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Abstract

1.1 Abstract

The neural cell adhesion molecule (NCAM) is a member of the immunoglobulin
superfamily which plays important roles in fundamental events during development of
the nervous system such as neuritogenesis, synaptic plasticity and long-term
potentiation. In the nervous system three major NCAM isoforms are expressed:
NCAM120, NCAM140 and NCAM180. NCAM120 is attached to the cell membrane
via a glycosylphosphatidylinositol (GPI)-anchor, whereas NCAM140 and NCAM180
are single pass transmembrane proteins. NCAM140 differs from NCAM180 by an
additional sequence stretch in the intracellular domain (ICD). All NCAM isoforms are
glycosylated and carry the functionally important human natural killer cell glycan
(HNK-1) and polysialic acid (PSA). Numerous intra- and extracellular binding
partners of NCAM have been identified, among them are the fibroblast growth factor
receptor (FGFR), the tyrosine kinase TrkB and the inwardly-rectifying potassium
channel Kir3.3. The aim of my thesis was to identify novel direct interaction partners

of NCAM and PSA and to investigate their functional roles in the nervous system.

| could identify the transient receptor potential canonical channel (TRPC) 1, 4 and 5
as novel intracellular interaction partners of NCAM140 and NCAM180. Furthermore,
a direct calmodulin-dependent binding of the N-termini of these TRPCs to the ICD of
NCAM180, but not to the ICD of NCAM140 could be shown by a label free binding
assay. Cell surface biotinylation and immunostainings of cultured murine
hippocampal neurons confirmed that TRPC4 and 5 were present at the cell surface
and that they co-localized with NCAM, respectively. NCAM-mediated neurite
outgrowth of hippocampal neurons was blocked with the TRPC channel inhibitor
SKF96365 and a function-blocking antibody against TRPC1. Calcium imaging
revealed that stimulation of hippocampal neurons with an antibody against NCAM led
to opening of SKF96365-sensitive calcium channels in the plasma membrane,
suggesting that TRPC channels mediate NCAM-induced calcium influx at the plasma
membrane. The TRPC inhibitor SKF96365 also reduced the generation and nuclear
import of a transmembrane 50 kDa NCAM fragment upon stimulation of cerebellar
neurons with NCAM antibodies directed against the extracellular domain (ECD).
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Interestingly, increased levels of PSA and HNK-1 have been found in the nucleus
after NCAM stimulation.

Numerus of binding partners of NCAM have been identified, whereas only a few
binding partners for PSA have been identified. Here, | characterize the interaction
between PSA and its novel binding partner myristoylated alanine-rich C-kinase
substrate (MARCKS). MARCKS is an intracellular protein which can be inserted into
the plasma membrane via its effector domain (ED). | could show that the interaction
of PSA and MARCKS takes place in the plane of the plasma membrane. PSA inserts
into the plasma membrane from the extracellular side of the membrane, while
MARCKS inserts from the cytoplasmic side of the membrane. Co-localization of
MARCKS and PSA at the plasma membrane of transfected CHO cells and cerebellar
neurons could be demonstrated by immunostaining and fluorescence resonance
energy transfer (FRET) analysis using fluorescence-labelled PSA. The distance
between the green fluorescent protein (GFP) labelled MARCKS and fluorescently
labelled PSA was 20-40 nm. Furthermore, when cells were transfected with a
MARCKS-GFP mutant containing five alanine residues in the ED instead of five
phenylalanine residues a drastically reduced FRET signal was observed indicating
that mutation of the ED disrupts the interaction between MARCKS and PSA within
the membrane. Treatment or transfection of hippocampal neurons with a peptide
containing the ED of MARCKS blocked PSA-triggered neurite outgrowth of wild-type
and NCAM-deficient mice. Capacitance measurements using artificial lipid bilayers
provide supportive evidence that PSA interacts with the ED of MARCKS from
opposite sides of the membrane. In addition, the interaction between PSA and
MARCKS leads to changes in the electrical properties of the artificial membrane,
suggesting that PSA-MARCKS interactions can modulate electrical properties of

neuronal membranes.
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1.2 Zusammenfassung

NCAM (neural cell adhesion molecule) ist ein Zelladhdsionsmolekil der
Immunoglobulin-Superfamilie, welches eine wichtige Rolle in der Entwicklung und
der Plastizitat des Nervensystems spielt. Im Nervensystem werden tUberwiegend die
drei Isoformen NCAM120, NCAM140 und NCAM180 exprimiert. NCAM120 ist mit
einem Glykosylphosphatidylinositol (GPI)-Anker mit der Zellmembran verbunden.
NCAM140 und NCAM180 enthalten eine transmembrane und eine intrazellulare
Domaéne. Die intrazellulare Domane von NCAM180 enthalt einen zusatzlichen
Sequenzabschnitt. NCAM ist glykolisiert und kann das HNK-1 (human natural killer
cell) Glykan und/oder PSA (polysialic acid) tragen. Eine wachsende Anzahl von intra-
und extrazellularen Bindungspartnern von NCAM, wie der Fibroblasten-
Wachstumsfaktorrezeptor, die Tyrosinkinase TrkB und der einwarts gerichtete
Kaliumkanal Kir3.3, wurden identifiziert, wohingegen nur wenige Rezeptoren fur PSA
bekannt sind. Das Ziel meiner Arbeit war neue Interaktionspartner von NCAM und

PSA zu identifizieren und deren funktionelle Rolle im Nervensystem zu untersuchen.

In der vorliegenden Arbeit konnte ich TRPC (transient receptor potential canonical)-1,
-4 und -5 als neue Interaktionspartner von NCAM identifizieren. Immunfarbungen und
Oberflachenbiotinylierung von hippokampalen Neuronen zeigten dass TRPC4/5 mit
NCAM kolokalisiert und an der Oberflache lokalisiert ist. Mit einer markierungsfreien
Bindungsstudie wurde eine Calmodulin-abhangige Interaktion zwischen dem N-
Terminus von TRPC1, -4 und -5 und der intrazellularen Domane von NCAM180
nachgewiesen. Um die funktionellen Konsequenzen der TRPC-NCAM Interaktion zu
untersuchen, wurden Neuritenwachstumsexperimente mit priméren hippokampalen
Neuronen durchgefuhrt. NCAM-vermitteltes Neuritenwachstum konnte durch den
TRPC Kanal Inhibitor SKF96365 und einen inhibitorischen Antikorper gegen TRPC1
blockiert werden. Calcium imaging Experimente zeigten ein Offnen von SKF96365-
sensitiven Kalziumkanalen in der Zellmembran nachdem die Neurone mit einem
Antikorper gegen NCAM stimuliert wurden. Dies deutet darauf hin, dass TRPC

Kanale notwendig fur den NCAM-induzierten Kalziumeinstrom sind. Dariber hinaus
8
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reduzierte der TRPC Inhibitor SKF96365 die Erzeugung und den nuklearen Import
eines transmembranen 50 kDa NCAM Fragments nach der Stimulation von
Kornerzellen aus dem Kleinhirn mit NCAM Antikbrpern gegen die extrazellulare
Domane. Interessanter Weise wurden die Gykane HNK-1 und PSA nach NCAM

Stimulation vermehrt im Zellkern gefunden.

Eine Vielzahl an Bindungspartnern wurde fir NCAM identifiziert, wohingegen fir PSA
nur wenige Bindungspartner bekannt sind. In der vorliegenden Arbeit habe ich die
Interaktion zwischen PSA und MARCKS (myristoylated alanine-rich C-kinase
substrate) charakterisiert. MARCKS ist ein intrazellulares Protein, welches mit seiner
ED (effector domain) in die Plasmamembran eindringen kann. Es konnte gezeigt
werden, dass diese Interaktion in der Plasmamembran stattfindet. PSA dringt von der
extrazellularen Seite und MARCKS von der cytoplasmatische Seite in die Membran

ein.

Durch immunozytochemische und FRET (fluorescence resonanz energie transfer)
Versuche mit transfizierten CHO Zellen und Kdrnerzellen aus dem Kleinhirn konnte
eine Kolokalisation von PSA und MARCKS gezeigt werden. Die ermittelte Entfernung
zwischen dem GFP (green fuorescent protein) markierten MARCKS und dem
fluoreszenz-markierten PSA betrug 20 bis 40 nm. Darlber hinaus wurde eine
drastische Reduzierung des FRET Signals beobachtet, wenn die Zellen mit einer
MARCKS Mutante transfiziert wurden, in der die funf Phenylalanine in der ED durch
Alanine ausgetauscht wurden. Dieses Ergebnis weist darauf hin, dass die Mutation
der ED die Interaktion zwischen MARCKS und PSA stort. Nach Behandlung oder
Transfektion von hippokampalen Neuronen aus Wildtyp oder NCAM-defizienten
Mausen mit einem Peptid, welches die Aminosauresequenz der ED von MARCKS
enthalt, wurde das PSA-induzierte Neuritenwachstum blockiert. Messungen der
elektrischen Kapazitat einer kinstlichen Lipiddoppelschicht unterstitzten die These,
dass PSA mit der ED von MARCKS von unterschiedlichen Seiten der Membran
interagieren. Zusatzlich wurden Anderungen in den elektrischen Eigenschaften der
Membran bei der PSA-MARCKS Interaktion gezeigt, was die Vermutung nahe legt,
dass die PSA-MARCKS Interaktion die elektrischen Eigenschaften von Neuronen

moduliert.
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2. Introduction

2.1 Cell adhesion

Without controlled adhesion, it would not be possible for higher organisms to form
three-dimensional multicellular structures and, thus, organize the correct architecture
of organs. Adhesion between cells takes place at the plasma membrane and is
mediated by proteins and glycans. There are three major classes of proteins which
play a role in adhesion: the extracellular matrix (ECM) molecules, the cell adhesion
molecules (CAMs) and the cytoplasmic plaque proteins (Gumbiner, 1996). The ECM
proteins are glycoproteins, such as collagens, fibronectins or laminins. They form an
extracellular protein network which is connected to adhesion molecules at the
surfaces of the cells. The cytoplasmic plague proteins are the linkage between the
adhesion system and the cytoskeleton. The vast majority of CAMs are glycoproteins
with a transmembrane domain or GPIl-anchor. CAMs can be divided into four main
groups: integrins, cadherins, selectins and the immunoglobulin-like proteins (Aplin et
al., 1998). The CAMs of the immunoglobulin superfamily play an essential role in
morphogenesis (Krog and Bock, 1992; Wiliams and Barclay, 1988). They all contain
at least one extracellular immunoglobulin (Ig) domain and most of them have at least
one fibronectin type 3 (Fn3) domain. These proteins mediate adhesion between cells
and the ECM through homo- and heterophilic interactions. Homo- and heterophilic
interactions lead for instance to phosphorylation of protein substrates, opening of ion
channels (Klinz et al., 1995) and activation of different signal cascades (Ditlevsen et
al., 2010; Loers and Schachner, 2007) which are involved in dynamic adhesive

mechanisms such as neurite outgrowth, cell migration and synaptogenesis.

2.2 Neural cell adhesion molecule (NCAM)

NCAM was the first CAM discovered in the nervous system (Rutishauser et al., 1976;
Jargensen et al., 1974) and it belongs to the immunoglobulin superfamily. NCAM is

not only present in the nervous system but is also expressed in the lung, stomach,
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kidney (Filiz et al., 2002), heart (Burroughs et al.,, 1991; Reyes et al., 1991) and
muscle (Fidzianska et al., 1995). Moreover, a subpopulation of natural killer (NK)
cells expresses NCAM (CD56) (Farag et al., 2006; Carson et al., 1996).

NCAM120 NCAM140 NCAM180

C la: domain

':"\ "‘ﬁtﬂ\'l'.;xll
\ PSA carrying
“\ N-glycan
’ FNIII domain
| =2
€ 2 GPlanchor
£ Transmembrane
= domamn
omain
e Additional exon
= ™A o
- in NCAM180
Extracellular

Cytoplasm

Figure 2.1: Schematic drawing of the three major splice variants of NCAM. The structures of the
three major splice variants of NCAM are shown. NCAM120 is attached to the cell surface via a GPI
anchor and lacks an ICD. NCAM140 and NCAM180 are transmembrane proteins and the ICD of
NCAM180 contains additional sequence encoded by exonl18. The ECDs of the three splice variant are
identical, they contain two Fn3 and five Ig domains. Six N-glycosylation sites are present the Ig
domains, but only the fifth and/or sixth glycosylation sites in the fifth |g domain can be modified with

PSA. (Representation was taken from Kleene and Schachner, 2004)

Three major isoforms of NCAM are known: NCAM120, NCAM140 and NCAM180
(Fig.2.1). They are named according to their apparent molecular weight observed in
the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(Barthels et al., 1988; Owens et al., 1987). NCAM protein is encoded by a single
gene, which has been mapped to chromosome 9 in mice (D'Eustachio et al., 1985)

11
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and to band 923 on chromosome 11 in human (Nguyen et al., 1986). At least 27
different splice variants of NCAM are known (Reyes et al., 1991) which are emerging
from the NCAM gene containing 24 exons. In brain and in muscle, an NCAM splice
variant which contains the SEC exon located between exon 12 and 13 was found.
This splice variant encodes a secreted form of NCAM (Gower et al., 1988).
Furthermore, soluble NCAM can be generated by enzymatic cleavage of the GPI-
anchor by a phosphatidylinositol-specific phospholipase C (PI-PLC) (Sadoul et al.,
1986) or by proteolytic cleavage within the ECD by metalloproteases or serine
proteases (Kleene et al., 2010; Kalus et al., 2007).

All three major isoforms are composed of five amino terminal Ig domains, followed by
two Fn3 domains (Cunningham et al., 1987). NCAM120 is attached via a GPI anchor
to the cell surface, whereas NCAM140 and NCAM180 contain a transmembrane
domain and an ICD. The only difference between NCAM140 and NCAM180 is that
NCAM180 contains an additional sequence stretch encoded by exonl8 (Fig. 2.2). In
the nervous system, NCAM120 is predominantly expressed in glial cells; NCAM140
is expressed in glial cells and neurons and NCAM 180 is predominantly expressed in
neurons (Schachner et al., 1997). It has been suggested that NCAM180 stabilizes
cell-cell contacts in differentiated cells by interacting with the cytoskeleton. This
interaction reduces lateral mobility of NCAM180 within the plasma membrane
(Pollerberg et al., 1987; 1986). Furthermore, it was shown that NCAM180 is not only
localized at sites of cell-cell contacts, but also in growth cones contacting other cells
(Pollerberg et al., 1987; 1986) and in postsynaptic regions (Leshchyns'ka et al., 2011,
Schuster et al., 2001).

2.3. Posttranslational modifications of NCAM

NCAM is synthesized in the endoplasmic reticulum with a high mannose core and is
transferred to the cell surface within 35 minutes after translation (Alcaraz et al.,
1991). The biosynthesis of NCAM is regulated by growth factors and by the
intracellular calcium concentration (Lyles et al., 1993).

12
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Different posttranslational modifications of NCAM are known: ubiquitinylation (Diestel
et al., 2007), phosphorylation (Sorkin et al., 1984), sulfation (Lyles et al., 1984),
palmitoylation (Niethammer et al., 2002; Little et al., 1998) and glycosylation (Albach
et al., 2004). NCAM140 and NCAM180 contain up to 49 serine and threonine
residues in the ICD, which can be phosphorylated (Lyles et al., 1984; Sorkin et al.,
1984). In addition, the only tyrosine residue in the ICD of NCAM140 and NCAM180
can be phosphorylated by the tyrosine kinase TrkB (Cassens et al., 2010). It has
been suggested that the tyrosine phosphorylation stabilizes cell-cell adhesion
(Diestel et al., 2004).

NCAM can be modified by N- and O-linked glycosylation. Glycans are N-linked, when
the oligosaccharides are linked via N-acetylglucosamine to the amide group on
asparagines, and O-linked, when oligosaccharides are linked via N-
acetylgalactosamine to the hydroxyl group on the side chain of serine or threonine
residues (Kolkova et al., 2010). O-linked glycans have only been detected on
NCAM120 expressed in myotubes (Walsh et al., 1989) whereas N-linked glycans
could be detected on NCAM proteins from different organs and cells. The ECD of
NCAM contains six putative N-glycosylation sites (Fig. 2.2) (Albach et al., 2004).
NCAM140 and NCAM180 expressed in the nervous system were shown to carry the
HNK-1 glycan on N-glycans (Kruse et al., 1984), while it was not found on NCAM
isoforms isolated from muscle (Sanes et al., 1986). The HNK-1 was found at NCAM
glycosylation sites 2, 4, 5 and 6 (Wuhrer et al., 2003). Another N-linked glycan
attached to NCAM is PSA. NCAM contains an unusually high proportion of PSA
which decreases during maturation of the nervous system (Finne et al., 1983). Two
polysialyltransferases, ST8Sia Il (STX) and ST8Sia IV (PST), synthesize the PSA
moiety on NCAM (Nakayama et al., 1998). STX is active during the development of
the nervous system, while PST plays an important role in the mature brain
(Hildebrandt et al., 1998; Angata et al., 1997). NCAM is decorated with PSA only at
the fifth and sixth N-glycosylation sites in the fifth Ig domain (Fig. 2.1) (Wuhrer et al.,
2003; von der Ohe et al., 2002; Nelson et al., 1995). The correct position of the N-
glycans on the fifth Ig domain depends on an interaction of the fifth Ig domain with
the first Fn3 domain (Mendiratta et al., 2006). NCAM carries no PSA at the time of its

first appearance at embryonic day 8.0-8.5 in the mouse. Shortly after this time the
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expression of PSA-NCAM becomes predominant and reaches its maximum in the
postnatal phase (Probstmeier et al., 1994). After reaching its peak expression the
PSA-NCAM level decreases rapidly by approximately 70% within one week
(Oltmann-Norden et al., 2008).

2.4 Polysialic acid

PSA is a linear polymer of neuraminic acids, namely 5-N-acetylneuraminic acid
(Neu5Ac), 5-N-gycolylneuraminic acid (Neu5Gc) or 5-deamino-3,5-
dideoxyneuraminic acid (2-keto-3-deoxynononic acid, KDan) (Muhlenhoff et al.
1998). In mammals, PSA moieties are exclusively homopolymeric structures
composed of only one neuraminic acid linked by a2,8-glycosidic bonds (Finne et al.,
1983). The major building units in mammalian PSA are Neu5Ac and KDan
(Muhlenhoff et al. 1998). PSA carrying NCAM was first discovered as “embryonic”
NCAM (Finne et al., 1983) and PSA on NCAM is composed of a2,8-linked Neu5Ac
(Muhlenhoff et al. 1998).

PSA is a large, negatively charged and highly hydrated glycan chain (Muhlenhoff et
al. 1998). When NCAM is decorated with PSA, the ECD of NCAM doubles its
hydrodynamic radius because of the chemical properties of PSA. This leads to an
increase of the intermembrane space and a disruption of the adhesive properties of
NCAM and other CAMs (Johnson et al., 2005a, 2005b; Fujimoto et al., 2001). PSA
on NCAM was found on di, tri, and tetra antennary glycans (Wuhrer et al., 2003).
PSA chains containing 4 or more neuraminic acids form a helical structure (Battistel
et al., 2012; Evans et al., 1995). It was shown that these PSA chains penetrate the
inner membrane of certain Escherichia coli strains and thereby change the

membrane potential (Janas et al., 2001; 2000).

NCAM is the most common PSA carrier. Only a few other glycoproteins are known to
carry PSA, such as the a-subunit of the voltage-gated sodium channel in rat brain
(Zuber et al., 1992), the scavenger receptor CD36 in human milk (Yabe et al., 2003),

neuropilin-2 on human dendritic cells (Curreli et al., 2007), the polysialytransferases
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STX and PST (Close et al.,, 1998) and the synaptic cell adhesion molecule 1 in
mouse brain (Galuska et al., 2010). Although PSA seems to be required for many
functions of NCAM, it has been shown that it regulates functions in a NCAM-
independent manner and vice versa NCAM functions in PSA-independent manner
(Kleene and Schachner, 2004). While binding partners are known for NCAM, fewer
binding partners are known for PSA. These include histone H1 (Mishra et al., 2010),
brain-derived neurotrophic factor (BDNF) and fibroblast growth factor 2 (Ono et al.,
2012) (Fig. 2.3).

2.5 NCAM in the nervous system

In mice, NCAM plays a role in several behaviors, including anxiety (Stork et al., 1999;
Cremer et al., 1994), post-intruder hormonal stress response (Stork et al., 1997) and
depression (Aonurm-Helm et al., 2008). In addition NCAM plays an important role in
avoidance conditioning (Plappert et al., 2006; Stork et al., 2000) and spatial learning
(Bukalo et al., 2004; Cremer et al., 1994). In humans, NCAM is linked to several
neuronal disorders. It is associated with mood disorders such as bipolar disorder
(Arai et al., 2006; 2004) and schizophrenia (Vawter, 2000) and with degenerative
diseases such as Alzheimer’s disease (Todaro et al., 2004) and multiple sclerosis
(Zabel et al., 2006). The expression of NCAM and PSA is enhanced in different brain
tumors, such as astrogliomas (Sasaki et al., 1998) and neuroblastomas (Lantuejoul
et al., 1998; Komminoth et al., 1994). Moreover, the concentration of soluble NCAM
in the cerebrospinal fluid is increased in patients with brain tumors (Todaro et al.,
2007; Gluer et al., 1998) or Alzheimer’s disease (Strekalova et al., 2006; Todaro et
al., 2004).

In the nervous system, NCAM and its glycan PSA are involved in many cellular
functions which are essential for development, regeneration and plasticity (Loers and
Schachner, 2007; Kleene and Schachner, 2004; Durbec and Cremer, 2001). NCAM
plays an important role in neuritogenesis (Euteneuer et al., 2012 Seidenfaden et al.,
2012; Renn et al., 2000), synaptic plasticity (Kochlamazashvili et al., 2012; 2010;
Schachner et al., 1997; Durbec and Cremer, 2001), synaptic morphogenesis
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(Dityatev et al., 2004) myelination and re-myelination after injury (Koutsoudaki et al.,
2010; Papastefanaki et al., 2007), cell migration (Ono et al., 1994) and stability of
reinnervated neuromuscular junctions (Chipman et al., 2010). PSA-NCAM is present
in the adult brain mainly in regions which are undergoing structural plasticity
(Bonfanti et al.,, 1992), such as the hypothalamo-neurohypophyseal system
(Theodosis et al., 1994), the olfactory bulbs (Miragall et al., 1988), the piriform and
the entorhinal cortices (Seki et al., 1991), the amygdala (Varea et al., 2005), the
hippocampus (Seki et al., 1991) and the prefrontal cortex (Varea et al., 2005).

2.6 Homo- and heterophilic NCAM interactions

FGF 2 (Ono et al., 2012)
Histone H1 (Mishra et al., 2010)
BONF (Kanato ef al., 2008)

GDNF (Paratcha ef al., 2003)
TAG1 (Milev et al., 1996)

Agrin (Storms el al,, 1996a.b)
HBD |Collagen XV2! (Storms et al., 1998a;b)
Neurocan (Retzler et al., 1996; Friedlander &f al., 1994)
.. Phosphacan (Milev ef al., 1994; Grumet et al., 1993)
. L1 (Horstkorte et al,, 1993)
N : PSA
\'t LS FGFR1 (Kiselyoy et al.. 2003)
N I.Q‘:. > FGFR2 (Christensen el al,, 2006)
Qe PrP (Santuccione et al., 2005; Schmitt-Ulms et al., 2001)
] TrkB (Cassens et al., 2010)
Kir3.3 (Kleene et al,, 2010a)
[—Exon 18 _ Calmodulin (Kleene et al.,, 2010b)
D2R (Xiao et al., 2009) RPTPa (Bodrikoy et al., 2005)
Spectrin (Leshchyns'ka et al., 2003; Pollerberg et al., 1987)

Figure 2.2: Direct interaction partners of NCAM and PSA. This schematic drawing illustrates the
interaction between PSA-NCAM and its binding partners. The acronyms are: BDNF, brain-derived
neurotrophic factor; CaM, calmodulin; D2R, dopamine receptor D2; FGF2, fibroblast growth factor 2;
FGFR, fibroblast growth factor receptor; GDNF, glial cell line-derived neurotrophic factor; HBD,
heparin binding domain; L1, cell adhesion molecule L1; PrP, prion protein; RPTPa, receptor protein

tyrosine phosphatase a.
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NCAM-mediated functions are triggered via homophilic NCAM interactions or
heterophilic interaction of NCAM with interaction partners. These interactions can be

either between molecules on the same cell (‘cis’) or on opposite cells (‘trans’).

A variety of intra- and extracellular interaction partners of NCAM are known (Fig.
2.2). The ICD of NCAM interacts with cytoplasmic proteins depending on its
posttranslational modification and the presence of proteins already bound to it. The
hetero- and homophilic interactions can trigger signaling cascades which regulate
cellular events, such as NCAM-mediated neurite outgrowth and cell migration. The
extracellular signal regulated kinase 1/2 (ERK1/2) pathway is one of the central
pathways in NCAM signaling (Ditlevsen and Kolkoya., 2010; Schmid et al., 1999).
This pathway is activated by homophilic NCAM interaction or by heterophilic
interaction of NCAM with the FGFR, and thus, leads to the induction of the ERK
pathway (Hinsby et al., 2004; Downward, 1996). The binding of RPTPa to NCAM is
essential for triggering of this pathway by the homophilic NCAM interaction. RPTPa
links the Fyn/FAK complex to NCAM (Bodrikov et al., 2005).

The heterophilic interaction of NCAM with the FGFR (Sanchez-Heras et al., 2006)
activates phospholipase C (PLC) and protein kinase A (PKA) (Jessen et al., 2001).
This activation leads to an increase in the cytoplasmic calcium concentration. A
functional triggering polyclonal antibody against the ECD of NCAM (Klinz et al., 1995;
Schuch et al., 1989) mimics the homo and/or heterophilic interactions of NCAM and
increases also the intracellular calcium concentration (Schuch et al.,, 1989). This
increase in the calcium concentration was later shown to depend on PLC activation
and activates the calcium-calmodulin-dependent protein kinase 1l (Williams et al.,
1995; 1994). It has been proposed that non-selective cation channels, such as
TRPCs, and T-type voltage-gated calcium channels are required for NCAM-mediated
calcium entry (Kiryushko et al., 2006). It was reported, that this increased intracellular
calcium concentration leads to proteolytic cleavage of NCAM by tumor necrosis
factor-a-converting enzyme (TACE) (Kalus et al., 2007) and generation of a 50 kDa
NCAM fragment by a serine protease activity (Kleene et al., 2010b). This fragment

contains a part of the ECD, the transmembrane domain and a part of the ICD of
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NCAM. Furthermore, nuclear import of this 50 kDa NCAM fragment has been
described (Kleene et al., 2010b). Proteolytic cleavage of NCAM is essential for
NCAM-mediated neurite outgrowth and cell migration (Kleene et al., 2010b; Kalus et
al., 2007; Diestel et al., 2005).

2.7 Myristoylated alanine-rich C-kinase substrate

Immunoaffinity chromatography using a PSA mimicking anti-idiotypic single chain
variable fragment (scFv) antibody led to the identification of MARCKS as a novel
binding partner for PSA (Maren von der Ohe, PhD thesis, Hamburg). MARCKS was
identified as phosphorylation target for the protein kinase C (PKC) in brain
synaptosomes. The phosphorylation of MARCKS by PKC is inhibited by binding of
calmodulin to MARCKS (Wu et al., 1982). PKC is the major mediator of G-protein-
coupled receptor signaling and involved in regulating growth control, differentiation,
secretion and metabolism (Newton et al., 1998). Calmodulin is a highly conserved,
soluble calcium binding and calcium regulatory protein. It plays an important role in
many cellular functions such as channel modulation (Saimi et al., 2002), control of
gene expression, cell growth, cell cycle progression and muscle contraction (Plattner
et al., 2005).

MARCKS is a ubiquitously expressed cytoplasmic, rod-shaped acidic protein and it
accounts for 0.2% of all soluble proteins in the brain (Albert et al., 1987). It is
important for development of the brain, postnatal survival, endo-, exo- and
phagocytosis, cellular migration, cell adhesion and neurosecretion (Blackshear,
1993; Aderem, 1992). MARCKS and the MARCKS-related protein belong to the
group of natively unfolded proteins (Weinreb et al., 1996).

MARCKS contains three highly conserved domains: 1. an MH2 domain of unknown
function that is similar to the cytoplasmic tail of the cation-independent mannose-6-
phosphate receptor, 2. an N-terminal consensus sequence for myristoylation and 3.
the phosphorylation site domain, in which all four serine residues are

phosphorylatable by PKC (Arbuzova et al., 2002). Myristoylation is a co-translational
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modification, in which myristric acid is attached via an amide bound to the amino
group of an N-terminal glycine residue (Boutin, 1997). The phosphorylation site
domain is also called effector domain (ED) (Arbuzova et al., 2002) and is essential

for the function of MARCKS.
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Figure 2.3: Molecular model of the attachment of MARCKS to the plasma membrane. (A) The
figure schematically shows the attachment of MARCKS protein to the plasma membrane. The
hydrophobic myristoylated N-terminus is shown in yellow and the ED (residues 151-175 from bovine
MARCKS) which interacts electrostatically with acidic lipids (red) is depicted by the box.
Phosphorylation of MARCKS by PKC or binding of calmodulin to MARCKS neutralizes the
electrostatic interaction of MARCKS with the membrane and leads to detachment of MARCKS from
the membrane. A molecular model of the ED at the membrane is depicted in (B). The five
phenylalanine residues of the ED-domain penetrating into the lipid head group region of the
membrane are shown in green and the basic residues of the ED are colored blue. (Presentation was

taken from Gambhir et al., 2004)

MARCKS binds via its highly basic ED to the acidic lipids of the plasma membrane of
macrophages (Allen et al., 1995a, b; Rosen et al., 1990), neurons (Ouimet et al.,
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1990) and fibroblasts (Allen et al., 1995a, b; Swierczynski et al., 1995). The
association of MARCKS with the membrane is stabilized by myristolylation of
MARCKS, which anchors MARCKS in the plasma membrane (Fig. 2.3). Furthermore,
the five phenylalanine residues within the ED insert into the lipid head group region of
the membrane (Fig. 2.3) and stabilize the association of the ED with the membrane
(Gambhir et al., 2004).

The interaction of the myristoyl moiety and ED with lipids allow binding of MARCKS
to the cell membrane (Bhatnagar et al., 1997; Murray et al., 1997). Calmodulin binds
to the ED of MARCKS in a calcium-dependent manner. When the ED is
phosphorylated by PKC, or when calmodulin binds to the ED, MARCKS detaches
from the membrane and is released to the cytoplasm (Ohmori et al., 2000; Arbuzova
et al., 1998). The binding affinity of calmodulin to the ED of MARCKS is decreased
significantly, when the ED is phosphorylated by PKC (Porumb et al., 1997). MARCKS
also binds to actin and phosphorylation by PKC and binding of calmodulin can inhibit
binding of MARCKS to actin (Hartwig et al., 1992).

MARCKS-deficient mice show brain malformations and perinatal death (Stumpo et
al., 1995). MARCKS heterozygous mice appear normal but have deficits in spatial
learning (McNamara et al., 1998). Obviously MARCKS plays an important role in the

development of the central nervous system.

2.8 Transient receptor potential canonical or classical
family

In hippocampal neurons, treatment with an NCAM-function triggering peptide leads to
calcium entry into the cells (Kiryushko et al.,, 2006). Application of an inhibitor of
voltage-dependent calcium channels could not completely block this calcium entry,
suggesting that part of this NCAM-induced calcium entry is not mediated by voltage-
dependent calcium channels but could depend on ligand-gated calcium channels.
Treatment of cells with a TRPC inhibitor could completely abolish calcium entry into
the neurons (Kiryushko et al.,, 2006). This finding shows that NCAM-mediated
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calcium entry in hippocampal neurons depends on voltage-gated calcium channels
as well as TRPC calcium channels. NCAM and TRPC1/4/5 channels share the
dopamine receptor D2 (Xiao et al., 2009) and the FGFR (Kiselyov et al., 2003) as
common interaction partners. It has been shown that TRPC1, 4 and 5 channels play
important roles in different physiological functions in the nervous system (Abramowitz
et al., 2009).

TRPC1 plays a role in proliferation of neural stem cells (Fiorio et al., 2005),
differentiation of cultured H19-7 hippocampal cells (Wu et al., 2004), neurotrophic
factor-induced growth cone turning and axon guidance (Shim et al., 2005; Wang et
al.,, 2005), glutamate secretion from astrocytes (Malarkey et al., 2008) and
neuroprotection (Bollimuntha et al., 2006; 2005). TRPC4 is involved in the response
to neural injury (Wu et al., 2007), the regulation of neurite outgrowth (Wu et al., 2008;
2007) and the secretion of GABA (Munsch et al.,, 2003). TRPC5 is linked to the
inhibition of neurite outgrowth in hippocampal neurons (Greka et al., 2003) and the
response of the glutamate receptors to glutamate in lateral amygdala pyramidal
neurons (Faber et al., 2006). A heteromer of TRPC4/5 seems to be responsible for
different electrical properties of neurons (Zhang et al., 2011; Fowler et al., 2007,
Wang et al., 2007).

TRPC proteins are nonselective cation channels permeable for calcium, sodium and
potassium and they are expressed in all tissues. They can play a role in receptor-
operated calcium entry or store-operated calcium entry (SOCE) (Selvaraj et al.,
2007) which is triggered by the activation of the phospholipase C 3 (PLCB) pathway.
Upon activation, PLC hydrolyzes phosphatidylinositol (4,5) bisphosphate (PIP,) to
inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). In the case of receptor
operated calcium entry (Hofmann et al., 1999), DAG directly activates calcium
channels in the plasma membrane. SOCE is triggered by binding of IP; to the IP3
receptor (Salido et al.,, 2009). The IP3 receptor is an ionotropic receptor in the
membrane of the endoplasmic reticulum, and it releases calcium from the
intracellular stores into the cytoplasm after binding of IP3 to its receptor. This
increased calcium concentration in the cytoplasm activates stores operated calcium

channels in the plasma membrane.
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2.9 Structure of the TRPC proteins

The TRPC channels are transmembrane proteins with six transmembrane segments
and a cytoplasmic N- and C-terminus. The N-terminus of the TRPC channels
contains three to four ankyrin repeats and a putative coiled-coil region (Fig. 2.4). The
ankyrin repeats in the N-terminus of the TRPC channels are the most common
repeat motifs in many different classes of proteins (Mosavi et al., 2004) and are
involved in cell-cell signaling, regulation of the cell cycle, transcription, transport and

development.
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Figure 2.4: Structure of TRPC channels. The gray shaded region at the end of the C-terminus is
unique in TRPC4/5. EWKFAR is the TRP box. LPXPF(X);PSPK is the conserved proline-rich
sequence. Y(X)4F(X)1sW is the caveolin-1 binding site. The acronyms are: ANK 1-4, ankyrin repeats 1-
4; CC-N, N-terminal coiled-coil region; CC-C, C-terminal coiled-coil regions; PDZ-B, PDZ bhinding
domain; CIRB, IP; receptor and calmodulin binding site; IP3;R, IP; receptor; CaM, calmodulin; LFW,
amino acid motife conserved in all TRPC channels in the putative pore region. (Presentation was

taken from Vazquez et al., 2004 and modified)

The coiled-coil domain is an abundant protein motif; which consists of several heptad

repeats folded into an alpha-helix. Two or more of these alpha-helices are curled into
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each other to form the coiled-coil domain. The coiled-coil region in the N-terminus,

but not in the C-terminus, of TRPC1 is able to homodimerize (Engelke et al., 2002).

The C-terminus of the TRPC channels is composed of a transient receptor potential
(TRP) domain containing the TRP-box (Zhu et al., 1995) and a proline-rich sequence
(Latorre et al., 2009), a calmodulin and IP3 receptor-binding site (CIRB) region and a
coiled-coil region (Fig. 2.4). The TRP box (Fig. 2.4) is a highly conserved ‘EWKFAR
motif and its function is still unclear. The CIRB motive was first identified in the C-
terminus of TRPC3 and later also in other TRPC proteins (Tang et al., 2001).
Calmodulin and the IP3 receptor compete for this binding site and the binding of
calmodulin has an inhibitory effect on the channel (Zhang et al., 2001). A calmodulin
binding motif is present in the coiled-coil domain of the C-terminus of TRPCL.
Deletion of this motif leads to a decrease of calcium-dependent inactivation of store-
operated calcium entry (Singh et al., 2002). Although the C-termini of TRPC4 and
TRPC5 both contain an extended end terminating in a PDZ binding motive, their
overall homology is rather low. In the extended end of TRPC4 an additional binding
site for the IP3 receptor and calmodulin was identified (Mery et al., 2001; Trost et al.,
2001). Deletion of the PDZ binding motif in TRPC4 leads to a reduction of the surface
localization (Mery et al., 2002).

The TRPC channels form mainly homotetramers (Mio et al., 2005), but they also form
heterotetramers (Strubing et al., 2001; Lintschinger et al., 2000). An active tetramer
is formed by interactions between the N-terminal ankyrin repeats and the C-terminal
coiled-coil region (Lepage et al., 2006). It has been proposed that TRPC proteins
form heteromers with their closest phylogenetic relatives: TRPC1, TRPC4 and
TRPC5 or TRPC3, TRPC6 and TRPC7 (Liman et al., 2003; Hofmann et al., 2002).
However, recent studies could also identify heteromers containing TRPC1 and
TRPC3 (Liu et al., 2005; Lintschinger et al., 2000) or TRPC3 and TRPC4 (Poteser et
al., 2006).

The ion pore of the TRPC channels is formed by the fifth and the sixth
transmembrane domain. The conserved LWF motive as well as E576 and D581 have
been proposed to form a helix in the pore region (Fig. 2.4) and are essential for pore

formation. A change of one of these amino acids leads accordingly to a conversion of
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a non-selective ion channel to a channel selective for monovalent ions (Liu et al.,
2003). In addition, these mutations abolished or decreased store-mediated calcium
currents and/or sodium currents (Liu et al., 2003; Stribing et al., 2003; Hofmann et
al., 2002).

2.10 Aims of the study

Previous experiments provide indications for an interaction of NCAM with TRPC
channels, direct binding of PSA to MARCKS, and nuclear import of a glycosylated

NCAM fragment. Based on these observations, my study has three major aims:

1. Verification of the functional interaction of TRPC channels with NCAM and

investigation of the functional roles of this interaction.
2. Verification of NCAM-mediated import of PSA and HNK-1 into the nucleus.

3. Characterization of the binding between MARCKS and PSA and physiological

consequences of this interaction.
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3. Materials

3.1 Antibodies

Materials

3.1.1 Primary antibodies

Name Source Species | Epitopes and application
HNK-1 (412) Kruse et al., 1984 rat raised against HNK-1;
monoclonal;
WB: 1:400
IF: 1:40
Histone H1 (FL-219) | Santa Cruz; rabbit raised against amino acids
sc-10806 1-219 of Histone H1,;
polyclonal,
WB: 1:200
Kir3.3 (C-18) Santa Cruz; goat raised against a peptide
sc-19572 mapping near the C-
terminus of Kir3.3;
polyclonal,
WB: 1:200
IP: 1:100
L1 (rabbit) Pineda rabbit raised against the
ECD of L1; polyclonal;
WB: 1:1,000
St: 1:200
MARCKS (rb) Lobaugh et al., 1990 rabbit raised against MARCKS;
Kind gift from Prof. Dr. WB: 1:1,000
Perry J. Blackshear, IF: 1:100
Durham, USA
p-MARCKS Santa Cruz; goat Raised against amino
sc-12971 acid sequence containing

phosphorylated Ser 159
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and Ser 163 of MARCKS
IF: 1:50

NCAM (1B2)

Niethammer et al., 2002

rabbit

raised against the ECD of
NCAM120/140/180;
polyclonal,

WB: 1:1,000

IP: 1:250

St: 1:200

NCAM 5B8

Gennarini et al., 1984
(Hybridoma bank, lowa,
USA)

mouse

raised against the ICD of
NCAM140/180;
monoclonal;

WB: 1:400

NCAM (chicken)

Pineda

chicken

raised against the ECD of
NCAM; polyclonal;

WB: 1:2,000

St: 1:200

NCAM D3

Schlosshauer et al., 1989

mouse

raised against the ICD of
NCAM180 (Exon 18);
monoclonal;

WB: 1:2,000

NCAM H28

Niethammer et al., 2002

rat

raised against the ECD of
NCAM120/140/180;
monoclonal;

WB: 1:100

IF: 1:50

IP: 1:25

NCAM P61

Gennarini et al., 1984

rat

raised against the ICD of
NCAM140/180;
monoclonal;

WB: 1:100

IF: 1:50

PSA (735)

Frosch et al., 1985

mouse

raised against polysialic
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Kind gift of Prof. Dr. Rita
Gerardy-Schahn,

Hannover, Germany

acid; monoclonal;
WB: 1:2,000
IF: 1:200

PrP (M-20) Santa Cruz; goat raised against a peptide
sc-7694 mapping near the C-
terminus; polyclonal,
IP:1:100
TRPC1 (H-105) Santa Cruz; rabbit raised against amino acids
sc-20110 689-793 (C- terminus;
polyclonal,
WB: 1:200
IF: 1:50
IP: 1:100
TRPC1 (E-6) Santa Cruz; mouse | raised against amino acids
sc-133076 689-793 (C- terminus);
monoclonal;
WB: 1:200
TRPC1 (A-14) Santa Cruz; goat raised against amino acids
sc-23011 101-150 (N- terminus);
polyclonal,
WB: 1:200
TRPC1 (T1E3) Kwan et al., 2009; rabbit raised against amino acids
Xu et al., 2005 586-606 (extracellular loop
Kind gift of Prof. Dr. Yao 3); polyclonal;
Xiaogiang, Hong Kong, [: 1:100
China
TRPC4 (N77/15) NeuroMab; mouse | raised against amino acids
75-119 930-947 (C- terminus);
monoclonal;
WB: 1:1,000
TRPC5 (N67/15) NeuroMab; mouse | raised against amino
75-104 acids 827-845 (C-
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terminus); monoclonal;
WB: 1:1,000

TRPC4/5 (H-80) Santa Cruz;
sc-28760

rabbit

raised against amino acids
1-80 (N-terminus of
TRPC5); polyclonal;

WB: 1:200

IF: 1:50

IP: 1:100

TRPC3/6/7 (H-100) | Santa Cruz;
sc-20111

rabbit

raised against amino acids
1-100 (N-terminus of
TRPC3); polyclonal;

WB: 1:200

IF: 1:50

IP:1:100

TRPC3/6/7 (A-15) Santa Cruz;
sc-20111

goat

raised against the C-
terminus of TRPC3);
polyclonal,
WB: 1:200

Table 3.1: Table shows the antibodies used. The acronyms are: WB, Western blot; I, inhibition; St,

stimulation; IF, immunofluorescence; IP, immunoprecipitations.

3.1.2 Secondary antibodies

All  horseradish peroxidase (HRP)-, Cy2- Cy3-

and Cy5-coupled secondary

antibodies were purchased from the Jackson Laboratory (Dianova. Hamburg.

Germany). HRP-coupled antibodies were used in a dilution of 1:10,000 to 1:20,000 in

4% skim milk powder in phosphate buffered saline solution pH 7.4 (PBS) containing
0.01% Triton X-100 (PBST) for immunoblotting and Cy2-, Cy3- and Cy5-coupled

antibodies were used in a dilution of 1:200 t01:400 in PBS for immunocytochemistry.
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3.2 Bacterial strains

Escherichia coli DH5a (Life Technologies, Karlsruhe, Germany)

Escherichia coli BL21 (DES3) (Novagen, Merck, Darmstadt, Germany)

3.3 Chemicals

All chemicals were obtained from following companies in p.a. quality: Bio-Rad
(Hercules, CA, USA), Carl Roth (Karlsruhe, Germany), Enzo Life Sciences (Ldrrach,
Germany), Th. Geyer (Hamburg, Germany), Life Technologies (Karlsruhe, Germany),
Macherey-Nagel (Duren, Germany), Merck (Darmstadt, Germany), Perbio Science
(Bonn, Germany), Roche Diagnostics (Mannheim, Germany), Serva (Heidelberg,

Germany) and Sigma-Aldrich (Deisenhofen, Germany).

3.4 Synthesized peptides

All peptides were synthesized by Dr. Christian Schafer-Nielsen (Schafer-N,
Copenhagen, Denmark) with a purity of more than 95%.

MARCKS ED peptide:
H-KKKKKRFSFKKSFKLSGFSFKKNKK-OH
MARCKS control peptide:
H-KKKKKRASAKKSAKLSGASAKKNKK-OH

The alanine residues in the control peptide which replace the phenylalanine residues

are shown in bold.
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3.5 Molecular weight standards

3.5.1 1 kb DNA ladder

14 bands within a range of 100 to 12,000 bp (Life Technologies)

3.5.2 Precision plus protein™ all blue standards (BioRad)

Band No. apparent molecular weight (kDa)

1 250

2 150

3 100

4 75

5 50

6 37

7 25

8 20

9 15

10 10
3.6 Plasmids
Plasmid Informations
pcDNA mammalian expression vector, ampicillin
(Life Technologies) resistance

pcDNA-NCAM140
(Claas Cassens, PhD thesis, Hamburg)

mammalian expression vector of full
length NCAM140

pcDNA-Kir3.1/Kir3.3
(Claas Cassens, PhD thesis, Hamburg)

mammalian expression vector of

concatameric Kir3.1/3.3

pcDNA-TrkB

mammalian expression vector of full
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(Claas Cassens, PhD thesis, Hamburg)

length TrkB

pcDNA-TRPC1
Kind gift from Dr. Markus Delling,
Boston, USA

mammalian expression vector of full
length TRPC1

pcDNA-TRPC4
Kind gift from Dr. Markus Delling,
Boston, USA

mammalian expression vector of full
length TRPC4

pcDNA-TRPC5
Kind gift from Dr. Markus Delling,
Boston, USA

mammalian expression vector of full
length TRPC5

PGEX-4T-2

(Amersham Pharmacia Biotech)

prokaryotic expression vector for
recombinant expression of proteins
carrying glutathione sulfotransferase
(GST) tag at the 5" end, ampicillin

resistance

pGEX-4T-2 TRPC1 N-terminus

prokaryotic expression vector for GST-
tagged N-terminus of TRPC1

pPGEX-4T-2 TRPC1 C-terminus

prokaryotic expression vector for GST-
tagged C-terminus of TRPCL1

PpGEX-4T-2 TRPC4 N-terminus

prokaryotic expression vector for GST-
tagged N-terminus of TRPC4

pPpGEX-4T-2 TRPC4 C-terminus

prokaryotic expression vector for GST-
tagged C-terminus of TRPC4

PGEX-4T-2 TRPC5 N-terminus

prokaryotic expression vector for GST-
tagged N-terminus of TRPC5

PGEX-4T-2 TRPC5 C-terminus

prokaryotic expression vector for GST-
tagged C-terminus of TRPC5

pQE30
(Qiagen)

prokaryotic expression vector for
recombinant expression of proteins
carrying polyhistidine tag (6xHis) at the &’

end, ampicillin resistance
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pQE30 NCAM140 ICD

prokaryotic expression vector for His-
tagged NCAM140 ICD

pPQE30 NCAM180 ICD

prokaryotic expression vector for His-
tagged NCAM180 ICD

pPQE30 NCAM140 ICD AN
(Daniel Novak, PhD thesis, Hamburg)

prokaryotic expression vector for His-
tagged NCAM140 ICD missing the N-

terminus

pQE30 NCAM140 ICD AM
(Daniel Novak, PhD thesis, Hamburg)

prokaryotic expression vector for His-
tagged NCAM140 ICD missing the middle
part

pQE30 NCAM140 ICD AC
(Daniel Novak, PhD thesis, Hamburg)

prokaryotic expression vector for His-
tagged NCAM140 ICD missing the C-

terminus

pQE30 NCAM140 ICD ACaM
(Mounir M’Zoughi, PhD thesis, Hamburg)

prokaryotic expression vector for His-
tagged NCAM140 ICD with mutated

calmodulin binding motif

pQE30 NCAM180 ICD ACaM
(Mounir M’Zoughi, PhD thesis, Hamburg)

prokaryotic expression vector for His-
tagged NCAM180 ICD with mutated

calmodulin binding motif

PEGFP-N1-MARCKS-GFP wt
Kind gift from Prof. Dr. Perry J.
Blackshear, Durham, USA

mammalian expression vector of GFP-
tagged full length MARCKS wild-type

PEGFP-N1-MARCKS-GFP A2G2
Kind gift from Prof. Dr. Perry J.
Blackshear, Durham, USA

mammalian expression vector of GFP-
tagged full length MARCKS mutant with
alanine replacement of the amino-

terminal glycine

PEGFP-N1-MARCKS-GFP F/A

mammalian expression vector of GFP-
tagged full length MARCKS mutant with
alanine replacement of the ED containing

phenylalanine

Table 3.2: Table shows the plasmids used.

32




Materials

3.7 Mice

NCAM-deficient mice (NCAM-/-) (Cremer et al., 1994) were generated by breeding
heterozygous mutant mice on a C57BL/6J background. C57BL/6 mice were used as
wild-type mice and obtained from the breeding colony of the University clinics
Hamburg-Eppendorf. Mice were kept under standard conditions with food and water
ad libitum and a light:dark cycle of 12:12 hrs. Animals were sacrificed in a CO»
chamber before the removal of brains. All animal experiments were approved by the
University and State of Hamburg animal care committees and conform to NIH
guidelines.

3.8 Solutions and buffers

Buffer or solution Amount Ingredients
5x sample buffer orange-G 0.025% orange G
20% glycerol
in TAE buffer
Ampicillin stock 100 mg/ml | in H,O
Blotting buffer 250 mM Tris
190 mM glycine
20% methanol
Blocking solution 137 mM NacCl
2.7 mM KCI
8 mM Na;HPO,
1.5mM KH2PO,4
pH 7.4
0.05% Tween 20
4% skim milk powder
Cerebellum medium 1 mM L-glutamine
1 mM sodium pyruvate
5 U/ml penicillin/streptomycin
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0.1% bovine serum albumin (BSA)
10 pg/ml insulin
4 nM L-thyroxine
100 pg/ml | bovine transferrin, holo
30 nM sodium-selenite
1x B-27 supplement
in Neurobasal A
(Life Technologies)
CHO cell medium 10% foetal calf serum (FCS)
1 mM L-glutamine
1 mM sodium pyruvate
5 U/ml penicillin/streptomycin
in HAM’s F12/GMEM 1:1
(PAA Laboratories, Colbe,
Germany)
Digestion solution 135 mM NacCl
5mM KCI
7mM Na;HPO,
4 mM NaHCO;
25 mM HEPES, pH 7.4
Dissection solution Hanks’s balanced salt solution
(HBSS)
4 mM NaHCO;
10 mM HEPES
6 mg/ml | D-glucose
5 pg/ml gentamycin
3 mg/ml BSA
12 mM MgSO,
Electrode buffer 250 mM KCI
10 mM Tris-HCI, pH 7.0
10 mM MOPS
Elution buffer for the pGEX —system | 20 mM reduced glutathione
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50 mM Tris-HCI, pH 8.0
Elution buffer for the pQE-system 50 mM NaH,PO,4
300 mM NaCl
250 mM imidazole
Ethidiumbromide staining solution 10 pg/ml ethidiumbromide
in TAE buffer
HEPES-buffered saline (HBS) (2x) | 50 mM HEPES, pH 7.1
280 mM NaCl
12 mM dextrose
10 mM KCI
1.5mM NH,PO4
HEK cell medium 1 mM L-glutamine
1 mM sodium pyruvate
5U/ml penicillin/streptomycin
10% foetal calf serum (FCS)
in high glucose Dulbecco
modified Eagle’s
Hippocampus medium 2mM L-glutamine
1x B-27 supplement
12 ng/ml bFGF
in Neurobasal A
Kanamycin stock 25 mg/ml  |in HO
LB-medium 10 g/l bacto-tryptone, pH 7.4
10 g/l NacCl
5 g/l yeast extract
LB-ampicillin medium 100 mg/l ampicillin in LB-medium
LB-kanamycin medium 25 mg/l kanamycin in LB-medium
LB-ampicillin plate 20 g/l agar in LB medium
100 mg/I ampicillin
LB- kanamycin plate 20 g/l agar in LB medium
25 mg/l kanamycin
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Lysis buffer for the pQE-system 50 mM NaH,PO,
300 mM NaCl
10 mM imidazole
Lysis buffer for the pGEX-system 1x PBS
1% Triton X-100
1x EDTA-free protease inhibitor
(Roche)
N2a cell medium 1 mM L-glutamine
1 mM sodium pyruvate
5U/ml penicillin/streptomycin
10% foetal calf serum (FCS)
in high glucose Dulbecco
modified Eagle’s medium
(DMEM)
PBS (phosphate buffered saline) 137 mM NaCl
2.7 mM KCI
8 mM Na,HPO,
1.5mM KH,;POy4, pH 7.4
PBST 137 mM NaCl
2.7 mM KCI
8 mM Na,HPO,
1.5mM KH2PO,4
pH 7.4
0.05% Tween 20
Radio immunoprecipitation assay 50 mM Tris-HCI, pH 7.4
(RIPA) buffer 180 mM NaCl
1 mM NasP,07
1% NP-40
Running gel 2.3 ml 1 M Tris-HCI, pH 8.8
60 ul 10% sodium dodecyl sulphate

15 ul

(SDS)

10% ammonium persulfate (APS)
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6 ul tetramethylethylenediamine
(TEMED)
> 6% 2.5ml H.O
1.2 ml 30% acrylamide / 0.8%
bisacrylamide
> 8% 2.1 ml H.O
1.6 mi 30% acrylamide / 0.8%
bisacrylamide
- 10% 1.7 ml H.O
2.0 ml 30% acrylamide / 0.8%
bisacrylamide
> 12% 1.3 ml H,O
2.4 ml 30% acrylamide / 0.8%
bisacrylamide
> 14% 0.9 ml H,O
2.8 ml 30% acrylamide / 0.8%
bisacrylamide
SDS sample buffer 10 g SDS
40 mi 1 M Tris-HCI, pH 6.8
50 ml glycerine (100%)
5 mg bromphenol blue
= 4x ad 125 ml | H,O
= 5X ad 125 ml | H,O
per 20 ml 200 mg dithiothreitol (DTT)
SDS running buffer (10x) 250 mM Tris
19M glycine
1% SDS
Stacking gel (5 %) 1.6 ml H,O
0.4 mi 30% acrylamide / 0.8%
bisacrylamide
0.3 ml 1M Tris-HCI, pH 6.8

30 pl

10% SDS
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15 pl 10% APS

6 ul TEMED
Staining solution 1% toluidine blue

1% methylene blue

1% sodium-tetraborate
Stripping solution 3.125% acetic acid

500 mM NaCl
Tris-acetate-EDTA (TAE) buffer 2M Tris-acetate, pH 8.0
(50x) 100 mM ethylenediaminetetraacetic acid

(EDTA)

Washing buffer for the pGEX — 1x PBS, pH 7.4
system 1% Triton X-100
Washing buffer for the pQE — 50 mM NaH;PO,4
system 1 600 mM NacCl

10 mM imidazole
Washing buffer for the pQE — 50 mM NaH,PO,
system 2 300 mM NacCl

20 mM imidazole
Washing buffer for the pQE — 50 mM NaH,PO,
system 3 300 mM NacCl

40 mM imidazole
Washing buffer for the pQE — 50 mM NaH,PO,
system 4 300 mM NacCl

60 mM imidazole

Table 3.3: Table shows the solutions and buffers used.
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4 Methods

4.1 Biochemistry
4.1.1 Bind assay

Biochemical BIND® Measurement
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Figure 4.1: Schematic drawing of the principle of the label-free Bind assay. BIND uses a novel
optical effect to provide highly sensitive measurements of changes in binding or adherence in the
proximity of the biosensor surface. The bottom of the 384-well plates (SRU Biosystems, BIND®)
contains layers with nanostructured optical grating. The optical grating reflects only a narrow range of
wavelengths of light upon illumination with broadband light. Immobilization of a protein/receptor on the
surface coating layer leads to a shift in the reflected wavelength (PWV shift). The shift in the reflected
wavelength is proportional to the size and amount of protein that is bound to its surface. When a
ligand is added to the wells with immobilized protein/receptor its binding/presence in close proximity of
the biosensor leads to a further shift in the reflected wavelength. (Figure taken from:

http://www.srubiosystems.com/images/BiochemicalMeasurementLG.jpg)
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Bind assays were performed with the BIND® reader PROFILER turbo (SRU
Biosystems, Woburn, MA, USA) (Fig. 4.1). As a starting point, 384-well plates with
TiO, surface (SRU Biosystems) were washed with PBS?* (PBS containing calcium
and magnesium; PAA Laboratories) and the reflected wavelength was measured.
Wells were coated overnight with the N- or C- termini of TRPC1, 4 or 5 at 4°C and
afterwards the peak wavelength shift was measured. Then wells were blocked with
2% BSA in PBS for 3 hours at room temperature, washed and ICDs of NCAM140,
NCAM180 or L1 with or without pre-treatment with calmodulin were added to the N-
or C- termini of TRPC1, 4 or 5. The peak wavelength shift was monitored every 30
seconds for 1 hour. The shift of the peak wavelength is a measure of the binding
affinity between the TRPC fragments and the ICDs of NCAM140, NCAM180 or L1.

4.1.2 Cell surface biotinylation

By cell surface biotinylation all primary amines in proteins, which are present outside
of the cell, can be tagged. All cell surface biotinylation steps were performed on ice.
Hippocampal neurons or transfected CHO cells were washed once with ice-cold
phosphate buffered saline with 2 mM MgCl, and 0.5 mM CaCl, (PBS?"). Afterwards
cells were incubated for ten minutes with 0.5 mg/ml membrane-impermeable sulfo-
NHS-SS-biotin (Pierce) in PBS?*. Unreacted of sulfo-NHS-SS-biotin was quenched
for 5 minutes with 20 mM glycine in PBS?*. Cells were washed twice with PBS?* and
lysed with RIPA buffer. The cell lysates were incubated for 30 minutes at 4°C. The
lysates were centrifuged for 5 minutes with 1,000 g and the pellets were discarded.
An aliquot of the supernatants was used as input control and the rest was incubated
under rotation overnight at 4°C with magnetic streptavidin beads (Life Technologies).
Beads were washed twice with RIPA buffer and once with PBS and afterwards
incubated for 5 minutes with Laemmli buffer at 95°C. The samples were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and

Western blot analysis.
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4.1.3 Chloroform/methanol protein precipitation

Proteins were precipitated with chloroform/methanol according to Wessel and Fliigge
(1984). Methanol (4 vol.), chloroform (1 vol.) and H,O (3 vol.) were added to protein
solution (1 vol.). Afterwards the samples were vortexed thoroughly and centrifuged at
15,000 g for 2 minutes at room temperature. The organic phase was removed
without disturbing the interphase, which contains the proteins. Then three volumes
methanol were added and the samples were vortexed thoroughly and centrifuged at
15,000 g for 2 minutes at room temperature. The supernatant was discarded and the
protein pellet dissolved in SDS sample buffer and subjected to SDS-PAGE and

Western blot analysis.

4.1.4 Co-immunoprecipitation

Brains from wild-type or NCAM-deficient mice were homogenized with a glass pestle
and a Elvehjem homogenizer in RIPA buffer containing protease inhibitor (Roche,
Complete, EDTA free). The homogenate was cleared from tissue pieces by
centrifugation (1,000 g; 5 minutes; 4°C). The supernatant was incubated for one hour
at 4°C with antibodies against NCAM, TRPCs, Kir3.3, PrP or as control with
unspecific 1gGs from the species in which the primary antibodies were generated.
Afterwards, protein A/G agarose beads (Santa Cruz) were added to the samples and
they were incubated overnight at 4°C. Beads were precipitated together with the
antibodies and protein complexes by centrifugation (1,000 g; 5 minutes; 4°C),
washed twice with RIPA buffer and once with PBS. Proteins were eluted from the
beads with 2x SDS sample buffer and subjected to SDS-PAGE and Western blot

analysis.
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4.1.5 Coupling of hydrazide dyes to colominic acid and

chondroitin sulfate

For coupling of colominic acid (Sigma-Aldrich) and chondroitin sulfate (Sigma-
Aldrich) to AMCA hydrazide (Sigma-Aldrich) or HiLyte Fluor™ 405 hydrazide
(MoBiTec), the carbohydrates were activated by controlled periodate oxidation with 1
ml 100 mM sodium metaperiodate (Thermo Scientific) per 10 mg carbohydrate for 15
minutes. Afterwards 1 ml ethylene glycerol (Thermo Scientific) per 15 mg
carbohydrate was added and probes were incubated for one hour at 4°C. The
carbohydrates were precipitated with ethanol in a ratio of 1:1.5 (v/v), centrifuged
(4,000 g, 4°C, 15 minutes) and diluted to 3 mg carbohydrate per ml water. The dyes
were dissolved in dimethyl formamide (Thermo Scientific) to a concentration of 2 mM
and added in a ratio of 1:10 (v/v) to the carbohydrates in water diluted. After 2 hours
incubation time at 4°C the carbohydrates were precipitated with ethanol, centrifuged
(4,000q, 4°C, 15 minutes) and diluted in PBS to a concentration of 30 mg/ml.

4.1.6 Coupling of hydrazide dyes to PSA-NCAM

For coupling of PSA-NCAM-Fc to HiLyte Fluor™ 405 hydrazide, the carbohydrates of
the glycoprotein were activated by controlled periodate oxidation with 100 mM
sodium metaperiodate. Then 200 uM HiLyte Fluor™ 405 hydrazide dissolved in
dimethyl formamide (Thermo Scientific) was added to the activated PSA-NCAM-Fc
and samples were incubated for 2 hours at room temperature in the dark. Finally the

labeled glycoproteins were dialysed against PBS to remove unbound dye.

4.1.7 Protein cross-linking using photo-L-leucine

CHO cells were seeded in 6-well plates at a density of 1x10° cells per well. After 24
hours the medium was changed to DMEM without leucine (Thermo Scientific)

supplemented with 1% penicillin/streptomycin (PAA Laboratories), 4 mM L-photo-
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leucine (Thermo Scientific) and 2 mM methionine (Sigma-Aldrich). and the cells were
transfected with MARCKS-GFP wild-type or a MARCKS-GFP mutant in which the
phenylalanines were replaced by alanines (MARCKS-GPF F/A mutant) using
TurboFect (Fermentas). For each construct cells from one 6-well plate were used. 24
hours after transfection cells were incubated for 10 minutes with 10 pg/ml PSA-
NCAM-Fc or colominic acid and then for 5 minutes under UV-light (3x 15 W:
wavelength of 365 nm). Afterwards the cells were lysed with 500 ul RIPA-buffer
containing protease inhibitor mix (Roche, Complete, EDTA-free) per 6-well and
incubated for half an hour at 4°C. Lysates were incubated overnight at 4°C with
Protein A agarose beads (Santa Cruz) or an antibody against PSA (735) or against
GFP (Rockland) and with Protein A/G agarose beads (Santa Cruz). The samples
were analyzed with by SDS-PAGE and Western Blot analysis.

4.1.8 Determination of protein concentration

The protein concentration was determinated with a bicinchoninic acid (BCA) assay
using a BCA kit (Pierce) according the manufacturer instructions. 10 pl of the sample
or 10 pl of the bovine serum albumin (BSA) standard in different concentrations (50
pg/ml; 100 pg/ml; 400 pg/ml; 500 pg/ml; 600 pg/ml; 1000 pg/ml) were placed in a 96-
well plate. Reagent A and B were mixed in a ratio of 50:1 (v/v), added to the samples
and incubated for 30 minutes at 37°C. Finally, the absorption was measured at 560
nm with a pQuant reader (BioTek, Bad-Friedrichshall, Germany) and the protein

concentration calculated from the BSA standard curve.

4.1.9 Ethanol precipitation of carbohydrates

Carbohydrates were precipitated from carbohydrate solutions by addition of 4
volumes ethanol (-20°C) and incubation at -20°C overnight. Afterwards the

carbohydrate solution was centrifuged at 15,000 g and 4°C for 20 minutes. The
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supernatants were discarded, the pellets containing the precipitated carbohydrates

dried at room temperature and then dissolved in H,O.

4.1.10 Isolation of nuclear fractions from cultured cells using the

Qproteome '™ Nuclear Protein kit (Qiagen)

Six million N2A cells or cerebellar neurons were used for each condition. Soluble
nuclear and chromatin-bound fractions were isolated using the Qproteome™ Nuclear
Protein kit (Qiagen) according to the manufacturer’s instructions. In brief, the medium
was discarded and cells were lysed with NL-buffer, centrifuged (10,0009, 4°C, 5 min)
and the supernatant was saved as the non-nuclear fraction. The cell pellet was re-
suspended in NX1 buffer, incubated for 30 min at 4°C with constant agitation,
centrifuged (12,000g, 4°C, 10 min) and the supernatant was saved as the soluble
nuclear fraction. The pellet was re-suspended in NX2 buffer, incubated for 60 min at
4°C with constant agitation, centrifuged (12,000g, 4°C, 10 min) again and the
resulting supernatant was saved as the chromatin-bound fraction. The proteins from
every fraction (50 pl each fraction) were precipitated using chloroform/methanol, the
pellets dissolved in SDS-sample buffer and subjected to SDS-PAGE and Western
blot analysis.

4.1.11 Measurements of the capacitance of an artificial lipid

bilayer

The lonovation Compact V02 (lonovation, Osnabrtick, Germany) is an instrument
which measures channel characteristics in an artificially lipid bilayer. The bilayer is
formed by repetitive lowering and rising of the buffer level in the cis-chamber at a
Teflon-septum with a 120 um pinhole, which connects two chambers with each other.
The lipid bilayer consisted of a 1:1 lipid mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
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(POPC) (lonovation, Osnabrick, Germany). The chambers were filled with 1.4 ml
electrode buffer and the formation of the lipid bilayer was monitored optically (Fig.
4.2) and by capacitance measurements. A stable membrane was build up with a
capacitance between 60-80 pF.

Figure 4.2: Picture of a pinhole without (A) or with (B) a lipid bilayer.

After a stable lipid bilayer was established, the capacitance of the lipid bilayer was
measured and recorded every second. After 30 seconds, 3 UM colominic acid or
chondroitin sulfate was added into the trans-chamber and the capacitance was
recorded for 2 minutes. In the first setup 3 uM of the MARCKS control peptide was
applied and the capacitance of the lipid bilayer was recorded for 3 minutes. Finally, 3
UM of the MARCKS-peptide was added and the capacitance of the bilayer was
recorded for 6 minutes and 10 seconds. In the second setup only 3 uM of the
MARCKS or control peptide was applied and the capacitance was recorded for 5

minutes and 50 seconds.

4.1.12 Measurements of DNA methylation and

hydroxymethylation

For every measurement 2 million cells were used. Per condition four measurements
were made, from which average values were calculated. The DNA from cerebellar
granule neurons was isolated with the FitAmp™ Blood and Cultured Cell DNA
Extraction Kit (Epigentek) according to the manufacturer’s instructions. The DNA

methylation and hydroxymethylation were measured with the MethylFlash™
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Methylated DNA  Quantification  Kit  (Epigentek) and  MethylFlash™
Hydroxymethylated DNA Quantification Kit (Epigentek).

4.1.13 Pull-down experiments

In pull-down experiments recombinant proteins were used to pull-down protein from
protein extracts. Brains from wild-type mice were homogenized with a glass pestle
and a Elvehjem homogenizer in RIPA buffer containing protease inhibitors (Roche;
Complete, EDTA free). The homogenate was cleared from tissue debris by
centrifugation (1,000 g; 5 minutes; 4°C). The supernatant was incubated for one hour
at 4°C with recombinant expressed ICDs of NCAM140, NCAM180 or L1 containing a
N-terminal histidine (His)-tag or with recombinantly expressed N- or C- termini of
TRPC1 containing an N-terminal glutathione S-transferase (GST)-tag. To pull-down
the tagged baits and proteins binding to them nickel agarose beads (Qiagen; for His-
tagged proteins) or glutathione agarose beads (Sigma-Aldrich; for GST-tagged
proteins) were added and the samples were incubated overnight at 4°C with constant
agitation. Beads were precipitated together with bound baits and proteins binding to
the bait proteins and protein complexes were precipitated by centrifugation (1,000 g;
5 minutes; 4°C), washed twice with RIPA buffer and once with PBS, eluted with 2 x
sample buffer and subjected to SDS-PAGE and Western blot analysis.

4.1.14 Recombinant expression of proteins in Escherichia coli

using the pQE-system or pGEX-system

Recombinantly expressed proteins were used for pull-down experiments or BIND
assays. The cDNAs coding for the ICDs of NCAM140, NCAM180 and L1 were
cloned in a pQE-vector containing a sequence coding for an N-terminal 6xHis-tag.
The cDNAs coding for the N- and C- termini of TRPC1, 4 and 5 were cloned in a
pGEX-vector containing a sequence coding for an N-terminal GST-tag. The

Escherichia coli expression strain BL21 was transformed with the vectors, one clone

46



Methods

was grown overnight in 20 ml LB medium containing ampicillin. This 20 ml culture
was added to 2 L LB medium containing ampicillin (Sigma-Aldrich) and the bacteria
were grown at 37°C. Every hour the optical density (OD) was determined to monitor
the growth of the bacteria. After the culture reached an OD of 0.6 the protein
expression was induced by addition of 2 ml 1 M isopropyl-D-thiogalactopyranoside
(ITPG; Biomol) and the culture was grown at room temperature for additional 8
hours. The protein expression was controlled by collecting small aliquots every hour
after ITPG induction. Finally the cells were harvest by centrifugation (6,000 g; 10
minutes; 4°C) and the cell pellet was re-suspended in lysis buffer for the pQE-system
or lysis buffer for the pGEX-system. The lysed cells were frozen at -20 C, thawed
again and sonified at 4°C. To clear the protein extract from cell debris, samples were
centrifuged at 10,000 g and 4°C for 20 minutes. The cleared lysates were incubated
overnight at 4°C with nickel agarose (Qiagen) beads for purification of His-tagged
proteins or with glutathione agarose beads (Sigma-Aldrich) for purification of GST-
tagged proteins. Afterwards beads were washed with washing buffer for the pQE-
system or the pGEX-system and the recombinantly expressed proteins were eluted
with elution buffer for the pQE-system or elution buffer for the pGEX-system.
Following dialysis against PBS, the proteins were concentrated using Vivaspin units
(Vivascience; cut off 2,000 kDa) and stored at -80°C until use. The quality of the
recombinant proteins was determined by SDS-PAGE and Coomassie blue staining.

4.1.15 Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE is used for separation of proteins based on their molecular size. Self
made discontinuous acrylamide gels containing a stacking gel (4% acrylamide) and a
separation gel (8% or 10% acrylamide) or gradient gels (10% to 20% acrylamide)
(GE Healthcare) were used. Protein samples were heated in SDS-sample buffer for 5
to 10 minutes at 95° and transferred into the sample pockets of the stacking gel. The

electrophoresis was performed in BioRad electrophoresis chambers at 100 V for 20
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minutes and afterwards at 200 V until the bromphenol blue line reached down to the

bottom of the gel. Gels were subsequently subjected to Western blot analysis.

4.1.6 Coomassie blue staining of SDS polyacrylamide gels

SDS polyacrylamide gels were stained in Roti-Blue staining solution (30 ml H,O; 10
ml methanol; 10 ml 5x Roti-Blue staining solution (Carl Roth) overnight at room
temperature with constant agitation. Then the staining solution was removed and the

gel was washed with H,O until the blue background disappeared.

4.1.17 Western blot analysis

In Western blot analysis, proteins are transferred from the acrylamide gel onto a
PROTRAN nitrocellulose membrane (Schleicher and Schuell) and detected with
corresponding antibodies. For blotting, a Mini Transblot apparatus (BioRad) was
used. The blotting “sandwich” was assembled according to the manufacturer’s
instructions. Proteins were transferred electrophoretically for 90 minutes in blotting
buffer at constant 100 V on ice. After this protein transfer, the nitrocellulose
membrane was placed in a glass jar and the membrane was blocked for one hour in
blocking solution (4% skim milk powder in PBST) at room temperature. The
membrane was incubated overnight at 4°C on a shaking platform with a primary
antibody, which was diluted in blocking solution. The primary antibody was removed
and the membrane was washed six times for 5 minutes with PBST at room
temperature. Afterwards, the membrane was incubated for one hour at room
temperature on a shaking platform with a secondary antibody coupled to horseradish
peroxidase (HRP), which was diluted in blocking solution. The secondary antibody
was also removed and the membrane washed six times with PBST. Immunoreacivity
was visualized with Lumigen™ TMA-6 (GE Healthcare) and detected with
ImageQuant™ LAS 4000 mini (GE Healthcare).
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4.1.18 Stripping of a nitrocellulose membrane

To incubate the nitrocellulose membrane a second time with a primary antibody, it
was necessary to strip the old antibodies from the membrane. The nitrocellulose
membrane was placed in a glass jar right-side up and incubated for 10 minutes with
the stripping solution at room temperature. Afterwards, the acidic pH was neutralized
with 1 M Tris (pH 8.0) and the membrane was blocked for one hour in blocking
solution (4% skim milk powder in PBST) at room temperature and stained with the

primary antibody.

4.2 Cell biology
4.2.1 Cell lines

In this work were uses Chinese hamster ovary (CHO) K1 cells, human embryonic
kidney (HEK) 293 cells and Neuro 2a (N2a) cells. CHO K1 cells are derived from
ovary of the Chinese hamster, HEK 293 cells are originally derived from human
embryonic kidney cells and N2a is a neural crest-derived cell line from the mouse.
They were grown in 20 ml cell medium in 175 cm? culture flasks (Sarstedt) or with 2
ml medium per well in 6 well plates (Sarstedt) in an incubator with 95% relative
humidity and 5% CO, at 37°C. Every four days, cells were passaged when they
reached confluence. During this procedure, cells were washed with pre-warmed
(37°C) HBSS without calcium and magnesium (PAA Laboratories) and incubated for
5 minutes with Trypsin-EDTA (PAA Laboratories) and re-suspended in fresh medium

and seeded in a new flask or 6-well plate in a dilution of 1:10.
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4.2.2 Primary cell culture

4.2.2.1 Cell culture of primary cerebellar granule cells

For cerebellar granule cell culture, C57BL/6J (wild-type) or NCAM-deficient mice of
postnatal day 6 to 7 were used. Mice were decapitated and their cerebellum was
removed carefully with a forceps from the skulls. The cerebella were cleaned and cut
into 3 pieces per cerebellum. The cerebella pieces were washed twice with ice cold
HBBS (PAA Laboratories) and incubated with trypsin and DNAse | in HBSS for 15
minutes at room temperature. After removal of the trypsin solution, the cerebella
pieces were washed three times with ice cold HBBS, dissociated in HBSS containing
DNAse | with fire polished glass Pasteur pipettes. Afterwards cells were taken up in
ice cold HBSS and centrifuged for 15 minutes at 4°C with 100 g. The cell pellet was
dissolved in cerebellum medium and the cells were counted in a Neubauer chamber.
Cells were plated on poly-L-lysine (PLL)-coated glass cover slips for
immunostainings or seeded in PLL-coated 6-well culture plates with different
densities (2 million cells per ml for biochemistry and immunostainings; 150,000 cells
per ml for neurite outgrowth). Cells were maintained for 24 hours in a culture
incubator (Heracel, Thermo-Fisher Scientific) at 37°C, 5% CO, and a humidified

atmosphere.

4.2.2.2 Explants of the cerebellum

Cerebella were dissected as described in chapter 4.2.3.1, washed three times with
ice cold HBSS and the tissue was dissociated with a metal net (mesh size: 150 um).
The tissue pieces or explants were washed three times with ice-cold HBBS and
diluted in cerebellum medium with 10% horse serum and 10% fetal calf serum (1 ml
per brain). The explants were plated overnight onto PLL-coated plastic cover slips in
a small 50 pl medium and maintained in a culture incubator at 37°C and 5% CO; in a
humidified atmosphere. On the next day, 200 ul cerebellum medium without serum
were added to the coverslips and explants are maintained in culture for further 24

hours.

50



Methods

4.2.2.3 Cell culture of primary hippocampal cells

For hippocampal cell culture, C57BL/6J (wild-type) or NCAM-deficient mice of a
postnatal day 0 to 2 were used. Mice were decapitated and their brain removed from
the skulls. The brains were fixed with fine needles in the cerebellum and cut along
the midline. The two hemispheres were opened like a book and the two hippocampi
removed, cleaned and cut into 1 mm pieces. The hippocampi were washed once with
dissection solution and incubated with trypsin and DNAse | in digestion solution for
five minutes at room temperature. After removal of the digestion solution, the
digestion reaction was stopped by treatment with trypsin inhibitor in dissection
solution and the hippocampi were washed twice with dissection solution. The
hippocampi were then dissociated in dissection solution containing DNAsel with fire
polished glass Pasteur pipettes. Afterwards, dissection solution was added to the
cells and the cells were centrifuged for 15 minutes at 4°C and 100 g. The cell pellet
was dissolved in hippocampus medium and the cells were counted in a Neubauer
chamber. Cells were plated on PLL-coated glass cover slips for immunostainings or
seeded in PLL-coated well plates with different densities (2 million cells per ml for

biochemistry and immunostainings; 150,000 cells per ml for neurite outgrowth).

4.2.3 Calcium imaging experiments

One million hippocampal neurons were seeded on PLL-coated glass cover slips and
maintained in hippocampus medium with or without 10% horse serum overnight at
37°C and 5% CO; in a humidified atmosphere. Afterwards, cells were washed three
times with pre-warmed dissection solution and maintained for at least 30 minutes in
dissection solution containing 5 uM Fluo-4 AM (Life Technologies). Then, cover slips
were transferred in petri dishes containing 3 ml dissection solution. During the live
imaging the cells were kept in an incubation chamber (37°C, 5% CO,, 70% humidity).
Imaging of the calcium concentrations in the cells were performed with a confocal
microscope OlympusFV1000. Images were taken with a 20x objective every second.
Cells were triggered with antibodies against the ECD of NCAM or L1 and then
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imaged for 1,000 seconds. The intensity of the Fluo-4 signal was measured from at
least 20 cell somata using ImageJ software and related to the first image before

stimulation (0 seconds).

4.2.4 Immunocytochemistry

Hippocampal or cerebellar neurons were seeded onto PLL-coated glass cover slips
with a density of one million cells per ml and maintained in culture for 24 or 48 hours.
Cells were fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes at 37°C.
Afterwards, they were washed three times with PBS, permeabilized and blocked with
0.2% Triton X-100, 2% goat serum and 1% BSA in PBS for one hour at room
temperature and incubated over night at 4°C with primary antibodies. Cells were
washed three times for 5 minutes at room temperature with PBS and incubated with
secondary antibodies diluted with a ration of 1:200 in PBS for 30 minutes at room
temperature. Again, cells were washed three times for 5 minutes at room
temperature with PBS and their nuclei were stained with bis-benzamide. Coverslips
were mounted on glass slides with Fluoromount-G (SouthernBiotech) and stored in
the darkness at 4°C.

4.2.5 Live staining

For live staining, a monoclonal antibody (1:50) against an epitope within the
extracellular part of NCAM (H28) or against PSA (735) were incubated with living
cells for 10 minutes at room temperature. Then the corresponding secondary
antibody was applied and the cells were maintained for another 20 minutes in the
incubator. Cells were fixed with 4% PFA in PBS for 15 minutes at 37°C. Afterwards
they were washed three times with PBS, permeabilized and blocked with 0.2% Triton
X-100, 2% goat serum and 1% BSA in PBS for one hour at room temperature and
incubated overnight at 4°C with primary antibodies. Then cells were washed three
times for 5 minutes at room temperature with PBS. For F-actin staining, cells were
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incubated for 30 minutes at room temperature with Alexa 594-phalloidin (Life
technologies) diluted 1:50 in PBS. Subsequently, cells were washed three times for 5
minutes at room temperature with PBS and incubated with secondary antibodies
diluted 1:200 in PBS for 30 minutes at room temperature. Cells were washed three
times for 5 minutes at room temperature with PBS and their nuclei were stained with
bis-benzamide. Coverslips were mounted on glass slides with Fluoromount-G
(SouthernBiotech) and stored in the dark at 4°C.

4.2.6 Fluorescence resonance energy transfer

Twenty four hours after transfection of CHO cells or hippocampal neurons, the dye
linked carbohydrates were added to the medium for 15 minutes. Afterwards, the
cover slip was transferred into a petri dish with 3 ml pre-warmed dissection solution.
During live imaging cells were kept in an incubation chamber (37°C, 5% CO,, 70%
humidity). FRET analysis was performed witch the confocal laser scanning
microscope Olympus FV1000 using the sensitized emission method. As donor HiLyte
Fluor™ 405 hydrazide was used and the acceptor was the GFP-tag of the MARCKS

constructs.

4.2.7 Neurite outgrowth

Hippocampal or cerebella granule neurons were seeded at a density of 150,000 cells
per ml in PLL-coated 48-well plates. The cells were maintained in culture medium
without serum in an incubator (37°C, 5% CO,, 95% humidity) for 20 to 24 hours.
Afterwards, cells were fixed with 2.5% glutaraldehyde in culture medium for 30
minutes at 37°C. The medium with glutaraldehyde was removed and cells were
washed three times with H,O and stained with staining solution (1% toluidine blue
and 1% methylene blue in 1% sodium tetraborate) for one hour at room temperature.
Then the staining solution was removed, cells were washed three times with H,O and
plates with cells were dried at room temperature. The total length was measured
from all neurites of single neurons which were at least as long as the cell body and
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summarized for every cell using an Axiovert 135 microscope (Carl Zeiss) with

Axiovision 4.6 imaging system.

4.2.8 Migration assay

Cerebella explants were maintained in cerebellum medium without serum in an
incubator (37°C, 5% CO,, 95% humidity) for 24 hours. Afterwards, explants were
fixed with 2.5% glutaraldehyde in culture medium for 30 minutes at 37°C. The
medium with glutaraldehyde was removed and explants were washed three times
with H,O and stained with staining solution (1% toluidine blue and 1% methylene
blue in 1% sodium tetraborate) for one hour at room temperature. Then the staining
solution was removed, explants were washed three times with H,O and cover slips
were dried at room temperature and mounted on microscopic slides using Eukit
(Sigma-Aldrich) mounting solution. All cells migrating from the explants were counted

using ImageJ software.

4.2.9 Coating of glass cover slips with poly-L-lysine

Glass cover slips were incubated for 30 minutes with 3 M HCI in an Erlenmeyer flask
at room temperature with gentle agitation. Cover slips were washed twice with H,O
and incubated for 3 hours under gently shaking with acetone at room temperature.
Afterwards, cover slips were washed five times with H,O, twice with ethanol and
sterilized at 200°C. Then the cover slips were coated overnight under gently shaking
with PLL (0.01% in H,0O) at 4°C. Finally, cover slips were washed three times with
H,O, dried on sterile tinfoil under the laminar hood and incubated 30 minutes under
UV light.

4.2.10 Transfection of cells with Fugene 6™
One million cells per ml medium without serum were seeded onto PLL-coated glass

cover slips or in 6-well plates. After 24 hours, according to the manufacturer’s
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instructions (Fugene 6™, Roche) a transfection solution was prepared. For every
million of cultured cells, 2 pg plasmid DNA was mixed with 6 pl Fugen 6™
transfection reagent in 100 pl culture medium without serum. The transfection
solution was mixed, kept for 20 minutes under the clean bench at room temperature
and added drop wise to the cells. After transfection, cells were maintained in culture
for further 24 to 48 hours.

4.2.11 Transfection of cells with calcium phosphate

One million hippocampal neurons per ml medium without serum were seeded on
PLL-coated glass cover slips. After 24 hours, according to the manufacturer’s
instructions of the CalPhos mammalian transfection kit (Clontech), a transfection
solution was prepared. For every million cultured cells, 3 pg plasmid DNA was mixed
with 100 pl 25 mM calcium solution and this solution was mixed together with 100 pl
2x HBS. The transfection solution was mixed, kept for 20 minutes under the clean
bench at room temperature and added drop wise to the cells. After transfection, cells

were maintained in culture for further 24 to 48 hours.

4.3 Molecular biology

4.3.1 Polymerase chain reaction (PCR)

Vectors coding for the full length TRPC1, 4 and 5 cDNA in pcDNA3 were kindly
provided from Dr. Markus Delling (Cardiology, Children’s Hospital, Boston, USA).
The intracellular N- and C-termini of TRPC1, 4 and 5 were amplified by PCR using
following primers: TRPC1 N-Terminus: forward 5’-AAA CCC GGG ATG ATG GCG
GCC CTG TAC CCG A-3’, reverse 5-TTT CCC GGG TTT CAT AAA AGG TGT GTG
AAT GAT TCT-3’; TRPC1 C-Terminus: forward 5-AAA CCC GGG ACC AAA CTG
CTG GTG GCA ATG CT-3), reverse 5-TTT CCC GGG ATT TCT TGG ATA AAA
CAT AGC ATA TTT AG-3’; TRPC4 N-Terminus: forward 5’-AAA CCC GGG ATG

GCT CAG TTC TAT TAC AAA AGA AAT-3’, reverse 5-TTT CCC GGG CTT CAC
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CGC CCA GTG TCT TCT C-3’; TRPC4 C-Terminus: forward 5-AAA CCC GGG AAT
AAT TCT TAC CAA CTA ATT GCC GA-3’, reverse 5-TTT CCC GGG CAA TCT TGT
GGT CAC ATA ATC TTC G-3’; TRPC5 N-Terminus: forward 5’-AAA CCC GGG ATG
GCC CAA CTG TAC TAC AAA AAG G-3, reverse 5-TTT CCC GGG CTT GAC TAC
CCA GTG TTT CCG CC-3’; TRPC5 C-Terminus: forward 5-AAA CCC GGG AAC
AAC TCC TAT CAG CTT ATT GCC G-3, reverse 5-TTT CCC GGG GAG GCG AGT
TGT AACTTGTTCTTC-3.

The PCR solution contained:

DNA template (plasmid): 1p
Primer forward (20 pM): 5 pl
Primer reverse (20 pM): 5ul
dNTPs (2 mM each): 4 ul
Tag-polymerase: 1l
10x PCR buffer: 5ul
MgCl;, (50 mM): 2 ul
H,O: 27 ul
Total: 50 ul

The following program was used for the amplification:

cycles temperature time
1 95°C 5 minutes
31 95°C 30 seconds
31 65°C 30 seconds
31 72°C 1.5 minutes
1 72°C 7 minutes

1 4°C forever
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4.3.2 Horizontal agarose gel electrophoresis

1-2% agarose gels were prepared with TAE buffer in an electrophoresis chamber
(BioRad). The DNA samples were diluted with 5x sample buffer with orange-G and
loaded in the pocket of the agarose gel. The samples were run at constant 100 V
until the orange-G dye reaches the end of the gel. The gel was stained in an ethidium
bromide staining solution for 20 minutes and bands were visualized using an E.A.S.Y

UV-light documentation system (Herolab).

4.3.3 Linearization of the pGEX-3X vector

The vector, in which the PCR products were inserted, had to be linearized. For this,

the following restriction enzyme solutions were prepared:

Vector pGEX-3X:

DNA: 2 ul
NEB4: 2.5 ul
10xBSA: 2.5 ul
Smal: 2 ul
H,0: 15 pl
Total: 25 ul

The restriction enzyme digestion time took one hour at 37°C. At the end the enzymes
were deactivated for 20 minutes at 65°C.
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4.3.4 Dephosphorylation of the pGEX-3X vector

To increase the possibility for a successful ligation, the linearized vector was

dephosphorylated with following mixture:

Restriction product: 25 ul

SAP buffer: 3 ul
H,O0: 1.5 ul
SAP: 3 ul
Total: 32.5ul

The dephosphorylation time took one hour at 37°C.

4.3.5 Ligation of the insert into the pGEX-3X vector

For the ligation the following solution was incubated overnight at 4°C:

pGEX-3X vector 1l
Insert 29 ul
Polyethylene glycol [PEG] (5%) 4 ul
T4-buffer 4 ul
T4-DNA-Ligase 2 ul

Total 40 pl
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4.3.6 Extraction of DNA from agarose gel

Band were visualized with an UV lamp and carefully cut out of the gels and
transferred to Eppendorf reaction tubes. The DNA was extracted from the agarose

using the QIAquick Gel extraction kit (Qiagen).

4.3.7 Transformation of Escherichia coli

100 pl of competent strains of Escherichia coli were thawed on ice, 50-100 ng
plasmid DNA were added and bacteria were maintained on ice for further 20 minutes.
After heat shock at 42°C (DH5a for 2 minutes; BL21 for 20 seconds), bacteria were
kept on ice for one minute. Afterwards 900 pl LB medium was added and cells were
kept for 30 minutes at 37°C. The cells were centrifuged (4,000g, 2 minutes, room
temperature) and the cell pellet was resuspended in 100 pl LB medium and plated on
LB plates containing appropriate antibiotics. The bacteria were grown overnight at
37°C until single colonies were apparent.

4.3.8 Plasmid isolation from Escherichia coli culture

The preparation of plasmid DNA was based on alkaline lysis of bacteria, denaturation
of protein by chaotropic salts and the isolation of DNA from contaminants using a
glass fiber matrix. For small scale plasmid isolation, a single colony was added to 3
ml LB medium containing appropriate antibiotics and incubated for overnight at 37°C
with constant shaking. Cells were harvested by centrifugation at 8,000 g for 1 min at
RT. Plasmids were isolated with a Miniprep kit (Life Technologies). To prepare large
amounts of plasmid DNA, 500 ml bacteria culture were taken to isolate plasmids

using the Maxiprep kit (Qiagen) with the same principle.
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4.3.9 Determination of DNA concentration

DNA concentrations were determinated using the NanoDrop (Spectrophotometer
ND-1000, Peglab). The absorption at 260 nm and 280 nm was measured. The
absorption at 260 nm displays the DNA concentration. The ratio of the absorbance at
260 and 280 nm was used to monitor the purity of DNA. A ratio of A260/A280

between 1.8 and 2.0 indicated sufficient purity of DNA for further experiments.

4.3.10 DNA sequencing

DNA sequencing was performed by the sequencing facility of the ZMNH (step-by-
step protocols for DNA sequencing with Sequenase'“-version 2.0, 5th ed., USB,
1990).

4.3.11 Site directed mutagenesis

Mutations of the ED of MARCKS, by which the phenylalanine residues were
exchanged by alanine residues, were generated using the GeneArt Site-Directed
Mutagenesis System (Life Technologies) according to the instructions of the
manufacturer. The mutations were generated in two steps. In the first step the
forward primer 5-ACG CCG AAA AAA AAA AAG AAG CGC GCT TCC GCT AAG
AAG TCT TTC AAG-3’ and the reverse primer 5-GCC GCT CAG CTT GAA AGA
CTT CTT AGC GGAAGC GCG CTT CTT TTT TTT-3’ were used. In the second step
the forward primer 5-AAG AAG TCT TTC AAG CTG AGC GGC GCT TCC GCT AAG
AAG AAC AAG AAG-3’ and the reverse primer 5-TGC CTC CTT CTT GTTCTT CTT
AGC GGA AGC GCC GCT CAG CTT GAA AGA-3’ were used.
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5. Results
5.1 NCAM interacts with TRPC1, 4 and 5

Opening of non-selective cation channels (NSCC) and NSCC-induced calcium influx
into the cell have been shown to depend on NCAM (Kiryushko et al., 2006). In
addition, the antagonist of the TRPC family SKF96365 can block this NCAM- and
NSCC-dependent calcium entry. Interestingly, TRPC channels and NCAM share
common interaction partners such as the dopamine receptor D2 (Xiao et al., 2010;
Hannan et al., 2008) and the receptor tyrosine kinase TrkB (Cassens et al., 2010; Li
et al.,, 1999). Based on these findings, it was conceivable that NCAM and TRPC
channels interact with each other in protein complexes with the D2 receptor, TrkB
and other proteins.

To test this hypothesis, | first performed co-immunoprecipitation experiments with
mouse brain homogenates using antibodies against different members of the TRPC
family (Fig. 5.1) or against NCAM (Fig. 5.2). The immunoprecipitates were then
subjected to Western blot analysis with an NCAM180-specific antibody (Fig. 5.1A) or
antibodies against NCAM140/180 (Fig. 5.1B) or different members of the TRPC
family (Fig. 5.2).

A P B P

TRPC TRPC TRPC TRPC TRPC TRPC
1 45 3/6/7 |\ ~aM180- 1 4/5  3/6/7
250 1 <« PSA 150 <~ NCAM180
150 ‘ | <— NCAM180 : <« NCAM140
WB: aNCAM180 - WB: aNCAM140/180

Figure 5.1: NCAM co-immunoprecipitates with TRPC1, 4 and/or 5. Antibodies against TRPC1 (H-
105), TRPC4/5 (H-80) and TRPC3/6/7 (H-100) were used for immunoprecipitations (IP) from brain
homogenate of adult wild-type mice. The immunoprecipitates were subjected to the SDS-PAGE and
Western blot analysis and co-precipitated proteins were detected with antibodies against NCAM180
(D3) (A) or NCAM140/180 (NCAM 5B8) (B).
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Western blot with antibody 5B8 recognizing both transmembrane forms of NCAM
showed NCAM140 and NCAM180 in immunoprecipitates with antibodies against
TRPC1 and TRPC4/5, but not with antibodies against TRPC3/6/7 (Fig. 5.1). With the
NCAM180-specific antibody D3, a ~180 kDa band and an additional ~250 kDa band
which may represent PSA carrying NCAM180 was detected (Fig. 5.1A). TRPC1, 4
and 5, but not TRPC3, 6 and 7, were immunoprecipitated with antibodies against
NCAM (Fig. 5.2). Since shorter splice variants of TRPC1 and 4 were described
(Dedman et al., 2011; Mery et al.,, 2001), the double bands of TRPC1 in the
immunoprecipitate from wild-type mice (A) and of TRPC4 in brain homogenate (B)
could represent different splice variants of these channels. The results from
immunoprecipitation experiments suggest that NCAM interacts with TRPC1, 4 and/or
5 channels.

A B Input B P Input

NCAM NCAM
NCAM NCAM NCAM NCAM
VT o) WT () W () WT ()
CEHRE
WB: aTRPC1 WB: aTRPC4
P P
C NCAM Input D NCAM Input
NCAM NCAM NCAM NCAM
WT oy W) WT ) WT ()
S S e . < TRPC5 '
100 " e 1004 0 W < TRPCHE7
WB: aTRPCS WB: aTRPC3/6/7

Figure 5.2: TRPC1, 4 and 5 co-immunoprecipitate with NCAM. Antibodies against the ECD of
NCAM (NCAM H28; IP; NCAM) and brain homogenates of wild-type (WT) and NCAM-deficient mice
(NCAM (-/-)) were used for immunoprecipitations. The immunoprecipitates (IP) and brain
homogenates (input) were subjected to SDS-PAGE and Western blot analysis with antibodies against
the TRPC subfamilies TRPC1 (H-105) (A), TRPC4 (N77/15) (B), TRPC5 (N67/15) (C) and
TRPC3/6/7 (H-100) (D).
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5.2 NCAM co-localizes with TRPC1, 4 and/or 5 at the

cell surface of hippocampal neurons

Figure 5.3: TRPC1, 4 and/or 5 co-localize with NCAM on live hippocampal neurons. NCAM was
clustered on living cells with the monoclonal antibody H28 against an epitope in the extracellular part
of NCAM and a secondary Cy3-labeled anti-rat antibody. Cells were fixed, permeabilized and stained
with antibodies against TRPC1 (H-105) (A); TRPC4/5 (H-80) (B) or TRPC3/6/7 (H-100); (C). The
immunofluorescence images show a partial co-localization (arrows) of TRPC1 and NCAM (A), a co-
localization of TRPC4/5 and NCAM (B) and no co-localization of TRPC3/6/7 and NCAM (C). The scale
bars represent 20 pm.
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To further substantiate the evidence for an NCAM-TRPC interaction,
immunostainings of live hippocampal neurons with antibodies against members of
the TRPC family and the ECD of NCAM were performed (Fig. 5.3).

After live staining with NCAM antibody, neurons were fixed, permeabilized and
stained with antibodies against the intracellular part of distinct members of the TRPC
family. The immunofluorescence images showed a partial co-localization of NCAM
with TRPC1 (Fig. 5.3A, arrows) and a prominent co-localization of NCAM with
TRPC4/5 (Fig. 5.3B), but not with TRPC 3/6/7 (Fig. 5.3C), indicating that NCAM and
TRPC1/4/5 are co-localized at the cell surface.

5.3 TRPC1, TRPC4/5 and TRPC3/6/7 interact with
Kir3.3 and PrP, but not with TrkB

Since NCAM interacts with TRPC channels and PrP (Santuccione et al., 2005) and
since Kir3.3 and TrkB interact in a competitive manner with the ICD of NCAM
(Cassens et al., 2010; Kleene et al., 2010) it was interesting to investigate, if TRPC

channels also associate with the NCAM interaction partners TrkB, Kir3.3 and/or PrP.

To this aim, immunoprecipitations from mouse brain homogenates were performed
using antibodies against Kir3.3, PrP and TrkB and non-immune anti-goat antibody
(Fig. 5.4). Western blot analysis with TRPC antibodies showed that Kir3.3 and PrP,
but not TrkB, were precipitated with the antibodies against TRPC1, 4 and/or 5 (Fig.
5.4). These findings suggest that the NCAM interaction partners Kir3.3 and PrP could
also interact with TRPC channels, probably within one protein complex.
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Figure 5.4: Kir3.3 and PrP, but not TrkB were co- immunoprecipitated with TRPC1, 4 and/or 5
channels. For immunoprecipitations, brain homogenates from wild-type mice and antibodies against
Kir3.3 (C-18), PrP (M-20), TrkB (N-20) or non-immune goat control antibody (IgG; goat) were used.
The immunoprecipitates (IP) and homogenates (Input) were subjected to SDS-PAGE and Western
blot analysis with antibodies against TRPC1 (H-105) (A), TRPC4/5 (H-80) (B) and TRPC3/6/7 (H-100)
(©).

5.4 TRPC proteins play an important role in NCAM-

mediated neurite outgrowth from hippocampal neurons

Since NCAM interacts with TRPC1, 4 and/or 5, the question arises whether this
interaction is of functional relevance. Therefore, | analyzed if NCAM-mediated neurite
outgrowth can be modulated by the interaction of NCAM with TRPC1, 4 and/or 5
(Fig. 5.5).

Primary hippocampal neurons were maintained on PLL or on substrate-coated ECDs
of NCAM, L1 or close homolog of L1 (CHL1) fused to human Fc and in the absence
or presence of the TRPC inhibitor SKF96365, the TRPC1 inhibitory antibody T1E3
(Kwan et al., 2009) or control pre-immune rabbit antibody.
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NCAM-, but not L1- or CHL1-enhanced neurite outgrowth, was inhibited with the
TRPC inhibitor SKF96365 and the inhibitory antibody against TRPC1 when
compared to neurite outgrowth observed in the absence of additives (Fig. 5.5). This
suggests that the NCAM-TRPC interaction modulates NCAM-mediated neurite

outgrowth.
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Figure 5.5: TRPC inhibitor SKF96365 and an inhibitory TRPC1 antibody block the NCAM-
mediated neurite outgrowth. Primary hippocampal neurons were seeded on PLL substrate or
NCAM-, L1- or CHL1-Fc. The cells were treated one hour after seeding with 2 yM TRPC inhibitor
SKF96365, 1.25 pg/ml of an the inhibitory TRPClantibody (T1E3) or 1.25 pg/ml of control pre-immune
rabbit antibody. Non-treated neurons were used as control. The total lengths of neurites from the cells
were measured. Ratios between values obtained for neurite outgrowth in the presence of inhibitor or
antibodies and in the absence of additives were calculated. Mean values from three experiments are
shown and the statistical analyses was performed with the Student's t-test (** p<0.01). The error bars
represent the standard error of the mean.
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5.5 Treatment of hippocampal neurons with antibodies
against the extracellular domain of NCAM or L1 triggers

different calcium responses

A 35
< 3 o 9 Tereest o r 08
S 25 :'""’ * L1 stimulation;
wo ot cells grown with
° 9 I1et! serum
= og ikd
:c: 1.5
£ 4. Rt e e = NCAM stimulation;
4 aggtolhesties et cells grown with
= BT T
2 05 L LT Dt B . serum
E.) . LLE Ll ac.u..ououn..
x 0
0 200 400 600 800
Time [seconds]
B 35 . .
NCAM stimulation;
374 cells grown without
stet 11711 (1] serum
g 25 e o f 11
T i " BT e o NCAM stimulation
= 2 oot b S and treated with
2 1.5 ) Joeesll @ o .'O'..“OQ LI SKF96365; ‘
L ! cells grown with
R R Ty L ety serum
o \-».i‘l‘.,i';' ¥
'..% 0 5 ! .‘..-.u.-‘....l.ligl.g M .
% ' ‘....‘..-”"“""'."l..“'l.-ol.ct._ b NCAM Stlmu|atlon,
X o0 cells grown with
0 200 400 600 800 serum

Time [seconds]

Figure 5.6: Stimulation of hippocampal neurons with an antibody against the ECD of NCAM
leads to opening of TRPC channels in the cell membrane. The graphs show the intensity of Fluo-4
signal in primary hippocampal neurons after stimulation with an antibody against the ECD of NCAM
(A; B) or L1 (A) related to the intensity before stimulation. The cells were maintained in medium with
(A; B) or without (B) 10% horse serum. To inhibit calcium flux mediated by TRPCs 5 yM SKF96365
was added together with the antibody against NCAM (B). The fluorescence intensity of the calcium
signal was measured in soma of at least twenty cells using ImageJ. The live cell images were taken
with a confocal microscope (Olympus FV 1000). Shown are mean values and the error bars depict the
standard error of the mean.
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It has been shown previously that the calcium response of cells is induced by
application of the ECDs of cell adhesion molecules or antibodies directed against
these ECDs or peptides derived from parts of the ECDs (Kiryushko et al., 2006;
Schuch et al., 1989). Moreover, this induced calcium influx leads to an enhanced
neurite outgrowth (Kiryushko et al., 2006; Klinz et al., 1995). Since TRPC1, 4 and/or
5 are able to modulate calcium entry into the cell (Liu et al., 2003) and due to the
finding that TRPCs and NCAM interact with each other; it was conceivable to test
whether the inhibition of TRPC function affects the calcium response of hippocampal

neurons stimulated with antibodies against NCAM.

To this aim, calcium imaging experiments were performed with hippocampal
neurons. Neurons were loaded with the calcium indicator Fluo-4 and then maintained
in a calcium- and magnesium-free medium. Live cell images were taken on a
confocal microscope over a time period of 900 seconds. At a defined time point,
stimulation with a polyclonal antibody against the ECD of NCAM or L1 was
performed. The intensity of Fluo-4 signals within the cell soma was determined and

referred to the intensity of Fluo-4 signal before antibody application (Fig. 5.6A, B).

| first investigated whether the calcium response from hippocampal neurons
maintained in medium with horse-serum, would differ after NCAM- or L1- antibody
treatment (Fig. 5.6A). After stimulation of L1, the signal intensity indicating cytosolic
calcium concentration increased until it reached a plateau and remained constant
during the rest of the measurement (Fig. 5.6A). In contrast, NCAM stimulation leads

to a significant calcium efflux out of the cells (Fig. 5.6).

It seems that two different mechanisms are triggered after NCAM-antibody or L1-
antibody stimulation. If the cells were treated with the TRPC inhibitor SKF96365, the
intracellular calcium concentration increased rapidly after NCAM-antibody
stimulation, decreased afterwards slightly and stayed constant for the rest of the
measured time frame (Fig. 5.6B). Neurons that had been kept in medium without
horse-serum showed a calcium response after NCAM stimulation that was similar to
the calcium response after L1 stimulation: the signal intensity increased until it

reached a plateau (Fig. 5.6B).
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5.6 TRPC4 and 5 are localized at the cell surface of

cultured primary hippocampal neurons

The results from the calcium imaging experiments imply that application of serum
might lead to subcellular re-distribution of TRPC channels, so that they can be
transported to the cell surface in order to modulate the cellular calcium flux.

To investigate this, cell surface biotinylation of hippocampal neurons which were kept
in serum-free medium or medium containing 10% horse serum was performed. After
biotinylation, cells were lysed; biotinylated proteins were isolated using Streptavidin
beads and then subjected to Western blot analysis using antibodies against different
TRPC channels.

Surface
Biotinylation

WB: aTRPC4/5

Figure 5.7: Cell surface expression of TRPC4/5 on primary hippocampal neurons is modulated
by serum components. Cells were grown overnight with (+ S) or without (- S) 10% horse serum
before cell surface biotinylation. Biotinylated proteins were isolated with streptavidin beads (surface)
and subjected to Western blot analysis using an antibody against TRPC4/5 (H-80).

The expression levels of TRPC4/5 in cell lysates (input) were not changed upon
application of serum (Fig. 5.7). In contrast to this, cells grown in medium containing
10% serum exhibited increased levels of TRPC4/5 at the cell surface compared to
cells maintained in serum-free medium (Fig. 5.7), suggesting that application of

serum leads to translocation of TRPC4/5 to the cell surface.
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5.7 NCAM and TrkB regulate the localization of

Kir3.1/3.3 heteromers at the cell surface

In immunoprecipitations experiments TRPC1, 4 and 5 could be co-precipitated with
Kir3.3. Moreover, NCAM interacts with TrkB and Kir3.3 (Cassens et al., 2010; Kleene
et al.,, 2010a), and as a consequence the activity of the Kir3.3 channel increases
(Kleene et al., 2010a). Hence, it seemed reasonable to investigate whether NCAM

and/or TrkB co-expression could also influence the cell surface expression of Kir3.3.
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Figure 5.8: NCAM and TrkB regulate the cell surface expression of Kir3.3. CHO cells were
transfected with concatameric Kir3.1/3.3 alone (Kir3.3), or co-transfected with TrkB (Kir3.3 + TrkB),
TrkB and NCAM (Kir3.3 + TrkB + NCAM) or NCAM (Kir3.3 + NCAM). After cell surface biotinylation,
cells were lysed (Input) and biotinylated proteins were isolated using streptavidin beads (Surface) and
subjected to Western Blot analysis (A, upper panel: cell surface proteins; A, lower panel: input). Both
blots were detected with an antibody directed against Kir3.3 (C-18) and the intensity of bands was
guantified by densitometry using TINA software. Values from all conditions were related to values
obtained after the transfection with Kir3.3 alone. In the diagram (B) the mean values from three blots
are shown. The statistical analysis was performed with the Student's t-test (* p<0.05; ** p<0.01). The
error bars represent the standard deviation.
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To determine if TrkB and/or NCAM modulate the surface localization of Kir3.3, CHO
cells were transfected with concatameric Kir3.1/3.3 alone or co-transfected with
Kir3.1/3.3 and TrkB or NCAM140 or with Kir3.1/3.3 and TrkB and NCAM140. After
transfection, a cell surface biotinylation assay was performed (Fig. 5.8) and
biotinylated proteins were isolated using streptavidin beads. The isolated proteins

were subjected to Western blot analysis with an antibody against Kir3.3.

Levels of biotinylated Kir3.3 were significantly higher in CHO cells co-transfected with
Kir3.1/3.3 and TrkB or NCAM140 than levels in CHO cells transfected with
concatameric Kir3.1/3.3 alone. Kir3.1/3.3-positive CHO cells transfected either with
TrkB or NCAM showed significantly higher expression levels of biotinylated Kir3.3
than CHO cells co-transfected with Kir3.1/3.3, TrkB and NCAM together. These
results indicate that the cell surface expression of Kir3.3 is enhanced due to the
presence of NCAM or TrkB and reduced due to NCAM-TrkB interaction when both

proteins are co-expressed.

5.8 The intracellular domains of NCAM140/180 interact
with the N- terminus of TRPC1

To narrow down which regions in NCAM and TRPC channels are necessary for the
interaction between NCAM and TRPCs mouse brain homogenates were used for
pull-down experiments with the ICDs of NCAM140/180 (Fig. 5.9). His-tagged ICDs of
NCAM140/180 and truncated ICDs of NCAM140, in which the C-terminus, middle
part or N-terminus (AC, AM or AN) (Fig. 5.9A) is missing (Daniel Novak, PhD thesis,
Hamburg), were used as bait to precipitate TRPCs from mouse brain homogenates.
Additionally, recombinant N- and C-terminus of TRPC1 containing a GST-tag were
used as bait to precipitate NCAM from mouse brain homogenates. The ID of L1 was

used as a control.

The ICDs of NCAM140/180 as well as the truncated ICD of NCAM140 lacking the
middle part of the NCAM-ICD (AM), but not the truncated ICDs lacking the C- or N-

termini (AC and AN) or the L1-ICD, precipitated TRPC1 from mouse brain
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homogenates (Fig. 5.9B). Moreover, only the N-terminus of TRPC1 could precipitate
NCAM (Fig. 5.10A), but not L1 (Fig. 5.10B), from mouse brain homogenates. This
result suggests that the ICDs of NCAM140/180 and TRPC1 interact with each other
and that both ends of the ICD of NCAM140 are important for the NCAM-TRPC1

interaction.
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Figure 5.9: TRPC1 is pulled down with the ICD of NCAM140/180, but not with the ICD of L1. For
pull-down experiments the ICDs of NCAM140/180, L1 or truncated ICDs of NCAM140 (B) were used
and incubated with a protein extract from brain homogenate of wild-type mice (Input). The truncated
ICDs were missing the C-terminus (AC), the middle part (AM) or the N-terminus (AN) of the ICDs (A:
red and underlined highlights truncated parts). All ICDs contain a His-tag. As negative control only
nickel beads (B) were incubated with protein extract. The precipitates were analyzed by SDS-PAGE
and Western blot. The blot was incubated with an antibody against TRPCL1 (E-6).

Due to the fact that the ICDs of NCAM140/180 contain a binding motif for calmodulin
(Kleene et al.,, 2010b), like all TRPC channels (Vazquez et al., 2004), it was
conceivable that calmodulin could mediate the interaction between the ICDs of
NCAM140/180 and TRPC1.
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Figure 5.10: NCAM, but not L1, is pulled down with the N-terminus of TRPC1. For pull-down
experiments, brain homogenates of wild-type mice (Input) and the cytoplasmic N- and C- termini of
TRPC1 (1 N-Term.; 1 C-Term.) with a glutathione sulfotransferase (GST)- tag or as control only beads
(ctrl) or GST alone (GST-tag) (A) or wild-type and mutated ICDs of NCAM140/180 (A, B) were used.
The precipitates were subjected to SDS-PAGE and Western blot analysis with antibodies against
NCAM (5B8) (A) or L1 (557) (B).

To prove this, mouse brain homogenates were used for pull-down experiments with
ICDs of wild-type NCAM140/180 and of NCAM ICDs with mutated calmodulin binding
motif (Kleene et al., 2010b). TRPC1 co-precipitated with the wild-type and the
mutated ICDs of NCAM140.
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Figure 5.11: TRPC1 is pulled down with the ICD of NCAM140 with and without calmodulin
binding motif and with the ID of NCAM180 containing the calmodulin binding motif. For pull-
down experiments, brain homogenates of wild-type mice (Input) and wild-type and mutated ICDs of
NCAM140/180 were used. The mutated ICDs contained a mutated calmodulin binding motif (ACaM)
which prohibits the binding of calmodulin. The precipitates were subjected to SDS-PAGE and Western
blot analysis with TRPCL1 antibody.

Interestingly, the wild-type ICD of NCAM180, but not the mutated ICD of NCAM180,
to which calmodulin cannot bind, precipitated TRPC1 (Fig. 5.11). These findings
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provide evidence that the NCAM180-TRPC1 interaction is calmodulin-dependent,
whereas the NCAM140-TRPCL1 interaction does not depend on calmodulin.

5.9 The interaction between the intracellular domain of
NCAM180 and the N-terminus of TRPC5 is calmodulin-

dependent

120 7

100 1

TN+ TN+ TN+ 4N + 4N+ 4N+ SN+ SN+ SN+
1401CD 180ICD L1ICD 140ICD 180ICD L1ICD 140ICD 180ICD L1ICD

| | without CaM B with CaM

Figure 5.12: Calmodulin-dependent binding of the ICD of NCAM180 to the N-termini of TRPC1, 4
and 5. A label-free binding assay was performed with the N-termini of TRPC1, 4 or 5 (1N, 4N, and 5N)
and the ICDs of NCAM140, NCAM180, or L1 (140 ICD, 180 ICD and L1 ICD). The N-termini of
TRPC1, 4 and 5 were immobilized overnight at 4°C. The ICDs of the adhesion molecules were pre-
incubated with or without calmodulin (CaM) for 30 minutes at 37°C and added as interaction partners
to the substrates. The shift in the reflected wavelength (Peak wavelength shift [pm]) upon binding is
shown. An increased shift is the result of a binding of the interaction partner to the immobilized
substrate. The graph shows mean values from 4 wells per condition and the error bars represent the
standard error of the mean.
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Next, | investigated whether NCAM140/180 and TRPCs bind directly to each other or
if this binding is mediated by calmodulin and thus indirect. A label-free binding assay
was performed with the N-termini of TRPC1, 4 and 5 as substrate coats and the ICDs
of NCAM pre-incubated with calmodulin. As controls, mock-treated ICDs and ICDs of
L1 were used (Fig. 5.12). Binding was analyzed by recording the peak wavelength
shifts.

The ICD of NCAM180 showed a strong calmodulin-dependent binding to the N-
termini of TRPC1, 4 and 5 (Fig. 5.12), whereas no binding was seen in the absence
of calmodulin. The ICDs of NCAM140 and L1 showed only very weak or no binding
to the N-termini of TRPC1, 4 and 5 in this assay. The results indicate that the
NCAM180-TRPC1/4/5-interaction is calmodulin-dependent and confirm the previous

results obtained in the pull-down experiments.

5.10 Inhibition of TRPC by SKF96365 reduces the
nuclear import of the 50 kDa NCAM fragment

NCAM is proteolytically cleaved at the plasma membrane generating a 50 kDa
NCAM fragment, which translocates into the nucleus in a calcium- and calmodulin-
dependent manner (Kleene et al., 2010b). Since calmodulin binds to the ICDs of
NCAM140/180 (Kleene et al., 2010b) and NCAM interacts with TRPCs, it was
interesting to examine if the TRPC inhibitor SKF96365 affects the nuclear import of
the 50 kDa NCAM fragment upon NCAM specific stimulation.

For this purpose, N2A cells, which express endogenous NCAM, were treated without
or with 5 yuM or 10 yM SKF9636 and triggered with an antibody against the ECD of
NCAM (1B2). Non-stimulated cells were used as a control. After stimulation with
NCAM antibody, nuclear fractions containing either nucleoplasmic or chromatin-
associated proteins were isolated with the Qproteome™ Nuclear Protein Kit from

Qiagen and subjected to Western blot analysis.
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As expected, the 50 kDa NCAM fragment was detectable in nuclear fractions upon
NCAM-specific stimulation and it was not present in nuclear fractions of non-
stimulated N2A cells (Fig. 5.13). The levels of the 50 kDa NCAM fragment in the
fraction of chromatin-associated proteins were reduced in the presence of SKF96365
when compared to stimulated cells incubated without inhibitor (Fig. 5.13), indicating

that inhibition of TRPCs impairs nuclear import of the 50 kDa NCAM fragment.

aNCAM (182)

SKF SKF
96365 96365
5uM 10 uM
S | S I § | S |
ST
fragment
WB:aNCAM

Figure 5.13: The TRPC inhibitor SKF96365 reduces the nuclear import of the 50 kDa fragment
of NCAM in a concentration dependent manner. N2A cells were maintained two hours in serum-
free medium. Afterwards 5 uM or 10 uM of the TRPC inhibitor SKF96365 were applied to the cells.
Twenty minutes later, cells were incubated for one hour with an antibody against the ECD of NCAM
(182) or cells were not treated. The nucleoplasmic (S) and chromatin-associated (l) proteins were
isolated and subjected to SDS-PAGE and Western blot analysis. Nuclear NCAM proteins were
detected with an antibody against the ICD of NCAM (P61).

5.11 PSA and HNK-1 are found in the nucleus upon
NCAM stimulation

The ECD of NCAM has been found to carry PSA and HNK-1 (Finne et al., 1983;
Kruse et al., 1984). Moreover, the 50 kDa NCAM fragment, which is imported into the
nucleus after NCAM-specific stimulation, contains part of the extracellular region of
NCAM (Kleene et al., 2010b). Hence, | analyzed if PSA and HNK-1 are imported into
the nucleus after NCAM specific stimulation and if the nuclear 50 kDa NCAM
fragment carries these carbohydrates.
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Figure 5.14: Immunostaining of PSA and HNK-1 in the nucleus increases upon NCAM
stimulation. Cultured cerebellar neurons from wild-type mice maintained overnight in serum-
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containing medium were incubated in serum-free medium for 4 hours. The cells were fixed and
permeabilized after treatment without or with an antibody against the ECD of NCAM (1Bp2) for 30
minutes. Cells were stained with PSA antibody 735 (A and B) or HNK-1 antibody 412 (C and D) and
Cy2 labelled secondary antibodies. Bis-benzamide was used for staining of nuclei. The top layer (the
focus of the microscope is at the surface of the cell), the middle layer (focus is in the plane of the
nucleus) and the bottom layer (the focus is at the attachment site of the cell) of representative neurons
without antibody treatment (A and C) or after antibody treatment (B and D) are shown. (E and F) The
intensities of the carbohydrate stainings from treated cells were related to the intensities of the
carbohydrate stainings from non-treated cells. The graphs show the mean value of relative fluorescent
intensities of the PSA (E) or HNK-1 (F) staining in the nuclear regions from the middle layer of non-
treated and antibody-treated cells. The error bars show the standard error of the mean and the
statistical significant differences were obtained by the Student's t-test (** p<0.01; *** p<0.001; n=20).
The fluorescence intensity was measured with ImageJ for every single cell. The scale bars represent
20 pm.

Two different methods were used to approach this. First, immunostainings with
antibodies against PSA and HNK-1 were performed using cultured cerebellar

neurons upon triggering of NCAM signaling with an NCAM antibody against the ECD.

The intensity of the PSA and HNK-1 positive signals were significantly increased in
nuclear areas of NCAM-stimulated neurons when compared to signals in nuclear
areas of non-stimulated neurons (Fig 5.14). This result indicates that triggering of

NCAM leads to nuclear import of proteins carrying PSA and/or HNK-1.

To further substantiate this notion, nuclear fractions containing either nucleoplasmic
or chromatin-associated proteins from NCAM-stimulated cerebellar neurons of
NCAM-deficient or wild-type littermates were isolated and subjected to Western blot
analysis using antibodies against PSA (735) (Fig. 5.15A, B) or HNK-1 (412) (Fig.
5.15C, D).

After stimulation of NCAM, a diffuse PSA-positive band was detected only in the
fraction of chromatin-associated proteins from wild-type cerebellar neurons, but not in
the fraction of nucleoplasmic or chromatin-associated proteins from NCAM-deficient
neurons. In fractions of chromatin-associated proteins from wild-type neurons, levels
of PSA were significantly increased after NCAM stimulation compared to basal levels
of PSA seen in non-stimulated neurons (Fig. 5.15A, B). This result confirms the
notion that PSA is imported into the nucleus after NCAM stimulation. Similar results
were obtained for HNK-1: signal intensities of diffuse HNK-1-positive bands showing

a similar molecular size like the PSA-positive bands were enhanced in fractions of
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nucleoplasmic proteins from wild-type cerebellar neurons upon NCAM stimulation.
Besides this, a distinct a HNK-1-positive band with a molecular weight of 250 kDa
was detected in the nuclear fraction from wild-type and NCAM-deficient cerebellar
neurons and was detected independently of NCAM-stimulation. (Fig. 5.15C, D),
indicating that HNK-1 and PSA carried by NCAM are imported into the nucleus after
NCAM stimulation and that HNK-1 reaches the nucleus in a NCAM-dependent and —

independent manner.
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Figure 5.15: Protein fragments carrying PSA and/or HNK-1 appear in the nuclear fraction after
treatment of cerebellar neurons with NCAM antibody 1B2. Cerebellar neurons from NCAM-
deficient (-/-) mice or wild-type littermates (+/+) were maintained overnight in serum-containing
medium. After incubation in serum-free medium for 4 hours, cells were treated for 30 minutes without
or with the antibody 12 directed against an epitope in the extracellular part of NCAM and subjected to
subcellular fractionation using the Qproteome™ Nuclear Protein Kit from Qiagen. Soluble nuclear and
chromatin-bound proteins were precipitated from the subcellular fractions using methanol/chloroform
and subjected to Western blot analysis. Representative Western blots with the 735 antibody against
PSA (A, B) and the 412 antibody against HNK-1 (C, D) are shown.
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5.12 A 50 kDa NCAM fragment is present in the nuclear
fraction after PSA digestion and NCAM stimulation

Next, | tested whether the nuclear 50 kDa NCAM fragment appears together with
PSA in the nucleus. For this aim, cerebellar granule cells were treated with
endosialidase (EndoN) — an enzyme which digests PSA and thus removes it from
NCAM protein backbone (Gerardy-Schahn et al., 1995) - and then stimulated with a
chicken antibody against NCAM. The fractions of nucleoplasmic or chromatin-
associated proteins were isolated for Western blot analysis with an antibody against
NCAM (P61). Nuclear fractions from NCAM-deficient mice were used as a control.

After EndoN and NCAM antibody treatment, a 50 kDa NCAM fragment was only
detected in the fraction of nucleoplasmic proteins from wild-type, but not NCAM-
deficient mice (Fig. 5.16).
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Figure 5.16: A 50 kDa NCAM fragment is present in the nuclear fraction after PSA digestion and
NCAM stimulation. Cerebellar neurons from wild-type or NCAM-deficient littermates were maintained
overnight in serum-containing medium. After incubation in serum-free medium for 4 hours, cells were
not pre-treated (-) or pre-treated 30 minutes with recombinant endosialidase (+ EndoN) and afterwards
treated for 30 minutes with an antibody against an epitope of the extracellular part of NCAM and
subjected to subcellular fractionation using the Qproteome™ Nuclear Protein Kit from Qiagen. Soluble
nuclear fractions were subjected to Western blot analyses using the P61 antibody against NCAM.
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5.13. Nuclear PSA-NCAM levels are increased after

NCAM stimulation and decrease rapidly after 30 min

Next, | investigated how PSA/NCAM levels in the nucleus are altered upon NCAM-
specific stimulation. To address this question, immunostaining experiments with
hippocampal neurons and antibodies against PSA and NCAM were performed. In
parallel, the expression levels of NCAM and PSA in nuclear fractions from cerebellar

neurons at different time points after stimulation were determined.

Hippocampal neurons were treated with a polyclonal chicken antibody against NCAM
for 10, 30 or 60 minutes. For immunostaining, antibodies directed against PSA (735)
and NCAM (P61) were used. The nuclei were stained with bis-benzamide (Fig. 5.17).
Non-stimulated hippocampal neurons were used as a control. After stimulation and
fixation of the neurons, signal intensities of PSA and NCAM staining within nuclear
regions were measured with ImageJ software. The intensity of signals in stimulated
cells from the three different time points was set in relation to the signal intensity in

non-treated cells.

Ten minutes after NCAM stimulation a significant increase in the PSA staining
intensity in the nuclear region was detectable compared to signal intensities
observed in non-treated cells. The signal intensities of PSA and NCAM reached a
maximum at 30 minutes after stimulation and decreased afterwards. After one hour
of stimulation, the signal intensity of NCAM was significantly lower than the signal of
NCAM in non-treated cells, whereas the signal of PSA was still significantly higher

than the control signal (Fig. 5.17).

Since hippocampal neurons do not yield a sufficient amount of nuclear proteins for
biochemical analysis, fractions of nucleoplasmic and chromatin-associated proteins
were prepared from cerebellar neurons after NCAM stimulation for different time
points as described above and subjected to Western blot analysis with PSA antibody
(735) (Fig. 5.18A, B).

81



A Nuclear
Staining

10°

30’

60’

-l
— (&)}
1 1

©
(&)
1

Relative Intensity of the immunostaining m

Results

PSA
Staining

NCAM
Staining

Merge

Control

10
PSA

82



Results

Figure 5.17: PSA and NCAM levels increase in the nucleus of hippocampal neurons after
treatment with an NCAM antibody. Cultured hippocampal neurons from wild-type mice maintained
overnight in serum-containing medium were incubated in serum-free medium for 4 hours. After
treatment without or with an antibody against the ECD of NCAM (chicken) cells were fixed and
permeabilized and incubated with the PSA antibody 735 and NCAM antibody P61 overnight. Bis-
benzamide was applied to the cells for the nuclear staining (A). The intensities of the PSA and NCAM
staining from cells stimulated with NCAM antibody for 10, 30 and 60 min (10’, 30’, 60’) were compared
to the intensities of the PSA and NCAM staining from non-treated cells (Control). The graph shows the
mean value of relative fluorescent intensity at different time points (10’, 30’, 60’) of the non-treated or
antibody-treated cells (B). The error bars show the standard error of the mean and statistically
significant differences were determined by the Student's t-test (* p<0.05; ** p<0.01; *** p<0.001;
n=20). The signal intensity was measured with ImageJ for every single cell. The scale bars represent
20 pm.

The amount of PSA in the fraction of nucleoplasmic proteins from cerebellar neurons
was increased after 10 min of NCAM stimulation and remained for up to 60 minutes
(Fig. 5.18A). In contrast, the PSA expression reached a maximum 10 minutes after
treatment in the fractions of chromatin-associated proteins and decreased to similar
levels seen in the control (Fig. 5.18B).
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Figure 5.18: Levels of PSA-carrying NCAM forms are enhanced in the nuclear fractions after
treatment with an NCAM antibody. Cerebellar neurons from wild-type mice were maintained
overnight in serum-containing medium. After incubation in serum-free medium for 4 hours, cells were
not treated (-) or treated for 10, 30 or 60 minutes (10’, 30’, 60’) with an antibody against an epitope in
the extracellular part of NCAM (chicken) and subjected to subcellular fractionation using the
Qproteome™ Nuclear Protein Kit from Qiagen. Soluble nuclear and chromatin-bound proteins were
precipitated from the subcellular fractions using methanol/chloroform and subjected to Western blot
analysis. Representative Western blots with the 735 antibody against PSA are shown (A, B).

These experiments revealed that the import of PSA already takes place within ten
minutes after NCAM stimulation. Moreover, these results indicate that the presence

of PSA and NCAM changes spatiotemporally: PSA and NCAM are enhanced in the
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fraction of chromatin-associated proteins only 10 min after stimulation, but persist

longer in the fraction of nucleoplasmic proteins.

5.14. NCAM stimulation leads to changes in DNA

methylation and hydroxymethylation

PSA and the 50kDa NCAM fragment are imported into the nucleus of hippocampal
and cerebellar neurons after NCAM stimulation (Figs. 5.16, 5.17, 5.18). Since PSA
and the NCAM fragment were found in the nuclear fraction of neurons, it was
possible that nuclear PSA-carrying NCAM could interact with DNA and change the

chromatin structure.

As an initial step to test this idea, the levels of DNA methylation or
hydroxymethylation were measured in lysates of cerebellar neurons upon NCAM-
specific stimulation and after treatment without or with the PSA digesting enzyme
EndoN (Fig. 5.19A). In parallel, the soluble and chromatin-bound nuclear fractions
obtained from each condition were probed by Western blot analysis with an antibody
directed against PSA (Fig. 5.19B).

After combined treatment of cerebellar neurons with EndoN and NCAM antibody,
levels of DNA methylation and hydroxymethylation were significantly increased
compared to control levels and levels seen after NCAM stimulation alone. In contrast,
levels of DNA hydroxymethylation were strongly decreased in cells after treatment
with EndoN alone compared to control levels, whereas levels of DNA methylation
remained unaltered (Fig. 5.19A). The findings indicate that nuclear import of the
PSA-free 50 kDa NCAM fragment affects these epigenetic modifications of DNA.
PSA on NCAM seems to prevent a change in DNA methylation or
hydroxymethylation.
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Figure 5.19: Levels of DNA methylation and hydroxymethylation increase significantly after
NCAM-stimulation. Cerebellar neurons from wild-type mice were maintained overnight in serum-
containing medium. After incubation in serum-free medium for 4 hours, cells were not pre-treated (-) or
pre-treated for 30 minutes with recombinant endosialidase (EndoN; EndoN NCAM) and afterwards
treated for 30 minutes with an antibody against the extracellular part of NCAM (NCAM; EndoN
NCAM). The DNA was isolated and global methylated and hydroxymethylated DNA were quantified.
The graph shows/depicts the average relative values from three different experiments (n=3) and the
different treatments (EndoN; NCAM; EndoN NCAM) related to the untreated control. The error bars
show the standard error of the mean and the statistical significant differences were obtained by the
Student's t-test (*** p<0.001; n=3). (B) Cerebellar wild-type neurons were treated like in A and soluble
nuclear and chromatin-bound fractions were isolated. Proteins from the subcellular fractions were
precipitated using methanol/chloroform and subjected to SDS-PAGE and Western blot analysis.
Representative Western blots with an antibody against PSA (735) are shown.
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After EndoN treatment, no PSA was detected in fraction of nucleoplasmic proteins
from cerebellar neurons. Levels of PSA in fractions of nucleoplasmic and chromatin-
associated proteins were increased after NCAM-specific stimulation compared to
levels in fractions of nucleoplasmic and chromatin-associated proteins from non-
treated cells and cells after combined treatment with NCAM antibody and EndoN
(Fig. 5.19B). However, the PSA level only slightly decreased after EndoN treatment
and NCAM stimulation. These results could be explained by an incomplete PSA

digestion.

5.15 NCAM-mediated neuritogenesis, but not neuronal

cell migration, is PSA-dependent

Since NCAM plays an important role in neurite outgrowth and cell migration (Loers
and Schachner, 2007; Diestel et al., 2005), it was important to investigate whether
these events could be correlated to the results obtained for nuclear import of NCAM
and/or PSA-NCAM fragments and DNA methylation and hydroxymethylation after

NCAM stimulation and/or Endo N treatment..

Thus, | performed neurite outgrowth experiments with cerebellar and hippocampal
neurons and migration assays with cerebellar explants from wild-type mice and
NCAM-deficient littermates. Neurons and explants were treated either with EndoN
alone, chicken NCAM antibody or with a combination of both EndoN and NCAM
antibody.

The average total length of both hippocampal and cerebellar neurons was
significantly higher when cells were treated only with the NCAM antibody in
comparison to the length of neurites from control neurons (Fig. 5.20A). EndoN
treatment alone had no effect on neurite outgrowth. In contrast, the combined
treatment of neurons with EndoN and NCAM antibody abolished the NCAM-mediated
neurite outgrowth and reduced neurite length to control levels. These results suggest
that the NCAM-mediated neuritogenesis depends on PSA or that PSA-NCAM
stimulates and PSA-free NCAM inhibit the neurite outgrowth.
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Figure 5.20: NCAM-mediated neurite outgrowth is PSA dependent whereas NCAM-mediated
neuronal migration is PSA-independent. For neurite outgrowth experiments (A) hippocampal (HN)
or cerebellar (CN) neurons of NCAM-deficient (NCAM-/-) mice or wild-type littermates were cultured
overnight in medium without serum. One hour after seeding cells were not treated (Control) or treated
with recombinant endosialidase (EndoN) or with an antibody against NCAM (NCAM) or treated with
endosialidase and the antibody (NCAM (chicken)) (EndoN NCAM) (A, B). After 24 hours the cells were
fixed and stained. The total lengths of neurites from the cells were measured and compared to non-
treated cells (Control). The migration assay (B) was performed with explants from the cerebellum of
wild-type (CN wild-type) and NCAM-deficient (CN NCAM-/-) littermates. Cells which migrated out of
the explants were counted and their numbers compared to the numbers of cells migrating out of
untreated explants (Control). The graphs show the mean values from three independent experiments;
the statistical analysis was performed with the Student's t-test (*** p<0.001, n=3). The error bars
represent the standard error of the mean.
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Migration of neurons out of the explant core was accelerated upon NCAM stimulation
as well as upon combined treatment with NCAM antibody and EndoN, when
compared to neuronal migration in non-treated explants (Fig.5.20 B). Since NCAM-
mediated neuronal migration could not be inhibited by EndoN treatment, one can

conclude that NCAM-mediated neuronal migration is PSA-independent.

5.16 PSA expression and levels of methylated DNA are

significantly reduced during maturation of neurons

Since DNA methylation and hydroxymethylation play an important role in cell
differentiation (Takizawa et al., 2001), it seemed plausible to investigate whether
expression of PSA and levels of the global DNA methylation and hydroxymethylation

are altered in neurons during maturation.
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Figure 5.21: The expression of PSA and the level of DNA methylation decrease in cultured
cerebellar neurons after 8 days in vitro. Cerebellar granule neurons from NCAM-deficient mice and
wild-type littermates were maintained for 24 hours or 8 days in vitro, lysed and subjected to SDS-
PAGE and Western blot analysis with an antibody against PSA (735) (A). Chromosomal DNA was
isolated from cerebellar neurons of wild-type and NCAM-deficient mice that were maintained for 24
hours or 8 days in vitro. The level of methylated DNA was measured (B). The graph shows the
average values from 4 different wells per condition. The error bars show the standard error of the
mean and the statistically significant differences were assessed by the Student's t-test (** p<0.001;
n=4).
88



Results

For this purpose, cerebellar neurons from wild-type mice were maintained for 24
hours and 8 days in vitro. NCAM-deficient mice were used as control. In parallel, the
PSA expression of cerebellar neurons cultured for 1 or 8 days was analyzed by
Western blot analysis. Levels of PSA were decreased in lysates from cerebellar
neurons after 8 days in vitro when compared to levels seen in lysates from neurons
maintained in culture for 24 hours (Fig. 5.21A). In addition, levels of the methylated
DNA were significantly reduced in lysates from neurons after 8 days in culture in
comparison to levels in lysates from neurons maintained in culture for 24 hours (Fig.
5.21B). After either 24 hours or 8 days, levels of the methylated DNA were not
altered in NCAM-deficient neurons. The combined results demonstrate that PSA
expression and levels of methylated DNA are significantly reduced in neurons during

maturation.

5.17 NCAM stimulation leads to the appearance of a
high molecular weight complex containing histone H1 in

the nucleoplasmic protein fraction

Since histone H1 has been found to interact with PSA at the cell surface of neurons
(Mishra et al., 2010) and due to the fact that PSA-NCAM can be found in the nucleus
of neurons, | decided to investigate whether NCAM-mediated nuclear import of PSA
induces nuclear import of histone H1 and/or changes the cellular localization of
histone H1.

To test this possibility, soluble nuclear fractions from wild-type and NCAM-deficient
cerebellar neurons were isolated after treatment of cells with an NCAM antibody for
10, 30 or 60 minutes (Fig. 5.22). Non-treated cerebellar neurons were used as a
control. The isolated nuclear fractions were subjected to Western blot analysis using
histone H1 antibody.

Surprisingly, a histone H1-positive band at approximately 140 kDa was detected in
the fractions of nucleoplasmic proteins from wild-type cerebellar neurons, but not in

the nuclear fractions obtained from NCAM-deficient neurons (Fig. 5.22A), suggesting
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that NCAM stimulation induces a nuclear import of histone H1. Furthermore, a
histone H1-positive band was detected at 200 kDa and the levels of this band were
steadily increased in fractions of nucleoplasmic proteins after 10, 30 and 60 minutes
of NCAM-specific stimulation (Fig. 5.22B). In the nucleoplasmic protein fraction, a
histone H1-positive 60 kDa double-band was detected when histone H1 antibody
was used (Fig. 5.22B). The signal intensity of the double-band was higher in the
nucleoplasmic protein fraction from NCAM-deficient neurons than in the fractions
from wild-type cerebellar neurons. Taken together, these results suggest that NCAM-
stimulation promotes formation of a histone H1 complex in the nuclei of wild-type
cerebellar neurons, while histone H1 dimers are found in nuclei from NCAM-deficient

cerebellar neurons.
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Figure 5.22: High molecular weight histone H1 after treatment of neurons with a polyclonal
antibody against NCAM. Cerebellar neurons from wild-type (A, B) or NCAM-deficient (A) littermates
were maintained overnight in serum-containing medium. After incubation in serum-free medium for 4
hours, cells were not treated (-) (B) or treated for 10 (B), 30 (B) or 60 minutes (A, B) (10°, 30’, 60’) with
an antibody against the extracellular part of NCAM (chicken) and subjected to subcellular
fractionation. Soluble nuclear proteins were precipitated from the subcellular fractions using
methanol/chloroform and subjected to Western blot analysis. Representative Western blots are
detected with an antibody against histone H1 (FL-219) (A, B). In A the lower section of the blot is
shown with contrast adjustments using Adobe Photoshop 7.0.
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5.18 PSA and MARCKS co-localize in primary

hippocampal neurons

Recently, a novel functional interaction between PSA and MARCKS has been
observed (Theis et al., 2013). Since a partial co-localization of MARCKS and PSA in
an immunostaining experiment has been observed by Bibhudatta Mishra (Theis et
al., 2013), it was of interest to investigate whether this co-localization could be

altered upon treatment of hippocampal neurons (Fig. 5.23) with a PSA-antibody.

MARCKS Actin PSA

A

Figure 5.23: MARCKS co-localizes with PSA in hippocampal neurons. Immunostainings were
performed with hippocampal neurons from wild-type (A, C) or NCAM-deficient (B) littermates
maintained for 24 hours in culture. The cells were fixed with 4% PFA (A, B), the membrane was
permeabilized and then cells were incubated with an antibody against MARCKS (rb) (green), and an
antibody against PSA (735) (blue). Afterwards, cells were stained for actin (red) with Alexa Fluor® 594
phalloidin. Live cells were incubated with an antibody against PSA (735) for 15 minutes and
afterwards for 20 minutes with Cy5-coupled antibody against mouse IgG (C). After live staining the
cells were fixed with 4 % PFA, permeabilized and stained for MARCKS and actin as described above.
The scale bars represent 20 pum.

NCAM is the main carrier of PSA and linked through spectrin to the actin-

cytoskeleton. Actin is also able to bind MARCKS via its effector domain (ED)
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(Hartwig et al., 1992). Because of this, it seems plausible to immunostain actin with
MARCKS. Therefore, wild-type and NCAM-deficient hippocampal neurons were
stained with antibodies against MARCKS and PSA after or before fixation and
permeabilization. The immunostaining after fixation showed a co-localization of PSA
and actin, but negligibly weak co-localization of PSA and MARCKS (Fig. 5.23A) — as
previously described by Bibhudatta Mishra (Theis et al., 2013). After live cell staining,
the PSA-MARKS co-localization was strongly enhanced when compared to co-
localization in immunostainings performed after fixation of cells (Fig. 5.23C). This
result implies that PSA and MARKS interact with each other at the plasma

membrane from opposite sides.

MARCKS Merge
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Figure 5.24: MARCKS co-localizes with PSA after treatment of hippocampal neurons with
colominic acid, but not with chondroitin sulfate. Hippocampal neurons from wild-type (A-C) or
NCAM-deficient (D) littermates were treated for 3 hours with chondroitin sulfate (A), colominic
acid/PSA (B, D) or EndoN (C). The cells were fixed; permeabilized and stained with antibodies against
total MARCKS (rb) (green) and PSA (735) (red). The scale bars represent 20 um.
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To investigate in more detail, if the co-localization of MARCKS and PSA can be
enhanced by addition of soluble PSA, hippocampal neurons from wild-type (Fig.
5.24A-C) or NCAM-deficient mice (Fig. 5.24D) were treated with PSA/colominic acid
(Fig. 5.24A and D) or chondroitin sulfate (Fig. 5.24B) or EndoN (Fig. 5.24C) and
immunostained for MARCKS and PSA.

The vast majority of PSA co-localized with MARCKS when cells were treated with
colominic acid/PSA. After chondroitin sulfate treatment, only a partial co-localization
was observed. No co-localization occurred between PSA and MARCKS after PSA
digestion with EndoN. In NCAM-deficient neurons, no co-localization between PSA
and MARCKS could be observed even after external addition of PSA/colominic acid.
These results suggest that addition of PSA to neurons induces an enhancement of
PSA-MARCKS interaction.

5.19 PSA interacts with the effector domain of MARCKS

within the plasma membrane

The ED of MARCKS mediates the insertion of myristoylated MARCKS into the
membrane (Victor et al., 1999; Qin et al., 1996). Exchanging the five phenylalanine
residues in the ED with alanine residues or mutation of the myristoylation site
prevents the plasma membrane insertion (Spizz et al.,, 2001). PSA is also able to
insert into the membrane via its helical structure (Brisson et al., 1992; Janas et al.,
2010, 2001, 2000). A direct binding between the ED of MARCKS and PSA was
demonstrated by Bibhudatta Mishra and Gabriele Loers in binding studies (Theis et
al., 2013). Since the previous results suggest an interaction between MARCKS,
which is a cytoplasmic protein, and PSA, a glycan mainly present on the ECD of
NCAM, it seemed reasonable to investigate whether this interaction happens in the

membrane.
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MARCKS

Figure 5.25: MARCKS co-localizes with colominic acid/PSA but not with chondroitin sulfate.
CHO cells were transfected with wild-type MARCKS-GFP (A, C, E) or a non-myristoylatable MARCKS
mutant (B, D) (green). Twenty minutes before live imaging the cells were treated with different
carbohydrates linked to a dye (blue): colominic acid/PSA linked to AMCA (A, B); colominic acid/PSA
linked to HiLyte Fluor™ 405 (C, D) or chondroitin sulfate linked to HiLyte Fluor™ 405 (E). The cells
were maintained in an incubation chamber (37°C, 5% CO, and 70% humidity) during the acquisition of
the representative images with an Olympus FV1000 microscope. The scale bars represent 20 um.
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To investigate this putative interaction within the plasma membrane, | analyzed CHO
cells by confocal microscopy after transfection with MARCKS-GFP constructs and
incubation with colominic acid/PSA which was labeled with the fluorescent dye
AMCA (Fig. 5.25A, B) or HiLyte Fluor 405 (Fig. 5.25C, D). In cells which expressed
non-mutated MARCKS fused to GFP a co-localization between MARCKS-GFP and
labeled colominic acid/PSA (Fig. 5.25A, C) was observed, whereas labeled colominic
acid/PSA did not co-localize with MARCKS-GFP in cells which expressed the non-
myristoylatable MARCKS-GFP mutant (Fig. 5.25B, D). Chondroitin sulfate labeled
with HiLyte Fluor 405 did not co-localize with MARCKS-GFP in cells which expressed
non-mutated MARCKS-GFP.

MARCKS Merge FRET

Figure 5.26: The distance between MARCKS-GFP and colominic acid/PSA is less than 50 nm.
Fluorescence Resonance Energ¥ Transfer (FRET) between the GFP-tag (green) of the MARCKS
constructs and the HiLyte Fluor M 405 (blue) linked to PSA. CHO cells (A) were transfected with
FUGEN one day after seeding or hippocampal neurons from wild-type mice (B) were transfected with
the calcium phosphate method two days after seeding. The dye linked carbohydrates were added for
15 minutes to the medium 24 hours after transfection. The FRET analysis was performed with a
confocal laser scanning microscope (Olympus FV1000). The donor was the HiLyte Fluor™ 405
hydrazide and the acceptor the GFP-tag of the MARCKS constructs. During the live imaging the cells
were maintained in an incubation chamber (37°C, 5% CO,, 70% humidity). The column of images at
the right-hand shows the results of the energy transfer and the distance between the donor and the

acceptor in nanometers was calculated with the sensitized emission method. The scale bars represent
20 pm.
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To estimate the distance between HiLyte Fluor 405-labeled colominic acid/PSA and
non-mutated MARCKS-GFP, FRET analysis was performed using CHO cells (Fig.
5.26A) and hippocampal wild-type neurons (Fig. 5.26B) expressing non-mutated
MARCKS fused with GFP and which were treated with HiLyte Fluor 405-labeled
colominic acid/PSA. FRET analysis of cells showed an approximate distance of 20-
40 nm between the labeled colominic acid/PSA and MARCKS-GFP (Fig. 5.26).

These results show that MARCKS-GFP and labeled colominic acid co-localize and
that the distance between their labels is approximately 20-40 nm. Although these
results show that MARCKS and PSA are in very close contact, they cannot prove an

interaction between MARCKS and colominic acid/PSA within the plasma membrane.
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Figure 5.27: Scheme depicting the interaction of MARCKS-GFP and PSA-NCAM-Fc HiLyte Fluor
405. The PSA chain carried by the ECD of NCAM (PSA-NCAM-Fc) and conjugated to HiLyte Fluor
405 penetrates the plasma membrane from the extracellular side. In cells transfected with wild-type
MARCKS-GFP (A), the ED of MARCKS is able to penetrate with its phenylalanines from the inside of
the cell (cytosol) into the plasma membrane and could thereby interact with PSA within/through the
plasma membrane. After excitation of PSA labeled with HiLyte Fluor 405 and interaction of PSA-
NCAM with MARCKS-GFP, the GFP would be excited by an energy transfer from HiLyte Fluor 405 to
GFP if they are in close vicinity. When cells are transfected with the MARCKS-GFP mutant in which
the phenylalanines are exchanged to alanine residues (B), the ED of MARCKS does not penetrate the
membrane and therefore no interaction or a reduced interaction between NCAM-PSA and mutant
MARCKS takes place leading to reduced FRET or no FRET.
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Figure 5.28: Wild-type MARCKS but not MARCKS lacking the F residues in the effector domain
interacts with PSA-NCAM-FC within the plasma membrane. Fluorescence Resonance Energy
Transfer (FRET) between the GFP-tag (green) of the MARCKS constructs and HiLyte Fluor™ 405
(blue) linked to PSA which is attached to the ECD of NCAM (NCAM-PSA-FC). Hippocampal neurons
from NCAM-deficient mice were transfected with wild-type MARCKS-GFP (A, B) or with a MARCKS-
GFP mutant, in which the five phenylalanine residues of the effector domain were replaced by five
alanine residues (C, D. The dye linked PSA-NCAM-FC was added to the neurons 24 hours after
transfection and the cells were incubated with PSA-NCAM-FC for 20 minutes. The FRET analysis was
performed with a confocal laser scanning microscope (Olympus FV1000). The donor was the HiLyte
Fluor™ 405 hydrazide and the acceptor the GFP-tag of the MARCKS constructs. During the live
imaging the cells were maintained in an incubation chamber (37°C, 5% CO,, 70% humidity). The
column of images at the right-hand shows the results of the energy transfer and the distance between
the donor and acceptor was calculated with the sensitized emission method. The scale bars represent
20 pm.

Additonally, FRET analysis was performed with NCAM-deficient hippocampal
neurons transfected with non-mutated or mutated MARCKS-GFP containing
exchanges of the phenylalanine residues for alanine residues (Fig. 5.27). The cells
were incubated with a recombinant soluble NCAM protein which contains the ECD of
murine NCAM, PSA labeled with HiLyte Fluor 405 attached to the ECD of NCAM and
a human Fc-tag (PSA-NCAM-Fc; Fig. 5.28). In neurons expressing non-mutated
MARCKS-GFP, a pronounced co-localization of wild-type MARCKS-GFP and labeled

soluble PSA-NCAM-Fc was observed and the calculated distance between wild-type
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non-mutated MARCKS-GFP and HiLyte Fluor 405 labeled soluble PSA-NCAM-Fc
was 10-30 nm (Fig. 5.28A, B). A co-localization of mutated MARCKS-GFP with
labeled soluble PSA-NCAM-Fc could be detected, but either there was no FRET or a
strongly reduced FRET between mutated MARCKS-GFP and labeled soluble PSA-
NCAM-Fc. The distance between mutated MARCKS-GFP and soluble PSA-NCAM-
Fc was 30 nm, and thus, similar to that between wild-type MARCKS-GFP and soluble
PSA-NCAM-Fc. These results suggest that soluble PSA-NCAM-FC interacts with the
ED of MARCKS through the plasma membrane and that mutation of the ED leads to

disruption or disturbance of this interaction.
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Figure 5.29: MARCKS-GFP directly interacts with colominic acid/PSA. CHO cells were
transfected with wild-type (WT) MARCKS-GFP or the MARCKS-GFP mutant in which the five
phenylalanines in the ED of MARCKS were replaced with five alanine residues (F/A). The cells were
maintained overnight in medium in which the amino residue leucine was replaced against L-photo-
leucine. After 24 hours the cells were incubated for 20 minutes with colominic acid (10 pg per ml) and
then exposed for 5 minutes to UV-light of 365 nm. L-photo-leucine residues contain a diazirine ring,
which creates a reactive carbine after photo-activation. This leads to a covalent binding to the next
atom, if it is closer then 5 A to the diazirine ring. The cells were lysed (D, input) and
immunoprecipitation with antibodies against GFP (A, C) or PSA (B) was performed. The samples were
subjected to SDS-PAGE and Western blot analysis with antibodies against GFP (A, B, D) or PSA (C).
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The results of the FRET experiments point to an interaction between PSA and the
ED of MARCKS through/within the plasma membrane. To the best of my knowledge,
this is the first study demonstrating an interaction between an extracellular
carbohydrate and an intracellular cytosolic protein within/through the plasma
membrane. It has been traditionally proposed, that the different cellular
compartments are strictly separated through membranes and only transmembrane
proteins can facilitate a cross-talk between adjacent compartments. To further
substantiate the proposed interaction between PSA and MARCKS within/through the

plasma membrane, an L-photo-leucine cross-linking approach was performed.

CHO cells were transfected with wild-type MARCKS-GFP or mutated MARCKS-GFP
constructs containing exchanges of the phenylalanine residues for alanine residues.
The cells were maintained in medium with L-photo-leucine allowing incorporation of
this photo-active amino acid into newly synthesized proteins. The cells were exposed
to UV light after application of colominic acid/PSA to live cells. Since the ED of
MARCKS contains one leucine residue, the lysine in the ED of MARCKS and the
extracellular added colominic acid could be covalently linked after exposure of the
cells to UV-light, if MARCKS and colominic acid interact within the plane of the
plasma membrane. MARCKS-GFP irreversibly cross-linked to colominic acid/PSA
could then be detected after immunoprecipitation with an MARCKS or GFP antibody
and by staining of the precipitated MARCKS-GFP for PSA and GFP. Furthermore,
addition of colominic acid/PSA to MARCKS-GFP should shift its apparent molecular
weight to higher kDa values.

In precipitates from cells transfected with wild-type MARCKS, a broad diffuse band
ranging from approximately 120-150 kDa and one distinct band of 110 kDa were
detected when GFP was used for immunoprecipitation and proteins in Western blots
were detected with GFP antibody (Fig. 5.29A). Since the colominic acid/PSA
preparation contains molecules of different sizes in a range from 10 to 50 kDa and
the MARCKS-GFP fusion protein has an apparent molecular weight of 110 kDa (Fig.
5.29D), this result suggests that the MARCKS bands present at 120 to 150 kDa are
MARCKS-GFP proteins carrying PSA of different sizes. In cells expressing mutated
MARCKS-GFP, only the GFP-positive 110 kDa band was seen in the GFP
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immunoprecipitates (Fig. 5.29A). After staining of blots with the PSA antibody a
broad diffuse band between 120 to 150 kDa is detectable in the GFP-
immunoprecipitates from cells transfected with wild-type MARCKS-GFP, while only
unspecific background staining was detected in GFP-immunoprecipitates from cells
expressing the MARCKS-GFP mutant (Fig. 5.29C). When PSA-immunoprecipitates
from wild-type MARCKS-GFP transfected cells were analyzed using the GFP
antibody, a diffuse band ranging from 120 to 150 kDa could be observed. In contrast
to this, only a faint background staining was seen in immunoprecipitates from cells
transfected with mutated MARCKS-GFP (Fig. 5.29B). Similar expression levels of
both MARCKS-GFP constructs were obtained after transfection (Fig. 5.29D). The
predicted shift in the molecular weight of MARCKS-GFP from 110 kDa to 120-150
kDa after cross-linking of colominic acid/PSA was only seen in precipitates from cells
transfected with wild-type MARCKS-GFP, but not in precipitates from cells
transfected with mutated MARCKS-GFP, which does not insert into the plasma
membrane with its ED.

Next, recombinant PSA-NCAM-Fc was used in a cross-linking approach with CHO
cells expressing wild-type MARCKS-GFP or mutated MARCKS-GFP. The
recombinant PSA-NCAM-FC containing a human Fc-tag was applied to cells and,
after cross-linking, PSA-NCAM-Fc and proteins bound to PSA-NCAM-Fc were
isolated from the cell lysates with Protein A beads. In the Western blots a PSA-
positive band of approximately 220 kDa could be detected in cell lysates from CHO
cells expressing wild-type and mutant MARCKS-GFP, while an additional band at a
molecular weight of 330 kDa was detectable only in precipitates of cells expressing
wild-type MARCKS-GFP (Fig. 5.30A). Importantly, both MARCKS-GFP constructs
showed similar expression levels of the 110 kDa MARCKS-GFP (Fig. 5.30B). The
330 kDa band observed only in immunoprecipitates from cells transfected with wild-
type MARCKS results from cross-linking of the PSA-NCAM-Fc (220kDa) and wild-
type MARCKS-GFP (110 kDa).
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Figure 5.30: Wild-type MARCKS-GFP immunoprecipitates with PSA attached to the ECD of
NCAM in a photo-leucine cross-linking approach. CHO cells were transfected with wild-type
MARCKS-GFP (WT) or mutant MARCKS-GFP, in which the five phenylalanines in the ED were
replaced with five alanine residues (F/A). The cells were maintained overnight in medium, in which the
amino residue leucine was replaced against L-photo-leucine. After 24 h in culture the cells were
incubated for 20 minutes with PSA-NCAM-Fc (10 pg per ml). Afterwards cells were incubated under
UV light. Then the cells were lysed (B, input) and an immunoprecipitation was performed with protein
A agarose beads (Santa Cruz) (A). The samples were subjected to SDS-PAGE and Western blot
analysis. The proteins were detected with antibodies against PSA (A) or GFP (B).

Since no FRET from labeled PSA to MARCKS-GFP can be observed when using
cells expressing mutated MARCKS-GFP that cannot insert via its ED into the plasma
membrane, it is conceivable that the ED of MARCKS tightly interacts with PSA at or
within the plasma membrane from opposite sides.
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5.20 The interaction between PSA and the ED of
MARCKS through an artificial lipid bilayer influences its

electrical properties

The FRET results and the cross-linking experiments suggest an interaction of PSA
and MARCKS from the opposite sides through/within the plasma membrane. Thus, |
next asked whether the electrical properties of the membrane are influenced by this

interaction.

To determine whether this might be the case, we used artificial lipid bilayers using
the lonovation Compact V02 system (Fig. 5.31). In this system an artificial lipid
bilayer is formed between two adjacent chambers. The capacitance of the bilayer
was monitored after addition of colominic acid/PSA or chondroitin sulfate and the
MARCKS ED-peptide or the corresponding control peptide to the opposite sides of
the bilayer (Fig. 5.31).

| tested the effect of adding colominic acid/PSA or chondroitin sulfate to the cis
chamber (Fig. 5.31). This did not lead to a significant alteration in the relative
capacitance of the membrane (Fig. 5.32). Subsequent addition of the control peptide
to the trans chamber led to a slight increase in the relative capacitance (Fig. 5.32A,
B). After addition of the ED-peptide to the opposite side of chondroitin sulfate, the
relative capacitance reached a plateau (Fig. 5.32A, C), while addition of the ED-
peptide to the opposite side of colominic acid/PSA led to a constant decrease of the
capacitance (Fig. 5.32A, B). Finally, the relative capacitance did not change

significantly with time, if no peptide or carbohydrate was applied (Fig. 5.32C).

Interestingly, the interaction between the ED of MARCKS and PSA seems to take
place through the membrane. This interaction could lead to a connection between the
two chambers of the lonovation system or the cytoplasmic domain and the ECD of
the cell. As a consequence, the electrical properties of the artificial membrane or the

plasma membrane change.
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Figure 5.31: Schematic drawing of the setup to measure the capacitance of an artificially lipid
bilayer. The lonovation Compact V02 system was used to build up an artificially lipid bilayer and to
measure the capacitance of the bilayer. The lipid bilayer separates adjacent chambers, which were
filled with electrode buffer. The artificially lipid bilayer contains a mixture of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine  (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) (1:1). In the circuit diagram the resistance circuit (red) and the capacitor circuit (cyan) is
shown. The resistance of the red marked circuit is increased when the lipid bilayer is formed. As a
consequence more current flows through the capacitor circuit and, thus, lead to an increase of
capacitance. When colominic acid and a peptide derived from the ED of MARCKS (ED-Peptide) are
added to the trans chamber and the cis chamber, respectively, and if they interact through the lipid
bilayer, the lipid bilayer would be more instable from both sides and change its capacitance. Therefore
the resistance would decrease and less current would flow through the capacitor circuit which would
diminish the capacitance (A). Chondroitin sulfate (ChS) has similar chemical properties as colominic
acid, but it is not known that neither it attaches to the membrane nor that it can interact with MARCKS.
The control-peptide is also derived from the ED of MARCKS, but the phenylalanine residues were
changed to alanine residues. Both were used as controls, which would not penetrate in the lipid bilayer
and therefore the bilayer would be stable. The resistance in the red marked circuit would be higher in
the controls and therefore more current would flow through the cyan marked circuit followed by an
increase of the capacitance (B, C, D).
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Figure 5.32: The interaction of colominic acid/PSA with MARCKS through an artificial
membrane influences the electrical properties of the bilayer. The artificial lipid bilayer which
contains a 1:1 lipid mixture of POPE and POPC is formed with the lonovation Compact V02 system.
The capacitance of the lipid bilayer was measured like described in Figure 5.31. The capacitance was
recorded over a time period of 520 seconds and compared to the capacitance of the lipid bilayer at the
starting point (0 seconds). Colominic acid (PSA) (A, B) or chondroitin sulfate (ChS) (A, C) was added
in the trans chamber 30 seconds after the start of the measurements. After further 30 seconds (B, C)
or two minutes (A) a peptide derived from the ED of MARCKS (ED peptide) or a control peptide in
which the phenylalanines were exchanged to alanines (ctrl peptide) were added to the trans-chamber.
As a further control, the capacitance of a lipid bilayer was determined over a time period of 520
seconds without any addition of carbohydrates and peptides (bilayer/no addition).
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5.21 The interaction between PSA and MARCKS is

necessary for the PSA-mediated neurite outgrowth

Since | could show in previous experiments that NCAM-mediated neurite outgrowth
is dependent on PSA (see Fig. 5.15), | nect wanted to investigate if the PSA-
MARCKS interaction is of functional relevance for NCAM- or PSA-mediated neurite

outgrowth.

To investigate whether colominic acid/PSA stimulates neurite outgrowth and the
MARCKS-PSA interaction influences this effect, hippocampal neurons from wild-type
(Fig. 5.33A) and NCAM-deficient littermates (Fig. 5.33A, B) were transfected with the
MARCKS ED or control peptide (Fig. 5.33A) or the peptides were added to the
medium (Fig. 5.33B) and the neurons were incubated in the absence or presence of

colominic acid, chondroitin sulfate or heparin.

The total neurite length of mock transfected wild-type and NCAM-deficient neurons
was increased in the presence of colominic acid/PSA (data not shown). In neurons
transfected with the ED-peptide, but not in cells transfected with the control peptide,
the stimulatory effect of PSA was abolished (Fig. 5.33A). Since the ED-peptide but
not the control-peptide binds in vitro to PSA (Theis et al., 2013), it is possible that the
ED-peptide, but not the control-peptide, interacted with PSA and disturbed the
MARCKS-PSA interaction. A similar effect was observed, if the peptides were
applied extracellularly to hippocampal wild-type neurons (Fig. 5.33B). Interestingly,
neurite outgrowth was enhanced after chondroitin sulfate treatment and decreased
after heparin treatment of NCAM-deficient neurons, but not wild-type neurons. This
effect was observed in cells transfected with the ED- or the control- peptide (Fig.
5.33A). An enhanced neurite outgrowth was observed by Bibhudatta Mishra (PhD
thesis, Hamburg, 2010) when wild-type neurons were treated only with the ED-
peptide. This effect could be abolished after EndoN treatment (Theis et al., 2013).
Here were treated NCAM deficient hippocampal neurons with the ED- or control-
peptide alone and this led to no enhancement of neurite outgrowth, compared to non-
treated cells (Fig. 5.32B).
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Figure 5.33: MARCKS is involved in PSA-dependent neurite elongation. The length of neurites
from wild-type (A) and NCAM-deficient (A and B) neurons was determined. Different carbohydrates
(colominic acid (PSA), chondroitin sulfate (ChS) or heparin) were added to the neurons one hour after
seeding. In A the cells were transfected with the ED- or ctrl- peptide and co-transfected with GFP as
transfection control. In the mock control, cells were only transfected with GFP and not treated with
carbohydrates (A). In B the cells were treated with colominic acid (PSA) or chondroitin sulfate (ChS)
and additionally the ED- or control (ctrl)-peptides were added to the medium. As controls non-treated
cells (PLL) or cells only treated with the peptides (PLL ED; PLL ctrl) were used. The neurite lengths of
treated neurons were compared to neurite length of cells cultured on PLL (Mock; A) or PLL (B) control.
Mean values are shown. The error bars show the standard error of the mean and statistically
significant differences were identified by the Student's t-test (** p<0.01; n=100).
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These results indicate that the effect of soluble colominic acid/PSA is independent
from endogenous PSA and NCAM, but the effect is mediated by the ED of MARCKS.

5.22 Phosphorylation of the ED of MARCKS is
prevented by the interaction between PSA and MARCKS

Since | could prove that MARCKS and PSA interact with each other at the plasma
membrane, it seems to be obvious, that colominic acid/PSA treatment leads to
recruitment of additional MARCKS to the plasma membrane. Because MARCKS can
only be associated with the plasma membrane when its ED is not phosphorylated
(Swierczynski et al., 1995), the level of phosphorylated MARCKS should decrease

after colominic acid/PSA treatment.
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Figure 5.34: PSA/colominic acid treatment reduces the level of phospho-MARCKS in
hippocampal neurons. Quantification of the immunofluorescence signal of phospho-MARCKS (A: not
treated; B: treated with colominic acid/PSA; C: treated with chondroitin sulfate). Hippocampal neurons
which were maintained in vitro for 24 hours were fixed, permeabilized and stained with an antibody
against phosphorylated MARCKS (p-MARCKS). The intensities of the different stainings were
measured with ImageJ and related to the intensity of the phospho-MARCKS staining of non-treated
cells (D). The error bars show the standard error of the mean and the statistical significant was
analysed by Student's t-test (*** p<0.001; n=7). The scale bars represent 20 um.
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First indications for such an effect were obtained by Bibhudatta Mishra, who
observed decreased levels of phosphorylated MARCKS in hippocampal neurons

after colominic acid treatment (Theis et al., 2013).

Here, the immunofluorescence signal of phospho-MARCKS from non-treated
hippocampal neurons (Fig. 5.34A) was compared to phospho-MARCKS levels in
neurons treated with chondroitin sulfate (Fig. 5.34B) or colominic acid (Fig. 5.34C). A
significant decrease of phospho-MARCKS could be also observed with this method
after colominic acid/PSA treatment, but not after chondroitin sulfate treatment. This
result confirms the hypothesis that the MARCKS-PSA interaction prevents the
phosphorylation of MARCKS.
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6. Discussion

6.1 The interaction between NCAM140/180 and TRPC1,
4 and 5

From immunoprecipitation experiments and immunofluorescence stainings | obtained
indications for a possible interaction between NCAM and TRPC1, 4 and 5.
Furthermore, label-free binding assays showed calmodulin-dependent binding of
TRPC1, 4 and 5 channels to the ICD of NCAM180, whereas no binding between ICD
of NCAM140 and TRPC proteins was observed. The calmodulin-dependent
interaction between TRPC1 and NCAM180 was confirmed in pull-down assays using
wild-type NCAM180 ICD or NCAM180 ICD containing a mutated calmodulin binding
site (Mounir M’Zoughi, PhD thesis, Hamburg). Since the ICD of NCAM140 and 180
both have a calmodulin binding motif (Kleene et al., 2010b) it is seems that binding of
calmodulin to NCAM would mediate interaction of NCAM with TRPC. However,
TRPC1 was not only precipitated with the wild-type ICD of NCAM140, but also was
precipitated with mutated NCAM140 ICD containing the disrupted calmodulin binding
site. The combined results exclude a direct interaction between NCAM and TRPCs
and suggest that calmodulin mediates the interaction between NCAM180 and
TRPC1, 4 and/or 5. In contrast to NCAM180, the interaction of NCAM140 with
TRPCs is not mediated by calmodulin as binding and pull-down assays indicate.
Since NCAM140 precipitates with TRPC1 in a pull-down experiment using mouse
brain homogenate, it is likely that this interaction is mediated by other proteins. A
direct interaction of the ICDs can be excluded, because binding of NCAM140 ICD to
ICDs of TRPCs including TRPC1 ICD was not observed in the binding assay.

The different modes of interaction of NCAM140 and 180 with TRPCs suggest that
NCAM140 and 180 trigger different TRPC-associated signaling pathways. One well-
known cellular response to NCAM signaling is neurite outgrowth. In previous studies,
it was reported that NCAM binds to the FGFR (Chritstensen et al., 2006; Kiselyov et
al., 2003) and that NCAM-mediated neuritogenesis requires the FGFR (Niethammer

et al., 2002). This NCAM-FGFR interaction induces phosphorylation of FGFR leading
109



Discussion

to an activation of PLC (Jessen et al., 2001). PLC hydrolyzes PIP, yielding IP; and
DAG. IP3 binds to the IP3 receptor in the membrane of the endoplasmic reticulum
leading to a calcium release from the intracellular calcium stores. This increased
calcium concentration in the cytoplasm could activate TRPC channels (Salido et al.,
2009). Since the FGFR interacts with TRPC1 (Fiorio Pla et al., 2005) and since |
could show that NCAM-, but not L1- or CHL1- enhanced neurite outgrowth, was
inhibited with the TRPC inhibitor SKF96365 and the inhibitory antibody against
TRPC1, it is conceivable that the interaction between NCAM140 and TRPCL1 is
mediated by the FGFR and that this interaction triggers NCAM-dependent neurite
outgrowth.

Homophilic NCAM interaction triggers the Fyn/Fak pathway resulting in enhanced
neurite outgrowth (Ditlevsen et al., 2010). It was reported that the expression of the
growth-associated protein (GAP-43) most likely acts as switch for NCAM180-induced
signaling (Korshunova et al., 2007). The binding between NCAM180 and spectrin
facilitates the interaction of NCAM180 with GAP-43 and promotes the formation of a
NCAM180/spectrin/GAP-43 complex. This interaction regulates NCAM180-mediated
neurite outgrowth, which is assumed to be FGFR-dependent, but independent of the
Fyn/Fak pathway (Korshunova et al., 2007). It may be possible that interaction of
NCAM180 with TRPCs and/or FGFR plays a role in regulating the interaction
between NCAM180, spectrin and GAP-43 and thus in regulating or promoting
NCAM180-dependent neurite outgrowth.

NCAM-TRPC interactions could also be involved in other physiological processes
beside in neurite outgrowth.For example, it is known, that TRPC channels play an
important role in SOCE (Liao et al., 2008; 2007). Triggering of signal cascades
through transmembrane receptors could lead to depletion of intracellular calcium
stores and to a concomitant increase in cytoplasmic calcium concentration. This
increased calcium concentration could trigger opening of calcium permeable
channels in the plasma membrane resulting in SOCE (Putney et al., 1986). Thus,
NCAM-TRPC interactions could also play a role in SOCE. It has been reported that
TRPCL1 is a prerequisite for SOCE, which mediates the glutamate secretion from

astrocytes (Malarkey et al., 2008). Since NCAM is also expressed in astrocytes
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(Theodosis et al., 1999) and can inhibit astrocyte proliferation (Krushel et al., 1995), it
is likely that the interaction of NCAM with TRPC can also regulate cellular functions

in astrocytes, such as glutamate secretion and proliferation.

Other physiological functions for the NCAM-TRPC interaction are conceivable: The
calmodulin-dependent interaction between NCAM180 and TRPC1, 4 and 5 is
probably involved in regulating different cellular responses in the mature nervous
system. Since the dopamine receptor D2 interacts which TRPC1, 4 and 5 (Hannan et
al.,, 2008) and with NCAM180 (Xiao et al., 2009), it seems plausible that the
interaction between TRPC1, 4, 5 and NCAM180 influences signaling via dopamine
receptor D2. Since NCAM180 is involved in activity-dependent internalization of the
D2 receptor, it is likely that the interaction between NCAM180 and TRPC1, 4 and/or

5 modulates this internalization.

The NCAM-TRPC interaction could also affect the generation of plateau potentials in
cholinergic neurons. Plateau potentials are caused by a persistent cellular ion influx
which leads to a lasting depolarization of the plasma membrane. Neurons displaying
such plateau potentials fire independently of synaptic excitation (Takai et al., 2004;
Lee et al., 2003; Kuzmiski et al., 2001; Fraser et al., 1996; Marder, 1991). NCAM-
deficient mice have been shown to display a reduced number of septal cholinergic
neurons (Tereshchenko et al., 2011) that are able to generate these plateau
potentials. Furthermore, it has been reported that TRPC4 and 5 channels are
responsible for generation of non-selective cation influx and therefore generate these
plateau potentials in cholinergic neurons (Tai et al., 2011; Zhang et al., 2011). Based
on these findings and regarding the fact that NCAM180 and TRPC1, 4 and 5 were
shown to interact with each other, NCAM-TRPC interaction might affect the emerging
plateau potentials in cholinergic neurons. Calmodulin-dependent binding between
NCAM180 and TRPC4/5 may induce an opening of TRPC4 and/or 5 channels in the
cell membrane and as a consequence, a constant non-selective cation influx would
propagate into the cell generating a lasting depolarized membrane potential. Since
NCAM180 is predominantly expressed at sites of cell-cell contacts and in growth
cones contacting other cells (Pollerberg et al., 1987; Pollerberg et al., 1986) and

homo- or heterophilic NCAM interactions are important for maintenance of these
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contacts, it is conceivable that NCAM might modulate the functional behavior of its

adjacent binding partners and thus the cell-cell contacts.

Binding of NCAM or L1 antibodies to NCAM or L1 at the cell surface could mimic
homo- and heterophilic interactions of NCAM or L1. Antibodies against NCAM or L1
directed against their ECDs trigger signaling and lead to an increase in the
intracellular calcium concentration (Schuch et al.,, 1989). In my work, function-
triggering polyclonal antibodies were used in calcium imaging and neurite outgrowth
experiments and showed an NCAM-mediated response. Calcium imaging and cell
surface biotinylation of hippocampal neurons indicated that functional TRPC4 and 5
channels are translocated from the interior of the cell to the surface when the cells
are cultured in medium containing serum. This translocation does not take place
when the cells are maintained in medium without serum. Several reports have shown
translocation of TRPC4 and 5 to the cell surface after treatment with different growth
factors such as epidermal growth factor (EGF), BDNF, nerve growth factor (NGF)
and insulin-like growth factor-1 (IGF-1) (Bezzerides et al., 2004, Schaefer et al.,
2000). Thus, growth factors present in the serum could trigger the translocation of
TRPC4 and 5 to the plasma membrane where they function as storage operating

calcium channels or in generation of a lasting depolarized membrane potential.

6.2 Functional interplay between NCAM, TRPC1, 4 and
5 with PrP and Kir3.3

The inwardly-rectifying potassium channel Kir3.3 (Kleene et al., 2010a) and the prion
protein (PrP) (Santuccione et al., 2005; Schmitt-UIms et al., 2001) are binding
partners of NCAM. Inwardly-rectifying potassium channels maintain the membrane
resting potential near to the potassium reversal potential and have a highly stabilizing
effect on the resting potential of the cell (Fakler et al., 1995). For the strong inward
rectification of these channels a highly voltage-dependent block by intracellular
magnesium and an endogenous channel gating process are responsible ( Matsuda
et al., 1991). The Kir3.3 channel interacts intracellularly with  NCAM140 and
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NCAM180 and this interaction seems to reduce the activity of Kir3.3 and to block the
NCAM-mediated neurite outgrowth (Kleene et al., 2010a). Here, | demonstrate that

the NCAM-Kir3.3 interaction recruits Kir3.3 to the cell surface.

PrP is a GPI anchored cell surface glycoprotein which is ubiquitously expressed in
the brain (Schmitt-Ulms et al., 2001). In a previous study, it has been described that
the interaction between NCAM and PrP is important for NCAM-stimulated neurite
outgrowth (Santuccione et al., 2005). In immunoprecipitation experiments, | obtained
evidences for interactions between Kir3.3 and TRPC1, 3, 4, 5, 6 and/or 7 and
between PrP and TRPC1, 3, 4, 5, 6 and/or 7. Since NCAM-enhanced neurite
outgrowth depends on PrP- and TRPC- interactions with NCAM and could be
blocked with the TRPC inhibitor or a function-blocking TRPC1 antibody, one could
speculate that the interaction between PrP and TRPC proteins may modulate NCAM-

dependent neuritogenesis.

| observed a calcium efflux from hippocampal neurons after NCAM-stimulation, when
the neurons had been cultured in medium with serum. Since the TRPC inhibitor
SKF96365 blocks this NCAM-induced calcium efflux and since it has been shown to
inhibit inwardly-rectifying potassium current in human endothelial cells (Schwarz et
al., 1994), it is likely that the NCAM-induced calcium efflux is mediated by TRPCs
and regulated by the functional interplay between NCAM, the TRPCs and the
inwardly-rectifying potassium channel Kir3.3. In this functional interplay, Kir3.3 might
be activated by the ion flow through the TRPC-channels. One might speculate that
the ion flow through the TRPC channels generate a depolarization of the plasma
membrane, while the potassium flow through the Kir3.3 channel leads to a change of
the potassium reversal potential and a further enhancement in plasma membrane

depolarization.

6.3 NCAM-stimulated import of PSA into the nucleus

It has been proposed that triggering of NCAM signaling with an antibody against its

ECD leads to oligomerisation of NCAM at the cell surface, an increase in intracellular
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calcium levels, interaction with calmodulin, and a proteolytic cleavage of NCAM by a
serine protease. The proteolytic processing of NCAM results in the generation of two
fragments (Kleene et al., 2010b): a soluble 55 kDa fragment with part of the ECD and
a membrane bound 50 kDa fragment containing the intracellular and transmembrane
domain as well as part of the ECD (Kleene et al., 2010b). In my work, | showed that
the import of the 50 kDa NCAM fragment is reduced by the TRPC inhibitor
SKF96365, indicating that the calcium-dependent nuclear import of the NCAM
fragment requires the opening of TRPC channels.

Taking the apparent molecular weight of NCAM into account, | expect that the
cleavage of NCAM by the serine protease activity takes place within the fourth or fifth
Ig-like domain distal to the fifth and sixth N-glycosylation sites to which PSA and/or
HNK1 are attached (Wuhrer et al., 2003). Thus, it was likely that a PSA- and/or HNK-
1-carrying 50 kDa NCAM fragment is imported into the nucleus after NCAM-
stimulation. Indeed, PSA-immunopositive staining in the nucleus was observed after
NCAM-stimulation of hippocampal neurons. In addition, after NCAM-stimulation of
cerebellar neurons, PSA-positive bands of 100-200 kDa were seen in nuclear fraction
containing nucleoplasmic or chromatin attached proteins. The enhanced nuclear
levels of PSA at the beginning of the NCAM-stimulation decreased and reached the
nuclear PSA level of untreated neurons. Since the intensity of the PSA-
immunopositive nuclear signal was decreased after one hour of NCAM-stimulation,
one could speculate that PSA on NCAM is degraded after it reaches the nucleus or is
exported from the nucleus. It is still not clear, whether PSA is attached to the 50 kDa
NCAM fragment and thereby reaches the nucleus as a 100-200 kDa protein.
Although a 50 kDa NCAM fragment was seen in the fraction of nucleoplasmic
proteins after degradation of PSA by treating cerebellar neurons with Endo N before
NCAM stimulation, no larger PSA-carrying NCAM forms were detectable in Western
blot analysis of mock-treated neurons with the antibody P61 against the intracellular
NCAM domain.

The appearance of PSA and/or HNKL1 in the nucleus after NCAM stimulation implies
that the attached glycans modulate the function of nuclear NCAM, such as affecting

chromatin structure and/or regulation of gene expression. Chromatin remodeling is
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associated with DNA modifications such as methylation and hydroxymethylation
(Biran et al., 2012). Since histone H1 plays a role as a linker histone and mediates
DNA packaging in nucleosomes (Doenecke et al., 1997), and since PSA interacts
with histone H1 (Mishra et al., 2010), PSA may draw histone H1 from the
chromosomal DNA leading to modifications of the DNA, such as methylation and
hydroxymethylation (Irier et al., 2012). Alternatively, histone H1 might bind to PSA-
NCAM at the cell surface (Mishra et al., 2010), and be imported in a complex with
PSA-NCAM into the nucleus after NCAM stimulation Surprisingly, histone H1 was
found in a 200 kDa PSA-immunopositive band which may represent a large SDS
stable protein complex of histone H1 and PSA-NCAM. Although PSA seems to
interact with histone H1 in the nucleus, levels of DNA methylation and
hydroxymethylation are not affected by enhancement of the nuclear PSA levels.

On the other hand, increase levels of DNA methylation and hydroxymethylation were
observed after PSA digestion and subsequently NCAM-stimulation. These increases
are accompanied by the appearance of a 50 kDa NCAM in the fraction of
nucleoplasmic proteins, suggesting that this fragment induces modifications of DNA.
The 50 kDa NCAM fragment could bind to the chromosomal DNA, and thus, could
induce a change in chromatin structure and in DNA modifications. Alternatively, the
NCAM fragment could bind to nuclear proteins that are involved in DNA
modifications, such as the deoxyribonucleic acid methyltransferases 1, 3a or 3b
catalyzing DNA methylation (Rottach et al.,, 2009; Bestor et al.,, 2000), to the ten-
eleven translocation enzyme catalyzing the oxidation of the methyl group to a
hydroxymethyl group (Guo et al., 2011; He et al., 2011, Ito et al., 2011; Tahiliani et
al., 2009) or to histones, which are essential for the packaging of the chromatin
(Lodén et al., 2005).

6.4 Interaction between MARCKS and PSA

In a previous study, it has been demonstrated that MARCKS and PSA interact with
each other (Bibhudetta Mishra, PhD thesis, Hamburg; Maren von der Ohen, PhD
thesis, Hamburg). | have further characterized this interaction. Since MARCKS is an
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intracellular protein and PSA on NCAM is located extracellularly, it seems likely that
the interaction between both molecules takes place from opposite sides of the

plasma membrane.

The ED of MARCKS attaches to membranes via electrostatic interactions between its
positively charged residues and the negatively charged phospholipids of the
membrane bilayer. The phenylalanines of MARCKS ED can penetrate in addition
through the polar head groups of the lipids of the bilayer into the hydrophopbic part of
the plasma membrane, and thus, stabilizes the attachment of MARCKS to the
plasma membrane (Victor et al.,, 1999; Qin et al., 1996). The helical and random
coiled conformation of PSA (Brisson et al., 1992) facilitates its association with
liposomal membranes and its penetration into lipid bilayers (Janas et al., 2000; 2001;
2010). Based on the similar properties of PSA and MARCKS to insert into the
membrane, it could be inferred that PSA and MARCKS might thereby interact within
the plasma membrane from opposite sites. The results from the cross-linking
approach with photo-L-leucine and FRET analysis using different MARCKS-
constructs and colominic acid/PSA or PSA-NCAM-Fc support this hypothesis.
Furthermore, application of the ED-peptide, to the opposite site colominic acid/PSA
application destabilized the bilayer and allowed ions to flow through the bilayer and,
therefore, to change the electrical properties of the membrane. Neither chondroitin
sulfate nor the control peptide insert into the bilayer and thus do not change the
properties of the membrane. This PSA-MARCKS interaction may form hydrophilic
pores in the lipid bilayer, which would allow ions to pass the membrane. Since PSA is
able to influence the long term potentiation in the brain (Becker et al., 1996; Muller et
al., 1996), this observation suggests a novel mechanism of how PSA could modulate
the membrane potential to influence cellular processes involved in long term

potentiation.

The PSA-enhanced neurite outgrowth in hippocampal neurons was triggered upon
colominic acid/PSA incubation (Mehanna et al., 2010; Muller et al., 1994). This PSA-
enhanced neurite outgrowth was inhibited by transfection or by extracellular addition
of the MARCKS ED peptide, but not by application of the MARCKS control peptide.

Moreover, levels of phosphorylated MARCKS in hippocampal neurons were
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decreased after PSA treatment. Based on this observation, one could speculate that
the additionally added colominic acid might recruit more MARCKS at the plasma
membrane; in order to prevent the phosphorylation of MARCKS ED. Phosphorylated
MARCKS may further trigger a signal cascade, which inhibits neurite outgrowth.
Application of additional PSA would then lead to an inhibition of this signal cascade
and, consequently, to an enhanced neurite outgrowth. The MARCKS ED peptide
may disturb the PSA-MARCKS interaction, which might lead to an increased
phosphorylation of MARCKS and, thereby, stimulate the signal cascade, which

thereafter inhibits neurite outgrowth.

NCAM-deficient neurons showed a decreased neurite outgrowth after heparin
treatment and an enhanced neurite outgrowth after chondroitin sulfate treatment. In
contrast, heparin and chondroitin sulfate had no effect on neurite outgrowth of wild-
type neurons. In its Igl and Ig2 domains NCAM contains one heparin binding motif to
which both heparin and chondroitin sulfate can bind (Cole et al., 1989, 1986a, b).
One possible explanation, that an effect of heparin and chondroitin sulfate in neurite
outgrowth of NCAM-deficient, but not wild-type hippocampal neurons, was observed
would be that heparin and chondroitin sulfate could interact with the heparin binding
motif of NCAM in wild-type neurons. This might lead to a neutralization of the heparin
and chondroitin sulfate effect on neurite outgrowth of wild-type, but not NCAM-

deficient hippocampal neurons.

It was reported that the MARCKS ED peptide has an enhancing effect on
hippocampal neuritogenesis (Theis et al., 2013). One can assume that the inhibitory
effect of the ED peptide on NCAM-mediated neurite outgrowth could be explained by
a side effect of this ED peptide, and not disturb a possible PSA-MARCKS interaction.
Since the phenylalanine residues in the ED of MARCKS show a high affinity of
binding to PIP,, and thus, regulate the availability of PIP, by sequestration of PIP,
(Gambhir et al., 2004; Laux et al.,, 2000), which has been implicated in signal
transduction (Kwiatkowska et al., 2010), it seems conceivable, that this sequestrated
of PIP, leads to an increased total neurite length of hippocampal neurons. In
contrast, the additional treatment of hippocampal neurons with PSA would lead to

inhibition of neuritogenesis. The results from this study are contrary to this
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assumption. Here, the ED peptide had no stimulating effect on neuritogenesis in
hippocampal neurons from NCAM deficient mice, which also express PIP,, but do not
PSA. Additonally, the ED peptide was applied to the neurons extracellulary which did
not allow the peptide to sequestrate PIP,, because PIP; is abundantly present in the
inner layer of the plasma membrane. Since the ED peptide stimulates neurite
outgrowth only in the presence of endogenous PSA, it seems plausible that the ED
peptide disturbs the interaction between PSA and MARCKS, and thus, might provide
PSA which is accessible for other interaction partners, such as histone H1 or FGF.
This interaction of PSA with histone H1 or FGF would lead to an increase of the
neurite outgrowth of hippocampal neurons. My assumptions seem controversial.
However, endogenous PSA may recruit much less MARCKS at the plasma
membrane which prevent MARCKS to be phosporylated, then additional applied
colominic acid/PSA to the neurons. The stimulation of neurite outgrwoth triggered by
other interaction partners then MARCKS, such as histone H1 or FGF, seems to be
stronger then the inhibition of neurite outgrowth by additionally phosphorylated
MARCKS.
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8. Abbreviations

ANK
APS
BCA
BDNF
bFGF
BSA
CAM
CaM
CC-C
CC-N
CD56
CD36
CHL1
CHO
ChS
CIRB
Cy2/3/5
D2R
DAG
DMEM
DNA
ECD
ECM

ED

Ankyrin repeats

Ammonium persulfate

Bicinchoninic acid

Brain-derived neurotrophic factor

Basic fibroblast growth factor

Bovine serum albumin

Cell adhesion molecule

Calmodulin

C- terminal coiled-coil region

N- terminal coiled-coil region

Cluster of differentiation 56 (neural cell adhesion molecule)
Cluster of differentiation 36 (scavenger receptor)
Close homolog of L1

Chinese hamster ovary

Condroitin sufate

Calmodulin and IP3-receptor binding site
Cyanine dyes 2/3/5

Dopamine receptor D2

Diacylglycerol

Dulbecco modified Eagle’s medium
Deoxyribonucleic acid

Extracellular domain

Extracellular matrix

Effector domain
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EGF
EDTA
EndoN
ERK1/2
Fc
FCS
FGF
FGFR
Fn3
FRET
GAP43
GDNF
GFP
GPI
GST
HBD
HBS
HBSS
HEK?293
His
HNK-1
HRP

ICD

Abbreviations

Epidermal growth factor
Ethylenediaminetetraacetic acid
Endosialidase

Extracellular signal regulated kinase 1/2
Fragment, crystallizable

Foetal calf serum

Fibroblast growth factor

Fibroblast growth factor receptor
Fibronectin type 3

Fluorescence resonance energy transfer
Growth associated protein 43

Glial cell line-derived neurotrophic factor
Green fluorescent protein
Glycosylphosphatidylinositol
Glutathione S-transferase

Heparin binding domain
HEPES-buffered saline

Hanks’s balanced salt solution

Human embryonic kidney 293

Histidine

Human natural killer cell glycan
Horseradish peroxidase

Intracellular domain

Immunoglobuline

Immunofluorescence

Inhibition
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Abbreviations

IP Immunoprecipitation

IP3 Inositol 1,4,5 trisphosphate

ITPG Isopropyl-D-thiogalactopyranoside
KDan 5-deamino-3,5-dideoxyneuraminic acid
L1 Cell adhesion molecule L1

LB Lysogeny broth

MARCKS Myristolated alanine-rich C-kinase substrate
N2a Neuro 2a

NCAM Neural cell adhesion molecule

NCAM (-/-) NCAM-deficient

Neu5Ac 5-N-acethylneuraminic acid

Neu5Gc 5-N-gycolylneuraminic acid

NGF Nerve growth factor

NK Natural killer

NSCC Non-selective cation channels

oD Optical density

PBS Phosphate buffered saline

PD Pull-down

PDZ-B PDZ binding domain

PI-PLC Phosphatidylinositol-specific phospholipase C
PKA Protein kinase A

PKC Protein kinase C

PIP, Phosphatidylinositol (4,5) biphosphate
PLC Phospholipase C

PLCB Phospholipase C 3

PLL Poly-L-lysine

139



POPC
POPE
PrP
PSA
PST
PFA
RIPA
RPTPa
sckv
SDS
SDS-PAGE
SOCE
St

STX
TAE
TACE
TEMED
TiO,
TRP
TRPC

wWB

Abbreviations

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
Prion protein

Polysialic acid

Polysialyltransferases ST8Sia IV

Paraformaldehyde

Radio immunoprecipitation assay

Receptor protein tyrosine phosphatase a

Single chain variable fragment

Sodium dodecyl sulphate

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Store operated calcium entry

Stimulation

Polysialyltransferases ST8Sia Il

Tris-acetate-EDTA

Tumor necrosis factor-a-converting enzyme
Tetramethylethylenediamine

Titanium dioxide

Transient receptor potential

Transient receptor potential canonical

Western blot
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