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Summary/ Zusammenfassung

1. Summary/ Zusammenfassung

Sphingolipids that differ in their acyl chains have different effects on physiological
and pathophysiological processes. Some of the roles can be explained by the
biophysical characteristics of sphingolipids with different acyl chain lengths, but
direct intracellular targets of especially very long chain fatty acid-containing
sphingolipids remain largely unknown. Therefore we previously established a
proteomic approach to identify direct interaction partners of very long chain fatty
acid-containing sphingolipids in a cellular system. In this PhD thesis, the data
obtained from the proteomic approach were bioinformatically analysed and
validated. Biochemical assays were performed to further characterise a subset of
the identified proteins, including the membrane protein dystroglycan, with respect
to structural and functional aspects of their interactions with sphingolipids.
Functional studies in oligodendrocytes were performed to investigate a specific role
of dystroglycan with very long chain fatty acid-containing sphingolipids in myelin.
The obtained bioinformatic analyses revealed a broad spectrum of functions of very
long chain fatty acid-containing sphingolipids. The identified interaction appeared
to play roles in e.g. membrane/vesicle fusion and diverse adhesion processes.
Several of the identified proteins were functionally connected, indicating a
preference for the same local lipids within multiprotein complexes. Selected
protein-lipid interactions from the proteomic approach were successfully validated.
To define the interacting lipid species of these interactions, different assays were
performed. The sphingolipid metabolism was modified by two different approaches,
siRNA-mediated knockdowns and knockouts of targeting enzymes of the
sphingolipid biosynthesis pathway. The results were not unambiguous due to a
lack of specificity within the highly connected sphingolipid network.

Among the multiple suggested functions of very long chain fatty acid-containing
sphingolipids, they fulfil an important function in myelin stability, however the
underlying molecular mechanisms are not yet understood. Like very long chain
fatty acid-containing sphingolipids, dystroglycan was suggested to be important for
myelin stability and the myelination process itself. Therefore dystroglycan-very long
chain fatty acid-containing sphingolipids interactions and their putative functions
were investigated in oligodendrocytes. An interaction of dystroglycan with

sphingolipids was observed and additional data suggested a role of very long chain



Summary/ Zusammenfassung

fatty acid-containing sphingolipids in dystroglycan trafficking to the plasma
membrane. The cellular system established in this work will help to elucidate
specific interactions of sphingolipids with dystroglycan and to understand their
functional implications during myelination in oligodendrocytes.

Concluding, these data provide novel insights into the role of very long chain fatty
acid-containing sphingolipids in multiple biological processes and hinted at a role
of these lipids in trafficking of dystroglycan to the plasma membrane in
oligodendrocytes.

Sphingolipide mit verschiedener Fettsdurezusammensetzung haben unter-
schiedliche Einflusse auf physiologische und pathophysiologische Prozesse. Nur
einige dieser Effekte konnen durch die biophysikalischen Eigenschaften der
Sphingolipide erklart werden. Insbesondere die direkten intrazellularen
Interaktionspartner von sehr langkettigen Sphingolipiden sind bisher nicht bekannt.
In dieser Arbeit wurden, aufbauend auf den Daten einer bereits vorliegenden
proteomweiten Analyse, die die direkten intrazellularen Interaktionspartner von
sehr langkettigen Sphingolipiden untersucht hat, weitergehende Untersuchungen
durchgefuhrt.

Die Daten wurden bioinformatisch ausgewertet, der Versuch wurde validiert und
weitere biochemische Experimente wurden durchgefihrt, um einige der
identifizierten Interaktionen weiter zu charakterisieren. Des Weiteren wurde in
Oligodendrozyten die Funktion der Interaktion zwischen Dystroglycan und sehr
langkettigen Sphingolipiden wahrend der Myelinisierung untersucht.

Die bioinformatische Datenauswertung ergab ein weitreichendes Wirkungs-
spektrum der identifizierten Interaktionen. Diese umfassen unter anderem Rollen
in der Membran-/Vesikelfusion und verschiedener Adhasionsprozessen. Viele der
identifizierten Proteine waren funktionell miteinander verbunden, was auf eine
Praferenz fur dieselbe Lipidumgebung in Multiproteinkomplexen hindeutet.
Ausgewahlte Protein-Lipid-Interaktionen wurden erfolgreich validiert. Um die
genaue Lipidspezies der Interaktionen zu definieren, wurden verschiedene
Experimente durchgefuhrt. Diese umfassten die siRNA-basierende Reduktion oder
vollstandige Gen-Knockouts bestimmter Enzyme im Sphingolipidstoffwechsel.



Summary/ Zusammenfassung

Aufgrund des komplexen Sphingolipidstoffwechsels sind die Ergebnisse bisher
nicht eindeutig.

Von den vielen vermuteten Funktionen sehr langkettiger Sphingolipide ist vor allem
der Einfluss auf die Stabilitat von Myelin beschrieben worden. Allerdings sind auch
hier die molekularen Mechanismen nicht bekannt. So wie fur die sehr langkettigen
Sphingolipide wurde auch fur Dystroglycan eine Funktion in der Myelinstabilitat
sowie in der Myelinisierung selbst beschrieben. Aus diesem Grund wurde die
Interaktion von Dystroglycan mit sehr langkettigen Sphingolipiden in
Oligodendrozyten untersucht. Sowohl die Interaktion selbst, als auch der Transport
von Dystroglycan zur Plasmamembran durch sehr langkettige Sphingolipide,
wurde in Oligodendrozyten identifiziert. Das entwickelte zellulare System ist dafur
geeignet, auch in nachfolgenden Versuchen die funktionellen Auswirkungen dieser
Interaktion weitergehend zu untersuchen.

Zusammenfassend haben die Daten dieser Arbeit einen neuen Einblick in die Rolle
der sehr langkettigen Sphingolipide in verschiedene biologischen Prozessen
gegeben. Des Weiteren wurde erstmals ein Einfluss von Lipiden auf den Transport
von Dystroglycan in Oligodendrozyten beschrieben.






Introduction

2. Introduction

2.1.Lipids as Modulators of Protein Function

Thousands of different lipids make up biological membranes. This enormous
degree of structural diversity of lipids contradicts their long-time recognised single
roles in barrier functions and energy metabolism. Cells synthesize proteins to
actively modulate their lipidome. Various genetic diseases with mutations within
these enzymes demonstrate multiple functions of lipids in physiology'. Described
roles of lipids include functions as structural membrane components, energy and
heat sources, signalling molecules, protein recruitment platforms and substrates
for post-translational protein-lipid modifications?. This section introduces the
biochemical background of lipid diversity before focussing on sphingolipid
metabolism and functions of lipids in myelin. Finally, roles of lipids by interacting
with proteins and methods to study protein-lipid interactions will be introduced.

2.1.1. Lipid Diversity

The major membrane lipids are assigned to three categories: glycerol-
phospholipids (GPLs), sphingolipids (SLs) and cholesterol (Figure 2.1)3. In GPLs,
a glycerol is linked to two fatty acids chains and a phosphorylated alcohol. Is the
phosphate not further modified, the resulting lipid is phosphatidic acid (PA). The
addition of different head groups like serine, ethanolamine, choline, glycerol and
inositol form different GPL species, namely phosphatidylserine (PS), phosphatidyl-
ethanolamine (PE), phosphatidylcholine (PC), diphosphatidylglycerol (cardiolipin)
and phosphatidylinositol (Pl), respectively. The diversity of GPLs is further
increased by variations of fatty acid chain length, double bond number, double
bond positions and the degree of hydroxylation?. Also the combination of fatty acids
at the sn-1 and sn-2 position increases structural diversity?.

The backbone of SLs is a sphingosine, an amino alcohol containing a long,
unsaturated hydrocarbon chain, which is N-linked to a fatty acid chain. Diversity
arises from the variety in length and type of the sphingoid base (long chain base,
LCB), N-acyl chain and head group?. The addition of a choline headgroup forms
sphingomyelin (SM), whereas the addition of glucose or galactose forms the
cerebrosides glucosylceramide (GlcCer) or galactosylceramide (GalCer),
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respectively*. More complex glycolipids, such as gangliosides (e.g. GM3, GD3,
GD1), show branched chains of multiple sugar residues*.

Cholesterol is different to other lipid categories. It is a steroid, made up of four
interconnected hydrocarbon rings and is not varying much in structure. However,
when regarding compositional diversity, cholesterol is enriched at the plasma
membrane compared to other organelle membranes?. Thus, the multiple described
functions of lipids are not solely achieved by the diversity of chemical structures of
cellular lipids. Especially during signalling, compositional diversities become
important®. Lipid compositions are different between species, between tissues or
cells within an organism, between different organelles as well as between

membrane leaflets and even in membrane subdomains?.

GPL diversity

Acyl chains Glycerol backbone Head group
., Fatty acid
' sn-1 fatty acid type . |linkage 7777 |

— — — — Head grou
o substituent
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'Sphingoid base length, |
' double bonds, hydroxylation
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Figure 2.1 Classification of Membrane Lipids Based on Their Structure

Glycerophospholipids (GPLs) have a glycerol backbone with fatty acids at the sn-1 and sn-2
position. Head group is a esterified phosphoric acid with, for example, an attached choline head
group, forming phosphatidylcholine. Sphingolipids have a sphingoid base, a N-linked acyl chain
and a head group. Cholesterol is a sterol. Adapted and modified from?
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At the level of subcellular diversity, membrane nanodomains (also called “lipid
rafts”®) especially appear important for signalling and sorting?3. These
nanodomains are defined as dynamic sterol-SL-enriched nanoscale assemblies in
the plane of the bilayer that associate and dissociate on a sub-second timescale’.
As these nanodomains are enriched in cholesterol®, the identity of components
within these domains can be investigated by employing cyclodextrin which extracts
cholesterol from the membrane®. This is further described in section 2.1.6.

2.1.2. Sphingolipid Metabolism

About 40 enzymes and metabolites are involved in the regulation and catalysis of
different SL species®. The de novo synthesis of SLs starts with the condensation
of the activated lipid palmitoyl-CoA and L-serine forming 3-keto-
dihydrosphingosine by the serine palmitoyltransferase complex (Figure 2.2 Aa).
After reduction to dihydrosphingosine, (Dihydro)ceramide synthases (CerSs)
catalyse the formation of various dihydroceramides by linking a fatty acid to the
C2-amino group'!, which initiates the diversification of SLs.

Mammals synthesize six different CerS isoforms, each showing a preference for
the acyl-chain length of the fatty acid'?>. Furthermore, CerSs show a strong
compartment- and tissue-specific expression'?, indicating particular roles of their
lipid products in the respective organelles or tissues. For instance, CerS2 catalyses
the formation of ceramide with very long chain fatty acids (VLCFA; C22-C24) and
is strongly expressed in liver, kidney, bone marrow and in oligodendrocytes (OLGs)
during active myelination (refer to section 2.1.3.2 and 2.1.5)'3-'%. Desaturation of
dihydroceramide at the C4-C5 position forms ceramide'®. Ceramide is also
generated by the action of CerS employing sphingosine from the catabolism of
complex SLs (salvage pathway)'2.The phosphorylation of ceramide (Figure 2.2 Ab)
or sphingosine (Figure 2.2 Af) results in the synthesis of bioactive ceramide-1-
phosphate (C1P) or sphingosine-1-phosphate (S1P), respectively. Many different
functions of these bioactive metabolites are described including roles in cell
migration, cell proliferation, apoptosis and inflammation'”. Ceramide is catabolised
to sphingosine by the action of a Ceramidase (Figure 2.2 Af). Further
phosphorylation to S1P allows the escape from the SL pathway by the action of
the Sphingosine-1-phosphate lyase (S1P lyase or SGPL1; Figure 2.2 Ag), which
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degrades S1P to hexadecanal and ethanolamine 1-phosphate. This further results

in the formation of fatty acyl-CoAs'’, which are also substrates for the synthesis of

lipids of other categories.
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Figure 2.2 Pathways of Sphingolipid Metabolism

The de novo biosynthetic pathway of sphingolipid metabolism resulting in the formation of ceramide
(Aa). Metabolism of ceramide to various sphingolipids (Ab-Ad). Synthesis of ceramide-1-phosphate
(C1P, Ab). Synthesis of sphingomyelin (Ac). Synthesis of glycosphingolipids (Ad). Acylation of
ceramides to form 1-O-acyl-ceramide (Ae). Sphingolipid catabolic pathways resulting in the
formation of sphingosine-1-phosphate (S1P, Af). Exit from sphingolipid pathway by S1P lyase
resulting in the formation of fatty-acyl-CoA (Ag). Fatty acid (FA) elongation by Elongation of very
long chain fatty acid proteins (ELOVLs) forming very long chain fatty acids (for example C26 FA,
Ah). Adapted and modified from®.

Complex SLs are divided into three major groups, depending on the primary
residue attached to their C1-hydroxy headgroup. Sphingomyelin synthases
(SGMSs) attach a choline head group from PC to ceramide, forming the major
cellular SL class sphingomyelin (Figure 2.2 Ac) which is essential for cellular
viability'%18, Glycosphingolipids (GSLs) are not essential for cellular viability, but
are owning multiple functions in mammalian development and tissue specific
functions (Section 2.1.3.3)*. GlcCer is synthesised from ceramide and UDP-
glucose by the enzyme glucosylceramide synthase (UGCG, Figure 2.2 Ad) and

could be further glycosylated by the activity of glucosyltransferases resulting in
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more than 300 species of GSLs*. Ceramide can be galactosylated to form GalCer
by the enzyme galactosyltransferase (CGT). CGT is expressed only in a few
tissues, among them the central nervous system, indicating particular functions of
these lipid species'™. Subsequent sulfation of GalCer by cerebroside
sulfotransferase (CST) forms sulfogalactolipids whereas sialyation forms the GM4
ganglioside*. Ceramide may also be metabolised to acylceramide and stored in
lipid droplets (Figure 2.2 Ae). Finally, the action of Elongation of very long chain
fatty acid proteins (ELOVLs) provide substrates for the synthesis of VLCFA SL
species (C24-C26; Figure 2.2 Ah) and other long chain fatty acid (LCFA) SL

species’®.

2.1.3. Metabolism and Functions of Lipids in Myelin

During active myelination, the myelin-membrane surface area expands strongly?°.
An enormous amount of lipids is generated in a relatively short period of time?'.
Besides their synthesis, lipid and protein transport has to be regulated precisely
and every step is pivotal for the assembly and maintenance of myelin?2. This
section describes the development of oligodendrocyte progenitor cells to
myelinating oligodendrocytes, followed by the synthesis of lipids during active
myelination. Finally roles of lipids in myelin will be outlined.

2.1.3.1. Development of Oligodendrocytes
In CNS, OLGs synthesize myelin, a specialised lipid-rich membrane. Myelin
membrane arrangement along a neuron, including precisely localised gaps, allows
action potentials to be propagated far more rapidly compared to an unmyelinated
neuron??. Different developmental steps are occurring to become a myelinating
OLG: First, oligodendroglial progenitor cells (OPCs) develop in the ventricular
zones of the brain and migrate into the developing white matter in which they finally
form an evenly spaced network of process-bearing cells?*. Early OPCs are bipolar,
migratory, proliferative cells which are distinguished by specific monoclonal
antibodies?S. The antibody A2B5 recognises specific surface gangliosides such as
GD3, GT3 and O-acetylated GT3, which are downregulated as the OPCs develop
into mature OLGs (Figure 2.3)?6. These early progenitors develop into late
progenitors, recognised by the antibody A2B5 as well as O4, a specific monoclonal
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antibody against an sulphated glycolipid®®. O4 recognises sulfatides in all
developmental stages with varying fatty acid chain length compositions during
differentiation?’. Originally, it was thought that O4 recognises an unknown
sulphated lipid other than sulfatide, termed POA?’. Late progenitors mature into the
transient “Pre-GalCer” stage in which the proliferation is strongly reduced and
terminal differentiation begins. These cells are marked by immunoreactivity against
the antibody R-mAb which recognises GalCer and sulfatide?®. During terminal
differentiation, OLGs finally develop complex branched processes and abundantly
synthesise GalCer, which is recognised by the antibody O1, and sulfatide,
recognised by the antibody 0426,

Furthermore, in myelinating OLGs specific proteins are expressed in high
quantities. These include myelin-specific proteins like myelin-associated
glycoprotein (MAG), myelin basic protein (MBP) and proteolipid protein (PLP,
section 2.1.3.3)?2. Mature OLGs form “myelin-like” membranous sheets in vitro and
axon-enwrapping myelin sheaths in vivo?®. The process of myelin biosynthesis and
wrapping is highly complex and described in the sections 2.1.3.2 and 2.1.3.3.

In vitro

R-mAb

s

Early Late (Pro-OL) Pre-GalC Immature OL
progenitor progenitor R-mAb GalC (R-mAb, O1)
A2B5 A2B5 04 (POA) SUL (O4, R-mAb)
GD3 04 (POA)
In vivo
Mature OL
GalC
SUL
Migration and proliferation Differentiation and myelination

Figure 2.3 Schematic lllustration of Oligodendrocyte Differentiation

Each step of oligodendrocyte development is defined by the expression of different marker proteins
and lipids. GalC, Galactoylceramide; OL, oligodendrocyte; POA, pro-oligodendroblast antigen;
SUL, sulfatide; GD3 a ganglioside. A2B5, 04, O1, R-mAb, targeting different glycan structures.
Adapted from?®.
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2.1.3.2. Metabolism and Trafficking of Lipids in Myelinating
Oligodendrocytes

During active myelination, OLGs generate an enormous amount of lipids in a
relatively short time?!. Remarkable 70-80% of myelin’s dry weight consists of lipids,
in particular cholesterol, GalCer, ethanolamine plasmalogen and sulfatide?'-2°.
Myelin is extraordinary stable which is mostly based on the lipid composition with
high levels of saturated, long chain fatty acids together with the enrichment of GSLs
and cholesterol®*,

Oligodendroglial cholesterol synthesis appears to be coupled to the speed of
myelination as the knockout of the first and rate-limiting step of cholesterol
synthesis strongly delays myelination®. In the ER, the majority of cholesterol is
synthesised de novo from ketone bodies instead of glucose which is used by most
cell types®'. Squalene synthase (SQS) catalyses the first step committed to the
biosynthesis of sterols3C. After a complex process of cholesterol synthesis, two
different pathways are assumed by which cholesterol is transported from the ER
to myelin. Either by vesicular transport along microtubules together with integral
membrane proteins after passing the Golgi, or by a direct route from ER to the
plasma membrane by lipid exchange and carrier molecules (lipid transfer
proteins)?'32.  Externally endocytosed cholesterol enters the late
endosome/lysosome before reaching the ER via Niemann-pick type C1 (NPC1)
and C2 (NPC2) protein-depended mechanisms.

GalCer and sulfatides with 24:0 and 24:1 FAs are among the most common myelin
lipids?”3® and even serve as measure of myelin biogenesis in brain (Section
2.1.3.1). Gangliosides and sulfatides are synthesised from GlcCer and GalCer,
respectively (detailed GSL metabolism described in section 2.1.2). To obtain a
majority of VLCFA GSLs, the CerS2 enzyme is strongly upregulated in myelinating
OLGs?%*. Imaging mass-spectrometry identified shifting sulfatide species during the
development of OLG (Figure 2.4)?"35_ In early stages of OLG development C16:0
and hydroxylated C18-OH species predominate, whereas in later stages and in
adult brain C24 species dominate?’. Furthermore, the ratio of hydroxylated to non-
hydroxylated sulfatide species increases with age?’-2. About 50% of the GalCer
and sulfatide species are hydroxylated in mature myelin, which also increases the
packing density in myelin®. The synthesis of GSLs starts in the ER with the
synthesis of ceramide (Section 2.1.2). CGT is also localised in the ER and

11
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catalyses the formation of GalCer®. For the synthesis of sulfatide, GalCer is
transported to the Golgi apparatus where CST is localised, catalysing the 3-O
sulfation of the galactose residue®®. Both lipids are likely transported by vesicular
transport to the plasma membrane starting at the trans-Golgi network. GalCer may
also employ a non-vesicular route by glycolipid transfer proteins directly from the
ER to the plasma membrane33°,

However, even if similar trafficking pathways are taken, both GalCer and sulfatide
do not colocalise within sheaths. They are found in distinct domains, most likely
reflecting differences in sorting, trafficking and also function??. GalCer is localised
to compact myelin, whereas sulfatide localises to the non-compact myelin regions
(Section 2.1.3.3). Also in cultured OLGs, GalCer is found in sheets, whereas
sulfatide localises to the cell body and primary and secondary processes*’. Thus,
myelinating OLGs are polarised cells with distinct membrane surfaces. It is unclear
how cells segregate the lipid localisation, however it may be suggested that the
majority of GalCer circumvents the Golgi and is indeed targeted directly to the
myelin membrane*.

Gangliosides are only present in small amounts in myelin membranes, however
they represent a major fraction of the neuronal membrane?'.

Ethanolamine plasmalogens are also strongly enriched in myelin and levels
correlate with the degree of myelination*'. Differently to other GPLs, ethanolamine
contains a vinyl ether linkage at the sn-1 position and an ester linkage at the sn-2
position with mostly saturated and monosaturated fatty acids. Generally,
ethanolamine plasmalogens form compressed, thicker and rigid lipid bilayers*?,
which enables a compact and stable structure in combination with the saturated
fatty acids*'. Plasmalogen synthesis starts in peroxisomes through the action of
glyceronephosphate O-acyltransferase (GNPAT) and alkylglycerol phosphate
synthase (AGPS) and is completed in the ER*. Also for plasmalogen lipids, the
trafficking to the plasma membrane occurs via Golgi and endosomal
compartments, or via non-vesicular pathways using lipid transporter proteins*'.

12
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Figure 2.4 Sulfatide Species Changes During Oligodendrocyte Development
Lipid species were annotated according to their molecular composition as follows. Sum of carbon
atoms in the FAs:sum of double bonds in the FAs-OH (hydroxylated). Adapted from?3®

As introduced in section 2.1.1, plasma membrane lipids are not diffusing freely in
the lateral plane of the bilayer but are rather transiently confined to small
‘nanodomains’™. Thus, domains of different composition and physical properties
are coexisting in the lateral plane, being able to mediate platforms that regulate
OLG behaviour and soring of different myelin proteins?®2%44. These domains are
enriched in cholesterol, GPLs and phospholipids with saturated fatty acids, thereby
creating a ordered (“liquid ordered”, Lo) lipid environment compared to the more
fluid (“liquid disordered”, Lp) remainder?®.

Summarising, the myelin membrane lipid composition is special. Beside the
functional roles in stability there are likely specific roles and functions beyond
stability and insulation.

2.1.3.3. Functions of Myelin Lipids

The high lipid to protein ratio and the lipid composition of myelin are unique
compared to other membranes*. The biosynthesis of these lipids is complex
(Section 2.1.3.2) and deregulations are described for demyelinating diseases such
as multiple sclerosis (MS), Charcot-Marie-Tooth (CMT) disease and Alzheimer*6-
48 indicating important functional roles of lipids in myelin. The interaction between
lipids and proteins is described to be important for the protein transport to, and the
molecular organisation of proteins within the myelin sheath?’. The mentioned
structural properties of myelin lipids are important to impose stability for the long-
term maintenance of myelin (Section 2.1.3.2)?".
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Myelin is a multi-layered structure which is built by wrapping the myelin sheath
around the target axon. The outer leaflets of the myelin membrane thereby oppose
each other which creates the intraperiod line, while the condensed cytoplasmic
surface can be seen as major dense line by electron microscopy (EM, Figure 2.5)*.
The ‘nodes of Ranvier, are un-myelinated segments where sodium channels for
saltatory conduction are localised*®. The myelinated segment is divided into the
internode area (compact myelin) in the middle of the sheath, and the paranode
region (un-compact myelin) at the edges which are distinct in their molecular
composition?°. Especially GalCer together with PLP and MBP localise in compact
myelin, whereas e.g. 155-kDa neurofascin (NF-155) and sulfatide localise in the
paranodal region??° (Figure 2.5, section 2.1.3.2).

A
inner tongue  cytoplasmic channels
compacted ﬁuter tongue
area

0 GalC and sulfatide

NN
—————— —————
—_—— = ) ' Cholesterol

9 Phospholipids

| |4, \ .
internodes node of Ranvier

paranodes

Figure 2.5 Schematic lllustration of the Myelin Structure

A. Schematic illustration of an unfolded myelin sheath and enwrapment of axons by myelin.
PLP is shown in red, MBP is shown in green. B. Myelin membrane organisation and localisation
of major myelin lipids and proteins. GalC and sulfatide of two opposing membranes are bringing
myelin layers in close contact via hydrophobic interactions. MBP, myelin basic protein; MOG, myelin
basic protein; MAG, myelin associated glycoprotein; PLP, proteolipid protein; GalC, Galactosyl-
ceramide. Adapted and modified from*.
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Cholesterol is the only essential lipid for myelin membrane growth3%5!. As
mentioned in section 2.1.3.2, OLG specific knockout of the cholesterol synthesis
by targeting the SQS enzyme strongly perturbs myelination and is only possible
due to the uptake of cholesterol from exogenous sources®. Furthermore, SQS-
knockout mice downregulated mRNA for major myelin proteins indicating that the
precise stoichiometry of lipids and proteins is essential for myelin biogenesis®°.
After uptake from exogenous sources, NPC1 is required for cholesterol
mobilisation. Mouse models of Niemann-Pick type C disease (owing a gene
mutation in NPC1) show a drastic reduction in the number of myelinated axons®2.
A conditional OLG-specific knockout of NPC1 as well as a neuron-specific
knockout show defects in myelin formation with an arrest in OLG maturation,
indicating that cholesterol from different sources is required for proper
myelination®3. Cholesterol might coordinate myelin assembly by different
mechanisms. Firstly, it might be coordinated by regulating the global metabolism
of myelinating OLGs by targeting signalling pathways that control energy supply or
protein translation. Secondly, it may be coordinated by direct regulation of
transcription factors or by cholesterol mediated trafficking of major myelin proteins
to the growing myelin membrane?'.

VLCFA GalCer and sulfatide are the most typical myelin lipids?. Mutations in
CerS2 result in greatly reduced levels of VLCFA SLs and a massive decrease in
GalCer and sulfatides in myelin®*. Mutant mice show focal detachments of myelin
lamellae which is progressing with age®*. This probably indicates changes in the
expression or localisation of adhesion molecules between or within lamellae®. The
level of MBP is reduced by 20% in these mutant mice>* which is described to be
positioned by the lipid environment in myelin membranes®®. Patients with mutations
in ELOVLA1 that reduce its enzymatic activity, show reduced levels of VLCFA SLs
and hypomyelinations®6. ELOVL1 knockout mice die shortly after birth%’, thus no
conclusions on myelin phenotypes can be drawn.

A mutant mouse lacking CGT is still be able to produce myelin, however it is
exhibiting myelin abnormalities. These mutant mice show reduced myelin
thickness, redundant myelin outfoldings and vacuole formation, paranodal
abnormalities and die early®®. At paranodal junctions, axoglial contacts are
severely detaching from the axons?'. CST knockout mice also show this paranodal
phenotype®®. Thus, sulfatides might play a role in the trafficking or the stabilisation
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of NF-155 at paranodes. NF-155 is in close contact with axonal Caspr/contactin
and its localisation in lipid nanodomains might be important to stabilize these
protein complexes®. Regarding structural properties, GalCer forms tightly packed
bilayers via intermolecular hydrogen bonds and trans interactions between GalCer
and sulfatide which play a role in the attachment of the extracellular faces of the
myelin membrane®'. Together with the highly hydrophobic PLP, intermolecular
hydrophobic forces lead to membrane “zippering”, bringing myelin membranes in
close contact (Figure 2.5 B). Furthermore, GSLs are enriched in lipid nanodomains
which are also in myelin suggested to promote cellular adhesion by facilitating the
localisation of membrane and transmembrane proteins?®. However, GalCer is not
essential for myelin formation and their absence can be compensated by
upregulation of other GSLs like GlcCer®2. CGT knockout mice also partially
compensate the lack of GSLs by increasing the synthesis of hydroxylated SM?".
Hydroxylation is catalysed by the fatty acid 2-hydroxylase (FA2H). The increased
stability via hydrogen bonding between lipids appears to be crucial for myelin
maintenance in aged brain, as myelin is degenerated in FA2H knockout mice which
are otherwise healthy33.

Gangliosides are present on neuronal membranes in high quantities?’. The
sialoglycan part of gangliosides extends out of the axonal membrane and thereby
participates in intermolecular axon to glia interactions®®. MAG is localized at the
adaxonal myelin membrane where myelin interacts with the axon via MAG and two
major ganglioside species on the neuronal membrane®.

As GSLs, plasmalogens structurally contribute to the packing density and stability
of the membrane?. Loss of enzymes of the biosynthesis of plasmalogens leads to
relatively normal myelin but in reduced amounts®. More severe phenotypes are
described for Schwann cells in PNS2'. Moreover, it appears that plasmalogens
might protect unsaturated membrane lipids containing (poly)unsaturated fatty acids
against oxidation® and it is assumed that plasmalogens are able to quench
oxidative reactions as long as the scavenging products are not toxic to the cell®®.
In summary, the biosynthesis and cellular trafficking of myelin lipids appear to be
essential for the assembly and especially maintenance of myelin in the nervous
system. Nevertheless, the knowledge about myelin membrane dynamics, such as
membrane fluidity, movement of proteins and lipids in the membrane and the

specificity and role of distinct protein-lipid interactions, is limited.
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2.1.4. Interactions of Lipids with Transmembrane Proteins
Little is known about the functional roles of lipids in cells. The tremendous
complexity of lipids is not required for their roles in physical properties on
membranes® and more and more distinct roles and functions of lipids are
identified®”-"2. However, how lipids modulate protein functions and structure is still
relatively poorly understood and the molecular biological function of only a few
lipids are known so far>73.
Membrane proteins interact with lipids in different ways depending on the relative
residence time of the particular lipid at the protein-lipid interface’. If a lipid has fast
exchange rates with the protein, it is considered a “bulk” lipid (Figure 2.6 A)%. A
stronger interaction, via the hydrophobic matching of hydrocarbon chains of the
lipid with the hydrophobic transmembrane domain (TMD) or via polar head groups
of lipids with charged amino acids of the membrane protein leads to the formation
of an annulus of lipids (“annular” lipids, Figure 2.6 B)®. Lipids with very low
exchanges rates are named "non-annular” lipids which often reside within large
membrane protein complexes (Figure 2.6 C)%. Between proteins, strong
electrostatic forces lead to tight interactions”®. However, the interaction of annular
lipids and even non-annular lipids with proteins is difficult to assess due to the
comparably quite fast exchange rates of lipids with the protein.
Annular lipids accumulate around the membrane protein due to their increased
residence time compared to bulk lipids®®. This shell is not necessarily homogenous,
because individual lipids of the shell might vary in their residence time’®. Different
interactions and functions of annular lipids on proteins are described®®. Most
strikingly is the influence of annular lipids on the modulation of protein function via
mechanical forces’’. Mechanosensitive channels are regulated by alterations in
their local lipid environment which exerts a lateral pressure leading to a
conformation shift of the channel”’. Prokaryotic and eukaryotic mechanosensitive
channels are in closed state when reconstituted in PC bilayers’®. As soon as “cone-
shaped” lysophospholipids are added to the lipid mixture, the channels are shifted
to an open state’®. Bacteriorhodopsin is a light-driven ion pump which is
crystallised including its 18 tightly bound specific set of annular lipids’®. Specific
lipid classes like phosphatidyl glycerophosphate methyl ester, glycolipid sulfates,
phosphatidyl glycerol, phosphatidyl glycerosulfates and squalene are known to
mediate the contact between the trimeric complex in the bilayer plane’®.
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Figure 2.6 Schematic Representation of Intramembrane Protein-Lipid Interactions

A. Localisation of bulk lipids around a transmembrane protein. B. An annular lipid shell formed via
transient interactions with the membrane protein. C. Non-annular lipid binding of a specific lipid with
a membrane protein within the protein or protein complex. Adapted from®e,

Some non-annular lipid-protein interactions are identified by X-ray-
crystallography®. The vacuolar-type (V-type) sodium ATPase of Enterococcus
hirae contains lipids that reside within the large oligomeric membrane protein and
thereby also act as “connecting lipids” that strengthen the contacts of the subunit.
Non-annular cholesterol is described to bind tightly to different proteins via a
specific cholesterol-binding motif®'. The B2-adrenergic receptor belongs to the G-
protein-coupled receptors (GPCR)®. In a shallow groove of this receptor two bound
cholesterol molecules are located which interact with four out of seven
transmembrane helices via a relaxed version of the cholesterol motif (cholesterol-
consensus motif, CCM)®2. The molecular function of cholesterol as non-annular

lipid in GPCRs is controversial®®. It might either act via conformational change upon
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binding to the receptor or indirectly by an alteration of membrane biophysical
properties®®. Thereby, the receptors are possibly targeted to distinct membrane
domains or modulate the affinity for their ligands83:84,

The ganglioside GM3 negatively regulates the epidermal growth factor (EGF)
receptor (EGFR)'. EGF-stimulated phosphorylation of EGFR is significantly
reduced upon addition of GM38. Ligand binding is not affected, however in
presence of GM3 the dimerization and thereby autophosphorylation of EGFR is
strongly diminished”". The neuraminic acid of the GM3 is essential for this inhibition
which indicates an interaction of this moiety with EGFR"".

In summary, these and other examples emphasise the importance of non-annular
lipids as well as annular lipids on protein functions by modulating their architecture,
localisation or even their enzymatic functions. Nevertheless it is still challenging to
analyse TMD-lipid complexes due to technical difficulties derived from the
hydrophobic nature of TMD-containing proteins. It is still a matter of debate whether
protein TMDs exist that are simply dissolved in the hydrophobic phase of the
membrane or if there is a specificity in each TMD for one or several lipid species

of the complex membrane®8.

2.1.5. Chain Length-Specific Protein-Lipid Interactions
Even though the knowledge of protein-lipid interactions is still limited, an increasing
number of interactions are described (Section 2.1.4). Protein-lipid interactions were
often not reported to depend on specific FA chain length of the lipids, however the
FA chain length specificity was not addressed in detail in most of the cases. Lipids
contain FAs of varying length, number of double bonds and saturation. FAs with
C22-C24 are classified as VLCFAs, whereas lipids with 2C26 are often termed ultra
long chain FAs (ULCFAs). Long chain FAs (LCFAs) have chain lengths of C11-
C20 of which C16 and C18 are the most abundant FA species in mammalian
cells'. FAs without double bonds are saturated FAs. FAs containing one double
bond are called monounsaturated fatty acids and FAs with more double bonds are
called polyunsaturated FAs (PUFAs)'S. The first and rate-liming step in the
elongation of FAs is catalysed by ELOVLs. Seven isozymes (ELOVL1-7) are
described in mammals, each owing a substrate specificity towards the FA length
and degree of saturation'®. Mutations or knockout of ELVOL genes result in
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different diseases e.g. ichthyosis, insulin resistance, nervous system abnormalities
like hypomyelination and lethal dermal permeability barrier defects'>°6:86, The
precise molecular mechanism of diseases and phenotypes in patient or mice with
altered lipid composition is still subject of ongoing research and so far incompletely
understood?®®.

In SLs, most acyl moieties are saturated and monounsaturated VLCFAs®’. Their
synthesis is outlined in section 2.1.2. In most tissues, SLs with C16:0, C24:0 and
C24:1 dominate, but the proportion of each FA varies considerably among
tissues®. This is due to a varying expression of their catalysing enzymes in
different tissues (Figure 2.7), such as CerS2 which is strongly expressed in liver,
kidney, and actively myelinating OLGs (Section 2.1.2 and 2.1.3.2)'%34, The SL
profile of tissues reflect the differential expression of CerSs'. E.g. C24 SLs
constitute about 50% in liver and less than 20% in testis'®, indicating roles of SLs
in tissue-specific processes. Indeed, mice lacking CerS2 show besides defects in
myelin sheath stability (Section 2.1.3.3) also hepatocellular carcinomas®*8°. Chain-
length specific differences of ceramides and their pathological impact in
Alzheimer’s disease, inflammation, cystic fibrosis, diabetes, irritable bowel
syndrome, multiple sclerosis, autophagy, apoptosis and cancer are already
identified'"46:90.91 However, there are only a few firmly established examples of the
interaction between endogenous ceramide and potential target proteins®'.
Furthermore, C24 SLs have different biophysical properties compared to C16 SLs
such as effects on membrane fluidity, lipid nanodomain formation, and signalling
across the membrane®-.

In neutrophils, C24 lactosylceramide (LacCer) is associated with the Src family
kinase LYN in nanodomains which is necessary for its function®. The interdigitation
of VLC LacCer fatty acyl side chains is proposed to allow direct hydrophobic
interactions between the acyl chains of Lyn and those of LacCer®. In yeast, VLCFA
SLs consist mainly of saturated C26 fatty acids which are essential for yeast
viability'®. Mutant yeast with limited VLCFA synthesis exhibit defects in vesicular
transport mainly in the late endosome/multivesicular body®’, as well as vacuolar
abnormalities, as recently suggested®. Vacuoles from mutant yeast cells displayed
reduced levels of in vitro fusion which is possibly due to a block of tethering and
docking based on mislocalisations of fusion markers. This is possibly originated in
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affected lipid nanodomain localisation of fusion markers®®. So far no precise

protein-lipid interaction is described for this phenotype.
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Figure 2.7 Ceramide Synthase mRNA Expression Profile in Human Tissues

The relative abundance of Ceramide Synthases (CerS) in each organ determines the amount of
specific ceramide species that are produced. The pie chart for each organ represent the distribution
of CerS, which are color-coded as in the Legend. Adapted from'?

Mice lacking CerS6 exhibit diminished amounts of C16 Cer and are protected from
high-fat-diet-induced obesity and glucose intolerance®. The mRNA expression of
CERSS positively correlates with BMI and body fat content®. The interaction of the
mitochondrial fission factor (Mff) with CerS6-dervied C16:0 SLs suggests a
regulation of mitochondrial dynamics by the interaction'®. CerS5 is redundant to
CerS6 in the catalysis of C16 SLs®, however a distinct intracellular pool of
ceramide is regulated’®. CerS6 is described to localise to mitochondria and
mitochondria-associated membranes (MAM) and CerS6 deficiency leads to
reduced C16 SLs in MAM and mitochondria fractions which was unaffected in
CerS5 knockout mice'®. Thus, different roles of SLs with varying chain-lengths are
also present on a cellular scale depending on the localisation of metabolising

enzymes'00-103,
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On a cellular level, lipidomic analysis of Golgi-derived COPI vesicles revealed a
partial segregation of cholesterol and SM 18:0 from the vesicle fraction'®*. SM18:0
interacts with p24, an abundant integral membrane protein of COPI vesicles. A
point mutation within the identified binding site abolishes the interaction and is
defective in normal COPI-mediated trafficking”2. Several more intracellular target
proteins of LCFA SLs are described. The direct interaction of C16:0 ceramide with
Protein kinase ¢ (PKC{) and Protein phosphatase 2A (PP2A) activates their
enzymatic activity, whereas the Inhibitor 2 of PP2A (IPP2A) preferentially interacts
with C18 ceramide™.

However to date, direct intracellular targets of especially VLCFA SLs are largely

unknown®'.

2.1.6. Chemical Biology Tools to Study Protein-Lipid Interactions
Different methods have been developed to investigate short-lived protein-lipid
interactions”®1%5, Photoactivatable groups are incorporated in lipids to allow for
covalent bond formation between lipids and protein upon UV irradiation'%.
Diazirines are the smallest synthesised photoactivatable group to date'®. Their
small size is advantageous since bulky functionalised groups might interfere the
interactions with proteins and change the localisation of the lipid of interest within
the membrane'®’. Upon stimulation with UV light, a highly-reactive and short-lived
carbene is formed that covalently links to carbo-hydrogen (CH), heteroatom-
hydrogen (NH2, SH or OH) or to a double bond. However, also a linear diazo isomer
is generated that has a longer life-time and may react with nucleophiles as aspartyl-
and glutamyl residues upon protonation'%®19°  Nevertheless, it remains the
smallest known functional photoactivatable crosslinker. In combination with
radiolabelling, the detection of protein-lipid crosslink-products is possible. [>H]-
photo-sphingosine was employed to probe for SL-protein interactions®”-1%5. This
validated the discovery of the first specific interaction of a protein with a single
molecular lipid species, namely p24 and SM18:0? (Section 2.1.5). The
development of click chemistry allowed the design of lipids that carry a small
chemical group capable to couple a fluorophore for detection or an affinity tag for
purification’'. The application of a clickable lipid enables the detection of covalent
protein lipidations (Figure 2.8 A) whereas the combination of a photoactivatable
and a clickable functional group in “bifunctional lipids” is suitable for the
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identification of short-lived protein-lipid interactions (Figure 2.8 B)'%. A small
alkyne group serves as clickable moiety at the terminus of the hydrocarbon chain
of various lipids making it easily accessible for subsequent reactions'''. Azide-
containing reporters are coupled to the alkyne group via copper (l)-catalysed azide
alkyne cycloaddition (CUAAC)'"2.
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Figure 2.8 Applications of Clickable and Photo-Crosslinkable Lipid Analogues

A. Applications of clickable lipids. Clickable (c) lipids as clickable fatty acids (cFA) are fed to
cells where they are further metabolised. The identification of lipid metabolism is achieved via click-
reaction to a fluorophore (F) and subsequent thin-layer chromatography (TLC) analysis (left panel).
The identification of lapidated proteins after click reaction to a fluorophore on a SDS-PAGE gel is
shown on the right panel. B. Applications of bifunctional lipids. The photo-crosslinkable group
leads to the formation of covalent protein-lipid complexes which can be localised within cells via the
attachment of a fluorophore and confocal microscopy whereas the addition of an affinity tag allows
for the identification of protein-lipid complexes on a proteome-wide scale. Adapted and modified
from'%®,

This chemical toolbox led to the identification of various lipidations and protein-lipid
interactions’®. Among those, a bifunctional sphingosine (photoactivatable and
clickable sphingosine, pacSph) was developed to identify novel protein-SL
interactions within membranes''3. Cells readily take up the chemically modified SL
and their metabolic fate and subcellular flux can be monitored by using fluorogenic
coumarin-azide on thin-layer chromatography''* and Alexa-azide dyes in confocal
microscopy''®, respectively (Figure 2.8 B). Cross-linking by UV-irradiation allows
the formation of a covalent linkage to adjacent proteins and by subsequent click-
reaction to an affinity tag, 180 potential SL interacting proteins were identified’3.
To prevent the degradation of the bifunctional groups into the glycerolipid pathway
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by the action of SGPL1 (Section 2.1.2), a knockout of this enzyme is required’"s.
PacSph and novel chemically modified lipids have a great potential to discover
novel roles of lipids.

Lipid diversity is partly based on chemical diversity of lipids themselves, however,
lipids are not evenly distributed within the plane of the bilayer (Section 2.1.1).
Cholesterol and SLs are able to self-associate into nanodomains in model
membranes and those lipids are involved in the formation of highly dynamic
nanoscale heterogeneities in the plasma membranes (Section 2.1.1)". Lipid
nanodomains are described to be cholesterol-depended except in some cases
where an underlying actin cytoskeleton is required''®-""®. The assembly of lipid
nanodomains is still controversially discussed due to the lack of knowledge about
the physiochemical principles responsible for the compartmentalisation and the
molecular mechanisms by which they are functionalised''®. An increasing number
of methods is available to manipulate the membrane cholesterol content, especially
to study roles of cholesterol-enriched nanodomains®. Most commonly, cells are
incubated with cyclodextrins which are cyclic oligosaccharides that exhibit a
hydrophobic cavity which can extract cholesterol from cell membranes®.
Heptameric cyclodextrins (3-cyclodextrins) have the highest affinity for inclusion of
cholesterol®. The attachment of a methyl group strongly increases their water
solubility®. Methyl-B-cyclodextrin (MBCD) are most widely used to deplete cells of
cholesterol®. Multiple studies showed that cholesterol depletion results in the
partitioning of proteins from Lo domains into Lo domains'?%-'23. However, this does
not imply that cholesterol is exclusively extracted from lipid nanodomains. Indeed,
many studies show that cholesterol is depleted from different lipid domains as well
as from different organelles®. Nevertheless, MBCD can be employed to dissociate

lipid nanodomains.

2.2. Biological Functions of Dystroglycan
The identification of proteins interacting with VLCFA SLs revealed a possible
interaction of these lipid species with dystroglycan (Section 2.3)'?4. Dystroglycan
is a ubiquitously expressed heterodimeric adhesion receptor. It consists of two non-
covalently interacting glycoproteins (aDG and BDG) that are post-translationally
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cleaved from a single gene (DAG1) by an unknown enzyme in the ER'?5. The B-
dystroglycan (BDG) subunit shows three N-linked glycosylation sites and is a type
| transmembrane protein'?®. It binds to the carboxy-terminal domain of the
extracellular peripheral membrane subunit a-dystroglycan (aDG) which also shows
extensive N- and O-linked modifications'?®. The glycosylations are essential for the
interaction with extracellular matrix (ECM) proteins (Figure 2.9)'?6. The central
mucin-like region of aDG is important for the interaction to laminin G (LG) module
containing extracellular matrix proteins including agrin, perlecan and laminin
itself'6. The intracellular carboxy-terminus of BDGs binds directly or indirectly to
one of a number of actin binding proteins'?. These proteins include most notably
dystrophin which ensures the connection to the F-actin cytoskeleton'?. The
dystrophin-containing complex (DGC) is the core functional unit of the dystrophin-
glycoprotein complex which physically links the ECM with cytoskeletal elements.
Thereby it provides the major part of sarcolemma and fibre stability in skeletal
muscle'?’. This complex further has an important role in mechanical stability of
multiple mammalian tissues including neuromuscular junctions, neurons and
myelinating Schwann cells'?8. Mutations in dystrophin resulting in a complete
absence of the protein lead to the fatal X-linked condition called Duchenne
muscular dystrophy (DMD)'2¢. DMD suffering patients show sarcolemmal damage
and necrosis'?® as well as cognitive impairments’?®. DMD mouse models (mdx
mouse) display a delayed myelination during postnatal brain development'®. Later
studies discovered roles of dystroglycan in OLG myelination’®°. The loss of
dystroglycan’s ligand laminin also leads to myelination deficits or delays''-133, The
selective loss of dystroglyan in OLGs reduces their ability to differentiate’3+-'36 and
delays myelination in brain'®’. In glia and neurons, a DGC-like complex anchors
membrane-associated proteins such as the water-channel aquaporin-4 to
specialized sites since loss of dystrophin leads to their mislocalisation’38. A loss of
the Schwann cell sarcoglycan complex belonging to the DCG complex (Figure 2.9),
leads to an altered myelin sheath and disorganised Schmidt-Lanterman incisures
which is indicative for myelin instability’®®. The severity increases with age
suggesting an important role of sarcoglyans in the stability of peripheral nerve
myelin'3°. In OPCs, the cleavage of dystroglycan by metalloproteinases releases
dystroglycan from its interaction to laminin-211, thereby leading to OLG cell

proliferation’0.
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Figure 2.9 Schematic of Dystroglycan Protein Interactions Based on Biochemical and
Functional Evidences

Matriglycan chains on the central mucin domain of a-Dystroglycan bind directly to laminin in the
overlying basement membrane, while 3-Dystroglycan is linked to the intracellular actin cytoskeleton
through dystrophin. Adapted and modified from'4!.

Mutations in glycosyltransferase genes that are responsible for the post-
translational modifications of aDG lead to a disability of binding to the ECM. This
results in severe diseases affecting muscles and brain such as in Fukuyama and
congenital muscular dystrophy 1D, muscle eye brain disease or the Walker
Warburg syndrome’#?. This again points to possible roles of dystroglycan in the
neuronal system including functions in neuronal cell migration and patterning as
well as neuronal cell adhesion, brain architecture and signalling'?8. Likely, this is
partly due to the disrupted basement membrane in both muscle and brain''. The
formation of the basement membrane begins with soluble extracellular laminin
which binds to GalCer of the cell membrane'#3. As high concentrations of laminin
are present, it polymerises to form a network at the cell surface which leads to the
recruitment of basement proteins such as aDG to strengthen the nascent matrix'4!.
Thus, aDG is not required for initial basement membrane formation, but likely
participates in its maintenance’.

Further clinical conditions, experimental and model systems, revealed functions of
dystroglycan in neuronal migration, the blood brain barrier, retinal layering,
Schwann cell wrapping and in the architecture of the nodes of Ranvier'44145,
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A number of studies found Y892 (in humans) of dystroglycan as a target for
phosphorylation by Src and other Src family kinases that regulate the interaction
between BDGs and cellular binding partners like the mentioned dystrophin46-148,
Besides dystroglycan, also integrins are known laminin-receptors'?®. Binding of
ECM proteins to integrins leads to allosteric changes across the plasma
membrane'®, This results in binding of integrins to signalling adapter proteins
leading to tyrosine phosphorylation and the establishment of a multiprotein
signalling complex (outside-in signalling)'*®. However, differently to integrins,
dystroglycan has no variety in the combination of heterodimers as there is only one
ubiquitously expressed a-/BDG heterodimer'?. Nevertheless, the a-/BDG
heterodimer is still capable to mediate multiple functions'?®. The interaction with
laminins results in the formation of pY892 which is located in the cytoplasmic tail
of BDG'6. Whereas the phosphorylation results in a disruption of the C-terminal
WW domain and thus the interaction of dystrophin to this domain is disabled'?,
binding of Caveolin-3 (Cav3) the same site appeared insensitive to this
phosphorylation'#®. Biochemically, the binding site of plectin overlaps with the one
of dystrophin®’. In the absence of dystrophin in mdx mice, the organisation of
plectin and dystroglycan in the sarcolemma is altered and thereby being partially
compensatory and protective’®!. Also, the signalling adapter Grb2 competes with
the interaction to dystrophin as it binds to a SH3 domain which overlaps with the
WW domain binding motif in dystroglycan. In OLGs, the interaction between
dystroglycan, the adapter Grb2 and the insulin receptor subtrate-1 (IRS-1) is
associated in a protein complex which comprise a positive regulatory effect of
laminin on OLG differentiation via the insulin-like growth factor-1 (IGF-1)36,

Dystroglycan appears to be localised in adhesion structures and plays a role in
regulating the type and abundance of such structures within a cell’?S.
Overexpressing dystroglycan increases the abundance of focal complexes while
its knockdown causes the reverse effect's2. The underlying molecular mechanism
of action is not known, however vinexin, which is an interaction partner of vinculin
known to reside in focal adhesions, may be recruited '52. The binding occurs via a
SH3 domain of vinexin and the proline rich C-terminal region of BDG'®2.
Knockdown of dystroglycan in myoblasts results in a strongly diminished cell
spreading on E3 laminin which cannot be rescued with the overexpressing of a
construct mutated in the vinexin-binding site of dysroglycan'®?. This interaction was
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also prevented by pY892'52, Thus, vinexin competes with the dystrophin-homolog
utrophin for the non-phosphorylated binding site’#” which might be partly regulated
by expression of either proteins. Analyses of the required domain that drives
filopodia formation reveal that the C-terminal cytoplasmic domain of BDG is
necessary and sufficient for filopodia formation’?6. The cytoplasmic domain of DG
could be targeted to the plasma membrane by either secreted alkaline
phosphatase-tags or by myristoylation sequences resulting in the location to the
inner membrane leaflet!%3.1%4,

Upon tyrosine phosphorylation, BDG undergoes a profound change in its
subcellular localisation'®. The phosphorylation occurs at focal adhesion sites
which with leads to its internalisation revealing that dystroglycan acts as a signal-
transducing receptor as it is phosphorylated upon interaction with ECM proteins 4.
Multiple studies show a lipid nanodomain/caveolae-localisation of BDG'%®. Also
pY892 BDG is localised within nanodomains suggesting that the tyrosine
phosphorylation by Src tyrosine kinases takes places within these domains and
does not affect the localisation of dystroglycan'é. The pool of pY892 BDG in
internal  membranous vesicles also contains the internalized lipid
nanodomain/caveolae-like domains'8,

It is clear that dystroglycan forms a range of multiprotein complexes within the
cell'?6, However, how different roles of dystroglycan are spatially and temporally
regulated remains to be elucidated. The phosphorylation is one mechanism to
regulate the binding of different partners to control its function. The identification of
other interactions and distinct dystroglycan complexes in other systems is likely.
Especially in OLGs, the molecular mechanism that regulates myelination, filopodia

formation and long-term stability is not known so far.

2.3. Uncovering Proteins Interacting with Very Long Chain Fatty Acid
Containing-Sphingolipid Species

As introduced in section 2.1.3.3 and 2.1.4, various clinical phenotypes and mouse

models with an aberrant lipid composition are described. Especially FA-chain

length specific-phenotypes are incompletely understood so far and direct

intracellular targets of VLCFA SLs are largely unknown®'. Therefore, we previously
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established a proteomic approach to identify direct interaction partners of VLCFA
SLs in a cellular system (Figure 2.10 A)'?4. The difficulty of identifying short-lived
protein-lipid interactions was circumvented by the utilisation of pacSph (Section
2.1.6)"3. However, as pacSph is incorporated in all cellular SL species, including
LCFA SLs and VLCFA SLs, another mutation was introduced. HelLa cells
necessarily depleted in SGPL1'"® and in addition CerS2 was generated by
CRISPR-Cas9 mediated knockout. This prevents the incorporation of the
bifunctional sphingosine into VLCFA SLs (Figure 2.10 B). Also endogenous VLCFA
SLs are strongly diminished in this cell line due to the lack of CerS2 function,
responsible for their synthesis'?*. After labelling the cells with pacSph, the
chemically modified lipid was taken up and metabolised to different SL classes
such as ceramide, HexCer and SM (Figure 2.10 B). To monitor the incorporation,
the lipids were extracted, clicked to a fluorophore and separated on a silica plate.
This readily visualised the depletion of VLCFA SLs in CerS2 knockout cells. The
proteomic approach compared two conditions by employing stable-isotope
labelling in cell culture (SILAC)'®. The parental HeLa SGPL17 cells (cultured in
“light” media) and HeLa SGPL17” CERS2” (cultured in “heavy” media) were
labelled with the bifunctional sphingosine and proteins localising with modified
lipids in each cell line were covalently crosslinked upon UV-irradiation (Figure 2.10
A). Cells lacking VLCFA SLs would not cross-link to proteins that are usually
interacting/co-localising in the original condition. To enrich protein-lipid complexes,
the cells were lysed and an affinity tag was clicked to the alkyne-moiety of the
bifunctional lipid (described in section 2.1.6). After enrichment on beads, the
protein-lipid complexes were eluted and subjected to mass spectrometric analysis.
This led to the identification of 53 proteins that are potentially interacting with
VLCFA SLs (Figure 2.10, Table 7.1)"24,
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Figure 2.10 Proteomic Approach Identifying Proteins Interacting with Very Long Chain Fatty

Acid Sphingolipid Species

A. Workflow of the proteomic approach that led to the identification of specific protein-
sphingolipid interactions. HeLa SGPL 1"~ and HeLa SGPL 17~ CERS2” cells were cultured in light
and heavy SILAC media, respectively. HeLa SGPL17- CERS2™ cells were deprived in endogenous
VLCFA SL species. After feeding with pacSph, protein-lipid complexes were formed upon UV-
irradiation. Click reaction to Biotin-azide and subsequent enrichment on affinity beads led to their
enrichment. Proteins were identified with LC-MS/MS. B. HPTLC analysis of pacSph metabolism.
HelLa SGPL1” and HeLa SGPL1" CERS2” cells were labelled with pacSph. Extracted lipids were
subjected to click-reaction to a fluorogenic molecule. After lipid separation on a HPTLC separated
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fluorescent lipids were detected. C. Volcano plot of hits from the proteomic approach. The log
H/L is plotted versus the negative log1o of the t-test p-value. TMD, transmembrane domain; Cer,
Ceramide; HexCer, Hexosylceramide; Sph, Sphingosine; SM, Sphingomyelin; VLCFA SL, Very
Long-Chain Fatty Acid-containing Sphingolipid, H, Heavy; L, Light.

24. Aim of the Thesis

The tissue- and organelle-specific expression and localisation of CerS enzymes
and the highly diverse lipid compositions, including the proportion of each FA,
varies among tissues, organelles and within the plane of the bilayer. This points to
various functions of these lipids. The influences of the different acyl chain lengths
of SLs is not yet understood and direct intracellular targets of VLCFA SLs are
largely unknown. To discover novel roles of VLCFA SLs, a proteomic approach
has been performed that identified proteins potentially interacting with VLCFA SLs.
To follow up on this, this thesis aims at the further validation of several protein hits
and the characterisation of a specific novel protein-VLCFA SL interactions. The
characterisation includes the specification of the precise interacting SL species,
their localisation in microdomains, the involvement of the TMD in lipid binding and
their possible functional roles of the interaction. In terms of the function, the role of
dystroglycan-VLCFA SL interactions in OLGs was investigated.
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3. Results

3.1. Insilico Analysis of 53 VLCFA-Sphingolipid Interacting Proteins
The previously performed proteomic approach identified proteins interacting with
VLCFA SLs (Figure 2.10 and Table 7.1)'?4. Here, the bioinformatic analysis of the
53 identified protein hits was extended to define novel roles of VLCFA SLs. Protein-
lipid interactions occur either with TMD-containing membrane proteins, peripheral
membrane proteins or in hydrophobic cavities of soluble proteins®. For this reason,
the distribution of TMD and non-TMD containing proteins of the hit list was
analysed. 89% of the identified protein hits obtained from the proteomic approach
comprised a TMD, and thus were localised within membranes (Figure 3.1 A). The
majority of the proteins had one TMD (55%) whereas 34% were multi-spanning
proteins. A detailed overview of the TMD count is visualized in figure 3.1 B.
Different organelles are described to be enriched in specific lengths of TMDs'®".
Here, most of VLCFA SL interacting proteins comprised 21 amino acid-long TMDs
followed by 23 amino acids as shown in figure 3.1 C. 60% of all proteins were
localised in the plasma membrane followed by 20% localised in the Golgi (Figure
3.1 D). As protein interactions with a specific subset of SL species were analysed
there may be a common motif present being responsible for the interaction with
these structurally similar lipids. However, no motif could be identified within the
TMDs of the 53 identified proteins (Figure 3.1 E). Merely, four proteins showed a
somehow similar motif but spread over the length of the TMD. In neuroplasin
(NPTN), basigin (BSG) and embigin (EMB) the possible motif was localised at the
terminal site of the TMD. However, in ST3 beta-galactoside alpha-2,3-
sialytransferase 1 (ST3GAL1) the same motif appeared to be localised in the
centre of the TMD thus between two membrane leaflets.
VLCFA SLs may act by interacting with proteins in similar biological processes or
molecular functions. Furthermore, proteins interacting with VLCFA SLs may be
localised to specific cellular compartments. A gene ontology (GO) enrichment
analysis was performed to investigate these possibilities. |dentified proteins were
mostly found to be enriched in different cellular compartments including
autolysosome, secondary lysosome, Golgi cisterna membrane, trans-Golgi
network membrane (Figure 3.2 A) and immunological synapse compared to the

whole proteome.
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A

Figure 3.1 Transmembrane Domain Analysis of the 53 Identified VLCFA SL-Interacting
Proteins

A. Pie chart visualizing the proportion of TMDs between hits. Percentages are shown for 0, 1,
2 or >2 TMDs. B. Detailed overview of the TMD distribution in the dataset of 53 identified
proteins. C. TMD length count of VLCFA-SL interacting proteins. D. Subcellular localisation
of hits. Multiple localisations per protein are shown and therefore exceeding the sum of 53
localisations. E. Motif search within TMDs of 53 hits. TMD sequence of dataset was subjected to
motif analysis with MEME Suite'®. The upper figure visualizes one identified motif, 9 amino acids
in length, discovered in 4 out of 53 hits. The lower figure shows the localisation of this motif along
the TMD sequence (in red) as well as two more discovered motifs, present in 2 out of 53 hits each.

TMD length (amino acid #)

# of proteins

0 10 20 30 40
1 1 % B Il Il Il I}
14]
30% '0 12-{]
1 1
g o
2 = 7
[
>2 5 61
4% TMD ® o]
rall
55% 1
0_
# of proteins D # of proteins
0 10 20 30 40 0 10 20 30 4|0
Il Il Il I} Il Il Il
19-21] Nucleus |
21-23-] Mitochondrion| |
26—:| Extracellular/exosome-
24—:| Cytosol-{_|
234 | Lysosome—{_|
22-] Endosome-_]
211 er{ ]
17-] Golgi-
0+ Plasma membrane—
Name p-value Motif Locations
NPTN 9.05e-8
BSG 3.47e-8
CD276 2.64e-5
EMB 25307 — I
TGOLN2 2.57e-6
KCT2 6.02e-7
ST3GAL1 6.16e-8
ICAM 3.89%e-5

Moﬂf Symbol Motif Consensus

5 [ SHFFFH
3. [ TveLSvVC

TMD, transmembrane domain.

34



Results

A GO cellular component fold enrichment

cell-substrate adherens junction (GO:0005924)-]

focal adhesion (GO:0005925)-

synaptic vesicle (GO:0008021)-|

late endosome membrane (GO:0031902)-

phagocytic vesicle (GO:0045335)—

trans-Golgi network membrane (GO:0032588)—

Golgi cisterna membrane (GO:0032580)-

phagocytic vesicle membrane (GO:0030670)-

azurophil granule membrane (G0:0035577)

sarcolemma (GO:0042383)-

intrinsic component of synaptic vesicle membrane (GO:0098563)-{
SNARE complex (GO:0031201)-

acrosomal membrane (GO:0002080)-

integral component of synaptic vesicle membrane (GO:0030285)-{
dystrophin-associated glycoprotein complex (GO:0016010)—
glycoprotein complex (GO:0090665)—

immunological synapse (GO:0001772)

secondary lysosome (G0O:0005767)

autolysosome (G0:0044754)—

dystroglycan complex (GO:0016011)-

B G O biOlOgicaI process fold enrichment

G0:0008037)
G0:0098742)
G0:0002699)
G0:0140056)
G0:0022406)-
G0:0019058)
G0:0061025)
G0:0051701)
G0:0090174)
G0:0006906)-{
=
B
H
=
=

cell recognition

cell-cell adhesion via plasma-membrane adhesion molecules
positive regulation of immune effector process
organelle localization by membrane tethering
membrane docking

viral life cycle

membrane fusion

interaction with host

organelle membrane fusion

vesicle fusion

vesicle docking

entry into host cell

entry into host

viral entry into host cell

ammonium transport

neuron recognition

organic cation transport

regulation of protein localization to synapse
regulation of receptor localization to synapse
dendrite self-avoidance

G0:0048278
G0:0030260
G0:0044409
G0:0046718
G0:0015696
G0:0008038)-
G0:0015695
G0:1902473
G0:1902683
G0:0070593

H
H
H
H

C GO molecular function fold enrichment

cell adhesion molecule binding
exogenous protein binding

G0:0050839;
G0:0140272
GO0:0001618
G0:0005484

1]
1

o I
1]

virus receptor activity
SNAP receptor activity

Figure 3.2 Gene Ontology Enrichment Analysis

Gene ontology (GO) term analysis was performed using the PANTHER Overrepresentation Test.
Enrichment of certain GO terms in the dataset of 53 proteins in comparison to a reference dataset
is depicted. A. GO of cellular localisations B. GO of biological processes C. GO of molecular
functions. A-C. Shown are the top 20 of identified significantly (< p=0.001) enriched GO terms.

VLCFA SL interacting proteins appeared to play a role in dendrite self-avoidance,
regulation of receptor/protein localisation to synapses, cell-cell adhesion via
plasma membrane adhesion molecules, vesicle- or in general membrane fusion,
and viral infections via entry into host cells (Figure 3.2 B).

The enriched cellular localisations and biological processes were reflecting the
enriched molecular functions and cellular localisations. Roles in cell adhesion

molecule binding, viral receptor activity and SNAP (Soluble N-ethylmaleimide-
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sensitive-factor attachment) receptor activity were enriched among the VLCFA SL
interacting proteins (Figure 3.2 C).

To identify possible functional associations between VLCFA SL interacting proteins
by acting in functionally interacting modules or by the presence in the same
signalling pathways, a STRING network analysis'®® was performed. The STRING
network analysis is a precomputed global resource for exploration and analysis of
functional associations®. Proteins may not simply interact by physical
interactions. Indirect interactions by sharing a substrate in a metabolic pathway, by
regulating each other transcriptionally or by participating in larger multi-protein
assemblies are further possible interactions between proteins'®®. Therefore, the
obtained hit list of 53 proteins was subjected to this network analysis and several
proteins appeared functionally connected, as visualized in figure 3.3 by pink

coloured lines.
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Figure 3.3 STRING Network Analysis

The hitlist of 53 identified proteins was subjected to a STRING network analysis'®. Known
interactions are shown as pink (experimentally determined) or blue (from curated databases) lines.
Predicted interactions are visualised as green (gene neighbourhood), red (gene fusions) or blue
(gene co-occurrence) lines. Other lines represent: text mining (light green), co-expression (black)
and protein homology (violet). Filled nodes show if some structure is known or predicted.
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These involved the functional relationship of identified Syntaxins (STXs),
comprising STX4, STX6, STX7, STX10 which serve as SNAP receptors in
membrane fusion'®®, Then plasma membrane-localised proteins with roles in cell
adhesion and cellular-recognition processes appeared functionally connected. The
central node among them was CD9 antigen (CD9) which is connected to CD81
antigen (CD81), Integrin alpha-5 (ITGA5) and Cell surface glycoprotein MUC18
(MCAM). Further sub- connections to Intracellular adhesion molecule 1 (ICAM1),
Neural cell adhesion molecule 1 (L1CAM) and Membrane cofactor protein (CD46)
were found. Two identified transporter proteins, Neutral amino acid transporter B(0)
(SLC1A5) and the Sodium-coupled neutral amino acid transporter 2 (SLC38A2)
were connected as well as the lysosome-localised proteins Lysosome-associated
membrane glycoprotein 1 (LAMP1) and Lysosome-associated membrane
glycoprotein 2 (LAMP2). Lastly, DAG1 was functionally connected with Epsilon-

sarcoglycan (SGCE) while many other proteins remained unconnected.

3.2. Validation of novel Protein-VLCFA Interactions in Cellular
Systems

The proteomic approach identified proteins possibly interacting with VLCFA SLs
(introduced in section 2.3)'?4. To validate the data obtained from this proteomic
approach, different assays were performed. These included protein-lipid pulldown
assays with pacSph in the HeLa SGPL17- CERS2" cells and the parental HelLa
SGPL1" cells as well as assays to study the influence of microdomains on the
identified protein-SL interactions. Additionally, analyses to test the ability to rescue
the reduced protein-lipid interactions in HeLa SGPL1” CERS2” cells and finally
assays to validate the interaction to SLs in HeLa SGPL 1" cells by inhibiting pacSph
SL metabolism were performed.

3.2.1. Validation of the Proteomic Approach Using Overexpressed
Proteins Versus Endogenous Protein Levels
To validate the protein-VLCFA SL interactions of the proteomic approach, an
overexpression of FLAG-tagged versions of the selected proteins was performed.
HeLa SGPL17~ CERS2” cells and the parental HeLa SGPL1”" cells were
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transfected with DAG1-FLAG constructs. The following day, cells were labelled
with pacSph, or as a control with pacFA, subjected to UV-crosslinking, cell lysis,
click-reaction of the protein-lipid complexes to Biotin and enrichment of protein-SL-
Biotin products on Neutravidin beads. Input and protein-lipid pulldown (PL-PD)
samples were loaded on an SDS-PAGE gel, blotted and FLAG-tagged proteins
were detected using an anti-FLAG antibody. FLAG-tagged BDG was pulled down
in both cell lines with pacSph (Figure 3.4 A), however comparable expression
levels in HeLa SGPL17- CERS2” cells and the parental HeLa SGPL 1 cells could
not be established. In addition, the amount of recovered BDG in PL-PDs varied
strongly among experiments even though a significant reduction of DG in HelLa
SGPL17 CERS2” cells compared to the parental cells could be identified (Figure
3.4 A, C). The amount of endogenous BDG in PL-PDs was significantly reduced in
HelLa SGPL17- CERS2” cells compared to the parental cells (Figure 3.4 B, C).

In parallel to PL-PD experiments, the intracellular localisation of overexpressed
FLAG-tagged proteins was investigated by confocal microscopy. As before, FLAG-
tagged DAG1-contructs were transfected into both cell lines. The control cells
remained untransfected to monitor endogenous BDG localisation. The following
day cells were fixed and stained with anti-FLAG or anti-BDG antibodies and
processed for immunofluorescence microscopy. Overexpressed FLAG-tagged
BDG appeared to be localised in ER and vesicles (Figure 3.4 E) whereas
endogenous BDG appeared to be localised at specific sites at the plasma
membrane in both cell lines (Figure 3.4 F). In HeLa SGPL17”- CERS2” cells the
localisation of overexpressed FLAG-tagged BDG appeared even more localised to
intra-(or extra-) cellular vesicles compared to the parental cells (Figure 3.4 D).

To investigate if BDG is also localising with GPL lipid species, cells were labelled
with pacFA instead of pacSph. PacFA is described to be mainly incorporated into
pacPC species'®' therefore the pulldown experiment was also performed with
pacFA (Figure 3.4 A, B). Interestingly, FLAG-tagged overexpressed DG was also
strongly pulled down with pacFA labelling in HeLa SGPL1 cells. Furthermore, a
significantly lower interaction to pacFA-derived lipids in HeLa SGPL17"- CERS2"
cells compared to the parental cells was observed (Figure 3.4 D). The pulldown
experiment employing pacFA was also performed without overexpressing the
protein of interest. More cells were used for the experiment and endogenous
proteins were detected. Figure 3.4 B and D show that the previously detected
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interaction of BDG with pacFA-derived lipids was no longer present. The

quantification of the proteomic approach validation with endogenous proteins is
described in the next section.
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Figure 3.4 Validation of Protein-VLCFA SL Interactions Using Overexpression of FLAG-
tagged Proteins Versus Endogenous Proteins

A. Protein-lipid pulldown analysis of overexpressed proteins. HeLa SGPL1” and Hela
SGPL17" CERS2” cells were transiently transfected with pCMV3-DAG1-FLAG for 24 h. The last 4
h, media was removed and replaced with media containing 6 uM pacSph or 50 uM pacFA. After
subsequent UV-crosslinking, cell lysis, CUAAC-based click-reaction to Biotin-azide and enrichment
of protein-lipid pulldown (PL-PD) on Neutravidin beads, elution (95%) and input (5%) samples were
loaded on an SDS-PAGE gel, blotted and FLAG proteins were detected with an anti-FLAG antibody.
B. PL-PD of endogenous proteins. HeLa SGPL 17 and HeLa SGPL17CERS2" cells were labelled
for 4 hours with 6 uM pacSph or 50 uM pacFA. After subsequent UV-crosslinking, cell lysis, CUAAC-
based click-reaction to Biotin-azide, enrichment of PL-PD on Neutravidin beads, elution (95%) and
input (5%) samples were loaded on SDS-PAGE gel, blotted and endogenous proteins were
detected with an anti-BDG antibody. C, D. Quantification of protein-lipid complexes in pacSph
(C) and pacFA (D) labelled samples. The protein amount in elution fractions was compared to
input values. Shown are individual data points that are connected within one experiment. Two-sided
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paired t-tests were performed. * = p<0.05, ** = p<0.001. E. Confocal microscopy analysis of
overexpressed proteins. HeLa SGPL1” and HeLa SGPL1" CERS2” cells were transiently
transfected with pCMV3-DAG1-FLAG for 24 h. After fixation and blocking, cells were stained with
anti-FLAG and anti-mouse Alexa488 and prepared for confocal microscopy. F. Confocal
microscopy analysis of endogenous proteins. HeLa SGPL17 and HeLa SGPL1 CERS2" cells
were fixed and blocked, to stain cells with anti-BDG and anti-mouse Alexa488. After preparation for
confocal microscopy, slides were imaged with a Zeiss LSM 800. Scale bar: 10 ym.

3.2.2. Validation of Identified Protein-VLCFA Sphingolipid Interactions
Investigating Endogenous Proteins

To validate proteins that were identified by the proteomic approach to interact with
VLCFA SLs'*, pacSph labelling and protein-lipid pulldown assays were
performed. Three proteins were selected for validation based on the obtained ratio
of the proteomic approach. The ratio reflects the degree of diminished interaction
to SLs in VLCFA SL-deprived cells'®. Among the proteins with the strongest
reductions in the proteomic approach were DG, Syntaxin 6 (STX6) and Trans
Golgi network protein 2 (TGOLNZ2) which were chosen for validation. As controls,
a protein with an unaffected SL-interaction in both cell lines and a protein that was
interacting with more instead of fewer pac-derived lipids in the VLCFA SL-deprived
cells were examined, namely Transferrin receptor (TFR) and Integrin beta 1
(ITGB1), respectively (see values in Supplementary Table 7.1).
As described in section 3.2.1, HeLa SGPL17- CERS2” cells and the parental HeLa
SGPL17” cells were labelled with pacSph, subjected to UV-crosslinking (or as a
control, without UV-crosslinking), cell lysis, click-reaction of the protein-lipid
complexes to Biotin and enrichment of protein-SL-Biotin products on Neutravidin
beads. Input and PL-PD samples were loaded on an SDS-PAGE gel, blotted and
endogenous proteins were detected using respective antibodies. One blotting
membrane was scanned for multiple proteins as elution samples contain all PL-PD
complexes formed. Figure 3.5 A-C shows the validation of three protein hits of the
proteomic approach. BDG, STX6 and TGOLNZ2 showed a significantly lower
amount in PL-PD compared to input in cells lacking VLCFA SLs compared to the
parental cells. Without UV-crosslinking, no protein was detected in the elution
samples. The PL-PD with pacSph of TFR was identical in both cell lines (Figure
3.5 D). For ITGB1 two distinct bands were observed (Figure 3.5 E). When
quantifying both bands, the amount of ITGB1 appeared to be enriched in HelLa
SGPL17 CERS2” cells as found by the proteomic approach. However, the upper
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band of ITGB1 is almost missing in the PL-PD of HeLa SGPL1" CERS2” cells.
The quantification revealed a possible interaction of the upper band with VLCFA
SLs, however more replicates would be required to test for statistical significance
of this interaction.

The results of section 3.2.1 showed that the intracellular localisation of transiently
expressed BDG did not match the one of the endogenous protein. To further
exclude that changes in the localisation of endogenous proteins were present in
HeLa SGPL1” CERS2” cells compared to the parental cells, an
immunofluorescence analysis with confocal microscopy was performed. Both cell
lines were seeded and fixed the following day, blocked and stained with antibodies
against endogenous proteins. DG seemed to be mainly localised to specific
regions at the plasma membrane (Figure 3.6 A), as already shown in figure 3.4 F.
In both cell lines STX6 and TGOLNZ2 appeared to be localised in the Golgi (Figure
3.6 B,C). TGOLNZ2 was furthermore appearing to localise to the nucleoplasm. TFR
localisation appeared to be in intracellular endosomes (Figure 3.6 D) whereas
ITGB1 showed an ER and plasma membrane localisation (Figure 3.6 E). For none
of the investigated proteins, an altered localisation in HeLa SGPL17- CERS2" cells

compared to the parental HeLa SGPL 17 cells was observed.
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Figure 3.5 Validation of Selected Proteins Interacting with VLCFA SLs Detecting
Endogenous Proteins
A-E. Validation assay of STX6, TGOLN2 and dystroglyan. HeLa SGPL1” and HeLa SGPL1"
CERSZ2" cells were labelled with 6 uM pacSph for 4 h. After subsequent UV-crosslinking (or without
as indicated), cell lysis, CUAAC-based click-reaction to Biotin-azide, enrichment of protein-lipid
pulldowns (PL-PD) on Neutravidin beads, elution (95%) and input (5%) samples were loaded on
SDS-PAGE gel, blotted and endogenous proteins were detected with specific antibodies against
endogenous proteins. The upper panel shows the blots and the lower panel visualises the
quantification of protein amounts in PL-PD versus input samples for +UV samples. A. B-
dystroglycan (BDG) B. Synthaxin-6 (STX6) C. Trans-Golgi-network protein 2 (TGOLN2) D.
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Transferrin-Receptor (TFR) E. Integrin beta-1 (ITGB1). For quantification protein amount in the
elution was compared to input values. Shown are individual data points that are connected within
one experiment. Data were obtained from six independent experiments (DAG1, TGOLN2), or four
independent experiments (STX6, TFR, ITGB1 both bands), or two independent experiments
(ITGB1 upper band). Two-sided paired t-tests were performed. * = p<0.05, ** = p<0.001.
Fluorescence of secondary antibodies was detected using a LiCor and quantification was done with
the Image Studio Software.
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Figure 3.6 Confocal Microscopy Analysis of Endogenous Localisation of Selected Proteins
HelLa SGPL17and HeLa SGPL1" CERS2" cells were fixed and blocked. Cells were stained with
specific antibodies against endogenous proteins and with anti-primary species Alexa488. After
preparation for confocal microscopy, slides were imaged with a Zeiss LSM 800. Scale bar: 10 pm.

3.2.3. Influence of Cholesterol on VLCFA SL-Interactions
The plasma membrane is not a structurally passive solvent, SLs and cholesterol
are preferentially associated together in ‘nanodomains’ (Section 2.1.1)°. Especially
VLCFA SLs are described to be enriched in lipids®'®. Therefore, it was of interest

to investigate the influence of microdomain localisation on protein-VLCFA-SL
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interaction of the identified proteins. For this purpose, MBCD was employed which
was described to deplete cholesterol from the plasma membrane and thus to
disrupt microdomains®. To exclude effects of MBCD treatment on pacSph
metabolism in HeLa SGPL17 cells, cells were labelled with 6 yM pacSph and
treated with MBCD. Untreated cells were used as controls. Lipids were extracted,
clicked to Coumarin-azide, separated on a HPTLC-silica plate and the resulting
fluorescent paclipids were detected. No significant difference in the pacSph
labelling between untreated and treated cells was detectable (Figure 3.7 A). The
HPTLC plate was stained for total lipids using sulfuric acid to visualize cholesterol.
The chosen treatment reduced the cholesterol amount by 29% (Figure 3.7 B, C).
With this condition, pulldown experiments were performed. HeLa SGPL1” cells
were labelled with 6 yM pacSph and treated or not-treated with MBCD, subjected
to UV-crosslinking, cell lysis, click-reaction of the protein-lipid complexes to Biotin
and enrichment of protein-SL-Biotin products on Neutravidin beads. Input and PL-
PD samples were loaded on an SDS-PAGE gel, blotted and endogenous proteins
were detected using the respective antibodies. The treatment with MBCD
significantly reduced the amount of crosslinked BDG (Figure 3.7 D, E). In
comparison STX6 was not reduced by this treatment (Figure 3.7 D, E).

44



Results

-MBCD  +MBCD -MBCD  +MBCD
C ,
er Chol |
HexCer
Sph | s
SM | = —_— PC
SM
C 1.5+
EE - MBCD
*
_.; — = +MBCD
£ 1.0
S
Q
2
T 0.5-
[]]
4
0.0- T T
. e \
Q\Q\b 9‘?}0
& o°
& o
R
&
D -MBCD  +MBCD E
[a) )
5 o 5 o
Q. - Q. -
£ o £ o 4
-e- - MBCD
-~ +MBCD

Elution/Input

*
07| g w— |spG 3]
37—
2_
— ; *—
37 —| 17 R k/

h'.o""sms . *—

T T
25 BDG STX6

Figure 3.7 Effect of MBCD Treatment on Interaction of Selected Proteins with Sphingolipids
A. HPTLC analysis to monitor pacSph metabolism. HeLa SGPL 1" and HeLa SGPL17"- CERS2
’cells were labelled with 6 uM pacSph for 4 h. If indicated, 5 mM MBCD was added to the media
for the last hour of pacSph labelling. Cells were collected, lipids were extracted and subjected to
click-reaction to Coumarin-azide. Lipids were separated on a HPTLC silica plate and separated
fluorescent lipids were detected using an Amersham Imager 600 with excitation at 460 nm and a
Cy2 Emission Filter (525BP20). B. Total lipid stain. HTPLC plate from A. was sprayed with 20%
sulfuric acid and incubated for 10 min at 125°C to visualise total lipids. C. Quantification of
detected pacSph-derived lipid species and total cholesterol. PacSph-derived sphingolipid
species were quantified using Fiji and normalised to total PC from the total lipid stain. Cholesterol
was quantified using Fiji and was normalised to total PC. Shown is the mean + SEM of three
independent experiments. Multiple t-tests (two-sided, unpaired) were performed and corrected for
multiple comparisons using the Holm-Sidak method. * = p<0.05, ** = p<0.001. D. Protein-lipid
pulldown analysis of endogenous proteins with and without MBCD treatment. HeLa SGPL1
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~and HeLa SGPL17- CERS2” cells were labelled with 6 uM pacSph for 4 h. If indicated, 5 mM
MBCD was added to the media for the last hour of pacSph labelling. After subsequent UV-
crosslinking, cell lysis, CuAAC-based click-reaction to Biotin-azide, enrichment of protein-lipid
pulldown (PL-PD) on Neutravidin beads, elution (95%) and input (5%) samples were loaded on an
SDS-PAGE gel, blotted and endogenous proteins were detected with an anti-BDG and anti-STX6
antibody. E. Quantification of protein-lipid complexes in pacSph labelled samples. The protein
amount in elutions was compared to input values. Shown are individual data points that are
connected within one experiment. Three independent experiments for DAG1 and two experiments
for STX6 were performed. Two-tailed, paired t-tests were performed. * = p<0.05, ** = p<0.001.
MBCD, methyl-B-cyclodextrin; Cer, ceramide; HexCer, hexosylceramide; Sph, sphingosine; SM,
sphingomyelin; Chol, cholesterol; PC, phosphatidylcholine.

3.2.4. Rescue of Protein-VLCFA SL Interactions with CerS2
Overexpression

The proteomic approach identified proteins as candidates for specific interactions
with VLCFA SLs'?4. The validation approach revealed a significant interaction of
BDG, TGOLNZ2, STX6 and ITB1 with VLCFA SLs (Section 3.2.2). As the employed
HelLa SGPL17"- CERS2” cells are lacking the synthesis of VLCFA SLs and showed
a reduced interaction with identified proteins, it was of interest to rescue this
synthesis and observe the influence on protein-lipid interactions. This would allow
a further validation of the identified specific protein-VLCFA SL interactions.

For this purpose, the depleted CerS2 protein was overexpressed in HeLa SGPL1
/ CERS2” cells. The CerS2 enzyme is responsible for the synthesis of SLs with
C22-C24 fatty acids, whereas CerS1 generates SLs with N-linked C18 FAs'®2. The
majority of LCFA-pacSM and other LCFA-SLs visible in HPTLC analysis were
supposed to be C16 pacSLs, and not C18, as these are the most abundant SLs in
HelLa cells besides C24 SLs''S. However, a mass spectrometric analysis of the
pac-derived SL species in these cells was not performed so far. The influence on
the pacSph metabolism in HeLa SGPL1" CERS2" cells overexpressing CerS1
was of interest, since it could support to discriminate between protein-interactions
with LCFA versus VLCFA SLs. In an initial experiment, a HPTLC analysis of
pacSph metabolism in CerS2 and CerS1 overexpressing HeLa SGPL17- CERS2"
cells was analysed (Figure 3.8 A). A significant rescue of the Cers2 depletion in
HelLa SGPL17 CERS2" cells was observed as the band for VLCFA SL was re-
appearing when comparing the pacSph metabolism to parental HeLa SGPL 1" cells
(Figure 3.8 A, B). For CerS1 overexpressing cells, a single band was detected for

46



Results

each lipid class, however the precise FA chain length could not be analysed by
HTPLC.

The same samples were prepared for mass spectrometric analysis of endogenous
lipids and paclipids. SM and pacSM species were detected in precursor ion
scanning of 184 m/z, with the selected fragment ion corresponding to the choline
head group. Ceramide was detected by precursor ion scanning of 264.3 m/z to
selectively monitor the C18-sphingosine backbone of ceramide species. For
pacCer detection, the scan was changed to 300 m/z, to account for the C18-
backbone containing the diazirine and alkyne functionalities of pacSph. CerS2
overexpression resulted, as suggested by HPTLC analysis (Figure 3.8 A), in the
re-synthesis of C24-containing ceramide and SM lipids as well as corresponding
C24-pacSLs (Figure 3.8 C, D). Furthermore, when overexpressing CerS1 in HelLa
SGPL17"- CERS2" cells an 8-fold relative increase of endogenous C18-containing
ceramide (Cer 36:1;2) and a 5-fold increase in endogenous C18-containing SM
(SM 36:1;2) was observed (Figure 3.8 C, D).

The overexpression of CerS2 in HeLa SGPL17- CERS2” cells led to the re-
synthesis of VLCFA SLs in these cells. Furthermore, the overexpression of CerS1
in HeLa SGPL 17 CERS2" cells resulted in the generation of majorly C18-pacSLs.
Also in CerS2-overexpressing cells, a large proportion of pac-Cer36:1;2 could be
detected but appeared lower compared to CerS1 overexpressing cells. To
elucidate the influence of the modified pacSph-labelling in these conditions, the
protein-lipid pulldown assay was performed. The samples were prepared as for the
HTPLC and lipidomic analysis described above, but instead of lipid extraction, cells
were subjected to UV-crosslinking, cell lysis, click-reaction of the protein-lipid
complexes to Biotin and enrichment of protein-SL-Biotin products on Neutravidin
beads. Input and PL-PD samples were loaded on an SDS-PAGE gel, blotted and
endogenous proteins were detected using specific antibodies. When
overexpressing CerS2 in knockout cells, the interaction of BDG to pacSLs was
significantly increasing and was even more pronounced compared to HeLa SGPL 1"
- cells (Figure 3.9 A, B). When comparing the amount of BDG in PL-PD of CerS1
versus CerS2 overexpressing cells, the amount was non-significantly lower in
CerS1 overexpressing cells (Figure 3.9 A, B), however a trend may be observed.
The diminished amount of STX6 in HeLa SGPL17- CERS2” protein-lipid pulldowns
was rescued when overexpressing CerS2 in knockout cells. Differently to BDG, the
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pulldown of STX6 in CerS1 overexpressing samples was comparable to PL-PDs
of CerS2 knockout cells (Figure 3.9 A, B).
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Figure 3.8 Effect of CerS2 and CerS1 Overexpression on pacSph Metabolism.

A. HPTLC analysis of pacSph metabolism. HeLa SGPL17”- CERS2” cells were transfected with
pCMV6-CERS2 or pCMV6-CERS1 for 48 h. Labelling was done with 6 yM pacSph for 4 h also in
HelLa SGPL1" cells. Cells were collected, lipids were extracted and subjected to click-reaction to
Coumarin-Azide. Lipids were separated on a HPTLC silica plate and separated fluorescent lipids
were detected using an Amersham Imager 600 with excitation at 460 nm and a Cy2 Emission Filter
(525BP20). B. Quantification of detected pacSph-derived lipid species. PacSph-derived
sphingolipid species were quantified using Fiji and shown as relative intensity per species to total
paclipids. Only LCFA vs VLCFA SM species are visualized. Shown is mean + SEM of four
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independent experiments. Multiple t-tests were performed and corrected for multiple comparisons
using the Holm-Sidak method. * = p<0.05, ** = p<0.001. C-D. Lipidomic analysis of ceramide
and sphingomyelin lipid species. Samples were prepared as described for A. SM and pacSM
was scanned by PIC 184 m/z; Ceramide by PREC 264.3 m/z; pacCeramide by PREC 300 m/z.
Measurements were done with an QTRAP 6500+, quantification was performed by comparing to
internal standards. Shown is mean + SEM of two independent experiments. Lipidomic
measurement was performed by Timo Sachsenheimer and Christian Liichtenborg. Cer, ceramide;
HexCer, hexosylceramide; Sph, sphingosine; SM, sphingomyelin; VLCFA, very long chain fatty acid
containing sphingolipid species; LCFA, long chain fatty acid containing sphingolipid species; FA,
fatty acid. Lipid species were annotated according to their molecular composition as follows: sum
of carbon atoms in the FAs:sum of double bonds in the FAs;sum of hydroxyl groups in the long-
chain base and the FA moiety.
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Figure 3.9 Pulldown Analysis of CerS2 and CerS1 Overexpressing Cells

A. Protein-lipid pulldown analysis of endogenous proteins comparing CerS1 and CerS2
overexpressing HeLa SGPL1” CERS2" cells. HeLa SGPL 1 CERS2” cells were transfected with
pCMV6-CERS2 or pCMV6-CERS1 or mock for 48 h. Labelling was done with 0.5 uM pacSph for 4
h also in HeLa SGPL1" cells. After subsequent UV-crosslinking, cell lysis, CUAAC-based click-
reaction to Biotin-azide, enrichment of protein-lipid pulldown (PL-PD) on Neutravidin beads, elution
(95%) and input (5%) samples were loaded on SDS-PAGE gel, blotted and endogenous proteins
were detected with an anti-BDG/STX6 antibodies. B. Quantification of Western blot signals.
Protein amount in elution was compared to input values. Shown are individual data points that are
connected within one experiment. Two-tailed paired t-tests were performed. * = p<0.05, ** =
p<0.001.
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3.2.5. Inhibition of pacSph Metabolism

The first reaction of pacSph metabolism in cells is catalysed by CerS enzymes to
form ceramide from the sphingosine precursor and a fatty acyl-CoA'3. Fumonisin
B1 (FB1) is a unspecific CerS inhibitor'®® which was employed to further validate
the interaction of proteins with pacSph-derived SL species from the proteomic
approach. First, a HPTLC analysis was performed to confirm the ability of FB1 to
inhibit CerS and thus, the pacSph metabolism in HeLa SGPL 1" cells. Treated and
mock-treated cells were labelled with 0.5 yM pacSph, samples were collected,
lipids were extracted, pacSph-derived lipids were clicked to Coumarin-azide,
separated on a HPTLC-Silica plate and the resulting fluorescent paclipids were
detected. FB1 reduced the synthesis of pacSM and pacCer, whereas the amount
of not-utilized pacSph was significantly elevated (Figure 3.10 A, B). For SM, two
bands are visible on the TLC, corresponding to the abundant LCFA and VLCFA
SM species (Section 3.2.4). Surprisingly, the upper band, corresponding to the
VLCFA SM species, appeared significantly more diminished compared to the lower
LC-SM band (Figure 3.10 A, C).

Being able to diminish the pacSph metabolism, this treatment was applied to
protein-lipid pulldown analysis. HeLa SGPL 17 cells were treated and mock-treated
with FB1, cells were labelled with pacSph, subjected to UV-crosslinking, cell lysis,
click-reaction of the protein-lipid complexes to Biotin and enrichment of protein-SL-
Biotin products on Neutravidin beads. Input and PL-PD samples were loaded on
an SDS-PAGE gel, blotted and endogenous proteins were detected using specific
antibodies. BDG-pacSL interaction was reduced by 92% whereas for STX6 a
minor, non-significant reduction was observed in PL-PD of FB1 treated cells. More
replicates are required to finally conclude about ITGB1, however a minor reduction
could be suggested. Also, the upper band of ITGB1 seemed to be stronger

diminished by this treatment.
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Figure 3.10 Effect of Fumonisin B1 Treatment on pacSph Metabolism and Protein-Lipid
Pulldown Analysis

A. HPTLC analysis of pacSph metabolism with FB1 treatment. HeLa SGPL 17 cells were treated
with 50 uM FB1 for 20 h prior labelling. Labelling was done with 0.5 uM pacSph for 4 h. Cells were
collected, lipids extracted and subjected to click-reaction to Coumarin-azide. Lipids were separated
on a HPTLC silica plate and separated fluorescent lipids were detected using an Amersham Imager
600 with excitation at 460 nm and a Cy2 Emission Filter (525BP20). B. Quantification of detected
pacSph-derived lipid species. PacSph-derived sphingolipid species were quantified using Fiji and
are shown as relative intensity per species to total paclipids. Shown is the mean + SEM of four
independent experiments. Multiple t-tests were performed and corrected for multiple comparisons
with the Holm-Sidak method. C. Quantification of VLCFA SM and LCFA SM. PacSph-derived
sphingolipid species were quantified using Fiji and are shown as relative intensity per species to
total paclipids. Shown is mean + SEM of four independent experiments. D. Protein-lipid pulldown
analysis of endogenous proteins with and without FB1 treatment. HeLa SGPL1”cells were
treated with 50 uM FB1 for 20 h prior labelling. Labelling was done with 0.5 uM pacSph for 4 h.
After subsequent UV-crosslinking, cell lysis, CuAAC-based click-reaction to Biotin-azide,

51



Results

enrichment of PL-PD on Neutravidin beads, elution (95%) and input (5%) samples were loaded on
an SDS-PAGE gel, blotted and endogenous proteins were detected with specific antibodies. E.
Quantification of Western blot signals. Protein amount in elution compared to input values.
Shown are individual data points that are connected within one experiment. Data represent four
(DAG1), three (STX6) or two (ITGB1) independent experiments. Two-sided paired t-tests were
performed. * = p<0.05, ** = p<0.001. VLCFA, very-long chain fatty acid; LCFA, long chain fatty acid;
Cer, ceramide; HexCer, hexosylceramide; Sph, sphingosine; SM, sphingomyelin; FB1, Fumonisin
B1

3.3. Investigation of Class-Specific Protein-Sphingolipid Interactions
The metabolism of pacSph results in the synthesis of different pacSL classes''.
Therefore, it was not possible to delineate the specific lipid class that was
interacting with the identified proteins from the proteomic approach. To investigate
the class-specific protein-lipid interactions different strategies like inhibiting
pathways in the pacSph metabolism as well as labelling with a combination of
clickable sugar analogues and photo-crosslinkable sphingosine were employed.

3.3.1. Modifying pacSph Metabolism with siRNAs
The metabolism of lipids can be modulated by different methods. Section 3.2.5
describes the application of FB1 to diminish the metabolism of pacSph. To inhibit
specific pathways of the SL metabolism, siRNA-mediated knockdowns were
applied. SiRNAs against Phosphatidylcholine: ceramide cholinephospho-
transferase (SGMS1) which is catalysing the formation of SM through transfer of
the phosphatidyl head group from phosphatidylcholine to the primary hydroxyl of
ceramide®' was used. In addition, siRNAs against Ceramide Glucosyltransferase
(UGCG), catalysing the transfer of glucose from UDP-glucose to ceramide®’, were
deployed. To investigate the successful inhibition of selected pathways in pacSph
metabolism, a HPTLC analysis was performed. HeLa SGPL1" cells were treated
with siUGCG and siSGMS1 and after 48 h, cells were labelled with 6 uM pacSph
for 4 hours. Samples were collected, lipids were extracted, pacSph-derived lipids
were clicked to Coumarin-azide, separated on a HPTLC-Silica plate and the
resulting fluorescent paclipids were detected. A significant reduction of pacHexCer
lipids in siUGCG treated cells was achieved (-67%; Figure 3.11 A, B) whereas for

SM only a minor non-significant reduction was observed (-21%; Figure 3.11 A, B).
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Figure 3.11 Influence of siRNA Treatment on pacSph Metabolism and Protein-Lipid Pulldown
A. HPTLC analysis of pacSph metabolism with siRNA treatment. HeLa SGPL1" cells were
transfected with 50 nM siRNA for 48 h. Labelling was done with 6 uM pacSph for 4 h. Cells were
collected, lipids were extracted and subjected to click-reaction to Coumarin-azide. Lipids were
separated on a HPTLC silica plate and separated fluorescent lipids were detected using an
Amersham Imager 600 with excitation at 460 nm and a Cy2 Emission Filter (525BP20). B.
Quantification of detected pacSph-derived lipid classes. PacSph-derived sphingolipid species
were quantified using Fiji and are shown as relative intensity per species to total paclipids. Shown
is the mean + SEM of four independent experiments. Two-sided unpaired t-tests were performed.
* = p<0.05, ** = p<0.001. C. Protein-lipid pulldown analysis of endogenous proteins with and
without siRNA treatment. HeLa SGPL1" cells were transfected with 50 nM siRNA for 48 h.
Labelling was done with 0.5 uM pacSph for 4 h. After subsequent UV-crosslinking, cell lysis,
CuAAC-based click-reaction to Biotin-azide, enrichment of PL-PD on Neutravidin beads, elution
(95%) and input (5%) samples were loaded on an SDS-PAGE gel, blotted and endogenous proteins
were detected with an specific antibody. D. Protein amount in elution compared to input values.
Shown are individual data points that are connected within one experiment. Two replicates for each
treatment were performed. E. Lipidomic analysis of sphingolipid species. Samples were
prepared as described for A. Measurements were done with an QTRAP 6500+, quantification by
comparing to internal standards. Shown is the class distribution of sphingolipids. Data are
represented as mean + SD of two independent experiments. Lipidomic measurement was
performed by Christian Lichtenborg. SM, sphingomyelin, Cer, ceramide; HexCer,
hexosylceramide; Hex2Cer, Lactosylceramide; Sph, Sphingosine.
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Even though only a minor inhibition of the SGMS1 synthesis was detectable, the
synthesis of HexCer was strongly elevated in the presence of siRNAs targeting
SGMS1 (>2.5 fold; Figure 3.11 A-B). The same effect was observed for
endogenous lipid classes monitored by mass spectrometric analysis (Figure 3.11
E). As HexCer was significantly reduced by this treatment, we decided to
investigate how this treatment affects the interaction of selected proteins with
pacSLs. HeLa SGPL 17 cells were treated with siUGCG and siSGMS1 and were
labelled with 0.5 yM pacSph. Cells were subjected to UV-crosslinking, cell lysis,
click-reaction of the protein-lipid complexes to Biotin and enrichment of protein-SL-
Biotin products on Neutravidin beads. Input and PL-PD samples were loaded on
an SDS-PAGE gel, blotted and endogenous proteins were detected using specific
antibodies. BDG-SL interactions appeared not altered when modifying the pacSph
metabolism with siRNAs (Figure 3.11 C, D).

3.3.2. Application of Knockout Cells to Investigate Class-Specific
Lipid-Protein Interactions

As described in section 3.3.1, the usage of siRNAs already resulted in a strong
reduction of HexCer species labelling. The inhibition of complete SL metabolism
pathways was tested in which a possible background signal from the remaining
lipid classes was circumvented. Since Hela cells require SGMS1 for growth®, it
was not possible to target the SM metabolism in these cells by knocking out
SGMS1 or SGMS2. To target GlcCer and higher GSLs, a HEK SGPL1- UGCG™”
cells was established by P. Haberkant, EMBL, and these cells were provided for
this study. UGCG is catalysing the formation of Glucosylceramide (GlcCer) and
therefore this lipid and all downstream lipids are depleted in UGCG knockout
cells'®. The short labelling time of 4 h with pacSph resulted in only minor amounts
of pacHexCer and presumably downstream GSLs (usually the amount of GlcCer
was about 5% of total paclipids, see figure 3.11 B). Therefore, an extended
labelling time with a lower concentration of pacSph was tested.

Initially, the difference between the short and long labelling time on the pacSph
metabolism was analysed. HEK SGPL1” cells and HEK SGPL1" UGCG” cells
were labelled with 6 uM pacSph for 4 h or 0.5 uM for 24 h. Lipids were extracted,
clicked to Coumarin-azide, separated on a HPTLC-Silica plate and the resulting

fluorescent paclipids were detected. The paclipid profile of labelling with 6 yM
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pacSph revealed a complete lack of HexCer paclipids in HEK SGPL1" UGCG™
cells (Figure 3.12 A-B). Labelling with 0.5 yM pacSph resulted in a different pacSph
labelling behaviour compared to 6 yM pacSph (Figure 3.12 A). The added pacSph
was almost completely metabolised. Ceramide and HexCer appeared to be
strongly metabolised to downstream lipids (Figure 3.12 A, C). Higher GSLs could
not be detected by HTPLC analysis but were synthesised as shown by mass
spectrometric analysis (Master thesis, Timo Sachsenheimer, AG Briigger'®%). The
longer incubation with 0.5 uM pacSph yielded 6 times as much pacGM3 compared
to shorter incubation times with higher concentrations'®. Interestingly, both cell
lines showed differences in the incorporation rate of pacSph into LCFA and VLCFA
SM (Figure 3.12 C). Strikingly, HEK SGPL 17 cells synthesized significantly more
VLCFA SM than LCFA SM with 0.5 yM pacSph for 24 h, which was not observed
for HEK SGPL17"- UGCG™ cells and for the short labelling time in both cell lines
(Figure 3.12 C).

To subsequently analyse an interaction of selected proteins with GlcCer and also
higher GSLs, HEK SGPL1” cells and HEK SGPL17 UGCG™ cells were labelled
with the lower pacSph concentration for a longer incubation time. The cells were
subjected to UV-crosslinking, cell lysis, click-reaction of the protein-lipid complexes
to Biotin and enrichment of protein-SL-Biotin products on Neutravidin beads. Input
and PL-PD samples were loaded on an SDS-PAGE gel, blotted and endogenous
proteins were detected using specific antibodies. Solely the upper band of ITGB1
was pulled down as protein-lipid complex when labelling for 24 h with pacSph
(Figure 3.12 D). HEK SGPL1" UGCG™ cells showed a significantly reduced
interaction of ITGB1 with pacSph-derived SLs, whereas STX6 and DG were not
altered in their protein-lipid interaction (Figure 3.12 D, E).
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Figure 3.12 Analysis of Class Specific Protein-Lipid Interactions using UGCG knockout cells
A. HPTLC analysis of pacSph metabolism in UGCG knockout cells. HEK SGPL1” cells and
HEK SGPL 17 UGCG"cells were labelled with 6 uM pacSph for 4 h or 0.5 uM pacSph for 24 h. Cells
were collected, lipids were extracted and subjected to click-reaction to Coumarin-azide. Lipids were
separated on a HPTLC silica plate and separated fluorescent lipids were detected using an
Amersham Imager 600 with excitation at 460 nm and a Cy2 Emission Filter (525BP20). B-C.
Quantification of detected pacSph-derived lipid classes. PacSph-derived sphingolipid species
were quantified using Fiji and are shown as relative intensity per species to total paclipids. Shown
is mean = SEM of two (B) or three (C) independent experiments. Multiple t-tests were performed
and corrected for multiple comparisons using the Holm-Sidak method. D. Protein-lipid pulldown
analysis of endogenous proteins in UGCG knockout cells. HEK SGPL1" cells and HEK
SGPL1"- UGCG™ cells were labelled with 0.5 uM pacSph for 24 h After subsequent UV-crosslinking,
cell lysis, CUAAC-based click-reaction to Biotin-azide, enrichment of PL-PD on Neutravidin beads,
elution (95%) and input (5%) samples were loaded on an SDS-PAGE gel, blotted and endogenous
proteins were detected with specific antibodies. For ITGB1, only the upper band was quantified. E.
Protein amount in elution compared to input values. Shown are individual data points that are
connected within one experiment. Four (BDG) three (STX6) or four (ITGB1) independent
experiments were performed. Two-tailed paired t-tests were performed. * = p<0.05, ** = p<0.001.
SM, sphingomyelin, Cer, ceramide; HexCer, hexosylceramide; Sph, Sphingosine; VLCFA, very-
long chain fatty acid; LCFA, long chain fatty acid.
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To exclude an influence of the knockout on the endogenous localisation of the
analysed proteins, an immunofluorescence staining and confocal microscopy was
performed. Differently to HelLa cells (Figure 3.6), BDG localisation in HEK cells
looked like being in endosomal vesicles. There was no difference in the BDG
localisation between HEK SGPL 17 cells and HEK SGPL17- UGCG” knockout cells
(Figure 3.13).

HEK S1PL”- HEK S1PL7-UGCG™

Figure 3.13 Confocal Microscopy of B-Dystroglycan Localisation in HEK Cells

HEK SGPL 1" and HEK SGPL1" UGCG™ cells were seeded on collagen, fixed and blocked. Cells
were stained with specific antibodies against endogenous proteins and with anti-primary species
Alexa488 as well as with F-actin using Phalloidin-Alexa647 to localise the cells. After preparation
for confocal microscopy, slides were imaged with a Zeiss LSM 800. Scale bar: 10 pm.

3.4. Influence of the Transmembrane Domain of 3-Dystroglycan in the
Interaction with Sphingolipids

There are a few examples where proteins are described to interact with lipids
specifically with amino acids of the transmembrane domain (TMD)"21%6, The
performed proteomic approach identified proteins interacting with SLs with a
specific fatty acid lengths'?*. The TMD-length analysis of identified proteins did not
reveal an enrichment of particularly long TMDs, nor was a specific interaction motif
discovered (Section 3.1). Therefore, specific amino acids were considered to be
important for individual protein-SL interactions. As BDG has been successfully
validated as a SL-interacting protein, its TMD was subjected to further analysis. As
a first step towards the investigation of individual amino acids in protein-lipid
interactions, the complete TMD of BDG was exchanged with TMDs of other
proteins that are described to not interact with SLs or are likewise localised to the
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plasma membrane. Furthermore, HeLa DAG1 knockout cells were generated to

test if the overexpression of DAG1 shows an improved endogenous localisation.

3.4.1. Protein-Lipid Interaction Analysis of Transmembrane Domain-
Swapped B-Dystroglycan Constructs

BDG was identified and successfully validated to interact with VLCFA SLs.
TOPCONS'%7 analysis predicted a TMD length of 21 amino acids (Supplementary
Figure 7.1). These 21 amino acids were replaced with 21 amino acids of the TMDs
from CD63 TMD3, Cd8a, and ASGR1 as depicted in figure 3.14 A. To get first
insights into the role of the TMD in protein-VLCFA SL interactions, the
overexpression of FLAG-tagged constructs in HeLa SGPL17- CERS2" cells and
the parental HeLa SGPL 17 cells was performed although overexpression artefacts
were previously described (Section 3.2.1).

Plasmids with FLAG-tagged TMD-swapped DAG1 constructs were transfected for
24 h prior labelling with pacSph. The samples were subjected to UV-crosslinking,
cell lysis, click-reaction of the protein-lipid complexes to Biotin and enrichment of
protein-SL-Biotin products on Neutravidin beads. Input and protein-lipid pulldown
(PL-PD) samples were loaded on an SDS-PAGE gel, blotted and FLAG-tagged
proteins were detected using anti-FLAG antibodies. Strikingly, instead of a reduced
interaction of TMD-swapped constructs with SLs, all swap-mutants showed a
stronger interaction (Figure 3.14 B-C) in HeLa SGPL1” cells compared to wild-
type DAG1. Noticeable, the protein-lipid pulldown of swapped DAG1 constructs
was varying stronger than wild-type DAG1 as visualized by individual data points
in the bar chart of figure 3.14 C. Interestingly, for all mutants, a reduced binding of
DAG1 to pacSLs in HeLa SGPL17- CERS2” cells could still be suggested, expect
for the CD63TMD3swap mutant.
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Figure 3.14 Influence of the TMD in Dystroglycan-Sphingolipid Interactions

A. Design of B-dystroglycan TMD swap mutants. Depicted are the 21 TMD amino acids that
were replaced with 21 amino acids of the TMDs from ASGR1, CD8a and CD63 TMD3. B. Protein-
lipid pulldown analysis of overexpressed proteins. HeLa SGPL1"- and HeLa SGPL1"- CERSZ
" cells were transiently transfected with pBJ5-DAG1 (wild-type or swap)-FLAG plasmids for 24 h.
The last 4 h, the media was removed and replaced with media containing 6 uM pacSph. After
subsequent UV-crosslinking, cell lysis, CUAAC-based click-reaction to Biotin-azide, enrichment of
PL-PD on Neutravidin beads, elution (95%) and input (5%) samples were loaded on SDS-PAGE
gel, blotted and FLAG proteins were detected with an anti-FLAG antibody. C. Quantification of
Western blot signals. Protein amount in elution compared to input values. Shown is the mean *

SD of at three independent experiments for HeLa SGPL 1"~ and two independent experiments for
HelLa SGPL1" CERS2" cells including individual data points.

3.4.2. Generation of HeLa DAG1 Knockout Cells to Study Lipid-Protein
Interactions of Overexpressed Swap Mutants

As the overexpression of DAG1-FLAG in HeLa SGPL1” cells resulted in

mislocalisations (Section 3.2.1), a knockout of endogenous DAG1 in HeLa SGPL1-

I cells was designed to possibly obtain an improved localisation for protein-lipid
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pulldown studies. To knockout DAG1 with CRISPR-Cas9, a sgRNA with very few
off-target sites was designed using CCTop'%8. The sgRNA target sequence and
localisation on DAG1 gene and CDS are displayed in figure 3.15 A. Oligos were
designed, and cloned into a Cas9-GFP containing plasmid'®®. HeLa wild-type and
HeLa SGPL 17 cells were transiently transfected and sorted for GFP positive cells.
Single cell-derived cell populations were analysed by Western blot analysis. For
each cell type, a clone that did not show any BDG signal was obtained (Figure 3.15
B). The expression of plasmids from section 3.4.1 were used for overexpression in
the newly established DAG7 knockout cells. HeLa SGPL1” and HeLa SGPL1"
DAG 1 cells were transfected with wild-type FLAG-tagged DAG1 and CD8a-TMD
swapped FLAG-tagged DAG1 constructs. After labelling with pacSph, cells were
subjected to UV-crosslinking, cell lysis, click-reaction of the protein-lipid complexes
to Biotin and enrichment of protein-SL-Biotin products on Neutravidin beads. Input
and PL-PD samples were loaded on an SDS-PAGE gel, blotted and FLAG-tagged
proteins were detected using anti-FLAG antibodies. HeLa SGPL1" DAG1” cells
showed lower signals compared to HeLa SGPL1”cells (Figure 3.15 C). So far,
there was no striking difference in protein-SL interactions between the wild-type
and swap mutant detectable in HeLa SGPL1” DAG1” cells (Figure 3.15 D).
However, it appeared that the protein-lipid pulldown of the swap-construct in HeLa
SGPL17 DAG17 cells is now comparable to the protein-lipid pulldown of the wild-
type construct. Before, the swap constructs showed an increased protein-lipid
interaction in HeLa SGPL 17~ cells compared to wild-type constructs (Section 3.4.1,
figure 3.14 C).

To compare the localisation of overexpressed DAG1 between HeLa SGPL 17 and
HelLa SGPL17- DAG1” cells, transfected cell samples for immunofluorescence
analysis and confocal microscopy analysis were generated. More FLAG-tagged
BDG appeared to be in vesicular compartments of HeLa SGPL 17 cells compared
to HeLa SGPL17 DAG1” cells, whereas HeLa SGPL1”- DAG1” cells seemed to
show a rather strong Golgi and ER-localisation (Figure 3.14 E). Again, both protein
variants appeared to be located at the plasma membrane. Summarizing, even
though DAG1 was knocked out, the overexpression was still exceeding the amount
of tolerable protein levels to mostly obtain a plasma membrane localisation, as for
the endogenous protein.
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Conclusively, it appeared that the DAG1 knockout may had an improved cellular
localisation as seen in protein-lipid pulldown assays and confocal microscopy
analysis. However, the influence of the TMD on the interaction of DAG1 with SLs
is either not influenced by the TMD or the performed assay is not suitable to
delineate this question.

A Chromosome 3: 49,468,703-49,535,618
20,0007 40,0007 60,0007 forward strand

[ ENSG00000173402.11
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F------------ > DAG1 CDS
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Figure 3.15 CRISPR-Cas9 Knockout of DAG1 in HeLa Cells to Investigate Lipid-DAG1
Interactions with Overexpression

A. SgRNA sequence and localisation on human DAG1 gene. B. Western blot analysis of total
cell lysates. HeLa SGPL1", HeLa SGPL1" DAG1" and HeLa DAG7" cells were seeded,
collected, lysed and 50 ug total protein was loaded on an SDS-PAGE gel, blotted and endogenous
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BDG was detected. C. Protein-lipid pulldown analysis of overexpressed proteins. Hela
SGPL1" and HeLa SGPL1- DAG17 cells were transiently transfected with pBJ5-DAG1 (wild-type
or swap)-FLAG plasmids for 24 h. The last 4 h, the media was removed and replaced with media
containing 6 uM pacSph. After subsequent UV-crosslinking, cell lysis, CUAAC-based click-reaction
to Biotin-azide, enrichment of PL-PD on Neutravidin beads, elution (95%) and input (5%) samples
were loaded on an SDS-PAGE gel, blotted and FLAG proteins were detected with an anti-FLAG
antibody. Shown is a representative blot of two independent replicates. D. Quantification of
Western blot signals. Protein amount in elution compared to input values. Shown is mean + SD
of at two independent experiments including individual data points. E. Confocal microscopy
analysis of overexpressed DAG1 swap constructs. HeLa SGPL1"- and HeLa SGPL1- DAG1"-
cells were transiently transfected with pBJ5-DAG1 (wild-type or swap)-FLAG plasmids for 24 h.
Cells were fixed and blocked, to stain the cells with specific antibodies against FLAG-tag and anti-
CNX (to visualise ER). After preparation for confocal microscopy, slides were imaged with a Zeiss
LSM 800. Scale bar: 10 um. CNX, Calnexin.

3.5. Role of Dystroglycan and VLCFA-SLs in Oligodendrocytes

Out of 53 identified putative very long chain fatty acid interacting proteins, four
protein-SL interactions were successfully validated (Section 3.2). STX6 and DG
and were further characterised with respect to their association in lipid
nanodomains (Section 3.2). For BDG, STX6 and ITGB1 first attempts to identify
the class of the interacting lipid were made (Section 3.3). For BDG the involvement
of the TMD in lipid interactions was investigated (Section 3.4). To further elucidate
a novel role of a herein identified protein-SL interaction, BDG was chosen for
functional studies. The selection was based on literature research and the
successful validation.

VLCFA SLs are synthesized by CerS2 which is strongly expressed in brain during
active myelination®*. Resulting VLCFA SLs are described to be important for myelin
stability, however, the underlining molecular mechanism promoting this stability
remain unknown so far®*. The expression of dystroglycan is increasing during
active myelination in OLGs and a role of dystroglycan in myelin stability is
suggested'®*. Thus, the possible role of a VLCFA SL-BDG interaction in OLGs was
investigated. Oli-neu cells, an immortalized mouse OLG cell line, were provided for
this work (E. Kramer, University Mainz)'°. Firstly, phenotypic changes of
differentiating Oli-neu cells upon the addition of cAMP analogues as well as
lipidomic changes were investigated. Secondly, knockout cells were generated to
study protein-lipid interactions and potential phenotypic alterations.
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3.5.1. Oli-neu cells are Forming Sheets and Show Increasing VLCFA
Sphingolipid Levels upon Differentiation

OLGs synthesize a specialized membrane which enwraps axons to provide a fast
conduction of action potentials and axonal integrity3. To study roles of lipids in
their ability to regulate the cellular localisation of proteins, Oli-neu cells were
chosen. For this purpose the changes between differentiated and undifferentiated
Oli-neu cells was analysed with respect to their phenotype in immunofluorescence
staining with confocal microscopy as well as their lipidomic profile changes. Oli-
neu cell differentiation is initiated by the addition of a dibutyryl cAMP (dbcAMP) in
vitro'7°.

During the formation of myelin membranes, OLGs change from a mostly bipolar or
multipolar shape to a highly arborized structure of pre-myelinating OLGs'"'. The
newly established protrusions are developing membranous sheets of mature OLGs
in vitro'”. To investigate the morphological changes of Oli-neu cells during
differentiation, Oli-neu cells were seeded and treated with dbcAMP for
differentiation in vitro. After 0, 3 or 5 days of treatment, the cells were prepared for
immunofluorescence analysis and confocal microscopy. The localisation of actin
was visualised as the cytoskeleton is crucial for extension of protrusions'”® and
therefore able to clearly visualise processes. Upon stimulation of differentiation
with dbcAMP, Oli-neu cells were forming highly arborized protrusions (after 3 days)

which were finally developing membranous sheets (after 5 days, figure 3.16).

0 days differentiation

+ 3 days dbcAMP + 5 days dbcAMP

Figure 3.16 Confocal Microscopy of Differentiating Oli-neu cells

Oli-neu cells were treated as indicated with 100 mM dbcAMP for 0/3/5 days. Cells were fixed and
blocked, to stain cells with specific antibodies against B-actin and DAPI to visualize nuclei. After
preparation for confocal microscopy, the slides were imaged with a Zeiss LSM 800. Scale bar: 10
pm.
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Quantitative differences of lipid species between undifferentiated OLGs and
mature myelin are partly described'’#175, however, especially the initial changes
during myelination are not addressed so far. Therefore Oli-neu cells were seeded
and treated or not-treated with dbcAMP to investigate the lipidomic changes during
the first phase of myelination in vitro. The lipid distribution of differentiated versus
undifferentiated Oli-neu cells revealed a significant increase of ether-linked
phosphatidylcholine (ePC) upon treatment. Furthermore, a trend of an
accumulation of HexCer, sulfatide (SGalCer), and ethanolamine plasmalogen (pl-
PE) with 18:0 fatty acids was detectable, whereas cholesterol was reduced by
initiation of differentiation with dbcAMP (Figure 3.17 A). The most abundant lipid
classes are PC (41 %), aPE, PS, and PI (about 10 %) and cholesterol (17 to 10 %,
in undifferentiated and differentiated samples, respectively). GSLs were present in
minor amounts (about 0.4% to 1 %, in undifferentiated and differentiated samples,
respectively). A minor elevation of sulfatide by differentiation could be suggested,
whereas the ganglioside species GD3 and GM3 appeared to be diminished upon
differentiation (Figure 3.17 B). Focussing on the double bond distribution of all
measured lipids, mono-unsaturated lipids and lipids with two double bonds were
increasing while lipids with 5, 6, 7 or more double bonds were significantly
decreasing (Figure 3.17 C).

The species distribution within PC and ethanolamine plasmalogen (pl-PE)
revealed an enrichment of lipids with especially C18 FAs (Figure 3.18 A, B). PC
34:1 was most likely representing of C16 and C18 FAs and increased strongly upon
differentiation. PC 36:1 and PC 36:2 also increased strongly, which likely consist
of two FAs with C18 and varying double bond number (Figure 3.18 A). The pl-PE
analysis allowed the direct analysis of FA chain composition. Here, the elevation
of C18 FAs became decisive as P-18:0/18:1, P-18:0/20:1 and P-18:0/20:3 were
significantly increasing. Again, The strong decrease of polyunsaturated lipids with
more than two double bonds is detectable (Figure 3.18 B).

Examining the distribution of individual SL species, elevated VLCFA SL species
were observed (Figure 3.19 A-C). These included HexCer 40:1;2, HexCer 42:1;2
and SM 42:1;2. Also C18 FA-containing SLs were enriched, like HexCer 36:1;2
and SM 36:1;2. However, as the bars show high errors, not all strong changes were
significant.
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Figure 3.17 Lipidomic Analysis of Differentiating Oli-neu Cells

Oli-neu cells were treated with 100 mM dbcAMP for 0 or 5 days and lipids were extracted with
internal standards for lipidomic analysis. A. Distribution of all measured lipids. B. Distribution
of higher GSL species. C. Distribution of double bond frequency of all measured lipids. X-
axis: double bond number in fatty acid of lipids. Data represent mean + SEM of three independent
experiments. Two-tailed unpaired t-tests were performed. * = p<0.05, ** = p<0.002, ***<0.001. aPC,
phosphatidylcholine, ePC, ether-linked phosphatidylcholine; LPC, lyso-phosphatidylcholine; SM,
sphingomyelin; aPE, ester-linked phosphatidylethanolamine; ePE, ether-linked
phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; PG, phosphatidyl-
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glycerol; PA, phosphatidic acid; pl-PE, ethanolamine plasmalogen; Cer, ceramide; HexCer,
hexosylceramide; Hex2Cer, lactosylceramide; SGalCer, sulfatide; GM3, monosialodi-
hexosylganglioside; GD1 and GD2, disialodihexosylganglioside; Chol, cholesterol; CE, cholesterol
ester; DAG, triacylglycerol; TAG, triacylglycerol. Lipid species were annotated according to their
molecular composition as follows: sum of carbon atoms in the FAs:sum of double bonds in the FAs.
Lipidomic measurements were performed by Christian Lichtenborg and Timo Sachsenheimer.
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Figure 3.18 Glycerophospholipid Species Profiles of Differentiating Oli-neu Cells

Oli-neu cells were treated with 100 mM dbcAMP for 0 or 5 days and lipids were extracted with
internal standards for lipidomic analysis. A. Distribution of phosphatidylcholine species B.
Distribution of ethanolamine plasmalogen species. Data represent the mean + SEM of three
independent experiments. Two-tailed unpaired t-tests were performed. * = p<0.05, ** = p<0.002,
***<0.001. pl-PE, ethanolamine plasmalogen; PC, phosphatidylcholine. Lipid species were
annotated according to their molecular composition as follows: sum of carbon atoms in the FAs:sum
of double bonds in the FAs. Lipidomic measurements were performed by Christian Liichtenborg.
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Figure 3.19 Sphingolipid Species Profiles of Differentiating Oli-neu Cells

Oli-neu cells were treated with 100 mM dbcAMP for 0 or 5 days and lipids were extracted with
internal standards for lipidomic analysis. A. Distribution of ceramide species compared to all
measured lipids B. distribution of SM species compared to all measured lipids C.
Distribution of HexCer species compared to all measured lipids. Data represent mean + SEM
of three independent experiments. Two-tailed unpaired t-tests were performed. * = p<0.05, ** =
p<0.002, ***<0.001. Cer, ceramide; HexCer, hexosylceramide; SM, sphingomyelin. Lipid species
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were annotated according to their molecular composition as follows: sum of carbon atoms in the
FAs:sum of double bonds in the FAs;sum of hydroxyl groups in the long-chain base and the FA
moiety. Lipidomic measurements were performed by Christian Liichtenborg.

3.5.2. CRISPR-Cas9 Knockout of SGPL1, CERS2 and DAG1

In order to investigate protein-SL interactions in Oli-neu cells by employing the
bifunctional sphingosine, as for HeLa cells (Section 3.2)""'®, a SGPL1 knockout was
required. This knockout should prevent the degradation of sphingoid bases at the
C2-C3 position and thereby the loss of the functionalised groups into the GPL
pathway''5. To knockout SGPL1 with CRISPR-Cas9, two sgRNAs with very few
off-target sites were designed using CCTop'®®. The sgRNA target sequences and
localisations on the mouse SGPL1 gene and CDS are displayed in figure 3.20 A.
Oligos were designed, and cloned into a Cas9-GFP containing plasmid'®®. Oli-neu
cells were transiently transfected and sorted for GFP positive cells. Single cell-
derived cell populations were analysed by sequencing the genomic DNA of
targeted locus as well as HPTLC analysis. For both sgRNAs, a cell population
showing two different genomic sequences at the sgRNA target loci was identified
(Figure 3.20 B). SGPL1 S2 contained 6 and 7 nucleotide deletions whereas SGPL1
S6 showed one very long deletion (98 bp) and one insertion (124 bp). The
metabolism of pacSph was tested in both cell lines by HPTLC analysis. Oli-neu
wild-type and SGPL 17 (S2 and S6) cells were labelled with 1.5 yM pacSph. Lipids
were extracted, clicked to Coumarin-azide, separated on a HPTLC-Silica plate and
the resulting fluorescent paclipids were detected. Compared to wild-type Oli-neu
cells, no PC band was detected in SGPL1 knockout cells (Figure 3.20 C).
Therefore, cells were applicable for initial protein-SL interaction studies using
pacSph.

Oli-neu SGPL17 S6 were seeded, labelled with 1.5 uM pacSph, subjected to UV-
crosslinking, cell lysis, click-reaction of the protein-lipid complexes to Biotin and
enrichment of protein-SL-Biotin products on Neutravidin beads. Input and PL-PD
samples were loaded on an SDS-PAGE gel, blotted and endogenous proteins were
detected using specific antibodies. BDG and ITGB1 were identified to interact with
VLCFA SLs in HelLa cells (Section 3.2) and were also interacting with pacSph-
derived SL species in Oli-neu cells as signals of BDG and ITGB1 were detected in
PL-PD samples (Figure 3.20 D).
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Figure 3.20 SGPL1 Knockout in Oli-neu cells
A. Structure of the mouse SGPL1 gene. Localisation of sgRNAs on SGPL1 gene and SGPL1
CDS. B. Sequencing of the genomic locus. Alignment of sequencing results of wild-type and
mutant gDNA. In red: mismatches. In blue: sgRNA target. C. HPTLC analysis of Oli-neu SGPL1
knockout cells. Oli-neu SGPL17 cells (S2 and S6) were labelled with 1.5 uM pacSph for 4 h. Cells
were collected, lipids extracted and subjected to click-reaction to Coumarin-azide. Lipids were
separated on a HPTLC silica plate and separated fluorescent lipids were detected using an
Amersham Imager 600 with excitation at 460 nm and a Cy2 Emission Filter (525BP20). D. Protein-
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lipid pulldown analysis of endogenous proteins. Oli-neu SGPL1"- S6 cells were labelled with
0.5 uyM pacSph for 24 h. After subsequent UV-crosslinking, cell lysis, CUAAC-based click-reaction
to Biotin-azide, enrichment of PL-PD on Neutravidin beads, elution (95%) and input (5%) samples
were loaded on an SDS-PAGE gel, blotted and endogenous proteins were detected with specific
antibodies. Shown is a representative blot of three replicates.

In order to investigate influences in protein trafficking in Oli-neu cells, CerS2
knockout cells were generated by the same approach as described for the SGPL1
knockout in Oli-neu cells. A sgRNA with very few off-target sites was designed
using CCTop'®8. The sgRNA target sequences and localisations on the mouse
CERSZ2 gene and CDS are displayed in figure 3.21 A. Oligos were designed and
cloned into a Cas9-GFP containing plasmid'®®. Oli-neu cells were transiently
transfected and sorted for GFP positive cells. Single cell-derived cell populations
were analysed by HPTLC and lipidomic analysis. For HPTLC analysis Oli-neu
CERS2” (C7_2 clone) cells were labelled with 1.5 yM pacSph. Lipids were
extracted, clicked to Coumarin-azide, separated on a HPTLC-Silica plate and the
resulting fluorescent paclipids were detected. Compared to wild-type cells, a lack
of VLCFA SM could be observed (Figure 3.21 B, indicated with a red arrow).
Additional verification by lipidomic analysis was performed. The SM species
distribution showed that VLCFA SM lipids were depleted, whereas C16-FA
containing SM was elevated (Figure 3.21 C). Both results indicate a complete
knockout of CerS2.
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Figure 3.21 CerS2 Knockout in Oli-neu cells

A. Structure of the mouse CERS2 gene. Localisation of sgRNA on CERS2 gene and CERS2
CDS. B. HPTLC analysis of Oli-neu CerS2 knockout cells. Oli-neu CERS2” cells (C7_2) were
labelled with 1.5 uM pacSph for 4 h. Cells were collected, lipids extracted and subjected to click-
reaction to Coumarin-azide. Lipids were separated on a HPTLC silica plate and separated
fluorescent lipids were detected using an Amersham Imager 600 with excitation at 460 nm and a
Cy2 Emission Filter (525BP20). Red-arrow points to a lacking very long chain fatty acid-containing
SM lipid in CerS2 knockout of Oli-neu. C. Lipidomic analysis of SM species. Distribution within
SM species is shown. Two-sided unpaired t-tests were performed correct for multiple comparisons
using the Holm-Sidak method. Shown is mean + SEM of three independent experiments. * =
p<0.05, ** = p<0.001. Cer, ceramide; HexCer, hexosylceramide; Sph, sphingosine; PC,
phosphatidylcholine; SM, sphingomyelin. Lipid species were annotated according to their molecular
composition as follows: sum of carbon atoms in the FAs:sum of double bonds in the FAs;sum of
hydroxyl groups in the long-chain base and the FA moiety. Lipidomic measurements were
performed by Christian Lichtenborg.

To further compare the obtained CerS2 knockout with phenotypes of dystroglycan
knockout cells, Oli-neu DAG1 knockout cells were generated. A sgRNA with very
few off-target sites was designed using CCTop'®. The sgRNA target sequences
and localisations on the mouse DAG1 gene and CDS are displayed in figure 3.22
A. Oligos were designed, and cloned into a Cas9-GFP containing plasmid’®®. Oli-
neu cells were transiently transfected and sorted for GFP positive cells. Single cell-
derived cell populations were analysed by sequencing the genomic DNA of
targeted locus as well as Western blot and lipidomic analysis. A cell population

showing two different genomic sequences at the sgRNA target loci was identified
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(14 nt and 187 nt deletions, figure 3.22 B). Furthermore, endogenous DG was not

detected in Western blot analysis with 50 ug whole protein lysate.
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Figure 3.22 DAG1 Knockout in Oli-neu Cells

A. Structure of the mouse DAG17 gene. Localisation of sgRNA on DAG17 gene and DAG1 CDS.
B. Sequencing of the genomic locus. Alignment of wild-type and results from gDNA sequencing
are shown. In red: mismatches in blue: sgRNA target. C. Western blot of DAG1 knockout cells.
50 pg of total cell lysate was loaded on an SDS-PAGE gel and blotted. Endogenous BDG (grey in
upper panel or red in lower panel) and GAPDH (green) as loading control were detected.

3.5.3. Endogenous Localisation of B-dystroglycan in Oli-neu Mutants
Dystroglycan (aDG) is described to localise at the cortical cell body and in leading
edges of processes in newly formed OLGs'5. During OLG differentiation
dystroglycan is frequently found at process branch points'®. The intracellular
localisation of BDG in undifferentiated and differentiated Oli-neu cells and the
generated mutants was analysed by immunofluorescence and confocal
microscopy to elucidate the role of VLCFA SLs in protein localisation. In wild-type

Oli-neu cells, a vesicular localisation of BDG was observed (Figure 3.23 A).
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Strikingly, in differentiating Oli-neu cells, BDG immunoreactivity was found to be
localized to the plasma membrane at branches (Figure 3.23 A). This localisation-
change was not observed in Oli-neu CERS2” (C7_2) cells. In Oli-neu DAG 17 cells
no signal for BDG was detected.

A undifferentiated
Oli-neu
WT

+ 3 days dbcAMP

Oli-neu
CERS2"
(C2_7)

Oli-neu
DAG1"

B undifferentiated + 3 days dbcAMP
Oli-neu ; Rty
SGPL1+

Oli-neu
SGPL1"

Figure 3.23 Confocal Microsopy of 3-Dystroglycan Localisation in Oli-neu Mutant Cell Lines
Oli-neu wild-type, Oli-neu SGPL1" cells (S2 and S6), Oli-neu CERS2" cells and Oli-neu DAG1"
cells were seeded and treated as indicated with dbcAMP. Cells were fixed and blocked. Afterwards,
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cells were stained with specific antibodies against BDG. F-actin was stained with phalloidin-
Alexab47 to visualise the cell processes and DAPI to visualize nuclei. After preparation for confocal
microscopy, slides were imaged with a Zeiss LSM 800. Scale bar: 10 um.

To exclude an influence of SGPL1 knockouts on BDG localisation, the two different
SGPL1 knockout cell lines were also tested by confocal microscopy. The SGPLA1
S6 knockout already showed an plasma membrane localisation of BDG in
undifferentiated cells. In SGPL1 S2 knockouts, the signal for BDG appeared noisy
and did not change upon differentiation.

Conclusively, the lipidomic analysis revealed an influence of the dbocAMP treatment
on the lipid profile with an majorly decreasing overall unsaturation and an increase
in ether-lipids. Three different Oli-neu knockout cells were established by CRISPR-
Cas9 technology. The localisation of DG was found to localise from vesicular
structures to sheets during myelination of Oli-neu cells. The trafficking of BDG to

sheets was abolished in the generated CerS2 knockouts in Oli-neu cells.

74



Discussion

4. Discussion
In this thesis, interactions of proteins with VLCFA SLs were investigated. The
obtained results are discussed in two separate sections. Firstly, the validation and
biochemical characterisation of protein-VLCFA SL interactions are discussed
(Section 4.1) and secondly, the possible biological function of dystroglycan-VLCFA
SL interaction in oligodendrocytes is discussed (Section 4.2).

4.1. Characterisation of Protein-VLCFA SLs Interactions
Direct intracellular targets of very long chain fatty acid-containing SLs are largely
unknown''. Therefore we previously established a proteomic approach to identify
direct interaction partners of VLCFA SLs in a cellular system'?*. The previously
identified protein-VLCFA SL interactions may occur in a non-annular or annular
way and thereby are either regulating specific functions or are preferentially
localising with the proteins. The novel interactions were examined to delineate
possible functional roles of the identified protein-VLCFA SL interactions based on
GO term and functional network analysis. Furthermore, selected candidate
proteins were subjected to validation studies and the VLCFA SL interactions were
characterised in terms of lipid class-specificity, nanodomain localisation and in

case of dystroglycan, the involvement of the TMD in lipid binding.

4.1.1. Putative Interaction Motifs and Functional Roles of Proteins
Interacting with VLCFA SL

4.1.1.1. TMD analysis
A previously performed proteomic approach identified novel proteins possibly
interacting with VLCFA SLs'?4. The bioinformatic analysis of the identified proteins
(Section 3.1) revealed special features and interactions of and between the protein
hits. Most putative VLCFA-interacting proteins were membrane proteins localised
in the plasma membrane and comprised one TMD with 21 amino acids. Different
acyl chain lengths are described to sort proteins based on their similar hydrophobic
thickness which varies within the plane of the bilayer and among organelle
membranes'’®. Proteins localised to the plasma membrane comprise in average a

TMD length of 25 amino acids'®”. However, the mentioned proteomic approach
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identified mostly plasma membrane-localised proteins with 21 amino acid long-
TMDs which implies that the hydrophobic sorting is not the reason for the
interaction of identified hits with VLCFA SLs. VLCFA SLs are described to
interdigitate into the opposing leaflet'”” and therefore are not necessarily
increasing the hydrophobic thickness of the membrane'®. The interdigitation of
VLCFA SLs into the opposing leaflet possibly allows the formation of particularly
strong interactions with a TMD due to the formation of large interaction sites with
transmembrane segments. The formation of a particularly strong interaction due to
the very long, interdigitating fatty acid chain is also suggested for C24 LacCer that
is described to interact with the acyl-chains of LYN kinases in neutrophils®. Thus,
the identified proteins may not localise with VLCFA SLs due to hydrophobic sorting
but they rather interact with VLCFA SLs by forming a large interaction face, thereby
reducing the dissociation time. Generally, transmembrane proteins interact with
lipids via hydrophobic interactions between the hydrophobic transmembrane
moieties of the protein and the hydrophobic lipid tail of the lipid”. In addition,
electrostatic, hydrogen bonding and hydrophobic interactions between the lipid
head groups and amino acid residues can be involved'”®. Non-annular lipid binding
most often occurs within cavities of TM proteins®.176. Especially the non-annular
interaction of lipids within cavities leads to decreasing dissociation times®®. These
cavities could be formed by different hydrophobic amino acids which would not
lead to the emergence of a specific interaction motif. Among the VLCFA SLs-
interacting proteins, no interaction motif was found within the TMD of the identified
single-spanner proteins. The absence of a common motif points to specific
interactions in the individual cases rather than a common interaction mode. The
proteomic approach investigated in this thesis did not discriminate between
different lipid classes and therefore the identified proteins could interact with any
SL species, such as gangliosides, sulfatides or SM VLCFA SL species.
Furthermore, the interacting VLCFA could either be a saturated or unsaturated,
e.g. C24:0 FA or C24:1 FA, which further increases the number of lipid species
candidates. Thus, the complexity of the possible interacting lipid species did not
allow the identification of a general interaction motif among the identified proteins.
Thus, in contrast to a previous study which was based on an bioinformatic
approach’?, the aim of this work was not to decipher a novel SL interaction motif,
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but to identify novel protein SL interactions as direct molecular targets of VLCFA
SLs are largely unknown so far.

41.1.2. GO Term Analysis
Diverse enriched biological processes, molecular functions and cellular
localisations were identified among the proteins-VLCFA SLs interactions. Among
the enriched GO terms, putative roles of VLCFA SL protein interactions in
membrane/vesicle fusion as part of a SNARE complex were discovered. Four
syntaxins were identified that are assigned to these GO terms. Syntaxins are
multidomain proteins that belong to the family of SNARE proteins with a globular
amino terminal domain, a SNARE domain and a carboxy terminal transmembrane
domain'®. They are distributed throughout the cell and are required for a wide
range of intracellular membrane fusion processes mediated by SNARE
complexes'60.
Interestingly, unsaturated PS are described to change the orientation of the
SNARE complex relative to a bilayer and thereby increases fusion for calcium-
mediated exocytosis in vitro'’®. After calcium binding to synaptotagmin 1, its
calcium-binding loops insert into the membrane, causing local acyl chain disorder
and curvature in the bilayer near the fusion site'”®. Disordering the acyl chains
leads to a conformational change in the juxta-membrane linker region of syntaxins,
inducing the trans-cis conformation transition of the SNARE complex that pulls the
two membranes'’8.
In lipid vesicles, interdigitating C24:1 ceramide is enriched in tubular structures and
thereby drives the formation of cochleate-type tubular structures'’”. Based on
these data, the herein identified interaction of syntaxins with VLCFA SLs may occur
with a C24:1 ceramide to jointly promote fusion by the formation of tubular
structures. The interaction of syntaxins with an unsaturated C24:1 ceramide would
increase membrane bending at fusion sites to promote fusion as described for
unsaturated PS in calcium-mediated exocytosis for neurotransmitter release.
Furthermore, yeast cells with reduced levels of C26 lipids (corresponding to C24
SLs in mammalian cells'®), show mislocalisation of fusion machinery proteins
(including Rab- and Rho-family GTPases)® which leads to defects in tethering and
docking steps of vacuole fusion®’. Thus, it is suggested that the lack of C26 VLCFA
prevents the specific clustering and enrichment of fusion proteins at fusion sites,
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eventually due to disrupted lipid nanodomains that may be enriched in fusion
proteins®®. Concluding, the discovered VLCFA SLs-syntaxin interaction may
directly promote fusion by localising with an unsaturated C24:1 SL or indirectly by
promoting the localisation of syntaxins to fusion sites. The SL class and saturation
of the identified VLCFA SL that interacts with syntaxins remains to be elucidated.

Furthermore, GO terms pointing to putative roles of VLCFA SL-protein interactions
in cell adhesion were identified. The identified proteins BSG, L1CAM, ITGAS,
MCAM and NPTN are assigned to GO terms involving cell adhesion. Membrane
nanodomains are described to serve as regulators for numerous cellular events
including the formation of platforms for ECM adhesion and intracellular cytoskeletal
tethering to the plasma membrane'’®. Thus, already described lipid-interactions
and localisations in lipid nanodomains of the identified VLCFA SL-interacting
proteins was questioned.

Cell-matrix adhesion is mediated by the cell adhesion receptors integrins (including
ITGAS, and the positively validated ITGB1, section 3.2.2) which are described to
localise in lipid nanodomains, thereby promoting signaling'?2.

Studies in knockout mice revealed the interaction of axonal adhesion molecule
L1CAM with the a2,3-sialic acid on CD24 which plays a role in interactions of
neuron with other cells'®. Sialyated CD24 is excluded together with L1CAM from
lipid nanodomains in dorsal root ganglions™8°,

Concluding, roles of VLCFA SL in cell adhesion may partly occur in lipid
nanodomains, but not for all discovered cell adhesion proteins, a nanodomain

localisation is described so far.

Dendrite self-avoidance was among the strongly enriched GO terms. According to
the GO database, EMB, BSG and NPTN are involved in this biological process®'.
Dendrite self-avoidance is a property of neurons, which makes established branch
structures turn away from another'®. This allows the dendrites to evenly spread
over a territory. NPTN, BSG and EMB are structurally very similar and belong to
the group of IgSF proteins'®. Each family member comprises two laminin G-like
domains (LG domains) that projects into the extracellular space'®. All proteins
contain a glutamate at exactly the same position in the TMD which could be

important for molecular interactions within the membrane region'8. Especially for
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protein-SL interactions, a role of membrane embedded acidic residues is
suggested’?'%¢ and could occupy a dominant role in the herein identified interaction
with VLCFA SLs. For NPTN a functional link to the ganglioside composition of the
neuronal membrane is described'®. However, a specific interaction of these
proteins with lipids has not been described to date, and it might be of interest to
study whether VLCFA SL interactions of NPTN, EMG or BSG are involved in
dendrite-self avoidance.

Biological processes associated with viral entry into host cells and proteins that are
involved in viral interaction with host were discovered among the VLCFA SL
interacting proteins. Interferon-induced transmembrane protein 3 (IFITM3) is a
well-known antiviral effector of the influenza virus'8. ITGA5 acts as a receptor for
human metapneumovirus'® and human parvovirus B19'8. Finally dystroglycan
acts as a receptor for lassa virus'®, lymphocytic choriomeningitis virus
glycoprotein'® and class C new-world arenaviruses'®. The putative interaction of
these proteins with VLCFA SLs may influence the interaction with viral proteins,
e.g. by targeting them to the plasma membrane or by partitioning them into different
signalling complexes where multiple proteins that are necessary for viral entry are
localised. However, this hypothesis needs to be investigated in future studies.

The identified proteins DAG1 and SGCE were assigned to the enriched GO terms
“dystroglycan complex”, “sarcolemma”, and “dystrophin-associated glycoprotein
complex”. VLCFA SLs interactions with DAG1 and SGCE possibly play a role in
linking the ECM to F-actin, which is described to be mediated by DAG1 and SGCE
within in the DGC complex in different tissues'® (see section 4.2.3 for further

discussion).

Five proteins from the proteomic approach were assigned to localise to the
immunological synapse. These included the Activated leukocyte cell adhesion
molecule (ALCAM/CD166 antigen), CD81, NPTN, STX7 and ICAM1. The
formation of the immunological synapse is a dynamic process in which a multi-
molecular assembly of receptors and adhesion molecules accumulate at the
interface of T-Cells and antigen-presenting cells'®®. The assembly of the

immunological synapse is described to rely on clustering of lipid nanodomains
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which are required for optimal T cell activation'®'. ALCAM plays an important role
in the stabilisation of the immunological synapse of leukocytes and its function in
cell adhesion is induced by CD9'%?. The identified interaction of CD9 and ALCAM
with VLCFA SLs might support their interaction within the same lipid environment
and thereby VLCFA SLs may stabilise their interaction in the immunological
synapse. ICAM1 is required for the formation of the immunological synapse but is
depleted from the synapse before calcium is released'®. Thus, VLCFA SLs might
play a specific role in the formation and stabilisation of the immunological synapse
before calcium release. Future investigations of protein-SL interactions during T

cell stimulation could help to substantiate interactions and functional roles.

4.1.1.3. Functional Network Analysis

The functional network analysis highlighted functional associations between
identified VLCFA SL interacting proteins. Multiple studies showed a functional link
between the discovered VLCFA SL interacting proteins (Section 3.1). For some of
them, a regulation by lipids is described!93-1%.

In fibroblasts, growth is dependent on fibroblast growth factor and its receptor
(FGFR) which is stably associated with ganglioside GM3, CD9 and CD81'%.
Interestingly, the depletion of GM3 enhances the phosphorylation of FGFR and the
interaction of FGFR with integrins and CD9/CD81 increases'®. The acyl chain
length of the associated GM3 was not investigated, however the previously
performed proteomic approach suggests an interaction of the complex
components CD9, CD81, ITGA5 as well as IGBT1 with VLCFA SLs"? (discovery
of the ITGB1-VLCFA SL interaction is discussed in section 4.1.2). The interaction
of the complex components with VLCFA SLs implies that the negative regulatory
role of GM3 on FGFR may specifically be mediated by a VLCFA GM3.

Generally, CD9 and CD81 are tetraspanins which are able to interact with each
other thereby forming a “tetraspanin web”'®*. Through this web, tetraspanins are
expected to play specific roles in membrane compartmentalisation, tetraspanin-
dependent membrane fusion and vesicular trafficking'®*. Tetraspanins undergo
palmitoylation and are described to associate with cholesterol and gangliosides'®*.
The herein identified association of two tetraspanins with VLCFA SL most likely

stabilises, promotes or inhibits the interaction of complex components within the
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“‘web” of tetraspanins. Therefore, the interactions of CD9 and CD81 with VLCFA
SLs might occur in an annular way within the “tetraspanin web”.

Notably, CD9 is also detected in myelin of mouse brain at postnatal day 16'%. CD9
expression continuously increases with age, persists in adult brain and is localised
to the outermost membrane of compact myelin'®. The localisation to compact
myelin and the described association of CD9 with ITGB1, suggests a role these
proteins in transducing signals from the ECM into OLGs'%%.'%7. oss of CD9 does
not affect myelination of OLGs"%, however CD9 appears to play a role in the
termination of myelination'®8. Later studies describe the involvement of CD9 in the
formation of paranodal junctions which are disrupted in CST-deficient mice'®8.
Thus, the discovered interaction of CD9 with a VLCFA SL, most likely VLCFA
sulfatide, appears to stabilise the localisation of CD9 to paranodal regions. Also
other proteins, such as NF-155, appear to be stabilised or trafficked to paranodes
by sulfatides, which is mislocalising in CST knockout mice®°.

Concluding, CD9 and many of its diverse interaction partners in protein complexes
were herein discovered to interact with VLCFA SL species. Further studies will help
to decipher potential roles of VLCFA SLs in modulating the function of the proteins
identified in the proteomic approach. CD9 is described to be regulated by a
ganglioside in one complex'®4-1% and by a sulfatide species in a different
complex'®3. This fact suggests that the putative interaction of VLCFA SLs with CD9
occurs with the VLC acyl chain and/or the sphingosine backbone rather than the
lipid head group. In general, the preference of diverse complex components for

similar lipids might promote their combined regulation within a complex'®.

Furthermore, SLC1A5 and SLC38A2 appeared to be functionally linked. Both
proteins are neutral amino acid transporters?®® and were identified to be interact
with VLCFA SLs'?*. So far, no role of lipids in the glutamine transport by these
proteins?®! has been described.

Lastly, the functionally redundant lysosomal proteins LAMP1 and LAMP22%2 were
identified in the proteome-wide mapping to interact with VLCFA SLs'?*. Also for
LAMP1 and LAMP2 no regulation in orchestration with a lipid has been described
so far.

The functional link of DAG1 and SGCE is discussed in section 4.2.2.
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Summarising, the functional network analysis suggested potential roles of VLCFA
SL-protein interactions in a number of different cellular processes and pathways.
A modulation of these processes by a direct protein-lipid interaction is only
described in a few cases so far. Molecular dynamics simulations (MDS),
biochemical and cellular approaches would allow a further characterisation and
validation of the previously identified VLCFA SL interacting proteins and potentially
substantiate novel functions of the respective lipid partners.

4.1.2. Biochemical Investigation and Validation of Chain-Length
Specific Protein-Sphingolipid Interactions
To monitor protein-lipid interactions, HeLa SGPL1 knockout cells were cultivated
in the presence of pacSph lipids, which were taken up and channelled into the
cellular SL metabolism. As its endogenous counterpart, pacSph is mainly
incorporated into C16:0, C24:0 and C24:1 SLs''3. In comparison to wild-type cells,
CerS2 knockout cells lacking VLCFA SL species allowed the identification of
proteins interacting specifically with VLCFA SLs'?*. These data might help to
understand a number of cellular phenotypes with aberrant lipid distributions that
lack molecular explanations so far. The proteomic approach that led to the
identification of VLCFA SL interactions was initially validated by overexpression of
the respective candidate proteins'®*. However, the expression level differed
between wild-type and CerS2 knockout cells and the recovered protein amount in
protein-lipid pulldowns was varying strongly. Typically, the overexpression of
proteins using viral vectors leads to an up to 100-fold enrichment compared to
endogenous protein levels?%. This likely increases the chance of weak, non-
physiological interactions and leads to aberrant compartmentalisation of the
overexpressed proteins?®3. Indeed, overexpression of dystroglycan led to a
mislocalisation of the protein observed by immunofluorescence staining and
confocal microscopy. This was also reflected by an elevated interaction of pacFA-
derived lipid species with overexpressed but not endogenous dystroglycan,
indicating that the overexpression led to non-physiological lipid interactions. The
pulldown assay performed with pacFA-labelled cells further emphasised a
difference in the localisation of dystroglycan in wild-type and CerS2 knockout cells.
CerS2 knockout cells showed a much lower interaction of dystroglycan with pacFA-
derived lipids compared to the parental cells indicating an different localisation. In
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CerS2 knockout cells it appeared that dystroglycan is localised more prominently
to endo/exosomes.

To avoid false positive validations of overexpressed protein candidates, a
validation of protein-SL interactions was performed for the endogenous proteins.
This allowed the successful validation of BDG, STX6 and TGOLN2 as VLCFA SL
interacting proteins. The upper band of ITGB1 appeared as a candidate for VLCFA
SL interaction, and will have to validated by including an higher number of
experiments. The upper band represented the plasma membrane-localised and
glycosylated form of ITGB1 (data from L. Forster, AG Brlgger) which was
specifically interacting with VLCFA SLs.

Localisation studies of the positively validated protein candidates did not reveal an
altered localisation in CerS2 knockout cells compared to parental cells (generated
by CRISPR-Cas9 knockout leading to premature Stop codons’?#). However, even
though confocal microscopy did not reveal an altered subcellular localisation,
candidate proteins might not be targeted to the correct site within the membrane.
The CerS2 knockout, for example, might influence the number and composition of
membrane lipid nanodomains and, thus, the assembly of signalling complexes
therein. Indeed, an altered localisation of the insulin receptor is reported in CerS2
knockout mice based on the observation of the protein’s inability to partition into
detergent-resistant membranes (DRMs)?%*, a biochemical method to investigate
lipid nanodomains?%5. This mislocalisation prevents the successful phosphorylation
of the Insulin receptor in CerS2 knockout mice?%4. Concluding, further experiments
should be performed to exclude influences of the altered lipidome on the
discovered protein-lipid interactions. This would imply that proteins which were
identified in the proteomic approach might not specifically interact (non-annularly)
with VLCFA SLs but instead localise within membrane nanodomains and interact
with the lipid via bulk or annular interactions. However, not all discovered proteins
were assigned to lipid nanodomains suggesting specific non-annular interactions

in these cases. Future assays are required to distinguish the types of interaction.

The localisation of a protein within a lipid nanodomain is often investigated by
analysing the composition of DRMs?%%. An alternative approach to study lipid
nanodomains is the use of cyclodextrins, which extract cholesterol from
membranes and thereby disrupt these domains®. To investigate whether
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dystroglycan or STX6 is sensitive to SL interactions when these domains are
disrupted, HeLa SGPL1 knockout cells were treated with cyclodextrin in
combination with pacSph labelling (Section 3.2.2). Short cyclodextrin treatments
did not influence the pacSph labelling behaviour but significantly reduced
cholesterol levels within the cellular membranes. Hence, this condition was suitable
for protein-SL interaction studies. The dystroglycan-SL interaction was sensitive to
cholesterol depletion, implying that the interaction to SLs is cholesterol-dependent,
e.g. by occurring within a lipid nanodomain. Proteins are crosslinked to bulk,
annular or non-annular paclipids. If the cyclodextrin treatment changes the
endogenous localisation of BDG to e.g. intracellular vesicles, and thereby alters the
protein’s lipid environment remains to be elucidated. Dystroglycan was recovered
in the soluble fraction in DRM experiments in astrocytes 2%, whereas dystroglycan
was shown to interact with caveolin-1 within lipid nanodomains in smooth muscle
cells?®”. In brain, dystroglycan was also reported to localise in lipid nanodomains?%.
However, the reduction of BDG-SL interactions due to cholesterol depletion does
not exclude a specific protein-lipid interaction. The altered lipid environment of DG
in Lp domains might reduce the “background” signal derived from bulk pacSLs
within lipid nanodomains. However, some BDG was still identified to interact with
pacSLs in cyclodextrin-treated cells, indicating that there might be a remaining
specific interaction. To further employ if the interaction of BDG with a SL is in fact
non-annular or if BDG is simply localising in lipid nanodomains, further experiments
are required.

In contrast, the Golgi-localised STX6-SL interaction was not affected by the
cyclodextrin treatment. Since cyclodextrin is able to extract cholesterol from all
organelle membranes independently of lipid nanodomains? it might also influence
the lipid environment of STXG6. If the short treatment time with cyclodextrin depleted
cholesterol from endomembranes, and thereby was able to influence the lipid
environment of STX6, remains to be elucidated. Syntaxins are described to be
excluded from lipid nanodomains?®®. Thus, the independence to cyclodextrin
treatment would coincide with the localisation in Lo domains.

Summarising, dystroglycan-SL interaction was sensitive to cholesterol depletion
whereas STX6-SL interaction was unaffected. The analysis of microdomain
association highlighted the importance of further studies focussing on the type of
the identified lipid interactions.

84



Discussion

The knockout of CERSZ resulted in a loss of VLCFA SLs in HelLa cells and was
used to identify proteins interacting with these lipids'?*. The rescue of CerS2
expression led to the re-synthesis of endogenous and pac-VLCFA SLs (Section
3.24). Also a strong increase in pacCer36:1;2 was detected in CerS2
overexpressing cells. Thus, overexpressed CerS2 influenced the activity of CerS1,
thereby increasing the synthesis of pacC18 SLs. As endogenous C18 SLs were
not upregulated, the addition of pacSph might have enhanced the synthesis of
pacC18 SLs. An influence of CerS2 on CerS1 activity has been suggested
earlier?’?. The overexpression of CerS1 in CerS2 knockout cells strongly elevated
the synthesis of endogenous C18 SLs and pacC18 SLs, whereas C24 SLs
remained absent. Applying the overexpression to protein-lipid pulldown assays, the
diminished amount of BDG- and STX6-SL interactions in CerS2 knockout cells
were recovered, whereas in CerS1 overexpressing samples the protein amounts
appeared lower compared to CerS2 overexpression. This indicates a preference
of BDG and STX6 for VLCFA SLs. For DG more replicates are necessary to
confirm this observation. Moreover, the (re-)formation of lipid nanodomains was
likely differently affected when CerS1 or CerS2 expression is upregulated in CerS2
knockout cells.

The amount of dystroglycan was elevated in protein-lipid pulldowns of CerS1
overexpressing cells compared to CerS2 knockout cells, indicating a localisation
also to C18 SLs even though it appeared less compared to C24 SLs. For STXG6,
an overexpression of CerS1 did not lead to an elevated protein-lipid pulldown
compared to CerS2 knockout cells indicating a strong preference for C24 SLs. The
influence of the overexpression of CerS2 versus CerS1 on protein localisation will
further substantiate the results from the protein-lipid pulldown assay. To validate
the specificity of the identified proteins for VLCFA SLs, proteins like TFR that were
not identified to interact with VLCFA SLs should be included in further analyses.
The amount of TFR in the protein-lipid pulldown should remain unaffected by the
overexpression of CerS2. Additionally, p24 should be included in the analysis, as
it is a specific C18 SL interacting protein’?. This will further demonstrate the
feasibility of the overexpression of CerS1 to detect specific proteome-wide C18 SL

interacting proteins compared to non-overexpressing cells.

85



Discussion

To further investigate whether the obtained protein signals in protein-lipid pulldown
assays were indeed derived from the photo-crosslinking of a paclipid to a protein,
a small molecule inhibitor of CerS, FB1, was used (Section 3.2.5). The treatment
with FB1 successfully diminished the overall metabolism of pacSph in HelLa cells.
FB1 is a fungal toxin that is thought to inhibit ceramide synthase in a competitive
manner due to structural similarities to LCBs?'". It is currently unknown how FB1
binds and inhibits mammalian ceramide synthases since the order of substrate
binding and the catalytic mechanisms are not well understood. Mammalian
ceramide synthases were described to catalyse the N-acylation of FB12'2. The
formation of LC and VLC N-acyl-FB1 overall reflects the level of endogenous fatty
acid distribution of the analysed tissues, however slightly higher values for VLC N-
acyl-FB1 are detectable?'?, thereby indicating a preference for CerS2 enzymes. In
Arabidopsis thaliana, LAG one homologue 1 (LOH1) is catalysing the formation of
VLCFA SLs?'3. The plant LOH1 is a ceramide synthase isoform which is described
to be the most sensitive isoform to FB1 treatment?'3. The inhibition of the pacSph
metabolism further indicated a preference of FB1 for the VLCFA SL-catalysing
CerS2 enzyme in Hela cells. This was clearly detectable for SM, however for
ceramide, the chain length distribution could not be evaluated as the VLC and LC
bands were not distinguishable by HPTLC analysis. Further lipidomic analysis of
the pacSL profile can reveal the influence of FB1 on pacSL incorporation into
ceramide. Additionally, the influence of FB1 treatment on endogenous SL lipid
synthesis can be evaluated by mass spectrometry. So far, the obtained data
revealed a successful inhibition of the SL metabolism most likely due to a
competition between FB1 and pacSph for the binding pockets of CerS enzymes.

The reduced amount of BDG in protein-lipid pulldowns of FB1 treated cells
indicates that a pacSph metabolite was interacting with BDG in untreated cells. For
STX6 a trend in the reduction of protein-pacSL interaction by FB1 treatment was
detected. More replicates may reveal a significant reduction of STX6 by FB1
treatment. Furthermore, ITGB1 did not appear to be diminished by the treatment
when evaluating the amount of both glycosylated forms. Further replicates may
reveal a selective inhibition of the protein-SL interaction of the upper band of
ITGB1, which appeared to be diminished upon treatment with FB1. Concluding,
the treatment with FB1 validated the specific interaction of BDG with a pacSL in
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the performed assay. For the STX6 and ITGB1 proteins further assays are required
to confirm the interaction to an SL.

Summarising, the proteomic approach that led to the identification of VLCFA SL-
interacting proteins'?4, was validated by employing a protein-lipid pulldown assay
with a selected number of proteins (STX6, TGOLNZ2, BDG). These proteins were
chosen based on the value obtained by the proteomic assay (Table 7.1). The three
proteins were strongly diminished in the proteomic assay. Protein-lipid interactions
reduced in the VLCFA SL deprived cells were specifically rescued by the
overexpression of CerS2 which led to elevated amounts of candidate proteins co-
purified with pacSLs. As lipid nanodomain identity might be modified in CerS2
knockout cells, the localisation of protein candidates might have been altered in
these cells and thereby led to the identification in the proteomic approach. This
could be the case for BDG and further experiments are required to distinguish
between annular and non-annular lipid binding. E.g., the non-annular or annular
lipid binding of the identified protein-lipid interactions can be addressed by
observing the exchange rate of detergents with lipids in native mass spectrometry
214 Biochemical assays not employing pacSph should further substantiate the
interaction of the identified proteins with VLCFA SLs. Also, a simulation of protein-
lipid interactions might be feasible, depending on the availability of secondary
structure information of the transmembrane regions. This would furthermore

facilitate the differentiation between annular and non-annular lipid binding.

4.1.3. Investigation of Lipid Class Specificity of Protein-Sphingolipid
Interactions
The modification of pacSph metabolism by inhibiting enzymes downstream of
ceramide synthesis is a possibility to investigate a lipid class specificity of protein-
sphingolipid interactions. SiRNAs against UGCG effectively reduced the de novo
synthesis of HexCer whereas SGMS1 knockdown led to a minor insignificant
reduction of SM (Section 2.1.5). The knockdown was presumably at least partly
successful as the majority of the remaining SM could be synthesised by the
reductant function of SGMS2'%2, SGMS1-deficient KBM7 show reduced levels of
SM, and the remaining proportion was likewise suggested to be synthesised by
SGMS2'%2, Especially the growth of HeLa cells is known to depend on SGMS1 and
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SGMS2'8, wherefore the activity of SGMS2 might be particularly elevated in HelLa
cells while SGMS1 is diminished by the siRNA knockdown. The metabolism of
pacSph and the endogenous lipid profile which showed a slight reduction of SM
was accompanied by a strong elevation of HexCer indicating an interconnected
regulation of the SL metabolism. The strong elevation of HexCer by siSGMS1
treatment in HelLa cells was in line with previous data'®?. The knockout of SGMS1
in KBM7 cells further results a strong increase in GlcCer and LacCer'%2. SGMS1
knockout mice show 4-7 fold elevated GlcCer and GM3 levels in plasma and
tissues?'S. The formation of a complex between SGMS1 and UGCG increases the
rate of SM and decrease the GlcCer synthesis?'%, explaining the strong elevation
of GlcCer in SGMS1 knockdown and knockout studies. Nevertheless, as HelLa
cells require SM for growth'®, the reduction of SM to identify protein-SM
interactions was not feasible in HelLa cells. However, the upregulation of
pacHexCer might lead to an elevated signal of proteins interacting with HexCer
species. For BDG, the treatment with both siRNAs did not show any influence on
the protein-lipid pulldown. This result indicates that under these experimental
conditions BDG was not interacting with a HexCer species. To further support this
result, proteins known to interact with HexCer species should be included as a
reference. A complete block of GlcCer synthesis could also be considered, which
would also strongly affect lipid classes downstream of GlcCer.

To address the specifies-specificity of the identified protein-VLCFA SLs
interactions, HEK cells lacking UGCG and were provided for this work (unpublished
data, P. Haberkant, EMBL). The labelling with 6 uM pacSph for 4 hours generated
about 5% pacHexCer species compared to other pacSph-labelled lipid classes. To
obtain large quantities of pacGlcCer and higher pacGSL lipids and thereby large
differences to UGCG knockout cells (lacking all lipids downstream GlcCer), longer
labelling times were considered.

The elevated labelling time resulted in a strong increase of pacGM3 compared to
shorter labelling times'®. HEK UGCG knockout cells are lacking GM3 and show
reduced levels of HexCer'®. The remaining HexCer pool most likely represents
GalCer lipids as these two HexCer lipid species could not be distinguished in the
employed mass spectrometric analysis'®®. Furthermore, pacSM as well as
endogenous SM are elevated in UGCG knockout cells'®5. The elevation of SM is
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presumably the result of compensatory mechanisms due to the interconnected
regulation of SL metabolism. The formation of a heterodimer between UGCG and
SGMS1 leads to an increased synthesis of SM whereas GlcCer synthesis is
diminished?'8. Based on this observation, the SM metabolism was not elevated in
HEK UGCG knockout cells. However, this study did not investigate the
endogenous lipid levels of HEK UGCG knockout cells?16.

The protein-lipid pulldown analysis in HEK UGCG knockout cells with long pacSph
labelling times revealed significant differences in protein-lipid interactions of the
glycosylated form of ITGB1, indicating an interaction of ITGB1 with an GSL
species. BDG and STX6 did not seem to interact with an GSL species as their
protein amount in protein-lipid pulldowns was not altered between both conditions.
However, as analysis using confocal microscopy suggested, BDG showed a rather
endosomal localisation in HEK cells compared to the plasma membrane
localisation in HelLa cells. Therefore, a different pool of lipids may interact with DG
in HEK cells compared to HelLa cells. This emphasizes that future studies should
focus on the identification of protein-SL interactions in the respective cell type to
identify functionally relevant protein-SL interactions.

Conclusively, knockout of UGCG in HEK cells led to altered pacSL profiles, but did
not allow an unambiguous identifications of the interacting lipid class in protein-
lipid pulldown assays. Furthermore, it would be necessary to include e.g., a GM3-
interacting protein such as EGFR’" or FGFR'® as a control. To circumvent the
generation of multiple pacSL classes, a combination of different clickable head
groups in combination with a photocrosslinkable sphingosine could be considered
for future experiments. This would further allow the identification of proteins
specifically interacting with SM that could not be targeted so far.

4.1.4. Role of the TMD in Dystroglycan-Sphingolipid Interactions
In this thesis, a specific interaction of proteins with SLs with a particular acyl chain
length was investigated. To investigate if specific amino acids in the TMD of
dystroglycan were involved in the interaction with SLs, the TMD was replaced by
TMD sequences of proteins known to not interact with SLs. These included
ASGR1'3217 and CD63 TMD3'% as well as the TMD of CD8 as a control for
plasma membrane localisation?'®. Initial experiments were performed using

overexpression of TMD-swapped constructs in HeLa SGPL 17 and HeLa SGPL 1"
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CERS2” cells, however the results of three independent experiments were
inconsistent and showed a high deviation (Section 3.4.1). A pulldown assay
performed with the overexpressed proteins showed false positive protein-lipid
interactions before (Section 4.1.2). Interestingly, a trend towards a lower efficiency
of BDG recovery in pulldowns of HeLa SGPL1" CERS2” cells compared to the
parental cells was observed. However, it also appeared that swapped protein
variants showed a higher amount of protein in pulldowns in general. The TMD-
swaps might have affected the intracellular trafficking of DG which might have led
to a stronger localisation in intracellular organelles. This would in turn lead to
different amounts of protein in protein-lipid pulldown assays. With this experimental
setup it was not possible to conclude about the influence of the TMD of BDG on
interactions to SLs. Confocal microscopy analysis would be able to reveal
differences in cellular localisations of the swap mutants compared to wild type
dystroglycan.

A CRISPR-Cas9-engineered knockout of endogenous dystroglycan in HelLa cells
was performed, since in this experimental system overexpressed dystroglycan
might be targeted to the same intracellular sites as the endogenous protein, and
thus would better reflect the physiological situation. The knockout of DAG1 in HeLa
cells was confirmed by Western blot analysis, but still needs to be confirmed by
sequencing of the respective genomic locus. In these DAG1 knockout cells, the
previously seen elevated interaction of the CD8a swap mutant with pacSL species
was comparable to wild-type dystroglycan. This indicates an improved intracellular
localisation of the overexpressed swap mutant in DAG1 knockout cells.

The interaction of CD8a swapped BDG was not diminished compared to wild-type
DAG1 which could imply that the TMD is not involved in SL interactions to BDG.
Nevertheless, the immunofluorescence staining and confocal microscopy analysis
of DAG1 knockout cells still suggested a strong localisation in the biosynthetic
compartments even though the localisation in vesicles was diminished compared
to SGPL1 knockout cells. Thus, the deletion of endogenous DAG1 already led to
an improved cellular localisation of the overexpressed DAG1 constructs even
though a strong Golgi localisation is assumable which was not detectable for
endogenous dystroglycan. The application of a low expression vector might help
to overcome the strong localisation of DAG1 in the biosynthetic pathway. CRISPR-

Cas9-mediated tagging of endogenous dystroglycan is likely to result in more
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reliable data. Under these conditions the endogenously-modified swapped
dystroglycan would more likely occupy the physiological localisation. Conclusively,
due to technical problems, the role of the TMD in BDG SL interaction could not be
interpreted so far.

4.2. Exploring the Role of Dystroglycan-VLCFA-SL Interactions in
Oligodendrocytes

Next, the functional role of dystroglycan-VLCFA SL interactions in OLGs was
investigated. VLCFA SLs are described to be important for myelin stability>* and
their synthesis is strongly upregulated during active myelination®*. Likewise the
expression of dystroglycan increases during myelination and a role of dystroglycan
in myelin stability is described'?®13°. The loss of dystroglycan leads to delayed
myelination'3%137 and inefficient OLG differentiation'34-"%6, However, the
underlining molecular functions of VLCFA SLs and dystroglycan in myelin stability
as well as the functional mechanisms that regulate myelination and long-term
stability is not understood in detail. Based on these data, the interaction of
dystroglycan with SLs was investigated in OLGs. In the following sections, the
lipidomic and phenotypic changes of an immortalised OPC cell line are discussed
as well as the generation of knockout cell lines to investigate the functional
association between dystroglycan and VLCFA SLs is depicted.

4.2.1. Lipidomic and Morphologic Changes During Initiation of
Oligodendrocyte Progenitor Cell Maturation
Primary OPC cultures are limited in their availability, their isolation results in
relatively low cell numbers per preparation and genetic modification is difficult
which limits their application for detailed biochemical analysis. Therefore Oli-neu
cells, which are an immortalized OPC cell line from E16 mouse brains and can be
induced to recapitulate several features of differentiating OPCs in vitro'7%21%, were
selected as model cell line to study myelination. Prior functional investigations, the
morphologic changes as well as lipidomic changes of Oli-neu cells during initiation
of myelination were analysed (Section 3.5.1). The quantitative lipidomic changes

during the first days of differentiation have not been investigated before.

91



Discussion

Oli-neu cells showed a mostly bipolar or multipolar shape when cultured without
dbcAMP. The treatment with dbcAMP initiated the formation of highly arborized
protrusions which formed membranous sheets after 5 days of treatment, indicating
a successful induction of OLG maturation (Section 3.5.1), as described before'?°.
cAMP triggers a protein kinase A (PKA)-dependent activation and phosphorylation
of the transcription factors Cyclic AMP response element-binding protein (CREB)
and Activator protein 1 (AP-1) thereby leading to differentiation and myelination?2°.
Untreated Oli-neu cells are arrested in a progenitor state and therefore reflect the
lipid composition of the OPC state'”>. The most abundant lipid species in mature
myelin are cholesterol, GalCer and ethanolamine plasmalogen?'. Undifferentiated
Oli-neu cells contain lower amounts of HexCer, cholesterol and plasmalogens
compared to mature myelin'”®. In response to dbcAMP, Oli-neu cells showed an
increase of ePC, pl-PE 18:0, HexCer and sulfatide species whereas the synthesis
of aPE, and cholesterol was reduced. This lipidomic analysis indicated that the
observed initial increase in ePC and pl-PE plays an important role during the early
phases of myelination and was induced by cAMP-mediated metabolic changes
within the cell. The biological role of the initial increase of ether lipid synthesis
during myelination is not described so far, however in mature myelin ether lipids
form a compact and stable structure*' and might protect cells from oxidation®®.
Especially plasmalogens and phospholipids with C18:1 fatty acids were elevated
during the initial phases of OLG development. This is in line with previous
observations describing a strong enrichment of C18:1 fatty acids in mature
myelin?"175. Oleic acid (C18:1 fatty acid) is the major monounsaturated fatty acid
in myelin??'. PC 36:1, containing oleic acid, is decreased in the demyelinating
disease multiple sclerosis??!. Especially in myelin and other brain cells, there is a
strong increase of oleic acid synthesis when dietary oleic acid is lacking®?2. The
ability of OLGs to self-regulate their oleic acid composition points to important
functional roles of oleic acid-containing lipids in myelin. Furthermore a strong
decrease in polyunsaturated has been described'”® and was discovered to occur
already in early stages of OLG differentiation. The saturated lipid profile of myelin
makes it extraordinary stable?*. The myelin stability is further promoted by an
enrichment of GSL and cholesterol?*. However, the strong accumulation of GalCer
and cholesterol could not be detected after 3-5 days differentiation and might
increase in later stages, e.g. during myelin wrapping. Alternatively, under the given
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experimental conditions cAMP might have not been a sufficient stimulus to activate
the synthesis of cholesterol, which was described to increase with the start of
myelination3°. The growth of myelin in CNS is regulated by the PI3 kinase/Akt/TOR
signalling pathway®'. Downstream of its activation are the transcriptional programs
for cholesterol synthesis®' which was presumably not activated in Oli-neu cells by
adding dbcAMP. The addition of neuron-conditioned medium might help to better
mimic the differentiation of Oli-neu cells. Nevertheless, initial changes towards an
elevation of HexCer species, sulfatide, a strongly decreasing overall unsaturation
and a strong elevation of plasmalogen lipids were observed, indicating that
myelination was initiated under these conditions.

GalCer and sulfatides with 24:0 and 24:1 FAs are among the most common myelin
lipids?”33. Especially VLCFA GalCer is enriched in myelin?'. Oli-neu cells
differentiated by cAMP showed increased values of VLCFA HexCer as well as
VLCFA ceramide and VLCFA SM species which further indicates that cAMP
induced the myelination of Oli-neu cells. Clearly, as sheets in culture are obviously
not able to wrap around axons, the total lipid composition would differ compared to
mature myelin sheaths in vivo. The extension of the dbcAMP incubation time in Oli-
neu cells might be able to increase the elevation of especially VLCFA SLs which
will be important for assays analysing the protein-VLCFA SL interactions in this
context (discussed in section 4.2.2). Conclusively, Oli-neu cells showed typical
differentiation changes and were therefore capable to study the myelination in vitro

even though not all common changes occurred upon treatment with cAMP.

4.2.2. Oli-neu SGPL1" Cells as a Model System to Study Protein-
Sphingolipid Interactions
To investigate cellular functions of the protein-VLCFA SL interactions in HelLa
cells'?*, Oli-neu cells were subjected to CRISPR-Cas9 genetic engineering
(Section 3.5.2). To analyse the interaction of proteins with sphingolipids using
pacSph, SGPL1 knockouts were introduced in Oli-neu cells. Two different clones
were analysed and both showed a knockout of SGPL1, resulting in an incorporation
of pacSph into SL but not into GPL species. Mass spectrometric analysis of pacSph
metabolism revealed a pac-labelling of all measured SL classes including HexCer
and sulfatide species (Section 3.5.1). The dbcAMP treatment resulted in elevated
levels of pac-VLCFA sulfatides'®. Initial protein-lipid pulldown assays using these
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Oli-neu SGPL” cells showed an interaction of BDG with SLs in these cells.
However, confocal microscopic analyses revealed a localisation of BDG to the
plasma membrane and intracellular vesicles in undifferentiated cells Oli-neu SGPL"
~ cells. In wild-type cells, a plasma membrane localisation only occured in
differentiated cells. The knockout of SGPL1 might have altered the lipidome in a
way that promoted the localisation of BDG to the plasma membrane. Therefore, a
lipidomic comparison of SGPL1 S6 knockout cells to Oli-neu wild-type cells should
be performed. The generation of OLG SGPL1 knockout cells could allow the
analysis of proteome-wide protein-sphingolipid interactions before and after
induction of myelination. The interaction of dystroglycan and ITGB1 was detected
in Oli-neu cells, but additional experiments are required to further characterise this

interaction and its functional implications during myelination.

4.2.3. Role of VLCFA SL-Dystroglycan Interactions in
Oligodendrocytes

To elucidate the functional role of an interaction of VLCFA SLs with dystroglycan
in OLGs, CerS2 and dystroglycan knockout cells were generated in Oli-neu cells
(Section 3.5.2). The Oli-neu cells lacking CerS2 showed strongly diminished
VLCFA SL species (Section 3.5.1). The strong reduction of VLCFA SLs in Oli-neu
CerS2 knockout cells makes them a suitable tool to elucidate the functional role of
these lipids in OLGs.

VLCFA SLs might be important for protein trafficking during myelination and
maintaining their localisation in sheaths. Similar processes are described for other
lipids2"5%8%, For example, cholesterol is involved in trafficking of myelin
components to the membrane and is required for PLP to be retained within myelin
membranes?'?23, Further positioning of MBP in membranes® is described to
depend on the lipid environment and sulfatides are involved in trafficking and
stabilisation of NF-155 at paranodes®®. In general, the knowledge of the functions
of lipids in organising proteins during myelination is limited. The mislocalisation of
BDG in CerS2 knockout cells upon stimulation of differentiation by dbcAMP
indicated that the trafficking of BDG to the plasma membrane relies on VLCFA SLs
(Section 3.5.3). However, further experiments are required to support this

observation:
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Firstly, the ability to differentiate upon stimulation with dbcAMP in Oli-neu CerS2
knockout cells needs to be investigated. The differentiation might be unaffected in
CerS2 knockout cells if VLCFA SLs are important for differentiation steps upstream
of cAMP-mediated signalling. Moreover, OLGs from CerS2 knockout mice are still
able to differentiate and myelin is formed®*. The investigation of the localisation of
dystroglycan in myelinating OLGs of CerS2 knockout mice would further show if
dystroglycan is mislocalised in mature myelin sheaths of these mice.

Secondly, the endogenous localisation of DG in undifferentiated OLGs and Oli-
neu knockout cells needs to be investigated by co-localising with endosomal and
other subcellular markers. The identification of the precise localisation of the
vesicular DG pool would support the investigation of the molecular trafficking
pathways. Especially the function of the cell-adhesion receptor dystroglycan is
thought to be regulated by its targeting to different subcellular sites where it is
interacting with its diverse interactions partners'?®. This highlights that lipids could
be involved in dystroglycan receptor localisation and therefore regulate its function.

BDG was found to be present in sheets upon differentiation with dbcAMP (Section
3.5.3). Further localisations of BDG to filopodia tips and in focal adhesions of OGLs
are described’> which suggests an interaction with GalCer lipids localised in
compact myelin?? rather than sulfatides. However, GalCer is not essential for
myelin and could partially compensated by GlcCer species®2. Therefore DG might
“‘unspecifically” interact with a HexCer species. Moreover, the interaction of DG
and VLCFA SLs was discovered in HelLa cells (Section 4.1) showing only minor
amounts of GalCer??* whereas the interacting lipid class of plasma membrane-
localised dystroglycan remains to be elucidated (Section 4.1.3).

As mentioned above, besides the possible functional role in trafficking, the
stabilisation of BDG in myelin sheaths via VLCFA SLs might be an additional
functional role of the discovered interaction as CerS2 and dystroglycan knockouts
show negative effects on myelin stability3*13%.141 The ability of BDG to connect to
the actin-cytoskeleton via the DGC complex provides stability in multiple
mammalian tissues including myelinating Schwann cells'?8, Interestingly, SGCE
belongs to the DGC complex and was also identified by the proteomic approach to
specifically interact with VLCFA SLs (Section 4.1)'?4. This suggests that both
proteins might be trafficked by VLCFA SLs to the same site and are maintained in
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the membrane to provide long-term stability. Oli-neu cells cannot be used to study
the potential role of the VLCFA SL-BDG interaction in myelin stability as Oli-neu
cells are not able to myelinate axons when re-transplanted into experimentally
demyelinated rat spinal cord'°.

Summarising, an interaction of dystroglycan with SLs was observed in Oli-neu cells
and a possible role of VLCFA SL in dystroglycan trafficking to the plasma
membrane was identified. Furthermore, the established cellular system would help
to elucidate specific interactions of sphingolipids with dystroglycan as well as other
proteins to understand their functional implications during myelination in OLGs.
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5. Materials and Methods

5.1. Cell culture

5.1.1. Materials for Cell Culture
All materials were suitable for cell culture if available, otherwise of analytical grade

or of higher purity.

Table 5.1 Cell Lines

WT, wild-type.

Cell line Origin Source Features

HelLa SGPL1”" Human cervical Gerl et al., SGPL1 knockout
carcinoma 2016'°

HelLa SGPL1" CERS2”" | Human cervical Ostkotte MSc SGPL1 and CerS2
carcinoma thesis' knockouts

Oli-neu Immortalised Jung et al., WT
Oligodendroglial 1995170
progenitor

Oli-neu SGPL17~(S2 Immortalised This study SGPL1 knockout

clone) Oligodendroglial
progenitor

Oli-neu SGPL17~(S6 Immortalised This study SGPL1 knockout

clone) Oligodendroglial
progenitor

Oli-neu CERS2™" Immortalised This study CerS2 knockout
Oligodendroglial
progenitor

Oli-neu DAG1” Immortalised This study DAG1 knockout
Oligodendroglial
progenitor

HEK SGPL1” (S2 clone)  Immortalised Hannah SGPL1 knockout
human embryonic Olschowski (AG
kidney Brugger)

HEK SGPL1 UGCG” | Immortalised Provided by P. SGPL1 and UGCG
human embryonic Haberkant knockout

Table 5.2 Chemicals, Solvents and Reagents used for Cell Culture

kidney

Reagent Company
Apo-Transferrin, human Sigma-Aldrich
Collagen Merck
Dibutyryl-Cyclic Adenosine Monophosphate Sigma-Aldrich
cAMP (dbcAMP)

DMEM-Powder Gibco

DNase | Roche
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Dulbecco’s Modified Eagle’s Medium (DMEM; | Sigma-Aldrich
4.5 mg/mL glucose)

Ethylenediaminetetraacetic Acid (EDTA) Roth

Fetal Bovine Serum (FBS) Superior Merck
FUGENE® HD Promega
Gentamicin Invitrogen
Glycerol Sigma-Aldrich
Hank’s Balanced Salt Solution (HBSS) Gibco

Horse Serum (HS)

Thermo Fisher Scientific

Hybri-Max TM Dimethyl sulfoxide (DMSO) Sigma-Aldrich
Insulin (10 mg/mL) Sigma-Aldrich
JetPrime® PolyPlus
L-Thyroxine Sigma-Aldrich
Opti-Minimal Essential Medium (Opti-MEM®) | Gibco
Penicillin-Streptomycin (P/S) Sigma-Aldrich
Phosphate Buffered Saline (PBS) Sigma-Aldrich
Poly-L-Lysine (PLL) Sigma-Aldrich
Progesteron Sigma-Aldrich
Putrescine Sigma-Aldrich
Roswell Park Memorial Institute (RPMI) 1640 | Invitrogen
Sodium Bicarbonate (NaHCOs3) Roth

Sodium hydroxide (NaOH) Sigma-Aldrich
Sodium Selenite Sigma-Aldrich
Tri-lodo-Thyrodine (TIT) Fluka

Trypan Blue Sigma-Aldrich
Trypsin-EDTA Solution Sigma-Aldrich

5.1.2. Cultivation of HeLa and HEK Cells

The cells were cultured at 37°C and 5% CO2 in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin (P/S). The cultures were kept in monolayers
and split 1:10 after 3 to 4 days. The plates were washed 1x with PBS and
trypsinised with Trypsin-EDTA solution for 5 min at 37°C, 5% CO.. The reaction
was quenched by addition of 10x pre-warmed (37°C) DMEM (10% FCS, 1%P/S).
Then the cells were transferred to a new cell culture dish. HEK cells were plated
on collagen-coated dishes. Prior seeding, collagen (200 pL collagen + 1.8 mL PBS)
was added to the plates, incubated for 30 min at 37°C and washed 3x with PBS.

5.1.3. Cultivation of Oli-neu Cells
The cells were cultured at 37°C and 5% CO2 in SATO media (Table 5.3)
supplemented with 1.5% HS on PLL-coated dishes. To coat with PLL, 7-9 mL of
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1x PLL (0.01% w/v in ddH20) was incubated for 30 min in a 15 cm dish. After 2x
washing with ddH20, 18 mL SATO media was added and pre-incubated at 37°C,
5% CO: for at least 10 min.

Cells were kept in monolayers and split 1:3 or 1:10 after 3-6 days. Media was
removed and 7 mL pre-warmed TE-low (Table 5.4) was added for 2 min. The last
minute the cells were rinsed by pipetting. After transfer to a falcon containing 8 mL
cold PBS with 10% HS to stop the trypsin digestion, cells were pelleted for 10 min
with 800 rpm at 4°C. The supernatant was discarded and the cell pellet was
resuspended in SATO media with 1.5% HS and added to the prepared PLL-coated

culture dish.

Table 5.3 SATO Media Composition

1L Final Concentration
DMEM-Powder 13449 1x
NaHCOs3 2g 2g/L
Apo-Transferrin 0.01g 10 pg/mL
Dissolve in 950 mL ddH20
Insulin 1 mL 10 pg/mL
Putrescine 10 mL 100 M
Progesteron 100 yL | 200 nM
Tri-lodo-Thyrodine 1mL 500 nM
Sodium-Selenite 740 yL | 220 nM
L-Thyroxin 130 yL | 520 nM
Adjust with ddH20to 1 L
Gentamicin 500 pl 1x

Filtration through 0.2 um filter

Table 5.4 TE (Trypsin-EDTA) low

Volume
1 % Trypsin 4 mL
0.2% EDTA in HBSS 40 mL
Adjust with HBSS to 400 mL

Filtration through 0.2 um filter

Table 5.5 1% Trypsin

Volume
2.5 % Trypsin 100 mL
10x HBSS 15 mL
ddH20 135 mL
DNase | 125 mg

Adjust pH 7.8 with 2 N NaOH
Filtration through 0.2 um filter
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5.1.4. Freezing and Thawing of HeLa and HEK Cells

The cells were grown to 70-80% confluency on a 15 cm dish, washed once with
PBS and detached with 3 mL Trypsin-EDTA solution. Then the reaction was
quenched 1:10 with DMEM (10% FBS, 1% P/S), transferred into a 50 mL falcon
and pelleted (5 min, 300 xg at 4°C). Cell pellets were resuspended in 1.5 mL ice-
cold FBS, distributed to three cryovials and incubated on ice for 20 min. Per vial,
500 pL of ice-cold 20% DMSO in DMEM was added to cells and the cryovial was
inverted a few times. Cells were stored at -80°C for 3 days then transferred to liquid
N2. To thaw cells, cryovials were incubated in a 37°C water bath and transferred
into a 15 mL falcon with 10 mL cold DMEM, centrifuged (5 min, 300 xg at 4°C).
Obtained cell pellets were resuspended in 1 mL pre-warmed DMEM (10% FBS,
1% P/S) prior transfer to a 10 cm dish filled with 9 mL warm DMEM (10% FBS, 1%
P/S). HEK cells were plated on collagen-coated dishes.

5.1.5. Freezing and Thawing of Oli-neu Cells
In each cryovial, one half of subconfluent cells from a 15 cm dish cells were frozen
in 1.8 mL freezing medium. Cells were incubated with 7 mL warm TE-low (Table
5.4) for 2 min. The last minute the cells were rinsed by pipetting. After transfer to a
falcon containing 8 mL cold PBS with 10% HS to stop the trypsin digestion, cells
were pelleted for 10 min with 800 rpm at 4°C. The cell pellet was resuspended in
1.8 mL freezing media per one half of a subconfluent 15 cm dish and the
suspension was transferred into cryotubes. Cells were stored at -80°C for 3 days

and then transferred to liquid nitrogen.

Table 5.6 Freezing Medium

Final Concentration

RPMI 1640 70%
FBS 20%
DMSO 10%

Filtration through 0.2 um filter

5.1.6. Transfection
To overexpress specific genes, HelLa, HEK and Oli-neu cells were transfected with
FuGene® HD at a ratio 1:3 of plasmid DNA to transfection reagent. The
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transfection reaction set up was prepared as suggested by the supplier. For siRNA-
mediated knockdown, Hela cells were transfected with jetPRIME® transfection

reagent according to the manufacturer’s instructions.

Table 5.7 List of Plasmids

CMV, Cytomegalo Virus; SRa: Simian Virus 40 (SV40) fused early promoter and the R segment
and part of the U5 sequence (R-U5') of the long terminal repeat of human T-cell Leukemia Virus
Type 1

Plasmid Characteristic | Resistance Promoter | Source

pBJ5- Ampicillin SRa This study

DAG1_WT_FLAG

pBJ5- TMD swap with | Ampicillin SRa This study

DAG1_ASGR1_FLAG | ASGR1

pBJ5- TMD swap with | Ampcillin SRa This study

DAG1_CD8a_FLAG CD8a

pBJ5- TMD swap with | Ampcillin SRa This study

DAG1_CD63_FLAG CD63

pCMV6-CerS2 Kanamycin CMmv AG Brigger

pcDNA3.1-CerS1 Ampicillin CMmV Genescript

pSpCas9(BB)-2A- Empty CRISPR | Ampicillin CMmV Feng Zhang Fa.

GFP plasmid Addgene #48138

(PX458)

pCMV3-DAG1_FLAG Kanamycin CMmV Sino Biological
Inc.

Table 5.8 siRNAs for Transient Knockdown Experiments

Gene-target Company Order number

UGCG Ambion AM51334

SGMSH1 MISSION® esiRNA; Sigma | EHU126521
Aldrich

5.1.7. CRISPR-Cas9 Mediated Knockouts
For CRISPR-Cas9 mediated knockouts, sgRNA targets with very few off-targets
were designed according to Ran et al., 2013'%° and by employing CCTop'®. The
pair of 5’'phosphorylated forward and reverse oligos (Table 5.9) was annealed and
ligated into the Bbsl digested vector pSpCas9(BB)-2A-GFP (Addgene # PX458769).
Correct insertion was confirmed by sequencing (Eurofins). The cells were
transfected with the generated CRISPR-plasmids and after 48 h and subjected to
single cell sorting (FACS facility, ZMBH). GFP-positive cells were sorted into a 96-
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well plate containing conditioned medium. Conditioned medium was obtained from
respective cell culture supernatants which was filter-sterilised (0.2 ym) and
supplemented with 20% FCS. The cells were grown until confluency was reached
and expanded. Western Blot analysis (Section 5.3.5), gDNA sequencing (Section
5.2.5) and pacSph metabolism analysis by HPTLC for some knockouts (Section

5.5.2) were employed to identify a successful knockout of individual clones.

Table 5.9 sgRNA Sequences used for CRISPR/Cas9-Mediated Knockouts

sgRNA primer Species | Sequence (5°-37) Cell clones
SGPL1_S2 fwd | Mouse | CACCgCTGCAAAGCTTACCGGGACT | Oli-neu SGPL17 S2
SGPL1_S2 rev Mouse CACCgTGCAAAGCTTACCGGGACT

SGPL1_S6_fwd | Mouse | CACCGTGCATCAAGGCGGCCCAAC | Oli- neu SGPL1" S6
SGPL1_S6_rev Mouse AAACGTTGGGCCGCCTTGATGCAC

CerS2 C7 fwd | Mouse | CACCGGTCCCTGCCCGGACGTAAT | Oli- neu CERS2”
CerS2_C7_rev Mouse | AAACATTACGTCCGGGCAGGGACC

DAG1_fwd Mouse CACCgTACGGAGGGGGTGATCGGTA | Oli- neu DAG1”
DAG1_rev Mouse | CACCgACGGAGGGGGTGATCGGTA

DAG1_fwd_h Human | CACCGCTCCTGGATAGCCGTGGTT | HeLa SGPL17DAG1”
DAG1 rev_h Human | AAACAACCACGGCTATCCAGGAGC

5.2. Molecular Cloning

5.2.1. Materials for Molecular Cloning
All chemicals were of analytical grade or of higher purity. Buffers were prepared in
ddH20.

Table 5.10 Chemicals, Solvents and Reagents used for Nucleic Acid Biochemistry

Reagent Company

2-Log DNA ladder (N3200S) New England BioLabs®
6x DNA loading dye (B7024S) New England BioLabs®
Acetic acid (AcOH) Merck

Agarose Carl Roth

Ampicillin Sodium Salt Sigma-Aldrich

Bacto™ Agar BD Biosciences
Bacto™ Tryptone BD Biosciences
Bacto™ Yeast Extract BD Biosciences
Bromphenol Blue Waldeck
Deoxynucleotide (dNTP) Mix, long range, Peglab (VWR brand)
peqGOLD

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich
Ethylenediaminetetraacetic acid (EDTA) Carl Roth

Glacial Acetic Acid Sigma-Aldrich
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SERVA DNA Stain Clear G SERVA
Glycerol Sigma-Aldrich
Kanamycin-sulfate Sigma-Aldrich
Sodium Chloride (NaCl) Carl Roth
Taqg-polymerase Axon
Tris(hydroxymethyl)aminomethane (Tris) Carl Roth

5.2.2. Cultivation of Bacteria
E. coli DH5a was cultivated in liquid or on solid LB media (10 g Tryptone, 5 g NaCl,
5 g Yeast Extract, -/+ 15 g Agar per 1 L) and placed at 37°C, liquid cultures were
additionally shaken at 180 rpm. All media were autoclaved prior use. LB was
supplemented with either Kanamycin (30 ug/mL) or Ampicillin (100 pg/mL).

5.2.3. Heat Transformation of Chemically Competent Bacteria
Chemically competent E.coli (Thermo Fisher) were thawed on ice for 10 min and
gently mixed with the ligation reaction or plasmid. The mixture was incubated on
ice for 30 min before the heat shock was applied (1 min, 42°C) followed by shortly
placing on ice again. Afterwards, 950 pL of pre-warmed LB medium was added
and the cells were shaken and incubated at 37°C for 1 h. The bacteria were spread
on LB agar plates, supplemented with respective antibiotic and incubated at 37°C

overnight.

5.2.4. Freezing of Bacterial Cells
For long-term storage of the desired plasmid DNA glycerol stocks were prepared.
850 pL of an overnight culture was mixed with 150 pl of sterile 100 % (v/v) glycerol.
The glycerol stock was stored at -80°C until usage. For recovery, a sterile pipette
tip was used to scrape some of the frozen material from the glycerol stock. The tip
was directly used to inoculate 4 ml of LB medium supplemented with the respective
antibiotic. The culture was grown at 37°C overnight.

5.2.5. Agarose Gels
Agarose gels were prepared prior electrophoresis with the desired percentage
(w/v) of agarose (1-2%) dissolved in 1x TAE buffer (40 mM Tris, 20 mM Glacial

103



Materials and Methods

Acetic Acid, 1 mM EDTA, pH 8) by heating. To visualise DNA, SERVA DNA Stain
Clear G was added to the gel.

5.2.6. DNA Isolation and Sequencing
Genomic DNA (gDNA) was isolated using the DNeasy® Blood & Tissue Kit and
the target sequence was amplified by the Titanium® Taq PCR Kit. The forward and
reverse primer sequences for gDNA amplification (Section 5.2.6) are listed in table
5.11. DNA fragments were sub-cloned into a pCR™2.1 Vector using the TA
Cloning™ Kit (Thermo Fisher Scientific) and transformed into E.coli cells (Section
5.2.3). Plasmids were isolated using the QIAspin® Spin Miniprep Kit (QIAGEN®),
Plasmid Midi or Maxi Kit (QIAGEN®) according to the manufacturer’s instructions.

Plasmids were sent to sequencing by Eurofins and stored in ddH20 at -20°C.

5.2.7. Amplification of Gene Fragments
DNA was amplified by polymerase chain reaction (PCR). The following
concentrations of ingredients were applied: dNTPs (10 mM each), MgCl. (25 mM),
primer molecules (100 pmol/ul), Polymerase (5 U/ul). The PCR products were
purified by QIAquick® PCR Purification Kit (QIAGEN®) and eluted in 30 pL ddH20.
The DNA yields were measured by Nanodrop™ 2000c.

Table 5.11 Primers Used for gDNA Amplification
Primers were synthesised by Thermo Fisher Scientific.

5’-3’ Sequence

Application

CerS2 gDNA_fwd
CerS2 gDNA_rev
DAG1 gDNA_fwd
(mouse)

DAG1 gDNA_rev
(mouse)

SGPL1 S2_fwd
SGPL1 S2_rev
SGPL1 S6_fwd
SGPL1 S6_rev
DAG1_Kpnl_fwd
DAG1_Xbal_rev

CAAGCGAAAGGTGGGTAAAGAGAC
CATAGACAGTAGTATTTGCATGTGGCTAG
CCAAAGTCTCTCCAGCAGCTTTG

CAAGCTGACCCTTGAGGACCAG

CACATGCCTTTAATCCCAGCACTTC
GAGCAGGCTGTACCTCCTGATACC
GCTCAAAGGGTGTGCCAC
CTTCTCCCCTCAGTATGGCTATG
tttGGTACCATGCGAATGTCCGTG
tttTCTAGATCACTTATCGTCATCGTCCTTA
TAATC
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5.2.8. Restriction Digest

All restriction enzymes were purchased from NEB. The digestion of template DNA
(vector, PCR product) was performed with type Il restriction endonucleases in
CutSmart® buffers as suggested by the supplier (NEBcloner). The standard
protocol has a reaction volume of 20 ul containing 1-2 uyg DNA, 2 U of the restriction
endonuclease and was incubated at the corresponding temperature for 1 h. The
digest was confirmed by Agarose gel electrophoresis (Section 5.2.5). The DNA
was extracted from the gel using the QIAquick® Gel Extraction Kit (QIAGEN®)
were eluted in 30 pL ddH20.

5.2.9. Ligation
DNA ligation was performed with Quick T4 DNA ligase using the Quick Ligation™
Kit (NEB) according to the manufacturer’s instructions. Ligations were either stored
at -20°C or 5 yL were directly used for heat transformation of E. coli DH5a (Section
5.2.3).

5.2.10. Cloning
Digested vectors (Section 5.2.7) and amplified and digested PCR products
(Section 5.2.7) from synthetic gene fragments (obtained from Genscript) were
ligated and heat transformed into E. coli DH5a (Section 5.2.3). PCR product size
was confirmed by Agarose gel electrophoresis (Section 5.2.5) using a DNA ladder.

The correct insertion was confirmed by sequencing (Eurofins).
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5.3. Protein Assays
5.3.1. Materials for Protein Assays
All chemicals were of analytical grade or of higher purity. Buffers were prepared in

ddHz0.

Table 5.12 Chemicals, Solvents and Reagents Used for Biochemical Protein Assays

Reagent Company
2-Mercaptoethanol Carl Roth
Acrylamide-bisacrylamide stock (37.5:1) 30% | Carl Roth
(v/Iv)

Ammoniumperoxodisulfate (APS) Carl Roth
Bromphenol Blue Waldeck
Chloroform (CHCI3) VWR
Copper(ll) Sulfate Pentahydrate (CuS0O4) Sigma-Aldrich
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich

Fumonisin B1 (FB1)

Cayman Chemical

Glycine LaboChem international
Hydrochloric acid (HCI) Honeywell
Isopropanol Sigma-Aldrich
Methanol (MeOH) VWR
Methyl-B-Cylcodextrin Sigma-Aldrich
Milk Powder, low fat Carl Roth

N, N, N’, N’-Tetramethylethylendiamine Carl Roth
(TEMED)

Nonidet P40 (NP40) Substitute Roche
PEG4-Carboxamid-6-Azidohexanyl-Biotin Invitrogen
(Biotin-azide)

Phosphate Buffered Saline (PBS) Sigma-Aldrich
Precision Plus Protein™ All Blue Prestained | Bio-Rad
Protein Standards (#1610373)

Protease Inhibitor Cocktail (PIC), EDTA-free Roche
Sodium Chloride (NaCl) Carl Roth
Sodium Dodecyl Sulfate (SDS) Serva
Triethylamine (TEA) Sigma-Aldrich
Tris(2carboxyethyl)phosphine Hydrochloride Sigma-Aldrich
(TCEP)

Tris(hydroxymethyl)aminomethane (Tris) Carl Roth
Tris[(1-benzyl-1H-1,2,3- triazol-4- Sigma-Aldrich
yl)methylJamine (TBTA)

Triton X-100 Merck
Tween® 20 Carl Roth
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5.3.2. Metabolic Labelling of Cultured Cells

The cells were labelled with 6 or 0.5 yM pacSph, or 50 uM pacFA (Table 5.13) for
4 h or 24 h in the respective cell culture media. The cells treated with Fumonisin
B1 (50 pM, freshly dissolved in PBS) were pre-incubated for 20 h prior labelling
experiments. Methyl-B-Cylcodextrin (5 mM final) was added for the last hour of the
labelling time. Afterwards, the cells were subjected to UV-crosslinking and
subsequent protein-lipid complex analysis (Section 5.3.3 and 5.3.4) or lipid
analysis (Section 5.5.2 and 5.5.3).

Table 5.13 List of Bifunctional Lipids

Bifunctional | Stock Company Order Number
Lipid Concentration

pacSph 20 mM in EtOH AG Brigger (T. Sachsenheimer)

pacFA 50 mM in EtOH Avanti 900401P

5.3.3. Protein-Lipid Pulldown Assay with Overexpression of Proteins
A confluent 10 cm dish of cells was transfected (Section 5.1.6) for 24 h. After
metabolic labelling (Section 5.3.2), the cells were placed on ice and washed twice
with ice-cold PBS, overlayed with PBS and subjected to UV-irradiation (365 nm,
UVP Blak-Ray®, 100 W) for 5 min on ice. The PBS was removed and the cells
were scraped off and transferred into a 1.5 mL tube. Cells were centrifuged (3 min,
3000 rpm at 4°C) and the obtained cell pellet was resuspended in 200 pL lysis
buffer (PBS, 1% SDS, 2x PIC) followed by an incubation for 1 h at 4°C on a rotating
wheel. A post-nuclear supernatant (PNS) was created by centrifugation for 8 min,
16000 g at 4°C. The protein concentration was determined by the Pierce™ BCA™
Protein-Assay Kit according to the manufacturer’s instructions. Per click reaction
200 pg protein was diluted in 187 yL 1% SDS in PBS. For click reaction 5 pL
CuSOs4, 2 pL Biotin-azide, 4 pyL TCEP and 2 pL TBTA (stock and final

concentrations in table 5.14) were mixed and added to the protein lysates.
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Table 5.14 Click Master Mix
CuSOq4, TCEP and TBTA were freshly prepared.

Substance | Solvent Stock (mM) | Concentration (pM)
CuSOq4 H20 40 500

Biotin-azide | DMSO 10 50

TCEP H20 50 500

TBTA DMSO 10 50

After incubation for 4 h at 800 rpm at RT, cell lysates were precipitated according
to the method described by Wessel & Fliigge 1983225, The obtained precipitated
protein pellets were washed 2x with ice-cold MeOH and resuspended in 4% SDS
in PBS. After dilution to 0.2%, Input samples were taken and the remaining lysate
was added to 40 pL washed High Capacity Neutravidin Agarose Resin (Thermo
Fisher) to enrich Biotin-clicked protein-lipid complexes. After 3 h incubation at RT
on a rotating wheel, the affinity purification was washed 10x with 1 mL 1% SDS in
PBS. For Elution, 15 uL 4x Laemmli sample buffer??¢ (with freshly added 20% 2-
mercaptoethanol) was added and incubated for 15 min at 70°C. After a short
centrifugation, the supernatant was yielded and 15 yL new sample buffer was
applied and incubated for 95°C for 15 min. Both elutions were combined and
loaded along with the Input on an SDS-PAGE gel (Section 5.3.5). Overexpressed
proteins were detected with an a-FLAG antibody (Table 5.16).

5.3.4. Protein-Lipid Pulldown Assay with Endogenous Proteins
Two confluent 10 cm dishes were metabolically labelled (Section 5.3.2). After the
extact labelling time, cells were placed on ice and washed twice with ice-cold PBS,
overlayed with PBS and subjected to UV-irradiation (365 nm, UVP Blak-Ray®,
100W) for 5 min on ice. PBS was removed and cells were scraped off and
transferred into a 1.5 mL tube. Cells were pelleted (3 min, 3000 rpm at 4°C) and
resuspended in 200 yL NP-40 lysis buffer (60 mM TEA pH 7.4, 150 mM NaCl, 1%
(v/v) NP-40, 2x PIC) per 10 cm dish and incubated for 1 h at 4°C on a rotor wheel.
A post-nuclear supernatant (PNS) was created at 8 min, 16000 g at 4°C
centrifugation. The protein concentration was determined by the Pierce™ BCA™
Protein-Assay Kit according to the manufacturer’s instructions. Per click reaction
200 pg protein was diluted in 187 yL NP-40 lysis buffer. For click reaction 5 pyL
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CuSO4, 2 pyL Biotin-azide, 4 pyL TCEP and 2 pL TBTA (stock and final
concentrations in table 5.14) were mixed and added to the protein lysates.

After incubation for 1 h at 800 rpm (RT), the cell lysates were precipitated according
to Wessel & Fliigge 1983%25. Obtained precipitated protein pellets were washed 2x
with ice-cold MeOH and resuspended in 4% SDS in PBS by sonication. After
dilution to 0.2%, Input samples were taken and the remaining lysate was added to
40 pL washed High Capacity Neutravidin Agarose Resin (Thermo Fisher) to
enriched Biotin-clicked protein-lipid complexes. After 3 h incubation at RT on a
rotating wheel, the affinity purification was washed 10x with 1 mL 1% SDS in PBS.
For Elution, 15 pL 4x Laemmli sample buffer??®® (with freshly added 20% 2-
mercaptoethanol) was added and incubated for 15 min at 70°C. After a short
centrifugation, the supernatant was yielded and 15 pL new sample buffer was
applied and incubated for 15 min at 95°C. Both elutions were combined and loaded
along with the Input on an SDS-PAGE gel (section 5.3.5). Endogenous proteins
were detected with specific antibodies antibody (Table 5.16).

5.3.5. SDS-PAGE and Western Blot

Protein separation was performed by one-dimensional discontinuous SDS-PAGE
as described by Laemmli??®. The composition of the separation (12%) and stacking
gel (4%) is shown in table 5.15. If not stated otherwise, protein samples were mixed
with 4x Laemmli sample buffer to 1x concentration and placed for 5 min at 95°C.
The gels were run in 1x SDS gel electrophoresis buffer (25 mM (w/v) Tris, 192 mM
(w/v) Glycine, 0.1% (w/v) SDS) at 30 mA/gel using the Mini-PROTEAN® Tetra
System.
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Table 5.15 SDS-Gel Composition
Volume for 2x 0.75 mm gels or 1x 1.5. mm gel.

Reagent Volume
Separating gel

ddH20 4.05 mL
Tris (1.5 M) pH 8.8 2.5mL
Acrylamide 3.3 mL
SDS 10% (w/v) 100 pL
TEMED 10 pL
APS 10% (w/v) 100 pL
Stacking gel

ddH20 3.05 mL
Tris (1.5 M) pH 6.8 1.25 mL
Acrylamide 0.64 mL
SDS 10% (w/v) 50 pL
TEMED 10 pL
APS 10% (w/v) 50 pL

Separated proteins on the SDS-PAGE gels were transferred to PVDF membranes
by a wet tank electrotransfer. The PVDF membranes were pre-wetted in 100%
methanol for 10 s and the blot was assembled as a “sandwich” (2x blotting paper-
SDS gel/ activated PVDF membrane/ 2x blotting paper). The protein transfer was
performed for 1.5 h, 100 V at 4°C or overnight at 30 V, 4°C (Mini-PROTEAN® Tetra
System) in transfer buffer (25 mM (w/v) Tris, 192 mM (w/v) glycine, 10% (v/v)
methanol). The membrane was blocked for 60 min at RT or overnight at 4°C in 5%
(w/v) low fat milk diluted in PBS with 0.1% (v/v) Tween 20 (PBS-T). The incubation
of the membrane with the primary antibody was performed for 1 h at RT or
overnight at 4°C, incubation with the second antibody for 60 min at RT or overnight
at 4°C (list of antibodies see table 5.16). Before, after as well as in between
incubation with antibodies, the membrane was washed 3x with PBS-T for 10 min.
The scanning to detect the fluorescent secondary antibodies was performed by a
LiCor Odyssey CLx.
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Table 5.16 Antibodies Used for Western Blot Analysis
Poly=polyclonal; Mono=monoclonal

Anti- Species, Company (Order Number) | Dilution
Clonality

FLAG® M2 Mouse, Sigma-Aldrich (F1804) 1:5000
mono

GAPDH Mouse, Abcam (ab8245) 1:5000
mono

ITGB1 Rabbit, poly | Abcam (ab179471) 1:5000

TFR Mouse, Thermo Fischer Scientific 1:500
mono (13-6800)

B-Dystroglycan Mouse, Santa Cruz (sc-165998) 1:1000
mono

STX6 Rabbit, poly | Proteintech (10841-1-AP) 1:2000

TGOLN2 Rabbit, poly | Atlas Antibodies 1:5000

(HPA012609)

Anti-mouse IgG (H+L) Donkey, poly | Rockland (600-145-098) 1:10000

antibody, IRDye® 800CW

Conjugate

Anti-rabbit IgG (H+L) antibody | Goat, poly Rockland (611-131-002) 1:10000

IRDye® 800 CW

5.4. Microscopy

5.4.1. Materials for Microscopy
All chemicals were of analytical grade or of higher purity. Buffers were prepared in
ddH20.

Table 5.17 Chemicals, Solvents and Reagents Used for Microscopy

Reagent Company

4’ ,6-diamidino-2-phenylindole (DAPI) ThermoFisher Scientific
Albumin Fraction V (BSA) Carl Roth

Alexa Fluor™ 647 Phalloidin Thermo Fischer Scientific
Methanol (MeOH) VWR

Paraformaldehyd (PFA) Sigma-Aldrich
Phosphate Buffered Saline (PBS) Sigma-Aldrich
Prolong™ Gold Diamond Antifade Mountant ThermoFisher Scientific
Sodium Chloride (NaCl) Carl Roth

Sodium Dodecyl Sulfate (SDS) Serva

Triton X-100 Merck
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5.4.2. Sample Preparation for Microscopy

Oli-neu cells were grown on PLL-coated ibi-Treat cell-culture dishes. HelLa cells
were grown on coverslips that were added into the cell culture dish. After removal
of the cell culture media, the cells were washed 3x with PBS and Oli-neu cells were
fixed with 4% (w/v) paraformaldehyde (PFA) for 10 min at RT. The HelLa cells were
fixed with ice-cold MeOH for 10 min at -20°C. Cells were rinsed 3x with PBS. PFA-
treated samples were permeabilised for 10 min with 0.1% (v/v) Triton X-100 at RT.
Blocking was performed with 2.5% (w/v) BSA in PBS overnight at 4°C. Incubation
with primary (1:50 or 1:100 in 2.5% (w/v) BSA in PBS) and secondary (1:1000 in
2.5% (w/v) BSA in PBS) antibodies (antibodies in table 5.18) was performed for 1
h at RT. Cell nuclei were stained with DAPI (300 nM in PBS) for 10 min at RT. F-
actin was stained with Alexa Fluor™ 647 Phalloidin (1x, 5 yL of 40x MeOH stock
solution in 200 yL PBS) for 1 h. Coverslips containing HelLa cells were mounted
on glass slides with ProLong™ Gold Diamond Antifade Mountant. Oli-neu samples
on ibiTreat dishes were overlayed with PBS.

Table 5.18 List of Antibodies Used for Microscopy
Poly=polyclonal; Mono=monoclonal

Anti- Species, Company (Order Dilution
Clonality Number)

FLAG® M2 Mouse, Sigma-Aldrich (F1804) 1:100
mono

ITGB1 Rabbit, poly | Abcam (ab179471) 1:50

TFR Mouse, Thermo Fischer Scientific | 1:100
mono (13-6800)

B-Dystroglycan Mouse, Santa Cruz (sc-165998) 1:50
mono

STX6 Rabbit, poly | Proteintech (10841-1-AP) | 1:50

TGOLN2 Rabbit, poly | Atlas Antibodies 1:100

(HPA012609)
Calnexin (CNX) Rabbit, poly | Enzo 1:100

(ADI-SPA-860)
Anti-rabbit IgG (H+L), Alexa Goat, poly Thermo Fischer Scientific | 1:1000
Fluor® 488 Conjugate (A11008)
Anti-mouse IgG (H+L), Alexa | Goat, poly (A21236) 1:1000
Fluor® 647 Conjugate
Anti-mouse IgG (H+L), Alexa | Goat, poly Thermo Fischer Scientific | 1:1000
Fluor® 488 Conjugate (A11029)
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5.4.3. Confocal Microscopy
Multicolour fluorescent images were captured using a Zeiss LSM 800 microscope
with an 63x/1.4NA Oil Ph3 Plan-Apochromat (a=0.28 mm) objective. The
microscope was operated with a ZEN Black software using 405 nm, 488 nm and
640 nm laser diodes.
The following emission bandpass (BP) filters were used. DAPI: BP 425/30; Alexa
Fluor®488: BP 514/30; Alexa Fluor®647: BP629/62. The data were exported as

.czi format files and were analysed with Fiji??’.

5.5. Lipid Assays
5.5.1. Chemicals for Lipid Assays

All chemicals were of analytical grade or of higher purity. Buffers were prepared in
ddH20.

Table 5.19 Chemicals, Solvents and Reagents Used for Lipid Assays

Reagent Company
3-Azido-7-Hydroxycoumarin (Coumarin-azide) | Jena Bioscience
Acetonitrile Sigma-Aldrich
Ammonium Acetate Sigma-Aldrich
Ammonium Bicarbonate Honeywell
Chloroform (CHCIs) VWR
Copper(ll) sulfate pentahydrate (CuSOa) Sigma-Aldrich
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich
Ethanol (EtOH), 100% (v/v) VWR
Ethyl Acetate Zentralbereich Universitat
Heidelberg
Formic Acid Merck
Glacial Acetic Acid Sigma-Aldrich
Hexane Sigma-Aldrich
Hydrochloric Acid (HCI) Honeywell
Methanol (MeOH) VWR
N’,N’-diisopropylethylamine Sigma-Aldrich
Sodium Hydroxide (NaOH) Sigma-Aldrich
Sulfuric Acid Sigma-Aldrich
Tetrakis(acetonitrile)copper(l) tetrafluorobo- Sigma-Aldrich

rate (CuBF4)

Tris(2carboxyethyl)phosphine hydrochloride Sigma-Aldrich
(TCEP)

Tris(hydroxymethyl)aminomethane (Tris) Sigma-Aldrich
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Tris[(1-benzyl-1H-1,2,3- triazol-4- Sigma-Aldrich
yl)methylJamine (TBTA)
Water HPLC Grade Merck

5.5.2. HPTLC Analysis

The cells were labelled with bifunctional lipids (Section 5.3.2). After the indicated
labelling times, the cells were washed 2x with PBS, detached with 250 uL trypsin
and mixed with 1 mL cold DMEM (10% FBS, 1% P/S). The cells were pelleted at
3000 rpm, 3 min at 4°C and washed 2x with 1 mL ice-cold PBS. After resuspension
in 300 L PBS, the cells were subjected to lipid extraction (according to the method
described by Thiele et al., 2012)??%. 600 uL MeOH and 150 yL CHCI; were added
and samples were mixed by vortexing for 30 s. After centrifugation at 14000 rpm,
5 min at RT, the supernatant was transferred into a 2 mL tube and was mixed with
300 pyL CHCIz and 600 pL 0.1% (v/v) acetic acid in ddH20 and were again
centrifuged (14000 rpm, 5 min at RT). The lower organic phase was transferred
into a fresh 1.5 mL tube and dried in a rotational vacuum concentrator (Christ, RVC
2-18) for 20 min at 30°C. The lipid extracts were resuspended in 7 yL CHCIz and
30 uL of a freshly prepared Coumarin-click mix was added (Table 5.20):

Table 5.20 Coumarin-azide Click Master Mix
CuBF4 was freshly prepared.

Substance Solvent Stock (mM) Volume (yL)
CuBF4 Acetonitile 10 250
Coumarin-azide DMSO 44.5 2.5

Ethanol 1000

The click reaction was incubated for 20 min at 45°C in the rotational vacuum
concentrator. The lipids were resuspended in 20 pyL of mobile phase |
(CHCI3:MeOH:H20:AcOH at 65:25:4:1), applied to a HPTLC silica gel 60 plate
(1.05641.0001, Merck) with the CAMAG Linomat 5 applicator. The plates were
developed to 80% in mobile phase | in a CAMAG ADC2 system followed by a
development to 100% in mobile phase Il (hexane:ethyl actetate at 1:1). The plates
were sprayed with 4% (v/v) N,N-diisopropylethylamine in hexane. The Coumarin-
clicked lipids were visualized with the Amersham Imager 600 with an excitation at
460 nm and a Cy2 emission filter (525BP20). Charring of lipids was performed by
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spraying the TLC plate with 20% (v/v) sulfuric acid in ddH20O, incubation for 10 min

at 125°C and subsequent scanning of the charred lipid bands.

5.5.3. Lipidomics
Lipid extractions were performed by |. Leibrecht, C. Lichtenborg and T.
Sachsenheimer. The lipidomic measurements and data evaluation was provided
by C. Luchtenborg and T. Sachsenheimer (AG Brugger).

5.5.3.1. Sample Preparation for Lipidomics
The cells were washed once with PBS, trypsinised, quenched with 1 mL cold
DMEM and transferred to a 1.5 mL tube. The cells were centrifuged for 5 min with
3,000 rpm at 4°C. The obtained cell pellet was washed 3x with DMEM without FBS
to remove lipids possibly originating from FBS. The cell pellets were resolved in
100 pL 150 mM NHsHCOsand snap frozen in liquid nitrogen.

5.5.3.2. Lipid Extraction for Lipidomics
For lipid extraction (according to the method described by Bligh & Dyer, 1959229),
the cells comprising approximately 1-4 nmol of total lipid, were transferred in a
Wheaton tube spiked with lipid standards (Table 5.21) and filled up with water to a
final volume of 500 pL. 1.9 mL SBD solution (10 mL MeOH, 5 mL CHCIs, 0.75 mL
HCI) or 1.9 mL neutral extraction solution (10 mL MeOH, 5 mL CHCIs) was added
to the samples and vortexed for 10 s. 500 pL of CHCIlsand HPLC-grade water were
added and mixed by vortexing for 30 s. After centrifugation for 2 min with 2,000
rpom at 4°C, the organic phase was transferred into a new Wheaton tube (Il). To the
new tube IlI, 500 yL water and CHCI; were added and to tube | another 500 pL
CHClsfor re-extraction was added. Both tubes were mixed by vortexing and phase
separation was performed by centrifugation. The organic phase from tube Il was
transferred into a new tube (lll). The organic phase from tube | was transferred to
tube Il, vortexed and centrifuged (2 min, 2,000 rpm, 4°C). The resulting organic
phase was combined with tube lll and the solvent was removed under a nitrogen
stream at 37°C. The dried lipids were stored at -20°C. For mass spectrometric

analysis, lipids were resolved in 50 yL 10 mM ammonium acetate in methanol.
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Table 5.21 List of Lipid Standards

Listed are the name of the lipid standard mixtures and their components. SM, PE, PS, Cer, GlcCer
and PG were semi-synthesised as described in Ozbalci, Sachsenheimer, & Briigger, 2013?% and
pl-PE was semi-synthesised as described by Paltauf & Hermetter, 19942, PC,
phosphatidylcholine; SM, sphingomyelin; Pl, phosphatidylinositol; PE, phosphatidylethanolamine;
PS, phosphatidylserine; PG, phosphatidylglycerol; PA, phosphatidic acid (PA); pl-PE, ethanolamine
plasmalogen; Cer, ceramide; GlcCer, glucosylceramide

Lipid Class Lipid Composition

Cer, GlcCer d18:1 with N-acylated 15:0, 17:0, 25:0

Cholesterol-ester 9:0, 19:0, 24:1 (Sigma Aldrich GmbH)

(CE)

D6-Cholsterol D6-Chol (Cambridge Isotope Laboratory, Inc.)

DAG 17:0/17:0 (Larodan Fine Chemicals AB)

PA PA 17:0/20:4 (Avanti Polar Lipids)

PC 13:0/13:0, 14:0/14:0, 20:0/20:0; 21:0/21:0 (Avanti Polar Lipids)
PE, PS 14:1/14:1, 20:1/20:1, 22:1/22:1

PG 14:1/14:1, 20:1/20:1, 22:1/22:1

Pl 16:0/16:0, 17:0/20:4 (Avanti Polar Lipids)

pl-PE 33 pmol pl PE-Mix 1 (16:0p/15:0, 16:0p/19:0, 16:0p/25:0)

46.5 pmol pl PE - Mix 2 (18:0p/15:0, 18:0p/19:0, 18:0p/25:0)
64.5 pmol pl PE - Mix 3 (18:1p/15:0, 18:1p/19:0, 18:1p/25:0)

SM d18:1 with N-acylated 15:0, 17:0, 25:0
TAG D5-TAG-Mix, LM- 6000 / D5-TAG 17:0,17:1,17:1 (Avanti Polar
Lipids)

5.5.3.3. Derivatization of Cholesterol
For quantification of cholesterol, a single step chemical derivatization to cholesterol
acetate was performed?®*?. The former solvent was evaporated and 50 pL
acetylchloride/chloroform (1:5, v/v) was added and left open for 2 h at RT under a
fume hood. If necessary, the remaining solvent was evaporated and the derivatised
lipids were re-suspended in 50 yL 10 mM ammonium acetate in MeOH and

subjected to mass spectrometric analysis (Section 5.5.3.4).

5.5.3.4. Mass Spectrometric Analysis by ESI-MS/MS
The mass spectrometric analysis was performed using a QTRAP 6500+ mass
spectrometer (Sciex), equipped with chip-based (HD-D ESI Chip, Advion
Biosciences) electrospray infusion, and ionisation via Triversa Nanomate (Advion
Biosciences) for lipid infusion and ionization. 5 yL of the diluted samples were
added into a 96-well plate filled with 15 yL 10 mM ammonium acetate, sealed to
avoid evaporation and placed into the Nanomate plate holder. The scan settings
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of QTRAP 6500+ for the different lipid species according to Ozbalci et al., 201320,
The obtained data were analysed using the LipidView software (Sciex) and the in-
house developed software ShinyLipids.

5.6. Statistical Analysis

Data obtained from protein-lipid pulldown experiments (Section 5.3.3 and 5.3.4)
were analysed by two-tailed t-tests for depended (matched) groups due to
experimental differences between the replicates (e.g. click-reaction efficiency). The
remaining data were analysed by two-tailed unpaired t-tests corrected for multiple
comparisons by the Holm-Sidak method, if applicable. p-values lower than 0.05
were considered as statistically significant. Values are represented as the mean +
SEM.
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7. Supplement

Table 7.1 Proteins Interacting with Very Long Chain Fatty Acid-Containing Sphingolipid

Species

List shows identified proteins with log2 H/L <0.66 and p-value <0.05, expect for grey shaded
proteins. Grey: proteins used as controls during validation. Blue: validated proteins. Sorted by the
lowest logz(H/L) value on top. Dataset from previous work'?4,

Protein name Gene logz H/IL | -logqo t-test
name
Epsilon-sarcoglycan SGCE -1.97 2.66
CD83 antigen CD83 -1.93 1.85
Membrane cofactor protein CD46 -1.91 3.31
Dystroglycan;Alpha-dystroglycan;Beta-dystroglycan DAGH1 -1.82 2.08
Syntaxin-6 STX6 -1.50 2.96
Syntaxin-4 STX4 -1.49 2.70
Feline leukemia virus subgroup C receptor-related FLVCR1 -1.49 1.97
protein 1
Trans-Golgi network integral membrane protein 2 TGOLN2 -1.46 2.57
Vang-like protein 1 VANGLA1 -1.44 1.33
CD276 antigen CD276 -1.29 1.57
Basigin BSG -1.28 2.21
Intercellular adhesion molecule 1 ICAM1 -1.28 1.54
CD166 antigen ALCAM -1.27 1.31
EF-hand calcium-binding domain-containing protein | EFCAB14 -1.27 1.48
14
Embigin EMB -1.26 3.35
Keratinocyte-associated transmembrane protein 2 KCT2 -1.26 1.85
Choline transporter-like protein 1 SLC44A1 -1.24 3.17
Presenilin-1;Presenilin-1 NTF subunit;Presenilin-1 PSENT1, -1.22 3.56
CTF subunit;Presenilin-1 PSEN2
CTF12;Presenilin;Presenilin-2;Presenilin-2 NTF
subunit;Presenilin-2 CTF subunit
Endonuclease domain-containing 1 protein ENDOD1 -1.20 2.90
Aldo-keto reductase family 1 member C2 AKR1C2 -1.19 1.79
Neuroplastin NPTN -1.13 3.12
Neural cell adhesion molecule L1 L1CAM -1.12 1.82
Syntaxin-7 STX7 -1.11 2.70
Transmembrane protein 87A TMEMS87A -1.08 1.68
Tetraspanin;CD81 antigen CcD81 -1.06 2.03
Podocalyxin PODXL -1.03 1.70
Transmembrane protein 165 TMEM165 -1.02 2.81
Tetraspanin; CD9 antigen CD9 -1.01 2.97
Serum paraoxonase/arylesterase 2 PON2 -1.00 3.65
Vesicle transport protein GOT1B GOLT1B -1.00 1.91
Golgi integral membrane protein 4 GOLIM4 -0.92 2.34
Neutral amino acid transporter B(0);Amino acid SLC1A5 -0.92 1.41
transporter
Heparan sulfate 2-O-sulfotransferase 1 HS2ST1 -0.92 4.33
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CMP-N-acetylneuraminate-beta-galactosamide-
alpha-2,3-sialyltransferase 1

Tetraspanin-6

Cell surface glycoprotein MUC18

Syntaxin-10

Zinc transporter 1

Very-long-chain 3-oxoacyl-CoA reductase
Lysosome-associated membrane glycoprotein 2
Sodium-coupled neutral amino acid transporter 2
Atrial natriuretic peptide receptor 3

Reticulon-4; Reticulon

Integrin alpha-5;Integrin alpha-5 heavy
chain;Integrin alpha-5 light chain
Interferon-induced transmembrane protein 3
Protein FAM114A2

Lysosome-associated membrane glycoprotein 1
C-type mannose receptor 2

Solute carrier family 12 member 2

Signal recognition particle receptor subunit beta
Tubulin alpha-4A chain

Vasorin

Transmembrane protein 245

Transferrin receptor protein 1;Transferrin receptor
protein 1, serum form

Tetraspanin;CD63 antigen

Integrin beta-1
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ST3GAL1

TSPANG
MCAM
STX10
SLC30A1
HSD17B12
LAMP2
SLC38A2
NPR3
RTN4
ITGAS

IFITM3
FAM114A2
LAMP1
MRC2
SLC12A2
SRPRB
TUBA4A
VASN
TMEM245
TFRC

CD63
ITGB1

-0.92

-0.91
-0.90
-0.90
-0.85
-0.81
-0.81
-0.81
-0.80
-0.80
-0.80

-0.80
-0.75
-0.74
-0.74
-0.72
-0.70
-0.68
-0.67
-0.61
-0.12

-0.11
0.37

1.77

2.28
2.00
1.42
1.51
272
2.54
1.38
3.60
2.84
1.64

1.49
1.32
1.67
1.65
2.27
2.23
1.59
1.93
3.14
0.54

0.37
3.06
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Figure 7.1 TOPCONS analysis of human DAG1
Consensus prediction of membrane topology. Seq: amino acid sequence human of dystrogylcan
(Uniprot ID: Q14118) from amino acids 700-750; M: transmembrane; o: extracellular; i: intracellular
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