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Abstract

The exocyst complex plays a pivotal role in polarized exocytosis in a variety of cells being
involved in the polarized protein delivery and morphogenesis of neurons. The molecular cues
that target the exocyst complex to the sites of exocytosis remain, however, poorly understood.
Present study shows that the exocyst complex binds to the intracellular domain of the neural
cell adhesion molecule NCAM and this binding is enhanced in response to ligand-induced
clustering of NCAM at the cell surface. NCAM promotes tyrosine phosphorylation of the
exocyst complex and is required for the efficient recruitment of the exocyst complex to
growth cone plasma membranes. Clustering of NCAM at the surface of growth cones induces
Ca2+ dependent vesicle exocytosis which is blocked by an inhibitor of L-type voltage
dependent Ca2+ channels. NCAM deficiency results in reduced tethering of the trans-Golgi
network (TGN) derived organelles near the leading edge of growth cones and is accompanied
by abnormal accumulation of the TGN derived organelles in growth cones and neurites of
NCAM-deficient neurons. This work reveal a novel role for a cell adhesion molecule in that it
regulates addition of the new membrane to the cell surface of growth cones in developing

neurons.
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Abbreviations

Abbreviations

n Micro (10°)

°C Degree Celsius

-/- NCAM deficient

+/+ NCAM wild type

aa Amino acid

Ab Antibody

Amp Ampicillin

APS Ammonium per sulphate

BCA Bicinchoninic acid

bp Base pairs

BSA Bovine serum albumin

CAM Cell adhesion molecule
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CHO Chinese Hamster Ovary

DNA Deoxyribonucleic acid
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ELISA Enzyme-linked immunosorbent assay
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f.c. Final concentration

Fab Fragment antigen binding

Fc Fragment crystallizable

FGF Fibroblast Growth Factor

FGFR Fibroblast Growth Factor Receptor
FGFRI Fibroblast Growth Factor Receptor inhibitor
FN Fibronectin

FNIII Fibronectin III

g Standard gravity is used as a unit of acceleration
GFP Green fluorescent protein

GPI Glycosylphosphatidylinositol

GST Glutathione S transferase
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Introduction

1. Introduction

1.1. Exocytosis and participants of vesicle fusion

Transport vesicles destined for the surface plasma membrane normally leave the trans-Golgi
network in a steady stream. The membrane proteins and the lipids in these vesicles provide
new components for the surface plasma membrane. The fusion of the vesicles with the plasma
membrane is called exocytosis.

The supply of newly synthesized membrane components necessary to sustain neurite growth
is enormous. New membrane is delivered at the sites of insertion into the plasma membrane
via vesicle carriers, whose nature and composition is still debated. In developing neurons,
organelles bearing synaptic vesicle antigens undergo active exo-endocytosis. This recycling is
present in all developing processes, rather than being restricted to a specific compartment, as
it occurs in mature neurons (Matteoli et al., 1992). It has also been proposed that membrane
addition is accomplished by fusion of large plasmalemma precursor vesicles different from
synaptic vesicles and belonging to the constitutive secretory pathway (Pfenninger and
Friedman, 1993). Studies with antisense oligonucleotides as well as with clostridial toxins
suggest that insertion of the new membrane into the growing axon is accomplished by means
of a fusion machine similar to that employed for the fusion of synaptic vesicles (Higgins et al.,
1997).

The advances concerning the molecular mechanisms of synaptic vesicle fusion have led to the
development of a model believed to hold true for several intracellular fusion events (Siidhof,
1995). According to the so-called SNARE hypothesis, a central role in the process is played
by the compartment-specific coupling between proteins localized on the donor vesicular
compartment (v-SNARESs) and the acceptor target compartment (t-SNAREs) (Sollner et al.,
1993).

This basic membrane recognition and fusion machinery is regulated to fit the needs of
individual trafficking steps, specific differentiated cells, and particular physiological states.
For example, exocytosis in the nerve terminal is tightly coupled to calcium concentration.
Additionally, polarized cells such as neurons and epithelial cells must strictly regulate the
sites of fusion of vesicles with subregions of the target membrane defined by particular

SNARE proteins.
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Figure 1. The structure of SNAREs.

The SNARESs responsible for docking synaptic vesicles at the plasma membrane of nerve terminals consist of
three proteins. The v-SNARE synaptobrevin, and the t-SNARE syntaxin are both transmembrane proteins and
each contributes one a-helix to the complex. The t-SNARE Snap25 is a peripheral membrane protein that
contributes two a-helices to the four-helix bundle. Trans-SNARE complexes always consist of four tightly
intertwined a-helices, three contributed by a t-SNARE and one by a v-SNARE. The o helices are shown as rods
for simplicity (Sutton et al., 1998).

The final stage of fusion involves the formation of a bundle of four parallel core SNARE
domains, one contributed by the vesicle and three contributed by the target membrane (Figure
1). Such a trans- SNARE complex bridges the two membranes, and its formation is thought to
overcome the energy barrier preventing two membranes from fusing. Only particular
combinations of four core SNARESs are able to promote fusion in vitro (McNew et al., 2000;
Parlati et al., 2000). A simple model is therefore that the SNARE complement of a vesicle and
a potential target membrane is necessary and sufficient to determine their compatibility for
fusion.

Several aspects of this model have recently been questioned. In particular, it is unclear
whether further factors provide specificity, help in SNARE assembly or even assist in the
fusion event itself. The rate of trans complex formation is too slow in vitro to account for the
rate of membrane fusion observed in vivo, which suggests that accelerating factors are
involved (Fasshauer et al., 2002). There is also evidence that in some cases fusion events are
regulated downstream of SNARE complex assembly, although the generality of this is unclear
(Muller et al., 2002). Most debate, however, has focused on whether interactions between v-
and t-SNARESs can account for the specificity of membrane transport events (Pelham, 2001).
Biochemical and genetic studies have identified several proteins that appear to play a role in

membrane transport steps after vesicle formation.
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Figure 2. A model for membrane tethering.

(1) A transport vesicle approaches the target membrane. The movement can be by diffusion or by a motor-
mediated process. (2) The transport vesicle is tethered to the target membrane by coiled-coil proteins or through
multimeric tethering complexes. Tethering can occur at distances of >200 nm. It has been proposed that tether
assembly may precede vesicle budding, and thus couple vesicle production with targeting to the appropriate
target membrane. (3) The cognate v-SNARE on the transport vesicle and t-SNAREs on the target compartment
pair to form trans-SNARE complexes. This process is sometimes referred to as “docking”. (4) The assembly of
SNARE complexes drives membrane fusion. Transported cargo is incorporated into the membrane of the target

compartment (Lupashin and Sztul, 2005).

These factors could contribute to the fidelity of vesicle fusion and function in a process that
has become known as tethering (Figure 2). Thisis the formation of physical links, often over
considerable distances, between two membranes that are due to fuse, before trans- SNARE
complex formation (Guo et al., 2000; Lowe, 2000; Waters and Hughson, 2000). Tethering
might represent the earliest stage at which specificity is conferred on a fusion reaction.

What is the evidence that SNAREs do not provide all the specificity in vivo? The ubiquitous
distribution of SNAREs on some membranes is not sufficient to account for the fusion of
vesicles to localized regions of those membranes. For example, the yeast plasma membrane
SNARESs Ssolp and Sso2p are distributed over the entire plasma membrane, and yet vesicles
fuse with only certain parts of the membrane during periods of polarized growth (Brennwald

et al., 1994). Cleavage of squid synaptic SNAREs with toxins prevents SNARE complex
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formation but results in the association of more, not fewer, vesicles with the membrane (Hunt
et al., 1994). Similarly, the percentage of tethered neuronal vesicles is significantly higher in
flies lacking syntaxin or synaptobrevin than in wild type flies (Broadie et al., 1995). These
results are consistent with SNAREs being involved in membrane fusion but dispensable fora
prior tethering event that initially attaches the vesicle to its target without causing it to fuse.
Vesicle tethering has been observed in an in vitro reconstituted system, which demonstrated
that ER-derived vesicles attach to the Golgi apparatus, losing their ability to diffuse freely, in
a reaction that is independent of functional SNARE proteins (Cao et al., 1998). A large
number of factors proposed to be involved in tethering have been identified. In many cases,
the mode of action of these factors remains obscure. Although it is still far from clear how
tethering occurs at a molecular level, connections between the variety of tethering factors are
becoming apparent and may prove useful in elucidating their roles.

Two broad classes of molecules are proposed to have a role in tethering: a group of long,
coiled-coil proteins and several large, multisubunit complexes (Figure 2). The former have the
potential to form homodimeric coiled coils with lengths up to several times the diameter of a
vesicle. In yeast, one example is Usolp, whose importance in tethering is clear since it is an
essential protein and the only cytosolic factor required for the tethering of ER-derived vesicles
to washed acceptor membranes (Barlowe, 1997). The formation of long coiled coils by Usolp
has been observed by electron microscopy (Sapperstein et al., 1995; Yamakawa et al., 1996).
These structures have led to the idea that the large coiled-coil proteins are anchored at one end
to a membrane, which allows them to “search” the surrounding space for a passing vesicle,
which is then bound by the other end (Figure 2). Whereas this is an attractive model, there is
currently a lack of direct evidence for it.

Although the coiled-coil proteins are known in many cases to bind to a target membrane
and/or vesicle, their receptors on the membranes are generally not known.

The second class of tethering factor is multisubunit complexes. The overall molecular function
of the complexes is still unknown, but biochemical studies have revealed their subunit
compositions and interactions with other membrane-trafficking components. Seven large,
conserved complexes have been proposed to play roles in vesicle tethering at distinct
trafficking steps. In most cases these complexes were initially identified and characterized in

yeast (Figure 3).
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Tethering multi-subunit complexes are placed next to the transport step they facilitate or adjacent to the

compartment to which they localize (Whyte and Munro, 2002).

An important but unresolved question is how tethering factors promote fusion of the vesicle to
the correct target. The mechanism may be purely kinetic, with the vesicle being tethered
within the vicinity of its destination and having an increased probability of undergoing
SNARE-mediated fusion. Alternatively, the mechanism may be thermodynamic, the tethering
factors actively promoting SNARE-mediated fusion in response to vesicle binding. This might
be either by release of inhibition of SNAREs or by activation of the SNAREs on the vesicle
and target. Of course, both kinetic and thermodynamic mechanisms could operate
simultaneously, mediated by the same or different sets of tethering factors. One possibility is
that the long, coiled-coil proteins are kinetic tethers that passively hold the vesicle and do not
need to transduce signals about vesicle binding along their length, whereas the multi-protein
complexes are thermodynamic tethers that actively promote interaction between vesicle and
target. Whether there is any cross-talk between the two classes of tethering factors has yet to
be explored.

Probably the best-characterised tethering complex is the exocyst. It is the tethering complex

responsible for exocytosis at the plasma membrane (TerBush et al., 1996; Kee et al., 1997).
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The exocyst complex merits detailed consideration since it plays a role in the delivery of
vesicles to the plasma membrane of polarized epithelial cells (Grindstaff et al., 1998) and
functions in neurite outgrowth in the nervous system (Vega and Hsu, 2001).

Overall, specialized molecular complexes (e.g. the exocyst complex) are assembled within
distinct membrane domains to achieve localized delivery and fusion of intracellular vesicles
but their receptors on the target membranes are generally not known.

Perfect candidates for such receptors would be transmembrane proteins which are
concentrated at the target membrane. In neurons the exocyst complex plays a role in neurite
outgrowth: it draws transport vesicles to the site of active membrane addition and growth to
the growth cone. The proteins which are known to be concentrated in growth cones are the
recognition molecules. One of the possible candidates is NCAM, an adhesion molecule that

has multiple functions. NCAM will be described in the following chapters in detail.

1.2. The exocyst complex

The exocyst complex is comprised of eight subunits. Genes of six subunits were defined as
secretory mutants in yeast (Sec3, -5, -6, -8, -10, and -15) (Novick et al., 1981). These six
yeast proteins are found in a complex with a molecular mass of 743 kDa. The exocyst
complex exhibits a restricted localization at the distal end of the budding cell, the site of
active vesicle fusion (Finger and Novick, 1997). These data suggest that the exocyst complex
is important in defining the site of vesicle fusion, possibly linking the machinery responsible

for bud site selection and polarization to the secretory apparatus.

1.2.1. Structure of the exocyst complex

The exocyst is a multisubunit complex that is conserved among eukaryotes. It appears to
function primarily as a "tether", directing secretory vesicles to specific sites on the plasma
membrane, where their fusion is then brought about by SNAREs (Hsu et al., 1999). The
components of the exocyst were initially identified as products of sec genes in yeast, but a
complex of homologous proteins was subsequently isolated from rat brain. It is now thought
that the exocyst (alternatively known as the Sec6/Sec8 complex) probably plays an essential
role in the post-Golgi secretory pathways of all eukaryotes. Its importance is highlighted by
the observation that mice lacking at least one of the exocyst subunits die at an early stage
during embryogenesis. In polarised epithelial cells the complex is required for the delivery of

secretory vesicles to the basolateral membrane and is localized to the tight junctions (Hsu et
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al., 1999, Matern et al., 2001). Immunocytochemical studies of its distribution in cultured
hippocampal neurons suggest that it is also involved in membrane addition at axonal and
dendritic growth cones, and plays a key role in synaptogenesis (Matern et al., 2001).

The exocyst complex contains single copies of eight subunits Sec3, Sec5, Sec6, Sec8, SeclO,
Secl5, Exo70 and Exo84 (Figure 4), that exhibit between 21% and 24% sequence identity
between yeast and mammals (Hsu et all., 1999; Matern et al., 2001). In mammals, the
subunits range in size from 75 kDa (Ex070) to 111 kDa (Sec8), giving a total molecular mass
of the complex of 736 kDa. Electron microscopy examination of the glutaraldehyde-fixed
complex purified from rat brain, following rotary shadowing with platinum, has revealed a
“body” approximately 30 nm long and 13 nm wide, to which two “arms” of approximately 15
nm long and 6 nm wide are attached. The latter appear to be attached to the body via a
flexible region because they extend away from the body at varying angles (Hsu et al., 1998).
Information on the arrangement of the subunits within the complex has been obtained by
genetic approaches in yeast, by yeast two-hybrid assay and by co-immunoprecipitation of in
vitro translated, radiolabelled components (Hsu et al., 1999). Such studies have identified
interactions between Secl5 and Sec10, Sec8 and Sec10, Sec5 and Sec6, and Sec6 and Exo70.
There is also an interaction between Sec3 and Sec5 and between Sec3 and Sec8. In addition to
these strong interactions identified by yeast two-hybrid assay, numerous weak interactions
were also detected. The existence of weaker interactions brings up the possibility that the
stability of the intact complex may be achieved through a series of higher order interactions
not detectable by the pairwise protein interaction studies using the two-hybrid assay (Matern
et al., 2001). Secl5 in yeast is the subunit responsible for association of the exocyst with
secretory vesicles, via interaction with the GTP-bound form of the rab GTPase Sec4. The G-
protein that plays a corresponding role in mammals is RalA. It is a small GTPase that is
enriched in brain and associated with synaptic vesicles. Mammalian exocyst binds via Sec5 to
the GTP-bound form of RalA. Depletion of cellular RalA disrupts the association of exocyst
subunits with each other, suggesting that Ral-exocyst interactions are required to promote
assembly of the full octameric complex (Sugihara et al., 2002; Moskalenko et al., 2002).

Sec3 has been identified as a spatial landmark for polarized secretion in yeast, targeting the
exocyst complex to specific domains of the plasma membrane. The other exocyst components
link Sec3 and Secl5 via a series of protein-protein interactions, resulting in the polarized
targeting of secretory vesicles to appropriate sites of exocytosis. The figure 4 shows a

hypothetical arrangement of subunits in the yeast and mammalian exocyst complex.
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Exocyst

Nerve Terminal

Figure 4. Hypothetical arrangement of subunits in the exocyst complex.

The exocyst complex comprises eight proteins: Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo70, and Exo84. The
organization of these proteins in the complex is depicted based on reported protein-protein interactions for yeast
and mammalian exocyst components. The interaction between the exocyst and vesicle-associated GTPases

(Secdp and RalA) are indicated by arrows (Li and Chin, 2003).

1.2.2. Subcellular localization of the exocyst complex

The exocyst complex is ubiquitously expressed, suggesting that it may be a core component
of the vesicle targeting machinery in every cell. Mammalian exocyst complex are expressed
in brain, spleen, lung, liver, kidney, and pancreas. Interestingly, the highest exocyst subunit
expression is found in brain, an organ with highly polarized cells (Guo at al., 1997; Kee et al.,
1997; Sjdlinder et al., 2002).

With the cell biological approach, exocyst complex localization has been investigated by
antibody detection of endogenous exocyst subunits and by green fluorescent protein (GFP)
tagging of exogenously introduced exocyst subunits. Anti-exocyst subunit antibodies have
detected two major exocyst subcellular distribution patterns in cells with no extensions or
processes emanating from the cell body. In MDCK epithelial and pancreatic acinar cells, the
Sec6 and Sec5 subunits were found to have both perinuclear and plasma membrane
enrichment (Shin et al., 2000; Yeaman et al., 2001). In particular, plasma membrane-localized
exocyst staining was enriched at the tight junctions (Grindstaff et al., 1998; Yeaman et al.,

2001) or the lateral membrane (Kreitzer et al., 2003) in MDCK cells. Sec10 also exhibited
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similar tight junction enrichment (Lipschutz at al., 2000). When MDCK cells were treated
with the calcium chelator EGTA to disrupt cell-cell contacts among these cells, plasma
membrane-localized Sec8 was found to redistribute into the cytoplasm (Grindstaff et al.,
1998). Thus the plasma membrane localization of at least one exocyst subunit is dependent on
cell polarity and/or cell-to-cell contacts.

In cells with processes or extensions emanating from the cell body, the exocyst complex
subunits have been found at the perinuclear region, as well as throughout the processes with
enrichment at the tip of' the processes. In neuroendocrine PC12 cells Exo70 localization was
dependent on the differentiation state of the cell (Vega and Hsu, 2001). In undifferentiated
PC12 cells, Exo70 displayed perinuclear enrichment. On the addition of' nerve growth factor
to promote neurite outgrowth, Exo70 was found distributing from the perinuclear region into
the growing neurite and became enriched in the growth cone. Antibodies against four other
exocyst subunits, Sec6, Sec8, Secl5, and Exo84, showed similar localization (Wang and Hsu,
2003). In cultured hippocampal neurons, Sec6 and Sec8 were also found in the cell body,
axons, and dendrites (Hazuka et al., 1999). In cultured kidney glomerular visceral epithelial
cells Sec6 and Sec8 were also found in the cell body, with enrichment at the terminus of
processes (Simons et al., 1999). GFP-tagged Exo70 showed plasma membrane enrichment
(Matern et al., 2001).

Localized exocyst enrichment in the cell is likely due to the anchoring or active recruitment of
the exocyst complex by insoluble cellular structures. In agreement, sedimentation studies
have shown that the majority of the exocyst complex cosedimented with an insoluble cellular
fraction in rat brain (Hsu et al., 1996). The question now is: what is the cellular structure that
associates with tile exocyst complex. In MDCK cells, pharmacological, biochemical, and cell
biological studies showed that the exocyst complex is localized to the trans-Golgi network at
the perinuclear region and to the plasma membrane, where it colocalized with adhesion
junction proteins including ZO-l, cortical actin, E-cadherin, a-catenin, and occuludin
(Grindstaff et al., 1998; Yeaman et al., 2001). Exocyst complex subunits Sec6 and Sec8
colocalized with vesicles carrying exocytic cargoes. Blockage of exocytosis inhibited
recruitment of the exocyst complex to the plasma membrane. Treatments that block
exocytosis in MDCK cells, such as low temperature and expression of kinase-inactive protein
kinase D, also caused the accumulation of exocyst subunits at the perinuclear region. Thus it
was hypothesized that there is a steady state distribution of the exocyst complex between the

trans-Golgi network and the plasma membrane. In addition, the introduction of various
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monoclonal antibodies against Sec6 and Sec8 into permeabilized MDCK cells resulted in
protein cargo accumulation either at the perinuclear region or near the plasma membrane,
implying that the exocyst complex may function at multiple stages in Golgi-to-plasma
membrane vesicle trafficking.

There is evidence suggesting that the exocyst complex is associated with cytoskeletal
elements such as septins and microtubules in neuroendocrine PC12 cells (Vega and Hsu 2001,
2003). Thus exocyst localization is dependent on the proteins or cellular structure with which

it associates.

1.2.3. The exocyst complex function

Present work is focused on exocyst functioning in growth cones of neurons in the brain. But
in order to reveal more complete description of the processes exocyst complex is involved in,
the evidences obtained from the studies done on different organisms and different subcellular
regions will be given.
Understanding of the biological functions of the exocyst complex in higher eukaryotes has
been obtained by perturbing exocyst function in tissue culture cells or in whole organisms. In
the MDCK epithelial cell line, the introduction of anti-exocyst Sec8 subunit monoclonal
antibodies into permeabilized cells disturbed protein targeting to the basolateral, but not to the
apical, plasma membrane domain of these cells (Grindstaff et al., 1998). Similarly, the
inhibition of exocyst function with anti-exocyst Sec3 subunit monoclonal antibodies in
pancreatic ucinar primary cells also disrupted the delivery of calcium signaling proteins to the
apical plasma membrane domains of these cells, indicating that delivery and fusion of vesicles
containing calcium signaling proteins was disturbed (Shin et al., 2000). In the neuroendocrine
PC12 cell line, the overexpression of an exocyst Secl10 deletion dominant negative construct
prevented neurite outgrowth (Vega and Hsu, 2001). Thus, perturbations in exocyst function
can affect protein targeting to specific plasma membrane domains and neurite outgrowth.
In the mammalian system, the exocyst complex has also been shown to be required for
vesicle trafficking. In mice with the exocyst subunit Sec8 knocked out, animals die shortly
after the induction of gastrulation (Friedrich at al., 1997), suggesting that the exocyst function
is essential for development. In yeast exocyst null mutants are also nonviable.

When Sec5 subunit of exocyst complex was knocked out in the fruit fly Drosophila
melanogaster, the flies died as growth-arrested larva precluding a more detailed analysis of
the role of the complex (EauClaire and Guo, 2003; Murthy et al., 2003). Therefore flies with
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eyes composed exclusively of cells homozygous for Sec5 mutation were generated in
otherwise heterozygous animals. Membrane traffic in neurons of this mutant flies was studied
at the cellular level. It was shown that neurite outgrowth in culture was inhibited in Sec5
mutants once maternally supplied Sec5 was exhausted. Using a T cell transmembrane protein,
CDS8, as a plasma membrane protein marker, it was shown that exocytosis at the plasma
membrane was defective in Sec5 mutants, whereas the synthesis of CD8 protein and the
generation of CD8-containing vesicles were normal (Murthy et al., 2003). This is similar to
what was observed in temperature-sensitive yeast exocyst mutants. After temperature shift,
the mutant cells accumulated secretory vesicles and the exocytosis of cell wall enzyme marker
such as invertase was blocked. In sharp contrast to the arrest of neurite growth and plasma
membrane protein addition, it was found that synaptic transmission continued to be robust
despite the decline of maternal Sec5 protein (Murthy et al., 2003). These results indicate that
the exocyst complex is required for constitutive secretion where secretory vesicles are
delivered from Golgi to the plasma membrane. It is not, however, necessary for regulated
secretion in the form of neurotransmission where synaptic vesicles are tethered near the
plasma membrane and undergo repeated local exocytosis and endocytosis cycles.

The depletion of exocyst Sec10 subunit in Drosophila by RNA interference (RNAi) also
resulted in early postembryonic lethality (Andrews et al., 2002). However, tissue-specific
Sec10 RNAI1 did not cause defect in neuromuscular junction formation. Neurotransmission in
this organism was not perturbed. Instead, the ring gland, an organ specialized in hormone
secretion, was affected. These results suggest that fruit fly SeclO is required for hormone
secretion but not for neurotransmission.

The exocyst functions in mediating protein targeting and it is likely to be tightly regulated
to promote precise protein/membrane addition to the plasma membrane. Identification of
proteins that interact with the exocyst complex will help us to understand the regulation of
this complex as well as the regulation of exocytosis. Research on both yeast and mammalian
cells identified several members of the Ras family of small GTPases that interact and regulate
the exocyst (Lipschutz and Mostov, 2002; Novick and Guo, 2002). Because the small
GTPases have multiple effectors, exocyst function could be coordinated with other cellular
processes also controlled by these G proteins.

A yeast exocyst component Secl5, can associate with secretory vesicles and interact
specifically with the rab GTPase, Sec4, in its GTP-bound form. Sec4 may control the
assembly of the exocyst. The exocyst may therefore function as a rab effector system for

targeted secretion. In turn in mammalian cells in addition to Sec5-RalA, a GTP-dependent
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interaction was found between Rabll and Secl5. Rabll is thought to regulate
endosomal/plasma membrane interactions by controlling membrane traffic through recycling
endosomes. Rabl1 localizes to the recycling endosome, trans-Golgi network (TGN), and
post-Golgi vesicles (Chen, 1998; Deretic, 1997; Ullrich, 1996). Hence, exocyst functions as a
Rab11 effector in mammalian cells (Zhang et al., 2004). A study on Drosophila melanogaster
also reported the interaction between Secl5 and Rabll. Secl5 in fly photoreceptors

colocalizes with Rab11 and loss of Sec15 affects rhabdomere morphology (Wu, 2005).

The exocyst complex is proposed to play a role in regulating protein synthesis. In support of
this model, the overexpression of exocyst subunits Sec6 and Sec10 has been found to promote
the synthesis of a subset of proteins. Specifically, in MDCK cells, the overexpression of
Sec10 was found to increase the synthesis of basolateral, but not apical, plasma membrane
proteins (Lipschutz et al., 2000). In oligodendrocytes, the overexpression of Sec8 was found
to increase the protein level of a subset of proteins such as myelin basic protein and myelin-
associated glycoprotein (Anitei et al., 2006). Consistently, the knockdown of Sec8 decreased
the protein level of myelin basic protein. These findings suggest that Sec8 and Sec10 may
play a role in regulating the initiation of exocytosis starting at the protein synthesis process.
This hypothesis is further supported by the in vitro interaction and co-immunoprecipitation of
the Sec10 subunit with the ER (endoplasmic reticulum) translocon protein (Lipschutz et al.,
2003). In addition, it is interesting to note that sec8 has been found to associate with different
adaptor proteins such as PSD-95 (postsynaptic density-95), SAP102 (synapse-associated
protein of 102 kDa) and CASK (Ca®/calmodulin-dependent serine protein kinase), which
enables exocyst to associate with a variety of proteins on secretory vesicles (Anitei et al.,
2006; Riefler et al., 2003; Sans et al., 2003). These associations bring up the possibility that
the exocyst complex may also play a role in the sorting and targeting of various proteins to
different plasma membrane domains. In this regard, the overexpression of Secl0O subunit
promoted protein insertion into the basolateral, but not the apical, plasma membrane domain

(Lipschutz et al., 2000).

It is suggested that the exocyst complex serves as a link between microtubule organization
and vesicle targeting. One speculates that the exocyst complex may function as a remodeling
factor for microtubules. It was shown that the intact exocyst complex, as well as the Exo70
subunit alone, can inhibit tubulin polymerization in vitro (Wang et al., 2004). These findings,

along with a previous report showing that localized destabilization of microtubules can
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promote plasma membrane addition (Zakharenko and Popov, 1998), led to a hypothesis that
Exo070 overexpression may disrupt microtubule network and increase plasma membrane
addition. Indeed, the overexpression of Exo70 resulted in localized disruption of microtubule
network in the cell and increased plasma membrane addition in the form of long and thin
plasma membrane protrusions. The formation of these Exo70-induced membrane protrusions
was greatly inhibited by stabilizing microtubules with taxol (Wang et al., 2004). These in vitro
and in vivo observations are consistent with a role for Exo70, and thus exocyst, in modulating

microtubule dynamics underlying plasma membrane addition.

Characterization of the exocyst complex assembly and function in yeasts suggests that the
exocyst is a dynamic complex assembled from subunits that form a targeting patch on the
plasma membrane and a vesicle-associated subcomplex, which function together to both
target and tether secretory vesicles to sites of membrane expansion (Boyd et al., 2004). The
mammalian exocyst is responsible for appropriate targeting and tethering of relevant secretory
vesicles to specific dynamic plasma membrane domains, including the basolateral surface of
polarized epithelial cells, growth cones of differentiating neuronal cells, sites of synapse
formation and the leading edge of migrating epithelial cells (Guo et al., 2000; Hsu et al.,
2004). The exocyst has also been implicated in insulin-dependent delivery of GLUT-4
vesicles to the plasma membrane in adipocytes (Inoue et al., 2003).

In conclusion, the exocyst is an essential component in the exocytosis pathway in all cell
types and organisms studied so far. Elucidation of the biological functions of the exocyst will
not only contribute to our understanding of vesicle traffic, but will also provide insights into

the mechanisms of many complex biological processes including polarized growth.
1.3. NCAM

1.3.1. Structure of NCAM

The neural cell adhesion molecule (NCAM) was the first cell adhesion molecule identified in
the nervous system (Brackenbury et al., 1977). NCAM belongs to a group of transmembrane
or membrane-associated Ig-CAMs since the extracellular part of NCAM contains five Ig-like
domains. Next to Ig-like domains NCAM has two fibronectin type IlI-like motifs which were
originally identified as a 90-residue repeated module in the extracellular matrix (ECM)
molecule fibronectin (Kornblihtt et al., 1985). Three major isoforms of NCAM are generated

by alternative splicing of a single gene. According to their apparent molecular masses, they
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are termed NCAM120, NCAM140 and NCAM180. NCAM120 is anchored to the membrane
by glycosylphosphatidylinositol, whereas NCAM140 and NCAMI180 are transmembrane
glycoproteins with large cytoplasmic domains of different lengths (Figure 5).

In contrast to NCAM 140 the cytoplasmic domain of NCAM180 contains an additional insert
of 267 amino acids, encoded by the alternatively spliced exon 18, whereas the rest of
cytoplasmic region (119 amino acids) is identical to NCAM140.

There are several soluble forms of NCAM which can be generated by truncation, proteolysis
or shedding (Gower et al., 1988; Ronn et al., 2000).

Several other splice variants are possible. For example the product of the 30 bp VASE exon
(variable alternative spliced exon) can be present within the fourth immunoglobulin-like
domain of NCAM (Barbas et al., 1988). Expression of the VASE exon reduces the neurite
outgrowth-promoting activity of NCAM (Chen et al., 1994; Lahrtz et al., 1997)
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Figure 5. Schematic structure of the three main isoforms of NCAM.

Structure of three main isoforms of NCAM named according to their molecular weights. NCAM isoforms can be

either GPI-anchored or exist as transmembrane isoforms with a small or large cytoplasmic domain. The
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glycosylphosphatidylinositol (GPI)-anchored NCAM120 and the transmembrane NCAM140 and NCAM180
consist of five immunoglobulin (Ig)-like domains and two fibronectin-type I1I repeats (FNIII). All three isoforms
can carry PSA. The cytoplasmic domains of NCAM140 and NCAM180 differ in length (Kleene and Schachner,
2004).

1.3.2. Expression and subcellular localization

The NCAM isoforms have different expression profiles, and thus are likely to play different
roles in the organism. Generally NCAM is ubiquitously expressed. It can be found on neurons,
Schwann cells, oligodendrocytes, astrocytes and muscle cells (Moore and Walsh, 1986;
Neugebauer et al., 1988; Seilheimer and Schachner, 1988). Some cell types or subcellular
structures specifically express one of the three main isoforms. The 180 kDa isoform, for
instance, is strongly associated with synapses. Its long cytoplasmic tail interacts with the
spectrin-actin cytoskeleton and thereby stabilizes synapse formation (Pollerberg et al., 1987;
Persohn et al., 1989). NCAM120 is predominantly found in glia rather than in neurons. It is
strongly expressed by oligodendrocytes, by muscle cells and within the spinal cord (Kiss et al.,
2001). NCAMI120 is also the major isoform in sensory neurons of dorsal root ganglia (Rosen
et al., 1992). NCAMI140 is detectable on pre- and post-synaptic membranes, whereas
NCAM180 accumulates in the postsynaptic densities of synapses of mature neurons (Persohn
et al., 1989; Pollerberg et al., 1985). Both transmembrane isoforms are downregulated in
aging mice.

It has been reported that the expression of NCAM is regulated by nerve growth factors such
us NGF in rat PC12 cells (Prentice et al., 1987). NGF treatment was associated with a 4- to 5-
fold increase in NCAMI180 surface protein levels, resulting from activation of NCAM
expression.

All three isoforms of NCAM are found to be present in specialized membrane
subcompartments, the lipid rafts. Four cysteine residues in the cytoplasmic domains of
NCAM140 and NCAM180 adjacent to the transmembrane domain can be palmitoylated. The
role of palmitoylation is to provide a second anchor in the plasma membrane to direct the
protein to lipid rafts, but the molecular signals for palmitoylation are not known (Little et al.,
1998). NCAM120 can be anchored to lipid rafts via GPI.

All isoforms of NCAM can carry polysialic acid (PSA) as long linear polymer chains
composed of up to 200 sialic acid residues (Figure 5) (Schachner and Martini, 1995), but in
the hippocampus PSA is restricted to NCAM180 (Doyle et al., 1992). PSA expression is high
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during embryogenesis on growing axons and migrating cells and decreases rapidly in the
adulthood. However, PSA-NCAM remains expressed in adult brain regions exhibiting a
permanent capacity for structural and synaptic plasticity, including the olfactory bulb, the
hippocampus and the pituitary gland (Bonfanti et al., 1992; Gubkina et al., 2001; Doherty et
al., 1995).

The PSA polymer is negatively charged and strongly hydrated. Both, its size and its negative
charge are believed to reduce NCAM mediated cell-cell adhesion (Rutishauser and

Landmesser, 1996; Kiss et al., 2001).

1.3.4. Signal transduction events in neurite outgrowth and interaction partners of
NCAM

The growth of neurite processes from the cell body involves a massive increase in cell surface
area (Futerman and Banker, 1996). Membrane expansion at the growth cone requires the
addition of new membranes to the growing processes. This is accomplished by the
incorporation of trans-Golgi network (TGN) -derived exocytic vesicles into the plasma
membrane. Exocytic membrane transport from the TGN to the plasma membrane occurs
constitutively in all cells. In parallel, a stimuli-regulated exocytic process also exists. In
neurons, the initiation of neurite outgrowth would require specifically intensified and oriented
exocytosis in a particular small region of the plasma membrane that would become the
growing tip of a neurite.

In some instances, adhesion molecules may act primarily to bind cell membranes to surfaces.
But it now seems clear that some adhesion molecules of the immunoglobulin superfamily
after the interaction with their binding partners act via the cytoplasmic domain to initiate a
signal-transduction cascade as a direct consequence of an adhesive interaction.

Many studies have addressed the NCAM mediated signal transduction initiated through
homophilic NCAM-NCAM interaction, or by more recently investigated heterophilic
interactions. NCAM-NCAM binding involves all five Ig domains and that they interact pair-
wise in an antiparallel orientation (Ranheim et al., 1996). However, other investigators have
suggested that homophilic adhesion is mediated primarily by the third Ig domain in one
NCAM molecule binding to the third Ig domain in a second NCAM molecule (Rao et al.,
1994). There is little evidence for a role of FNIII domains in the homophilic interactions that
occur between cells; however, these domains might contribute to a homophilic interaction in

cis between NCAM molecules expressed in a single cell (Peck and Walsh, 1993).
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The introduction of purified NCAM or NCAM antibody in substrate of neuronal cell culture
resulted in enhanced neurite outgrowth (Doherty et al., 1989, 1990). The presence of purified
NCAM or NCAM antibody in the medium of neuronal cell culture showed the similar effect.
The ability of neural NCAM to support neurite outgrowth is a paradigm that has been used to
elucidate signals that occur following NCAM activation.

Two major signalling pathways in NCAM mediated neurite outgrowth were discovered. First
pathway involves NCAM binding to fibroblast growth factor receptor (FGFR), which results
in FGFR dimerisation and autophosphorylation. Further FGFR-specific signaling pathway
leads to the Ca2+ influx into the neurons as well as activation of the protein kinase C (PKC),
finally resulting in neurite outgrowth (Williams et al., 1994; Doherty et al., 1994; Saffell et al.,
1997). NCAM clustering at the cell surface has been shown to be accompanied by an increase
in Ca2+ concentration in the cytosol with the voltage dependent Ca2+ channels (VDCC) of
the T- and L-type playing a major role in NCAM dependent Ca2+ influx to the cell (Schuch et
al., 1989; Kiryushko et al., 2006).

In addition to binding and activating the FGFR, NCAM140, but not NCAM180, activates the
MAP kinase pathway through Fyn and focal adhesion kinase. It leads further to activation of
the MAP kinases and phosphorylation of the transcription factor cAMP-response-element-
binding protein resulting in neurite outgrowth (Schmid et al., 1999).

NCAM is regarded as a stabilizer of cell-cell contacts. It is known as a linker to the
cytoskeleton through its interaction with spectrin (Pollerberg et al., 1987). Formation of the
NCAM-spectrin-PKCbeta2 complex is necessary for NCAM-mediated neurite outgrowth.
(Leshchyns’ka et al., 2003)

Recenty it was shown that NCAM140 forms a complex with RPTPa and spectrin. NCAM
activation results in the redistribution of NCAM140-spectrin-RPTPa complex to lipid rafts
where RPTPa activates Fyn, which, in turn, promotes neurite outgrowth (Bodrikov et al.,
2005).

Apart from mediating interactions between apposing cells or between cells and the
extracellular matrix (trans-interactions), NCAM can associate with another cell adhesion
molecule of the immunoglobulin superfamily, L1, on the same cell membrane (Cis-
interaction). The interaction between NCAM and L1 gives rise to an enhanced homophilic
interaction between L1 molecules on apposing cells, a mechanism termed assisted homophilic

binding (Kadmon et al., 1990).
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1.3.5. NCAM deficiency

Genetic manipulations in Drosophila and mice have also shed light on NCAM function.
Knockout studies have shown that NCAM is not essential for survival and have revealed a
perhaps unexpectedly subtle phenotype (Tomasiewicz et al., 1993). The size of the olfactory
bulbs is reduced NCAM deficient (NCAM-/-) mice (Cremer et al., 1994). This phenotype
most likely reflects a perturbation of the cells migration into the bulb region (Ono et al., 1994).
Although there is no gross decrease in hippocampal size in NCAM-/- mice there is a 30%
decrease in mossy fiber density as well as a change in the organization of the remaining fibers
(Cremer et al., 1997), suggesting an axonal growth and guidance function for NCAM.
Moreover, studies examining the performance of NCAM-/- mice in the Morris water maze
task, which involves hippocampus-dependent learning, have found that these mice have
impaired acquisition in this task (Cremer et al., 1994). In support of this, organotypic slice
cultures of hippocampus prepared from the NCAM-/- mice exhibit a decaying LTP compared
with LTPs obtained from wild type mice (Muller et al., 1996). Also NCAM-/- mice show
impaired sensitization of the startle response (Montag-Sallaz et al., 2003; Plappert et al.,
2006).

NCAM-/- mice show several hallmarks of schizophrenia: increased size of lateral brain
ventricles, impaired sensory motor gating manifested by reduced prepulse inhibition of
acoustic startle, and deficits in hippocampal / amygdala-dependent learning and LTP (Cremer
at al., 1994). One can conclude that information processing is altered in NCAM-/- mice.
Schizophrenia is a devastating disease that affects 1% of the world’s population (Freedman,
2003). Psychosis is the most common clinical feature of schizophrenia, but such cognitive
dysfunction as disabling of memory, information processing and attention is also observed
(Lewis and Moghaddam, 2006). Schizophrenia is a neuropsychiatric disorder that is currently
believed to originate from disturbances in neurodevelopment (Lieberman at al., 2001;
Maynard at al., 2001).

NCAM-/- mice are more aggressive and anxious than their wild type littermates (Stork et al.,
1997). They are also display defects in the structure of the hippocampus (Tomasiewicz at al.,
1993), one of several brain regions implicated in schizophrenia. In particular hippocampal
mossy fibers of NCAM-/- mice produce ectopic synapses due to a failure in remodeling (Seki
and Rutishauser, 1998). Furthermore, there is a reduction in polysialylated NCAM, which is

needed for proper axon guidance, in the brains of human schizophrenics (Barbeau et al.,
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1995). Neuronal process formation in cerebral cortical structures implicated in schizophrenia,
such as the prefrontal cortex, has not yet been analyzed in NCAM-/- mice.

Abnormal levels of an NCAM fragment that includes most of its extracellular domain are
secreted in affected brain regions and cerebrospinal fluid of schizophrenic patients,
correlating with severity of the disease (Poltorak et al., 1995; Honer et al., 1997; Vawter,
2000).

NCAM has been postulated as a candidate susceptibility gene for bipolar disorder and
depression (Atz et al., 2007; Arai et al., 2004). Bipolar disorder and schizophrenia share some
common susceptibility genes (Farmer et al., 2007; Leahy, 2007) and neuroanatomical
characteristics, such as ventricular enlargement, decreased temporal lobe volume, and
disrupted synaptic plasticity.

Levels of secreted NCAM are increased in the hippocampus of individuals with bipolar
disorder (Vawter et al., 1999). Soluble NCAM is elevated in the hippocampus, prefrontal
cortex and cerebral spinal fluid (CSF) of affected patients compared to normal controls
(Vawter et al., 1998; Vawter et al., 1999; Poltorak et al., 1996). The elevated levels of soluble
NCAM suggest that subcellular or synaptic functions of NCAM are compromised, perhaps
contributing to the pathology of the disorder.

Soluble forms of NCAM are also increased in the cerebrospinal fluid of Alzheimer disease
(AD) patients (Strekalova et al., 2006; Todaro et al., 2004). AD features include: neuronal
death, synapse loss, reduced brain volume, disruption of the cholinergic system, and cognitive
dysfunction. The hallmark features of AD are neurofibrillary plaques in the brain which are
composed of amyloid B (AB) protein (Goedert and Spillantini, 2006; Yaari and Corey-Bloom,
2007). Significant decrease in the numbers of NCAM positive neurons was found in the
frontal cortex of AD patients (Yew et al., 1999). There are conflicting reports on NCAM
expression in plaques, suggesting that it may be altered in only a subset of individuals with
AD (Gillian et al., 1994; Cotman et al., 1998).

All above-mentioned disorders are characterized with abnormal information processing in the
brain. Since NCAM plays an important role in neurite outgrowth and synapse formation,
alteration of its function during development could lead to improper cell migration and
neuronal network formation, leading to pathological behavior related to disorder. The
behavior in turn correlates with abnormalities found in NCAM-/- mice. Thus deep
investigation of molecular mechanisms underlying NCAM mediated neurite outgrowth
including vesicle exocytosis in nerve growth cones can improve our understanding of nature

and causes of above-mentioned disorders.

28



Introduction

1.3.7. The evidence for NCAM involvement in vesicle cycling and exocytosis

The function of NCAM was extensively studied in the neuromuscular junction (NMJ). Some
evidence for NCAM involvement in vesicle cycling and exocytosis was also obtained from
these experiments.

The NMJ is a specialized contact point of a skeletal muscle with the peripheral motorneuron
terminal. NCAM-/- mice exhibit neuromuscular synaptic transmission deficits under
physiological stimulation that lead to locomotor impairment (Polo-Parada et al., 2001).
Transmission failure in these mice may be the result of defects in vesicle mobilization. The
molecular basis of vesicle mobilization is poorly understood by now.

In addition, vesicle fusion in the normal adult NMJ is restricted to active zones at the nerve-
muscle contact site (Polo-Parada et al., 2001). It is not yet understood how loss of NCAM
affects synaptic maturation, vesicle cycling and targeting at the molecular level. However,
some insight is offered by mice lacking only the NCAM180 isoform, where proper vesicle
targeting to the active zones was disturbed at the nerve-muscular contact site. Like NCAM-/-
mice deficient in all NCAM isoforms, the NCAM180-/- mice also exhibit locomotor deficits
(Polo-Parada et al., 2004). These data point to improper targeting of vesicles to the active
zone, as one of the causes of the synaptic deficit in NCAM-/- mice.

Neuroendocrine cells don’t have the specialized synaptic structures found at the NMJ.
Neuroendocrine chromaffin cells release catecholamine through exocytosis from large dense-
core granules that employ molecular fusion machinery very similar to that utilized in the
neuromuscular junction with the exception that the large dense core secretory granules dock
and fuse with the cell surface in the absence of a specialized active zone structure. Thus it is
another good tool to study NCAM involvement in exocytosis.

Several parameters of catecholamine release from chromaffin cells where tested in tissue
slices prepared from NCAM-+/+ as well as NCAM-/- mice. Electrochemical and
electrophysiological techniques were employed to determine granule recruitment to the
releasable state, fusion competence, and sustained levels of release under repetitive
physiological stimulation (Chan et al., 2005).

It was found that chromaffin cells from NCAM-/- mice exhibited deficiencies in transmitter
release that are analogous to those found in the neuromuscular junction. The deficit was due
to an impaired recruitment of granule/vesicle from the readily releasable pool to the final

highly fusogenic immediately releasable pool (Chan et al., 2005).
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The results of the experiments on NMJ lead to the suggestion that NCAM may play a
structural role in active zone stabilization, somewhat similar to the intercellular adhesion
function served during development (Rutishauser and Landmesser, 1991, 1996). However, the
data collected from the neuroendocrine chromaffin cells point to a more basic function for
NCAM, this cell type does not release granules at a structurally identifiable active zone. This
opens the possibility that NCAM may be an important molecule in the regulation and proper
function of secretory machinery in general and is not restricted to specialized active zones
found in neurons. This evidence is very valuable for the present work, since it is focused on
the mechanisms of NCAM dependent exocytotic events in the neuronal growth cone, the
structure which appears developmentally before synapse formation.

In addition, it was found that the NCAM-/- mice overexpress proteins vital to the secretory
process (SNAP-25, Syntaxin, and Munc-13). Such an overexpression is consistent with a
compensation mechanism designed to facilitate more complete fusion. This would be
achieved by increasing the copy number of fusion machines per granule. However, this
overexpression is insufficient to rescue the NCAM dependent trafficking deficit responsible
for impaired catecholamine release.

Besides, a study on cultured hippocampal neurons showed that NCAM mediates accumulation
of TGN organelles at sites of cell-to-cell contact (Sytnyk et al., 2002). In cultures of neurons
from NCAM-/- mice, the number of newly formed contacts with accumulated organelles was
reduced when compared with cultures from wild type mice. Moreover, organelles moved
away from the contacts approximately four times more often in NCAM-/- neurons when
compared with wild type neurons. Thus it was shown that NCAM is important not only for
stabilization of initial contacts but also for stabilization of organelles at the specific sites of

contact on the plasma membrane (Sytnyk et al., 2002).

1.4. Regulation of exocytosis by Ca2+

Calcium ions act as a second messenger inside the cell to mediate a wide spectrum of cellular
functions. At their resting state, cells maintain a baseline of intracellular Ca2+ concentration
at approximately 100 nM. This basal concentration is crucial for cells to respond effectively
to various Ca2+ signals elicited by extracellular stimuli or membrane depolarizations that
often reach a concentration of several hundreds of nanomols to a few micromols (Berridge et

al., 2003; Clapham, 2007).
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The stimulus-induced Ca2+ signals originate from either Ca2+ influx via plasma membrane
Ca2+ channels or Ca2+ release from internal stores. The best-known Ca2+ channels in the
plasma membrane of neurons are voltage-dependent Ca2+ channels (VDCCs) and
neurotransmitter-gated channels.

Although Ca2+ influx through the plasma membrane conveys the first Ca2+ signal triggered
by many extracellular stimuli, Ca2+ signals are often amplified by further Ca2+ release from
internal stores. The most ubiquitous of the intracellular Ca2+ release mechanisms involves
activation of phospholipase C (PLC). PLC catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) to yield diacylglycerol (DAG) and inositol trisphosphate (IP3). DAG
activates members of the protein kinase C family, many of which play important roles in the
control of cell growth. IP3 binds to IP3 receptor (IP3R) which is ligand—gated Ca2+ channel
in the ER membrane, allowing the influx of Ca2+ to the cytosol (Berridge et al., 2000).
Finally increased Ca2+ concentration triggers vesicle fusion.

Interestingly, exocyst complex component Sec8 and Sec6 can co-immunoprecipitate with the
IP3R type 3 from pancreatic acinar cell extracts. They also co-immunoprecipitate with the
plasma membrane Ca2+ pump, one of the isoform of phospholipase C, and the ER resident
IP3R typel from brain extracts. Also it was suggested that via interaction with above-
mentioned proteins the exocyst complex can regulate their activity (Shin et al., 2000).

As was described above, NCAM activation on the cell surface also resultes in the Ca2+ influx
in the cytoplasm. Thus both NCAM and exocyst complex can regulate Ca2+ concentration in

the cell influencing exocytosis.
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2. The aim of the study

The exocyst complex in neurons is important for polarized secretion and membrane addition
at the tip of the growing neurite, growth cone. Since exocyst is believed to serve as a
landmark for docking and fusion of transport vesicles with the plasma membrane, its
accumulation in growth cones is important for efficient neurite outgrowth (Kee et al., 1997;
Hazuka et al., 1999). Till now it is not clear by which processes and with help of which
molecules the exocyst complex is targeted to the growth cones.
A cell adhesion molecule NCAM plays an important role in neurite outgrowth and neuronal
development (Cremer et al., 1997; Doherty et al., 1990; Polo-Parada et al., 2004;
Leshchyns’ka et al., 2003; Bodrikov et al., 2005). Activation of NCAM molecules at the cell
surface by homophilic binding results in activation of intracellular signaling pathways finally
leading to enhanced neurite outgrowth. Neurite outgrowth as a biological process requires
new material insertion and membrane addition at the neurite growth cones through fusion of
the transport vesicles with plasma membrane. Vesicle fusion is controlled by the exocyst
complex, which is found to be accumulated in growth cones in neurons. NCAM is also
present in the growth cones in big amounts. Furthermore, the exocyst complex plays a role in
directing vesicles from trans-Golgi network to the plasma membrane, whereas NCAM in the
plasma membrane can interact with TGN organelles and thus can promote their stabilization
near the plasma membrane and guide their fusion (Sytnyk at al., 2002). Finally, redistribution
of the exocyst complex during development from perinuclear region to neurites and growth
cones depends on MAP kinase pathway activation (Vega and Hsu, 2001). In return NCAM
stimulation activates MAP kinase pathway (Kolkova et al., 2000). Taking into account all
facts mentioned above we determined the aims of the present study.
The aims of this study were:
e to analyze whether NCAM regulates targeting of the exocyst complex to the
growth cones;
e to examine the possibility of interaction between NCAM and the exocyst
complex and investigate potential functional consequences of this interaction;
e to investigate whether NCAM regulates the exocyst complex functions;
e to identify the role of NCAM in vesicle exocytosis in the growth cones of

neuronal cells.
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3. Materials

3.1. Chemicals

All chemicals were purchased from the following companies: Amersham Pharmacia Biotech
(Freiburg, Germany), Bio-Rad (Hercules, CA, USA), Invitrogen (Karlsruhe, Germany), Carl
Roth (Karlsruhe, Germany), Macherey-Nagel (Duren, Germany), Merck (Darmstadt,
Germany), Serva (Heidelberg, Germany) and Sigma-Aldrich (St. Louis, MO, USA).

Glutathione-agarose was obtained from Sigma-Aldrich. Ni-NTA agarose was purchased from

Qiagen (Hilden, Germany).

3.2. List of buffers and solutions (in alphabetical order)

1. | 0.4 M sucrose in TBS 0.4 M sucrose
(For membrane expansion assay) 150 mM NacCl
50 mM Tris-HCI, pH 7.4
2. | 0.75 M sucrose in Tris-HCI buffer 0.75 M sucrose
(For growth cone isolation) 1 mM MgCl,
1 mM CaCl,
5 mM Tris-HCL, pH 7.4
3. | 1 M sucrose in Tris-HCI buffer 1 M sucrose
(For growth cone isolation) 1 mM MgCl,
1 mM CaCl,
5 mM Tris-HCL, pH 7.4
4. | SmM Tris-HCI SmM Tris
adjusted to pH 7.4 with 37% HCI
5. | Ampicillin stock solution (1000x) 100 mg/ml in H,O, store in aliquots
in - 20°C
6. | Blocking buffer 5 % skimmed milk powder
(Western blot) 0.1 % Tween 20 in TBS
pH 7.4
7. | Buffer for lysis of bacterial cell 1% Triton X-100 in PBS
culture pH 7.4
(Purification of GST-tagged
recombinant proteins)
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8. | Buffer for the lysis of bacterial cell | 50 mM NaH,PO4
culture 300 mM NacCl
(Purification of His-tagged 10 mM imidazole
recombinant proteins) pH 8.0

9. | Buffer for membrane expansion | 100 mM sucrose
assay 20 mM glucose

200 mM NacCl

10 mM KCI

2.4 mM NaH,PO4
44 mM HEPES
2.4 mM MgCl,
pH 7.4

10. | De-staining solution 40 % ethanol
(For coomassie staining of SDS- | 10% acetic acid
PAGE gels)

11. | Elution buffer for His-tagged 50 mM NaH,PO4
recombinant proteins 300 mM NacCl
(Purification of recombinant 200 mM imidazole
proteins) pH 8.0

12. | Homobufter 320 M sucrose
(For whole brain homogenization) 1 mM MgCl,

1 mM CaCl,
5 mM Tris-HCL, pH 7.4

13. | Incubation buffer 0.25 mM Tris-HCI, pH 7.4
(For protein redistribution to the | 150 mM NaCl
growth cone membrane)

14. | IPTG (1M) stock solution (1000x) 238 mg/ml in H,O, store in aliquots

in - 20°C

15. | Modified RIPA buffer with 0.5% | 50 mM Tris-HCI, pH 7.4
SDS 150 mM NacCl
(For immunoprecipitation) 2mM EDTA

1 mM NazVO,
1 mM NaF
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1% Nonidet P-40

0.5% SDS

100 uM PMSF (Add just before use)
Protease inhibitor cocktail-EDTA free, used
according to the manufacturer’s instructions

(Add just before use)

16.

PBS (Phosphate buffered saline)

10 mM Na, HPO4
2.5 mM NaH,PO4
150 mM NaCl

3 mM KCl

pH 7.4

17.

Resolving gel composition for SDS-

PAGE

375 mM Tris-HCI, pH 8.8

0.1% SDS

0.025% ammonium persulfate

0.001% TEMED

Acrylamide/Bis solution 29:1 (according to
% of gel required)

18.

RIPA buffer

(For immunoprecipitation)

50 mM Tris-HCI, pH 7.4

150 mM NacCl

2 mM EDTA

1 mM NazVO,

1 mM NaF

1% Nonidet P-40

100 uM PMSF (Add just before use)
Protease inhibitor cocktail-EDTA free, used
according to the manufacturer’s instructions

(Add just before use)

19.

SDS PAGE running buffer

25 mM Tris-HCI, pH 8.3
192 mM glycine
0.1% SDS

20.

SDS sample buffer for SDS-PAGE
(5x)

62.5 mM Tris-HCI, pH 6.8
40 % glycerol

5 % 2-mercaptoethanol
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0.04 % bromphenol blue
21. | Stacking gel composition for SDS- | 125 mM Tris-HCI, pH 8.8
PAGE 0.1% SDS
0.06% APS
0.025% TEMED
4% Acrylamide/Bis solution 29:1 according
to % of gel required)
22. | Staining solution (coomassie | 40% ethanol
staining of SDS-PAGE gels) 10% acetic acid
0.1% Brilliant blue R250
23. | TBS- Tween (TBST) 50 mM Tris-HCI, pH 7.4
(For immunoblotting) 150 mM NacCl
0.05% Tween
24. | Transfer buffer 20 % methanol
(For electrophoretic transfer of SDS- | 25 mM Tris-HCI, pH 8.3
PAGE gels) 192 mM glycine
0.01 % SDS
25. | TBS (Tris Buffered Saline) 50 mM Tris-HCI, pH 7.4
150 mM NacCl
3.3. Antibodies
1. | anti-Actin Rabbit polyclonal antibody (Sigma).
2. | anti-EEA1 Mouse monoclonal antibody (BD  Transduction
Laboratories).
3. | anti-Ex070 Mouse monoclonal antibody against Exo70 was a kind
gift from Dr. Hsu C.S. (Rutgers University, USA).
4. | anti-GAPDH Rat monoclonal antibody (Chemicon).
5. | anti-GM130 Mouse monoclonal antibody (BD Biosciences)
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6. | anti-GST Mouse monoclonal antibody (Novagen).

7. | anti-His6 Rabbit polyclonal antibody (Cell Signaling).

8. |anti-L1 Rabbit polyclonal antibody produced against the
extracellular domain of L1, generated in the lab of Dr. M.
Schachner (ZMNH, Hamburg, Germany).

9. | anti-NCAM (2b2) Rabbit polyclonal antibody produced against the
extracellular domain of mouse NCAM, generated in the
lab of Dr. M. Schachner (ZMNH, Hamburg, Germany).

10. | anti-NCAM (clone | Rat monoclonal antibodies produced against the

H28) extracellular domain of mouse NCAM, generated in the
laboratory of C. Goridis (Centre National de la Recherche
Scientifique UMR 8542, Paris, France).

11. | anti-NCAM 5b8 Mouse monoclonal antibody (Developmental Studies
Hybridoma Bank).

12. | anti-pY20 Mouse monoclonal antibody (Santa Cruz Biotechnology)

13. | anti-Sec8 Mouse monoclonal antibody against Sec8 was a kind gift
from Dr. Hsu C.S (Rutgers University, USA).

14. | anti-Tubulin Rabbit polyclonal antibody (Covance).

15. | anti-B1-integrin Rabbit polyclonal antibody (Chemicon).

16. | anti-y-adaptin Mouse monoclonal antibody (BD Biosciences).

17. | Peroxidase- Peroxidase-conjugated AffiniPure goat anti-mouse IgG +

conjugated goat | IgM (H + L) (Dianova).

anti-mouse IgG +

IgM (H+L)
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18. | Peroxidase- Peroxidase-conjugated AffiniPure mouse anti-rabbit IgG

conjugated mouse | (Dianova).

anti-rabbit IgG (H +

L)
19. | Peroxidase- Peroxidase-conjugated AffiniPure rabbit anti-goat IgG
conjugated rabbit (Dianova).

anti-goat IgG

3.4. Bacterial cell culture medium

Bacterial media were autoclaved and antibiotics added later to warm media.

1. LB ampicillin medium 100 mg/1 ampicillin in LB-Medium

2. LB ampicillin plates 20 g/l agar in LB-Medium
100 mg/1 ampicillin

3. LB-medium 10 g/l Bacto-tryptone
10 g/l NaCl

5 g/l yeast extract
pH 7.4

3.5. Bacterial strains and cell lines

1. | Escherichia coli DH5a Invitrogen
2.| Escherichia coli M15 [pREP4] Qiagen
3.| CHO-K1 Chinese Hamster Ovary

dehydrofolatreductase deficient hamster cell
line. ATCC (American Type Culture
Collection) CCL 61.
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3.6. Plasmids
1.| pGEX Ex070 For expression of GST tagged From Dr. Hsu C.S,
Exo070 (Rutgers University,
USA).

2.| NCAM140-ID | For expression of histidine tagged Leshchyns'ka et al., 2003
pQE30 NCAM 140 intracellular domain

3.| NCAMI180-ID | For expression of histidine tagged Leshchyns'ka et al., 2003
pQE30 NCAMI180 intracellular domain

3.7. Toxins, inhibitors and other reagents

BAPTA-AM ( 1,2-Bis(2-
aminophenoxy) ethane-
N,N,N’,N'-tetraacetic acid
tetrakis)

For Ca2+ depletion. BAPTA-
AM is a membrane-permeable

Ca2+ chelator.

Sigma-Aldrich

Cholera toxin 3 subunit

tagged with HRP

For labeling of GM1 ganglioside.

Sigma-Aldrich

PD173074, FGFRI For FGFR tyrosine kinase Calbiochem
inhibition.

Pimozide For the blocking of voltage- Sigma-Aldrich
dependent Ca2+ channels of T-
type.

Dynasore For blocking of endocytosis. Sigma-Aldrich
Dynasore is a cell-permeable,
reversible noncompetitive
dynamin 1 and dynamin 2
GTPase activity inhibitor.

Nifedipine For the blocking of voltage- Sigma-Aldrich
dependent Ca2+ channels of L-
type

PhosSTOP For the inhibition of | Roche
phosphatases.
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Phenylmethylsulfonyl For  inhibition = of  serine Sigma-Aldrich
flouride (PMSF) proteases.

Sodium orthovanadate For inhibition of protein tyrosine | Fisher
(NazVOy) phosphatases.

3.8. Mouse strains

C57BL/6J mice were used as control wild type mice in all experiments. NCAM-/- mice were
provided by H. Cremer (Cremer et al., 1994) and were inbred for at least nine generations
onto the C57BL/6J background. For all of the biochemical experiments animals of 1-3 days of
age were used. To prepare cultures of hippocampal neurons, 1- to 3-day-old C57BL/6J and

NCAM-/- mice from homozygous breeding pairs were used.

3.9. Centrifuges and rotors

Eppendorf 5804R Refrigerated Centrifuge (Eppendorf AG, Hamburg, Germany)
Sorvall Ultracentrifuge (Kendro, Hanau, Germany)

Rotors used- SA600, HB-6, SLA1500, SLA3000

Beckman XL-80 Ultracentrifuge (Beckman Instruments GmbH, Munich, Germany)
Rotors used- SW28, 80Ti, 55Ti

A e
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4. Methods
4.1. Molecular biology

4.1.1. Transformation of bacteria

100 ul of competent cells (E. coli strains M15, DH5a or BL21) were mixed with 100 ng of
plasmid DNA and incubated on ice for 10 min. After a heat shock (50 s, 42°C) and
successive incubation on ice (2 min), 400 ul of LB-medium without antibiotic were added to
the bacteria and bacteria were incubated with constant shaking at 37°C for 45 min. 50 pl of
transformed bacteria was plated on LB agar plates containing the appropriate antibiotics.

Plates were incubated at 37°C overnight.
4.1.2. Plasmid isolation from E. coli cultures

Plasmid isolation from 3 ml cultures (Minipreps)

3-5 ml LB/amp were inoculated with a single colony and incubated overnight at 37°C with
constant agitation. Then cells were pelleted by centrifugation (12000 g, 1 min, RT). Plasmids
were isolated from the bacteria according to the manufacturer’s protocol (Nucleospin kit,

Macherey-Nagel).

Plasmid isolation from 500 ml cultures (Maxipreps)

For preparation of large quantities of DNA (up to 500 pg of plasmid DNA), the Qiagen
Maxiprep kit was used. A single colony was inoculated in 2 ml LB/amp and grown at 37°C
for 8 h with constant agitation. Afterwards, this culture was added to 500 ml LB/amp and
incubated at 37°C with constant agitation overnight. Cells were pelleted using Beckmann
centrifuge (6000 g, 15 min, 4°C). DNA was isolated as described in the manufacturer’s
protocol (see Qiagen Maxiprep kit).

4.2. Protein-biochemical methods

4.2.1. Recombinant expression of proteins in E. coli

The appropriate E. coli strain was transformed with the expression plasmid and streaked on
LB/amp plates. A single colony was inoculated in a 50 ml LB/amp and incubated overnight at

37°C with constant agitation. Afterwards, bacteria were transferred into a 450 ml LB/amp and
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incubated at 37°C under constant agitation until the culture had reached the ODggy of 0.6.
Protein expression was induced by adding IPTG (0.1-0.5 mM f.c.) to the culture with further
incubation for 3 h at 37°C with constant agitation. Bacteria were collected by centrifugation
and stored at —20°C. Protein expression after IPTG induction was monitored every hour by

SDS-PAGE.
4.2.2. Lysis of bacteria

Sonication

2 ml of bacterial culture were centrifuged (8000 g, 4°C, 10 min). The pellet was resuspended
in SDS sample buffer. The suspension was lysed on ice using a sonicator (Branson Sonifier
B15, level 6, 50% pulse, 5 times 20 s). The debris were pulled down by centrifugation (10000
g, 4°C, 10 min). The supernatant was subjected to SDS-PAGE.

French press

Bacteria cells were pelleted (8000g, 4°C, 10 min) and resuspended in lysis buffer (PBS, pH
7.4, 1 mg/ml lysozyme, 0.1% Triton X-100 , 5 ng/ml DNAse). The suspension was lysed by
compression (Spectronic Instruments/SLM Aminco). Then the suspension was centrifuged

(15000 g, 10 min, 4°C) in a Beckman centrifuge.

Mild extraction

B-PER® Bacterial Protein Extraction Reagent (Pierce) was used according to manufacturer’s

instructions to lyse the cells.

4.2.3. Recombinant protein purification

Further purification of recombinant proteins was done according to protocol for purification
of fusion protein by affinity chromatography and protocol for elution of fusion protein with

glutathione and digestion with thrombin (Karcher et al., 1996).

4.2.4. Determination of protein concentration (BCA Kkit)

The protein concentration was determined using the BCA kit (Pierce). Solution A and B were
mixed in a ratio of 1:50 to give the BCA solution. 10 pl of the sample were mixed with 200 ul
BCA solution and incubated for 30 min at 37°C. A BSA standard curve was co-incubated

ranging from 0.1 to 2 mg/ml. The extinction of the samples was determined at 568 nm wave

42



Methods

length by pQuant™ universal microplate spectrophotometer (Bio-Tek Instruments Inc.,

Winooski, Vermont, USA)

4.2.5. SDS-polyacrylamide gel electrophoresis

Protein samples were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
under reducing conditions using the Mini-Protean II system (Bio-Rad). Gel composition is
given in materials. After polymerization of the SDS-PAGE gel, the chamber was assembled
as described by the manufacturer's protocol. Samples were diluted with appropriate amount of
SDS sample buffer followed by boiling for 5 min at 100°C. 5-30 pg of total protein of each
sample were loaded per well. The assembly was filled with SDS running buffer and the gel
was run at constant 60 V for approximately 15 min and then at 100 V. The run was stopped
when the bromophenol blue running front had reached the end of the gel. Gels were either

stained or subjected to Western blotting.

4.2.6. Coomassie-staining of polyacrylamide gels

After SDS-PAGE, the gels were fixed in fixing solution for 60 min and subsequently
incubated with Coomassie blue solution for 2-15 h at room temperature with constant
agitation. The gels were then incubated in de-staining solution until the background of the gel

appeared nearly transparent.

4.2.7. Western Blot

Proteins were transferred from the gel onto nitrocellulose membrane (Protran Nitrocellulose
BA 85, 0.45 um, Schleicher & Schuell) using a MINI TRANSBLOT-apparatus (BioRad).
After equilibration of the gel in transfer buffer for 5 min, the blotting sandwich was
assembled as described in the manufacturer’s protocol. Proteins were transferred
electrophoretically at 4°C in transfer buffer at constant voltage 40 V overnight. Prestained
marker from Bio-Rad Laboratories was used as a molecular weight marker and to monitor

successful protein transfer after blotting.

4.2.8. Immunological detection of proteins on nitrocellulose membranes

After electrophoretic transfer membrane was washed once in TBS and incubated in 10 ml of

blocking buffer for 1 h at RT. Afterwards, the primary antibody was added in the appropriate
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dilution either for 2 h at RT or overnight at 4°C. The unbound primary antibodies were
removed by washing the membrane 4 times 15 min with TBST. The appropriate horseradish
peroxidase (HRP) -conjugated secondary antibodies were applied for 1.5 h at RT. The
membrane was washed again 4 times 15 min with TBST and immunoreactive bands were
visualized using the enhanced chemiluminescence detection system.

The antibody bound to the membrane was detected using the enhanced chemiluminescence
detection system (Pierce). The membrane was soaked for 1 min in detection solution (1:1
mixture of solutions I and II). The solution was removed and the membrane was exposed to

X-ray film (Biomax-MR, Kodak) for several time periods, starting with 30 s exposure.

4.2.9. Densitometric evaluation of band intensities

Band densities were quantified using the image processing software Scion Image (Scion
Corporation, Frederick, MD, USA) or TINA 2.09 software (University of Manchester, UK).
The developed film was scanned. The digitized picture was exported to the image processing

program and band density was evaluated according to the manual.

4.2.10. Stripping and re-probing of Western blots

For detection of several proteins on the immunoblot, the nitrocellulose membranes were
stripped from bound antibodies by shaking blots in stripping buffer for 10 min at room
temperature. Blots were neutralized by incubation for 2 times 5 min in 1 M Tris-HCI (pH
7.5). Than the membranes again were subjected immunological detection of proteins as

described above.

4.2.11. Enzyme-linked immunosorbent assay (ELISA)

Purified exo70 protein was immobilized on polyvinylchloride surface in 96-well plates (Nunc)
at the concentration 100 pg/ml overnight at 4°C. Non-absorbed proteins were removed, the
wells were washed three times for 5 min with TBST and blocked overnight at 4°C with 10%
BSA in TBS. After blocking, the wells were subsequently incubated at 4°C overnight with the
putative binding proteins (NCAM140-ID, NCAMI180-ID, NCAM Fc) applied at different
concentrations (150 nM to 4800 nM ). Non-bound proteins were removed and the wells were
washed three times for 5 min at RT to remove nonspecifically bound proteins. Specifically

bound proteins were detected with the antibodies against NCAM and the appropriate HRP-
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linked secondary antibodies. Non-bound antibodies were removed and the wells were washed
three times for 5 min at RT. Protein binding was visualized by detecting HRP with the OPD
reagent (Pierce) that resulted in coloured product, which was quantified using ELISA reader

at 492 nm wave length.

4.2.12. Immunoprecipitation

Immunoprecipitation experiments were performed with antibodies against the protein of
interest, using A/G protein agarose beads (Santa Cruz Biotechnology) to pull down the
complex. 1 mg of total protein of brain homogenate, or growth cone fraction was incubated
with 1 ml of ice-cold RIPA lysis buffer for 1 h at 4°C with constant gentle shaking. The lysate
was centrifuged at 20000 g for 15 min at 4°C. The supernatant was pre-cleared with 20 pl of
thoroughly resuspended A/G agarose beads by incubating for 3 h at 4°C and constant gentle
shaking. After pre-clearing, the beads were pelleted down by centrifugation at 500 g for 5 min.
Then the supernatant was incubated with corresponding antibodies or control Ig overnight at
4°C with constant gentle shaking followed by precipitation with protein A/G agarose beads 3
h at 4°C. The beads were washed 4 times with ice-cold RIPA buffer and 3 times with ice-cold
PBS. 70 pl of SDS sample buffer were added to the beads, following by heating at 100 °C for
7 min. The beads were pelleted by centrifugation and the supernatant was collected and

applied to SDS-PAGE.

4.2.13. Isolation of growth cones particles and membrane fraction from growth cone

Growth cone patrticles (GCPs)

GCPs were isolated according to the two-step procedure described by Pfenninger (Pfenninger et
al., 1983). The brains from 1-3-day old mice were homogenized in Homobuffer. Obtained
homogenate was centrifuged at 1660 g for 15 min at 4°C. The supernatant collected after this
step of centrifugation was spun to equilibrium on a discontinuous sucrose density gradient
0.75/1.0/2.66 M at 242000 g for 30 min at 4°C. The fraction at the interface between load and
0.75 M sucrose contained the isolated growth cones or GCPs. This fraction was collected and
resuspended in 10 ml of Homobuffer, than pelleted at 100000 g for 40 min at 4°C to obtain
purified GCPs.
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GCP membranes (GCMs)

GCMs were prepared from the GCPs pellet as follows: GCPs were lysed by resuspending in 1
ml of 5 mM Tris-HCL, pH 7.5 and stirring on ice for 5 min. The lysed material was spun at
100000 g for 60 min at 4°C. The obtained pellet was resuspended in 5 mM Tris-HCI, pH 7.5

and stored frozen at -20°C until used.

4.2.14. NCAM clustering with NCAM antibody in isolated growth cones

1 mg of total protein of freshly isolated GCPs was resuspended in 150 pl of Homobuffer.
Samples were stimulated with 3 pl of NCAM Ab or with 1 pl of nonspecific Ig as a control
for 5 min at 37 °C with constant gentle shaking. Then samples were centrifugated at 242000 g
for 30 min at 4°C. Each pellet was incubated with 1 ml of ice-cold RIPA lysis buffer for 1 h at
4°C with constant gentle shaking. The consequent steps were done according to the protocol

for Immunoprecipitation described above.

4.2.15. Protein redistribution to the growth cone membrane

Brains from wild type mice were homogenised in SmM Tris-HCI buffer, pH 7.4 and spun at
100000 g for 1 h. Collected after this centrifugation supernatant contained the cytosol. GCMs
were incubated with the cytosol to analyze the redistribution of the exocyst complex proteins
to the growth cone plasma membrane. In some samples the isolated GCMs were treated with
0.1 M Na,COs for 8 h at 4°C to strip off peripheral proteins and any cytosolic proteins that
may have co-purified with the GCMs and interfere the binding. The absence of soluble
proteins Exo70 and Sec8 on stripped GCMs were analyzed by Western blot.

Treated with Na,CO3; GCMs as well as control untreated GCMs were incubated with 500 pg
of cytosol in a total assay volume of 1ml in Incubation buffer or with empty Incubation buffer
for control. After 2 h incubation at RT the GCMs were collected by centrifugation at
100000 g for 1 h. The GCMs were washed once by resuspending them in 500 pl of Incubation
buffer and repeating the centrifugation. The obtained pellets were resuspended in 50 pl of
Incubation buffer. After determination of the total protein concentration, samples were
subjected to SDS-PAGE for analysis. Recruited exocyst complex proteins were detected by
Western blot.
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4.2.16. Membrane expansion assay

The labeling of the growth cone plasma membrane with HRP-coupled cholera-toxin was used
as a measure of membrane area. For expansion assay, 1.3 ml of ice-cold GCPs-containing
interface (Pfenninger et al., 1983) were mixed with 0.5 ml cold 2 times concentrated buffer
(100 mM sucrose, 20 mM glucose, 200 mM NaCl, 10 mM KCl, 2.4 mM NaH,PO,4, 44 mM
HEPES, 2.4 mM MgCl,, pH 7.3) and, after 30 min, with a further 0.8 ml of the same buffer.
After an additional 20 min on ice, 250 pl aliquots of the suspension were added to assay tubes.
Samples were preincubated with (and without) specified inhibitors for 30 min. Then NCAM
antibodies (or preimmune serum) were added and samples were equilibrated on ice for 15 min.
After this samples were warmed up in a water bath to 37°C for 5 min, and subsequently
chilled in ice slurry for 5 min. Then saponin at f.c. 0.01% was added to the probes destined
for total membrane estimation. After 5 min cholera-toxin-HRP was added to each tube to
label membranes, incubation continued for 15 min on ice. Samples were loaded onto 0.5 ml
cushions of 0.4 M sucrose in TBS and then spun at 100000 g for 1 h. The pellets were
resuspended in 200 pl of water and HRP activity was measured using OPD reagent (Pierce).
Each experimental set included controls stimulated with preimmune serum and samples
containing 0.01% saponin. This allowed determination of the surface only (probes without
saponin) and total (probes with saponin) membrane pools. The difference between the two
measurements represented the size of the internal membrane pool. Changes in the internal

membrane pool were taken as a measure of vesicle exo- and endocytosis.

4.3. Immuno- and cytochemistry

The experiments with primary cultures of hippocampal neurons and immunofluorescence
labeling were performed in cooperation with Dr. Iryna Leshchyns’ka and Dr. Vladimir Sytnyk
in the group of Melitta Schachner.

4.3.1. Cultures of hippocampal neurons

Cultures of hippocampal neurons were prepared from 1- to 3-day-old mice. Neurons were
grown for 24 days in Neurobasal A medium (Invitrogen) supplemented with 2% B-27
(Invitrogen), glutamine (Invitrogen) and basic FGF (2 ng/ml, R&D Systems) on glass

coverslips (for live imaging and immunocytochemsitry) coated with poly-L-lysine (100

pg/ml).
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4.3.2. Immunofluorescence labeling

Immunolabeling was performed as described (Sytnyk et al., 2002). All steps were performed
at room temperature. Hippocampal neurons were fixed for 15 min in 4% formaldehyde in
PBS, pH 7.4, permeabilized with 0.25% Triton X-100 in PBS, pH 7.4 for 5 min and blocked
with 3% BSA in PBS for 20 min. Primary antibodies were applied in 3% BSA in PBS for 2

hours and detected with corresponding secondary antibodies applied for 45 min.

4.3.3. Immunofluorescence aquisition and quantification

Immunofluorescence images were acquired at room temperature using a confocal laser
scanning microscope LSM510 (Zeiss), LSM510 software (version 3, Zeiss) and oil Plan-
Neofluar 40x objective (numerical aperture 1.3, Zeiss) at 3x digital zoom. Contrast and
brightness of the images were further adjusted in Corel Photo-Paint 9 (Corel Corporation).
For immunofluorescence quantification neurites or growth cones were outlined using ImageJ

software and mean intensities within these outlines were measured.

4.3.4. Labeling of TGN-derived organelles in live neurons

Live neurons were incubated with 5 uM BODIPY FL ceramide (Invitrogen) applied in a
culture medium for 30 min in a CO2 incubator, washed with the culture medium and

incubated for another 30 min in a CO2 incubator.

4.3.5. Live cell imaging

Recordings of live neurons were performed using a time-lapse function of the laser scanning
microscope LSM510 (Zeiss). During recordings, neurons were maintained on the microscope
stage in an incubator (Zeiss) at 37°C and 5% CO2. Images were acquired with a 1 s interval.
Organelle mobility and fluorescence levels were analyzed using ImagelJ software (National

Institute of Health).
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5. Results

5.1. TGN-derived organelles abnormally accumulate in neurites of NCAM-/-

neurons

Previously, it was shown that the intracellular domains of NCAM molecules at the neuronal
surface membrane can bind to the spectrin cytoskeleton lining the surface of the trans-Golgi
network (TGN) derived intracellular organelles and that this interaction stabilizes TGN-
derived organelles at sites of NCAM accumulation. In growing neurites, NCAM accumulates
in growth cones being involved in the regulation of neurite outgrowth (Leshchyns’ka et al.,
2003; Bodrikov et al., 2005; Santuccione et al., 2005). To investigate the role of NCAM in the
regulation of the distribution of TGN-derived organelles in growing neurites, we compared
the levels of these organelles in growth cones of wild type (NCAM+/+) and NCAM deficient
(NCAM-/-) hippocampal neurons maintained in culture for 1 day. Immunolabeling of the
neurons with the antibodies against a TGN-marker protein y-adaptin showed that the number
of TGN-derived organelles, identified as accumulations of y-adaptin immunofluorescence,
was increased in growth cones of NCAM-/- neurons (Figure 6). Similarly, the mean y-adaptin
immunofluorescence intensity in growth cone, a more easy-to-measure parameter, was also
increased in NCAM-/- neurons (Figure 6). y-adaptin levels were increased both in the growth
cones formed on presumable axons, identified morphologically as thin long neurites, and
dendrites, identified as thicker, shorter and often tapering processes (Figure 6). The molecular
markers, such as MAP2 and tau, were present in all neurites of these immature neurons (not
shown) in accordance with previous reports (Sytnyk et al., 2002), that precluded further
distinction between axons and dendrites at the molecular level. The y-adaptin
immunofluorescence intensity was increased not only in growth cones but also along axons
and dendrites of NCAM-deficient neurons (Figure 6) that may explain increased levels of y-
adaptin in NCAM-/- growth cones. However, the ratio of the y-adaptin immunofluorescence
intensity in growth cones to y-adaptin immunofluorescence intensity in neurites was two
times lower in NCAM-/- versus NCAM+/+ neurons (Figure 6) strongly suggesting that
NCAM is important for preferential accumulation of TGN-derived organelles in growth cones.
A similar result was obtained when TGN-derived organelles were labeled with the antibodies

against another Golgi and TGN marker protein GM130 (Figure 7).
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Levels of y-adaptin and GM130 were also increased in NCAM-/- versus NCAM+/+ growth
cones isolated from the brain tissue and analyzed by Western blot (Figure 8). Interestingly,
however, the overall levels of these two proteins were not changed in the brain homogenates
of NCAM-/- versus NCAM+/+ mice (Figure 8). This observation excludes a possibility that
increased levels of y-adaptin and GM130 in NCAM-/- neurites and growth cones are due to
the overall enhanced expression of these two proteins in NCAM-/- brains. Hence, a plausible
explanation for the increased levels of the TGN-derived organelles in NCAM-/- growth cones
and neurites could be the inability of these organelles to fuse with the surface plasma
membrane that would result in the filling of neurites and growth cones with these organelles.
In support of this idea, the growth cones in NCAM-/- neurons were slightly swollen being
increased in their area (Figure 9). In contrast to TGN-derived organelles, the levels in growth
cones and neurites and the ratio of the levels in growth cones to the levels in neurites for the
early endosomes visualized with the antibodies against the early endosome marker protein
EEA1 was not changed in NCAM-/- neurons (Figure 10). Interestingly, the levels of the
lysosomes visualized with the antibodies against a lysosomal marker protein Lampl were
reduced in NCAM-/- neurites and growth cones (Figure 10) again suggesting abnormalities in
the biosynthetic and protein degradation pathways. The ratio of the lysosome levels in growth
cones to the lysosome levels in growth cone was not changed in NCAM-/- neurons (Figure
10). Thus our observations indicate that NCAM specifically promotes preferential

accumulation of TGN-derived organelles in growth cones.
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Figure 6. The numbers of TGN-derived organelles are increased but their predominant accumulation in
growth cones is impaired in NCAM-/- neurons.

Hippocampal neurons maintained in culture for 24 h were labeled with the antibodies against a TGN marker
protein y-adaptin and co-labeled with the antibodies against actin to visualize growth cones. In these immature
neurons, thin long neurites of a uniform diameter were identified as putative axons, while short tapering neurites

were identified as dendrites. Representative examples of the axonal and dendritic growth cones are shown.
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Immunofluorescence signals are shown as gray scale inverted images to better visualize the distribution of the
TGN-derived organelles observed as accumulations of y-adaptin. Note increased numbers of y-adaptin positive
organelles in NCAM-/- neurites. Note also that the predominant accumulation of y-adaptin positive organelles in
growth cones is impaired in NCAM-/- neurons. Graphs show quantitation of the immunofluorescence images
(mean + SEM, from n=100 neurons) from a representative experiment. The experiment was performed three
times with the same effect. Mean numbers of y-adaptin positive organelles per growth cone, mean intensity of y-
adaptin immunofluorescence along neurites and in growth cones and the ratio of the y-adaptin
immunofluorescence intensity in growth cones to y-adaptin immunofluorescence intensity in neurites are shown.
Note that in NCAM+/+ neurites, the ratio of the y-adaptin immunofluorescence intensity in growth cones to y-
adaptin immunofluorescence intensity in neurites is more than 1, indicating the predominant accumulation of
TGN-derived organelles in growth cones versus neurites. In contrast, this ratio is below 1 in NCAM-/- neurites.
* P<0.05 (t-test). Experiments with primary cultures of hippocampal neurons were performed in cooperation

with Dr. Iryna Leshchyns’ka and Dr. Vladimir Sytnyk in the institute of Prof. Melitta Schachner.
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Figure 7. The numbers of Golgi-derived organelles are increased but their predominant accumulation in

growth cones is impaired in NCAM-/- neurons.

Hippocampal neurons maintained in culture for 24 h were labeled with the antibodies against a Golgi marker
protein GM130 and co-labeled with the antibodies against actin to visualize growth cones. In these immature

neurons, thin long neurites of a uniform diameter were identified as putative axons, while short tapering neurites

were identified as dendrites.
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Immunofluorescence signals are shown as gray scale inverted images to better visualize the distribution of the
Golgi-derived organelles observed as accumulations of GM130. Note increased numbers of GM130 positive
organelles in NCAM-/- neurites. Note also that the predominant accumulation of GM130 positive organelles in
growth cones is impaired in NCAM-/- neurons. Graphs show quantitation of the immunofluorescence images
(mean £ SEM, from n=100 neurons) from a representative experiment. The experiment was performed three
times with the same effect. Mean numbers of GM130 positive organelles per growth cone, mean intensity of
GM130 immunofluorescence along neurites and in growth cones and the ratio of the GMI130
immunofluorescence intensity in growth cones to GM130 immunofluorescence intensity in neurites are shown.
Note that in NCAM+/+ neurites, the ratio of the GM130 immunofluorescence intensity in growth cones to
GM130 immunofluorescence intensity in neurites is more than 1, indicating the predominant accumulation of
TGN-derived organelles in growth cones versus neurites. In contrast, this ratio is below 1 in NCAM-/- neurites.

* P<0.05 (t-test). Experiments with primary cultures of hippocampal neurons were performed in cooperation

with Dr. Iryna Leshchyns’ka and Dr. Vladimir Sytnyk in the institute of Prof. Melitta Schachner.
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Figure 8. The levels of GM130 and y-adaptin in growth cones and homogenates isolated from NCAM+/+

and NCAM-/- mouse brains.
Growth cones (A) isolated from NCAM+/+ and NCAM-/- brains, and NCAM+/+ and NCAM-/- brain

homogenates (B) were probed by Western blot with the antibodies against GM130 and y-adaptin. Labeling for
GAPDH served as a loading control. Note that while levels of GM130 and y-adaptin are similar in NCAM+/+
and NCAM-/- brain homogenates, the levels of these two proteins are increased in NCAM-/- versus NCAM-+/+
growth cones. Graphs show optical density (mean + SEM) of the blots from n=4 experiments with the signal

intensity in NCAM+/+ probes set to 100%. * P<0.05 (t-test).
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Figure 9. Growth cone area is increased in NCAM-/- neurons.

Pictures show representative examples of axonal growth cones in NCAM+/+ and NCAM-/-. Diagram shows the
area (mean = SEM, n=300) of growth cones in NCAM+/+ and NCAM-/- neurons. * P<0.05 (t-test). Both axonal
and dendritic growth cones are enlarged in NCAM-/- neurons. Experiments with primary cultures of
hippocampal neurons were performed in cooperation with Dr. Iryna Leshchyns’ka and Dr. Vladimir Sytnyk in

the institute of Prof. Melitta Schachner.
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Figure 10. The distribution of the early endosomes and lysosomes between neurites and growth cones is
not changed in NCAM-/- neurons.

Hippocampal neurons maintained in culture for 24 h were labeled with the antibodies against an early endosome
marker protein EEA1 and lysosome marker protein Lampl. Graphs show quantitation of the
immunofluorescence images (mean + SEM) from n=100 neurons from a representative experiment. Experiments
were performed two times with the same effect. Mean intensity of EEA1 and Lampl along neurites and in
growth cones and the ratio of the EEA1 and Lamp1 immunofluorescence intensity in growth cones to EEA1 and
Lamp1 immunofluorescence intensity in neurites are shown. Note that in NCAM-/- neurons, the levels of Lampl
immunoreactivity along neurites and in growth cones are reduced. * P<0.05 (t-test). Experiments with primary
cultures of hippocampal neurons were performed in cooperation with Dr. Iryna Leshchyns’ka and Dr. Vladimir

Sytnyk in the institute of Prof. Melitta Schachner.
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5.2. Recruitment of the TGN-derived organelles to growth cone periphery is

impaired in NCAM deficient neurons

The peripheral part of the growth cone is considered as a predominant site of the exocytosis of
the intracellular carriers, such as TGN-derived organelles, delivering lipids and proteins to the
surface of the growing neurite (Shea and Sapirstein, 1988; Dequidt et al., 2007). We analyzed
the behavior of the TGN-derived organelles in growth cones by labeling these organelles in
living neurons with the fluorescently labeled ceramide (Lipsky and Pagano, 1985; Pagano et
al., 1991). Time lapse recordings of the growth cones of the labeled neurons showed, that
organelles, observed as bright accumulations of the fluorescent ceramide, were intermittently
moving within the growth cones towards the leading edge and back both in NCAM+/+ and
NCAM-/- neurons occasionally entering the peripheral zone defined as the area between the
midline and the leading edge of the growth cone (Figure 11). However, the relative presence
of the organelles within the peripheral zone, quantified as the ratio of the ceramide
fluorescence intensity within the peripheral zone to the ceramide fluorescence intensity in the
central zone of the growth cone and measured over the time of time lapse recordings for each
growth cone, was reduced by approximately 40% in NCAM-/- versus NCAM+/+ growth
cones (Figure 12) suggesting that tethering of the TGN-derived organelles to the sites of their

exocytosis at the periphery of the growth cones was reduced in NCAM-/- neurons.
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Figure 11. TGN-derived organelles are mobile in NCAM+/+ and NCAM-/- growth cones.
Time-lapse video recording of the movements of ceramide labeled TGN-derived organelles in growth cones of a
hippocampal neurons maintained for 24 h in culture. Neurons were stained with BODIPY FL labeled ceramide

applied to live cultures. Immunofluorescence signals are shown as gray scale inverted images to better visualize

58



Results

the distribution of organelles and to accentuate the differences between genotypes. The movement of individual

organelles in growth cones from NCAM+/+ and NCAM-/- neurons is depicted by arrows.

+/+ -/~

08
06
04
02
00

ratio of ceramide intensity
in periphery to center, AU

+/+ -/-

Figure 12. Localization of TGN-derived organelles in the peripheral zone of growth cones is redused in
NCAM-/- neurones.

Live one day old neurons from NCAM+/+ and NCAM-/- mice were stained with BODIPY FL labeled ceramide.
Examples of NCAM+/+ and NCAM-/- neurites are shown. Immunofluorescence signals are shown as gray scale
inverted images to better visualize the distribution of organelles and to accentuate the differences between
genotypes. Growth cones were divided in to peripheral (P) and central (C) zones. Diagram shows ratio of the
ceramide fluorescence intensity at the peripheral zone to the ceramide fluorescence intensity at the central zone
(mean + SEM, n=24), which is decreased in NCAM-/- versus wild type neurites. * P<0.05 (t-test). Experiments
with primary cultures of hippocampal neurons were performed in cooperation with Dr. Iryna Leshchyns’ka and

Dr. Vladimir Sytnyk in the institute of Prof. Melitta Schachner.
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5.3. NCAM interacts with the subunits of the exocyst complex

Exocyst complex plays a pivotal role in the polarized insertion of organelles in growing
neurites by tethering organelles to the sites of the exocytosis (Hsu et al., 2004; Vega and Hsu,
2001). In cultured hippocampal neurons, NCAM at the cell surface of growth cones partially
co-localized with the exocyst subunits Exo70 and Sec8 with the most prominent overlap in
distribution of these proteins observed at the central zone of the growth cones and in filopodia
(Figure 13), suggesting that NCAM may play a role in the regulation of the exocyst function.
In agreement with this idea, Exo70 and Sec8 co-immunoprecipitated with NCAM from brain
lysates (Figure 14) with approximately 27% of all Exo70 molecules and approximately 23%
of all Sec8 molecules in brain homogenates being in complex with NCAM. Interestingly, the
co-immunoprecipitation of Exo70 and Sec8 with NCAM was reduced by approximately 50%
in the presence of 2 mM Ca2+ chelator EDTA (Figure 14). Hence, our observations suggest
that NCAM associates with the exocyst complex in the brain in a Ca2+ dependent manner.

Co-immunoprecipitation experiments do not exclude a possibility of the interaction between
proteins via intermediate binding partners. To analyze whether NCAM can directly bind to
the exocyst complex subunits recombinant proteins Exo70, intracellular domains of
NCAM140 and NCAM180 were produced in the bacterial expression system (Figure 15).
Recombinant extracellular domain of NCAM fused to the human Fc (NCAM-Fc) was
provided by Bodrikov V. (ZMNH, Hamburg, Germany). Recombinant Exo070 was
immobilized on plastic surface and assayed for its ability to bind increasing concentrations of
the recombinant intracellular domains of NCAM140 or NCAM180. NCAM140-ID but not
NCAMI180-ID bound to Exo70 in a concentration dependent manner (Figure 16). NCAM-Fc
was used as a control and it did not bind to the Exo70 (Figure 16). Interestingly, addition of
Ca2+ did not increase the direct interaction between NCAM140-ID and Exo70 (not shown),
suggesting that the interaction between NCAM140 and Exo70 is further potentiated in the
brain tissue in a Ca2+ dependent manner by yet unknown binding partners of these two

proteins.
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Figure 13. NCAM co-localizes with the exocyst complex components Exo70 and Sec8.

Double immunostaining of hippocampal neurons from wild type mice with antibodies against NCAM (green)
and Exo70 or Sec8 (red) is shown. Yellow staining indicates co-localization of NCAM and Exo070/Sec8. The
exocyst complex partially co-localized with NCAM at the base of the growth cones and at the filopodia tips
(arrows). Experiments with primary cultures of hippocampal neurons were performed in cooperation with Dr.

Iryna Leshchyns’ka and Dr. Vladimir Sytnyk in the institute of Prof. Melitta Schachner.
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Figure 14. The exocyst complex associates with NCAM in Ca2+ dependent manner.

NCAM was immunoprecipitated from NCAM+/+ brain lysates either in the presence (lane 3) or absence (lane 4)
of 2 mM EDTA. NCAM immunoprecipitates (lane 3, 4) and 10% of the brain homogenate input (BH, lane 1)
were probed by Western blot with the antibodies against NCAM, Exo070 and Sec8. Mock immunoprecipitation
with non-specific immunoglobulins (lane 2) served as control. Note, that Exo70 and Sec8 co-
immunoprecipitated with NCAM, and that the co-immunoprecipitation efficiency was reduced in the presence of
EDTA. Graphs show mean optical densities £ SEM of the blots from n=3 experiments with the signals for the
EDTA non-treated group set to 100%. * P<0.05 (t-test).
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Figure 15. Purified recombinant proteins NCAM180-1D, NCAM140-1D and Exo070. Purified recombinant
proteins were subjected to SDS-PAGE and visualized by Coomassie staining as a predominant bands of

predicted molecular weight: (A)- NCAM180-ID, (B)- NCAM140-ID, (C)- Ex070.
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Figure 16. Intracellular domain of NCAM140 directly interacts with Exo70 subunit of the exocyst complex.
Immobilized Exo70 (100 pg/ml) was incubated with NCAM140-ID, NCAM140-ID or with NCAM Fc (4800nM
— 150 nM). Detection of bound proteins was carried out using the anti-NCAM antibody. Mean values of the
optical density = SEM (n=3) from a representative experiment are shown. The experiment was repeated 3 times
with the same effect. Note that NCAM140-ID, but not NCAMI180-ID or NCAM-Fc bound to Exo70 in a

concentration dependent manner.

5.4. NCAM recruits the exocyst complex to growth cone membranes

Since NCAM binds to the exocyst complex and co-localizes with it in growth cones, we
analyzed whether NCAM plays a role in the recruitment of the exocyst to the growth cones.
Western blot analysis showed that the levels of Exo70 and Sec8 subunits of the exocyst
complex were reduced by approximately 30% in growth cones isolated from NCAM-/- brains
(Figure 17). This reduction was not due to overall decreased levels of the exocyst complex
subunits in NCAM-/- brains. On the contrary, levels of Exo70 and Sec8 were increased by
approximately 30% in NCAM-/- versus NCAM+/+ brain homogenates (Figure 17), also
suggesting a compensatory reaction to the abnormal functioning of the exocyst complex in
NCAM-/- mice. A similar result was obtained when Exo70 and Sec8 levels were analyzed by
immunofluorescence labeling with respective antibodies in cultured hippocampal neurons: the

levels of these two proteins measured in graphically outlined growth cones were reduced in
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NCAM-/- versus NCAM+/+ neurons with the ratio of Exo70 and Sec8 immunofluorescence
intensity in growth cones to the Exo70 and Sec8 immunofluorescence intensity in neurites
being approximately two fold lower in NCAM-/- versus NCAM+/+ neurons (Figure 18).

As a surface plasma membrane associated protein, NCAM may influence levels of the
exocyst complex in growth cones by recruiting the exocyst subunits to the surface plasma
membrane. In agreement with this idea, Western blot analysis of the plasma membranes
isolated from NCAM+/+ and NCAM-/- growth cones showed that the levels of Exo70 and
Sec8 associated with the growth cone plasma membranes were significantly lower in
NCAM-/- versus NCAM+/+ brains (Figure 19). To verify directly the role for NCAM in the
recruitment of the exocyst complex subunits to the plasma membranes, plasma membranes
isolated from NCAM+/+ and NCAM-/- growth cones were incubated with the soluble protein
fraction (cytosol) from NCAM-+/+ brains as a source of the endogenous exocyst complex
subunits. The recruitment of Exo70 and Sec8 from the cytosol to the membranes was then
analyzed by Western blot. This analysis showed that the levels of Exo70 and Sec8 that
attached to NCAM+/+ growth cone membranes were approximately two fold higher than the
levels of these proteins recruited to NCAM-/- membranes (Figure 19). A similar effect was
also observed when before the recruitment assay the isolated growth cone plasma membranes
were treated with 0.1M Na,COs to strip all peripheral proteins (Figure 19). Thus we conclude
that NCAM promotes the recruitment of the exocyst complex subunits to the growth cone

plasma membranes.
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Figure 17. The expression levels of Exo70 and Sec8 are increased in NCAM-/- brain homogenates,
whereas the levels of these proteins are reduced in NCAM-/- growth cones.

(A) Growth cones biochemically isolated from NCAM+/+ and NCAM-/- mice were probed by Western blot with
antibodies against Exo70, Sec8 and L1. Graphs show optical density (mean + SEM) of the blots from n=6
experiments with the signal intensity in NCAM+/+ probes set to 100%. * P<0.05 (t-test). Levels of Exo70 and
Sec8 are reduced, whereas levels of L1 are not changed, in NCAM-/- growth cones.

(B) Brain homogenates from NCAM+/+ and NCAM-/- mice were probed by Western blot with antibodies
against Exo70, Sec8 and GAPDH. Graphs show optical density (mean + SEM) of the blots from n=6
experiments with the signal intensity in NCAM+/+ probes set to 100%. * P<0.05 (t-test). Levels of Exo70 and

Sec8 are increased, whereas levels of GAPDH are not changed in wild-type versus NCAM-/- brain homogenates.
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Figure 18. Exocyst complex accumulation is reduced in growth cones of NCAM-/- cultured hippocampal
neurons.

Hippocampal neurons maintained in culture for 24 h were labeled with the antibodies against Exo70 and SecS8.
Representative examples of axonal growth cones are shown. Immunofluorescence signals are shown as gray
scale inverted images to better visualize the distribution of the exocyst complex subunits and to accentuate the
differences between genotypes. Note reduced levels of Exo70 and Sec8 in NCAM-/- growth cones. Graphs show
quantitation of the immunofluorescence images (mean £ SEM) from n=100 neurons of neurons from a
representative experiment. The experiment was repeated three times with the same effect. Similar results were
received for axonal and dendritic growth cones and all growth cones were pooled together. Mean intensity of
Ex070 and Sec8 immunofluorescence along neurites and in growth cones and the ratio of the Exo70 and Sec8
immunofluorescence intensity in growth cones to Exo70 and Sec8 immunofluorescence intensity in neurites are

shown. * P<0.05 (t-test).
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Figure 19. Exocyst complex recruitment to the growth cone membranes is reduced in NCAM-/- growth
cones.

Growth cone plasma membranes from NCAM+/+ and NCAM-/- brains were incubated with the soluble fraction
from NCAM-+/+ brain homogenates (the cytosol that served as a source of soluble proteins). Before and after
incubation the amounts of Exo70 and Sec8 bound to the membranes were estimated by Western blot.
Recruitment of Exo70 and Sec8 to untreated membranes and membranes treated with 0.1M Na,CO; to release
peripheral proteins was analyzed. Labeling with L1 antibodies shows that similar amounts of growth cone
plasma membranes were used in NCAM+/+ and NCAM-/- groups

Mean optical densities + SEM in NCAM-/- probes normalized to NCAM+/+ levels (set to 100%) are shown.
Graph shows quantitation of the blots from n=3 experiments. * P<0.05 (t-test). Note, that the levels of Exo70 and

Sec8 co-isolated with the growth cone membranes are reduced in NCAM-/- growth cones (untreated membranes
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before incubation with cytosol). Exo70 and Sec8 recruitment to NCAM-/- growth cone membranes is reduced

both in untreated and Na,COs treated groups.

5.5. The exocyst complex assembly is not affected in NCAM deficient brains

Next, we analyzed whether NCAM has any role in the exocyst complex assembly by
estimating the efficiency of the co-immunoprecipitation of the exocyst complex subunits with
each other. Sec8 co-immunoprecipitated with Exo70 and Exo70 co-immunoprecipitated with
Sec8 with a similar efficiency from NCAM+/+ and NCAM-/- brain lysates (Figure 20).
Although we cannot exclude that the interactions between other subunits of the exocyst
complex are affected by NCAM deficiency, these data suggest that the assembly of the

exocyst complex is not affected in NCAM-/- brains.
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Figure 20. NCAM deficiency does not affect assembly of the exocyst complex.

Ex070 and Sec8 immunoprecipitates (IP) from NCAM+/+ and NCAM-/- brain lysates were probed by Western
blot with the antibodies against Exo70 and Sec8. Note, that similar levels of Sec8 co-immunoprecipitate with
Ex070, and similar levels of Exo70 co-immunoprecipitate with Sec8 from NCAM+/+ and NCAM-/- brain
lysates. Mock immunoprecipitation with nonspecific immunoglobulins (IgG) served as control. Graphs show

optical densities of the blots (mean values + SEM from n= 4 experiments).

5.6. NCAM regulates phosphorylation of the exocyst complex

Clustering of NCAM at the neuronal surface induces activation of several intracellular
signaling cascades (Schachner and Maness, 2007; Ditlevsen et al., 2008). NCAM deficiency

results in a strong downregulation of the activity of the kinases involved in NCAM signaling,
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such as Fyn tyrosine kinase (Bodrikov et al., 2005). Hence, we analyzed whether NCAM
deficiency affects the phosphorylation of the exocyst complex subunits. Western blot analysis
of Sec8 immunoprecipitates with the antibodies against phospho-tyrosine residues showed
that Sec8 and at least one another subunit with the molecular weight of approximately 80 kDa
were phosphorylated at tyrosine(s). Tyrosine phosphorylation of Sec8 was reduced by
approximately 80% in NCAM-/- versus NCAM-+/+ brain homogenates (Figure 21) indicating
that NCAM regulates tyrosine phosphorylation of this exocyst subunit by activating an
unknown kinase. No detectable labeling with the phosphotyrosine antibodies was observed
for Exo70 immunoprecipitates from both NCAM+/+ and NCAM-/- brain lysates (Figure 21),
suggesting that tyrosine phosphorylation does not play a role in regulation of this exocyst
subunit.

Since little is known on how phosphorylation regulates the exocyst function, we analyzed the
recruitment of the exocyst complex to the growth cone membranes from the cytosol
preincubated with staurosporine, a general inhibitor of kinases. Inhibition of the kinase
activity by staurosporine resulted in 40% reduction in Sec8 recruitment to the membranes
(Figure 22). This observation indicates that the dephosphorylation of the exocyst complex
subunits by phosphatases endogenously present in the cytosol, which was promoted in the
presence of staurosporine, inhibited the exocyst complex recruitment to the growth cone
plasma membranes. Hence, phosphorylation of the exocyst complex subunits by as yet
unknown kinases is required for its efficient recruitment to the membranes. Interestingly, PP2,
the inhibitor of the src family kinases and among them Fyn, did not inhibit the recruitment of
Ex070 and Sec8 to the membranes (not shown) indicating that these kinases do not regulate

exocyst complex recruitment to the membranes.
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Figure 21. Phosphorylation of the exocyst complex component Sec8 is affected in NCAM-/- brain.

Sec8 and Exo70 immunoprecipitates from NCAM+/+ and NCAM-/- brain lysates were probed by Western blot
with the antibodies against Sec8, Exo70 and phosphotyrosine residues (pY20). Mock immunoprecipitation with
the nonspecific immunoglobulins (Ig) was performed for control. Note that the tyrosine phosphorylation of Sec8
is reduced in NCAM-/- brains. Note also subunit(s) of the exocyst complex with the molecular weight below 100
kDa that co-immunoprecipitate with Sec8 and are tyrosine phosphorylated. The phosphorylation of these
proteins is less dependent on NCAM. No detectable tyrosine phosphorylation of Exo70 is observed. Graph

shows mean optical densities of the blots (mean + SEM from n=3 experiments). ¥ P<0.05 (t-test).
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Figure 22. Exocyst complex recruitment to the growth cone membranes is reduced in the presence of
kinase inhibitor staurosporine.

Membranes from NCAM-+/+ growth cones were treated with alkali (Na,COs) to strip peripheral proteins and
incubated with cytosol from NCAM-+/+ brains or control buffer used for cytosol preparation. The cytosol was
either non-treated or pre-incubated with staurosporine. Recruitment of Exo70 and Sec8 from the cytosol to the
membranes was analyzed by Western blot with the antibodies against Exo70 and Sec8. Labeling for L1 served as
a loading control. Note, that the recruitment of Exo70 and Sec8 to growth cone membranes from the cytosol pre-
incubated with staurosporine is lower then from the non-treated cytosol. Graph shows quantitation of the blots
from n=3 experiments. Mean optical densities = SEM are shown with the signals in non-treated cytosol group set

to 100%. * P<0.05 (t-test).

5.7. NCAM clustering at the growth cone surface membrane promotes

NCAM/exocyst complex formation and vesicle fusion

Clustering of NCAM at the neuronal surface membrane promotes neurite outgrowth (Hinsby
et al.,, 2004) — a process, which is accompanied by an expansion of the surface plasma
membrane in growth cones via exocytosis of the intracellular vesicles (Shea and Sapirstein,

1988; Popov et al., 1993). To analyze whether clustering of NCAM influences exocytosis of
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the vesicles in the growth cones, growth cones isolated from NCAM+/+ brains were
incubated with the polyclonal antibodies against the extracellular domain of NCAM to cluster
NCAM at the growth cone surface. In growth cones incubated with NCAM antibodies, the
levels of the Ex070 and Sec8, which co-immunoprecipitated with NCAM, were
approximately two fold higher than in growth cones treated with non-specific
immunoglobulins (Figure 23), showing that clustering of NCAM enhanced its association
with the exocyst complex.

Exocytosis of the vesicles in isolated growth cones was analyzed by estimating the changes in
the size of the internal membrane pool, representing intracellular membranous organelles.
Cholera toxin, which binds exclusively and with a high affinity to the ganglioside GM1, was
used to label growth cone surface membranes only, when applied to detergent non-
permeabilized growth cones, and to label the total pool of membrane, when applied to
detergent permeabilized growth cones. The internal membrane pool was identified as a
difference between the total and surface membrane pools, and a reduction in the internal
membrane pool was regarded as a measure of the exocytosis of the vesicles contained in the
growth cones. Incubation of growth cones with NCAM antibodies resulted in an
approximately two fold reduction in the intracellular membrane pool when compared to
growth cones treated with the preimmune serum (Figure 24A) indicating that clustering of
NCAM results in the exocytosis of the intracellular vesicles. No change in the intracellular
membrane pool in response to NCAM antibodies was observed in NCAM-/- growth cones
(Figure 24A), indicating the specificity of the effect exerted by NCAM antibodies. NCAM
antibody induced exocytosis was blocked in growth cones preincubated with the membrane
permeable form of the Ca2+ chelator BAPTA (Figure 24A), indicating that Ca2+ influx is
required for NCAM-induced vesicle exocytsosis.

In developing neurons, NCAM induces Ca2+ influx to the cytosol via voltage-dependent
Ca2+ channels (VDCC) of the T- and L-type (Schuch et al., 1989; Kiryushko et al., 2006). To
analyze whether these channels play a role in Ca2+-dependent NCAM-induced exocytosis in
growth cones, exocytosis was analyzed in the presence of the different inhibitors of Ca2+
channels. While NCAM-induced exocytosis was not inhibited by pimozide, a blocker of T-
type VDCC, application of nifedipine, a blocker of L-type VDCC, not only blocked NCAM-
induced exocytosis but also resulted in a two fold increase in the internal membrane pool
when compared to preimmune serum treated growth cones (Figure 24B). A plausible
explanation for this phenomenon could be that clustering of NCAM induces not only

exocytosis, but also endocytosis. When NCAM-induced exocytosis was inhibited by
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nifedipine, NCAM-induced endocytosis resulted in the increase of the intracellular membrane
pool. Indeed, recycling of the intracellular organelles in growth cones has been described
(Diefenbach et al., 1999). To get further support to this idea, growth cones were treated with
dynasore, an inhibitor of dynamin dependent endocytosis (Macia et al., 2006; Nankoe and
Sever, 2006). Application of NCAM antibodies to growth cones in the presence of dynasore
resulted in an approximately 30% larger decrease in the intracellular membrane pool then
when growth cones were treated with NCAM antibodies only (Figure 24C). The only
plausible explanation for this phenomenon is that, indeed, NCAM-induced exocytosis is
partially counterbalanced by NCAM-induced endocytosis, and inhibition of the latter results
in a stronger reduction in the internal membrane pool. Changes in the internal membrane pool
in response to application of NCAM antibodies were blocked in growth cones preincubated
with nifedipine and dynasore applied together (Figure 24C), indicating that both exo- and
endocytosis induced by NCAM clustering were inhibited in the presence of both drugs.

Activation of the fibroblast FGFR with consequent production of the arachidonic acid has
been proposed as a mechanism for VDCC activation in response to clustering of NCAM at
the neuronal surface (Kiryushko et al., 2006). Interestingly, an FGFR inhibitor, D173074,
blocked NCAM-induced exocytosis in growth cones (Figure 24B). Hence, NCAM-induced
exocytosis of the intracellular organelles in growth cones occurs in FGFR dependent and L-

type VDCC dependent manner.
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Figure 23. Clustering of NCAM enhances its association with the exocyst complex.

NCAM was clustered at the surface of NCAM+/+ growth cones with the polyclonal antibodies against the
extracellular domain of NCAM (NCAM Ab). Control growth cones were treated with nonspecific rabbit
immunoglobulins (IgG). NCAM was then immunoprecipitated from the growth cones and immunoprecipitates
were analyzed with the antibodies against Exo70 and Sec8. Mock immunoprecipitation with nonspecific
immunoglobulins served as control. Note, that co-immunoprecipitation of Exo70 and Sec8 with NCAM was
increased following NCAM clustering at the surface of growth cones. Graphs show quantitation of the blots with
the signals for IgG treated growth cones set to 100%. Mean values = SEM from n=3 experiments are shown.

* P<0.05 (t-test).
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Figure 24. Clustering of NCAM promotes exocytosis of the intracellular organelles in growth cones.

A-C — Internal membrane pool was analyzed in growth cones isolated from brains of wild type mice (if different
is not indicated) treated with preimmune serum or polyclonal antibodies against the extracellular domain of
NCAM applied in the presence or absence of BAPTA (A), inhibitors of the FGFR and T- and L-type VDCC
(pimozide and nifedipine, respectively) (B), and inhibitors of L-type VDCC (nifedipine) and dynamin dependent
endocytosis (dynasore) (C). Graphs show the sizes of the internal membrane pools in growth cones treated
NCAM antibody and preimmune serum (mean values £ SEM from n=3 experiments) normalized to the levels of
the internal membrane pool in preimmune serum treated growth cones set to 100%. * P<0.05 (t-test, when

compared to control preimmune serum treated growth cones or as indicated by solid line).
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6. Discussion

The neural cell adhesion molecule NCAM plays an important role in neuronal development
by regulating neurite outgrowth and branching. Until now, changes in cytoskeleton dynamics
and gene expression were considered as the major mechanisms by which NCAM influences
neuronal development. In our work we expand the repertoire of NCAM functions and show a
novel role for NCAM in modulation of the plasma membrane delivery to the cell surface of
growing neurites — a critical step in the process of neurite outgrowth.

Exocyst is a protein complex that has been found to be essential for exocytosis underlying
neurite outgrowth (Hsu et al., 2004). Several models have been proposed on how the exocyst
complex promotes exocytosis, including modulating cytoskeletons and tethering vesicles to
the plasma membrane. In any case, targeting of the exocyst complex to spatially defined
domains, such as growth cones, is expected to be essential for the exocyst complex function.
However, the question of how the localization and function of the exocyst complex is
regulated in response to extracellular cues is poorly explored. In this work, we identify the
exocyst complex as a novel binding partner of NCAM. NCAM, which accumulates at the
surface of growth cones and mediates the interactions between neurons and adjacent cells and
the extracellular matrix, is well posed to perform this function. It is interesting in this respect
that Ex070, a subunit that links NCAM to other components of the exocyst complex, binds
specifically to NCAM140, the most potent outgrowth promoting NCAM isoform in neurons
(Niethammer et al., 2002), that further suggests an involvement of the exocyst complex into
NCAM mediated neuronal differentiation.

The association between NCAM and the exocyst complex was strongly reduced in the
presence of the Ca2+ chelator EDTA. This observation suggests that the NCAM/Exocyst
complex formation could be further potentiated in the brain by as yet unidentified protein(s)
in a Ca2+ dependent manner. Among the possible candidates that may potentiate the
NCAM/Exocyst complex formation are the components of the actin cytoskeleton, which link
the exocyst to the Ca2+ signaling complexes (Shin et al., 2000) and which are connected with
NCAM via spectrin (Leshchyns’ka et al., 2003). Clustering of NCAM at the cell surface is
accompanied with the Ca2+ influx via L- and T-type VDCC (Schuch et al., 1989; Kiryushko
et al., 2006). In agreement, clustering of NCAM at the surface of growth cones strongly
potentiated the interaction between NCAM and the exocyst complex. Interestingly, the L-type
but not T-type VDCCs were required for NCAM dependent exocytosis in growth cones
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suggesting that the Ca2+ influx via different Ca2+ channels may have functionally distinct
roles.

We found that NCAM deficiency results in the strongly reduced recruitment of the exocyst
complex subunits to the growth cone membrane that points at NCAM as a cue that targets the
exocyst complex to the sites of exocytosis thereby coupling exocytosis to the changes in the
extracellular environment. Our data thus suggest a scenario when clustering of NCAM at the
surface of a growth cone induces exocytosis of vesicles at this site thereby expanding the
membrane. Interestingly, we found that the exocyst complex and, in particular, Sec8 subunit
is phosphorylated at tyrosine(s). Inhibition of the kinase activity strongly reduced the
recruitment of the exocyst complex to the plasma membrane indicating that phosphorylation
is critical for exocyst complex function.

We concluded that NCAM promotes TGN-derived organelle exocytosis in growth cones by
recruiting the exocyst complex to the growth cone plasma membrane. The suggested model
for NCAM regulated fusion of TGN-derived organelles with the plasma membrane in growth

cones is schematically shown on the figure 25.
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Figure 25. Schematic diagram of NCAM dependent TGN-derived organelle exocytosis in NCAM+/+ and
NCAM-/- growth cones.

NCAM targets the exocyst complex to the growth cone plasma membrane. NCAM associated exocyst complex
recruits TGN organelles to the growth cone and facilitates their fusion with the plasma membrane. NCAM-/-
growth cones contain lower amount of the exocyst complex on the plasma membrane, thus the organelles fusion
with the surface plasma membrane is decreased in NCAM-/- growth cones. The organelles which fail to fuse
with the plasma membrane accumulate in the growth cone, resulting in growth cone enlargement. Some
organelles that could not fuse with the plasma membrane are transported back to the neurite that results in
increased organelle density in NCAM-/- neurites when compared to NCAM+/+ neurites. The direction of

organelle movement is depicted by arrows.
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7. Summary

Neural cell adhesion molecule (NCAM) is involved in a number of morphogenetic events,
such as neuronal migration and differentiation, fasciculation and outgrowth of neurites. In
NCAM mediated neurite outgrowth, activation of NCAM molecules at the cell surface by
homophilic binding results in activation of intracellular signaling pathways leading to
enhanced neurite outgrowth. Besides, neurite outgrowth as a biological process requires new
material insertion and membrane addition at the neurite growth cones through fusion of the
transport vesicles with the plasma membrane. A macromolecular complex that has been
suggested to play a role in targeting and fusion of transport vesicles to the plasma membrane
is the exocyst complex. Among all tested organs the highest exocyst subunit expression is
found in the brain. The exocyst complex concentrates at sites of active fusion and membrane
addition. In neuronal cells such sites are growth cones. While it is well established that the
exocyst complex plays a role in determining the plasma membrane sites for the fusion of
TGN derived vesicles, functioning as a tethering factor to guide the initial interaction of
vesicles with specific regions of the plasma membrane, cues that target the exocyst complex
to the plasma membrane are not well established.

In present study we characterized a novel function for a neural cell adhesion molecule,
NCAM: NCAM regulates exocytosis in the growth cones of neurons by anchoring the exocyst
complex to the plasma membrane of the growth cones. We showed that TGN-derived
organelles abnormally accumulate in neurites and growth cones of NCAM-/- neurons when
compared to NCAM+/+ neurons. A plausible explanation for the increased levels of the TGN-
derived organelles in NCAM-/- growth cones and neurites could be the inability of these
organelles to fuse with the surface plasma membrane that would result in the filling of
neurites and growth cones with these organelles. In support of this idea, the growth cones in
NCAM-/- neurons were slightly swollen being increased in their area. We observed that the
recruitment of the TGN-derived organelles to the growth cone periphery was impaired in
NCAM-/- neurons. The peripheral part of the growth cone is considered as a predominant site
of the exocytosis. Thus the decreased amount of organelles in the peripheral part also
indicates that the fusion of TGN-derived organelles is disturbed in NCAM-/- growth cones.
We found that NCAM co-localizes with the exocyst complex in growth cones and associates
with the exocyst complex in a Ca2+ dependent manner. We showed for the first time that

NCAM directly interacts with Exo70 subunit of the exocyst complex. Whereas expression of
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the exocyst complex was enhanced in NCAM-/- brains, the levels of the exocyst complex
were reduced in NCAM-/- growth cones and growth cones plasma membranes implicating
NCAM in targeting of the exocyst complex to the growth cones and specific sites on the
growth cone plasma membranes. We confirmed this in vitro by showing that the exocyst
complex recruitment to the growth cone membranes isolated from NCAM-/- brains was
reduced when compared to the growth cone membranes isolated from wild type brains.

Increased organelle accumulation and their inability to fuse with the surface plasma
membrane in NCAM-/-growth cones can be thus explained by reduced levels of the exocyst
complex in NCAM-/- growth cones and growth cone plasma membrane. We proved that by
showing that NCAM clustering on the surface of growth cones enhanced vesicle exocytosis.
We showed also that this NCAM activated vesicle exocytosis in the growth cones is Ca2+
dependent. At the same time NCAM activation enhanced the association between NCAM and
the exocyst complex in isolated growth cones and the association between NCAM and the
exocyst complex is Ca2+ dependent. Taking into account all our findings mentioned above
we conclude that NCAM regulates fusion of TGN-derived organelles with the plasma
membrane of growth cones by recruiting the exocyst complex to the growth cone plasma

membrane.
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