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Summary

The only protein known to be essential for myelin formation and compaction in the cen-
tral nervous system is myelin basic protein (MBP). Oligodendrocytes in mutant mice that
lack MBP-expression are unable to deposit a functional myelin sheath and the few lamellae
formed around axons are not compacted. The association of MBP as a positively-charged
protein with negatively charged membranes is therefore crucial for myelination, but the
mechanisms by which MBP associates with the myelin membrane remains elusive. In this
study, I demonstrate that the signaling lipid phosphatidylinositol (4,5)-bisphosphate (PIP2)
is important for the stable association of MBP with cellular membranes. This association is
lost upon specific reduction of PIP2 levels following the overexpression of a phosphoinositide-
5-phosphatase (Synaptojanin 1) that selectively hydrolyzes PIP2. The association is also lost
through elevated intracellular Ca?* levels. Moreover, since MBP interacts with the mem-
branes electrostatically, the experimental decrease of membrane charges at the intracellular
membrane surface (through PIP2 dephosphorylation) was shown to cause the dissociation
of MBP from the plasma membrane. Experiments presented here further implicate that one
putative PIP2 binding domain of MBP lies within the exon-1 encoded region. The relevance
of this protein-lipid interaction was demonstrated for the corpus callosum of mice, analyzed
by electron microscopy after decreasing membrane surface charges in acute brain slices.
Here, PIP2 hydrolysis led to the loss of myelin compaction. A related phosphoinositide
that might play a role in myelin formation is the signaling lipid phosphatidylinositol(3,4,5)-
trisphosphate (PIP3). PIP3 and some downstream polarizing factors were found to be
accumulated at the tips of growing cellular processes in both immortalized and primary
oligodendrocytes. Taken together, the results presented here demonstrate that PIP2 and
PIP3 play an important role in MBP association to the plasma membrane and oligoden-
droglial polarity. This association might induce the formation of lipid clusters, which could
serve as a signalling platform for polarization of oligodendrocytes through PIP3 signalling.
These findings provide a novel link between phosphoinositol metabolism and MBP function

in oligodendrocytes in development and disease.



1 Introduction

During evolution, the vertebrate nervous system has developed a mechanism to insulate
axonal segments. The formation of a specialized lipid enriched structure, the myelin sheath,
has become the most abundant vertebrate membrane structure. Myelin is composed of
multiple membrane lamellae wrapped around axons (reviewed in Trapp and Kidd; 2004).
The development of such a lipid-rich structure around axons has several evolutionary ad-
vantages. Since a lipid rich membrane is non-conductive and prevents current leak, myelin
exhibits an insulation of the axon. It speeds the conduction of nerve impulses by a factor of
10 compared to unmyelinated fibers. Information can thus be processes and delivered more
efficiently. Additionally, the energy cost of nerve impulse propagation is reduced 100-fold.
Moreover, the myelin structure and proper compaction is essential for the maintenance of
axonal integrity (Fig. 1.1A, Waxman, 1997; Jessen, 2004). The loss of the myelin sheath
in diseases such as Multiple Sclerosis or Leukodystrophy therefore results in a debilitat-
ing condition. Understanding the mechanisms of myelin maintenance and compaction is a

prerequisite for understanding such diseases.

1.1 Composition and structure of myelin

The myelin membrane is spirally wrapped around axons and its cytoplasmic as well as ex-
oplasmic sides are compacted through various proteins. The compacted cytosolic side of
the membrane is called the major dense line (MDL) and the compacted extracellular side
the intraperiod line (IPL). Non-compacted parts of myelin, which include cytosol can also
be found in the myelin sheath: Compact myelin is found at the internodes, whereas non-
compact myelin is found at the inner loop surrounding the axonal membrane, the outer

loop, the paranodal loops, and (in the PNS) Schmidt-Lanterman incisures (Fig. 1.1A).
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Although myelin can be considered as a long extension of plasma membrane, it differs
from the plasma membrane in its unusual high lipid content (70% of total dry weight), its
lipid composition and the accumulation of specific proteins. It is enriched in phospholipids,
glycosphingolipids (in particular galactosylceramide and sulfatides), and cholesterol. The
proteins found in myelin differ from other cellular compartments. Additionally, compact
myelin differs from non-compact myelin in its lipid as well as its protein composition. The
most abundantly expressed CNS myelin proteins are proteolipid protein (PLP) and myelin
basic protein (MBP). They constitute 80% of the total myelin proteins. Apart from several
glycoproteins found in myelin, such as myelin-associated protein (MAG) and myelin oligo-
dendrocyte glycoprotein (MOG), distinct enzymes within myelin were shown to be involved

in myelin turnover and maintenance (Ledeen, 1984).

Myelin has an unusual high content of glycosphingolipids, which has a tendency to parti-
tion into lipid-ordered domains. These lipid ordered domains within myelin are enriched in
cholesterol and can be extracted as detergent resistant membranes (Simons et al., 2000; Lee,
2001; Baron et al., 2003; Debruin and Harauz, 2007). Most myelin lipids are transported to
the myelin membrane in vesicles. The sorting of different lipids can therefore occur within
the vesicular transport machinery: the endoplasmic reticulum (ER), trans-golgi network
(TGN), recycling endosomes, late endosomes and the plasma membrane itself. Because of
the specific lipid composition in myelin, it is likely that some of these lipids, synthesized
in the ER, are preassembled early in the secretory pathway and are then transported to
the newly formed myelin membrane (Maier et al., 2008). Additionally, many of the myelin
proteins are also raft-associated. It is interesting to note that also within the myelin mem-
brane, proteins can be segregated into raft associated and non-associated fractions, which
are later incorporated into compact or non-compact myelin respectively. The formation of

myelin can therefore be compared to the apical membrane of endothelial cells.

1.2 Oligodendrocytes

Different cell types in the peripheral (PNS) and central nervous system (CNS) form the
myelin sheath; oligodendrocytes are the myelinating glia of the CNS, and Schwann cells
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Figure 1.1: (A) Morphology of CNS myelin. Oligodendrocytes extend their processes to
form the myelin sheath around axons. The myelin sheath can be segregated into compact
and non-compact myelin segments (at the paranodal loops, Schmidt-Lanterman incisures,
the inner— and the outer loop). Distinct proteins are involved in the formation of the major
dense line and the intraperiod lines.

(B) Oligodendrocytes cultured with neurons in vitro form the myelin sheath around axons or
if co-cultured without neurons extend their membranes on the coverslip. This membrane is
comparable in its protein and lipid composition to myelin membrane that is formed around
the axon. The different developmental stages of oligodendrocytes can be distinguished
through the expression of the depicted marker antigens. Myelin proteins of the compact
myelin are only expressed later in development (Images modified from Debruin and Harauz,

2007: (B) Zhang, 2001).



1 Introduction

of the PNS. Whereas oligodendrocytes extend their processes towards different axons sur-
rounding their cell body and myelinate up to 50 different axons, Schwann cells form a 1:1
relation with the axon and their cell soma is closely associated to the nerve fiber. Oligoden-
drocytes produce up to 5000 ym? of myelin membrane surface area per day (Pfeiffer et al.,
1993). In order to study myelination, different culture systems have been developed (Lu-
betzki et al., 1993; Kleitman et al., 1998; Trajkovic et al., 2006; Chan et al., 2006; Taveggia
et al., 2008). Oligodendrocytes can be cultured in wvitro together with or in the absence
of neurons (Fig. 1.1B). If oligodendrocytes are cultured in the absence of neurons, they
extend their membranes on the coverslip. These membranes resemble the myelin membrane
formed around axons in its lipid and protein composition and can therefore be used as a
model system to study myelination. In co-culture with neurons, however, oligodendrocytes
extend their processes towards axons and myelinate them. The wrapping around the axon

is followed by compaction of the myelin membrane (Baumann and Pham-Dinh, 2001).

1.3 Developmental stages of oligodendrocytes

Oligodendrocyte precursor cells (OPCs) arise from the neuroepithelium of the ventricu-
lar /subvetricular zone of the developing spinal cord and brain. Oligodendrocyte progenitor
cells (OPC) migrate into the developing white matter while remaining mitotic until they

have reached the brain region they myelinate.

Recent in wvivo time lapse imaging studies of zebra fish OPC have shown that OPCs
continuously extend and retract their processes during migration into the developing
white matter. During differentiation of the oligodendrocytes, these processes seem to
regulate the optimal spacing between individual myelinated axonal segments (Kirby et al.,
2006). Once OPCs have reached their target axon they become postmitotic and start to
differentiate into myelin forming oligodendrocytes. The discrete stages of maturation of
oligodendrocytes can be distinguished by the expression of different developmental markers
and the apparent morphological changes (Fig. 1.1B, Jessen, 2004): oligodendrocyte type
2 astrocytes strongly express PDGF-receptor-a and sythesize gangliosides (recognized by

the A2B5 antibody) (Eisenbarth et al., 1979; Hall et al., 1996). Early postmitotic oligo-
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dendrocytes can be stained for the membrane glycoprotein NG2, and are therefore often
referred to as NG2 cells (Polito and Reynolds, 2005). These cells have already developed
multiple processes extending towards the axons. In the adult brain NG2 cells are still
present, and may serve the brain as a resource to provide new OPCs that can differentiate
into oligodendrocytes. The pro-oligodendrocyte stage can be labeled with O4. The O4
antibody recognizes sulfatide (Bansal et al., 1989) and labels a cell stage relatively late
in oligodendrocyte lineage. This stage is followed by the premyelinating oligodendrocyte,
which is Galactocylcerebroside-positive (GalC, recognized by O1- antibody). The myelin
forming oligodendrocytes generate sulfatide (recognized by O4-antibody). Amongst other
marker antigens, fully differentiated oligodendrocytes express myelin proteins such as

myelin basic protein (MBP) and proteolipid protein (PLP) and its splice variant DM20.

1.4 Myelin basic protein

MBP is one of the major CNS myelin proteins found in compact myelin. It is the second
most abundant protein of CNS myelin after PLP. In fact, 30% of total protein and 10%
of the dry weight of myelin is comprised by MBP (Boggs, 2006). Additionally, it is the
only protein known so far that is absolutely necessary for myelin formation since its lack
leads to a strong developmental phenotype with an almost complete loss of myelin (Roach
et al., 1983; Readhead et al., 1987). MBP is a positively charged, natively unfolded pro-
tein. Natively unfolded proteins have the ability to assimilate their structure according to
the environment (Uversky, 2002). If bound to ligands with opposite charged ions, natively
unfolded proteins form into more structured domains. Their mean net charge is thereby
reduced. Much like other natively unfolded proteins, MBP is thought to form its tertiary
structure through binding with its physiological ligand, the plasma membrane (Boggs, 2006).
Natively unfolded proteins have many different functions and are often involved in intra-
cellular signaling. Various in wvitro data also imply a signaling role for MBP, since it was
suggested to bind to actin, microtubules, Ca?*t /CAM, tropomyosin, and clathrin (Grand and
Perry, 1980; Modesti and Barra, 1986; Boggs and Rangaraj, 2000). Although it resembles
other natively unfolded proteins such as microtubule associated protein (MAP), a-synuclein

and MARCKS, unlike these proteins the positively charged amino acids of MBP are not
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clustered into domains. Instead, they are distributed homogenously within the amino acid
sequence of MBP (Smith, 1992; Boggs, 2006). It was suggested that MBP might bind to two

myelin membranes at the same time, thereby mediating compaction. Due to the number

A

Figure 1.2: Shiverer mice lack most of the MBP gene and display a strong developmental
phenotype. Due to the lack of MBP, oligdendrocytes of shiverer mice are unable to form
myelin membrane around axons (A). The minimal amount of lamellae that are formed are
not compacted, implicating that MBP is involved in the compaction of myelin (B). MBP is
the only protein, known so far which leads to an almost complete loss of myelin. Asterisks
represent the myelinated axons (Images modified from Readhead et al., 1987).

of positive amino acids, MBP has a net positive charge of 20 and at physiological pH the
isoelectric point of MBP is above 10 (Rispoli et al., 2007). It is attached to the plasma
membrane on the cytosolic side and it binds to acidic lipids with such strong affinity that it
can only be delipidated with acid (Lowden et al., 1966; Omlin et al., 1982). It is known that
it binds to the myelin membrane mainly through electrostatic interactions (Demel et al.,
1973; Smith, 1977). However, hydrophobic interactions of MBP with the cell membrane due
to hydrophobic or neutral amino acid stretches have also been reported (Smith, 1992; Nabet
et al., 1994; Bates et al., 2003). In fact, the association of the positively charged protein
MBP with negatively charged lipids, might result in membrane adhesion (Hu et al., 2004;
Boggs, 2006). As a result of alternative splicing of the primary mRNA transcript, there are
different splice isoforms of MBP (in mice: 21.5, 20.2, 18.5, 17.24, 17.22 and 14kDa, de Ferra
et al., 1985; Campagnoni and Campagnoni, 2004). All isoforms were shown to interact with
the plasma membrane. The smallest 14 kDa isoform is encoded by exons 1, 3, 5 and 7. The
mRNA of MBP is targeted to the myelin membrane in granules and is translated directly at
the plasma membrane. Exon 2-containing MBP isoforms (17 kDa and 21.5 kDa) were shown
to accumulate in the nucleus (Pedraza et al., 1997). It is not known what role the targeting

of MBP to the nucleus might play, since most of these data are based on observations in
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transient overexpressing cells.

1.4.1 Posttranslational modifications of MBP

The 18 kDa isoform, the most abundant in human myelin, occurs as various charge isomers.
It was shown in wvitro to be post-translationally modified: It is deamidated, phosphorylated,
N-terminally acylated, methylated and citrullinated as well as ADP-ribosylated (reviewed
in Harauz et al., 2004). These modifications lead to an alteration of the net charge of MBP
and further diversification of the MBP family. The alteration of the net positive charge
influences the binding affinity of MBP to acidic membranes (reviewed in Boggs, 2006). In
fact, it was shown that a higher portion of citrullinated MBP is found in samples from
Multiple Sclerosis patients, which underlines the role of its charge in binding to the plasma
membrane (Boggs et al., 1999; Kim et al., 2003). Deiminated myelin basic protein also has
a reduced ability to aggregate lipid vesicles (Harauz 2004). In wvitro studies have shown
that MBP is phosphorylated through protein kinase C, cAMP-dependent protein kinase
(PKA), and mitogen-activated protein kinase (MAPK) family. Apart form net charge,
phosphorylation might also alter the conformation of MBP. Different from methylation or
citrullination, phosphorylation is reversible and might therefore also play a role in cellular
signalling events. Since the posttranslational modifications mainly rely on in wvitro data,

their physiological relevance still remains unclear.

1.4.2 Myelin of shiverer (MBP-/-) mice

Shiverer (shiv) is an autosomal recessive mutant mouse, which shows almost complete loss
of CNS myelin (Fig. 1.2). Since in shiverer mice exons 2-7 are absent, no MBP isoforms
are functionally expressed (Molineaux et al., 1986). These mice therefore have provided
a useful tool in studying the function of MBP. It is thought that the interaction of MBP
with the cytoplasmic leaflets of the membrane bilayer causes the two opposing layers to
physically associate, leading to myelin membrane compaction at the MDL (Omlin et al.,
1982; Smith, 1992; Riccio et al., 2000). Corrections for the shiv myelin phenotype have

been achieved by introducing the MBP gene into shiv mice. These transgenic mice produce
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about 25% of normal MBP protein levels and form compact myelin, indicating that one of
the major functions of MBP is the compaction of myelin lamellae (Readhead et al., 1987).
Since the expression of the MBP gene parallels with the process of myelination, MBP has
not only been implicated in the compaction, but also the formation of myelin (Carson et
al., 1983; Zeller et al., 1984). Since shiverer oligodendrocytes fail to form myelin even in
adult stages, MBP has also been implicated in the generation of myelin and possibly in the
targeting of myelin components. In fact, it was shown that the lack of MBP leads to a loss of
lipid organization in the myelin membrane (Fitzner et al., 2006; Hu and Israelachvili, 2008).
MBP accumulates in detergent-resistant membranes. Proteins incorporated into myelin such
as MBP can therefore be isolated from the brain through detergents such as TritonX-100
or CHAPS as detergent resistant membranes (Debruin and Harauz, 2007). Additionally,
experimental data suggest that neuronal signals induce this specific targeting of MBP into
detergent resistant membranes (Fitzner et al., 2006). Still unsolved is how MBP leads to the
compaction of myelin, how MBP interacts with the myelin membrane and how it can lead
to the clustering of lipids in cells. Although shiverer mice have been extensively studied, it

still remains elusive, why shiverer oligodendrocytes fail to function.

1.5 The phosphoinositide PIP2

Compared to other phospholipids, PIP2 is a highly negatively charged lipid. At physiological
pH, it has a valence of —4. Apart from PIP3, other phospholipids only have a valence of —1.
Additionally, different from other lipids, the valence of PIP2 depends on many factors, such
as local pH, proteins binding to it and local ion concentration (McLaughlin et al., 2002). In
Fig. 1.3A the structure of PIP2 is illustrated. It has been suggested that due to its charge
and structure, PIP2 penetrates further into the aqueous phase than other phospholipids
(McLaughlin et al., 2002). The concentration of PIP2 within a cell was calculated as 10uM,

which is equivalent to 1% of phospholipids (Gamper and Shapiro, 2007b).



1 Introduction

1.5.1 Functions of PIP2

PIP2 regulates many different cellular processes: exo- and endocytosis, membrane traffick-
ing, protein trafficking, phagocytosis, activation of enzymes, receptors and channels (Fig.
1.3, McLaughlin et al., 2002; McLaughlin and Murray, 2005). It serves as a second messen-
ger precursor, giving rise to IP3, DAG and also PIP3. These molecules are present in a low
concentration in quiescent cells and can increase in concentration upon receptor activation.
They are therefore ideal as second messengers. For example, the binding of phospholipase
Co1 (PLC61) to PIP2 localizes it to the plasma membrane. Upon receptor activation, PLC
is activated and hydrolyses PIP2 to IP3 and DAG, which leads to a rise in intracellular Ca**.
Increased intracellular Ca®" concentration results in activation of various enzymes. Thereby,
PLC¥1 is not activated through its binding to PIP2 but through binding to Ca?*. The mem-
brane anchorage through the binding to PIP2 simply facilitates hydrolysis. Furthermore, a
direct link between PIP2 and proteins that bind to cytoskeleton has been shown to influence
the membrane tension and therefore the shape of cells (Raucher et al., 2000). Additionally,
PIP2 was shown to be involved in exocytosis and clathrin-mediated endocytosis. Various
studies have indicated that PIP2 is involved in the insertion and uptake of membrane and
is therefore important in regulating plasma membrane morphology (Mellman, 2000; Golub
and Caroni, 2005). Membrane trafficking can therefore influence the cell shape and the
composition of the plasma membrane. Taken together, PIP2 is thought to organize mem-
brane extension and overall cell shape. PIP2 was also shown to bind scaffolding proteins,
and is involved in the regulation of ion channels (Hilgemann et al., 2001). Additionally,
during phagocytosis, PIP2 is concentrated in nascent phagosome and membrane ruffies and
was shown to play a role in initial cup formation (Yeung et al., 2006a). Recent findings
have shown that PIP2 and PIP3 play a crucial role in apical membrane formation during
epithelial cyst formation and axon specification (Martin-Belmonte et al., 2007). PIP3 and
its precursor PIP2 might also play a major role in the polarization of oligodendrocytes. Dur-
ing development, oligodendrocytes form processes that are later retracted. Oligodendrocyte
polarization is therefore comparable to neuronal polarization (Simons and Trotter, 2007).
In neurons several initial processes are formed, before one of them receives a positive signal
to extend, thereby sending a retractive signal to other processes. During the formation of

the initial axon, the polarization-inducing complex, composed of mPar3/mPar6 /PKC/APC,
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Figure 1.3: (A) Molecular structure of PIP2. PIP2 is formed through phosphorylation
of 4" and 5” OH groups within the inositol ring mainly at the plasma membrane through
PIPK type I activity. Thereby the overall charge of this phospholipid is reduced to —4
at a physiological pH. PIP2 is anchored to the membrane through two poly-unsaturated
hydrocarbon chains.

(B) PIP2 is involved in almost all cellular processes. It regulates membrane extension and
cell shape (through regulation of exo- and endocytosis, phagocytosis, membrane ruffles; cell
motility, cell adhesion and it is involved in the capture of microtubules). It also plays a role
in signal transduction pathways and serves as a second messenger precursor (IP3 and PIP3)

as well as an activator of ion channels or receptors (Images modified from Di Paolo and De
Camilli, 2006).
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drives specification of the axon (Shi et al., 2003; Banker, 2003; Martin-Belmonte et al., 2007;
Goldstein and Macara, 2007). It was shown that PIP3 plays a crucial role in myelin for-
mation in the central nervous system (Flores et al., 2008). Loss of the PIP3-phosphatase
PTEN in oligodendrocytes of mutant mice leads to hypermyelination, indicating that an
increase of PIP3 drives myelin formation. An increase of PIP3 in oligodendrocytes results

in increased myelination, even in adult mice (Goebbels et al., unpublished observation).

1.5.2 Enzymes generating PIP2

Phosphorylation of different OH groups within the inositol ring through different PIPkinases
leads to the generation of distinct phosphoinositols. The enzymes are located at distinct
subcellular localizations (Anderson et al., 1999). Phospholipids are therefore inhomoge-
nously distributed within the membrane system of the cells (Krauss and Haucke, 2007).
PIP2 is mainly generated upon phosphorylation of PI4P at the 5 OH-group through the
PIPK typel and can be found at the plasma membrane. The PIP2 kinases are activated
upon receptor stimulation and can lead to localized production of PIP2 (Doughman et al.,
2003). The small GTPase Arf6 is also involved in PIP2 production, by activating PI4P5K,
and induces the accumulation of PIP2 at the plasma membrane (Donaldson, 2003). The
main phosphatases of PIP2 are Synaptojanin 1 and SHIP1. Synaptojanin 1 is involved in
the regulation of PIP2 levels and is indispensable for PIP2 recycling during vesicle trafficking
(Milosevic et al., 2005). Synaptojanin 1 knockout mice therefore display a developmental
phenotype and fail to develop, mainly due to failure in endocytosis (Cremona et al., 1999).
PIP2 is thought to be more abundant in myelin compared to other membranes of other cell
types. Studies of 32P incorporation into myelin have shown, that within 60 min of incu-
bation about 15% of 3?P-labeled PIP2 is incorporated into myelin (Deshmukh et al., 1981;
Kahn and Morell, 1988). Additionally it is believed that PO®~ groups are provided by the
axon. It is therefore not surprising that all PIP2 generating enzymes can be found in the

myelin sheath (Chakraborty et al., 1999).

12



1 Introduction

1.56.3 Protein domains binding to PIP2

There are several known protein domains that can bind PIP2: unstructured-domains, tubby,
pleckstrin homology (PH); phox homology (PX); epsin N-terminal homology (ENTH) do-
mains, four-point-one, ezrin, radixin, moesin (FERM) and many other. PH-domains bind
with high affinity to PIP2, the PH-domain of PLCéd1 for example binds with Ky= 2uM.
It comprises 120 amino acids and binds to PIP2 in a 1:1 ratio (McLaughlin et al., 2002).
The binding of the unstructured domain (also called natively unfolded proteins) of 'myris-
toylated alanine-rich C kinase substrate’ (MARCKS) to PIP2 has been under intensive
investigation (reviewed in Sheetz et al., 2006). MARCKS binds several PIP2 molecules at
the same time mainly through electrostatic interaction of distinct Lys residues. MARCKS
was also shown to bind to Ca?"/CAM, PKC and actin. Phosphorylation through PKC
and binding of Ca?*/CAM was shown to influence the binding of MARCKS to the plasma
membrane. Several other unstructured domains were reported to bind to PIP2. Among
them are actin-binding proteins, such as GMC (GAP43, MARCKS, CAP23), also referred
to as PIPmodulins due to their ability to cluster PIP2 at the cell membrane (Laux et al.,
2000).

1.5.4 Molecular tools to monitor phospholipids

Since recent years it has become apparent that phosphoinositides take part in the control
of almost every aspect of a cell’s life. Recent findings have led to the demand of new
technologies to visualize PIP2, in order to study the spatio-temporal aspects of inositide
signaling. Since PH domains of various proteins bind with different affinity to distinct
phosphoinositides, these lipids can be visualized by adding a fluorescent tag to these PH
domains. While the PH domain of AKT has widely been used to visualize PIP3, the PH
domain of PLC41 has been used to visualize PIP2. Additionally, FRET pairs of different PH
domains have been used to study the activity of PLC (van der Wal et al., 2001). Upon PLC
activation, PIP2 is hydrolyzed to IP3 and DAG, which results in the dissociation of GFP-
PH-PLCé1. Cotransfection of the FRET pair composed of PH-PLCd1 with a CFP and YFP
tag respectively therefore showed a decreased FRET efficiency upon PLC activation. These

fluorescently tagged domains are therefore widely used to study dynamics and interactions
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of phosphoinositides (van der Wal et al., 2001; Varnai and Balla, 2007). In this study I used

different sensors to monitor the distribution and dynamics of phosphoinositides.
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2 Materials and Methods

2.1 Materials

Chemical reagent were purchased from SIGMA, unless noted otherwise.

2.1.1 Cell Culture

2.1.1.1 Mammalian cell lines

COS-1 Green monkey kidney, fibroblast
cells

Oli-neu Rat, O2A cells

OLN-93 Rat, O2A cells

BHK Baby hamster kidney cells

2.1.1.2 Mammalian cell culture media

DMEM for mammalian cell culture was purchased from GIBCO or BioWhittaker, BME
and OptiMEM from GIBCO.

BHK cell medium

2.5% Horse serum

OptiMEM

10% Tryptose phosphate broth

Hepes

Penicillin /Streptomycin (BioWhittaker)

OLN-93 cell medium
DMEM

10% FCS

Penicillin /streptomycin
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Oli-neu cell medium (SATO)

Concentration Component
10 pg/ml Insulin
1 pg/ml Transferrin
25 pug/ml Gentamycin
220 nM Sodium-Selenite
520 nM L-Thyroxine
500 pM Tri-iodo-threonine
100 pM Putrescine
200 nM Progesterone

DMEM 4,5 g/1 glucose
Sterile filter and add between 1 to 5 % Horse Serum

Freezing Medium for all cell lines
70% DMEM

20% FCS (PAN Biotech)

10% DMSO

Primary oligodendrocyte medium
A .before shake

BME

10% HS

Penicillin /Streptomycin

B. after shake

Sato medium 1% HS
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2.1.2 Strains and cells
2.1.2.1 Bacterial strains

Escheria Coli
DH 5«

XL1-Blue

2.1.2.2 Bacterial culture media

Prior to the use, bacterial media were autoclaved and supplemented with antibiotics.

LB-Medium
1%  Bacto Tryptone

0.5 % Bacto Yeast extract
1% NaCl

Make 1000 ml with H5O, set pH 7.5 with 10 N NaOH and autoclave.
Antibiotics were used at the following concentrations:
150 mg/1 Ampicillin

25 mg/1 Kanamycin
50 mg/1 Chloramphenicol

2.1.3 Molecular cloning reagents

2.1.3.1 Plasmids

pEYFP-N1 BD-Biosciences Clontech
pECFP-N1 BD-Biosciences Clontech
pGEMT Promega

pEYFP-Mem Clontech

pMSCVhyg BD-Biosciences Clontech
pET22b(+) Novagen

pSFVgen provided by M. Simons

2.1.3.2 Enzymes

Pfu Stratagene

Dpnl NewEngland Biolabs
Taq SIGMA

Easy-A DNA Stratagene

T4 ligase Promega
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2.1.3.3 Buffers

DNA-sample buffer (6x)

20%(w/v) Glycerol in TAE buffer

0.025% (w/v) Orange G bromphenol blue

dNTP stock solution (100 nM)

25 mM each dATP, dCTP, dGTP, dTTP(Boehringer, Mannheim)

1pg/ml Ethidiumbromide for agarose gels in TAE

TAE (50x, 1000ml)

2 M Tris-Acetate, pH 8.0
50 mM EDTA
57.1 ml Glacial acetic acid

make 1000 ml with ddH5O

2.1.3.4 Primer sequences and

PCR protocol

Primer Sequence

K5A sense CACCATGGCATCACAGGCGAGACCCTCACAGCGA

Cluster 1K5A antisense TCGCTGTGAGGGTCTCGCCTGTGATGCCATGGTG

RO6A sense GCCACCATGGCATCACAGGCGGCACCCTCACAGCGATCCAA

R6A antisense

TTGGATCGCTGTGAGGGTGCCGCCTGTGATGCCATGGTGGC

Cluster 2 R10A/K12A sense
antisense

CAGAAGAGACCCTCACAGGCATCCGCGTACCTGGCCACAGCAAG
CTTGCTGTGGCCAGGTACGCGGATGCCTGTGAGGGTCTCTTCTG

Cluster3 R24A sense
R24A antisense
H22A sense

H22A antisense

CCATGGACCATGCCGCGCATGGCTTCCTCC
GGAGGAAGCCATGCGCGGCATGGTCCATGG
CACAGCAAGTACCATGGACGCTGCCGCGGCTGGCTTCCTCCCAAGGCAC
GTGCCTTGGGAGGAAGCCAGCCGCGGCAGCGTCCATGGTACTTGCTGTG

Cluster 4 R30A /R32A sense
R30A /R32A antisense

GCATGGCTTCCTCCCAGCGCACGCAGACACGGGCATCC
GGATGCCCGTGTCTGCGTGCGCTGGGAGGAAGCCATGC

Cluster 5 sense

ACAGGGGTGCGCCCGCGGCGGGCTCTGGCAAGG

antisense CCTTGCCAGAGCCCGCCGCGGGCGCACCCCTGT
Cluster 6+7 sense GCATCCTTGACTCCATCGGGGCCTTCTTTAGCGGTGACA
antisense TGTCACCGCTAAAGAAGGCCCCGATGGAGTCAAGGATGC

exon 1 sense

exon 1 antisense

CCG GAA TTC GCC ACC ATG GCA TCA CAG AAG AGA
CGC GGA TCC TTG CCA GAG CCC CGC TT

Exon 1 MBP14k-YFPS54A sense
Exon 1 MBP14k-YFPS54A antisense

CCC AAG CGG GGC GCT GGC AAG GAT C
GGG TTC GCC CCG CGA CCG TTC CTA G

MBP14k-YFP full length S54A
MBP14k-YFP full length S54A

CCC AAG CGG GGC GCT GGC AAG GAC TCA CAC ACG AG
CTC GTG TTG TGA GTC CTT GCC AGC GCC CCG CTT GGG

18



2 Materials and Methods

PCR

2.5ul sense primer
2.5ul antisense primer
50-200ng c¢DNA template
0.4pl Pful

2ul 10x Pfu buffer
2ul dNTP mix

1035l ddH,0

1. 95°C 3 min (denaturation)

2. 95°C 30 s (denaturation)

3. 55 —60°C 60 s (annealing, dependent on T,,)

4. 68°C 6 min (amplification, 30 cycles to step 2)
5. 68°C 10 min

6. 4°C pause

Dpnl digest

20ul PCR mix

1pl Dpnl

Sul Buffer 4 (NEB)
2441 ddH,0O

2.1.4 Biochemical reagents
2.1.4.1 Western Blotting reagents

Blocking Buffer
5 % non fat dry milk powder in TBS

Blotting buffer

1x (pH unadjusted, Western Blotting)
39 mM Tris-HCI
48 mM Glycine
10 % (w/v) Methanol

SDS sample buffer (5x)

10% (w/v) SDS

10 mM Dithiothreitol
20% (v/v) Glycerol

02M Tris-HCl, pH 6.8

0.005% (w/v) Bromphenolblue
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SDS running buffer (1x)
25 mM TrisHCl
192 mM Glycin
1% (w/v)  SDS

SDS separating gel
12.0 % (1 gel of 1.5mm thickness)
4 ml 30% polyacrylamid (BioRad)
10 ml separation gel buffer
(1.5 M Tris-HCIL; 0.4% (w/v) SDS), pH 8.8
3.5ml ddH,0O

SDS stacking gel
12% (1 gel of 1.5bmm thickness)

0.8 ml 30% poly-acrylamid (BioRAD)
1.5 ml stacking gel buffer (0.5M Tris-HCI
0.4%(w/v) SDS, pH 6.8

3.7 ml ddH,O

20 pl Ammonium persulfate (10% w/v)
20 pl TEMED

2.1.4.2 Membrane isolation buffers

TE (1x)
10 mM Tris-HCI, pH 8.0
1 mM EDTA

Sucrose gradient buffer
250 mM saccarose
3 mM imidazol
(add protease inhibitor tablets fresh)

TNE
10 mM Tris-HCI, pH 7.4
02 M NaCl
1 mM EDTA
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2.1.5 Immunofluorescence labeling reagents

Immunocytochemistry buffers

PBS 1x, cell culture
136 mM NaCl
2.6 mM KCl

10 mM NagHPO4 X2H20

make 1000 ml with ddH5O,
set pH to 7.2 with 10 N NaOH

TBS

25 mM Tris-HCL, pH 7.5

136 mM NaCl
2.6 mM KCl

Fixative

4% Paraformaldehyde in PBS/TBS

Mounting Agent

Aqua poly-mount (Polysciences)

Blocking solution
BME
10%(w/v) Horse serum

2.1.6 cDNA Clones

mRFP-LactC2

provided by S. Grinstein, Toronto, Canada

GFP-PH-PLC61
GFP-PH-PLCH1-3xmut
IPPCAAX-GFP-SFV(mRFP-
Synjl)

PIP4P5K-GFP-SFV

obtained from I. Milosevic and J. Soerensen (MPI
for Biophysical Chemistry, Goéttingen, Germany)

ARF6,/Q67L-HA

provided by J.G. Donaldson, NIH, Bethesda,
Maryland

PH-AKT-YFP provided by T. Meyer (Stanford, CA)

MBP ¢cDNA provided by T. Campagnoni (UCLA, CA)
AExon1(MBP)-YFPE

MBP14k-YFP provided by Angelika Kippert, University of
MBP21k-YFP Gottingen; department of Biochemistry II
AExon(1,3,5)-YFP

Exon7-YFP
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2.1.7 Antibodies

NG2 mouse provided by J Trotter
MBP rabbit DAKO

MBP mouse DAKO

Tujl mouse Covance

Lampl mouse PharMingen

KDEL (BIP) mouse Stressgen Biotechnologies
GM130 mouse BD Transduction Laboratories
HA rat own production

Cyb mouse Chemicon

cy3 rabbit Dianova

cy3 mouse Dianova

cy2 mouse Dianova

O1(anti-GalC) mouse provided by J Trotter
O4(anti-sulfatide) mouse provided by J Trotter
Par3 rabbit provided by T Pawson
phospho-AKT rabbit Cell Signalling

2.1.8 Chemical compounds

Tonomycin - dissolved in DMSO, Calbiochem
Wortmannin - dissolved in DMSO, Sigma
DMSO - Sigma,

Antimycin - Sigma

2-deoxy-D glucose - Sigma

Neomycin (G418) - Invitrogen

Chemical reagents for electron microscopy

Embedding medium
compounds all from Serva

214 g Glyconerin  ether, 1,2,3- propanetriol
glycindyl ether

144 ¢ 2-dodecenylsuccinic acid anhydride

113 g methylnadic anhydride

084 g 2,4,6-tri(dimethylaminoethyl)phenol

— 4% uranyl acetat
— luxol fast blue
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2.2 Methods

2.2.1 Manipulation of DNA

For restriction digestion with type II endonucleases 1 pug DNA was incubated with 5 to 10
units of Enzyme for required times and at required temperatures. Restriction was terminated
by heat inactivation. Ligation of DNA fragments was performed by mixing 1-3 ng of DNA
with three-fold molar mass of insert with T4 Ligase and 2 ul of 10x ligation buffer and
added with double destilled water to final volume of 20 pl. Ligation was incubated for 2 h

at room temperature. Ligation mix was used directly for transformation.

2.2.2 Transformation

An aliquot of competent cells was thawed on ice. 1.7 ul of S-mercaptoethanol (of 1:10
dilution) was added to the cells and incubated for 10 min on ice. Plasmid was added (5
pl of ligation mix and 25 ul of PCR product) and incubated for additional 30 min on ice.
After cells were kept on ice, a short (40 s) heat pulse at 42°C was given. Then cells were
kept for another 2 min on ice before suspending them in prewamed LB-medium (without
antibiotics). Cells were then incubated at 37°C for 45 min before plating them onto LB-
plates containing the appropriate resistance. Plates were incubated at 37 °C overnight single

colonies were selected with sterile toothpick and incubated for 16 h in 3-4 ml LB medium.

2.2.3 Mini/Midi plasmid purification

(Mascherey-Nagel)

After single colonies were incubated at 37°C for 6-12 h in 3-4 ml LB medium containing the
appropriate antibiotics, cells were centrifuged for 1 min at 900rpm with table-top centrifuge.
Plasmids were isolation from bacteria according to the manufacturers protocol. DNA was

eluted from columns with TE (pH 8.0).
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2.2.4 Generation of stable cell lines

For the generation of stable cell lines, an early passage of Oli-neu cells were plated onto poly-
L lysine coated 6 well plate. Cells were co-transfected with low amounts of linerarized DNA
(1pg plasmid DNA of interest and 100 ng hygromycin resistance). After 16-24 h expression
was monitored and 400ug/ml Hygromycin B was added to the culture medium. Within 10-
12 days in culture, all cells without hygromycin resistance died and single colonies formed,
expressing MBP14k-YFP and MBP21k-YFP. Within 20-25 days in culture signle colonies
were picked with sterile pipette and plated into 96 well plate. Single clones were allowed
to grow until confluent and plated into 6 well plate after. Transfection was monitored by

fluorescence microscopy and western blot analyis.

2.2.5 Biochemical techniques
2.2.5.1 Sucrose gradient centrifugation

Transfected Oli-neu cells were scraped off the culture plate, which was kept on ice. Cells
were homogenized with 23G needle in 50041 sucrose buffer. Cell-homogenate was centrifuged
with table-top centrifuge at 3000rpm for 10min at 4°C to remove post-nuclear membrane
fractions. Supernatant was centrifuged at 100000g for 1 h and the pellet was resuspended
in 500 pl.

2.2.5.2 Detergent resistant membrane isolation from Oli-ceu cells

Cells were scraped off in TNE and homogenized using 27G needle. Post-nuclear membranes
were removed by centrifuging samples at 4°C for 10 min at 3000rpm. Supernatant was
collected and centrifuged with TLA120.1 rotor (Beckmann) at 100000 g for 1 h or at 13000
rpm with table-top centrifuge for 30 min. The pellet was resuspended in the same volume
as supernant. For Optiprep (Sigma) gradient centrifugation, cell homogenate was pre-
incubated with 20 mM CHAPS (Biomol) before centrifugation. Samples were then loaded
onto Optiprep gradient (25 pl lysate + 250 pl Optiprep, 1.2 ml Optiprep/TNE (1:1 ratio),
200 pl TNE). Optiprep gradient was centrifuged at 5000 rpm in TLS 55.2 for 2 h at 44°C.
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six fractions were taken and loaded on SDS gel for western blotting.

2.2.6 Cell culture and transfections

2.2.6.1 Primary cell culture

Primary oligodendrocytes were prepared as described (Trajkovic et al., 2006). E15 or PO
mice were sacrificed and total mouse brain was removed. The meninges were removed and
incubated in 0.5% Trypsin-EDTA (Gibco) for 10 min at 37°C in falcon tubes. Brains were
washed briefly with HBSS and 10 ml of medium (containing BME, 10% (w/v) horse serum
1% (w/v) Glutamate, 1% (w/v) Penicillin/Streptomycin) was added to stop the reaction.
Brains were then homogenized with 10 ml pipette and centrifuged at 800 rpm for 10 min.
For oligodendrocyte-neuronal co-cultures, 500000 cells were plated onto 15 cm poly-L lysine
coated coverslips. For oligodendocytic cultures, cell suspension was plated into 10 ml cell-
culture flasks (Nunc) each containing cell suspension derived from 3-4 brains. Mixed cultures
were then incubated at 37°C, 5% CO, for 14 days before shaking off oligodendrocytes from
astrocytic layer. After shaking oligodendrocytes from a this monolayer, cells were plated
onto poly-L lysine-coated coverslips and cultured in DMEM with B27 supplement and 1%
horse serum, L-thyroxine, tri-iodo-thyronine, glucose, glutamine, gentamycine, pyruvate,

and bicarbonate (for concentrations see Materials, SATO buffer).

2.2.6.2 Oligodendroglial cell lines

The oligodendroglial precursor cell line, Oli-neu (provided by J. Trotter, University of Mainz,
Germany), and OLN-93 cells (provided by C. Richter-Landsberg, University of Oldenburg,
Germany) were cultured as described (Richter-Landsberg and Heinrich, 1996; Jung et al.,
1995). Oli-neu cells were cultured in SATO medium containing 1-5% (w/v) horse serum.
Oli-neu cells were passaged by washing off cell layer from culture dish and replating them
in fresh medium onto poly-L lysine coated culture dishes. OLN-93 cells were passaged by
incubating them for 2 min with Trypsin/PBS. Culture medium was then added to stop
trypsin reaction and cells were centrifuged for 5 min at 800 rpm. Transient transfections

were performed using FuGENE transfection reagent (Roche) or Lipofectamine transfection
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reagent (Invitrogen) according to the manufacturers protocol. Transient transfection of
COS1 cells was performed using Lipofectamine reagent according to the manufacturers
protocol. BHK cells were passaged like OLN-93 cells. To wash cells, they were centrifuged
at 1200 rpm for 2 min and replated into 10 ml culture flasks (Nunc).

2.2.7 Expression constructs and virus generation

An Exonl-MBP-EYFP fusion protein was generated by cloning the PCR product of MBP
exon 1 into pEYFP-N1(BD Biosciences Clontech) using EcoRI-BamHI sites. The GFP-PH-
PLC41 fusion construct was subcloned into pECFP-N1 (BD Biosciences) using Age I-Not
I sites. Doubly-palmitoylated YFPmem vector was purchased from Clontech Laboratories.
All site-directed mutants were generated by circular amplification with Pfu Turbo DNA
polymerase (Stratagene, La Jolla, CA) followed by digestion of methylated and hemimethy-
lated DNA with Dpnl (New England Biolabs, Ipswich, MA). All constructs were verified by
DNA sequencing. Recombinant virus was generated as described (Fitzner et al., 2006). Viral
RNA was generated by in vitro transcription of linearized vector plasmid and pSFV-Helperl
plasmid (linearized with Spel). SFV-Helper RNA and the respective RNA constructs were
electroporated into Baby-Hamster Kidney (BHK21) packaging cells, that were cultured at
37°C and 5% CO5. About 24 h after electroporation supernatant containing virus particles
was collected. For transduction, primary oligodendrocytes were incubated with supernatant
containing viral particles (for 1 h), before adding back the culture medium. The infection

was allowed to continue for additional 7 h.

2.2.8 Immunofluorescence staining procedure

Immunofluorescence was performed as described before (Trajkovic et al., 2006). Briefly,
cells were fixed with 4% PFA. For labeling of intracellular proteins, cells were permeabilized
with 0.005 - 0.01% Triton X-100 (Serva) in PBS, followed by incubation with blocking
solution, containing BME supplemented with 10% HS (for 30 min at room temperature).
Cells were incubated with primary antibodies diluted in blocking solution for 1-4h at room

temperature, washed with PBS, and incubated with the respective secondary antibody for
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additional 45min.

2.2.9 Life cell imaging and image analysis

PLC activation experiments were performed as described (Varnai and Balla, 1998). Cells
were washed twice with modified Krebs-Ringer solution (containing: 120 mM NaCl, 4.7
mM KCl, 1.2 mM CaCly, 0.7mM MgSO,4, 10 mM Glucose, 10 mM Na-Hepes, pH 7.4) before
imaging. Coverslips were then placed into a chamber that was mounted on a heat stage
and kept at 33°C (temp control 37-2 digital, Zeiss, Germany) during image acquisition.
Cells were imaged in modified Krebs-Ringer solution and fluorescent images were acquired
under oil with an inverse microscope (Leica Axiovert 200M). Images were obtained using
AxioVision Software at multiple x-y position with a high-resolution digital camera with
a progressive scan interline CCD chip camera (ORCA ER, C4742-80-12AG; Hamamatsu,
Japan). Images were acquired every 10 s using the appropriate filters (excitation filter for

YFP and GFP: BP 450-490 and emission filter BP 515-565; Carl Zeiss, Germany).

For calcium entry, 10 M ionomycin (Calbiochem) was added to the imaging solution, by
removing 0.5 ml of 2 ml medium and adding back 0.5 ml medium containing reagents.
For PIP2 blockage, cells were incubated for 10 min at 37°C with 10 mM neomycin (G418,
Invitrogen). After cells were treated for 2 min with ionomycin, 5 mM EGTA was added for
30 min. In all conditions, cells were fixed and mounted in aqua polymount (Polysciences)
and fluorescent images were analyzed using a modified ImageJ macro. Line scans were
taken directly at the cell membrane (n > 10; pixel size 100x100 nm). Statistical analysis
was performed using GraphPrism software. For quantification, line scans were taken from

confocal images (n > 30, average pixel size 40x40 nm; Fig. 3.8, 3.9 and 3.10).

2.2.10 Generation of membrane sheets

Sheets were generated as described (Milosevic et al., 2005). Briefly, OLN-93 cells were
plated onto 25 mm poly-L lysine coated coverslips and kept at 37°C, 5% CO, for 8 h,
before transfection of plasmid DNA using Lipofectamine reagent. Membrane sheets were

generated from OLN-93 cells 12 h after transfection. For wortmannin treatment, cells were
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treated with 30 nM wortmannin (Sigma) for 4 h before generation of sheets. Coverslips
were placed into ice cold sonication buffer, containing 120 mM K-Glu, 20 mM K-Acetate,
20 mM Hepes, 10 mM EGTA in a total volume of 300 ml. Coverslips containing cells were
placed 3 cm above the sonication tip and one single sonication pulse was applied (Sonifier

450, power setting at 2.5, duty cycle 300 ms; Branson Ultrasonics, Danbury, CT).

Sheets were fixed for 1 h in 4 % PFA and washed three times with PBS before imaging. Cov-
erslips containing sheets were then placed into the microscope chamber. To identify intact
sheets, the phospholipid bilayer was visualized by adding 1-(4-trimethyl-amoniumphenyl)-
6-phenyl-1,3,5-hexatriene (TMA-DPH, Molecular probes, Eugene, OR) to the imaging solu-
tion. For imaging we used an Axiovert 100 TV fluorescence microscope (Zeiss, Oberkochen,
Germany) equipped with a 100x, 1.4 numerical aperture plan achromate objective using
appropriate fluorescence filter sets (excitation filter G 365, BS 395 and emission filter LP
420 were used for TMA-DPH dye; excitation filter BP 480/40, BS 505 and emission filter
BP 527/30 were used for YFP). The focal position of the objective was controlled using a
low-voltage piezo translater driver and a linear variable transformer displacement controller
(Physik Instrumente, Waldbronn, Germany). Images were acquired using a back-illuminated
CCD camera (512x512-chip with 24x24 pm pixel size with a magnifying lens; 2.5x Optovar),
to avoid spatial undersampling by the larger pixels. The focal plane was adjusted by using
small fluorescent beads as a reference (0.2 pm Tetraspek-beads, Molecular Probes), ap-
plied to the imaging solution. Digital images were obtained and analyzed using MetaMorph

software (Universal Imaging, West Chester, PA).

For quantification, a randomly selected region of interest (ROI) was defined on the sheet
and the fluorescence intensity in that ROI was compared with background on the coverslip.
For each condition, over 100 sheets were measured that were taken from at least three inde-
pendent experiments. Statistical significance was determined using non-parametric students

t-test in GraphPrism.

2.2.11 lonomycin treatment of primary oligodendrocytes

Primary oligodendrocytes were cultured in vitro for five days until myelin membrane sheet

was developed. For ionomycin treatment cells were washed and processed in Ca?*-free
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Krebs-Ringer solution (see section 'life cell imaging’). Cells were first washed twice in buffer
containing Ca?* for ionomycin treated cells and then incubated for 2 min with 10 uM
ionomycin or DMSO for control cells. All cells were then washed three times with Ca?*-
free buffer before treating them with 0.005% saponin for additional 1 min. Cells were then
washed again with Ca?*-free buffer and fixed with 4% PFA for 8 min. Cells were then
immunolabeled against GalC (O1) and MBP.

2.2.12 FRET measurement

Oli-neu cells were transiently transfected with CFP-PH-PLC¢1 and MBP14k-YFP plasmids
(mixed in a 1:1 ratio) using FuGENE transfection reagent. Cells were fixed with 4% PFA 12 h
after transfection, and mounted on glass microscope slides in aqua polymount (Polysciences).

Fluorescence images were acquired with a Leica DMRXA microscope (Leica, Germany).

FRET was detected by an increase in donor fluorescence after photobleaching of the acceptor
using a confocal Leica microscope (TCS SP2 equipped with AOBS) as described previously
(Fitzner et al., 2006). Acceptor photobleaching was performed using Leica microsystems
software. YFP was excited at 514 nm and CFP at 458 nm HeNe laser line. Image analysis of
FRET data was performed using custom-written MATLAB routines. Fluorescence emission
was collected in spectral windows (collected at 525-610 nm for YFP and collected at 468-
495 nm for CFP). YFP was bleached in a ROI minimal of its initial fluorescence intensity,
representing background signal. All settings were kept constant for all images acquired.

FRET was calculated on a pixel to pixel basis.

2.2.13 Quantification of protein localization at the plasma

membrane

Oli-neu cells were transiently transfected with plasmids MBP14k-YFP or GFP-PH-PLC/1
using FUGENE transfection reagent and incubated at 37°C, 5 % CO, for 12 h. For PI3K
inhibition, cells were treated for 4 h with 30 nM wortmannin. Subsequently, cells were fixed
with 4 % PFA and stained against plasma membrane localized NG2 and secondary cy5 an-

tibody (1:250, Chemicon). Fluorescent images were acquired using a Zeiss (Jena, Germany)
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LSM 510 confocal microscope with a 63x oil plan-apochromat objective (numerical aperture

NA 1.4).

NG2 staining was used as mask to calculate the intensity at plasma membrane (PM) com-
pared to the cytosol (cyt). For this, an optimal threshold for the mask was calculated and
the images of the mask were then converted to black and white. PM localization was de-
termined by multiplying the mask with the YFP channel (corresponding to MBP14k-YFP
or YFPmem signal). The PM association constant was then calculated according to the

following formula (Heo et al., 2006):

PAL_ [before(PM) Iafter(cyt>
[before(cyt) [after(PM)

with IP¢fore and Iefte" as the fluorescence intensities before and after PIP2 and PIP3 reduc-
tion. For each condition, 70 cells were analyzed using custom-written MATLAB routines.

Statistical significance was determined using non-parametric students t-test.

2.2.14 Acute slices of corpus callosum

30 days old mice were sacrificed and the frontal lobes were isolated. Coronal slices were
cut using a Leica VT1200S Microtome (Leica, Germany) at 300um thickness in ice cold
cutting solution containing: 130 mM NaCl, 3.5 mM KCI, 10 mM MgSO,, 0.5 mM CaCl,,
1.25 mM NaH,POy, 24 mM NaHCO3, 10 mM glucose and was maintained at pH 7.4 in 5%
CO4 atmosphere. Before treatment slices were equilibrated in ACSF containing: 130 mM
NaCl, 3.5 mM KCI, 1.5 mM MgSOy,, 2 mM CaCl,, 1.25 mM NaH;PO,, 24 mM NaHCOs3, 10
mM glucose for 2 h at RT. ACSF was continuously bubbled with carbogen (95% O2 and 5%
CO2) gas. Slices were then incubated at 35 °C, with ionomycin (10 pM). Control slices were
incubated in 1% DMSO. For PIP2 blockage through neomycin, acute slices were incubated
for 15min prior to ionomycin treatment (for additional 30min). During this time neomcin
was kept in the bathing solution. For ATP depletion, acute slices were incubated in Ca?*t
and glucose free ACSF, containing antimycin (200 nM) and 2-deoxy-D-glucose (10 mM) for
1 h. Acute slices were then fixed for electron microscopy in Karlsson-Schultz fixative for

8 h, containing: 2.5% glutaraldehyde, 2% formaldehyde, 0.1 M phosphate buffer, pH 7.4
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(Karlsson and Schultz, 1965).

2.2.15 Electron microscopy

For electron microscopy, fixed slices were washed twice for 10 min with 0.1 M phosphate
buffer, incubated for 2h in 1% OsQ,, followed by three washing washings each for 5 min
in 0.1 M phosphate buffer. Slices were then dehydrated by incubating them in increased
concentration of ethanol (50%, 70%, 90%, and 100%), each incubated for 10min. Slices
were transferred into glas tubes in order to incubate them in propylene oxyde 2x for 5
min. After stepwise infiltration of the samples with epoxy resin the plastic hardens by
heat polymerization. Slices were first infiltrated by stepwise increase in concentration of
embedding medium (embedding medium : propylene oxyde 1:2 for 30min, 1:1 over night ,
2:1 for 2 h) before heat polymerization for 24 h at 60 °C. Ultrathin sections were cut using
Leica Ultracut S ultramicrotome (Leica, Vienna, Austria) and stained with aqueous 4%
uranylacetate followed by lead citrate. The sections were viewed in an electron microscope
(Leo EM912AB, Zeiss) and images were taken using on-axis 2048 x 2048 charge coupled

device camera (Proscan, Schering, Germany).
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3.1 MBP accumulates at PIP2 enriched membranes

3.1.1 MBP and PIP2 colocalize at the same subcellular domains

MBP is a protein with a high net positive charge that interacts with acidic phospho-
lipids in model membranes. In cellular membranes, phosphatidylserine (PS) is by far
the most abundant negatively charged lipid. Two minor lipids, previously shown to
interact with signaling proteins, are phosphatidylinositol(4,5)-bisphosphate (PIP2) and
phosphatidylinositol(3,4,5)-trisphosphate (PIP3), which constitute only a few percent of
total membrane lipids (McLaughlin et al., 2002). A recombinant pleckstrin homology (PH)
domain, derived from one of the two signaling proteins PLCd1 or AKT, were expressed
as a green fluorescent (GFP) and yellow fluorescent protein (YFP) fusion proteins in the
oligodendroglial cell-line Oli-neu (Jung et al., 1995), in order to localize PIP2 and PIP3.
The PH-domain of PLCJ1 forms a 1:1 complex with PIP2 (Lemmon et al., 1995) and is
therefore commonly used as a PIP2 sensor (Milosevic et al., 2005; Rusten and Stenmark,
2006). As shown in Fig. 3.1A, the fusion proteins GFP-PH-PLC§1 and PH-AKT-YFP,
which recognize PIP2 and PIP3, respectively (Varnai and Balla, 1998), were exclusively
found at the plasma membrane of oligodendroglial Oli-neu cells. Similar results were ob-
tained when primary oligodendrocytes were induced to exptress GFP-PH-PLC41 using the
Semliki Forest Virus vector (SFV) (Fig. 3.1B). To study, for comparison, the localization
of PS, Lactadherin, with its major PS-binding motif localized to its C2 domain (Lact-C2),
fused to a red fluorescent protein (mRFP), was used as a specific PS-sensor (termed mRFP-

LactC2; Yeung et al., 2008). In contrast, mRFP-Lact-C2 was targeted to both the plasma
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membrane and intracellular membranes (Fig. 3.1A). Next, the 14 kDa isoform of MBP was
coexpressed together with the fluorescent lipid sensors in Oli-neu cells. Interestingly, MBP
staining was most robust at the plasma membrane in regions that also showed an enrichment
of PIP2 and PIP3 (Fig. 3.1A). MBP was not associated with intracellular membranes that
contained high levels of PS.

A

Oli-neu cells

B  primary oligodendrocytes

Figure 3.1: MBP colocalizes with PIP2 and PIP3 at the plasma membrane of oligoden-
drocytes.

(A) Oli-neu cells were transiently cotransfected to express GFP-PH-PLCo1, PH-AKT-YFP
or mRFP-LactC2 to visualize PIP2, PIP3 and PS, respectively with MBP14k (immunola-
beled with anti-MBP antibody) or MBP14k-YFP. Colocalization with MBP14k is shown on
the right (overlay).

(B) GFP-PH-PLC41 was expressed with the SF'V vector for 8 h in primary oligodendrocytes.
Cells were fixed and immunolabeled against MBP (scale bar, (A) 5 um, (B) 10 pm.)
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This was not due to the physical masking of PS by mRFP-Lact-C2, because MBP showed the
same distribution in the absence of any lipid sensor. Similar results were observed for the 18.5
kDa MBP isoform (not shown), while expression of the 21.5 kDa MBP resulted in nuclear
staining of some cells as described previously (Pedraza et al., 1997 and data not shown).
To localize PIP2 in primary oligodendrocytes, the PH-domain of PLC)1 fused to GFP was
inserted into a SFV-vector. In primary oligodendrocytes, GFP-PH-PLCd1 did not only
localize to the plasma membrane at the cell soma, but was also found in the flat membrane
sheets that contain large amounts of MBP, as visualized through immunolabeling MBP (Fig.
3.1B). The preferential association of MBP with membranes of the myelin compartment is
achieved, in part, by transport of its mRNA into oligodendroglial cell processes and local
translation, which is stimulated by neuronal signals (White et al., 2008). This transport
is mediated by a 21-nucleotide RNA transport signal (RTS) in the 3° UTR of the MBP
mRNA (Ainger et al., 1997). Importantly, this targeting of MBP to the plasma membrane
of Oli-neu cells was independent of the RTS in the 3° UTR, since expression constructs
with or without this mRNA targeting signal led to an indistinguishable MBP localization
(Fig. 3.1A; MBP without 3° UTR immunolabeled with MBP antibody (red); MBP with
3’ UTR was expressed as YFP fusion construct (green) in Oli-neu). Although PS is more
abundant at the plasma membrane than PIP2 or PIP3, MBP localized mainly to the plasma
membrane at sites of enriched PIP2 or PIP3 levels, independent of the presence or absence
of PIP2, PS or PIP3 sensors. Taken together, these data show that MBP does not associate
equally well with all membrane surfaces, but has a preference for the plasma membrane,
which is enriched in both PIP2 and PIP3, namely the tips of Oli-neu processes and the

myelin membrane in oligodendrocytes.

3.1.2 FRET experiments indicate a close association of PIP2 with

MBP

FRET (foerster resonance energy transfer) experiments are commonly used to demonstrate
the interaction between proteins and have also been widely used to show the interaction
between proteins and lipids. FRET is a process, in which the donor molecule is excited

and can transfer its excitation energy to the acceptor, if both the donor and acceptor
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Figure 3.2: FRET imaging revealed an interaction of PIP2 (sensed by CFP-PH-PLCd1)
with MBP, but not with a mutant form of MBP that is unable to bind to the plasma mem-
brane (AExonl-MBP14k-YFP; see also Fig. 3.8). Oli-neu cells were transiently transfected
to express the indicated plasmids in a 1:1 ratio and fixed after 12 h. FRET was detected by
an increase in donor fluorescence after photobleaching of the acceptor. Confocal images of
both FRET pairs are shown before (pre) and after (post) photobleaching. FRET efficiency
is indicated in pseudocolor (shown from blue to red with increasing FRET efficiency; n >
20 cells; means + SEM; ***p = 0.0002; t-test).
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absorption spectra overlap and if the molecules are in close proximity (between 2-10 nm;
Bremer, 2008). The energy transfer is detectable as an increase in fluorescence intensity
of the donor. FRET has also been used to measure PIP2 dynamics. CFP-PH-PLC41 and
YFP-PH-PLC{1 constructs, co-expressed in the same cell form a FRET pair, since they
can be found in the same sub-micrometer domain. Expression constructs of both CFP-PH-
PLCH1 and YFP-PH-PLC)1 are therefore used to show that PIP2 molecules are clustered
in microdomains and to monitor PIP2 dynamics. It is important to note that PH-PLCd1
interacts with PIP2 even if basic proteins are bound to the latter (McLaughlin et al., 2002;
Gambhir et al., 2004). If MBP and PIP2 were to interact with each other by forming
clusters, a FRET pair of the PH-domain of PLC and MBP should show energy transfer. I
therefore expressed CFP-PH-PLC41 and MBP14k-YFP in Oli-neu cells, and indeed energy
transfer between both proteins could be detected (Fig. 3.2). The deletion of exon 1 leads
to a complete loss of MBP association to the plasma membrane (see experiment below).
This truncated form of MBP showed significantly reduced FRET-efficiency compared to full
length MBP (Fig. 3.2). This finding confirms that membrane bound MBP associates with
PIP2, and that the loss of plasma membrane binding correlates with the loss of MBP-PIP2

interaction.

3.1.3 PIP2 accumulation in endomembranes leads to relocalization

of MBP

In order to investigate whether MBP associates to the plasma membrane in a PIP2-
dependent manner, a previously published method was used (Brown et al., 2001; Ono et al.,
2004): Arf6 is a small GTPase, which is involved in the recycling of early endosomes back
to the plasma membrane. Arf6-GTP activates the PIP2 generating enzyme PI4P5K and
thereby GTP is hydrolyzed to Arf6-GDP. Since PIP2 is also necessary for endocytosis, Arf6
regulates PIP2 levels at the plasma membrane. In fact, it was shown that overexpression of
a constitutive active mutant of Arf6 (Arf6/Q67L) leads to continuous endocytosis together
with PI4P5K activity. The overexpression of Arf6/Q67L therefore results in the formation
of intracellular vacuoles, which are enriched in PIP2 together with a reduced level of PIP2 at

the plasma membrane (Donaldson, 2003). When COSI cells were cotransfected to express
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both GFP-PH-PLC61 and Arf6/Q67L, the PIP2-sensor (GFP-PH-PLCH1) mainly localized
to large intracellular membrane vacuoles (Fig. 3.3, Brown et al., 2001). In order to inves-
tigate, whether overexpression of Arf6/Q67L leads to the relocalization of MBP from the
plasma membrane to PIP2 enriched vacuoles, cells were cotransfected to express Arf6/Q67L
with a MBP14k-YFP fusion construct. In those cells, MBP accumulated at the rims of vac-
uoles similar to GFP-PH-PLCd1 (Fig. 3.3). To illustrate the specificity of PIP2 detection
at these vacuoles, a mutant form of GFP-PH-PLCJ1 was expressed, which does not bind to
PIP2 due to three point mutations (K30A, K32A, W36N, termed GFP-PH-PLC§1-3xmut;
Milosevic et al., 2005). GFP-PH-PLC41-3xmut did not accumulate at vacuoles (Fig. 3.3).
Thus, these results suggest that relocalized PIP2 results in a relocalization of MBP to in-

tracellular vacuoles.

Arf6/Q67L-HA

Figure 3.3: Overexpression of constitutive active Arf6 (Arf6/Q67L-HA) in COS1 cells
induces accumulation of PIP2-enriched vacuoles and therefore recruits MBP from the plasma
membrane to intracellular vacuoles. COSI1 cells were transiently cotransfected with plasmids
encoding Arf6,/Q67L-HA together with either GFP-PH-PLC§1, MBP14k-YFP or GFP-PH-
PLC#1-3xmut in a 1:1 ratio and fixed after 44 h. Arf6/Q67L-HA was visualized by staining
with antibodies against the HA-tag (in red). GFP-PH-PLC01 was used to visualize PIP2
in the vacuoles (in green), whereas GFP-PH-PLCd1-3xmut, which does not bind to PIP2,
served as a control (scale bar 5 pm).
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3.2 Decreased levels of PIP2 at the plasma membrane

leads to decreased MBP binding

3.2.1 Specific hydrolysis of PIP2 leads to reduced plasma

membrane association of MBP

In order to test, whether PIP2 and PIP3 levels regulate the plasma membrane association of
MBP, PIP2 levels were specifically decreased by expressing synaptojanin 1, one of the major
PIP2 hydrolyzing enzymes (mRFP-Synjl, Milosevic et al., 2005) together with MBP14k-
YFP, in Oli-neu cells. Additionally, cells were treated with wortmannin (Wm), a PI3K
inhibitor to decrease PIP3 levels (Powis et al., 1994). 1 quantified the amount of MBP at the
plasma membrane by measuring the fluorescence intensity of MBP14k-YFP at the plasma
membrane in comparison to the cytosol, a method already described for other proteins to
quantify their membrane association (Heo et al., 2006). To normalize these results for a
known membrane protein, cells were immunostained for the membrane glycoprotein NG2
(AN2-cy5). NG2 staining was then used as a mask to determine the fluorescence intensity at
the plasma membrane. The fluorescence intensity at the plasma membrane (PM) was then
compared to the intracellular fluorescence intensity (cytosol, cyt) giving a plasma membrane

dissociation constant ¢FM:

P _ ]before(PM) ]after(cyt>
]before(cyt) ]after(PM)

with I*¢/or¢ and I%/*" as the fluorescence intensities before and after PIP2 and PIP3 re-
duction. Although plasma membrane localization of MBP was not completely abolished,
the results show a decreased ratio of MBP14k-YFP at the plasma membrane relative to
cytosol, compared to control cells that express only MBP (Fig. 3.4A). For comparison, a
double-palmitoylated (i.e. membrane-anchored) YFP did not change its membrane local-
ization after coexpression of Synjl and treatment with Wm (Fig. 3.4A). To test the effect
of specific PIP2 hydrolysis on MBP localization in primary oligodendrocytes, these cells
were infected with recombinant SFV and expressed a Synjl-GFP fusion construct, fixed

and stained against endogenous MBP. Most of the MBP was localized in the cytosol, rather
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Figure 3.4: PIP2 phosphatase synaptojaninl (Synjl) reduces MBP localization at the
plasma membrane. (A) Oli-neu cells were transiently transfected with Synjl-mRFP and
MBP14k-YFP or MBP14k-YFP and vector control in a 1:1 ratio for 12 h before treatment
(for 4 h) with the PI3K inhibitor wortmannin (Wm). Cells were fixed and stained against
the plasma membrane localized NG2. A plasma membrane association index was calculated
as the relative ratio of plasma membrane over cytosolic fluorescence. PIP2 and PIP3 de-
pletion decreased MBP at the plasma membrane, whereas YFPmem localization remained
unchanged (n > 70 cells, mean values = SEM ***p = 0.0006; t-test; scale bar 10 pm).

(B) Primary oligodendrocytes cultured for 4 days in vitro were infected with SFV-Synjl-
GFP, fixed after 8 h, and immunolabeled with antibodies against MBP and sulfatide (anti-
O4 antibody). Note that expression of Synjl in oligodendrocytes causes the dissociation of
MBP from the cell membrane (indicated by arrowhead) and redistribution into the oligo-
dendroglial soma. O4 immunoreactivity remained unaltered (scale bar 10 pm).
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than at the plasma membrane, whereas in control untransfected oligodendrocytes MBP
formed a rim demarcating the cell membrane (Fig. 3.4B, arrows indicate rim of cell mem-
brane). Additionally, sulfatide staining, immunolabeled with O4-antibody, was unchanged.
These results confirm that the interaction of MBP with the plasma membrane is dependent
on the level of PIP2. Since Synjl specifically hydrolyses PIP2, one can assume that MBP

dissociates from the plasma membrane due to reduced PIP2 levels.

3.2.2 PIP2 dependent plasma membrane association of MBP

verified in membrane sheets

Membrane sheets are commonly used as a method to visualize events occurring at the
intracellular side of the plasma membrane (Lang et al., 2001). Membrane sheets are
generated through an ultrasonic pulse. Thereby, the intracellular part of the cell is exposed.
Membrane sheets were also used to visualize PIP2 clusters in chromaffin cells (Milosevic
et al., 2005). Since MBP in known to associate with the intracellular part of the plasma
membrane, membrane sheets were used to confirm the PIP2 dependent association of MBP
to the plasma membrane. If MBP associates with the plasma membrane dependent on
PIP2 levels, a decreased level of PIP2 should lead to decreased association of MBP at
membrane sheets.

When Oli-neu cells were used for the generation of membrane sheets, the application of an
ultrasonic pulse led to a detachment of almost all cells from the coverslip and no membrane
sheets could be identified. Therefore, another oligodendroglial cell-line (OLN-93) was
used for this experiment, since it develops a stronger association to the coverslip than
Oli-neu cells (Richter-Landsberg and Heinrich, 1996). In order to decrease PIP2 levels,
cells were transfected with the mRFP-Synjl fusion construct. A decrease in PIP2 level
was visualized through coexpression of the PIP2 sensor GFP-PH-PLCé1. Membrane
sheets were generated 16 h after transfection and were identified through the styryl dye
TMA-DPH. The association of GFP-PH-PLC§1 to the plasma membrane sheets was
significantly reduced in cells overexpressing Synjl-mRFP (Fig. 3.5). These experiments
confirmed that overexpression of Synjl leads to a decreased PIP2 level at membrane sheets,

as previously suggested (Milosevic et al., 2005).
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Figure 3.5: PIP2 depletion decreases the association of MBP with plasma membrane
sheets. (A)Membrane sheets were generated from transiently transfected OLN-93 cells, ex-
pressing MBP14k-YFP and Synjl or MBP14k-YFP and vector control. Membrane sheets
were prepared 16 h after transfection by application of a short ultrasonic pulse. The styryl
dye TMA-DPH was used to visualize intact sheets. Images are shown after contrast en-
hancement. Images showing MBP14k-YFP fluorescence were not contrast enhanced (scale
bar 3 pm).

(B) Quantification of MBP binding to the membrane surface relative to background (dotted
squares in A). GFP-PH-PLC{1 was used as a control to indicate the decreased level of PIP2
upon Synjl coexpression. For PI3K inhibition, cells were treated for 4 h with wortmannin
(Wm) 12 h after transfection (n > 100 cells from at least three independent experiments,
mean values = SEM; t-test: GFP-PH-PLCo1 *p = 0.022; Synjl expression with PI3K in-
hibition: **p = 0.003; PI3K inhibition: ns p = 0.747; Synjl and MBP14k-YFP expression:
*p = 0.0019).
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To test, whether decrease of PIP2 and PIP3 levels also reduces MBP14k-YFP fluorescence,
membrane sheets were generated from OLN-93 cells, which overexpressed MBP14k-YFP
and mRFP-Synjl. Additionally, these cells were treated with the PI3K inhibitor wortman-
nin (Wm), which leads to a decrease in PIP3 levels (Powis et al., 1994). Quantification of
these experiments demonstrated that a decreased level of PIP2 and PIP3 indeed correlated
with a reduced level of MBP at the plasma membrane (Fig. 3.5B).

In order to investigate, whether decreased PIP2 levels are sufficient to reduce the level
of MBP associated to the plasma membrane, membrane sheets were generated from cells
expressing Synjl-mRFP together with MBP14k-YFP constructs. Overexpression of Synjl
was in fact sufficient to significantly reduce the level of MBP associated to the plasma
membrane. This indicates that PIP2 levels alone can control the association of MBP to
the plasma membrane.

To test on the other hand, whether a decreased level of PIP3 is also sufficient to displace
MBP from the plasma membrane, cells were treated with wortmannin (Wm), to only inhibit
PI3K activity (Fig. 3.5). Membrane sheets generated from MBP14k-YFP transfected cells
that were treated with Wm, however did not show a significant reduction of MBP from
the membrane sheets. However, one cannot rule out a possible involvement of PIP3 in
associating MBP to the plasma membrane, since also for other natively unfolded proteins
as myristoylated-alanine rich C-kinase substrate (MARCKS) a direct interaction with PTP2
was proposed, but PIP3 also influences the binding to the plasma membrane (McLaughlin
et al., 2002; Heo et al., 2006). Since PIP2 is more abundant than PIP3 in quiescent cells,
PIP2 is a more efficient binding partner. These experiments verify that MBP associates
with the plasma membrane in a PIP2 dependent manner. In all preparations MBP
accumulated in clusters similar to those previously observed for PIP2 (Milosevic et al.,
2005). Tt is therefore likely that these clusters are PIP2 enriched domains. Additionally,

accumulation of MBP was seen around the edges of the membrane sheets (Fig. 3.5A).
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3.3 Decrease in PIP2 at the plasma membrane leads to

intracellular accumulation of MBP

In order to investigate, whether MBP associates with the endomembrane system after PIP2
depletion, I stained MBP14k-YFP and Synjl-mRFP cotransfected cells with antibodies
against marker-antigens for late-endosome/lysosome (LE/L, Lampl), Golgi-compartment
(BIP) or ER (GM130; Fig. 3.6A). MBP showed no colocalization with any of these markers.
This indicates that upon Synjl expression, MBP forms unspecific clusters within the cytosol.
Previously it was shown that the surface charge is regulated by phosphatidyl-serine (PS,
Yeung et al., 2008). To visualize PS in cells, the C2 domain of lactatherin fused to mRFP
(LactC2-mRFP) was used as PS-sensor, since it specifically binds to PS. When PIP2 levels
were decreased at the plasma membrane, MBP colocalized with the PS-sensor (Fig. 3.6B).
This finding indicates that PIP2 depletion might lead to binding of MBP with the next
available negatively charged lipid, namely PS.

3.4 Replacement of positive amino acids in MBP

reduces its binding to the plasma membrane

Since MBP interacts with the plasma membrane electrostatically, alteration of the net charge
of MBP should influence this interaction. It would be interesting to identify the region
within MBP that interacts with PIP2. T decided to use the 14 kDa isoform for the following
experiment, since this isoform bears the least exons of all isoforms (exon 1, 3, 4, 5, 7), but
also associates with the plasma membrane and is sufficient to rescue the shiverer phenotype
(Kimura et al., 1989). In order to test, which part of the 14 kDa MBP is sufficient for
plasma membrane association, I subsequently deleted different exons and expressed these
various mutant constructs in Oli-neu cells. A truncated protein, in which exons 1, 3 and 5-
encoded regions were deleted, showed no plasma membrane localization (not shown). When
exon l-encoded region alone was deleted (A-Exonl(MBP14k)-YFP), this mutant was not
able to associate to the plasma membrane (Fig. 3.8) as indicated through line scans across

the plasma membrane of 30 different cells. Conversely, when exon 1 encoded region fused
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Figure 3.6: Localization of MBP after specific depletion of PIP2 through Synjl co-
expression. (A) Oli-neu cells were cotransfected to express MBP14k-YFP and synaptojaninl
or vector control respectively for 12 h, fixed and immunolabeled against endomembrane
markers (in red; BIP - ER, Lampl - LE/L, GM130 - golgi; scale bar 5um).

(B) PIP2 depletion results in a visible association of MBP to PS containing intracellular
membranes. Oli-neu cells were transiently transfected with MBP14k-YFP, LactC2-mRFP
and Synjl and fixed after 16 h. Those cells that were treated for 2 min with ionomycin before
fixation (see also Fig. 3.9) also showed MBP localization at phosphatidylserine containing
membranes (scale bar 5 pym).
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to YFP was expressed in Oli-neu cells (termed Exonl(MBP)-YFP), this mutant associated
to the plasma membrane, although to a less extent than the full-length encoded MBP14k-
YFP construct (Fig. 3.8). For comparison, the exon 7-encoded region was not sufficient to
bind to the plasma membrane (termed Exon7(MBP)-YFP). These data suggest that the N-
terminal domain (encoded in exon 1) is sufficient to bind to the plasma membrane. However,
we found a strong reduction of MBP at the plasma membrane compared to full-length 14
kDa MBP, which indicates that a reduction of the net positive charge of MBP leads to
a reduced membrane binding. When the amino acid sequences of the N-terminal domain
(encoded by exon 1) were aligned from different species, I noticed that many positively
charged residues were strictly conserved (Fig. 3.7). To test for the functional significance
of these positions in transfected cells, MBP mutants were generated in which one or two

(closely spaced) basic amino acids were replaced by alanine (Fig. 3.8).

Unexpectedly, in the majority of cases (K5A/R6A; H22A /R24A; R30A/R32A; R42A,

Western clawed frog A
Zebrafishvartl- - - - - - - - -
Zebrafishvar2- - - - - - - - -

Little skate - - - - - - - - -
Spiny dogfish- - - - - ----
Horn shark- - - - - - - - -
Electricray- - - ------

Figure 3.7: MBP sequence alignment of the N-terminal domain (encoded by exonl) with
selected orthologs. Sequences were retained from NCBI database and clustal-alignment
with PAM250. Amino acids identical to mouse MBP are in black boxes. Basic amino
acids analyzed by site-directed mutagenesis are marked by asterisk, a serine residue altered
by mutagenesis is marked with an arrow (this figure was composed by HB Werner, Dpt
Neurogenetics, MPI-em, Gottingen).
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Figure 3.8: Quantification of membrane localization of truncated MBP isoform. (A,
B) Shown are cells expressing the deletion construct lacking the exon l-encoded re-
gion (AExonl(MBP)-YFP), or expressing the exon l-encoded region fused to YFP
(Exonl(MBP)-YEP) or expressing the exon 7-encoded region fused to YFP (Exon7(MBP)-
YFP). S54A mutant shows less plasma membrane association than wild type MBP14k-YFP
(scale bar 5 pum). Various positive amino acids (Arg, His or Lys) were replaced for Ala. In-
tensity profiles were generated for each cell. Presented are the mean intensity profiles from
30 different cells with standard deviations. (C) The table indicates which mutant protein
associates with the plasma membrane.
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K52A /R53A; K8A) the replacement of only one or two positively charged amino acids in
the N-terminal domain of MBP was sufficient to prevent protein binding to the membrane,
while the exchange of two other basic residues within exon 1 (R10A/K12A) did not effect
plasma membrane localization (Fig. 3.8). Previous biochemical studies had suggested that
PIP2 is covalently attached to S54 (Chang et al., 1986; Yang et al., 1986). I therefore gen-
erated a mutant, in which I replaced S54 for alanine within full-length MBP14k, as well as
within the truncated exon 1-encoded region. These SH4A-mutants showed a reduced binding
compared to wild-type construct. This indicates that S54 influences the binding capacity to
the plasma membrane, however it is not sufficient to completely abolish the ability of MBP

to bind to the plasma membrane (Fig. 3.7 arrow, Fig. 3.8 and not shown).

Taken together, the alteration of the net positive charge of MBP influences the binding
to the plasma membrane. This implies that MBP interacts with PIP2 electrostatically, as
previously suggested (Harauz et al., 2004). Additionally, the localization of basic residues
seems to be important for the binding of MBP to PIP2. The tertiary structure might play
a crucial role for the natively unfolded protein MBP. One putative binding domain was

found within exon-1 encoded region.

3.5 Membrane surface charge influences the plasma

membrane localization of MBP

The electrostatic attraction of basic proteins to the negatively charged membrane is depen-
dent on the surface charge of the plasma membrane. Since PIP2 has a valence of —4 at
physiological pH, decrease in negatively charged lipids such as PIP2, leads to a decrease in
surface charge (Yeung et al., 2008). It has become apparent that the surface potential is
influenced by PIP2 due to its high valence, compared to other negatively charged lipids that
have a valence of —1. The plasma membrane in comparison to endomembranes is therefore
more negatively charged, due to accumulation of the negatively charged lipid PIP2. In
order to characterize the interaction of MBP with the plasma membrane in more detail,

the surface charge of the plasma membrane was altered, as previously described (Yeung et
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al., 2006). It was shown that the PIP2-sensor GFP-PH-PLC)1 dissociates from the plasma
membrane upon Ca’*" influx and endogenous PLC activation (Varnai and Balla, 1998).
PLC activity in turn, leads to PIP2 hydrolysis and flipping of PS to the extracellular part
of the membrane. Both processes lead to an overall decrease in surface charge at the plasma
membrane (Yeung et al., 2006b; Bevers et al., 1983).

Tonomycin is a highly selective Ca*" ionophore (Liu and Hermann, 1978). The increase of
intracellular Ca?* concentration upon ionomycin treatment leads to PLC activation and sub-
sequent PIP2 hydrolysis. This method had previously been used to describe the specificity
of the PIP2-sensor GFP-PH-PLC41 (Varnai and Balla, 1998). Oli-neu cells were transfected
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Figure 3.9: Decrease in surface charge displaces MBP14k-YFP from the plasma membrane
of Oli-neu cells. Oli-neu cells were transfected with MBP14k-YFP or GFP-PH-PLC41 and
subjected to live cell imaging. Cells were bathed in medium with or without Ca?*. 20
s after addition of 10 uM ionomycin images were obtained every 10 s. To block PLC
dependent PIP2 hydrolysis, neomycin (10 mM) was added to the culture medium 10 min
before acquisition of images and ionomycin treatment. Shown are the line scans of cells
before and after ionomycin treatment.
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with the GFP-PH-PLC{1 fusion construct and imaged in medium containing 2 mM Ca?"
as described before (Varnai and Balla, 1998). As a result of PIP2 hydrolysis, addition of
ionomycin to the imaging solution induced a rapid dissociation of GFP-PH-PLC1 from the
plasma membrane (Fig. 3.9) within 60 sec. When cells were bathed in Ca®"-free medium,
the PIP2 sensor remained at the plasma membrane even after 15 min of ionomycin applica-
tion. In order to test, whether PIP2 hydrolysis induces dissociation of MBP from the plasma
membrane, cells were transfected with MBP14k-YFP construct and treated with ionomycin.
Application of ionomycin to the imaging solution induced a rapid dissociation of MBP from
the plasma membrane (Fig. 3.9). Like the PIP2 sensor, MBP also dissociated from the
plasma membrane within 60 sec. These experiments were quantified by plotting the fluo-
rescence intensity across the plasma membrane. Shown are the mean intensity plots from
30 cells with respective standard deviations (Fig. 3.10). In order to investigate, whether
intracellular pools of Ca?* are sufficient to dissociate MBP from the plasma membrane, the
same experiment was performed in cells that were kept in modified Krebs-Ringer solution
without Ca?". These experiments showed that ionomycin treatment had no effect on plasma
membrane localization even after 30 min of incubation, which illustrates that MBP only dis-
sociates from the plasma membrane as result of influx of Ca?*. Intracellular pools were not
sufficient to induce this effect (Fig. 3.9). Neomycin forms a 1:1 electroneutral complex with
PIP2 (Gabev et al., 1989; Arbuzova et al., 2000) and thereby blocks PLC dependent PIP2
hydrolysis (Varnai and Balla, 1998). The PIP2 sensor therefore did not dissociate from the
plasma membrane in cells that were pre-incubated with neomycin before ionomycin treat-
ment. In order to test, whether MBP dissociated from the plasma membrane due to PLC
activation and subsequent PIP2 hydrolysis, cells were pre-incubated with neomycin before
ionomycin treatment. When PIP2 was blocked through neomycin, MBP remained at the
plasma membrane. Pre-incubation of cells with neomycin therefore completely prevented
Ca?" induced dissociation of MBP from the plasma membrane. Additionally, if cells were
treated for 30 min with EGTA after 2 min exposure to ionomycin, MBP relocalized to the
plasma membrane. Although EGTA is not plasma membrane permeable, cells were able to
pump excess Ca?* out of the cell, which led to the re-association of both GFP-PH-PLCd1
or MBP14k-YFP, since addition of EGTA was sufficient to chelate excess Ca®* (Fig. 3.10).
When EGTA was added to the cells in a Ca**-free buffer, no effect on the localization of
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Figure 3.10: (A, B) Surface charge reduction of MBP14k-YFP or GFP-PH-PLC{1-
transfected Oli-neu cells through treatment with antimycin and 2-deoxy-D-glucose (which
prevents new synthesis of PIP2) or ionomycin (which increases intracellular Ca*"; scale bar
5 pm).

(C) MBP localization was quantified from confocal images taken from fixed and mounted Oli-
neu cells that were treated with ionomycin, EGTA after ionomycin treatment, antimycin/2-
deoxy-D-glucose or control medium respectively. Shown are line scans over the plasma
membrane of at least 10 individual cells with respective standard deviations (n > 10).
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MBP or GFP-PH-PLCé1 was observed (data not shown). I therefore conclude that MBP
dissociates from the plasma membrane, due to Ca?* influx and subsequent PLC activation.

I also found similar results for exon 1 encoded region (Exonl(MBP)-YFP; data not shown).

In order to test whether the alteration of surface charge releases MBP from myelin sheets
of primary oligodendrocytes, cells were first treated with ionomycin for 2 min and then
permeabilized with saponin, to wash out released protein. Cells were then fixed and im-
munolabeled against GalC (anti-O1) and MBP (Fig. 3.11). Indeed, MBP was almost com-
pletely washed from the myelin sheets, whereas O1 staining remained unaltered compared

to control DMSO-treated cells.

anti-MBP anti-O1

Figure 3.11: Release of MBP from myelin membrane upon Ca?" treatment. Primary
oligodendrocytes that were treated with ionomycin or not, were permeabilized with saponin
to wash out released proteins, fixed and immunolabeled against MBP and GalC (O1). Flu-
orescence intensity of MBP-cy3 and Ol-cy2 was quantified relative to background (n = 30,
from two independent experiments; p = 0.0039; scale bar 5 um).
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A second method to reduce PIP2 levels and thereby change the surface charge at the plasma
membrane is to deplete cells from ATP. Depletion of ATP leads to decrease in phosphoinosi-

tide levels, since the phosphorylation of the ionositol ring of PI is ATP-dependent. ATP
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depletion was shown to lead to a decrease in PIP2 after 45 min (Yeung et al., 2006b).
Cellular ATP is decreased by culturing cells in Glucose and Ca?"-free medium together
with antimycin (which blocks complex IIT of the mitochondrial electron transfer chain) and
2-deoxy-D-glucose (which cannot be processed in the glycolysis cycle). In order to test,
whether ATP depletion of Oli-neu cells leads to a decrease in PIP2 levels, I transfected cells
again with GFP-PH-PLC41 fusion construct, to visualize PIP2. Cells were then cultured in
ATP depletion medium. ATP depletion reduced the plasma membrane-association of the
PIP2-sensor (GFP-PH-PLC61) as indicated in the line scan plot taken from >10 different
cells over their plasma membrane, as previously described (Fig. 3.10C; Yeung et al., 2006).
In order to test, whether ATP depletion also results in loss of MBP association to the plasma
membrane, Oli-neu cells were induced to express MBP14k-YFP fusion construct. ATP de-
pletion of these cells resulted in a reduced binding of MBP to the membrane. However, Ca?*
and glucose-free medium, without the addition of antimycin and 2-deoxy-D-glucose was suf-
ficient in some cells to lower the association of MBP to the plasma membrane, indicating

that MBP might be highly sensitive to any changes in available ATP.

Thus, both ATP depletion and ionomycin experiments illustrated that MBP depends on
the negative charge present on the intracellular surface of the plasma membrane, which in

turn is influenced by PIP2 levels.

3.6 Role of MBP-PIP2 binding for the maintenance of

myelin integrity

The decrease in negative surface potential (Fig. 3.10) showed that the binding of MBP to
the plasma membrane is dependent on the negative charges at the intracellular membrane
surface in a PIP2-dependent manner. In order to investigate the role of surface charge in
myelin, acute slices from corpus callosum were treated with either ionomycin or depleted of
ATP (Fig. 3.12). We observed a vesiculation of myelin membranes and loss of compaction
in these slices (Fig. 3.12 and Fig. 3.13). Previous studies had shown altered neurofilament
spacing in oxygen-glucose deprived slices and as a result of energy deprivation, similar

vesiculation was observed (Tekkok et al., 2007). Conversely, when slices were pre-incubated
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'ATP depletion

ionomycin treatment

Control lonomycin Control ATP depletion

NN

Figure 3.12: Vesiculation of myelin in acute brain slices following ionomycin treatment
or ATP depletion. Acute slices from 30 days old mice were equilibrated in ACSF for 1h
at room temperature before incubated with ionomycin or ATP depleting reagents for 1h at
35°C. For ionomycin treatment control slices were incubated in DMSO. For ATP depletion
acute slices from adult mice were incubated in glucose and Ca?t free ACSF together with
antimycin and 2-deoxy-D-glucose for 1h. Control slices were incubated in ACSF. After 1h
incubation, acute slices were fixed and processed for electron microscopy.

(A) Semi-thin sections were labeled with lyxol fast blue and imaged with a Leica epifluores-
cent microscope. Arrows indicate morphological differences between treated and untreated
slices (scale bar 20um).

(B, C) Electron micrograph of acute slices. Arrowheads indicate myelin delamination (scale
bar (B) 0.6 pm, (C) 0.4 um).
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with neomycin, to prevent PLC-mediated PIP2 hydrolysis, the number of vesiculated myelin

profiles segments was significantly reduced (Fig. 3.13).
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Figure 3.13: Vesiculation was less pronounced when slices were incubated for 15 min with
10 mM neomycin prior and during ionomycin treatment (for 30 min, control vs. ionomycin:
p = 0.00129; control vs. ionomycin/neomycin: p = 0.0338; n >100 myelinated axons; 4
independent slices).

3.7 A hypothetical role of MBP in regulating

membrane tension

PIP2 not only plays a crucial role in determining surface charge. It was shown that PIP2 also
regulates the adhesion of the cytoskeleton to the plasma membrane (Raucher et al., 2000).
PIP2 regulates the membrane tension by anchoring actin-binding proteins to the plasma
membrane. The reduction of the available pool of PIP2 through overexpression of the PH-
domain of PLCd1, therefore prevents actin binding proteins from binding to PIP2 and leads
to a reduction of adhesion energy, as measured by atomic force microscopy (Raucher et al.,
2000). A sign of alteration of membrane-cytoskeleton adhesion is an increase in membrane
bleb formation. If we suppose that for the formation of myelin, membrane tension has to
be reduced, MBP interaction with PIP2 might have a regulatory role in plasma membrane

tension and membrane growth (Czech, 2000).
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Figure 3.14: Oli-neu cells induced to express MBP14k-YFP for 8 h and subjected to
ionomycin treatment. 20 sec after application of ionomycin to the culture medium, images
were obtainied every 10 sec. During life cell imaging, membrane bleb formation was oberved
(asterisk). Additionally, prior to bleb formation a sudden increase in small protrusions was
found (arrow), which were partially retracted over time (Images were modified with an
ImageJ plugin to visualize the cell’s boundary).

In order to test this hypothesis I expressed the MBP14k-YFP fusion construct in Oli-neu
cells and treated the cells with Latrunculin A, which depolymerizes F-actin and was shown
to lead to bleb formation. Latrunculin A treatment had no effect on the localization of
MBP, which indicates that MBP binds to the plasma membrane in an actin independent
manner (data not shown). A frequent sign of reduction in membrane tension is the
formation of membrane blebs. In Oli-neu cells that express MBP14k-YFP, ionomycin
treatment led to a sudden increase of small protrusions (Fig. 3.14). This process was

followed by bleb formation.

95



3 Results

3.8 Characterization of oligodendrocytes during

myelination in vitro

Different in vitro culture systems have been developed, in which oligodendrocytes can myeli-
nate axons (Lubetzki et al., 1993; Kleitman et al., 1998; Trajkovic et al., 2006; Chan et al.,
2006; Taveggia et al., 2008). I used such a culture system to study the process of myelination
in more detail. Cells derived from mouse brain homogenate were plated onto poly-L lysine
coated cover-slips and allowed to differentiate until the neuronal network was completely
established. Oligodendrocyte precursor cells were then plated on top of the established
neuronal network and allowed to differentiate for five days (Trajkovic et al., 2006). Dur-
ing this period, oligodendrocytes extend their processes towards the axons and form the
myelin membrane (Fig. 3.15). The different stages of oligodendrocytes can be distinguished
through different stage-specific markers. Co-cultures were fixed and stained at different
times during the myelination process (8h, 24h, 48h and 5 days). 8h and 24h after plating
oligodendrocyte precursor cells onto the neuronal network, early progenitor oligodendro-
cytes were labeled against NG2. At 48h cells were identified through the O4 antibody.
The initial contact to the axon could be observed 8h after plating oligodendrocytes onto
the differentiated neuronal network (Fig. 3.15). After 24 h more oligodendrocyte-neuronal
contacts had been established and 48 h after plating these initial contacts were formed into
membrane extensions surrounding the axons. Although different oligodendrocytes within
these cultures differed in their course of development, most oligodendrocytes had enwrapped
neurons within five days and were labeled with the MBP antibody. Taken together, in this
culture system oligodendrocytes form the initial contact about 8 h after plating and enwrap
axons between day two and three in wvitro. After five days axons are myelinated. This
culture system was modified in the following experiments but was also used for studies of

myelination (Brinkmann et al., 2008).
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8h

24h

48h

5 days I

Figure 3.15: Co-cultures can be used as a model system to analyze molecular and mor-
phological processes during myelination. To characterize this culture system in more detail,
cells were fixed at different times and immunolabeled against respective marker antigens. Al-
ready 8 h after plating oligodendrocytes onto neuronal networks (stained against S-tubulin,
green), a contact to the axon was established (immunolabeled against NG2, red; at 24 h
and 48 h, cells were stained with O4 antibody, red). In this culture system, oligodendro-
cytes formed a myelin sheath around axons within 5 days in vitro (immunolabeled against
MBP, red). For different assays, this culture system was modified accordingly and used as
a method to study myelination in more detail (see also Brinkmann et al., 2008; scale bar 10

pm).
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3.9 Polarization of oligodendrocytes

3.9.1 PIP3 accumulates in Oli-neu cells at the tips of processes

The myelin membrane formed by oligodendrocytes differs from the normal plasma membrane
in its lipid as well as its protein composition. Therefore, directed transport of proteins as
well as lipids toward the myelin membrane is a prerequisite for proper myelin formation. The
specialization of myelin is thus commonly compared to the specification of axons (Simons
and Trotter, 2007; Maier et al., 2008). Additionally, similar to neurons, oligodendrocytes
form processes that are later retracted, which indicates that the membrane extensions that
later form the myelin sheath might also accumulate polarization factors. To investigate
the distribution of PIP3 and their downstream proteins in oligodendrocytes, the oligoden-

droglial precursor cell line Oli-neu was used. Treatment of Oli-neu cells with medium from

Control + Wortmannin
PH-AKT-GFP anti-Tuj1" PH-AKT-GFP| anti-Tuj1

Figure 3.16: A Modified co-culture system as shown in Fig. 3.15 was used for this experi-
ment. The PIP3 sensor PH-AKT-YFP was used to visualize the distribution of PIP3 in the
oligodendrocyte precursor cell line Oli-neu, when these cells were co-cultured with neurons.
Oli-neu cells were transfected with PH-AKT-YFP and plated onto neuronal cultures. PIP3
mainly accumulated at the tips of processes and at sites of contact with axons (labeled for
[-tubulin, Tujl, red). Upon wortmannin (Wm) treatment, PIP3 accumulation could not
be detected at the tips (after t1=4 h, 30 nM). To test, whether Wm treatment resulted
in cell death, Wm was washed out of the culture medium (t2=12 h) and the PIP3-sensor
reappeared at the tips of processes. The cells still displayed a normal morphology (scale bar
Spm).

neuronal cultures results in an increase in number of processes and a redistribution of myelin
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proteins (Trajkovic et al., 2006; Kippert et al., 2007). When plated on top of differentiated
neuronal cultures, Oli-neu cells formed multiple processes (Fig. 3.16). When Oli-neu cells
were transfected to express the PIP3-sensor (PH-AKT-YFP) and seeded on top of the neu-
ronal network, PIP3 was found accumulated mainly at the tips of the processes in regions
of contact with axons. In order to test the specificity of the PIP3 sensor, Oli-neu/neuronal
co-cultures were treated with the PI3K-inhibitor wortmannin (Wm). Wm-treatment com-
pletely abolished the accumulation of the PIP3 sensor at the tips, suggesting that PH-AKT

specifically recognizes PIP3 in our system.

PH-AKT-YFP anti-P-AKT

+Wm

N~
N
>
+

+Y27/+Wm

Figure 3.17: Due to PI3K activity, PIP3 is mainly found at the tips of Oli-neu processes,
as visualized with the PIP3 sensor PH-AKT-YFP. Additionally downstream of PISK, AKT
is phosphorylated (P-AKT) and co-localizes with PIP3. Inhibition of PI3K through wort-
mannin (Wm), reduced PH-AKT accumulation, indicating that the PIP3 sensor specifically
binds to PIP3. ROCK inhibition (Y27) leads to an increase in the number of processes.
PIP3 accumulated at the tips of the newly formed processes, but was again lost upon Wm
treatment (scale bar 5 pm).

In other cell types, PI3K inhibition through Wm treatment (at concentrations above 50
nM) was shown to induce apoptosis (Vemuri et al., 1996; Padmore et al., 1996). In order
to investigate, whether the loss of PIP3 at the tips was due to induction of cell death, Oli-
neu cells were first treated with Wm (the PI3K inhibitor, time point t1=4h) and Wm was
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then subsequently washed out of the culture medium (time point t2=12h). After Wm was
washed out, PH-AKT-YFP reappeared at the tips of Oli-neu cells, which indicates that Wm
treatment did not result in induction of apoptosis and that PH-AKT-YFP accumulation at

the tips of processes correlates with PIP3 accumulation.

3.9.2 Rho inhibition correlates with PIP3 accumulation at the tips

of cellular processes

Inhibition of ROCK induces the formation of processes in Oli-neu cells and results in a
redistribution of myelin proteins, similar to a treatment with neuronal conditioned medium
(Kippert et al., 2007). In order to investigate, whether ROCK inhibition also leads to
accumulation of PIP3 at tips of Oli-neu processes, ROCK was inhibited in PH-AKT-YFP
transfected Oli-neu cells. PIP3 was found accumulated in most tips of Oli-neu processes,
independent on the number of membrane extensions (Fig. 3.17). When cells were treated
with both ROCK and PI3K inhibitor, an increase in the number of processes was observed
(as a result of ROCK inhibition), but these processes did not accumulate PIP3 (due to
PI3K inhibition). It was shown, that in hippocampal cultures, PIP3 accumulation leads
to the targeting of polarization factors, such as the mPar3/mPar6 complex and P-AKT,
at the tips of the axonal growth cone (Shi et al., 2003; Ménager et al., 2004). In order
to test, whether downstream molecules of PI3K are also accumulated in oligodendrocytes,
Oli-neu cells were treated with ROCK inhibitor and stained against phospho-AKT. The
PIP3-sensor PH-AKT-YFP colocalized with phospho-AKT (Fig. 3.17). Accumulation of
Par3 and phospho-AKT was also found in cells treated with neuronal conditioned medium
(Fig. 3.18). However, no difference in staining between cells cultured in normal growth

medium and cells cultured in neuronal conditioned medium were observed.
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Figure 3.18: Downstream of PI3K activity, polarizing factors, such as Par3 and P-AKT
are accumulated at the tips of processes. (A) Oli-neu cells were either incubated in neuronal
conditioned medium, which was shown to induce an increase in the number of processes and
drive differentiation of Oli-neu cells, or with conventional culture medium. In both cases
downstream of PIP3 accumulation phosphorylated AKT (P-AKT) as well as Par 3 accumu-
lated at tips of Oli-neu processes.

(B) Primary oligodendrocytes were cultured for 2 days, fixed and immunolabeled for polar-
izing factors that were shown in other cell types to accumulate at the tips of processes as
a result of polarization. Indeed, also in oligodendrocytes, Par3 and P-AKT accumulated at
the tips of process (scale bar 10 pm).

In order to test, whether Par3 or phopho-AKT accumulate at tips of processes prior to myelin
membrane formation, I cultured primary oligodendrocytes for 2 days in vitro and stained

them against phopho-AKT and Par3. I chose this time, because oligodendrocytes had not
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established a myelin membrane but had formed process extensions. Par3 and phospho-
AKT in primary oligodendrocytes cultured for two days in wvitro were mostly found at the
tips of processes (Fig. 3.18B). Taken together these experiments provide first insight into

polarization signals that might occur during the development of oligodendrocytes.
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4.1 PIP2 dependent association of MBP to the plasma

membrane

MBP, one of the major structural proteins of CNS myelin, has been investigated for many
years, but mechanistic insight into MBP function has not been reached, except for its rather
unspecific interaction with negatively charged lipid head groups. While mutant mice lack-
ing MBP expression (shiverer) have revealed a protein function in myelin compaction, these
in vivo experiments failed to provide mechanistic insight at the molecular level. T have
therefore turned to an intact cellular system, in which the presumed interaction of MBP
with phospholipids can be studied. Specifically, I used different experimental approaches
to investigate the role of PIP2 for the stable association of MBP with the plasma mem-
brane. In a loss-of-function approach, I found that coexpression of MBP with the major
PIP2 hydrolyzing enzyme, Synjl, reduced the binding of MBP to the plasma membrane.
Additionally, coexpression of MBP with a constitutive active Arf6 variant resulted in the
redistribution of MBP from the plasma membrane to intracellular PIP2-enriched endosomal
vesicles. Furthermore, I observed FRET between MBP and PIP2-sensing probe, indicating
a tight colocalization. A putative PIP2 binding domain of MBP was localized at the N-
terminal domain, encoded by exon 1 (contained in all MBP splice isoforms) and harboring
critical lysine and serine residues. Finally, I found that increasing the intracellular Ca2*
level causes a rapid dissociation of MBP from the plasma membrane, which involves the
PLC-dependent hydrolysis of PIP2.

Taken together, these results provide experimental evidence that PIP2 is the critical mem-

brane lipid required for the membrane association of MBP. Abnormal Ca?* entry and Ca?*
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-dependent myelin delamination in white matter tracts, is thus likely to be caused by the de-
tachment of MBP from myelin membranes, which becomes clinically relevant after hypoxic

injury or an autoimmune attack.

4.2 Possible roles for MBP-PIP2 interaction

4.2.1 PIP2 as a targeting-signal to the plasma membrane

PI4P and PIP2 are the major phosphoinositides in cells, constituting 1% of total lipid
(Gamper and Shapiro, 2007a). Previous work had suggested that proteins with polybasic
clusters are targeted to the plasma membrane through interaction with PIP2 and PIP3
(Heo et al., 2006). Since PI(4)P, PI1(4,5)P2 and PI(3,4,5)P3 are mainly found at the plasma
membrane, these lipids are thought to direct specific proteins to the cell surface (Czech, 2000;
Krauss and Haucke, 2007). Recent publications have suggested that PIP2 discriminates
endomembranes from the plasma membrane (Yeung et al., 2008). PIP2 was shown to
cluster into microdomains when bound to basic proteins (Gambhir et al., 2004; Wang et
al., 2004; Golebiewska et al., 2006) and has been suggested to accumulate at the myelin
membrane (Baumann and Pham-Dinh, 2001). Therefore it seemed as a possible interaction
partner of MBP. Here, I was able to show that MBP binding to the plasma membrane is
dependent on the presence of PIP2: expression of a constitutive active mutant of the small
GTPase Arf6 (Arf6/Q67L), a regulator of PIP2 levels at the plasma membrane, induced
accumulation of PIP2 in endomembranes (Donaldson, 2003; Ono et al., 2004). As a result
of PIP2 accumulation, MBP localized to these endomembranes. These findings indicate that
MBP associates to the plasma membrane most likely due to its unique composition in lipids.
Since MBP is a highly basic protein, it is extremely adhesive to negatively charged lipids
(Smith, 1992; Rivas and Castro, 2002; Haas et al., 2007; Rispoli et al., 2007). It therefore
seems apparent that translation of MBP is restricted to its final location (Barbarese et
al., 1999; White et al., 2008), since MBP could otherwise accumulate in the intracellular
membrane system or interact with nuclear proteins. Indeed, in our study, specific hydrolysis
of PIP2 through overexpression of the PIP2 phosphatase Synjl, caused MBP to associate

with endomembranes that are enriched in PS.
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4.2.2 The Role of MBP in organizing myelin lipids into

microdomains

PIP2 is thought to be an important signaling molecule, since it plays a role in the attach-
ment of the cytoskeleton, exo- and endocytosis, membrane trafficking, phagocytosis, protein
targeting, and activation of enzymes (Fig. 1.3; Czech, 2000; McLaughlin et al., 2002). It
was also shown to induce a change in conformation of ion channels (Hilgemann et al., 2001;
Runnels et al., 2002; Prescott and Julius, 2003; Rapedius et al., 2007). In recent years it
has become apparent, how PIP2 can control so many different processes although it consti-
tutes only about 1% of phospholipids of the plasma membrane. In general, there have been
different hypotheses about the organization of PIP2 in cellular membranes. Since PIP2 is
mainly found at the plasma membrane the dimensionality is reduced, thereby achieving an
increase in concentration (McLaughlin and Murray, 2005). Additionally different pools of
PIP2 are thought to exist. PIP2 is organized into clusters with local steep gradients within
the plasma membrane. The clustering of two negatively charged PIP2 molecules is how-
ever energetically unfavorable (Wang et al., 2004) and the polyunsaturated hydrocarbon
chain of PIP2 is in fact unlikely to spontaneously accumulate into rafts (McLaughlin et al.,
2002). Since positively charged amino acids of basic proteins were shown to bind to several
PIP2 molecules at the same time, these proteins could induce the cluster formation of PIP2
(Glaser et al., 1996; Laux et al., 2000). Through binding of basic proteins to PIP2 the lat-
eral diffusion is reduced and thereby sequestration of other lipids takes place (Golebiewska
et al., 2006). The reduced diffusion rates of PIP2 lead to an accumulation of more PIP2
around PIP2 clusters. This process thereby culminates in a different PIP2 turnover in these
clusters from the bulk of the membrane PIP2 (Golub and Caroni, 2005). In agreement with
this, non-caveolar cholesterol enriched rafts seem to have an enhanced mol fraction of PIP2
(Pike, 2004). The cluster formation of PIP2 molecules through basic proteins has thus been
proposed as an initial signal to lead to the formation of rafts (McLaughlin and Murray,
2005; Golebiewska et al., 2006). Several membrane-associated proteins that bind PIP2 were
shown to induce this accumulation of lipids into rafts (Golebiewska et al., 2006). This mech-
anism was proposed for PIPmodulins such as MARCKS, Gap43 and CAP23. MARCKS e.g.
sequesters three PIP2 molecules per basic cluster (Fig. 4.1; Laux et al., 2000; McLaughlin
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Figure 4.1: Lateral sequestration model modified from Golebiewska et al., 2006. (A) PIP2
molecules (yellow) are distributed homogeneously within the plasma membrane consisting of
phosphatidylcholine (PC) : PIP2 (99:1). (B) Upon binding of a positively charged protein,
such as MARCKS or MBP, which electrostatically sequesters PIP2 molecules, PIP2 gets
clustered into microdomains. (C) The surface potential adjacent to 2:1 PC : PS membrane
at a distance of 1 nm from the surface is estimated as equipotential of -25 mV. (D) It was
calculated that the binding of MARCKS to negative membranes induces a local positive
potential (blue) of 25 mV, leading to an electrostatic trap that attracts PIP2 molecules and
induces their clustering even if their physiological mol fraction is 100-fold lower than PS.

et al., 2002; Gambhir et al., 2004).

PIP2 gradients have been proposed to enable the signaling potential of PIP2, and are thought
to form through both local synthesis by PIP-kinases and lateral sequestration by basic
proteins (McLaughlin et al., 2002). A feedback loop in the activation of PIP2 generating
enzymes together with a lateral sequestration of PIP2 then induces the steep gradients.
Previous work suggested that the interaction of MBP with the plasma membrane is essential
for the reorganization of membrane components that occurs when oligodendrocytes come
in contact with neuronal processes. These studies have shown that MBP increases the lipid
packaging of the myelin-forming membrane bilayer in cultured oligodendrocytes (Fitzner
et al., 2006). The results presented here, provide evidence that the critical interaction of
MBP is with the signaling lipid PIP2. The binding of basic proteins, i.e. MBP, to PIP2

might reduce the lateral diffusion of this lipid and also sequester other lipids into membrane
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microdomains. These domains may then act as recruitment sites for myelin membrane lipids,
finally resulting in a condensation of the myelin membrane as determined by the fluorescent
probe Laudran and two-photon microscopy (Fitzner et al., 2006) and the specification of
myelin. In fact, results presented here indicate, that PIP2 and PIP3 might play crucial roles
in defining the myelin membrane. PIP2 cluster might serve as a signalling platform, whereas
PIP3, like e.g. during axon specification or during cell movement might induce accumulation
of polarization factors at the membrane (Insall and Weiner, 2001). In fact, recent work in
our lab suggested that loss of the PIP3 phosphatase PTEN induces hypermyelination in
mice (Goebbels et al., in review). Additionally, recent findings confirm our hypothesis, that
the clustering of lipids in myelin is indeed induced by the interaction of MBP with PIP2
(Musse et al., 2008). Since MBP is a basic protein with several positively charged amino
acids distributed homogeneously along its sequence, it is likely that several PIP2 molecules
interact with MBP (like MARCKS and other PIPmodulins). The interaction of MBP with
PIP2 would therefore lead to the formation of PIP2 microdomains and possibly to the
formation of lipid-ordered domains. In accordance with this hypothesis, clusters of MBP
in membrane sheets were found, similar to previously observed PIP2 clusters (Milosevic et
al., 2005; Fig. 3.5). Since there is no other basic protein present in myelin in such high
concentrations to compensate for the loss of MBP in shiverer mice, shiverer oligodendrocytes

loose the ability to cluster PIP2 and to form compaction of lipids (Fitzner et al., 2006).

4.2.3 Alteration of charges induces loss of compaction and binding

of MBP
4.2.3.1 Alteration of membrane charge

The "classical" function of MBP is the formation of the major dense line (MDL) in compact
myelin, as revealed by its absence in the CNS of shiverer mice. This concept was confirmed
by the discovery that the MDL in PNS myelin is dependent on myelin protein zero (P0), a
single span adhesion protein with a highly basic intracellular domain (Privat et al., 1979;
Lemke and Axel, 1985; Martini et al., 1995). The inner membrane surface potential, i.e.

the potential created by negatively charged lipids and their counter ions attracted by them,

67



4 Discussion

has been estimated to be about 10°V /cm (Olivotto et al., 1996). PIP2 contributes signifi-
cantly to the surface charge having a valence of —4 at physiological pH (McLaughlin et al.,
2002). Since MBP interacts with the membrane mostly through electrostatic interaction
(Harauz et al., 2004), the hydrolysis of the most negatively charged lipid (PIP2) induced
the dissociation of MBP from the plasma membrane. Both ATP depletion and ionomycin
treatment lead to dissociation of MBP (Fig. 3.10). Our results therefore indicate that
the reduction of the negative surface charge leads to dissociation of MBP from the plasma
membrane, which indicates that MBP might partially regulate the surface potential. In-
terestingly, after dissociation from the plasma membrane, MBP was found in intracellular
membranes that contain PS (but not PIP2). This result shows that MBP binds to different
phospholipids, but preferentially to PIP2 possibly due its valence of —4 as compared to —1
of PS. I also note that the effect of ionomycin-induced MBP dissociation from the plasma
membrane was more pronounced than the specific hydrolysis of PIP2 through synaptojanin
1 overexpression. This could be due to the additional flipping of PS from the inner leaflet
of the plasma membrane to the outer leaflet, which occurs after Ca?" influx (Bevers et al.,
1983). Importantly, in acute brain slices that included white matter, ionomycin treatment
and ATP depletion also led to a rapid myelin vesiculation (Fig. 3.12). Such a vesiculation
would be expected if MBP, once bound to myelin membranes, serves to neutralize many of

the negative surface charges of the closely interacting myelin membrane layers.

Therefore, I hypothesize here, that the mechanism by which the myelin sheath is compacted,
maybe in part due reduced surface charge on the intracellular side of the membrane. Note
that compact myelin is devoid of actin cytoskeleton, another player in structuring surface of
cell membrane (Raucher et al., 2000). The expression of MBP coincides with a reduction of
actin in the myelin membrane (unpublished observation). MBP is highly concentrated
in compact myelin and its mRNA is directed to the plasma membrane, the site of its
translation. The binding of MBP to the negatively charged membrane would reduce the
negativity of the membrane and would therefore induce compaction of the two opposing
myelin membranes. In a spherical cell, the negatively charged lipids on the inside of the
cell surface produce an internal field and due to mutual repulsion create a tension on the
surface of the cell. Counterions or proteins containing a positive charge, present in the cell

cytoplasm are likely to reduce this effect. Proteins that bind to negatively charged lipids
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such as PIP2 would therefore lead to a reduction of the surface charge. The membrane
would therefore collapse onto the other membrane, leading to compaction (Smith, 1977;

Inouye and Kirschner, 1988b).

It has previously been suggested that the compaction of cytosolic surfaces through MBP
might be sensitive to changes in surface charge (Inouye and Kirschner, 1988a; Boggs, 2006).
These fluctuations might involve neuronally regulated Ca?* influx or pH changes in oligoden-
drocytes (Ro and Carson, 2004) and might therefore regulate MBP mediated compaction,
as suggested in other cell types (McLaughlin, 1989). However, calcium/CAM might also
influence the association of MBP to the plasma membrane, since intracellular Ca?* levels
were shown to regulate the binding of MBP to Calmodulin (Boggs, 2006). Additionally,
other basic unstructured proteins such as MARCKS, were shown to be released from the

plasma membrane in a Ca/CAM dependent manner.

Abnormal Ca?"-entry is a frequent sign of cellular pathology. Thus, the effects of elevated
intracellular Ca** on MBP-membrane interactions may be relevant to the changes of myelin
that occur under various pathological conditions. Recent studies have shown that CNS
myelin contains NMDA receptors that could be responsible for a rise in intracellular Ca?*
when the white matter is injured by hypoxia or excitotoxicity (Karadottir et al., 2005; Micu
et al., 2006). Moreover, intracellular accumulation of Ca?* induced by glycine/glutamate
signaling, was shown to disrupt the myelin ultrastructure. In addition, it has been reported
that oxygen-glucose deprivation causes a similar vesiculation following the activation of
AMPA /kainate receptors (Micu et al., 2006; Tekkok et al., 2005).

The previous notion that myelin is an inert membrane, whose lipid and protein turnover
is diminishable has changed (reviewed in Ledeen, 1984). Several lipid metabolizing en-
zymes were found active in myelin. Phosphoinositides were shown to undergo relatively high
turnover and highly concentrated in myelin (1.5%) compared to normal plasma membrane
(1%) (Deshmukh et al., 1981; Kahn and Morell, 1988). It has been reported that PIP and
PIP2 turnover in myelin might involve PO~ derived from axons (Chakraborty et al., 1999).
Since the turnover rate of PIP2 is relatively high, ATP depletion leads to a loss of PIP2
in myelin, MBP dissociation and myelin vesiculation. Previous studies had indicated that
PI delivery might be dependent on neuronal transport of PO3~. The ez vivo-experiments

showed that vesiculation was mainly observed at the inner loop, possibly due to two reasons:
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first, the cytoplasm is localized in the inner loop and MBP can therefore dissociate from
the plasma membrane. Second, if PI is delivered from the axon to the myelin, the inner
loop being closest to the axon might be most sensitive to PI changes. The rest of myelin
might still have sufficient amount of PIP2 trapped, so that the compaction is still preserved.
However, incubation for longer times might lead to the loss of myelin compaction in all
layers of myelin. Since only part of myelin is non-compacted, I was not able to show that
vesiculation is due to MBP dissociation from the membrane through biochemical methods.
However, pre-incubation of neomycin prevented vesiculation. Although neomycin was also
shown to alter the surface charge (Gabev et al., 1989), neomycin-blockage was sufficient
to prevent vesiculation after 30 min of incubation with ionomycin, but not after 1h (Fig.
3.13 and not shown). It is possible that PIP2 lipids can bind both MBP and neomycin at
the same time. Thereby, neomycin-bound PIP2 molecules are shielded from PLC-mediated

hydrolysis.

X-ray diffraction measurements have shown that the spacing between myelin lamellae in-
creased with increasing ionic strength and pH (Inouye and Kirschner, 1988a). Additionally
these results indicated that myelin from shiverer mice exhibited stronger sensitivity to ionic
strength than myelin from wild-type mice. The surface charge density which influences the
periodicity was increased in shiverer PNS myelin, again indicating an influence of MBP in
blocking the negative surface charge. The periodicity was assumed to be dependent on an in-
terplay between repulsive forces such as the electrostatic repulsion force (surface potential),
hydration force and undulation force (proposed through undulation of lipid membranes)
and van-der Waals attractive force. Therefore the distance between the two membranes is
influenced by a variety of forces that are dependent on pH and ionic strength as well as the
available negative phospholipids present on the surface. In their study it was noted that
the surface charge density however is dependent on the distribution of proteins, since PNS
and CNS myelin periodicity responded differently towards changes in pH or ionic strength
(Inouye and Kirschner, 1988a). Proteins known to play a role in compaction of myelin such
as PLP and MBP in the CNS and PO and MBP in the PNS are therefore supposed to

influence the energy needed to bring the two opposing membranes in such close apposition.
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4.2.3.2 Reduction of charges in MBP and its effect on membrane association

Since MBP interacts with the plasma membrane mostly through electrostatic interactions,
alteration of charges of the membrane or the protein should lead to an alteration in binding
of the protein. Experiments with different deletion mutants of recombinant MBP have
indicated the importance of N and C terminal domain in the organization of lipid surfaces
(Hill et al., 2003). I generated a truncated form of MBP14k by removing exon 1 or exon
7-encoded region, in order to investigate which region of MBP is sufficient to associate to the
plasma membrane. In fact, the truncated N-terminal part of MBP (encoded in exon-1) was
sufficient to bind to the plasma membrane, whereas the C-terminal part of MBP (encoded in
exon 7) was not. However, one has to take into account that both constructs were fused to
YFP at the C-terminal part of MBP. Therefore, it is possible that the exon-7-encoded YFP
fusion protein might not bind to the plasma membrane, because YFP might prevent the
association to it. Additional replacement of different positively charged amino acids with
Ala in exon l-encoded region, led to a loss of binding to the plasma membrane. However,
when R10 and K12 were both exchanged for Ala, it had no effect on plasma membrane
localization. These experiments show that exonl-encoded region of MBP binds with less
affinity to the plasma membrane, compared to full length MBP14k. Hence, reducing the
number of positive amino acids reduced the binding capacity of MBP. These results also
indicate that the N-terminal part of MBP (encoded in exon 1) is sufficient to bind to
the plasma membrane. Additionally, not only the number of positive charges controls the
association of MBP to the plasma membrane, but also their position. The tertiary structure

of MBP might therefore also influence the efficiency to associate with the plasma membrane.

Most posttranslational modifications reduce the overall positive charge of MBP. Several
studies have indicated that these posttranslational modifications of MBP influence its bind-
ing affinity to the membrane (Boggs et al., 1997). Since an increased amount of citrullinated
MBP is found in Multiple Sclerosis patients, this indicates that the overall charge of MBP
seems to be important for its proper function (Kim et al., 2003). Additionally, less posi-
tively charged isomers have a reduced ability to organize lipid membranes (Shanshiashvili
et al., 2003). In fact, studies have shown that the binding energy of basic proteins to PIP2

increases linearly with the number of basic residues and therefore depends on the overall
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charge of the protein (Kim et al., 1991; Ben-Tal et al., 1996). In their study Kim et al.
used peptides composed of various amounts of Lys or Arg and assessed their binding affin-
ity to acidic membranes. In their model, each addition of a basic amino acid decreased
the concentration of peptide that is needed to reverse the charge of phosphatidylserine or
phosphatidylglycerol vesicles by a factor of ten and each basic residue added to the peptide
increased the binding affinity ten fold (Kim et al., 2003). They conclude that in proteins
with polybasic clusters each binding of basic residues to acidic lipids induces the next basic
residue to bind to it. Since the basic amino acids within MBP are distributed along the
sequence rather than clustered into domains, it is possible that it can shield more effectively

the negatively charged lipids, than if these amino acids were clustered.

Previous in vitro data had suggested a covalent linkage of MBP with PIP2 (Chang et al.,
1986; Yang et al., 1986). These studies had revealed that the sequence G-S-G-K probably
binds to PIP2 and that S54 is covalently attached to it. Our site directed mutagenesis studies
show however that mutant MBP (S54A) was less bound to the plasma membrane compared
to wild-type MBP, but not sufficient to loose plasma membrane association. In conclusion,
these experiments indicate that MBP probably interacts with the membrane mainly through
electrostatic interactions, but that MBP might also be linked to PIP2 through a covalent

or hydrophobic interaction with S5H4.

Protein adhesion and force-distance measurements showed that both the charges of the
membrane as well as of protein, that binds with opposite charges to it, determines the
repulsive forces of the two opposing membranes. Small changes of any of the two parameters
can lead to changes in adhesion of myelin membrane (Hu et al., 2004). Our results confirm
that both parameters are necessary for the binding of MBP: Our mutagenesis study had
indicated that alteration of overall charges of MBP reduces its membrane association as well

as our experiments on surface charge alteration.
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4.2.4 Possible Involvement of MBP in process outgrowth and

alteration in membrane tension

It is known that purinergic signalling or Glutamate receptor activation leads to a rise in
intracellular Ca?" in oligodendrocytes (Holzwarth et al., 1994; Liu et al., 1997; Stevens
et al., 2002). However, it would be surprising if extracellular neuronal signals lead to a
rise in Ca?* in oligodendrocytes, which would result in the dissociation of MBP from the
plasma membrane, since during differentiation of oligodendrocytes MBP accumulates at
membrane sheets. A possible model for this discrepancy was proposed by Sheetz for the
basic protein MARCKS (Sheetz et al., 2006). During polarization the actin cytoskeleton
is instable (Bradke and Dotti, 1999). MARCKS associates with the plasma membrane
and leads to the accumulation of PIP2. External stimuli then lead to the dissociation of
MARCKS due to influx of Ca?* and to the activation of PLC, which in turn leads to the
formation of F-actin at the growing processes. Recruitment of type I PIPK then leads to
the accumulation of PIP2, which then directs MARCKS back to the plasma membrane.
Additionally, it was shown that PIP2 levels regulate the adhesion between membrane and
cytoskeleton and therefore the membrane tension (Raucher et al., 2000). Considering the
structure of myelin or the initial cup formed around an axon, one can imagine that for such
a structure to form, the membrane has to bend. For this purpose, either membrane tension
is increased, leading to bending, or membrane tension is decreased due to excess membrane
flow enabling bending of the membrane. In fact, it was shown that during phagocytosis the
membrane tension is reduced (Herant et al., 2006). The initial step of myelination might
be similar to initial cup formation during phagocytosis. Since it was shown that PIP2
regulates membrane tension through its interaction with actin binding proteins, it might
be possible that the interaction of PIP2 with MBP plays a role in regulating membrane
tension. Additionally myelin is devoid of F-actin, which regulates cell shape and membrane
tension. MBP might therefore replace the role of actin in regulating membrane tension
within compact myelin. MBP dissociated from the plasma membrane in response to Ca?*
influx, similar to GFP-PH-PLCd1. GFP-PH-PLCJ1 has previously been used to reduce
membrane tension, since it can block the interaction of PIP2 with actin-binding proteins.

Second, when the surface charge was altered, the dissociation of PH-PLCd1 or MBP was
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followed by a sudden increase in processes. Process outgrowth was also shown to involve
alteration of membrane tension. Additionally, it was suggested that ionomycin treatment
induces actin depolymerization (Sogabe et al., 1996). Since depolarization of cells did not
induce dissociation of MBP, Ca?" influx seems to specifically induce this effect. However,
activation of some unknown receptors might induce Ca?* influx at specific sites and process
outgrowth. Similar to PH-PLCd1, the binding of MBP to PIP2 might lead to a decrease in
membrane tension, since MBP could block the binding of actin binding proteins to PIP2.

The influence of MBP in membrane dynamics seems complex. These experiments were
not sufficient to illustrate whether MBP plays any regulatory role, since the results are
still not conclusive. More elaborate experiments such as atomic-force microscopy or laser
optical tweezer experiments have to be used to answer such questions. It is possible that the
dynamics of membrane outgrowth is driven by the association and subsequent dissociation of
MBP to and from the membrane. Binding of MBP leads to a decrease of membrane tension,
Ca?* influx leads to MBP dissociation dependent on PLC activation and to a subsequent
membrane outgrowth, as proposed by Sheetz (Sheetz et al., 2006). MBP might therefore
be involved in the fine-tuning and regulation of membrane tension, by altering the available

pool of PIP2 at the plasma membrane.

Domains that were previously shown to interact with PIP2 and influence membrane cur-
vature are the so-called BAR domains (Zimmerberg and McLaughlin, 2004). Proteins that
contain a BAR domain were shown to interact with PIP2 at the plasma membrane and
were shown to induce membrane curvature due to their bent secondary structure (Zimmer-
berg and McLaughlin, 2004). MBP as a basic protein might also act like a BAR domain-
containing protein, influencing membrane curvature (Boggs et al., 2006). It is intriguing to
note that since shiverer mice have no myelin, MBP is likely to play a role in its formation not
only in its compaction. The finding that MBP interacts with PIP2 opens many interesting
questions. If MBP is involved in regulating the available pool of PIP2, it might be involved

in exo- and endocytosis or in general membrane outgrowth.
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4.3 Conclusion

This study has provided experimental evidence that PIP2, a highly charged phospholipid,
is an essential component for the binding of MBP to the cell membrane, and in extension
for the function of MBP in myelination. In a loss of function experiment, MBP dissociated
from the plasma membrane upon Ca?' influx or specific PIP2 hydrolysis (through synap-
tojaninl expression). On the other hand, PIP2 accumulation in endomembranes induced a
relocalization of MBP to these endomembranes. Reduction of the overall charge of MBP
reduced its binding to the plasma membrane. One critical binding domain, harboring criti-
cal positively charged residues, was found in the exonl-encoded region of MBP. Moreover,
reduction of surface charge induced loss of MBP-plasma membrane association and induced
myelin vesiculation in acute brain slices. It is intriguing to note that PIP2 has indepen-
dently from this study been implicated in myelination as a signaling lipid and substrate
of PI3K, which generates PIP3 and activates the AKT-pathway to drive CNS myelination
(Flores et al., 2008; Goebbels et al., in preparation). PIP3 might play a role in polarization
of oligodendrocytes, presumably as a response to specific axonal signals. It is possible that
oligodendroglial PIP2 is equally important as a signaling lipid and as a lipid docking site
for MBP to fulfill its function in lipid sorting and myelin compaction. Interfering with this
highly specific lipid-protein interaction, for example by abnormal increases of intracellular
Ca?*, leads to the destabilization of CNS myelin and may be related to myelin destruction

in ischemic conditions and in demyelinating diseases.
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Biochemical quantification of plasma membrane localization of

MBP after PIP2 depletion

Additional to FRET, membrane sheets and other microscopic techniques, I wanted to con-
firm the PIP2 dependent interaction of MBP with the plasma membrane through biochem-
ical methods. To specifically reduce PIP2 levels in cells, Oli-neu cells were transfected with
MBP14k-YFP and mRFP-Synjl contructs or control vector respectively. In order to isolate
MBP from the plasma membrane we used various previously described methods (Simons
et al., 2000). As mentioned before, MBP is localized in detergent resistant membranes
(DRM) within the plasma membrane of oligodendrocytes. Therefore, after cell lysis sam-
ples were incubated with detergent (20 mM CHAPS). Membrane was separated from the
cytosol through flotation on Optiprep gradient (Fitzner et al., 2006). Fig. 5.1A shows the
different fractions. The isolation of DRM however showed no obvious difference in localiza-
tion of MBP between samples taken from Synjl expressing cells or control cells. Instead of
isolating only the DRM fraction of the plasma membrane, I therefore isolated the complete
plasma membrane by centrifuging the cell lysate at 100000g (Fig. 5.1B). The pellet fraction
represents the plasma membrane. This method however did not show any obvious difference.
Also different modification of the lysis buffer did not result in a difference between the two
probes. Additionally, flotation of the membrane fraction on a sucrose gradient (Fig. 5.2C)

also did not show any obvious quantitative difference in membrane localization of MBP.

One of the possible explanations for this is that the amount of co-transfected cells was
not enough to quantitatively measure the reduction of MBP at the plasma membrane.

Additionally, the amount of protein isolated with these procedures was not enough to quan-
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Figure 5.1: Different biochemical methods were used to separate plasma membrane from
cytosol of Oli-neu cells transfected either with MBP14k-YFP and mRFP-Synjl or control
vector respectively.

(A) DRMs were isolated as described in Methods. First post-nuclear fraction was separated
(P5) before centrifuging the superntant at 13000 rpm. The detergent resistant membrane
fraction P13 compared to the rest does not show any obvious difference.

(B) Complete plasma membrane isolation through centrifugation at 100000g also did not
show any difference. (P3= postnuclear fraction; P100= membrane fraction; SN100= cy-
tosolic fraction); (C) Flotation of membrane on sucrose gradient also did not result in a
difference between the two samples. (F= flotated membrane; SN3= postnuclear fraction;
SN3= postnuclear supernatant)
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titatively measure a difference between MBP concentrated at the plasma membrane com-
pared to the cytosol. 1 therefore decided to isolate recombinant MBP from transduced
E.Coli strands. One possible way of measuring plasma membrane association is through

[sothermal-Calomery using different phospholipids as binding partners.

Generation of stable cell-lines expressing MBP14k-YFP and
MBP21k-YFP

As a tool for our investigations we decided to stably transfect Oli-neu cells as well as OLN93
cells with MBP14k-YFP and MBP21k-YFP constructs. Cells were grown to about 60%
confluency and transfected with respective linearized plasmids. Clones were selected through
addition of hygromycin. Surprisingly both isoforms were found in the nucleus rather than at
the plasma membrane in both cell lines, although only 21kDa MBP isoform had previously
been reported to be localized to the nucleus (Fig. 5.2; Pedraza et al., 1997).
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Figure 5.2: Generation of stable cell-lines expressing MBP14k-YFP and MBP21k-YFP. As
a tool we stably transfected Oli-neu and OLN-93 oligodendrocyte precursor cell lines with
MBP14k-YFP or MBP21-YFP constructs. (A) Both genes were driven by a CMV promotor
and were tagged with YFP at the C-terminus of MBP. (B) In both cell types however, MBP
was mostly localized to the nucleus and was not targeted to the plasma membrane (scale
bar 5 pm).
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