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1. Introduction

1.1. The Role of the ECMin The Central NervousSystem

The development of the organism depends upon interactions of cells with

their environment. Extracellular matrices exert control over cellular functions in

different ways. Matrices mediate cell adhesion, provide cells with anchorage,
traction for migration and signals Controlling cellular functions. Especially the latter

point has generated more and more interest in recent years, leading away from the

concept of the ECM as simply structural material between cells. In additon to

signalling via membrane-boundECM receptors, matrices also bind soluble growth
factors for subsequent interactions with cells. This introduction focuses on ECM-

components and their receptors in the central nervous system (CNS). Additionally it

includes examples of work with nonneural Systems applicable to the neuronal

system. Neural development is managed by a growing numberof newly discovered

protein families both on the extracellular and cellular side and these ECM

components and their receptors participate in the molecular basis for the following
phenomena:
- neuronal determination
- glial differentiation
- migration of neural cells
- axonal growth and guidance
- modulation of fasciculation
- Synapse formation

(for overview see Reichardtand Tomaselli, 1991).
The major components initially identified in the ECM include the collagens,

the noncollagenous glycoproteins (see 1.2.) and proteoglycans (see 1.3), which are

secreted by the cells into the ECM. Recent investigations show a considerable

diversity within these classical groups of ECM-components. Up to now, 15 distinct

collagens have been identified and the number of glycoproteins and PG's are

constantly growing. The macromolecular composition of the ECM strongly depends
on the tissue type and the specific required function of the ECM. This is particularly
true for brain matrix. Whereas here collagensare restricted to the vascularsystem,
glycoproteins and proteoglycans build up the actual matrix of the brain. Recent

work indicates that some neuronal cell-cell adhesion molecules (e.g. N-CAM,

contactin/F11, axonin-1) exist in both membrane-boundand secreted form, thereby
providing an additional subset of ECM-proteins which modulate cell-matrix



interactions. Finally, ECM-molecules,especially proteoglycans, bind several growth
factors and regulate their activity. The binding of TGF-ß to decorin and byglican
relate to this general theme of growth regulation by proteoglycans (Yamaguchi et

al. 1990).
This introduction aims to give a short characterization of those protein

familiesand their individual members which have at least potential binding capacity
for the brain extracellularmatrix protein tenascin (see section 1.2.6.). Only proteins
relevant for my actual work will be discussed in detail.

1.2. Glycoproteinsofthe NeuralECM

Glycoproteins of the ECM are large molecules with multidomain structures.

The structure-function relationshipof these domains was extensively investigated in

the last years. Some prototypes of these glycoprotein families, namely fibronectin,
laminin and tenascin will be discussed below in detail. Whereas only minor

amounts of fibronectin and laminin are found in the CNS, tenascin/cytotactin is

abundant, at least in the developing CNS (Grumetet al., 1985; Crossin et al., 1986;

Prietoetal., 1990).

1.2.1. Whyglyco-?

The name glycoprotein is due to the carbohydrate moiety which is transferred

to the protein core in the endoplasmatic reticulum (ER) before secretion in the

extracellular space. A very frequent type of glycosylation is the linkage of

carbohydrate side chains to asparagines.The asparagine-linkedcarbohydrate side

chains (for review see Hubbard and Ivatt, 1981) are formed from a high mannose

precursorwith two N-acetylglucosamine molecules, linked by a phosphoryl residue

to dolichol, a special lipid molecule anchoring the Oligosaccharide to the ER

membrane. The complete Oligosaccharide chain is transferred to asparagine
residues (of the nascent Polypeptide) within the tripeptide recognition Sites Asn-X-

Ser/Thr (where X is any aminoacid except proline). During the passage through the

Golgi, the mannose core is trimmed down to three to six residues, and then

glucosamine, galactose, fucose and sialic acid are added sequentially by the

specific glycosyltransferases (see figure. 1).
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Figure 1. The structure of the the asparigine linked Oligosaccharidethat is added to most proteins on

the luminal side of the ER membrane. The sugars shown in color form the "core region" of the

Oligosaccharide.For many glycoproteins, only the core sugars survive the extensive Oligosaccharide
trimming process in the Golgi-apparatus.Asparigine is in the sequence Asp-X-Thror Asp-X-Serwhere

X can be any amino acid otherthan proline (from Alberts et al., 1989).

1.2.2. The HNK-1/L2Epitope

The monoclonal antibody L2 recognizes a sulfated carbohydrate epitope of

such N-Iinked chains (Kruse et al., 1984). The L2-sugar epitope is common to

glycolipids and glycoproteinsof nervous tissue, e,g. to chick brain tenascin and

contactin/F11. A similar epitope is recognized by the mAb HNK-1, originally raised

against a cell surface antigen on natural killer cells (Abo et al., 1981).
The following functions for the L2/HNK-1-epitope have been suggested (Hynes et

al., 1989):
(a) the HNK-1 /L2 epitope may represent a ligand for galactoside-binding lectins;



(b) the presence of the epitope on the protein may promotethe adhesion process of

the protein;
(c) the HNK-1/L2 epitope may play a role as a recognition Signal involved in the

targeting of glycoproteins to the cell surface.

A recent report on a novel GPI-anchoredglycoprotein in rat brain shows a

developmentally and spatially regulated expression of the HNK-1/L2 epitope on

this molecule (Yoshihara et al., 1991). These results will be compared to my own

data conceming the L2 epitope of contactin/F11 in Results.

1.2.3. Fibronectin

Fibronectin (FN) is the best known ECM glycoprotein and and this is, at least

partially, due to its rather simple isolation. It can be purified in huge amounts from

blood plasma and in smaller amounts from the media conditioned by many cell

types. The isolation procedure makes use of the ability of FN to bind to immobilized

gelatine (the binding site for collagen, respective gelatine, is given in the model of

the FN-moleculein figure 2). Fibronectin is the Substrate molecule for cells, at least

in vitro. Classical functional properties of FN are cellular attachment, the spreading
and the locomotion of cells on a FN Substrate. Functional properties of other

Potential Substrate molecules are often comparedto those of FN in cell-biological
and biochemical assays.

The amount of fibronectin in the ECM of the CNS is low. Fibronectin plays an

important role in the development of the peripheral neural system. Newgreen and
Thiery (1980) have reported the distribution and synthesis of fibronectin along
migration paths of neural crest cells in the early avian embryo. With the exceptionof
the CNS, fibronectin is ubiquitious in tissues (in the form of fibrillar aggregates with

itself and other ECM components)and in plasma (in form of a soluble dimer) and is

synthesized by most cell types (Hynes, 1990).
Although fibronectin is normally synthesized as a dimer composed of two

very similardisulfide-linked subunits of Mr 220 K and 240 K, the multifunctionalrole

of fibronectin is best understood by looking at the schematic diagram of the

structural Organisation of a fibronectinmonomer(Fig. 2). The function and ligands
of the individual domains are described in the legend. With this set of distinct

functional properties, the fibronectin molecule influences proliferation, migration,
differentiation and morphogenesisof many cell types in vitro.
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Figure 2. Structural and functional Organisation of fibronectin. Fibronectinis a dimer, but only one

subunit is depicted. The sulfhydryl residues near its carboxyl terminus mediate its dimerization. The

positions of FN type I (Q ), FN type II (O) and FN type III (D)repeatsare indicated. Shaded FN type III

repeats are encoded by differentially spliced exons and are thus missing from some forms of these

glycoproteins.The positions of the RGD sequence and domains mediating interactions with fibrin,

heparin, gelatin, collagens and cells are indicated. Both the N-terminal region and the major cell

attachment site containing the RGD sequence, are required for assembly of fibronectin into the

extracellular marix. The regions of fibronectin recognized by the integrins a$ß-[, a3ß-|, and a4ß-| are

indicated by arrows. Note, that the integrin a4ßi recognizes a sequence located in a differentially

spliced exon that is not present in all forms of fibronectin (modifiedfrom Reichardt, 1991).

Most prominent among these domains is the FN type III repeat, one of which

contains the sequence RGD as the major cell attachment site in fibronectin

(Pierschbacher& Ruoslahti, 1984). The FN type III repeat is a structural motif found

in other ECM-components,including tenascin (see 1.2.6), restrictin (see 1.2.5), in

cell-adhesion molecules of the N-CAM family (eg. axonin-1, contactin/F11; see

chapter 1.5.) and tyrosinephosphatases (Fischer et al., 1991). The functional

(adhesive) properties of these fibronectintype III repeats within these molecules is

subject of many current studies (see Results; see section 1.2.6). FN type III domains

are differentially spliced in both FN (Hynes, 1985) and tenascin (Spring et al.,1989).
In the case of FN, one of the differentiallyspliced FN type III domains contains a cell

attachment site recognized by neural crest cells and sensory neurons (Dufour et al.,

1988). FN-actions on cells are mainly mediated by cell receptors of the integrin-
family (see figure 2). Integrin-receptorswill be discussed in chapter 1.4.

1.2.4. Laminin

Laminin (LN) is a large multifunctionalglycoprotein (Mr 103 K) composed of

three different subunits which form the characteristic laminin cross in electron

micrographs (Timpl et al., 1979). LN is a major component of basement membranes

throughout the body. There are reports of its presence in the CNS, but its



distribution is mainly restricted to the basal lamina of the vascular system in the

brain. A transient expression of laminin during development of the optic nerve has

been found (McLoon et al.,1988). Astrozytes produce laminin in vitro (Liesi et al.,

1989). LN is produced by Schwann cells and incorporated in the basement

membrane between neuron and Schwann cell in the peripheral nervous system
(PNS). LN is involved in several complex phenomena, including cell differentiation,

regeneration, cell adhesion, locomotion etc. which are reviewed by Martin and

Timpl, 1987. It has proven to be an excellent Substrate for neuron attachment and

neurite outgrowth in vitro and is distinctive in this ability. In addition to the

quantitative differences between levels of neurite outgrowth seen on laminin and

other Substrates, e.g. fibronectinand collagen IV, there are qualitative differences

as well. Neurons appeared well attached on all three Substrates. Neuntes on

laminin were long, branched and usually unfasciculated. In contrast, neuntes

growing on collagen IV or fibronectin were frequently fasciculated, shorter and

unbranched (Hall et al., 1987). The small amount of laminin in the CNS makes it

possible, that in vivo other, more abundant ECM molecules, such as tenascin,
restrictin or molecules of the N-CAM-family, take over its function.

In contrast to fibronectin and tenascin, there are no FN type III repeats in

laminin, but a good part of the molecule consists of a structural motif resembling
epidermal growth factor (EGF). This EGF-motif is also found in tenascin. A structural

model and a description of the domain structure of LN is given in figure 3. An

mapping of the functions of LN molecule is also given in figure 4. Laminin binds to

components of the basement membrane, e.g. collagen and heparan sulfate

proteoglycans and interacts with cells via various integrin receptors.
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1.2.5. Restrictin

Recently, a 170 K protein with properties of a cell-surface associated ECM-

component has been isolated from chicken brain and named restrictin (RN)
(Rathjen et al., 1991). RN is transiently expressed during development of the chick

nervous system. This molecule is supposed to interact with both the neural cell

adhesion molecule contactin/F11 and tenascin. These findings make this molecule

particularyinteresting in context with the results presented in this thesis. During the

writing of this thesis the cDNA sequence of RN was published and revealed that RN

shows considerable structural homologiesto tenascin (Nörenberg et al., 1992). A

structural model of RN based on cDNA sequencing is given in figure 5.

RN is found in regions where contactin/F11 is expressed, for example in the

developing cerebellum,however contactin/F11 is also localized in other parts ofthe

nervous system where restrictinis absent (Rathjen et al., 1991). Neurons attach on

RN, but do not spread. No neurite outgrowth promoting activity could be detected.

Its function is so far a matter of speculation. Concerningthe interaction between

contactin/F11 and RN and the role of contactin/F11 in axon fasciculation, Rathjen et

al. (1991) suggest a role in modulation of neuron fasciculation and defasciculation

for RN.

FN III - like iliimains Fp P~ and ".'-

segment ilnmains
Cys.eine-rich EGF -_ like .. -

like dorr.ain

¦^tigrW))—*« I I 2 I 3 | 4 TTT6 1 7 1 S | 9_J^tOOH

V,

Figure 5. a. Domain Organisation of restrictin based on cDNA sequencing (Nörenberget al., 1992).

Potential N-glycosylationSites are indicated by vertical dashes. b. Proposed model of a restrictin trimer.

The N-terminal segments of each Polypeptide are disulfide linked. (depicted from Nörenberg et al.

1992. Neuron 8:849-863)



1.2.6. Tenascin

Tenascin (TN) has been created by the Lord to give work and challenge to

cell biologists and biochemists. Tenascin is a large multifunctional extracellular

glycoprotein that shows a highly restricted expression pattern in developing
embryos (reviewed by Erickson and Bourdon, 1989). The discovery of TN in

different tissues by different groups (e.g. Vaughan et al., 1987) has led to a

confusing mixture of synonymesfor the name tenascin in the literature. Cytotactin
Stands for chick brain tenascin (Grumetet al., 1985), J1-200/220 for mouse tenascin

(Faissner et al., 1988) and the name hexabracchion, which correspondsto its

structure observed by rotary-shadowing electron microscopy, was given by
Erickson and Iglesias, 1984. The diagram and the electron microscopic picture of

TN illustratesthe characteristicsix-armed structureof tenascin (Fig. 6 A, B).
In line with its nomenclature, tenascin has shown herseif be a really

complicated sweetheart. Though many different approaches have been taken to

elucidate the role that tenascin might play, no one knows exactly what this is.

B

*•*;

••Pl:

Figure 6. A. Rotary shadowing electron micrograph of chick tenascin (from L. Vaughan). B.

Structural features of the tenascin molecule are depicted from this micrograph. 1, terminal globular
domain.2, thicker distal segment.3, thin proximal segment. 4, T-junctions. 5, central globular domain

(from Erickson and Iglesias, 1984).

Most interestingly, the expression of tenascin is restricted to developmental
or remodelling events in vivo. Expression in the normal adult is minor, but high,
transient expression has been found coincident with proliferating and actively
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migrating cells during embryonalmorphogenesis, wound healing, tissue repair and
oncogenesis( Mackie et al., 1988; Daniloff et al., 1989). Particularly interesting in

the context of my own work is the high expression of tenascin in the developing
nervous system. Several studies demonstrate that tenascin is critically involved in

the Organisation of the nervous system by mediating neuron-glia interactions and

promoting neurite outgrowth (see below). Tenascin is also found in the reactive

mesenchymeadjacent to developing epithelia, e.g. in case of the developing
kidney (Aufderheide et al., 1987). Tenascin is synthesized by fibroblasts, astroglia,
smooth muscle cells, immaturechondrozytes and Schwann cells (see Erickson and

Bourdon, 1989). It is found both in the supematant and on the surface of cultured
fibroblasts and astrozytes (own observations).

1.2.6.1. Domain Organisation of Tenascin

The structure of the individualsubunit (Fig. 7) has been revealed by cDNA-

sequence analysis in different species. (Nies et al., 1991; Saja et al., 1991; Spring
et al., 1989; Jones et al., 1989). The sequences are highly homologue, 70%
between mouse and chicken, and 90 % between mouse and human. As illustrated
in figure 7, the individual subunit of the tenascin-molecule is a Single Polypeptide
chain with tandemlyconnecteddomains. Each subunit Starts with a cystein rieh part
at the N-terminal, followed by four heptad repeats of hydrophobic aminoaeids,
followed by EGF-like domains, (13,5 repeats in case of the chicken tenascin, 14,5 in

case of human and mouse tenascin), a variable number of FN-type III repeats and
finally a globular fibrinogen-likedomain at the C-terminal. By means of the four

heptad repeats three subunits form a triple coiled coil, which is stabilized by
flanking interchain bonds, thereby building a trimer. The hexameric structure of
tenascin is built by joining two trimers in the cystein rieh region at the N-terminal
central globe via disulfide bonds.

Due to alternative splicing, the number of FN type III repeats varies and

results in the existence of at least three splice variants in case of chicken tenascin

(Fig. 7). The site for alternative splicing between domains five and nine of the FN

type IM homology region is conserved between species, but the numbers of

additional domains differ, with chick tenascin having up to three, with mouse

tenascin up to five (Weller et al, 1991) and human tenascin as many as up to seven

FN type III extra repeats (Gulcher et al., 1989). The so called RGD-site, a tripeptide
sequence which forms the major cell binding site in fibronectin (Fig. 2), is located

within the third FN type III repeat of of chick tenascin, yet this site is not conserved in

all species. By use of fusion proteins and antibodies, the major adhesive site in

chick tenascinfor fibroblasts has been mapped to the tenth FN-type III repeat of the
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molecule,distinct from the RGD-site (Spring et al. 1989). Antibodies, that bind to the

third and fifth FN-type III repeat of J1 (mouse tenascin), inhibit cerebellar granule
cell migration (see below, Husmann et al., 1992). By means ofthe antibody J1/tn2 a

neurite-outgrowth-promotingactivity was mapped to the tenth or eleventh FN-type
III repeat on mouse tenascin. These observationsindicate that tenascin influences

distinct phenomena by different FN-type III repeats. A so called "anti-adhesive site",
a site which inhibits cell flattening and motility, has been mapped to the EGF-part of

the tenascin molecule (Spring et al. 1989). No receptor for this region has been

identified so far. The C-terminal region of tenascin interactswith heparin (Chiquet et

al., 1991; Marton et al., 1989; Vaughanet al., unpublished results).
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Figure 7. Structural modeis of the splicing variants of chick, mouse and human tenascin

respectively. Different domains are indicated by differentSymbols: EGF-repeat(?), FN type III domain (p

), distal globular fibrinogen-likedomain (•), and central globular domain (4). VariableFN type III domains

are shadowedand related domains are marked by numbers.Possible carbohydrate Sites are indicated

by smalldashes.

1.2.6.2. Distribution and Function of Tenascin

In situ hybridisation (Pietro et al., 1990) as well as immunohistochemistry
reveal a tissue specific distribution of tenascin variants. Thus the synthesis of
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tenascin-isoforms appears to be under tight developmental control as only
homohexamers have been isolated from either cell cultures (Kaplony et al., 1991;
Chiquet et al., 1991) or tissue extracts (Kaplony et al., 1991). For example, the tn

190 and tn 220 isoforms of tenascin are the dominantisoforms in 17 days old chick

brain. Kaplony et al.,1991 have shown that the appearance of the tn 220 isoform of

chick tenascin correlates with corneal cell migration. One example of different

functional properties of these isoforms will be presented here: tn 190 binds to the

neuronal receptor contactin/F11, whereas the tn 220 isoform fails to do so.

In the nervous system, distribution of tenascin correlates with key
developmental processes such as cell migration, axonal outgrowth and tissue

boundary formation (reviewed by Chiquet, 1989; see also Edelman and Crossin,
1991; Reichardt and Tomaselli, 1991). Tenascin is synthesized by glial cells of the

central and peripheral nervous system, and by mesenchymal cells that are in

contact with developing neurons (Wehrle and Chiquet, 1990; Crossin et al, 1986;
Chuong et al, 1987; Prieto et al, 1990). For instance, during granule cell migration
in the cerebellar cortex, the expression of tenascin on the Bergman glia coincides
with the migration of the granule neurons along the glial processes (Chuong et al,
1987). Direct evidence for a role of tenascin in this neuronal migration was
obtained by blocking granule cell migration within the molecular layer in cerebellar

explant cultures by use of anti-tenascin antibodies (Chuong et al., 1987; Husmann

et al, 1992). A representation of this migration event in the developing cerebellum is

given in figure 8. So far this is the best documented example for the proposedrole

of tenascin as mediator of neuron glia interactions.
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Figure 8. Granule neuronsmigrate along Bergmannglia cells via a tenascin dependent mechanism.

Semidiagrammatic drawing of the migration of a cerebrellar granule cell (stippled) during its

translocation through the molecular layer. The morphological difference between the leading tips of

the two horizontal processes and the descending process are illustrated in enlargementsa and b,

respectively. In the developing cerebellum, layers of neurons and their neuntes are formed as a result

of migrationof neurons (called external granule cells) from the exterior surface to the interior surface.

This migrationtakes place on radial glial cells through their interaction with postmitotic neurons in the

so called granulär layer. These neuronssend out neuntes to the subjacent molecular layer and finally
translocate on the radial glia via a leading process to migrateand form the internal granulärlayer (Rakic,

1971). Addition of antibodies against tenascin caused a pileup of those granule cells within the

molecular layer. EGL, external granulär layer; GL, granulär layer; ML, molecular layer; PL, Purkinje cell

layer.

A role for tenascin in migration of the neural crest cells is implicated from its

distribution along the paths of cranial neural crest cells (Bronner-Fraser, 1988;
Kaplony et al., 1991) and its expressionin the rostral sclerotome of the trunk (Tan et

al., 1987; Mackie et al., 1988). Studies in different laboratories have shown that

tenascin promotes the growth of neurites from both the CNS and PNS. In vitro

studies using spinal cord explants showed that motor axons efficiently grow on

piain tenascin Substrates (Wehrle et Chiquet, 1990). Provided the cell body is

attached through polyamines, growth cones of CNS neuronsattach and are highly
motile on a tenascin Substrate, althoughtheir morphologydiffers from growth cones
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on highly permissive Substratessuch as laminin (Wehrle et Chiquet, 1990, Lochter

et al., 1991). Together with the Observationthat neuntes avoid a tenascin Substrate

if given the choice between tenascin and other ECM Substrates such as fibronectin

(Faissner et Kruse, 1990), it appearsthat tenascin is able to modulate interactions

between developing axons and their surroundings and thus contribute to the

Organisation of the nervous system.
Cell biological and biochemical studies show that tenascin participates in

distinct cell matrix interactions. The ability of FN to promotecomplete cell-sübstrate
adhesion contrasts markedly with the tendency of tenascin to promote cell rounding
and even detachment (Lotz et al., 1989). Immobilized tenascin Supports only weak
cellular attachment and cells do not spread on tenascin. Moreover, tenascin used
as an additive to medium, causes already spread cells to become rounded.

Tenascin induces cell shape changes where membrane receptors of the integrin-
family are thought to provide a transmembrane linkage to the cytoskeleton, e.g. in

the case of the attachment of fibroblasts to fibronectin or laminin. Binding of

tenascinto its cell surface receptor might interfere with fibronectin-induced integrin
clustering (Chiquet-Ehrismann et al., 1988). These findings are consistent with the

Suggestion that tenascin acts as a natural cell surface modulator. Further support
for this modulatory function of tenascin came from studies with NIH 3T3 fibroblasts

(Crossin, 1991) and chick embryo fibroblasts (Kaplony-Bachofner, 1991).
Fibroblasts plated on tissue culture in the presenceof tenascin remained rounded
for a prolonged time. Stimulation of NIH 3T3 fibroblasts was markedly decreasedin

the presenceof tenascin, resulting in an inhibition of DNA-synthesisand inhibition

of proliferation. The molecular signalling mechanism underlying these phenoma
are not understood.

It has been shown that tenascin interferes with cell-matrix interactions not

only at the level of the receptor, but could also bind to ECM-molecules themselves
and modulate their activities. Direct binding of chick tenascin to fibronectin has

been reported (Chiquet-Ehrismann et al, 1988) and this binding was shown to be

isoformspecific, with the tn 190 isoform of chick tenascin being the ligand for
fibronectin (Chiquet-Ehrismannet al, 1991). A binding between tenascin and

restrictin has been reported by Rathjen et al., (1991).

1.2.6.3. Potential receptors of Tenascin

Biochemical studies suggest a number of potential receptors for tenascin. A

neuronal chondroitin sulfate-proteoglycan interacts with tenascin (Hoffman et al.,
1988). This peripheral, cell surface associated proteoglycan is presumably a link

between tenascin and the attaching neuron. A second candidate isolated from U



15

251-MG cells, a human glioma cell line, is an RGD-specific ßi-integrin (Bourdon &

Ruoslahti, 1989). As already mentioned above, the RGD-site in tenascin is not

conservedin mouse, indicatingthat this integrin is not a general tenascin-receptor.
Tenascin binds the heparan sulfate-proteoglycan Syndecan, a proteoglycan
isolated from embryonic tooth-mesenchyme (Salmivirta et al., 1991). Our

Observation that both heparan sulfate-proteoglycans and chondroitin sulfate-

proteoglycans from human lung fibroblastsbind to tenascin are in line with these

findings (Vaughan et al., unpublished results).

1.3. Proteoglycans

Proteoglycans are giant molecules. With modern techniques in molecular

biology techniques, detailed structural information on proteoglycans has

dramatically increased. Whereas the old Classification was based on the

polysaccharide-moiety (glycosaminoglycans (GAGs), see table 1, for a detailed

overview see Roden, 1980) covalently linked to the protein, another Classification

will probably utilise the characterof the core protein.

Glycosamino-
glycan

Hyaluronic
acid

Chondroitin
sulfate

Dermatan

sulfate

Heparan
sulfate

Heparin

RcpeatingDisaccharide(A-B)„ Sulfates Other

per Linked Sugar
Molecular Monosaccharide Monosaccharide Disaccha- to Compo-
Weight A B ride Unit Protein nents

4,000 to

8 X 10" D-glucuronic acid
N-acetyl-
D-glucosamine

/V-acetvl-
5,000-50,000 D-glucuronic acid D.ga|actosamine

0.2-2.3

D-glucuronic acid
N_aceM,

15,000-40,000 or D.ga",ac,osaminc*L-iduronicacid
1.0-2.0

D-glucuronic acid
5,000-12,000 or

"L-iduronicacid

Ar-acetyl-
D-glucosamine

0.2-2.0

D-glucuronic acid
6,000-25,000 or

*L-iduronicacid

A'-acetyl-
D-glucosamine

2.0-3.0

Keratan
sulfate 4,000-19,000 D-galactose N-acetyl-

D-glucosamine
0.9-1.8

D-galactos-
amine

D-mannose

L-fucose,
sialic acid

Tissue
Distribution

various
connective
tissucs,

skin,
vitreous

body,
cartilage,
synovial fluid

cartilage,
D-galactose Cornea,

D-xylose bone, skin,
arteries

skin, blood

o-galactose vessels,
D-xvlosc heart, heart

valves

lung, arteries,
D-galactose cell

D-xylose suifaces,
basal laminae

lung, li\er,
D-galactose ,.

+ b- skin, mast
D-xvlose ..

cells

cartilage,
comea,

intervertebral
disc

Table 1: Polysaccharide components linked to proteoglycans (from Alberts et al., 1989).
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cDNA-sequence analysis of individual proteoglycans demonstrates, that

proteoglycans contain several structural motifs that suggest adhesive functions.

These motifs include putative hyaluronic acid binding domains, lectin binding
domains, leucine-rich repeats, complement-regulatory-protein-like repeats,
immunoglobulin-domainsand EGF-repeats ( see review Ruoslahti, 1989). All of

these domains are also found in cell surface receptors. Some proteoglycans are

secreted from the cells, but others are retained in the plasma membrane via a

transmembrane domain or a GPI-anchor. A nice example of a multidomain

proteoglycan is the very large chondroitin sulfate-PG Versican (see Fig 9;
Zimmermann & Ruoslahti, 1989), which is identical to PG-M (Yamagata et al., 1986)
and glial hyaluronic acid-binding protein (GHAP; Perides et al., 1989). The limited

immunohistochemicaldata available show Versican to have a distribution pattern
similar to tenascin. The putative interaction between Versican and tenascin is

currently under investigation. Interactions between tenascin and other

proteoglycans have been already mentionedin the chapter Tenascin (see above).
The Organisation and diversity within the proteoglycan-family are illustrated in Fig.
9.
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Figure 9. Schematic representationof proteoglycan structures. The various structural domains are

depicted as folded structures based on the presumed disulfide bondingand/or electron microscopic

appearance (from Ruoslahti, 1990).
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1.4. Integrins

Integrins (Hynes, 1992; also referred as VLA-proteins, Hemler, 1990; some

integrins have been assigned CD-numbers, Springer 1990 a/b) form one of the

main family of ECM receptors in nonneural tissues. ECM-mediatedchanges of cell

shape are establishedthrough these membrane receptors that bind to cytoskeletal
proteins and thereby affect their Organisation, eg. the Organisation of actin

filaments. A model of this connection between ECM and cytoskeleton via integrin
receptors is illustrated in (Fig. 10). The attachment and spreading of cells on a

fibronectin-substrate is mediated through integrin-receptors of the ßi-family. The

integrin-binding site on fibronectin has been narrowed down to the tripeptide
sequence Arg-Gly-Asp (RGD). Sites of strong contact between cell and Substrate,

so called focal contacts, show a characteristicclustering of integrin receptors.

\ r
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a subunit

J3 subunit
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-:
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Figure 10. Structural model for RGD mediated interaction between integrins and ECM components

(Ruoslahti, 1988).

Appearently some neurons also use integrin-receptors. In vitro studies

demonstratedthat the CSAT antibody, directed against the ß-|.subunit of chicken

integrins, disrupts virtually all interactionsbetween neurons and ECM components,
including LN, FN, thrombospondin,and several collagens (Bozycko & Horwitz,

1986; Cohen et al., 1986; Tomaselli et al., 1986). It should be noted however, that

probably none of these molecules is a major Substrate for neurons of the CNS in

vivo although laminin may be important during certain developmental stages.

Injections of antibodies to the ßi-subunit of the integrin into developing avian

embryos have dramatical inhibitory effects on migration of several cell types,
including cranial neural crest cells and myoblasts populating limb masses

(Bronner-Fraser, 1986). It is not yet known which individual integrinsare involved in

neurite-outgrowth, however it seems reasonable that the transduetion mechanisms
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will be shared by different integrins. The viability of a creature without ^-integrinsis

currently under investigation in the group of Hynes at Harvard. They have knocked

out the gene for the ßi-subunit in transgenic mice.

Integrins are heterodimeric membrane proteins with an a and a ß-subunit

(Fig.11). Each subunit is a transmembrane Polypeptide with a large extracellular

domain and a cytoplasmic tail linked to the cytoskeleton,thereby providing a

mechanism for transmembrane signalling. The extracellular domains of the two

subunits associate noncovalently, forming the binding site for ECM-componentsor

cell-adhesion-molecules on opposite cells. Integrins are segregated into families

based on different oc-subunits that share a common ß-subunit. 20 different a-

subunits and 8 different ß-subunits have been identified to date. Integrin
heterodimers and their ligands are reviewed by Hynes, 1992.
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Figure 11. Structural features of an integrin. The figure shows the overall shape, as deduced from

electron microscopy, as well as the putative locations of the cystein-rich repeats of the ßi subunit

(crosshatched) and metal binding sites in the a-subunit (M++). The shaded area represents the

putative ligand bindingregion (from Hynes, 1992).

Integrins modulate the affinity of a cell to its Substrate. It has become clear

that integrinsare not simply adhesion sites for extracellularmatrix ligands but also

play a prominent role in receptor signalling. How the extracellular Signal is

transmitted into the cell is still a matter of speculation (see Hynes, 1992). There is

some evidence for the activationof tyrosine kinases by cross linking of integrins to

their ligands (fibrinogenor fibronectin) or to antibodies.
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An attempt to summarize parameters which influence the integrin mediated

response of the cell to the ECM:
1. The selective expression of a certain integrin on the cell surface. Different cell

types express different sets of integrins. For example, a2ßi is typically found on

adhesive cells, a4ß-| more on nonadhesive cells and a5ß-| on both cell types.
2. Differenta-subunits combine with a given ß-subunit. The cc-subunit determines

the specific binding of the ligand (see figure 12).
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Figure 12. The integrin family. The subunit combinations that form the known integrins, and the

known ligands for these integrins are shown. Also shown is the RGD specifity. BM = basement

membrane;BSP1 = Bone sialo protein 1; Coli = Collagen; C3bi = complement component C3bi;

FB= fibrinogen; Fn = fibronectin; Fn alt. = fibronectin alternatively spliced domain; FX = factor X;

ICAM-1, ICAM-2 = intercellularadhesion molecules; LM = laminin; OP = osteopontin;RGD = Arg-

Gly-Asp; VN = vitronectin; vWF = von Willebrand factor. (Figure and legend from: E. Ruoslahti.,

1990).

3. A given oc-subunit combines with different ß-subunits (see figure 12). The

functional importance of ß-subunits was tested by use of chimeras. Experiments
with ß-|-chimeras have shown that the cytoplasmictail and the transmembrane

region of ß-j and ß3 subunits are functionally equivalent, at least in respect to

focal contact formation (Solowska et al., 1989).
4. The cytoplasmictail of the oc-subunit determines the quality of the response to the

Signal from the ECM. The cytoplasmictails do not influence ligand binding, but

they exhibit distinct properties during the transmission of binding Information

from outside the cell into subsequentcellular events. For example, whereas the
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cytoplasmic tail of ct2 and 0:5 subunits (subunits found in adherent cells)
mediate a stable physical force to the surrounding matrix, the cytoplasmictail of

the a4-subunit (which is expressedin nonadherentcells) mediates a transient

interactionof the cell with the surrounding matrix (Chan et al., 1992). The latter

interaction is a basic mechanismfor migration of cells.

5. The binding of the integrin to its ligand is influenced by cations. Divalent cation

binding sites have been found in all a-subunits and these sites appear to be

directly involved in binding of the extracellular ligand (Gaillit and Ruoslahti,

1988; Kirchhoferetal., 1990).
6. The composition of the membrane lipids can alter the ligand specifity of a purified

integrin (Conforti et al., 1990).

1.5. Neural Cell Adhesion Molecules of the Immunoglobulin
Superfamily

The formation of specific connections in the nervous system during
embryonal development is dependent on a variety of processes, including the

adhesion of cells to each other (cell recognition and sorting) and to extracellular

matrices (axonal guidanceand growth). In the last few years several glycoprotein
families have been identified which regulate these cellular processes. These

glycoproteins on the surface of neural cells, fall into three major structural groups:
the integrins (see section 1.4), the Cadherins (Takeichi, 1990) and members of the

Immunoglobulin superfamily (Edelman & Crossin, 1991). CAMs function in a

dynamic and highly regulated fashion to form and maintain tissue structure. My
work demonstrates that contactin/F11, a neuronal cell adhesion molecule of the

Immunoglobulin super family (Ranscht, 1988; Brümmendorf et al., 1989), binds to

the extracellular matrix component tenascin. Therefore I will give a detailed

introductionof what is known about the role of these cell adhesion molecules.

All of the Ig-relatedcell surface glycoproteins are mobile in the plane of the

membrane. The first complete cDNA analysis for a CAM was that for N-CAM (N for

neural; Cunningham et al., 1987) and showed up to 23% homology to

Immunoglobulin variable (V) and constant (C) regions. This led to the hypothesis
that a common precursor had existed for both Ig-related CAMs of the nervous

system and the entire Ig-superfamily (Edelman and Crossin, 1991). Whereas

vertebrates have an adaptive immunsystem,invertebrates do not. The finding of Ig-
domain containing CAMs in drosophila (Amalgam; Seeger et al, 1988) and

grasshoper (Fascilin II; Harrelson and Goodman, 1988) shows that CAMs are

indeed ancient proteins, supporting the idea that molecules of the adaptive
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immunesystemhave originated from CAM-genes of a very early precursor of both

vertebrates and invertebrates. The evolutionär/ tree of this so called "domain

hypothesis" is presented in figure 13.
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Figure 13. Domain-hypothesis:The scheme illustrates the origin of molecules of the adaptive

immunesystemfrom early CAMs. Ligation of two exons which code for half a domain respectively, led

to the gene for a Single domain (1). Doubling of the new domain leads to the gene for a multidomain

protein, an early CAM (2). In one evolutionär/line a fibronectin type III repeat is added to this domain

(3). From the product of this step new genes for different CAMs originate by doubling and

diversification.

In the other evolutionaryline early early CAMs lost their introns (grey bars) within the domains but not

between the domains(4). By diversification and development the other members of the

immunoglobulin-supertamily arose. Insertion of a genetic element (possibly from a virus) allowed a

protein-diversification in lymphozytes (5). A parallel increase of the numberof variable regions built the

basis for the enormous diversity of antigen receptorsand antibodies(6) (Edelman, 1989).

Figure 14 illustrates some examples of of this evolutionary domain shuffling. The

productsof this evolution are not restricted to the CNS.
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Figure14. Ig-like molecules are not restrictedto the CNS; N-CAM: in the CNS and PNS; IgG: in body

fluids; MHC-proteinsclass 1: on surfaces of nearly all animal cells; MAG: myelin associated glycoprotein
in the membrane of glial cells.

The followingtable 2 presents a selection of members of the Ig-superfamily.
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Neural CAMs

N-CAM Cunninghamet al., 1987

Ng-CAM/ G4 Burgoon et al., 1991; Brümmendorf et al., 1989

LI/NILE Moos et al., 1988; Bock et al., 1985

Nr-CAM Grumetetal., 1991

Contactin/ F11 Ranscht, 1988; Brümmendorf et al., 1989

F3 Gennarini et al., 1989

Tag-1 Furley et al., 1990

MAG Salzeret al., 1987

Axonin-1 Zueilig et al., 1992

Neurofascin Volkmeretal., 1992

PO Lemke and Axel, 1985

Insect CAMs

Fascilin II Harrelson and Goodman, 1988

Neuroglian Bieberetal.,1989

Amalgam Seegeretal., 1988

DLAR Streuli et al., 1988

DPTP Streuli et al., 1989

Dtrk Pulidoetal., 1992

Immune svstem

ICAM-1 Simmons et al., 1988; Staunton et al., 1988

LAR Streuli etat., 1988

CD4 Maddon et al., 1985

Table 2: Selective presentation of members of the immunoglobulin-superfamily.

1.5.1. Expression and Function of Neural Ig-related CAMs

Some of the CAMs (e.g. N-CAM, Edelman et al., 1983; Crossin et al, 1985)
are expressed in the earliest stages of development, e.g. in the oocyte (Kintner and
Melton, 1987) and tas a consequence have been called primary CAMs. Secondary
CAMs (e.g. Ng-CAM, contactin/F11)appear later in development (Grumet and

Edelman, 1984; Ranscht et al., 1984). Many morphological events, such as

interactions of cell surfaces with other cell surfaces or Substrates in spatiotemporal
dependent manner, result in changes of CAM expression (Edelman, 1986). These

changes of CAM expression seem to be coregulated with the expression of ECM

components such as tenascin (Crossin et al., 1986). A nicelydocumented example
for the importance of neural CAMs for cell layer formation comes again from studies

of the granule cell migration in the developing chick cerebellum (see section 1.6.)
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where perturbation experiments with antibodies against the neural cell adhesion

molecule Ng-CAM inhibited the migration of granule cells into the underlying
molecular layer (Chuong et al., 1987). The finding that some of the most prominent
members of neural Ig-like molecules, such as Ng-CAM/ G4, contactin/F11, F3,

neurofascin, axonin-1, are exclusively found on neuronal surfaces, have led to the

hypothesis that these molecules are at least partly responsible for the interaction of

neurons with their surroundings. Indeed, these proteins have been shown to be

critically involved in axon fasciculation (e.g. contactin/F11, Ng-CAM/G4,
neurofascin; Rathjen et al, 1987; axonin-1, Ruegg et al., 1989), neurite outgrowth
promotion (e.g. L1/8D9 (NgCAM/G4),Lagenaur and Lemmon, 1987; F3 (F11),
Gennarini et al., 1991; TAG-1, Furley et al., 1990; axonin-1; Stoeckli et al. 1991),
formation of axon tracts and growth cone guidance (Harrelson and Goodman,

1988).

In vitro experiments demonstrate that axons can grow out on:

i) ECMcomponents,e.g. laminin (Cohen et al., 1986).
ii) nonneural cells (e.g. glial cells, McCaffery et al., 1984; Fallon, 1986).
iii) surfacesof neighboring axons (Chang et al., 1987).

In vivo the preferred Substrate for the extending neurite is the neighboring
axon. Contactin/F11,Ng-CAM, neurofascin, axonin-1 are found in the surface of the

extending axon. Recent studies demonstratethat these molecules bind to each

other by homophilic or heterophilic mechanisms on apposing cells thereby
mediating a side to side interaction of axons. All these molecules are supposed to

be importantfor the fasciculation of neurons. In contrast to fasciculating neurons,
the guidance of pioneeringaxons depends on interaction of the neuron with ECM-

components or surfaces of nonneuronal cells and also in these cases Ig-related
neural cell adhesion molecules may be involved. A binding between contactin/F11

and the extracellular matrix protein restrictin has been recently proposed (Rathjen
et al, 1991) and evidence for the binding between contactin/F11 and the

extracellular matrix protein tenascin is presented here. Finally, the binding of

neurons to glial cells via an Ng-CAM mediated mechanism(Grumet and Edelman,

1986) confirms the idea that these neuronal cell adhesion molecules probably
participate in these phenomena.
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1.5.2. Structure of neural Ig-related CAMs

The chemical structureof N-CAMs has three striking features:
1. Similarity to Immunoglobulins.
2. Similarity to the cell binding region of fibronectin (FN type IM repeats).
3. A nervous system specific carbohydrate moiety. All known neural cell adhesion

molecules carry the HNK-1/L2 carbohydrate epitope. In case of N-CAM large
amounts of polysialic acid are associated with this molecule (Crossin et al., 1984;

Rothbardetal., 1982).
For N-CAM several different splice variants exist arising on the transcriptional

level. The major differences between the Polypeptides occur in their cytoplasmic
portion or in their way of attachment to the cellular membrane.Three of these N-

CAM variants, the so called large domain (Id), the small domain (sd) and the small

surface domain (ssd) variants are shown in figure. 15. The ssd isoform of N-CAM is

held in the membrane via a glycosyl phosphatidylinositol (GPI)-anchor (discussed
below). Enzymatic cleavage of this anchor releases the molecule into the

extracellularspace. The amino terminal membrane distal region of each molecule

is built up by tandemly arranged Ig-domains,followed by membrane proximal FN-

type III repeats. The three dimensional structures of several Ig-domains have been

determined by X-ray cristallography of antibodies, ß2-microglobulin and the

histocompatibilityantigen. In each case, the Polypeptide chains are arranged in ß-

barrel configuration, forming compact ellipsoid structures. In contrast, electron

microscopic studies indicate, that Ig-like domains of N-CAM are unpaired within the
molecule (Becker et al., 1989). This offers the possibility that the Ig-domains of a N-

CAM pair with similar corresponding domains of a N-CAM on an apposing cell,
thereby mediating the cell-cell contact.
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Figure 15. Structural features of some cell adhesion molecules related to N-CAM. The major forms

of N-CAM differ in their mode of attachment to the membrane and their size of cytoplasmic domains.

Immunoglobulin-like domains are represented by ovals (<®>) and fibronectin type III repeats by oben

rectangles (=j). The large stairstep (\) symbol denotesa phosphatidylinositol link to the membrane,

whereas the small symbol denotes other lipids. Arrowheads (7 ) on N-CAM indicate N-Iinked

Oligosaccharidesand open circles (9) polysialicacid. (modified from Edelman and Crossin, 1991).

In electron microscopy studies N-CAM reveales a hinged rod-shaped
structure (Becker et al., 1989) as in other members of the Ig-family, e.g. ICAM-1

(Staunton et al., 1990) and contactin/F11 (Vaughan et al., unpublished
observations, see Results). Both the flexible site and the rod-shaped structure are

considered importantfor binding between molecules, eg. on apposing cells (Becker
et al., 1989). For N-CAM , the amino terminal, Ig-like part of the molecule is the

homophilic binding site (Cunningham et al., 1983). A heparan sulfate proteoglycan
which binds to the 25 K amino-terminal domain of N-CAM (Cole et al., 1986) is

proposed to modulate N-CAM homophilic binding. An illustration of the proposed
homophilic binding mechanismof N-CAM is presented in figures 16 and 17.
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Figure 16. Structural model and homophilic binding of N-CAM. A. Three isoforms of NCAM are

depicted, the Id isoform (to the left), the sd isoform (in the center) and the ssd isoform which is linked

to the membrane via a lipid anchor (to the right). Ig-like domains are marked by a ovals ( ), the

homophilic binding region by dark ovals and the fibronectin type III region by dashed ovals ( ). Sites

of proteolytic cleavages that make Fr1 and Fr2 fragments are indicated. All forms have a flexible hinge

10 nm from the membrane and three attachment Sites for polysialic acid near the hinge (Becker et al.,

1989).
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Figure 17. Homophilic binding: N-CAM arrays on one cell interact with similar arrays on apposing

cells (from Edelman, 1989).

The general importance of the amino terminal Ig-like regions for the binding
abilities is undermined by the example of the nonneural intercellular adhesion

molecule 1 (ICAM-1; CD 54; Simmons et al, 1988; Staunton et al., 1988). ICAM-1 is

expressedon a variety of hematopoetic and non-hematopoetic cells and is partially
responsible for lymphocyte, monocyte and neutrophil adhesion to endothelial cells.

ICAM-1 is the counter receptor for two leukocyte integrins, the lymphocyte
associated antigen 1 (LFA-1, CD 11a/ CD 18) and Mac 1 (CD 11 b/ CD 18) ( for

review see Springer, 1990). Whereas LFA-1 binds to the first amino terminal Ig-
domain of ICAM-1, Mac 1 bindsto the third Ig-domain of ICAM. The latter interaction

is influenced by the extent of glycosylation of the ICAM-molecule. ICAM-1 mutants,
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which lack the carbohydrate sites in the third Ig-domain, show enhanced binding to

Mac 1 (Staunton et al, 1991).

1.5.3. Binding of Neural CAMs

The following are typical features of CAM-binding:
1. Homophilic CAM-bindina:Two different homophilic interactions are possible. A
CAM on one cell binds to the same CAM on an apposing cell (trans-binding)or a

CAM binds to the same CAM on the same cell (cis-binding). Homophilic binding
has been described for NgCAM (Grumetand Edelman, 1988), L1 (Lemmon et al,

1989) and mouse contactin F3 (Gennarini et al., 1991). In contrast, Axonin-1,
does not bind to itself (Kuhn et al., 1991).

2. Heterophilic binding of CAMs:The binding of axonin-1 to G4 (Kuhn et al., 1991)
and the binding of contactin/F11 to G4 (F. Rathjen, seminar Feb. 92) are

examples of heterophilic binding within the Ig-family. The co-purification of

contactin/F11 and the extracellularmatrix protein restrictin (Rathjen et al, 1991),
Supportsthe idea that members of the Ig-family are at least potential receptors for

ECM-components.The interaction between neurons and astrocytes which is

mediated through a heterophilic mechanism between Ng-CAM on the neuronal

surface and a yet unidentified ligand on the astrocyte surface relates to this

general concept (Grumetand Edelman, 1988).
3. Cation dependence: Homophilic binding between Ig-related cell adhesion

molecules is Ca2+-independent,whereas heterophilic binding can be Ca2+-

dependent. A Mg2+-dependent binding was described for the binding of the

(nonneural) Ig-like molecule ICAM-1 to its countereceptor, the integrin LFA-1

(Marlin and Springer, 1987; Staunton et al., 1990).
4. Prevalence modulation: Ig-like molecules are mobile in the membrane plane.

Modulation of binding rates is influenced by changes of the surface density of

CAMs. Physiochemical assaysthat depend on rate of aggregation indicate that a

twofold increase in surface density can result in a more than 30 fold increase in

binding rates (Hoffman and Edelman, 1983). Some members of the Ig-
superfamily are attached in the membrane plane via a lipid anchor

(glycosylphosphatidyl-inositol (GPI)-anchor,see below). Enzymaticcleavage of

this anchor leads to a release of the protein in the extracellularspace, thereby
regulating the number of CAMs on the surface.

5. Polaritv modulation: Recent studies report a polarized sorting of proteins which

are anchored in the membrane plane via a glycosyl phosphatidylinositol-anchor
(see below). The neuronal Ig-like receptor Thy-1 is exclusively incorporated in

the axonal surface of hippocampal neurons (Dotti et al., 1991). Studieswith
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N-CAM transfected epithelial cells strengthened the hypothesisthat isoformswith

alternativemodes of membrane association are targeted to different surfaces of

polarized cells. GPI-anchoredN-CAM (ssd N-CAM, see figure 15) is expressed
at the apical surface of epithelium whereas the transmembrane isoforms of N-

CAM, sd N-CAM and Id N-CAM, are expressed on the basolateral surface

(Powell et al., 1991).
6. Modulation throuah distinct cvtoskeletal attachment:There is some indication that

different cytoplasmic domains of CAMs couple to different cytoskeletal elements
(Jaffe et al., 1990). Whereas the cytoplasmicdomain of L-CAM (which does not

belong to the Ig-superfamily, Gallin et al., 1987) is linked to the actin filament-

cytoskeleton, the cytoplasmic domain of N-CAM is connected to microtubule

filaments. These distinct connections to the cytoskeletonpresumably influence

higher order functions of the cell, such as cell migration or cell sorting.
7. Modulation throuah alvcosvlation: In case of N-CAM, the Oligosaccharide2,8-

polysialic acid is attached to the fifth Ig-like domain (Rothbard et al., 1982). The

sugar moiety varies with different stages in development, but it does not

participate directly in the binding of the N-CAM molecule.Kadmon et al. (1990a)
have shown that the binding of N-CAM to L1 enhances L1-mediated homophilic
binding between cells. This functional Cooperation was termed "assisted

homophilic binding". This functional cooperativity between L1 and N-CAM was

abolished by the the removal of certain carbohydrates from the molecules.

Moreover it was suggestedthat it is the cis-interaction between L1 and N-CAM

which depends on the appropiate carbohydrate composition (Kadmon et al.,

1990b). In case ofthe nonneural Ig-like molecule ICAM-1 it has been shown,that

glycosylation can affect the binding to one of its ligands, the integrin Mac-1

(Diamond et al, 1991). Similar regulatory modifications are conceivable for

neuronal CAMs.

1.5.4. Contactin/F11/F3

Contactin/F11 is a cell adhesion molecule of the immunoglobulin-
superfamily and is here identified as neuronal receptor of tenascin. Contactin/F11

was originally isolated as 130 K component from chick brain neuronal surfaces by
its virtue to be associated with cytoskeletal elements (Ranscht et al., 1984),
respective, as membrane glycoprotein, which is involved in fasciculation of neurons

(Rathjen et al., 1987). The protein was independently characterisedthrough cDNA
sequencingby two different groups; it was published under the name contactin by
Ranscht (1988), and under the name F11 by Brümmendorf et al. (1989). Contactin

and F11 are identical (Statementgiven in the Discussion of this thesis; Zisch et al.,
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1992). Moreover, cDNA sequencing of F3, a neural cell surface glycoprotein of

mouse brain, revealed, that F3 is the mouse homologue of chick contactin/F11

(Gennarini et al., 1989). Interestingly, the original immunogen for preparing anti-F3

antibodies was a soluble molecule, which was shed or secreted by brain slices.

Contactin/F11/F3, shows all characteristics of a potential cell adhesion molecule

(Ranscht, 1988; Brümmendorf et al., 1989; Gennarini et al., 1989). As a matter of

fact, a lot more data are publishedabout F3, the mouse contactin/F11. Most of this

data are likely to be relevant for the chick homologue contactin/F11.

1.5.4.1. Domain Organisation of contactin/F11

The mature form of contactin/F11 consists of 990 amino acids including a

carboxy terminal hydrophobic Stretch compatible with the consensus motif for

covalent attachment of glycosyl-phosphatidyl inositol (GPI)-anchors (Ferguson et

al., 1988). Biochemical studies have confirmed that contactin/F11 (and F3) are

anchoredin the membrane via an GPI-anchor. Treatment of membranes containing
contactin/F11, respective F3, with phosphatidyl inositol specific lipase C, releases

the molecules into the extracellularspace (see Results; Brümmendorf et al., 1989;
Durbecet al., 1992).

DNA sequencing revealed that contactin/F11/F3 is a chimeric protein
consisting of two repetitive structural motifs (Ranscht, 1988; Brümmendorf et al.,
1989; Gennarini et al.,1989) and a model of contactin/F11 based on this analysis is

given in figure 18. Contactin/F11 contains six tandemlyarranged immunoglobulin-
like domains at the membrane distal part, followed by four fibronectin type III

homology domains at the membrane proximal part (Brümmendorf et al., 1989). The

Ig-like domains belong to the C2 subcategory of Ig-related domains (Williams and

Barclay, 1988) C2 domains fold like C-domains but show greater similarity to V-

domains (Williams, 1987) and have an average length of 93 amino acids.
The presence of characteristic tryptophan and tyrosine residues and

numerous conserved amino acids suggests, that the second motif found in

contactin/F11, belongs to the category of fibronectin type III related domains

(Komblihtt et al., 1985). The average length of a FN type III repeat is approximately
98 amino acids. An 8 aminoacid peptide RGPPGPPG is exactly at the border

between the Ig-like region and the fibronectin type III region of chick contactin/F11

(Brümmendorf et al., 1989). This collagen-like amino acid Stretch and its peculiar
location is completely conserved in F3 (Gennarini et al. 1989; Zueilig et al., 1992).

Contactin/F11 contains nine potential N-Iinked carbohydrate Sites (N-X-S/T).
These possible carbohydrate sites are distributed over the Ig-like region (7 sites)
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and the FN type III region (2 sites) and the positions of these sites are marked by
dashes in the model given in figure 18.

Contactin/F11/F3 show highest homology to the cell adhesion molecule

L1/G4/NgCAM, and this homology is far greater than to other members of the

immunoglobulin-superfamily, e.g. N-CAM and MAG. It seems reasonable to

consider L1, contactin/F11 and F3 a subgroupof neural cell surface proteins.

contactin /F11

N -T^rXXXJCJ^»«t»l -C

(^ Ig-like domain

IUI Fn-type lll-domain
-«V- coiiagen-likesequence

._ glycosylphosphatidylinositol(GPI)-anchor
| potential carbohydrate site

Figure 18. Model of contactin/F11 based on cDNA sequencing (Ranscht, 1988; Brümmendorf et

al., 1989).

1.5.4.2. Function and Distribution of Contactin/F11 and F3

A role for contactin/F11 in cellular communication is suggested by both its

structure and its immunohistochemical localisation on neuronal surfaces.

Antibodies against contactin/F11 have defasciculating properties and perturb the

elongation of neuntes on adjacent neurons (Chang et al., 1987). Along with other

related and colocalised cell adhesion molecules e.g. L1 and Neurofascin,

contactin/F11 is assumed to play a modulatory role in neurite outgrowth promotion,
axon fasciculationand neuronal guidance (Rathjen et al., 1987).

Studies of contactin/F11 distribution in developing and adult chick retina

show that contactin/F11 is associated with nerve fibers. Immunoreactivity is

concentrated in the inner and outer plexiform layer and optic nerve (Ranscht,1988).
Little, if any staining was found on neuronal cell bodies.

Using mouse cerebellar cortex as a model, the localisation of F3 during
neural developmentwas investigated by immunohistochemistry on the level of light
and electron microscopy (Faivre-Sarailh et al., 1992). F3 showed a complex
distribution pattern. Staining of F3 was restricted to neuronal subpopulations and
subcellular compartments.E.g. granule cells strongly express F3 as soon as they
begin to grow, and expression of F3 was stronger on growing fibers. The most
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intense staining was found on parallel fibers of 5 days old mouse cerebellum.The

expression of F3 appeared to be regulated, and the time and site of its expression
correlated with its proposed role as neurite growth promoting and guidance
molecule. In the case of granule cells, stainingwas restricted to the axon of the cell,
whereas in case of Golgi cells, axons, cell bodies and dendrites stained. This

indicates that granule neurons do have a mechanismto sort molecules into certain

subcellularcompartments (in this case the axon) whereas Golgi-cellsdo not.

F3 is present at synaptic sites and interestingly showsa polarized distribution

at these synaptic sites. F3 was either expressed presynaptically or postsynaptically
but it was never on pre- and. postsynaptic sites that were in contact. From this it was

inferred that F3 binds via a heterophilicmechanismto an as yet unknownligand on
the other side.

Homophilic binding of F3 was proposed from binding studies using
transfected CHO cells. Cells transfected with F3-cDNA showed enhanced

aggregation and formed larger aggregates compared to parental, nontransfected

cells. The homophilic interaction seems to be of low affinity and suggest that this

kind of interaction is involved in the initiation of adhesion between cells. Curiously,
the F3 transfected cells formed mixed aggregates also with nontransfected,

parental cells, indicating that there is an additional unknown ligand for F3

expressed by the parental cells (Gennarini et al., 1991).
Consistent with the role of F3 in promoting axonal growth and guidance,

sensory neurons respond to F3-expressing transfectants, used as Substrate, with

increased neurite outgrowth. This could be blocked by antibodies against F3

(Gennarini et al., 1991). A very recent study suggests that it is the soluble form of F3

which initiates the growth and extension of neuntes whereas the Substrate bound

form is inactive (Durbec et al., 1992).

1.6. The Glycosyl phosphatidylinositol-anchor(GPI-anchor)

The neuronal cell adhesion molecule contactin/F11 is a cell surface receptor
for tenascin. Contactin/F11 is anchored in the membrane via a lipid anchor

covalently attached to the protein by posttranslationalmodification in the lumen of

the endoplasmatic reticulum (ER) (Fig. 19) (for review see Udenfried et al., 1991;

Low, 1989).
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Figure 19. The synthesis of proteins linked to membranes by phosphatidylinositol anchors.

immediately after the completion of protein synthesis, the precursor protein remains anchored to the

endoplasmatic reticulum (ER) membrane only by a hydrophobic carboxyl-terminalsequence of about

15 to 30 aminoacids, with the rest of the protein in the ER lumen. Within less than a minute,an enzyme

in the ER cuts the protein free from its membrane-boundcarboxyl terminus while simultaneously

attaching the new carboxyl terminus to an amino group on a pre-assembled glycosyl-

phosphatidylinositol intermediate.Because of this covalentlylinked lipid anchor, the protein remains

membrane bound; all of its amino acids are exposed on the luminal side of the ER and will therefore

protrude on the cell exterior if the protein is transportedto the plasma membrane (from Aiberts et al.,

1989).

The result of this modification step is illustrated in figure 20.

In the CNS most of the recognition molecules with a GPI-anchor are

members of the Ig-superfamily (contactin/F11, F3, Tag-1, axonin-1, Thy-1, ssd N-

CAM; Walsh and Doherty, 1991). The following features characterize GPI-anchored

molecules (Robinson, 1991):
- GPI-anchoredmolecules are generated from transmembrane hydrophobic
precursors.

- they occur only in eukaryotic cells
- higher lateral mobility in the membrane plane compared to transmembrane

molecules
- selectivelysorted toward apical membranes in polarized cells

- transmembrane signalling through complex formation
- regulated release by GPI specific phospholipases
- actively excluded from coated pits
- low endocytoticrates
- auto or paracrine function of the glycan moiety.
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Figure 20. Structure of the GPI-anchor. The COOH-terminal amino acid of the protein is linked to

the ethanolamine residue which in turn is linked via a phosphodiester bond to a complex glycan and

the glycan is linked to a membrane-anchored phosphatidylinositol. The site of PI-PLC hydrolysis is

marked.

1.7. Aims of this study

The extracellular matrix glycoprotein tenascin (cytotactin) is abundant in

brain of developing chick (Erickson and Bourdon, 1989). Several studies

demonstratethat tenascin critically participates in the Organisation of the nervous

system, e.g. by mediating neuron-glia interactionsand promoting neurite outgrowth
(reviewed by Chiquet, 1989). However, little is known about molecular mechanisms

of effects on cell behaviour. At the start of this study, only one Single ligand of

tenascin in the neural system, the neuronal extracellular cytotactin-binding
chondroitin sulfate proteoglycan (Hoffman and Edelman, 1988) had been reported.

The goal of my study was to find cellular receptors of tenascin. For this

purpose I choose following approach:
- i) In order not to restrict myself to a specific cell type of chick brain I screened

detergent extracts of whole chick brain. Receptors were to be identified by their

ability to bind selectivelyto a tenascin-affinity column.
- ii) Identification and characterisation of the receptor(s) by NH2-terminal

sequencing. What type of molecule is and which cells do express this receptor?
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Comparison of the distribution of both tenascin and its receptor in neural tissue

by immunohistochemistry would give Information about possible functions of this

ligand pairing.
iii) The specificity of the binding between receptor and tenascin was to be

demonstratedwith solid phase assays.
iv) Tenascin is a multidomain protein with multifunctional properties. Moreover,
chick tenascin exists in at least three isoforms, generated through alternative

splicing. Of special interest was, which domain(s) were involved in receptor
binding, and if this was isoform specific. Previous studies had proposed the

fibronectintype III region of tenascin as candidate site for cell binding (Spring et

al., 1989) and neurite outgrowth promotion (Lochter et al., 1991). Serial

immunoaffinity chromatography permits the Separation of tenascin isoforms

(Kaplony et al., 1991). The latter is a well established procedure in our

laboratory,thus we were able to test the individual isoforms.

v) Localisation of the binding site for tenascin on the receptor molecule. Binding
studies with proteolytic fragments of the receptor would narrow down the binding
site for tenascin.
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2. Material and Methods

2.1. Antibodies

The mouse monoclonal IgG antibodies T16 and T17 against chicken tenascin

were described by Kaplony et al. (1991). The mouse monoclonalantibody 4D1 is

specific for contactin/F11 (Ranscht et al., 1984). Mouse monoclonal antibody JG22

against the ß-i-subunit of chick integrins (Greve and Gottlieb, 1982) was purchased
from the DevelopmentalStudies Hybridoma Bank, John Hopkins University School

of Medicine, Maryland. Hybridoma supematant,containing monoclonal antibody
8D9 against chick 8D9 antigen (Lemmon and McLoon, 1986) was a kind gift of Dr.

Rudolf Martini (ETH Zürich). MAb L2 against the L2/HNK-1 carbohydrate epitope
was generously donated by Dr. Melitta Schachner, ETH Zürich. Monoclonal

antibodies T16, T17, JG22 and 4D1 were purified from ascites fluid by affinity
chromatography on protein A-Sepharose CL 4B (Pharmacia, Uppsala, Sweden).
Monoclonal antibody affinity-columns were prepared by coupling of isolated IgG to

CNBr activated Sepharose 4B (Pharmacia) to a final concentrationof 2 mg IgG per
ml resin.

2.2. Production of polyclonal antibodies

Antisera against the ßi-subunit and the alpha 1 subunit of chick gizzard integrins
were raised in New Zealand White Rabbits by Standard protocols. For primary
immunisation about 30 pg of each subunit were mixed 1:1 with Freundes complete
adjuvans and injected subcutaneously. Secondary immunisations were performed
with the same amounts of protein emulsified in Freund's incomplete adjuvans at

day 14 after initial immunisation. Second boosts were made at day 35. The

reactivity and specificity of the antisera were tested in immunoblotsagainst chick

gizzard and chick brain detergent fractions. Significant antibody titers were

observed in both antisera after the first boost.

2.3. ECM Molecules

Chick embryonicfibroblast tenascin (CEF-Tn) was purified from conditioned

culture media of primary chicken embryo fibroblasts, grown in bulk cytodex
microcarrier cultures (Pharmacia, Uppsala, Sweden), by affinity chromatographyon
a T16-Sepharose column (Kaplony et al., 1991). The purity of the isolated tenascin

was judged by SDS-PAGE. For the preparation of the tenascin-Sepharose affinity
column, CEF-tenascin was coupled to CNBr activated Sepharose 4B (Pharmacia)
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to a final concentration of 5 mg/ml resin. Critical for the preparation of such an

affinity column was the isolation of tenascin in a concentrated, soluble form from

fibroblast conditionedmedium. Through the use of microcarrier cultures, a high cell

to volume ratio is obtained in the culture medium, of which batches of 10-20 I were

then concentrated ten fold by Ultrafiltration, using a Mr 100,000 cut-off, tangential
flow filter (Licagon, Tageiswangen, Switzerland). This medium concentrate was

then used for the affinity purification of tenascin on a mAb T16-column. 15 to 20 mg

CEF-Tn were isolated per batch. The purity was judged by 3 to 10 % SDS-PAGE

and the concentrationcalculated using a extinction coefficient of A28O 1%. 1 cm =

9.7 (Erickson and Bourdon, 1989). Four batches were used for a high capacity
CEF-Tn-column. Coupling of CEF-Tn to CNBr-activated Sepharose 4B was

performed according manufacturers Instructionson a stirring wheel for 2 hours with

CEF-Tn in 0.1 M NaHC03, 0.5 M NaCl, pH 8.3 as coupling Solution. The coupling
efficiency was determined by photometrically measuring uncoupled tenascin at 280

nm. Between 70 and 80%of tenascin were coupled.
Chick brain tenascin was purified from 17 days old chick embryos by

immunoaffinity chromatography. Typically, 100 g chick brain (from about 170 chick

embryos) was homogenized with a Polytron mixer (Kinematica AG, Luzern,

Switzerland) in 400 ml ice cold buffer containing 1 M NaCl in buffer containing 20

mM Tris, 1 mM CaCI2, 1 mM MgCI2, 1 mM phenylmethanesulfonyl fluoride (PMSF),
25 mM 6-aminocaproic acid, 4 ug/ml leupeptin, 4 ug/ml pepstatin, 0.02% 0.02%

NaN3, pH 7.5, and extracted overnight at 4°C. The extract was centrifuged for two

hours at 15 000g. The supematant was diluted with 4 volumes of buffer (20 mM
Tris, 1 mM CaCI2, 1 mM MgCI2, 1 mM phenylmethanesulfonyl fluoride (PMSF), 25

mM 6-aminocaproic acid, 4 ug/ml leupeptin, 4 pg/ml pepstatin, 0.02% 0.02%NaN3,
pH 7.5) and used as source of tenascin, while the pellet was used for the isolation

of putative tenascin receptors. The supematant was passed sequentially over a

gelatine-Sepharose 4B column (to remove fibronectin) and a T16-Sepharose
column. To remove unspecifically bound material, the T16 affinity column was

washed with 0.1 % Triton X-100, 0.5 M NaCl in buffer (20 mM Tris, 1 mM CaCI2, 1

mM MgCI2, 1 mM phenylmethanesulfonyl fluoride (PMSF), 25 mM 6-aminocaproic
acid, 4 ug/ml leupeptin, 4 pg/ml pepstatin, 0.02% 0.02% NaN3, pH 7.5) and

extensively washed with 0.15 M NaCl in the same buffer subsequently. Bound

material was eluted with 0.1 M triethylamine buffer, pH 11.5, containing 0.15 M

NaCl, 1 mM CaCI2, 1 mM MgCI2, 1 mM PMSF and 0.02% NaN3. Fractions were

immediately neutralized with 1 M Tris, pH 5.8, and analyzed on 3 to 10% SDS-

PAGE. The peak fractionswere frozen at -18°C. A typical yield was 4-5 mg tenascin

per 100 g chick brain.
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Isoforms of chick brain tenascin were isolated using serial immunoaffinity
chromatography (Kaplony et al., 1991). The supematant, prepared as described

above, was passed over a gelatine-Sepharose 4B column, then T17-Sepharose (to
retain tn 220) and finally T16-Sepharose (to retain the remaining isoforms). After

loading, the antibody columns were washed and eluted separately, as described

above. Purity was analysed with 3 to 10% SDS-PAGE.
Fibronectin was isolated from chicken blood according to Ruoslahti et al. (1982).

Affinity columns were prepared by coupling to CNBr activated Sepharose 4B to a

final concentration of 2 mg fibronectin/mlresin.
Mouse laminin was purchasedfrom Collaborative Research, Lexington, MA.

2.4. Affinity Chromatography

E17 chick brains were homogenized in 1 M NaCl in buffer (20 mM Tris, 2 mM

CaCI2, 2 mM MgCI2, 1 mM MnCI2, 2 mM PMSF, 25 mM 6-aminocaproic acid, 4

ug/ml leupeptin, 4 ug/ml pepstatin, 0.02% NaN3, pH 7.5 ), and extracted ovemight
at 4°C. The extract was centrifuged for two hours at 15 000g. The pellet was again
homogenized, but now in a 5 to 10-fold volume of buffer containing 150 mM ß-

octylglucoside (ßOG, SIGMA, Deisenhofen, Germany),150 mM NaCl, 20 mM Tris, 2
mM CaCI2, 2 mM MgCI2> 1 mM MnCI2, 2 mM PMSF, 25 mM 6-aminocaproic acid, 4

ug/ml leupeptin, 4 ug/ml pepstatin, 0.02% NaN3, pH 7.5and extracted overnight at

4°C. The extract was centrifuged at 100 000g for 1 h at 4°C; the supematantpassed
over a wheat germ agglutinin (WGA)-Sepharosecolumn (Pharmacia) and the

membrane-glycoprotein fraction eluted with 10% (w/v) N-acetyl-D-glucosamine,30
mM ßOG and 50 mM NaCl, 20 mM Tris, 2 mM CaCI2, 2 mM MgCI2, 1 mM MnCI2, 2

mM PMSF, 25 mM 6-aminocaproic acid, 4 pg/ml leupeptin, 4 pg/ml pepstatin,
0.02% NaN3, pH 7.5. This fraction was first passed over a Sepharose 4B pre-
column (Pharmacia) and then over tenascin-Sepharose 4B. The columns were

washedextensively with 30 mM ßOG, 50 mM NaCl, 20 mM Tris, 2 mM CaCI2, 2 mM

MgCI2> 1 mM MnCI2, 2 mM PMSF, 25 mM 6-aminocaproic acid, 4 pg/ml leupeptin, 4
ug/ml pepstatin, 0.02% NaN3, pH 7.5, and then eluted with a NaCI-gradient (0.05-
0.4 M NaCl, 30 mM ßOG, 20 mM Tris, 2 mM CaCI2, 2 mM MgCI2, 1 mM MnCI2, 2

mM PMSF, 25 mM 6-aminocaproic acid, 4 ug/ml leupeptin, 4 ug/ml pepstatin,
0.02% NaN3, pH 7.5). Aliquots of the eluate from the tenascin-column were

precipitated with 30% trichloroaceticacid, run in a SDS-PAGE 5-10% gradient-gel
under nonreducing conditions and either fixed and silver stained or blotted onto a

polyvinylidene difluoride (PVDF)-membrane(Immobilon, Millipore Corp., Bedford,

MA).
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Affinity chromatography with fragments of contactin/F11 was done as follows:

125l-labelledfragments of contactin/F11 were added to binding buffer (20 mM Tris,
50 mM NaCl, 2 mM CaCI2, 2 mM MgCI2> 0.02% NaN3, pH 7.5), and applied to a

Sepharose-4B pre-column followed by a tenascin-Sepharosecolumn in series.

After loading, the columns were disconnected and extensively washed with binding
buffer; the columns were subsequently eluted with 0.5 M NaCl, 2 mM CaCI2, 2 mM

MgCI2, 20 mM Tris, 0.02 % Triton X-100, 1 mM PMSF, pH 7.5, then with 10 mM

EDTA,20 mM Tris, 0.02 % Triton X-100,1 mM PMSF, pH 7.5, and finally with 1.5 M

NaCl, 20 mM Tris, 0.02 % Triton X-100, 1 mM PMSF, pH 7.5. Fractions were

collected and radioactivity determined. As control, the same procedure was carried

out on a fibronectin-Sepharose4B column. Aliquots of each fraction were analysed
by autoradiography after 8-15% SDS-PAGE.

2.5. Immunopurification of contactinlFH

Contactin/F11 was isolated from either detergent-containing or detergent-free E

17 chick brain extracts by lectin- and immunoaffinitychromatography(see figure
21). Immunopurified contactin/F11 from detergent free extracts was termed
"soluble" contactin/F11, contactin/F11 derived from detergent extracts "membrane
bound"contactin/F11.

Detergent-free chick brain extract was prepared as described above (see section

2.3.) tenascin. Both the supematant and the pellet were used as source of

contactin/F11. For the isolation of detergent-free contactin/F11, the supematantwas
diluted with 4 volumes of buffer containing 20 mM Tris, 1 mM CaCI2,1 mM MgCI2,1
mM phenylmethanesulfonylfluoride, 25 mM 6-aminocaproic acid, 4 pg/ml
leupeptin, 4 pg/ml pepstatin, 0.02% 0.02%NaN3, pH 7.5, and passed over a WGA-

Sepharose column or ConcanavalinA-Sepharose (Con A, Pharmacia, Uppsala,
Sweden)-column. Glycoprotein fractions were eluted with either 10% N-acetyl-D-
glucosamine (in case of the WGA-column)or 0.1 M a-methyl-mannoside(in case of

the Con A-column) in buffercontaining 20 mM Tris, 0.2 M NaCl, 1 mM CaCI2, 1 mM

PMSF, pH 7.5. The eluate was then loaded onto the mAb 4D1-column. Bound

material was eluted with 0.1 M triethylamine buffer, pH 11.5, with 0.15 M NaCl, 1

mM PMSF. Fractions were neutralized immediately by addition of 1 M Tris buffer,

pH 5.8.
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1 M NaCl extract of brain of 17 day old chick embryos
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Figure 21. Immunopurification of contactin/F11 from E17 chick brain.

Detergent extracts of contactin/F11: the pellet was extracted ovemight of with

150 mM ß-octylglucoside, 0.2 M NaCl, 20 mM Tris, 1 mM CaCI2, 1 mM MgCI2, 1 mM

phenylmethanesulfonyl fluoride, 25 mM 6-aminocaproic acid, 4 pg/ml leupeptin, 4

ug/ml pepstatin, 0.02% 0.0.2% NaN3, pH 7.5, at 4°C. The extract was centrifuged at

100 000g for 1 h at 4°C and the supematant passed eitherover a WGA-Sepharose
or Con A-Sepharose.Membrane-glycoprotein fractions were eluted with 10% (w/v)
N-acetyl-D-glucosamine respective 0.1 M a-metyl-mannosidein buffer containing
30 mM ßOG, 20 mM Tris, 0.2 M NaCl, 1 mM CaCI2, 1 mM PMSF, pH 7.5. The eluate

was applied onto the mAb 4D1 column. After extensive washing with 30 mM ßOG,

20 mM Tris, 0.2 M NaCl, 1 mM CaCI2, 1 mM PMSF, pH 7.5, bound material was

eluted with 0.1 M triethylamine buffer, pH 11.5, with 30 mM ßOG, 0.15 M NaCl, 1

mM PMSF. Fractions were neutralized immediately by addition of 1 M Tris buffer,

pH 5.8.



41

2.6. Radiolabelling of proteins

Proteins were radiolabelled with 125-iodine (Amersham, England) by use of the

Enzymobead method (Biorad, Richmond, CA, USA), following the manufacturers

Instructions. Briefly, 25 pl (ca. 0.5 ug immunopurified contactin/F11, eluted from the

mAb 4D1 immuno affinity column in bufferwithout NaN3) were mixed with 25 pl 2%
a-D sucrose, 1 mCi Na125l in 20 pl buffer containing 20 mM Tris, 1 mM PMSF, pH
7.5; T = 4°C) and 50 ml pl enzymobeadsin the same buffer. The reaction was left

for 25 min at room temperature.Unreacted 125-iodine was removed by gel filtration

using either Sephadex G15 or SephadexG25 (Pharmacia, Uppsala) gel filtration

columns. Eluted fractions were analysed by autoradiography after SDS-PAGE.

2.7. Fragmentation of contactin/F11

Collagenase(EC 3.4.24.3, SERVA) was added to a final concentration of 0.6

units/ml to 300 pg immunopurified soluble contactin/F11 in 20 mM Tris, 150 mM

NaCl, 10 mM CaCI2, 1 mM PMSF, pH 7.4 , incubated 4h at 37°C and stopped by
addition of EDTA. The contactin/F11 fragments were immediately freed of

collagenase by binding to a WGA-column.Fragments were eluted from this column

with 10% N-acetylglucosamine in 20 mM Tris, 150 mM NaCl, 0.02% Triton X-100, 1

mM PMSF, pH 7.5. Aliquots were analyzed by silver staining or by autoradiography
after labelling with 125-iodine (see above) on 5 to 15%SDS-polyacrylamide
gradient gels.

2.8. Solid Phase Assay

Removable96-well microtitre plates (Nunc; Maxi Sorp) were coated with 20 p,g

protein/ml in buffercontaining 20 mM Tris, 50 mM NaCl, 2 mM CaCI2, 2 mM MgCI2,
0.02% NaN3,pH 7.5, in a 100 pl volume per well and incubated overnight at 24°C.

Negative controls receivedthe same treatmentwith 0.1% heat-denatured (hd) BSA
in 20 mM Tris, 50 mM NaCl, 2 mM CaCI2, 2 mM MgCI2, 0.02% NaNß, pH 7.5. After

incubation, the wells were washed three times with washing buffer containing
0.02%Tween 20, 20 mM Tris, 50 mM NaCl, 0.02% NaN3, pH 7.5, and unoccupied
binding sites blocked by addition of 0.2 ml of 0.1% hd BSA in 20 mM Tris, 50 mM

NaCl, 2 mM CaCI2, 2 mM MgCI2, 0.02% NaNß, pH 7.5, for 2 hours at 24°C. After

blocking, wells were washedthree times with 0.02%Tween 20, 20 mM Tris, 50 mM
NaCl, 0.02% NaN3, pH 7.5. To allow complete Saturation with Ca2+/ Mg2+, wells

were again incubated with buffer 20 mM Tris, 50 mM NaCl, 2 mM CaCI2, 2 mM

MgCI2, 0.02% NaN3, pH 7.5, for 30 minutes at 24°C. Then constantamounts
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(100 000 cpm) of 125l-labelled contactin/F11 in binding-buffer (0.02% Triton X-100,
20 mM Tris, 50 mM NaCl, 2 mM CaCI2, 2 mM MgCI2, 0.02% NaNß, pH 7.5) were

added and wells incubated for 2 hours at 37°C. In our Standard assay conditions,
the salt concentration of the binding buffer was 50 mM NaCl, however similar

results were obtained at 150 mM NaCl. For inhibition studies, 125l-labelled
contactin/F11 was incubated in a 100 pl volume of different dilutions of tenascin,

fibronectin, contactin/F11, and BSA in binding buffer. After incubation, the wells

were washed four times with 0.2 ml of 0.02%Tween 20, 20 mM Tris, 50 mM NaCl,
0.02% NaNß, pH 7.5, and counted. Specific binding was determined as total minus

nonspecific binding. Nonspecificbinding was determined on BSA. Binding of 12^l-
labelled contactin/F11 to immobilized tenascin in the absence of competingsoluble
proteins was taken as 100%. In some cases bound radiolabel was extracted with

sample buffer for SDS-PAGE, run on a 5-10% SDS-PAGE gradient gel and

autoradiographed.

2.9. Reparation of synaptosomal membranes

Synaptosomal membranes were prepared according to the protocol by
Yoshihara et al. (1991). Brains of 12 day or 17 day old embryonicchick embryos
were removed,cut in pieces and immersed in ice-cold 0.32 M sucrose containing 5

mM Tris, 1 mM EGTA, 1 mM PMSF, 5ug/ml leupeptin,5uglml pepstatin, pH 7.5. The

tissue was homogenized in 10 volumes of 5 mM Tris, 1 mM EGTA, 1 mM PMSF,

5pg/ml leupeptin, 5pglml pepstatin, pH 7.5, with a Teflon-glass homogenizerand
centrifuged at 1000 g for 10 min. The resulting supematantwas centrifuged at

10 000 g for 20 min (Sorvall, SS 34). The pellet (crude synaptosomalfraction) was
lysed in 10 mM Tris-buffer, pH 7.5 containing the enzyme inhibitors listed above

(buffer B). After centrifugation at 30 000 g for 20 min, synaptosomal membranes
were suspended in 10 mM Tris-buffer, pH 7.5 plus enzyme inhibitors, preincubated
at 37°C for 30 min and then recentrifuged. This washing procedure was repeated
three times to remove materials spontaneously released from the membranes.

These membranes were furthertreated with PI-PLC, as described below.

2.10. PI-PLC treatment of chick brain synaptosomalmembranes

In the Standard experiment, 20 mg of moist membranes prepared as above

(section 2.9.) were incubated in the presence or absence of 0.2 units of

phosphatidyl inositol specific phospholipase C (PI-PLC) from Bacillus thuringiensis
(Boehringer-Mannheim, Germany) in 200 pl Tris-buffer(10 mM Tris, 1 mM PMSF, 5

ug/ml leupeptin, 5pg/ml pepstatin, pH 7.5). Further control incubations were done in
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the presence of PI-PLC plus 4 mM ZnCI2 (a PI-PLC inhibitor). After incubation at

37°C for 30 min, the soluble and the particulate fraction were separated by
ultracentrifugation at 100 000 g for 10 min (Beckmann TI-100 ultracentrifuge).
Aliquots of the soluble fractionswere analysed by SDS-PAGE and silver staining or

immunoblotting.

2. 11. Immunopurificationof chick ßi-integrins

Chick ßi-integrins were isolated fom detergent glycoprotein fractions from

gizzard or brain of 17 day old chick embryos by conventional lectin affinity
chromatographyon WGA-Sepharose,followed by immuno affinity chromatography
on mAb-JG22-Sepharose.For the preparation of a WGA-binding membrane
glycoprotein fraction, see section 2.5., the membrane glycoprotein fraction was

applied to the mAb JG22-Sepharose column. The column was washed with 5

volumes of buffer containing 30 mM ß-octylglucoside, 20 mM Tris, 0.15 M NaCl, 1

mM CaCI2, 1 mM PMSF, 0.02%NaN3, pH 7.5. Bound integrins were eluted with 0.1

M triethylamine, 30 mM ß-octylglucoside, 1 mM PMSF, 0.02% NaN3, pH 11.5.

Fractions, eluting with pH higher than 8, were immediately neutralized by addition

of 1 M Tris, pH 5.8. Purity and quantity of protein was judged by SDS-PAGE and

silver stain.

2.12. Electroelution of proteins

Proteins were separated by SDS-PAGE, and stained with Coomassie blue.

Bands were cut out with a scalpel and proteins were electroeluted from gel slices

by use of Model 422 electroeluter(Biorad) following the manufacturers Instructions.

Elution took place at room temperature for 3 to 5 hours at constant current (10 mA

pertube) and using following buffer: 0.025 Tris, 0.192 M glycin, 0.1% SDS, pH .8.3.

Aliquots of the eluate were run in 5 to 10% SDS-polyacrylamide gradient gels and

silver stained.

2.13. Digestion of ßi-integrins with endoglycosidase F (Endo F)

Immunopurified ßi-integrins of 17 day old chick embryos were digested with

Endo F in the following way: SDS and EDTA were added from stock Solutions to a

final concentration of 0.1% SDS and 25 mM EDTAto 100 pl of a ßi integrin fraction,
eluted from the mAb JG22 column; the pH was adjusted to 7.6. The sample was

boiled for 1 min, and after cooling, incubated with 0.1 unit Endo F (New England
Nuclear, Dreireich, Germany) ovemight at 37°C. The digestion was stopped by
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boiling and the result was visualized by silver staining after SDS-PAGE under

nonreducing conditions.

2.14. Gel Electrophoresis, Immunoblotting, N-terminal sequencing

SDS-PAGE was carried according to Laemmli (1970). Gels were stained with

silver (Nielsen and Brown, 1984). Unless otherways stated, samples were run in 5

to 10 % SDS-PAGE. Immunoblotting:after electrophoresis in SDS-PAGE,proteins
were transferred to nitrocellulose(BA 85, Schleicherand Schüll, Dassel, D), using
a semidry blotting Chamber system (Sartorius, Göttingen, D) following
manufacturers Instructions. Briefly, the gel was laid onto three sheets of filter paper,
soaked with cathodic buffer (25 mM Tris/HCI, 40 mM e-capronic acid, pH 9, 4, 20%

(v/v) methanol) and finally with another two sheets of filter paper, soaked with

anodic buffer I (300 mM Tris/Hcl, pH 10, 4, 20 % (v/v) methanol) and one filterpaper
soaked with anodic buffer II (25 mM Tris/HCL, pH 10, 4, 20 % (v/v) methanol).
Electrotransferwas at 0.5-1 A for 30 min.

The nitrocellulose was incubated with monoclonal antibodies or polyclonal
antibodies, and then with alkaline Phosphataseconjugated goat anti-mouse IgG or

goat anti rabbit IgG (Tago Inc., Burlingame, USA). Staining was with 5-bromo-4-

chloro-3-indonyl-phosphateand nitrobluetetrazolium (Sigma, St. Louis, USA).
For NH2-terminal sequencing, proteins were separated by SDS-PAGE and

blotted onto a PVDF-membrane (Immobilon, Millipore Corp., Bedford, MA).
Ponceau S (SERVA, D) stained bands were cut out and sequenced with an Applied
Biosystems 470 A sequencerand a 120 A phenylthiohydantoin-derivative analyzer.

2. 15. Electron Microscopy

Immunopurified soluble contactin/F11 was dialysed against 0.2 M ammonium

bicarbonate, (BDH, Poole, England). Aliquots were mixed 1:1 (v/v) with glycerol and
immediately sprayed on freshly cleaved mica. After drying under vacuum of

approximately 10-7 Torr in a freeze fracture unit (Balzer AG, Liechtenstein)
ovemight, the protein was rotary shadowed at an angle of 7° with 600 Hertz

platinum/Carbon.A supportingfilm of carbon was added from an angle of 90°. The

replicas were floated onto water and picked up on 400 mesh copper grids. The

preparationswere analyzed in a H-600 transmission microscope (Hitachi, Tokyo,
Japan).
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2.16. Other materials

Fertilised eggs were from Gallipor AG (Waldkirch, Switzerland).
All other chemicals employed were of analyticalgrade and purchased from Fluka

(Buchs, Switzerland), Merck (Darmstadt,Germany), Sigma (St. Louis, USA), Sigma
(Deisenhofen,Germany) and SERVA (Heidelberg, Germany).
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3. Results

3.1. Contactin/F11 is a neuronalreceptor of tenascin

3.1.1. The embryonicchick brain as potentialsource oftenascin receptors

The abundance of tenascin in brain of 17 day old chick embryos (Prieto et al.,
1990; Kaplony, 1991; Bartsch et al., 1992) gave rise to the assumption that

tenascin-receptors may be expressed in similar, perhaps coordinated fashion.

Tenascin is appearently highly concentrated in the extracellularSpace of embryonic
chicken. In routine preparations, we recover 4 to 5 mg immunopurified tenascin

from 100 g of E17 chick brain. Since the brain extracellular space of embryonic
chick is 1 to 10% of the total brain volume (Erickson and Lightner, 1988), the

concentration of tenascin in E17 chick brain must be in the ränge of 0.4 to 5 mg/ml.
Moreover, tenascin was demonstratedto be critically involved in layer formation of

developing chick cerebellum (which is according to Prieto et al. (1990) the major
source of tenascin) at day 17 of embryonicdevelopment (Chuong et al., 1987).
Previous studies indicated, that the two major cell types of brain, glial cells and

neurons, both interact with tenascin (Friedlander et al., 1987; Nörenberg et al.,

1992). The lack of data on membrane receptors for tenascin at least on the neural

level led me to search for putative receptors of tenascin by affinity chromatography
on a tenascin-column. In order not to restrict myself to a certain cell type and to

cover the füll ränge of possible cell surface receptors, I used detergent extracts of

whole chick brain. Methods in protein chemistry (e.g. NH2- terminal sequencing)
and immunological methods are well established in our laboratory, making the

identification of ligands selectivelyretained on tenascinaffinity columns possible.

3.1.2. Affinity chromatography: a NaCI-gradient elutes a Mr 135K bandfrom

the tenascin-column

The general scheme of the affinity purification procedure is given in figure 22.

Brains of 17 day old chick embryos served as the source for both the isolation of

membrane proteins (Fig. 22, left side) and of chick brain tenascin (Fig. 22, right
side).
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Figure 22. Protocol for the isolation of membrane glycoproteins, soluble glycoproteins and the

extracellular matrix molecules tenascin and fibronectin from brains of 17 day old chick embryos.

To exclude extracellular matrix (ECM)- and cytoplasmic proteins from our

receptor preparations, brains were homogenized and extracted in detergent-free
buffer, containing 1 M NaCl. This removes most, if not all, tenascin from the tissue,

indicating this extraction to be highly efficient for ECM components. Insoluble

proteins were collected by centrifugationand the membrane-richpellet extracted in

detergent (150 mM ß-octylglucoside)-containingbuffer. Detergent solubilized

proteins were used as a crude membrane fraction and enriched for membrane

glycoproteins through lectin-affinity chromatography on wheat germ agglutinin
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WGA)-Sepharose (Fig. 23, lane 1). To isolate putative tenascin receptors in this

fraction, the WGA-binding membrane glycoproteins were passed over a tenascin-

Sepharose affinity-column. As interactions between ECM-moleculesand their

cellular receptors are generally of low affinity, the affinity chromatography
conditions were as follows: Firstly, a tenascin-affinity column of extra high capacity
was prepared. In total, more than 50 mg chick embryo fibroblast (CEF)-tenascin
were coupled to 10 ml CNBr-activated Sepharose 4B. Secondly, membrane

glycoproteins were applied to the tenascin-column under mild loading conditions,
i.e. a low salt concentration of 50 mM NaCl in the loading buffer. Non-specific
binding was eliminated by passing the WGA-binding glycoproteins through a

Sepharose 4B pre-column prior to the tenascin-column, however no proteins
bound to this pre-column.The major ligand in chick brain detergent extracts

retained on the tenascin-column, was eluted with a NaCI-gradient (0.05-0.4 M

NaCl) between 0.2 to 0.25 M NaCl and migrated as a protein of Mr 135 K on SDS-

PAGE (Fig. 23, lane 2).
1 2

Mr/K f
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Figure 23. Affinity chromatographyon tenascin-Sepharose. By means of a NaCl- gradient, a protein
of Mr135 K is eluted as the main cellularligand of tenascin in a membrane glycoprotein fraction derived

from detergent extracts of E 17 chick embryonicbrain. Fractionswere analyzed after SDS-PAGE on

gradient gels by silver staining. Lane 1, membrane glycoprotein fraction from day 17 (E17) chicken

embryonicbrain prior to affinity purificationon tenascin-Sepharose. Lane 2, fraction eluted with a NaCI-

gradient from the tenascin-column.

None of the known tenascin-binding proteins in brain such as the cytotactin-
binding proteoglycan (Hoffman and Edelman, 1987) or restrictin (Rathjen et al.,
1991; Nörenberg et al., 1992) were detected in this fraction. As both the cytotactin-
binding proteoglycan and restrictin are ECM proteins and can be extracted without

detergents (Hoffman and Edelman, 1987; Rathjen et al., 1991), it seems likely that

they were solubilized along with tenascin in the 1 M NaCl extract and were
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therefore absent from the membrane preparation applied to the tenascin affinity
column.

3.1.3. Identification of the Mr 135 K protein as contactin/F11 by NH2-
terminal sequencing

Fractions of the NaCI-eluate of the tenascin-column were pooled,
concentrated through precipitation with 30% TCA on ice for 30 minutes and

centrifuged. Pellets were washed twice with acetone, dried and resuspended in

SDS-sample buffer. For NH2-terminal characterisation, the sample was run on 5-

10% SDS-PAGE, electrotransferred to PVDF-membraneand finally stained with

Ponceau S (see Fig. 24, lanes 2, 3 and 4 ). The Mr 135 K band was cut out and

sequenced through its NH2-terminus. It was thus identified as contactin/F11

(Ranscht et al., 1988; Brümmendorf et al., 1989) and has the following sequence:
XHFSEEGNKGYGPVFEEQ(Single letter code, X Stands for a nonidentified amino

acid). Contactin/F11 is exclusively found on neuronal surfaces and belongs to the

immunoglobulin-superfamilyof cell adhesion molecules (see section 1.5.4.).

Ponceau S-stainmg

12 3 4

•135K

Figure 24. Identification of the Mr 135 K band as contactin/F11 by NH2-terminal sequencing

through sequence blotting. Ponceau S staining of electrotransferredmaterial. The eluate of the

tenascin column (lanes 2, 3, 4) was run on SDS-PAGE, electrotransferred to a PVDF-membrane,and

stained with Ponceau S. The prominent band at Mr 135 K was cut out and subjected to NH2-terminal

sequencing and residues 2-18 identical to the neuronal cell adhesion molecule contactin/F11.Lane

1, membrane glycoproteinfraction,applied to the affinity chromatographyapproach.
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3.1.4. Binding of contactin/F11 to the tenascin-column is efficient

Depletionof contactin/F11in the flow-throughofthe tenascin-Sepharosecolumn
gave further indication for the specificity of this interaction. In silver stainedgels of

the membrane glycoprotein fraction (Fig. 25 A, lane 1), applied to the tenascin-

column, a broad band of Mr 135 K is dominant. Its intensity is diminished in the flow-

through of the tenascin column (Fig. 25 A, lanei?), although contactin/F11 can no

longer be detected immunologically, suggesting that other proteins of similar

molecular weight contribute to this band. This can be seen in figure 25 B, where

aliquots from the flow-throughsof three independent experiments were tested with

the contactin/F11 specificmAb 4D1 (Ranscht et al., 1984) after immunoblotting and
Separation on SDS-PAGE. In each of the first two experiments,the complete eluate

from a 20 ml WGA-Sepharose column (as source of membrane glycoproteins) was
applied to the tenascin-Sepharose (Fig. 25 B, lanes 1 and 2). In the third, two such

eluates were combined before loading onto the tenascin-column. Contactin/F11
was completely removed from both WGA-eluates, however, not all contactin/F11
was removed when a double amount was loaded onto the tenascincolumn (lane 3
of figure 25 B). This results shows, that without exceeding the capacity of the

tenascin-column, contactin/F11 is efficiently and selectively removed from the

complex mixture of membrane glycoproteins.
A 1 2 3 B 1 2 3

Mr/K •'
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Figure 25rMFnTfy^"ch7omatography on tenascin-Sepharose.{AfChlck brain (E17) membrane

glycoproteineluate from WGA-Sepharose, prior loading onto the tenascin-column (lane 1), and in the

flow-through after the tenascin-column (lane 2), run on SDS-PAGE and detected by silver staining.
The prominent band in the eluate of the tenascin-column (lane 3), identified as contactin/F11,

contributesto the broad band at 135 K. (ß) Binding of contactin/F11 to the tenascin-column was

efficient (see text). In immunostaining contactin/F11is absent in the first two experiments (lanes 1 and

2), but with twice the amount loaded,the flow-throughnow contained some contactin/F11 (lane 3).
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The specific binding of contactin/F11 to the tenascin column is also

demonstrated in immunoblots presented in figure 26: both the membrane

glycoprotein fraction (O for original) used in affinity chromatographyapproach and
the NaCI-eluate (E for eluate) of the tenascin column were tested in immunoblots
for distinct cell adhesion molecules. The relative amounts of protein applied to the

tenascin-column can be estimated from the immunoblot presented in figure 26.

Immunodetection: affinity purified polyclonal antibodies against the ßi-subunit of

chick integrin; mAb 8D9 (Lemmon and McLoon, 1986) against chick L1/Ng-CAM;
and mAb 4D1 (Ranscht et al., 1988) against chick contactin/F11. ßi-integrins, Ng-
CAM and contactin/F11 were all present in the loaded membrane fraction in

considerable amounts. However, no ßrintegrin and only minute amounts of Ng-
CAM in contrast to the massive amount of contactin/F11 were found in the eluate.

The small amounts of Ng-CAM in the eluate may be secondary binding of

contactin/F11 to NgCAM, an interaction, recently proposed by F. Rathjen in a

seminar in Zürich (Feb. 1992).
ßj Ng-CAM Cont/F11

O E O E O E

AA:." "--. Mr/K
1—180
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Figure 26. Immunoblot. Test of the the membrane glycoprotein fraction used in the affinity
chromatography approach (0 for original) and the eluate of the tenascin column (E for eluate) for

different proteins. Following antibodieswere used. Affinity purified polyclonal antibodies against the

ßl-subunit of chick integrins; mAb 8D9 againstchick Ng-CAM; mAb 4D1 against contactin/F11.For

visualization, an alkaline Phosphatase conjugated secondary antibody was used. The membrane

glycoproteinfraction contains considerable amounts of all three proteins. No ß-|-integrin and minute

amounts of Ng-CAMbe found in the eluate, whereas contactin/F11 stained strongly.

3.1.5. Immunopurification and radiolabelling of contactinlFH

For direct comparison of the binding between contactin/F11 and tenascin
and contactin/F11 and other Substrates, we developeda solid phase binding assay

( see sections 3.5. - 3.7). This assay made use of immunopurified, radiolabelled
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contactin/F11 (see figure 27 and 28). Contactin/F11 exists both in a membrane

bound and secreted form (Stoeckli et al., 1991). Estimation by immunoblotrevealed

that up to two third of the molecule moiety was recovered in its soluble form by use

of 1 M NaCl containing, detergent free buffers (data not shown). Due to the GPI-

anchoring of contactin/F11 in the membrane plane, part of the membrane bound

form may have been coextractedwith the soluble form. Contactin/F11 constitutes a
considerablepart of the glycoprotein fractions from chromatographyon wheat germ

agglutinin (WGA)-Sepharose and concanavalin A (Con A)-Sepharose. As can be

seen in figure 27, right side, immuno-isolates from Con A-derived glycoprotein
fractions, contained an additional low molecular weight form of contactin/F11. The

difference in weight is probably due to the extent of glycosylation, the lower

molecular weight form perhaps representing an incompletely processed form of

contactin/F11. A similar Observation was made in the case of the ßi-subunit of

immunopurified integrins, and in this case I could prove by means of Endo F-

digestion that the difference was due to the extent of glycosylation (Zisch,
unpublished observations).
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Figure 27. Elution profiles of the immunopurification of contactin/F11 from chick brain soluble

glycoprotein fractions by means of mAb 4D1-Sepharose. Glycoproteins (left lanes of each gel),
derived from WGA-Sepharose or Con A-Sepharosewere applied to mAb 4D1-Sepharose and bound

contactin/F1l was eluted with either detergent free or detergent containing triethylamine buffer, pH
11.5. The purity of the immunoisolates were judged by silver staining after SDS-PAGE.
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Fig. 28 is the autoradiograph of iodinated contactin/F11. Aliquots of each

fraction were counted before and after precipitation with 30% trichloroaceticacid,

showing that in the first fractions from the gel filtration column, more than 90% of

radiolabel was protein bound. These fractions were used in solid phase binding
assays.

125l-con/F11—

front —

Figure 28. Autoradiography of 125l-radiolabelled, immunopurified contactin/F11. Unreacted (free)
125-iodine was removed by gel filtration on Sephadex G15. Fractions from the gel filtration column

were subjected to SDS-PAGE and autoradiographed. Free iodine runs in the front.

3.1.6. Electron microscopy on contactin/F11

Rotary shadowing electron microscopy of macromoleculesis a well established

method. To get an idea what contactin/F11 looks like, we used immunopurified
contactin for electron microscopy. One aim of the visualisationwas, if this method

allowed to distinguish between the Ig-like region and the fibronectintype III region
of the chimeric contactin/F11. Molecules were sprayed onto mica Chips and

shadowed with platinum/carbon(see Methods). Electron micrographs show a higly
flexible, rod shaped molecule with a characteristic hinge that separates the

molecule into a shorter arm and a longer arm. Most of the molecules were

monomers, indicating that homophilic binding is of low affinity or disrupted by
spraying. Contactin/F11 in these electron micrographs has features also observed

with other cell adhesion molecules of the immunoglobulin-superfamily,e.g. N-CAM
(Becker ert al., 1989; ICAM-1, Staunton et al., 1990). A comparison of this result is

left for the Discussion.
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F/gure 29. Rotary shadowing electron micrographs of immunopurifiedcontactin/F11, taken by

LLoyd Vaughan. Most characteristic is the flexible kink in the molecule.

3.7.7. Binding of contactin/F11 to immobilized tenascin

To determine directly the binding specificity between contactin/F11 and tenascin,

we used a solid-phase assay on different substrate-bound molecules, including
immunopurified contactin/F11. Binding studies were carried out using 125l-labelled

immunopurified contactin/F11 (Fig. 28). Coated wells were incubated with 125l-

labelled contactin/F11 for two hours at 37°C, washed and bound radioactivity
measured.The absolute amount of bound radioactivity varied between assays, but

the ratio of binding between contactin/F11 and various Substrates remained

constant. As a consequence,the binding values for contactin/F11 are expressed as

100% relative to tenascin with the binding to the negative control, BSA, set as 0%.

In comparison, five times more contactin/F11 binds to wells coated with the

contactin/F11 specific monoclonal antibody 4D1 than to tenascin, reflecting the

value for a high affinity binding and the maximum possible in this assay. Assuming
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tenascin and IgG (4D1) coat with similarefficiencies, and that each possessesone

binding site per monomerof Mr 190 K and Mr75 K respectively,then the binding of

contactin/F11 per mole of coated substratum compares very favourably. Values

were the mean of at least triplicate determinations and their Standard deviations

were less than 10%, apart for that of binding to laminin which was 14%. The

differences of the means were compared statisticallyusing Student's t-test.

The result of the assay is given in figure 30. Binding of 125l-labelled

contactin/F11 to chick brain tenascin was 4-5 times higher than to the negative
control, BSA, alone (p < 0.001). The binding between contactin/F11 and tenascin

was also significantly higher than the binding to all other Substrates tested (p <

0.01). The homophilic binding to itself was significantly higher than heterophilic
binding to laminin or fibronectin (p < 0.01), and all were significant when compared
with binding to BSA (p < 0.01).
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Figure 30. Solid phase assay: Binding of 125l-labelled contactin/F11 to various Substrates. Binding
of 125l-labelled contactin/F11 to tenascin (Tn, chick brain tenascin, containing all isoforms) was

significantly higher comparedwith binding to contactin/F11 (Cont) or chick fibronectin (Fn) or mouse

laminin (Ln). Nonspecific binding was determined on BSA. Specific bindingwas determinedas total

minus nonspecificbinding. Binding activity is plotted relative to the activity obtained on the tenascin

Substrate. All values are means of at least triplicate determinations.Standard deviationswere less than

10%, other than for laminin where it was 14%.

3.1.8. Binding of 125l-labelled contactin/F11 to immobilized tenascin

can be inhibited by soluble tenascin and unlabelled contactin/F11

The binding between contactin/F11 and tenascin was directly demonstratedin

competitive binding studies, again using 125I-labelled contactin/F11 in the solid
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phase assay (see Material and Methods). The specificity of binding between chick

brain tenascin and contactin/F11 is demonstrated in figure 31. Binding of 125l-

labelled contactin/F11 to immobilized tenascin was completely inhibited (ie. to

backgroundvalues) in a dose-dependentmannerby tenascin in Solution (Fig. 3^A),
while the addition of soluble chicken fibronectin (Fig. 31C) or BSA (Fig. 31D) had

only marginal effects. Moreover, the binding of 125l-labelled contactin/F11 to

immobilized tenascin was also quantitativelyblocked by the addition of unlabelled

soluble contactin/F11 (Fig. 31B). These results demonstratea specific interaction

between contactin/F11 and tenascin.
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Figure 31. Competition-assays: Binding of 125l-labelledcontactin/F11 to immobilized chick brain

tenascin was completely inhibited through addition of unlabelledsoluble tenascin (>A) or contactin/F11

(S) in solid phase assays (describedin methods). In comparison, little or no inhibitionthrough addition

of fibronectin (C) or BSA (D) was observed.

3.1.9. ContactinlFH preferentially binds to the Mr 190 K isoform of

tenascin

A demanding test in the work with a protein like tenascin, which exists in several

isoforms, is to establish whether the property being examined is isoform-specific.
The homohexameric (or homotrimeric) chick tenascin exists in at least three
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different variants, generated by alternative splicing of fibronectin type-lll homology
domains (Fig. 32>A). Relative to tn 190, tn 200 contains one and tn 220 three

additional Fn type-lll domains (Spring et al., 1989; Jones et al., 1989). The major
isoforms in 17 day chick embryo brain are tn 190 and tn 220, while tn 200 is less

abundant (see figure 32 C, lane 2). Serial affinity-chromatography (see figure 32 B;

Kaplony et al., 1991) on T17-Sepharose (to isolate tn 220) and T16-Sepharose (to
retain the remaining tn 190) permitted Separationof tn 220 from tn 190, the latter

containing minute amounts of tn 200 (Fig. 32C, lanes 3 and 4).

Figure 32, p. 58. Chick tenascin exists in at least three different isoforms generatedby alternative

splicing. (A). Structural model of tenascin variants based on cDNA sequencing.
(B). Sequential immunoaffinity chromatographyby means of mAb T16 and T17 allows Separation tn

220 from the remaining tn isoforms.

(C) Tenascin and its fractionated isoforms detected by silver staining after running on SDS-PAGE

under reducing conditions. CEF-tn: chicken embryo fibroblast tenascin (lane 1); chbr-tn: chicken brain

tenascin, containingall three isoforms (lane 2); tn 190: Mr 190 K isoform of tenascin, containingminute

amounts of the Mr 200 K isoform (lane 3); tn 220: Mr 220 K isoform (lane 4).
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Both isoform fractions were tested in the solid phase binding assay, with

conditions identical to those used previously (for details see Methods). Microtiter
wells were coated with 20 u.g/ml of tn 190, or tn 220 or unfractionated chick brain

tenascin, containing all isoforms. Tn 190 and tn 220 bound equally to plastic wells

(D'Älessandri, L, ETH-diploma, 1991). Binding-tests of 125l-labelledcontactin/F11
to the immobilized isoforms indicated, that contactin/F11 clearly favoured binding to

the tn 190-fraction.The binding values to tn 190 were similar to values of binding
between contactin/F11 and unfractioned chick brain tenascin (Tn), and were

significantly higher than the binding to tn 220 (p < 0.001) (Fig. 33 A ). Binding to tn
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220, although low, was still significant when compared to binding to BSA (p = 0.01).
Bound radiolabel was extracted from the wells with SDS-samplebuffer, subjected
to SDS-PAGE and autoradiographed, thereby visualizing the striking binding
preference of contactin/F11 for tn 190 (Fig. 33 B, lane 1). Only a faint Signal is

visible in case of tn 220 (lane 2), and no binding to BSA (lane 3) was detected.
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Figure 33. (A) Solid phase assay. Comparativebinding of contactin/F11 to immobilized tn 190 or tn

220 or to the unfractioned isoforms, Tn. Extraction of bound radiolabel (ß) from wells coated with tn

190 (lane 1) in comparison to tn 220 (lane 2). No binding to BSA was observed (lane 3).Wells were

extractedwith sample buffer for SDS-PAGE, run on a 5-10% gradient-gel and autoradiographed.

The autoradiogram, given in figure 34, is the result of an experiment, which ties

in well with the findings obtained by the column affinity chromatographyapproach
on tenascin-Sepharose and the solid phase binding studies. A glycoprotein
fraction, which was judged to be rieh in contactin/F11 by means of an immunoblot

with mAb 4D1, was radiolabelled with 125-iodine. Constant amounts of this

radiolabelled mixture of proteins (Fig. 34, lanes 1, 2, 3 show different loadings of

the same, labelled protein mixture) were incubated on wells, coated with either tn

190, or respective tn 220. Control wells were coated with BSA. Assay conditions
were identical to those used in the solid phase binding assay with immunopurified
125l-contactin/F11. Bound radiolabel was extracted from the wells with SDS-

sample buffer, subjected to SDS-PAGE and visualized by autoradiography.
Autoradiographyshowed again the selective binding of a Mr 135 K band to

tenascin coated wells and again, this Mr 135 K band bound preferentially to tn 190.

Compared to tn 190, only minimal amounts bound to tn 220, and no binding was

observedon BSA. These findings are consistent with the results obtained by use of
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immunopurified 125l-contactin/F11 in the solid phase assay. In context with the

previousstudies, there is good reason to believe, that this Mr 135 K band was again
contactin/F11.
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Figure 34. Autoradiography visualizes the result of the solid phase assay (see text). Preferential

bindingof a Mr135 K band from a 125l-labelled mixture of chick brain membrane glycoproteinsto wells

coated with tn 190. Lanes 1, 2, 3, different amounts of the same 1251-labelled membrane

glycoproteins, used in this assay. Equal amounts of radiolabelled glycoproteins were incubated on

wells, coated with tn 190, ortn 220 or heat denatured BSA. Bound radiolabel was extractedwith SDS-

sample buffer, subjected to SDS-PAGE and autoradiographed. Lane 4, immunopurified125l-

contactin/F11.

3.1.10. Fragmentation of contactin/F11

Contactin/F11 has six tandemly arranged Immunoglobulin (Ig)-Iike domains

(distant from the membrane) connectedto four fibronectintype III (FN III) repeats

(close to the membrane) and a covalent attachment site for the GPI-membrane

anchor (see Introduction,section 1.5.4.; see figure 35). According to the structural

model of F11 (Brümmendorf et al., 1989), a 7 amino-acid collagen-like sequence (-
Gly-Pro-Pro-Gly-Pro-Pro-Gly-) connects the Ig-like region and the FN type III region.
Sequence and location of this Stretch is also conservedin the mouse contactin/F11

homologue, F3 (Gennarini et al., 1989; Zueilig et al., 1992). The position of this

collagen like sequence exactly at the border between the Ig-like and the fibronectin

type III regions, gave us the hint to try a digestion with collagenase.In the optimal
case, one would obtain two fragments,one containing the entire Ig-region, the other

one containing the fibronectin type III region.
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(^2) Ig-like domain

ÜH Fn-type lll-domain
-V- collagen-likesequence

*- glycosylphosphatidylinositol(GPI)-anchor
| potential carbohydrate site

Figure 35. Structural model of contactin/F11 based on cDNA sequencing. Contactin/F11 is a

chimeric protein, build up by six tandemly arranged immunoglobulin-like domains at the membrane

distal part and four FN type III domains at the membrane proximal part. The molecule is anchoredin the

membrane via GPI. The collagen-like sequence at the border between the Ig-like region and the FN

type III region is marked in red colour.

Collagenase (EC 3.4.24.3, 0.6-0.8 U/mg lyophilized) was added to

immunopurified unlabelled soluble contactin/F11(Fig. 36, lane )). Contactin/F11-

fragments were immediately freed of collagenase by binding the fragments to a

WGA-column (the Ig-like region contains seven, the FN type III region two potential
carbohydrate sites, and these are indicated in the model of contactin/F11 in figure
35). Fragments were eluted from the WGA-column and aliquots of the eluate were

analyzed by silver staining after Separation in SDS-PAGE (Fig. 36, lane 2). In a

further step, an aliquot of the eluate was labelled with 125-iodine by the

Enzymobead-methodand labelled fragments were analyzed by autoradiography
after SDS-PAGE (see below: figure 38, lane 1).
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F/gure 36. Fragmentation of contactin/F11 by collagenase-digestion, followed by SDS-PAGEand

silver staining. Contactin/F11,prior to collagenase digestion (lane 1) and after digestion (lane 2).

Peptideswere freed of contaminatingcollagenaseby a wheatgerm agglutinin-column (see text, see

Methods). Fragments important for this thesis, are indicatedby arrows.

3.1.11. Contactin binds to tenascin via its Ig-domains

125l-labelled contactin/F11-fragmentswere tested for binding on tenascin-

Sepharose. In a parallel approach, the 125l-labelled fragments were applied to a

Sepharose4B column, followed by afibronectin-Sepharosecolumn. Fragments
bound exclusively to the tenascin-Sepharose column (Fig. 37A) and were

completely eluted with 0.5 M NaCl. No further radioactivity was recovered by
subsequent elution with 10 mM EDTA and 1.5 M NaCl. Similar elution of the two

control columns, Sepharose alone (data not shown) and the fibronectin-Sepharose
column (Fig. 37B), revealed no bound activity. In terms of quantity, 5% of the

radioactivity from the 125l-labelled digest bound to the tenascin column, and was

eluted. In comparison, 22% of immunopurified, undigested 125l-labelled
contactin/F11appliedto the same tenascin-column, bound.
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columns.125l-labelled fragments of contactin/F11 bound to the TN-column (A) and were eluted with

0.5 M NaCl. No binding was observed to the control FN-column(ß) and subsequent washes with 10

mM EDTA or 1.5 M NaCl eluted no additional radiolabelled materialfrom either column.

The eluate of the tenascin column was analysed by SDS-PAGE and

autoradiography. Although a wide ränge of contactin/F11 fragmentswere labelled

with 125-iodine (Fig. 38, lane 1), only fragments of Mr85 K, Mr75 K and Mr45 K

specificallybound (Fig. 38, lane 2).
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Figure 38. Affinity chromatography with 125l-labelled contactin/F11 fragments on tenascin

Sepharose. Visualisationof the activity eluted from the tenascin columnby SDS-PAGEand following
autoradiography, shows the selectivebinding to the tenascin columnof Mr 85 K, Mr 75 K and Mr 45 K

fragments(lane 2) from a 125l-labelledpool of contactin/F11 fragments (lane 1).
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Bound fragments were identified by NHVterminal sequencing of the

corresponding peptides of the unlabelled fragment pool. After SDS-PAGE,

fragments were electrotransferred to a PVDF-membrane and visualized by
Ponceau S-staining. Although the photograph of this Ponceau S staining is poor, it

can be seen in figure 39, lanes 2 and 3, that the 85 K, 75 K and 45 K fragments
were cleanly separated after SDS-PAGE. These three bands were cut out, and

sequenced,revealing that the NH2-terminal sequence of each fragment was that of

contactin/F11 itself (see Table 3). The missing first two aminoacids of the fragments
were probably cut off by exoproteinase activity of the collagenase preparation (R.
Timpl, personal communication).

Table 3: NH2-terminal sequence of tenascin-bindingcontactin/F11-fragments.One letter code for

am ino acids.

Mr 85 K-fragment: FSEEGN

Mr 75 K-fragment: FSEEGNKGYGPVFEE

Mr 45 K-fragment: FSEEGNKGYGPVFE
Contactin/F11: THFSEEGNKGYGPVFEE

Some fragments with lower molecular weight (molecular weight below 40 K),
which were labelled with 125-iodine but did not bind to the tenascin-column, are

presumablyderived from the fibronectintype III homology region of contactin/F11.
Characterisation of these fragments failed, mainly because of two reasons. Firstly,
these bands stained very faintly with Ponceau S (see figure 39) and secondly, it

was difficult to cleanly separate them on SDS-PAGE,only mixed NH2-terminal
sequences were obtained after blotting onto PVDF-membranes and sequencing.

By correlation of size, potential glycosylation and sequence of the bound

fragments, it is estimated that the smallest Mr45 K peptide comprises the first three

Ig-domains, while the Mr75 K and Mr85 K peptides represent most or all the Ig-
region (Fig. 40). This result shows that the three N-terminal Ig-like domains of

contactin/F11 most likely contain the binding region for tenascin. It nicely confirms
the importance of distal Ig-like regions for the binding properties of cell adhesion

molecules of the immunoglobulin superfamily. As will be discussed in the

Discussion, this finding is in line with results obtained from binding studies with

other Ig-like domains containing proteins, e.g. N-CAM (Cunningham et al., 1983;
Beckeret al., 1989), ICAM-1 (Staunton et al., 1990; Diamondet al., 1991) and CD2

(Recny et al., 1990). Moreover, the Ig-like regions of F3, the mouse homologue of

contactin/F11, are implicated in homophilicbinding (Gennarini et al., 1991).
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Figure39. Ponceau S staining of contactin/F11-fragments after sequence-blotting.N-terminal

sequencing of tenascinbinding contactin/F11 -fragments. Contactin/Fl 1 -fragments (lanes 2 and 3)

were separated by 5-15 % gradient SDS-PAGE,electrotransferredto a PVDF-membraneand stained

with Ponceau S. Lane 1, high molecularweightStandard (SDS 7B, Sigma, St. Louis).The 85 K, 75 K

and 45 K fragments were cut out and sequencedthrough their N-termini. The 85 K fragment began
with amino acid residues 3 to 8, the 75 K fragment with residues 3 to 17 and the 45 K fragment with

residues 3 to 16 of the contactin/F11 amino-terminal (see also table 3).
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N<xiö<bHÄtK
N<X5ÖÖ<!S^85 K

N<>cl>ÖÖ<l!i><b 70-75 K

N<X5Ö 45 K

O Ig-like domain
ES] Fn-type lll-domain
^ collagen-likesequence
—*—glycosylphosphatidylinositol(GPI)-anchor

I potential carbohydrate site

Figure 40. A model of contactin/F11 and tenascin-binding fragments shows that the binding site of

contactin/F11for tenascin lies within the first three Ig-like domains.
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3.1.12. PI-PLC releases contactin/F11 from E 17 chick brain

synaptosomal membranes; this contactin/F11 is HNK-1 negative

As describedin section 1.5.4.1, contactin/F11 is held in the neuronalmembrane

plane via a glycosylphosphatidylinositol (GPI)-anchor. This type of anchoring
makesthese molecules sensitiveto treatment with phosphatidyl inositol specific
phospholipase C (PI-PLC), an enzymewhich cleavesoff the GPI-anchor,thereby
releasing the protein moiety into the extracellular space in a soluble form. The

selective detachability of GPI-anchoredmolecules from membranes may be a

propertyof migratingaxons to changesubsets of their cell adhesion molecules, e.g.
in responseto an altered Substrate. Recent studieson F3, the mouse homologueof
contactin/F11, suggest, that it is actually the soluble form of F3 which is active in

neurite outgrowth promotion, whereas Substrate bound F3 exhibits no effect

(Durbec et al., 1992).
A previous study showedthat treatment of rat brain synaptosomal membranes

with PI-PLCreleases a 150 K protein which was characterised as novel protein by
NH2-terminal sequencing(Yoshihara et al., 1991). I followed the experimental
proceduregiven in this publication, using synaptosomal membranesof chick brain

tissue of two embryonic stages (E 17 and E12).
Preparation of chick brain synaptosomal membranesis described in section 2.9.

and the flowsheet of this rather simple preparationis given in figure 41.

whole embryonicchick brain

w homogenlsation In sucrose containing buffer

Homogenate
w centrifugation, 10OO g, 10 min

supematant
1 centrifugation, 10 000 g. 20 min

pellet: "crude" synaptosomalfraction
1 lysis In hypotonic buffer

1 centrifugation, 30 000 g, 30 min

synaptosomalmembranes

1 pre-incubation In lysis buffer, 37 °C, 30 min
3 x "Wash": removal ofspontaneously V

released material .

1 centrifugation. 10 000g, 10 min

membranesready for assay

Figure 41. Preparation of synaptosomal membranes from embryonic chick brain (adapted from:

Yoshihara et al., 1991).

20 mg aliquots of moist membrane-containingmaterial were transferred into

Eppendorf tubes and incubatedwith 200 \i\ of 1u PI-PLC/ml Tris buffer (10 mM Tris,
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plus Proteinase inhibitors, pH 7.5) for 30 minutes at 37°C. As controls, aliquots of

the membrane-containingmaterial were incubated without enzyme (reflecting the

amount of spontaneously released material. e.g. due to endogenous
phospholipases), and with enzyme in the presence of the the enzyme inhibitor

ZnCI2, as described by Yoshihara et al., 1991. After incubation, membranes were

pelleted by ultracentrifugationand the supernatants were analyzed by SDS-PAGE.
The band pattern of PI-PLC released material of E 17 chick brain synaptosomal

membranes was compared to the control incubations and to the total protein
composition of untreated membranes, the latter being directly extracted with SDS-

sample buffer (Fig. 42 A, lane 1). As seen in the silver stain of figure 42, PI-PLC

treatment caused the release of a number of proteins, whereas incubation without

enzyme (- Pi-PLC) or in the presence of enzyme plus inhibitor (PI-PLC + Inh.)
showed only marginal amounts of released protein. Most prominent amongst the

PI-PLC released proteins was a protein at Mr 135 K.
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Figure 42. Treatmentof E17 chick brain synaptosomalmembranes by PI-PLC releases a numberof

proteins. Released proteins were subjected to SDS-PAGE and silver stained. Most prominent
amongst released proteins is a band of Mr 135 K . Lane 1, synaptosomalmembranes extractedwith

SDS-sample buffer; lanes 2, 3, 4: serial pre-incubationsin buffer without enzyme; Parallel incubations

without enzyme (-PI-PLC), in the presence of PI-PLC plus the enzyme inhibitorZnCl2 (PI-PLC+lnh.)

and in the presenceof PI-PLC (+PI-PLC). HMW, high molecular weight Standard.
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To test whether this band corresponds to contactin/FH, aliquots of each sample
were run on SDS-PAGE , electrotransferred to nitrozellulose and stained with

Ponceau S (Fig. 43). The position of the prominent band of Mr 135 K was marked

by a pencil dot. Incubation with the contactin/F11 specific mAb 4D1, or with the

mAb L2 against the L2/HNK-1 carbohydrate epitope (see Introduction, section

1.2.2.) gave the following: the Mr 135 K band was strongly positive for contactin/F11

antibody, but negative for the HNK-1 epitope.

Ponceau S mAb 4D1 mAb L2/HNK-1
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Figure 43. Contactin/F11 identified in immunoblots as the most prominent band released by PI-

PLC from E17 chick brain synaptosomal membranes. Contactin/F11 from this source is HNK-1

negative. Synaptosomal membranes directly extractedwith SDS-samplebuffer (lane 1); incubated in

the absence of PI-PLC (lane 2); in the presence of PI-PLC plus inhibitorZnCl2 (lane 3) and in the

presence of PI-PLC (lane 4). After incubation, synaptosomal membranes were centrifuged. PI-PLC

released proteins in the supematant were subjected to SDS-PAGE and electrotransferredto

nitrocellulose. After staining with Ponceau S, the immunoblotwas incubated with mAb 4D1 (specific
for contactin/F11) or with mAb L2 against the HNK-1 sugar epitope. For visualization, an alkaline

Phosphatase conjugated secondaryantibody was used.

In contrast,incubation of immunoisolated contactin/F11 from E 17 total chick brain

extracts with mAb L2 in Western blot revealed, that contactin/F11 from this source

was partially HNK-1 positive (Fig. 44, lane 2), although the immunostaining was

weak in respect to the amount of blotted material as visualized by Ponceau S

staining (the latter not shown). The weak reaction of mAb L2 with contactin/F11 was

not due to a loss of activity of mAb L2 as shown in figure 44, lane 1, where mAb L2

stained nicely all isoforms of chick brain tenascin. Interestingly, tn 190 stained more

strongly with mAb L2 compared to tn 220 and tn 200, though tn 190 contains fewer

potential carbohydrate sites than tn 220 or tn 200.
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These results indicate, that contactin/F11 is the most abundantGPI-linked protein
in E 17 chick brain synaptosomal membranes, and that contactin/F11 from this

source lacks the L2/HNK-1 epitope.
mAb L2/HNK-1
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Figure 44. Contactin/F11 from E17 whole chick brain extracts is weakly HNK-1 positive.
Immunodetectionwith mAb L2 after SDS-PAGEand electrotransfer to nitrocellulose.For visualization,

an alkaline Phosphatase conjugated secondaryantibody was used. chbr-tn, E17 chick brain tenascin;

cont/F11, immunopurified contactin/F11from E17 whole chick brain extracts.

3.1.13. PI-PLC releases contactin/F11 from E 12 chick brain

synaptosomal membranes; this contactin/F11 is weakly HNK-1 positive

Chick brain synaptosomal membranes derived from 12 day old embryos were

analyzed by the same approach. Again, the most prominent band released by PI-

PLC, was identified as contactin/F11 by immunoblotting with the monoclonal

antibody 4D1 (Fig. 45). Immunostaining with mAb L2 revealed that, in contrast to

contactin/F11 of E 17 synaptosomalmembranes, contactin/F11 of E 12 membranes

carries the L2/HNK-1-epitope (Fig. 45). This indicates a regulated expression of this

epitope on the same molecule at different stages of development. A deeper
understanding of the latter Observation is coupled to the functional importance of

the L2/HNK-1 epitope and carbohydrate epitopes in general. The requirement of

carbohydrates for the association of the neural cell adhesion molecules L1 and N-

CAM in the surface membrane (cis-interaction) has recently been shown (Kadmon
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et al., 1990b). However, the role of particular carbohydrate structures, such as the

L2/HNK-1 epitope, is still unknown.
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Figure 45. Immunoblots show that the most prominent band released by PI-PLC Irom E12 chick

brain synaptosomalmembranesis again contactin/F11. Contactin/F11from this source is partially HNK-

1 positive. Synaptosomal membranes were incubated in the absence of PI-PLC (lane 2) and in the

presence of PI-PLC (lane 3). Lane 1, synaptosomalmembranes directly extracted with SDS-sample

buffer. After incubation, synaptosomalmembraneswere centrifuged. PI-PLC released proteins in the

supematant were subjected to SDS-PAGE, electrotransferred to nitrocellulose,stained with Ponceau

S and incubated with mAb 4D1 (specificfor contactin/F11)as well with mAb L2 againstthe L2/HNK-1

sugar epitope. For visualization,an alkaline Phosphataseconjugated secondaryantibodywas used.
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3.2. Partial characterisation of the putative alpha-1 subunit of chick ßi
integrins

Integrins are the classical receptors of ECM-components. They are

heterodimericintegral membrane proteins whose ligand specifitiy is given through
particular alpha-subunitscombining with a given ß-subunit. One prominent subclass
of integrins is the ßi-family (see section 1.4.). Here I describe an antiserum, raised

against the Mr 155 K alpha-subunit of a ßrintegrin isolated from E 17 chick gizzard.
This antiserum crossreactswith the alpha-subunit of the corresponding ßrintegrin of

E 17 chick brain. NH2-terminal characterisation revealed, that the sequence of this

chick brain alpha-subunit is homologous to the rat alpha-1 subunit. The cDNA

sequence of the chick alpha-1 subunit has not yet been published. The rat ctißi
integrin has been reported to be a laminin and collagen receptor (Ignatius et al.,

1990). Very recent experiments in our laboratory show, that this putative chick ai ßi
integrin is expressed by some but not all chick retinal neurons (Lloyd Vaughan,
unpublished observations). The antiserum against the alpha-1 subunit provides a
nice tool for the investigationof the role of this integrin in neural processes.

3.2.1. Isolation of ß1-integrinsby immunoaffinitychromatography

ßi-integrins were isolated from membrane fractions by lectin affinity
chromatographyfollowed by immunoaffinity chromatography . Detergents extracts

from eitherchick gizzard or chick brain were enrichedfor membrane glycoproteins by
affinity chromatography on a WGA-Sepharose column. The eluate of the WGA-

column was applied to mAb JG22-Sepharose which recognizes the ßi subunit

common to chick integrins (Greve and Gottlieb, 1982). This permits the isolation of

the complete set of ßi integrins from a given tissue. Immunopurification of ßi
integrins from E 17 chick gizzard and E17 chick brain are shown in figure 46.

Immunopurified ßi-integrinsshow a characteristicband pattern in silver stained SDS-

PAGE. Most prominent is the broad ßi -subunit (indicated in the gel of figure 46),
whereas the different alpha-subunits stain as narrower, discrete bands. Upon
reduction with mercaptoethanol (+MSH), the ß1-subunit shows a characteristicshift

to higher molecular weight, due to the reduction of intrachain disulfide bonds. The

most abundantalpha-subunitwith an appearent molecular weight of Mr 155 K under

nonreducing conditions (indicatedby the arrow), shows a similar behaviour, with the

molecularweight slightly increasing (= 10 kd) upon reduction with mercaptoethanol.
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Figure 46. Immunopurification of 81 -integrins from E17 chick gizzard and E17 chick brain detergent

extracts by immunoaffinity chromatographyon mAb JG22-Sepharose. MAb JG22 is directed against
the common ß-| -subunit (indicated by an arrow) which forms heterodimeric complexes with a set of

different alpha-subunits. Left side, chick gizzard (chgizz) ßi-integrins; right side, chick brain (chbr)

integrins. Immunoisolates were run in SDS-PAGE under nonreducing and reducing (+MSH;

mercaptoethanol) conditionsand silver stained. The molecular weight shifts of bands upon reduction

with mercaptoethanolin case of both chick gizzard- and chick brain-integrins, are indicated with

dashed lines (only shown in case of chick gizzard integrins). The Mr 155 K band was the most

prominent alpha subunit in both tissues and showed an appearentincrease in molecular weight of

about 10 kD upon reductionwith MSH.

3.2.2. Production of polyclonal antibodies against fractionated subunits of

chickgizzard integrin

The individual subunits of a fraction of immunoisolatedchick gizzard ßi-

integrins were separated by SDS-PAGE on 5 to 10% gradient gels under

nonreducing conditions, followed by Coomassie Blue staining. Bandswere cut out

and proteins were recovered from gel slices by electroelution as described in

Material and Methods. The purity of the electroeluted material was assessed by
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analysis of aliquots run on SDS-PAGE and silver stained. Aliquots of each fraction

were compared to unfractionated ßrintegrins (Fig. 47). Two fractions (each indicated

with an arrow) were chosen for raising antisera: the ßrfraction, and the Mr 155 K

alpha-subunit fraction. About 30 (ig of each fraction were used for the initial

immunisation of rabbits. Details of the immunisation protocol and harvesting of the

antisera are given in Material and Methods.
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Figure 47. Fractionated chick gizzard ßi integrin subunits (see text). SDS-PAGE and silverstain.

chgizz ßi, unfractionatedchick gizzard ßi -integrins. The five left lanes show the fractionated integrin
subunits. HMW, high molecular weight Standard. Both the ßi -fraction and the Mr 155 K alpha subunit

fraction (indicated by arrows) were used in the following for the raise of antisera.

The specificity and reactivity of the antisera against the ßi (anti-ßi) and alpha-
subunits (which I will call anti-alpha 1 in the following) were tested by immunoblots

with the following fractions: chick gizzard detergentextract, chick brain WGA-binding
membrane glycoproteins and immunopurified ß1 -integrins from both chick gizzard
and chick brain. Aliquots of each fraction were run on SDS-PAGE under nonreducing
conditions, except chick gizzard ßi integrins, which were additionally run under

reducing conditions,then electrotransferredto nitrocellulose and incubated with anti-

alpha 1 or anti-ßi sera.

Anti-alpha 1 tested against chick gizzard proteins gave following result: anti-

alpha 1 recognized a Mr 155 K band in both the chick gizzard detergent fraction (
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fraction "1" in figure 48A) and in the fraction of immunopurifiedintegrins (fraction "2").
Serial dilutions of the original anti-alpha 1 serum gave a positive signal up to a

dilution of 1:1000 (Fig. 48A, left side). The serum against the ßrsubunitdid not

crossreact with the Mr 155 K alpha-subunit or any other band (Fig. 48A, right side). In

chick gizzard detergent extract, anti ßi -serum recognizes two ßrbands which differ

in their molecular weights by about Mr 10 K to 15 K, with the lower molecular weight
ßrband possibly corresponding to an unprocessedform of ßi (pre-ßi). Both bands

were shown to be ßrsubunits by control incubation with mAb JG22 (data not

shown). The difference between the two ßrbands is due to the extent of

glycosylation. Endoglycosidase F digestion (remove of N-Iinked Oligosaccharides)
caused both ßrbandsto comigrate with an appearent molecular weight of about Mr
95 K (data not shown). Moreover, only "mature"ßi, but not pre-ßi, bound to WGA-

Sepharose and was contained in the fraction of immunopurified integrins, providing
further evidence thatthe difference reflects Oligosaccharide processing.

The shift of the Mr 155 K alpha subunit to higher molecular weight upon

reduction with mercaptoethanol (+MSH) (see Fig. 46), was also demonstrated in

immunoblots of chick gizzard integrins with anti alpha-1 (Fig. 48B).
The anti-alpha 1 serum prepared against the gizzard protein also reacted with

the Mr 155 K band of a ßrintegrin preparation from E17 chick brain and the same

band was also detected in a WGA-binding,membrane glycoprotein preparation from

the same source (48 C).
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Figure48. Immunoblotting with sera againstalpha 1 and ß-|.
(A) Test of the sp'ecificity and reactivityof anti-alpha 1 and anti-ßi. Serial dilutions of both antisera

were tested on chick gizzard detergent extract ("1") and immunopurified chick gizzard ßi -integrins

("2"). Fractions were run on SDS-PAGE under nonreducing conditions, and electrotransferredto

nitrocellulose.Alkaline Phosphataseconjugated secondaryantibodywas used for visualisation.

(B) The alpha subunit recognized by anti-alpha 1, has an appearent molecular weight of about 165

kD under reducing conditions. Immunopurifiedchick gizzard integrins were run under reducing

conditions and electrotransferred to nitrozellulose. Dilution of the anti-alpha 1 was 1:250. Alkaline

Phosphataseconjugated secondaryantibodywas used for visualisation.

C) Anti-alpha 1 crossreacts with the 155 kD alpha subunit of chick brain ßi-integrins. WGA-binding
membrane proteins ("WGA") and immunopurified ßi -integrins, both from E 17 chick brain, were run in

SDS-PAGE under nonreducing conditions and electrotransferred to nitrozellulose. Dilution of anti-

alpha 1 was 1:500. Alkaline Phosphataseconjugated secondaryantibody was used for visualisation.
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3.2.3. N-Iinked glycosylation of the alpha-1 subunit

Immunopurified ßi -integrins, isolated fom E17 chick brain, were treated with

endoglycosidase F (Endo F) (protocol see Material and Methods), which cleaves N-

linked Oligosaccharides. The result of the Endo F digestion was analysed by silver

staining after SDS-PAGE under nonreducing conditions and is presented in figure
49. Endo F treatmentcaused a similar decrease of the appearent molecular weight
of both alpha-1 and ßi subunits of about 10 to 15 K.
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Figure 49. N-Iinked glycosylation of E17 chick brain ßi-integrins.The result of the Endo F digestion

was analysed by SDS-Page and silver staining. Untreated (-), and Endo F treated (+) integrin fraction.

HMW, high molecular weight Standard.
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3.2.4. NH2-terminal sequencing of fractionated chick brain alpha-subunits: the
chick Mr 155K alpha subunitis homologous to the rat alpha-1 integrin

Immunopurified ßrintegrins (see also figure 46), isolated from a E17 chick

brain membrane glycoprotein fraction, were run in SDS-PAGE under nonreducing
conditions, electrotransferred to PVDF-membrane and finally stained with Ponceau

S. The two most abundant alpha subunits, the Mr 155 K subunit and the Mr 135 K

subunits, were excised and sequenced through their NH2-termini, giving the following
result (one letter amino acid code; X Stands for nonidentifiedamino acid):

135 K: FNLDAENVI

T
155 K: XNVDVKNAMEFXG

S G

rat alpha-1: FNVDVKNSMSFSG

The NH2-terminal sequence of the Mr 135 K band is identical to that of the

alpha-6 subunit of chick integrins (Curtis et al., 1991). The NH2-terminal sequence of

the Mr 155 K subunit showssome homology to the amino terminus ofthe rat alpha-1
integrin-subunit(Ignatiuset al., 1990).

The same batch of immunopurified chick brain ßi integrins was subjected to

SDS-PAGE and the separated subunits were visualized by Coomassie blue staining.
Bands were excised off the gel and proteins were recovered from the gel slices

through electroelution. The purity of the electroeluted fractionswas again controlled

by SDS-PAGE and silver stain (Fig. 50A). Individual fractions were tested in an

immunoblot(Fig. 50B), confirming again that the Mr 155 K subunit (fraction of lane 1

of figure 50A), which was identified as alpha-1 subunit by NH2-terminal sequencing,
is the antigen recognized by the anti-alpha 1 serum.
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Figure50. Immunoblotting with anti-alpha 1 serum on fractionated alpha-subunits of E 17 chick brain

ßi -integrins.

(A) Fractionated integrin-subunits of E 17 chick brain (see text) were analysed by SDS-PAGE under

nonreducing conditions and silver stained (lanes 1-7).
(B) The Mr 155 K subunit, identifiedas alpha 1 subunitby NH2-terminal sequencing, is the antigen of

anti-alpha 1. Fractionscorresponding to lanes 1, 2, and 4 of Fig. 50A, were immunoblottedand tested

with anti-alphal serum. Dilution of anti-alpha 1 was 1:500. Alkaline Phosphatase conjugated

secondaryantibody was used for visualisation.
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4. Discussion

4.1 Preface

The direct implications of the experimental data has already been adressed in

the section Results. I will now take the opportunity to extend these pointsand to

speculate about their wider implications.We have identified a member of the

immunoglobulin-superfamily,namely contactin/F11 (Ranscht and Dours, 1988;
Brümmendorf et al., 1989) as a cell surface receptor for the extracellularmatrix

componenttenascin. As contactin/F11 is exclusively expressed by neurons

(Ranschtand Dours, 1988), it is the first example of a neuronal cell surface receptor
for tenascin. Protein studies have revealed some interestingfeatures of this

interaction, with contactin/F11 binding via its most NH2-terminal immunoglobulin-
domains to a site within the fibronectin type IM region of tenascin. The general
importance of these findings is twofold: i) the binding between an extracellular
matrix protein and a cell adhesion molecule ofthe immunoglobulin-superfamily and

ii) the putative interaction between fibronectin type III and immunoglobulin-like
domains. In the light of recent results of heterophilic and homophilic interactions of

immunoglobulin-likeproteins and of structural data forthcomingon individual

immunoglobulin-like domains(domain 1 of CD2, Driscoll et al., 1991; domain 2 of

CD4, Ryu et al., 1990) and a fibronectin-type III domain (Baron et al., 1992) I will try
to convince the reader, that this kind of interaction between contactin/F11 and

tenascin is not the exception ofthe rule but rather represents a basic mechanism.

4.2. Ifs not an integrin..

We have usedaffinity chromatography to select for cell surface receptors of

tenascin in brains of 17 day old chick embryos (see section 3.1.). Aiming for a

classical surface receptor of ECM-proteins, a ßrintegrin, we surprisingly ended up
with contactin/F11, a glycoprotein of the immunoglobulin-superfamily,as a

neuronal receptorof tenascin.
Contactin/F11 is the major component in the eluate of a tenascin-column.It

elutes at a salt concentration of 0.2 to 0.25 M NaCl, indicating a low affinity binding
between tenascin and contactin/F11,as it is characteristic for interactions between

ECM-proteins and their cell surface receptors. Probablythese low affinities reflect

an absolute requirement for the role of these moleculesin a dynamic modulation of

cell behaviour. None ofthe already known extracellular tenascin binding proteins in

chick brain, the cytotactin binding chondroitin sulfate proteoglycan (CTB-
proteoglycan, Hofmannand Edelman, 1987) orthe neural ECM-protein restrictin
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(Rathjen et al., 1991) are detected in the eluate. The above extracellular

components are probably extracted along with tenascin from brain with 1 M NaCl

an. It is therefore likely, that neither protein has been contained in the membrane

glycoprotein fraction applied to the tenascin column. Restrictin is a particularly
interesting protein in the context of this thesis and is further discussed in section
4.4.

MAb 8D9 (Lemmon and McLoon, 1986) immunoblots (see section 3.1.4)
detect minimal amounts of Ng-CAM in the NaCI-eluate from the tenascin column,
and a band corresponding to the position of Ng-CAM is also faintly visible in silver
stains (position at about 120 kD, see figure 22, lane 2). Ng-CAM is a

transmembrane, neuronal glycoprotein of the Immunoglobulin superfamily of cell

adhesion molecules and is implicated in mediating neuron-glia interactions

(Burgoon et al., 1988). Tenascin is a candidate ligand on the glial surface, yet
experimental evidence for this interaction is missing. The finding of some

"contaminating" Ng-CAM along with contactin/F11 in our tenascin receptor
preparation may be due to the following: i) Ng-CAM directly binds to tenascin ii) Ng-
CAM is coeluted with contactin/F11 as part of a tenascin binding complex
contactin/F11-Ng-CAM.iii) it binds to contactin/F11 without tenascin. Binding
between contactin/F11 and G4/Ng-CAM(trans-binding?) was recently proposed by
F. Rathjen (1992, seminarin Zürich). As described in section 3.1.2., mild conditions
were chosen for the preparation of the chick brain membrane glycoprotein fraction.
NaCl was maintained at only 50 mM during the chromatography,thus putative
complexes of contactin/F11 and Ng-CAM arising from cis-interactionwould most

likely have persisted, as elution by means of a NaCI-gradientmight not dissolve the

complex preferentially over the whole complex. Both ii) and iii) implicate that

binding of Ng-CAM to contactin/F11 does not strongly affect binding of

contactin/F11 to tenascin. Cis-interactionsmay be due to binding of fibronectintype
III parts close to the membrane of both contactin/F11 and Ng-CAM, leaving the

protruding immunoglobulin-domainarms for further binding. The nature of the cis-

interaction between N-CAM and L1 was recently described by Kadmon et al.

(1990). A eis binding of N-CAM to L1 enhanced L1-mediated homophilic binding
(Kadmon et al., 1990a), and this eis interaction between L1 and N-CAM was shown

to depend on carbohydrate epitopes (Kadmonet al., 1990b).
We are rather surprised not to find any ßrintegrin in eluates of the tenascin-

column, although E 17 chick brain contains considerable amounts of ßrintegrins
(see section 3.1). Immunoblot analysis of the eluates with antisera against the ßr
and the alpha 1-subunit of chick integrins, detected neither of these, although both
subunits were contained in huge amounts in the E17 chick brain membrane

glycoprotein fractions. It has been previously shown that the rat and human
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homologue of the chick alpha 1 associateswith the ßi subunit to form a receptor for

laminin and collagen (Ignatiusand Reichardt, 1988; Kramer and Marks, 1989). This

suggests,that integrinsat least at this stage of developmentdo not bind to tenascin

(see Discussion below) and again confirms indirectly the specificity of the

interaction between contactin/F11 and tenascin.

Using chick brain of 15 day old embryos instead of 17 day old embryos,
indeed recovered a tenascin-binding ßrintegrin in addition to contactin/F11 (Zisch,
unpublished observations). We dont know, whetherthis ßrintegrin is of neuronal or

glial origin. Though preliminary, this points responsivenessto tenascin being
developmentally regulated and achieved by two sets of receptors. Such a ßr
integrin could be a receptor in early developmental stages, whereas contactin/F11,
which is predominantly expressedin the second half of embryonicdevelopment, is

the receptor in later stages. This implies that the activity of the tenascin-binding
integrin gets lost in the latest stages. Similar observations of a stage dependent
response have been recently described for the cc6ßi integrin, a laminin receptor (de
Curtis et al., 1991). E6 to E12 chick retinal ganglion cells as well as other retinal

neurons loose their integrin function, including their ability to attach and extend

neuntes on laminin. In purified retinal ganglion cells, the loss of responsiveness to

laminin was secondaryto strong down regulation of the mRNA during development,
with cc6 decreasing with time. In other retina neurons, though, expression of the cc6

mRNA and protein continues at a comparatively high level at later stages. Yet,
these cells do not adhere to or extend neuntes on laminin. This indicates that the

function of the integrin is posttranslationally regulated by an yet unknown

mechanism.

4.3. Dualistic localisation of contactin/F11 in membranes and
extracellular space

We identified contactin/F11 as a tenascin-bindingprotein from a membrane

glycoprotein fraction of E 17 chick brain. Subsequent work revealed, that

contactin/F11 is also present in soluble glycoprotein fractions of the same tissue

and indeed soluble glycoprotein serves as an excellent source for immuno affinity
purification of contactin/F11. Estimation by immunoblot analysis (diploma work

Luca D'Alessandri) shows, that 50 to 70% of contactin/F11 is recovered in its

soluble form by homogenisation and extraction of E 17 chick brain with 1 M NaCl

detergent free buffer. Although it cannot be excluded that part of the membrane

bound contactin/F11 (due to properties of its membrane anchoring) is coextracted

along with the soluble form of contactin/F11, this finding suggests that contactin/F11

exists both membrane bound and in a secreted form. Immunodetectionof secreted
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contactin/F11 in cerebrospinalfluid and vitreous humors of the eye as well as in

chick brain membranes (Stoeckli et al., 1991) confirm our Observation. Reports
about the dual localisation of several other immunoglobulin-like molecules e.g.
axonin-1, neurofascin, L1(G4) (Stoeckli et al., 1991), F3 (Durbec et al., 1992), Tag-1
(Furley et al., 1990), indicate secretion of immunoglobulin-likemolecules into the

extracellularSpaces above to be a general feature.

The mode of attachment of contactin/F11 in the membrane plane has been

matter of some confusion, which will be clarified by a Statement from Zisch et al.

(1992):
"Contactin is a member of the immunoglobulin-likefamily of cell adhesion

molecules that was originally reported to be a transmembrane protein (Ranscht and

Dours, 1988). Molecular cloning of a molecule with identical extracellulardomains
in chick (F11, Brümmendorf et al., 1989) and mouse (F3, Gennarini et al., 1989)
suggested the membrane attachment of these latter molecules is through a

glycosylphosphatidylinositol (GPI) moiety and raised the possibility that contactin
and F11/F3 are isoforms of the same molecule containing a different membrane
anchor. For several reasons this appears not to be the case. Firstly, the majority of

contactin, like F11, is released from cultured neurons by glycosylphosphatidyl
inositol specific phospholipase C (PI-PLC) (Ranscht, unpublished data). Secondly,
contactin is expressed from the corresponding cDNA in Chinese hamster ovary
(CHO) and COS cells as a membrane protein susceptible to treatment with PI-PLC,

although contactin is never completely removed from the cell surface by this

enzymetreatment (Vestal and Ranscht, in preparation). Lastly, reassessmentof the

contactin cDNA sequence revealed agreement with the data published by
Brümmendorf et al. (1989) (Berglund and Ranscht, in preparation). This indicates
that contactin and F11 are identical proteins with a glycosylphosphatidylinositol
anchor."

The question arises whether both membrane bound and secreted
contactin/F11 bind tenascin in vivo. In vitro studies with axonin-1 and F3 suggest
that properties of immunoglobulin-like molecules depend on which form is

presented to cultured neurons. Whereas axonin-1 exhibits strong neurite outgrowth
promoting activity when presented as a Substrate, it shows anti-adhesive properties
in its soluble form, causing perturbation of neurite fasciculation (Stoeckli et al.,

1991). The reverse behaviour was reported for F3, with F3 promoting neurite

outgrowth in its soluble State, whereas Substrate bound F3 failed to do so (Durbec
et al., 1992).

Secreted contactin/F11 may result from two mechanisms: firstly, PI-PLC

releases the protein from neuronal membranes into the extracellular space. This
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enzyme works at least in vitro both on cells (cultured neurons, contactin/F11
transfected CHO-cells; Ranscht, unpublished data) and also on subfractions of

chick brain membranes (see section 3.1.12.). A second mechanism, the secretion of

molecules from an intracellular pool, was demonstratedfor axonin-1 (Ruegg et al.,

1989) with the site of secretion being presumablythe growth cone. This axonin-1
was shown not to be exposed on the cell surface before release. Interestingly,
turnover rates of secreted and membrane bound axonin-1 differ markedly, with ti/2
of secreted axonin being about 5 hours, whereas ti/2 of membrane bound

contactin/F11 is about 100 hours (Ruegg et al., 1989). Similar phenomena may be

relevant for contactin/F11. This adds new possibilities for modulation of celllular
behaviour in responseto a signal from the extracellularspace (see also Ruegg et

al, 1989). Below a list, how interactionsbetween neuronal cells and tenascin might
be modulatedby use of membrane bound or secreted contactin/F11.
- 1. Cell surface contactin/F11 is released by endogenousphospholipases. This

releases part of the contactin/F11 into the extracellularspace. The lowering of the

amount of cell surface contactin/F11 causes a loss of responsiveness of the neuron

to tenascin. On the other hand, released contactin/F11 might bind (saturate or even

neutralise) tenascin in the ECM and inhibit tenascin action at the cell surface.
- 2. Binding to tenascinin the ECM by contactin/F11 directly secreted from the

intracellular pool. Assuming a rapid turnover of this contactin/F11, this
would serve as a fast response to an external Signal, e.g. tenascin.

- 3. Withdrawal of cell surface contactin/F11. Assuming a low turnoverrate of

membrane bound contactin/F11, shutting its synthesis would result in slow

response.

Questions remain: Assuming an analogous response, what is the actual Signal
that causes these modulatory events; is it tenascin itself which triggers the neuron

and if, how does the signal get into the cell? A direct cell signalling activity of
tenascin is implicated from results of a recent study. DNA-synthesisof stimulated
chick embryonicfibroblastswas markedly decreased by tenascin and this effect is

supposedly transmitted by an as yet unknown cell surface receptor of tenascin

(Crossin, 1992). A short, general discussion of the problem of signal transduction
via GPI-anchoredmolecules is presented at the end of section 4.7.
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4.4. Contactin/F11 binds multiple ligands; localisation of the

binding site on tenascin indicates a fibronectin type Hl
mediated interaction.

Competition studies demonstrated the specific interaction between

contactin/F11 and tenascin,with binding of contactin/F11 to immobilized E17 chick
brain tenascin being completelyinhibited by soluble chick brain tenascin. This

shows that binding between tenascin and contactin/F11 works also in Solution and
this may be of functional relevance in vivo. Contactin/F11 binds mutiple ligands. In

addition to tenascin,contactin/F11 binds weakly to itself (homophilic binding)and
laminin (see section 3.1.7., Fig. 10), with tenascin being clearly favoured among the

ligandstested. The weak homophilic binding is in line with results of studieson F3,
the mousehomologue of contactin/F11 (Gennarini et al., 1989). TransfectedCHO

cells, which express F3 on theirsurface, show enhancedaggregation (Gennarini et

al., 1991). In the same study the authors noticed, that F3 transfectedcells werealso
able to form mixed aggregates with parental non-transfected cells, indicating an

additional heterophilicbinding betweenF3 and a yet unidentified ligand on CHO
cells. This ligand is most certainly not tenascin, as CHO cells do not express
tenascin at theirsurface (Ranscht, personal communication). Additional support for

heterophilic binding of F3 came from immunohistochemicalstudies on the
localisation of F3 in developing mouse cerebellum (Faivre-Sarrailhet al., 1992).
Firstly, although F3 may be expressed at both pre- and post synaptic sites, it was

never found to be coexpressed at pre- or postsynaptic sites in contact.Secondlv.

growing parallelfibers stained intensely for F3, but F3 din not label apposing axons
in parallel fibers. Altogetherit seems likely, that there is a set of ligands for

contactin/F11, and binding of a certain ligand depends on the site of action, a

Situationwhich resemblesvery muchthat of tenascin and other ECM-components.
Use of the fractionatedisoforms of E 17 chick brain tenascin (tn 220 and tn

190) revealed a striking binding preference of contactin/F11 for the smallest tn 190

isoform of tenascin. This implies that the binding site on tenascin is most likely
disruptedby insertion of the altemativelyspliced type III domainsand we thinkthat

the binding site for contactin/F11 on tenascin lies at the border of FN type III

domains5 and 9 of tenascin.An alternative explanation is that the extra domain(s)
in the tn 220 isoform somehow fold(s) to mask and block the actualcontactin/F11

binding site, located in another region of tenascin.Asthe bindingto tn 220 alone is
almost reduced to background values, this would require that nearly each arm of

the tn 220 hexamer is folded into this inhibitoryconformation. We examinedrotary
shadowed electron micrographsof such preparationsand could find no evidenceto

support such a proposal. A selective denaturation of the tn 220 isoform is also
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unlikely, as tn 220 is subjectedto identical purification conditions as tn 190, with the

only difference that it is bound via the T17 rather than the T16 mAb, both of which

recognise epitopes within the fibronectin type III region (Kaplony et al., 1991). In

addition, the alternatively spliced region retained its functional activity when human

tenascin was also purified with a similar protocol to that of our own (see below,
Murphy-Ullrich et al., 1991). For these reasons,we conclude that the contactin/F11

binding site is disrupted by the splicing-in of the additional type III domains. This

mechanism for regulating functional activity of tenascin is intriguing and may also

apply to interactions with other ligands. Fibronectin, for example, binds

preferentially to tn 190 (Chiquet-Ehrismann et al., 1991).
The importance of alternative splicing in the function of tenascin was further

illustrated in another study (Murphy-Ullrich et al., 1991), where human tenascin,
when added to cultures of tightly adherent endothelial cells, changed cellular

morphology by reducing the size of focal adhesions. This was reversed by
monoclonal antibodies (mAb 81C6 and mAb 127) which are specific for different
domains within the alternativelyspliced region of human tenascin (Bourdon et al.,
1985; Murphy-Ullrichet al., 1991). This modulation of endothelial cell adhesion,
was also inhibited by chondroitin sulfate, implying that a cell-surface chondroitin
sulfate proteoglycan or chondroitin sulfate-binding protein participates in the de-

stabilising effect of tenascin on these cells. As already mentionedin section 4.2., a

neuronal chondroitin sulfate proteoglycan (CTB-proteoglycan, Hoffman and

Edelman, 1987) binds to tenascin and thereby mediates, at least partly, neuron-glia
adhesion. Could the neuronal contactin/F11 and the extracellular matrix, CTB-

proteoglycan (or indeed a cell membrane anchored chondroitin sulfate

proteoglycan) be alternative receptors for tenascin? It was recently proposed that

an inverse gradient of chondroitin sulfate may guide axons during the early stages
of growth along the embryonic retina (Brittis et al., 1992). As contactin/F11 and

tenascin are also present in the retina at the time of axonal outgrowth, it is possible
that these different molecules may combine to promoteaxon guidance.

One of us (Lloyd Vaughan) has previously established that the neurite

outgrowth promoting property of tenascin can be inhibited by a monoclonal

antibody (J1/tn2) which binds close to the boundary of the alternatively spliced
region (Lochter et al., 1991). It therefore seems likely that this site is the same or

very close to the binding site on tenascin for contactin/F11. The nature of the

neuronal receptor responsiblefor neurite growth on tenascin was neither identified

by Wehrle and Chiquet (1990), nor ourselves. Curiously, the behaviour of neurons

on a tenascin substratum is density dependent. For neurons plated at high
densities, fasciculation is encouraged (Faissner and Kruse, 1990), while neurite

extension is favoured at low cell culture densities (Lochter et al., 1991). Under the
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latter conditions the binding of the neurons, however, is restricted to the neurite and

its growing tip, as the cell bodies do not adhere to tenascin but require an

additional subStratum such as polyamines. This implies that the receptor(s) should
be concentrated in neuntes, a distribution which matches the expression of

contactin/F11 both in vitro and in vivo. Mouse contactin/F11 (F3) is concentrated on
neurites in mixed fetal brain cultures (Gennarini et al., 1989) and, like tenascin, can

support either neurite fasciculation (Rathjen et al., 1987) or neurite extension

(Chang et al., 1987; Gennarini et al., 1991). It will be interesting to determine

whetherthe distribution of contactin/F11 differs under conditions that favour neurite

outgrowth or fasciculation on a tenascin subStratum, and to examine the role of

contactin/F11 -tenascin interactionsin this process.
Towardthe end of this study we became aware of a communicationreporting

that contactin/F11 binds to an additional neural extracellularmatrix glycoprotein of

embryonic chick brain, called restrictin (see section 1.2.5.; Rathjen et al., 1991).
Restrictin has been coisolated with contactin/F11 and moreover also exhibits

binding to tenascin. cDNA sequence analysis reveals considerable structural

homologies between tenascin and restrictin throughout the Polypeptide chain

(Nörenberg et al., 1992) with the FN type III region of restrictin particularly
resembling tn 190. The FN type III domains one to five of restrictinare most closely
related to their colinear tenascin domains, whereas the alternatively spliced FN

type III repeats six to eight in chick tenascin (lacking in tn 190; Spring et al., 1989;
Jones et al., 1989) find no counterpart in restrictin.The C-terminal FN type III

domains of tenascin, containing the cell attachment site (Spring et al., 1989), are

closely related to the most C-terminal FN type III repeatsin restrictin. Restrictin and

tenascin FN type III repeats exhibit an overall amino acid identity of 33% in an

alignment extending over 814 amino acids. While tenascin is found in a wide ränge
of different embryonic tissues and is synthesized by both epithelial and

mesenchymalcells (e.g. fibroblasts) in nonneural tissues and by astroglial cells in

the nervous system (Grumetet al., 1985; Prieto et al., 1990), restrictin appears to be

expressed only in very specialized, axon rieh regions of the nervous system
(Rathjen et al., 1991; Nörenberget al., 1992). Which cell type synthesizesrestrictin
remains to be identified. In particular, there is no indication, either from tissue

distribution or from direct analysis, that restrictin is synthesized by chick embryo
fibroblasts in culture. We have used tenascin, isolated from conditioned medium of

chick embryonicfibroblast cultures, in the affinity chromatographyapproachthat led

to the identification of contactin/F11 as tenascin-bindingprotein. Due the source

and the purity of our tenascin preparations, we rule out, that binding of

contactin/F11 to chick fibroblast tenascin-Sepharose was actually due to binding to

contaminating restrictin.
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Soluble tenascin completely inhibits attachment of chick retinal cells to

restrictin, suggesting that tenascin and restrictin are recognized by the same

cellular receptor or that tenascin binds to the same region of restrictin recognised
by the restrictin receptor (Nörenberg et al., 1992). However, adhesion of chick

retinal cells to tenascin or restrictin is not affected by FAb fragments of polyclonal
antibodies to contactin/F11,indicating that contactin/F11 does not function as

cellular receptor in this type of adhesion (Rathjen et al., 1991). This suggests that

there are now at least two cellular receptors recognized by both restrictin and
tenascin.

4.5. Contactin/F11-tenascin binding confirms the importance of
distal immunoglobulin-like domains for ligand binding

It is somewhat surprising that only a few examples of the highly versatile

Immunoglobulin superfamily have been reported to recognise extracellular matrix

glycoproteins. At the beginning of this thesis, little, if anything, was known about the

interaction between cell adhesion molecules of the immunoglobulin-superfamily
and extracellularmatrix proteins. The first indication for such interactionscame from
studies showing that the neural cell adhesion molecule N-CAM binds to collagen
type I (Probstmeier et al., 1989). A very recent report demonstratesthat both the

immunoglobulin-like cell adhesion molecules N-CAM and the myelin associated

glycoprotein (MAG) are involved in the fibrillogenesis of collagen type I, by
retarding fibril formation but increasing fibril diameters (Probstmeier et al., 1992).
These functions are reminiscentof FACIT-collagens (Shaw and Olson, 1991) and

suggest that Immunoglobulin superfamily molecules can influence the configuration
of the ECM, and may be indeed a functional part of the ECM themselves. The
interactions between the immunoglobulin-likemolecule l-CAM 1 and its counter

receptor, the integrin LFA-1 (Staunton et al., 1990), between the immunoglobulin-
like molecules CD2 and LFA-3 (Selvaraj et al., 1987) and between the

immunoglobulin-likeN-CAM and collagen type I (Probstmeieret al., 1992), support
the notion that the ränge of functions for immunoglobulin-likemolecules is wide.

This is especially so for the neuronal members of this family, with their chimeric
structures of 5-6 immunoglobulin-likedomains and 2-5 fibronectintype III homology
domains (see Edelman and Crossin, 1991 for overview) which could potentially
interact with different types of receptors. Neuronal receptors of this family participate
in homophilic binding, ie. N-CAM and N-CAM (Cunningham et al., 1987) and L1-L1

(Lemmon et al., 1989) or in heterophilicinteractions such as L1-axonin-1 (Kuhn et

al., 1991) and between N-CAM and heparansulfate (Cole et al., 1986). An earlier

study (Cunningham et al. 1983) proposed that the homophilic binding site of N-
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CAM lies within the first four of the most distal immunoglobulin-likedomains. In

rotary shadowing electron micrographs,the epitope of the monoclonalantibody N-
CAM-1, which blocks specifically N-CAM to N-CAM binding, appears to be in the

third immunoglobulin-domain ofthe ssd-form of N-CAM (Becker et al., 1989). Other
studies however, seem less consistent with a simple homophilic mechanismfor N-

CAM. Transfectants expressing exogenous cell surface N-CAM adhere poorly to

each other (Edelman et al., 1987; Pizzey et al., 1989). No interaction of soluble N-

CAM to immobilizedN-CAM was detected in a direct binding assay (Probstmeieret
al., 1989). Embryonic chick retinal cells as well as mouse neuroblastoma cells

adhere to immobilized N-CAM via an as yet unidentified ligand, which is not N-

CAM, on the surface of the cells and support the possibility that N-CAM mediate

heterophilic adhesion in vivo (Murray and Jensen, 1992). The best documented
interactionbetween immunoglobulin-likedomains is the binding between CD2 and

LFA-3 (Selvaraj et al., 1987), both nonneurai and closely homologous members of

the immunoglobulin-superfamily. Given their homology, the interaction between
these two molecules is very near to kind of homophilic symmetrical interaction (see
also section 4.6.). Mutagenesis and proteolysis have shown that all the LFA-3

binding activity resides in the amino terminal immunoglobulin-likedomain 1 of CD2

(Recny et al., 1990). A nice example for "real" heterophilic binding properties of

immunoglobulin-like cell adhesion molecules is the endothelial intercellular
adhesion molecule ICAM-1, which is composed of five immunoglobulin-likerepeats
(Simmons et al., 1988; Staunton et al., 1988). ICAM-1 binds via its most distal

repeat to the leukocyte integrin ligand LFA-1 (Staunton et al., 1990), and

additionally, via its third distal immunoglobulin-likedomain to the leukozyte integrin
Mac-1 (Diamond et al., 1991). In the same study, binding between ICAM-1 and

Mac-1 was affected by the extent of glycosylation of the third immunoglobulin-like
domain of ICAM-1. A similar regulatory mechanism may be also relevant for neural

glycoproteins of the immunoglobulin-superfamily.
Our finding, that contactin/F11 binds via a site within its three N-terminal

immunoglobulin-likerepeats to tenascin rests on the selective binding of only the

N-terminal fragments to the tenascin column under conditions in which intact

contactin/F11 is retained. That this is not an artifact of column chromatographyis
evident from the same fragments not binding to the control columns of Sepharose
alone or fibronectin-Sepharose. Although these results are unequivocal in pointing
to the immunoglobulin-like region of contactin/F11 containing the binding site,
identification of which domain carries this site must await further experiments,
currently in progress. Nevertheless, our results are in agreement with published
evidence for the importance of the distal domains of the immunoglobulin-familyof
cell adhesion molecules in ligand binding. Assuming that the binding site for
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contactin/F11 is exclusively within the FN type III region of tenascin (see previous
section), this demonstration of tenascin-contactin/F11 binding reported here,

presents the first indicationof an interaction between immunoglobulin-likedomains
and fibronectin-typeIII repeats.

4.6. Topology of contactin/F11 and possible binding
mechanism between fibronectin type III domains and

immunoglobulin-like domains

In the light of most recent 2-D-NMR and cristallographicdata on the secondary
structure of immunoglobulin-likedomains and 2-D-NMR on the secondarystructure
of a FN type III domain, I will suggest a possible mechanism for tenascin-
contactin/F11 binding (interaction between a FN-type III domain and an

immunoglobulin-likedomain), and alternatively contactin/F11-contactin/F11 binding
(which is in analogy to known binding mechanisms of other cell adhesion
molecules of the immunoglobulin-superfamily, e.g. N-CAM (Cunningham et al.,
1983; Becker et al., 1989), assumed to be a binding between immunoglobulin-like
domains).

Rotary shadowing electron micrographs of contactin/F11 (see section 3.1.6.)
reveal overall features of contactin/F11 very similar to ssd N-CAM, which is the GPI-
anchored isoform of N-CAM and contains five immunoglobulin-likedomains and

two fibronectintype III repeats. Contactin/F11appearsas a rod like structure with a

flexible hinge between a long and a short arm. In case of N-CAM, antibody
mapping demonstratedthat the longer arm corresponds to the immunoglobulin-like
regions. Similar to ssd N-CAM, contactin/F11 does not form rosettes. In contrast to

former assumptions (Hall and Rutishauser, 1987), rosettes are formed by
aggregation of transmembrane or cytoplasmicdomains but not by interaction of the

homophilic binding site (Becker et al., 1989). Most of the contactin/F11 molecules
exist as monomers, indicating that at least isolated contactin/F11 does not

aggregate strongly. This suggests that, if multivalence is a necessaryfactor for

contactin/F11 mediated adhesion in vivo, than a cellular mechanism must exist to

generate the appropiate arrays of contactin/F11 on apposing surfaces. This

requirement for multivalence is nicely mimicked by a populär in vitro assay to

measure low affinity interactions between cell adhesion molecules and their

ligands. Coupling of proteins to spherical microbeads(e.g. Covaspheres)produces
a high surface density of the molecules and facilitates binding.

Most contactin/F11 molecules show a hinge point, presumably at the border

between the immunoglobulin-likeregion and the FN type III region. Hinge points
have already been observed in electron micrographs of N-CAM (Becker et al.,
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1989) and l-CAM-1 (Staunton et al., 1990), although in case of ICAM-1, only in a

minority of the molecules. This flexible hinge may be important for facilitating cell-
cell adhesion, e.g. when cell surfaces are in motion or not in complementaryshape.

Analogous to N-CAM, electron micrographs show contactin/F11 as a thin rod

of uniform thickness. Measurementof the dimensions of both the immunoglobulin-
like domains of NCAM (Becker et al., 1989) and ICAM-1 (Staunton et al., 1990)
demonstrate, that in both these molecules immunoglobulin-likedomains must align
end to end, in an unpaired State. Unpaired immunoglobulin-domainsare the crucial

prerequisite for further, side by side, interaction with domains on their ligand
molecules. Detailed insight came from determination of secondary structures of

both the immunoglobulin-likedomain 1 of the cell adhesion molecule CD2 (Driscoll
et al., 1991) and the RGD containing fibronectin type III module of fibronectin (Baron
et al., 1992) by NMR-spectroscopyand determinationof the crystal structure of the

immunoglobulin-likedomain 2 of CD4 (Ryu et al., 1990). All these domains consist

of two antiparallel ß-sheets, which form opposite faces of one domain. The folding
of domain 1 of CD2 highly resembles the structure of variable domains of

Immunoglobulins. The fibronectin type III repeat shows similar topology to that
described for the immunoglobulin-like domain 2 of CD4, both resembling the

constant domain of Immunoglobulins. Domain 1 of CD2 contains all the binding
activity for its counter receptor, the immunoglobulin-likemolecule LFA-3 (Recny et

al., 1990). As mentioned above, due to the high sequence similarities, the

interaction between CD2 and LFA-3 mimicks a homophilic interaction. Mutagenesis
studies, as well as correlation with data obtained on the paired Immunoglobulin
domains in FAb-fragments, demonstrate that binding of CD2 and LFA 3 occurs via a

side to side interaction of ß-sheets. The 2-D structure of the FN type III repeats and
immunoglobulin-likedomains suggest that this side to side interaction of ß-sheets

may be a basic mechanism between cell adhesion molecules which contain these

domains, and in our case, would be the most likely mechanism underlying the

interaction between the immunoglobulin-likedomain(s) of contactin/F11 and the FN

type III repeat(s) of tenascin (and restrictin?) and the homophilic interaction of
contactin/F11. The proof for this assumptioncould come from cocrystallisationof
domains. This will be a challenge, as the binding affinities of these interactions are
known to be low. The Kd for the CD2-LFA-3 binding was calculated to be in the

ränge of 1 uM (Springer, 1992), a value typical for binding affinities between

extracellular matrix ligands and their cell surface receptors. Normally, Single
domains differ in binding properties comparedto the intact molecule. E.g. in the

case of the RGD-site (which is assumed to lie at the domain-domain interface

between the ninth and the tenth FN type III repeat of fibronectin; Baron et al., 1992),
füll activity of the RGD site requires a second site mapped to a region within the
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eight or ninth FN type III repeat (Obara et al., 1988). Such a Situation may be also

relevant for the contactin/F11 binding site of tenascin.

4.7. Is a tenascin-contactin/F11interaction plausible? and how

might this interaction affect neuronal patterning in vivo?

The following are examples where tenascin-contactin/F11 (F3) binding may
affect neural parttern formation.
- formation of the molecular layer in the developing cerebellar cortex
- migration of granule neurons along Bergman glia
- axonal outgrowth
- synaptogenesis
- Polarisationof cells

Both contactin/F11 and tenascin are predominantly expressed in the second
half of chick embryonic development. In situ hybridisation and immunodetection
show that the level of tenascin increases in chick brain from embryonic day 8,
peaks at about day 15 and then tapers off until its hardly detectable 3 days after

birth (Prieto et al., 1909; Kaplony et al., 1991). Similarly, chick contactin/F11 is

initially detectable around E 8, and increases to about 50% of the adult level at

embryonicday 13. From this point it increases slowly, reaching a plateau at about

embryonic day 17 (Ranscht et al., 1984). Previous reports indicate a tight
developmentalcontrol of tenascin isoform expression in developing chick and

mouse (Prieto et al., 1990; Bartsch et al., 1992). Immunopurified tenascin from E17

chick brain extracts show comparable amounts of tn 220 and tn 190 (see section

3.1.9.) and this Observation is supported by detection of tenascin by quantitative
immunoblot analysis of whole chick brain extracts (Kaplony-Bachofner, 1991).
These data are in contrast to those presented by Prieto et al. (1990). In their study,
tn 220 is the dominant isoform in the developing chick cerebellar cortex (which is

the major source of tenascin according to this study) at embryonicday 17. Our data

are supported by studies of tenascin expession in developing mouse cerebellum

(Bartsch et al., 1992). Quantitative immunoblot analysis revealed that the higher
molecular weight forms of tenascin are developmentally down regulated at a faster

rate than the lower molecular weight isoformsof tenascin .

In situ hybridisation (Prieto et al.,1990) showedtenascinmRNA in all layers of

the developing chick cerebellar cortex except the molecular layer. However,

immunohistochemistry with anti-tenascin antibodies, detected tenascin in all layers
of the developing chick cerebellar cortex (Chuong et al., 1987) and this finding is

supported by immunohistochemicalstudies on tenascin in developing mouse
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cerebellar cortex (Bartsch et al.,1992). A comparison of the distribution of
contactin/F11 (F3) (Faivre-Sarrailh et al., 1992) and tenascin (Bartsch et al., 1992)
in mouse cerebellum,reveals a nice codistributionof these two proteins.The entire

thickness of the molecular layer stains strongly positive for tenascin. The youngest
parallel fibers are located in the upper zone of the molecular layer, since fibers

forming later become stacked on earlier ones. Thus, growth of the parallel fibers

occurs through a tenascin positive environment, possibly by using other tenascin
immunoreactive parallel fibers (Bartsch et al., 1992). Contactin/F11 (F3) is

specifically localised to these same parallel fibers (Faivre-Sarrailh et al., 1992). The
correlation between contactin/F11 and tenascin expression suggests that the

interaction between contactin/F11 and tenascin in developing cerebellum may
affect axonal outgrowth or fasciculation, rather than neuronal migration.

Neuronal migration in the developing cerebellum is so far the best

documented example of tenascin function in the mediation of neuron-glia
interactionsand layer formation. The migration of granule neurons along Bergmann
glia cells in the developing cerebellum occurs via a tenascin dependent
mechanism (Chuong et al, 1987; Husmann et al., 1992). Immunohistochemical
studies show, that tenascin is associated with the surface of cerebellar neurons,

however, glial cells are the source of this neuron associated tenascin (Bartsch et

al., 1992). Anti-tenascin monoclonal antibodies blocking the migration of granule
neurons in cerebellar explant cultures, map to a site on FN type III homology
domains 3-5 (Husmann et al., 1992). In contrast, the J1/tn2 monoclonalantibody,
which inhibits neurite extension on tenascin in vitro, mapsclose to the FN type III

domains 8,9 on chicken tenascin (Lochter et al., 1991) and has no inhibitory effect

on granule cell migration (Husmann et al., 1992). This is consistent with a spatial
Separation of migration and axonal outgrowth promoting sites on tenascin and

implies, that tenascin interacts with distinct neuronal receptors at distinct places
during neuronal migration and axonal growth.

As mentioned earlier (see section 4.4), both contactin/F11 and tenascin are

are also present in the chick retina at the time of axonal outgrowth and it is possible
that these different molecules may combine to promote axon guidance. It will be

now importantto examine if tn 190 and contactin/F11 are ligands at this time and

this is under current investigationin our laboratory.

Immunohistochemistry shows that the content of contactin/F11 (F3) is high in

areas rieh in dendrites and synapses (Ranscht et al., 1984; Faivre-Sarrailh et al.,

1992). Immunoblot analysis (see section 3.1.12.) revealed that contactin/F11 is an
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abundant protein both in E12 and E17 chick brain synaptosomal membrane
fractions. Moreover, in both stages, contactin/F11 is the major PI-PLC sensitive

component within these membrane subfractions. A stage and site dependent
glycosylation of contactin/F11 is indicated. Whereas E12 contactin/F11 of

synaptosomal membranes stains positive for L2 carbohydrate epitope, E17

contactin/F11 of synaptosomal membranes stains negative. In addition to this

temporal regulation of glycosilation, there seems to be also a spatial regulation of

glycosilation. E17 contactin/F11 from whole chick brain extracts stains positively for

L2, in contrast to E 17 contactin/F11 from the synaptosomal subfraction.

Carbohydrate epitopes seem to be involved in the cis-interaction of the neural cell

adhesion molecules L1 and N-CAM (Kadmon et al., 1990b) and may be important
for the complex formation of contactin/F11 with neighbouring proteins (e.g. signal
transducing proteins) in the synaptosomal membrane plane. In this context, its

interesting to notice that Mege et al. (1992) describethe involvement of tenascin in

the synaptogenesis of the frog neuromuscular system. They found tenascin
concentrated at neuromuscularjunctions and at the nodes of Ranvier. Anti-tenascin
antibodies altered the preterminal nerve fiber pathways and inhibited or delayed
the reinnervation of old synaptic Sites. A previous report has already proposed
tenascin as one of the factors to direct the precise growth of regeneratingaxons to

their original site of Innervation (Sanes et al., 1986). It will be interestingto see, if

tenascin and contactin/F11 are ligands in synaptogenesis, e.g. tenascin influencing
the Organisation of contactin/F11 in the Synapse or growth cone.

In the past year our group has identified two cell surface receptors of tenascin,
one being contactin/F11, the other one being glypican (Vaughan et al., manuscript
in preparation), a heparan sulfate proteoglycan, isolated from human lung
fibroblasts(Lories et al., 1987). Is it a matter of Chance or not, that both receptors
are attached to the membrane via a GPI-anchor?GPI-membraneanchoring acts as

targetting signal in both polarised epithelial cells and neurons. The GPI-anchored
isoform of N-CAM (ssd N-CAM) is selectively sorted to the apical membrane of

epithelial cells (Powell et al., 1991). Similarly, the neuronal GPI-anchored protein
Thy-1 was exclusively sorted to axonal surfaces, but was not found on dendritic
surfaces (Dotti et al., 1991). It was suggested, that neurons maintain segregated
membrane domains analogousto the apical and basolateral membrane domains of

epithelial cells. Perhaps it is a function of tenascin to induce or to maintain the

formation of polarised surfaces.

One particularly intriguing question still remains: how is the signal of tenascin

binding to contactin/F11 transmitted into the cell? The mechanism whereby GPI-
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linked molecules transduce recognition signals remains to be established.

However, the requirement for accessory membrane spanning components has

been suggested and in case of Thy-1 it has been demonstratedexperimentally.
Thy-1 is a differentiation antigen present on rodent thymocytesand in the CNS of

most mammals. Thy-1 was found to associatewith the leukocytecommon antigen
CD45, which has tyrosine Phosphataseactivity (Volarevic et al., 1990). It has also
shown that CD45 associates with fodrin (Bourgignon et al., 1985), suggesting that

Thy-1 and CD 45 may not interact directly, but may be linked by cytoskeletal
proteins (Robinson, 1991).

I expect a similarly complex Situation in case of contactin/F11 and other

neuronal GPI-linked proteins and I hope it will be possible for me to participate in

and contribute to this challenging research area.
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6. Summary

Aim of this study was to find a cellular receptor for the large extracellular

matrix glycoprotein tenascin. The functional importance and the abundance of

tenascin in brain of 17 day old chick embryos, led us choose tissue of this stage to

search for putative cellular receptors with a membrane-glycoproteinfraction
through column affinity chromatographyon tenascin-sepharose.

The major component retained on the tenascin-column was a Mr 135 K

protein, identified as contactin/F11 by NH2-terminal sequencing. Contactin/F11 is a

glycosyl phosphatidylinositol anchored cell adhesion molecule of the

Immunoglobulin superfamily. Contactin/F11 is expressed exclusively on neuronal

surfacesand thus representsthe first neuronal membrane receptor of tenascin. The

specifity of the binding between tenascin and contactin/F11 was demonstratedin

solid phase assays. Binding of immunopurified 125l-labelled contactin/F11 to

immobilized tenascin was completely inhibited by soluble tenascin and

contactin/F11. Binding of contactin/F11 to tenascin was clearly stronger compared
to all other Substrates tested, including immobilized contactin/F11. Sequential
immunoaffinity chromatography with the chick tenascin-specific monoclonal
antibodies T16 and T17 gave the possibility to fractionate the two major isoforms,
the Mr 190 K and the Mr 220 K isoform of chick brain tenascin. When these

fractionated isoforms were used as Substrates in the solid phase assay,

contactin/F11 bound preferentially to the Mr 190 K isoform, which differs from the Mr
220 K isoform in having no alternatively spliced fibronectin type III domains. This

result implies that the insertion of these additional domains disrupts the

contactin/F11 -binding site within the fibronectin type III region tenascin.
To localise the binding site on contactin/F11, proteolytic fragments were

generated and again used for affinity chromatography on tenascin-Sepharose.
Tenascin binding peptides were characterised by NH2-terminal sequencing. All

these fragments contain the NH2-terminus of intact contactin/F11. The size of the

smallest peptide comprises the three distal immunoglobulin(lg)-likedomains of

contactin/F11. These suggests that contactin/F11 binds via a site within its three

most distal Ig-domains to a site withinthe fibronectin type III region of tenascin. This

interaction is the first indication for a direct binding between Ig-like domains and

fibronectin type III domains.

In a parallel approach I have raised antisera against the ßi subnit and a Mr
155 K alpha subunit of chick gizzard integrins. The antiserum against this Mr 155 K

alpha subunit of chick gizzard integrin crossreactswith the corresponding Mr 155 K

alpha subunit of embryonic chick brain integrin. NH2-terminal characterisation of



110

the chick brain alpha subunit indicates, that it is the chick homologue of the rat

alpha 1 subunit.

In conclusion, the results of my thesis strongly support the idea, that, in

addition to integrins, cell adhesion molecules of the immunoglobulin-superfamily
function as receptors of extracellular matrix proteins.
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7. Zusammenfassung

Ziel meiner Untersuchungwar die Identifizierung.eineszellulären Rezeptors
für das extrazelluläre Matrix Glycoprotein Tenascin. Hirn von 17-tägigen
Hühnerembryos ist eine ausgezeichnete Tenascinquelle.Zudem zeigten frühere

Studien die besondere Bedeutung von Tenascin in diesem Stadium der

Entwicklung. Es war daher naheliegend, auf der Suche nach einem zellulären

Receptor, Membran-Glycoproteineaus diesem Gewebe und diesem Stadium auf

Bindungan eine Tenascin-Säule zu testen.

Hauptkomponenteim Eluat der Tenascinsäule war ein Protein mit einem
relativem Molekulargewicht von ca. 135 K, welches mittels NH2-terminaler
Sequenzierung als Contactin/F11 identifiziert wurde. Contactin/F11 ist ein

Zelladhesionsmolekül der Immunoglobulin- Superfamilie und wird auschliesslich
von Neuronen exprimiert. Erstmalig wurde also hier ein neuronaler

Membranrezeptor von Tenascin identifiziert. Die spezifische Bindung zwischen

Tenascin und Contactin/F11 wurde durch weitere Untersuchungen bestätigt. Die

Bindung von radioaktiv markiertem Contactin/F11 an Tenascin-Substrat wurde
durch Zugabe von löslichem Tenascin, sowie löslichem, nicht markiertem

Contactin/F11, vollständig gehemmt. Weiters erwies sich die Bindung zwischen
Contactin/F11 und Tenascin-Substrat als deutlich stärker verglichen mit den

übrigen getesteten Substraten, auch deutlich stärker als die Bindung von

Contactin/F11 zu sich selbst. Mithilfe zweier tenascin-spezifischer monoklonaler

Antikörper, T16 und T17, war es möglich, die zwei Haupt-Isoformen von

Himtenascin, Tenascin mit relativen Molekulargewichten (Mr) von 190 K

beziehungsweise220 K, zu trennen. Diese beiden Isoformen unterscheiden sich in

der Anzahl ihrer Fibronectin Typ III Domänen. Die getrennten Isoformen wurden

neuerlich als Substrate auf ihre Bindung zu Contactin/F11 getestet. Contactin/F11
band eindeutig besser an die kleine (190 K) Tenascin-Isoform.Offenbar stören die

zusätzlichenFibronectin Typ III Domänenim Falle der grösseren (220 K) Isoform

die Bindung von Contactin/F11 an Tenascin. Wir folgern daraus, dass sich die

Contactin/F11 Bindungsstelle innerhalb der Fibronectin Typ III Region von

Tenascin befindet.

Die Bindungsstelle auf Contactin/F11 für Tenascin wurde mittels

proteolytischer Fragmente von Contactin/F11 und durch Affinitätschromatographie
mit Tenascin-Sepharosebestimmt. Tenascin bindende Peptide wurden durch NH2-
terminale Sequenzierung identifiziert. Alle diese Fragmente enthalten den NH2-
Terminus des intakten Contactin/F11. Aus der Grösse des kleinsten Tenascin-
bindenden Fragments lässt sich abschätzen, dass sich die Bindungsstelle für
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Tenascin innerhalb der drei endständigenimmunoglobulin-ähnlichen Domänen

von Contactin/F11 befindet. Damit wurde hier erstmal eine direkte Wechselwirkung
zwischen einer immunoglobulin-ähnlichen Domäne und einer Fibronectin Typ III

Domäne gezeigt.
Parallel dazu habe ich Antiseren gegen zwei Untereinheiten von

Hühnermagen-Integrinen produziert: gegen die ßr und gegen eine alpha-
Untereinheit mit einem relativem Molekulargewicht von 155 K Das Antiserum

gegen die 155 K Untereinheit reagiert auch mit der entsprechenden155 K alpha
Untereinheit von Integrinen aus embryonalen Hühnerhirn. Letztere wurde mittels

NH2-terminaler Sequenzierung als vermutliches Homolog der bereits vollständig
sequenzierten alpha 1 Untereinheit aus Ratte charakterisiert.

Die Resultate dieser Arbeit sind ein weiterer Hinweis dafür, dass zusätzlich

zu Integrinen, Zelladhäsionsmoleküleder Immunoglobulin-Superfamilieals
Rezeptoren für extrazelluläreMatrixproteine dienen.
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