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ABSTRACT

The phosphorylation and cell adhesion properties of myelin-associated glycoprotein
(MAG) isoforms were investigated. MAG is a member of the immunoglobulin supergene
family and is thought to mediate inicractions between myelinating glial cells and neurons
in the central and peripheral nervous systems, Two isotorms of MAG exist, L-MAG and
S-MAG, which exhibit differential expression patterns. Using retroviral infection and
transfection of the cDNAs encoding L-MAG and S-MAG, L cell fibroblasts and NIH3T3
cell lines that express either isoform were generated. The expression of both isoforms
on the cell surface of L cells induced the cells to aggregate in a MAG-dependent fashion.
The adhesion phenomena was determined to be calcium and temperature independent. A
critical level of cell surface MAG expression was required for cell aggregation to oceur.
The adhesion was found to be heterotypic in nature, signifying the presence of a MAG
receptor on the cell surface of L cells.

The MAG isoforms are identical in their extracellular and transmembrane domains.
They share a common region in their cytoplasmic domain, but are distinct at their
carboxy! termini. The unique carboxy! tails are comprised of 54 amino acids in L-MAG
and 10 residues in S-MAG. Both isoforms were determined to be phosphorylated in
fibroblasts. L-MAG exhibited phosphorylation on serine, threonine and tyrosine residucs.
The phosphorylation on tyrosine was augmented by treatment of cells with ammonium
vanadate. S-MAG phosphorylation occurred mainly on serine residues, but some
phosphotyrosine was aiso detected. The phosphorylation of S-MAG, however, was
relatively insensitive to vanadate treatment. Tryptic digest analysis showed that two
serine and the major tyrosine phosphorylation site in MAG were identical in L-MAG and
$-MAG. The major tyrosine phosphorylation site in MAG was, thus, identificd as
tyrosine 558. This tyrosine residue is homologous to the major tyrosine phosphorylation
site in the fibronectin receptor, integrin. A similar phosphorylation pattern of L.-MAG
was observed in primary rat oligodendrocytes.

Determination of the stoichiometry of phosphorylation revealed that phosphorylation
of L-MAG was at Jeast one order of magnitude greater than S-MAG, especially with
respect to tyrosine phosphorylation. This result indicates the presence of a carboxyl
terminal sequence unique to L-MAG that activates the phosphorylation of tyrosine 558.
This region may represent docking sites for protein tyrosine kinase binding, making L-
MAG-kinase interactions more efficient.



Two populations of L.-MAG molecules were discovered: those that are phosphorylated
on tyrosine residues, and those that exhibil serine/threonine phosphorylation. In effect,
tyrosine phosphoryiation precludes serine/threonine phosphorylation, suggesting that the
alternatively phosphorylated L-MAG molecules perform different functions. Increasing
the tyrosine phosphorylation of MAG had no detectable effect on the cell adhesion
behaviour of the cells. Tyrosine phosphorylation of L-MAG, however, induced its
capacity to bind the SH2 domain of phospholipase C-gamma.

Therefore, L-MAG has the potential to interact with a variety of signalling molecules
via its cytoplasmic domain. While L-MAG may participate in signal transduction
pathways, S-MAG may function in a more restricted manner and perform only as a cell
adhesion molecule. Thus, the differential regulation of MAG isoform expression may
serve to increase the repertoire of MAG functions at specific times during development.
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CHAPTER 1

GENERAL INTRODUCTION



An important property of cells during development is the ability to recognize cellular
and extracellular targets. This property is a function of the cell adhesion molecules
(CAMs) expressed on the cell surface. They confer to cells the ability to adhere
selectively in space and time and are generally responsible for moulding and maintaining
tissue architecture in a developing organism. The initial observation suggestiny, the
existence of CAMs in embryonic cells was provided by Townes and Holtfreter (1935)
in their classic experiments on amphibian development (176). They observed that
dissociated embryonic cells from gastrulae aggregate and sort t.hemselves into the distinct
germ layers of normal intact embryos. Holtfreters® work set the stage for future studies
on selective aggregation and adﬁesion, which were essential in defining the properties of
CAMs.

Recently it has also become evident that cell adhesion is a dynamic process linked to
signal transduction pathways. While CAMs themselves do not possess any enzymatic
activity, CAM-ligand binding has been implicated in calcium fluxes across the cell
membrane, changes in inositol phosphate turnover, and protein kinase activation
(31,41,51,93,100,152). These findings demonstrate that the developmental processes
underlying cell adhesion are not simply due to intercellular binding, but also due to the
activation of intracellular signalling events. |

The work in this thesis concerns itself with myelin-associated glycoprotein (MAG),
a myelin specific CAM. MAG is a member of the immuneglobulin (Ig) supergene
family and is essential for myelination in the central and peripheral nervous systems

(CNS and PNS). MAG has been shown to be phosphorylated in_vivo in rodent brain




(32,36}, suggesting a link between MAG mediated cell adhesion and signal transduction
processes. The objective of this thesis was to characterize the functional signilicanee of
MAG phosphorylation.

A brief review of signal transduction involving protein tyrosine phosphorylation will
be provided, followed by a review of the major classes of CAMs and a summary of
recent findings implicating CAMs in signal lransducﬁon. The last part of the

introduction will concern itself with the role of MAG in myelination,

1.1 Protein Tyrosine PhoSphoryIation

Phosphorylation is one of the most common post-trans‘lational modilications of proleins
and is involved in a wealth of cellular regulalbry pathways. The most common amino
acid residues phosphorylated are the three hydroxy amino acids serine, threonine and
tyrosine, although rare functional phosphorylations of other amino acids do occur (65).
The enzymes that catalyze the phosphotransferase reaction are the protein kinasés, which
have been classified according to conserved ‘homologies in their catalytic domains (61).
Eukaryotic protein kinases are divided into 3 main groups: the serine/threonine kinascs,
the protein tyrositie kinases (I;TKs) and the recently identified serine/threonine/tyrosine
(STY) kinases (12,73), named for their ability to phosphorylate all three hydroxy-amino
acids. Tyrosine phosphorylated proteins account for as little as 0.01% of cellular
phosphoproteins, the rest comprising serine and threonine phosphorylated proteins (76).
An increase in cellular phosphotyrosine levels correlates with transformation of normal

cells into cancerous cells (155,156), illustrating the importance of regulaling tyrosine



phosphorylation. Since the discovery of phosphotyrosine, it has become apparent that
PTKs play key roles in regulating processes leading to cell growth and differentiation
(43,56,58,85).

In general, PTKs can be classitied into growth factor receptor (GFR) type PTKs
exemplified by the epidermal growth factor (EGF), platelet-derived growth factor
(PDGF) and insulin receptors (182), and the non-receptor PTKSs typified by the c-src, ¢-

fps and c-abl proto-oncogenes (61,74).

1.1.2 Growth Factor Receptor Tyrosine Kinases

The GFR kinases are typically transmembrane proteins with a growth factor binding
site in the extracellular region and a catalytic domain residing in the cytoplasmic carboxy!
terminus. Ligand binding causes GFR oligomerization and subsequent activation of PTK
activity, which results in autophosphorylation on tyrosine residues of the GFR (182).
Following receptor activation a number of cellular responses ensue, including activation
of other PTK, hydrolysis of phosphatidyl inositol (PI) and calcium mobilization, leading
ultimately to a mitogenic effect (182). Interestingly, the enzyme responsible for PI
hydrolysis, phospholipase C-gamma (PLC), becomes tyrosine phosphorylated soon after
GFR activation (187). This causes the activation of PLC activity itself (114), leading to
a cascade of signal transduction events. Apart from PLC, other signalling molecules such
as the cytoplasmic PTKs Src, Fyn and Yes, the Raf-1 sérine/threonine kinase, the PI3
kinase, and the GTPase activating protéin (GAP) involved in controlling ras activity are

known to become tyrosine phosphorylated and associate with activated GFRs



(28,86,95,110). Furthermore, these  signatling  molecules  associate  only with
autophosphorylated GFR. Site-directed mutagenesis studies demonstrate that the GER
binding sites correspond to specific tyrosine residues that become autophosphorylated
during GFR activation (87). The GFR, thercfore, serves as a docking site {for multiple

molecules, activating a number of signalling pathways during receptor stimulation,

1.1.3 Src Related Tyrosine Kinases

The gene encoding the v-Src PTK was first identified as the causative factor in chicken
sarcomas infected with Rous sarcoma virus. It was then realized that the viral gene was
derived from the normal cellular homologue c-src (166). To date, the c-Src related PTKs
encompass eight well characterized members encoded by the src, lyn, Iyn, yes, Ick, hek,
fgr, and blk proto-oncogenes (35,61). They encode cyloplasmic plasma membrane
associated PTKs of molecular weights ranging from 56-62 kilodaltons (kd).. A number
of conserved features are present in all members, including an amino-terminal myristic
acid group, which is in part responsible for plasma membrane anchoring, a catalytic
domain, and two non-catalytic functional domains designated the Src-homology regions -
2 and -3 (SH2 and SH3 respectively) (74,91, 148).

There are two major tyrosine phosphorylation sites in c-Src, which regulate its kinase
activity. .Phosphorylation of tyrosine residue 527 down-regulates c-Src activity, while
phosphorylation of tyrosine 416 activates kinase activity (74). In cells in culture c-Src is
constitutively inactive and phosphorylated on tyresine 527. Mutation of tyrosine 527 lo

a phenylalanine, or deletion of tyrosine 527 (as in v-Src) results in the constitutive



phosphorylation of tyrosine 416 and activation of Src kinase activity (74). While the
activities of GFRs arc regulated by growth factor binding, the normal cellular
mechanisms for regulating c-Sre activity are unknown, PDGF stimulation results in an
increase in PDGF receptor associated ¢-Sre activity. The mechanism of this activation,
however, is unclear, since no change in tyrosine phosphorylations of residues 416 and
527 werc c.lclccled (55). Interestingly, other members of the src family exhibit a non-
covalent association with cell surface receptors or adhesion molecules. Activation of these
kinases ensues after receptor cross-linking or ligand binding (1,62,150,185,194) (also see
section 1.2.14).

In mice, c-src is expressed ubiquitously in all tissues, with particularly high expression
occurring in brain and platelets (19,53). Other members of this family exhibit a more
restricled tissue expression patiern (1). The multitude of kinases in the Src-related PTKs
possibly indicates a functional redundancy, which is reflected by recent experiments
where a c-sr¢ null mutation was introduced into embryoqic stem (ES) cells_using
homologous recombination. Mouse chimeras produced from these ES cells were used to
transmit the mutated gene to their offspring. Mice homozygous for the mufation
unexpectedly displayed a severe deficiency in bone remodelling and died within the first
two weeks of life (161). However, general cell viability was not affected and no
detectable defects in brain and platelet function were observed (161). These findings
imply that the c-Src kinase is not essential for cell viability and its loss in activity can be

compenéaled for by the presence of other PTKs (161).



1.1.4 The SH2 and SH3 Domnains

Non-receptor type PTKs exhibit conserved non-catalytic cegions at their amino-terimni,
which appear to function as regulatory domains, These regions have been named SH2
and SH3 domains, which play a role in regulting protein-protein interactions, While
SH3 domains may be involved in mediating cytoskeletal association, SH2 domains biwd
specifically to phosphotyrosine residues in cellular prowins (6,91, 107), A tascinating
finding is that these domains also exist in other signal transducers such as PLC, GAP,
PI3 kinase, and the crk oncogene encoded protein (6,91,106). In fact, in virlrp studics
show that the SH2 domains in lfLC and GAP are responsible for the association of these
proteins with activated GFRs (6). This suggests that protein-protein interactions via SH2
aﬁd SH3 domains may be essential in the transmission of signals leading w cellular
proliferation or differentiation.

An interesting example of the importance of these non-catalytic regions in regulating
PTK activity is illustrated with the abl encoded PTK. The oncogenic counterpart of ¢-
ABI, v-Abl was first identified as a gag-Abl fusion prolein of Ableson murine leukemia
virus (191). Subsequent to this finding severai other transforming mutants of the abl gene
were identi\ﬁed in, among others, the ber-abl fusion genes of human chronic myclogenous
leukemia (CML) (92) and human acute lymphoblastic leukemia (ALL) (26). Oncogenic
activation of v-abl has been shown to be due to cerlaiﬂ N-terminal deletions (which
include the SH3 domain) and replacement by viral gag sequences. Similarly, mutations
in the SH3 domain of ¢-abl also result in its oncogenic activation (44,79), suggesting that

the SH3 domain may be important in regulating Abl activity. In addition, an intact SH2



domain in v-abl also seems (o be essential for its activity, since truncation of this domain
results in loss of its transformation potential (136). In CML and ALL, however, the ber-
abl genes are a result of the fusion of c-abl sequences upstream of the SH3 domain to the
first exon of the ber gene, leaving the SH2 and SH3 domains intact. Recently, Pendergast
et al. (130) demonstrated that Ber interacts with high affinity with the SH2 domain in
_Abl. Unlike the previously identified dependence on tyrosine phosphorylation of SH2
binding proteins, the interaction of Ber ;with the Abl-SH2 domain was dependent on the
~ phosphorylation of Ber on serine/thrwunine residues (130). Therefore, these results
suggest that the SH2 and SH3 domains are essential for controlling Abl kinase activity.
Furthermore, since serine/threonine phosphorylated proteins can also bind SH2 dorﬁains,

the repertoire of possible protein-protein interactions is dramatically increased.

1.2 Cell Adhesion Molecules

It has become apparent that a multitude of different CAMs exist, often with cell-type
specific expression patterns (78,82,99,163,170, 189). Protein sequence analysis of these
CAMs shows that extensive homologies exist between individual CAMs which have
subsequently been classified into distinct categories. Three of these major groups of
CAMs, the cadherins (169,170), the integrins (78), and the members of the Ig
supergene family (189) will be reviewed here, as they are pertinent to the content of this

~ thesis.



1.2.1 The Cadherins

A number of different cadherin molecules have been identified, such as E-cadherin
(also frequently referred to as uvomorulin), N-cadherin- a neuron specifie sub-type, and
P-cadherin- an isoform found in placenta (170). E-cadherin is expressed early on during
mouse embryogenesis and is essential for compaction of the blastomere at the 810 -16
cell Stage (77,169). All ceils in the embryo express E-cadherin at the implantation stage.
As the embryo differentiates into the three germ layers, E-cadherin expression is lost in
the mesoderm (169,173). Likewise, during neurulation (the invagination ol the neural
plate to form the neural tube) E-cadherin disappéars from the ncurocctoclcnﬁ and is
replaced by N-cadherin upon closure ot the neural tube (99,169). Furthermore, N-
cadherin expression in neural crest cells is lost prior to ihcir peripheral migration from
the neural tube, and reappears as these cells form the sensory ganglia (99,169). These
changes in temporal and spatial expression of cadherins reflect lhé importance of
regulating CAM expression during development. Together with other CAMs, the
cadherins are molecules indispensable for controlling animal morphogenesis.

In order to study how these molecules cause the selective adhesion and sorting of cells
during embryogenesis, cadherin molecules have been expressed in non-adherent L cell
fibroblasts (109, 116). Using cell aggregation experiments, in principle similar to the ones
devised by Holtfreter, it was determined that cadherin expression causes L cells to adhere
to each-other (109, 116). This aggregation phenomena could be specifically blocked using
anti- cadherin antibodies (109,116). The binding properties of cadherins show an absolute |

requirement for calcium (C2**) and are found to be homophyllic in nature



(109,116,169,170). This means that a cadherin molecule will selectively recognize and
hind with high affinity to another cadherin molecule of the same class. Recently, it was
determined that the amino-terminal 113 amino acids in cadherins determine their selective
binding specificities (117). Site-directed mutatioﬁs at only two amino acids in this region
can change the binding specificity of one cadherin sub-type to bind to a different sub-type
(117). Although these residues are essential for directing specificity of cell adhesion,

binding activity occurs only in the context of the surrounding amino acids (117).

1.2.2 The Rolg of Cytoplasmic Domains .

Amino acid sequence comparisons of each cadherin isoform demonstrate that these
nmlecules are most conserved in their cytoplasmic domains (111), This finding suggested
an essential role for the cytoplasmic domain in cadherin function. Indeed, cytoplasmic
deletion mutants of E-cadherin lose the ability to confer cell adhesion properties to L
cells (111). Tl\is loss of cell adhesion function correlates with the inability of the mutant
cadherins to co-localize with cortical actin bundles at the zonula adherens junctions (111).
Functiona! cadherins interact with three cytoplasmic proteins known as the catenins
(125,126). The loss of cell adhesion function and cytoskeletal association of the mutant
cadherins is associated with their inability to bind the catenins (125,126). Therefore, the
catenins function as molecular bridges, linking the cadherin molecules to the cytoskeleton
(170). Cytoskeletal anchoring probably serves to aggregate cadherins laterally at
- intercellular contact sites to generate sufficient cell adhesive forces (170). Deletion of the

cytoplasmic domain prevents cytoskeletal association and results in a lack of cell adhesion
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due to a ditfuse expression of cadhering on the cell surface.

1.2.3 Cadherins in Signal Transduction

The ability of cadherins to function as morphoregulatory molccules was recently
attributed not only to their cell adhesive properties, but also to signals transmitted across
the plasma membrane via the CAM (31). Pheochromocyloma (PCIZ) cells have an
adrenal chromaffin cell morphology and can be induced to differentiate into sympathetic-
like neurons when treated with nerve growth factor (NGF) or fibroblast growth tactor
(FGF) (57,175). Doherty et al. (31) recently show that undifferentiated PCI12 cells
express N-cadherin. Co-cultivation of PCI2 cells with 3T3 cell tibroblasts transfected
with recombinant N-cadherin, will also cause PC12 cells to differentiate into neurons in
the absence of NGF or FGF (31). This morphologic response is prevented by anti-N-
cadherin specific antibodies, suggesting that it is due to N-cadherin specific homotypic
interactions between PCI12 celis and 3T3 cells (31). Moreover, Ca** channel blockers,
pertussis toxin and the general kinase inhibitor K-252b also block this phenomena (31).
The mechanism may, therefore, involve a CAM-dependent change in the cytoskeleton,
causing the opening of G-protein coupled Ca?* channels. The infiux of extracellular Ca**
may set signals in motion resulting in differentiation inlo a neuronal phenotype. The role
of kinases is less clear and it is unknown whether protein phosphorylation occurs
upstream or downstream of Ca'* channel activation (31). Induction of PCI2 ccli
differentiation by NGF is accompanied by an increase in cellular phosphotyrosine levels

(101). Since studies on isolated zonula adherens junctions have localized members of the -
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src PTK family to these structures, it is possible that the intracellular domain of
cadhering may also influence tyrosine phosphorylation in the cells (170). The exact

mechanisms of cadherin mediated intraceliutar signalling remain to be resolved.

1.2.4 The Integrins

‘The integrins are heterodimeric molecules composed of noh-covalently linked «- and
B- subunits (78). They bind compohents of the extracellular matrix as well as other
CAMs cxpressed on the surface of adjacent cells. To date, twelve a-subunits and three
main B subunits have been identified that can combine in various ways to confer different
ligand specificitics. Due to their diversity, integrins make up 'a versatile recognition
system providing cells with anchorage, traction for migration, and signals important for
development and growth, Most integrins of the B, subfamily function as receptors for
extracellular matrix proteins, such as fibronectin, collagens, tenascin, vitronectin,
osteopontin, thrombospondin and laminin (78,143,163). Integrins function by binding the
tripeptide RGD in fibronectin and other extracellular matrix proteins in a Ca?* dependent
manner (143,163). The importance of integrin function during development is
demonstrated by the disruption of amphibian gastrulation and avian neural crest cell
niigralion, with RGD containing peptides (16). These are processes that involve major
cell migratory events and are dependent on fibronectin (64). It is interesting to note that
in migratory embryonic cells, which exhibit labile adhesion, integrins are distributed
diffusely on the cell surface (16). In stationery adherent cells, however, integrins are

concentrated at focal contacts where the cells are anchored to the substratum (16). There
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they function as a transmembrane linkage between cytoskeletal clements and the
extracellular matrix (21.171). The cytoplasmic domains of integrins interact with the

cytoskeletal proteins talin, vinculin, e-actinin and actin (21).

1.2.5 Integrin Cytoplasmic Domains

Several lines of evidence have suggested that integrins can l'uncﬁou as bi-directional
signal transducers. Examples of "inside- out" signalling via the cyloplastiic domains of
certain integrins aﬁd the possible role phosphorylation plays in ri:gulaliug integrin binding,
activity will be discussed first.

Mutant integrins exhibiting cytoplasmic domain deletions in the B, subunit are unable
to bind components of the extracellular matrix and do not localize to focal alheston
contacts (53). This suggests that, similar to cadherins, the cyloplasmic domains of the
integrin subunits are directly involved in regulating cell adhesion propertics of the
molecule. In v-stc transformed cells the fibronectin receptor 8 subunit is shown to be
phosphorylated on tyrosine residues (70). Tyrosine phosphorylation results in a more
diffuse expression of integrin on the cell surface and correlates with the transformation
phenotype (72). Furthermore, tyrosine phosphorylated integrins have a decreased ability
to bind fibronectin and talin compared to non-phosphoryl_aled receptor (172). These
results suggest that tyrosine phosphorylation may serve as a reversible regulatory
mechanism of controlling cell adhesion function and that cell adhesion function may at
least in part be involved in controlling cell phenotype.

In the case of a8, (also known as gpllb-Iila, a platelet specific integrin) truncations
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of the « subunit cytoplasmic tail increase the affinity for the ligand fibrinogen (118).
Fibrinogen binds 1o a8, after agonist mediated activation of the integrin (14). This is
presumably due to the induction of a conformational change that exposes a fibrinogen
binding site (157). Heterologous cells expressing the mutant integrins will bind fibrinogen
in the absence ol; agonist stimulation, while cells expressing the wild-type molecules are
still dependent on activation for ﬁbrinogen binding (118). Therefore, cytoplasmic tail
delctions of the « subunit mimic agonist stimulation, probably_ by inducing a structurat

change in the extracellular domain, thereby exposing the ligand binding site.

1.2.6 LFA-1

lnlegrins of the B, subfamily are also known as the leukocyte integrins, since their
function is limited to white blood cell adhesion (163). This group includes LFA-1
(leukocyte function related antigen-1) which mediates cell-cell adhesion by binding to the
intercellular adhesion molecules (ICAMs) [CAM-1 (104) and ICAM-2 (165), which are
members of the Ig supergene family. During T cell activation, LFA-1 binds the antigen
presenting cell via ICAM-1 (34,163). Cross-linking of the T cell receptor complex (TCR)
with monoclonal antibodies transiently increases the avidity of LFA-1 for ICAM (34).
The increase in adhesion is not due to quantitative changes in cell- surface expression of
the CAMs, but rather due to the conversion of LFA-1 from a low avidity state to a high
avidity state (34). By contrast, ICAM-1 is constitutively avid (34,163). Thus, in the
absence of antigen the T cells are free to roam for efficient immune surveillance. During

infection, this mechanism of adhesion regulation may then serve to localize activated T
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cells to sites of antigen accumulation. This effect can be mimicked by phorbol ester
treatment of the T cells (34) which activates protein kinase C (PKC) (115). Furthermore,
TCR activation results in a PKC- dependent cytoskeletal rearrangement, causing LEA-1
to become physically associated with F-actin via vineulin and c-actinin (127). PRC
mediated . phosphorylation of several integrin B and o chains are known to oceur
(25,45,158) and may temporarily increase the interaction ol integrins will_\ the
cytoskeleton, resulting in enhanced adhesion (163). Recently, Hibbs ot al. (66) showed
that cytoplasmic deietions in the B chain, but not in the o chain, of LFA-1 climinates it
ability to bind to ICAM-1 even during phorbol ester treatment. This data demonstrates

that the B subunit cytoplasmic domain is the site of adhesion regulation in LIFA-L,

1.2.7 Integrins in Signal Transduction

These examples of "inside-out” signalling in integrins demonstrate the importance of
the cytoplasmic domain in the regulation of adhesion. Recently it has become apparent
that integrins are also involved in "outside-in" signal transduction events, lending another
dimension to the importance of integrins in cell regulation. For instance, LFA- [-mediated
adhesion of neutrophils triggers a rise in cytosolic-free calcium levels (80). Presumably,
the change in intracellular calcium may control secretion events, thus providing a link
between adhesion and activation of leukocytes.

An intriguing signal transduction event involves the platelet integrin ay,B; during
thrombin induced platelet aggregation. Thrombin treatment of platelets rapidly induces

an increase in tyrosine phosphorylation of platelet proteins (41,31 ,52). This effect is not
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seen when fibrinogen is prevented from binding to ay,,B, using specific peptides (41), or
when o, By mediated platelet aggregation is inhibited (52). Furthermore, platelets
deficient in ay,B, (isolated from patients with Glanzmann thrombastenia) do not respond
to thrombin with an increase in tyrosine phosphorylation, which directly implicates the
integrin in the activation of PTKs (41). Aggregation of platelets involves many changes
in cytoskeletal architecture. Since many cytoskeletal proteins are known to be
phosphorylaied on tyrosine, tyrosiné phosphorylation may be required for events leading
to or subsequent to platelet aggregation (52).

In a similar sct of experiments, cross- linking of B, integrins on the surface of human
epidermal carcinoma cells with monocional antibodies induces the tyrosine
phosphorylation of several cellular proteins (93). The time course of tyrosine
phosphorylation parallels the formation of integrin clusters on the cell surface (93). Since
integrin clusters occur at focal contacts (21), the induction of tyrosine phosphorylation
may reflect a normal cellular response to environmental stimuli transmitted via integrin.
Therefore, it is likely that the cytoplasmic domain in integrin may function as a binding
site not only for cytoskeletal proteins, but also for signal transduction molecules. The
integrin molecule then functions by sending bi-directional messages across the cell

membrane, thereby modulating cell behaviour.

1.2.8 The Immunoglobulin Related CAMs
A large number of CAMs are included in this group due to their sequence and

structural similarities to the immunoglobulins (189). There are essentially two Ig domains
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with similar, yet distinct, structural features represented in this family of proteins, These
are the V- and the C- domain folding patterns, which are dssentiatly comprised of two
B strands stabilized by a disulphide linkage, thereby forming the characteristic Iy fold
(189). Of particular interest are the proteins that exhibit C2-domains which include,
among others, neural-cell adhesion molecule (NCAM), neural-glia cell adhesion molecule
(NgCAM, NILE or L1), the inter-cellular adhesion molecules (ICAMs), members of the
carcino-embr}onic antigens (CEAs), CD4, the Drosophila CAMs fasciclin 11 and
neuroglian, and the myelin-associaledglycoproleins (MAGs) (189). Other non-CAM
members of the Ig supergene family include proteins related to the platelet derived
growth factor (PDGF) receptor, which are a group of transmembranc receptor PTK
(reviewed in section 1.1,2). They do not function as CAMs, but have important roles in

signalling events related to cell growth, proliferation and differentiation.

1.2.9 NCAM and L1

NCAM plays an essential role in embryogenesis and development of the nervous
system, Similar to N-cadherin, NCAM appears soon after neural induction in the
neuroectoderm (82,174) and is expressed uniformly throughout the neural tube and the
neural crest cells. NCAM expression is lost during the peripheral migration of the neural
crest cells, but reappears during the subsequent formation of the sensory and sympathclic
ganglia (82,174). In the adult brain, NCAM occurs uniformly in neurons and to some
extent also in astroglia and oligodendrocytes (82,99). NCAM exists as three isoforms,

NCAM-180, NCAM-140 and NCAM-120 that are generated by alternative splicing of
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the same primary transcript (82). All three isoforms exhibit identical extracellular
domains and are heavily glycosylated with the major carbohydrate moieties consisting of
polysialic acid (PSA) residues (82). The NCAMs, however, differ in their cytoplasmic
carboxyl termini, where NCAM-120 is anchored to the plasma membrane via a PLC
sensitive phosphatidyl-inositol linkage and does not contain a cytoplasmic domain.
NCAM-120 and NCAM-140 are expressed early on in development during neurulation,
while NCAM-180 appears only in post-mitotic neurons after termination of neuron
migration (82). Furthermore, only NCAM-130 associﬁtes with the cytoskeletal proteins
spectrin and actin, which results in a reduced lateral mobility of this isoform (132).
Together, these findings suggest that NCAM-180 funcﬁons in stabilizing neuronal
contacts.

NCAM is a calcium independent homophyllic CAM (71,146). The cell adhesion
properties of NCAM increase during development from the embryonic forms to the adult

forms (71,146). The increase is attributed to a decrease in the PSA content of the adult

NCAM (71,146,164). NCAM adhesion in vitro can also be markedly affected by small
changes in concentration. A two-fold increase of NCAM in liposomes increases adhesion
thirty fold (71). NCAM is also shown to promote neurite outgrowth in cell culture. In
a manner similar to the liposome studies, the ability of NCAM transfected 3T3; cells to
promote neurite extension increases dramatically with small increments of NCAM
expression (32). These results suggest that a critical threshold value for NCAM
expression is required for promoting neuronal process outgrowth (32). Thus, small

changes in NCAM expression may drastically affect neuronal architecture.
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Another neural CAM with high homology o NCAM is L1, a glycoprotein that during
development makes its first appearance in fully differentiated neurens M9, L1 and
NCAM are both responsible for the granule cell migration during the formation of the
cerebeliar layers (99). This process involves neurite extension and migration of the
granule cells along the Bergman glia (99). As is the case with NCAM, L1 Tunctions as
a calcium independent homophyllic CAM (147). But unlike NCAM, L1 can also
participate in heterophyllic binding. This binding mechanism is unique in that it involves
an interaction of L1 with NCAM (in cis) on the same cell to provide a potent receptor
for L1 (in_trans) on an adjacent cell (147). NCAM does not bind the LI-NCAMV
heterodimer. Both L1 and NCAM are phosphorylated in brain (147,162). Although lhé
significance of phosphorylation is currently unknown, protein kinases can be co-purified

with L1 from brain extracts, suggesting a function for L1 in kinase mediated signalling

(147).

1.2.10 The ICAMs

The ICAMs, as described earlier, function as receptors for the leukocyte integrin LEA-
1. ICAM-1 is a transmembrane glycoprotein that exhibits five Ig-like domaiﬁs (104). In
the absence of an immune response its expression is limited to only a few cell types
(163). Unlike LFA-1, its adhesion properties are a function of its cell surface expression.
Inflammatory mediators, such .,as interleukin-1 and tumor necrosis factor can dramatically
induce the expression of ICAM-1 in a variety of tissues (163). This mechanism ensures

the rapid and avid binding of LFA-1 expressing leukocytes and can lead to T-cell
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mediated killing, ICAM-2 is highly homologous to ICAM-1, but exhibits only 2 Ig-like
domains (163). ICAM-2 expression is conslitutive in endothelial cells and remains
unchanged during an inflammatory response (163).

ICAM-1 also serves as a receptor for Mac-1, another leukocyte integrin, While the
binding site of LFA-1 is restricted to the first Ig-like domain in ICAM-1, Mac-1 binds
to the third Ig-like domain (30). These results suggest that the tandem dupliéation of the
Ig-like domains in ICAM-1 provides a means to increase the repertoire of adhesive-
interactions. This finding may have significant implications for other members of the Ig

supergene family.

1.2.11 CEA and BGP
CEA was initially identified as a tumor specific antigen in colorectal cancer (50). The

in vivo function of CEA and its importance in development is still unclear. However, its

overproduction in certain human tumors led to the development of valuable clinical
assays (13)_. CEA is a 180 kd glycoprotein, linked to the cell surface via a phosphatidyl-
inositol linkage, that can function as a homophyllic calcium independent CAM in cell
culture (13). Many members of the CEA family have since been identified. They
encompass a variety of cell surface and secreted glycoproteins (8,10,68,89,112,159,188)
and some appear to also function as CAMs (13,142,196). An interesting addition to the
CEA family was identified with the cloning of biliary glycoprotein (BGP) and its
alternatively spliced isoforms (8,68). BGPs are expressed in human liver and several

human tumor cell lines {8). Unlike other members of this group of proteins, the BGPs
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exhibit transmembrane and cytoplasmic domains. BGPa and BGPe are identical in their
extracellular and transmembrane domains, but differ in their cytoplasmic ils (8). BGPL
and BGPd have their extracellular domains in common, but share eytoplasaiic dontiins
with BGPa and BGPc respectively (8). The longer cytoplasmic coding region for BGEa
and BGPb reveal several potential phosphorylation sites, which are absent in BGPe and
BGPd (8). The significance of splicing the intra- and extracellular domains in such a

fashion remains to be investigated.

1.2.12 MAG

MAG is a myelin specific glycéprotein of 100 kd molecular weight that exhibits live
Ig-like domains in the extracellular region (7,96,149). It is a type | integral membrane
protein, with an amino-terminal ectodomain, a single transmembrane domain, and a
cytoplasmic carboxyl-terminus (129). Expression of MAG is limited to oligodendrocytes

in the CNS and Schwann cells in the PNS (167). Using in_situ hybridization, MAG

mRNA has also been localized to CNS neurons (67). However, in the absence of
conclusive reports on MAG protein expression in neurons, the significance of this finding
remains unclear. Earlier reports of MAG protein detection in neurons (119,131) using
antibodies have been dismissed as cross reactivities to other neuronal antigens (9).
MAG is encoded by a single gene located on chromosome 7 in the mousc (29). The
MAG gene contains 13 exons, 10 of which are coding (7,96,149). MAG exists as two
developmentally regulated isoforms that are generated by alternative splicing of the same

primary mRNA transcript. They are designated L-MAG (for long-MAG, also p72) and
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S-MAG (for shorl-MAG, also p67) which exhibit molecular weights of 72 kd and 67 kd,
respectively, in the unglycosylated forms. L-MAG and S-MAG are identical in their
extracellular and transmembrane domains, They also share a common region in their
cytoplasmic tails, but difter in their carboxyl-termini. The structural ‘features and
differences between L-MAG and S-MAG are summarized in a schematic diagram (Figure
1.1). $-MAG exhibits a unique 10 amino acid carboxyl-end due to the inclusion of exon .
12, which introduces a 45 base pair sequence at the 3’end of the MAG transcript
(7,96,149). L-MAG contains an extra 54 amino acid residues, which are encoded by
exon 13 (7,96,149). Exon 13 is not transiated in S-MAG, due to an in frame stop codon
at the 3’end of exon 12.

Analysis of the protein sequehce data reveals that L-MAG and S-MAG exhibit an
amino acid sequence in their cytoplasmic domains that bears s'triking homology to the
carboxyl 21 amino acids in the B, subunit of integrin (149,171). This region in integrin
is responsible for binding the cytoskeleton (172). It is, therefore, possible that the MAGs
also interact with cytoskeletal components. In this context, it is interesting that F-actin
and spectrin have been localized to similar periaxonal regions as MAG in Schwann ceils
(179). Both isoforms also exhibit several potential phosphorylation sites, including a
putative PKC site and a tyrosine homologous to the integrin B, tyrosine bhosphorylation
site identified in src-transformed Ebroblasts (7,149). An additional potential PKC
phosphorylation site as well as a region closely resembling the tyrosine-
autophosphorylation site of the EGF receptor are identified in sequences unique to L-

MAG (7,149).
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Figure 1.1: Schematic representation of L-MAG and S-MAG. The extracelldar
domains of L-MAG and S-MAG are characterized by Ig-like C2 domains. The
cytoplasmic domains contain multiple potential phosphorylation sites which are indicated
as S (serine), T (threonine) and Y (tyrosine). Sequences homologou:; to phosphorylation
sites for protein kinase C (PKC), protein kinase A (PKA) and protein kinase G (PKG)
are shown as shaded boxes. Furthermore a stretch of amino acids resembling the EGF-
receptor tyrosine autophosphorylation site (EGF-R) as well as sequence homologous to

the integrin 8-chain cytoplasmic domain (INTEGRIN) are displayed.
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In vivo and in vitro studies on rodent brains show that MAG is phosphorylated mainly

on serine, but to some extent also on threonine and tyrosine residues (36,37). This
phosphorylation seems to be restricted to L-MAG and occurs during the period of rapid
myelination (36,37). These findings suggest a potential role for serine/threonine Kinases

and PTKs in the regulation of MAG function.

1.2.13 MAG as a CAM

The sequence homology of MAG to other members of the lg supergene family fed to
the notion that MAG functions as a CAM. Ultrastructural data reveals thal membranes
enriched in MAG appose other membranes by a characteristic 12-14nm gap (177). The
maintenance of this Space is in agreement with the size and polarity of the cctodomain

of MAG (177). The first in vitro evidence to suggest that MAG may function as a CAM

stems from studies using purified MAG incorporated into liposomes. These liposomes
bind specifically to neurons, oligodendrocytes, astrocytes and fibroblast-like cells in
culture (133,145). As MAG expression s restricted to oligodendrocytes, the binding was
postulated to be heterophyllic in nature. The identity of the MAG receplor is unknown.
However, the time period of rapid myelination of neurons in culture coincides with
maximal liposome binding, suggesting that MAG receptor expression correlates with the
state of myelination (145). Furthermore, MAG liposomes only bind spinal cord and
dorsal root ganglia neurons, which are myelinated in intact tissue (143). Cercbellar
granule cell neurons, which are not myelinated, show very little liposome binding (145}.

These ﬁnding's suggest that the MAG receptor exhibits a definite cell specific and
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temporal expression pattern. Since the liposomes also bind non-neuronal cells, MAG may
mediate oligodendrocyte-oligodendrocyte and astrocyte-oligodendrocyte interactions.

MAG contains an RGD sequence in its ectodomain domain, raising the possibility that,
similar 16 ICAM, MAG may bind an integrin-like molecule. However, RGD peptides do
not block MAG liposomes from binding to cells in culture (145). Additionally, the RGD
sequence is buried in an inaccessible site within the first Ig-like domain (129). This
finding renders the RGD sequence an unlikely candidate as the receptor binding site.

Soluble MAG purified from brain homogenates binds several'collagen types, but not
other extraccllular matrix proteins (40). The significance of this finding is uncértain,
since soluble MAG does not interfere with the binding of MAG liposomes, even when
used in a thousand-fold excess (145). This may mean that soluble MAG, which does not
contain the transmembrane and cytoplasmic domains, exists in a different conformational
form compared to membrane bound MAG. Moreover, the binding ability of MAG
possibly depends on oligomerization in the membrane and may not proceed in the
monomeric state. Alternatively, membrane anchoring of MAG may hide its collagen
binding site.

Expression of recombinant S-MAG in 3T3 cells induces neurite outgrowth from dorsal
root ganglia, demonstrating a further function for MAG binding activity (83). The

physiological significance of this study, however, is not clear. Neurite outgrowth in vivo

is complete by the time myelination commences (140). Secondly, oligodendrocytes in the
CNS express proteins inhibitory to neurite extension (24,153) resuiting in poor neuronal

regeneration after injury (154). Therefore, MAG is unlikely to function as a promoter
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of neurite outgrowth in the CNS in vivo. In the PNS, a similar situation oceurs, in which

MAG appears after neuronal outgrowth is complete (140). Neuronal regeneration in the
PNS is solely dependent on basement membrane formation (23.!51'.154). Although
soluble MAG has been found in the extracellular matrix (40), the cell adhesion propertics
of soluble MAG are clearly different Irom wmembrane bound MAG. Hence, MAG

function in_vivo is likely restricted to a role in myelination. Expression of MAGs in

heterologous cells, however, may provide a system in which the function of cach isoform

can be investigated separately.

1.2.14 Ig Related CAMs in Signal Transduction

In a manner analogous to integrins and cadherins, Ig related CAMs are also knoWn o
function in signal transduction. PCI2 cells, which express NCAM and L1 on the cell
surface, show an increase in intracellular Ca?* and a decrease in intraceliular
concentrations of D-myo-inositol 1,4-bisphosphate (IP2) and D-myo-inositol 1,4,5-
trisphosphate (IP3), when triggered with anti-NCAM and L1 specific antibodies (152).
This effect is reproduced when PC12 cells are allowed to adhere to one another. The
significance of this finding is illustrated iﬁ a more recent study by Doherty et al. (31)
showing that PC12 cells can differentiate into neuron-like cells in an NCAM and N-
cadherin (see also section 1.2.3) homophyllic adhesion dependent fashion. In both
studies, a similar mechanism has been proposed, involving G protein-linked signa!
transduction events and activation of N- and L-type Ca’* channels. In the Doherty study,

however, antibodies directed against NCAM and N-cadherin inhibit PCI2 cell
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differentiation, rather than mimicking the cftect of CAM homophyllic adhesion (31). This
result may reflect the action of different antibodies used in the two studies. Alternatively,
the morphorcgulatory effect of NCAM and N-caherin may be more complex in nature,
requiring other intercellular signals, which are not transmitted by antibody binding.

In the immune system, T-cell activation is a function of several different CAMs
binding to their ligands on the antigen presenting cells (163). T-cell activation is
characterized by mobilization of second messengers and the activation of PTK activity
resulting in the prolii‘emliop and differentiation of functional T-cells (48). The increase
in tyrosine phpsphorylation precedes the generation of second messengers and is
attributed to a number of PTKs. Fyn, a member of the src family of PTKs, was recently
shown to.be associated with the TCR complex (150). Two other CAMs involved in T-
cell activation, CD4 and CD8, function by binding MHC class II and MHC class I on
the antigen presenting cell, respectively. CD4 and CD8 are tightly linked to another src-
like cytoplasmic PTK- p56'* (185). Antibody mediated cross-linking of CD4 and CD8
on the cell surface activate the PTK activity of p56*, resulting in the phosphorylation
of several protein substrates (186). In an analogous system, the B-cell surface antigen
receptor (Ig) is linked to the cytoplasmic PTK Lyn (194).

The Drosophila CNS specific CAM fasciclin I (fas I, not an Ig supergene family
member) has been shown to exhibit a functional interaction with the PTK encoded by the
abl proto-oncogene. Drosophila embryos doubly mutant for fas I and abl show marked
defects in CNS development, while embryos deficient in either gene alone exhibit a

normal phenotype (39). This suggests that a functional redundancy exists in Drosophila

27



CNS development. A physical association of fas | protein with Abl has not been
demonstrated (39), distinguishing this interaction from that of CD4 with Lek.

An interesting member of the lg supergene family is the leukoeyte common antigen
related protein (LAR)., The cDNA for LAR encodes a putative  transmembrane
phosphotyrosine-specific protein phosphatase with homologics to NCAM (168). While
this protein may not function as a bona fide CAM, it may act as a signalling molecule
in a manner comparable to the PDGF-R family of PTKs.

These examples illustrate the complexity of intercellular iﬁlemclions and demonstrate

that cell adhesion and signal transduction are often closely linked processes.

1.3 Myelin

Myelin is a membrane that envelops selected nerve fibres in the CNS and PNS
(reviewed in (140)). It developed as an evolutionary adaptation lo render nerve
conduction more efficient as organisms increased in size and complexily. Myclin
functions as an insulator for increasing nerve impulse velocity by inhibiting the flow of
jons across the axonal membrane. Unmyelinated nodes are distributed along the entire
axonal surface at regular intervals in order to prevent the loss of nerve conduction. These
are named the nodes of Ranvier and they are rich in ionic channels. The action potential
propagates by jumping from node to node. Hence, this process, described as sallatory
conduction, is the basis for the rapid velocity of conduction.

Myelin is rich in lipids and expresses a distinct set of myelin specific proteins. There

are certain fundamental differences between PNS and CNS myelin (reviewed in (97)).
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The major proteins of PNS myelin are P,,, myelin basic protein (MBP) and MAG. While
P, and MBP make up well over 50% of peripheral myelin proteins, MAG is a relatively
minor constituent and accounts for only 0.1% of myelin proteins (97). Myelin in the PNS
is produced by a specialized cell type: the Schwann cell. Any single axon has several
Schwann cells associated with it, where each internodal region is myelinated by a single
Schwann cell {140). Schwann cells associate with neurons prior to myelination. This
neuronal association induces the expression of several myelin specific proteins and a
myelin specitic lipid, galactocerebroside (GalC), which are essential for the initiation and
progression of myelin synthesis (122,123). Furthermore, a basal lamina, composed of
- several extracellular matrix proteins, is laid down just prior to myelination (20). In the
I;NS, myeﬁn synthesis starts with the expansion of mesaxon membranes. The mesaxon
is a Schwann cell process that grows spirally around the axon. After several spiral turns,
the mesaxon membranes fuse to form the major dense line of compact myelin (140). The
cytoplasm is extruded from this region, but is maintained in the periaxonal region, the
paranodal loops and the Schmidt-Lantermann incisures, which are cytoplasmic channels
that run through the myelin sheath (140).

The major CNS myelin constituents are proteolipid protein (PLP) and MBP which
account for 60-80% of myelin proteins (97). MAG in the CNS constitutes approximately
| % of total myelin proteins (97). In the CNS myelin is produced by the oligodendrocyte,
which in contrast to Schwann cells, myelinates dozens of axons at the same time (140).
They initiate myelination by extending a process into the neuropil and selectively

myelinate axons. This implies that a mechanism is in place to recognize the specific
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axons that are to be myelinated. Unlike Schwana cells, ofigodendrocytes cx‘prcss the
proteins necessary for myelination prior to neuronal contact and do not need a basat
lamina for this process. In CNS myelin, compaction oceurs almost immediately and the
cytoplasm is restricted to the inner periaxonal vegion, the external lip of the

oligodendrocyte process and the lateral loops adjacent to the nodes ol Ranvier (140).

1.3.1 The Role of MAG in PNS Myelination

At the start of peripheral myelination, Schwann cells select axons with a sufficient -
diameter (> lum) that are destined to be myelinated (123, 124). Just prior to myelination,
the axonal interaction With Schwann cells induces the cxpressidn of MAG and GalC
(122,123). Cell culture studies shqw that prevention of basal lamina formation by
excluding ascorbic acid and serum in the medium will prevent Schwann cell
differentiation. In the presence of neurons, however, these undifferentiated Schwann cells
are still induced to produce MAG and GalC (123). With the addition of serum and
ascorbic acid, myelination proceeds to completion. Similarly, depletion of GalC from the
Schwann cell surface with an anti-GalC antibody does not affect MAG expression. In this
case myelination is initiated, but not continued (123). In an elegant study by Owens and
Bunge (124) Schwann cells were infected with recombinant retroviruses expressing either
sense or antisense MAG RNA. Schwann cells infected with the antisense virus expressed
lower levels of MAG and failed to initiate myelination, despite having formed a basal
lamina (124). Sense-virus infected cells formed normal myelin and expressed high levels

of MAG (124). Thus, the function of MAG is to select the axons destined to be
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myelinated, most likely by initiating one of the first recognition events.

These results are in contrast to Martini and Schachner (105), who show that Schwann
cells express MAG only after the mesaxon has looped around the axon 1.5-2 times.
Although these differences in MAG staining may be accounted for by alternate tissue and
cell fixing procédures, it is now generally accepted that MAG expression precedes myelin
synthesis. Their finding that the initial binding of Schwann cells to neurons is mediated
by NCAM and L1 (105), is corroborated by recent work demonstrating that anti-L1
antibodies block Schwann cell myelination in culture and prevent the expression of MAG
and GalC (193). Binding of L1 to ils receptor may, -consequently, transduce a signal to
cause an increase in MAG and GalC expression. Presumably, MAG then binds its
receptor on the axonal surface anﬂ myelination is initiated. After myelination is initiated,
L1 expression is no longer detectable, while MAG expression is retained (105). This
suggests that MAG is also involved in maintaining Schwann cell-neuron contact. Thus,
the process leading to myelin synthesis in the PNS is a complex series of events
consisting of binding phenomena that involve at least two CAMs, MAG and L1. These
findings illustrate how MAG is essential for the initiation and maintenance of myelination
in the PNS.

S-MAG is the predominantly expressed isoform in the PNS (43,181). Previously S-
MAG was thought to be the only isoform expressed in the PNS. Recently, using isoform
speci‘ﬁc antibodies, low level L-MAG expression was detected at the start of myelination
in rats, but was virtually absent in adult animals (128). An interesting finding is that

overexpression of L-MAG in Schwann cells using a retroviral expression vector does not
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affect myelination (121). Iitially, infected Schwann cells overexpressed L-MAG and
induced the ensheathment of about ten times as many sensory neurons as compared to
control cultures (121). This illustrates how MAG expression can be a determining factor
~ for axonal myelination. After long-term co-cultivation of recombinant Schwiann cells with
the neurons MAG expression was decreased to levels comparable to uninfected cells
involved in myelination (121). Furthermore, while normal Schwann cells lose MAG
expression when not in contact with axons, infected cells retained strong MAG.
immunoreactivity. The transcription of recombinant MAG cDNA is driven by a viral
long terminal repeat, which is removed from cellular control. Accordingly, this implies
a post-transcriptional level of MAG down-regulation, which is induced by axonal contacl
(121).

In mature PNS myelin, MAG immunoreactivity occurs on the periaxonal surface, al.
the paranodal loops and at the Schmidt-Lanterman incisures (177,180). MAG is
completely absent from compact myelin (177). Compaction seems Lo be a function of
MBP and P, expression (120,134,135,141,177). MBP deficient mice do not exhibit
properly compacted myelin (134,135,141). The mode of action of MBP in compaction
is, howev;ar, unclear. P, has recently been shown to exhibit homophyllic binding
properties (42). Hence, it may serve as a CAM between apposing myelin membrancs in
the major dense line. Ultrastructural data demonstrates thal apposing membrancs in
compact myelin are separated by a 2nm gap, which is in agreement with the smaller
extracellular domain of P, (177). Expression of antisense P, RNA in Schwann cells

seriously limits the development of theLmyelin sheath (120). P, expression is xﬁarkcdly
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reduced, yet MAG expression oceurs and initiation of myélin synthesis is unaffected
(120). -lt is interesting 1o note that in normal Schwann cells, MAG expression is restricted
to mesaxons containing Schwann cell eytoplasm (120,177). A function of MAG may,
thus, be to maintain Schwann cell cytoplasmic channels. Therefore, a consequence of
limiting P, expression is to allow MAG expression'lo persist and prevent compaction.
A comparable situation occurs in the Quaking mouse mutant. Quaking mice display
a slow progressive dénwelination and remyelination and are characterized by a dilation
of the periaxonal space with a resullipg loss of Schwann cell periaxonal cytoplasm (177).
' MAG expression is limited to periaxonal membranes that exhibit the normal spacing of
12-14nm from axonal membranes (177). These areas appear to show normal periaxonal
Schwann cell cytoplasm (177). However, in regions where dilation of the ﬁeriaxonal
space has developed, MAG is absent and the Schwann cell membranes resemble compact
myelin of the major dense line. Thus, MAG expression correlates with the maintenance
of the periaxonal space and the Schwann cell periaxonal cytoplasmic collar. Since the
Quaking locus does not map to the MAG gene (98), the change in MAG distribution is
secondary to the main defect. This leads to the possible interpretation that MAG
functions by interacting with cytoplasmic components, such as cytoskeletal proteins, or
signal transduction molecules. A possible reflection of this interaction is the maintenance

of Schwann cell cytoplasm by MAG.
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1.3.2 The Role of MAG in CNS Myelination

Analysis ot CNS myelination has so tar been restricted to in vivo studics, sinee in

vitro work on oligodendrocytes show that these cells only poorly myelinate neurons
(192). Using the developing mouse optic nerve as a model system, Bartseh ¢t al. (105)
describe the initial events in CNS nwclinutiun. MAG immunoreactivity is detected carly
on, prior to axonal ensheathment by the oligodendrocyte. Alter the initition ol
myelination, MAG disappears from compacted myelin but stays strongly expressed in the
periaxonal region (9). MAG was also weakly expressed in other non-compacted myelin
structures, such as the inner mesaxon and paranodal loops (9). Compaction in the CNS
seems 10 be a result of MBP expression (134,141). Consequently, a supgested I'uﬁction
for MAG is mediating the initiation of neuron-oligodendrocyte contact, possibly by
inducing the first binding event. Based on the later expression of MAG in the inner
mesaxon, a subsequent role in stabilizing neuron-oligodendrocyle and oligodendrocyte-
oligodendrocyte interaction is also proposed (9).

The function of other CAMs, such as L1 and NCAM, seem less imporlaﬁl in CNS
myelination. In contrast to the PNS, L1 does not appear lo be involved in CNS
myelination and its expression disappears in myelinated axons (9). Additionally, NCAM
appears to serve as a general CAM involved in preserving the tissue integrity, rather than
playing a specific role in myelination (9).

During the early stages of CNS myelination, the predominant MAG isoform is L-MAG
(43,181). L-MAG expression appears just prior to formation of the myelin sheath and

persists at a high level during the period of rapid myelination. As myelination is
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completed in the adult brain, L-MAG expression declines to lower levels and S-MAG
expression predominates (43,181).

The purpose of regulating the expression of the different MAG isoforms in the CNS
is unknown. Nonetheless, it is interesting to ;peCLllate that these isoforms have different
funclions during the initiation and maintenance of the myelin sheath. In Quaking mice
there is an apparent lack of L-MAG expression during the period of rapid myelination
in brain (46,47). This is cvidently due to a deficiency in the splicing mechanism for
MAG (47). S-MAG expression dominates during all stﬁges of myelination. Therefore,
the lack of L-MAG expression may contribute to the Quaking phenotype. It was proposed
that the Quaking mutation resides in .a gene responsible for the correct splicing of MAG
isoforms during developmém (46). This data suggests that L-MAG performs a specific
role in CNS myelination, which cannot be performed byl S-MAG.

Immunohistochenical staining of CNS myelin using L-MAG specific antibodies reveals
a difference in the staining pattern between 7 day old myelin (which predominantly
expresses L-MAG) and adult myelin (which contains mostly S-MAG). While the staining
of periaxonal MAG is the same in young and in adult myelin, 7 day old MAG is also
enriched in cytoplasmic endosomes (178). Endosomal staining of MAG is not seen in
adult myelin or in PNS myelin, implying that endosomal MAG is analogous to L-MAG
only (178). Furthermore, early MAG has also been co-localized to clathrin coated pits
(178). Clathrin coated pits are associated with ligand induced internalization of membrane
bound receptors during signal transduction events (18,182).' Internalized feceptors are

then found in endosomes from which they are channelled to a lysosomal compartment
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for degradation, or alternatively, recycled back to the cell surface (18). Theretore, the
localization of MAG to an endosomal compartment raises the possibility that MAG
internalization is caused by the binding of a ligand. Similar to other CAMs, MAG may
be implicated in signal transduction. L-MAG is known to be phosphorylated in
oligodendrocytes in vivo (36), demonstrating an interaction of MAG with signalling
molecules. The generation of alternative MAG isoforms, thercfore, might serve to
increase the biological repertoire of MAG action. While L-MAG may act both as a CAM
and a signal transducing molecule during the period of rapid myelination, the function

of S-MAG may be more restricted.

. 1.4 Thesis Project

The objective of this thesis was to examine the functional significance of MAG
phosphorylation. Previously, MAG was shown to function as a putative CAM when
expressed in liposomes (133,145). In chapter 3 a more physiological approach is
undertaken and the cell adhesion properties of MAG expressed in non-adherent L cell
fibroblasts are described. L cell fibroblasts have been chosen for this expertiment, since
they do not adhere to each other when grown in suspension. The results show that MAG
functions as a heterophyllic, calcium and temperature independent CAM,

Prior to this investigation, MAG was shown to be phosphorylated in mouse brain

during the active period of myelination (36,37). In chapter 4 the phosphorylation of L-

MAG and S-MAG is characterized. Similar to the in vivo studies, L-MAG is found to

be phosphorylated on serine, threonine and tyrosine residues. While L-MAG and 5-MAG
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share the major phosphorylation sites, the stoichiometry of L-MAG phosphorylation is
an order of magnitude higher than that of S-MAG. The significance of this finding with
respect to signal transduction is discussed.

.[" chapter § an attempt is made to link the phosphorylation of MAG with its function
as a ccll adhesion molecule and its possible role in signal transduction.

Appendix [ deals with a side project that emanated from the interest in CAMs as PTK
~ substrates. The biliary glycoproteins, BGPa and BGPb, are identified as substrates for
protein kinases. Similar to MAG, the phosphorylation occurs on all three hydroxy-amino
acids. The significance of this finding with respect to MAG and other CAMs is

discussed.,
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Cell Lines

NIH 3T3 cell lines (PA317 and Psi,) expressing L-MAG were obtained from the
laboratory of Dr. J.L. Salzer. Stable L-MAG expressing cells were maintained in
aMEM, 10% fetal calf serum, supplemented with G418 resistance (600pg/ml) and are
referred to as LM cells in the text. Stable S-MAG expressing 3T3 cells were obtained
from Dr. J. Roder’s laboratory (Johnson et al., 1989). The S-MAG expressing clone
used in our sllidy (3TV,-9) is referred to as SM cells in the text. The v-src

. .lmnsl'ormed NIH 3'1‘5 cell ling, PVsre, was infected by co-cultivation with virus from the
~ Psi, cells expressing L-MAG. Psi,-L-MAG cells were treated with mitomycin C (200
pg/ml) for 2 hours and then co-cultured with PVsrc cells in a ratio of 1:2 for 24 hours.
After 24 h(d)‘l.ll's, stable iﬁfectams were selected by G418 resistance (600 pg/ml in aMEM,
10% FCS) and are referred to as PVsrcLM cells.

L-MAG expressing L cell fibroblasts were generated by co-cultivation with virus from
Psi, cells expressing L-MAG as described above. Stable infectants were selected by G418
resistance and colonies were screened for MAG expression using immunofluorescent
cytochemistry on live cells and immunoblot analysis of whole cell extracts. Five
independent clones were selected based upon their graded immunofluorescence staining
and analysis by immunoblotting and were used in all subsequent experiments. These
clonés are referred to in the text as C3, A2, D2, Al and C5 in increasing order of MAG
expression.

Stable S-MAG expressing PVsrc and L cell lines were generated by transfection of

cells with the pecep67AXl vector (a kind gift from M. Tropak and Dr. J. Roder) using
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electroporation. After 24 hours, stable transfectants were selected by G418 resistance
(600 pg/ml in aMEM, 10% FCS). The cell lines generated were sereened by
immunoblot analysis and are reterred o as PVsreSME2 for the sre-transformed cetls, and
SM1, SM3, SM9, SM23, SM31, SM32, SMJ33, SMJ6, SM18, and SM48 tor the L cells.

Primary oligodendrocyte cultures were the generous gift of Dr. G. Almazan. The
oligodendrocyte precursors were generated ‘I’rom newborn rat cerchral hemispheres and
were expanded in serum-free medium (SFM= DMEM:F12, 1:1) in the presence of 2.5
ng/ml PDG_F and 2.5 ng/mi basic fibroblast growth factor (bFGF). After § days the
precursors were allowed to differeatiate in SFM for 12-14 days prior to the experimental

treatments.

2.2 Immunofluorescence Cytochemistry

Cells were plated onto coverslips and incubated with anti-MAG monoclonal antibody
513 (generously provided by Dr. M. Schachner) (1:1000 in PBS 2% calf serum) for onc
hour at 4°C. The cover slips were then washed three times in PBS 2% call serum and
subsequently incubated with a fluorescein conjugated goat anti-mouse second antibody
(Bio Can) for one hour at 4°C. After three washes in PBS 2% calf serum, the cells were
fixed in 4% formaldehyde for 20 minutes and then mounted onto slides. Visualization

of the immunofluorescence was achieved using epifluorescent microscopy.
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2.3 Cell Membrane Isolation

Cell membranes were prepared by harvesting cells in 10 ml of ice cold hypotonic
Hepes buffer (20 mM Hepes pH 7.2, 3 mM KCI, ImM EDTA, 500 @M NH, VO;, 2
mM Na F, 2ug/ml aprotinin, 5 pg/ml leupeptin, 0.4ug/ml pepstatin, 200 pgm/ml
PMSF). The cells wére lysed in a tight fitting glass homogenizer using 15 strokes on
ice. DNA and cellular debris were removed by a 1000 x g centrifugation for 10 minutes.
A membrane enriched fraction was obtained by subjecting the supernatant t6
centirfugation for 30 minutes at 100,000 X 8. ;I‘he, membrane pellet was resuspended in
the hypotonic Hepes buffer with 40% glycerol. Protein content was determined using the

Bio Rad reagent.

2.4 Immunoblot Analysis

Whole cell extracts or membrane extracts dissolved in sodium dodecyl sulfate (SDS)
sample bufliar (5% SDS, 20% glycerol, 50 mM Tris pH 6.8, 5% B-mercaptoethanol,
0.01% bromophenol biue) w-en.a resolved on SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (7.5% or 10% polyacrylamide), transferred to nitrocellulose paper
(Schleicher and Schuell Inc.) and probed with a polyclonal antibody directed against
MAG, or anti-MAG monoclonal antibodies Gen 3 S1 and Gen 3 83 (1:1000) (generously
provided by Dr. N. Latov) or an antiphosphotyrosine monoclonal antibody (1:1000)
(PY20 from ICN). Visualization of the blots were carried out using either an alkaline
phosphatase-coupled goat anti-rabbit second antibody (for the polyclonal anti-MAG) or

a ' labeled sheep anti-mouse second antibody (for all the monoclonal antibodies).
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2.5 MAG Aggregation Assay

MAG expressing cells were trypsinized in 0.125% Trypsin (Gibco), ImM EDTA for
2 minutes. The cells were resuspended in eMEM containing 0.8% fetal calf” serum, 20
mM Hepes (Flow), at 0.5x10° cells/ml. To obtain a single cell suspension, the cells were
passaged 2 times through a 25 gauge syringe. ln order to assay the cells for aggrepation,
3 ml of cells were agitated at 37°C for different time periods on an orbital shaker at 80
" rpm. At every time point an aliquot was removed and the total number of cells versus
the number of single cells were counted using a haemocytometer. The degree ol
aggregation was calculated as the %single cells at time t (S subtracted from the %single

cells at time O (S,) divided by S,.

2.6 Cell Sorting
Cell sorting experiments weré performed essentially as described by Benchimol et
al.{13). Cells were harvested by trypsinization as described above (section 2.12) and
resuspended in 100 pi of Puck's saline (5 mM KCl, 140 mM NaCl, 5 mM D-glucose,
. 4 mM NaHCO,, 25 mM Hepes pH 7.4). The cells were then fluorescently labeled by the
addition of 20 ul of fluorescein iso-thiocyanate (FITC, 500 ug/ml) for 15 minutes. The
cells were then layered over 10 ml of FCS and pelieted to remove the excess FITC. They
were then resuspended in «MEM, 0.8% FCS, and mixed in a 1:1 ratio with unlabeled

cells.
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2.7 Quantification of L-MAG in L cells by ¥g.Methionine Labeling

In order to determine the relative amounts of L-MAG in L cells, L-MAG expressing
L cells were labelled for 18 hours at 37°C with 3g-methionine (Amersham) (S0xCi/mi)
in methionine free MEM, supplemented with 10% fetal calf serum and 5% oMEM. The
cells were washed two times with PBS and were harvested in 2% SDS. L-MAG was
immunoprecipitated as described below using anti-MAG monoclonal antibodies Gen 3 S1
and Gen 3 S3. The samples were resolved on SDS-PAGE and subjected to
autoradiography. The relative levgls of MAG in each sample were quantified usipg an

LKB Ultroscan XL enhanced laser densitometer.

2.8 Quantification of S-MAG in L Cells by Flow Cytometry

MAG expressing L cells (2 x 10% were harvested by trypsinization as-describéd in
section 2. 12 and reﬁuspended in 100 pi of ice cold PBS, 2% FCS containg 513 anti-MAG
antibody (1:500). After 30 minutes on ice, the cells were pelleted, washed 2 times in
PBS and were subsequently incubated for an additional 30 minutes on ice with 100 ul of
goat anti-mouse FITC conjugated antibodies in PBS, 2% FCS. The cells were pelleted
and washed 3 times in PBS, resuspended in «MEM and analyzed for cell surface
fluorescence using a Coulter Epics Profile II flow cytometer. Cell autofluorescence was
determined using non-expressing L cells and MAG positive cells incubated with

secondary antibodies only.
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2.9 “p.Orthophosphate Labeling of Cells

Cells were labeled with 1 mCi ¥'P-orthophosphate/ml of phosphate itee D-MEM, 10% |
fetal calf serum for 4 hours in the presence or absence of ammonium vanadate (S0-500
pM). The cells were harvested by lysis in 250 p of hot (100°C) 2% SDS. The cell
lysate was passaged several times through a 25 gauge syringe needle and diluted o 1 ml
with inununoprecipithtion buffer (10 mM Tris HCl pH 7.4, 150 mM NaCl, 1% Triton,
500 M NH, V04,. 2 mM NaF, 2 mM Na pyrophosphate, 2 pg/mi aprotinin,§ pg/mi

leupeptin, 0.4 pg/ml pepstatin, 200 pg/mi PMSF),

2.10 Immunoprecipitation of MAG

lmmuﬁoprecipitation of MAG was performed on ice with a one hour incubation of the
cell lysate with a mixture of anti-MAG monoclonal antibodies Gen 3 S1 and Gen 3 83,
Subsequently rabbit anti-mouse antibodies (Jackson Immunoresearch Lab) were added for
one hour prior to addition of protein A coupled Sepharose beads (Pharmacia). Afler an
additional hour incubation the beads were washed five times with ice cold
immunoprecipitation buffer and MAG was eluted using SDS sample butfer. The
immunoprecipated samples were resolved by SDS-PAGE (7.5% or 10% polyacrylamide)

and detected by autoradiography.

2.11 Deglycosylation of Proteins Using TFMS
Samples containing immunoprecipitated *’P-labeled protein or 150 g of membrane

protein were precipitated with 12% TCA. The precipitates were washed twice with 1 ml
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-20°C acctone and then lyophilized. Chemical deglycosylation was performed using
trifluoromethane sulfonic acid (TFMS) (Aldrich) as described by Horvath et al.(72).
Esscntialiy, the samples were incubated with 5 pl anisole and 45 ul TFMS for 2 hours
on ice under nitrogen (extra dry). The reaction was stopped with the addition of 900 pl
of anhydrous ether and 100 gl of pyridine on dry ice. A precipitate was allowed to form
over 1.5 hours and the insoluble material conmtaining proteins was pelleted. The
supernatant was discarded and the pellet was lyophillizeﬂ for 0.5 hours. The material was
resuspgnded in 15% TCA in imnmndprecipitation buffer and alloweﬁ to precipitate. The
pellet was wasljed twice in acetone, lyophillized and dissolved in SDS sample buffér for |

analysis on SDS-PAGE.

2.12 Stoichiometry of L-MAG Phosphorylation

In order to determine the half-life of L-MAG in LM cells, LM cells were labeled for
18 hours at 37°C with ¥S-methionine (Amersham) (50pCi/ml) in methionine free MEM,
supplemented with 10% fetal calf serum a‘nd 5% oMEM. Then the cells were washed
two times with PBS and were either harvested in 2% SDS or were incubated for an
additional 4 hours and 9 hours in «MEM. L-MAG was immunoprecipitated as described
above and resolved on SDS-PAGE. The half-life was calculated by extracting radioactive
L-MAG out of excised gel slices and determining the amount of radioactivity in the
extracts using liquid scintillation counting.

To assess tﬁe extent of L-MAG phosphorylation, LM cells were labeled for 18 hours

at 37°C with .either ?P-orthophosphate (200 xCi/ml) or ¥*S-methionine (Amersham)
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(50pCi/ml) in «MEM contatning 10% fetal calf serum. L-MAG was immunoprecipitated
and resolved on SDS-PAGE. The number of moles ot phosphate in L-MAG was
determined by scintillation counting of the excised L-MAG bands. The mnuiber of moles
of immunoprecipitated L-MAG was estimated from the level of “S-methionine
incorporated, assuming that L-MAG contains 9 methionine residues (149). The specitic
activity of label in the media was determined by scintillation counting of an aliquot of
the medium and from the known concentrations of phospbate (10 mM in «MEM and 1.5

mM in FCS) and methionine (0.2uM in «MEM and 0.03 mM in FCS).

2.13 Treatment of Cells With Growth Factors, Dibutyryl- cAMP and Phorbol Esters

To assess the effects of growth fac.tor treatment on L-MAG phosphorylation, LM cells
were fed aMEM without serum for 24 hours. The next day the cells were 7P labeled
in phosphate free medium without serum for 4 hours. Epidermal growth factor (EGF)
(150ng/ml) (Béehringer Mannheim), insulin-like growth factor | (IGF-1) (Bochringer
Mannheim) or insulin (0.5xM) (generously provided by Dr. M. Bernier) were added to
the cells at the end of the labeling period for 10 minutes at 37°C. The effecls ‘,of cAMP
mediated phosphorylation of L-MAG and S-MAG was assessed by incubaling' LM and
SM cells with either SmM dibutyryl-cyclic AMP (dbcAMP) (Sigma) or sodium butyrate
(SmM) during the labeling procedure. Sodium butyrate was used to control for non-
cAMP related effects of dbcAMP. To determine the effects of phorbol esters on MAG
phosphorylation *?P-labeled cells were treated with 100 nM 4o Phorbol or 100 nM 12-O-

- Tetradecanoylphorbol 13-acetate (TPA) for 10 minutes at 37°C at the end of the labeling
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period. The cells were harvested in hot 2% SDS and processed as described before.

2.14 Phosphoamino Acid Analysis

Phosphorylated proteins were immunoprecipitated, resolved on SDS-PAGE, and
transferred to Immobilon-P membranes (Millipore). Radioactive bands corresponding to
the immunoprecipitated proteins were excised from the membranes and hydrolyzed
direct.ly in 6N doublc-dis.lilled HCI for 75 minutes at 110°C as described previously {34).
The hydrolysate was lyophilized, mixed with authentic pimspho-amino acids, spotted onto
- Cell type-100 th_in-layer cellulose plates (Sigma) and resolved by two dimensional thin-
layer clectrophoresis as described by Cooper et al. {27). In the first dimension the
samples are migrzited at pH 3.5 (pyridine 10 ml, acetic acid 100 ml, double distilled H,O
| 1890 ml) for 15 1i1i|1utes at 1500 volts. Thé thin-layer is dried, rotated 90° and resolved
at pH 1.9 (88% f‘ormic.acid 50 ml, acetic acid 156 mi, double distilled H,0 1794 ml)
for 30 minutes at 1500 volts. Phospho-amino acid standards were detected by ninhydrin
staining of the thin-layer plates. Radioactive phospho-amino acids were detected by

autoradiography.

2.15 Tryptic Digest Anaiysis

Two dimensional tryptic peptide mapping was essentially performed as described by
Luo et al. (100). Immobilon-P or nitrocellulose membrane slices containing **P-labeled
proteins were soaked in 0.5% polyvinylpyrrolidone in 100 mM acetic acid for 30

minutes. After briefly washing in water, the membranes were incubated with 25 ug of
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trypsin in 50 mM ammonium bicarbonate (pH 8.5) at 37°C for two hours. After two
hours an additional 25 pg of trypsin were added tor an overnight incubation. The samples
were then centrituged and the liquid was lyophilized. After one wash with 100 pl of
water and lyophilization, the samples were oxidized in 100 pl of performic acid for one
hour at 0°C. One ml of water was then added and the samples were Ilyophilized. The
dried phosphopeptides were resuspended in'10 gl of chromatography butter (17), sputléd
onto CELL Type—IOO thin-layer plates and were separated by ascending chromatography
for 5 hours (n—butanol 204 ml, acetic acid 50 ml, pyridine 143 ml, double distitled water
143 ml). The chromatogram was dried, rolaled 90°, and thin-layer clectrophoresis was
performed at pH .1‘9 for 40 minutes at 1000 V. Phospho-tryptic peptides were then

visualized by autoradiography.

2.16 Analysis of Tryptic Phosphopeptides by V8 Protease and Thermolysin Digestion

32p-labeled tryptic phosphopeptides were recovered by scraping the cellulose off the
thin-layer plates and eluting the peptides with 300 ul of pH 1.9 butfer. Thc’ samples were
lyophilized and resuspended in 20 ul of ammonium bicarbonate (pH 7.6) containing
either 5 ug of V8 protease, or 5 pg of thermolysin with I mM CaCl,. Then digest was
performed overnight at 37°C (V8) or at 55°C (thermolysin). The digests were then
lyophilized, resuspended in pH 1.9 buffer and resolved by ascending chromamgraﬁhy.

Analysis was performed by autoradiography.
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2.17 CD4 Cross-Linking in HUT78 Cells

HUT78 cells were generously provided by Dr. L. Fillion. HUT78 cells (10° cells) in
suspension were incubated with polyclonal (rabbit) anti-CD4 antibodies (kindly provided
by Dr. L. Fillion) at 1:350 in ice cold aMEM. After 30 minutes on ice the samples were
washed once with ice cold PBS. Cross-linking of CD4 was accomplished using Goat anti-
rabbit IgG specific antibodies (Jackson Immuﬁologicals) (1:350) in 500 pl of MEM at
37I°C. Alter two minutes at 37°C the cells were lysed by the addition of 500 ul of ice
cold 2 x TNV (20 mM Tris, pH7.5, 2%' NP-40, 1| mM ammonium vanadate, 4 mM
NaF, 4 mM_' Na pyrophosphate, 10 pg/ml lleupeptin, 4 pg/ml aprotinin, 400 pg/ml
PMSF). CD4 was immunoprecipitated with 3 ul/ml of anti-CD4 antibodies for one hour
al 4°C. Protein A coupled Sepharose beads were then added for an additional hour at
4°C. The immunoprecipitates were washed 4 times in 1 x TNV and once in kinase buffer
(20 mM Hepes, pH7.1, 2 mM MnCl,, 10 mM MgCl,, 200 M vanadate), prior to an
immune complex kinase assay.

In vitro kinase activity was initiated by the addition of 5 uCi gamma-*?P-ATP to 50
ul of pelleted sepharose beads. After 15 minutes at room temperature, the kinase reaction
was terminated by washing the immune complexes 2 times with 1 x TNV.
Autophosphorylated kinases were eluted with sample buffer and resolved on SDS-PAGE.
Polyacrylamide gels were fixed using 10% acetic acid, 20% methanol, for 20 minutes
and treated with 1 M KOH for two hours at 55°C. The gels were rinsed in 10% acetic

acid, 10% isopropanol for 2 hours, dried and subjected to autoradiography.
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2.1§ Cross-Linking of MAG on the Cell Surface

Primary rat oligodendrocytes or L-MAG expressing L cells were labeled with V-
orthophosphate, in serum and phosphate free DMEM, for 3 hours as described above
(section 2.9). The cells were then incubated with ice cold SFM in the presence of 513
anti-MAG antibody (15500). After 30 minutes on ice the samples were washed once with
ice cold PBS. Cross-linking of MAG was accomplished using aftinity purificd rabbit anti-
mouse antibodies (Hyclone) (1:350) in 2p-orthophosphate containing DMEM at 37"C foe
15 minutes. The samples were harvested in 100°C 2% SDS for immuneprecipitation and
processed as described >above. Phosphprylated MAG was analyzed by tryptic digest

mapping.

2.19 Induction of TrpE Fusion Proteins

The TrpEGAP-SH2[N+SH3+C], TrpEPLC-SH2[N+C], TrpESrc-SH3SH2, and the
TrpECrk-SH2(+) fusion proteins were generously provided by Dr. T. Pawson. To
induce the TrpE-SH2 domain fusion proteins 3 ml of MS media ( 102) (supplemented with
ampicillin, vitamin Bl and tryptophan) were inoculated with frozen glycerol stock of
transformed bacteria and were grown overnight al 37°C with rapid shaking. The
following day 1 ml is added to 50 m] of M9 medium (supplemented with ampicllin and
vitamin Bl only) and cultured for 2.5 hours at 37°C with rapid shaking. At this point 25
! of indole acrylic acid (10 mg/ml in ethanol) is added to induce the trp operon. The
bacteria are cultured for an additional 3 hours and are then pelleted by centrifugation for

15 minutes at 2000 x g at 4°C. The cell pellets were lysed in 0.5 m! of
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immunoprecipitation buffer (section 2.6) and sonicated for 3 x 30 seconds on ice. The
insoluble debris was removed by centrifugation (14000 x g in a microtuge) and the
supernatant was diluted in 4.5 mi of 10 mM Tris pH 7.5, 5% skim mitk powder, 500
M ammonium vanadate, 140 mM NaCl, 10 mM NaF, 10 mM Na pyrophosphate, 2

pg/mi aprotinin, 5 pg/mi leupeptin, 0.4 pg/ml pepstatin, 200 pg/mt PMSF.

2.20 Probing of MAG Cell Lysates With TrpE-SH2 Domain Fusion Proteins
L-MAG and S-MAG expressing cells were lysed as in section 2.6 and
immunoprecipitation of MAG was cartied out as in section 2.7, The immunoprecipitates
were resolved on SDS-PAGE and transferred to nitocellulose membranes as described
in section 2.5. The filters were then incubated with the bacterial cell lysates containing
TrplE-SH2 domain fusion proteins for 1.5 hours at 4°C. The blots were subsequently
probed with an anti-TrpE monoclonal antibody (1:500) (Oncogene Science, Inc.), and
visualization of the blots was carried out using a 1] labeled sheep anti-mouse second

antibody.

The data presented in this thesis represents experiments that were repeated at least 3-4

times and are, thus, entirely reproducable.
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CHAPTER 3

CELL ADHESION PROPERTIES OF
MYELIN-ASSOCIATED GLYCOPROTEIN IN L CELL FIBROBLASTS

. 52



SUMMARY

Myelin-associated glycoprotein (MAG) is a cell surface molecule expressed by
oligodendrocytes and Schwann cells. In order to determine whether MAG expression can
confer adhesive propertics to cells which normally do not aggregate in suspension, the
¢DNA encoding the long form of MAG (1.-MAG) and the short MAG isoform (S-MAG)
were introduced into L cell fibroblasts by retroviral infection and electroporation,
respectively. Clonal L cell lines expressing MAG were then subjected to a cell
aggregation assay. Our results indicate that L-MAG and §-MAG can both function as
intercellular adhesion molecules in a heterologous cell system. A critical threshold value
of MAG expression is required for cell aggregation to occur. The adhesive properties of
these cells were specific 1o MAG, since monoclonal antibodies directed against its
extraccllular domain inhibited aggregation. Furthermore, the adhesion was found to be
calcium and temperature independent. Cell sorting experiments demonstrated that MAG
expressing cells bind in a heterotypic fashion to parental L cell fibrobiasts. These results
suggest that L-MAG and S-MAG can both function as heterotypic cell adhesion
molecules recognizing a cell surface molecule(s) expressed by L cells.
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3.1 Introduction

The organization of tissues in higher organisms requires sophisticated mechanisms of
cell sorting and selective adhesion. It is believed that certain types of cell surface
glycoproteins play fundamental roles in this process by virtue of their ability to adhere
selectively in either a heterotypic or homotypic tashion to adjacent cells or extracellular
matrix molecules. For instance a family ol related molecules referred to as the cadhering
have béep shown to facilitate cell sorting through specific homotypic -adhesion
mechanisms (117). Integrins on the other hand comprise a family of heteromeric
molecules which mediate cell attachiment through specific ligand hinding (171). A ihird
class of molecules involved in cell adhesion processes share sequence and strucluml'
homologies which place them in the immunoglobulin supergene lamily (82,99, lSOi. One
member of this family is myelin-associated glycoprotein or MAG, a transmembranc
glycoprotein whose molecular weight is apﬁroximatcly 100 kD. The expression of MAG
is restricted to oligodendrocytes in the central nervous system (CNS) and Schwann cells
in the peripheral nervous system (PNS) {167). Two alternatively spliced isoforms of the
molecule exist which are termed L-MAG and S-MAG. Their expression is regulated
differentially throughout development (7,43,96,149,181). MAG is thought Lo mediate the
interactions between glial cells and neurons during and subsequent to the process of
myelination (9,105,177,180). Indeed it has been shown that liposomes expressing the
MAG molecule can adhere specifically to neurons in cuiture and that this adhesion can
be partially inhibited by MAG specific antibodies (133,145). Furthermore, MAG

expressed in NTH 3T3 fibroblast cells promote neurite outgrowth from dorsal root ganglia
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in cell culture, which can be partially blocked b‘y anti-MAG antibodies (83). In order to
characterize the cell adhesion function of MAG in a cell culture system we expressed
both MAG isoforms in L cells, which do not aggregate when grown in suspension {117).
During the course of our experiments we determined that MAG is capable of heterotypic
intercellular binding and cell sorting, unlike the homotypic interactions observed for
neural cell adhesion molecule (N-CAM) (144) and carcinoembryonic antigen (CEA) (13),

other members of the immunoglobulin supergene family.

3.2 Results
3.2.1 Expression of L-MAG in L Cells

The L-MAG cDNA was introduced into L cell fibroblasts by retroviral infection.
lmmunoﬂubrescem cytochemistry and immunoblot analysis with a MAG specific antibody
(133) was used to identify clones expressing differing amounts of MAG on their surfaces.
A cell line designated C5 expressed the highest levels of L-MAG (figure 3.1,lane D),
while cell lines D2 and C3 exhibited intermediate to low levels of L-MAG (lanes B and
C). The parental L cells do not display any immunoreactivity towards the anti-MAG
antibodies used in these and all subsequent experiments. (lane A). The protein band
appearing below the major L-MAG containing band in the C5 sample is most likely

partially glycosylated L-MAG.
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Figure 3.1: Western blot analysis of L-MAG expressing L cell clones. Whole cell
extracts from parental L cells (lane A) and G418 resistant L-MAG expressing L cell
clones C3 (lane B), D2 (lane C), and C5 (lane D) were probed with anti-MAG

monoclonal antibodies Gen 3 S1 and Gen 3 S3.
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3.2.2 Aggregation of L Cells Expressing L-MAG
Earlier work (133,145) had suggested that purified MAG molecules may be capable
of cell adhesion events in cultured CNS cells, To directly test the ability of MAG to act
as a cell adheSion molecule (CAM) when expressed in live cells, fibroblasts expressing
different levels of the L-MAG isoform were subjected to a cell aggregation assay as
| described in Materials and Methods. Parallel cultures of nﬁn-cxprcssing fibrablasts were
subjected to the same regime. As shown in Figure 3.2A, CS cells rapidly began to
aggregate while D2, C3 and the parental L cells showed little apgregation over the same
time period. Furthermore C5 cells tended to form aggregates of 5-10 cells while the
clumps ih the control cultures appeared to be mostly doublets or triplets of cells.  After
I8 hours large aggregaies are formed from CS cells (Figure 3.2B8), while parental Locells
remain virtually all single cells (Figure 2C). These results suggest that L-MAG can
mediate cell adhesion and the adhesion is dependent upon the level of L-MAG expressed

on the cell surface.

3.2.3 Aggregation of L Cells Requires a Threshold ch'el of MAG Expression

We wanted to determine whether a linear relationship exists between L-MAG
expression and the ability to aggregate. We quantified the relative amount of L-MAG
expressed in five independent L cell clones using *S-methionine labelled cells. The
relative amount of L-MAG in each clone was expressed as a percentage of the highest

expressing clone, C5, and was compared (o the degree of aggregation of cach clene after

30 minutes.
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Figure 3.2: Cell aggregation behaviour of L-MAG L cell clones. L-MAG expressing
L cells were subjected to aggregation analysis as described in Materials and Methods. (A)
At the indicated time intervals samples were removed and the degree of aggregation was
calculated as (S,-S)/S,. The results are exp-ressed as the mean+/- standard error from
3 determinations for L parental cells [L(CNT), open circles], clones C3 [L(MAG-C3),
open triangles] and D2 [L{MAG-D2), asterisks], and from 7 determinattons for clone C5
[L(IMAG-C3), closed squares]. Light microscopy of L(IMAG-C5) cells (B) and L(CNT)
cells (C) after 24 hours on an orbital shaker shows typical aggregates formed when L-

MAG is expressed in L cells.
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The results demonstrate that the ability o aggregate does not correlate in a linear fashion
with the level of L-MAG expression (Figure 3.3). Rather, a threshold level of expression

seems to be necessary in order for MAG-mediated aggregation to occur.

3.2.4 S-MAG Expression Level in L cells Determines Degree of Aggregation L
cells transtected with the cDNA to S-MAG were screened by immunoblot analysis using
anti-MAG antibodies (Figure 34) Several cell lines with varying amounts of S-MAG
expression were gcnerated'and then assayed for cell aggregation. In order to accurately
quantify MAG expression on the cell surface, these cell lines were subjected to flow
cylomctry. Figure 3.5 compares the ability of these cells to aggregate to the intensity of
cell surface tluorescence. Similar t6 L-MAG, a certain threshold level of expression was
necessary for cell aggregation to occur. Clone SM23 seems to express S-MAG at a level
just above the threshold needed for aggregation, since clones which express only 15%
less S-MAG do not adher; to each other. In general, above that threshold level all cell
lines exhibited comparable degrees of adhesion. Clone SM32 was then chosen for further
studies, since it provided for consistent cell aggregation results. Moreover, the cell

surface expression of S-MAG in this line is similar to that of L-MAG in the C5 cell line.
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Figure 3.3: Relationship between L-MAG expression and cell aggregation. L-MAG
expressing L c.ell clones were labelled with “S-methionine, sofubilized i SDS and
immunoprecipitated wlit‘h anti-MAG antibodies. The samples were resolved on SDS-
PAGE and quantified by laser densitometry of the zﬁllﬂﬁldiogmph& The degree of
aggregation of each clone was determined after 30 minutes of incubation. The results are

expressed as the mean+/- standard error from 3-7 determinations.

60



i PR § L | . t '

o o (=] o =]
n « o0 o ™~

NOILYD3UDDY 40 33HDHIAG

100

25 70

RELATIVE LEVEL OF MAG



Figure 3.4: Western blot analysis of 8-MAG expressing L cell clones. Whole cell
extracts from L-MAG C5 (lane 1), parental L cells (flane 2) and G418 resistant S-MAG
expressing L cell clones SM25 (lane 3), SM2 (lane 4), SM27 (lane 5), SM31 (lane 6),
SM34 (lane 7), SM38 (lane 8), SM36 (lane 9), SM48 (lane 10), SM23 (lane 11), SMI

(lane 12), SM3 (lane 13), SM9 (lane 14), SM32 (lane L5) and SM33 (lanc' 16) were

probed with anti-MAG monoclonal antibodies Gen 3 81 and Gen 3 S3.
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Figure 3.5: Relationship between S-MAG expression and cell aggregation. S-MAG
expressing L cell clones were incubated with anti-MAG monoclonal antibody 513 mu]
subsequently with an FITC conjugated secondary antibody. The cells were then assayed
for cell surface fluorescence by flow cytometry. MAG levels in each clone was expressed
as mean fluorescence and compared to the degree of aggrégaiion after 30 minutes of
incubation. Numbers associated with the triangles in the figure correspond to the SM
clones. C5 correspondS to the L-MAG expressing L cell line. The results are expressed

as the mean+/- standard error from 3-7 dcterminations.
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3.2.5 Antibody Mediated Inhibition of Aggregation

The specificity of the adhesion observed in these experiments was tested using
monoclonal antibody specific for MAG (Mab 513). This monoclonal antibody Tas
previously been shown to inhibit the interactions between MAG and neurons (83,133,
As is shown in Figures 3.6 and 3.7 the adhesion of MAG expressing cells is compietely
inhibited by the addition of Mab 513, while an irrelevant monoclonal (Mab 1G2)
prepared in the same way had no effect on the adhesion. As a further control, the M AG
cDNA was transfected into a subclone .oi‘ NIH 373 cells which under the conditions of
this assay, aggregale independently of the expression of L-MAG. When these L-MAG
expressing cells were mcub'ued with Mab 513 their normal aggregation was not inhibited
(data not shown). Thus the inhibitory effect of the antibody was specific o cells whu.h_
depend upon MAG expression for their aggregation. Using immunotiuorescent
cytochemistry we determined that the inhibitory eftect of Mab 513 is not due to a
clearing of MAG from the cell surface. After 200 minutes of incubating L(MAG-C5)
cells with Mab 513 at 37°C, the fluorescent staining pattern is identical to cells stained
at 0°C (data not shown). It is likely, therefore, that Mab 513 inhibits aggregation by
steric hindrance, suggesting that the antibody recognizes an epitope at or in the viciniiy
of the MAG binding domain. The amount of antibody needed to saturate the MAG
binding sites on the cells, as determined by immunofluorescent staining, is 4 pg/ml. This

concentration of Mab 513 is also sufficient to inhibit MAG-mediated aggregation.
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Figure 3.6: Inhibition of L-MAG-mediated aggregation by antibody. Cell aggregation
assays of LIMAG-C5) cells were performed in the presence of 12ug/ml of medium of
either anti-MAG monoclonal antibody 513 (closed triangles) (provided generously by M.
Schachner) or monoclonal antibody 1G2 (open circles) (which does not recognize L-
MAG by immunofluorescent cytochemistry). The results are expressed as the mean+/-

standard error from 4 determinations.
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Figurq 3.7: Inhibition of S-MAG-mediated aggregation by antibody. Cell aggregation
assays of SM32 cells were performed in the presence of 12ug/ml of medium of either
anti-MAG monoclonal antibody 513 (dotted lihe) or monoclonal antibody 1G2 (solid
line), which does not recognize S-MAG by immunofluorescent cytochemistry. The results

are expressed as the mean+/- standard error from 3 determinations.
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3.2.6 Effect of Calcium and Temperature on L-MAG Specific Aggregation

While cadherins have been shown to depend on calcium for their binding activity
(117}, the members of the immunogiobulin super gene family are generally thought to
act in a calcium independent manner (82). To investigate the importance of calcium for
L-MAG-specific cell binding activity, LMAG-CS5) cells were allowed to aggregate in the
absence of calcium at 37°C and 4°C. The results demonstrate that C5 cells aggregate
independently of calcium at both temperatures (Figure 3.8). Similar results were obtained
with SM32 cells, implying that the binding properties of L-MAG and S-MAG are
comparable. The aggregation of C5 cells at 4°C can also be inhibited by incubation with

the anti-MAG monoclonal antibody (data not shown).

3.2.7 Heterotypic Binding of MAG

In the CNS L-MAG mediates the interaction of oligodendrocytes with neurons that
do not express MAG molecules on their cell surface, Therefore, it has been suggested
that L-MAG binds to a neuronal receptor molecule in a heterotypic manner. A cell
sorting experiment was performed to test the binding specificity of L-MAG in L cell
fibroblasts. In order to distinguish between the parental [L(CNT)] and transfected cells
[L(MAG-C5)] in a mixed aggregalion experiment, cells of one line were pre-labeled with
fluoresceine iso-thiocyanate (FITC). Mixed populétions of cells were aggregated for
several hours and then examined using epifluorescent microscopy. If LIMAG-CS) cells
were capable only of homotyﬁic interactions we would expect that in the subsequent

aggregates, either all or none of the cells would be labeled with the fluorescent dye.
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Figure 3.8: Effect of calcium and temperature on cell aggregation. Cell agprepation
was assayed for LIMAG-CS) cells essentially as described in Materials and Methods,
except that the cells were resuspended in calcium free Puck’s saline (13). The Assay was
then performed at 37°C (open circles) and at 4°C (closed triangles). The results are

expressed as the mean+/- standard error from 3 determinations.
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If on the other hand there were heterotypic interactions between the two cell types, the
aggregates should contain both fluorescent and non-tfluorescent cetls. When L(IMAG-CS)
cells were labeled, the majority of aggregates contained {luorescent cells in assoctation
with equal numbers of non-fluoreseent cells (Figure 3.9A-C). When the experiment was
reversed the results were virtually identical (Figure 3.9D), indicating that L-MAG binds
ina hetef;)typic fashion.

In an analogous experiment parental L cells were p-re-labclcd wilth FITC and mixed in
a 1:1 fashion with un-labeled SM32 cells. After only 2 hours of incubation in culture
SM32 cells formed heterotypic aggregates with parental L cells (Figurl—: 3.10). These
results suggest that similar to L-MAG, S-MAG functions as a helerotypic CAM.
Additionally, these findings demonstrate the presence of a MAG receptor in L cell

fibroblasts.

3.2.8 L-MAG Can Mediate Selective Cell Sorting

It has been previously shown that differential expression of CAMs can mediale
selective adhesion and sort.ing of cells (38,117). We performed a cell mixing experiments
with SP10 cells, a myeloma celi line that exhibits no endogenous cell adhesion activity.
When L(MAG-CS5) cells were mixed with SPI0 cells, the majority of aggregates
contained cells that were predominantly of thé L(MAG—CS) type (80%-100% of cells)
(Figure 3.11A). Most of the SP10 cells remained as single cells and did not incorporatce
into clumps. Equivalent results were obtained when L(MAG-C5) cclls were mixed with

the human promyelocytic leukaemia cell line HL6Q (data not shown).
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Figure 3.9: Cell sorting behaviour of LIMAG-CS) cells with L(CNT) cells. LIMAG-
C5) cells were labeled with FITC, mixed in a 1:1 ratio with unlabeled L(CNT) cells mid
were allowed to aggregate for 18 hours. The aggregates were observed by light (A) and
fluorescent light microscopy (B), and photomicrographs were taken of the same lickds.
Aggregates that were composed of 10 to 100 celis were randomly selected, and the
percentage of labeled cells within each aggregate was determined. The cumulative
quantification of three separate experiments are depicted as follows: (C) labeled L(MAG-
C5) cells mixed with unlabeled L{CNT) cells; (D) labeled L{CNT) cells mixed with
unlabeled LIMAG-CS5) cells. In each case, the cells labelled with FITC are marked wilh

an asterisks.
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Figure 3.10: Cell sorting behaviour of SM32 cells with paremtal L cells. Pareatal 1.
cells were labelled with FITC, mixed in a 1:1 ratio with unlabeled SM32 cells and were
allowed to aggregate for 2 hours. The aggregates were observed by light () and

fluorescent light microscopy (b), and photomicrographs were taken of the same (ickds.
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Figure 3.11: Segregation of L(MAG-CS) from SP10 myeloma and P1Y embryonic
carcinoma cells during cell sorting experiments. L(MAG-C5) cells were labeled with
FITC, mixed in a 1:1 ratio with unlabeled SP10 cr P19 cells and were aliowed to
aggregate for 18 hours. Aggregates that were composed of 10 to 100 cells were randomly
selected, and the percentage of labeled cells within each aggregate was determined. The
cumulative quantification of three separate experiments arc depicted as follows: (A)
labeled L(IMAG-C5) cells mixed with unlabeled SP10 cells; (B) labeled L{MAG-CS) cells
mixed with unlabeled P19 cells. In each case, the cells labeled with FITC arc marked

with an asterisks.
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In a related experiment we aggregated L(MAG-CS) cells in the presence of 'Y
embryonic carcinoma cells which eapress E-Cadherin, a caleium dependent homotypic
CAM (117.195). Two types of aggregates were obtained. One class ol aggregades
contained mainly unlabelled P19 cells, while the majority of cells o the other group of
aggregates were FITC labeled L(MAG-CS) cells (Figure 3.11B). Thus our results
indicate that while the L-MAG receptor is expressed on the surface of L eells, it is absent
from two lymphocytic cell lines and embryonic Slcm cells, Furthermore, the interaction
of MAG with its receptor can mediate cell sorting in the presence of cells that are

capable of homotypic interactions.

3.3 Discussion

In this chapter it is documented that MAG can participate in cell adhesion and cell
sorting when expressed on the surface of fibroblasts. The finding that this binding can
occur in the absence of calcium and at a low lemperature is consistent with the adhesion
properties observed for other CAMs that are members of the immunoglobulin supergene
family (13,144). Since MAG mediated aggregation can occur at 4°C, the initial
recognition and binding of MAG molecules to their receplors is independent of metabolic
activity. This is in contrast to the binding activity of the cell adhesion molecule ICAM
(104).

In the CNS and PNS, the expression of MAG appears prior to and during the first
stages of oligodendrocyte-neuron and Schwann celi-neuron conlact (9) and pcaks around

the time of maximum myelin formation (181). These and other observations (83,133,145}
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have led to the speculation that MAG may bind to a receptor molecule present on the
axonat surface and thus mediate the initial recognition cvent between oligodendrocytes
and ncurons.  Since neurons do not express MAG themselves (9) it is likely that MAG
functions as a heterotypic CAM. Our results support this idea and further suggest that
a MAG receptor is expressed on the surface of L cell fibroblasts, Whether this
represents an abnormal expression of a neuronal molecule on the surface of a
transformed cell or simply expression of a related fibroblast cell surface molecule is not
known. It is of interest to note however, that the MAG receptor is absent from
lymphocytic cells and pluripotent embryonic stem cells.

L cells expressing low to moderate levels of MAG on their surfaces do not detectabty
associate in suspension whereas L cells expressing high levels of MAG readily aggregate.
This was demonstrated for both L-MAG and S-MAG and suggests that there is a
threshold level of MAG expression needed in order for cell adhesion to take place.
Experiments performed with NCAM demonstrate that its biological activity is also
subject to a threshold effect (32). NIH 3T3 cells expressing high levels of NCAM on
their surface promoted cerebellar neurite outgrowth. The cerebellar neurites grew to only
half the length if they were plated onto NIH 3T3 cells with 20% less NCAM expression
on the cell surface. A similar decrease in L-MAG expression, reduced the ability of L
cells to aggregate by 50%. The description of this phenomena was more comprehensive
with respect to S-MAG, since more clones were analyzed for cell adhesion. In this case,
a 15% decrease in S-MAG expression (compare clones SM36 and SM38 to clone SM23)

completely abolished the ability of the cells to aggregate, suggesting that clone SM23
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expresses S-MAG at a level just above the threshold. CEA has also been shown to
mediate cell adhesion events in a concentration dependent fashion (13). These
observations suggest that intercellular adhesion may be regulated jn vive by relatively
small changes in CAM expression, binding properties and/or subcellular focalization, We
have previously shown that the L-MAG isoform is extensively phosphorylated in its
cytoplasmic domain (4,36). This reversible post-translational moditication could provide
a mechanism for the regulation of L-MAG adhesion.

The present study has demonstrated that MAG confers ccll adhesion properties to an
anchorage independent fibroblast cell line. As mentioned above, other investigators have
incorporated MAG purified from brain into liposomes to study its cell adhesion
properties 7( 133,145). While our resulls are in general agreement with the liposome
studies, fibroblasts éxpressing MAG have several added advantages. We were able o
demonstrate that MAG binding occurs in a heterotypic fashion and is governed by a
threshold effect. It is, therefore, possibie and perhaps more relevant to study the binding
properties of MAG in the context of the normal cellular milicu. This is particularly
important if one is attempting to determine the contribution of post-translational
modifications and/or accessory molecules (i.e. cytoskeletal components) to the regulation
of MAG binding properties. ‘Furthermore, the mapping of binding and regulatory
domains in the MAG molecule can now be directly determined using site directed
mutagenesis of the MAG cDNA along with the expression of mutant proleins in
fibroblast lines. Finally the identification of cell lines which do and do not cxpress the

MAG receptor should facilitate the identification and cloning of this molecule.
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CHAPTER 4

DIFFERENTIAL PHOSPHORYLATION OF
MYELIN-ASSOCIATED GLYCOPROTEIN ISOFORMS IN CELL CULTURE
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SUMDMARY

The alternative splicing of myelin-associated glycoprotein (MAG) mRNA generates two
isoforms that harbour distinct potentiat phosphorylation sites in their eytoplasmic tuls,
Here we characterize the in vivo phosphorylation of MAG isoforms in fibroblasts
transfected with the ¢cDNAs encoding the two isoforms of MAG and in primary rat
oligodendroeyte cultures, Our results demonstrate that L-MAG is phosphorylated
constitutively mainly on serine, but also on threonine and tyrosine residues, S-MAG
contains mainly phosphoserine, with low detectable amounts of phosphotyrosine. "This
isoform displays a 10 fold lower stoichiometry of phosphorylation compared to L-MAG.
Tryptic digest analysis of both isoforms demonstrates that all the phosphorylation sites
in S-MAG are represented in L-MAG. The identity of tyrosine 5538 has been confirmed
in both isoforms by further analysis of tryptic phosphopeptides. The  same
phosphorylation sites were identified in primary rat oligodendrocytes. Phosphorylation
of tyrosine 558 is induced several fold with ammonium vanadate in L-MAG, but not in
S-MAG, implying a difference in the regulation of tyrosine phosphorylation ol these
isoforms. Furthermore, *P labeling of v-src transformed NIH 3T3 cells that express L.-
MAG also show that L-MAG is likely to be an in vivo substrate for ppo0™* tyrosine
kinase activity. S-MAG is phosphorylated 10 a lower stoichiometry in these cells,
suggesting that even in systems with constitutively activated PTKs, $-M AG is an inferior
kinase substrate. These results demonstrate that both MAG isoforms arc phosphorylated,
albeit to a different extent, suggesting a regulatory influence of the cyloplasmic domain
on interacting signal transduction molecules.
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4.1 Introduction

The characterization of molecules involved in cell adhesion is basic to the
understanding of developmental events. Certain types of cell surface glycoproteins have
been demonstrated 10 play a fundamental role in this process. One group of cell adhesion
molecules has been included in the immunoglobulin (Ig) supergene family by virtue of
their sequence and structural features (189). Among these molecules is myelin-associated
glycoprotein (MAG), a transmembrane glycoprotein involved in neuron-glia and glia-glia
interactions in the developing nervous system (189). MAG is expressed on the surface
of oligodendrocytes in the CNS and Schwann cells in the PNS (167). MAG mRNA is
alternatively spliced into two developmentally regulated isoforms, suggesting that L.-MAG
and S-MAG perform functionally different roles in myelin formation (43,181). The early
appearance of L-MAG at the onset of the myelin program suggests a potential role for
the cytoplasmic domain of this isoform in the initial processes of intercellular recognition
and signal transduction. S-MAG mRNA, which is maximally expressed in mature
myelin may play a structural role in maintaining the integrity of the myelin sheath. L-
MAG and S-MAG exhibit identical external and transmembrane domains, but differ in-
their cytoplasmic carboxyl-termini (7,96,149). Bcth isoforms contain several potential
phosphorylation sites in the carboxyl terminal region, amoﬁg which is a region identified
as a potential protein kinase C (PKC) phosphorylation site by Arquint et al. (7). In
addition, L-MAG contains a'segment'potentially phosphorylated by protein kinase A (7)
and PKC (149), as well as a region homologous to the epidermal growth factor (EGF)

receptor autophosphorylation site (7,149). Previously, phosphorylation of L-MAG was
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detected in myelinating redent brain in vivo as well as myelin i vifro on serine,

threonine and tyrosine residues (36,37). Phosphorylation of S-MAG was never detected
in myelinating brain.

Here, we report the isolation and characterization of fibroblast cell lines expressing the
MAG cDNAs. The results demonstrate that L-MAG is phosphorylited on serine,
threonine and tyrosine residues in cell culture, whercas S-MAG is constitutively
phosphorylated only on serine residues. While growth factors are unable to modulale
MAG phosphorylation, the v-src encoded kinase constitutively phosphorylates 1L-MAG
on tyrosine residues. The results presented here are consistent with phosphorylation of
the cyloplasmic donﬁins of both molecules playing a role in the regulation ol MAG

activity in developing and mature myelin.

4.2 Results
4.2.1 Chéracterization of MAG Expression in 3T3 Cell Fibroblasts

Live MAG expressing cells were examined by immunofluorescent cylochemistry using
a monoclonal anti-MAG antibody (513). The results indicate that L-MAG and S-MAG
are both expressed uniformly on the cell surface (Figure 4.1). Immuncblot analysis of
membrane extrz'lclts of these cells confirms that the antibody recognizes L-MAG and S-
MAG in LM and SM cells respectively (Figure 4.2, lanes a and b). It should be noted
that glycosylated S-MAG exhibits a slightly lower molecular weight than glycosylated L-

MAG.
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4.2.2 Phosphorylation of MAG

MAG phosphorylation was assessed by labeling the cells in phosphate free medium
containing “P-orthophosphate and immunoprecipitating MAG from a cell extract with
monoclonal anti-MAG antibodies (Gen S1 and Gen S3). The immunoprecipitations were
performed on cell lysates from equal numbers of cells and the results demonstrate that
L-MAG and S-MAG are both phosphorylated (Figure 4.2). Using differential labeling
with “*S-methionine and *P-orthophosphate L-MAG protein was shown to contain 10
moles of phosphate per mole of polypeptide. In parallel experiments we determined that
the half life of MAG is approximately four hours in NIH 3T3 cells (Figure 4.3). For
phosphate stoichiometry determinations, cells were incubated overnight (18 hours) with
P orthophosphate and 35Sl-mclhionime and therefore contain MAG molecules which have
been uniformly labeled with both isotopes. Thus, our calculation of the extent of
phosphorylation will not be biased by long lived MAG molecules which do not contain
S methionine but are post-translationally modified with P, Taken together these results
indicate that L-MAG is in fact a formidable protein kinase substrate. Although SM cells
express high levels of S-MAG on the cell surface, the stoichiometry of S-MAG
phosphorylation was determined to be approximately one tenth the amount of L-MAG

phosphorylation (Figure 4.2).
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Figure 4.1: Immunofluerescent cytochemistry on MAG expressing fibroblasts, Live
LM (a), SM (b) and PVsrcLM (c) cells were stained with monoclonal anti-MAG antibody
(Mab 513) and subsequently with fluoresceine conjugated goat anti-mouse sccondary
antibody. No fluorescence was observed with cells stained with sccondary antibody
alone. The exposure times and magnification are the same for all pictures (magnification

bar represents 20um).
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Figure 4.2: Phosphorylation of MAG isoforms in LM and SM cells. immunobiot
analysis of membrane extracts from LM (lane a) and SM (lane b) cells were probed with
a mixture of monoclonal anti-MAG antibodies Gen St and Gen 83 and detected using an
1251 |abeled sheep anti mouse antibody. Cell extracts from 32P labeled LM cells (fane
c), SM cells {lane d) and NIH 3T3 cells (lane ¢€) were immunoprecipitated using anti-
MAG antibodies as described in materials and methods. A sample containing a mixture
of LM and SM cell extract was immunoprecipitated with non-immune serum (lanc f).

The samples were analyzed using SDS-PAGE and detected by autoradiography.
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Figure 4.3: Metabolic half-life determination of L-MAG iu 3T3 cell fibroblasts. LM
cells were metabolically iabeled for 18 hours with **S-methionine. The samples were
harvested immediately after **S-methionine labeling (lane p), 4 hours (lane 4) and 9 hours
(lane 9) after removal of label and replacement with unlabeled aMEM. L-MAG: was
immunoprecipitated using a mixture of monoclonal anti-MAG antibodics Gen S| and Gen
S3 and analyzed using SDS-PAGE (7.5% polyacrylamide) with subsequent
autoradiography. To calculate the half-life, the bands corresponding (o 1.-MAG werc cul

out from the gel and analyzed using liquid scintillation counting.
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4.2.3 Phosphoamino Acid Content of L-MAG

Phosphoamino acid analysis of L-MAG phosphorylated in metabolically  labeled
fibroblasts shows that it is constitutively phosphorylated mainly on serine, but also on
threonine and tyrosine residues (Figure 4.48), thereby mimicking the phosphorylation
pattern in brain. Ammonium vanadate, a phosphotyrosine phosphatase inhibitor, increases
phosphotyrosine levels in cells (90). Although no quantitative change oceurred in
phosphorylated L-MAG protein from vanadate treated cells (compare lanes a and b,
Figure 4.4A and Figure 4.5), there was a dose dependent increase in the amount of

.

phosphotyrosine present in the protein’(Figure 4.6). Phosphothreonine mid phosphoserine
levels increased with 50 xM ammonium vanadate, but deccreased with higher '
concentrations of vanadate (Figure 4.6). While ammonium vanadate did not change the
amount of L-MAG in the membrane of these cells as detected by immunoblot analysis
(Figure 4.7A) and immunofiuorescent cytochemistry (data not shown), it significantly
elevated its phosphotyrosine content (Figure 4.7B). In fact, L-MAG was determined to
be the major tyrosine phosphorylated protein in these cells. Control experiments

determined that the faint appearing protein bands on the immunoblots are non-specific

proteins reacting with the secondary antibody (data not shown).
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Figure 4.4: The effect of vanadate and v-src transformation on phosphorylation of

L-MAG in vivo. (A) Phosphorylated L-MAG was immunoprecipitated from LM celis

2P labeled in the absence (lane a) or presence (lane b) of 500 uM ammonium vanadate,
and from **P-labeled PVsrcLM ceils (lane ¢). The samples were resolved on SDS-PAGE
and detected by autoradiography. (B) Phospho-amino acid analysis on electroeluted L-
MAG protein was performed using two-dimensional thin-layer electrophoresis as
described in Materials and Methods: (a) L-MAG from untreated LM cells; (b) L-MAG
from vanadate treated LM cells; (c) L-MAG from PVsrcLM cells. The positions of
phosphoserine (S), phosphothreonine (T) and phosphotyrosine (Y) are indicated for

reference ir sample (a).
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Figure 4.5: Effect of increasing doses of ammonium vanadate on L-MAG
phosphorylation- SDS-PAGE analysis. LM cells were labeled with *P in the presence
of increasing concentrations of ammonium vanadate. L-MAG was immunoprecipitated
from lysates of cells labeled in the presence of 10 uM (lane 10), 50 uM (lane 50), 100
uM (lane 100), 200 uM (lane 200} and 500 M (iane 500) vanadate. Analysis was by

SDS-PAGE (10% polyacrylamide) with subsequent autoradiography.
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Figure 4.6: Effect of increasing doses of ammonium vanadate on L-MAG
phm_:phorylation- phosphoamino acid analysis. LM cells were labeled with *?P in the
presence of increasing concentrations of ammonium vanadate. Phosphoamino acid
analysis was performed on immunoprecipitated phosphorylated L-MAG protein using two
dimensional thin layer electrophoresis as described in Materials and Methods. Samples
are shown in order of increasing concentrations of ammonium vanadate: (a) 10uM, (b)
50 uM, () 100 uM, (d) 200 M, (e) 500 uM. The positions of phosphoserine (S),

phosphothreonine (T), and phosphotyrosine (Y) are shown for reference in sample (b). .
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Figure 4.7; L-MAG is the major tyrosine phosphorylated membrane protein in LM
cells. LM cells were left untreated or pre-treated with 500 M vanadate for three hours.
Membrane extracts were prepared and were either left untreated or were subjected to
chemical.dcglycosylalion Iwith TFMS as described in Materials and Methods. Immunoblot
analysis was performed using a polyclonal anti-MAG antibody (panel A) or using the
PY20 antiphosphotyiosine antibody (panel B). Samples were as follows: LM membranes
from untreated cells (lane a) and deglycosylated (lane b), LM membranes from vanadate
pre-treated cells (lane ¢) and deglycosylated (lane d). Molecular weight standards are

indicated in kilodaltons.
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4.2.4 Tryptic Digest Analysis of [-MAG

The L.-MAG cDNA sequence revealed the presence of potential phosphorylation sites
for PKC, cAMP dependent kinase and an EGF-receptor autophosphorylation site
(7,149). We examined the effects of various kinase activators on L-MAG phosphorylation
and found that EGF, IGF-1 and insulin had no detectable effect on the phosphoamino
acid content in phosphorylated L-MAG (Figure 4.8). Treatment of LM cells with
dbcAMP, an activator of a different class of serine\threonine kinase quantitalively
increased the phosphorylation of L-MAG in some experiments (data not shm;vn).
However, thig result was not obtained consistently and dbcAMP did not alter L-MAG
phosphorylation significantly in a qualitative sense, as determined by phosphoamino acid
analysis and tryptic peptide mapping (data not shown). |

Two-dimensional tryptic digest mapping of phosphorylated L-MAG revealed the
presence of 7-10 phosphopeptides (Figures 4.9 and 4.13c). TPA, a known activator of
the serine\threoﬁine specific protein kinase-PKC (115), stimulated the phosphorylation
of peptide 6 and decreased the phosphorylation of peptide 5 (Figure 4.9c). The inactive
phorbol ester 4o Phorbol served as a control for TPA stimulation and did not affect
constitutive L-MAG phosphorylation (data not shown). Identical phosphorylation patterns
were observed, whether MAG was expressed in 3T3 cells (LM cells) or in L cell

fibroblasts (C5 cell clone).
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Figure 4.8: Effect of growth factors on L-MAG phosphorylation. LM cells were
labeled with *P and then stimulated with difterent growth factors. Phosphoamino acid
analysis was performed on immunoprecipitated phosphorylated L-MAG protein using two
dimensional thin layer electrophoresis as described in Materials and Mcthods. The
samples were either left untreated (NT), treated with 500 uM vanadate (VO,), insulin
(INS) and epidermal growth factor (EGF). PS= phosphoserine, PT= phosphothreonine,

PY = phosphotyrosine.
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Figure 4.9: Tryptic digestion of L-MAG phosphorylated in C3 L cells. CS cells were
Mp. labeled and were left untreated (a) or were treated with 500pM mnmoni_um vanadate
(b), TPA (c) as described in Materials and Methods. Panel (d) represents phosphorylated
1-MAG derived from PVsrcLM cells. Phosphorylated L-MAG was purified and digested
with trypsin. The tryptic fragments were resolved by thin-layer chromatography (TLC)
and electrophoresis (TLE), as described in Materials and Methods. The iryplic fragments
were detected by autoradiography and were numbered 1-7. Phosphopeptides that were

atfected during TPA and vanadate treatment are identified with arrows.
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Vanadate treatment stimulates the phosphorylation of peptides 1, 8, 9 and 10,
Phosphoamino acid analysis reveals the presence of phosphotyrosine in tryptic
phosphopeptides 1, 8, 9, and 10 (Figure 4.10), where peptide 1 is considered o harbour
the major tyrosine phosphorylatipn site. All other peptides contain only phosphuoserine,
with the exception of peptide 5, which is phosphorylated on threenine residues (Figure
4.10). The phosphotyrosine content in peptides 1, 8 and 10 is confirmed by
immunoprecipitating th.ese peptides from a tryptic digest using an anti-phosphotyrosine
specific antibody (Figure 4.11b). The peptides were eluted with phenyl phosphate and
analyzed by two di111enlsional mapping. Peptide 9 was not enriched with this procedure,
A possible explanation is that anti-phosphotyrosine antibodies react with different
affinities towards various tyrosine phosphorylated epitopes. [t is possible that peptide 9
is among those not recognized by the antibody. Alternatively, peptide 9 has extremely
high affinity towards the antibody and was not eluted with phenyl phosphate.

In order to determine whether tyrosine and serine phosphorylation occurs on matching
L-MAG molecules, phosphorylated MAG from *P-labeled C5 celis was
immunoprecipitated with an anti-phosphotyrosine antibody. SDS-PAGE analysis showed
that L-MAG was the major tyrosine phosphorylated protein immunoprecipitated from
these cells (data not shown), confirming earlier immunoblot data (sce Figure 4.7B).
Intriguingly, tryptic digest analysis of tyrosine phosphorylated L-MAG revealed a marked
under-representation of peptide 2 with respect to peptide 1, but no change in the ratio of

peptide 1 to 3 (Figure 4.11a).
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Figure 4.10: Phosphoamino acid analysis of tryptic phosphopeptides derived from
L-MAG. Phospho-tryptic i ragments were eluted from thin-layer plates, lyophilized and
digested in 6N HCI. Phospho-amino acids were resolved using one-dimensional
electrophoresis (pH 3.5). The analyzed samples représent tryptic phosphopeptides 1 (a),
2(), 3(c), 4 (), 5 @),6 M, 7 (@), 8 (), (i), 10 §). PS= phosphoserine, PT=

phosphothreonine, PY = phosphotyrosine.
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Figure 4.11: Isolation of phosphotyrosine containing tryptic phosphopeptides. (2)
Anli-phosphotyrosine anlibodies were used to immunoprecipit;dte tyrosine phosphorylated
proteins from vanadate (500 uM) treated C5 cells that were labeled with *P-
orthophosphate. Immunoprecipitated protein corresponding to L-MAG was digested with
trypsin and resolved on TLC and TLE as described in Mat‘érials.and Methods. The
autoradiograph shows peptides derived from tyrosine phosphorylated L-MAG. (b) A
tryplic digest obtained from phosphorylated MAG was immunoprecipitated with anti-
phosphotyrosine antibodies and analyzed by TLC and TLE. The autoradiograph reveals
peptides that were reactive with anti-phosphotyrosine antibodiés. The identities of the
phosphopeptides are indicated by the numbers assigned to them in Figures 4.9a and

4.13c.
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Tyrosine phosphorylated peptides 8, 9 and 10 were enriched (their identity confirmed by
phosphoamino acid analysis), whereas peptides 4-7 (all serine/threonine phosphorylated
peptides) were conspicuously absent. Therefore, with the exception of the phosphorylated
residue in peptide 3, all other serine and threonine phosphorylated sites reside in L-MAG
molecules that are, by default, not tyrosine phosphorylated. This result implies that
tyrosing and serine/threonine phosphorylation events of L-MAG are regulated in a

reciprocal manner,

4.2.5 L-MAG Phosphorylation in PVsrcLM Celis

Previously we demonstrated that partially purified MAG can be phosphorylated by
pp130F*% and pp60"*™ in vitro, two cytoplasmic tyrosine kinases encoded by the v-fps
and v-src oncogenes respectively (36). In order to investigate whether L-MAG can be a
substrate for pp60"*™ in vivo, the L-MAG cDNA was introduced into v-src transformed
NIH3T3 cells by retroviral infectilon. In PVsrcLM cells the cell surface distribution of
L-MAG appears uniform (Figure 4.1). Thus, v-src transformation does not affect the
transport of MAG to the cell surface, nor its distribution on the cell membrane. Phospho-
amino acid analysis of L-MAG protein immunoprecipitated from *?P labeled PVsrcLM
cells demonstrates that L-MAG is constitutively phosphorylated mainly on serine and
tyrosine residues, with a small amount of phosphothreonine being present (Figure 4.4).
The high level of phosphotyrosine present in L-MAG isolated from these cells is not due
to pp60** activity during the isolation procedure, since the cells were lysed in hot 2%

SDS. Labeling PVsrcLM cells in the presence of ammonium vanadate did not change the
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constitutive phosphorylation of L-MAG (data not shown).

Examination of L-MAG derived tryptic tragments trom PVsrelA cells reveals the
presence of peptides 1 and 2 as the major phosphoryltion sites (Figure 4.%d). This
confirms the results of the phosphoamino acid analysis, as peptide 1, the mgjor tyrosine
phosphorylation site, is present at a I:1 ratio to peptide 2, the major serine

phosphorylation site.

4.2.6 Analysis of S-MAG Phosphorylation

Phospho-amino acid analysis of phosphorylated S-MAG demonstrated that cun.\'liluli\ru;
phosphorylation occurred primarily on serine residues. While TPA and dbcAMP had no
detectable effect on S-MAG phosphorylation as determined by SDS-PAGE analysis
(Figure 4.12A) and (tryptic digest analysis (data not shown), vanadate treatment induced
low but detectable levels of phosphotyrosine and phosphothreonine in this isoform
(Figure 4.12B). Tryptic digest analysis of phosphorylated S-MAG revealed the presence
of one major and two minor peptides (Figure 4.13a). Vanadate treatment, however, had
no major effect on the tryptic map pattern (Figure 4.13b). Interestingly, the migration
of S-MAG peptides a, b and ¢ resembled closely the migration of L-MAG peptides 1,
2 and 7 respectively. To determine whether these peptides representing the major
phosphorylation sites in S-MAG are identical to the ones in L-MAG, the peptides werc

eluted from the thin-layer plates and mixed together.
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Figure 4.12: S-MAG phosphorylation. Phosphorylated S-MAG was immunoprecipitated
from “P- labeled SM cells, resolved on SDS-PAGE and detected by autoradiography.
SM cells were either .lel‘t untreated (lane a), labeled in the presence of S00 pM
ammonium vanadale {fane b), 4 Phorbol (lane c), TPA (lane d}, sodium butyrate (lane
~¢) or dbcAMP (lane ). The-radioactive material at the top of the gel in each lane is
labeled nucleic acid that associates non-specifically to protein A-sepharose. The amount
of this material varies randomly between samples in different experiments. {B) Phospho-
amino acid analysis on phosphorylated S-MAG immunopurified from vanadate treated

SM cells. S= phosphoserine, T= phosphothreonine, Y= phosphotyrosine.
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Figure 4.13: Tryptic digest analysis of phosphorylated S-MAG. Tryptic digests were
performed on S-MAG immunoprecipitated from **P-orthophosphate labeled celis that
were left untreated (a) or treated with 500 uM vanadate (b). The resultant thin-layer
maps were visualized by autoradiography (3 day exposufe) and compared to a peptide
map derived from phosphorylated L-MAG (c) (18 hours exposure). S-MAG peptides a,
b and ¢ were eluted from the thin-layer plates and mixed with L-MAG peptides 1 or 9
(d), 7 or 8 (e), and 2 or 10 (f) respectively (peptides 1,2 and 7 are labeled as described
in Figure 9a). The peptide mixtures were resolved on TLC and TLE as described in

Materials and Methods.
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Since peptides 9, 10 and 8 migrate proximal to peptides 1, 2 and 7 in an L-MAG tryptic
map (Figure 4.13¢), these peptides were also mixed with the S-MAG peptides. Figure
4.12, panel d shows that S-MAG peptide a comigrates with peptide 1 from L-MAG, but
not with peptide 9. Similarly, peptide ¢ comigrates with peptide 7 (Figure 4.13e) and
peptide b comigrates with peptide 2 (Figure 4.13f). These results demonstrate that all the
phosphorylation sites in S-MAG are also present in L-MAG. Furthermore, the major
.vanadale inducible tyrosine phosphorylation site in L-MAG is also phosphorylated in S-
MAG.The phosphorylation of this tyrosine residue in S-MAG, however, is insensitive

to vanadale stimulation.

4.2.7 S-MAG Phosphorylation in Src-transformed Cells

The resuits discussed above indicate that, while S-MAG is phosphorylated on the same
tyrosine residue as L-MAG, the stoichiometry of phosphorylation is many fold lower and
cannot be increased with vanadate treatment. In order to determine whether this
phenomena also holds true in cells with high intrinsic PTK activity, S-MAG was
expressed in PVsrc cells. The resultant PVsrcSM12 cells were labeled in tissue culture
with 2P-orthophosphate along with PVsrcLM, C5 and SM32 cells. Immunoprecipitated
MAG isoforms were then analyzed for phosphorylation by SDS-PAGE (Figure 4.14a)
and MAG content by immunoblotting (Figure 4.14b). The results confirm that L-MAG
expressed in L cells exhibits a higher degree of phosphorylation than S-MAG in L cells
(Figure 4.14a, compare lanes | and 2), while the amount of MAG in each sample is

comparable (Figure 4.14b, lanes 1, 2).
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Figure 4.14: Comparison of L-MAG and S-MAG phosphorylation in fibroblasts and
in PVsre cells. MAG isoforms were immunoprecipitated from *P-labeled cells. (2) MAG
originating from C5 L cells (lane 1), SM cells (lane 2), PVsrcLM cells (lane 3),
PVsrcSMI12 celis (lane 4) were analyzed by SDS-PAGE (7.5% polyacrylamide) and by
(b) immunoblotting using anti-MAG antibodies. Molecular weight standards are indicated
in kilodaltons. Tryptic digestion was then performed on L-MAG (¢) and S-MAG (d)
derived from PVsre cells and resolved using TLC and TLE. Both peptide maps were

autoradiographed for 2 days.
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Unexpectedly, analogous results were obtained with PVsre cells. L-MAG phosphorylation
was distinctly higher than S-MAG phosphorylation (Figure 4. t4a, compare lanes 3 and
4), despite having similar amounts of MAG in the samples (Figure 4, 14D, Taes 3 and
4). Tryptic digest analysis of phosphorylated MAG in PVsre cells demonstrates
prominent phosphorylation of peptides 1 and 2 in L-MAG (Figure 4.14¢, compare to
Figure 4.9d), while peptides a and b in S-MAG arc phosphorylated to a lesser extent
(Figure 4.14d). Furthermore, the ratio of phosphorylation of peptide 1 to peptide 2
appears to bel 1:1 in L-MAG, whereas the ratio of peptide a to peptide b in S-MAG
seems to be in favour of peptide b by at least five fold. These findings suggest that even
in sre-transformed cells, S-MAG emerges as an inferior PTK substrate. However, it
should be noted that tyrosine phosphorylation of 8-MAG expressed in PVyre cells is

improved over S-MAG phosphorylation in L cells or 3T3 cells.

4.2.8 Characterization of Phospho-tryptic Peptides

In order to characterize MAG phosphorylation sites further, V8 prolease and
thermolysin digestions were performed on several of the tryptic phosphopeptides.
Thermolysin cuts proteins at the amino-termini of Leu, Phe, lle, Val, Met, and Ala.
Under the conditions used in this study V8 protease attacks peptide bonds carboxyl-
terminal to Glu residues (15). Figure 4.15 summarizes the results. Peptides | (panel a),
7 (panel c), 8 (panel d) and 9 (panel e) are susceptible to both V8 and thermolysin
digestion. While peptide 2 is resistant to both proteases (panel b), peptide 10 is resistant

to only V8 protease (panel f).
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Figure 4.15: V8 protease and thermolysin diéestion of tryptic phosphopeptides._ L-
MAG derived tryplic phosphopeptides 1 (), 2 (b), 7 (c), 8 (d), 9 (e) and 10 (f) were
cluted from thin-layer plates and re-digested with V8 protease or thefmolysih. The
“digests were analyzed by chromatography. The samples in each panel correspond to:
thermolysin digested (lane 1), thermolysin digested mixed with undigested (lane 2),
undigested (lane 3), undigested mixed with V8 protease digested (lane 4), V8 protease

digested (lane §).
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4.2.9 Phosphorylation of MAG in Oligodendrocytes

To determine whether the identification of MAG phosphorylation sites in heterologous
cells is physiologically relevant, primary rat oligodendrocytes were analyzed for MAG
phosphorylation. Oligodendrocyte precursors were differentiated for 12-14 days in SFM
prior 10 ¥P-orthophosphate labeling. At this point in time the cultures are comprised of
100% MAG positive oligodendrocytes as determined by immunofluorescent
cytochemistry (data not shown). **P-labeled MAG was then immunoprecipitated from
untreated versus vanadate treated cells and analyzed by SDS-PAGE (Figure 4.16a). The
results show that phosphorylation of MAG in oligodendrocytes is enhanced 2-3 fold with
Qanadale. This is in contrast Lo fibroblasts, were vanadate treatment results in only a
'qualitatiQe change of MAG phosphorylation. MAG in untreated oligodendrocytes is
phosphorylated mainly on serine residues (Figure 4.16b, panel I). Vanadate stimulates
the phosphorylation of both serine and tyrosine (Figure 4.16b, panel 2). Furthermore,
tryptic digest analysis demonstrates the presence of peptides 1, 2 and 3 in untreated cells
(Figure 4.16c, panei 1). During vanadate stimulation, phosphopeptide 7 appears and the
phosphorylation of peptides | and 2 increase dramatically (Figure 4. 16¢c, panel 2). The
identity of these peptides was confirmed by mixing trypsin digested MAG from vanadate
treated oligodendrocytes with L-MAG tryptic fragments derived from vanadate treated
fibroblasts (Figure 4.16c, panel 2 + L-MAG). Other phosphopeptides identified in
ﬁbroblastsl were not detected in oligodendrocytes, raising doubt as to their possible
physiclogical significance,

The tryptic map data suggests that the phosphorylated MAG in oligodendrocytes is
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identical to L-MAG. Consistent with this suggestion is the identification of peptide 3
(albeit faint), which is not present in S-MAG, and the increase in phosphorylation of
peptide 1 with vanadate lreatﬁ\ellt. which does not happen to 8-MAG in fibroblasts.
Interestingly, the phosphorylation pattern of MAG from vanadate  treated
oligodendrocytes is reminiscent of the pattern observed in PVsrcLM cells (co.nqmru
Figure 4. 16¢c, panel 2 to Figures 4.9d and 4. 14c). Héwever. the possibility remained that
S-MAG phosphorylation is different in oligodendrocytes compared 1o {ibroblasts,
especially in light of the absence of peptides 4, 5 and 6 which are characleristic of L-
MAG phosphorylation in fibroblasts. To conclusively demonstrate that phosphorylated
MAG in oligodendrocytes is analogous to L-MAG and not S-MAG, immunoprecipitated
%p.labeled MAG from oligodendrocytes and from C3 cells were chemically
deglycosylated using TFMS. Figure 4.17 demonstrates that MAG from both cell types
comigrate on SDS-PAGE at a molecular weight of approximately 72 kd. This resull
confirms the identity of phosphorylated MAG in oligodendrocytes as L-MAG, since S-
MAG when deglycosylated migrates at 67 kd. Moreover, the oligodendrocytes are used

at an age corresponding to a period of active myelination in vivo, where the expression

of L-MAG predominates over S-MAG.
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Figure 4.16: Phosphorylation of MAG in primary rat oligodendrocyte cultures.
Primary cultures of rat oligodendrocyte« were labeled with **P-orthophosphate. (a) MAG
was immunoprecipitated from lysates of cells that were untreateq {lane 1) or treated with
500 uM vanadate (lane 2) and resolved on SDS-PAGE (7.5 % polyacrylamide). Molecular
- weight standards are indicated in kilodaltons. (b) Phosphoamino acid analysis of
immunoprecipitated MAG from untreated (panel 1) versus vanadate treated (panel 2)
cells. S= phosphoserine, T= phosphothreonine, Y = phosphotyrosine. (c) Tryptic digest
analjrsis of MAG from untreated (panel 1) Qersus vanadate treated (panel 2) cells. The
identities of the phosphopeptides are indicated by the numbering used in Figure 4.9, and
was verified by mixing MAG derived tryptic digests from vanadate treated
oligodendrocytes with tryptic digests from L-MAG immunopurified from vanadate treated
fibroblasts (panet 2 + L-MAG). The tryptic digests were analyzed by TLC and TLE as

described in the Materials and Methods.
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Figure 4.17: Deglycosylation of MAG in oligodelldrocyles. MAG was
immunoprecipitated from *P-orthophosphate labeled C5 L cells (lane 1) and
oligodendrocytes (lane 2). The immunoprecipitates were subjected to chemical
dcgl}f_cosylalion using TFMS as described in Materials; and Methods. The samples were
then resolved on SDS-PAGE (7.5% polyacrylamide) and visualized by autoradiography.

Molecular weight standards are indicated in kilodaltons.
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4.3 Discussion

In this study I demonstrate that both L-MAG and S-MAG are phosphorylated in a
heterologous cell culture system. My present results were obtained with cells expressing
high amounts of MAG and demonstrate that the stoichiometry of L-MAG phosphorylation
is at least one order of magnitude greater than the phosphorylation of the S-MAG

isoform. While previous observations had suggested that only L-MAG is an in_vivo

protein kinase substrate (36,37), it is likely that the inability to detect S-MAG
_phosphorylation in brain reflects its poor expression at the time of rapid myelination and
its relalilvely lower stoichiometry of phosphorylation.

The protein kinases involved in MAG phosphorylation in brain are currently unknown.
However, the phosphorylation of L-MAG in fibroblast cells is comparable to the pattern
observed in oligodendrocytes in culture (this study) and in brain (with respect to
phosphoamino acid content) (36), suggesting that common regulatory pathways are
involved.

The tryptic cleavage sites in the cytoplasmic domains of L-MAG and S-MAG are
outlined in figure 4.18. TPA, a PKC activator, can augment the phosphorylation of L- |
MAG, but not S-MAG in ﬁbroblésts. TPA stimulation involves the minor peptide 6,
which contains phosphoserine. Therefore, the potential PKC phosphorylation site that is
common between L-MAG and S-MAG, threonine 543, is unlikely to be the site
stimulated by TPA in tissue culture cells. A possible candidaf_é sequence for a TPA
inducible sile may reside in the tryptic peptide LGSER (containing serine 579), which

is part of a potential PKC phosphorylation site identified in L-MAG by Salzer et al.{149).
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Figure 4.18; Schematic representation of the tryptic cleavage sites illl L-MAG and
S-MAG. The cytoplasmic domains of L-MAG and S-MAG are depicted as described
previously in Figure 1.1, The arrows correspond to the positions of tryptic cleavage sites
relative to the potential MAG phosphorylation sites. Tryptic fragments that are common

to L-MAG and S-MAG are designated as peptides A and B.
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Peptide 6 is V8 protease labile and thermolysin resistant (data not shown), consistent with
the LGSER sequence. TPA induced phosphorylation of L-MAG is refatively minor and
its significance is, as yet, unclear. Nonetheless, it is intriguing that L-MAG, which is
expressed concomitantly with the initiation of the myelin program appears to be a PRC
substrate, since it has been previously shown that adherence of oligadendrocytes to a
substratum causes a simultaneous activation of myelinogenesis and a PRKC-mediated
phosphorylaﬁon of myelin basic protein (183).

PTKs have been implicated in regulatory processes during (I;:vclopmcnt and
differentiation (49,58,59,108). They can be divided into two major classes: (a) the
growth factor receptor-type PTK, such as the EGF and insulin receptors; and (b) the
cytoplasmic PTK's, such as the protein products of the c-src and c-abl prolo-oncogencs
(75). While EGF, IGF-1 and insulin had no effect on the phosphorylation of MAG, v-src
transformation significantly increased L-MAG phosphotyrosine levels. Vanadate treatment
significantly elevated phosphotyrosine levels in fibroblasts and oligodendrocytes, but had
no major effect on the constitutive tyrosine phosphorylation of L-MAG in v-src
transformed cells. Tryptic digest analysis of L-MAG from ali four cell types (3713 cells,
L cells, oligodendrocytes and PVsrc cells), revealed that phosphopeptide 1 accounts for
most of the phosphotyrosine content in MAG, suggesting that pp60*™ phosphorylates the
same tyrosine residues as the endogenous oligodendrocyte and fibroblast MAG protein
tyrosine kinase. It may be that L-MAG is phosphorylated by the cellular homologue of
the protein product of v-src, pp60~™, which has been detected in myelin (69).

The identification of some of the important phosphorylation sites in MAG was
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facilitated by the fact that all the phosphorylation sites in S-MAG were also present in
1.-MAG. Analysis of the protein sequence of L-MAG and S-MAG reveals that they share
two cytoplasmic domain derived tryptic phosphopeptides- A and B (Figure 4.18). While
peplide A contains several serine, one threonine and one tyrosine residue, peptide B
contains a single serine residue. The analysis of the phospho-tryptic fragments generated
from MAG are summarizcd in Table 4. 1. The major tyrosine phosphorylation site in L-
MAG (phosphopeptide 1) is also present in S-MAG (as peptide a). L-MAG and S-MAG
share two tyrosine residues in their cytoplasmic domains, tyrosines 558 and 371 (Figure
4.18). Tyrosine 571 is unlikely to correspond to the phosphorylated residue in peptide
Ha, since it resides in a tryptic fragment spanning the junction at which S-MAG and L-
MAG diverge in amino .acid.sequence (Figure 4.18). Therefore, by default, the tryptic
fragment {peptide A in Figure 4.18) containing tyrosine 558 must be identical to peptide
I/a. Results of V8 protease and thermolysin digestions of this peptide corroborate this
conclusion.

The identity of the major serine phosphorylation site(s) common to L-MAG and S-
MAG and residing in phosphopeptide 2/b is less clear. Peptide 2/b is resistant to both V8
protease and thermolysin digestion. The candidate sequence ISGAPDK (peptide B in
Figure 4.18), with serine 565 as the phosphorylation site is compatible with the data.
However, in the absence of further diagnostic tests, the site of phosphorylation in peptide

2 cannot be definitively assigned.
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Table 4.1;: Summary of MAG tryptic plmsph-opeplide analysis. Tryptic peptides (1-10)
derived from L-MAG have been analyzed for susceptibility to V8 protease (V8) and
thermolysin (X) digestion. Phospho-amino acid content (Paa) and -prcscncc in -MAG
were determined. The candidate amino acid sequence from the L-MAG cyloplasmic
region is presented for each tryptic peptide, where the putative phosphorylation sites are
marked in bold. PS= phosphoserine, PT= phosphothreonine, PY= phosphotyrosine,

ND= not determined.
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The minor serine phosphorylated peptide 7/c is labile to both V8 protease and
thermolysin. Since this peptide is present in both L-MAG and S-MAG, it presumably
corresponds to peptide A phosphorylated on a single serine residue (Figure 4,18, Table
4.1). The identities of the phosphorylation sites residing in the phosphopeptides particulair
to L-MAG are still unknown. Although one of the minor tyrosine phosphorylation sites
presént in peptides 8, 9 and 10 probably corresponds to the tyrosine homologous to the -
EGF-receptor autophosphorylzition s.ite (tyrosine 620), more information is needed to
confirm this conclusion.

As described in figure 4.11, L-MAG molecules phosphorylated on tyrosine 558 display
‘minimal phosphorylation on serines present in phosphopeptides 2/b and 7/c in particular,
suggesting that tyrosine phosphorylation of MAG prevents phosphorylation of serine
residues. The inability of serine/threonine kinases to recognize tyrosine phosphorylated
MAG. as a substrate may be due to a change in the conformation of the MAG
cytoplasmic domain by tyrosine phosphorylation. Alternatively, access to the scrines may
be prevented by steric hindrance caused by the phosphotyrosine moiety. As a result of
the reciprocal relationship between serine/threonine and tyrosine phosphorylation there
exist twe L-MAG populations, which potentiaily perform different functions.

Although phosphorylation sites are shared between L-MAG and S-MAG, the
stoichiometry of phosphorylation differs dramatically between the two isoforms. In fact,
the major vanadate inducible phosphorylation site in L-MAG, tyrosine 558, is insensitive
to vanadate stimulation in S-MAG. This suggests that the reduced phosphorylation in S-

MAG is not due to an increase in its turnover, Even when S-MAG is expressed in v-src-
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transformed cells, the stoichiometry of phosphorylation is lower than that of L-MAG
especially with respect to phosphorylation of tyrosine 558. A possible mechanism may
involve an in.crcase in the stability of phosphates in S-MAG, resulting in a decreased
incorporation of ¥P during the labeling period of 4 hours. However, immunoblots of
lysates from cells expressing either isoform reveal the presence of phosphotyrosine
immunoreactivity only in L-MAG when probed with an anti-phosphotyrosine antibody |
(data not shown). Theretore, as this phenomena cannot be accounted for by either an
increase of a decrease in the phosphate turnover in S-MAG, the serine and especially
tyrosine phosphorylation in MAG is a function of the carboxyl terminus. In effect, the
unique segments of thé MAG cytoplasmic tails dictate the extent of phosphorylation.

The .mechanism of regulation of phosphorylation is unknown, but it may involve one
of four scenarios: (i) the unique 10 amino acid carboxy! terminus of S-MAG is inhibitory
to kinases; (ii) the 54 amino acid carboxy! terminus unique to L-MAG is stimulatory to
kinases or (iii) inhibitory to phosphatases; (iv) the secondary structure of the cytoplas.mic
domains of S-MAG and L-MAG are so different that they exhibit distinct properties as
protein kinase substrates.

The first two models are not mutually exclusive. The L-MAG carboxyl tail may
exhibit docking sites for protein kinases that would not be present in S-MAG. A stable
intermolecular association between kinase and MAG is likely to be necessary for
phosphorylation to occur. In the absence of these putative kinase binding sites, as would
be the case for S-MAG, phosphorylation proceeds inefficiently. In addition, the unique

carboxyl tail of S-MAG may prevent efficient recognition of the phosphorylation sites by

112



the kinases.

The third model is not likely to be the case, since vanadate treatment does not increase
phosphotyrosine levels in S-MAG. All known phosphotyrosine-specific  protein
phosphatases are vanadate sensitive (§4). Therefore, a simple protection of the
phosphorylation sites by the carboxyl terminus ol L-MAG is unlikely to account for the
difference in the stoichiometry of phosphorylation between S-MAG and L-MAG.

The secondary structure of peptides and proteins has previously been known to-
influence their propensity as PTK substrates (139). It is, therefore, a possibility that the
unique domains of L-MAG and S-MAG exert structural constraints on the common
portion of their cytoplasmic domains, thereby altering their capacities as PTK substrates.
To test any of the above described models, cytoplasmic deletion mutants of MAG need
to be generated in order to determine the point at which the stoichiometry of mutant L-
MAG phosphorylation drops down to the leveis observed for S-MAG.

Regardless of the mechanism, the consequence of generating two isoforms, that are
distinct only in their carboxyl termini, is to produce isoforms with different capabilitics
of interacting with signal transduction pathways. The most striking feature of this
difference is the capacity of one isoform, L-MAG, to become extensively phosphorylated
on tyrosine. A potential role for tyrosine specific protein phosphorylation in the
regulation of cell-cell and/or cell-matrix interactions has been demonstrated for the
sevenless homeotic gene of Drosophila (58), the platelet integrin- glycoprotein gpllb-Iila
(41,51,52) and the fibronectin receptor (70,172). It was demonstrated that tyrosine

phosphorylated integrins, isolated from Rous sarcoma virus-transformed chick embryo
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fibroblasts, exhibited a decreased ability to bind fibronectin and talin, compared to non-
phosphorylated receptor (172). The critical integrin phosphorylation site has been mapped
to tyrosine 788, which is located in a domain responsible for binding the cytoskeleton
(172). A homologous stretch of amino acids is found in the region common to both
MAG isoforms (amino acids 551-573) (149,171). Interestingly, the major tyrosine
phosphorylation site in MAG, tyrosine 558, is nested amongst amino acids similar to
those surrounding tyrosine 788 of the fibronectin receptor. Therefore, this conserved
region is a PTK larget in two distinct cell adhesion molecules. We speculate that
phosphorylation of the cytoplasmic domain may modify the interaction between MAG
and cer.tain cytoplasmic components thus regulating MAG specific cell adhesion
functions. |

L-MAG may function as a signal transducer as has been observed for other cell
adhesion molecules that are members of the lg gene superfamily (31,152, 185). Sequences
found in the unique domain of L-MAG may represent docking sites for protein kinases.
Oligomerization of L-MAG molecules through ligand binding may result in kinase
aclivation, generation of second messenger signals and ultimately alteration in gene
expression. S-MAG, which lacks this domain and putative kinase binding sites, may have

more restricted activities and serve only as an adhesive molecule.
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CHAPTER 5

STUDIES ON MYELIN-ASSOCIATED GLYCOPROTEIN
IN SIGNAL TRANSDUCTION

115



SUMMARY

The role of MAG in the bi-dircctional transmission of signals was investigated.
Increasing the tyrosine phosphorylation of MAG had no detectable effect on its cell
adhesion propertics, implying an alternative function to MAG phosphorylation. During
cell surface cross-linking experiments, the kinases that associate with MAG were not
found te co-immunoprecipitate with MAG. This distinguishes MAG from CD4 and its
interaction with the protein tyrosine kinase Lck. Similarly, no change in the
phosphorylation pattern of L-MAG was detecled during MAG cross- linking.
Phosphorylation of MAG, however, may be important in linking MAG to certain
signalling pathways, since tyrosine phosphorylated L-MAG associates with the SH2
domain of phospholipase C-gamma in an in_vitro binding assay. This interaction was
dependent on tyrosine phosphorylation and did not occur with other SH2 domains. This
finding suggests a functional importance to the generation of two MAG isoforms. L-
MAG can become tyrosine phosphorylated and interact with signalling molecules via
~ specific protein motifs. Early in development this interaction may lead to the induction
of messages important for the initiation of myelin synthesis. S-MAG, on the other hand,
does not become tyrosine phosphorylated and may simply function as a cell adhesion
molecule important for the maintenance of the myelin structure in the adult brain.
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5.1 Introduction

The initiation of myelin synthesis correlates with the appearance of myclin-associated
glycoprotein (MAG) (9,122), 1 major myelin specific glycoproicin which is expressed
in oligodendrocytes in the CNS and Schwann cells in the PNS (167). MAG has
properties of cell adhesion molecules (CAMs) (3,135,145) and belongs o the
immunoglobulin (Ig) supergene family (7,96,149). Schwann cells which, by retroviral
infection, express an anﬁsensc mRNA to MAG fail to initiate myelination of neurons in
culture (124). Overexpression of MAG in Schwann cells, on the other hand, Teads to the

~ ensheathment of about ten times as many sensory neurons as compared to control cultures

(121). These findings, as well as other in vivo studies (9), indicate that MAG is invelved 7
in the initial glia-neuron recognition event necessary for myelination to occur.

MAG exists as two alternatively spliced isoforms, L-MAG and S-MAG, that differ in
their carboxyl termini (7,96,149). The expression patterns of both isoforms difter during
development, suggesting that L-MAG and 8-MAG play distinct roles during development
(43,128,181). An interesting feature of L-MAG and S-MAG is thalllhcy are differentially
phosphorylated on serine and tyrosine residues (4,36). The carboxyl terminus of L-MAG
is longer than that of S-MAG and it contains several potential phosphorylation sites. The
identification of the major tyrosine and serine phosphorylation sites, however, revealed
that these sites reside in domains that are common to both isoforms (Chapter 4). Yet, the
stoichiometry of phosphorylation of L-MAG is at least ten fold greater (4), suggesting
that L-MAG has a greater ability to interact with protein kinases than S-MAG.

" The biological functions of MAG may in part be regulated by phosphorylation. In .
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order to explore this possibility, the effect of phosphorylation on the cell adhesion
properties of MAG were tested. Furthermore, since it has become apparent that cell
adhesion  processes are closely linked to signal transduction pathways
(31,93,152,185,194), the involvement of MAG with signalling molecules was

investigated.

5.2 Results and Discussion

5.2.1 Effect of tyrosine phosphorylation on the cell adhesion properties of MAG

| L-MAG and S-MAG have both been shown to function as cell adhesion molecules
when expressed in L cell fibroblasts (Chapter 3). Both isoforms conferred heterotypic,
calcium and temperature independent adhesion td L cells in suspension cultures. A
possible function of phosphorylation may be in the 'refgulation of MAG-mediated cell
adhesion. The differential phosphorylation of MAG isoforms would provide a mechanism
I;or alternative modes of functional regulation at different times during development. In
order to investigate this possibility L-MAG and S-MAG expressing L cells were pre-
incubated with vanadate prior to a cell aggregation assay. Vanadate pretreatment results
in a dramatic increase in tyrosine phosphorylation of L-MAG, but not of S-MAG. The
findings of these cell adhesion assays are summarized in Figure 5.1. In the absence of
vanadate pretreatment, L-MAG and S-MAG expressing cells displayed normal cell
aggregation aclivity. Vanadate treatment, bgfore and during the cell adhesion assay,
caused a small decrease in both L-MAG and S-MAG mediated aggregation. Immunoblot

analysis of cell extracts probed with an anti-phosphotyrosine antibody after the cell
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adhesion assay confirmed that, while many proteins become tyrosine phosphorylated in
vanadate treated L-MAG and S-MAG expressing cells, only the L-MAG isotorm was
tyrosine phosphorylated (data not shown). Since the decrease in aggregation was observed
for both L-MAG and S-MAG, it was concluded to be unrelated to MA(i phosphorylation.
Similarly, TPA, which caused a change in the phosphorylation of L-MAG, 'hul not 8-
MAG (Chapter 4), Had no effect on the cell adhesion properties (data not shown).
These results lead to the conclusion that an increase in tyrosine phosphorylation does
not affect MAG mediated cell aggregation of L c2lls in suspension. This is in contrast
to studies on integrin mediated binding phenomena, in which tyrosine phosphorylated
- integrins do not bind their ligand tibronectin (172). The L cell system, mﬁy however, not
be an ideal system to study the effects of tyrosine phosphorylation o MAG-ligand
interactions, since a significant overexpression of MAG is required 1o observe cell
adhesion. This may be due to the fact that MAG is not binding to its physiological ligand
in L cells. MAG-mediated adhesion may be more sensitive to changes in phosphorylation
in the context of oligodendrocyte-neuron interaction. Furthermore, since L-MAG di'splay:.s
constitut.i've phosphorylation on tyrosine, futurg experiments should assess the effect of
decreasing MAG phosphorylation on cell adhesion. This could be achieved by incubating
the cells with the kinase inhibitor genistein (Akiyama et al., 1987, J. Biol. Chem. 262:
5592-5595) during a cell aggregation assay. Alternatively, the tyrosine phosphorylation
of MAG may have different role in MAG function as is addressed in the next two

sections.
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¥igure 5.1: Effect of vanadate on MAG-mediated L cell aggregation. S-MAG (SM32)
~(panel A) mld L-MAG (C5) (panel B) expressing L cells were left untreated or pre-
treated with 500 M vanadate for 3 hours. Single cell suspensions wei. then aggregated
in the presence (dotted line) or absence (solid line) of vanadate. The degree of
aggregation was determined at different time points and expressed as the mean +/-

standard error from 4 determinations.

120



g

NT
= VO4

100

60
a0 |

o
00

NOLLYDIHOODV
40 334930

60 90 120

TIME (min)

30

NT
» Vo4

NOILYD3IHOODY
40 33493Ad

120

60

30

TIME (min)



5.2.2 Effect of cross-linking MAG on signal transduction molecules

An important consequence of cell adhesion is the generation of second messengers and
the activation of signal transduction pathways (31). In order to study the intracellular
consequences of adhesive events, ligand-CAM binding interactions have been minﬁcked
by cross-linking CAMs on the cell surface with specific antibodies (93,183). Using this
methodology CD4, an Ig related CAM in T-cells, was cross-linked on the cell surface
of HUT78 cells, a tra|1sforlﬁed T-cell line. CD4 was then immunoprecipitated and
associated kinase aclivily was assessed. As has been described prevfously (185) Cb4
cross-linking resulted in the aciivation of p56* (Figure 5.2, lane 3), a protein tyrosine
kinase (PTK) of the src family (1,184). Due to the similarities of MAG with CD4,
analogous experiments were performed with L-MAG in fibroblasts and oligodendrocytes.
The anti-MAG lilonoclonal antibody 513 was usled for MAG cross-linking, since this
antibody presumably recognizes the MAG-ligand binding site (3,133). The results showed
no specifically associated kinase activity in anti-MAG immunoprecipitates (data not
shown). The association of Lck with CD4 is a tight non-covalent metal ion coordination
complex, involving a pair of cysteine residues in the cytoplasmic domain of CD4 (184).
This association is resistant to non-ionic detergents, wnich are used during
immunoprecipitation procedures, but can be disrupted by ionic detergents and reagents
reactive with free sulthydryl groups (184). While CD4 is not phosphorylated itself, L-

MAG is a formidable protein kinase substrate (Chapter 4).
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Figure 5.2: CD4 cross-.linking‘in HUT78 cells. Cell lysates from HUT?7S cells were
immunoprecipitated with a rabbit anti-mouse 1gG specific antibody (fane 1), or polyclonad
anti-CD4 antibodies (lanes 2-4). The samples were untreated (lanes | and 4), or
incubated with anti-CD4 antibodies for 30 minutes on ice (lanes 2 and 3). Cross-linking
of CD4 on the cell surface was performed with goat anti-rabbit 15G specific antibodies
for two minutes at 37°C (lanes 3 and 4). The immunoprecipitates were sibjected to in
vitro kinase assays and subsequently resolved on SDS-PAGE (10% polyacrylamide). The
gels were fixed, treated with alkali and subjected to autoradiography. Molecular weight

standards are indicated as well as the position of p56*~.
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To investigate whether the phosphorylation pattern of L-MAG is altered during cross-
linking, L-MAG expressing fibroblasts and oligodendrocytes were labeled with Vp-
orthophosphate and cross-linked with antibody 513, Phosphorylated MAG  was
immunoprecipitated and analyzed by tryptic digest mapping. The results, obtained in L
cell fibroblasts, are summarized ia Figure 5.3, No eflect of cross-linking was detected
on the phosphorylation pattern of L-MAG. Identical obscrvations were made with
oligodendrocytes (data not shown), suggesting that the interaction of MAG with signal
transduction molecules differs from the association of CD4 with Lck. 1t may be that
activation of other signalling pathways occur via MAG, as has been determined for other

CAMs (31,152), but these remain to be investigated for MAG.

5.2.3 Association of tyrosine phosphorylated L-MAG with the Si-lz domain of PLC
" Activation of growth factor receptor tyrosine kinases (GFRs) leads to phosphorylation
of a number of cellular proteins, resulting in cellular proliferation and/or differentiation
(182). Many of the effects of GFRs have been attributed to a multi-component protein
complex that forms with the GFR upon GFR activation. These include phospholipase C-
gamma (PLC), the cytoplasmic PTKs Src, Fyn and Yes, the Raf-1 serine/threonine
kinase, the phosphatidyl inositol (PI)-3 kinase, and the GTPase activating protein (GAP)
involved in controlling ras activity (6,28,86,95,110,187). All of these molecules, with
the exception of Raf-1, exhibit non-catalytic functional domains termed src-homology
regions 2 and 3 (SH2 and SH3 respectively) due to sequence homologies with a stretch

of about 100 amino acids residing in the c-src encoded PTK.
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Figure 5.3: Effect of croés—linking L-MAG on its phosphorylation in CS cells. C5
cclls were labeled with *2P-orthophosphate and were left untreaied on ice (panels a and
¢), or were incubated with 513 anti-MAG antibodies on ice (panels b, ¢ and d). The
samples were then harvested for immunoprecipitation (panels a and b), or were treated
with no antibodies {panel c} or with rabbit-anti mouse IgG specific antibodies (panels d
an@l e) at 37°C. Phosphoryiatéd IL-MAG was immunoprecipitated and digested with
trypsin. The digests were resolved on thin-layer chromatography (TLC) and subsequent
thin-layer electrophoresis {TLE). The thin-layer plates were then visualized by

autoradiography.
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It is via their SH2 domains that many of these signalling molecules bind to specific
phosphorylated tyrosine residues in GFRs and, thus, participate in a growth factor-
mediated signal (6,91).

There are certain analogies that can be drawn between GFRs and MAG. They are both
transmembrane proteins, with some GFRs also belonging to the Ig supergene family
(189). L-MAG is also phosphorylated on tyrosine similar to activated GFRs. MAG is one
of the carliest mark;:rs ofoligodendrocyte differenttation and seems to be responsible for
.the iniiialion of myelin synthesis. (9,122,124). In this context the function of MAG may

-not be restricted to cell adhesion. It is possible that upbn ligand binding MAG also
participates in transducing signals to initjale the myélin program.

"To test the prospect of an interaction of MAG with different signal transduction
molecules, an in vitro binding assay, in principle similar to immunoblotting, was utilized.
The SH2 domains of PLC, Src, Crk and GAP were introduced into a bacterial expression
vector and expressed as TrpE-SH2 fusion proteins in Escherichia coli (E. coli) (6).
Bacterial extracts were then incubated with anti-MAG immunoprecipitates, that were
resolved by SDS-PAGE and immobilized on nitrocellulose filters. The
immunoprecipitates were obtained from L-MAG and S-MAG expressing cells that were
either left untreated or treated with vanadate. TrpE-SH2 fusion proteins binding to MAG
were visualized using a secondary screening with an anti-TrpE specific antibody and a
final probing of the filters with a radioiodinated anti-IgG antibody. TrpE fusion proteins
containing the SH2 domain of PLC specifically bound tyrosine phosphorylated L-MAG

(Figure 5.4, panel c), whereas TrpE fusions with the other SH2 domains failed to
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recognize MAG (data not shown). As shown previously (Chapter 4) vanadate treatment
does not significantly alter the expression of MAG isoforms in fibroblasts (Figure 5.4,
panel a). It, however, significantly increases the tyrosine phosphorylation of L-MAG, but
not of S-MAG (Figure 5.4, panel b). Figure 5.4, panel ¢, clearly shows that TrpE-PLC-
SH2 fusion proteins interact only with tyrosine phosphorylated L-MAG. This interaction
was inhibited with phenyl phosphate (Figure Sl.4. panel d), an analogue of
phosphotyrosine, clearly demonstrating the specificity for this interaction. TrpE protein
alone did not bind any proteins spéciﬁéally (Figure 5.4,‘ panel ¢).

These findings demonstrate the ability of MAG to bind the SH2 domain of PLC. This -
interaction is regulated by tyrosine phosphoryiation of MAG and was specific to the SH2
domain of PLC. This is in agreement with studies on activated GFRs, where the
specificity of binding is determined by the SH2 domain, as well as the context in which
the phosphorylated tyrosine residue is presented (6,87). In effect, the surrounding amino
acids play a determiniﬁg role in the binding phenomena. The significance of MAG
binding the SH2 domain of PLC is uncertain, since an interaction with the enzyme itsell
was not demonstrated. However, this finding raises some interesting possibilitics, where
L-MAG may function in an analogous fashion to a GFR. A signalling event may result
in the tyrosine phosphorylation of L-MAG and its subsequent association with SH2
domain containing proteins (either PLC or as yet unidentified molecules). These proleins
may then serve as PTK substrates, where L-MAC; operates as a common docking site for

these signalling molecules to interact.
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Figure 5.4: Association of the PLC-SH2 domain with tyrosine phosphorylated L~
MAG. L-MAG (lanes | and 2) and S-MAG (lanes 4 and 5) were immunoprecipitated
from CS5 cells and 3TV,9 cells respectively, that were either left untreated (lanes 1 and
4) or pre-treated with 500 M vanadate (lanes 2 and 5). An aliquot of each cell extract
was pooled and immunoprecipitaled secondary antibodies only (i.e. without anti-MAG
specific antibodies) (lane 3). The samples were resolved on SDS-PAGE (7.5%
polyacrylamide), transferred to nitrocellulose and then probed with (a) anti-MAG specific
antibodies Gen S1 and Gen S3, (b) anti-phosphotyrosine antibodies (UBI), (¢) TrpE-PLC-
SH2 fusion protein, (d) TrpE-PLC-SH2 fusion proiein in the presence of 10 mM phenyl
phosphate, and (e) TrpE protein alone. The blots were then probed with anti-TrpE
specific antibodies (panels ¢, d and e) and secondary 'I-goat anti-mouse IgG specific

antibodies. The signals were visualized by autoradiography.
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This scenario would lead to a cascade of events not unlike the ones demonstrated for
GFRs. Since it appears that S-MAG would not participate in such interactions, this may

be the basis of the alternative expression of the different isoforms during development.
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CHAPTER 6
GENERAL DISCUSSION

AND
CONCLUSIONS
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6.1 MAG in cell adhesion

The properties of the myelin-associated glycoproteins (MAG) as cell adhesion
molecules and protein kinase substrates were examined in this thesis. Both MAG
isoforms, L-MAG and S-MAG conferred cell adhesion properties to non-adherent L cell
fibroblasts. "This is the first evidence demonstrating the ability of the MAGs 1o function
as CAMs thn expressed in intact cells. MAG-mediated adhesion in L cells proceeded
independently of calcium and temperature, confirming previously described expel_'iments
using purified MAG incorporated into liposomes (145). In addition, the adhesion was
heterophyllic in nature, indicating the presence of a MAG receptor on the cell surface
of L cells. Although it is unknown whether L cells express the neuronal receptor‘for
MAG, it is intriguing to note that L cells express other neuronal markers (2). Tue
experiments in this thesis, however, were unable to rule out homophyllic interactions
between MAG molecules. Future investigations using SP10, HL60 or embryonic stem
cells expressing MAG would resolve this question, since these cells do not express an
endegenous MAG receptor. |

The identity of the MAG receptor is unknown. However, its presence in L cell
fibroblasts, fibroblast-like cells derived from brain (145) and neurons (133) suggests that
it may belong to a family of related proteins that are expressed in a variety of cell types.
Integrins occur in many different tissues and some are known to bind Ig related
molecules in a heterotypic fashion (104,165). Although direct evidence implicating
i‘ntcgrin's in MAG-mediated binding is lacking, this large family of proteins may provide

a versatile recognition system for MAG in different cell types. It should be noted that the
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MAG receplor is absent in embryonic neurons but not in post-natal neurens destined o
be myelinated (145). This illustrates that the receptor exhibits a distinct spacial and
temporal expression pattern. In order to further explore the cell adhesion properties of
MAG, extracellular deletion mutants can be generated and expressed in L cells, Defining
the receptor binding sites in MAG may provide additional clues as to the identity of the
receptor.

A major finding in this thesis is that L cells require a threshold level ol‘-MAG
expression in order to aggregate. The significance of this result is that small changes in
MAG expreséion may dramaticaily affect MAG-mediated intercellular interactions in
vivo. This could be of major importance in the developing brain, where MAG levels
change dramatically during post-natal development (128). Alterations in MAG prolein
levels may have major biological effects during myelination. For example,
dysmyelinating mouse mutants exhibit major decreases in MAG protein levels, which
may contribute to their phenotypes (138). In the brain of quaking mice there is also an
apparent imbalance between the different MAG isoforms. L-MAG is almost completely
absent froi? quaking mouse brain (46,47). In order to delermine whether the phenotypic
abnormélities in quaking mice may be partly caused by a reduction in MAG levels, future

experiments should include the overexpression of L-MAG in transgenic quaking mice.

6.2 Cell adhesion and phosphorylation

The developmental differences in L-MAG and S-MAG expression led to the

: speculation that they perform distinct functions in vivo. The cell adhesion propertics of
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.-MAG and S-MAG when expressed in L cells were comparable to each other and no
major differences were observed. Since the cell adhesion functions of other CAMs have
been known to be regulated by the cytoplasmic domains (63,111,118), it was of interest
to investigate this possibility for MAG. A striking feature of the intracellular regions of
both MAG isoforms are the multiple potential phosphorylalion sites, including possible
tyrosine phosphorylation sites. In this thesis the phosphorylation of both MAGs was
extensively characterized and the major tyrosine phosphorylation site was identified as
tyrosine 558. This tyrosine is homologous to the major tyrosine phosphorylation site in
the B-chain of integrin (149,171). Phosphorylation of this tyrosine residue (tyrosine 788)

abolishes the binding activity of integrin to fibronectin and talin in an in_vitro assay

(172). Increasing the tyrosine phosphorylation of MAG in L cells, however, had no
major effect on cell adhesion. As discussed previously (Chapter 5), this resuit may reflect
problems intrinsic to the L cell system. Another interpretation is that tyrosine

phosphorylated MAG performs a different role in vivo.

A novel cell adhesion regulator protein (CAR) has recently been cloned and identified.
It induces non-adherent cells to bind collagen in an integrin dependent manner (137).
This activity was found to be dependent on a putative carboxyl terminal tyrosine
| phosphorylation site (137). While CAR itself is not a CAM, it may function as an
inlermolec.ular bridge linking cell surface molecules (integrins) to some unknown
cytoplasmic components (possibly cytoskeletal proteins)f MAG may function in an
analogous fashion, regulating some intermolecular recognition event iﬁ a phosphotyrosine

dependent manner.
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6.3 Tyrosine phosphorylated MAG in signal transduction

Tyrosine phosphorylation controls many cellular regulatory processes, Recent findings
demonstrate that the phosphotyrosine moicty can act as a docking site for various signal
transduction molecules. These sfgnalling proteins often exhibit an SH2 domain (91).
Results presented in this thesis reveal that L-MAG, when phosphorylated on tyrosine,
will bind specifically to the SH2 domain of phospholipase C (PLC). Thus, similar to
tyrosine phosphorylated growth factor receptors, L-MAG may function as an anchor for
thé assembly of a signalling complex (Figure 6.1). Potentially, thiz complex may get
activated during MAG-receptor interaction, leading to signals important lor myelinaiion.

1t is still unknown whether L-MAG-PLC interaclions actually occur in vivo and whether

this leads to changes in phosphatidyl inosiiol hydrolysis. It is clear, ﬁowevcr, that the
repertoire of proteins with homologies to the SH2 region is very large, encompassing a
diverse group of molecules with distinct functions and activitics
(6,11,22,91,103,106,107). It is, therefore, conceivable that L-MAG has the capacity (o
interact with a variety of as yet unidentified proteins.

It is curious to note that tyrosine phosphorylation of L-MAG preciudes serine/threonine
phosphorylation of the same L-MAG molecules. As a consequence, at least two L-MAG
populations exist, each possibly exhibiting an alternate function. While tyrosine
phosphorylated L-MAG may serve as a docking site for signalling protcins, the role of
serine/threonine phosphorylated L-MAG is unclear. Proteins with SH2 domains have
been knoWn to bind phosphorylated serine/threonine residues (130). Experiments in

chapter 5, however, show that only tyrosine phosphorylation of L-MAG perinits SH2
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Figure 6.1: Schematic representation of a hypothetical signalling mechhnism via L-
MAG. A neuronal receptor binds to L-MAG on the oligodendrocyte membrane. This
interaction induces the activation of protein tyrosine kinases (PTK). The PTK
phosphorylates an adjacent L-MAG molecule, which subsequently associates with an SH2
domain containing protein (SH2). This protein possibly also bec »mes a target for the

PTK, resulting in the activation of a signalling pathway.
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domain binding.

An intriguing possibility is that L-MAG may dimerize on the cell surface. While one
L.-MAG protein recruits a PTK, the other molecule serves as the kinase substrate (Figure
6.1). A manifestation of this dimerization theory is the generation of two pools of L-
MAG with alternative phosphorylation patterns. This hypothetical dimer could then
operate as a coupling cmhplex where a number of signalling molecules interact with each
other (Figure 6.1). The evidence presented in this thesis, however, allows for several
interpretations, where the different pbols of L-MAG may not interact wi_th eachother.
While tyrosine phosphorylation may serve to incorporate L-MAG intd a signalling
complex, the other L-MAG molecules may perform in cell adhesion related functions,

in an anlogoils fashion to S-MAG.

6.4 Differential phosphorylation of MAG isoforms

The differential phosphorylation of L-MAG and S-MAG is partly due to additional
i}hosphorylalion sites present in L-MAG. Tryptic digest mapping of the phosphorylation
sites in L-MAG and S-MAG, however, demonstrated that some of the phosphorylation
sites in L-MAG are actually shared by S-MAG, including tyrosine 558, the major
tyrosine phosphorylated residue. The stoichiometry of phosphorylation was determined
lo be at least one order of magnitude higher in L-MAG. In fact, while L-MAG
phosphorylation of tyrosine 538 is induced with vanadate treatment of the cells,
phosphorylation of the same residue in S-MAG is not altered by vanadate treatment. As

discussed in chapter 4, a possible explanation is that the unique carboxyl terminus of L-
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MAG exhibits a phosphorylation activating sequence. This putative domain would serve
as a kinase binding site. In the absence of this domain, as is the case in S-MAG,

phosphorylation proceeds inefficiently, resulting in low stoichiometry of phosphorylation.

Analysis of the carboxy! tail of L-MAG reveals an interesting homology with other 1g
related cell adhesion molecules. As described in figure 6.2, the carboxyl terminal 8
amino acids, EYAEIRVK, are identical 1o the terminal residues identiticd in the recently
cloned Schwann cell myelin protein (SMP) (33), and highly homologous to carboxyl
regions in CD22 (164,190),| CD33 (160), CD31 (platelet-endothelial ceil adhesion
molecule-1 or PECAM-1) (113), and biliary glycoprotein (BGP) (8). Apart trom MAG,
only BGP has been shown to be puosphorylated on tyrosine residues (5). It is possible
that this sequence represents a novel structural motif whose function is to regulate the
interaction of transmembrane proteins with protein tyrosine kinases (PTKs). This
intermolecular association can then be monitored, at least in the case of MAG and BGP,
by tyrosine phosphorylation of the cytoplasmic domains. In order to test this hypothesis,
cytoplasmic deletion mutants of MAG need to be constructed and cxpressed in
mammalian cells. According to this model, deletion of the terminal 8 amino acids would
abolish the increase in tyrosine phosphorylation of MAG, while deletion of internal

sequences may have no effect.
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Figure 6.2: Homologies of carboxyl terminal amino acids in several Ig related
CAMs. Amino acid residues 619-626 in L-MAG were compared to residues: 614-621

in SMP; 520-527 in BGP; 821-828 in CD22; 357-364 in CD33; 685-692 in CD31.
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Molecule Carboxyl-terminal
| sequence

MAG EYAE | RVK
SMP EYAE | RVK

BGP | YSEVKKQ
CD22  HYSEL1QF
CD33 EYSEVRTQ
CD31 VYSEVRKA




6.5 Conclusions

Based on the results in this thesis and previous work in the field a possible model of
MAG function is presented:

The purpose of generating two MAG isoforms is to provide the cell with a CAM that
exhibits a wide scope of signalling and cell recognition functions. In the CNS, 1L.-MAG
plays a role in the primary binding event ol neurons destined to be myclinated (9).
Adhesion to the neuronal receptor may activate signals via L-MAG that are important in
the initiation of myelin synthesis. Prominently featured in this mechanism is the carboxyl
terminus of L-MAG, which recruits PTKs and possibly other molecules. Intracetlular
messages are then generated by the interaction of PTKs with their targets {such as PLC)
that associate with the cytoplasmic domain of L-MAG. As the brain maturcs, a diflerent
information input is required for the maintenance of the myelin structure. At this point
L-MAG expression decreases, possibly serving as a mechanism for down-regulaling a
signalling pathway. S-MAG expression increases, accounting for most of the MAG-
receptor interactions. The biological role for S-MAG is more restricted and possibly
confined to cell adhesion. However, S-MAG is the predominant isoform expressed in the
PNS, even during the initial stages of myelination (128), impiying a more active role for
S-MAG in the biology of myelin. Furthermore, S-MAG protein in the PNS co-localizes
to the cytoplasmic channels in the myelin sheath (177). Therefore, the cytoplasmic
domain of S-MAG may play an active role in the maintenan\ce of the myelin architecture
by interacting with cytoskeletal proteins via the integrin homology region. In contrast to

L-MAG, however, the regulation of S-MAG-protein interactions may be less dynamic.
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Future work on MAG must include the generation of transgenic mice, which
overexpress the different MAG isoforms and mutant MAG proteins during the initial
stages of myelin synthesis. The cell adhesion properties and phosphorylation of the
mutant MAG prolteins may be tested in the L cell system prior to generating transgenic

mice. Phenotypic changes in myelin in_vivo can then be correlated with differences in

the biochemical properties of the MAG proteins.
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APPENDIX 1
TYROSINE PHOSPHORYLATION OF BILIARY GLYCOPROTEIN,

A CELL ADHESION MOLECULE RELATED TO
CARCINOEMBRYONIC ANTIGEN
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SUMMARY

Biliary-glycoprotein (BGP), a cell adhesion molecule related to carcinoembryonic antigen
(CEA), has been shown to exist as several alternatively spliced isoforms. Here we show
that BGPa and BGPb are phosphorylated in the chronic myelogenous leukaemia cell line
KG-1, which constitutively expresses several BGP isoforms, and chinese hamster LR-73
cells transfected with the cDNAs encading BGPa and BGPb. The phosphorylation can
be augmented with the protein tyrosine phosphatase inhibitor ammonium vanadate and
with TPA (an activator of protein kinase C). Phospho-amino acid analysis of
phosphorylated BGPs demonstrated that phosphorylation occurs on serine, threonine and
tyrosine residues. Phosphorylation reactions carried out in in vitro membrane
preparations from KG-1 cells revealed a close association of BGP proteins with
membrane associated protein tyrosine kinases. These observations suggest an association
of BGP proteins with signal transduction molecules which is regulated by alternative
splicing of the cytoplasmic domain.
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A.1 Introduction

Carcinoembryonic antigen (CEA) was originally identitied as a tumor specific antigen
in colorectal cancer (50). Currently the CEA family of proteins encompasses a group of
many cross-reactive cell-surface and secreted glycoproteins that are present in a variety
of normal and cancerous tissue types (8,10,68,89,112,159,188). The sequence and
structural features of these proleins include them in the immunoglobulin super pene
family. This class of proteins is mainly involved in intercellular recognition and
signalling processes, and embraces molecules such as growth factor receptors, T-cell
receptors and a variety of cell adhesion molecules specific 1o nervous tissue (189). An
interesting addition to the CEA family was identified with the cloning of biliary
glycoprotein (BGP) (68) and its alternatively spliced isoforms (8). Unlike other members
of the CEA family, these molecules exhibit transmembrane and cytoplasmic domains,
Furthermore, the cytoplasmic coding region of two BGP isoforms, BGPa and BGPb,
exhibit several potential phosphorylation sites. To examine the significance of the
alternatively spliced cytoplasmic domains we determined the phosphorylation status of

the BGP proteins in cell culture.

A.2 Materials and Methods
Phosphorylation of BGP proteins in cell culture

The human acute myelogenous leukaemia cell line KG-1 (generously provided by Dr.
N. Beauchemin) was maintained in «MEM supplemented with 20% scrum (fetal calf

serum/newborn serum 1:1). LR-73 cells, derived from the chinese hamster ovary cell
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line, were transfected with the ¢cDNAs of BGPa and BGPb inserted in the animal cell
expression vector P91023B, as described previously (142). Cell lines were labelled with
ImCi [2P]-orthophosphate (NEN-Dupont) per mi of phosphate free DMEM, 0% fetal
calf serum for four hours in the presence or absence of 500 uM Ammonium Vanadate
(Fluka), To dewermine the eftects of phorbol esters on BGP phosphorylation LR-73 cells
expressing 'BGPs were treated with 100 nM 4o Phorbol (Sigma) or 100 nM 12-0-
Tetradecanoylphorbol 13-acetate (TPA) (Sigma) for 10 minutes at 37°C at the end of 2p_
labeling of cells. Labeled cells were harvested in 250 i of hot (100°C) 2% SDS. The
~cell lysates were diluted to one mi with immuﬁoprecipitation buffer (10 mM Tris HCl
pH7.4, 5 mM EDTA, 150 mM NaCl, 1% Triton, 0.5% SDS, 500 uM NH, VO,, 2mM
sodium fluoride, 2 mM sodium pyrophosphate, 2 ug/m! aprotinin, 5 xg/ml leupeptin, 0.4
,r.ig/ml pepstatin, 200 pg/ml PMSF) and were incubated for one hour with 5 pl of an anti-
CEA polyclonal antibody (DAKOPATTS), which cross- reacts with BGP. After an
ﬁdditional one hour incubation with protein A sepharose, the immunoprecipitate was
washed 5 times with the immunoprecipation buffer and BGPs were eluted using SDS
sample buffer. The samples were resolved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (7.5% polyacrylamide) and **P- labeled proteins were

detected by autoradiography.

Phosphorylation of BGPs in_vitro
A membrane enriched fraction was prepared from KG-1 cells as described previously

(4). Fifty ug of membrane proteins were resuspended in 50 xl of kinase buffer (20 mM
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Hepes pH 7.4, 10 mM MnCL, 10 mM MgCl,, 500 xM NH,VO,, 2 mM sodium
fluoride, 2 mM sodium pyrophosphate, 2ug/ml aprotinin, 5 pg/ml leupeptin, O.4ug/mi

pepstatin, 200 gg/ml PMSF). In vitro phosphorylation was initiated with the addition of

5 uCi of [gamma-?P]-ATP (NEN-Dupont), and was carried out for 20 minutes at 0°C.
The reaction was stopped by the addition of immunoprecipitation butter. Phosphorylated
BGPs were immunoprecipitated as described above, resolved on SDS-PAGE and

visualized by autoradiography.

Phospho-amino acid analysis and tryptic digésl analysis

Phosphorylated BGP proteins were immunoprecipitated, resolved on SDS-PAGE, and
transferred to Immobilon-P membranes (Millipore). For phospho- amino acid analysis:
radioactive bands corresponding BGPs were excised from the membranes and hydrolyzed
directly in 6N double-distilled HCI for 75 minutes at 110°C as described pchiously (84).
The hydrolysate was lyophilized and resolved by two dimensional thin- layer
electrophoresis as described by Cooper et al. (27). Phospho-amino acid standards were
detected by ninhydrin staining of the thin-layer piates. Radioactive phospho-amino acids
were detected by autoradiography. Two dimensional tryptic peptide mapping was
essentially performed as described by Luo et al. (100). Membrane slices containing
radioactive BGPs were soaked in 0.5% polyvinylpyrrolidone in 100 mM acetic acid for
30 minutes. After briefly washing in water, the membranes were incubated with 25 pg
of trypsin in 50 mM ammonium bicarbonate (pH 8.5) at 37°C for iwo hours. After two

hours an additional 25 pg of trypsin were added for two more hours. The samples were
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then centrifuged and the liquid was lyophilized. Afier one wash with 100 i of water and
lyophilization, the samples were oxidized in 100 pl of performic acid for one hour at
0°C. One ml of water was then added and the samples were lyophilized. The dried
phosphopeplides were resuspended in 10 pl of chromatography buffer (17), spotied onto
CEL-300 thin-layer plates and were separated by ascendipg chromatography. The
chromatogram was dried, rotated 90°, and thin-layer electrophoresis was performed at
pH 1.9 for 30 minutes at 1000 V. Phospho-tryptic peptides were then visualized by

autoradiography.

A.3 Results zmd Discussion

KG-1 ceils, which express several of the BGP isoforms (8), were incubated with **P-
orthophosphate and BGP proteins were immunoprecipitated from cell lysates using a
polyclonal anti-CEA antibody. Figure A.1 (panel A) shows that two BGP isoforms are
constitutively phosphorylated (lane A). Phospho-amino acid analysis demonstrated that
these proteins are phosphorylated mainly on serine residues (Fig. A.1B). Incubation with
500 pM ammonium vanadate, a phosphotyrosine protein phosphatase inhibitor (90),
during the labeling period causes a-quantitative increase in BGP phosphorylation (Fig.
A.1A). The increase in phosphorylation is mainly due to elevated phosphotyrosine levels
as determined by phospho-amino acid analysis (Fig. A.1B). éimilar results were obtained
using the colonic adenocarcinoma cell line HT29 (data not shown). Incubation of live
cells with [gamma-*"PJATP did not result in *P-labeling of BGP proteins, indicating that

all phosphorylation occurred on cytoplasmic domain fesidues {data not shown).
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Figure A.1: Phosphorylation of BGPs in KG-1 cells. (A) Membrane extracts from “p
labeled KG-1 cells were immunoprecipitated with polyclonal antibodies directed against
CEA. KG-1 cells were either left untreated (lane A) or labeled in the presence of 500 .pM
ammonium vanadate (lane B). An aliquot of KG-1 membrane extract from labeled cells
was immunoprecipitated with a non-immune serum (lane C). The samples were resolved
on SDS-PAGE and detected by autoradiography. (B) Phospho-amino acid analysis.
Phosphorylated BGP proteins were acid hydrolyzed as described in the text. Phospho-
amino acids were analyzed by two-dimensional thin-layer electrophoresis. The numbers
underneath each phospho-amino acid analysis in panel B corresponds to the numbered
phosphorylated protein bands in panel A. The positions of phosphoserine (S),

phosphothreonine (T) and phosphotyrosine (Y) are indicated for reference in panel B-3.
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While the cytoplasmic domains of BGPa and BGPbL contain tyrosine residues, the
isoforms with shorter carboxyl-termini (BGPc and BGPd) harbour only serine and
threonine residues (8).This suggests that the proteins phosphorylated in KG-1 cells are
BGPa and BGPb. To confirm the identity of the phosphorylated BGP proteins, the
c¢DNAs encoding BGPa and BGPb were transfected into LR-73 cells. Clonal lines
expressing relatively high amounts ot each isoform were isolated (142). The transfectants
were then labeled with *P-orthophosphate. SDS-PAGE analysis ol immunoprecipitated
BGPa and BGPb shows that both isoforms are constitutively phosphorylated (Fig. A.2A,
lane A and lane C). Incubation with ammonium vanadate during the labeling period
increased the phosphorylation of both isoforms (Fig. A.2A, lanes B and D). Similar to
the phosphorylation pattern observed in KG-1 cells, constitutive phosphorylation occurs
mainly on serine residues (Fig. A.2B, panels A and C), while vanadate treatinent results
in a significant stimulation of tyrosine phosphorylation (Fig. A.2B, pancls B and D).
These results support the identification of BGPa and BGPb as the phosphorylated proteins

in KG-1 cells and indicate that the BGPc and BGPd isoforms are not phosphorylated.
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Figure A.2: Phosphorylation of BGPa and BGPb in LR-73 cells. (A) Chinese hamster
LR-73 cells were transfected with the cDNAs corresponding to either BGPa or BGPb.
Expres.sion of BGP proteins was verified by immunoblotting (data not shown). BGPa and
BCPb expressing cells were labeled with 32P-!:)rthophosph.ale. Whole cell extracts were
immunoprecipitated with an anti CEA polyclonal antibody, resolved on SDS-PAGE and
visualized by autoradiography. Lanes (A) (untreated cells) and (B) (cells treated with 500
pM vanadate) represent immunoprecipil#tes from BGPb expressing cells; lanes (C)
(untreated cells) and (D) (vanadate treated cells) represent immunoprecipitates from
BGPa expressing cells. Lane (E) represents an immunoprecipitate form LR-73 cells
transfected with the anti-sense orientation to BGPb. (B) Phospho-amino acid analysis was
performed on phosphorylated BGPs immunoprecipitated from transfectant LR-73 cells.
(A) corresponds to BGPb, untreated; (B) corresponds to BGPb, vanadate treated; (&)
corresponds to BGPa, untreated; (D) corresponds to BGPa, vanadate treated. The relative
positions of phosphoserine (S), phosphothreonine (T) and phoéphotyrosine (Y) are

indicated in (B).
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A membrane enriched fraction isolated from KG-1 cells was subjected to an in vitro
kinase assay in order to determine whether any of the kinases that phosphorylate BGP
proleins are membrane associated. SDS-PAGE analysis of total membranes subjected to
in vitre kinase activity reveals the presence of multiple phospho-proteins (Fig. A.3a, lane
2). Phospho-amino acid analysis of total membrane phospho-proteins demonstrates the
presence of serine\threonine as well as tyrosine kinases in the membrane preparation

(Fig. A.3b, panel 3). Immunoprecipitation of BGP proteins from in vitro phosphorylated

membranes reveals that both isoforms are phosphorylated by a membrane associated
kinase(s) (Fig. A.3a, lane 1). Phospho-amino acid analysis shows that, under the
conditions used in the assay, only tyrosine phosphorylation occurs (Fig. A.3b, panels 1
and 2), suggesting that the enzymeslassociated with the BGPs in isolated membranes are
exdusively tyrosine kinases.

Analysis of the amino- acid sequence of the BGPa\b cytoplasmic domain revealed the
presence of a serine residue (ser 461) residing in a sequence homologous to potential
protein kinase C phosphorylation sites (GRASDQRD compared to XRXXSXRX). (88).
We treated LR-73 cells expressing BGPa and BGPb with TPA or 4« Phorbol and
determined the effect on phosphorylation. Fig. A.4 shows that TPA stimulated the
phosphorylation of BGPa and BGPb significantly, suggesting that BGPa and BGPb are
substrates for PKC. Phospho-amino acid analysis showed that TPA treatment increased

phosphorylation on serine and possibly on threonine residues (data not 'shown).
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Figure A.3: In vitro phosphorylation of BGP proteins. (a) Membranes were isolated

from KG-1 cells and subjected to an in_vitro phosphorylation reaction as described in the
text. Total membrane phospho-proteins (lane 2) were compared to phosphorylated BGPs
immunoprecipitated with an anti-CEA antibody (lane 1) as determined by SDS-PAGE
with subsequent autoradiography. Lane 1 represents a film exposure of 16 hours, while
lane 2 was exposed to film for 30 minutes at -70°C. (b) Phospho-amino acid analysis of
BGPa (panel 1), BGPb (panel 2), and total membrane phospho-proteins from in_vitro
kinase reactions. The dotted circles in panels 1 and 2 represent the positions of non-
radioactive standards for phosphoserine (S) and phosphothreonine (T). Phosphotyrosine

is denoted as Y.
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Figure A.4: Stimulation of BGP phosphorylation with TPA. LR-73 celly expressing
BGPa and BGPb were labeled with *2P. At the end of the labeling period the cells were
stimulated for 10 minutes with either 4« Phorbol, an inactive phorbol ésler. or TPA, a
phorbol ester that stimulates protein kinase C (PKC) activity. Whole cell extracts were
immunoprecipitated using an anti-CEA polyclonal antibody, resolved on SDS-PAGE and
visualized by autoradiography. Lanes (A) (4o Phorbol treated) and (B) (TPA treatea)
represent immunoprecipitates from BGPa expressing cells; lanes (C) (4o Phorbol treated)

and (D) (TPA treated) represent immunoprecipitates from BGPb expressing cells.
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To characterize the phosphorylation sites further, phospho-tryptic peptides obtained
from phosphorylated BGP proteins were analyzed. The resuits in Fig. A.S indi;atc that
a total of four different phosphopeptides are obtained from trypsin treaied BGPb.
ldentical results were obtained with phosphorylated BGPa proteins treated with the same
method (data not shown). Unstimulated cells display a faint appearance of phospho-
peptides 1 and 2 (Fig. A.5a). TPA augments the phosphorylation of phospho-peptide 2
and induces the appearance of phospho-peptide 3, indicating that these peplidc.;; contain
phosphoserine and possibly phosphothreonine (Fig. A.5b). Vanadate treatment increases

the phosphorylation mainly of phospho-peptides 1 and 4 (Fig. A.5¢). Tryptic map

analysis of in vitro phosphorylated BGPb from KG-1 cells reveals the presence of two
phosphopeptides (Fig. A.5d). They were recognized as phospho-peptides 1 and 4 by
mixing them with trypsinized BGPb purified from vanadate treated BGPb transfected LR-

73 cells labeled in vivo (Fig. A.5e), demonstrating that BGP proteins are phosphorylated

on the same tyrosine residue(s) in vivo and in_vitro. The result in Fig. A.Se further

confirms the identity of BGP proteins in KG-1 cells as BGPa and BGPb, since tryptic
digests of phosphorylated BGPa/b proteins from transfected cells share phospho-tryptic
fragments with immunopurified protein from KG-1 cells.

The BGP primary sequence reveals the presence of 2 tyrosine residues (amino acids
493 and 521) in the cytoplasmic tail, which reside on the same tryptic peptide.
Therefore, our data indicates that one or both of these tyrosines a.rc phosphorylated. The
difference in mobility of the two peptides may reflect a charge difference duc to

differential phosphorylation (either on tyrosine or on serine residues).
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Figure A.5: Tryptic digeSt mapping of phosphorylated BGP proteins. P'hosphorylated
BGPb was digested with trypsin, resolved by thin-layer chromatography (T1.C) and thin-
layer elcdrophoresis (TLE) and analyzed by autoradiography as described in the text.
BGPb was isolated from LR-73 cells that were (a) untreated, (b) treated with 100 nM

TPA, or (c) treated with 500 uM vanadate. Panel (d) represents BGPb

immunoprecipitated from an in_vitro kinase assay performed in KG-1 cell membranes,
while panel (e) is a mixture of samples (c) and (d) resolved on the same thin-layer plate.
The arrows point to phospho-peptides that were numbered and referred to in the text.

The origin of sample application is marked by an O.
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The close association of BGPs with tyrosine kinases in_vivo and in_vitro suggests that

BGPs may be linked to signal transduction pathways as has been suggested for other celi
adhesion molecules (41,51,150,152,185).
BGPs share structural homology with the immunoglobulin gene superfamily and have

been recently shown to have the properties of cell adhesion molecules in in vitro assays

(l42). Another member of this family, myelin-associated glycoprotein, (MAG), bears
significant homclogy to the BGPs in their respective cytoplasmic domains (8). It is
inlriguing that similar to BGP, MAG is alternatively spliced to generate isoforms with
dil‘ferent cytoplasmic domains {7,43,96, 149). In both caseg the isoforms with the shorter

cytoplasmic domains show low or undetectable in_vivo phosphorylation, while the

isoforms with the longer cytoplasmic domain are extensively phosphorylated on serine
‘and tyrosine residues (this study and (4)). The homology between BGPa\b and the lrug
MAG isoform is confined mainly to the area containing the BGP tyrosine phosphorylation
sites identified in this study. The observation that there are conserved phosphorylation
sites in two distinct cell adhesion molecules suggests that
phosphorylation/dephosphorylation events may be important in regulating their
biochemical and biological properties. Furthermore, two recently identified cell adhesion
molecules, platelet-endothelial cell adhesion molecule (PECAM-1) (113) and B-ceil
antigen CD22 (164), contain in their cytoplasmic tails, peptide segments with significant
homology to the amino acids surrounding the potential tyrosine phosphorylation sites in

BGPa/b (Fig. A.6). We predict, that similar to BGP and MAG, these domains are sites

of tyrosine phosphorylation in vivo. Since the cytoplasmic domains of other cell adhesion
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molecules have been implicated in regulating binding activity (81,125,126,172) it may
be that phosphorylation of tyrosine residues in the cytoplasmic domains of certain cell
adhesion molecules is involved in modulating their adhesive propertics. Of interest is the
observation that morphological transformation of src- transtormed cells is correlated with
the tyrosine phosphorylation of certain as yet unidentified transmembrane glycoproteins
(60,94). It is tempting to speculaté that these tyrosine kinasé substrates are cell adhcsi‘on
molecules, whose uncontrolled phosphorylation leads to a transforming phenotype.
Another possibility is that these proteins are involved in transmembrane signalling events
which are triggered by ligand binding. Other cell adhesion molecules have been known
to function in such a manner (152, 185) and we are presently exploring these possibilities

for BGP and MAG.

155



Figure A.6: Amino acid sequence similaritieé to the ltyrosine phosphorylation sites
;llll BGPa\b. Amino acids surrounding potential tyrosine phosphorylation sites in the cell
adhesion molecules PECAM-1 and CD22 are shown to be homologous to short
cytoplasmic peptides containing the tyrosine phosphorylation sites in BGPa\b. Conserved
and similar residues are indicated by a solid line or a dot, respectively, extending
between compared amino acids. Amino acids 516-526 in BGPa/b and amino acids 632-
691 in PECAM-1 share seven identical and two similar residues, while amino acids 491-
496 in BGPa/b have five identical and one similar residues in common with amino acids

608-613 in CD22.
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ORIGINAL CONTRIBUTIONS TO KNOWLEDGE

The following findings presented in this thesis represent original contributions to
knowledge:

(i) Expression of L-MAG and S-MAG in L cell fibroblasts confers cell adhesion
properties to these cells, when grown in suspension. ‘

(i) MAG-mediated L cell aggregation was heterotypic in nature, revealing the presence
of a MAG receptor in L cell fibroblasts.

(iii) MAG-mediated cell adhesion requires a threshold level of MAG expression.
(iv) The first evidence for phosphorylation of S-MAG in live cells was presented.

(v) L-MAG and S-MAG were shown to share major phosphorylation sites, yet the
stoichiometry of L-MAG phosphorylation was one order of magnitude greater. This
implies the presence of a carboxyl terminal protein kinase activator sequence unique to
the L-MAG cytoplasmic domain.

(vi) Tyrosine 558 was identified as the major tyrosine phosphorylation site in MAG.
Vanadate treatment enhanced the phosphorylation of this residue in L-MAG, but had no
effect on the phosphorylation of this tyrosine in S-MAG.

(vii) Tyrosine phosphorylated L-MAG binds the SH2 domain of phospholipase C-gamma
in an jn_vitro assay.

(viii) Tyrosine phosphorylation of L-MAG prevents serine/threonine phosphorylation of
the same MAG molecule. This indicates the presence of at least two populations of L-
MAG molecules, those that are phosphorylated on tyrosine residues, and those that are
phosphorylated at specific serine residues.

(ix) Evidence for and characterization of BGPa and BGPb as substrates for protein
tyrosine kinases and serine/threonine kinases was presented.
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