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Abstract

Myelin is a membrane of vital importance. In the vertebrate nervous system, it
promotes rapid conduction of nerve impulses via insulating the axons. To act as an
insulator myelin needs to assemble into a stable, lipid-rich structure. While the bio-
chemical composition of myelin is well described, mechanisms regulating this unique
molecular composition are poorly understood. In this study, we show that oligo-
dendrocytes employ a molecular sieve to filter out membrane proteins from compact
myelin domain. Myelin basic protein (MBP) forms a size barrier and controls the
entry of proteins into the compact myelin based on the bulkiness of their cytoplas-
mic domains. In fact, only proteins with cytosolic domain of less than 30 amino
acids cross the permeability barrier. Mechanistically, we show that after binding
to the inner leaflet of the myelin bilayer, MBP self-associates and phase separates.
Self-assembly requires hydrophobic interactions between the phenylalanine residues.
Replacing phenylalanine residues with serines abolished the self-association between
the MBP molecules without perturbing membrane binding capabilities. We further
show that during development, molecular self-assembly of the MBP molecules is
required for the extrusion of bulky proteins from the compacted myelin membrane
sheets. This system might have evolved in oligodendrocytes in order to generate an
anisotropic membrane organization that facilitates the assembly of highly insulating

lipid-rich membranes.

poel






“Nothing is more practical than a

good theory.”

Kurt Lewin

1. Introduction

1.1 Myelin

Myelin is a mutilayered stack of tightly packed membranes that are wrapped around
the axons in the central nervous system (CNS) and the peripheral nervous system
(PNS). While oligodendrocytes synthesize this membrane in the CNS, Schwann cells
do so in the PNS. Both these cell types expand enormous amount of membranes that
are closely apposed on the cytosolic as well as extracellular side. These wrappings
effectively increase the total membrane resistance, decrease membrane capacitance
and therefore prevent leakage of current along the myelinated segments. The main
function of myelin involves wrapping and insulation of axons which in turn leads to

saltatory propagation of nerve impulses.

1.2 Oligodendrocyte differentiation

Oligodendrocyte precursor cells (OPCs) originate from proliferating neuroepithelial
cells of the ventricular and subventricular zone. Basic helix-loop-helix transcription
factor Olig2 plays an important role in defining the oligodendrocyte lineage cells.
Upon activation, Olig2 triggers the expression of a number of transcription factors
like Oligl, Ascl, Nkx2.2, Sox10, YY1, MRF and Zfp19 (Wegner, 2008; Emery, 2010).
In the Olig2-null mice, cells of oligodendrocyte lineage are completely missing (Zhou
et al., 2001; Lu et al., 2002). OPCs can be identified by the presence of markers like
A2B5 antigen and chondroitin sulfate proteoglycan, NG2 (Raff, 1989). Proliferation
of OPCs is under the control of growth factors like platelet derived growth factor
(PDGF) and fibroblast growth factor (FGF) (Noble et al., 1988; McKinnon et al.,

1991). During development, precursor cells migrate under the influence of extra-

1



92 1 Introduction

cellular matrix and populate the entire brain. After migration, progenitors settle
along the future white matter fiber tracts. Further, the cells become less motile,
lose mitogenic response to PDGF and develop into immature oligodendrocytes. At
this stage, cells also lose A2B5 expression and instead begin to express galactosyl-
ceramide (GalC) (Bansal and Pfeiffer, 1997; Pfeiffer et al., 1993). The final stage
of oligdendrocyte development involves maturation into myelinating oligodendro-
cytes. In this stage, cells express myelin membrane components like MBP and PLP,

thereby triggering myelin assembly.

1.3 Myelin architecture

Myelin is made up of multilayered stacks of uniformly thick membrane. It shows
a characteristic periodic structure with alternating electron dense and light layers
visible under an electron microscope. The electron dense structures correspond
to the major dense line, which is formed due to the close association of myelin
membranes on their cytoplasmic side. On the other hand, the intraperiod line is
the electron light structure where myelin membranes are apposed closely on their
extracellular surface. As a result, myelin membrane sheaths are compacted on the
cytosolic as well as extracellular side. Myelin is wrapped around the axons of a
certain caliber (> 1 ym). While an oligodendrocyte can wrap up to 40 different axons
at a time, a Schwann cell establishes 1:1 contact with an axonal segment. One myelin
segment can be 150-200 pm in length and is termed as an internode. The internodal
distances within the same axon are relatively constant and seem to be inherent for
individual axons. The two internodes are separated by the unmyelinated region that
corresponds to the nodes of Ranvier (discussed in detail later). An internodal myelin
is polarized into two major domains, the compact and the non-compact myelin. Each
domain contains specific set of proteins and thus has unique molecular composition.
Compact myelin forms the bulk of myelin and is mainly composed of lipids. On the
other hand, the majority of the cytoplasm and vesicular trafficking is restricted to
the non-compact myelin areas that are mainly present as channels surrounding the
compact myelin in the CNS. In PNS, the non-compact areas also extend within the

compact myelin and correspond to the so called Schmidt-Lanterman incisures.
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1.4 Myelin lipid composition

Lipids constitute up to 80% of the dry weight of myelin (Norton and Autilio, 1965).
It is because of this high lipid-to-protein ratios (4 in comparison to 0.25-1 for the
plasma membrane), myelin can be obtained in a relatively pure form. The purifi-
cation method involves homogenization of the brain tissue in an isotonic sucrose
solution to detach myelin from the axons and thereby generate large vesicles. The
high lipid content makes these myelin membrane vesicles lighter than the intracel-
lular organelles (nuclei and mitochondria). As a result, myelin membrane can be
recovered from top of the lighter fractions in a density gradient centrifugation (Nor-
ton and Poduslo, 1973; Larocca and Norton, 2007).

Lipid analysis of biochemically purified myelin has shown that cholesterol constitutes
more than 40% of the total lipid content. Cholesterol is an amphiphilic molecule
with polar hydroxyl group and non-polar cyclic four-ring structure together with
isooctyl side chain (Figure 1.1). Cholesterol interacts with the polar head groups
of other lipids through the hydroxyl group. At the same time, via its rigid planar
structure, cholesterol intercalates between saturated hydrocarbon chains of adja-
cent lipids. These properties allow cholesterol to control various parameters like
membrane thickness and membrane fluidity. Insights into the role of cholesterol in
myelin membrane biogenesis came from the study of squalene synthase conditional
knock-out mice. As this enzyme operates at the first step committed towards sterol
biosynthesis, mice lacking squalene synthase are not able to synthesize sterols. These
mice show severely perturbed myelin synthesis, early in development which seems to
be compensated with aging by cholesterol uptake from the neighboring cells (Saher
et al., 2005, 2011). The exact mechanism of this horizontal transfer remains to be

elucidated.

Another major lipid class in myelin includes galactolipids, with galatosylceramide
and sulfatide being the two major ones (30% of the total lipids). These lipids are es-
sentially localized to the extracellular leaflet of the bilayer. The role of galactolipids

in myelin membrane assembly was investigated via generation of knock-out mice
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Figure 1.1: Schematic view of major myelin lipids. Compact myelin is formed by the apposition of
the external surfaces and internal surfaces of the myelin bilayer that constitute the intraperiod line
and the major dense line, respectively. Proteolipid protein (PLP) and myelin basic protein (MBP)
are the two major proteins in myelin. The myelin bilayer has an asymmetric lipid composition.
Some of the major lipid classes are shown on right. Lipids like galactosylceramide (GalC) and
sulfatide are exclusively found in the outer leaflet. On the other hand negatively charged lipids,
phosphatidylserine (PS) and phosphatidylinositol-4,5-bisphosphate (PIP2) are localized to the
inner leaflet together with plasmalogens. Cholesterol and phosphatidylcholine (PC) are distributed
in both the leaflets. Note the intercalation of cholesterol molecules between the fatty acid chains.
Figure adapted from (Aggarwal et al., 2011).

lacking key enzymes in the biosynthesis pathway of these lipids. CST knock-out
mice lack cerebroside sulfotransferase and cannot synthesize the lipid sulfatide. On
the other hand, CGT knock-out mice do not produce sulfatide as well as galacto-
sylceramide due to the deficiency of UDP-galactose:ceramide galactosyl transferase.
Both of these mice form structurally abnormal myelin with disrupted nodes and
paranodes (Coetzee et al., 1996; Marcus et al., 2006; Hoshi et al., 2007).

A unique feature of cerebrosides and sulfatides within myelin is their enrichment
in very long chain fatty acids (VLFA), with chain lengths ranging between 22-24
carbons. Ceramide synthase 2 (CerS2) specifically catalyzes addition of VLFA to
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the sphingosine base. Expression of this enzyme transiently increases during active
myelination (Becker et al., 2008). Mice deficient in CerS2 show progressive loss of
CNS and PNS myelin together with decreased levels of MBP (Imgrund et al., 2009).
Further, time course analysis of these mice revealed that the initial myelin formation

per se is normal, but myelin maintenance is impaired (Ben-David et al., 2011).

Finally, plasmalogens account for 20% of the myelin phospholipid mass. These are
ether phosphoethanolamines containing a vinyl ether linkage at the sn-1 position
and an ester linkage at the sn-2 position. Plasmalogens increase membrane fluidity
by lowering the transition temperature for phospholipids from lamellar to a liquid
crystalline phase. Deficiency of dihydroxyacetone phosphate acyltransferase (DA-
PAT), the key enzyme for plasmalogen synthesis results in reduced myelin synthesis

in optic nerve and cerebellum (Teigler et al., 2009).

1.5 Myelin protein composition

Proteins constitute about 20-30% of the dry weight of myelin. Out of this, prote-
olipid protein (PLP) and myelin basic protein (MBP) constitute 80% of the total pro-
tein content. Other abundant proteins in the CNS myelin include myelin-associated
glycoprotein (MAG), myelin oligodendrocyte glycoprotein (MOG), myelin oligo-
dendrocyte basic protein (MOBP), 2/,3'-cyclic-nucleotide 3’-phosphodiesterase (CN-
Pase), myelin and lymphocyte tetraspan protein (MAL), claudin 11, neurofascin-155
and opalin/Tmem10 (Figure 1.2). Some of these proteins are important for both,
the structure and function of myelin, whereas the function of others are unknown,

as will be discussed below.

1.5.1 Proteolipid protein

PLP is the most abundant protein of CNS myelin and accounts for 50% of the total
myelin proteins. It is a four-membrane spanning protein with intracellular N- and
C-terminus. It has a molecular weight of 20 kDa. Due to its extremely hydrophobic
nature, PLP exists in close association with lipids (Weimbs and Stoffel, 1992) and
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can therefore be extracted from myelin only with organic solvents (Folch and Lees,
1951). It is strongly conserved during evolution (Mé&bius et al., 2008). Further, it
is considered as the structural protein with an important role in stabilizing the in-
traperiod line, mainly via the extracellular domain (Boison and Stoffel, 1994; Boison
et al., 1995). PLP has an alternatively spliced isoform, DM20 which lacks 35 amino
acids in the intracellular domain, but has similar physical properties (Macklin et al.,
1987; Nave et al., 1987). In comparison to PLP, DM20 appears very early during

oligodendrocyte differentiation in pre-myelinating oligodendrocytes.

PLP is synthesized on membrane-bound ribosomes associated with the ER (Col-
man et al., 1982) and is transported to the developing myelin sheath via vesicular
trafficking pathway. Briefly, after synthesis in the ER, the protein is transported to
the Golgi where it associates with cholesterol and galactosylceramide (Simons et al.,
2000). Finally, vesicles bud off from the Golgi and are delivered to the growing
myelin membrane sheath. Delivery of PLP to the surface of myelin membrane is
regulated by neuronal signals that seem to reduce its endocytosis rate and instead
promote delivery to the plasma membrane from late endosomes/lysosomes (Tra-
jkovic et al., 2006).

Gene duplication, mutation or deletions in the PLP gene lead to dysmyelinating
diseases like Pelizaeus-Merzbacher disease (PMD) and X-linked spastic paraplegia
(Yool et al., 2000). In primary oligodendrocyte cultures, overexpressed PLP asso-
ciates with cholesterol and accumulates in the late endosome/lysosomes (Simons
et al., 2002). In the mouse model of PMD, intracellular accumulation of PLP could
be reduced via feeding mice with cholesterol enriched diet (Saher et al., 2012). Point
mutations in PLP have been shown to result in ER retention due to abnormal protein
cross-linking that elicits enfolded protein response (Swanton et al., 2005; Dhaunchak
and Nave, 2007). Unlike mutations and duplications in PLP gene, mutant mice
lacking PLP expression form relatively normal myelin during early development.
However, with age these animals exhibit axonal degeneration indicating that myelin

deficient in PLP is not able to efficiently support the axons (Griffiths et al., 1998).



1.5 Myelin protein composition 7

1.5.2 Myelin basic protein (MBP)

Another abundant protein in myelin is myelin basic protein (MBP). It comprises
30% of the total myelin proteins and 10% of the dry weight of myelin. MBP is a
peripheral membrane protein. It is a highly positively charged protein with a pl of
10 and can associate with a number of ligands. The most important ones are the
negatively charged lipids present in the inner myelin leaflet, namely phosphatidylser-
ine (PS) and phosphatidylinositol-4,5-bisphosphate (PIP2) (Boggs and Moscarello,
1978). Electrostatic interactions with these lipids are thought to mediate the inter-
action of MBP with the plasma membrane. Apart from lipids, MBP has also been
shown to bind actin, calmodulin, tubulin and clathrin in the in vitro experiments
(Boggs, 2006). Due to interaction with multiple ligands, MBP is also termed as a

multifunctional protein.

MBP structure

MBP belongs to the family of intrinsically unstructured proteins (IUPs) (Hill et al.,
2002, 2003). In this family, proteins are natively unfolded in the absence of a binding
partner (Tompa, 2002; Fink, 2005). The main reason for the lack of structure is the
abundance of charged amino acids like glutamate, arginine, lysine and serine that
increase intramolecular electrostatic repulsions. In addition, the overall hydropho-
bicity is low compared to globular proteins (Romero et al., 2001; Dunker et al.,
2002). As a result, the chances of hydrophobic collapse are minimum and proteins

remain unstructured in solution.

Even though IUPs are unfolded in solution, ligand binding induces conformational
changes within IUPs. MBP acquires both a-helices and [-sheets upon binding to
the charged lipids (Keniry and Smith, 1979; Polverini et al., 1999). In the folded
state, I[UPs are involved in a wide variety of cellular functions like cell cycle control,

transcriptional and translational regulation.

For some IUPs like MARKS (myristoylated alanine-rich C kinase substrate), K-Ras

and HIV-1 Gag, the unstructured basic stretch is concentrated in one region of the
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protein (Murray et al., 1997). In case of MBP, the scenario is little different as the
basic residues are distributed throughout the length of the protein. This uniform
distribution has been considered to be important for simultaneous binding of the
protein to the opposing membranes. Indeed both N- and C-terminus of MBP have
been shown to independently associate with lipids (Boggs et al., 1999).

MBP-lipid interactions

The association of MBP with the membrane has been mainly considered to be elec-
trostatic in nature. Upon addition to lipid vesicles containing negatively charged
and neutral lipids, MBP displays preferential binding for the negatively charged
species (Boggs et al., 1977). In vitro, MBP aggregates lipid vesicles containing neg-
atively charged lipids causing multilayer formation (Wood and Moscarello, 1989).
When expressed in oligodendroglial precursor cells, MBP binds to the plasma mem-
brane in a PIP2 dependent manner (Nawaz et al., 2009). It also sequesters the
lipid, PIP2 on the surface of large unilamellar vesicles (LUVs) (Musse et al., 2008).
These attractive electrostatic interactions between lipids and MBP closely depend

on the ratios between the lipid and protein charges (Hu et al., 2004; Min et al., 2009).

Even though the major interaction between MBP and lipids is electrostatic, hy-
drophobic interactions may also play an important role. In the lipid aggregation
experiments, high K concentration (> 150 mM) causes dissociation of MBP from
PC/PS vesicles, but not from vesicles with complex, inner myelin leaflet composi-
tion (Jo and Boggs, 1995). Based on above observation, the authors speculate that
the protein can interact with the lipid head groups either via hydrogen bonding
or through hydrophobic interactions. Through hydrophobic association, the side
chains of the non-polar residues can bury into the bilayer. In fact, it has been
demonstrated that MBP affects the motion of fatty acid chains, buried deep within
the bilayer (Marsh et al., 2002). Penetration of certain regions of the protein in
the bilayer possibly affects membrane order as well as domain organization (Harauz
et al., 2009). For example, MBP plays a role in the clustering of outer leaflet lipid,
GalC (Fitzner et al., 2006). Further, dramatic rearrangements and morphological

changes have been observed in lipid monolayers upon MBP adsorption (Hu and Is-
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raelachvili, 2008). These experiments clearly indicate a role of MBP in generating

lateral heterogeneity.

Charge isomers of MBP

The net charge of MBP can be up to +20 at the physiological pH. However, the
extent of post-translational modifications can modify the overall charge of the pro-
tein. For example, phosphorylation of serine and threonine residues, deimination
of the arginine (arg) residues to citrulline (cit), and deamidation reduce the overall
positive charge (Harauz et al., 2004). C1 and C8 represent two extremes amongst
various charge isomers. While C1 is least modified and has maximum charge, C8
is extensively deiminated. Each deimination reduces the net charge of protein by
one. 6-8 arg residues are deiminated to cit in the C8 isoform. Because of reduced
charge, C8 is less efficient than C1 in adhering apposed membranes (Boggs et al.,
1997; Musse et al., 2006).

MBP isoforms

Apart from charge isomers, MBP has different size isoforms with molecular weight
ranging between 14 and 21.5 kDa. These isoforms arise from the differential splicing
of a single mRNA transcript. 18 kDa MBP is the major isoform in human and
bovine CNS. On the other hand, 14kDa is the most abundant isoform in mice and
rats. Both, 14 and 18 kDa MBP isoforms contain exon I, III, IV, VI and VII. Exon
IT is present in the 21.5 kDa MBP. This isoform appears early in development, while
the other isoforms are expressed later during myelination (Kambholz et al., 1988).
Unlike 14 and 18 kDa isoforms that are mainly associated with the membrane, 21.5
kDa isoform localizes to the nucleus (Pedraza, 1997). Sequence analysis of exon II
revealed the presence of two non-traditional PY-nuclear localization signals (Smith
et al., 2012). The functional role of subcellular trafficking to the nucleus remains to

be elucidated.

Shiverer mice
The importance of MBP in myelination is highlighted by the naturally occurring

autosomal recessive shiverer mutant mice. These mice lack exons 27 within the
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MBP gene and are therefore unable to synthesize all the isoforms of MBP. At the
age of 2 weeks, corresponding to the peak phase of myelination, animals begin to
develop shivering phenotype in their movement. Later on, the mutants develop tonic
convulsions and die prematurely, between 8-11 weeks after birth (Chernoff, 1981).
Ultra-structurally, major dense line is missing in these mice as visualized by electron
microscopy (Privat et al., 1979). Furthermore, myelin is also thinly packed and the
axo-glia junctions are diffusely distributed (Rosenbluth, 1980).

Extensive studies have been carried out in the past to demonstrate the direct in-
volvement of MBP in myelin compaction. Shiverer phenotype was rescued by the
introduction of full-length MBP gene coding for all the isoforms of MBP (Readhead
et al., 1987). Apart from full-length MBP, shiverer phenotype in mice could also
be rescued via re-expression of only 14 kDa isoform of MBP under MBP promoter
(Kimura et al., 1989). Further, introduction of MBP anti-sense cDNA in the genome
of wild type mice evoked shivering response (Katsuki et al., 1988). Yet another nat-
urally occurring MBP mutant is known as myelin deficient (mld). In these mice,
inversion of exon 2 in the duplicated MBP gene leads to the formation of anti-sense
RNA, which inhibits MBP transcription (Akowitz et al., 1987; Okano et al., 1987).
As a result, the phenotype is similar to the shiverer mice. MBP, thus seems to be

a very important player in the architectural design of myelin.

Regulation of MBP expression

Given the role of MBP within myelin, spatio-temporal regulation of its expression
is important to finely regulate myelin biogenesis. Nature has achieved this via lo-
calized MBP synthesis close to its incorporation sites. MBP mRNA, once formed in
the cell body is kept silent and is transported towards the cellular processes. The
first hints for localized mRNA transport came from the biochemical fractionation
studies where isolated crude myelin fractions were found to be enriched in MBP
mRNA (Colman et al., 1982). Subsequently in situ hybridization experiments con-
firmed RNA enrichment near the sites of myelin membrane (Kristensson et al., 1986;

Verity and Campagnoni, 1988).
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Localization of MBP mRNA to the sites of myelin membrane assembly occurs in
a series of steps. First, the cellular address of the transcript is defined by a 21
nucleotide cis-acting element, termed “RNA trafficking signal” (RTS), present in
the 3" untranslated region (UTR). This sequence was shown to be sufficient for the
localization of an exogenous RNA into the myelin compartment (Ainger et al., 1997;
Munro et al., 2006). In the next step, ribonucleoproteins (RNA binding proteins)
bind to the RTS to form supramolecular discrete structures termed “RNA granules”
(Ainger et al., 1993). HnRNP A2, hnRNP CBF-A and hnRNP K are the major
ribonucleoproteins, which directly associate with the RTS and block the translation
of MBP mRNA (Hoek et al., 1998; Raju et al., 2008; Laursen et al., 2011). Other
proteins like hnRNP E1, hnRNP F and tumor overexpressed gene (TOG) interact
with hnRNP A2 and thus indirectly associate with the RNA granules. While hnRNP
E1 and hnRNP F act in the same pathway as hnRNP A2 and represses translation,
TOG seem to be important for the efficient translation of mRNA (Kosturko et al.,
2006; Francone et al., 2007; White et al., 2011). Apart from the RNA and asso-
ciated ribonucleoproteins, RNA granules also contain various ribosomal subunits,
translation factors and tRNAs (Barbarese et al., 1995). Following RNA granule as-
sembly in the perikaryon, RNA complexes travel in the anterograde direction along
microtubule tracks, using kinesin motor proteins. Disruption of microtubules with
drugs like nocodazole or knockdown of kinesin blocks the granule transport (Carson
et al., 1997). The final and essential step necessary for appropriate myelination is
the release of translation repression near the assembly sites, either by pre-localized
proteins or in response to cellular signaling. In wvitro, association of neural adhesion
molecule L1 with oligodendrocytes activates Fyn kinase, which phosphorylates and
thereby inactivates hnRNP A2 and hnRNP F (Umemori et al., 1999; White et al.,
2008). As a result, transcription repression is relieved and MBP protein synthesis is
triggered. The transport of mRNAs from cell body to the distal parts in a polarized

cell adds another layer of regulation in the functional domain assembly.
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Figure 1.2: Schematic view of myelin proteins. Myelin basic protein (MBP) and proteolipid pro-
tein (PLP) are the two major compact myelin proteins. The non-compact myelin proteins include
membrane anchored, CNPase and single transmembrane spanning myelin-associated glycopro-
tein (MAG) and 155 kDa isoform of neurofascin (Neurofascin-155).

1.5.3 Other myelin proteins

Claudin-11

Apart from PLP and MBP, claudin 11 is also present within compacted myelin
(Bronstein et al., 1996). It belongs to the tetraspanin protein family and constitutes
7% of the total myelin proteins (Bronstein et al., 1997). Like PLP, both N- and C-
terminus for claudin-11 are intracellular. The protein forms the radial component
within compacted myelin, which isolates the myelin sheaths from the extracellular
space. Claudin-11 knock-out mice lack the radial component (Gow et al., 1999) and

exhibit decreased nerve conduction velocities (Devaux and Gow, 2008).

MAG

Myelin-associated glycoprotein (MAG), a single transmembrane protein, is another
component of myelin. It is mainly present in the periaxonal space, region between
the axon and the innermost layer of myelin (Trapp and Quarles, 1982). The protein
belongs to immunoglobulin (Ig) superfamily with five extracellular Ig-like domains.
Within myelin, MAG exists in two isoforms: large L-MAG and small S-MAG, which
differ in the length of cytosolic domain. L-MAG has 90 aa on the cytoplasmic side
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and is expressed early during myelination. On the other hand, S-MAG has only 46
aa and appears in the later stages of development. Mice deficient in MAG assemble
normal myelin (Li et al., 1994), however axonal caliber is affected, which leads to

progressive axonal degeneration (Yin et al., 1998).

MOG

Myelin oligodendrocyte glycoprotein (MOG) is another single transmembrane pro-
tein with a molecular mass of 28 kDa. It has a single Ig-like domain on the extra-
cellular side (Pham-Dinh et al., 1993). MOG is present mainly in the outermost
layer of myelin. Although exact function of MOG in myelin is not clear, it has been

described as a putative auto-antigen in demyelinating diseases such as multiple scle-

rosis (Bernard et al., 1997).

CNPase

2! 3'-cyclic-nucleotide 3'-phosphodiesterase or CNPase localizes to certain regions
within non-compact myelin including the lateral loops, inner and outer tongue (Vo-
gel and Thompson, 1988). The protein has a C-terminal farnesyl lipid anchor for
membrane association. It is one of the proteins that are expressed early during
myelination. Exact function of CNPase in myelin is not clear. CNPase mutant mice

develop axonal degeneration despite normal myelination (Lappe-Siefke et al., 2003).

MAL

Myelin and lymphocyte protein (MAL) is a small hydrophobic, four membrane
spanning protein. It has been shown to localize to the compact myelin. Trans-
genic mice with increased MAL expression have abnormal axo-glia junctions (Frank
et al., 2000). In MAL knock-out mice, paranodal loops detach and face away from
the axons (Schaeren-Wiemers et al., 2004). Similar phenotype has been observed for
the sulfatide deficient, CGT knock-out mice. The exact relevance of this overlapping

function has not yet been described.

Apart from above mentioned proteins, several other proteins have been found to be

enriched in myelin. Proteins belonging to tetraspanin family (CD9, CD81, CD82 and
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tetraspanin 2) and septin family are also present in myelin. Furthermore, proteomic
analysis of purified myelin membrane fractions has revealed the presence of a number
of other proteins which are present in very low proportions (Jahn et al., 2009).
Insights into the functional and structural role of these new proteins would increase

our understanding about myelin assembly process.

1.6 Myelin Domains

Initiation of polarization in a cell requires integrated action of intrinsic signals and
extracellular cues. Extrinsic factors can position and assemble intracellular com-
plexes, which define a specific domain. This pathway is well known in case of
Schwann cells. As these cells contact the axon, neuregulinl /ErbB receptor signaling
is activated. ErbB2 receptors have been shown to be important for myelination
(Garratt et al., 2000). Furthermore, the extent of NRGIII expression controls thick-
ness of myelin sheaths (Michailov et al., 2004). In a striking contrast to the PNS, the
master regulator of CNS myelination is not known. In fact, initial events of polar-
ization are known to be intrinsic to the oligodendrocytes and occur without axonal
contact. However, further polarization into distinct membrane domains does require
axonal contact. In the following section, various domains within myelin membrane

are described in terms of their structural organization and functional relevance.

Nodes of Ranvier

Along the myelinated axon, non-insulated regions constitute the nodes of Ranvier
(Figure 1.3). Due to the lack of myelin, these regions are directly exposed to the
extracellular space. They are about 1 um in size and have high density of voltage
gated Na™ channels. In addition, several other channels, transmembrane and cy-
toskeletal proteins localize to the nodes. These include NrCAM and neurofascin-186
(Nfas186), the cell adhesion molecules (CAMs) of immunoglobulin (Ig) superfamily;
ankyrin G (AnkG), the cytoskeletal adaptor protein (Bennett and Lambert, 2000)
and SIV-spectrin, the actin binding protein. The ankyrin family is known to play
a general role in membrane organization and polarity (Mohler et al., 2002). While

nodes are the sites where action potentials regenerate, the segment where the ac-
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Figure 1.3: Schematic view of axo-glia junctions. Myelinated segments correspond to intern-
odes. Nodes of Ranvier constitute the unmyelinated regions along the myelinated axonal tracks
and are enriched in sodium channels (Nav channel). Additionally neurofascin-186 (Nfas186),
ankyrin G (AnkG) and s1V-spectrin are also present at the nodes and associate with Nav chanels.
Compacted myelin opens around the nodes to form the paranodes. Neurofascin-155 (Nfas155)
from the glial side forms complex with axonal contactin-associated protein (caspr) and contactin
at the paranodes. Away from the node and next to paranodes are the juxtaparanodes, which are
enriched in the potassium channels (Kv). Modified from (Sherman and Brophy, 2005).

tions potentials originate is known as the axon initiation segment (AIS). As the
name suggest, AIS is present immediately after the end of cell body and precedes
the axon. The molecular architecture/composition is very similar between AIS and

a node.

Paranodes

Around the nodes of Ranvier, compact myelin opens up on both sides to form the
cytoplasm filled paranodal loops. These loops helically wind around an axon. At the
ultra-structural level, paranodes are connected to the axon by a series of transverse
bands, which are reminiscent of the invertebrate septate junctions (Rosenbluth et al.,
1995). Paranodal junctions contains a complex of two cell recognition molecules:
contactin-associated protein (caspr) and contactin on the axonal side. From the
glial side, neurofascin-155 (Nfas155) serves as the ligand for caspr-contactin com-
plex (Charles et al., 2002; Gollan et al., 2003). In caspr-2 knock-out mice, septa
disappear and space between the axon and paranodal loops widens. As a result,
these mice show decreased nerve conduction velocities and several other neurological

symptoms in both, central and peripheral nervous system. A very similar phenotype
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is observed for CGT and CST-null mice (Coetzee et al., 1996; Marcus et al., 2006;
Hoshi et al., 2007). These two mutants also provided the first hints that proba-
bly axons cannot intrinsically polarize the distribution of molecules to the axo-glia
junction, but indeed require intimate contact with the glial membrane. The role of

axo-glia junctions in polarity establishment will be discussed in later sections.

Juxtaparanodes

A short zone that immediately follows the innermost paranodal junction constitutes
the juxtaparanodes. On the glial side, juxtaparanodes contain TAG-1 (Transient
axonal glycoprotein-1), while shaker based potassium channels are present on the
axonal side (Poliak and Peles, 2003). Furthermore, juxtaparanodes together with
internodes also harbor nectin-like molecule 1 and 4 (Necll and Necl4 respectively).
While Necll is present on the axonal side, Necl4 is found on the glial side. Necls
belong to immunoglobulin like family of adhesion molecules (Takai et al., 2003). Via
heterophilic adhesion, they maintain axo-glia adhesion at the juxtaparanodes and

internodes (Quarles, 2007; Spiegel et al., 2007).

Figure 1.4: Schematic view of polarized myelin along the radial direction. Apart from the po-
larization along the lateral side, myelin is also radially polarized. The two major radial domains
include the outer layer (close to the cell body of the oligodendrocyte) and the periaxonal domain
(close to the axon). Figure adapted from (Salzer, 2003).
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Periaxonal and abaxonal domains

In addition to this longitudinal polarity, myelin is also asymmetric along the radial
dimension (Figure 1.4). The inner most layer of myelin (also called periaxonal re-
gion) runs parallel to the axon and is non-compacted just like the paranodes and
juxtaparanodes. Moreover, it harbors specific set of molecules like MAG and Necl4
that are absent from the outer layers (Maurel et al., 2007; Quarles, 2007; Spiegel
et al., 2007). Similarly, the outer most layer (also called abaxonal domain) contains
proteins like MOG.

The examples given above clearly illustrate the importance of axo-glia contacts in
establishment of cellular polarity and how this polarity in turn orchestrates the

formation of functional domains within myelin and axons.

1.7 Cellular polarization

In biological terms, a membrane is polar when certain components are distributed
asymmetrically along its axis (Cove, 2000). The theme of cell polarization is com-
mon not just among different cell types, but also between different organisms. Rang-
ing from simple organisms like prokaryotic bacteria or eukaryotic yeast to complex
multicellular tissues, polarization is important for many cellular functions like pro-

liferation, differentiation and morphogenesis.

1.7.1 Mechanisms of cellular polarization

Considering the wide diversity between the cell and tissue type that exhibit polarity,
the assumption would be that mechanism of asymmetry establishment is unique for
a given cell type. However, despite enormous variety amongst the cell types, polar-
ization is executed via common, yet conserved fundamental mechanisms. The major
ones include segregation and trafficking to a defined domain, preferential retention
after non-specific targeting and selective endocytosis (transcytosis) after polarized

delivery.
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Targeted delivery model

In this model, there is polarized delivery of components to a specific domain. Com-
ponents with similar sorting signals are pre-sorted at the Golgi and bud into common
carrier vesicles, which then fuse with the target compartment. Epithelial cells use
this mechanism to target proteins specifically to the apical or basolateral domain. In
these cells, the apical domain faces the external space, while the basolateral domain
is surrounded by the cellular matrix. Proteins destined for the basolateral domain
have either tyrosine-based (Foélsch, 2008) or dileucine-based (Hunziker and Fumey,
1994) targeting motifs in their cytosolic domains. In the Golgi, these motifs are
recognized by specific adaptor proteins, for example AP-4 in case of MDCK cells
(Simmen et al., 2002) and AP-1, AP-1B for LLC-PK1 cells (Félsch et al., 1999).
Sorting at the Golgi further requires GTPases Arf, Arl and Rab family of proteins.
All these GTPases continuously cycle between inactive (GDP bound) and active
state (GTP bound). In comparison to basolateral domain, apical membrane pro-
teins have sorting signals in the transmembrane or extracellular domain (Schuck and
Simons, 2004).

Diffusion retention model

In the diffusion retention model, proteins destined for distinct membrane domains
are packed into common vesicular carriers and diffuse freely between the two do-
mains. However, preferential retention in one of the domains leads to their further
enrichment. For instance, in neurons, the synaptic vesicle protein VAMP?2 is ini-
tially delivered to both axons and somatodendritic compartment. However, selective
endocytosis in dendrites at the later stages enriches the protein in axons (Sampo
et al., 2003).

Transcytosis

In this pathway, different proteins first arrive together at one common domain.
Thereafter, the non-resident proteins are selectively endocytosed. In hepatocytes,
polarized epithelial cells of liver, proteins are first delivered to the basolateral side.
Apical proteins are then preferentially endocytosed and delivered via vesicular traf-

ficking to the apical domain (Wang and Boyer, 2004). The vesicular trafficking
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involves early endosomes (Shivas et al., 2010).

Orientation cues for the polarization machinery

Cell polarity can also be generated and maintained by a set of conserved intracel-
lular protein complexes. PAR, crumbs and scribble are the three major polarity
complexes that provide specific orientation cues for different components. In case
of epithelial cells PAR and crumbs localize to the apical membrane, while scribble
is mainly present in the basolateral membrane. Activated cdc42 binds and thereby
recruits par6 to the apical membrane. Par6 then associates with par3 and aPKC
to form the PAR complex. It is important to note that aPKC also phosphorylates
lgl and keeps it inactive on the apical membrane. Since there is no aPKC on the
basolateral side, lgl is active and in turn interacts with scribble and establishes ba-
solateral polarity (Hutterer et al., 2004; Humbert et al., 2006; Bryant and Mostov,
2008). Mis-localization of either of these proteins disrupts polarity. The mechanisms

by which these proteins promote cellular polarity are currently unknown.

Diffusion barriers

Diffusion is a physical process in which random thermal agitation of particles causes
their mixing. If not hindered, biomolecules can freely diffuse in cell. A diffusion
barrier is a structure/fence which prevents this intermixing by restricting the ran-
dom movements to well defined areas. These barriers play a very important role in
the maintenance of cellular polarity . Once different domains have been established
in a membrane (via distinct vesicular trafficking), diffusion barriers act as molecular
fences restricting the movements of components between the two domains. There
are many well-established examples of diffusion barriers in a variety of cell types
(Figure 1.5). In case of epithelial cells, tight junctions prevent the mixing of lipids
in the outer leaflet and transmembrane proteins between apico-basolateral domains.
The septin diffusion barrier, existent at the base of the primary cilium, prevents
diffusion of ciliary components into the underlying plasma membrane (Hu et al.,
2010). Another lateral diffusion barrier is present in the plasma membrane at the
axon initiation segment (Rasband, 2010b). The barrier in AIS is made up of a set of

proteins that include actin, AnkG, Nfas186, NrCAM and voltage dependent sodium
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channels. This barrier not only restricts the diffusion of membrane proteins, but
also soluble proteins as well as certain lipids (Winckler et al., 1999; Nakada et al.,
2003; Song et al., 2009).

Figure 1.5: Examples of lateral diffusion barriers. (A) Tight junctions in epithelial cells separate
apical membrane domain from the basolateral side (B) Septin diffusion barrier (orange) separates
membrane protein from cilliary components. (C) Axon initiation segment (AlS) compartmentalize
neurons into axons and dendrites. Modified from (Caudron and Barral, 2009).

Diffusional barriers can functionally play dual roles. First, they maintain domain
identity and second they serve as scaffolds. For example, in budding yeast septins
serve as scaffolds in order to recruit and possibly stabilize the contractile machinery.
At later stages, they confine membrane associated factors to the cleavage site via

diffusion barrier formation (Caudron and Barral, 2009).

Composition and assembly process for some diffusion barriers is well described. At
the axon initiation segment, a dense network of actin cytoskeleton anchors various

transmembrane proteins. Anchored membrane proteins function as pickets and re-
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strict the mobility of lipids and transmembrane proteins from the axonal membrane
into the soma or dendrites (Nakada et al., 2003). AnkG was also shown to be di-
rectly involved in the barrier maintenance through knockdown experiments (using
short-hairpin RNA) in cultured mature hippocampal neurons. AIS disassembled in
the absence of AnkG and one of processes acquired characteristics of both axons and
dendrites (Hedstrom et al., 2008; Rasband, 2010b). Recently, it has been shown that
AnkG is clustered at the AIS by distal cytoskeleton comprised of AnkB, all-spectrin
and Sll-spectrin (Galiano et al., 2012).

1.7.2 Mechanisms of myelin membrane polarization

As stated above, apart from the compact and non-compact domains, myelin mem-
brane is polarized along the radial as well as lateral direction. Several key polarity
mechanisms of domain establishment within PNS myelin have been demonstrated.
Radially, abaxonal domain is similar to the basolateral domain of epithelial cells.
On the other hand, apical membrane regulators like palsl (Protein associated with
lin seven 1) and par3 are enriched in the periaxonal domain (Pereira et al., 2011).
Pals1 knock down with short hairpin RNAs (shRNAs) resulted in reduced surface
expression of MAG and E-cadherin in rat epithelial cells. In myelinating schwann
cell-axonal co-cultures, polarized distribution of trafficking machinery was abolished

in the absence of palsl (Ozcelik et al., 2010).

Diffusion barriers also have been shown to exist along the myelinated domains and
maintain their identity. For example, axo-glia contacts at the paranodes restrict
diffusion of Na™ to the nodal areas (Pedraza et al., 2001; Rios et al., 2003). Further-
more, they also separate nodes from the juxtaparanodes, which harbor K™ channels.
Contactin/caspr and Nfas155 complex plays an important role in this barrier for-
mation. In neurofascin knock-out mice, paranodal domains are disrupted and the
distribution of Na*t channels is diffuse (Sherman et al., 2005). Furthermore, abla-
tion of Nfas155 in adult myelinating glia via PLP-CreER recombinase disrupted the

fencing and caused disorganization of axonal domains (Pillai et al., 2009).
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Another example includes the autaptic tight junctions present along the radial com-
ponent in the compact myelin. Claudin-11 forms these junctions and promotes elec-
trical isolation of the myelin lamella from the extracellular space. Claudin-11 null
mice form ultrastructurally normal myelin without the assembly of radial component
(Gow et al., 1999). However, nerve conduction is severely slowed down emphasizing
the need for the claudin-11 barrier (Devaux and Gow, 2008).

1.8 Aims of the work

Whereas most of the previous studies have been dedicated to elucidate the mech-
anisms of radial and lateral compartmentalization of myelin, the principles which
segregate bulk of the compact myelin from the non-compact myelin remain poorly
understood. Compact myelin has a very specific lipid and protein composition,
which is distinct from the non-compact areas. It is immensely enriched in lipids
and contains a low proportion of mostly low molecular weight proteins. This unique
composition is required for the insulation of axons. The first aim of the work was
to identify the mechanism(s), which generate two major domains within myelin,
namely the compact and non-compact myelin. We used the model system of cul-
tured oligodendrocytes that establish these two polarized domains in two-dimension.
This model system allowed us to visualize the myelin domains via light microscopy.
Our goal was to identify the players which generate oligodendroglial polarity in
two-dimension. The question was whether compact and non-compact domains are
established via distinct vesicular trafficking or lateral heterogeneity is established
after common sites of vesicular deliver. Diffusion barriers are known to play an
important role in the maintenance of asymmetry. Therefore, we also wanted to
investigate whether a diffusion barrier prevents intermixing of the components be-
tween domains. Further, we aimed to identify conditions in which proteins missort
into one or the other domain. To address these questions, we employed a variety
of cell biological, biochemical, biophysical and molecular biology approaches. We
were also interested in validating our key findings in the in vitro minimal component

assays as well as in vivo, using mice models.
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Everything else is poetry,

imagination.”

2. Materials and Methods

Max Planck

2.1 Materials

2.1.1 Antibodies

Primary antibodies used in this study are listed in 2.1.

Table 2.1: Antibodies used in this study: IF (Immunofluorescence), WB (Western blot), r:rabbit

(affinity purified or serum), m:mouse (monoclonal).

Target Application Reference

m-anti-CNPase IF(1:200), WB (1:500) Sigma-Aldrich

m-anti-GalC (clone MAB342) IF (1:200) Millipore

r-anti-GFP F (1:1000), WB (1:5000) Invitrogen

r-anti-HA F (1:500), WB (1:1000)  Abcam

m-anti-MAG (clone 513) F (1:200) Millipore

m-anti-MBP F (1:1000) Sternberger

r-anti-MBP F (1:300), WB (1:2000)  DakoCytomation

r-anti-MOG (clone 8-18-C5) F (1:100), WB (1:500) Millipore

r-anti-Myc F (1:500), WB (1:1000)  Sigma-Aldrich

m-anti-Myc (clone 9E10) F (1:500), WB (1:5000)  Sigma-Aldrich

moanti-O1 (IgM) IF (1:50) (Sommer and Schachner,
1981)

r-anti-Septin 7 IF (1:100) Immuno-Biological Lab-
oratories

m-anti-atubulin IF (1:2000), WB (1:5000) Sigma-Aldrich

m-anti-polyglut-tubulin (IgM) IF (1:1000)

Sigma-Aldrich

23
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Antibodies were obtained from Abcam (Cambridge, UK), DakoCytomation (Carpin-
teria, CA, USA), Immuno-Biological Laboratories (Hamburg, Germany), Invitrogen
(Darmstadt, Germany), Millipore (Billerica, MA, USA), Sigma-Aldrich (Munich,
Germany), Sternberger (Lutherville, MD, USA) and Stressgen Bioreagents (Vic-
toria, Canada). Secondary fluorophore (Cy3 or Cy5) and peroxidase-conjugated
antibodies (anti-mouse IgG, anti-mouse IgM and anti-rabbit) were purchased from
Dianova (Hamburg, Germany). Anti-rabbit, anti-mouse IgG and anti-mouse IgM
secondary antibodies coupled to Alexa-488 fluorophore were purchased from Invit-
rogen (Darmstadt, Germany). Alexa-488 and Cy5-conjugated secondary antibodies
were used at a dilution of 1:100. Cy3-conjugated anti-rabbit antibodies were diluted
1:1000. Cy3-conjugated anti-mouse antibodies were used at 1:300 dilution.

2.1.2 Chemicals, Enzymes and Kits

Tonomycin was purchased from Calbiochem (Darmstadt, Germany), rapamycin from
Sigma-Aldrich (Munich, Germany), and sphingosine from Avanti Polar Lipids (Al-
abaster, AL, USA). 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE), porcine
brain L-a-phosphatidylinositol-4,5-bisphosphate (PIP2), L-a-phosphatidyl choline
(PC), porcine brain sulfatide and porcine brain L-a-phosphatidylserine (PS) were
obtained from Avanti Polar Lipids as chloroform stocks. Cholesterol and chicken egg
yolk sphingomyelin (eSM) were obtained from Sigma-Aldrich (Munich, Germany).
Lissamine™ rhodamine B 1,2-dihexadecanoyl-sn-glycero-3- phosphoethanolamine
(rhodamine-DHPE), Texas Red DHPE, concanavalin A (ConA) coupled to Alexa-
594, wheat germ agglutinin (WGA) coupled to Tetramethylrhodamine, cell mask
orange, Alexa-488 C; maleimide and tris(2-carboxyethyl)phosphine (TCEP) were
bought from Invitrogen (Munich, Germany). Protease inhibitor cocktail Complete
Mini (EDTA-free) was acquired from Roche Applied Science (Mannheim, Germany).
Other chemicals were obtained from either Sigma-Aldrich (Munich, Germany), In-
vitrogen (Munich, Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt, Ger-
many) or Applichem (Darmstadt, Germany), unless otherwise stated. Each chem-
ical was either of analytical purity or cell culture grade. Cell culture media and

supplements like Dulbecco’s modified eagle’s medium (DMEM) with high glucose,
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Hank’s balanced salt solution (HBSS), GlutaMAX™ Pen/Strep, B-27 supplement,
sodium pyruvate, 0.05% trypsin-EDTA and 0.25% trypsin-EDTA were purchased
from Gibco (Invitrogen, Darmstadt, Germany). DMEM with 4.5 g/ glucose, Horse
serum (HS), Fetal calf serum (FCS) and Dulbecco’s Phosphate buffer saline (PBS)
were obtained from PAA (Célbe, Germany). Consumables were purchased from
Falcon (Becton Dickinson Labware Europe, Le Pont De Claix, France) and Eppen-
dorf (Eppendorf AG, Hamburg, Germany). Culture flasks (75 cm? and 175 cm?),
dishes (10 cm and 15 c¢cm) and plates (6-well, 12-well and 24-well) were obtained

from Greiner Bio-One (Greiner Bio-One GmbH, Frickenhausen, Germany).

Buffers and Enzymes

The buffers and solutions used in the study are listed in Table 2.2. Enzymes used
in the study are listed in Table 2.3 and were mainly obtained from Fermantas (St.
Leon-Rot, Germany), New England Biolabs (NEB GmbH, Frankfurt, Germany),

Promega (Mannheim, Germany) and Finnzymes (Espoo, Finland).

Table 2.2: Buffers and solutions used in the study

Buffers and solutions Ingrediants

Phosphate buffer saline
(PBS) 150 mM NaCl, 20 mM NaoHPOy, pH 7.4

120 mM NaCl, 4.7 mM KCl, 1.2 mM CaCly, 0.7 mM
MgSOy4, 10 mM glucose and 10 mM HEPES, pH 7.4
6 g glycerol AR, 2.4 g Mowiol 4-88 (Calbiochem), 6 mL

Krebs-Ringer’s solution

Mowiol
H50, 12 mL 0.2 M Tris pH 8.5
2 g BSA (Applichem), 2 mLi FCS (PAA), 2 mL Fish
Blocking solution gelatin (Sigma-Aldrich), 10 mL 10x PBS, final volume
100 mL with distilled HyO
LB media 25 g/L LB-powder (Applichem) in distilled HoO

150 mM NaCl, 1 mM EDTA, 1% TritonX-100 and 20 mM

1x Lysis buffer
Tris-HCI pH 7.5
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Table 2.3: Enzymes used in this study
Enzyme Application Reference
Restriction enzymes DNA digest NEB or Fermentas

T4 ligase
Taq DNA polymerase

Ligation of DNA fragments
Genotyping

Phusion DNA polymerase Polymerase chain reaction

Antartic phosphatase

5" phosphate removal

T4 polynucleotide kinase 5’ phosphorylation

Fermentas
Promega
Finnzymes
NEB

NEB

Kits

Kits availed in the study are listed in Table 2.4 and were used together with the

supplied buffer solutions in accordance with manufacturer’s guidelines.

Table 2.4: Commercial kits used in this study

Kit

Application

Reference

NucleoSpin Plasmid kit
NucleoBond® Xtra EF

NucleoSpin Extract II kit

Nucleospin® Gel
and PCR Clean-Up
Lipofectamine™ 2000

TransIT®R)-LT1

DNA isolation, small scale

DNA isolation, medium scale

DNA extraction from gel
and PCR clean up

transient transfection, primary cells

transient transfection, cell lines

Pierce® BCA protein assay protein quantification

Invisorb spin tissue mini kit tail DNA extraction

Bio-Rad Protein Assay

protein quantification

DNA extraction from agarose gels

Macherey-Nagel
Macherey-Nagel
Macherey-Nagel
Macherey-Nagel

Invitrogen

Mirus Biologicals
ThermoFischer
Invitek

Bio-Rad

2.1.3 Mammalian cell lines and bacterial strains

The mammalian cell lines and the bacterial strains used in the study are listed in

Table 2.5.
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Table 2.5: Cell lines and bacterial strains employed in the study

Cells Description Reference
PtK2 Male rat kangaroo kidney epithelial cells (Eggeling et al., 2009)
Oli-neu  Murine oligodendroglial precursor cell line (Jung et al., 1995)

F-  ®80lacZO(lacZYA-argF)U169 recAl endAl
DH5a  hsdR17 (v, my ™ phoA supE44 thi-1 gyrA96 relAl Invitrogen
\

2.2 Methods

2.2.1 Molecular biology and biochemical methods

Molecular Cloning

For molecular cloning standard methods of restriction digestion, ligation and trans-
formation (via heat shock) into chemically competent E.coli DH5a™ competent
cells were used. Clones were screened through restriction digestion of plasmid ‘mini-
prep’ followed by sequencing and large scale preparation of DNA via ‘midi-prep’
using commercial kits. DNA primers were either ordered from AGCT lab (Central
facility at the Max Planck Institute of Experimental Medicine, Géttingen, Germany)
or biomers.net (Ulm/Donau, Germany). MBP mutant genes (with multiple point
mutations) were ordered from Genscript (New Jersey, USA). The DNA constructs
cloned in the study are listed in Table A. The 5-3" sequence of primers employed
for the study are included in Table A.

Protein determination

Protein concentration was determined according to Bradford (Bradford, 1976). Pro-
tein standards were prepared in the range of 1-10 pg using bovine serum albumin
(BSA, Applichem). Standards were further diluted in 200 puL. HoO and then mixed
with 800 pL bradford solution (Bio-Rad). The samples were incubated at RT for 5

min followed by absorbance measurements at 595 nm wavelength using a photometer
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(Bio-Rad). From the standard curve (linear trace), unknown protein concentrations

for the test samples were interpolated.

BCA assay (Smith et al., 1984) was used to quantify the total protein content of cell
lysates. This assay was performed using Pierce BCA Protein Assay Kit (Thermo

Scientific) according to the manufacturer’s manual.

SDS-PAGE and Western blotting

Samples were separated on 10% denaturing Tris-SDS polyacrylamide gel electrophore-
sis system as described before (Laemmli, 1970). The resolving gel contained 10%
acrylamide/bis-acrylamide (37.5:1, Bio-Rad), 375 mM Tris (pH 8.5), 0.1% SDS,
0.05% ammonium per sulphate (APS) and 0.005% TEMED (N,N,N’ N’ Tetram-
ethyethylenediamine). The stacking gel had 4% acrylamide/bis-acrylamide (37.5:1,
Bio-Rad), 125 mM Tris (pH 6.8), 0.1% SDS, 0.05% ammonium persulphate (APS)
and 0.005% TEMED. Before loading, samples were boiled in the sample buffer (50
mM Tris pH 6.8; 10% glycerol, 2 mM EDTA, 2% SDS, 0.05% bromophenol blue and
144 mM [-mercaptoethanol) for 10 min at 70°C. For each gel, 5 ul. of pre-stained
protein ladder (Fermentas) was loaded into one of the lanes. Separation was per-
formed in a continuous buffer system containing Tris-glycine electrophoresis buffer
(25 mM Tris, 192 mM glycine and 0.1% SDS).

Western blotting was done as described before (Towbin et al., 1979). Briefly, proteins
were transferred onto a Protran® (Whatman GmbH, Dassel, Germany) via a semi-
dry procedure in the transfer buffer (25 mM Tris at pH 7.4, 192 mM glycine and
2% methanol). For the transfer, 100 V was applied for 1 hr in a Bio-rad PowerPac
1000 blotting system. The membranes were then blocked with 4% non-fat dried
milk powder (Sigma-Aldrich), prepared in PBST (0.1% Tween-20 in PBS), for 30
min followed by overnight incubation in primary antibodies (diluted appropriately
in PBST). Following primary antibody incubation, blots were washed three times,
10 min each, in PBST and then incubated with secondary antibodies (peroxidase
conjugated, diluted 1:2000 in PBST) for 1 hr at RT. Afterwards, blots were washed
three times with PBST (10 min each). Finally, protein bands were detected on X-ray

films (CL-XPosure™ Thermo Scientific, Pierce) using enhanced chemiluminescence
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(ECL, Thermo Scientific, Pierce) as a substrate for peroxidase on Kodak imaging
station.

Alternatively, gels were directly stained with Coomassie brilliant blue G-250 (Fair-
banks et al., 1971). For staining, stacking gel was discarded and the resolving gel
was washed once with water. Next, the gels were stained with solution A (25%
isopropanol, 10% acetic acid and 0.025% coomassie brilliant blue) by heating for 30
sec in a microwave. Gels were then destained in solution B (10% acetic acid, 10%
isopropanol and 0.005% coomassie brilliant blue) followed by solution C (10% acetic
acid and 0.002% coomassie brilliant blue), each time for 30 sec in a microwave. Fi-
nally, the gels were destained with 10% acetic acid overnight, washed in water and

scanned.

2.2.2 Expression and purification of proteins

To produce GFP with N-terminally attached lipid binding regions R1-3 of NHE3
(Alexander et al., 2011), Escherichia coli strain TOP10F” was transformed with the
respective constructs pSF1622 to pSF1624 and grown at 25°C to ODggo= 3.0 in
TB medium (supplemented with 50 mg/mL kanamycin). The culture was induced
with 0.15 mM isopropyl -D-1-thiogalactopyranoside (IPTG), warmed to 37°C and
further shaken over night. Before cell harvest, 1 mM phenylmethylsulfonylfluoride
(PMSF) and 5 mM EDTA were added directly to the culture. Cells were resus-
pended in buffer HS (1.3 M NaCl, 220 mM Tris-HCI pH 7.5, 11 mM MgCl,, 10
mM imidazole, 2.2 mM EDTA, 10 mM DTT) and lysed by sonification. After cen-
trifugation for 1 hr at 37,000 rpm, the cleared lysate was applied to a nickel-chelate
matrix equilibrated with buffer HS. After extensively washing with buffer HS and
buffer HNS (20 mM HEPES, 100 mM NaCl, 250 mM sucrose, 5 mM DTT, final pH
7.3), bound protein was eluted by incubation with SUMO protease (20 nM) for 15
min at RT.

H14-TEV-MBP14/MBP F—S-Cys was expressed from pSF1625 in E. coli strain
BLR harboring plasmid pRil. Cultures were grown in TB medium supplemented
with 50 mg/mL kanamycin and 37 mg/mL chloramphenicol at 37°C to ODgyy =
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6.0, induced with 1 mM IPTG and further shaken at 37°C for 6 hrs at 37°C. The
protein was purified essentially as described for the Nspl FG/FxFG repeat domain
(Eisele et al., 2010). Before cell harvest, 1 mM PMSF and 5 mM EDTA were added
directly to the culture. Cells were resuspended in 8.3 M guanidinium-hydrochloride
(Gua-HCI) containing 2 mM EDTA and 20 mM DTT and lysed by a single round
of freezing and thawing. After centrifugation for 1 hr at 37,000 rpm, the cleared
lysate was supplemented with 100 mM Tris-HCI1 pH 8.5 and 1 mM imidazole; and
applied to a nickel-chelate column. The column was washed with 7.5 mM Gua-
HCI, 100 mM Tris/HCI1 (pH 8.5), 1 mM EDTA, 1 mM imidazole followed by a
second wash step with 8 M urea, 20 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM
imidazole. Bound protein was eluted with the same buffer supplemented with 500
mM imidazole, diluted 1:3 with water and applied to a thiopyridine-activated, SH-
reactive matrix. The matrix was washed with 6 M Gua-HCI, 20 mM Tris/HCI (pH
8.0), 1 mM EDTA, 1 mM imidazole, and eluted with 6 M Gua-HCI, 20 mM Tris-HCI
pH 7.5, 10 mM DTT, applied to a preparative C18 reverse phase HPLC column,

eluted with increasing concentrations of acetonitrile in 0.15% TFA, and lyophilized.

2.2.3 Biochemical assays

Cell lysis

Primary cells (~ 500,000 cells per well) or PtK2 cells (80% confluent) were grown
in 6-well plates for the desired time periods. After aspirating the medium, cells
were washed once with PBS and scraped in 100 uL of lysis buffer on ice and further
incubated for 10 min (on ice). Following incubation in the lysis buffer, the samples
were centrifuged (pre-cooled bench top centrifuge) at 20,817 g for 10 min. Pellet
was discarded and protein concentration in the supernatant was determined using

bradford assay.

Myelin membrane preparation
Myelin membrane was prepared from adult mice as described before (Norton and
Poduslo, 1973). Briefly, mice between 3—10 weeks were sacrificed, whole brains were

removed followed by removal of meninges. Each brain was individually homogenized



2.2 Methods 31

via sonication in 1 mL of 0.32 M sucrose (supplemented with protease inhibitor cock-
tail). Homogenized brain suspension was further diluted with the addition of 2 mL
of cold water. 1.5 mL of diluted homogenate was layered on top of a two-step gra-
dient consisting of 3.5 mL each of 0.85 M lower sucrose phase and 0.32 M upper
sucrose phase (each sucrose solution was buffered with 10 mM HEPES, pH 7.5 and
supplemented with 5 mM EDTA) in 14 x 89 mm ultra-clear centrifugation tube
(Beckman Coulter GmbH, Krefeld, Germany). The gradients were set up in mul-
tiple tubes at a time and tubes were centrifuged at 75,000 g for 30 min (Beckman
SW41Ti rotor). The interface between 0.85 M and 0.32 M sucrose was collected and
diluted up to 10 times with ice-cold water and pelleted via low speed centrifugation
at 12,000 g for 30 min. The pellet was again resuspended in ice-cold water and re-
centrifuged as described above. This preparation gives so called ‘crude myelin’. For
pure myelin membrane preparation, the crude myelin was once again loaded onto
the density gradient followed by two washing steps with ice cold water as described
above. Finally, the supernatant was discarded and the pellet was resuspended in

PBS. Protein concentration was determined using either bradford or BCA assay.

Lipid extraction from isolated myelin

For determining lipid-to-protein ratios for the wild type (WT) and shiverer (Shiv)
myelin, protein concentration was determined in the crude myelin samples using
either Bradford or BCA assay. Equal protein amounts from WT and Shiv myelin
were subjected to lipid extraction protocol as described earlier (Folch et al., 1957).
Briefly, 1 mL of Methanol:Chloroform (1:2) was added to 12 ug of a sample (con-
taining 500 ng of lanosterol as internal standard to quantify cholesterol amount) and
the samples were gently rotated at 4°C for 30 min. Afterwards, 0.3 mL of H,O was
added to each sample followed by further incubation on ice for 15 min. Samples were
then centrifuged at 20,800 g, 4°C for 15 min in a tabletop centrifuge (Eppendorf
AG, Hamburg, Germany). The lower phase was collected, dried under the stream
of nitrogen, resuspended in chloroform (50 pL) and subjected to gas chromatogra-
phy. Cholesterol analysis was performed with an Agilent (Waldbronn, Germany)
6890 gas chromatograph filled with a capillary HP-5 column (30 m x 0.32 mm; 0.25

pum coating thickness; J&W Scientific, Agilent). Helium was used as a carrier gas
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(1 mL/min). The temperature was 200°C for 1 min, 200-325°C at 20 K/min and
325°C for 7.5 min.

Preparation of methyl esters of fatty acids (FAMEs) for analysis by gas chromatog-
raphy/flame ionization detection (GC/FID) was performed as described before (Ren
et al., 1993). For acidic hydrolysis, 1 mL of a methanolic solution containing 2.75%
(v/v) HaSOy4 (95-97%) and 2% (v/v) dimethoxypropane was added to 6 ug of each
of the myelin samples. For the quantification of the total lipid content, 1 ug of tri-
heptadecanoate standard was added and the sample was incubated for 1 hr at 80°C.
To extract the resulting FAMEs, 200 uL of saturated aqueous NaCl solution and 2
mL of hexane were added. The hexane phase was dried under streaming nitrogen
and redissolved with equal volumes of water and hexane. The hexane phase was
filtrated from cotton wool soaked in Nay;SO, and dried under streaming nitrogen.
Finally the samples were redissolved in 10 uL. acetonitrile for GC analysis that was
performed with an Agilent (Waldbronn, Germany) 6890 gas chromatograph fitted
with a capillary DB-23 column (30 m x 0.25 mm; 0.25 gm coating thickness; J&W
Scientific, Agilent). Helium was used as carrier gas at a flow rate of 1 mL/min. The
temperature gradient was 150°C for 1 min, 150-200°C at 8 K/min, 200-250°C at
25 K/min and 250°C for 6 min.

Cell based cross-linking assay

Cell based cross-linking protocol was adapted from the procedure described before
(Friedrichson and Kurzchalia, 1998). Briefly, primary oligodendrocytes were grown
on 6-well plates (~ 500,000 per well). At 5 DIV, cell medium was aspirated and the
wells were washed once with PBS followed by the addition of 0.1-1 mM of the cross-
linker disuccinimidyl glutarate (DSG, Thermo Scientific, GmbH, Germany). Cells
were incubated with the cross-linker for 30 min on ice. Cross-linking reaction was
quenched by the addition of 1M Tris-HCI, pH 7.5 at a final concentration of 20 mM
(10 min incubation). Thereafter, the wells were washed with PBS. Cells were sub-
sequently scraped and incubated for 10 min in 1x lysis buffer (supplemented with
protease inhibitors) and centrifuged at 20,817 g (10 min, 4°C). Following centrifuga-

tion, supernatants were collected; protein concentrations were measured (bradford
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assay) and samples were then processed for SDS-gel electrophoresis.

In vitro cross-linking assay

Chemical cross-linking was performed between MBP or R3-GFP (control) molecules
upon incubation with GUVs composed of PC:PS (2:1 mole%). Briefly, 340 ng of
each, 14 kDa MBP and R3-GFP were incubated with 20 L. GUV solution for 30 min
at RT. Next, various cross-linkers namely DFDNB (1,5-Difuoro-2,4-dinitrobenzene),
DSG (Disuccinimidyl glutarate), DMA (Dimethyl adipimidate.2HCI), DMP (Di
methyl pimelimidate.2HCI), DMS (Dimethyl suberimidate.2HCI) and DSS (Disuc-
cinimidyl suberate) with a spacer arm of 3.0, 7.7, 8.6, 9.2, 11.0 and 11.4 A respec-
tively were added at a final concentration of 120 uM. After 30 min of cross-linking,
the reaction was quenched by the addition of 1 M glycine at a final concentration of
50 mM (10 min incubation at RT) and the samples were processed for SDS-PAGE
and Western blotting.

2.2.4 Cell culture

Primary oligodendrocyte culture

Oligodendroglial primary cell cultures from post natal day zero (P0) mice were pre-
pared according to a modified protocol (Dubois-Dalcq et al., 1986; Trajkovic et al.,
2006). Briefly, PO mice were sacrificed and forebrains were removed. Following
meninges separation, brains (5 brains at a time) were incubated with 0.25% trypsin-
EDTA for 10 min at 37°C . After 10 min of incubation, trypsin was removed; brains
were briefly washed with HBSS followed by addition of 5 mL BME medium (sup-
plemented with 10% horse serum, 4 mM GlutaMAX™ and 50 units/mL each of
penicillin and streptomycin) and brain homogenization by passing through a 5 mL
pipette (5-10 times). 1.25 mL of medium was added per one 75 mm? tissue culture
flask (pre-coated with 100 pug/mL poly-L-Lysine, M,,>300000). The mixed cultures
were then grown at 37°C with 7.5% CO2 and 90% humidity for 7-10 days with in-
termitant medium changes. After 7-10 days, oligodendrocytes were shaken off from
the astrocytic layer, pelleted via centrifugation at 900 g (10 min) and resuspended in

the Super-Sato medium (DMEM with high glucose containing 1x B-27 supplement,
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2 mM GlutaMAX™ 1 mM sodium pyruvate, 1% HS, 50 units/mL each of penicillin
and streptomycin, 0.5 M triilodothyronine and 0.52 uM L-thyroxine). Cells were
plated onto 18 mm coverslips. Shiverer mouse line was maintained by breeding het-

erozygote carriers of the shiverer allele and genotyping their progeny as described
before (Gomez et al., 1990).

PtK2 cells

PtK2 cells (Eggeling et al., 2009) were kindly provided by C. Eggeling, Max Planck
Institute for Biophysical Chemistry, Gottingen, Germany. Cells were cultured in
Dulbecco’s modified eagle’s medium (DMEM with 4.5 g/L glucose) with the follow-
ing additions: 10% FCS, 4 mM GlutaMAX™ 1 mM pyruvate and 50 units/mlL
each of penicillin and streptomycin. Cells were grown till 90% confluency on culture
flasks at 37°C with 5% CO2 and 90% humidity. The cells were passaged 1:5 — 1:10
by detaching them from the surface of flask using 0.05% trypsin-EDTA (incubation
at 37°C for 5 min). Fresh medium supplemented with FCS was added to stop the
trypsin reaction. Cells were then split onto pre-sterilized 18 mm coverslips or onto

culture flasks.

Oli-neu cells

Oli-neu (Jung et al., 1995) were kindly provided by Prof. J. Trotter, University of
Mainz, Mainz, Germany. Cells were cultured in SATO medium (DMEM with 3.5
g/L glucose supplemented with 2 mM GlutaMAX™ 1 mM sodium pyruvate, 5%
HS, 50 units/mL each of penicillin and streptomycin, 1x insulin-selenium-A sup-
plement, 100 M putrescine dihydrochloride, 0.5 pM triiodothyronine and 0.52 pM
L-thyroxine and 0.2 uM progesterone). Cells were grown till 80% confluency on 10
cm petri dishes (pre-coated with 33 pg/mL PLL) at 37°C with 5% CO2 and 90%
humidity. Cells were passaged between 1:3 — 1:6 by detaching them from the surface
of the petri dish using 10 mL pipette. Cells were then split onto pre-sterilized 18

mm coverslips (PLL coated) or onto petri dishes.

Freezing and thawing of cell lines

For long-term storage of the cell lines, cells were grown to maximum confluency on
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10 cm petri dishes or 75 cm? cell culture flasks and were either washed off (Oli-neu)
or trypsinized (PtK2 cells) as described above. Cells were pelleted by centrifugation
at 900 g for 5 min and resuspended in 0.5 mL DMEM. The cell suspension was then
added to 0.5 mL 2x freezing medium (40% FCS, 20% DMSO in DMEM with 4.5
g/L glucose) and mixed gently. Finally, the contents were transferred into freezing
vials and the vials were placed in a freezing rack that was first kept at -80°C for 24
hrs (temperature drop rate of 1°C/min). Frozen cells were later transferred to the

liquid nitrogen tank for long term storage.

In order to thaw the cell lines, frozen vials were transferred from liquid nitrogen
to 37°C water bath. Thawed cell suspension was diluted in 9 mL fresh cell media.
Cells were then pelleted by centrifuging at 900 g for 5 min. The cell pellet was
resuspended in fresh media and plated onto 10 cm petri dishes or 75 cm? cell culture

flasks (coated with PLL in case of Oli-neu cells).

2.2.5 Transient Transfection

Primary Cells

Pre-treated coverslips were used to culture oligodendrocytes after shaking them off
the astrocytic layer. Coverslips were treated with HCI for 2 hrs, washed several times
with water, dried and finally sterilized by baking at 200°C for 6 hrs. 18 mm coverslips
were placed into 12-well plates and coated with poly-L-Lysine (100 pg/mL) for 1 hr
at 37°C, washed two times with PBS and further incubated with 1 mL of Super-Sato
medium. Cells were plated at a density ranging between 60,000-100,000 per 18 mm
coverslip. Cells were transfected between 3-5 DIV. Lipofectamine™ 2000 kit was
used for transient transfections. For one well in a 12-well plate, 1.6 ug of plasmid
DNA was added to 100 puL Opti-MEM and 3 pL of lipofectamine™ 2000 reagent
was mixed with another 100 pL. Opti-MEM. Both tubes were incubated for 5 min at
RT. The lipofectamine solution was then added to the solution of DNA, mixed gen-
tly and further incubated at RT for 24 min. Finally, Opti-MEM-lipofectamine-DNA

mixture was gently pipetted on top of cells. The cells were either fixed or imaged
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live, 16—24 hrs after transfection.

Cell lines

Prior to cell splitting, coverslips were sterilized by baking at 200°C for 6 hrs. Cells
were split onto 18 mm coverslips (for the Oli-neu cell line, coverslips were PLL
coated) and were transfected at 70% confluency. TransIT-LT1 (Mirus Biologicals)
transfection reagent was used for the transfection. Briefly, 1 ug of plasmid DNA was
added together with 3 uLi of TransIT-LT'1 to 100 uL Opti-MEM solution (Gibco, In-
vitrogen). The mixture was incubated at RT for 24 min followed by gentle pipetting
on top of the cells. 24 hrs after transfections, the cells were either fixed or imaged

live.

2.2.6 Immunocytochemistry

Primary cultures were prepared as described above. Cells were stained for endoge-
nous and/or exogenously expressed proteins. For immunostaining, cells were washed
once with PBS and fixed by the addition of 4% paraformaldehyde (Sigma-Aldrich)
for 15 min at RT. Cells were then washed 3 times with PBS, permeabilized with
0.1% TritonX-100 (in PBS) for 2 min and blocked with the blocking solution for 30
min. Blocking solution was then aspirated and cells were incubated with the primary
antibodies, diluted in 10% blocking solution (blocking solution diluted appropriately
in PBS) for 1 hr. Following primary antibody incubation, cells were washed with
PBS three times and incubated further with appropriate secondary antibodies, also
diluted in 10% blocking solution for 1 hr. Finally, the cells were washed with PBS

several times and the coverslips were mounted in mowiol.

2.2.7 Microscopy

Confocal Microscopy

Confocal microscopy images of fixed cell samples were acquired with either Carl
Zeiss LSM 510 microscope with a 63x oil -objective, or Leica TCS SP2 DMIRE2
microscope with a 63x oil plan-apochromat objective. For live imaging, cells were

washed with PBS, incubated in Kreb-ringer’s solution (Table 2.2) and images were
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acquired at 37°C with the Leica setup as described above. The temperature was

controlled with an air flow chamber and cells were imaged up to 50 min.

Fluorescence recovery after photobleaching (FRAP)

Primary oligodendrocytes or PtK2 cells were transfected for up to 24 hrs with the
plasmids of interest as explained above. Cells were imaged live at 37°C with a
confocal laser scanning microscope Leica TCS SP2 equipped with 63x NA 1.4 oil
-objective using 512 x 512 pixel resolution (1000 Hz scanning speed). The beam
expander 1 was used in order to achieve efficient bleaching. Photobleaching was
performed in five scans with the 488/ 514 or 561 nm laser at 100% power within a
5 pm X 5 pm rectangular region of interest, ROI (zoom-in mode). Pre- and post-
bleach fluorescence intensities (2 and 50 scans, respectively) were monitored with
a laser power of 6% for 488 nm, 8% for 514 nm and 25% for 561 nm laser. 8-bit
images were recorded every 0.657 sec. Processing and analysis of FRAP data was
performed as described before (Axelrod et al., 1976). The fluorescence intensities
for the post-bleach images were corrected for the background, as well as for bleach-
ing followed by normalization with the average fluorescence intensity of pre-bleach

images. Following equation was used for fitting the recovery curves:
Y =Yo+a(l—e™") (2.1)

Mobile fraction (also called as recovery%) was then calculated from the obtained fit

using the following equation:

Mobile fraction = (Yo + a) x 100 (2.2)

Fluorescence decay after photoactivation (FDAP)

Primary oligodendrocytes or PtK2 cells were transfected with Dendra2 fusion pro-
teins for 24 hrs. Cells were imaged live at 37°C with a confocal laser scanning
microscope Leica TCS SP2 equipped with 63x NA 1.4 oil-objective using 512 x
512 pixel resolution (1000 Hz scanning speed). A 5 um x 5 pum ROI was excited
with 80% 405 nm laser for 3-5 cycles in order to photoconvert Dendra2 from green

to red. The decay of fluorescence intensities in the ROI was measured with time
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using 15% 561 nm laser for 500 sec with image acquisition every 10 sec. Processing
and analysis of FDAP data was performed as described before (Serrels et al., 2009).
Intensities in ROI were corrected for the background and normalized, with the first
post-bleach intensity set to 1. Same equation, as for the FRAP curves was used
to fit the decay of the signal. Mobile fraction (decay%) was calculated using the
following equation:

a

Mobile fraction = [1 — ( )] * 100 (2.3)

a+ yo

Fluorescence resonance energy transfer (FRET)

PtK2 cells were cotransfected with GFP and mCherry fusion proteins for 24 hrs as
previously described (Fogel et al., 2011). Cells were then fixed with 4% PFA followed
by mounting in mowiol. For the experiment, FRET unit available at the Leica SP2
confocal setup equipped with 63x NA 1.4 oil-objective was used. Briefly, images
were first acquired in both green (488 nm laser) and red (561 nm laser) channels
prior to acceptor (red) photobleaching and were labelled as pre-bleached images.
This was followed by bleaching of a 10 pum x 10 pm region of interest (ROI) in
the acceptor channel (4-8 bleaching cycles using 80% 561 nm laser power). Follow-
ing acceptor bleaching, images were acquired in both channels and were labelled as
post-bleach images. To calculate the FRET efficiency, increase in the fluorescence
intensity in the green (donor) channel upon bleaching in the red (acceptor) channel
was measured in the region of interest (Nawaz et al., 2009) and quantified using the

formula:

Facceptor (postbleach) — F ycceptor (prebleach)

FRET(%) = (2.4)

Facceptor (postbleach)

Electron microscopy

Optic nerves were fixed overnight with 4% paraformaldehyde and 0.2% glutaralde-
hyde. Samples were then proceeded as described before (Werner et al., 2007).
Briefly, dissected optic nerves were infiltrated in 2.3 M sucrose in 0.1 M phosphate

buffer overnight, mounted onto aluminum pins for ultramicrotomy and frozen in



2.2 Methods 39

liquid nitrogen. Ultrathin cryosections (Leica EM FCG6) were picked up in a 1:1 mix-
ture of 2% methylcellulose and 2.3 M sucrose. Samples were immunolabelled with
anti-GFP (1:100; Invitrogen, Darmstadt, Germany), anti-PLP (A431, 1:100) and
anti-CNPase (1:250; Sigma-Aldrich, Munich) antibodies followed by gold-labelled
secondary antibody staining (size of gold beads-10 nm, dilution-1:80, AURION,
Wageningen, Netherlands). The sections were imaged with a Leo 912AB electron
microscope equipped with a CCD camera 2048 x 2048 (Proscan, Scheuring, Ger-

many).

Atomic force microscopy (AFM)

AFM indentation experiments were carried out with a MFP-3D (Asylum Research,
Santa Barbara, CA, USA) as described before (Mueller et al., 1999). The spring
constants of the silicon nitride cantilevers (OMCL-TR400PSA-3, Olympus, Japan)
were individually calibrated by fitting the power spectrum to a simple harmonic
oscillator using the Asylum research built in software routines. Proteins were re-
suspended in AFM buffer (150 mM NaCl, 5 mM KHyPOy, pH 7.4 titrated with
KOH) to a concentration of 0.25 mg/mL. 40 uL. of solution was pipetted onto the
Mica surface. AFM cantilever was then lowered on to the drop, and the system was
incubated for 10 min to allow the proteins to bind. Afterwards, sample was rinsed 3
times with AFM buffer. Force vs. separation curves were recorded in liquid at RT

with a constant speed of 1 pm/s.

2.2.8 Biomimetic SLB-MBP-GUYV assay

The following mole% of lipid mixtures, mimicking inner leaflet myelin composition
(Inouye and Kirschner, 1988), was used at a final concentration of 1 mg/mL, choles-
terol: PE:PIP2:PC:PS: SM (44%:27%:2%:11.5% :12.5%:3%). Lipids were dried in a
speed-vac and then hydrated in 50 mM HEPES containing 100 mM NaCl at 60°C for
1 hr followed by sonication until a clear solution of small unilamellar vesicle (SUVs)
was obtained. 2% Hellmanex III detergent (Hellma analysis, Miillheim, Germany)
was used for the cleaning of coverslips, followed by hydration via multiple washing

steps in MilliQ water. SUVs were then spread onto the cleaned and hydrated 18
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mm glass coverslips. After washing the unbound lipids with 50 mM HEPES, SLBs
were incubated with either R3-GFP or MBP (7 uM) for 40 min followed by wash-
ing and addition of giant unilamellar vesicles (GUVs) composed of PC:PS in 2:1
molar ratio. For the preparation of GUVs, electroformation method was used. It
yields unilamellar vesicles with diameter ranging from 5 to 100 pm (Kahya et al.,
2005). The perfusion chamber used for vesicle preparation was equipped with two
microscope slides, each coated with indium-tin oxide (ITO), which is electrically
conductive and exhibits high light transmission in the visible range. GUVs were
grown in the perfusion chamber at high temperature (60°C) in presence of water,
as a result of lipid swelling under an alternating current field (Kahya et al., 2005;

Garcia-Sdez et al., 2010).

2.2.9 MBP aggregation assay

Large unilamellar vesicles were prepared via extrusion protocol using mini-extruder
(Avanti-Polar Lipids) according to the guidelines of the manufacturer. Briefly, lipids
resembling inner leaflet composition: cholesterol:PE:PTP2:PC:PS:SM (44%:27%:2%:
11.5% :12.5%:3%) were mixed together at a final concentration of 1 mg. The lipids
were dried in speed-vac followed by addition of 1 mL. HEPES buffer and brief soni-
cation (5 min, 30% power and 60°C) in a bath sonicator to obtain a milky hydrated
lipid solution. This solution was then subjected to 5 freeze-thaw cycles (freezing
in liquid nitrogen and quick thawing at 60°C), followed by passing through mini-
extruder (20 times) using polycarbonate membranes with 100 nm pore size. The
translucent solution thus obtained consisted of mostly 100 nm sized LUVs. Next,
50 uM of either wild type or mutant MBP (each dissolved in 5 uL. of HEPES buffer)
were mixed with 95 puL of LUV solution and the mixture was further incubated at
RT for 30 min. The solutions were then subjected to ultracentrifugation at 100,000
g (Beckman TLA120.1). The pellet was resuspended in same volume as supernatant

and the fractions were subjected to SDS-PAGE followed by Western blotting.
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2.2.10 Image Analysis

Table 2.6 provides a list of specific softwares used throughout the study for the
purpose of primer designing, image processing, data quantification, plotting of data

and statistical analysis. The software/applications marked with T are freely available

online.
Table 2.6: List of softwares used in the study
Software Application Source/Manufacturer
ApEf DNA editing by Wayne Davis, University of Utah
ImageJt Image analysis http://rsbweb.nih.gov/ij/
MBF ImageJi Image analysis http://wwwmacbiophotonics.ca/imagej/

SigmaPlot 11 Statistical analysis Systat Software GmbH, Erkrath, Germany

Correlation analysis

To quantify the co-localization of exogenously expressed or endogenous proteins with
MBP positive myelin membrane sheets, 8-bit confocal images with a pixel resolution
of 1024 x 1024 were acquired in the green (expressed protein) and the red (MBP)
channel. The signals in both channels were corrected for background followed by cal-
culation of Pearson’s correlation coefficient (McBiophotonics ImageJ, see Table 2.6)

in the region of interest using the following equation:

)gy’ ) (2.5)

Z%Z”

Quantification of relative cell area

In order to quantify the relative cell area (also termed % cell area) occupied by the
protein of interest, confocal images were acquired (Carl Zeiss LSM 510 microscope
with a 63x oil -objective, or with Leica DMIRE2 microscope with a 63x oil plan-
apochromat objective). Appropriate thresholds above the background were applied
to all the images using the plugin: apply threshold from background in McBio-

photonics ImageJ. Next, the percentage of area occupied by the signal above the
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threshold value was calculated in the region of interest (in this case one cell) using

the measure tool.

Profile plots
In order to the see the overlap of signal intensities between the images in two chan-
nels, for example green and red, mean intensities were measured after background

correction along a horizontal line (100 pm in size) using measure tool in ImageJ, see
Table 2.6.

2.2.10.1 Statistical Analysis

SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA, USA) was used for
all the statistical analysis. Unpaired t-test was used for comparing two groups in
case of normal distribution, while for the samples not distributed normally Mann-
Whitney Rank Sum Test was used. More than two groups were compared using
one-way analysis of variance (ANOVA) in case of normal distribution. However, if
the distribution was not normal, we used the nonparametric Kruskal-Wallis ANOVA

on Ranks.
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else has seen and to think what

nobody else has thought.”

Albert Szent-Gyorgyi

3. Results

3.1 MBP generates lipid-rich myelin membrane

sheets

3.1.1 Cellular model of cultured oligodendrocytes

To investigate the mechanisms involved in the generation of lipid-rich myelin mem-
brane, we used cultured primary oligodendrocytes as the model system. OPCs were
prepared from the brains of new born PO mice. Cells were then shaken off from
the astrocytic layer and plated in the differentiation medium. As these cultures
differentiate and mature, they establish two major polarized domains: large, flat,
two-dimensional compacted myelin membrane sheets and tubular, vein-like non-
compacted myelin processes (Figure 3.1). The sheets resemble in vivo compact
myelin (see unrolled myelin model Figure 3.1) in composition and are positive for
MBP and PLP. The components of non-compact myelin like MAG and CNPase are

restricted to the cellular processes.

After identifying the two major polarized domains in this cell culture model, we
could address the question of how these domains are generated. One way to achieve
polarized distribution of proteins is via differential sorting of cargo into distinct
carrier vesicles. However, we found that exogenously expressed soluble proteins
like GFP-Ub (Figure 3.2 A), GFP (Figure 3.2 B), thioredoxin (Figure 3.2 C)
and ubiquitin (Figure 3.2 D) (Stoke’s radii 3 nm, 2.5 nm, 2.0 nm and 1.9 nm
respectively) were restricted to the processes. In addition, previous results from the

lab had shown that the vesicular trafficking machinery is restricted to the processes

43
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Figure 3.1: Model system of cultured oligodendrocytes to study myelin membrane biogenesis.
These cultures intrinsically polarize their membrane into two major domains, the compact myelin
(green in the left panel and MBP positive in the right panel) and the non-compact myelin (red in
the left panel and MAG positive in the right panel).

of an oligodendrocyte (Dr. L. Yurlova), thereby excluding the polarized trafficking

mechanism as a key for the generation of myelin membrane sheets.

Figure 3.2: Localization of cytosolic proteins with decreasing Stoke’s radii in oligodendrocytes.
4 DIV primary oligodendrocytes were transfected with (A) GFP-Ubiquitin (GFP-Ub), (B) GFP, (C)
Myc-thioredoxin (Myc-trx) and (D) HA-Ubiquitin (HA-Ub) for 16 hrs followed by immunostaining.
Myc-thioredoxin and HA-Ubiquitin were visualized by staining with myc and HA antibodies, re-
spectively. Cells were co-stained for MBP to visualize the myelin membrane sheets. Scale
bars represent 10 um. All these cytosolic proteins are restricted from diffusing into MBP posi-
tive myelin-membrane sheets.
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3.1.2 MBP regulates surface polarity in oligodendrocytes

Next, we had a closer look at the secondary structure of transmembrane proteins
within compact and non-compact myelin. PLP is a known compact myelin protein.
It has 8 and 17 residues on the intracellular N- and C-terminus respectively. On
the other hand, typical non-compact myelin proteins like MAG, Tmem10 (Opalin)
and neurofascin-155 have 46, 90 and 110 residues respectively on the cytoplasmic
sides. We tested an interesting hypothesis that proteins gain access into the myelin
membrane sheets based on the size of their cytosolic domain. First, we designed
a reporter construct where GFP was fused to the C-terminus of PLP (PLP-GFP).
Next, we expressed this construct transiently in 4 DIV primary oligodendrocyte
cultures for 16 hrs. Cells were then stained for the sheet/compact myelin marker
MBP and scanned using a confocal setup (Leica SP2). Interestingly, PLP-GFP was
excluded from the MBP positive sheets. It was mainly concentrated to the pro-
cesses and the periphery of cells (Figure 3.3 A upper panel). Since PLP usually
localizes to the compact myelin sheets, the above observation could be explained
by the existence of a barrier that prevents entry of GFP-fusion proteins. Next, we
studied the possibility whether a diffusion barrier exists within myelin membrane
sheets. We explored the role of MBP, a peripheral myelin membrane protein, in
this process. As explained in the introduction, MBP is one of the most abundant
protein in myelin and its absence leads to severe myelination defects (Roach et al.,
1983). Being an extremely basic protein, MBP interacts with the negatively charged
lipids present in the inner leaflets of two opposing membranes, thereby bringing the
two membranes in close apposition (Harauz et al., 2009). To investigate the role of
MBP in the establishment of polarity, we transfected 4 DIV shiverer cells with the
PLP-GFP construct for 16 hrs followed by immunostaining for MBP. We confirmed
the absence of MBP with its negative staining in shiverer cultures (Figure 3.3 A
lower panel). In contrast to the wild type cells, PLP-GFP was uniformly distributed
in the membrane sheets of shiverer oligodendrocytes (Figure 3.3 A lower panel, see

Figure 3.3 B for quantification).
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Figure 3.3: MBP establishes polarity in oligodendrocytes. (A) Localization of PLP-GFP (PLP
tagged with GFP on the cytosolic side) in wild type (Control) or MBP deficient shiverer (Shiv)
oligodendrocytes. 4 DIV cultures were transfected with PLP-GFP for 16 hrs followed by staining
for MBP (Note the negative MBP staining for the Shiv cultures). Scale bars represent 10 um. (B)
Quantification of % cell area occupied by PLP-GFP in wild type (WT) and shiverer (Shiv) cells.
Bars show mean + SD (n = 20, *** p < 0.001, t-test). In comparison to WT cells, PLP-GFP is
more uniformly distributed within the Shiv oligodendrocytes.

Further, we tested a number of different transmembrane proteins with GFP in their
cytosolic domains (CD9-GFP, CD81-GFP, Tsp2-GFP, MOG-GFP). Each of these
proteins localized to the processes in the wild type primary oligodendrocytes. How-
ever, all these proteins were uniformly distributed throughout the membrane sheets
in shiverer oligodendrocytes (See the quantification of % cell area in Figure 3.4 C).
Also, endogenous proteins such as CNPase, MAG and septin 7 were present in the

processes of wild type, but not shiverer cells (Figure 3.4 A, C).

The experiments above show the loss of cell surface polarity in cultures derived from
MBP deficient shiverer mice. However, is MBP directly involved in polarity estab-
lishment? One possibility could be that another molecule forms the size barrier and
the expression/localization of this molecule changes in the absence of MBP. To rule

out the polarity loss as a secondary effect, we re-expressed MBP into the shiverer
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Figure 3.4: Localization of endogenous and exogenous proteins with bulky cytoplasmic domains
in WT (Control) and shiverer (Shiv) cells. (A) Immunostaining of 5 DIV Control and Shiv cultures
for CNPase. Negative MBP staining in the Shiv cells confirms its absence. Scale bars represent
10 pm. (B) Expression of Tetraspanin2-GFP (Tsp2-GFP) for 16 hrs into the control and Shiv cells
followed by staining for MBP. Scale bars represent 10 um. (C) Quantification of relative cell area
occupied by endogenously expressed proteins: CNPase, MAG and Septin 7; and exogenously
expressed proteins: MOG-GFP, CD9-GFP, CD81-GFP and Tsp2-GFP in wild type (WT) or shiv-
erer (Shiv) cells. Note that GFP is on the cytosolic side for each of the exogenously expressed
proteins. Bars show mean + SD (n = 20, *p < 0.05, **p < 0.001, t-test). CNPase and MAG
stainings were performed by Dr. L. Yurlova.

cells. MBP 14 kDa with a C-terminal HA tag (MBP14-HA) was cloned into AAV2
viral expression vector. Shiverer cells were infected with the viral particles, 2—4 hrs
after plating onto the coverslips. Cells were fixed at 6 DIV and CNPase distribution
was investigated via immunostaining. Cells were also co-stained for the HA tag to
visualize the expressed protein. Indeed, CNPase reallocated to the cellular processes
upon expression of MBP14-HA (Figure 3.5). This experiment demonstrates that

re-expression of MBP in shiverer cells is able to rescue cell surface polarity.
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Figure 3.5: Restoration of polarity in shiverer oligodendrocytes. Shiverer cultures were infected
with AAV2 viral particles expressing 14 kDa isoform of MBP fused to an HA tag at the C-terminus
(MBP 14-HA). Cells were immunostained for CNPase at 6 DIV. Expressed MBP was visualized by
staining for the HA tag. Scale bar represents 10 um. Expression of MBP redistributes CNPase to
the processes, demonstrating the direct involvement of MBP in polarity establishment. Note that
the virus was produced in collaboration with S. Kiigler at the Department of Neurology, University
Medicine, Géttingen.

So far, the data have shown that MBP regulates the distribution of membrane pro-
teins. To analyze whether MBP also affects the distribution of cytosolic proteins,
soluble GFP was expressed into wild type (WT) and shiverer (Shiv) oligodendro-
cytes. In both, WT as well as Shiv cells, GFP was excluded from the membrane
sheets (Figure 3.6 A, see Figure 3.6 B for quantification). As an important control,
we also expressed membrane anchored YFP, mem-YFP (anchored to the membrane
via its N-terminal double palmitoylation signal sequence), which was targeted to
the membrane sheets in Shiv, but not WT cells (Figure 3.6 C, see Figure 3.6 D
for quantification). These experiments show that MBP-independent mechanisms

regulate polarization of the cytosol in oligodendrocytes.

In another set of experiments, we fused GFP either to the extracellular (Figure 3.7
A upper panel) or to the cytoplasmic domain (Figure 3.7 A lower panel) of MOG,
a protein that endogenously localizes to the membrane sheets in oligodendrocytes.
MOG tagged with GFP on the extracellular domain co-localized with MBP in the
myelin membrane sheets. On the other hand, MOG tagged with GFP on the cy-

tosolic domain was restricted to the processes (see Figure 3.7 B for quantification).
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Figure 3.6: MBP regulates surface polarity in oligodendrocytes. (A) Oligodendrocytes were
prepared from shiverer mice and the cells were immunostained for galactosylceramide (O1) to vi-
sualize the membrane sheets and for MBP to show its absence in shiverer cells. In MBP deficient
oligodendrocytes, soluble GFP does not diffuse into the membrane sheets. Scale bars represent
10 um. (B) Quantification of the relative cell area occupied by GFP in wild type (WT) and shiverer
(Shiv) cells. Bars show mean + SD (n = 20, *** p < 0.001, t-test). (C) In MBP-deficient oligoden-
drocytes, membrane-anchored YFP (mem-YFP) is redistributed into the membrane sheets. Scale
bars represent 10 um. (D) Quantification of the relative cell area occupied by mem-YFP in wild
type (WT) and shiverer (Shiv) cells. Bars show mean + SD (n = 20, *** p < 0.001, t-test). Note
that the experiments with soluble GFP were performed by Dr. L.Yurlova.
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Figure 3.7: Fusion of GFP to the cytosolic, but not extracellular side restricts MOG to the pro-
cesses. (A) Typical images of oligodendrocytes expressing GFP-MOG (extracellular GFP, upper
panel) or MOG-GFP (cytosolic GFP, lower panel) and immunostained for MBP. Scale bars repre-
sent 10 um. (B) Quantification of colocalization of expressed protein with MBP using Pearson’s
correlation coefficient shows that in comparison GFP-MOG, MOG-GFP is restricted from entering
into the MBP positive myelin membrane sheets. Bars show mean + SD (n = 20, *** p < 0.001,
t-test).

3.1.3 Cytoplasmic size-based diffusion of proteins into the

myelin membrane sheets

Thus, our data so far indicates that compact myelin proteins can be restricted from
entering into the myelin membrane sheets by the exogenous addition of bulky cy-
tosolic tags. The question now was whether non-compact myelin proteins would
be able to gain access into the sheets upon truncation of their cytoplasmic parts.
Therefore, in the next step, we designed variants of known non-compact myelin
proteins with truncated cytoplasmic domains. We chose three known non-compact
myelin proteins:MAG, Tmem10 and neurofascin-155, which have 46, 90 and 100
amino acid residues, respectively in the cytosolic domain (Tait et al., 2000; Charles

et al., 2002; Golan et al., 2008; Yoshikawa et al., 2008; Kippert et al., 2008). The
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truncated variants of each of these proteins were expressed in 4 DIV primary oligo-
dendrocytes and then localization into myelin membrane sheets was determined by
co-staining for MBP (Figure 3.8 A, B and C right panels). As controls, full-length
proteins were also expressed exogenously into the primary oligodendrocytes (Figure
3.8 A, B and C left panels). While the full-length proteins were detected mainly
in the processes, the truncated variants for each of these proteins were uniformly
distributed throughout the myelin membrane sheets (For quantification see Figure
3.9 B, C and D).

Figure 3.8: Non-compact myelin proteins lacking cytoplasmic domains redistribute into the
myelin membrane sheets. Typical images of exogenously expressed (A) full length MAG (S-MAG)
and truncated MAG (S-MAG Nter), (B) full length Tmem10 (Tmem10) and trucated Tmem10
(Tmem10 Nter) and (C) full length neurofascin-155 (Nfas155) and truncated neurofascin-155
(Nfas155 Nter). Expressed constructs were visualized by staining for the surface myc tags. Cells
were co-stained for MBP in order to visualize the myelin membrane sheets. Scale bars represent
10 pm. Full length, but not truncated variants (containing only N-terminal domains) are restricted
from entering into the MBP positive myelin membrane sheets.

To define the exact size limit for the cytosolic domain, we designed serial truncation

mutants of MAG, Tmem10 and neurofascin-155 (See the schematic, Figure 3.9 A).
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For each of these constructs, we found the cytosolic size limit to be less than 30 amino
acids (aa) to enter into the compact myelin sheets. While constructs with either 10
or 20 aa on the cytosolic side colocalized with MBP in the myelin membrane sheets,
the variants with 30 aa or more were restricted to the processes (See quantification,
Figure 3.9 B, C and D). Localization of 30 aa long cytosolic domain containing
MAG, Tmem10 and neurofascin-155 to the processes points towards size based sort-
ing mechanism. However, could it be that there are retention signals within these 30
aa, which would restrict the localization to the processes/non-compact myelin do-
mains? In order to test this possibility, we further designed probes where we added
inert tags to the cytoplasmic domain of Tmem10 and checked for the localization
into compact vs. non-compact myelin domains in primary oligodendrocyte cultures.
As mentioned above, Tmem10 with 20 aa on the cytosolic domain is targeted to
the MBP positive myelin membrane sheets. However, when we increased the size of
this Tmem10 variant to 30 aa via the addition of an HA tag together with glycine
linkers, the construct was restricted to the processes (Figure 3.9 E). This experi-
ment demonstrates that sorting into the compact and non-compact myelin domains
is independent of the amino acid sequence of the cytosolic domain.

Since MBP is a highly positively charged protein, one possibility for protein sorting
into the myelin membrane sheets could be via electrostatic attraction or repulsion.
To test this possibility, we designed variants of S-MAG and Tmem10 where the
cytosolic domains were replaced with a stretch of either positive charged residues or
negative charged residues. Next, we expressed these constructs in primary oligoden-
drocytes for 16 hrs followed by staining for MBP (Figure 3.10 A). Interestingly, all
these proteins localized to the myelin membrane sheets regardless of the nature of

the charge present on the cytosolic side (See Figure 3.10 B for quantification).

3.1.4 Diffusion barrier characterization with FRAP

The results so far have shown that MBP regulates polarity at the cell surface in
oligodendrocytes leading to the formation of two major domains, compact and non-
compact myelin. The presence of a diffusion barrier can also be identified by the

lack of component exchange between the two sides of the boundary (Luedeke et al.,
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Figure 3.9: Cytoplasmic size limit for entering into the myelin membrane sheets is less than 30
aa. (A) Schematic representation of the serial truncation mutants of non-compact myelin proteins.
Quantification of colocalization with MBP in case of the serial truncation mutants of (B) MAG, (C)
Tmem10 and (D) Neurofascin-155. Bars show mean + SD (n = 20, *p < 0.05, Kruskal-Wallis
ANOVA on ranks). (E) Addition of inert HA tag to the cytosolic domain of Tmem10 N terC20
resulted in decreased colocalization with MBP. As a positive control HA tag was added to the
cytosolic end of Tmem10 N ter. Bars show mean + SD (n = 20, ***p < 0.001, t-test).
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Figure 3.10: Charge of the cytosolic domain does not influence diffusion into the myelin mem-
brane sheets. Cytosolic domains of MAG and Tmem10 were truncated and replaced by four
glycine residues followed by either 6 positive or 6 negative charged residues. (A) Typical images
of the charged variants of MAG that were visualized by staining for the extracellular myc tags.
Myelin membrane sheets were visualized by co-immunostaining for MBP. Scale bars represent 10
pm. (B) Quantification showing colocalization of the indicated proteins with MBP. Bars show mean
+ SD (n =40, p > 0.05, ANOVA, n.s. indicates no significant difference). Charge did not influence
the distribution of MAG or Tmem10 into the myelin-membrane sheets. Note that all charged forms
of MAG and Tmem10 have only 10 amino acids within the cytosolic domain.

2005). Since MBP itself is a part of the developing compacted myelin sheets, we
chose areas within the sheets where non-compact myelin components like MAG was
still around. 4 DIV primary oligodendrocytes were surface stained with primary
antibodies against MAG followed by Fab fragments of secondary antibodies. Next,
we bleached these areas within the sheets and measured signal recovery with time
(Figure 3.11 A upper panel). MAG was virtually immobile within the sheets as
shown by the recovery curve (Figure 3.11 B). Further, we measured the mobility
of MAG molecules in shiverer cells (Figure 3.11 A lower panel). As expected, the
mobility was drastically increased in comparison to the wild type cells (see Figure

3.11 B for the recovery curves). In a complementary approach, we looked at the
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mobility of truncated Tmem10 lacking the cytosolic domain. First, the construct
was transfected into 4 DIV primary oligodendrocytes for 16 hrs. Transfected cells
were identified by staining for the surface myc tags (first with primary antibodies
against myc tag followed by labeling with Fab fragments of secondary antibodies).
As a control, we also transfected full length Tmem10 (90 aa in the cytoplasmic
domain) into the cells. Again, mobility of truncated Tmeml10 was dramatically

higher within the sheets in comparison to the full length construct (Figure 3.11 C).

3.1.5 MBP regulates lipid /protein ratios in myelin

The filtering mechanism elucidated above could probably explain why compact
myelin is lipid-rich and contains only a restricted set of proteins. To analyze whether
MBP indeed regulates the ratio of proteins to lipids in myelin membrane, we sub-
jected brains from wild type (WT) and shiverer (Shiv) mice to a myelin purification
protocol (Larocca and Norton, 2007). Next, we measured the protein and lipid con-
tent (cholesterol and fatty acids) of these fractions. Shiverer myelin had a much
higher ratios of protein-to-cholesterol (Figure 3.12 A) and protein-to-fatty acids
(Figure 3.12 B) in comparison to the WT myelin.

Because purified myelin membrane fractions from shiverer mice might be contam-
inated with membranes from other sources, we analyzed the protein abundance in
the membrane sheets of shiverer (Shiv) and wild type (WT) oligodendrocytes in cul-
ture. The cell surface of oligodendrocytes was stained with fluorophore-conjugated
concanavalin A (ConA) or wheat germ agglutinin (WGA) to label the terminal
a-D-mannosyl, a-D-glucosyl residues, sialic acid, or N-acetyl-glucosamine carbohy-
drate groups that are present on many glycoproteins (Figure 3.13 A and C upper
panels). Membrane sheets from shiverer oligodendrocytes were labeled more exten-
sively by the fluorophore-conjugated ConA and WGA in comparison to the sheets
from the wild type cells (Figure 3.13 A and C lower panels, see Figure 3.13 B
and D for quantification). Furthermore, in another set of experiments, surface cys-
teine residues were reduced with tris(2-carboxyethyl)phosphine (TCEP) and then

fluorescent maleimide was used to probe for the cysteine residues. These exper-
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Figure 3.11: FRAP experiments with compact and non-compact myelin proteins. (A) 4 DIV wild-
type (Control) or shiverer (Shiv) cells were surface labeled against MAG using anti-MAG primary
antibodies (15 min, 4°C) followed by Rhodamine conjugated Fab fragments of the secondary
antibodies (15 min, 4°C). Cells were then imaged live at 37°C for up to 45 min. Typical pre-
bleach and post-bleach images (at time points 0 sec and 57 sec) are shown for the Control (upper
panel) and Shiv cells. Region of interests are marked with arrow heads. Scale bars represent 10
um. (B) FRAP was measured by bleaching a squared ROI (5 um x 5 ym) within the membrane
sheets (Control or Shiv) and fluorescence recovery was measured with time. Recovery curves are
presented as graphs (n = 20 cells). (C) 4 DIV oligodendrocytes were transfected with full length
Tmem10 and truncated Tmem10 lacking the cytosolic domain (Tmem10 Nter) for 16 hrs. Cells
were surface stained for the extracellular myc tags, first with monoclonal primary antibodies (15
min, 4°C) and then with Rhodamine coupled Fab fragments of anti-mouse secondary antibodies
(15 min, 4°C). The recovery curves are presented as graphs (n = 20 cells).

iments revealed that membrane sheets from shiverer oligodendrocytes contain a
much higher intensity of fluorescent label than the wild-type membranes, showing

that the protein concentration was elevated in the shiverer sheets (Figure 3.13 E,
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Figure 3.12: Lipid-to-protein ratios are altered in the shiverer myelin. Protein and lipid amounts
were estimated in myelin purified from 4—7 week old wild type (WT) and shiverer (Shiv) mice.
(A) Quantification of Protein/Cholesterol and (B) Protein/Fatty acid ratios in WT and Shiv myelin
reveals that in the absence of MBP, protein-to-lipid ratios increase significantly. Bars show mean
+ SD (n = 6 animals, **p < 0.05, t-test). Note that lipid amounts in the myelin samples were
estimated in collaboration with C. Goebel at the Department of Plant Biochemistry, University of
Goéttingen.

for quantification see Figure 3.13 F). Together, the results so far indicate that a

simple physical mechanism regulates protein-to-lipid ratios in myelin.

3.1.6 In wvivo validation of size barrier hypothesis

Using the model system of cultured oligodendrocytes, we have shown that oligoden-
drocytes employ MBP as a physical filter, which restricts the diffusion of proteins
with bulky cytoplasmic domains into the myelin membrane sheets. We next aimed
to test the relevance of size barrier mechanism in vivo. We chose a transgenic mice
line expressing membrane anchored GFP. In these animals, GFP is anchored to the
membrane via double palmitoylation 13 aa sequence, derived from the N-terminal
region of PLP (Spassky et al., 2001). This mice line will be referred to as 13aaPLP-
GFP from here onwards. Optic nerves from 13aaPLP-GFP mice were dissected and
processed for cryo-electron microscopy (cryo-EM). It has been shown in previous
studies that 13aaPLP-GFP in these mice is incorporated into the myelin membrane
(Wight et al., 1993). However, precise localization of this protein within myelin do-
mains was not investigated before. We immunolabeled cross-sections of optic nerves

with GFP antibodies followed by gold-conjugated secondary antibody labeling. In-
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Figure 3.13: Cell surface abundance of proteins in WT vs. Shiv membrane sheets. Cell surface
glycoproteins in oligodendrocytes were visualized by staining with fluorophore-conjugated lectins,
(A) ConA and (C) WGA. CNPase was used as a marker for oligodendrocytes (negative MBP
staining in Shiv cells is shown for confirmation). Scale bars represent 10 ym. Quantification of
relative cell area occupied by (B) ConA and (D) WGA in WT and Shiv cells shows more uniform
distribution of both lectins in the absence of MBP. Bars show mean + SD (n = 20, ***p < 0.001,
t-test). (E) Cell surface disulfide bonds were reduced with TCEP and then fluorescent maleimide
(coupled to Alexa-488) was used to label the cysteine residues of surface proteins through their
free SH groups. CNPase was used as a marker for oligodendrocytes (negative MBP staining
in shiverer cells is shown for confirmation). Scale bars represent 10 um. (F) Quantification
showing mean pixel intensity in arbitrary units (AU) of Alexa-488-conjugated maleimide in regions
of interest in the membrane sheets of WT and Shiv cells. Fluorescence intensity is significantly
higher in the membrane sheets of Shiv cells indicating an increment in surface proteins. Bars
show mean + SD (n = 40, ***p < 0.001, Mann-Whitney Rank Sum test).
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terestingly, GFP signal was specifically enriched in the periaxonal region of myelin
and was almost completely excluded from the compact myelin (Figure 3.14 A left
panel). To confirm the specificity of the GFP antibody, we also immunolabeled the
optic nerves from the wild type mice. Indeed, background was found to be negligi-
ble when compared to the signal observed in 13aaPLP-GFP transgenic mice (data
not shown). As an important positive control, we also looked at the distribution
of endogenous PLP in these transgenic mice (Figure 3.14 A right panel). As ex-
pected, PLP signal was specifically enriched in the compact myelin areas (80% of
the total labeling, see Figure 3.14 B for quantification). This experiment nicely

illutrates the exclusion of a bulky protein from the compacted myelin sheaths in vivo.

Figure 3.14: In vivo localization of membrane-anchored GFP in myelin. Immunoelectron micro-
scopic analysis of optic nerves from 6-month old transgenic mice expressing 13aaPLP-GFP. (A)
GFP antibodies were used to visualize 13aaPLP-GFP. Scale bar represents 200 nm. (B) Anti-PLP
antibodies were used to detect endogenous PLP. Scale bar represents 200 nm. (C) Quantifica-
tion for the % of total labeling revealed enrichment of 13aaPLP-GFP in the inner tongue of myelin.
Bars show mean + SD (n = 3 animals). In a sharp contrast, endogenous PLP is mainly concen-
trated in the compact myelin areas. Note that these experiments were performed in collaboration
with N. Snaidero at Max Planck Institute of Experimental Medicine, Gottingen.

Next, we compared the in vivo distribution of the non-compact myelin protein,
CNPase between wild type (WT) and shiverer mice. Optic nerves from 3-week old
animals were dissected and processed for cryo-EM. Samples were immunolabeled for

CNPase. While the localization of CNPase was mainly restricted to the innermost
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Figure 3.15: Comparison of CNPase distribution within myelin between WT and Shiv
mice. Immunoelectron microscopy of optic nerves dissected from 21-day old (A) wild-
type (WT) and (B) shiverer (Shiverer) mice. Staining with antibodies reveals that CNPase
is mainly found in the inner most tongue of the myelin sheath in wild-type mice, but not
shiverer mice. Representative pictures of 30 analyzed images are shown. Scale bars
represent 200 nm. Note that these experiments were performed in collaboration with N.
Snaidero at Max Planck Institute of Experimental Medicine, Géttingen.

tongue of myelin in the wild type animals (Figure 3.15 A), the distribution was
rather uniform, throughout the myelin sheaths in the shiverer mice (Figure 3.15
B). These experiments clearly demonstrate the in vivo relevance of the size barrier

mechanism.

3.1.7 Estimation of MBP amounts in primary oligodendro-

cytes

For the size barrier model to be plausible, MBP must be expressed at high enough
levels to coat the entire surface of membrane sheets. To test this, we first mea-
sured the average surface area of 7 DIV primary oligodendrocytes. The average
area was around 7,511 4 2,146 ym? (mean + SD and n = 50 cells). For estimating
MBP amounts, we subjected cell lysate from 7 DIV oligodendrocytes to SDS-PAGE
analysis followed by Coomassie staining (Figure 3.16). Purified MBP was used

to prepare the protein standards for calibration. From the standard curve, we in-
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Figure 3.16: Estimation of MBP amounts in primary oligodendrocytes. 7 DIV oligodendrocyte
lysates were subjected to SDS-PAGE analysis to estimate the amount of MBP per cell. Purified
MBP was used for preparing the standards. We estimated 466,195,516 + 84,028,306 (mean +
SD) MBP molecules per oligodendrocyte (n = 4 independent experiments).

trapolated amounts of MBP per cell followed by the calculation for the number
of molecules. Our estimates indicated 466,195,516 + 84,028,306 (mean + SD)
MBP molecules per oligodendrocyte (n = 4 independent experiments). These MBP
molecules should cover an area of 7,915 £ 661 um?, if one takes the dimension of
MBP as 7 nm X 2 nm (Beniac et al., 1997; Ridsdale et al., 1997). Thus, there would

be sufficient number of MBP molecules in a cell to cover the entire surface.

3.1.8 A biomimetic assay and barrier reconstitution

To further reconstitute the barrier properties of MBP outside the cellular environ-
ment, we went on to develop a minimal component biomimetic membrane system,
based on supported lipid bilayers (SLBs). In the first step, we purified MBP 14 kDa
(from here on referred as MBP) in large amounts using bacterial expression system.
Second, we prepared small unilamellar vesicles (SUVs) from artificial lipids with 44
mol% cholesterol, 27 mol% PE, 2 mol% PIP2, 11.5 mol% PC, 12.5 mol% PS and
3 mol% SM. The mol% for each lipid corresponds to the values reported in litera-
ture for the inner leaflet of myelin (Inouye and Kirschner, 1988). In addition, SUVs
contained 0.1% of 1,2-dihexadecanoyl-syn-glycero-3-phosphoethanolamine (DHPE)-
Texas Red for visualization with light microscopy later (see below). SUVs were
added to detergent-treated and pre-cleaned coverslips fitted into the imaging cham-
bers. The tension exerted by the hydrated coverslips causes spreading of the SUVs
leading to the formation of SLB (Richter et al., 2006). Next, we incubated SLBs with
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7 uM MBP for 30 min followed by extensive washing. Finally, we added giant unil-
amellar vesicles (GUVs) with 66 mol% PC, 33 mol% PS and 1 mol% DHPE-Texas
Red (for visualization) on top of SLBs to sandwich MBP between two membranes.
Strikingly, when GUVs were added on top of the SLB, MBP induced deformation
of GUVs, which was immediately followed by their spreading onto the SLB (Figure
3.17 B right panel). No GUV spreading was observed for the control sample where
MBP was omitted (Figure 3.17 C right panel). We also purified a membrane an-
choring GFP probe, R3-GFP. This protein binds to the negatively charged lipids
via the N-terminal R3 basic stretch (For the schematic see Figure 3.17 A). Next,
we added 7 uM of R3-GFP to the SLB-MBP-GUV sandwich. As expected, MBP
together with the SLB and the GUVs formed a tight barrier for the diffusion of
membrane-anchored GFP (Figure 3.17 B left panel). As a control experiment, we
left out MBP and in this condition R3-GFP was uniformly distributed throughout
the SLB (Figure 3.17 C left panel).

We also performed the SLB-MBP-GUV assay by adding the components in a differ-
ent order. First, we added R3-GFP to the SLBs followed by the addition of MBP.
Afterwards, we washed off the unbound R3-GFP. At this point, R3-GFP was uni-
formly distributed on the SLBs. Finally, GUVs were added from the top to complete
the sandwich. As expected, in the presence of MBP, GUVs attached to the SLB
followed by spreading (in the control sample MBP was skipped, Figure 3.18 B).
Surprisingly, at these attachment sites, R3-GFP signal decreased hinting towards
extrusion of bulky R3-GFP (Figure 3.18 A). Another possibility is that the GFP
fluorescence decreases due to quenching by the red fluorophore of GUVs. However,

Figure 3.18 C clearly shows that GFP signal decreases from certain areas on the
SLBs even when we used unlabelled GUVs.

These in vitro experiments clearly demonstrated self-sufficiency of MBP in gener-
ating molecular sieve with minimal components. Importantly, the experiments also
highlighted the importance of sandwiching MBP between two opposing membranes
for the efficient barrier formation. But the question that comes next is whether any
protein that cross-links the two membranes would deform the GUVs and thus form

the molecular sieve. To test this possibility, we used pentavalent O4 IgM antibodies
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Figure 3.17: Reconstituting the sieving function of MBP in a biomimetic assay. (A) Schematic
view of membrane-anchored GFP (R3-GFP). (B) Supported lipid bilayers (SLBs) mimicking myelin
inner leaflet lipid composition were prepared using mol% of following lipids: 44% cholesterol, 27%
1,2- dioleoyl-sn-glycero-3-phosphoethanolamine (PE), 2% porcine brain L-a-phosphatidylinositol-
4,5-bisphosphate (PIP2), 11.5% egg L-a-phosphatidylcholine (PC), 12.5% porcine brain L-a-
phosphatidylserine (PS), 3% sphingomyelin (SM), and 0.1% of 1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (DHPE)-Texas Red. First, purified recombinant 14 kDa MBP (7 ;M) was
added onto the SLBs followed by the addition of GUVs composed of PS:PS in 1:2 molar ratio
(0.1 mol% of DHPE-Texas Red was used during the preparation of GUVs for visualization). MBP
induced attachment of GUVs to the SLB followed by deformation and spreading. R3-GFP (7 uM)
was added after MBP had induced the spreading of GUVs onto the SLBs. MBP together with
GUVs formed a tight barrier for the diffusion of the R3-GFP. Scale bars represent 10 um. (C)
Control experiments were performed as in (B) but in the absence of MBP. No GUV spreading was
observed onto the SLB and R3-GFP was uniformly distributed throughout the SLB (Note that all
the recombinant proteins were purified in collaboration with S. Frey at Max Planck Institute for
Biophysical Chemistry, Géttingen).

that react against the lipid, sulfatide. Sulfatide was incorporated into both, SLBs
(44 mol% cholesterol, 15 mol% PE, 2 mol% PIP2, 11.5 mol% PC, 12.5 mol% PS,
3 mol% SM and 12 mol% sulfatide) as well as GUVs (50 mol% PC, 25 mol% PS
and 25 mol% sulfatide). First, we added O4 antibodies to the GUV solution. An-
tibodies clearly induced aggregation of GUVs (Figure 3.19 A). Next, we prepared
SLB-antibody-GUV sandwich as described before. Importantly, neither spreading
of GUVs nor extrusion of R3-GFP was observed (Figure 3.19 B). As a positive
control, we used MBP, which not only induced GUV spreading, but also caused R3-
GFP extrusion (Figure 3.19 C). Together these experiments demonstrate that mere

cross-linking of two membrane surfaces by an antibody is not sufficient to mimic the
function of MBP.
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Figure 3.18: Extrusion of R3-GFP from the areas where GUVs spread onto the SLB in the pres-
ence of MBP. (A) Recombinant R3-GFP (7 M) was added onto the SLBs, followed by the addition
of purified recombinant 14 kDa MBP (7 xM) and finally GUVs were added. MBP not only induced
the spreading of the GUVs onto the SLB, but also caused extrusion of R3-GFP from these areas.
(B) Control experiments were performed as in (A) but in the absence of MBP. (C) As a control for
quenching, SLB experiments were performed with non-labelled GUVs. Supported lipid bilayers
(SLBs) mimicking inner leaflet myelin lipid composition were prepared and visualized using 0.1
mol% of DPPE-Texas Red. Purified 14 kDa MBP (7 M) was added to the SLB, followed by the
addition of GUVs composed of PS:PC (1:2 mol%) and R3-GFP (7 uM). Scale bars represent 10
.

Figure 3.19: (A) O4 antibodies against the lipid sulfatide were added to GUVs composed of
PC:PS:Sulfatide (2:1:1 mole %, visualized using 0.1 mole% DHPE-Texas Red). Addition of O4
antibodies (10 ug/mL) induced aggregation of GUVs. (B) Supported lipid bilayers (SLBs) using
the following lipid composition were prepared: 44% cholesterol, 15% PE, 2% PIP2, 11.5% PS,
3% SM, 12% porcine brain sulfatide and 0.1% of DHPE-Texas Red. O4 antibodies (10 ug/mL)
were added to the SLBs followed by the addition of GUVs composed of PC:PS:Sulfatide (2:1:1
mole%, visualized using 0.1 mole% DHPE-Texas Red). Even after repeated washing steps GUVs
remained bound to the SLBs, however no extrusion of R3-GFP was observed. (C) Control exper-
iments were performed with MBP (7 uM) instead of O4 antibodies as in (B). MBP induced both
spreading of GUVs as well as extrusion of R3-GFP. Scale bars represent 10 um.



3.2 Sieving function of MBP requires molecular self-assembly 65

3.2 Sieving function of MBP requires molecular

self-assembly

3.2.1 Displacement of bulky proteins from the myelin mem-

brane sheets

As experiments with SLBs suggested an extrusion/displacement mechanism, we next
proceeded to investigate whether this also holds true in cultured oligodendrocytes.
First, we looked at the distribution of non-compact myelin proteins during oligoden-
drocyte development. Cells were fixed between 2—7 DIV and stained for CNPase and
MAG, the non-compact myelin markers (Figure 3.20 A, B). Indeed, CNPase and
MAG were distributed throughout the myelin membrane sheets in 2 DIV primary
oligodendrocytes (except in small regions that had strong MBP signal). However,
both CNPase and MAG were restricted mostly to the processes between 4-5 DIV,
time during which MBP was distinctly visible in the form of small domains within
the myelin membrane sheets. As we looked further during development, between
67 DIV, minor veins within processes disappeared together with the formation of
larger MBP domains; and bulky proteins were restricted mostly to the major veins.
As a control, we looked at the distribution of MOG, the myelin membrane sheet
protein, which has a small cytoplasmic domain (less than 30 amino acids). In a
striking contrast to CNPase and MAG, MOG remained distributed into the mem-
brane sheets throughout development (Figure 3.20 C, D).

Next, we investigated CNPase distribution in vivo during early myelination phase
(P 14). Similar to the in vitro observations, CNPase could be clearly detected in
myelin sheath in the areas that were not still compacted (Figure 3.21 A). However,
as indicated in previous experiments, at P21, CNPase was mainly localized to the
inner tongue areas within the non-compact myelin (Figure 3.21 B). Together, these
experiments suggest an extrusion mechanism in which MBP pushes proteins with

bulky cytosolic domains out of the membrane sheaths.
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Figure 3.20: Extrusion of non-compact myelin proteins from myelin membrane sheets during
oligodendrocyte development. Oligodendrocytes were immunostained for MBP (green) and (A)
CNPase or (B) MAG (green) at different days in vitro (DIV), between 2 DIV and 7 DIV. In young
cells (2-3 DIV), CNPase and MAG are distributed throughout the membrane sheets. Scale bars
represent 10 um. As the cells matured with progressive accumulation of MBP (4— 7 DIV), CNPase
and MAG are extruded from the sheets and localize to the processes instead. (C) MOG with a
short cytoplasmic domain remains distributed into the sheets in mature oligodendrocytes. (D)
Quantification of the % of cell area occupied by the indicated protein at different DIVs. Bars show
mean + SD (n = 40 cells, *p < 0.05, ANOVA, n.s. indicates no significance difference).
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Figure 3.21: In vivo localization of CNPase in myelin during development. Immunoelectron
microscopy analysis of optic nerves from wild type mice at P14 (before MBP expression) and P21
(after MBP expression). CNPase antibodies were used to investigate its localization in myelin.
Scale bar in the left panel represents 500 nm and the scale bar in the right panel represents 200
nm. Note that these experiments were performed in collaboration with N. Snaidero, Max Planck
Institute of Experimental Medicine, Géttingen.

3.2.2 Reconstitution of MBP barrier in a fibroblast cell line

To further validate the extrusion of bulky proteins by MBP, we next established
MBP barrier in a cell line at the interface of endoplasmic reticulum and plasma
membrane (ER-PM). We chose PtK2 cells (derived from male Potorous tridacty-
lus, also known as rat kangaroo) for the assay due to their flat morphology. It
has been shown in the past that flat cell lines are suitable for visualizing ER-PM
contacts/domains in mammalian cells (Véarnai et al., 2007; Ercan et al., 2009). We
designed a reporter construct where C-terminal domain of a non-compact myelin
protein, Tmem10 was replaced with MBP (Tm10-MBP) and GFP was fused to its
N-terminal side, immediately after the signal sequence (GFP-Tm10-MBP, see the
schematic in Figure 3.22 A). Expression of this construct in PtK2 cells resulted
in altered ER morphology. MBP coupled to Tm10 was visible in the form of dis-
tinct patch-like structures with shapes ranging from dot-like appearance to large
rectangular regions (Figure 3.22 B). Localization of surface GFP molecules by im-

munofluorescence microscopy revealed that these patches were intracellular (Figure
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3.22 C). Furthermore, we performed immunostainings against GFP tag in perme-
abilized cells. The domains were clearly stained by these antibodies (Figure 3.22
D), further confirming their intracellular localization. MBP, being a highly basic
protein, has been shown to associate with the negatively charged lipids. It is this in-
teraction of MBP with lipids which might recruit ER in close proximity to the PM,
thereby restricting GFP-Tm10-MBP to the peripheral ER domains. In order to
test the role of plasma membrane charge on the morphology of domains, we treated
PtK2 cells expressing GFP-Tm10-MBP with 10 M of the ionophore, ionomycin.
Treatment with ionomycin triggers Ca*" influx (from extracellular medium) into the
cells, which shields the surface charge (Varnai and Balla, 1998; Yeung et al., 2006;
Nawaz et al., 2009). Interestingly, with the dispersal of surface charge, MBP do-
mains retracted back into the ER (Figure 3.22 E, F). Similar results were obtained
with the membrane permeant base sphingosine (Yeung et al., 2008). These experi-
ments with surface charge alteration further confirm the role of MBP and negative

charged lipids in the establishment of peripheral ER-PM contacts.

The experiments above revealed formation of ER-PM contacts in PtK2 cells upon
C-terminus fusion of MBP to an integral membrane protein. The next question
was whether MBP acts as a diffusion barrier for the plasma membrane proteins
in these domains. To test this possibility, we first co-expressed plasma membrane
targeted mem-RFP (anchored to the plasma membrane with N-terminus of neuro-
modulin GAP-43) together with GFP-Tm10-MBP. Indeed, mem-RFP was excluded
from these ER-PM domains (Figure 3.23 A). As an important control, we also
expressed only the Tm10 with N-terminal GFP (GFP-Tm10) into the cells together
with mem-RFP (Figure 3.23 A lower panel). Both proteins were uniformly dis-
tributed throughout the plasma membrane without any visible domain formation
(for quantification see Figure 3.23 B). However, does this visible ER-PM domain
formation depends specifically on the transmembrane domain of Tm10? To check
whether MBP forms these ER-PM contacts independent of features of the integral
membrane protein, we replaced Tm10 with the transmembrane domain 4 of PLP
(PLPTM4). When we expressed GFP-PLPTM4-MBP construct into PtK2 cells

together with mem-RFP, we observed similar ER-PM domains from which mem-
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Figure 3.22: MBP establishes ER-PM domains in PtK2 cells when fused to the C-terminus of
an integral membrane protein. (A) Schematic view of the reporter construct used for establishing
ER-PM domains in PtK2 cells. (B) Different morphologies of MBP domains, ranging from dot-like
structures emanating from the ER (left panel) to flat, rectangular sheet like structures (middle and
right panel). (C) Typical image of PtK2 cells expressing GFP-Tm10-MBP (GFP in green) for 24
hrs and surface stained for the GFP molecules using antibodies (Surf GFP in red). (D) GFP can
be clearly detected within MBP domains in permeabilized cells (total GFP in red channel). (E)
Morphology of MBP domains before ionomycin treatment (lonomycin 0’). (F) Retraction of MBP
domains into the ER with the addition of 10 M ionomycin between 45-55 sec. Scale bars in all
cases represent 10 pum.

RFP molecules were excluded (Figure 3.23 C upper panel). Further, no domain
formation or mem-RFP exclusion could be seen with only GFP-PLPTM4 (Figure
3.23 C lower panel and D for quantification). Therefore, we conclude that MBP
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positive ER-PM domains form and exclude mem-RFP regardless of the features of

the integral membrane proteins.

Figure 3.23: Reconstitution of MBP barrier function in a cell line. (A) PtK2 cells were co-
transfected with GFP-Tm10-MBP together with mem-RFP and imaged live after 24 hrs. Expres-
sion of GFP-Tm10-MBP leads to the formation of visibly enlarged patches of ER-PM domains from
which mem-RFP is excluded (upper panel). In the control sample, mem-RFP was co-transfected
with GFP-Tm10. No visible domains form and mem-RFP is uniformly present throughout the
plasma membrane (lower panel). Scale bars represent 10 um. (B) Quantification of colocaliza-
tion using Pearson’s correlation coefficient. Bars show mean + SD (n = 20 cells, *p < 0.001,
t-test). (C) Representative images of the PtK2 cells expressing mem-RFP together with either
GFP-PLPTM4-MBP (upper panel) or GFP-PLPTM4 (lower panel). Scale bars represent 10 pm.
(D) Quantification of colocalization using Pearson’s correlation coefficient. Bars show mean + SD
(n = 20 cells, ™*p < 0.001, t-test). MBP forms ER-PM domains irrespective of the sequence of
the transmembrane domain used.
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We next investigated whether other membrane proteins with bulky cytoplasmic do-
mains would also be excluded from MBP positive ER-PM domains. We expressed
a number of myelin proteins like PLP, CD9 and CD81, each of them containing C-
terminal cytosolic GFP, together with mCherry-PLPTM4-MBP. All these proteins
were excluded from MBP positive ER-PM domains (Figure 3.24). In addition, we
fused GFP either to the extracellular or intracellular side of the transmembrane
protein MOG. Fusion of GFP to intracellular, but not extracellular region of MOG
resulted in exclusion from MBP positive domains in PtK2 cells (Figure 3.25 A, B).
In primary oligodendrocytes, we observed that the cytosolic size limit for a protein
to enter into the MBP positive myelin membrane sheets is less than 30 amino acids
(Figure 3.9). To check whether this holds true also for MBP positive ER-PM do-
mains in PtK2 cells, we co-expressed GFP-PLPTM4-MBP along with serial cytosolic
truncations mutants of Tmem10, all expressed as N-terminal mCherry fusion pro-
teins (Figure 3.25 C). As expected, only the variants with cytosolic domains of less
than 30 amino acids (like Tmem10Nter, Tmem10NterC10 and Tmem10NterC20,
Figure 3.25 D) could gain access into ER-PM domains formed by MBP. On the
other hand variants of Tmem10 with 30 or 40 amino acids (Tmem10NterC30 and
Tmem10NterC40 respectively) on the cytosolic domain were excluded from these

MBP domains (see quantification in Figure 3.25 D).

Finally, to check the distribution of surface glycoproteins in cells forming MBP
positive ER-PM domains, we stained live cells expressing mCherry-PLPTM4-MBP
with fluorophore-conjugated lectins: ConA and WGA exactly as done previously
in case of primary oligodendrocytes (Figure 3.13 A, C). Both these lectins were
clearly excluded from the MBP positive areas as shown by the intensity profile plots
(Figure 3.26 B, D). Together, these experiments convincingly demonstrate the ex-

clusion of majority of the proteins from MBP positive ER-PM domains in PtK2 cells.

The data so far shows that MBP acts as a molecular sieve to exclude most proteins
from the plasma membrane at the ER-PM contact sites in PtK2 cells. If indeed
proteins are excluded from certain regions of the plasma membrane due to the bar-

rier properties of MBP, the same proteins should have an access to these regions,
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Figure 3.24: MBP positive ER-PM domains exclude proteins with bulky cytosolic domains. Ptk2
cells were cotransfected with mCherry-PLPTM4-MBP and CD9-GFP/ CD81-GFP/ PLP-GFP and
imaged live after 24 hrs. Scale bars represent 10 um. Note that GFP/YFP in each case were
fused to the cytosolic domain.

provided MBP molecules retract back from the peripheral regions of the ER. We
imaged dynamics of mem-RFP in PtK2 cells co-expressing GFP-Tm10-MBP upon
ionomycin (Figure 3.27 A) or sphingosine (Figure 3.27 B) treatment. With the
retraction of MBP domains into the ER (see the white arrow heads in Figure 3.27
A and B), mem-RFP was able to enter the previously inaccessible areas (see the
white arrows Figure 3.27 A and B). This experiment clearly shows that it is the
molecular sieve formed by MBP, which prevents proteins with bulky cytosolic do-

mains from entering into ER-PM contact sites.
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Figure 3.25: Cytosolic size limit for entering into MBP positive ER-PM domains is less than 30
aa. (A) Typical images of PtK2 cells expressing mCherry-PLPTM4-MBP together with either GFP-
MOG (extracellular GFP, upper panel) or MOG-GFP (intracellular GFP, lower panel). Scale bars
represent 10 um. (B) Quantification of colocalization using Pearson’s correlation coefficient. Bars
show mean + SD (n = 20 cells, ***p < 0.001, t-test). Fusion of GFP to the intracellular, but not
extracellular domain leads to the exclusion of MOG from MBP positive ER-PM patches. (C) Lo-
calization of Tmem10 variants, namely Tmem10 with truncated cytosolic domain (Tmem10Nter,
upper panel) and Tmem10 with 30 aa on the cytosolic side (Tmem10NterC30, lower panel) upon
co-expression with GFP-PLPTM4-MBP. Scale bars represent 10 um. (D) Quantification of colo-
calization of a series of cytoplasmic truncation mutants of Tmem10. Bars show mean + SD (n
= 20 cells, *p < 0.05, ANOVA, n.s. indicates no significance). While Tmem10 with either trun-
cated cytosolic domain or the cytosolic domains up to 20 aa co-exist together with MBP positive
domains, 30 aa on the cytoplasmic side of Tmem10 restricts the entry into MBP positive domains.
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Figure 3.26: MBP positive ER-PM domains exclude glycoproteins. Typical images of lectin
distribution: (A) Concanavalin A (ConA) and (C) Wheat germ agglutinin (WGA) in PtK2 cells
expressing mCherry-PLPTM4-MBP. Scale bars represent 10 um. Cell surface glycoproteins are
excluded from MBP positive ER-PM contact sites as shown by the intensity profile plots (B, D)
along the marked lines (see merged images).

3.2.3 Self-associating assemblies of myelin basic protein

After setting up the MBP barrier in PtK2 cells and verifying its functional proper-
ties, we next proceeded to get insights into the assembly process. The interesting
question here was which properties, apart from membrane association, enable MBP
to serve as an efficient size barrier. One requirement could be the formation of a
tight network. Self-association between the molecular constituents of the meshwork
is a plausible mechanism for achieving this. We observed that exogenously expressed
MBP molecules are efficiently targeted to the mature myelin membrane sheets. This
is possible only if the exogenously expressed molecules interact with the endogenous
MBP molecules lining the sheets. If MBP forms two-dimensional arrays, its mo-
bility within the network should be significantly lower in comparison to a protein
that is just associated with the membrane. We employed a variety of live imaging

techniques to address this question.
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Figure 3.27: Retraction of MBP domains upon redistribution of surface charge. PtK2 cells
expressing GFP-Tm10-MBP together with mem-RFP were imaged live at 37 °C. Cells were treated
with either (A) 10 xM ionomycin or (B) 100 M sphingosine and images were captured every 10
sec. Scale bars represent 10 um. Note the uniform distribution of mem-RFP (white arrows) along
the plasma membrane as MBP domains retract (white arrow heads) following surface charge
redistribution.

We checked the mobility of GFP-Tm10-MBP domains in PtK2 cells and compared
it with GFP-Tm10 using fluorescence recovery after photobleaching (FRAP, Fig-
ure 3.28 A). The Mobile fraction of GFP-Tm10 in the plasma membrane was 70%,
while it was only 34% for GFP-Tm10-MBP (Figure 3.28 B). The next aim was to
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measure the mobility of MBP molecules in primary oligodendrocytes. However, this
is not trivial in case of primary oligodendrocytes as fusion of GFP or mCherry to
MBP, either at the N- or C-terminus, restricts the protein from entering into the
compacted myelin membrane sheets (data not shown). To overcome this inherent
difficulty, we tested the localization GFP-Tm10-MBP in primary oligodendrocytes.
Interestingly, this construct efficiently localized to the membrane sheets (Figure
3.28 E green channel). Staining for the surface GFP epitopes in non-permeabilized
cells revealed that the construct was indeed efficiently targeted to the surface of
myelin membrane sheets (Figure 3.28 E red channel). As an important control,
we co-transfected primary oligodendrocyte cultures with Tm10-mCherry (mCherry
fused to the C-terminal domain of truncated Tmem10). In a striking contrast to
Tm10-MBP, Tm10-mCherry does not diffuse into MBP positive sheets (Figure 3.28
F). All together, these experiments demonstrate that GFP-Tm10-MBP maintains
the barrier function of MBP. Therefore, we used this reporter construct to measure
the mobility of MBP molecules. As a control, we looked at the mobility of GFP-
Tm10, which localizes to the membrane sheets due to the truncation of cytoplasmic
domain (Figure 3.28 C). Similar to PtK2 cells, mobility of Tm10-MBP was signif-
icantly lower than Tm10 (Figure 3.28 D). Low mobility of MBP molecules within
the network is in agreement with results from literature (Pilji¢ and Schultz, 2006)
where self-assembling annexin A4 was shown to have significantly lower mobility in

comparison to another membrane docking protein.

Next, we examined whether a protein once cross-linked into MBP domains would
also exhibit lower mobility similar to MBP molecules. We chose chemically inducible
molecular bridge strategy to cross-link a bulky protein like mCherry into the MBP
positive domains. In this strategy, we fused the FRB fragment of mTOR protein to
the N-terminal domain of Tm10-MBP after GFP (GFP-FRB-Tm10-MBP). FKBP-
12, other fragment of mTOR protein was fused to the N-terminus of Tm10-RFP
(FKBP-Tm10-mCherry). We co-transfected PtK2 cells with these two constructs
for 24 hrs in the presence of either DMSO (control, Figure 3.29 A upper panel) or
100 nM rapamycin (Figure 3.29 A lower panel). FRB and FKBP heterodimerize in

the presence of rapamycin (Véarnai et al., 2007). Live imaging experiments revealed
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Figure 3.28: FRAP experiments to monitor the mobility of MBP domains in PtK2 cells and pri-
mary oligodendrocytes. (A) Recovery curves obtained after bleaching a squared ROI in PtK2 cells
expressing either GFP-Tm10-MBP or only GFP-Tm10. (B) Average recovery after photobleach-
ing. Bars represent mean + SEM ( n = 3 independent experiments, ***p < 0.001, t-test). (C)
4 DIV oligodendrocytes were transfected with GFP-Tm10-MBP or GFP-Tm10 for 16 hrs. Cells
were then imaged live at 37 °C. Typical recovery curves obtained after bleaching a square ROl are
shown as graphs. (D) Average recovery after photobleaching. Bars represent mean + SEM (n
= 3 independent experiments, ***p < 0.001, t-test). (E) Representative images of primary oligo-
dendrocytes expressing GFP-Tm10-MBP for 16 hrs followed by surface staining against the GFP
protein (red channel). Scale bar represents 10 um. (F) Expression of GFP-Tm10-MBP preserves
the barrier function of MBP as shown by exclusion of Tm10-mCherrry from the MBP positive
domains within the myelin membrane sheets. Scale bar represents 10 um.

that FKBP-Tm10-mCherry was excluded from MBP positive ER-PM domains in
control, but not rapamycin treated cells (for quantification see Figure 3.29 B). In
the next step, we compared the mobility of Tm10-mCherry outside (control recovery
curve in Figure 3.29 C) vs. inside (rapamycin recovery curve in Figure 3.29 C)
MBP positive ER-PM domains. Mobility of Tm10-RFP was significantly lower in-
side the MBP domains (For quantification see Figure 3.29 D). As a positive control,
we also monitored the mobility of MBP domains (MBP recovery curve in Figure
3.29 C and Figure 3.29 D for quantification).
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Figure 3.29: Cross-linking RFP into MBP positive domains and measuring its mobility. PtK2
cells were co-transfected with FKBP-Tm10-mCherry and GFP-FRB-Tm10-MBP for 24 hrs in the
absence (Control) or presence of 100 nM rapamycin. (A) Representative images showing distri-
bution of two proteins in the Control (upper panel) and Rapamycin (lower panel) treated sample.
Scale bars represent 10 um. (B) Quantification of colocalization of mCherry within MBP positive
domains in the Control vs. Rapamycin treated sample using Pearson’s correlation coefficient.
Bars show mean + SD (n = 20 cells, **p < 0.01, t-test). Rapamycin mediated cross-linking of
FRB and FKBP enriches mCherry inside MBP domains. (C) Mobility of FKBP-Tm10-mCherry
was monitored outside (Control) and inside (Rapamycin) the MBP positive domains by bleaching
a squared ROI followed by monitoring the recovery. As a positive control, mobility of MBP domains
was monitored (MBP). Typical recovery curves are presented from 3 independent experiments.
(D) Average recovery curves obtained after photobleaching. Bars represent mean = SEM (n = 3
independent experiments, *p < 0.05, ANOVA.

Apart from FRAP experiments, we also performed fluorescence decay after pho-
toconverison (FDAP) experiments using green-to-red photoswitchable fluorescent
protein Dendra2. The fluorescent protein was fused to the N-terminus of either
Tm10 or Tm10-MBP. We expressed these constructs in PtK2 cells. After expres-
sion, we photoconverted a 5 ym x 5 um region of interest (ROI) in the transfected
cells via excitation with 80% of 405 nm laser power, 4-5 times. Then we acquired
100 frames, every 10 sec (Figure 3.30 A). For analysis, we quantified the average
fluorescent intensities in the ROI as well as in the areas outside the ROI (for back-
ground correction) with time (Figure 3.30 B). We found that the rate of decay
was much lower for Tm10-MBP in comparison to Tm10 only (Figure 3.30 C). We
obtained similar results in primary oligodendrocytes (Figure 3.30 D, E). This in-

ability of MBP molecules to diffuse out of an individual domains further re-affirms
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the results from the FRAP experiments.

Figure 3.30: Photoconversion experiments for monitoring the mobility of MBP domains in PtK2
cells and primary oligodendrocytes. (A) PtK2 cells were transfected with either Dendra2-Tm10-
MBP or Dendra2-Tm10 for 24 hrs followed by live FDAP experiments. Typical images for the decay
of red signal (after photoconversion) with time in cells expressing Dendra2-Tm10 (upper panel)
and Dendra2-Tm10-MBP (lower panel) in the ROI. (B) Decay of signal is presented in the form of
graphs from 3 independent experiments. (C) Average decay after photoconversion. Bars repre-
sent mean + SEM (n = 3 independent experiments, **p < 0.01, t-test). (D) Decay curves obtained
from 5 DIV primary oligodendrocytes expressing either Dendra2-Tm10 or Dendra2-Tm10-MBP af-
ter photoconverting a squared ROI. (E) Average decay of signal. Bars represent mean + SEM
(n= 3 independent experiments, **p < 0.01, {-test). Signal decay is significantly less within MBP
positive domains in comparison to cells expressing only the transmembrane domain.

If MBP assembles into a network, it should be possible to visualize its higher or-
der assemblies in biochemical experiments. We performed cross-linking experiments
both in vitro with minimal number of components (lipids and MBP) and in cell cul-

ture using cultures of primary oligodendrocytes. In the in vitro assay, we incubated
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MBP with GUVs (50 mole% cholesterol, 25 mole% PC and 25 mole% PS) followed by
the addition of various cross-linkers with variable spacer arms. Cross-linking experi-
ments indeed revealed the formation of higher ordered assemblies of MBP molecules
upon association with membranes containing negatively charged lipids. Five dif-
ferent cross-linkers gave comparable results (Figure 3.31 A). Control experiments
using the R3-GFP that also binds to the GUVs showed that MBP multimerization
is specific as the R3-GFP did not cross-link into high ordered oligomers (Figure
3.31 A lower panel). Cross-linking experiments in 5 DIV primary oligodendrocytes
also yielded similar results (Figure 3.31 B). All together, we conclude from these
experiments that MBP molecules form higher order assemblies with low mobility on

the plasma membrane.

Although the experiments above suggest for high ordered assemblies of MBP, the
question was whether oligomerization is important for the sieving function. To ad-
dress the possible role of oligomerization in molecular sieving, we designed a reporter
construct using monomeric Plekstrin homology (PH) domain from PLC§1 (Klein
et al., 1998). This domain has been shown to specifically bind to the negatively
charged lipid PIP2 in the membrane (McLaughlin et al., 2002). We fused the PH
domain to the oligomeric transmembrane domain 4 of PLP (Ng and Deber, 2010) and
further cloned GFP to the N-terminal side of the construct (GFP-PLPTM4-PH).
Next, we expressed GFP-PLPTM4-PH construct in PtK2 cells for 24 hrs together
with mem-RFP. Surprisingly, we not only observed PH domain positive ER-PM do-
mains (Figure 3.32 A left panel) that were similar to MBP domains (Figure 3.32

A right panel), but also the exclusion of mem-RFP from these domains.

To test the role of oligomerization in sieving function, we replaced PLPTM4 with
monomeric domains. We used two sequence independent transmembrane domains
that have been reported to be monomeric in nature. First domain was the mutant
glycophorin domain, GypTM (Lemmon et al., 1992) and second was the mutant
BNIP3 domain, BNIP TM (Sulistijo and MacKenzie, 2006). Interestingly, replace-
ment of PLPTM4 with either of these monomeric transmembrane domains led to

the uniform distribution of mem-RFP along the plasma membrane since PH domain
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Figure 3.31: MBP forms higher order structures in vitro as well as in primary oligodendrocytes.
(A) 200 ng MBP was added to a solution of GUVs (PC:PS-2:1 mole%) and incubated for 30 min
at RT followed by the addition of indicated cross-linkers at a final concentration of 30 M. Cross-
linking experiment was performed for 30 min. The reaction was quenched using 1 M glycine
at a final concentration of 50 mM. Control experiments were performed in a similar way using
400 ng of R3-GFP (lower panel). (B) Chemical cross-linking reactions were performed on 5 DIV
primary oligodendrocytes. Disuccinimidyl glutarate (DSG) was used in increasing concentrations
as indicated and the cells were cross-linked for 20 min at RT followed by quenching with 1 M
Tris-HCI, pH 7.5 at a final concentration of 50 mM and cell lysis. Equal volumes of cell lysates
were subjected to Western blotting and the blots were stained with antibodies against MBP. Cross-
linking converted MBP into higher molecular weight species.

failed to establish ER-PM domains (Figure 3.32 B and C left panels). As a control,
we fused MBP to these monomeric transmembrane domains (Figure 3.32 B and
C right panels). In line with the previous data where we showed higher order as-
semblies of MBP in oligodendrocytes, we observed ER-PM domains formation and
exclusion of mem-RFP. Together, these experiments demonstrate that oligomeriza-
tion, either via the transmembrane domain (for PH domain) or by the protein itself

(in case of MBP) is sufficient for efficient molecular sieve formation. In physiological
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context, MBP is a soluble protein that associates with the membrane. Therefore,
oligomerization should therefore play a critical role in orchestrating the barrier func-
tions of MBP.

Figure 3.32: Oligomerization requirements for the efficient size barrier formation. Representa-
tive images of PtK2 cells co-expressing mem-RFP together with either PH domain (left panels)
or MBP (right panels) fused to (A) oligomeric transmembrane domain 4 of PLP (PLPTM4), (B)
monomeric glycophorin domain (GypTM) and (C) monomeric BNIP3 transmembrane domain
(BNIP TM). Scale bars represent 10 ym. For the PH domain, fusion to oligomeric and not
monomeric transmembrane domains leads to the formation of ER-PM domains and the exclu-
sion of mem-RFP.

3.2.4 Molecular nature of self-association

Since self-assembly seems to be an important criteria for the sieving functions of
MBP, we next aimed to understand the nature of self-association. Could we define
specific residues within the sequence of MBP that are responsible for self-association?
A very important example of physiological size-based diffusion barrier includes nu-

clear pore complexes, which allow only a restricted set of molecules to enter passively
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into the nucleus. Natively unfolded nuclear pore complexes form this permeability
barrier by assembling into sieve like meshwork via hydrophobic interactions between
the repetitive clusters of FG-repeats (Frey et al., 2006; Frey and Gorlich, 2007). We
tested the interesting possibility of self-association between MBP molecules through
hydrophobic phenylalanine residues. We generated a mutant of MBP 14 kDa iso-
form where all the phenylalanine residues (six in this case) were replaced by serines.
The mutant is referred to as MBP F—S. Next, we fused MBP F—S with an HA
tag and expressed it exogenously into the MBP positive myelin membrane sheets.
Interestingly, the mutant was restricted from entering into the sheets, unlike the
wild type MBP (also fused with an HA tag). This experiment indicates that F—S

mutant is incapable of interacting with the network.

Figure 3.33: MBP F—S is restricted from entering into the myelin membrane sheets. (A) Typical
images of 5 DIV primary oligodendrocytes expressing 18 kDa isoform of wild type MBP (MBP 18)
or 14 kDa isoform of MBP F—S mutant (MBP 14F—S), both tagged at the C-terminus with an HA
tag. After 16 hrs of expression, cells were stained for MBP. (B) Quantification of colocalization of
the expressed constructs with the total MBP signal using Pearson’s correlation coefficient. Bars
represent mean + SD (n = 20 cells, *p < 0.05, ANOVA).

However, another possibility could be that the F—S mutant has lost the ability to
bind to the membranes. We used a number of independent approached to test this

possibility.
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3.2.4.1 MBP F—S mutant retains membrane binding capabilities

First, we expressed MBP F—S mutant in oligodendroglial precursor cell line, Oli-
neu cells. F—S mutant clearly highlighted the plasma membrane of the cells similar

to the wild type MBP (also see the intensity profile plots, Figure 3.34 A).

Figure 3.34: MBP F—S retains membrane binding capabilities similar to wild type MBP. (A)
Representative images of Oli-neu cells transfected with either wild type (MBP-HA) or the F—S
mutant (MBP F—S-HA) for 24 hrs followed by immunostaining against the C-terminal HA tag.
Scale bars represent 10 um. Plasma membrane association is similar for both the wild type and
the F—S mutant as shown by the relative intensity profile plots along the marked lines (n = 20
cells). (B) Typical images of SLBs (inner myelin leaflet lipid composition) incubated with 7 uM
of either purified wild type (MBP) or mutant (MBP F—S) for 10 min followed by washing and
immunostaining for MBP. Scale bars represent 10 ym. (C) LUVs (100 nm in size and inner myelin
leaflet lipid composition), incubated with 3.5 yM of WT (MBP) or mutant MBP (MBP F—S) for 1
hr, were centrifuged at 100,000 g for 30 min. Pellet (P) was resuspended in the same volume as
the supernatant (S) and fractions were then subjected to Western blotting. Both wild type as well
as F—S mutant were recovered in the pellet fraction.

Second we compared the binding of purified MBP and MBP F—S to the supported
lipid bilayers (inner myelin membrane lipid composition). The proteins were added
onto the SLBs and after extensive washing, SLBs were stained with MBP antibodies.
For both, WT MBP as well as F—S mutant, SLBs were positively stained (Figure
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3.34 B). Third, we performed in vitro lipid vesicle co-sedimentation assay with the
wild type and mutant MBP. In these experiments, 100 nm sized large unilamel-
lar vesicles (LUVs) were prepared mimicking inner myelin leaflet lipid composition.
LUVs were incubated with either wild type or mutant MBP for 1 hr followed by
ultracentrifugation to pellet down LUVs. MBP amounts in the pellet and super-
natant were estimated by Western blotting (Figure 3.34 C). Again, both wild type
and mutant MBP were mostly found in the pellet fraction further confirming that

membrane binding remains comparable between wild type and mutant.

3.2.4.2 Self-interaction between MBP molecules is promoted by hy-

drophobicity per se at the site of phenylalanine residues

Since F—S mutations did not affect the membrane binding properties of MBP, we
could continue to explore whether it forms the molecular sieve and thereby exclude

bulky proteins like wild type protein.

Figure 3.35: ER-PM domain formation by various MBP mutants in PtK2 cells. Typical images of
the PtK2 cells transfected with either mCherry-GypTM- MBP (left most panel) or with various MBP
mutants, namely F—S, F—A, F—Y and F—I. Scale bars represent 10 um. While MBP F—S and
F—A fail to form the domains completely, F—Y shows an intermediate phenotype with reduced
tendency to form domains. In a striking contrast F—1 mutant forms domains similar to wild type
MBP.
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We turned back to the PtK2 cell assay to compare F—S mutant with wild type MBP.
We fused MBP F—S mutant to the C-terminal domain of mCherry-GypTM (Note
that both mCherry as well the transmembrane domain are monomeric in nature).
Next, we expressed the protein in PtK2 cells for 24 hrs followed by live imaging. As a
control, we used mCherry-GypTM-MBP. Unlike wild type MBP, MBP F—S mutant
did not form any ER-PM domains (Figure 3.35). One possibility of how pheny-
lalanine residues could mediate close association between MBP molecules is via the
side chains. Another way could be that the overall hydrophobicity per se at these
positions promotes self-interactions. In order to distinguish between these two possi-
bilities, we designed other mutants where hydrophobic phenylalanines were replaced
with either neutral, non polar residues like glycine (F—G) and alanine (F—A) or
hydrophobic residues like isoleucines (F—1). Furthermore, we also designed F—Y
mutant which has a hydrophobic aromatic ring together with polar -OH group. In-
deed F—G as well as F—A mutants were incapable of ER-PM domain formation.
On the other hand, F—I mutant efficiently formed ER-PM domains. Finally, F—Y
mutant formed domains with drastically less efficiency than the wild type protein
(Figure 3.35). Therefore, hydrophobicity per se at these positions is important for

self-association.

3.2.4.3 FRET measurements reveal less proximity between MBP F—S

molecules

As an independent approach, we performed FRET experiments in PtK2 cells to
compare the proximity between MBP F—S mutant molecules. We fused F—S mu-
tant to the C-terminus of the FRET pair: GFP-Tm10 (donor) and mCherry-GypTM
(acceptor). Next, we expressed GFP-Tm10-MBP F—S and mCherry-GypTM-MBP
F—S in PtK2 cells for 24 hrs followed by fixing. We measured FRET between the
acceptor and donor pair using acceptor photobleaching (Figure 3.36 A). As a neg-
ative control, we used PtK2 cells co-expressing GFP-Tm10 and mCherry-GypTM.
In the positive control we replaced F—S with wild type MBP. FRET efficiency be-
tween the F—S molecules was less than two fold in comparison to either the wild

type MBP (for quantification see Figure 3.36 B).
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Figure 3.36: Self-interactions between wild type MBP molecules vs F—S mutant molecules.
FRET measurements between wild type and MBP F—S mutant in PtK2 cells. PtK2 cells were co-
transfected with GFP-Tm10-MBP/ MBP F—S and mCherry-GypTM-MBP/ MBP F—S in 1:1 ratio
for 24 hrs followed by fixing. As control, cells were co-transfected with only the two transmem-
brane domains: GFP-Tm10 and mCherry-GypTM. FRET efficiency was measured by performing
acceptor photobleaching. (A) Typical pre-bleach (top row) and post-bleach (bottom row) images
for PtK2 cells transfected with GFP-Tm10-MBP (donor) and mCherry-GypTM-MBP (acceptor).
FRET signal is depicted in the pseudocolor scale (bottom row, extreme right panel). Scale bar
represents 10 um. (B) Quantification of FRET efficiency for the indicated pairs. Bars represent
mean + SD (n=20 cells, *p < 0.05, ANOVA).

3.2.4.4 Measurement of adhesion forces between wild type and F—S

molecules

In addition to FRET experiments, we also performed AFM measurements to monitor
MBP-MBP interactions. We adsorbed MBP to the negatively charged mica surface
and silicon nitride AFM tip. MBP molecules are known to bind to the mica surface
(Mueller et al., 1999). In order to investigate the strength of interaction forces, we
carefully moved MBP-coated cantilever tip towards MBP molecules present on the
surface of mica. Next, we collected a series of approach and retraction curves (see the
schematic in Figure 3.37 A). Representative curves for the approach and retraction
cycles are presented in Figure 3.37 B. Retardation of peaks during the approach

cycle indicated that there is little interaction during the approach cycle. However,
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as tip was retracted from MBP coated mica surface, strong adhesive forces were
encountered. Control experiments, performed only in the buffer solution, revealed
negligible adhesion between AFM tip and mica surface (Figure 3.37 C). Peak of
the retraction curve gave the value of force required to separate the MBP-coated
AFM tip from the MBP molecules present on mica surface. Multiple force curves
were recorded at a given position and were highly reproducible. Force spectra were
strikingly different for the mutant in comparison to the wild type MBP. Peak force
measurements revealed 5-fold stronger adhesion of wild type MBP molecules (500

nN) in comparison to the mutant (100 nN) (Figure 3.37 C).

Figure 3.37: The self-interaction forces between MBP F—S mutant are smaller than wild type
MBP. (A) Schematic depiction of cantilever movement during a force vs. distance measurement.
Proteins (WT MBP or F—S mutant) were pre-adsorbed to the mica surface and the AFM tip.
Shape of the curve (1) as the tip approaches the sample surface, (2) when tip touches the surface
and (3) as the tip is retracted away from the sample surface. (B) Exemplary retraction curves
for wild type (MBP WT) and mutant (MBP F—S) MBP. (C) Histogram of peak force measured for
MBP WT (black), MBP F—S (red) and buffer (green) shows that the adhesion force between WT
molecules is much higher than for the F—S mutant. The mean was obtained by a Gaussian fit to
the histogram. Note that these experiments were performed in collaboration with P. Sanchez and
Dr. I. Schaap at the Third Institute of Physics, University of Géttingen.
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3.2.4.5 Functional consequences of F—S mutations

To study the functional consequences of F—S mutations within MBP sequence,
we first employed the biomimetic SLB-MBP-GUV assay. We showed before that
GUVs attach to the SLBs in the presence of MBP, which is followed by MBP in-
duced spreading of the GUVs on to the SLBs. Now, the question was whether F—S
mutant would behave differently. Indeed, GUV spreading onto the SLBs was sig-
nificantly impaired in case of F—S mutant (Figure 3.38 A, see Figure 3.38 B for
quantifictaion). Interestingly, adhesion of GUVs to the SLBs was not affected .

Figure 3.38: Functional consequences of F—S mutations within MBP sequence. (A) Supported
lipid bilayers (SLBs) mimicking myelin inner leaflet lipid composition were prepared using mol%
of following lipids: 44% cholesterol, 27% PE, 2% PIP2, 11.5% PC, 12.5% PS, 3% SM, and 0.1%
DHPE-Texas Red. 7 uM of either wild type MBP (MBP14) or F—S mutant (MBP14F—S) was
added to the SLBs for 30 min. After extensive washing, GUVs were added to the SLBs. Typical
images are shown for the SLBs incubated with either MBP14 or MBP14 F—S mutant. (B) Quan-
tification of % GUV bursting (C) SLBs were prepared as in (A). 7 uM R3-GFP was added to the
SLBs followed by the addition of either MBP14 or MBP14 F—S mutant. Finally, GUVs were added
from the top and extent of R3-GFP extrusion was measured. Scale bars in all the cases represent
10 um. Note that all the recombinant proteins were purified in collaboration with S. Frey at Max
Planck Institute for Biophysical Chemistry, Gottingen.
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Furthermore, we compared the extrusion of R3-GFP between WT and F—S mu-
tant. As expected, the total area from which R3-GFP was extruded was significantly
higher for the WT MBP in comparison to the F—S mutant (Figure 3.38 C).

In an independent approach we monitored the ability of F—S mutant to restore
polarization in shiverer cultures. We cloned F—S mutant along with C-terminal
HA tag into AAV2 viral vector. Next, we infected shiverer cultures with the viral
particles, 2—4 hrs after plating on to the coverslips. As a positive control, we used
AAV2 virus encoding wild type MBP, also carrying C-terminal HA tag. Cells were
fixed at 6 DIV followed by staining for CNPase. As shown before, wild type MBP
depleted CNPase from the membrane sheets (Figure 3.39 upper panel).

Figure 3.39: F—S mutant fails to rescue polarity loss in shiverer cells. Typical images for 6
DIV shiverer cells expressing wild type MBP (MBP-HA) or F—S mutant (MBP F—S-HA) and
immunostained for CNPase. Expressed proteins were visualized by co-staining for the HA tags.
CNPase is depleted from certain regions of the sheets with the expression of MBP-HA (upper
panel, white arrows). F—S mutant enters into the membrane sheets of shiverer cells, but fails to
extrude CNPase (lower panel). Scale bars represent 10 um. Note that all the viral particles coding
for F—S were purified in collaboration with M. Weil at the Max Planck Institute of Experimental
Medicine, Géttingen.
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Interestingly, in the absence of endogenous MBP, F—S mutant entered the myelin
membrane sheets. However, CNPase remained distributed within the sheets together

with the mutant MBP (Figure 3.39 lower panel).

3.2.5 Self-association of MBP promotes macroscopic phase

separation

The data so far clearly showed that self-association between membrane associating
MBP molecules plays a crucial role in the macroscopic myelin membrane compart-
mentalization. The next question was whether the subsequent events of interaction
between MBP molecules and lipids followed by protein oligomerization triggers phase

separation.

Figure 3.40: Mesoscopic phase separation of MBP in solution. (A) Liquid droplets of MBP (5
mg/mL) at basic pH visualized by phase contrast microscopy. (B) Liquid droplets of MBP labeled
with Atto-488 (5 mg/mL) at basic pH as visualized by wide field (left panel) and phase contrast
(right panel) microscopy. (C) Time-lapse images of two merging droplets. Scale bars in all cases
represent 5 um.

We assumed that by neutralizing the charge of MBP via interaction with lipids,

oligodendrocytes exploit the potential of MBP molecules to self-associate and drive
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phase separation. If this assumption holds true, phase separation of MBP could be
triggered in solution via raising pH close to the isoelectric point of protein. Indeed,
when the concentration of MBP was raised beyond a critical limit at basic pH, the
solution became cloudy. Mixing resulted in the fragmentation of initially bicontinu-
ous interconnected phases into pm sized droplets (Figure 3.40 A). Atto-488 labelled
MBP revealed that MBP was enriched within the droplets (Figure 3.40 B). The
droplets grew and coarsen with time (Figure 3.40 C). Together, this behavior is
consistent with a demixing phase transition in fluid. Droplets rapidly dissolved when
the pH was neutralized showing the reversibility of the process. Importantly, when
the F—S mutant of MBP was added into a basic solution, the solution remained clear
and droplets were not observed. These results show that MBP molecules posses the
inherent capability for phase separation and these physicochemical properties are
likely to be physiologically and functionally relevant for the organization of myelin
structure. We therefore propose that the interaction of MBP with the myelin mem-
brane triggers a phase transition and in consequence results in protein extrusion.
In conclusion, our findings provide a physico-chemical mechanism of how a protein
can drive large-scale macroscopic segregations within the cytosol at the membrane

interface.



“The true sign of intelligence is not

knowledge but imagination.”

Albert Einstein

4. Discussion

One of the main functions of myelin is to insulate the axons and cluster the sodium
channels at the nodes of ranvier. Due to the clustering of sodium channels, the
current flows only at the nodes and not along the myelinated segments (internodes).
The insulating functions of myelin arise from its truly unique molecular composition
with lipids constituting more than 70% of the dry weight of myelin. In comparison,
plasma membrane has equivalent ratios of lipids and proteins. Myelin composition
in terms of its lipid and protein content has been the subject of extensive study.
However, in spite of our burgeoning knowledge about the importance of these indi-
vidual components, the key mechanisms which lead to the enrichment of lipids over

proteins in myelin membrane remain obscure.

4.1 Model system to study biogenesis of myelin

membrane

Much of our present knowledge about myelin biogenesis comes from the in vivo
studies. This is because in vivo, myelin is in close contact with the axons and it
is difficult to reconstitute these complex interactions in cell culture (Nave, 2010).
However, upon association with the axons, individual myelin membrane domains
are so tightly packed that their fine structure can only be resolved by electron mi-
croscopy. Therefore, not so surprisingly, our understanding of the cell biological
mechanisms in oligodendrocytes have significantly lagged behind that of neurons.
In case of neurons, a lot of insights have been acquired through in wvitro dissoci-
ated cultures (Horton and Ehlers, 2003; Barnes and Polleux, 2009). Indeed, there

are hints in literature that cultured oligodendrocytes can potentially serve as an
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excellent model system to study certain aspects of myelin membrane biogenesis
(McCarthy and De Vellis, 1980). First, the initial events of myelination are intrinsic
to oligodendrocytes that does not require association with the axons (Mirsky et al.,
1980). Second, within a few days in culture, primary oligodendrocytes differenti-
ate from bipolar to highly branched cells and subsequently to cells that extend flat
membrane sheets that are enriched in myelin membrane proteins like MBP and PLP
(Szuchet et al., 1986; Dubois-Dalcq et al., 1986). Third, it has been shown in our
lab that even though cultured oligodendrocytes cannot recapitulate all the possible
in vivo myelin subdomains, these cells can still polarize their membrane into two
major domains, namely myelin membrane sheets which resemble compact myelin
in composition and processes that are more similar to the non-compact areas (Dr.
L. Yurlova). We employed these primary oligodendrocytes as the model system to
ask the question of how compact myelin, which forms bulk of the myelin, attains
its unique molecular composition. In this study, we show that it is possible to gain
insights into the cell biology of oligodendrocyte polarization in relatively simple in

vitro cell cultures.

4.2 Mechanisms that regulate polarization of oligo-

dendrocytes

We found that MBP is critically involved in the process of oligodendrocyte polar-
ization. MBP forms a physical filter and controls the diffusion of proteins into the
myelin membrane sheets, based on the size of their cytosolic domains. PLP is a
compact myelin protein with 11 aa on the C-terminus. However, addition of a bulky
GFP restricted the protein to the processes in primary oligodendrocyte cultures
(Figure 3.3). Similarly, proteins like MAG, Tmem10 and neurofascin-155 that lo-
calize to the processes or the non-compact myelin areas could gain access into the
myelin membrane sheets, once their cytosolic domains (46, 100 and 90 amino acids
respectively) were truncated (Figure 3.8). Serial truncations of each of these pro-
teins revealed the cytosolic size limit to be less than 30 aa for entering into the

myelin membrane sheets (Figure 3.9). Further, the polarization between compact
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and non-compact myelin was lost in the oligodendrocyte cultures prepared from
MBP deficient shiverer mice. Endogenous proteins like MAG and CNPase as well
as exogenously expressed proteins like PLP-YFP, CD9-GFP, CD81-GFP and Tsp2-
GFP were uniformly distributed throughout the cell area in the shiverer cultures
(Figure 3.4). It is important to note that oligodendrocytes from shiverer mice still
develop membrane sheets which shows that sheet formation is an independent event
that does not require MBP. Furthermore, cytosol remains polarized in the shiverer
cultures indicating that MBP regulates mainly the surface polarity in oligodendro-
cytes (Figure 3.6). In future it would be interesting to elucidate the molecular

machinery which leads to the polarization of the cytosol in oligodendrocytes.

Figure 4.1: A diffusion barrier generates polarized myelin membrane sheets. Oligodendrocytes
generate polarity at the plasma membrane by establishing a diffusion barrier. Myelin basic protein,
an integral component of the compact myelin, serves as a molecular sieve and controls entry
of membrane-associated proteins into the myelin membrane sheets based on the size of their
cytoplasmic domain. A membrane-anchor seems to be necessary for the sorting of a cytosolic
protein to membrane sheets of shiverer cells, indicating that MBP regulates polarity mainly at the
plasma membrane. Modified from (Zuchero and Barres, 2011).

In addition to the in wvitro cell culture experiments, we found that size barrier mech-
anism operates also in vivo. While CNPase normally localizes to the non-compact
myelin areas (mainly inner tongue of myelin) in the wild type mice at the age of P21,
it was uniformly distributed throughout the myelin sheaths in MBP deficient shiv-

erer mice (Figure 3.15). Furthermore, we analyzed the distribution a membrane-
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anchored YFP within myelin in transgenic mice. Spassky and colleagues showed,
mainly via biochemical experiments, that this construct is efficiently targeted to the
myelin membrane areas (Spassky et al., 2001). However, the precise localization
of the protein within the myelin domains was not investigated before. We found
that this construct is specifically enriched in the non-compact myelin areas (Figure
3.14). These observations also highlight the caution required while studying the

function of myelin proteins tagged with fluorescent probes.

Another important finding of our study was the role of MBP in determining the low
protein-to-lipid ratios in myelin. Whereas most plasma membranes have protein-
to-lipid ratio ranging between 1.0-4.0 (wt/wt), the ratio is particular low in myelin
(0.25) (Singer and Nicolson, 1972). Our results show that membrane sheets contain
much higher protein levels in the absence of MBP (Figure 3.13). The most likely
explanation for this finding is that MBP forms a barrier that preferentially filters
proteins to generate a lipid-rich membrane. Consistent with this model, myelin
membrane sheets contain much higher protein levels in the absence of MBP. Thus,
myelinating cells employ the MBP diffusion barrier to create the large mass of lipid-

rich compacted myelin membrane.

Generation and maintenance of cellular polarization has been a topic of intense in-
vestigations in a variety of cell types. It seems to follow certain common themes. For
example, one way to achieve the asymmetric distribution of components is via their
sorting into distinct vesicular carriers, which are in turn targeted towards different
domains (Mellman and Nelson, 2008). However, this would be complicated in case
of myelin as the stack of tightly packed membranes would not leave sufficient space
for vesicular trafficking. Nevetheless, we cannot ignore the possibility that certain
components are packed into distinct carrier vesicles and then arrive at common des-
tination. For example, PLP has been shown to associate with cholesterol before
exiting the Golgi apparatus (Simons et al., 2000). This association might lead to

presorting and assembly of myelin components in the biosynthetic pathway.
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Selective retention in one of the domains is another way to generate polarized distri-
bution of the components. When we added inert tags to the compact or non-compact
myelin proteins, in each case sorting into the sheets or processes was solely decided
by the size rather than any sequence per se. Still, it needs to be seen whether some
proteins can gain access into the myelin membrane sheets via interaction with the
fence elements. Such a mechanism has been shown for the nuclear pore complex
that forms the permeability and controls the entry of protein into the nucleus based
on their size. The sieve like structure has been shown to be a hydrogel made up
of interlinked FG repeat domains (Frey et al., 2006). Nuclear transport receptors
can overcome this size limit because of specific interactions with the inter-repeats,
causing dissociation and thus transient opening of the meshwork (Frey and Gorlich,
2007).

Another important mechanism for the generation of cellular polarization is through
employment of diffusion barriers. In most cases, asymmetry is initially established
through the polarized transport of proteins and lipids to the different domains of
the membrane. Diffusion barriers are subsequently required to maintain surface
asymmetry by preventing the mixing of molecules that are localized on either side
of the barrier. One example is the tight junctions, which separate lateral and api-
cal domains in epithelia (Dragsten et al., 1981). Another example includes septins
which form diffusion barriers in a wide range of cellular systems and thereby cause
cellular compartmentalization (Luedeke et al., 2005; Shcheprova et al., 2008; Mc-
Murray and Thorner, 2009; Kwitny et al., 2010; McMurray et al., 2011; Mostowy
and Cossart, 2012). Further, diffusion barriers are also found at the axon initiation
segment which separates the axon from somatodendritic compartment (Rasband,
2010a) and at the neck of a spine in the dendrites (Barral and Mansuy, 2007). In
oligodendrocytes, barrier in the compacted myelin membrane is not just a fence.
Because MBP molecules line the entire sheet, barrier function is intimately inter-
twined with the biogenesis of the polarized cell surface. As the membrane sheets do
not seem to leave sufficient space for the entry of vesicular carriers, separation of
membrane components must occur at the cell surface. One possibility is that oligo-

dendrocytes extend myelin membrane sheets by lateral flow of myelin components



98 4 Discussion

within the plasma membrane. The biosynthetic trafficking may be directed to the
surface of the cell body and the processes from where the diffusion of the proteins
into the sheets is at least in part regulated by the size of their cytoplasmic domains.
An alternative to the “lateral membrane flow” model of myelin expansion is gener-
ation of surface asymmetry via extrusion. In this model, initially molecules would
mix homogeneously within the sheets. Later, heterogeneity at the surface would be

achieved via MBP mediated extrusion of bulky proteins.

If the size of the cytoplasmic domain of a molecule is the main determinant for
sorting into myelin, lipids should diffuse relatively freely. This is because according
to picket-fence model, transmembrane proteins, when present in high density behave
like pickets and restrict lipid diffusion (Nakada et al., 2003). As most of the proteins
are restricted to the processes, lipid should diffuse relatively unhindered in myelin

membrane sheets.

4.3 Minimal component systems and reconstitu-

tion of MBP barrier

In this study, we also developed two independent minimal component assays for
validating the function of MBP outside the myelin membrane environment. First,
we established membrane based biomimetic three component assay. In this assay
MBP was sandwiched between two lipid bilayers (Figure 3.17). The first bilayer
was formed deposited on the coverslip and the second bilayer was added from the
top in the form of giant unilamellar vesicles. We observed exclusion of membrane
associated GFP from the areas where GUVs adhered and bursted onto the SLBs in
the presence of MBP (Figure 3.17).

As a second assay, we established MBP barrier at the interface of the endoplasmic
reticulum (ER) and plasma membrane (PM) in a fibroblast cell line (Figure 3.22).
For this, we fused MBP to C-terminal domains of a number of myelin as well as

non-myelin transmembrane proteins. In each case, we observed exclusion of plasma
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membrane proteins from the MBP positive areas based on the size of the cytoplasmic
domains (Figure 3.24). Interestingly, similar to primary oligodendrocytes, the size
limit for a protein to co-exist with MBP positive domains was less than 30 amino
acids (Figure 3.25). Furthermore, the domain formation was closely dependent on
the charge of the plasma membrane. Dissipation of negative charges at the plasma
membrane with the addition ionomycin or sphingosine caused the retraction of MBP

domains and dissolution of the barrier (Figure 3.27).

With these two assays, we could specifically look at MBP dependent effects, inde-
pendent of myelin-specific factors. Furthermore, we could use either recombinant
proteins or exogenous expression MBP constructs to screen for the mutants defec-

tive in self-assembly, but still capable of membrane binding.

4.4 Self-assembling diffusion barriers

Since diffusion barriers seem to play an important role in cellular compartmentaliza-
tion, it is important to understand the nature their assembly. For example, nuclear
pore complexes (NPCs) form the diffusion barrier and establish two major compart-
ments within the eukaryotic cells, namely the nucleus and the cytoplasm (Gorlich
and Kutay, 1999). The structural unit of NPCs is comprised of mainly nucleoporins.
A subset of these nucleoporins contain upto 50 repeat units of FG, FxFG or GLFG
amino acid sequence separated by hydrophilic spacers (Denning and Rexach, 2007).
These so called “FG repeat” domains are intrinsically unstructured (Denning et al.,
2003) and have been shown to form elastic hydrogels that can recapitulate the se-
lective permeability properties of the NPC (Frey et al., 2006; Frey and Gorlich,
2007, 2009). Importantly, hydrogel formation seems to require hydrophobic interac-
tions between the FG repeat domains via phenylalanine residues. Mutation of these
phenylalanine residues to serines not only abolished the cross-linking between the

FG repeats, but also the hydrogel formation (Frey et al., 2006).
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Strikingly, similar to nucleoporins, MBP seems to self-assemble into higher order
structures upon membrane binding. Higher order assemblies of MBP were evident
in the in vitro and in vivo cross-linking experiments (Figure 3.31). Furthermore,
addition of MBP to the cytosolic side of two transmembrane proteins, TM10 and
GypTM increased FRET efficiency by more than two-fold in PtK2 cells (Figure
3.36). How might this self-assembly work? We tested the role of hydrophobic pheny-
lalanine residues in mediating self-interaction between the MBP molecules. For this,
we mutated each of the six phenylalanine residues to hydrophilic serines. F—S mu-
tant failed to establish the ER-PM domains in PtK2 cells (Figure 3.35). Similar
results were obtained when phenylalanine residues were replaced with either ala-
nine of glycine residues. However, MBP F—I mutant where phenylalanine residues
were replaced with hydrophobic isoleucine residues, efficiently established ER-PM
domains in PtK2 cells. These experiments revealed the need for the overall hy-
drophobicity at these positions. Interestingly, similar results have been obtained for
the self-associating A342 assemblies. A342 has stretches of hydrophobic residues on
the C-terminal half. Substitution of 12 hydrophobic residues with random non-polar
residues in the C-terminal half of the protein preserved the aggregation propensities
(Kim and Hecht, 2006).

As described before, MBP is unstructured in solution and it is only upon binding
to the membrane (specifically negatively charged lipids), this protein acquires sec-
ondary structure. We performed several independent control experiments to check
the membrane binding capabilities of F—S mutant. MBP has been demonstrated
to associate with the plasma membrane in the oligodendroglial precursor cell line,
Oli-neu cells (Nawaz et al., 2009). We expressed wild type and F—S MBP in Oli-
neu cells. Both proteins showed similar association with the plasma membrane. We
also purified the two variants in the bacterial expression system. Supported lipid
bilayers (SLBs), mimicking inner myelin leaflet lipid composition, were incubated
with WT and F—S recombinant proteins. Each protein remained bound to the
SLB even after multiple washing steps. Finally, we performed liposome pull down
assay with the WT and F—S mutant protein. The lipid composition of liposomes

was similar to the inner myelin leaflet. These liposomes were incubated with similar
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concentrations of the two protein variants. We reasoned in case of association with
the membranes, protein would co-pellet with liposomes upon centrifugation. Indeed,
F—S mutant protein was almost completely depleted from the supernatant upon

centrifugation (Figure 3.34).

On the molecular level, we could show that self-assembly is severely perturbed in
case of F—S mutant. FRET assay demonstrated that the proximity between F—S
is significantly less than the wild type molecules (Figure 3.36). In addition, we
measured the adhesive forces between MBP molecules and later compared these
forces for F—S mutant (Figure 3.37). Such measurements have been performed in
the past with the wild type MBP molecules (Mueller et al., 1999), but the molecular
nature of the observed long-range interaction was not clear. We now implicate hy-
drophobic phenylalanine residues in mediating these long range interactions between
MBP molecules.

What is the functional consequence of these hydrophobic self-interactions? Inter-
action of MBP with large unilamellar vesicles has been investigated before (ter
Beest and Hoekstra, 1993). Large unilamellar vesicles containing PS aggregated
irreversibly in the presence of MBP. Furthermore, the membrane became unstable
or perturbed as shown by the release of aqueous content marker, carboxyfluorescin.
As mentioned before, we also saw the spreading of GUVs onto the SLBs in the pres-
ence of MBP (Figure 3.17). Importantly, mere cross-linking of the two membrane
with polyvalent antibodies was not sufficient to cause the GUV bursting (Figure
3.19). Our model suggests that GUVs burst due to self-association between MBP
molecules. Consistent with our model, we observed that in comparison to the wild
type MBP, GUV bursting events were reduced more than five fold with the F—S
mutant (Figure 3.38). What is the physiological relevance of this finding? One func-
tion of MBP is to extrude the bulky proteins out of the myelin membrane sheets
during development (Figure 3.20). Unlike MBP, the F—S mutant was not able to
push CNPase out of the sheets in MBP deficient shiverer cultures (Figure 3.39).
Therefore, apart from the association with the inner leaflet lipids, self-interaction

between MBP molecules is equally important for polarity establishment in oligoden-



102 4 Discussion

drocytes.

Apart from MBP, there are other basic proteins like MARKS that have been spec-
ulated to self-associate. For example, upon expression into macrophages, MARKS
show a punctate distribution pattern (Rosen et al., 1990). Unlike MBP, in case of
MARKS the basic residues are concentrated in a stretch. The effector domain of
MARKS is made up of 13 aa that also contains five phenylalanine residues. When
these phenylalanine residues are mutated to the alanines, the peptide still binds
strongly to the acidic membrane, but with an altered mode of interaction (An-
drews et al., 1999). The effector domain of MARKS with mutated phenylalanine
residues is no longer able to sequester the lipid PIP2. Probably, similar to MBP,
the self-association is disrupted. In future, it would be interesting to investigate the
role of MBP self-association in the lateral organization of lipids within the plasma
membrane. For example, MBP has been shown to sequester PIP2 in the model
membranes by fluorescence quenching and electron paramagnetic resonance spec-
troscopy (Musse et al., 2008). Furthermore, MBP has been shown to induce the
clustering of the outer leaflet lipid GalC (Fitzner et al., 2006).

Another interesting avenue for future studies would be explore whether there are
other proteins within myelin that behave in a similar way as MBP. An interesting
candidate is the P2 protein, which is mainly present in the PNS (Kursula, 2008).
Interestingly, while the loss of MBP leads to a severe myelination defect in CNS,
the effect in milder in PNS (Privat et al., 1979). Lack of severe phenotype in PNS
myelin has been attributed to compensatory mechanisms by other myelin proteins
like P2 and PO (Winter, 1982). Similar to MBP, P2 is also a peripheral membrane
protein. In the in vitro assays with the membranes, both MBP and P2 have been
shown to induce the stacking of the bilayers (Suresh et al., 2010). Interestingly,
simultaneous addition of both proteins increased the extent of stacking. As these
proteins induce stacking of the membranes, the overall area occupied by the bilayer
on the mica surface decreased progressively with the increasing extent of stacking.
The authors speculate that MBP and P2 act in a synergistic way. Whether P2 also

forms a self associating molecular sieve remains to be seen. The various minimal
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component assays developed in this study can be used to explore the role of P2. For
example, it would be interesting to see whether P2 can establish ER-PM domains
in PtK2 cells upon fusion to a transmembrane proteins. If this would be the case,
one can test the size limit of proteins that can be excluded. Furthermore, P2 can
be expressed in MBP deficient shiverer cultures and polarity re-establishment can

be tested by staining for CNPase.

4.5 Protein phase separation in solution

Self-assembly of MBP upon association with the negatively charged lipids causes
mesoscopic compact myelin domain formation. These experiments raised an in-
triguing question whether MBP has an intrinsic capability to phase separate from
the bulk of solution. Indeed, beyond a critical concentration of MBP, charge neutral-
ization via raising the pH led to the formation of macrosopic sized protein droplets.
These droplets exhibited random motion due to diffusion and upon contact the two
droplets merged together (Figure 3.40). The liquid like behavior of these droplets
was evident from the reversibility of the process. pH neutralization lead to the rapid
dissolution of the droplets. Interestingly, no droplets were observed when pH was

raised for the F—S mutant.

Other examples of liquid-liquid transition includes human hemoglobin, HbA which
undergoes reversible liquid-liquid separation near physiological pH in the presence of
small amounts of polyethyleneglycol (PEG) between 35-40°C (Galkin et al., 2002).
These liquid-liquid transitions play an important role in the formation of polymers
of mutant hemoglobin, HbS in sickle cell anemia (Chen et al., 2004). Similarly, in
cataract formation, opacification of the eye lens occurs due to the liquid-liquid phase

separation of the gamma-crystalline proteins (Broide et al., 1991).

Our data implicates hydrophobic interactions in the formation of protein droplets.
Such interactions have been proposed before to play a role in the demixing of two

liquid phases. Condensed P-granules in C. elegans are amongst the physiologi-
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cally phase separated protein assemblies (Brangwynne et al., 2009). Recently, the
P-granule protein, GLH1 with three tandem FG repeats was shown to readily as-
semble into droplets (Updike et al., 2011). Furthermore, disordered domains have
been demonstrated to play an important role in the intracellular phase transitions
(Kato et al., 2012). For example, many RNA-binding proteins (RBPs), enriched in
low complexity sequences, were precipitated by the addition of the chemical, 5-aryl-
isoxazole-3-carboxyamide. These RBPs form part of RNA granules. An abundant
RBP, FUS (fused in sarcoma) was also precipitated with this chemical. FUS and
six other candidates, when incubated at low temperature in high concentration, un-

derwent phase transitions to form hydrogels.

Apart from hydrophobicity, mutivalency has also been identified as an important
factor in promoting phase separation (Li et al., 2012). In this study, many muti-
domain proteins underwent phase transition in solution and formed liquid droplets.
The valency of the interacting species had a direct effect on the critical concen-
tration required for the de-mixing. For example, the interaction between purified
repeats of SRC homology 3 (SH3) domain (SH3,) and proline-rich motif (PRM) lig-
and (PRM,,) generated droplets. Importantly, droplets formed only when the repeat

number, n was increased beyond 3.

Protein phase separations have been implicated in mesoscopic organization of non-
membrane bound organelles in cells. Examples include the nucleolus, the centro-
somes and the germ granules (Brangwynne et al., 2009, 2011; Brangwynne, 2011;
Hyman and Brangwynne, 2011; Weber and Brangwynne, 2012). Our data suggests
that MBP also has intrinsic properties to separate out from the bulk solution when
its charge is neutralized. However, physiologically it is the negatively charged lipids
that bind and negate the electrostatic repulsions between the MBP molecules. This
association between lipids and MBP in turn provides protein with a unique oppor-
tunity to de-mix from the cytoplasmic phase and organize the macroscopic, compact

myelin domain within myelin.



“The outcome of any serious
research can only be to make two
questions grow where only one

grew before.”

Thorstein Veblen

5. Summary and Outlook

Myelin is a unique membrane with lipids constituting more than 70% of its dry
weight. By insulating axons, this membrane allows fast saltatory conduction of
nerve impulses. Apart from the insulation, it also provides trophic support for the
axons. The importance of myelin is underscored in de/dysmyelinating diseases like
multiple sclerosis and leukodystrophies. Myelin is also an excellent example of a
polarized membrane. The two major domains within myelin include the compact
myelin and non-compact myelin. Compact myelin forms the bulk of myelin and is

responsible for the insulating properties.

This thesis describes the molecular mechanism underlying formation of two ma-
jor domains within the myelin membrane, namely the compact and non-compact
domains. We used the model system of cultured oligodendrocytes that form two-
dimensional myelin membrane sheets. The myelin membrane sheets resembled com-
pacted domain in composition. We found that the myelin basic protein forms a
diffusion barrier on the cytoplasmic side of the myelin membrane sheets. Our re-
sults show that only proteins with cytoplasmic domains of less than 30 amino acids
can cross this permeability barrier. However, in the absence of MBP, any mem-
brane protein could gain access into the sheets, regardless of the size of the cytosolic
domain. Using this cytoplasmic filtering mechanism, MBP excludes most proteins
from diffusing into the myelin membrane sheets, thereby setting a pre-condition for
the enrichment of lipids. Indeed lipid-to-protein ratios changed in myelin extracted
from the MBP deficient shiverer mice. While MBP clearly generated asymmetry

at the surface, the polarization of the cytosol was not affected in shiverer cultures.
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How the cytosol becomes polarized is an interesting question for future studies.

The presence of a diffusion barrier along the compacted myelin raised several further
questions. How does MBP generate lateral asymmetry at the surface? Is MBP syn-
thesis closely coupled to the sheet biogenesis? If sheet biogenesis is closely coupled
with MBP synthesis, then bulky proteins would not enter into the sheets at any
time point during development. However, we observed that sheets form prior to
the expression of MBP. These unmature sheets were positive for the non-compact
myelin components. With time, bulky proteins present in the unmature sheets were
extruded to the non-compact domains by MBP. Therefore, surface asymmetry is
achieved in oligodendrocytes via lateral unmixing of the components. This lateral
unmixing was intimately dependent on the self-association between MBP molecules.
Hydrophobic phenylalanine residues were found to be vital for the self-association of
MBP molecules. MBP mutant in which all the phenylalanine residues were mutated
to the hydrophilic serine residues, was incapable of laterally unmixing the compo-

nents and generating asymmetry in shiverer cultures.

We also found that MBP possess inherent capabilities to phase separate from the
bulk fluid when its basic charges are neutralized. Physiologically, electrostatic in-
teractions between negatively charged inner leaflet lipids and basic MBP molecules
probably leads to the separation of compact myelin from non-compact domains. An
interesting avenue for future studies will be to address whether demyelinating events

could be triggered by such phase transitions.
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A. Appendix

Table A.1: List of constructs. Note that antibiotic resistance for pcDNA3.1(-) and pUC vector
is ampicillin; and for pEGFPN1 and pSFV4 vector is kanamycin. The numbers stated for the

plasmids are the personal internal numbers.

No.| Plasmid name | Cloning strategy Enzymes Vector
SS-myc- PCR for MAGNter with
Afel /HindIII DNA3.1(-
008 \AGNter 18320/18528 el/Hin be ©)
PCR for MBP with
014 | His-MBP o W BamHI/Spel | pSFV4
19355/19363
SS-myc- PCR for Tmem10Nter with

025 | >0 e of ZIERIIHEE W | Afel /HindIIT | pcDNA3.1(-)
Tmem10Nter 18901/18902
SS-myc- PCR for MAGNter6(-) )

031 Afel /HindIII DNA3.1(-
MAGNter6(+) | with 18329/18991 el/Hin Pe )
SS-myc- PCR for MAGNter6(-) )

032 Afel /HindIII DNA3.1(-
MAGNter6(-) | with 18329/18990 el/Hin be ©)

“myc- PCR for Tmem10Nter6

033 | SOmYC CR for TmemlONter6(+) | ¢ i qim | peDNA3.1()
Tmem10Nter6(+)| with 18901/18993
SS-myc- PCR for Tmeml0Nter6(-

034 | 0T CR for TmemlONr6() | ¢ pprnamn | peDNA3.1()
Tmem10Nter6(-) | with 18901/18992
SS-myc- PCR for MAGNterC10

041 Afel /HindIII DNA3.1(-
MAGNterC10 | with 18329/19116 el/Hin pe ©)
SS-myc- PCR for MAGNterC20

42 Afel /HindII1 DNA3.1(-

0421 MAGNterC20 | with 18329/19117 el/Hin be ©)
SS-myc- PCR for MAGNterC30

043 Afel /HindIII DNA3.1(-
MAGNterC30 | with 18320/19118 el/Hin pe ©)
SS-myc- PCR for MAGNterC46

4 Afel /HindII1 DNAS3.1(-

0401 MAGNterC6 | with 1832019121 el/Hin be ©)

“myc- PCR for Tmeml0NterC10

051 | Do CR for TmemlIONter Afel/HindITl | pcDNA3.1(-)

Tm10NterC10 | with 18901/19243
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SS-myc- PCR for Tmem10NterC20
052 | D0TYC o ot SINEHURLEr Afel/HindITI | pcDNA3.1(-)
Tm10NterC20 with 18901,/19244
SS-myc- PCR for Tmem10NterC30
053 | D0 THYC T or A ICI e Afel/HindIIl | pcDNA3.1(-)
Tm10NterC30 | with 18901/19245
SS-myc- PCR for Tmem10NterC40
054 Afel /HindII DNA3.1(-
Tm10NterC40 | with 18901/19246 l/Hin PcDNAS.1(-)
SS-myc- PCR for Tmem10NterC50
055 oo Ve v o Lmerm e Afel/HindIll | pcDNA3.1(-)
Tm10NterC50 | with 18901,/19247
SS-myc- PCR for Tmem10NterC100
060 | 00 YC o on S e VERer Afel/HindITT | pcDNA3.1(-)
Tm10NterC100 | with 18901/19252
SS-myc- PCR for Nfas155NterC10
071 Afel /HindIII DNA3.1(-
Nfas155NterC10 | with 18897/19364 el/Hin pe ©)
SS-myec- PCR for Nfas155NterC20
072 Afel /HindIIl DNA3.1(-
Nfas155NterC20 | with 18897/19365 el/Hin pe ©)
SS-myc- PCR for Nfas155NterC20
073 Afel /HindIII DNA3.1(-
Nfas155NterC30 | with 18897/19366 el/Hin pe ©)
SS-myc- PCR for Tmem10Nter-HA
091 Afel /HindII DNA3.1(-
Tm10Nter-HA | with 18901/20058 el/Hin pe ©)
S5-myc- PCR for Tmem10NterC20
or mem er -
093 | Tm10NterC20- , Afel/HindIIl | pcDNA3.1(-)
HA with 18901,/20060
HA
PCR for MBP with
129 | MBP18-myc o Y| BamHI/HindII] pcDNA3.1(-)
21768 /21769
PCR for MBP with
130 | MBP18-HA o Y BamHI/HindIIl peDNA3.1(-)
21768 /21770
PCR for MBP with
151 | MBP14-Myc o Y| BamHI/HindIIl pcDNA3.1(-)
21768 /21769
SSmyc-Tml0- | PCR for MBP  with
155 | Do vertm or Y Xhol /HindIII | peDNA3.1(-)
MBP 22951 /22052
SS-myc-GFP- PCR for GFP with
171 NotI/Afel DNA3.1(-
Tm10-MBP 24121 /24122 otl/Afe PcDNAS.1(-)
SS-myc-YFP- PCR for YFP with
172 NotI/Afel DNA3.1(-
Tm10-MBP 24121 /24122 otl/Afe pe ©)
SSmyc-YFP- | PCR for YFP  with
181 | Ve o W Notl/Afel pcDNA3.1(-)
Tm10 24121/24122
SSmycGFP- | PCR for GFP  with
195 | D0 YC o VI NotI/Afel pcDNA3.1(-)
Tm10 24121/24122
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196 | mem- YFP ordered from clonetech - pcDNA
PCR for RFP with
226 | mem-RFP o W Xbal/Notl pEGFPN1
24809/24810
PCR for MBP with
239 | MBP 14 o Y| Xhol/HindIll | pEGFPN1
24986,/24987
SS-myc-GFP- | PCR for PH domain with
262 | 27 YC or O W Xhol /HindITT | peDNA3.1(-)
Tm10-PH 25005/25096
S5 myc-GEP- | pop for FRB with
or 1
984 | FRB-Tm10- 251392540 VI Afel/EcoRI | peDNA3.1(-)
MBP
SS-myc-
285 | Dendra2-Tm10- | Subcloned Dendra2 NotI/Afel pcDNA3.1(-)
MBP
SSmyc-GFP- | BNIP TM b ling of
290 | 70HY¢ ¥ ARREARRS O1 1 Afel /Xhol pcDNA3.1(-)
BNIP TM-MBP | 25188/25189
SS-myc-GFP- BNIP TM by annealing of
302 Afel /Xhol DNA3.1(-
BNIP TM 25188,/25189 el/Xho PcDNA3.L(-)
SSmyc-GFP- | BNIP TM b ling of
315 oW Y ARREARRS O1 1 Afel /Xhol pcDNA 3.1
BNIP TM-PH | 25188/25189
SS-myc-GFP- GyPTM by annealing
324 Afel /Xhol DNA3.1(-
GyPTM bm01,/bm02 el/Xho pe ©)
SSmyc-GFP- | GyPTM b I
325 | D0 YC Y Yo AN | fel /Xhol pcDNA3.1(-)
GyPTM-MBP | bm01/bm02
SS-myc-GFP- GyPTM by annealing
3928 Afel /Xhol DNA3.1(-
GyPTM-PH bm01,/bm02 el/Xho be ©)
SSmycFKBP- | PCR for FKBP with
336 Notl/Afel DNA3.1(-
Tml10-mCherry | 25143/25144 otl/Afe be ©)
SS-myc-
b 1(-
338 Dendra2-Tm10 Subcloned Dendra2 NotI/Afel pcDNA3.1(-)
myc
344 | tmeml10nterc20ha | Subcloned MBP Xhol/HindIII | pcDNA3.1(-)
MBP
S5-myc- PCR for mCh ith
or €
347 | mCherry-Tm10- 25924/2592;1 e NotI/Afel pcDNA3.1(-)
MBP
SSmycGFP- | PCR for PLPTM4 with
355 | o e o W Afel /Xhol pcDNA3.1(-)
PLPTM4-MBP | 26184 and26185
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SS-myc-GFP- PCR for PLPTM4 with

356 b pTas 26184 and 26185 Afel/Xbol pcDNA31()
SS-myc- PCR for PLPTM4 with

357 | mCherry- 96184 and 26185 Afel/Xhol pcDNA3.1(-)
PLPTM4-MBP
SS-myc-

358 | mCherry-Tm10- | Subcloned PH domain Xhol/HindIII | pcDNA3.1(-)
PH
SS-myc-GFP- PCR for MAGNterC46 .

03| MAGNterCa6 | with 26318/26319 Afel/HindIIT | pcDNA3.1()
SS-myc-GFP- PCR for Tmem10NterC50 .

S04 Prnem10NterC50 | with 2632026321 Afel/HindIIl | pcDNA3.1(-)
SS-myc- _

368 | mCherry- 55%1;4 /g‘;;%my VIt T ott/Afer pcDNA3.1(-)
Tm10Nter
SS-myc- .

369 | mCherry- PCR for mCherry with NotlI/Afel pcDNA3.1(-)

25924,/25925

Tm10NterC10
SS-mye- PCR for mCherry with

370 | mCherry- 95924/25925 NotI/Afel pcDNA3.1(-)
Tm10NterC20
SS-myc- )

371 | mCherry- 55(;2{4 /i(;)zfcmry VIR N otT/Afel pcDNA3.1(-)
Tm10NterC30
SS-mye- PCR for mCherry with

372 | mCherry- 95924/25925 NotI/Afel pcDNA3.1(-)
Tm10NterC40
SS-myc- PCR for PLPTM4 with

380 | mCherry- 96184 and26185 Afel/Xhol pcDNA3.1(-)
PLPTM4-MBP
SS-mye- GyPTM by annealing

409 | mCherry- bm01 /bm02 Afel/Xhol pcDNA3.1(-)
GyPTM
S5-myc- GyPTM by annealing

410 | mCherry- bm01 /bm02 Afel/Xhol pcDNA3.1(-)
GyPTM-MBP

421 | MBP FtoS ordered from genescript - pUC
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SS-myc-
Cherry- PCR for MBP FtoS with
g9 | MHRCTLY o © W BamHI/HindIll pcDNA3.1(-)
GyPTM-MBP | 21768/21770
FtoS
-mve-GFP-
SS-myc-G PCR for MBP FtoS with '
423 | Tm10-MBP Xhol/HindIII | pcDNA3.1(-)
22951 /22952
FtoS
PCR for MBP FtoS with
424 | MBP FtoS-HA o O W BamHI/HindIIl pcDNA3.1(-)
21768,/21770
SS-myc-
Cherry- PCR for MBP FtoS with
g5 | RO o ©° W BamHI/HindIIl pcDNA3.1(-)
PLPTM4-MBP | 21768/21770
FtoS
PCR for MBP FtoS
426 | His-MBP FtoS BamHI/Spel | pSFV4
s | with19355/19363 amHI/Spel | p
442 | MBP FtoY ordered from genescript - pUC
443 | MBP FtoA ordered from genescript - pUC
444 | MBP Ftol ordered from genescript - pUC
SS-myc-
herry- PCR for MBP FtoY with
ya5 | mCherry o ©F VI BamHI/HindIIl pcDNA3.1(-)
GyPTM-MBP | 21768/21770
FtoY
SS-myc-
Cherry- PCR for MBP FtoA with
446 | D o O W BamHI/HindITl pcDNA3.1(-)
GyPTM-MBP | 21768/21770
FtoA
SS-myc-
Cherry- PCR for MBP FtoA with
gq7 | RO or O W BamHI/HindITl peDNA3.1(-)
GyPTM-MBP | 21768/21770
Ftol
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Table A.2: List of primers.

Internal
no.

Sequence (5-3)

18329

AAAAAAAAAAGCGCTGTGGGCGTGGGGGGC

18528

TTTTTTTTTAAGCTTTCACGTCTGGGTGATGTAGCACACAATG

18897

AAAAAAAAAAGCGCTATGGCCAGGCAGCAG

18898

TTTTTTTTTAAGCTTTCAGGCCAGGGAATAGATG

18899

TTTTTTTTTAAGCTTTCACTTGATGAAGCAGACGATCAG

18901

AAAAAAAAAAGCGCTATGAGTTTTTCACTGAACTTCAC

18902

TTTTTTTTTAAGCTTTCATCTTCTTCGGTGAATCAAAGTAAATAG

18903

TTTTTTTTTTCAGTTATCTAGATCCGGTGG

18990

TTTTTTTTTAAGCTTTCATCTTCTTCTTCTTCTTCTTCCTCCTCCTCC(C
GTCTGGGTGATGTAGC

18991

TTTTTTTTTAAGCTTTCAGTCGTCGTCGTCGTCGTCTCCTCCTCCTCC
CGTCTGGGTGATGTAGC

18992

TTTTTTTTTAAGCTTTCAGTCGTCGTCGTCGTCGTCTCCTCCTCCTCC
TCTTCTTCGGTGAATCAAAG

18993

TTTTTTTTTAAGCTTTCATCTTCTTCTTCTTCTTCTTCCTCCTCCTCCT
CTTCTTCGGTGAATCAAAG

19116

TTTTTTTTTAAGCTTTCAGGAGCTCTCCGTGAC

19117

TTTTTTTTTAAGCTTTCAGACATGAGGGTTGTCTCC

19118

TTTTTTTTTAAGCTTTCACCCAGAGATTCTGAATTCGG

19121

TTTTTTTTTAAGCTTTCAGTGACAATCCCGGG

19243

TTTTTTTTTAAGCTTTCACATGGCCTCAATGCTG

19244

TTTTTTTTTAAGCTTTCATGAAATTTCACATGGTCTGTC

19245

TTTTTTTTTAAGCTTTCACTCAGATATCTTGGGATTGTC

19246

TTTTTTTTTAAGCTTTCACTTCTCATGTGTGGGTGATC

19247

TTTTTTTTTAAGCTTTCATATGTGGGCCTCTTGTG

19252

TTTTTTTTTAAGCTTTCAGGCCAGGACCACTTTG

19355

AAAAAAAAAGGATCCATGGCATCACAGAAGAGAC

19356

TTTTTTTTTAAGCTTTCAGCGTCTCGCCATG

19363

TTTTTTTTTACTAGTGCGTCTCGCCATGG

19364

TTTTTTTTTAAGCTTTCATGGGTACTTGCCGCC

19365

TTTTTTTTTAAGCTTTCAGCCCAAGGGGACATCC

19366

TTTTTTTTTAAGCTTTCATGAACCATCTTCTTCTTTGGG

20058

TTTAAGCTTTCACTCGAGAGCGTAATCTGGAACATCGTATGGGTATC
CTCCTCCTCTTCTTCGGTGAATCAAAG
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20060

TTTAAGCTTTCACTCGAGAGCGTAATCTGGAACATCGTATGGGTATC
CTCCTCCTGAAATTTCACATGGTCTG

21768

AAAAAAAGGATCCACCATGGCATCACAGAAGAGAC

21769

TTTTTTAAGCTTTCACAGATCCTCTTCAGAGATGAGTTTCTGCTCTC
CTCCTCCGCGTCTCGCCATGG

21770

TTTTTTAAGCTTTCAAGCGTAATCTGGAACATCGTATGGGTATCCTC
CTCCGCGTCTCGCCATGG

22951

AAAAAACTCGAGGGAGGAGGAGGAATGGCATCACAGAAGAGACC

22952

TTTTTTAAGCTTTCAGCGTCTCGCCATGGG

24121

AAAAAAAGCGGCCGCGGAGGAGGAGGAATGGTGAGCAAGGGCGA
GG

24122

TTTTTTAGCGCTCTTGTACAGCTCGTCCATGCCG

24809

AAAAAATCTAGAGCCTCCTCCGAGGAC

24810

TTTTTTGCGGCCGCTTAGGCGCCGGTGGAG

24986

AAAAAACTCGAGACCATGGCATCACAGAAGAGACC

24987

TTTTTTAAGCTTGCGTCTCGCCATGGG

25095

AAAAAACTCGAGGCCCTTCTGAAGGGCAG

25096

TTTTTTAAGCTTTCAGTGGATGATCTTGCGCAGG

25139

AAAAAAGCGCTGGAGGAGGAGGAATCCTCTGGCATGAGATGTGG

25140

TTTTTGAATTCTCCTCCTCCTCCCTTTGAGATTCGTCGGAACACATG

25143

AAAAAAAGCGGCCGCGGAGGAGGAGGAGTGCAGGTGGAAACCATC

25144

TTTTTTAGCGCTTCCTCCTCCTCCTTCCAGTTTTAGAAGCTCCACAT
CG

25188

GCTCTTAAAGTTTTTCTTCCTTCTCTTCTTCTTTCTCATCTTCTTCTT
ATTGGTCTTGGTATTTATATTGGTCGTCGTC

25189

TCGAGACGACGACCAATATAAATACCAAGACCAATAAGAAGAAGAT
GAGAAAGAAGAAGAGAAGGAAGAAAAACTTTAAGAGC

25829

AAAACTCGAGGGAGGAGGAGGATTTCTGAACTGTTGCCCGGGCTGC
TGTATGGAACCCGGAGGAGGAGTGAGCAAGGGCGAG

25830

TTTTTTAAGCTTTCATCTAGAGCAGGTCTTCTTCTTGTACAGCTCGTC
CATG

25924

AAAAAAGCGGCCGCGTGAGCAAGGGCGAG

25925

TTTTTTAGCGCTTCCTCCTCCCTTGTACAGCTCGTCCATG

26184

AAAAAAAGCGCTGGAGGAGGAGGATTCCAAATGACCTTCCACCTG

26185

TTTTTTCTCGAGGCCGCCGCCAGTGGCAGCAATCATGAAGGTGAGC
AG

26318

AAAAAAAGCGCTGGGGGCCACTGGGG
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26319

TTTTTTAAGCTTTCATCTAGAGTGACAATCCCGGGTAGAGAC

26320

AAAAAAAGCGCTATGAGTTTTTCACTGAACTTCACCC

26321

TTTTTTAAGCTTTCATCTAGATATGTGGGCCTCTTGTGCTC

bmoO01

GCTCCAGAGATAACACTCATTATTTTTCTGGTGATGGCTGCTGTTATTC
GAACGATCCTCTTAATTTCTTACGGTATTCGCCGAC

g

bmo02

TCGAGTCGGCGAATACCGTAAGAAATTAAGAGGATCGTTCCAATAACA

GCAGCCATCACCAGAAAAATAATGAGTGTTATCTCTGGAGC
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