreading. Effect of
anti-ligand antibodies on cell spreading

Microtitre wells were coated with either IN (lOyg/ml), ConA
4(200yg/ml) or CT (100yg/ml). 10 neuraminidase-treated cells were

then added to the wells in the presence of anti-ligand antibody IgG 
and allowed to spread for 2h, 37^C. The final antibody concentration 
was equivalent to a 1/50th dilution of the whole serum.
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Fig. 3.3 Ganglioside Inhibition of cell spreading on CT-coated
substrata

Microtitre walls were coated with 100yg/ml CT in PBS for 2h, 
37°C and blocked for a further 1h with lOmg/ml ESA. Gangliosides 
(Supelco) at various concentrations in PBS were Incubated with 
wells for 1h, 37°C, aspirated, and the wells washed once with 200yl

4PBS prior to the addition of 10 neuraminidase-treated cells.
After 2h, 37°C cells were fixed, stained and the percent of cells 
spread quantitated.
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onto the wells and allowed to spread for 2h, 37°C. It was decided to 
remove any unbound ganglioside prior to the addition of cells so as 
to avoid the possible direct effect of gangliosides on the cells, as 
described in Chapter 2. Ganglioside GM^ produced a 50% reduction in 
cell spreading at a concentration of SOnM vhereas all the other ganglio
sides tested (GM̂ , GD, GT) v^re ineffective even at ten-fold higher 
concentrations. This is consistent with the proposal that cell 
spreading on CT is due to the interaction of the ligand with ganglioside 
GM^. The absence of any CT-binding glycoproteins in these cells has 
previously been demonstrated (Critchley ̂  , 1982).

SEM analysis of the spreading induced by FN, CT and ConA

Although the morphology of cells spread on FN could be successfully 
demonstrated by crystal violet staining,the morphology of cells spread 
on ConA and CT was only poorly defined. This was largely due to the 
thin cytoplasmic projections at the cell peri#iery. In an atterpt to 
better characterise the morphologies described above, cells spread on 
either FN, CT or ConA were analysed by SEM (Fig. 3.4). Freshly trypsin- 
ised, neuraminidase-treated cells were plated onto 12mm glass coverslips 
derivitised with each ligand and allovol to spread for 2h, 37°C. SEM 
analysis of fixed, dried and gold-coated coverslips emphasised the 
differing morphologies induced by each ligand. Cells spread on FN 
adopted a characteristic fihroblast-type mor^iology with a flattened 
cell body and veil defined concave edges, often raised above the 
substratum (Fig. 3.4 A,B). This morphology closely resembles that 
displayed by fibroblasts in serum-containing medium. In contrast, cells
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Fig. 3.4 Scanning electron microscopy of cells spread on FN-, 

CT- and ConA-coated substrata

Cells were plated onto 12mm glass coverslips derivitised with 
either 0.5mg/ml FN (l.lyM, A, B) ; 0.1mg/ml CT (1.8yM, C,D) or 
1 mg/ml ConA (9yM, E, F) and allowed to spread for 4h, 37^C. Cells 
were then fixed and prepared for SEM as described in Materials and 
Methods. All cells were pretreated with neuraminidase prior to 
tryps inisation and plating onto substrata.

(Bar, lOyM)
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spread on CT or ConA displayed an irregular, less flattened morphology 
lacking the well defined concave edges seen in FN-spread cells. Cells 
spread on ConA showed characteristic broad, fan-shaped lamellae extending 
fran the main cell body apparently consisting of extremely thin regions 
of cytoplasm (Fig. 3.4 E,F). Small microspikes v^e often seen extending 
from the periphery of this thin cytoplasmic regions. Cells spread on CT 
generally lacked the fan-sh^^ed lamellae but produced a large number of 
filopodia-like structures extending from large, irregular extensions of 
the main cell body (Fig. 3.4 C,D).

A possible reason for the irregular morphology of cells spread on CT 
was that the B subunit preparation contained sufficient A subunit 
contamination to activate adenyl cyclase in these cells resulting in the 
previously described morphological changes. To test this possibility I 
took tw3 approaches. Firstly, it is known that radioiodination of the 
vhole toxin results in preferential incorporation of the radiolabel 
into the A subunit and thus provides a sensitive method of detecting 
the A subunit. Radioiodination of the whole toxin and B subunit 
preparation used in the spreading experiments followed by SDS-PAGE and 
autoradiography failed to detect any contaminating A subunit (Fig. 3.5 
insert). Furthermore, slicing of the gel tracks and gaitina counting 
also demonstrated a lack of specific counts in the region of the gel 
corresponding to the A subunit (Fig. 3.5). Secondly, I tested the 
B subunit preparation for A subunit using a morphological assay. As 
stated above the A subunit of CT is able to activate adenylate cyclase 
resulting in an increase in cAMP and an associated morphological change. 
Addition of vhole toxin at concentrations as low as 0.1ng/ml (1.2pM) to
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Fig. 3.5 Lack of CT-A subunit in B subunit preparation.
1Analysis of I-labelled material by SDS-PAGE

lOyg of Wiole toxin or B subunit preparation were iodinated by 
the chloramine T method. Sairples of each vjere then run on a 12% 
SDS-polyacylamide gel under reducing conditions. The gel was then 
either dried down and autoradiographed (insert) or sliced and 
counted on a Beckman gamma counter. Note that iodination of the 
vhole toxin results in preferential labelling of the A subunit, 
hov^ver, no evidence of labelling in this region of the gel is 
evident following iodination of the B subunit preparation.
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a monolayer of Balb/c 3T3 cells results in retraction of the cytoplasm 
around the nucleus within 1h, 21̂ C (Fig. 3.6 C-F). This change can be 
mimiced by dibutyl cAMP, phosphodiesterase inhibitors, and prostaglandin 
El which also increase intracellular cAMP. Hovever, the addition of the 
B subunit preparation at 10Oyg/ml (1.82yM) produced no such morphological 
effect (Fig. 3.6 B). Calculation shows that contamination of the B

-5subunit by intact toxin or free A subunit is thus less than 6.6 x 10 %
by weight.

Adsorption of ligands to microtitre wells

The differing morphologies of Balb/c 3T3 cells spread on FN-,
ConA- and CT-coated substrata may be a reflection of variable adsorption 
of these ligands to the substratum. Quantitation of the binding of 
IN, CT and ConA to microtitre wells during a 2h incubation is shown in 
Fig. 3.7. All three ligands were effectively adsorbed onto the plastic 
substrata with approximately 1640fmoles IN, 1470 fmoles CT and 2400fmoles 
ConA adsorbed per veil at a coating concentration of 10Oyg/ml (0.22yM IN, 
1.82yM CT, 0.91yM ConA). The different spreading responses triggered 
by these ligands does not therefore appear to be the result of 
differences in the ability of each ligand to adsorb to plastic substrata.

The effect of ligand density and receptor number on cell spreading

The density of substratum-bound ligand and the number of cell 
surface receptor molecules are irnportant factors in determining a cell's 
ability to spread (Aplin and Hughes, 1981a). As shown in Fig, 3.1
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Fig. 3.6 Lack of CT-A subunit in B subunit preparation< 
Morphological evidence

Balb/c 3T3 cells were grown on 12mm glass coverslips and then 
incubated with either vhole toxin or B subunit in EMEM for 1h, 37°C. 
Coverslips lære then fixed with 3.8% formaldehyde/PBS (45', PT°) 
and photographed using a Leitz diavert microscope and Ilford Pan F 
film (50ASA).

A. No toxin
B. 100yg/ml B subunit
C. 1OOyg/ml CT
D. 1OOng/ml CT
E. Ing/ml CT
F. 0.1ng/ml CT
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increasing the number of CT receptors on Balb/c 3T3 cells increased 
cell spreading at a fixed ligand concentration. Using Fig. 3.7 to 
convert ligand coating concentrations into ligand densities adsorbed 
to the substratum I have quantitated the relationship between ligand 
density and cell spreading for each ligand (Fig. 3.8 A). IN was able 
to promote cell spreading at a far lowsr ligand density than either CT
or ConA, maximal cell spreading occurring at ligand densities of 100-200

2 2 fmoles/cm for IN, 700-800fmoles/cm for ConA and greater than 2000fmoles/
2cm for CT. These figures correspond to coating concentrations of

approximately 2.5yg/ml IN, lOyg/ml ConA and greater than 10Oyg/ml CT.
On IN-coated substrata there is a sharp increase in cell spreading at

2ligand densities between 40-1 OOfmoles/cm . However, on ConA and CT
2this transition was over a far greater range, 50-800fmoles/cm for

2ConA and 300 to greater than 2000fmoles/cm for CT.

It has previously been demonstrated that the threshold ligand 
concentration required to induce cell spreading is inversely related 
to the number of ligand receptors at the cell surface (Aplin and Hughes, 
1981a). It is known that neuraminidase treatment of Balb/c 3T3 cells 
results in a 2-5 fold increase in the number of CT binding sites 
(normally 0.8-1.6 x 10^/cell). The quantitative effect of such treatment 
on the ability of Balb/c 3T3 cells to spread on IN, CT and ConA is shown 
in Fig. 3.8 B. It can be seen that following neuraminidase treatment
the ligand density required for 50% cell spreading on CT is reduced from

2 2 1500fmoles/cm to 500-600fmoles/cm while that on IN and ConA remained
2 2 unaltered (50% cell spreading at 60fmoles/cm for IN and 15 Of moles/cm

for ConA). Cell spreading on CT-coated substrata is thus dependent on
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Fig. 3.7 Ligand adsorption to microtitre wells

Ligand binding to Dynatech microtitre wells was quantitated 
using radioiodinated ligand as described in Methods. lOOyl of 
radiolabelled ligand (specific activity KXZI^fmole) was added to 
each well (triplicate wells per coating concentration) and 
incubated for 2h, BT°. Unbound ligand was then removed by washing 
x5 with 200yl of PBS. Bound material was then quantitated by 
removing the base of each veil with a hot scalpel and counting on 
a Beckman gamma counter.

ConA 
FN

□---□ CT (B subunit)

Each point is the mean of triplicate results.
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Fig. 3.8 The effect of ligand-density and neuraminidase 
treatment on cell spreading

Cells were plated onto microtitre wells coated with varying 
concentrations of FN (#---•), ConA {L 1) or CT (□-- □) and
allowed to spread for 2h, 37^C. Cell spreading was quantitated from 
fixed and stained cells ând related to the levels of substrate-bound 
ligand determined in parallel experiments using radiolabelled ligand. 
Where indicated cells vere pretreated with 0.04units/ml neuraminidase 
for 1h, 37°C prior to trypsinisation and plating onto ligand-coated 
veils. A, no neuraminidase treatment; B, plus neuraminidase treatment.
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the concentration of substrate-adsorbed ligand and the number of cell 
surface receptors. The finding that neuraminidase treatment of Balb/c 
3T3 cells had no effect on their ability to spread on FN while increasing 
their ability to spread on CT clearly indicates that neuraminidase- 
sensitive structures are not directly involved in FN-mediated cell 
spreading. (The effect of neuraminidase treatment on cell spreading 
is discussed in Chapter 4.)

The effects of cytoskeletal disrupting agents on cell spreading

The cytoskeleton, in particular the microfilament system, has been 
inplicated as an essential element in cell spreading on serum- or FN- 
coated substrata (Goldman, Schloss and Starger, 1976). Disruption of 
these structures or inhibition of their function with metabolic 
inhibitors can inhibit, or to varying degrees reverse, cell spreading 
on various substrata (Grinnell and Hays, 1978). The effect of such 
agents on Balb/c 3T3 cell spreading on FN-, CT- and ConA-coated 
substrata is shown in Table 3.3.

Treatment of cells spread on FN-coated microtitre wells with cyto- 
chalasin B or a combination of cytochalasin B and demicolcemid (a 
microtubule-disrupting agent) reduced the number of spread cells by 
90.4% and 96.0% respectively. Many cells although not spread displayed 
a characteristic arborized morphology with retraction fibres extending 
from the cell body. Treatment with demicolcemid alone also reduced the 
number of spread cells (30.5% reduction) although the predominant effect 
was to abolish cell polarity with circularly spread cells resulting.
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Ligand

Additions FN CT ConA .

None 80.9 (0)* 86.9 (0) 96.5 (0)
Cytochalas in-B 

(5yg/ml)
7.8 (90.4) 59.5 (31.5) 76.9 (8.3)

Demicolcemid
(lOyg/ml)

56.2 (30.5) 79.1 (9.0) 87.9 (8.9)

Cytochalas in-B + 
Demicolcemid

3.2 (96.0) 19.2 (87.9) 73.1 (24.2)

Cyto.B Pretreat 
(5yg/ml)

0.9 (98.9) 4.3 (95.1) 14.4 (85.1)

NaN^ (SmM) 15.7 (80.6) 9.1 (89.7) 59.7 (38.2)

* Percentage inhibition/reduction of cell spreading.

159



Table 3.3 Inhibition of cell spreading by cytoskeletal 
disrupting agents

Microtitre wells were coated with either FN (10yg/ml) or CT 
(100yg/ml for 2h, 37^C and blocked with IQng/ml BSA in PBS 
for a further 1h. Neuraminidase treated cells vrere then allowed 
to spread for 2h, 37^C before the addition of cytochalasin B or 
demicolcemid to a final concentration of 5-and lOyg/ml respectively. 
Cell spreading was quantitated 1.5h after the addition of the drug. 
Where indicated cells v^re pretreated with cytochalasin B (Syg/ml) 
(Cyto B Pretreat) for 30' at RT° prior to plating on ligand-coated 
substrata. The effect of sodium azide (NaN̂ ) cm cell spreading 
was investigated by the direct addition of cells to ligand-coated 
wells such that the final concentration of azide was 5mM. Unless 
stated otherwise cell spreading was quantitated 2h after plating.
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Pretreatment of cells with cytochalasin B prior to plating onto FN- 
coated wells resulted in almost complete inhibition of cell spreading 
(98.9% inhibition) together with evidence of reduced cell attachment 
(not quantitated). Cell spreading was also effectively blocked in the 
presence of the metabolic inhibitor sodium azide.

Cells spread on CT-coated wells and treated with cytochalasin B or 
demicolcemid alone showed a less dramatic reduction in spreading than 
seen on FN-coated wells (31.5% and 9.0% reduction respectively) although 
a combination of the two dramatically increased the effect (87.9% 
reduction). Again sodium azide and pretreatment with cytochalsin B 
both markedly inhibited cell spreading (89.7% and 95.1% inhibition 
respectively).

Treatment of cells spread on ConA-coated wells with cytochalasin B 
or demicolcemid had little effect on the number of spread cells (8.3% 
and 8.9% reduction respectively). In combination hovever, these drugs 
caused a significant reduction in cell spreading (24.2%) although this 
was not as pronounced as similar treatment of cells spread on FN or CT. 
Interestingly however, pretreatment of cells with cytochalasin B 
effectively inhibited cell spreading on ConA (85.1% inhibition) perhaps 
suggesting that cell spreading on ConA requires a functional micro
filament system while the maintenance of the spread state is less 
dependent on this system. As with IN and CT induced cell spreading 
sodium azide also inhibited cell spreading on ConA-coated substrata 
although the degree of inhibition was apparently less than for the other 
twD ligands (38.2% inhibition).
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Thus, cell spreading on all three ligands requires the cell to be 
metabolically active and to have a functional microfilament system.

F-actin organisation of cells spread on FN-, CT- and ConA-coated
substrata

The involvement of the actin-containing microfilament system in cell 
spreading on FN-, CT- and ConA-coated substrata was further examined 
by immunofluorescent staining of F-actin using NBD-phallicidin as 
previously described by Barak et (1980). Two hours after plating 
onto FN-derivitised coverslips most of the cells were well spread and 
displayed a typical fibroblastic morphology. The majority of F-actin 
was localised at the periphery of the cells although thin microfilament 
bundles were also present in many cells running in the direction of the 
long axis of the cell (Fig. 3.9 A, B). There was little evidence of any 
perinuclear staining although small fluorescently stained aggregates 
were carman throughout the cytoplasm. In contrast to cells spread on FN- 
coated substrata cells spread on CT showed no evidence of microfilament 
bundles (Fig. 3.9 C, D). Instead, thin actin-containing filaments were 
found running concentrically around the nucleus and extending radially 
to protrude beyond the general cell outline. Ihe cell periphery between 
these filanents also displayed actin staining giving rise to a webbed 
appearance. Cells spread on ConA also laoked any well defined microfila
ment cables but contain thinner actin-containing structures often concen
trated into an arc around the nucleus (Fig.3.9 E). In addition, strong
ly stained nucléation sites for actin polymerisation were often seen with 
these filaments radiating from them (Fig. 3.9 F). Many ConA spread cells
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Fig. 3.9 Comparison of F-actin organisation in cells spread 
on FN, ConA and CT

Cells plated onto glass coverslips derivitised with various ligands 
and incubated for 2h, 37°C vere fixed and stained for F-actin using 
NBD-phallicidin as described in Materials and Methods. Coverslips vere 
derivitised with (A, B) 0.5mg/ml (l.lyM); (E, F ) ConA, 1 mg/ml (9yM) ; 
(C/D) CT, 0.1mg/ml (1.82yM). All cells were pretreated with 
neuraminidase. Two microgra#is of cells spreading on each substrate 
are presented to dononstrate the different morphologies and staining 
profiles within each population. Bar = lOyM.
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also shewed evidence of short actin-containing structures in fan-shaped 
regions of cytoplasm at the cell periphery. These may correspond to 
the microspikes seen by SIM extending fran the edge of thin cytoplasmic 
lamellapodia (see Fig. 3.4 F).

Ability of each ligand to trigger focal contact formation

The morphology and cytoskeletal organisation of Balb/c 3T3 cells 
spread on an FN-coated substratum is clearly not reproduced vhen the same 
cells spread on CT- or ConA-coated substrata suggesting that FN-mediated 
cell spreading may differ mechanistically fran that on CT or ConA. It 
was therefore of interest to knew if CT- and ConA-spread cells had a 
similar degree of cell-substratum specialisation as cell spread on FN.
Vfe thus examined cells for the presence of focal and close contacts 
following spreading on each ligand using interference reflection micro
scopy (IRM) and an antibody exclusion technique modified from that of 
Grinnell (198Cb).

The technique of IBM is used to visualise regions of close apposi
tion between the ventral cell surface and the underlying substratum 
(Curtis, 1964; Abercrombie et 1975). Three types of image are 
carmonly dscribed;

i) focal contacts, corresponding to areas of close apposition 
( < 1015nm) between the cell and the substratum, usually well 
defined with a black image.
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ii) close contacts, larger areas of substratum contact with a
separation of between 20-1OOnm and corresponding to grey, less 
well defined regions, 

and iii) areas of cell substratum separation greater than lOOnm 
corresponding to a white image.

An alternative method for the visualisation of focal contacts has
been described previously by Grinnell (198Gb) and is used here in a 
slightly modified form. The technique relies on the exclusion of anti
substratum antibodies from areas of close cell-substratum separation 
while other areas remain accessible. The technique is \æll suited to 
the visualisation of focal contacts in fixed cells and in conjunction 
with immunofluorescent staining of actin-containing microfilaments.

Balb/c 3T3 cells were plated onto either IN (0.5mg/ml), CT (0.1mg/ml), 
or ConA (1 mg/ml) derivitised glass coverslips and allowed to spread for 4hv
37^C in DMEM without serum. Focal contacts were then visualised by either
antibody exclusion (Fig. 3.10, 3.11, 3.12) or IBM (Fig. 3.13). Additionally 
cells prepared for antibody exclusion were simultaneously stained with 
NBD-phallicidin to visualise the microfilament organisation. It can be 
seen that cells plated onto FN-derivitised coverslips form extensive micro

filament bundles or stress fibres vbich terminate at areas of antibody 
exclusion supporting the identity of these images as focal contacts (Fig. 
3.10). The accessibility of the anti-ligand antibody to other regions 
under the cell ^)peared to be variable, usually showing partially

restricted access, particularly under the nucleus. These area of reduced 
fluorescent intensity were clearly distinguishable from the black areas
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Fig. 3.10. Ability of cells spread on FN to form focal contacts

as determined by antibody exclusion

12nm Glass coverslips wsre derivitised with (500^g/ml) as 
described in Materials and Methods. Freshly trypsinised neuraminidase- 
treated Balb/c 3T3 cells vere then plated onto the derivitised coverslips 
in 100yl of DMEM and alloved to attach for 15', 37^C. The petri dish 
containing the coverslips was then carefully filled with DMEM and the 
cells further incubated for 2h, 37^C. Cells ware fixed with 3.8% 
formaldehyde/PBS for 40', BT° and coverslips incubated with a 1:100 
dilution of a rabbit anti-substrate antiserum for 40', RT°. TO allow 
staining of intracellular actin (A, C, E) cells vere permeablised with 
0.25% Triton X-100/PBS for 5', RT^ and stained with 0.1 yM NBD-phallicidin 
for 30', RT°. Visualisation of the antibody exclusion image (B, D, F) 
was achieved by incubating coverslips with rhodamine-conjugated goat 
anti-rabbit second antibody (diluted 1:50) at the same time as the 
NBD-phallicidin. Coverslips were then vieiæd by epifluorescence using 
a Zeiss Standard 16 microscope.
Bar = lOyM.
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viiere antibody had been totally excluded and corresponding to focal 
contacts. Permeabilisation of cells with Triton X-lOO prior to 
incubation with anti-FN antiserum did not allow access to focal contacts 
although it did allow staining of intracellular FN vhich tended to 
obscure antibody excluded regions on the substratum. Therefore the 
permeabilisation of cells, required for F-actin staining, was left until 
after incubation with the anti-ligand antibody.

In contrast to cells spread on FN, cells spread on CT shoved no 
evidence of stress fibre, or focal contact formation 4 hours after 
plating (Fig. 3.11). Even after prolonged incubation (up to 6 hours) 
there was no evidence of focal contacts. The antibody exclusion image 
of cells spread on CT shoved that the majority of the underside of the 
cell was closely apposed to the substratum preventing access of antibody 
to the substratum beneath the cell (Fig. 3.11 B,D,F). As described 
previously, the only evidence of F-actin staining in these cells was at 
tiie periphery of the cell corresponding to filopodia-like structures 
seen by SEM (Fig. 3.11 A,C,E). Cells spread on ConA similarly shoved 
no evidence of specialised adhesion structures such as focal contacts 
and did not develop long stress fibres as seen in cells spread on FN. 
Again the majority of the substratum under the cell was inaccessible to 
antibody as described in cells spread on CT (Fig. 3.12 B,D,F) and F-actin 
staining was predominantly at the cell periphery or in fan-like 
structures (Fig, 3.12 A,C,E). From the antibody exclusion data it is 
apparent that cells plated onto FN-coated substrata can form veil 
developed microfilament bundles vhich terminate in clearly visualised 
focal contacts. However, cells plated onto either CT- or ConA-coated
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Fig. 3.11 Ability of cells spread on CT to form focal contacts
as determined by antibody exclusion

As Fig. 3.10 except coverslips vere derivitised with 10Oyg/ml CT.
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Fig. 3.12 Ability of cells spread on ConA to form focal contacts
as determined by antibody exclusion

As Fig. 3.10 except coverslips were derivitised with 1 mg/ml ConA.
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substrata vere apparently incapable of forming either of these 
structures.

A more detailed analysis of cell-substratum specialisation following 
spreading on FN, CT and ConA by IBM confirmed the antibody exclusion data 
showing the formation of focal contacts in cells spread on FN but not on 
CT or ConA (Fig. 3.13). Examination of live cells spread on FN-derivitised 
glass coverslips hy IBM showed the presence of numerous focal contacts 
both at the periphery of the cell and under the main body of the cell 
(Fig. 3.13 D,G,H arroved). Large areas of less læll defined close 
contacts (grey, mottle image) were also present in FN spread cells 
together with areas of greater cell-substratum separation (vhite image).
The large areas of close contact tended to obscure the focal contact 
image making them less v^ll defined than seen in cells grown in serum- 
containing medium (see Chapter 4, Fig. 4.7). In contrast to cells 
plated onto FN the 11^ image of cells plated onto CT- or ConA-derivitised 
coverslips shoved no evidence of focal contacts but gave a mottle grey 
appearance similar to areas of close contact ( Fig. 3.13 E,F). On Ci
der ivitised coverslips a continuous black IBM image could been seen 
around the periphery of the cell and extending along the long filopodial 
extensions (Fig. 3.13 B,E). This type of image was also prominant at the 
periphery of cells spread on ConA, especially at thin fan-shaped cyto
plasmic extensions (Fig. 3.13 C,F). Such images have previously been 
shown not to be due to regions of focal contacts but are formed by a 
double membrane effect occurring at ultra-thin cytoplasmic processes 
(Gingell, 1981; Gingell and Vince, 1982). Under the main body of
cells spread on CT or ConA a grey mottled IBM image was seen suggesting
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Fig. 3.13 Ability of cells spread on FN, ConA and CT to form
focal contacts as determined by IBM

Neuraminidase-treated Balb/c 3T3 cells vere plated onto 12mm 
glass coverslips derivitised with either FN (500yg/ml), CT ( 10Oyg/ml) 
or ConA (1 mg/ml) and incubated in DMEM for 4h, 37^C. Live cells were 
then viev^ on a Zeiss Standard 16 microscope modified for IBM as 
described in Materials and Methods.

A, D FN-derivitised coverslip
B, E CT-derivitised coverslip
C, F ConA-derivitised coverslip
G, H FN-derivitised coverslip high magnification

A, B and C corresponding phase contrast image of D, E and F 
respectively.
Bar = 25yM.
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large areas of close contact. The mottle appearance was due to small 
i^ite areas interupting the grey image. These areas appear to 
correspond to vesicular structures seen in the phase image (Fig. 3.13 
B ,£ ,C ,F) .

In an attempt to further characterise the cytoskeletal organisation 
of cells spread on FN-, CT- and ConA-coated substrata and also to confirm 
the presence of focal contacts in cells spread on FN the localisation 
of vinculin was investigated following cell spreading. Vinculin is known 
to be concentrated at the cytoplasmic face of focal contacts associated 
with the termini of actin-containing microfilaments. Extraction of 
cells in 1% Triton X-100 and imnunofluorescent staining of vinculin as 
described by Geiger (1979) showed that only the cells spread on FN 
had detergent-resistant vinculin complexes (Fig. 3.14). In these cells 
vinculin was localised mainly at the peripheiry of the cell in discrete 
locations reminiscent of the pattern of focal contacts visualised by 
antibody exclusion and IBM. In contrast, cells plated onto CT or ConA 
showed no distinct areas of vinculin staining presumably due to its 
solubilisation by the detergent-containing extraction buffer.

Thus, FN-coated substrata are able to trigger Balb/c 3T3 cells 
to form vinculin-containing focal contacts and associated microfilament 
bundles in serum free medium. However, CT- or ConA-coated substrata 
are unable to induce the formation of such structures.
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Fig. 3.14 Immunofluorescent localisation of vinculin in detergent-
extracted cells spread on FN, CT and ConA coated substrata

Cells were plated onto derivitised coverslips and alloved to spread 
for 4h, 37^C, detergent extracted (5mM MgCl2 f 3mM EGTA, 50itM KCl, 50rrM 
MES, 0.2% Triton X-100 pH 6.0 for 5 , O^C) v/ashed twice with ice cold
PBS and finally fixed with 3.8% formaldehyde/PBS. Vinculin was then 
visualised by sequential incubation of the coverslips with affinity 
purified rabbit anti-vinculin (40yg/ml) and a 1:50 dilution of rhodamine- 
labelled goat-anti-rabbit IgG. Rabbit anti-vinculin antisera was 
prepared by Dr. S. Kellie using chicken gizzard vinculin as the 
immunogen. This antibody specifically stains the Z-line of mouse 
skeletal muscle myofibrils and was specific for vinculin as determined 
by immune precipitation and immunoblotting.

a, c, e anti-vinculin immunofluorescence
b, d, f phase contrast
a, b FN substrate
c, d ConA substrate
e, f CT substrate
Bar = lOyM
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DISCUSSION

In this study I have atteirpted to ans\ær the question of vhether a 
cell surface ganglioside is capable of mediating the transmembrane events 
known to occur during FN-mediated cell spreading. To do this a detailed 
study was made of the ability of CT, a ganglioside-specific ligand, to 
promote Balb/c 3T3 cell spreading. In addition, by conparing the 
spreading response triggered by CT with spreading on ConA, a glycoprotein- 
reactive ligand, and FN it was hoped to be able to assess the relative 
importance of gangliosides and glycoproteins in FN-mediated cell spreading.

A number of lines of evidence suggest that FN is capable of interact
ing with the intracellular microfilament systan. Addition of exogenous

. •*FN to cultures of transformed fibroblasts results in a dramatic
reorganisation of cytoplasmic actin into microfilament bundles (Ali ̂  aL,
1977). Similarly, attachment of many cell types to FN-coated substrata 
is followed by active cytoskeletal reorganisation resulting in cell 
spreading and the formation of actin-containing microfilaments. At an 
ultrastructural level FN has been shown to have a coincident distribution 
to intracellular actin microfilaments on the ventral cell surface 
(Hynes and Destree, 1978). Such close (8-20nm) association of extra
cellular FN fibrils with actin microfilaments has been termed the 
fibronexus (Singer, 1979). As FN itself is not thought to be a membrane 
protein it is assumed that the transmembrane interaction of FN with the 
cytoskeleton occurs via its receptor structure. Given that gangliosides 
are incapable of spanning the plasma membrane (Hakomori, 1981) and are 
thus unable to directly link FN to the cytoskeleton it is important to
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establish vhether gangliosides are capable of mediating such transmembrane
events. Indirect evidence suggests that gangliosides are capable of
cytoskeletal interaction although their localisation to the outer leaflet
of the plasma membrane does not seem in question. Firstly, it has been
demonstrated that ganglioside GM^ remains associated with Triton X-100
cytoskeletons of Balb/c 3T3 cells (Streuli ̂  , 1981). Under

conditions vhere greater than 80% of total cellular protein is solubilised
125approximately 80% of I-labelled CT bound prior to extraction remained

associated with the detergent insoluble material. Hov^ver, bound toxin
could be almost quantitatively extracted from liposomes prepared from
total cellular lipid (Sahyoun, 1981). In addition, greater than 50%

125of the edacity of intact cells to bind I-labelled CT was retained 
following detergent extraction (Streuli et al., 1981). Interestingly 
CT-GM^ complexes extracted from rat erythrocytes with high detergent 
concentration ran as a macromolecular complex on gel permeation columns 
suggesting an interaction of CT-oyî  complexes with other membrane 
proteins (Sahyoun et , 1981). Further evidence of ganglioside inter
actions with the cytoskeleton comes from data demonstrating that GM.̂ 
can be induced to patch and cap in lymphocyte preparations by the 
addition of CT (Revesz and Greaves, 1975). Furthermore, the capping 
process is inhibited by cytochalasin B and is accompanied by co-capping 
of the cytoskeletal protein a actinin suggesting an interaction of membrane 
GM^ with polymerised actin on the inner surface of the plasma membrane 
(Kellie ̂  3jl., 1983). There is thus substantial but indirect evidence 
demonstrating an association of gangliosides with the cytoskeleton.
Hoiæver, the possibility that detergent insolubility might not necessarily 
reflect cytoskeletal association and the proposal that the capping process
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might be the result of lipid flow rather than cytoskeleton-induced 
movement (Bretscher, 1976; Bretscher, 1984) makes it important to 
establish more directly vhether the interaction of FN with a membrane 
ganglioside could be sufficient to mediate the cell spreading response.

Substrata coated with either FN, CT or ConA were all able to promote 
stable cell attachment and spreading. Cell spreading was related to the 
density of substratum-bound ligand although maximal cell spreading on CT 
and ConA required approximately 15- and 3-fold higher ligand densities 
respectively than on FN. A similar relationship has been demonstrated 
for BHK cell spreading on ricin and ConA vhere the ligand density 
required to trigger cell spreading was 10- and 40-fold higher respectively 
than for FN (Aplin and Hughes, 1981a). The higher levels of these ligands 
required to trigger cell spreading was suggested to be due to only a 
small percentage of the ricin or ConA binding sites at the cell surface 
being functionally active in triggering cell spreading. This receptor 
population might represent the FN receptor. That a common molecular 
species is involved in cell spreading on the above three ligands was 
further supported by the demonstration that a 47Kd glycoprotein can be 
cross-linked to ConA, ricin and FN following BHK cell spreading on these 
ligands coupled to a jbotoactivatably cross-linking reagent (Aplin ̂  ̂ , 
1981c). Since CT binding to the cell surface is not thought to involve 
a 47Kd glycoprotein directly, it voild be interesting to determine if 
this component becomes cross-linked to CT during CT-mediated cell 
spreading. Aplin et al. (1981a) proposed that an inverse relationship 
existed between the ligand density required to trigger cell spreading 
and the number of ligand receptors at the cell surface. Increasing the
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receptor number for CT by neuraminidase treatment of Balb/c 3T3 cells 
caused a 3-fold reduction in the level of CT required for 50% cell 
spreading in agreement with the above relationship. Interestingly, 
neuraminidase treatment of cells had no effect on their ability to spread 
on FN suggesting that neuraminidase-sensitive structures are not involved 
in FN-mediated adhesion (see Chapter 4 for a more detailed discussion
of this phenomenon). The threshold FN density required to trigger Balb/c

2 2 3T3 cell spreading (40fmoles/cm ) was similar to a figure of 30fmoles/cm
reported to be required to trigger BHK cell spreading (Hughes et ,
1979).

Although cell spreading was demonstrated on all three ligands the 
resultant spread morphologies were clearly different suggesting that the 
spreading response on FN was mechanistically different from that on CT 
or ConA. Whilst cells spread on FN closely resembled the typical 
fibroblastic morphology of cells under normal tissue culture conditions, 
cells spread on ConA produced wide, thin lamellar structures and cells 
spread on CT showed irregular cytoplasmic processes associated with 
numerous filopodial like structures. The different morphologies 
e^^ressed by these cells on each ligand was surprising since BHK cells 
spread on ConA and other ligands are morphologically identical to cells 
spread on FN (Grinnell and Hays, 1978). The atypical morphology of 
cells spread on CT was shown not to be due to adenyl cyclase activation 
by contaminating CT A subunit since addition of high concentrations of 
the B subunit preparation (100yg/ml) to Balb/c 3T3 cell monolayers 
produced no morphological effect while vhole toxin at concentrations as 
low as 0.1ng/ml still produced a significant effect. In addition.
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radioiodination of the B subunit preparation shoved no evidence of 
A subunit contamination. The possibility that the different morphologies 
was simply a reflection of variations in the adsorption of the ligand 
to substratum was also ruled out since the binding of each ligand to 
both plastic and glass substrata were of a similar level. The amounts 
of ÏN and ConA bound to microtitre wells are also in agreement with 
previously published figures (Rauvala et , 1981).

The specificity of the spreading response for the individual ligands 
was shown by the use of ligand-specific antibodies. It was further 
demonstrated that CT-induced cell spreading was due to an interaction 
with ganglioside 04^ by inhibiting cell spreading on CT with low levels 
of this ganglioside (50-1OOnM) but not by other gangliosides. It is 
interesting to note that the concentration of ganglioside required to 
inhibit CT-mediated cell spreading is approximately 200-fold lowsr than 
the levels of ganglioside required to inhibit FN-mediated cell spreading 
(10^ GD; Perkins et , 1982).

FN, CT and ConA, through interaction with their respective receptor 
structures, thus appear to trigger three morphologically distinct 
spreading responses. All three morphologies appear to be generated 
by an active, microfilament-mediated process, since sodium azide and 
cytochalasin B are both potent inhibitors of cell spreading on each 
ligand. Similar morphologies to that displayed hy CT and ConA spread 
cells have been reported to occur during the early stages of fibroblastic 
cell spreading in serum-containing medium or on FN-coated substrata 
(Rajaraman et al., 1974; Hughes et al., 1979). This might suggest that
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CT and ConA are able to trigger the early stages of cell spreading but 
not the subsequent stages. We thus examined the ability of each ligand 
to trigger the formation of focal contacts and the development of 
microfilament bundles in these cells.

Within 2 hours of plating onto FN-coated substrata most of the cells 
vere veil spread and many had well organised actin staining in the form 
of long microfilament bundles. By 4 hours after plating, extensive micro- 
filament organisation was evident in the majority of cells. In contrast, 
neither CT- or ConA-coated substrata vere capable of inducing the 
formation of long microf ilament bundles even 4 hours after plating. 
Limited F-actin staining at the periphery of the spread cells was however 
apparent. When further examined for the presence of focal contacts by 
IRM and an antibody exclusion technique it became apparent that cells 
developed focal contacts on FN but not on CT or ConA. Iirmunofluorescent 
staining for vinculin, a cytoskeletal protein known to be concentrated 
at focal contacts clearly demonstrated the presence of Xdnculin- 
containing focal contacts in cells spread on FM-coated substrata. No 
such staining was evident in cells spread on either ConA- or CT-coated 
substrata. It has previously been suggested that IN is not capable of 
promoting the formation of focal contacts unless additional serum 
factors are present (Thom, Povell and Rees, 1979). More recently however 
Laterra et (1983a) demonstrated focal contact formation in Balb/c 3T3 
cells plated onto IN-coated glass and Couchman ̂  (1983) has
similarly shown focal contacts in human embryonic skin fibroblasts 
plated onto IN. Here ve confirm that Balb/c 3T3 cells are capable of 
forming focal contacts on IN-coated substrata in serum-free medium
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although in our hands the focal contacts ^>pear less veil developed than 
in serumrcontaining medium. The formation of focal contacts has been 
suggested to require secretion of endogenous cell IN although not 
required for cell spreading alone (Virtanen, Vartio, Badley and Lehto, 
1982). Interestingly ws have noted the appearance of extracellular IN 
in cells spread on IN-coated substrata but not on ConA or CT. Hov^ver, 
it was not possible to determine vhether this was endogenous, secreted 
IN or IN from the substratum.

The difference in morphology resulting from spreading on IN, CT 
and ConA may thus be due to the latter two ligands being unable to 
trigger the formation of veil developed microf ilament bundles or 
vinculin-containing focal contacts. It is known that BHK cell spreading 
on ConA is morphologically similar to that on IN. Kcvever, preliminary 
results in this laboratory suggest that although morphologically similar, 
cells spread on ConA-coated substrata do not contain veil developed 
actin cables or focal contacts. This suggests that although a number 
of ligands capable of binding to cell surface components are able to 
promote cell spreading they may not necessarily trigger the formation 
of specialised adhesive structures such as focal contacts. To date 
only IN and the basement membrane protein laminin have been shown to 
promote focal contact formation (Couchman al., 1983) although Morgan 
and Garrod (1984) have recently demonstrated that focal contact 
formation in Hela cells is independent of IN or IN suggesting that these 
adhesive protein are not essential components of such cell-substratum 
adhesion sites.
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One possible explanation for the inability of CT to promote cell 
spreading similar to FN is that CT alone is not capable of cross-linking 
its receptor into large macromolecular structures due to the fact that 
one GM^ molecule can bind only one CT molecule. It has previously been 
suggested that cross-linking of cell surface receptors and thus ligand 
valency may play a key role in triggering the spreading response 
(Carter ̂  , 1981). One way to get around this problem is to bind
CT to the cell surface and look at cell spreading on substrata coated 
with anti-CT antiserum. Hov^ver, preliminary experiments using a 
IgG fraction of a rabbit anti-CT antiserum failed to give cell spreading 
of Balb/c 3T3 cells pretreated with CT although specific cell attachment 
could be demonstrated. The problem of ligand valency does not appear 
to be the cause of the morphological differences however, since ConA, 
vhich is capable of cross-linking its cell surface receptors, is also 
unable to trigger the same morphological and cytoskeletal responses as 
IN.

By a carparison of cell spreading on CT, ConA and IN it was hoped 
to be able to make sane comment on the relative importance of cell 
surface glycoproteins and glycolipids in mediating cell spreading on 
IN. In making such a caiparison one has to make the assuirption that 
the interaction of a ligand with the IN receptor will illicit some or 
all of the physiological effects of IN itself. Thus, it might be 
predicted that BHK cell spreading on ConA is the result of ConA binding 
to the IN receptor at the cell surface. During this study it was 
found that to achieve good cell spreading on CT, the cells had to be 
pretreated with neuraminidase so as to increase the number of CT receptors
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Under such conditions much of the proposed IN receptors, di- and tri- 
sialogangliosides, are converted into CT receptor, 04^. If these 
gangliosides are in fact receptors for IN one might expect that CT 
should induce cell spreading similar to IN itself. This clearly does 
not occur.

In a recent series of experiments atterrpting to evaluate the 
potential importance of cell surface heparan sulphate in IN-mediated 
cell spreading Laterra et ( 1983b), taking a similar approach to us,
compared Balb/c 3T3 cell spreading on IN with the heparan sulphate- 
binding protein, PF4. Interestingly PF4-coated substrata were only able 
to induce partial cell spreading, similar to ConA and CT, and vere 
unable to trigger the formation of microf ilament bundles or focal 
contacts (Laterra ̂  , 1983a). It was also demonstrated that removal
of cell surface heparan sulphate with heparinase inhibited cell 
spreading on IN although such treatment did not affect cell attachment. 
It was proposed that complete adhesion of Balb/c 3T3 cells requires 
binding of IN to both its receptor and cell surface heparan sulphate 
proteoglycans. It would thus be interesting to examine vhether a 
combination of CT or ConA with PF4 might induce cell spreading similar 
to IN itself. In addition, it is important to demonstrate vhether the 
cell binding domain of IN is capable of inducing the formation of micro- 
filament bundles and focal contacts in these cells since this has no 
heparan sulphate binding component.

In conclusion, it has been demonstrated that both cell surface 
glycoproteins and gangliosides are capable of mediating cell spreading
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and a limited degree of cytoskeletal reorganisation. Hovever, neither 
of these components alone wtere capable of mediating the formation of 
the specialised adhesive structures associated with cells spread on IN. 
This suggests that a cooperative interaction with tvo or more cell 
surface components, possibly heparan sulphate, may be required for 
complete spreading of Balb/c 3T3 cells.
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CHAPTER 4

THE RELATIONSHIP BETWEEN

LEVELS OF CELLULAR

GANGLIOSIDES AND THE

ABILITY TO INTERACT

WITH FN
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INTRODUCTION

If coriplex gangliosides (GDla/GT) are ^ysiologically active receptors 
for FN it should be possible to demonstrate a correlation between cellular 
ganglioside levels and the ability to interact with FN. I have attempted 
to identify such a correlation by the following approaches.

(i) Comparison of the ability of Balb/c 3T3 cells and
variants deficient in corplex gangliosides to spread 
on FN and to organise it in a matrix form.

(ii) Add back experiment using cell lines lacking, or con
taining lew levels of corplex gangliosides. Does 
increasing the levels of plasma membrane gangliosides 
hy addition of exogenous gangliosides increase the 
ability to interact with FN?

(iii) Enzymatic conversion of cellular GDla and GT to GM^ 
by neuraminidase, is such treatment accompanied by 
a reduced ability to interact with FN?

A number of workers have used lectin-resistant mutant cell lines to 
assess the significance of alterations in cell surface carbohydrate to 
various cellular recognition and control functions (see review by Briles, 
1982', Gottlieb and Komfeld, 1976', Firme, Burger and Prieels, 1982). A 
number of such lectin-resistant mutants have been demonstrated to display
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altered adhesion characteristics. Thus, a series of ricin-resistant mutants 
of BHK cells have been isolated vhich have reduced levels of ricln-binding 
sites (galactose-containing glycoconjugates) at the cell surface and also 
shew reduced adhesion to the substratum (^^ager, Ungkitchanukit, Naim, 
and Hughes 1975', Edwards, Dysart and Hughes, 1976). It was subsequently 
demonstrated that a number of these mutant œil lines displayed a reduced 
ability to spread on FN-coated substrata and had Icwer levels of œll- 
associated FN canpared to the parental BHK œil line. (Pena and Hu^ies,
1978). However, due to the pleitropic œil surfaœ changes associated 
with ricin-resistanœ, it has not been possible to identify vhich particu
lar alteration is responsible for the impaired ability to bind to FN. A 
number of other mutant œil lines, defective in sore aspect of œil sur
faœ glycosylation, have been identified vhich also display altered 
adhesion characteristics (Por^ssegur, Willin^am and Pastan, 1977* Barn
hart, 1979). In the past, support for a œrrelation between the levels 
of gangliosides and the ability to interact with IN came from a caiparison 
of normal and virally-transformed œil lines. Such transformants 
frequently possess reduced levels of gangliosides and generally display a 
reduction in œll-associated FN. (Mora, Brady, Bradley and McFarland,
1969J Brat^ and Mora, 1970J Hynes, 1973J 1976). Hcwever, no strict 
correlation between the levels of specific gangliosides and the ability to 
bind IN could be demonstrated. In this study I have used four variant 
œil lines derived from Balb/c 3T3 œlls and deficient in complex ganglio
sides to investigate the relationship between œllular ganglioside levels 
and the ability of these œlls to interact with FN. The variant œil lines
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were isolated in this laboratory by Dr. C.H. Streuli using a selection 
procedure based on the kncwn specificity of CT for ganglioside GM̂ .̂ CT 
binding cells were specifically killed using anti-toxin antisera and com
plement mediated lysis. Extensive investigation of the nature of the CT 
receptor in Balb/c 3T3 cells clearly identified 04^ as the sole receptor 
species with no evidence of any CT-binding glycoproteins. (Critchley et 
al. 1982J Streuli, 1982). Analysis of these variants demonstrated a 
marked reduction in the number of CT binding sites together with greatly 
reduced levels of corplex gangliosides (Streuli, Griffiths and Critchley, 
1984). In addition, no evidence of any gross alterations in the glyco

protein profiles of these cells was detected using cell surface labelling 
techniques. (Griffiths, Perkins, Streuli and Critchley, in preparation).

As a second approach, I have utilised the kncwn ability of exogenously 
applied gangliosides to became functionally incorporated into the plasma 
membrane of recipient cells (Laine and Hakamori, 1973', Keenan et 1975 J 
Fishman, Moss and Vaughan, 1976J Callies et 1977', Radsak et 1982), 
The transformed mouse fibroblast cell line NCTC 207lA is deficient in com
plex gangliosides and unresponsive to CT (Moss, Fishman, Manganiello, 
Vaughan and Brady, 1976). Hcwever, it can be converted to CT sensitivity 
by growth of the cell line in ganglioside-containing medium (Fishman et ad. 
1976). That ganglioside had in fact became functionally incorporated into 
the plasma membrane was demonstrated by the finding that bound CT was able 
to activate adenyl cyclase and thus increase cAMP levels (Fishman et al.
1976). The ability to incorporate exogenous gangliosides into cell
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membranes has been used to investigate the significance of the loss of 
certain gangliosides following cell transformation. Addition of exogenous 
gangliosides to cultures of NIL hamster fibroblasts has been shewn to 
result in a reduced growth rate (Laine and Hakamori, 1973). Similarly, 
addition of gangliosides, in particular monosialogangliosides, to cultures 
of both normal and SV40-transformed Swiss 3T3 cells results in a signifi
cantly reduced growth rate and saturation density (Kaenan et 1975). 
Detailed analysis of the ability of gangliosides to incorporate into cell 
membranes and artificial lipid bilayers has been made by Wiegandt's group 
(Kanda, Inane, Nbsima, Utsumi and Wiegandt, 1982J Callies, Radsak, Sie- 
gert and Wiegandt 1977', Radsak, Schwarzmann and Wiegandt, 1982). It was 
demonstrated that plasma membrane-associated gangliosides existed in three 
forms, (i) a serum- and serum albumin-sensitive form, (ii) a trypsin-sen
sitive form and (iii) a trypsin- and serum-resistant form (Radsak et 
1982). It was proposed that the latter, trypsin resistant form, vhich 
accounts for approximately 10% of the total gangliosides bound, probably 
represented gangliosides inserted in the mombrane via its ceramide moiety. 
Cnee inserted into the cell membrane the gangliosides appear to be rela
tively stable and not significantly metabolised (O'Keefe and Cuatrecacas
1977). Here I have investigated the effect of exogenous gangliosides on 
the ability of NCTC 207lA cells and BHK cells to interact with FN.

In a third approach I have looked at the effect of neuraminidase- 
treatment of Balb/c 3T3 and BHK cells on their'ability to spread on FN- 
coated substrata. Neuraminidase treatment has previously been shewn to 
increase CT binding to cells as a consequence of the conversion of di- and
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txi-sialogangliosides into 04^ (Haksar, Maudsley and Peron, 1974 J Critch
ley and Vicker, 1977). Given the inverse relationship between the number 
of ligand receptors and the ligand density required to trigger cell spread
ing (Aplin and Hughes, 1981a) and the proposed nature of the FN receptor 
as di- and/or tri-sialogangliosides, one would expect neuraminidase to 
reduce cell spreading on FN-coated substrata.
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MATERIALS AND METHODS

Cell Culture

A subclone of NCTC 2071 murine cell line previously shown to be 
deficient in gangliosides (Moss et 1976) was obtained from Dr. J. Moss, 
N.I.H., Bethesda, U.S.A. (NCTC 2071A). Cells were grown in serum-free 
NCTC 135 medium and subcultured by scraping with a sterile rubber police
man. A subclone (S24) of the Balb/c 3T3 A31 murine cell line, shown to 
closely resemble the parent line in ganglioside content and growth charac
teristics, was used to isolate variants defective in ganglioside biosyn
thesis (Streuli, 1982', Streuli, Griffiths and Critchley, 1984). Ethane 
methane sulghonate (ESIS) mutagenised S24 cells were selected for variants 
defective in the synthesis of gangliosides more catplex than 04^ using CT, 
anti-toxin and carplement-mediated lysis (Streuli, 1982). Variants were 
cloned from populations surviving 5-6 rounds of selection. Cells were 
routinely cultured in CMEM containing 10% heat-inactivated NCS plus anti- 
biotics/antirrycotics and subcultured twice weekly with 0.25% trypsin.
BHK 21 cells v^re cultured as described for Balb/c 3T3 cells above. All 
media and tissue culture reagents were obtained from Gibco Bio-cult.

Ganglioside analysis

Ganglioside analysis was performed either using unlabelled material 
and resorcinol detection" or metabolically labelled material and autoradio
graphy. For metabolic labelling of cellular lipid, exponentially growing
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cells were cultured for 48 h. in caplete medium containing 1 pCi/ml 
1 - - palmitic acid (55 mCi/imiole, Radiochemical Centre, Amersham).
Cell monolayers vere washed twice with PBS and scraped into PBS containing 
ImM PMSF with a rubber policeman. Cell pellets were resuspended in 2 ml 
methanol and probe sonicated (4 x 15 secs. 0°C) and aliquots taken for 
protein estimation and isotope incorporation. Lipids were extracted by the 
addition of 2 vols, of chloroform and the pellet re-extracted twice with 1:2 
(v/v) chloroformrmethanol. The extract was dried under N2 , re-dissolved in 
chloroform:methanol (2:1) and partitioned against 0.2 vols, of water. The 
organic phase was washed three times with chloroform:methanol :water 
(3:48:47) and the ccmbined aqueous phases dried, then desalted on a Sejha- 
dex G25 (Superfine) column (0.75 gms), equilibrated and diluted with 
chloroform : methanol : water (60:30:4.5). Extracted gangliosides were separa
ted by thin layer chromatography on precoated Silica Gel G plates (Merck) 
with the solvent chloroform:methanol:water (60:35:8), and detected by spray
ing with resorcinol as described in Chapter 2, Materials and Methods.

Cell spreading on ligand-coated substrata

Spreading of Balb/c 3T3 cells and variants on FN and CT coated sub
strata was assayed as described in Chapter 3. BHK cell spreading on FN 
was assayed as described in Chapter 2. Where indicated, BHK cell mono
layers were treated with Vibrio choleras neuraminidase (0.04 units/ml of 
DMEM', Behringwerke) for 1 h , 37°C. prior to trypsinisation and plating 
onto FN-coated libro wells. Cell monolayers were washed twice with DMEM 
prior to enzyme treatment to remove serum components known to inhibit
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neuraminidase activity. Crystal violet stained cells were photographed 
on a Leitz diavert microscope using Ilford Pan F film (50ASA).

Incubation of cells with ganglioside-containing medium

For ex^riments involving growth of NCTC 207lA cells in ganglioside 
containing medium, bovine brain mixced gangliosides (Sigma) were dissolved 
in water at 1 mg/ml and incubated at 37°C for 1 h prior to addition to 
culture medium. Scraped NCTC 207lA cells were plated onto glass cover- 
slips in 35 inn petri dishes containing 1 ml of NCTC 135 medium and allowed 
to attach for 4 h , 37^C. Where appropriate, stock gangliosides vBre 
added directly to the culture medium, the cells further incubated for 18 
h , and then fixed and stained for FN as described belcw.

Incorporation of gangliosides into BHK cell membranes was performed 
as described previously by Beckner et (1981). BHK cell monolayers 
were washed twice with EMEM and then incubated with bovine brain mixæd 
gangliosides (250 pg/ml, 2 ml DMEM per 10 cm petri dish) for 1 h , 37°C. 
Monolayers were further washed with DMEM, trypsinised and plated onto FN- 
coated linbro wells.

Imnunofluorescence

Cells grown on glass covers lips were washed twice with PBS and fixced 
with 3.8% formaldehyde/PBS for 45', BT°. After rinsing 3 times with PBS 
over 30', coverslips were incubated for 1 h , RT°, with rabbit anti-FN
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diluted 1:50 with PBS (see Appendix II for antibody production and charac
terisation) . Coverslips were further washed three times with PBS over 30' 
and bound primary antibody detected using an FITC-conjugated goat-anti- 
rabbit antiserum (Miles biochemicals) diluted 1:25-1:50 with PBS (1 h , 
RT°).

For localisation of CT bound to cell surfaces the toxin (1 pg/ml in 
PBS containing 0.1% BSA) was incubated with washed monolayers (5', 37 Ĉ) 
grcwn on coverslips before washing and formaldehyde fixing. Bound CT was 
then visualised using a rabbit anti-CT antiserum diluted 1/30 with PBS 
and an FITC-conjugated goat anti-rabbit antiserum diluted 1/50 with PBS. 
Coverslips were washed with PBS and mounted on glass microscope slides 
using 50% glycerol in PBS as mountant. Immunofluorescence was visualised 
using a Zeiss Standard 16 microscope equipped with epifluorescence. 
Photographs were taken on Ilford HP5 film 400 ASA uprated to 800 ASA.

Interference reflection microscopy

Essentially as described in Chapter 3, S24 cells and ganglioside- 
deficient variants were plated onto glass covers lipxs in DMEM containing 
10% heat-inactivated NCS and incubated overnight, 37°C, in a CO2 incubator. 
After gentle washing in DMEM, live cells were viewed on a modified Zeiss 
Standard 16 microscopxe with an X63 antiflex objective lens as described 
previously. Images were photographed on Ilford Pan F film (50 ASA).
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RESULTS AND DISCUSSIONS
The ability of ganglioside-deficient variants of Balb/c 3T3 cells to inter
act with FN

Balb/c 3T3 cell variants deficient in corplex gangliosides have been
isolated and characterised in this laboratory (Streuli, 1982; Streuli et
al. 1984J Griffiths, Perkins, Streuli and Critchley, in preparations).
It has been denonstrated that these variants have a greatly reduced ability
to bind cr (Table 4.1) and have a siitplified ganglioside profile. A
dramatic reduction in the levels of GM^ and disialogangliosides was evident
in the variants cotpared to the parental 3T3 cell line, S24 (Fig.4.1 and
4.2). Separation of cellular gangliosides by thin layer chronatography
clearly shows that gangliosides more corplex than GM^ are not detectable

14in variants Ml, M3, M6 and M7 by metabolic labelling with. C-paImitate 
(Fig.4.i; D, E, F, G,) or resorcinol spraying of unlabelled gangliosides 
(Fig.4.2) B, C, D, E). Although GM̂  ̂was consistently visualised in meta
bolically labelled material fron S24 cells, the levels of QDla were sone- 
vhat variable (corpare Fig.4.1J C and E). QDla was, however, consistently 
reduced or absent in the variant cell lines as determined by either meta
bolic labelling or resorcinol spraying. The reason for the variable levels 
of GDla in S24 cells is not clear at present although a transient increase 
in the levels of GDla has been r^xDrted to occur in Swiss 3T3 ceJJs during 
the early stages of cell contact (Yogeeswaran and Hakonori, 1975). The 
absence of in the variant cell lines has recently been confirmed by 
the use of the Magnani overlay technique (Magnani et 1980).
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Table 4.1 - Quantitation of CT binding to Balb/c 3T3 cells and ganglioside- 
deficient variants^

Number of CT molecules
-6Cell line bound per cell x 10

S24 2.2

Ml 0.18

M3 0.1

M6 0.1

M7 0.1

S24 + N* 11.0

M3 + N 0.1

M6 + N 0.3

*Cells pretreated with neuraminidase (0.01 I.U. per ml DME^O.1% BSA/PMSF, 
1 h., 37°C).

 ̂This figure is taken fron Streuli, (1982).
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14Fig. 4.1 - C-pàlmitate-labelled ganglioside profiles of BHK, Balb/c 3T3 
and ganglioside-deficient variant cells

14Exponentially growing cells were labelled with 1- C palmitic acid 
to specific activities of 4-8 x 10^ CPM/mg of protein. Monolayers were 
then scraped and gangliosides analysed as described in Materials and Methods. 
Approximately 100,000 CPM of aqueous phase lipids were loaded onto each 
track. Where indicated, prelabelled BHK cells were treated with Vibrio 
choleras neuraminidase (0.04 U/inl IMEM 1 h , 37°C) prior to ganglioside 
analysis.

Track A, BHK cells plus neuraminidase
Track B, BHK cells minus neuraminidase
Track C, Balb/c 3T3 (S24) cells
Track D, M7 cells
Track E, M6 cells
Track F, M3 cells
Track G, Ml cells
Track H, Balb/c 3T3 (S24) cells.
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Fig 4.2 - Ganglioside profile of Balb/c 3T3 and ganglioside-deficient 
cells as detected by resorcinol spraying

Unlabelled gangliosides were isolated and separated by TLC as des
cribed in Materials and Methods. Separated gangliosides were then detec
ted with resorcinol reagent as described in Chapter 2. Tracks were 
normalised for protein ( 900 mg protein equivalents per track).

Track A Balb/c 3T3 (S24) cells

Track B Ml cells

Track C M3 cells

Track D M6 cells

Track E M7 cells.
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Gangliosides from S24 and the four variant cell lines were separated by
125thin layer chronatography and then incubated with I-labelled CT.

Although strong binding was dononstrated to a ganglioside present in S24 
cells with a similar mobility to GM^, no such binding was evident to 
gangliosides froi the variant cells. (Griffiths et in preparation) .
Given that these cells are able to synthesise normal levels of 04^ but 
much reduced levels of GM̂ ,̂ a defect in the enzymatic pathway vhich con
verts GM^ into GM^ seems likely. Fron the proposed biosynthetic pathway 
for the main gangliosides in animal cells (Critchley and Vicker, 1977), a 
lesion at this position would lead to an inability to synthesise the di- 
and trisialogangliosides (QDla, GTla, GDlb, etc.). Further support for a 
reduction in the levels of di- and trisialogangliosides in the variant 
cells is demonstrated in Table 4.1. Neuraminidase-treatment of at least 
two of the variants (M3 and M6) does not result in any appreciable increase 
in CT binding vhile similar treatment of S24 cells results in a 5-fold 
increase in binding. This increase in CT binding is believed to be due 
to conversion of disialogangliosides into GM̂  ̂by neuraminidase. (Critchley 
and Vicker 1977). There is thus good evidence that the variant cell lines 
possess significantly reduced levels of caiplex gangliosides. However, if 
these cells are to be used to assess the iirportance of gangliosides as 
receptors for FN, it is important to demonstrate that no significant 
alterations in the glycoprotein profile of these cells has occurred during
their selection. Cell surface labelling by lactoperoxidase-catalysed

125iodination or periodate/borotritiide and I-ricin overlays of SDS-PAGE 
separated cell protein failed to detect any gross alterations in the
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Fig. 4.3 - Ability of ganglioside-deficient variant cells to spread on FN-
coated substrata

Microtitre wells were coated with varying concentrations of FN for 
2 h , 37^C and subsequently blocked with 10 ing/hl BSA/PBS for 1 h , 37°C. 
Wells were washed twice with PBS, 1 x 10^ cells added in 100 pi OVIEM and 
allowed to spread for 1.5 h 37°C in a CO2 incubator. Cells were then 
fixed and stained as described in Materials and Methods.

A,D,G,J,M, 0.75pg/ml FN', B,E,H,K,N, 1.5pg,/ml', C,F,I,L,0, 10p.g/ml FN.

A - C, Balb/c 3T3 (S24) cells

D - F, Ml cells

G - I, M3 cells

J - L, M6 cells

M - 0, M7 cells.
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glycoprotein profile of the variant cells carpared to S24 cells (Griffiths 
et al. in preparation). Ihese variants thus form an ideal system for 
analysing the role of caiplex gangliosides in FN binding to the cell 
surface.

When plated onto FN-coated microtitre wells both S24 and the variant 
cells (Ml, M3/M6 and M7) attached and adopted a well spread, fibro
blastic mor^ology within 2 hours of plating (Fig.4.3). At lew FN-coat- 
ing concentration (0.75 pg/ml), little or no cell spreading was evident 
in either S24 or the variant cells although they had becane attached and 
formed filopodial processes (Fig.4.3; A, D, G, J, M). In the absence of 
any FN-coating, no cell attachment was observed. Ihe cell line M6, 
although not being able to spread at an FN concentraticn of 0.75 pg/tnl 
shewed a greater tendency to adopt an elongated bi-, or tri- polar mor- 
#iology than S24 or the other variant cells (Fig.4.3; J). At a coating 
concentration of 1.5 pg/hl, many of the cells were well spread Wiile 
others, apparently in the early stages of spreading, were less well spread 
with long, tapering cell processes (Fig.4.3; B, E, H, K, N). No differ
ence between S24 and the variant cells was apparent. At 10 pj/ml the 
majority of cells were well spread in all cell lines although M6 appeared 
to have a slightly more elongated morphology than S24 or the other 
variants (Fig.4.3; L).

Quantitation of the ability of these cells to spread on FN-coated sub
strata (Fig.4.4) clearly demonstrates that the ganglioside-deficient 
variants Ml, M3 and M7 had a similar ability to spread on FN to the

2 11
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Fig. 4.4 - Quantitation of the ability of ganglioside-deficient variant 
cells to spread on FN-coated substrata

Essentially as described in Fig. 4.3. Cells were plated onto micro- 
titre wells coated with varying concentrations of FN (0-10 jag/ml) and 
allowed to spread for 2 h , 37°C. Cell spreading was quantitated using 
fixed and stained cells as described in Materials and Methods. Ihe ability 
of each variant to spread on varying concentrations of FN was compared to 
that of the parental S24 cell line (0---- 0)

A), Ml cells (I

B) , M3 cells (<

C), M6 cells (

D), M7 cells (
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parental line S24 (50% cell spreading at approximately 2 pq/ml FN) . The 
M6 line as indicated above appeared to have a slightly reduced ability to 
spread on FN (50% cell spreading at approximately 3 pg/ml), although this 
difference probably reflects the more elongated, fusiform morphology of 
this cell line in normal culture (Streuli, 1982) rather than a reduced 
ability to interact with FN. This is supported by the finding that good 
attachment of M6 cells is evident at low FN concentration.

When the ability of these cells to spread on CT-coated substrata was 
investigated, little or no spreading of the variant cells was observed 
even after pretreatment of these cells with neuraminidase CFig.4.5; E-L). 
However, S24 cells were able to spread on CT with the degree of spreading 
being significantly increased by neuraminidase treatment (Fig.4.5ÿ C + D), 
Interestingly, an increase in the level of cell attachment to the CT-coated 
wells was observed with the M7 cell line following neuraminidase treatment. 
This might suggest that small amounts of higher gangliosides are present in 
this variant and can be converted to GM^ following neuraminidase treatment. 
Alternatively, neuraminidase may in seme way unmask small amounts of GM^ 
not normally available for CT binding and not detectable by metabolic 
labelling. The presence of cryptic gangliosides in cell membranes has 
previously been dononstrated by Gahmberg and Hakcmori, (1974).

A direct comparison of the ability of S24 and variant cells to spread 
on FN- and CT- coated substrata is given in Table 4.2 The percentage cell 
spreading of S24 ' s at 3-and 10 pg/ml FN is comparable with all the variant

214



A *

f y

E ' ,  - • . • •

"  '  \T  ,
** . . .

«% t
■ '.V '. »•

B , «  •

■■ ■#

\
■ il

 ̂ . *

,

K € :;
. r ■ '*‘ ^ '  ' »  -

G ^

't •
»

*  *
i

s # *

(  ̂a
> #

# ^
# ^

/  r  ' .

•

é. . ■■
. ».

’. . f .

"  :  <  & :4 g
'  v ‘ t '  -L]

*  >  -31
H >  T

*  *

A-. • •

s-

. . . .  * / •

T1̂ * *  *
, ■ *  • ■

' '  : i .m
* %  '  lOQjum



Fig. 4.5 - Ability of Balb/c 3T3 cells and ganglioside-deficient variant 
cells to spread on CT-coated substrata

Microtitre wells were coated with toxin B subunit (100 pg/ml PBS) for 
2 h , 37°C and blocked with 10 mg/ml BSA/PBS for a further 1 h , 37°C. 
Blocking of wells with BSA prevented attachment of all cell lines in the 
absence of CT. Freshly trypsinised cells were washed twice in IMEllVl irM 
PMSF and applied to each well in 100 pi of DMEM. After spreading for 2 h , 
37°C cells were fixed and stained as described in Materials and Methods. 
VÜhere indicated, cells were pretreated with Vibrio choleras neuraminidase 
(0.04 U/ml DMEM) for 1 h , 37°C prior to trypsinisation.

A + B, Balb/c 3T3 (S24) cells, minus CT

C + D, Balb/c 3T3 (S24) cells, plus CT

E + F, Ml cells, plus CT

G + H, M3 cells, plus CT

I + J, M6 cells, plus CT

K + L, M7 cells, plus CT.

Vfells B, D, F, H, J, and L shew cells vhich had been pretreated with 
neuraminidase.
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Percent Cell Spreading

Ligand Balb/c 3T3 Ml M3 M6 M7

No additions 0 0 0 0 0

FN (3 pg/ml) 68.6-6.0 71.9^4.3 68.6-3.4 50.2-5.0 71.CH4.6

FN (10 pg/ml) 91.9-3.6 91.0±1.9 92.6-1.6 83.2-4.8 90.9-1.0

CT (B subunit) 40.4±8.9 0 0 0 0

* (77.7-6.4) (6.4^3.5) (0) (0) (3.4-1.4)

* Cell spreading on CT following pretreatment of cells with 
neuraminidase.
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Table 4.2 - Carparison of the cell spreading ability of Balb/c 3T3 cells 
and ganglioside-deficient variants on FN- and CT- coated substrata

Microtitre wells were coated with either FN or CT-B subunit for 2 h , 
37°C and subsequently blocked with 10 mg/ml BSA. Vfells were coated twice

4with PBS and cells (1 x 10 in 100 ml IMEM) added to each well and allcxæd 
to spread for 2 h , 37°C in a CO2 incubator. Cells were then fixed, 
stained and cell spreading quantitated. Where indicated, cells were pre
treated with neuraminidase (0.04 units/ml in DMEM) for 1 h , 37^C prior to 
trypsinisation and plating onto CT-coated wells.

2 18



cell lines (approximately 70% at 3 pg/ml and 90% at 10 pg/ml). Little or 
no spreading of the variant cells was evident on CT-coated wells even 
following neuraminidase treatment, whereas spreading of S24 cells on CT- 
coated wells was increased from approximately 40% to 78% following similar 
enzyme treatment. It is thus apparent that ganglioside-deficient cells do 
not have an inpaired capacity to spread on FN-coated substrata compared 
to the parental S24 cell lines.

The ability of a cell to spread on FN is generally assumed to reflect 
its ability to retain FN at the cell surface. This may not necessarily be 
the case in all instances. Hayman et (1980) demonstrated that trans
formed rat kidney cells contained little or no cell surface FN but secreted 
large amounts of it into the culture medium. However, these cells were 
able to spread normally on FN-coated-substrata. It was thus of interest to 
know if ganglioside-deficient cells are able to organise FN into a matrix 
form at the cell surface as well as being able to spread on FN-coated sub
strata.

When the level and organisation of FN at the cell surface of S24 and 
variant cell lines was analysed by indirect inmunofluorescence, no gross 
differences in either its levels or organisation were evident (Fig.4.6/
D, H, L, P, T). Binding of CT to variant cells grown under similar condi
tions clearly showed that under conditions vhere large amounts of wel.l 
organised, fibrillar FN was present at the cell surface, little or no CT 
binding could be detected by iirmunofluorescence (Fig.4.6; F, J, N, R).
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Fig. 4.6 - Ininunofluorescent localisation of FN on Balb/c 3T3 cells and 
ganglioside-deficient variants. A ccmparison of their ability to bind CT.

Cells were plated onto sterile glass covers lips and cultured for 48 h , 
37°C in containing 10% NCS. FN was then localised on formaldehyde- 
fixed cells using a rabbit anti-FN antiserum (diluted 1/100) and FTTC-con- 
jugated goat anti-rabbit IgG second antibody (diluted 1/50) as described in 
Materials and Methods. Where indicated, cell monolayers were incubated 
with CT (lyug/ml in PBS/BSA) for 5', 37^C, washed twice with PBS and fixed 
with 3.8% formaldehyde for 40', RT^. Bound CT was visualised using a 
rabbit anti-CT antiserum (diluted 1/30) and an FITC-ccnjugated second anti
body as for FN staining.

A - D, - Balb/c 3T3 (S24) cells

E - H, - Ml cells

I - L, - M3 cells

M - P, - M6 cells

Q - T, - M7 cells

B,F,J,N,R, - CT staining

D,H,L,P,T, - FN staining
U + V - Balb/c 3T3 (S24) cells', CT staining, minus CT control 
W + X - Balb/c 3T3 (S24) cells J FN staining, preimnune serum. 
Bar = 50 pm.
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strong CT iirmunofluorescence was evident, however, on the S24 cell line
(Fig.4.6, B). Cells grown in parallel with the above were metabolically 

14labelled with C-palmitate and their ganglioside profiles analysed.
They did not synthesise detectable leveJ s of either or GDla under 
these conditions (Streuli, 1982). Recent quantitation of the levels of 
cell surface FN by lactoperoxidase-catalysed iodination and SDS-PAGE 
showed similar levels of labelled FN in all four variant cell lines to 
that in S24 cells (Griffiths et in preparation). Ganglioside- 
deficient variants of Balb/c 3T3 cells are thus able to spread on FN- 
coated substrata and to organise it into a matrix form to a similar degree 
as the parental 3T3 cell line.

Binding of FN to the cell surface triggers a variety of physiological 
responses. One such response is the reorganisation of intracellular 
actin-containing microfilaments which occurs during cell spreading on FN 
and following addition of exogenous FN to transformed cells. In the above 
I have shown that the ability of FN to trigger the cell spreading response 
is not inpaired in ganglioside-deficient cells. It is irrportant, however, 
to see if other responses which normally occur following FN binding to the 
cell surface are active in these cells. I have thus investigated whether 
the ganglioside-deficient variants are able to form focal contacts, struc
tures which have been shown to develop following Balb/c 3T3 cell spreading 
on FN-coated substrata (see Chapter 3). Although FN is not unique in its 
ability to trigger focal contact formation (Couchman et 1983} Morgan 
and Garrod 1983), in Balb/c 3T3 cells at least, spreading on FN-coated
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substrata is accarpanied by the development of focal contacts. Examina
tion of S24 and variant cells, grown on glass coverslips in serum-contain
ing medium by IBM clearly showed the presence of focal contacts in both the 
S24 and the variant cell lines (Fig.4.7). Focal contacts were well 
developed and present at both the periphery and underneath the main body 
of the cells. Although not all cells contained focal contacts, the propor
tion that did was approximately equal for each cell type. The presence of 
focal contacts in these cells vten grown in serum-containing medium was 
suggested previously (Streuli, 1982). It was daoonstrated that under nor
mal culture conditions the variant cells had well developed, actin-contain- 
ing microfilament bundles similar to S24 cells. These structures have 
previously been shown to terminate at focal adhesions. More recently, the 
ability of these cells to form focal contacts and microfilament bundles 
has been investigated following spreading on FN-coated substrata in serum- 
free medium (Griffiths et in preparation). S24 and variant cell lines
were equally able to form focal contacts and microfilament bundles. As 
has previously been demonstrated with 524 cells, significantly more areas 
of close contact were present in cells spread on FN in serum-free medium 
corpared to the same cells grown in serum-containing medium.

The effects of exogenous gangliosides on the ability of cells to interact 
with FN

Growth or preincubation of mammalian cells in the presence of exogenous 
gangliosides results in saturable binding of the gangliosides to the plasma 
membrane (Callies et 1977 \ Krishnaraj, Saat and Keitp, 1980). A
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Fig. 4.7 - Ability of ganglioside-deficient variant cells to f o m  focal
contacts

Cells were plated onto 12 irni diameter glass coverslips in DMEM con
taining 10% NCS and cultured overnight, 37°C in a CO2 incubator. Live 
cells were then examined for the presence of focal contacts by IBM as 
described in Materials and Methods.

A) Ml cells

B) M3 cells

C) M6 cells

D) M7 cells

E) Balb/c 3T3 (S24) cells.
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proportion of this manbrane-associated ganglioside: is believed to be 
functionally incorporated into the lipid bilayer via the ceramide moiety 
(Fishman et 1976). I have utilised this phenomenon to investigate the 
effect of reconstituting ganglioside-deficient cells on their ability to 
interact with FN.

The transformed murine fibroblast cell line, NCTC 207lA, is known to 
be deficient in the cotplex gangliosides GM̂ ,̂ and ODla due to a lack 
of twD biosynthetic enzymes, CMP-sialic acid: lactosylceramide sialyl- 
transferase and UDP-galactose: GM^ galactosyltransferase, required for 
their synthesis (Fishman et 1976). Growth of this cell line in serum- 
free medium containing exogenous is able to convert them from being 
unable to bind CT to CT binding (Fishman ̂  1976). Under normal culture
conditions it was found that these cells had very little cell-associated 
FN as detected by indirect imnunofluorescence (Fig.4.8, A + B). However, 
they are able to synthesis FN and secrete it into the medium vAiere a pro
portion subsequently adsorbed to the substratum (Fig.4.8 A + B). As these 
cells are normally grown in serum-free medium, the FN absorbed to the sub
stratum is known to be cell-derived and not due to serum FN. Growth of 
these cells in serum-free medium containing 30 pg/hl bovine brain mixed 
gangliosides resulted in a dramatic increase in the amount of FN retained 
at the cell surface (Fig.4.8 C + D). The FN was in the form of numerous 
small stitches at the periphery of the cell. In addition, the levels of 
substratum-bound FN appeared to be reduced in cultures grown in ganglioside 
containing medium. As a positive control for ganglioside uptake the
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Fig. 4.8 - Effect of mixed gangliosides on the distribution of FN in 
NCTC 2071A cells

NCTC 207lA cells (a cell line deficient in endogenous gangliosides) 
were plated cnto glass coverslips and after 4 h , 37°C bovine brain irtbœd 
gangliosides were added to give a final cancentration of 30^g/ml. After 
incubating for 18 hours at 37°C the cells were fixed and FN localised by 
indirect imnunofluorescence. As a positive control for ganglioside 
insertion, cells were incubated with cholera toxin and the binding detected 
using immunofluorescence as described in Fig. 4.6 legend. (Bar 20 pm).

A + B Cells not incubated with gangliosides and stained for FN.

C + D Ceils incubated with ganglioside and stained for FN.
Arrows indicate retention of FN at the cell surface.

E Cells not incubated with ganglioside, cholera toxin bound,
and stained with rabbit anti-cholera toxin and FTTC goat 
anti-rabbit antiserum.

F Cells incubated with gangliosides, cholera toxin bound
and stained as in E.

Arrows indicate increased CT binding at the cell surface.
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ability of cells to bind CT was monitored. Parallel coverslips to those 
taken through for FN immunofluorescence were incubated with 1 pg/ml CT for 
15', RT° and bound CT detected by indirect imnunofluorescence. Cells 
grown in ganglioside-containing medium shewed good CT imnunofluorescence 
Wiile cells grown in the absence of exogenous ganglioside shewed only back
ground levels of fluorescence (Fig.4.8 E + F). This clearly indicates 
that incorporation of gangliosides into the plasma mentorane of otherwise 
ganglioside-deficient cells results in an increased retention of FN at the 
cell surface.

It was hoped to be able to test viiether these cells were able to 
attach and spread on FN-coated substrata and whether the ganglioside speci
ficity of the above effect on FN retention was similar to that shewn for 
the inhibition of cell spreading. However, due to difficulties in main
taining these cells in culture, this line of research had to be discon
tinued. Yamada et (1983), using the same cell line as above, subse
quently demonstrated the following order of ganglioside effectiveness in

■ipromoting FN retention to the cell surface, GTlb >  GDla >  >  a\Ig.
This is indeed similar to that demonstrated for ganglioside inhibition of 
cell-attachment and spreading (Kleinman et 1979J see Chapter 2). It 
is interesting to note that these cells were able to attach to the substra
tum under serum-free conditions and that the increased ability to retain 
cell surface FN following ganglioside treatment had no effect on cell mor
phology. Although it remains to be demonstrated vhat role, if any, FN has 
in mediating the adhesion and spreading of NCTC 207lA cells, it is

The difference in FN retention seen in Fig 4.8 and that shown by 
Yamada et al (1984) probably reflects the different amounts of FN 
associated with the surface of sparse and confluent cells.

230



important to analyse the relative abilities of normal and ganglioside 
reconstituted cells to adhere to FN-coated substrata. It is also of 
interest to know if ganglioside pretreatment has any effect on the reten
tion of other matrix components by these cells, e.g. collagens and proteo
glycans.

BHK cells have low levels of higher gangliosides (Fig.4.1). Signifi
cant amounts of gangliosides more complex than GM^ could not be detected 
hy metabolic labelling although neuraniinidase-treatment of these cells 
resulted in a 5-fold increase in CT binding suggesting that low levels of 
di- and tri-sialogangliosides are present. Given the low levels of higher 
gangliosides in these cells and the inverse relationship between rec^tor 
number and the ligand concentration required to trigger cell spreading 
(j^lin and Hughes, 1981a), it was of interest to determine if increasing 
the levels of corplex gangliosides in these cells increased their ability 
to spread on FN. It was found that pre-incubation of BHK cells with mixed 
gangliosides under conditions which have previously been r^xorted to result 
in their incorporation into the plasma membrane (Fishman, 1980; Beckner 
et al. 1981) had no effect on their ability to spread on FN-coated linbro 
wells (Fig.4.9). Both pre-incubated and unincubated cells gave 50% cell 
spreading at approximately 1 ̂ g/ml FN with maximal cell spreading between 
2-5 pg/ml. Additional experiments vdiere BHK cells were cultured over
night in CD containing medium (5 p.g/ml in CMEM plus 10% NCS) failed to 
detect any effect on the ability of cells to spread on FN (data not shown). 
However, it has previously been suggested that cells take up gangliosides 
only poorly frcm serum-containing medium (Fishman, Moss and Manganiella,
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Fig. 4.9 - Effect of mixed gangliosides on the ability of BHK oells to 
spread on FN-coated s\±>strata

BHK cell monolayers were incubated with 100 pg/hl bovine brain mixed 
gangliosides for 1 h , 37^0 in DMEM (2 ml per 9 an dish). After washing 
twice with DMEM, cells were trypsinised and plated into linbro wells (5 x 
10 ^A^ll) coated with varying concentrations of FN. After being allowed 
to spread for 1 h , 37°C, cells were fixed with 3.8% formaldehyde/PBS and 
stained with crystal violet. Cell spreading was then quantified as des
cribed in Chapter 2, Materials and Methods.

-O plus gangliosides

minus gangliosides
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1977). It is therefore inportant to repeat such experiments in serum-free 
medium and to clearly demonstrate ganglioside uptake by the cells.

Attempts were also made to utilise the ricin-resistant BHK cell lines, 
Ric R17 and Ric R14. These cell lines, although able to synthesise FN, 
are unable to retain it at the cell surface and have an impaired ability 
to spread on FN-coated substrata (Meager et 1975) Edwards et al. 1976) 
Pena and Hughes, 1978). However, imraunofluorescent staining of these 
cells in monolayer using antisera prepared in this laboratory (see i^pen- 
dix II) and antisera provided by Dr. R.O. Hynes (prepared against hamster 
cell FN) detected sufficient matrix FN to make interpretation of add back 
experiments difficult. It is not known whether the ganglioside profile 
of ricin-resistant BHK cells is significantly different to parental BHK 
cells although as mentioned above, BHK cells contain relatively few com
plex gangliosides (Fig.4.1).

The effect of neuraminidase treatment of Balb/c 3T3 and BHK cells on their 
ability to spread on FN-coated substrata

Neuraminidase has been used to demonstrate a role for sialic acid- 
containing glycoconjugates in ligand binding (Haksar et 1974) Beckner 
et al. 1981). Here I have investigated the effect of such enzyme treatment 
on the ability of cells to spread on FN-coated substrata.

BHK cells have been shown to spread on RN in a concentration-dependent 
manner (see Chapter 2). Plating of cells onto linbro wells coated with.
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varying amounts of FN resulted in maximal cell spreading at a concentra
tion between 2-5 ̂ g/ml within 1 hour of plating. Pretreatment of BHK 
cell monolayers with neuraminidase had no effect on their ability to 
spread on FN with maximal cell spreading again occurring between 2-5 jug/ml 
FN (Fig.4.10). TO demonstrate that such enzyme treatment resulted in
significant alteration in ganglioside levels, the ability of these cells 

125to bind I-labelled CT was investigated before and after enzyme treat
ment (Table 4.3). In the absence of enzyme treatment, BHK cells were able

-4to bind approximately 1.3 x 10 fimoles of CT per cell. This figure was
—4increased 5-fold following treatment witb neuraminidase (6.7 x 10 fmoles

CT per cell). This increase in CT binding suggests that di- and tri-sialo-
gangliosides are present in BHK cells and demonstrates that they are con-

14verted into by neuraminidase. Examination of the C-palmitate- 
labelled ganglioside profile of BHK cells following neuraminidase treat
ment shows little alteration due to the almost undetectable levels of 
and disialogangliosides in these cells CFig.4.1 A + B). The substantial 
reduction in the levels of di- and/or tri-sialogangliosides suggested in 
the above does not however, affect the ability of these cells to spread on 
FN-coated substrata.

Similar results to the above were obtained with Balb/c 3T3 cells. 
Neuraminidase treatment of these cells significantly increased their 
ability to bind CT (Table 4.1). Following such enzymatic treatment, no 
alteration in the ability of these cells to spread on FN-coated microtitre 
wells was observed (Fig.4.11). Maximal cell spreading was achieved with
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Fig. 4.10 - Effect of neuraminidase treatment on BHK cell spreading
FN-coated substrata

BHK cell monolayers were washed twice with DMEM and incubated with 
2 ml of EMEM plus and minus 0.04 U/ml Vibrio cholerae neuraminidase for 
1 h , 37°C. Cells were then trypsinised and plated into linbro wells 
(5 X lO^/Vell) and'allowed to spread for 1 h , 37°C. Cell spreading was 
then quantitated using fixed and stained cells.

minus neuraminidase 
plus neuraminidase

237



Cell Number CPM bound
fmoles CT 

specifically bound

A. Minus Neuraminidase

1 5  X  1 0 ^ 1 2 7 8 0

2 5  X  1 0 ^ 1 2 1 2 0 7 1

3 5  X  1 0 ^  + cold toxin 1 0 8 6

4 1  X  1 0 ^ 2 0 4 9 6

5 1  X  1 0 ^ 2 2 0 4 4 1 2 6

6 1  X  1 0 ^  + cold toxin 1 1 2 2

B.

Average finoles CT bound/cell = !

Plus Neuraminidase

1 1  X  1 0 ^ 1 2 2 0 1

2 1  X  1 0 ^ 1 0 1 7 2 6 5

3 1  X  1 0 ^  + cold toxin 7 2 0

4 2 . 5  X  1 0 ^ 2 7 6 6 0

5 2 . 5  X  1 0 ^ 2 8 5 4 8 1 6 9

6 2 . 5  X  1 0 ^  + cold toxin 1 0 9 2

7 5  X  1 0 ^ 5 8 9 6 2

8 5  X  1 0 ^ 5 4 0 7 8 3 4 2

9 5  X  1 0 ^  + cold toxin 1 8 6 6

Average fmoles CT bound/cell = 6.67 x 10-4
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Table 4.3 - Effect of neuraminidase treatment of BHK cells on their ability 
to bind CT

BHK cell monolayers were washed with PBS and incubated with either 
PBS or PBS containing 0.04 units/ml Vibrio cholerae neuraminidase for 3 h  , 
37^0. Cells were then trypsinised and incubated with ^^^I-labelled CT 
(3nM, 160 CPM/fmole) in Tris-buffered saline (TBS) 5 mg/ml BSA for 20 mins., 
PT°. Cells were then separated frcm unbound toxin by filtration under 
vacuum on cellulose acetate Millipore EAWP filters (1 yxm pore size) 
pre-soaked with TBS/BSA. Non-specific binding was determined in the 
presence of cold toxin (0.1 yuM).
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Fig. 4.11 - Effect of neuraminidase treatment of Balb/c 3T3 cells on their 
ability to spread on FN-coated substrata

Balb/c 3T3 monolayers were washed twice with EMEM and incubated with
2 ml of DMEM, plus and minus 0.04 U/ml Vibrio cholerae neuraminidase for
1 h , 37°C. Cells were then trypsinised, plated into microtitre wells 

4 I(1 X 10 A^ll. in lOOytL DMEM), previously coated with varying concentrations 
of FN, and allowed to spread for 2 h , 37°C. Cell spreading was quanti
tated using fixed and stained cells as described in Materials and Methods.

minus neuraminidase 
plus neuraminidase
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a coating concentration of 3 )ig/inl FN. However, similar treatment of 
these cells significantly increased the ability of the cells to spread 
on CT-coated wells (Fig.4.12). Following neuraminidase treatment the 
coating concentration of CT required for 50% cell spreading was reduced 
frcm 70 )ig/ml to 25 pg/ml. Again, this is evidence that neuraminidase 
has increased the levels of GM^, presumably at the expense of di- and/or 
trisialogangliosides. This indicates that neuraminidase-sensitive sites 
on the surface of BHK and Balb/c 3T3 cells are not involved in FN-mediated 
cell spreading.

In conclusion, there does not appear to be any correlation between the 
levels of monbrane gangliosides and the ability to interact witdi FN. 
Although one ganglioside-deficient cell line, NCTC 207lA, was unable to 
retain FN at the cell surface, a series of otdier ganglioside-deficient 
cell lines derived frcm Balb/c 3T3 cells, retained normal levels of FN at 
the cell surface and spread on FN-coated substxata with a concentration 
dependence similar to that of the parential cell line. Interestingly, 
growth of NCTC 207lA cells in ganglioside-contiaining medium resulted in an 
increased retention of FN showing that under certain conditions ganglio
sides can increase the organisation of FN into fibrillar structures at 
the cell surface. Whether this r^resents functional binding to a mem
brane receptor or a non-specific association with the cell surface has yet 
to be determined. Finally, alterations in the levels of cell surface 
gangliosides by neuraminidase-treatment failed to demonstrate a require
ment for sialic-acid containing structures in FN-dependent cell spreading.
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Fig 4.12 - Effect on. neuraminidase treatment of Balb/c 3T3 cells on their 
ability to spread on CT-coated substrata

Balb/c 3T3 cells were treated with Vibrio cholerae neuraminidase as
4described in Fig. 4.11 legend. Cells (1 x 10 ) were then plated into micro

ti tre wells, previously coated with varying concentrations of CT B subunit 
and allowed to spread for 2 h , 37°C. Cells were then fixed with 3.8% 
formaldehyde/Ï^BS and cell spreading quantitated.

minus neuraminidase 
plus neuraminidase
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CHAPTER 5

CONCLUDING COMMENTS
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The aim of this thesis was to make a critical evaluation of the 
proposed role of gangliosides as cell surface receptors for FN. It had 
previously been danonstrated that di- and tri-sialogangliosides, or their 
isolated oligosaccharide moitiés, were able to inhibit the attachment of 
CHO cells to Q FN-coated substratum. These gangliosides, or glyco
proteins with a similar carbohydrate structure CTonegawa and Hakcmori, 
1977; Rauvala and Finne, 1979) were thus potential receptors for FN.

I present evidence viiich is generally not consistent with ganglio
sides acting as the sole cell surface rec^tor for FN. Thus :-

1) Although di- and tri-sialogangliosides were able to inhibit both 
FN-mediated CHO cell and BHK cell spreading with a similar specificity to 
that previously shown for FN-mediated CHO cell attachment, gangliosides 
were also able to inhibit ConA-mediated BHK cell spreading. This suggests 
that ganglioside inhibition of cell adhesion is a general phencmenon and 
not specific for FN-mediated adhesion.

2) The levels of gangliosides required to inhibit cell spreading 
on FN were approximately 200-fold higher than those required to inhibit 
cell spreading on a ganglioside specific ligand (CT).

3) Although direct binding of FN to gangliosides was denonstrated, 
the levels of binding were very low caipared to binding of FN to gelatin 
or of CT to GM^. A quantitative comparison of the affinity of FN for
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gelatin and gangliosides was not possible due to the nature of the binding 
assay. This low level of binding may reflect the low affinity of FN for 
cell surfaces unless it has been activated by binding to a solid substra
tum or is associated with other extracellular matrix carponents. This is 
supported by the recent danonstration that fluorescent gangliosides bind 
tightly to the extracellular matrix of human fibroblasts and co-distribute 
with fibrillar FN. (Spiegel, Schlessinger and Fishman, 1984).

4) Cell surface gangliosides were shown to be able to support stable 
cell attachment and spreading by the use of CT-coated substrata. However, 
they could not support the formation of microfilament bundles or focal 
contacts seen following cell spreading on FN-coated substrata. It is 
unlikely, therefore, that an interaction between FN and gangliosides alone 
could account for the subsequent reorganisation of the cytoskeleton and 
the morphological characteristics of cells plated onto FN-coated substrata. 
Interestingly, cells spread on ConA did not develop these structures 
either, indicating that alone neither cell surface gangliosides or glyco
proteins can support all of the physiological responses associated with 
cell spreading on FN. It has recently been suggested that cell surface 
g a g ' s  might be co-operatively involved with sane as yet unidentified 
membrane ccmponent in mediating Balb/c 3T3 cell adhesion to FN-coated sub
strata (Laterra et al. 1983a; 1983b). GAG's are also able to inhibit FN 
mediated cell attachment and the GAG-binding site in FN has been suggested 
to play a role in cell attachment (Rich, Pearlstein, Weissmann and Hoff- 
stein, 1981; Klebe and Mock, 1982). Arguing against an involvement of 
g a g ' s  in FN-mediated cell adhesion is the dononstration of cell attachment
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and spreading on the cell-binding demain of FN in the absence of the GAG- 
binding demain. It ranains irrportant, hovæver, to make a more detailed 
analysis of cell adhesion to the cell-binding domain of FN caipared to 
the whole FN molecule.

5) No correlation could be dononstrated between the levels of 
cellular gangliosides and the ability to interact with FN. Thus gang
lioside-deficient variant cell lines had a similar capacity to adhere to 
FN-coated substrata as the parental Balb/c 3T3 cell line. In addition, 
neuraminidase-treatment of Balb/c 3T3 and BHK cells did not affect their 
ability to spread on FN. However, incorporation of exogenous ganglio
sides into the plasma menbrane of otherwise deficient cell line NCTC 2071 
resulted in a significant increase in the level of cell-associated FN 
suggesting that under some conditions gangliosides may influence the 
organisation of FN at the cell surface.

Much of the evidence presented in this thesis has involved the use 
of cell adhesion assays to measure FN-receptor binding. Alternative 
assays involving the use of FN-coated latex beads have recently been 
developed (McAbee and Grinnell, 1983; Schwarz and Juliano, 1984) . In 
contrast to cell adhesion assays, binding of FN-coated latex bead to CHO 
cells was shown to be independent of cytoskeletal and metabolic functions, 
It was found that GAG's (heparin, b^)aran sulphate and dermatan sulphate) 
gangliosides (CT^ and (3)̂ )̂ and protease treatment (thermolysin, pronase, 
papain) all inhibited bead binding although neuraminidase-treatment of
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cells prior to binding had no effect (Schwarz and Juliano, 1984). Thus 
although gangliosides inhibit bead binding, the lack of neuraminidase 
sensitivity again suggests that the inhibition may be non-specific.
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Protein estimation - Mcro-Lcwry (Lowry et 1951)

Aliquots for protein estimation (usually 10 ̂ )  were made up to 0.1 
ml with distilled water and 0.1 ml of IM sodium hydroxide added. After 
1 0 ', 1 ml of 2% sodium carbonate, 1% sodium potassium tartrate, 0.5%
copper sulphate (49:1:1) was added and left 10', RT°. 0.1 ml of 50% Folin 
reagent in water was then added vhile vortexing and left for a further 30', 
RT^. Ihe optical density of 660 nm was then measured using a Cecil spec- 
trcphotcmeter and the protein conoentration determined frcm a standard 
curve constructed using known concentrations of BSA.

Sodium dodecyl sulnhate - polyacrylamide gel electrophoresis (SDS-PAGE)

A stock acrylamide solution was prepared containing 30% acrylamide/ 
0.8% bis-acrylamide dissolved in distilled water and stored in the dark at 
4°C. FN purification was routinely monitored by running sanples on gels 
consisting of a 7.5% running gel and 4% stacking gel as described by 
Laemmli (1970).

Running gel (7.5%)
Acrylamide stock 7.5 ml.
IM Tris pH 8.8 11.2 ml.
20% SDS 0.15 ml.
Distilled water 11.2 ml.

The above reagents were mixed, degassed and 100 pi of 10% freshly prepared
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aqueous amnonium persulrhate and 20 pi of TEMED added.

Stacking gel (4%)

Acrylamide stock 1.33 ml.
IM Tris pH 6.8 1.25 ml.
20% SDS 0.05 ml.
Distilled water 7.36 ml.

As above, these reagents were mixed, degassed and 50 pi of 10% ammonium 
persulphate and 10 pi of TEMED added.

Running buffer
0.025 M Tris
0.192 M Glycine
0.1% SDS pH 8.3

FN samples were precipitated with ethanol (75% final concentration) and 
taken up in a O.IM Tris pH 6.8, 15% glycerol at a concentration of approxi
mately 1 mg/ml. Samples were then boiled for 2' in the presence of 2%
SDS, O.IM DTT, 0.02% brcmoghenol blue and unsolubilised material removed 
by centrifugation (Beckman microfuge, 2'). After loading onto the gels, 
sanples were run at 50V until the marker <^e had entered the running gel 
and thereafter at lOOV.

Gels were stained with 0.0125% Cocmassie brilliant blue R in 52 ml 
0/40 ml methanol/5.3 ml acetic acid and destained in the above without

252



the <tye. They were then dried dcwn onto VJhatman 3MM paper and in sane 
cases taken for autoradiography using Kodak X-Qmt RP film plus an Ilford 
fast tungstate intensifying screen at 70^C.

Cyanogen bronide (CNBr) activation of Sepharose-4B

CNBr-activated Sepharose-4B was either purchased directly frcm 
Pharmacia or activated as follows. 100 ml of swollen Sepharose-4B was
placed in a 400 ml beaker containing 100 ml of distilled water and the pH 
adjusted to 11.0 with 5M sodium hydroxide. 20 gms of ground CNBr was then
added to the slurry in small aliquots vhile stirring. Care was taken to 
maintain the pH at 10.5 - 11.0 with 5M sodium hydroxide and the temperature 
was restricted to between 15 - 20°C by placing the slurry on ice vhen 
appropriate. Finally, the slurry was collected on a sintered filter and 
washed with 3.5 litres of ice cold O.IM caibonate/bicarbonate buffer, pH 
10.0. (180 ml IM sodium bicarbonate plus 110 ml 2M sodium carbonate dilu
ted to 4 litres.)

Coupling of gelatin to cyanogen brcmide-activated Sepharose-4B

5 gms of CNBr-activated Sepharose-4B were soaked for 15' in ImM. hydro
chloric acid (approximately 200 ml) and washed with a further 800 ml of 
the same solution on a sintered glass filter. 200 mg of gelatin (Sigma, 
type I) was dissolved in 25 ml of O.IM sodium bicarbonate/0.5M sodium 
chloride (coupling buffer). After washing the swollen Sepharose with 
coupling buffer it was added to the gelatin/coipling buffer mix and gently
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stirred overnight at 4°C. The Sepharose was washed with lOCXD ml of 
coupling buffer on a sintered funnel and unreacted coupling sites blocked 
with IM ethanolamine, pH 8.0 for 2 h , RT^. Three cycles of acid (O.IM 
sodium acetate/lM sodium chloride pH 4.0) and alkali (O.IM sodium tetra- 
borate/lM sodium chloride, pH 8.0) were then used to free the column of 
non-covalently bound material. The column material was ready for use after 
further washing with water (500 ml) and PBS (500 ml).

Purification of human plasma fibronectin

FN was routinely purified frcm outdated citrated human plasma 
(Leicester Royal Infirmary). Cryoprecipitate (anti-haemophiliac Factor 
VIII) prepared frcm fresh human plasma (also Leicester Royal Infirmary) was 
occasionally used as it was found to be a rich source of FN. However, it 
was only available in limited amounts. Approximately 50 ml of plasma was 
loaded (1 ml/min.) onto a 10 ml gelatin-Setharose-4B affinity column which 
had been prewashed with 4M urea/PBS (20 ml) and PBS/lmM PMSF (40 ml). 
Unbound proteins were eluted with PBS/PMSF until the Œ) 280nm reached a 
steady baseline. Ndn-specifically bound material was eluted with IM urea/ 
0.05M Tris, pH 7.5 (ImM PMSF (20 ml). FN was then eluted with 4M urea/ 
CAPS (10 mM cycldhexylaraino propane sulfhonic acid, ImM calcium chloride, 
0.15M sodium chloride) pH 11.0, containing ImM PMSF.

Typical yields of FN were between 100 - 120̂ w#g per ml of plasma. 
Analysis of 4M urea-eluted material by SDS-PAGE (Fig. 6.1) showed the 
presence of a single band corresponding to a molecular weight of
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220225 Kd. Other minor bands v/ere occasionally detected at high FN 
loadings althou^ it is not known whether these proteins represent con
taminating plasma proteins or result frcm limited proteolysis of FN during 
purification.

Passage of the plasma down a Se#iarose-4B column prior to affinity 
chrcmatograçhy in an attempt to remove Sepharose-binding proteins did not 
result in any improvement in the purity of the final FN preparation. In 
fact, there was evidence of limited degradation of the protein using this 
protocol presumably reflecting the longer time required for purification. 
The presence of the protease inhibitor PMSF in all column buffers was found 
to be essential to prevent degradation of FN during purification.

As mentioned above, FN was also purified frcm human cryoprecipitate 
vhen available. This gave a yield of approximately 850yMH»g FN per ml of 
cryoprecipitate and a similar level of purity to outdated plasma. FN frcm 
cryoprecipitate also had a similar molecular weight and biological activity 
(as determined by BHK cell spreading) to FN purified frcm outdated plasma.
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Fig. 6.1 - PUriflcàticn of FN frcm human plasma

50 ml of outdated citrated human plasma was loaded onto a 10 ml 
gelatin-Sediarose column at approximately 1 ml per min. The column was 
washed with PBS/FMSF (40 ml) until a steady baseline was reached and 
then with IM urea, 0.05 M Tris pH 7.5/lnM PMSF (20 ml) to remove non- 
specifically bound material. Bound FN was then eluted with 4M urea/CAPS, 
pH 11.0/lmM Î ISF. Aliquots of human plasma (left hand insert) and 4M 
urea-eluted material (right hand insert) were run on a 7.5% SDS-poly- 
acrylamide gel under reducing conditions to determine the level of purity 
of the FN preparation.
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Preparation of FN for iitnitMisaticn (see Fig. 7.1)

Human plasma FN was prepared by gelatin-Sej±iarose affinity chrcma- 
tography as described in i^roendix I. 4M urea-eluted peak fractions were 
pooled, the protein precipitated with ethanol (75% final concentration), 
and boiled for 3' in SDS-PAGE sanple buffer ( 1 mg/ml) as described 
previously. Unsolubilised material was removed by centrifugation (Beckman 
microfuge, 1') and 2 ml of the sarrple run on a preparative SDS-polyacryla- 
mide gel (7.5% running gel, 4% stacking gel) for 15 h , at 50 mV. The 
position of the FN band was located by removing a vertical strip frcm the 
gel and staining it with Cocmassie brilliant blue R vÆiile the rest of the 
gel was stored at 4°C (Fig. 7.1A). Using the stained gel as a marker, the 
FN-containing band was removed from the main body of the gel and the pro
tein recovered by electroelution as described below.

A standard Bio-rad tube gel electrophoresis apparatus was modified to 
accommodate wide-bore glass tubes (15 x 95 nm). The tubes had a sli^t 
restriction at the lower end so as to prevent the gel from becoming dis
lodged. Tubes were sealed at the lower end with Nescofilm and 0.5 - 1.0 
ml of standard SDS-PAGE 6% acrylamide added and allowed to polymerise for 
20 - 30', RT°. The FN-containing band from the preparative gel was homo
genised by passing it twice through a 10 ml disposable syringe containing 
1 ml 10% glycerol in running buffer. It was found that any more than two 
passages through the syringe caused large numbers of air bubbles to accumu
late in the gel. This appeared to inpair efficient elution of the FN from
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Fig. 7.1 - Purification of FN by preparative SDS-PAGE

2 mg of gelatin-Sepharose purified FN was applied to a 7.5% prepara
tive SDS-polyacrylamide gel in 2 ml of SDS-PAGE sample buffer (containing 
O.IM dithiothreitol) and electrcphoresed for 15 h. at 50 mV. A vertical 
strip was removed from the centre of the gel for staining so as to loca
lise the FN band (A). This band was cut fran the rest of the gel and 
the FN removed by electroelution. The material was then run on a 7.5% 
SDS-polyacrylamide gel to test its purity (B).
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the gel. The hanogenate was then transferred to the electroelution tubes 
and gently mixed with glycerol/running buffer to remove large air bubbles. 
The gel was overlayed with running buffer and a piece of dialysis tubing, 
containing 0.5 - 1 ml of running buffer, placed around the end of the tube 
and sealed with a rubber grarmet. After transfer to the electroj^oresis 
apparatus the FN was eluted overnight, RT^ (2-4 mA per tube) and dialysed 
extensively against 4M urea/CAPS buffer, pH 11.0. Between 30 - 40% of the 
material loaded onto the preparative gel was recovered by electroelution. 
Analysis of this FN by analytical SDS-PAGE shewed the presence of a single 
band following Cocitiassie blue staining (molecular weight 220 - 225 Kd', Fig. 
7.2B).

Imnunisation protocol

1 mg of human plasma FN, prepared by preparative SDS-PAGE and electro
elution was emulsified with Freunds carplete adjuvant (FCA) (1:1) by passage 
through a narrow gauge needle. This was injected subcutaneously into a New 
Zealand v^te rabbit at several sites along its back at day 0. Cn day 14 
and 28 a further 0.5 mg of FN in FCA was injected and antiserum collected 
by ear bleeding on. day 38. The rabbit was further boosted once a month and 
antiserum sampled 10 days later. After 5 months the rabbit was sacrificed 
and blood collected by cardiac puncture.

Affinity purification of anti-FN antiserum

3 mg of FN were coupled to 3 gms of CNBr-activated Sepharose-4B as
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described for the coupling of gelatin. The reaction was terminated with 
O.lM triethylamine 1 h , and the slurry washed with 3 cycles of

(i) O.IM sodium acetate/lM sodium chloride, pH 4.0
(ii) O.IM Tris/IM sodium chloride, pH 8.0.

125Coupling efficiency was monitored using tracer I-labelled FN. 5 ml of 
antiserum was mixed with 5 ml of PBS and the imnunogldbulin precipitated by 
the addition of an equal volume of saturated ammonium sulfate. The immuno
globulin was taken up in PBS, reprecipitated tv/ice more and finally taken 
ip in 3 ml of PBS. After dialysis overnight, 4°C, the CD 28Cnm was 
measured and the yield of iirmunoglcbulin calculated assuming 1 CD unit -
0.7 mg/ml. The recovered imnunogldbulin (44 mg) was then applied to a 2 ml
FN-Sepharose-4B column over a 2 h period and unbound material eluted as 
follcws ;-

(i) 20 ml PBS
(ii) 20 ml O.IM sodium acetate/0.5M sodium chloride, pH 4.8

and (iii) 20 ml 0.1 Tris/0.5M sodium chloride, pH 8.5

Bound imnunoglc±)ulin was then eluted with 0.2M acetic acid/0.5M sodium 
chloride pH 2.5 and each fraction neutralised with IM NaOH. Peak fractions 
were ccmbined, precipitated with 50% ammonium sulrhate and dialysed against 
PBS overnight, 4°C. Affinity purified material (2.1 mg) was then aliquoted 
and stored at 20°C.
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Characterisation.of rabbit ariti-FN antiserum

(i) Ouchterlony double diffusion test. Molten Difco agar (2% in 
PBS) was poured onto a glass microscope slide and left to set at RT°. Vfells 
were then made in the agar and either antibody or antigen applied so that 
each well was full. Slides were placed in a humidified container at 37°C 
and left overnight to allow a precipitation line to form. For fh.otograçhy, 
Ouchterlony plates were stained with Coonassie brilliant blue R as follows. 
Plates were soaked with PBS overnight, 4^C and pressed under a lead weight 
for 20 - 30', RT°. The weight was separated from the agar by a piece of 
I'ihatman No.l filter paper and absorbent paper towels. The plate was re
hydrated for 15' with distilled water, pressed as above, and dried down on 
a hot plate (30 - 40°C) until the agar became clear. To stain the preci
pitation bands the dried Ouchterlony plate was immersed in a solution of 
50 ml of 0.115% Coonassie brilliant blue stain R in ethanol/16 ml glacial 
acetic acid/134 ml distilled water for 15 - 30', RT° and washed in water.

It was found that the anti-FN antiserum recognised human FN together 
with a component of bovine, swine and horse serum. No precipitation band 
was found with human serum albumin or rabbit serum (Fig. 7.2A). With a 
sanple of FN (625 mg/ml) in the centre well and dilutions of the antiserum 
in the outside \ælls, a precipitation band was observed at antiserum dilu
tions as low as 1/16 (Fig. 7.2B).

(ii) Immunofluorescence - The anti-FN antiserum was tested for its 
ability to detect FN present in cell monolayers using an indirect

2 84



(A)

>« ■ ^ j



Fig. 7.2 - Analysis of anti-FN antiserum by the Ouchterlony doiiblé diffu

sion test

10 jjü of sanple was placed in each well of a 2% agar plate and incu
bated overnight at 37^C in a humidified container. Plates were then 
stained as described above.

(A) - Centre well - rabbit anti-FN
Vfell 1 = human plasma FN (625 pg/ml)
Vfell 2 = human serum albumin (1 mg/ml) 
t*fell 3 = rabbit serum (neat) 
tfell 4 - Nev±)om calf serum (neat)
Vfell 5 = Swine serum (neat)
Vfell 6 = Horse serum (neat)

(B) - Centre well - human plasma FN (pg/ml)

Vfell 1 anti-FN antiserum diluted 1:8
Vfell 2 anti-FN antiserum diluted 1:16
Vfell 3 = anti-serum diluted 1:32
Vfell 4 anti-FN antiserum neat
Vfell 5 - anti-FN antiserum diluted 1:2
Vfell 6 anti-FN antiserum diluted 1:4.
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imnunofluorescent technique (Fig. 7.3). Balh/c 3T3 cell monolayers vere 
grcwn on glass covers lips for 48 h., under standard tissue culture con
ditions. The covers lips were washed twice with PBS containing ImM PMSF 
and then fixed with 3.8% formaldehyde/PBS for 40', RT°. After further 
washing, the covers lips were incubated with the antiserum in PBS for 30', 
RT° and bound antibody detected by a fluoresceine isothiocyanate (FITC) - 
conjugated goat anti-rabbit immunoglobulin diluted 1:50 with PBS. Fluor
escence was viewed using a Zeiss standard 16 microscope equipped with 
epifluorescence.

Strong imnunofluorescent staining of FN was produced by the antiserum 
at a dilution of 1:250 (Fig. 7.3 A + B). Further dilution of the antiserum 
resulted in reduced intensity of staining although fluorescence was stillft w
detectable at a dilution of 1:500. Little or no immunofluorescence was 
detected vhen preimnune rabbit serum was used (Fig. 7.3 E + F). Affinity 
purified antibody gave similar staining at a concentration of 50 ̂ g/ml 
(Fig. 7.3 C + D) although staining was still apparent at a concentration 
as lew as 10 pg/ml. When breakthrough material for the FN affinity 
column was substituted for the affinity purified antibody, no staining was 
observed (data not shewn). The fibrillar distribution of FN produced by 
staining with this antiserum was similar to that observed vhen the same 
cells were stained with a rabbit anti-hamster FN, kindly provided by Dr. 
R.O. î^nes (Fig. 7.3 G + H).

(iii) Imnunoelectro#ioresis (LEF) - Preformed agarose plates were 
loaded with 5 ̂  sairples and run at 15mA for 2 h. Anti-FN antisera was
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Fig 7.3 - Inrnunofluorescent localisation of FN on mouse fibroblasts using 
anti-FN antiserum

Balb/c 3T3 cells were grown on glass covers lips for 48 h and then 
fixed with 3.8% formaldehyde/PBS. Cells were then incubated with anti
serum for 3o*, RT°, and bound antibody detected with an FITC-conj ugated 
goat anti-rabbit immunoglobulin second antiboc^.

A + B = anti-FN antiserum diluted 1:250

C + D » affinity purified antiserum 50 pg/ml

E + F = preimmune rabbit serum diluted 1:250

G + H = rabbit anti-hamster cell FN diluted
1:250 (kindly provided by Dr. R.O. Hynes)

A, Cf E, and G are corresponding t^ase images of B, D, F, 
and H respectively.

Bar = 40 pn.
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then loaded into the troughs and the plate incubated in a humidified atmos
phere overnight RT° to allow formation of precipitation arcs. After exten
sive washing with PBS plates were stained with Coonassie brilliant blue R 
as for Ouchterlony plates. A single precipitation arc was detected in 
human and swine serum vhich had a similar position to that of test FN 
(Fig. 7.4). This suggests that the anti-serum recognises a single serum 
component similar to FN with no cross-reactivity with other proteins. No 
reaction was observed with collagen.

35(iv) Imnune precipitation of FN fran S-methionine-labelled BHK 
cells - Logarithmically growing BHK cells (1 x 9 om dish) were grown in 
5 ml of methionine-free EMEM containing 10% foetal calf serum and ICO jXll 
^^S-methionine (Radiochemical Centre, Amersham) for 18 h, 37^C in a 
humidified CO2 incubator. The medium was removed, the monolayer washed 
twice with PBS/2mM PMSF and the cells scraped with a rubber policeman. The 
cell pellet was taken up in 0.5 ml of extraction buffer (0.2% SDS, O.IM 
Tris pH 8.1, 2mM EDTA, 2 itM PMSF,) and aliquots taken for protein estima
tion. The ratio of SDS;protein was then adjusted to 3:2 with buffer and a 
further 1 mg of SDS was added per ml of buffer. The mix was boiled for 5' 
to solubilise the protein and spun for 15 ', 4°C in a Beckman microfuge to 
pellet any debis. The supernatant was used for imnune precipitation as 
follows. In the following order, 100 of 10 mg/ml ovalbumin, 100 ̂  

of 2% NP40/2% deoxycholate, 200 pi of sanple and 10 pi of antiserum or pre- 
imnune serum were added to a 1.5 ml glass conical tube and incubated for 
1 h , 37°C with occasional mixing. 30 pi of a 50% suspension of protein
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Fig. 7.4 - Analysis of anti-FN antiserum by unnunoelectrophoresis (lEF)

5 pi samples were loaded into the wells of preformed IFF plates and 
electrofhoresed for 2 h at 15 mA. Troughs were then filled with anti-FN 
antiserum and the plate incubated overnight, RT^ in a humidified con
tainer. Precipitation arcs were then stained as for Ouchterlony plates.
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Fig. 7.5 - Analysis of the specificity of anti-FN antiserum by imnune pre
cipitation of BHK cell FN frcm vhole cell protein

^^S-methionine-labelled BHK vhole cell protein was solubilised in 
0.2% SDS, O.IM Tris pH 8.1, 2itM EDTA, 2nM PMSF and the ratio of SDS to 
protein adjusted to 3:2. An excess of 1 mg SDS per ml of sample was then 
added and the sample boiled for 5 *. 200 pi of sample was incubated with
10 pi of antiserum for 1 h., 37^0 and imnune ccxrplexes precipitated with 
30 pi of 50% protein A-Sepharose suspension (1 h., 37°C). After washing 
with 0.1% SDS, 0.5% NP40, 0.5% deoxycholate,O.IM Tris pH 8.1, 2mM EDTA, 
2inM PMSF, the protein A-Sepharose was extracted with SDS-PAGE sample 
buffer and run on a 6% polyacrylamide gel under reducing conditions.

Track 1 - BHK cell lysate plus anti-FN (7440 CPM)
Track 2 - BHK cell lysate plus anti-FN (5800 CPM)
Track 3 - BHK cell lysate plus preimnune rabbit serum (5260 CPM)
Track 4 - BHK cell lysate (10,000 CPM)
BPP = braticphenol blue marker
X-X = running gel/stacking gel interface.
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A-Sefharose was then added to each tube and further incubated for 1 h 
37°C. The beads were pelleted, the supernatant removed and the pellet 
washed three times with 0.1% SDS, 0.5% NP40, 0.5% deoxycholate, O.IM Tris 
pH 8.1, 2mM EDTA, 2mM PMSF. The pellet was finally extracted in SDS-PAGE 
sanple buffer (100 pi), run cxi a 6% SDS-polyacrylamide gel and the 
labelled material visualised by fluorography using EN^HANCE (New England 
Nuclear). Figure 7.5 clearly demonstrates that a single carpoient of BHK 
cells is specifically imnune precipitated with this antiserum. This can- 
panent has a similar molecular weight to FN (approximately 220 Kd by SDS- 
PAGE under reducing conditions). A minor species (molecular weight 
approximately 45 Kd) was also precipitated J however, this corpcnent was 
also precipitated by control serum.

(v) Imnuncblotting - Sanples of NIL-8 fibroblast vhole cell pro
teins and human plasma FN vere run on an SDS-polyacrylamide gel (7.5%) as 
described above. The separated proteins were then transferred to a nitro
cellulose membrane (0.45 pm, Sartorius) by electrdblotting essentially as 
described by Tovhin et (1979). Transfer was performed at 80V for 
1 h with chilled and degassed transfer buffer (25mM Tris pH 8.3, 192 mM 
glycine, 10% methanol). To evaluate the efficiency of the transfer, test 
nitrocellulose was stained with imido-blaok stain. After blocking with 
3% BSA in IQnM Tris pH 7.2, 0.9% sodium chloride (Tris/saline) overnight 
at 4°C, the nitrocellulose was incubated with anti-FN antiserum (5^g/ml 
in Tris/saline containing 5 irg/ml BSA) or control serum at a similiar 
concentration for 1.5 h , 37°C. Unbound antibody was then removed by
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Fig. 7.6 - Analysis of anti-FN antiserum by iimiunoblotting

NIL-8 ̂ ole cell protein and gelatin-Sejharose purified human plasma 
FN were run on a 7.5% SDS-polyacrylamide gel under reducing conditions and 
transferred to a 0.45 pm nitrocellulose membrane by electrdblotting. The 
nitrocellulose was then incubated with anti-FN antiboc^ (5pg/ml in Tris/ 
saline containing 5 mg/ml BSA) or control serum at a similar concentration 
for 1.5 h , 37^0 and specifically bound antibocfy detected by further incuba
tion with I-labelled protein A for 1 h , 37*̂ 0. Bound counts were 
visualised by autoradiograjhy.

Track 1 + 2 Coonassie brilliant blue stained gel

Track 3 + 4 Imido-black stained nitrocellulose

125Track 5 + 6 Anti-FN plus I-labelled protein A

125Track 7 + 8 Control antibocty plus I-labelled protein A

Track 1, 3, 5 and 7 = NIL 8 vhole cell protein 

Track 2 , 4,6 and 8 = human plasma FN.
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washing three times with Tris/saline containing 1% sarcosyl/1% NP40 and
125once with Tris/saline alone. Bound antibody was detected using I-lab

elled protein A prepared as described in Chapter 2. Nitrocellulose
125was incubated with I-labelled protein A in Tris/saline containing 

5 irg/ml BSA (0.5 x 10^ CMP/track) for 1 h. 37°C. Unbound material was 
removed by extensive washing with Tris/saline containing 1% sarcosyl/
1% NP40 and the nitrocellulose dried and bound counts detected by auto
radiography using Kodak X-Qnat RP film.

The anti-FN antiserum bound to a 220 Kd protein in BHK cells and 
also to human plasma FN (Fig. 7.6). A series of BHK cell proteins 
between 200 - 220 Kd were also recognised by the antiserum and may repre
sent limited degradation of FN during the preparation of the sample.
This may explain the series of bands in the FN track which are also 
recognised by the anti-serum. In the presence of control antibody, no 
counts were bound to either BHK cell proteins or the FN marker.

Affinity purified anti-FN antiserum was used in a collaborative 
study with the Department of Pathology, Uiiversity of Leicester investi
gating the relationship between the metastatic potential of human rectal 
carcinanas and the levels of stranal FN (Niemczuk, Perkins, Talbot and 
Critchley, 1982).
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G A N G LIO S ID ES AS RECEPTORS FOR FIBRONECTIN?

C o m p a ris o n  o f  C e ll S p re a d in g  on a G  a n g lio  s id e -sp e c ific  

L ig a n d  w ith  th a t on F ib ro n e c tin

R. M. PERKINS, s. K E LLIE , B. PATEL and D. R. CRITCHLEY'

Department of Biochemistry, University of Leicester, Leicester LEI 7RH, UK

SUMMARY

We have examined the possibility that gangiiosides act as the cell surface receptor for fibronectin, 
as previously suggested by the data of Kleinman et al. (Proc natl acad sci US 76 (1979) 3367), using 
three different approaches.

/. Gangiiosides inhibited the spreading of both CHO and BHK cells on fibronectin-coated 
substrates. 50% inhibition of cell spreading was produced by 1.0 and 3.5x10"'^ M di- and tri- 
sialogangliosides respectively, although monosialogangliosides were less effective inhibitors. The 
inhibition was apparently due to an interaction of gangiiosides with fibronectin and not due to a 
direct effect of gangiiosides on the cells.

2. Using anti-fibronectin antibodies, ' ’̂I-labelled protein A, and gangiiosides adsorbed to poly
styrene tubes, we have provided direct evidence that fibronectin will bind to gangiiosides. How
ever, the interaction is apparently of low affinity compared with binding of cholera toxin to 
gangiiosides.

3. We have compared the ability of BALB/c 3T3 cells to spread on fibronectin with that on 
substrates coated with a ganglioside-specific ligand, cholera toxin B-subunit. Cells plated onto 
fibronectin-coated substrates rapidly (within 60 min) adopted a well spread morphology, whereas 
spreading on substrates coated with the toxin B-subunit was less extensive even after 2 h. In 
addition, the organization of F-actin within cells spread on the two types of substrate was also 
quite different.

We conclude that the interaction of cells with fibronectin may well be influenced by membrane- 
bound gangiiosides. It is unlikely, however, that binding of fibronectin to such gangiiosides can 
lead to the cytoskeletal reorganization which is characteristic of cells spread on fibronectin.

Fibronectin is a high molecular weight which contain binding sites for gelatin (col-
(MW) glycoprotein found in loose connec- lagen) [5], heparin [6], fibrin [7], actin [8],
tive tissue and basement membranes as well as the cell surface [9, 10]. Cellular
throughout the body, as well as in the blood interaction with fibronectin is presumed to
[1, 2]. In vitro experiments suggest that involve a surface receptor, but the evidence
fibronectin plays an important role in cell for the existence of such a receptor is weak,
adhesion, and the purified protein will sup- mainly because of the difficulties of car
port both cell attachment and spreading of a rying out classical ligand-binding experi-
variety of cell lines on tissue culture plas- ments with fibronectin [11, 12].
tic [3, 4]. Analysis of the structure of the One approach to identify the receptor has
protein shows it to be made up of a variety been to conduct cross-linking studies using 
of distinct domains and using limited pro- --------
teolysis, fragments have been isolated ' To whom offprint requests should be sent.
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fibronectin derivatised with a photoactiva- 
ble group. Initial experiments showed that 
addition of fibronectin to cell monolayers 
resulted in cross-linking to proteoglycans, 
but this may well reflect interaction of fibro
nectin with other components of the extra
cellular matrix [13]. More recently, by al
lowing cells to spread on derivatised fibro
nectin, evidence has been presented to sug
gest that fibronectin interacts with a glyco
protein with a MW of 48000 [14]. However, 
the same glycoprotein was also isolated 
when cells were allowed to spread on pho- 
toactivatable derivatives of con A and ricin. 
In an alternative approach Kleinman et al. 
[15] found that attachment of CHO cells to a 
fibronectin-collagen matrix was inhibited if 
the matrix was first preincubated with gan
giiosides, although the gangiiosides did not 
inhibit binding of fibronectin to the collagen. 
The inhibitory activity of the gangiiosides 
was partially retained in the isolated oligo
saccharide moiety and a role for gangiio
sides as the cell surface receptor for fibro
nectin was therefore proposed.

In the present study we have extended 
the original observations of Kleinman et al. 
[15] by examining the ability of gangiiosides 
to inhibit fibronectin-dependent BHK cell 
spreading, an assay commonly used to 
measure the biological activity of fibronec
tin. In addition we have also investigated 
the ability of fibronectin to bind to gangiio
sides, using an assay previously used to 
study the binding of cholera and tetanus 
toxins to gangiiosides [16]. Since the inter
action of cells with fibronectin-coated sub
strates triggers cell spreading, a process 
thought to involve reorganization of the 
cytoskeleton, some form of transmembrane 
signalling must occur [17]. We have there
fore examined the extent to which cells can 
spread on a ligand specific for the carbo
hydrate sequence in a ganglioside, given

that such molecules are not thought to span 
the lipid bilayer. More specifically, we have 
studied the ability of BALB/c 3T3 cells to 
spread on the binding subunit of cholera 
toxin because (1) the current evidence sug
gests that the toxin receptor in BALB/c 3T3 
cells is exclusively contained in the carbo
hydrate sequence of ganglioside GM,; (2) 
these cells contain a substantial number of 
cell surface receptors for the toxin [18].

MATERIALS AND METHODS

C e ll cu ltu re

Baby hamster kidney (BHK21), Chinese hamster 
ovary (CHO), and BALB/c 3T3 cells were all grown 
in Dulbecco’s modified Eagle’s medium (D M E M ) con
taining 10% newborn calf serum (Gibco Bio-cult, Pais
ley, Scotland).

F ib ro ne c tin -m ed ia te d  ce ll spread ing assay

Confluent monolayers of BHK or CHO cells were 
trypsinized (0.25% trypsin; Gibco), and the cells 
washed twice with phosphate-buffered saline (PBS), 
1 mM phenylmethylsulphonylfluoride (PMSF) before 
resuspension in D M E M  (2xiOP cells/ml). Approx. 5x 
(O'* cells were added to Linbro wells (Flow Labs) 
coated with fibronectin, and after 1 h at 37°C the cells 
were fixed in 3.8% formaldehyde in PBS and subse
quently stained with crystal violet (0.02% w/v). Cell 
spreading was quantitated by counting the number of 
spread cells in 3-6 fields of view (80-100 cells/field) 
and expressing this as a percentage of the total number 
of attached cells. Duplicate wells were used for each 
experimental condition. Where appropriate, gangiio
sides (1 mg/ml stock solution in D M E M ) were added to 
fibronectin-coated wells and incubated for 1 h at 37°C 
before the direct addition of cells.

F ib ro n e c tin  p u r if ic a tio n  and p ro d u c tio n  

o f  a n ti- fib ro n e c tin
Fibronectin was purified from outdated human plasma 
(citrated) by affinity chromatography on gelatin- 
Sepharose, as described by Engvall &  Ruoslahti [19]. 
Fibronectin was further purified by preparative SDS- 
polyacrylamide gel electrophoresis, and antisera were 
produced and characterised as described elsewhere 
[20].

P u rific a tio n  o f  gang iios ides

Mixed gangiiosides were extracted from human brain 
by the method of Svennerholm & Fredman [21] and 
separated into mono-, di- and tri-sialogangliosides 
using a DEAE-Sepharose CL6B column eluted step
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wise with potassium acetate [22J. Fractions were 
analysed by thin-layer chromatography on silica gel 
G plates (Merck) using the solvent chloroform : meth
anol : water 60: 35:8 (v/v) and quantitated by the re- 
sorcinol assay of Svennerholm [23], Ganglioside stand
ards were purchased from Supelco (Bellefonte, Pa).

labelled protein was 4 fiCiltig. Cholera toxin was iodi- 
nated either by the chloramine T method, as previous
ly described [25], or using iodogen (Pierce, Rockford, 
III.) [26]. Specific activities between 15-20 /xCi/ju-g 
were obtained and the specific binding activity was 
> 60%.

B inding o f  fib ro ne c tin  to p lastic-

adsorbed gangiiosides

Gangiiosides dissolved in PBS were adsorbed to 10x55 
mm polystyrene tubes (AB Heger-Plast, Stallarhol- 
men, Sweden) for 18 h, as described by Holmgren et 
al. [16]. The tubes were washed with PBS and incu
bated for 1 h at 37°C with 500 ju.1 of 10 mg/ml BSA in 
PBS. '--’l-labelled cholera toxin or fibronectin was then 
added in 200 /rl of PBS containing 5 mg/ml BSA (2 h, 
20°C) and unbound material removed by washing the 
tubes three times with 0.05% Tween 20 in PBS. The 
tubes were counted in a Beckman 5500 gamma coun
ter. Binding of fibronectin and cholera toxin to gang- 
lioside-coated tubes was also determined indirectly 
using specific antisera and '■̂’’l-labelled protein A. 
Tubes were incubated with 100 p\ of toxin or fibro
nectin in PBS containing 5 mg/ml BSA, washed three 
times with PBS, and then incubated for I h at 37°C 
with 100 fj.\ of rabbit antisera diluted 1:30 in PBS/ 
BSA. Unbound antibody was removed by washing 
three times with PBS, and the tubes were incubated a 
further 1 h with '-'̂ ’l-labelled protein A in PBS/BSA. 
They were then washed three times with PBS/0.05 % 
Tween 20 before counting.

lo d in a tio n  procedures

Protein A was iodinated using a modification of the 
chloramine T procedure. Five jU.1 of 1 mM chloramine 
T was incubated with 20 /u.1 of 0.1 M H,SO^ for I min. 
and for further 2 min after addition of 5 ix\ of '-’M” 
(500 ^Ci). Thirty ju.1 of potassium phosphate buffer pH 
7.0 was added followed by 20 jU.1 of protein A (I mg/ 
ml), and the incubation continued for a further 10 min 
at 20°C with occasional mixing. Protein iodination was 
terminated by adding 30 /zl of a saturated tyrosine 
solution, and the mix diluted with 100 /i.1 of NET/ 
gelatin buffer (150 mM NaCl, 5 mM EDTA, 50 mM 
Tris, pH 7.4, 0.05% NP40, 0,25% gelatin) plus 20 1̂ 
of jQ-mercaptoethanol. ‘-’’I-Labelled protein A was 
separated from '- ’’l-labelled tyrosine and free '-’’F  on a 
10 ml Sephadex G25 column packed and eluted with 
NET/gelatin buffer. The specific activity of the '-’’1- 
labelled protein A was 12 pClIjJig and >65%  was able 
to bind to rabbit IgG. Fibronectin was labelled by 
lactoperoxidase-catalysed iodination using Enzymeo- 
beads (Biorad Labs) as prescribed by the manufac
turer. The '"’l-labelled fibronectin was repurified by 
gelatin-Sepharose chromatography before use. Anal
ysis of the labelled fibronectin by SDS-polyacrylamide 
gel electrophoresis showed that >90%  of the radioac
tivity was associated with a single band which co
migrated with unlabelled fibronectin. The specific ac
tivity of the labelled fibronectin was 8 pCilpg. ConA 
was iodinated by the chloramine T method, as de
scribed by Burridge [24]. The specific activity of the

Attachm ent and spreading o f  B A LE  jc 3T3

cells on substrates coated with cholera

toxin B-subunit, conA and fib ronec tin

Dynatech microelisa wells (M129B) were incubated for 
2 h with 100 jal of cholera toxin, toxin B-subunit 
(Schwarz Mann), conA (Miles Yeda) or fibronectin in 
PBS, followed by BSA (10 mg/ml in PBS) to block the 
subsequent non-specific attachment of cells. To quan
titate attachment 2-4x 10-’ BALB/c 3T3 cells, labelled 
with pS]methionine (0.3 /^Ci/ml for 18 h in methio
nine-free medium) were added to each well in 100 jU.1 
of DMEM. After incubation for 2 h at 37°C in a humidi
fied CO2 incubator, unattached cells were removed by 
gently washing each well once with PBS. Attached 
cells were solubilized in I M NaOH and aliquots taken 
for counting using a toluene-based scintillant. The abil
ity of cells to spread on the various ligands was ex
amined in a similar manner, except unlabelled cells 
were used which were then fixed and stained after the 
2 h incubation period.

A ctin  sta in ing o f  B A LE  jc 373 cells

Cells were plated onto glass coverslips derivatized 
with various proteins, as described by Aplin & Hughes 
[27]. After 2 h at 37°C the coverslips were washed with 
warmed PBS, and attached cells fixed with 3.8% for
maldehyde in PBS for 30 min at 20°C. Cells were per- 
meabilised with 0.25% Triton X-100 in PBS for 5 
min, and after washing, the F-actin organisation within 
the cell was visualized by staining (30 min) with 0.1 
fiM  NBD phallicidin (7-nitrobenz-2-oxa-l,3 diazole 
phallicidin; Molecular Probes Inc., Plano, Tex.) as 
previously described by Barak et al. [28]. Coverslips 
were washed with three changes of PBS (30 min) and 
mounted in 50% v/v glycerol in PBS. Stained cells 
were examined on a Standard 16 Zeiss microscope 
equipped with epifluorescence, using the filter set 9. 
Photographs were taken on Ilford HP5 35 mm film 
(400 ASA) uprated to 800 ASA.

RESULTS 
Inh ib ition  o ffib ronectin-dependent cell 

spreading by gangiiosides 

It has previously been shown by Kleinman 
et al, [15] that the fibronectin-dependent at
tachment of CHO cells to collagen-coated 
surfaces is inhibited by gangiiosides and 
their oligosaccharide moieties. An impor
tant extension of this work would be to ex-
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Fig. I. Inhibition of fibronectin-mediated B H K  ceil 
spreading by gangiiosides. Concentration dependence 
and ganglioside specificity. Linbro wells coated with 
2 /u.g/ml fibronectin (a concentration which just sup
ports maximal cell spreading) were incubated with 
specific gangiiosides (in 250/xl D M E M ) at various con
centrations for 1 h, prior to the direct addition of 
5x|0^ BH K  cells. Cell spreading after 1 h at 37°C 
was quantitated as described in Methods. # — • ,  GM.,;

G M ,; GD; 0 — 0 , GT.

amine whether gangiiosides are inhibitory 
in other assays commonly used to monitor 
the biological activity of fibronectin. We 
have therefore studied the ability of various 
gangiiosides to inhibit spreading of BHK  
cells on fibronectin-coated tissue culture 
plastic. Gangiiosides GD,a and GT were 
consistently the most effective inhibitors of 
BHK cell spreading (fig. 1). The concentra
tion of gangiiosides GD,a and GT needed to 
produce 50% inhibition of spreading on 
substrates coated with 2 )u,g/ml fibronectin 
were approx. 10 and 35 )u,M respectively. 
However, in some experiments the differ
ence between the activity of GD^a and GT 
was less apparent. Similar variability in the 
inhibition of fibronectin-dependent CHO 
cell attachment by gangiiosides GD,a and 
GT has previously been reported [15]. 
Monosialogangliosides GM3 and GM, were 
consistently less effective inhibitors of 
BHK cell spreading, and the inhibition was 
incomplete (73%) even at high ganglioside 
concentration (200 (jlM ). Essentially similar

results were obtained when the ability of 
gangiiosides to inhibit spreading of CHO 
cells on fibronectin was investigated (data 
not shown).

Because cells were added directly to 
ganglioside-containing medium in the above 
experiments, the basis for the inhibitory ef
fects of gangiiosides on fibronectin-depend
ent cell spreading is unclear. In an attempt 
to establish whether the inhibition is due to 
binding of gangiiosides to fibronectin, or to 
a direct effect of gangiiosides on the cells, 
we performed the following experiments. 
Firstly, pre-incubation of fibronectin- 
coated substrates with gangiiosides, fol
lowed by removal of unbound ganglioside 
prior to the addition of cells, only partially 
relieved the inhibition (table \A ) .  Secondly, 
the inhibitory effect of gangiiosides on cell 
spreading could be overcome by increasing 
the concentration of fibronectin used to 
coat the substrate (table IB ). These results 
show that gangiiosides do not act directly 
on cells to inhibit spreading, and suggest 
(but do not prove) that it is binding of gang
iiosides to fibronectin which is the basis of 
this inhibition.

Studies on b ind ing  o f  f ib ro n e c tin  to  

p las tic -adso rbed  gang iios ides  

Gangiiosides adsorbed to plastic have re
cently been used to investigate the chemical 
nature of both the cholera and tetanus toxin 
receptor [16]. We therefore attempted to 
demonstrate binding of '̂ " Î-labelled fibro
nectin to various gangiiosides using this 
technique. Binding of '^'I-labelled cholera 
toxin to tubes coated with ganglioside GM, 
was used to establish the methodology (data 
not shown). However, we were only able to 
demonstrate trace levels of '̂ ’’I-labelled fi
bronectin binding when tubes were pre
coated with very high concentrations of tri- 
sialogangliosides. In contrast, binding of
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Table I.  In h ib itio n  o f  fibronectin-dependent ce ll spreading by gangiiosides 
(A) Effect of removing unbound gangiiosides; (fi) effect of increasing fibronectin concentration

Incubation protocol % Cell spreading % Inhibition

A
1 FN/wash/DMEM/CHO cells 74±10.9 0
2 FN/wash/DMEM-l-gangliosides/CHO cells 28±10.9 62.2
3 FN/wash/DMEM-l-gangliosides/wash/CHO cells 39±1L5 47.3
4 DMEM+gangliosides/wash/FN/wash/CHO cells 77±2.4 0

B
1 1 ju.g/ml FN/wash/DMEM/BHKcells 82.6±3.3 0
2 1 p,g/ml FN/wash/DMEM-t-gangiiosides/BHK cells 7.4±2.5 91
3 5 figlml FN/wash/DMEM/BHK cells 90.9±2.8 0
4 5 /ig/ml FN/wash/DMEM-l-gangliosides/BHK cells 74.5±4.9 18

Linbro wells were incubated for 1 h at 37°C with each of the above additions (250 /xl/well) in the order shown. 
Where indicated wells were washed twice with DMEM prior to the next addition. 5x10* cells were then added 
to each well in DM EM  and the percentage cell spreading determined after 1 h at 37°C, as described in Materials 
and Methods.

Fibronectin (FN, 3 /ng/ml) was added in PBS.
Mixed gangiiosides (bovine brain) were added in DM EM  to a final concentration of 500 jUg/ml.

fibronectin to gangiiosides could be clearly 
demonstrated using a fibronectin antiserum 
and '̂ •'̂ I-labelled protein A (table 2). Inter
estingly, binding of fibronectin to di- and 
tri-sialogangliosides was generally greater 
than to monosialogangliosides GMg and 
GM], reminiscent of the relative effective
ness of these molecules in inhibiting fibro
nectin-dependent cell spreading. As with 
previous experiments using '̂ ' Î-labelled fi
bronectin, binding could only be detected 
when tubes were coated at high ganglioside 
concentration. On the other hand, binding 
of cholera toxin to ganglioside GM, was 
readily detectable even at low ganglioside 
concentration.

Investigation o f  attachm ent and  
spreading o f  B A L B lc  3T3 cells on 

cholera toxin

If  the cell surface receptor for fibronectin 
were to be exclusively ganglioside in na
ture, one might expect cells to be able to 
spread on other ligands which interact with 
cell surface gangiiosides. To test this hypo-

Table 2. D em onstra tion o f  the b inding o f  
f ib ro ne c tin  to gangiiosides using a solid  

phase rad io im m une assay

Immobilized Binding 
ganglioside assay

'^^I-labelled protein A 
bound (cpm)

A, 2/u.M 5, 200]nM
ganglioside ganglioside

GM, Fibronectin 0 392
GM, Fibronectin 0 935
GD Fibronectin 0 3 004
GT Fibronectin 0 I 367

GM, Cholera toxin 97 039 38 732

Binding of fibronectin (114 nM) to polystyrene tubes 
coated with various gangiiosides (2 and 200 juM) was 
determined using a rabbit anti-fibronectin antiserum 
(diluted 1:30 in PBS) and '̂ ''’l-labelled protein A (sp. 
act. 350 cpm/fmole, 140000 cpm/tube in expt A; 216 
cpm/fmole, 110000 cpm/tube in expt 5 ). As a positive 
control for binding, tubes were coated with 1 mg/ml 
of gelatin, and fibronectin binding assayed as above. 
The cpm of ’^^1-labelled protein A bound were 73 693 
cpm (expt A ) and 39610 (expt B). To establish that 
gangiiosides were adsorbed efficiently to the tubes, 
cholera toxin (40 nM) binding was assayed using a 
rabbit anti-cholera toxin antiserum and '̂ ’ l-labelled 
protein A.

In all cases, non-specific binding of '^"l-labelled 
protein A to tubes not coated with ganglioside has been 
subtracted (1010 cpm) from the total counts bound. 
The results are expressed as the mean of duplicate 
determinations differing from the mean by <10%.
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Fig. 2. Spreading of BALB/c 3T3 cells on fibronectin, 
conA and choiera toxin B-siibunit-coated substrates. 
Cells were plated onto Dynatech microelisa wells 
coated with the above ligands, and incubated for 2 h 
at 37°C before fixing and staining. (A) 10 /ag/ml (22.5 
nM) fibronectin; (B) 100 /ug/ml (0.91 /iM ) conA; (C, 
D) 10 Mg/ml (0.182 ixM) cholera toxin B-subunit; (£,

F)  100 /ug/ml (1.82 /xM) of toxin B-subunit. In (D ) 
and (/•'). cells were pretreated with 0.04 units/ml of 
neuraminidase (Behringwerke) for 1 h at 3 7 T . prior to 
trypsinization and plating onto wells coated with chol
era toxin B-subunit. (Molarities expressed assuming 
the following MWs: Fibronectin, 440000; conA 
110000; cholera toxin B-subunit. 55 000). x200.
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thesis we chose to investigate the ability of 
BALB/c 3T3 cells to spread on substrates 
coated with cholera toxin and its binding 
subunit (toxin B subunit), because we have 
recently established that the toxin receptor 
in these cells is exclusively contained on 
the carbohydrate moiety of ganglioside 
GM, [18]. BALB/c 3T3 cells were able to 
attach to substrates coated with both chol
era toxin and toxin B subunit, as well as 
conA and fibronectin (table 3). However, as 
addition of cholera toxin to BALB/c 3T3 
cells is known to cause cell rounding, due to 
an increase in cAMP levels in response to 
activation of adenylate cyclase by the toxin 
A-subunit [29, 30], the ability of cells to 
spread on the toxin B-subunit was inves
tigated. BALB/c 3T3 cells were able to 
spread on substrates coated with fibronec
tin (10 jUg/ml, 22.5 nM) and conA (100 pigl 

ml, 0.91 p M ),  although the morphology of 
the spread cells was distinctly different (fig. 
2A , B ). In contrast, cells plated onto sub
strates coated with toxin B-subunit (100 p g l 

ml, 1.82 /U.M) were in general unable to 
spread (fig. 2E). However, the cells did 
show evidence of extensive process forma
tion, as though they were attempting to 
spread, and the occasional fully spread cell 
could be found.

One possible trivial explanation which 
could account for failure of the cells to 
spread on toxin B-subunit is that the B- 
subunit preparation used might contain sub
stantial amounts of intact toxin or toxin A- 
subunit. The following experiments provide 
definitive evidence against such an explana
tion. Firstly, addition of as little as 0.1 ng/ 
ml (1.2 fmoles/ml) of cholera toxin to 
BALB/c 3T3 cells in monolayer causes a 
distinctive change in cell morphology with
in 1 h at 37°C. The change can be mimicked 
by db-cAMP, by phosphodiesterase inhibi
tors, and by prostaglandin F I which ac-

Table 3. Attachm ent o f  B A L B lc  3T3 cells to  

substrates coated w ith fib ronec tin , conA  

and cholera toxin

Ligand

No. of cells 
attached 
per well

None 0.22x10'
Fibronectin (10,;ig/ml) 2.3x10'
ConA (100 jug/ml) 3.2x10'
Cholera toxin (100 ^g/ml) 3.0x10'
Cholera toxin B-subunit (100 ju.g/ml) 2.4x10'

3.75x10^ cells (labelled with P"S]methionine, 1400 
cpm/KF cells) were added to Dynatech microelisa 
wells coated with various ligands, and the number of 
cells attached after a 2 h incubation at 37°C determined 
as described in Methods. The results represent the 
mean of triplicate points, not differing from the mean 
by >10% .

tivates adenylate cyclase in these cells [30]. 
In contrast, incubation of BALB/c 3T3 cells 
with 100 /Ltg/ml (1.82 nmoles/ml) of the toxin 
B-subunit preparation produced no such 
morphology change. Calculation shows that 
contamination of the toxin B-subunit by in
tact toxin or toxin A-subunit accounts for 
<6.6xl0~'^% by weight. Secondly, iodina
tion of the B-subunit preparation and auto
radiography of the iodinated polypeptides 
separated in SDS-polyacrylamide gels 
showed that there was no detectable A-sub- 
unit present. Failure of cells to spread on 
toxin B-subunit might be explained if the ef
ficiency with which the protein adsorbs to 
plastic is much less than that for conA and 
fibronectin. Quantitation of the relative 
binding efficiencies of conA and cholera 
toxin to plastic showed that 4.03 pmoles of 
conA were bound/cm  ̂at a concentration of
0.5 jliM (55 jug/ml), and 2.74 pmoles of chol
era toxin were bound at a concentration of 
1 p M  (84 pg lm l). Standard iodination pro
cedures inactivate toxin B-subunit and it is 
therefore difficult to obtain meaningful 
binding data. On the assumption that chol
era toxin adsorbs to plastic with a similar
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binding efficiency to toxin B-subunit, it 
seems unlikely that the small difference in 
the amount of cholera toxin bound com
pared to conA could account for the in
ability of BALB/c 3T3 cells to spread on 
toxin B-subunit.

In addition to the number of molecules of 
ligand adsorbed to the plastic, the density of 
cell surface receptors may also be an im
portant determinant of spreading. We have 
previously shown that the toxin-binding 
capacity of BALB/c 3T3 cells (0.8-1.6x10® 
molecules/cell) can be increased approx. 2- 
fold by pretreatment of cell monolayers 
with neuraminidase [31]. A comparison of 
the ability of neuraminidase-treated and un
treated cells to spread on substrates coated 
at both a low (10 p g lm l)  and high (100 p g l 

ml) concentration of toxin B-subunit is 
shown in fig. 2 C -F .  Interestingly, neu
raminidase treatment markedly increased 
the ability of cells to spread at both the con
centrations of toxin B-subunit tested (cf fig. 
2C , D  and E, F ) . However, even at the 
highest concentration of toxin B-subunit 
used (100 p g l m l) spreading appeared to be 
incomplete, particularly when compared 
with that supported by fibronectin. In addi
tion, the periphery of cells plated onto toxin 
B-subunit showed evidence of extensive 
process formation, a feature not found to 
the same extent in cells plated onto conA 
or fibronectin.

Because the cytoskeleton is thought to 
play a major role in the spreading process, 
we examined the organization of F-actin in 
cells spreading on the three different sub
strates using fluorescent phallicidin. Two 
hours after plating onto fibronectin-deriva- 
tized glass coverslips, most of the cells 
were well spread with a morphology re
sembling that seen under normal culture 
conditions. The majority of the F-actin was 
localized at the periphery of the cell forming

a continuous fine sheet just under the cell 
membrane (fig. 3a, b ). The staining also ex
tended into thin processes projecting from 
the main body of the cell. Microfilament 
bundles were a major feature of cells spread 
on fibronectin, running in the direction of 
the long axis of the cell. There was very 
little peri-nuclear staining, although small 
fluorescently stained aggregates were com
mon throughout the cytoplasm. In contrast 
to the morphology of cells spreading on fi
bronectin-coated substrates, cells plated 
onto conA were generally less well spread 
and had a rounded, more symmetrical ap
pearance (fig. 3c, d ). Many of the cells 
showed short intensely stained actin bun
dles associated with fan-shaped structures 
similar to lamellipodia (fig. 3c). Between 
these bundles were areas of diffuse but dis
tinct staining, giving the periphery of the 
cell in these regions a webbed appearance. 
In some cells the submembranous actin 
staining was less well defined (fig. 3d). 

These latter cells frequently contained actin 
bundles which ran concentrically around 
the nucleus. The morphology of neuramini
dase-treated cells plated on toxin B-subunit 
was distinct from either that adopted on 
fibronectin or conA (fig. 3E, f ) .  The cells 
showed intense staining of actin bundles 
running concentrically around the nucleus, 
and actin bundles extended radially to pro
trude beyond the general cell outline. The 
cell periphery in between these filaments

Fig. 3. Comparison of F-actin organisation in BALB/c 
3T3 cells spreading on fibronectin, conA and cholera 
toxin B-subunit. Cells plated onto glass coverslips de
rivatized with the various ligands, and incubated for 2 
h at 37°C, were fixed and stained for F-actin using 
NBD-phallicidin as described in Methods. Coverslips 
were derivatized. with {a, b) fibronectin, 0.5 mg/ml 
(1.1 /xM); (c, d) conA, 1 mg/ml (9 juM); {e ,f}  cholera 
toxin B-subunit 0.1 mg/ml (1.82 /xM). All cells were 
pretreated with neuraminidase. Two micrographs of 
cells spreading on each substrate are presented to dem
onstrate the different morphologies and staining pro
files within each population. Bar, 10 /xm.
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also stained for actin again giving rise to a 
webbed appearance.

The possibility that spreading of cells on 
toxin B-subunit is due to secretion of newly 
synthesized fibronectin in the period fol
lowing attachment is considered unlikely, 
based on the following experiments. BALB/ 
c 3T3 cells were able to spread on toxin 
B-subunit in the presence of 20 p g lm \ of 
affinity-pu rifled rabbit anti-fibronectin IgG, 
a concentration which completely inhibited 
cell spreading on fibronectin. As expected, 
cell attachment on toxin B-subunit was 
quantitatively inhibited by mixed brain 
gangiiosides, and the IgG fraction of rabbit 
anti-cholera toxin completely blocked 
spreading on toxin B-subunit. In addition, 
using indirect immunofluorescence, we 
found no evidence for the presence of fibro
nectin on the dorsal or ventral surface of 
these cells up to 2 h after plating on a sub
strate coated with toxin B-subunit.

Spreading of BALB/c 3T3 cells on toxin 
B-subunit was completely inhibited by pre
incubation of cells with either cytochalasin 
B (5 p g lm l)  or sodium azide (5 mM), as was 
spreading on fibronectin and conA. The re
sult suggests that the cytoskeleton plays a 
key role in the spreading of cells on a gang
lioside-specific ligand, as well as on fibro
nectin and conA.

DISCUSSION

There has been considerable recent interest 
in the possibility that glycosphingolipids act 
as cell surface receptors for a variety of dif
ferent agents including cholera and tetanus 
toxin [32, 33], the glycoprotein hormones 
[34, 35], interferon [36], macrophage migra
tion inhibition factor [37] and Sendai virus 
[38]. However, except in the case of cholera 
toxin, where the receptor has been isolated 
and characterized as a ganglioside (GM,)

[18, 30], the evidence for such a role for 
glycosphingolipids is almost exclusively in
direct, including that which suggests a role 
for gangiiosides as the cell surface receptor 
for fibronectin [15]. In the present study we 
have extended the earlier work of Kleinman 
et al. [15] to show that gangiiosides inhibit 
the spreading of both CHO and BHK cells 
on a fibronectin-coated substratum. Di- and 
tri-sialogangliosides were the best inhibitors 
of spreading in agreement with previous 
data using the CHO cell attachment assay 
[15], but the concentrations required to give 
50% inhibition of spreading (10 and 35 p M  

respectively) were less than that required to 
produce a similar inhibition of CHO cell at
tachment (250/xM). The inhibition was only 
partially relieved by removing unbound 
ganglioside from the fibronectin-coated 
substrate prior to addition of cells, sug
gesting that it was not due to a direct ef
fect of gangiiosides on cells. This conclu
sion is also supported by the observation 
that inhibition of cell spreading by gangiio
sides can be overcome by increasing the 
concentration of fibronectin used to coat 
the substrate. The results suggest that the 
inhibition is due to binding of gangiiosides 
to fibronectin, and provide indirect evi
dence that the cell surface receptor for fi
bronectin might be ganglioside in nature, as 
originally proposed by Kleinman et al. [15]. 
A similar conclusion has recently been 
drawn by Yamada et al. [39], based on the 
observations that gangiiosides inhibit fibro
nectin-mediated hemagglutination and BHK  
cell spreading, as well as the ability of fi
bronectin to restore a normal morphology 
to transformed cells. A variety of other 
carbohydrate-containing macromolecules, 
including negatively charged glycosamino- 
glycans (e.g., hyaluronic acid and heparan 
sulphate), glycoproteins, and BHK cell sur
face glycopeptides were largely ineffective.
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Negatively charged phospholipids did in
hibit fibronectin-mediated hemagglutina
tion, although they were an order of magni
tude less effective than gangiiosides. How
ever, no direct evidence that gangiiosides 
bind to fibronectin was presented.

Using a sensitive solid phase radioim
mune assay we have now clearly demon
strated that fibronectin can bind to gangiio
sides. Interestingly, binding of fibronectin 
to di- and tri-sialogangliosides was con
sistently greater than to monosialoganglio
sides, in agreement with the relative ef
fectiveness of these gangiiosides in inhibit
ing cell spreading. Because of the qualita
tive nature of the radioimmune assay used, 
the results do not allow us to compare the 
relative binding affinities of fibronectin and 
cholera toxin for gangiiosides. However, 
the fact that we were unable to convincing
ly demonstrate binding o f’^T-labelled fibro
nectin to ganglioside-coated tubes under 
conditions where we could readily detect 
binding of ‘^H-labelled cholera toxin, sug
gests that the ligands bind to gangiiosides 
with widely differing affinities. Relatively 
low affinity binding between gangiiosides 
and fibronectin could account for the varia
ble nature of the inhibition of cell spreading 
seen when unbound gangiiosides were re
moved from fibronectin-coated substrates 
prior to addition of cells. It would also 
explain the observation that substantially 
lower levels of gangiiosides are needed to 
inhibit cell attachment to a sialic acid-spe
cific lectin than to fibronectin [40]. Inter
estingly, binding of fibronectin in solution 
to cells in suspension is also difficult to 
demonstrate [41], and it is possible that 
the binding affinity of fibronectin in matrix 
form for gangiiosides at the cell surface 
might be increased by some form of co
operative interaction.

A role for gangiiosides in binding fibro

nectin at the cell surface is supported by the 
recent observation that fibronectin is syn
thesized, but not retained at the surface of a 
cell line (NCTC 2071), which is unable to 
synthesize the more complex gangiiosides 
[42]. Growth of the cell line in medium sup
plemented with gangiiosides led to a dra
matic increase in the amount of fibronectin 
localized at the cell surface. Although this 
result clearly establishes the potential im
portance of gangiiosides in influencing the 
organization of fibronectin at the cell sur
face, it does not prove that gangiiosides are 
involved in the process of cell attachment 
and spreading on a fibronectin matrix. The 
mechanism by which the interaction of a 
cell with fibronectin leads to reorganization 
of the cytoskeleton and subsequent cell 
spreading is unclear [17, 43]. In the red 
blood cell there is good evidence that at 
least one of the transmembrane proteins, 
band 3 protein, is linked directly to a com
ponent of the cytoskeleton, ankyrin [44]. In 
other cell types, the evidence for membrane 
protein-cytoskeleton interaction is indirect 
[45, 46]. Nevertheless, it is relatively easy 
to conceive how the interaction of fibro
nectin with such a system might lead to re
organization of the cytoskeleton, and a 
change in cell shape. It is less obvious how 
the interaction of fibronectin with a lipid 
could exert such control. However, the 
binding of a variety of ligands to glyco
sphingolipids [47, 48] and phospholipids 
[49] at the lymphocyte cell surface has been 
shown to result in the redistribution of the 
bound ligand into caps, a process thought to 
involve the cytoskeleton. It may also be 
relevant that a substantial amount of total 
cellular ganglioside remains associated with 
cytoskeletons made by extracting cells at 
0°C with Triton X-100 [25]. In the present 
study we have therefore attempted to es
tablish whether the interaction of a cell
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(BALB/c 3T3 cells) with a substrate coated 
with a ligand specific for the carbohydrate 
sequence in a ganglioside (cholera toxin B- 
subunit) can subsequently lead to cell 
spreading. Our results show that the toxin 
B-subunit is able to support limited reor
ganization of the microfilament system and 
partial cell spreading, provided the cell sur
face receptor density is increased by pre
treating the cells with neuraminidase. How
ever, the morphology of cells spread on 
toxin B-subunit was clearly different from 
that of cells spread on fibronectin, as was 
the organization of F-actin within the cell. 
On this basis, we conclude that any interac
tion that might occur between fibronectin 
and cell surface gangiiosides is unlikely to 
be sufficient to explain all of the morpho
logical features of cells spread on fibro
nectin.

The idea that gangiiosides alone act as 
the receptor for fibronectin is also difficult 
to reconcile with the observation that many 
cells which have little di- and tri-sialogang- 
lioside (e.g., CHO and BHK cells [31]) 
spread perfectly well on fibronectin. Simi
larly treatment of BALB/c 3T3 cells with 
neuraminidase which converts much of the 
cell surface GDja to GMj [31] did not affect 
the ability of the cells to spread on fibronec
tin. However, fibronectin can clearly bind 
to a number of different gangiiosides in con
trast to cholera toxin which binds to a single 
ganglioside species, GMj. It is therefore 
possible that if gangiiosides do play a role in 
binding fibronectin at the cell surface, the 
structure of the gangiiosides involved might 
vary depending on the pattern of glyco- 
sphingolipid biosynthesis in a given cell 
type. In addition, the possibility that mem
brane glycoproteins contain carbohydrate 
sequences similar to those found in gangiio
sides and therefore bind fibronectin must 
also be considered [50].

We are grateful to Dr J. Holmgren for supplying us 
with tubes suitable for immobilising gangiiosides, and 
Dr R. C. Hughes for helpful discussions on spreading 
of cells on cholera toxin.
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An Evaluation of the Role of Gangliosides as Receptors for Fibronectin
by Robert M. Perkins

The demonstration that exogenous gangliosides, in particular the di- and 
tri-sialogangliosides can inhibit fibronectin-mediated cell adhesion led 
to the proposal that these molecules may act as cell surface receptors for 
fibronectin,
I have attempted to make a detailed evaluation of this proposal by taking 
the following approaches.
1. Making a more extensive study of the ability of gangliosides to 
inhibit cell adhesion, in particular cell spreading, in order to determine 
vhether or not this activity is specific for fibronectin.
2. Attenpting to demonstrate a direct interaction betveen fibronectin 
and gangliosides adsorbed to a plastic support. This involved the use of 
either 125i-iabelled fibronectin or a sensitive radio immune detection 
system.
3. Investigating vtiether a cell surface ganglioside is capable of 
supporting stable cell adhesion, by .analysing.call_spreading_rmr..substrata 
coated with cholera toxin, a ganglioside-binding ligand. Cholera toxin- 
induced cell spreading is carpared with that on fibronectin and the 
glycoprotein reactive lectin concanavalin A in an attempt to assess the 
relative inportance of glycoproteins æ d  gangliosides in mediating
fibronectin-induced cell spreading.
4. Finally I have investigated the relationship betveen the levels of 
cellular gangliosides and the ability to interact with fibronectin. This 
involved

(i), a conparison of the ability of Balb/c 3T3 cells and four 
ganglioside-deficient variant cell lines to interact with FM,

(ii), investigating the effect of adding back exogenous gangliosides 
to a cell line lacking gangliosides on its ability to retain fibronectin 
at the cell surface, and

(iii), conversion of cellular di- and tri-sialogangliosides into 
iTonosialogangliosides by neuraminidase treatment and examining the cell's 
ability to spread on fibronectin-coated substrata.
In general this data is not consistent with the proposal that gangliosides 
act as the sole receptor for fibronectin.


