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Abstract

Sphingolipid transport between organelles has been increasingly studied during the last

years, and a large body of evidence points to protein-mediated sphingolipid transfer at
organelle contact sites. This is well characterized for sphingolipid transfer along the
biosynthetic pathway from the endoplasmic reticulum (ER) towards the plasma
membrane. However, the catabolic pathway is far less well studied. Here, a crucial but
unexplored step is the recycling of the sphingosine backbone upon lysosomal
sphingolipid degradation and its reintegration into the biosynthetic pathway at the ER.
In this study, | propose that the lysosomal cholesterol transporter STARD3 acts as a
sphingosine transfer protein at lysosome-ER contact sites to facilitate sphingosine entry
into the recycling pathway.

STARD3 has been previously described to tether lysosomes to the ER via its FFAT motif
that binds to ER-resident proteins. At this contact, its START-domain transfers cholesterol
from the ER to lysosomes to support endosome maturation and to maintain cholesterol
levels at the ER. | employed functionalized, photocrosslinkable sphingosine in intact cells
to show that STARD3 also binds to sphingosine. Functionally, | could show that
overexpression of STARD3 drives the sphingosine metabolism towards biogenesis of
higher sphingolipid species, such as sphingomyelin, while depleting cellular STARD3
levels results in a delayed sphingosine metabolism, which indicates STARD3 as a
lysosomal sphingosine exporter. This transfer is dependent on a functional FFAT motif,
consistent with sphingosine transfer taking place at the lysosome-ER contact site.
STARD3 FFAT mutation or drug-induced prevention of sphingosine entry into the
recycling pathway switches the sphingolipid metabolism towards the degradation
pathway. Finally, molecular simulations, mutational analyses, and cholesterol
competition studies revealed the START domain as a sphingosine transfer domain that
can either transfer cholesterol or sphingosine at lysosome-ER contact sites.

Overall, | hypothesize that STARD3 transfers sphingosine from the lysosome towards the
ER along a subcellular lipid gradient, potentially in exchange for the transfer of
cholesterol. As such, STARD3 is the first protein able to facilitate sphingosine exit from
lysosomes towards other organelles. This represents an important connection between
the catabolic and anabolic sphingolipid pathways and has wide-ranging implications for
future studies relating to lysosomal lipid efflux and sphingolipid-mediated processes in
health and disease.



/usammenfassung

Der Sphingolipid-Transport zwischen Organellen wurde in den letzten Jahren zunehmend
untersucht, und eine Vielzahl von Beweisen weist auf einen Protein-vermittelten
Sphingolipid-Transfer an Organellen-Kontaktstellen hin. Dies ist fir den Transfer von
Sphingolipiden entlang des Biosynthesewegs vom Endoplasmatischen Retikulum (ER) zur
Plasmamembran gut charakterisiert. Der katabole Weg ist jedoch weitaus weniger
bekannt. Ein entscheidender, aber unerforschter Schritt ist hier das Recycling des
Sphingosin-Riickgrats beim lysosomalen Sphingolipid-Abbau und seine Wiederein-
gliederung in den Biosyntheseweg am ER. In dieser Dissertation zeige ich, dass der
lysosomale Cholesterintransporter STARD3 als Sphingosin-Transferprotein an Lysosom-
ER-Kontaktstellen fungiert, um den Eintritt von Sphingosin in den Recyclingweg zu
erleichtern.

STARD3 wurde zuvor beschrieben, um Lysosomen, liber sein FFAT-Motiv, das an ER-
residente Proteine bindet, an das ER zu kniipfen. Bei diesem Kontakt Ubertragt seine
START-Domane Cholesterin vom ER zu den Lysosomen, um die Endosomenreifung zu
unterstitzen und den niedrigen Cholesterinspiegel des ER aufrechtzuerhalten. Ich
verwendete funktionalisiertes, photovernetzbares Sphingosin in intakten Zellen, um zu
zeigen, dass STARD3 auch an Sphingosin bindet. Funktionell konnte ich zeigen, dass die
Uberexpression von STARD3 den Sphingosin-Metabolismus in Richtung Biogenese
hoherer Sphingolipid-Spezies wie Sphingomyelin treibt, wahrend ein Abbau der
zelluldaren STARD3-Spiegel zu einem verzogerten Sphingosin-Metabolismus fuhrt, was
darauf hindeutet, dass STARD3 ein lysosomaler Sphingosin-Exporter ist. Dieser Transfer
hdngt von einem funktionellen FFAT-Motiv ab, was mit dem Sphingosin-Transfer
Gbereinstimmt, der an der Lysosom-ER-Kontaktstelle stattfindet. FFAT-Mutation oder
medikamenteninduzierte Verhinderung des Eintritts von Sphingosin in den Recyclingweg
schaltet den Sphingolipidstoffwechsel auf den Abbauweg um. SchlieRlich zeigten
molekulare Simulationen, Mutationsanalysen und Cholesterin-Kompetitionsstudien die
START-Domaéne als Sphingosin-Transferdomdne, die entweder Cholesterin oder
Sphingosin an Lysosom-ER-Kontaktstellen Gibertragen kann.

Insgesamt gehe ich davon aus, dass STARD3 Sphingosin vom Lysosom entlang eines
subzelluldren Lipidgradienten zum ER transportiert, moglicherweise im Austausch fir
den Transfer von Cholesterol. Als solches ist STARD3 das erste Protein, das in der Lage
ist, den Austritt von Sphingosin aus den Lysosomen zu anderen Organellen zu erleichtern.
Dies stellt eine wichtige Verbindung zwischen den katabolen und anabolen
Sphingolipidwegen dar und hat weitreichende Auswirkungen auf zukiinftige Studien in
Bezug auf lysosomalen Lipidflux und Sphingolipid-vermittelte Prozesse in Gesundheit
und Krankheit.
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Chapter | - Introduction

Chapter | — Introduction

1.1 Cells, organelles, and the secretory pathway

Cells are the smallest units of life that can live autonomously. They can either exist as
single-cell organisms such as yeast or bacteria or build multicellular structures to form
tissues, organs, and as the supreme authority, entire organisms!. Since these
multicellular structures fulfill a wide range of functions, different cell types have evolved.
For example, brain tissue mainly consists of neurons that characteristically communicate
via electrical and chemical signals to ensure a rapid transfer of biological signals?. In
contrast, adipose tissue is mainly built of adipocytes that primarily store and mobilize
lipids, such as triglycerides, to control energy homeostasis®. Consequently, the shape,
size, and metabolic behaviour of specialized cell types differ according to their function.
For example, neurons form long, slender, and highly branched cell shapes to reach other
neurons for forming synapses®, whereas adipocytes exhibit round shapes that can

expand during overnutrition to 100 um in diameter for storing lipid excess®.

However, most eukaryotic cell types share basic cellular organelle structures, including
the nucleus, the endoplasmic reticulum (ER), ribosomes, the Golgi apparatus, and
mitochondria. Every organelle has characteristic tasks that are highly adaptable to
environmental changes such as nutrition state or stress®’. Hence, an exchange of
nutrients and other cellular components, such as lipids, is indispensable to respond to
these changes in a highly dynamic way. This exchange happens via organelle interaction
either through vesicular trafficking or through membrane contact site formation where

membranes of different organelles come in close apposition2.

The ER is a well-understood system for organelle adaptability and interaction.

Noteworthy, it is the largest membrane-bound organelle in the cell, comprising tubules
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and sheet-like cisternae extending from the nuclear envelop to the cellular periphery®°,
Unsurprisingly, it interacts with all membrane-bound organelles of the cell, including the
plasma membrane®!!, lysosomes!?*4, and the Golgi apparatus®>?’. Besides this direct
interaction via membrane contact sites, the ER plays a crucial role in the secretory
pathway. A large number of lipids are synthesized in the ER, and approximately 30 % of
all cellular proteins are directly recruited to the ER after their ribosome-mediated
synthesis®®. If they do not stay in the ER membrane or lumen, they need to be supplied
to target organelles mainly facilitated by the secretory pathway?°. The first step in the
secretory pathway is the recruitment of chaperones to the ER, which catalyze the folding
of proteins into tertiary and quaternary structures?®. Afterwards, protein-coated carriers,
such as the coat protein complex Il (COPII) vesicles, transfer the processed proteins from
the ER to the Golgi apparatus. This transfer is mediated via an ER-Golgi intermediate
compartment (ERGIC), defined as an independent structure which is not continuous with
the ER or the Golgi apparatus?!. The opposite transport route is mediated by COPI
vesicles to return the cargo from the Golgi to the ER. This vesicle-mediated transport

between the ER and the Golgi is known as the early secretory pathway (Figure 1.1a) 2.

In contrast, cargo secretion proceeding from the Golgi to target organelles such as
lysosomes and the plasma membrane is described as the late secretory pathway (Fig.
1.1b). The Golgi apparatus comprises cis, medial, and trans compartments, each
containing a specific composition of enzymes?3. ER-derived vesicles deliver the proteins
to the cis face. There, the vesicles fuse via the soluble NSF-attachment protein receptor
(SNARE)-complex formation with the cis Golgi membrane to release the cargo into the
Golgi lumen?*. Inside, released proteins pass through the Golgi towards the trans face
while undergoing processing via glycosylation and other modifications?. Once arrived at
the trans compartment of the Golgi, also named trans Golgi network (TGN), the cargo
proteins are recognized by the luminal domains of specific transmembrane receptors
recruited to the TGN. The cytosolic site of these receptors is often associated with cargo
adaptors which recruit clathrin, a class of proteins involved in many mechanisms of
membrane movement?®. Accordingly, clathrin-coated vesicles (CCV), containing the

highly modified cargo, derive from the TGN. Subsequently, the cargo is transferred in a

2
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vesicle-dependent manner to target organelles such as lysosomes and endosomes.
Moreover, the plasma membrane is one of the final acceptors of delivered cargo since
approximately 11-15 % of all human proteins are secreted to the extracellular space and
around 10 % localize to the plasma membrane. However, unlike other pathways such as
CCV-mediated cargo transfer from the TGN to lysosomes, there is still no universal
molecular machinery found that drives the formation, translocation, and fusion of TGN
to plasma membrane carriers?’. However, a few TGN-derived transfer vesicles, such as

Arfl-positive?®, Lamp1-RUSH?°, and Rab6-positive3®3! carriers, have been identified.

A B
early secretory pathway

late secretory pathwa

Golgi D Golgi-PM
apparatus /\ carrier
{‘ o) @ PM

@® N

Golgi

el >
apparatus )

lyso-/endosomes

cytosol

Figure 1.1: The secretory pathway. A| Early secretory pathway - Vesicular transfer between ER and
Golgi apparatus. B| Late secretory pathway - clathrin-dependent and clathrin-independent
vesicular transfer from Golgi apparatus to lyso-/endosomes or the PM, respectively.

Not only proteins are secreted via the secretory pathway, but also lipids need to be
supplied from the ER to target organelles. In contrast to well-studied protein secretion,
lipid sorting into vesicles is only poorly understood so far32. Besides vesicle-mediated
lipid transfer, lipid sorting has been suggested to also happen at membrane contact sites.

3
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However, single lipid species have also been shown to regulate vesicle-mediated cargo
transfer. In particular, sphingomyelin (SM) 18:0 has been shown to interact with p24, a
protein involved in COPI vesicle biogenesis, to regulate COPI vesicle budding and
retrograde transport from the Golgi to the ER. In the late secretory pathway, a few
specific lipid carriers have been identified so far?’. One example are the SM carriers. SM
is a complex sphingolipid that is a major component of the plasma membrane. It has
been either found in lipid rafts, microdomains densely packed with lipids such as
cholesterol and SM3*3%, or as a precursor for ceramide (Cer), a bioactive sphingolipid
species involved in many signaling processes3®3’. However, SM is synthesized at the Golgi
apparatus®, and, in consequence, it needs to be transported to the plasma membrane.
To this end, a specific class of TGN-derived vesicles has been identified to transfer SM to
the plasma membrane in a highly efficient manner?’. These SM-rich carriers have a high
abundance of Cab45 (calcium-binding protein 45), a calcium-sensing protein which
localizes to the luminal side of the TGN3°. Cab45 oligomerization is triggered by a luminal
calcium flux originated from SPCA1 (secretory pathway calcium ATPase 1) that leads to
sorting of SM into secretory carriers and its transfer to the plasma membrane*. Taken
together, a highly regulated protein sorting machinery is required to ensure accurately
packaging of the right cargo into the correct carrier and its transfer towards the correct

organelle?,

In summary, the secretory pathway is a major transfer route for cellular building blocks
to transport them in a highly dynamic manner to their target destination for
incorporation into cellular structures, specific pathways, or signaling cascades. To
maintain cellular homeostasis and ensure intracellular exchange of lipids, proteins,
carbohydrates, and other molecules such as vitamins, a tremendously specific

functioning of cells and organelles is required.
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1.2 Lysosomes

Lysosomes are membrane-bound organelles that were discovered in 1955 by Christian
de Duve*’. A mammalian cell contains 50 to 1000 lysosomes distributed in the entire
cytoplasm, although they have a higher concentration in the perinuclear region®. It has
been found that lysosomes are exceedingly dynamic structures that can move from the
cellular periphery to the perinuclear region and vice versa along microtubule tracks*?3,
Their movement depends on several factors, such as immobilization through interaction
with perinuclear ER* and the Golgi apparatus* or mobilization by interaction with
microtubule motors*®#’. Interestingly, the nutrient state of the cell also affects lysosomal
positioning and also the number of lysosomes per cell. Furthermore, lysosomal lipid and
protein compositions are actively controlled by the cell to respond to environmental

changes*2. This highly regulated adaption to the cellular environmental state suggests

lysosomes as complex organelles having multiple functions.

1.2.1 Lysosome maturation and properties

Lysosomes comprise two major protein classes: soluble hydrolases for degrading specific
substrates and integral lysosomal membrane proteins (LMPs), which mainly reside in the
limiting membrane of lysosomes. In mammalian cells, around 25 LMPs with diverse
functions have been identified so far*:. Their functions range from substrate im- and
export from the cytosol to the lysosomal lumen (and vice versa), acidification of the

lysosome, and tethering organelle membranes®.

These proteins, since not synthesized in lysosomes, need to be recruited to lysosomes
during lysosome biogenesis. Therefore, they can either be directly transported from the
TGN to lysosomes or indirectly through an intermediate transfer from the TGN to the

plasma membrane, followed by subsequent endocytosis>.

Incoming material from endocytosis enters the endocytic pathway starting with early
endosomes (EEs) that are considered as the initiation point in endosome maturation.
How EEs receive the cargo is not fully understood yet, but it is anticipated that their

membrane structures and luminal composition derive from the fusion of endocytic

5
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vesicles®!. EEs receive incoming vesicles and recycle the vesicular membrane and cargo
rapidly. Sometimes the entire vesicle, including its membrane and cargo, is retained
inside the endosomal lumen and stays there over the entire maturation process®?. EEs
can mature to ‘recycling’ endosomes which represents the first and most crucial step in
cargo sorting and its recycling circuit with the plasma membrane. There, exocytic vesicles
are fused with the plasma membrane and release their cargo to the extracellular space

via exocytosis (Fig. 1.2)°3.

pH gradient in endosome maturation eytosol PM

5.0 6.2

it
i : @ endocytosis
d O early ‘\ P
endosome i
O @ End.ocytlc
vesicle

late endosomes/
lysosomes

Golgi, ER, recycling
ete. endosome

. exocytosis

vesicle

:.. { e
o
Exocytic

Secretory vesicle

Figure 1.2: Lysosomal maturation including endo- and exocytosis. Endocytic vesicles take up
incoming material and further process it during endosome maturation or recycle it via exocytic
vesicles.

If EEs are not converted to recycling endosomes, they mature into late endosomes (LEs).
This process is initiated by the recruitment of the cytosolic protein Rab5°*. Endosomal
maturation is regulated by sequential recruitment of different Rab GTPases such as Rab7,
which is a key component of LEs. This sequential shift of Rab proteins is referred to as

Rab conversion>>°5,

6

However, not only protein recruitment defines endosome
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maturation, but the pH decrease of the endosomal lumen is also relevant. Prominently,
the V-ATPase, a multi-subunit proton pump, is involved in the acidification of
endosomes. The pH values range from 6.2 to 5.5/5.0 in EEs and LEs/lysosomes,

respectively®’.

The pH also plays an important role in the main function of lysosomes: the digestion of
macromolecules. Lysosomes contain over 50 different soluble hydrolases that degrade
all kinds of nutrients, such as proteins, carbohydrates, lipids, as well as DNA and RNA>®,
Therefore, lysosomes are often referred to as the trashcan of the cell. Many lysosomal
hydrolytic enzymes are activated by the low pH values inside the lysosomal lumen,
indicating the pH gradient from EEs to LEs as a control point for the lysosomal
macromolecular digestion®®. Notably, the pH-dependent activation of lysosomal
degradative enzymes also serves as a cellular protective system; even if lysosomal
membranes are defective so that lysosomal hydrolases are released into the cytosol, they
cannot digest cytosolic nutrients due to the neutral pH prevailing there®. However,
deficiencies or mutations in lysosomal hydrolases or membrane proteins are often
associated with severe neurodegenerative and metabolic diseases summarized as

lysosomal storage disorders®°.

1.2.2 Lysosomal involvement in cellular processes

Even if macromolecular digestion is still assumed as the main lysosomal function, it has
been discovered that lysosomes are also involved in many other cellular processes,

including metabolic signaling, gene regulation, cell adhesion, and migration®®.

A prominent example is the lysosomal interaction with the mechanistic target of
rapamycin complex 1 (mTORC1), a protein kinase that serves as a master regulator of
cellular growth®. In its active state, mTOR associates with the lysosomal surface and
senses amino acid®, glucose®, and insulin® levels to promote the biogenesis of proteins,
lipids, and organelles®®. In starvation conditions, when nutrient levels are low, mTORC1
is inactive and dissociates from lysosomes®’. When this happens, mTORC1 can no longer

phosphorylate downstream targets, such as the transcription factor EB (TFEB), which
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induces its subsequent translocation to the nucleus®®. There, TFEB regulates the
transcription of genes involved in autophagy and lysosomal biogenesis and thereby
initiates the fusion of lysosomes and autophagosomes, which promotes cargo

degradation®®. Additionally, TFEB influences lysosome-mediated exocytosis®.

In summary, lysosomes have crucial and highly controlled functions in the degradation
and recycling of macromolecules but also play critical roles in many other cellular
processes, such as cellular nutrient sensing. All these observations lead to the

assumption that lysosomes are more than a hub for macromolecular digestion.

1.3 Lipids are essential cellular building blocks

Lipids are a very heterogeneous group of natural substances. They are important for
energy storage on the physiological level as well as for signaling processes and as
structural components on the cellular level. One mammalian cell is estimated to contain
approximately 1,000 lipid species’®, but more than 37,000 different lipids, varying in their
backbone, chain length, saturation, or headgroups, have been identified so far’!. These
lipids can be allocated to three major lipid classes: glycerolipids, sphingolipids, and

sterols (Fig. 1.3).

Glycerol lipids are composed of a glycerol-3-phosphate backbone that can be mono-, bi,
or tri-substituted with long-chain acyl or alkyl groups and/or an additional polar alcohol
headgroup’®”®. The most common glycerolipid species are the triacylglycerols (TAGs)
containing tri-substituted fatty acid esters. TAGs are mainly involved in tissue fat storage
and are therefore often found in adipocytes’. Another example of glycerolipids is
phosphatidylcholine (PC). PC is the most abundant glycerolipid species in mammalian
cells and represents over 30 % of the total cellular lipid content. Structurally, it has a
choline headgroup attached at sn-3 and two fatty acid chains at sn-1 and sn-2 to the

glycerol backbone™.
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glycerolipids

sphingolipids

sterols

Figure 1.3: Major groups of mammalian lipids. Depicted are a 1,2-Diacylglyceride species, a Cer
species, and cholesterol as an example for the glycerolipids, sphingolipids, and sterols,
respectively. The R signifies variable headgroups.

Sterols share a conspicuous four-ring backbone often substituted with an alcohol group
at position 3 of ring A. The best-known sterol species of mammalian cells is cholesterol.
Cholesterol is a 27-carbon molecule containing the typical four-ring system, a hydroxy
group, and a hydrocarbon tail’®. It maintains membrane fluidity and serves as a precursor
for steroid hormones, bile acid, and vitamin D677, Cholesterol can be either de novo

synthesized from acetyl-CoA in the ER lumen or derived from dietary resources’.

Sphingolipids are constructed of a sphingoid base backbone. In mammalian cells, this
sphingoid base is sphingosine (Sph). Sph is an 18-carbon amino alcohol with an
unsaturated hydrocarbon chain. It can be amide linked to distinct fatty acids and
substituted with various headgroups and serves therefore as the precursor for all

complex mammalian sphingolipids such as ceramide (Cer) or sphingomyelin (SM)7°.
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1.3.1 The sphingolipid network

Sphingolipids are essential in many different cellular processes due to their structural
diversity. For example, they serve as membrane building blocks and bioactive lipids in

many signaling cascades’.

On the cellular level, sphingolipids are de novo synthesized at the cytosolic leaflet of the
ER. Several enzymes, including the serine palmitoyltransferase (SPT) convert cytosolic
serine and palmitoyl CoA molecules into 3-ketohydrosphingosine (kdhSph)®. Next, its
ketone group is reduced to a hydroxyl group by the 3-ketodihydrosphingosine reductase
(KDSR) in an NADPH-dependent manner’. The resulting dihydrosphingosine (dhSph) is
further acylated by six related (dihydro-) ceramide synthases (CerS) referred to as CerS1-
6 to form dihydroceramide (dhCer)?L. The subsequent induction of a double bond by the
action of a sphingolipid desaturase (DES) releases Cer, the precursor for all complex

sphingolipids™.

Cer is a highly hydrophobic molecule that tends to reside in membranes, for instance, in
the ER membrane, which is also the organelle it is synthesized in®2. On the one hand, if
Cer is not directly transferred to the Golgi, ceramide galactosyltransferases can attach
UDP-galactose to the 1-hydroxyl moiety of Cer to produce galactosylceramide (GalCer),
which is a precursor for sulfatides®. On the other hand, Cer mobilization from the ER to
the Golgi membrane follows two different trafficking routes, either through vesicular
transport® or by direct transfer at ER-Golgi contact sites using the Cer transfer protein
(CERT)®>. Upon Cer arrival at the Golgi apparatus, complex sphingolipids such as
glycosphingolipids (GSLs) and SM are made. Notably, simple GSLs, such as
glucosylceramide, are synthesized at the cytosolic surface of the Golgi apparatus, while
SM is synthesized in the Golgi lumen?®. This suggests a distinct ER to Golgi Cer transfer

dependent on its target destination.

The first step in GSL production happens at the cis-Golgi complex, where UDP-glucose is
attached to the 1-hydroxyl group of Cer. This first glycosylation step is catalyzed by the
glucosylceramide synthase (GCS) and results in GlcCer, the simplest GSL, having only one

sugar residue headgroup®. Multiple sugar residues can attach to this first glucose
10
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resulting in complex GSLs. GSLs are exported to the extracellular leaflet of the plasma

membrane, having crucial functions in cell-cell recognition processes®.

plasma membrane
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Figure 1.4: The sphingolipid network. From sphingolipid de novo synthesis at the ER, to the
biosynthesis of complex sphingolipids at Golgi, ER, and PM, to sphingolipid catabolism in lysosomes
and their breakdown to non-sphingolipids.

SM is the most abundant sphingolipid in mammalian cells. Cer is transported to the trans-
Golgi complex, where sphingomyelin synthase (SMS) 1 and 2 are located. However, SMS2
is also known to reside in the plasma membrane’. SMSs are anchored in the Golgi or
plasma membrane via six transmembrane domains, facing the catalytic domain towards
the Golgi lumen or the extracellular space, respectively. There, SMSs catalyze the
reaction of phosphocholine (originated from PC molecules) and Cer to SM and

diacylglycerol (DAG). Since SMSs regulate the levels of PC, Cer, SM, and DAG (four

11
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important bioactive lipids), at the same time, it has been proposed to have an essential

role in regulating cellular fate®®,

Even though Cer is preferentially incorporated into complex sphingolipids, it can also be
phosphorylated at its hydroxyl group resulting in ceramide-1-phosphate (C1P). Ceramide
kinases (CERK) activate this reaction at the trans-Golgi complex, favoring Cers having a
chain length greater than C12%. It has been shown that C1P transfer to the plasma
membrane happens in a vesicular-dependent manner through the secretory pathway.
The exact role of C1P is still unclear, but it has been reported that C1P phosphatases

potentially dephosphorylate C1P back to Cer at the plasma membrane®.

Sphingolipid homeostasis requires a carefully regulated degradation process. SM
degradation is catalyzed by sphingomyelinases (SMases) that are categorized into three
main classes based on their pH optimum: acid SMases, alkaline SMases, and neutral
SMases’®. Acid SMases have a low pH optimum and are therefore predominantly located
in lysosomes®?. Neutral SMases, which can be subclassified in SMase 1 and 2, are found
in several organelles, including the plasma membrane, Golgi complex, ER, nucleus,
mitochondria, and recycling compartments3”°2-4, Acid and neutral SMases are found in
most mammalian tissues, while alkaline SMases are exclusively expressed in intestines
and liver tissues®. Yet, all SMases promote the hydrolysis of the phosphocholine

headgroup resulting in Cer.

Similar to SMases, the degradation of Cer is performed by three different ceramidases:
acid, neutral, and alkaline ceramidases. Following the previous argumentation, acid
ceramidases mainly reside in lysosomes and neutral ceramidases in the plasma
membrane. Alkaline ceramidases differ in their subcellular localization™. They cleave off

the fatty acid and release the free Sph backbone.

Sph can either follow a sphingolipid recycling process, termed the salvage pathway, or it
can be degraded to non-sphingolipid molecules. Prior to degradation, Sph is
phosphorylated to sphingosine-1-phosphate (S1P) by the action of sphingosine kinase 1
(SphK1). However, the exact mechanism of how SphKs phosphorylate Sph is not fully

12
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understood yet, but it is known that cellular S1P levels are kept low by spatio-temporal
regulation®. Two SphK isoforms have been identified so far: SphK1 and 2. Both kinases
work in a contrary fashion. On the one hand, stimulation of SphK1 results in S1P
production, which has been implicated in mitotic and anti-apoptotic effects®”-%. On the
other hand, stimulation of SphK2 has been connected to suppressed growth and
enhanced apoptosis®1%, Additionally, SphK2 overexpression has been reported to
regulate Sph entry into the recycling pathway by increasing palmitate, which serves as
substrate for CerS'®, These different functions can be potentially connected to their
different subcellular localization. While SphK1 predominantly remains in the cytosol,
SphK2 was reported to partly co-localize with the ER!, the nucleus, and the perinuclear

region’®.

To introduce Sph into the salvage pathway, it has been reported that Sph
phosphorylation and dephosphorylation by a concerted activation of SphK2 and S1P
phosphohydrolase 1 (SPP-1) regulate the recycling of Sph into Cer®®. Notably, SphK2 was
reported to have an enhanced ability to recycle Sph for Cer production compared to
SphK11%, Besides regulation via phosphorylation, Sph needs to be transported to the ER
where CerS is located. How this transport from lysosomes to the ER is managed is still
unclear, but incorporating recycled Sph into Cer and complex sphingolipids such as SM is

tremendously important to maintain cellular sphingolipid levels®?,

As already mentioned, Sph phosphorylation is also crucial in the Sph breakdown
pathway. S1P is recruited to the ER, where the sphingosine-1-phosphate lyase (S1PL) is
exclusively located. It has a single transmembrane domain and a catalytic site facing the
ER’s cytosolic leaflet. There, it receives S1P and cleaves the sphingoid backbone
irreversibly, resulting in hexadecenal and phosphoethanolamine (PE)%2. This reaction is
the final step in sphingolipid degradation and the only exit from the sphingolipid

metabolism (Fig. 1.4).
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1.3.2 Lysosomal lipid storage diseases

Lipid storage diseases, often termed lipidoses, are inherited metabolic disorders where
distinct lipid species accumulate in cells or tissues!®®. These accumulations stem from
dysfunctions in metabolic enzymes involved in lipid degradation or transport. Typically,
the affected lipids end up in the lyso-/endosomal compartment of the cell leading to the
disease being referred to as lysosomal storage disorders. Around 50 different genetic
disorders have been characterized so far. Many of them affect various organs leading to

severe symptoms and premature death%,

Lipidoses can be grouped into two major classes: sphingolipidoses and lipidoses in which
other lipids than sphingolipids accumulate. Sphingolipidoses are always related to a
defect in sphingolipid metabolism, while the others affect the lipid metabolism of non-
sphingolipids, such as cholesterol!®>, Some of the initially discovered sphingolipidoses,
such as Gaucher disease, Farber disease, Niemann-Pick (type A and B) disease, Krabbe
disease, and Fabry disease, are characterized by defects in enzymes from the
sphingolipid catabolism and store unnatural amounts of sphingolipids in lysosomes (Fig.
1.5) 1%, Gaucher disease is caused by a deficiency of glucocerebrosidase, a lysosomal
enzyme needed for GlcCer degradation. As a result, GlcCer accumulates in lysosomes'?’.
Patients of Farber’s disease have defects in lysosomal acid ceramidases, which leads to
Cer accumulation'®®. Niemann-Pick disease occurs in three different phenotypes. Type A
and B affect the acid SMase resulting in SM storage, while Niemann-Pick type C disease
does not belong to the sphingolipidoses®. Both, Krabbe and Fabry disease have
deficiencies in enzymes of the galactosphingolipid pathway. Krabbe disease is
characterized by a defect in the galactocerebrosidase, resulting in the accumulation of

110 patients of Fabry disease

galactosylsphingosine (GalSph), a lyso-derivative of GalCer
have a deficiency in alpha-galactosidase, forcing the accumulation of

globotriaosylceramide, a complex glycosphingolipid, based on GalCer!®,
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Figure 1.5: Important sphingolipidoses. Lysosomal storage disorders, their enzyme deficiencies,
and integration into the sphingolipid metabolism.

Lysosomal storage diseases belonging to non-sphingolipid storage disorders are
Wolman’s disease and Niemann-Pick type C disease. In these diseases, cholesterol esters

112-114 ‘Moreover, mucopolysaccharidoses (MPSs)

and cholesterol are stored in lysosomes
also belong to the class of non-sphingolipid storage disorders. These patients have
deficiencies or malfunctions in enzymes necessary for carbohydrate breakdown, leading

to storage of incompletely degraded substrates!?®.

Nowadays, many of those lipidoses can be treated with therapeutical approaches such
as enzyme replacement therapy (ERT), cell-mediated therapy (CMT), gene therapy,

enzyme enhancement therapy, or substrate reduction therapy (SRT)%.

1.4 Cellular lipid transfer

As already mentioned in chapter 1.1, lipids can be transported via the secretory pathway.
However, this vesicle-mediated lipid transfer is relatively slow, and furthermore,

organelles that are not connected to the secretory pathway, such as mitochondria, need
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an alternative lipid transfer route. Therefore, lipids can be rapidly transported from
organelle to organelle by lipid transfer proteins (LTPs). This transfer is much faster and

more efficient than transfer through the secretory pathway?!!°.

1.4.1 Lipid transfer at membrane contact sites

LTPs primarily act at membrane contact sites (MCSs), regions where membranes of two
different organelles come in close proximity to accelerate lipid transfer over a short
distance!'’. The first LTPs have been described in the late 1970s''811° but the
understanding of their physiological functions and regulations has only deepened in the
last 20 years'?®, Besides lipid transfer via LTPs, other lipid transfer mechanisms have
been observed at biological membranes: spontaneous monomeric lipid exchange, lateral
diffusion, and trans bilayer flip-flop mechanisms*?%. Yet, lipid transfer via LTPs is the most
directed transfer that can even happen against the subcellular lipid concentration
gradient!?2123, More than 125 genes encode for at least ten families of LTPs*?*. They are
characterized by the structure of their lipid-binding domain that differs according to the
lipid species they bind to. For example, the MD-2-related lipid recognition (ML) domain
is mainly composed of B-strands'?®>, while the pocket of the oxysterol-binding protein
(OSBP), StAR-related lipid-transfer (START), and Niemann-Pick C1 consist of both B-
strands and a-helices'?6128, All lipid-binding domains are equipped with a hydrophobic
cavity that stabilizes the lipid in the gap between the two membranes %6, Besides the
flexible lipid-binding domain, some LTPs are anchored in the donor or acceptor
membrane via several transmembrane domains. Others are soluble proteins that need
to be recruited to target organelles. However, many LTPs bind MCS-localized proteins

that serve as a tether to stabilize the contact between the two membranes!?’.

One highly conserved protein family that serves as a tether at many contact sites is the
vesicle-associated membrane protein (VAMP)-associated protein (VAP) family. They are
located in the ER membrane via a single transmembrane domain. Notably, the ER is
involved in a majority of contacts due to its characteristical distribution throughout the
entire cell!?®. Two different VAP proteins have been identified so far, VAPA and VAPB.

They share a 63 % sequence similarity and are discovered to form homo- or
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heterodimers*°. Besides their C-terminal transmembrane domain, they consist of an N-
terminal motile sperm protein (MSP) domain, facing towards the cytosol and a central
coiled-coil region. It has been shown that a GXXXG motif present in the transmembrane
domain and the coiled-coil region mediate VAP oligomerization!3%132 while the MSP
domain is essential for protein-protein interaction*3. It binds to the FFAT (two
phenylalanines in an acidic tract) peptide motif that is highly conserved in many LTPs.
Recently, it has been shown that the phosphorylation of some residues within the FFAT

motif is involved in MCS formation and lipid transfer34,

One example of LTPs interacting with VAPs is CERT (also named STARD11). CERT is a
soluble protein that transfers Cer at ER-Golgi contact sites. CERT has several functional
domains and motifs, including a START domain for lipid-binding, a pleckstrin homology
(PH) domain that targets the Golgi apparatus via phosphatidylinositol phosphates (PIPs),
a serine repeat motif that is involved in regulating CERT activity, and an FFAT motif that

binds to VAPs at the ER surface®3®.

VAPs are not the only proteins able to interact with FFAT or FFAT-like motifs. More
recently, the MSP domain-containing proteins (MOSPD) 1, 2, and 3 have been identified
as ER-resident proteins also interacting with different variants of the FFAT motif. While
MOSPD2 seems to interact with similar FFAT motifs as the VAPs, MOSPD 1 and 3 prefer
to contact FFNT (two phenylalanines in a neutral tract) motifs3¢. FENT motifs belong to
the category of FFAT-like domains that lack the acidic characteristics of a classical FFAT
motif'¥’. These minor changes open a door for novel, highly specific protein-protein

interactions at MCSs.

Lysosome-ER contact sites have been extensively studied in context to lipid
transfer in the past years. Several lysosomal proteins or proteins that are
recruited to lysosomes have been identified to contribute to lysosome-ER
contact site-mediated lipid transfer. All currently known lysosomal and
lysosomal recruited lipid transfer proteins acting at lysosome-ER contact sites are

shown in table 1.
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Table 1: Lyso- and endosomal (recruited) lipid transporters acting at lysosome-ER contact

sites in mammalian cells.

Name Transported | Lysosomal targeting ER targeting | References
lipid
LIMP2 Cholesterol, | Anchored in the lysosomal unknown 138-141
(SCARB2) PS, Sph membrane with 2
transmembrane domains,
builds homodimers
ORP1 Cholesterol, | Recognizes PIPs and binds VAPs 142
PI(4)P to Rab7
ORP1L Cholesterol | Recognizes PIPs and binds VAPs, 14,143-145
to Rab7 MQOSPD2
ORP6 Cholesterol | Recognizes PIPs VAPs 146
ORP10 PI(4),PS Recognizes PIPs Dimerizes 147,148
with ORP9,
which binds
to VAPs
OSBP Cholesterol, | Recognizes PIPs VAPs 149
PI(4)P
STARD3 | Cholesterol, | Anchored in the lysosomal VAPs, 150-152
(MLN64) Sph? membrane with its MOSPD2
MENTAL domain
NPC1 Cholesterol, | Anchored in the lysosomal GramD1b, 112,140,153-155
Sph membrane with 13 ORP5
transmembrane domains
VPS13C | glycerolipids | WD40 module VAPs 156,157

The fact that cholesterol transport at lysosome-ER contact sites has been broadly
studied, but other lipids, such as sphingolipids, have been barely investigated is due to
only recently upcoming tools that allow investigations of especially sphingolipid-protein
interactions'#%1%8-180 |t js highly likely that gradually more lipid transfer proteins, besides

the proteins shown in table 1, will be identified.

1.4.2 The lysosomal lipid transfer protein STARD3

The StAR-related lipid transfer protein 3 (STARD3) was originally discovered in the early

1990s. The study aimed to find new genes involved in breast cancer by screening several
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unknown cDNAs isolated from a pool of metastatic lymph nodes (MLN) derived from
breast cancers. Clone number 64 was identified as STARD3, which was originally named
MLN641, STARD3 was found to be overexpressed in all breast cancer tumors that are
positive for the epidermal growth factor receptor 2 (HER2) oncogene, but only very low
amounts were found in other tissues and cell lines®2, In the late 1990s, it was found that
STARD3 shares a functionally conserved domain with a steroidogenic acute regulatory
(StAR) protein?®3, This finding established the StAR-related lipid transfer (START) protein

familyt64-168,

Notably, in the early 2000s, STARD3 was for the first time associated with lysosomal
localization®. Alpy et al. (2013) established that STARD3 has an ER-lysosome tethering
activity. Electron, as well as immunofluorescence microscopy experiments, showed that
ER-lysosome contact sites are expanded in cells overexpressing STARD3. Furthermore,
these contacts are dependent on STARD3-VAP interaction and mutating the residues
K94D and M96D in the MSP domain of the VAPs abolished the binding to the FFAT motif

of STARD3 and thereby impairing the lysosome-ER contact site formation*2.

Additionally to STARD3-VAP interaction, the FFAT motif of STARD3 has also been shown
to interact with MOSPD2, but not MOSPD1 or 3%3®, This interaction has not been
extensively studied yet, and it is still unclear if STARD3-MOSPD2 contact has different

functions compared to STARD3-VAP interaction.

Structurally, STARD3 consists of three different domains or motifs: the MLN64-N-
terminal (MENTAL) domain, an FFAT motif, and a START domain. The MENTAL domain
comprises four transmembrane domains that anchor STARD3 in the limiting membrane
of lysosomes. This domain is also found in STARD3 N-terminal-like (STARD3NL) proteins
that have been shown to have similar functions as STARD3'°, The START domain of
STARD3 is, as already mentioned in chapter 1.4.1, an approximately 210 residue-sized
domain facing towards the cytosol. It is folded in a-helices and B-strands that build a
hydrophobic cavity inside the protein. Molecular simulation studies have shown that
cholesterol perfectly fits in this hydrophobic tunnel, which suggests STARD3 as a

cholesterol transfer protein'’®,
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Figure 1.6: Structure of STARD3 and VAP. Stard3-dependent cholesterol transfer at lysosome-ER
contact sites.

Indeed, STARD3 has been reported to transfer cholesterol at lysosome-ER contact sites.
Wilhelm et al. (2017) used two different approaches to show that STARD3 was indeed a
cholesterol transporter. On the one hand, they overexpressed the entire STARD3 protein
in cell-based studies and characterized its impact on cellular cholesterol distribution. On
the other hand, they used the purified START domain of STARD3 and VAPs to reconstitute
lysosome- and ER-like liposomes, respectively, to visualize cholesterol transfer between
those in vitro. In detail, for their cell-based studies, two different fluorescent probes to
quantify free cholesterol inside cells showed that STARD3 overexpression promoted
cholesterol accumulation inside lysosomes, indicating a STARD3-dependent cholesterol
transfer from the ER towards the lysosome. This cholesterol accumulation inside
lysosomes was not found in cells overexpressing three different STARD3 mutants. The
first one, a truncated STARD3, completely abolishes the entire START domain, the second
has only 2 residues of the START domain mutated, namely M307R and N311D (MR/ND),
and the third one, contains two mutations in the FFAT motif, namely F206A and Y209A

(FA/YA). These findings indicate that both the START domain, more detailed the highly
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conserved M307/N311 residues inside the hydrophobic cavity and the lysosome-ER
contact site formation, impaired in the FA/YA mutant, are essential for STARD3-
dependent cholesterol transfer’>®, This mechanism is suggested to maintain consistent
cholesterol levels at the ER and to support the formation of lysosomal membranes, such

as intraluminal vesicles (ILVs)'72.

Interestingly, not only the START domain is able to bind cholesterol, but also the MENTAL
domain. This binding is suggested to serve as a mechanism to maintain cholesterol levels

in the limiting membrane of lysosomes prior to its transfer to cytosolic acceptors*2,

Notably, STARD3 has also been shown to transfer cholesterol from lysosomes towards
the ER. Meneses-Salas et al. (2020) reported that an AnxA6 deficiency in NPC1 mutant
cells triggers a STARD3-dependent cholesterol transfer from lysosomes to the ER. This
demonstrates that STARD3 could act as a bidirectional cholesterol transporter at

lysosome-ER contact sites'’3,

Furthermore, STARD3 has been shown to mediate lysosome-mitochondria contacts that
are enriched in NPC1 knock-out cells. This contact could serve as an alternative
cholesterol transfer route to rescue the lysosomal cholesterol accumulating phenotype
in NPC1 patients!'>174, Therefore, STARD3 overexpression has been associated with a

high cholesterol content in a number of distinct organelles such as the plasma

175 174

membrane’’> and mitochondria

Surprisingly, STARD3 has been also associated to interact with sphingolipids. Hoglinger
etal. (2017) performed a chemoproteomic profiling approach to investigate lipid-protein
complexes. They screened for proteins interacting with sphingolipids, fatty acids, or
DAGs. To this end, they used trifunctional lipids and revealed STARD3 to be uniquely
identified with TFS. This screen suggests STARD3 not only as cholesterol-binding protein,

but also to potentially interact with other lipids such as sphingolipids®>.

This finding leaves many open questions, such as which domain of STARD3 interacts with
sphingolipids? Does STARD3 actively transports sphingolipids? Which sphingolipid

species is transported by STARD3? And does this transfer occur at lysosome-ER contact
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site, potentially in exchange for cholesterol? All these open questions lead us to

investigate STARD3-sphingolipid interactions more closely.

1.5 Functionalized lipids as a tool to investigate intracellular

signaling
Historically, it was difficult to study lipids in their natural environment for a very long

time due to missing tools. Several strategies have been developed to overcome this

challenge in the last few decades.

The fact that lipids are relatively small molecules compared to other naturally occurring
substances, such as proteins, is one of the most challenging issues in studying lipids.
Therefore, large modifications such as fluorescent peptide tags (as they are used in
protein biochemistry), are not feasible since they would dramatically change the
metabolic behavior and biophysical properties of lipids. Additional challenges are faced
due to the high diversity among lipids. In consequence, universal tools to apply to all
lipids are lacking. Moreover, lipids are rapidly metabolized, making it difficult to trace

them through the cell in real-time.

To overcome these challenges, fluorescent lipids, that have a relatively small fluorescent
group attached, have been developed. Fluorescent groups that were commonly used are
fluorescein, rhodamine, coumarin, naphthalimid, cyanines, and BODIPY'®, These
developments fundamentally changed lipid biology research. Besides several other
discoveries in many lipid species, a fluorescent analog of Cer, N-[7-(4-nitrobenzo-2-oxa-
1,3-diazole)]-epsilon-aminocaproyl sphingosine (C6-NBD-Cer), was used to investigate
sphingolipid metabolism in fibroblasts. This pioneer study, published in the early 1980s,
revealed the transport of sphingolipids from the Golgi apparatus to the plasma
membrane and thereby the conversion of Cer to SM and cerebroside, which marks one

of the most important milestones in sphingolipid research””.
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Additionally, radiolabelled lipids, incorporating either 3H or 14C, have been used to study
sphingolipid metabolism. This technique unraveled fundamental questions in
sphingolipid biology, such as revealing the chain length and saturation of attached fatty
acids in various sphingolipid species!’®. Nevertheless, it also has many disadvantages,
such as its impracticality in real-time resolution assays such as live-cell microscopy. The
fact that radiolabelled lipids are not suitable to answer complex questions in sphingolipid

biology gave rise to other, more advanced methods.

Recently, in 2016, a new functionalized Sph probe was published. This Sph analog has
been chemically modified by covalently attaching two extremely small functional
features. On the one hand, it has a photoactivatable crosslinking group composed of a
UV-sensitive (365 nm) diazirine ring attached to the sphingoid backbone®®®. This
crosslinking group has previously been reported to be suitable for detecting protein-
sphingolipid interactions>®, On the other hand, it has a terminal alkyne handle for click-
chemistry approaches. There, azide-modified fluorescent groups, or other reporter
molecules such as 3-azido-7-hydroxycoumarin or biotin-azide, respectively, can be
attached by copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC) reactions. Besides
lipid-protein interaction detection, this approach allows subcellular lipid tracing by either
live-cell microscopy or pulse-chase experiments. Furthermore, since this
photoactivatable and clickable Sph (pacSph) can be introduced into endogenous
sphingolipid metabolism, its incorporation into other sphingolipid species such as Cer or
SM, can be investigated by thin-layer chromatography (TLC). These approaches have
been used in SGPL1 knock-out cells to prevent sphingolipid breakdown. These cells have
been developed to be a tool to investigate sphingolipid metabolism in a very directed

Way179

. Furthermore, functionalized groups have not only been introduced in Sph for
sphingolipid studies but also for cholesterol investigations using a photoactivatable and

clickable cholesterol (pacChol)*218,

These bifunctional lipid analogs have been refined in the past years. One additional
feature is a coumarin cage. This cage is covalently linked to the amino group of the Sph

backbone and prevents the lipid from being recognized by the cells as metabolic active
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lipid species and thereby circumventing its rapid metabolism. It can be activated by a
pulse of light (405 nm), which initiates the cleavage of the cage group and results in the
release of active pacSph. This mechanism is commonly termed as ‘uncaging’. These
trifunctional Sph probes (TFS) are valuable tools to study comprehensive questions on

single lipid species in living cells®™.
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Figure 1.7: Development of functionalized Sph. Sph with attached functional groups for click
chemistry (magenta), crosslinking (green), uncaging (cyan), and lysosome targeting (blue).

One disadvantage of this caged Sph analog is its non-selective association with all internal
membranes and, in consequence, its distribution throughout the entire cell before
uncaging. This issue has been overcome by attaching organelle targeting groups to the
coumarin cage that pre-localizes the lipid to specific organelles such as lysosomes or the
plasma membrane. Two different approaches have been developed so far. In 2018, the
principle of a click cage was published. There, azide-modified plasma membrane, ER,
mitochondria, and lysosome targeting moieties have been developed. CuAAC reactions
can attach them to alkyne-modified coumarin cages, covalently coupled to a lipid of

interest. This attachment pre-localizes the lipid to a target organelle where UV-
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dependent uncaging can precisely activate it!8%. The second approach developed in 2021
directly couples a lysosome-targeting group to a coumarin cage. These functional tools
have been attached to pacSph or pacChol. The resulting multifunctional lysosome-
targeted pacSph and pacChol (lyso-pacSph/lyso-pacChol) have been used to study acute
lysosomal lipid export by NPC1 and LIMP2%0,

All in all, many highly advanced tools have been developed in the last few years. They
have successfully been applied to study complex cellular lipid processes and revealed
new insights into organelle-specific lipid metabolism and transfer. Especially sphingolipid
research has benefited from these tools since no other techniques were available to

follow their interactions and localizations before!>182,
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Aim of the thesis

The role of STARD3 in context of cholesterol transfer has been extensively studied in the
past years. Several studies identified STARD3 as an important cholesterol transporter at
membrane contact sites under physiological conditions and in pathology such as NPC
disease. However, little is known about the potential ability of STARD3 to transfer other
lipids. Only one publication revealed STARD3 to exclusively bind to a trifunctional
sphingolipid probe (TFS) but not to other lipids such as DAGs or fatty acids. This promising
screen leads to the assumption that STARD3 does not only transfer cholesterol, but
potentially also sphingolipids. However, the detailed mechanism of STARD3-mediated

sphingolipid transfer has not been studied yet.

The aim of this thesis is to characterize and verify the ability of STARD3 to bind and
transfer sphingolipids. Multifunctionalized lipids, such as pacSph or lyso-pacSph, provide
an advanced opportunity to investigate lipid-protein interactions. Applying these probes
to intact cells allows the characterization of STARD3-sphingolipid interaction using
biochemical approaches, such as crosslinking immunoprecipitation, as well as probing for
its biological functions by investigating downstream metabolism and localization. In the
first part of the thesis, | will aim to investigate which sphingolipid species interacts with
STARD3 by using inhibitors and knock-out conditions of enzymes involved in sphingolipid
metabolism. Furthermore, | aim to investigate the effect of STARD3 on post-lysosomal

sphingolipid metabolism.

In addition, this thesis aims to investigate if STARD3-dependent sphingolipid transfer
occurs at lysosome-ER contacts. To this end, artificial contacts between the ER and
lysosomes will be created by overexpressing ORP1LAORD, a lysosomal protein that

facilitates lysosome-ER contact site formation but cannot transfer lipids. In the next step,
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the contribution of protein interactions between STARD3-VAP and STARD3-MOSPD2 on
sphingolipid metabolism interactions will be investigated in order to delineate whether

sphingolipid transport indeed occurs at the contact site, in analogy to cholesterol.

Finally, | seek to investigate the mechanism by which the lipid transfer domain of STARD3
binds to sphingolipids. | hypothesize that sphingolipids and cholesterol occupy the same
hydrophobic cavity inside the transfer domain. Following insights obtained by molecular
dynamic simulation studies will be performed in collaboration with the Nickel group at
the BZH (experiments performed by Fabio Lolicato). Then, | will investigate how different
START mutants, including already known cholesterol-binding mutants such as

M307R/N311D, behave in STARD3-mediated sphingolipid transfer.

Altogether, the results obtained from this study will characterize a possible mechanism
of how sphingolipids are exported from the lysosome to enter the recycling pathway, an
important, yet still unclear step at the crossroads between sphingolipid catabolism and

anabolism.
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Chapter Il — Results and Discussion

2.1 STARD3 transfers sphingosine

STARD3-dependent cholesterol transfer has been extensively studied in the past years.
However, only one study has ever reported a possible ability of STARD3 to bind
sphingolipids. In 2017, Hoglinger et al. screened for proteins that exclusively bind to
sphingolipids but not to other lipids such as fatty acids or DAGs, using trifunctionalized
probes. This screen revealed STARD3 as a potential sphingolipid-binding protein but has

not been followed up as of yet'*.

In this work, several functionalized lipids combined with cell biology and biochemistry
approaches will be used to unravel the STARD3-dependent sphingolipid transfer at

lysosome-ER contact sites.

2.1.1 Verification of STARD3-pacSph binding in cell lysates

The proteins involved in lysosomal sphingolipid export have not been identified so far,
even though the Sph obtained from lysosomal recycling covers the need for sphingolipid
backbones in the biosynthetic pathway to the high degrees of 50 - 90 %, depending on
cell typel0l18184 Therefore, it is even more important to investigate promising

candidates such as STARD3 concerning sphingolipid transfer at lysosomes.

In order to corroborate the lipid-protein interaction screen from Hoglinger et al. (2017),
I employed two commercially available functionalized lipids, namely pacSph and pacFA,
to verify the exclusive binding of STARD3 to Sph but not to other lipids, such as fatty

acids. To this end, Hela 11ht WT cells stably overexpressing FLAG-STARD3 were lysed,
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and 50 uM of either pacSph or pacFA were added to enable interactions between these
lipids and their respective binding proteins. After 1 h, lipid-protein complexes were
crosslinked using UV light (365 nm), followed by an attachment of biotin-azide, via click

chemistry, in order to perform streptavidin-based immunoprecipitation (Fig. 2.1a).
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Figure 2.1: In vitro immunoprecipitation of STARD3 with pacSph or pacFA. A| Experimental
workflow of in vitro immunoprecipitation. B| Western blots of immunoprecipitation assays using
streptavidin visualization of biotinylated proteins or antibody staining of STARD3. C| Quantification
of three independent immunoprecipitation experiments by calculating the ratio of eluate intensity
over input intensity, normalized to pacSph (+UV). Error bars show the standard error of the mean
and Welch two-sample t-tests were performed as indicated (n.s. p-value > 0.05; * p-value < 0.05;
** p-value < 0.01, *** p-value < 0.001).

This biochemical approach to investigating protein-lipid interactions revealed a different
pattern of proteins that bound to either pacSph or pacFA, which could be visualized by
immunoblotting using streptavidin. Furthermore, the overall streptavidin intensity
differed when comparing pacSph against pacFA, as well as +UV against -UV. It was

stronger in +UV than -UV and much more pronounced in pacSph than pacFA samples
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(Fig. 2.1b). This observation leads to the assumption that Sph and fatty acids specifically
interact not only with different proteins but also with a different affinity. Additionally,
the enrichment of streptavidin signal in +UV over -UV indicated that UV irradiation is
essential to visualize protein-lipid complexes by immunoblotting. This difference
confirmed that experimenting in the absence of UV irradiation is a helpful control to
verify the proper functioning of this biochemical assay. However, several proteins were
labelled with biotin in all conditions. Since streptavidin signal could also be detected in
both -UV conditions, it is most likely that unspecific binding of biotin, as well as click-
reaction artefacts, led to the precipitation of many proteins without a crosslinked lipid,

revealing the limitations of this biochemical assay.

Interestingly, STARD3 was detectable in the elution fraction (E) of +UV pacSph labelled
lysates but not in the respective -UV control. Additionally, the detected STARD3 in the
eluate was shifted upwards compared to its respective input signal, indicating a change
in size and charge when STARD3 is crosslinked to pacSph. Conversely, less STARD3 was
detectable in the flow-through (FT) of +UV pacSph compared to -UV pacSph samples,
indicating a successful immunoprecipitation of biotinylated STARD3. On the other hand,
STARD3 could neither be detected in the eluates of +UV nor -UV of pacFA labelled lysates,
although the same amount of protein was used in all conditions (Fig. 2.1b). By quantifying
the intensity of the eluate bands over the respective inputs, STARD3 was detected in
pacSph (+UV) conditions in a significantly higher ratio compared to pacFA (+UV)
conditions (Fig. 2.1c). This outcome supports a specific binding of STARD3 to pacSph but
not to other lipids, such as pacFA, in cellular lysates and thereby confirms the proteomic

screen in which STARD3 was initially found to bind Sph'®.

In conclusion, sphingolipids and fatty acids interact with various but distinct proteins,
which highlights the diversity and specificity of lipid-protein interactions. However, many
lipid-binding proteins have been shown to bind several different lipid species. For
example, NPC1 and LIMP2 are known cholesterol transporters that also bind Sph*°, or

OSBP8, Osh6 counter exchanges cholesterol or phosphatidylserine (PS) for PI(4)P8,

30



Chapter Il — Results and Discussion

Therefore, it is not unusual for a cholesterol transfer protein, such as STARD3, to
additionally interact with other lipids, such as Sph. Given the precedents mentioned
above, it is tempting to propose a role of STARD3 as a sphingolipid-cholesterol co-

transporter.

2.1.2 STARD3 interacts with sphingosine or sphingosine-1-

phosphate in cellulo

In vitro STARD3-pacSph interaction shown in chapter 2.1.1 prompted me to investigate
whether STARD3 also interacts with sphingolipids in living cells. Previously, it has been
shown that pacSph is quickly taken up by cells, either through endocytosis or via direct
uptake through the plasma membrane!®?. Using pulse-chase approaches, it has been
visualized that pacSph is firstly accommodated in lysosomal structures. Afterwards, it is
quickly released out of lysosomes and could be predominantly found in the ER after only
15 min of chase. After 30 min, pacSph metabolites were predominantly found in the Golgi
apparatus and subsequently further transported to the plasma membrane. This study
revealed that pacSph enters the sphingolipid recycling pathway and can be metabolized
into complex sphingolipid species'®. Besides this transfer towards the biosynthetic
pathway, it has also been shown that a large proportion of pacSph quickly enters the
degradative pathway measured by increased PC levels. SGPL1 knock-out cells have been
identified as a valuable tool to prevent sphingolipid breakdown and thereby direct

pacSph towards the biosynthetic pathway’°.

In order to investigate pacSph crosslinking in viable cells to ensure that the observed
lipid-protein complexes result from functional interactions, | transiently transfected Hela
WT and SGPL1 knock-out cells with FLAG-STARD3 and labelled them for 1 h with 2 uM
pacSph. Upon incorporation into the sphingolipid metabolism, protein-lipid complexes

were crosslinked, cells were lysed, and biotin-azide was attached via click chemistry.
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Then, streptavidin-based immunoprecipitation was performed, and protein-lipid

complexes were analyzed by western blot (Fig. 2.2).

When analyzing the streptavidin signal in both, WT and SGPL1 knock-out cells, | detected
an increase in streptavidin signal in the eluates (E) compared to their respective inputs
(), indicating effective immunoprecipitation. This increase was still present but less
pronounced in the respective -UV controls. The protein bands found in the -UV controls
correlated with the protein pattern found in +UV samples, indicating either unspecific
biotinylation of several proteins independent of lipid crosslinking or unspecific
crosslinking events without UV irradiation. Interestingly, streptavidin detectable proteins
differed in WT compared to SGPL1 knock-out cells. Fewer protein bands were visible in
SGPL1 knock-out cells compared to WT cells, implying that pacSph degradation products,

such as glycerolipids, were also crosslinked to various proteins.
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Figure 2.2: In cellulo immunoprecipitation of STARD3 in HeLa WT and SGPL1 knock-out cells. A|
Experimental workflow of in cellulo immunoprecipitation. B| Western blots of
immunoprecipitation assays showing streptavidin or FLAG-STARD3 detection in HeLa WT or SGPL1

knock-out cells.
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When analyzing pacSph-STARD3 interaction using a specific FLAG antibody, | could detect
STARD3 in minor but equal amounts in the +UV eluates of WT and SGPL1 knock-out cells
but not in their respective -UV controls. Again, the crosslinked and immunoprecipitated
STARD3 migrated at a higher molecular weight compared to its respective input and flow-
through samples. This precipitation of STARD3-pacSph metabolite complexes in both WT
and SGPL1 knock-out cells showed that, indeed, sphingolipids were able to interact with

(an albeit small fraction of) overexpressed STARD3 in living cells.
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Figure 2.3: Fumonisin B1 (FB1) to manipulate sphingolipid biosynthesis in cells. A| Principle of FB1
inhibition on ceramide synthases (CerS). B| TLC of HeLa SGPL1 knock-out cells treated with 50 pM
FB1 and labelled with 2 uM pacSph for 1 h. C| TLC quantification of SM, Sph and Cer as stacked bar
graph of three independent experiments. D| Streptavidin-based immunoprecipitation of pacSph-
STARD3 complexes in HelLa SGPL1 knock-out cells treated with 50 uM FB1. E| Quantification of
three independent immunoprecipitation experiments showing eluates (E) over inputs (I)
normalized to -FB1 sample. Error bars show the standard error of the mean and Welch two-sample
t-tests were performed between -FB1 and +FB1 or -UV (n.s. p-value > 0.05; * p-value < 0.05; ** p-
value < 0.01, *** p-value < 0.001).

Having confirmed that STARD3 does interact with sphingolipids, | next asked which

sphingolipid lipid species is the STARD3 interaction partner. To this end, | used the small
33



Chapter Il — Results and Discussion

molecule Fumonisin B1 (FB1). FB1 is a mycotoxin that specifically inhibits ceramide
synthases (CerS) responsible for the acylation of sphingoid bases using fatty acyl-CoA for
Cer biosynthesis in the de novo or recycling pathway (Fig. 2.3a)'%. The structural basis of
FB1 is similar to long-chain (sphingoid) bases, such as Sph, which allows them to be

recognized as substrate analogs for CerSs'®,

To confirm FB1-dependent Cer inhibition, SGPL1 knock-out cells were treated with 50
UM FB1 overnight and labelled with 2 uM pacSph for 1 h. Subsequently, lipids were
extracted, and pacSph metabolites were visualized by attaching a UV-sensitive coumarin
via click-chemistry and separated by thin-layer chromatography (TLC). TLC analysis
verified the functionality of FB1 by showing a reduced biosynthesis of Cer, but an
accumulation of Sph in FB1 treated (+FB1) compared to non-treated (-FB1) cells (Fig. 2.3b

and c).

In order to investigate whether STARD3 interacts with pacSph as indicated from the
lysate crosslinking experiments as opposed to higher pacSph metabolites, HeLa SGPL1
knock-out cells were transiently transfected with FLAG-STARD3 and treated with 50 uM
FB1 to diminish Sph turnover to Cer. Afterwards, the same pacSph immunoprecipitation
assay (as described in Fig. 2.2a) was performed. As a result, the pattern of streptavidin
detectable proteins was similar in FB1l-treated (+FB1) and non-treated (-FB1) cells.
However, STARD3, detected by a specific FLAG-antibody, was enriched in the eluate of
+FB1 compared to -FB1 and not detected in the -UV control (Fig. 2.3.d). Significant 1.5-
fold enrichment of FB1-treated compared to non-treated cells was calculated (Fig. 2.3e).
This outcome indicates a predominant interaction of STARD3 with lower sphingolipids

such as Sph or S1P.

Sph and S1P are bioactive sphingolipid species that can regulate critical biological
functions, such as cell growth and survival, differentiation, angiogenesis, autophagy, and
cell migration!®. They have been extensively studied in the past years and many
pathologies, such as cardiovascular, immunological, neurological, and inflammatory

diseases, could be connected to dysfunctions in their metabolism®®l. However, their
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subcellular transfer is still not fully understood. Especially, Sph transfer out of the
lysosome towards the recycling pathway has not been clarified so far. The results
discussed in chapters 2.1.1 and 2.1.2 assume STARD3 to facilitate lysosomal Sph import
or export. In vitro lipid-protein interaction assays showed specific binding of STARD3 and

Sph, which could be confirmed in intact cells.

Nevertheless, in cellulo immunoprecipitation assays could not exclude S1P as potential
STARD3 interacting lipid. It is tempting to speculate that the charged properties of S1P
render it unable to fit in the highly hydrophobic cavity of the START domain of STARD3,
which is the suggested interaction site. Altogether, | presume Sph as the most likely

interaction partner of STARD3.

2.1.3 STARD3 boosts Sph towards the biosynthetic sphingolipid

pathway

Under physiological conditions, STARD3 has been reported to transfer cholesterol from
the ER towards lysosomes in order to maintain low cholesterol levels at the ER
Additionally, it has been shown that STARD3 is able to change the cholesterol transfer

direction from the lysosome towards the ER'”® or mitochondria'’* in NPC deficient cells.

Previous results verified the binding ability of STARD3 to Sph under physiological
conditions. These results motivated further research on STARD3-mediated Sph

transport, focusing on lysosomal import or export.

To this end, | performed TLC-based assays in order to trace the metabolites of
exogenously added pacSph through Hela 11ht WT (ctrl) and FLAG-STARD3
overexpressing (STARD3 OX) cells to investigate if STARD3 has an impact on sphingolipid
metabolism. To this end, HelLa 11ht WT and stably expressing FLAG-STARD3 cells were
labelled with 2 uM pacSph for 5 min and chased for either 0 or 30 min (Fig. 2.4a). This
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pulse-chase approach allowed a more precise analysis of cellular pacSph fate than a

continuous pulse.

A B 0 min 30 min C
STARD3 STARD3
‘pacSph“ .3 pacsph click ctrl gx ctrl  oOX

. NN JH" o
5 min pulse \ Cer lipid species [%]
0 - 30 min chase HelLa T1Tht WT
FLAG-STARD3 =
- — —_— p— S h l. .d .
lipid pl ipi sr.)efles < 100
extraction - - - = |PC > all lipids
SM
lipids |~
.. D E F G
20min, 45°c | coumarin click 100 100 o0 o0
¥ @i Cer Sph SM PC
R 80 80 80 20
.
<° E w0 X o E w0 R e LU
l c s = < £
S’ 40 — '5. a0 E 40 9 a0
L n.s. n.s.
TLC 23 : :j; 20 20 20 — 20
. ofi
. o 0 0 o
ctrl STARD3 ctrl STARD3 ctrl STARD3 ctrl STARD3
o) 4 [0).4 o) 4 OX

Figure 2.4: Thin-layer chromatography (TLC) using a pacSph pulse-chase approach. A| Workflow of
TLC-based assay using a pacSph pulse-chase approach. B| TLC of HeLa 11ht WT (ctrl) and stably
STARD3 overexpressing cells (STARD3 OX), labelled with 2 pM pacSph for 5 min and chased for 0-
30 min without pacSph. C| Equation for lipid quantification calculation. D| Quantification of
pacSph fate after 30 min shown as Cer, E| Sph, F| PC, and G| SM. Error bars show the standard
error of the mean.

Thin-layer chromatographic analysis showed that pacSph had been taken up by cells
visualized by the appearance of several bands that were identified as various lipid
species, including Cer, Sph, PC, and SM. This incorporation of pacSph into different lipid
species confirmed the entry of pacSph into cellular sphingolipid metabolism. A shift in
lipid intensities was detectable when comparing both chase timepoints (0 and 30 min).
While Sph had a higher intensity in 0 min samples, PC and SM were enriched after 30 min
of chase. Cer levels did not change between 0 and 30 min (Fig. 2.4b). This shift
corroborated that pacSph is able to enter the recycling sphingolipid pathway at the ER
and the Golgi apparatus, where Cer and SM originate from. Higher sphingolipids, such as

SM, were only enriched after 30 min chase, suggesting a temporal control of sphingolipid
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metabolism. However, Sph release out of the lysosome could also be related to
sphingolipid degradation, as indicated by PC, the main product of the degradation

pathway, representing the dominant metabolite after 30 min.

To analyze the impact of STARD3 on sphingolipid metabolism, | quantified single lipid
species from three independent TLCs and compared them between control and STARD3
overexpressing cells. To this end, the mean of one lipid species was divided by the mean
of the total number of lipids from the same sample and plotted as percentages (Fig. 2.4c).
The later timepoint (30 min) investigated whether STARD3 affected either pacSph
incorporation into higher sphingolipids, such as Cer or SM, or its degradation. After 30
min, 30 % of pacSph was incorporated into Cer (Fig. 2.4d), and only 10 % stayed as Sph
(Fig. 2.4e). However, their levels did not change when overexpressing STARD3.
Interestingly, higher sphingolipids such as SM showed a minimal but non-significant
increase in cells overexpressing STARD3 compared to control cells (Fig. 2.4f).
Correspondingly, less pacSph entered the degradative pathway in STARD3
overexpressing cells which was visualized by a minimal diminishment in PC levels.

Notably, almost 50 % of pacSph was degraded when taken up by cells (Fig. 2.4g).

The pacSph pulse-chase experiments did not give significant information about a
STARD3-mediated Sph transfer. However, a STARD3-mediated Sph transfer towards the
biosynthetic pathway of higher sphingolipids could be speculated since a minor shift
towards SM in STARD3 overexpression conditions could be measured. However, this
effect was barely detectable since a tremendous amount of pacSph was directly
degraded to non-sphingolipids, such as PC. Since elevated cellular Sph levels are toxic
and induce apoptosis'®?'%, it is not surprising that cells taking up unnatural amounts of
Sph try to further incorporate it into other, non-toxic metabolites, such as PC. STARD3
could be overexpressed in an SGPL1 knock-out background to overcome this major
incorporation into glycerolipids. However, SGPL1 knock-out cells have been reported to
manifest in a lysosomal storage disorder, shown by increased endogenous levels of Sph

and S1P”°, which would confound interpretations when investigating lysosomal Sph exit.
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Since Sph phosphorylation prior to its degradation could potentially already occur at the
plasma membrane, directly after pacSph uptake before it reaches the lysosome, a
lysosomal pre-localization of an inactive pacSph probe could potentially prevent its initial

degradation.

To this end, a newly synthesized sphingolipid probe from our lab was applied to cells to
overcome this drawback. This multifunctional lyso-pacSph allows, besides the well-
established click and crosslink approaches, its lysosomal pre-localization and precise
activation to investigate the acute effect of lysosomal Sph export'#°. Therefore, cells do
not recognize lyso-pacSph as toxic Sph, which could potentially prevent its subsequent
degradation. Hela 11ht WT (ctrl), STARD3 overexpressing (STARD3 OX), and STARD3
knock-out (STARD3 KO) cells were labelled with 5 uM lyso-pacSph for 1 h and cultured
overnight without the lipid to allow lyso-pacSph trapping inside lysosomes. The next day,
the probe was activated and chased for 30 min to force its incorporation into sphingolipid

metabolism (Fig. 2.5a). Afterwards lipids were examined by TLC as described above.

STARD3-dependent Sph transfer was investigated by comparing lipid metabolism in
control cells, harboring endogenous STARD3 levels, to STARD3 overexpressing and
STARD3 deficient cells. TLC analysis showed a different pattern of lipid species in all three
cell lines. When examining total PC levels, it was immediately noticeable that less of the
probe (20 % compared to 50 % when using exogenous pacSph) entered the degradative
pathway. Consequently, the majority of the activated lyso-pacSph probe was
incorporated into the biosynthetic pathway (Fig. 2.5b). Again, Cer abundance levels
remained unchanged in overexpressed or depleted STARD3 conditions (Fig. 2.5c).
Interestingly, Sph levels were elevated in STARD3 knock-out cells, indicating a delay of
lysosomal Sph export (Fig. 2.5d). The SM enrichment trend in STARD3 overexpressing
cells, already found in pacSph pulse-chase assays, was even more pronounced when
applying lyso-pacSph as a reporter molecule. STARD3 overexpressing cells incorporated
up to 60 % of the liberated lyso-pacSph into SM, whereas this value only reached 35 % in

control cells (Fig. 2.5€e). The incorporation of the probe towards the biosynthetic pathway
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in STARD3 overexpression cells seemed to be at the expense of degradative products. PC
levels in STARD3 overexpressed cells were significantly lower than in control cells,
supporting the idea of a STARD3-dependent preference for lyso-pacSph incorporation

into higher sphingolipid species, such as SM (Fig. 2.5f).
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Figure 2.5: Thin-layer chromatography (TLC) using a lyso-pacSph approach. A| Principle of lyso-
pacSph labelling, uncaging, and activation. B| TLC of HeLa 11ht WT (ctrl), stably overexpressing
STARD3 (STARD3 OX) and STARD3 knock-out (STARD3 KO) cells, labelled with 5 uM lyso-pacSph
and chased after probe activation for 30 min. C| Quantification of lyso-pacSph fate after 30 min
shown as Cer, D| Sph, E| SM, and F| PC. Error bars show the standard error of the mean and Welch
two-sample t-tests were performed between ctrl and STARD3 OX or STARD3 KO cells (n.s. p-value
> 0.05; * p-value < 0.05; ** p-value < 0.01, *** p-value < 0.001).

Interestingly, SM but not Cer levels were increased in STARD3 overexpression conditions.
This outcome seems counterintuitive since Cer, which is biosynthesized at the ER, should
be directly affected by increased lysosome to ER Sph transfer. | speculate that ER-to-Golgi
transfer is much more efficient than lysosome-to-ER transport, which supposes that
under out-of-equilibrium conditions, every Cer molecule made at the ER is subsequently
transported to the Golgi for incorporation into higher sphingolipids, such as SM.

Moreover, ER Cer levels are highly controlled due to the fact that minor changes can
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affect various cellular functions including proliferation, differentiation and cell
death®*1%  Therefore, | hypothesize that most activated lyso-pacSph is either degraded
(to PC) or incorporated into higher sphingolipids such as SM. In summary, the STARD3-
dependend increase of SM levels could indeed be a hint for enhanced Sph transport at

lysosome-ER contact sites.

To further investigate whether STARD3 deficiency diminishes lysosomal Sph export, the
subcellular distribution of activated the lyso-pacSph probe was investigated in STARD3
knock-out and control cells by microscopy. Short timepoints, ranging from 0 to 15 min,
were chosen to examine lysosomal Sph release precisely. After lyso-pacSph labelling (10
MM), uncaging, and chasing, lyso-pacSph metabolites were crosslinked to cellular
material in close proximity. Next, cells were fixed, and the lipid excess was removed.
Crosslinked lipids were clicked to an Alexa fluorophore and lysosomes were visualized by

an immunofluorescence staining against LAMP1.

Confocal microscopy images revealed lysosomal staining of Sph in both control and
STARD3-deficient cells immediately upon uncaging as dictated by the lysosomotropic
properties of lyso-pacSph (Fig. 2.6a). At longer timepoints, control cells exhibited loss of
vesicular staining and the appearance of subcellular structures that are most likely ER (10
min) and Golgi (15 min) organelles in control cells. However, the probe predominantly
localized to lysosomal structures during the entire time course in STARD3 deficient cells
(Fig. 2.6a). By quantifying the Persons’ correlation coefficient of lyso-pacSph and LAMP1
a significant delay in lysosomal Sph export was calculated in STARD3 deficient compared
to control cells after 10 and 15 min (Fig. 2.6b). This lysosomal sphingolipid accumulation
in STARD3 deficient cells, in accordance with increased Sph levels as observed by TLC,

further strengthens the important role for STARD3 as crucial Sph transporter.
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Figure 2.6: Visualization of lysosomal lyso-pacSph export in STARD3 knock-out cells. A| Confocal
microscopy of 10 uM lyso-pacSph labelled and 0 to 15 min chased HelLa 11ht WT (ctrl) and STARD3
knock-out (STARD3 KO) cells. Single microscopy images represent subcellular lyso-pacSph
distribution, while merge images show lyso-pacSph (cyan) and LAMP1 (magenta). B|
Quantification of lyso-pacSph - lysosome colocalization. Pearsons’ correlation coefficient between
lyso-pacSph metabolites and LAMP1 stained organelles was extracted for each timepoint (n > 20)
and presented as boxplots. Centerlines show the median, box limits indicate first (Q1) and third
(Q3) quartiles, whiskers extend to a maximum distance of 1.5*IQR (interquartile range) from Q1
and Q3, respectively, or to the most extreme data point within the range. Welch two-sample t-
tests were performed between ctrl and STARD3 KO cells for each timepoint (n.s. p-value = 0.05; *
p-value < 0.05; ** p-value < 0.01, *** p-value < 0.001).

In conclusion, STARD3 overexpression revealed a STARD3-dependent Sph transfer
proceeding from the lysosome, leading to enhanced Sph incorporation into higher
sphingolipids, such as SM. In STARD3 deficient conditions, a delay in lysosomal Sph

export could be shown in TLC-based assays, as well as single-cell confocal microscopy.
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These observations indicate a STARD3-dependent Sph transfer directed from the
lysosomal lumen towards other subcellular structures. Interestingly, confocal
microscopy images revealed a widespread sphingolipid distribution after lysosomal Sph
release, which could be considered as predominant ER localization. STARD3 has been
reported to interact with ER surface proteins, such as VAPA and VAPB'2. Therefore, it is
tempting to speculate that lysosomal Sph release occurs at lysosome-ER contact sites
and that Sph transfer directs towards the ER. This direction is opposing to STARD3-
dependent cholesterol transfer, which has been shown to point towards the lysosomal
lumen under physiological conditions®®. This lipid transfer in a bidirectional fashion
hypothesizes a STARD3-dependent cholesterol-Sph counter transport. Consequently,
STARD3-dependent lysosomal Sph export presents a novel mechanism for sphingolipids

to enter the recycling pathway that has been unravelled so far.

However, STARD3 cannot serve as the only lysosomal sphingolipid exporter given that
Sph could still be incorporated into higher sphingolipids in STARD3 deficient cells. In fact,
the effect of Sph storage in STARD3-deficient conditions could only be observed in early
timepoints. As such, STARD3 likely only contributes to a certain extent to Sph trafficking.
This is in accordance with its relatively low expression levels that are 2-fold lower than
other lysosomal lipid transporters, such as NPC1'%’. This STARD3-independent
sphingolipid entry into the recycling pathway could be facilitated by other lipid
transporters. It is tempting to speculate that other cholesterol transporters, such as
ORP1L or NPC1, act similarly as STARD3 does and facilitate Sph exit out of the lysosome.
Supportingly, a recent study unraveled NPC1 as Sph-binding protein*. However, further
investigation is needed to figure out whether lysosome-ER contact site formation is

essential for STARD3-dependent lysosomal Sph export.
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2.2 STARD3-dependent lysosomal sphingosine export

appears at lysosome-ER contact sites

Lipid transport at membrane contact sites has been extensively studied in the past few
years. Several lipid-binding proteins, such as ORP1L'%, CERTY’, and STARD3'7%, have been
discovered to act in the narrow intermediate area of two different organelles. Most of
them comprise different structural features that tether the contact to ensure lipid
transfer. In particular, STARD3 harbors a highly conserved FFAT motif that has been
reported to tether ER surface proteins, such as VAPA and VAPB'? or MOSPD2%, to
safeguard cholesterol transfer between the ER and lysosomes. However, whether
STARD3-dependent Sph transfer occurs at lysosome-ER contact sites has only been
hypothesized so far. Here, | investigate the impact of the STARD3 FFAT motif on
lysosomal Sph export, as well as several ER-resident surface proteins that potentially

tether the lysosome-ER contact site.

2.2.1 Artificial lysosome-ER contacts do not induce sphingolipid

transfer towards the ER

STARD3-dependent Sph transfer has been described in chapter 2.1. However, it has not
been shown whether STARD3 directly transfers Sph or if the ability of STARD3 to tether
lysosome-ER contacts is enough to induce Sph transfer from lysosomes to the ER by other

mechanisms.

The oxysterol-binding protein-related protein 1 (ORP1L) has been reported to transfer
cholesterol at lysosome-ER contact sites'*4. Therefore, it binds to lysosomal recruited
Rab7 via its ankyrin repeat (ANK) region and forms a tether with VAP proteins at the ER
surface, similar to STARD3. Additionally, ORP1L comprises a pleckstrin homology (PH)

domain for binding phosphoinositides (PIPs) and an OSBP-related ligand-binding domain
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(ORD) for cholesterol transfer (Fig. 2.7a)'*. A truncated ORP1L construct (ORP1LAORD),
missing its ORD domain, has previously been reported to artificially tether lysosome-ER
contacts without transporting lipids, such as cholesterol, between those organelles (Fig.
2.7b)!2, Based on these findings, ORP1LAORD is an optimal tool to investigate whether
artificially increased lysosome-ER contacts are sufficient to induce lysosomal Sph export
by other LTPs than STARD3 or if an active transport mediated by STARD3 is crucial.
Moreover, increasing lysosome-ER contacts using ORP1LAORD allows for investigating
whether Sph, a relatively hydrophilic lipid, can diffuse between membranes when they

come close enough together.

For that reason, | created a cell line stably overexpressing ORP1LAORD. | applied the
previously established lyso-pacSph TLC-based assay to these cells and investigated
whether these artificially created contact sites induce the same lipid shift towards the

sphingolipid biosynthetic pathway as STARD3 overexpressing cells did.

TLC analysis revealed that lyso-pacSph was incorporated into various lipid species 30 min
post uncaging (Fig. 2.7c). To examine the relative amounts of lyso-pacSph metabolites in
control (ctrl), STARD3, and ORP1LAORD overexpressing cells, | quantified all lipids as
previously described. ORP1LAORD expressing cells showed minimally but not
significantly increased Cer levels (Fig. 2.7d) accompanied by corresponding decreased
Sph levels to the same amount (Fig. 2.7e). When investigating the incorporation of lyso-
pacSph into the sphingolipid biosynthetic pathway by analyzing SM levels, the previously
discovered significant increase in STARD3 overexpressing cells is again visible, but
ORP1LAORD overexpressing cells did not show preferred incorporation of lyso-pacSph
into SM. Instead, their SM levels were comparable to control cells (Fig. 2.7f). Accordingly,
the amount of PC was significantly decreased in STARD3 but not in ORP1LAORD

overexpressing cells (Fig. 2.7g).

44



Chapter Il — Results and Discussion

A ORP1L B ORP1LAORD C ox
T e et conca ORP1L
———— At ctrl STARD3 AQRD
Cer
PIPs PIPs
a s Ilysosome EE lysosome|
Rab7! = Rab7 mr
ANK ORD ANK \/\
V‘Chnmsleml oomerol Sph
) © ransfer ) " lyso-Sph
‘ VAP PC
ER ER
D E G
SM 100 PC
80
—_ —_ ®%
® S X ©
= = ns. =
x s g 2
o g n.s.
b Rk
1]
ctrl  STARD3 ORP1L ctrl  STARD3 ORPIL ctrl  STARD3 ORPIL ctrl  STARD3 ORPIL
AORD AORD AORD DORD
ox [0) ¢ OoX [0).¢4

Figure 2.7: Sphingolipid metabolism at artificially induced lysosome-ER contacts. A| Functional
ORP1L that can bind to VAP proteins at the ER surface to transfer cholesterol at lysosome-ER
contact sites. B| ORP1LAORD, a truncated version of ORP1L that misses the ORD domain for
cholesterol transfer. C| TLC of HeLa 11ht WT (ctrl), stably overexpressing STARD3 (STARD3 OX) and
ORP1LAORD (ORP1LAORD OX) cells, labelled with 5 uM lyso-pacSph and chased after probe
activation for 30 min. D| Quantification of lyso-pacSph fate after 30 min shown as Cer, E| Sph, F|
SM, and G| PC. Error bars show the standard error of the mean and Welch two-sample t-tests were
performed between ctrl and STARD3 OX or ORP1LAORD OX cells (n.s. p-value > 0.05; * p-value <
0.05; ** p-value < 0.01, *** p-value < 0.001).

In summary, artificially induced lysosome-ER contacts by overexpressing ORP1LAORD did
not facilitate lysosomal Sph export and a subsequent entry into the sphingolipid
biosynthetic pathway, such as in STARD3 overexpressing cells. However, a slight increase
in Cer levels in ORP1LAORD cells could indicate a minor boost of Sph towards the ER.
Notably, this increased Sph incorporation into higher sphingolipids was not to the same
extent as STARD3 overexpression caused. This could be explained by the existence of
endogenously expressed STARD3 and other potential lysosomal Sph exporters in
ORP1LAORD cells that were possibly activated by artificially increasing lysosome-ER

contacts. Indeed, ORP1LAORD expression has been reported to rescue the cholesterol
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accumulating phenotype in NPC1 knock-out cells, indicating its ability to induce

lysosomal lipid export!??,

In conclusion, STARD3-dependent lysosomal Sph export is not only caused by artificially
increased lysosome-ER contacts but by an active STARD3 Sph transfer mechanism that is
most likely mediated by a lipid transfer domain, such as the START domain. This further
advances our hypothesis that STARD3 could play an active role in Sph entry into the

sphingolipid recycling pathway.

2.2.2 Impairment of STARD3-dependent contact site formation

activates sphingolipid degradation

The membrane contact site tethering feature of many lipid transfer proteins is highly
important for safeguarding subcellular lipid trafficking. A short linear motif, called “two
phenylalanines (FF) in an acidic tract” (FFAT), is widely conserved in mammalian cells®°.
This small feature binds ER surface-resident proteins harboring an MSP domain, such as
the VAPs do?®. The core element of the FFAT motif contains seven amino acids, namely
E1-F2-F3-Ds-As-Xe-E7, which are preceded by an adjacent acidic flanking region?°?. In fact,
variations in all seven residues could be observed, resulting in FFAT-like motifs?®2,
Moreover, a recent study reported that specific phosphorylation at FFAT regions controls

the formation of membrane contacts as well as according lipid transfer!34,

As mentioned in chapter 1.4.2, STARD3 comprises an FFAT motif for tethering lysosomes
to the ER. Its core element is constituted of Qi-F2-Y3-Ss-Ps-Ps-E7, which interacts with the
MSP domain of VAPs!?2 and MOSPD2!3¢. STARD3-mediated cholesterol transfer at
lysosome-ER contact sites is dependent on a functional FFAT motif>°. However, whether
the lysosome-ER contact site formation is essential for STARD3-mediated Sph transfer

needs to be investigated.
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Figure 2.8: Immunoprecipitation of pacSph and STARD3 FFAT mutant. A| STARD3 FFAT mutant
cannot bind to VAP proteins at the ER surface and thereby impairs lysosome-ER contacts. B| gPCR
of ctrl, STARD3 OX, and STARD3 FFAT mutant OX expressing cells. mRNA levels are normalized to
STARD3 OX and error bars show the standard deviation of the mean. C| Streptavidin-based
immunoprecipitation of pacSph-STARD3 complexes in HeLa 11ht WT cells overexpressing either
functional STARD3 (WT) or an FFAT mutant STARD3 (FFAT). D| Quantification of three independent
immunoprecipitation experiments showing eluates (E) over inputs (I) normalized to functional
STARD3 (WT) +UV sample. Error bars show the standard error of the mean and Welch two-sample
t-tests were performed between -FB1 and +FB1 or -UV (n.s. p-value = 0.05; * p-value < 0.05; ** p-
value < 0.01, *** p-value < 0.001).

For that reason, | created a cell line stably overexpressing STARD3 that harbors a mutated
FFAT motif (FFAT). The created core element of the FFAT mutant comprises seven alanine
(A) residues to impair lysosome-ER contact site formation (Fig. 2.8a). Expression levels
were analyzed by qPCR and a similar expression compared to the WT STARD3 was
observed (Fig. 2.8b). First, the ability of STARD3, harboring the FFAT mutation, to bind
Sph was examined by in cellulo immunoprecipitation as described in chapter 2.1.2. To

this end, both cell lines were labelled with 2 uM pacSph for 1 h, and interacting proteins
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were crosslinked to pacSph metabolites in cells. Afterwards, lysates were clicked to
biotin-azide and immunoprecipitation was performed. Immunoprecipitation (Fig. 2.8c)
and its quantification (Fig. 2.8d) showed a significantly reduced binding of pacSph to the
STARD3 FFAT mutant (FFAT +UV) compared to functional STARD3 (WT +UV). This
indicates that functional lysosome-ER contacts are crucial for STARD3-dependent Sph-
binding and could also possibly regulate STARD3 mediated sphingolipid transfer.
Alternatively, the FFAT motif could be the potential Sph-binding site. Accordingly, its

mutation would lead to decreased co-immunoprecipitation of STARD3 and pacSph.
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Figure 2.9: Sphingolipid metabolism in STARD3 FFAT mutant overexpressing cells. A| TLC of Hela
11ht WT (ctrl), stably overexpressing wild type STARD3 (STARD3 OX WT) and FFAT mutant (STARD3
OX FFAT) cells, labelled with 5 pM lyso-pacSph and chased after probe activation for 30 min. B|
Quantification of lyso-pacSph fate after 30 min shown as Cer, C| Sph, D| SM, and E| PC. Error bars
show the standard error of the mean and Welch two- sample t-tests were performed between ctrl
and STARD3 OX WT or STARD3 OX FFAT cells (n.s. p-value = 0.05; * p-value < 0.05; ** p-value <
0.01, *** p-value < 0.001).

To investigate whether FFAT induced lysosome-ER contact impairment impacts

lysosomal Sph export, | applied the established lyso-pacSph TLC-based assay with 30 min
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chase (Fig. 2.9a). The quantification of all single sphingolipid species revealed less
turnover of lyso-pacSph into Cer (Fig. 2.9b). Sph (Fig. 2.9c) and SM (Fig. 2.9d) levels did
not change in the mutant compared to control cells. Interestingly, PC levels were
dramatically increased when lysosome-ER contacts are impaired (Fig. 2.9e). This
indicates an activation of the sphingolipid degradation pathway when lysosome-ER
contacts are defective. The details of sphingolipid breakdown have not been completely
understood so far. However, it is known that lysosomal recruitment of sphingosine
kinase 1 (SphK1) is needed to phosphorylate Sph to S1P?%, S1PL can then irreversibly
cleave the Sph backbone at the ER, and parts of these backbones are recycled and

incorporated into phospholipids such as PC2042%%,

Lysosomes have been reported to localize to different subcellular regions dependent on
cellular nutrition state or stress®. Two spatially distinct subsets of lysosomes have been
characterized: on the one hand, an immobile pool of lysosomes that localize to the
perinuclear region close to the microtubule-organizing center, and on the other hand, a
highly dynamic subset of lysosomes that localizes in the cellular periphery**. These
different positions reflect distinct lysosomal characteristics and tasks. For example,
peripheral lysosomes contribute to plasma membrane repair?®®, while perinuclear
lysosomes are associated with the generation of autolysosomes, indicating the activation

of macromolecular digestion pathways??’.

To examine if the sphingolipid breakdown activation in STARD3 FFAT mutant cells is
connected to a shift in lysosomal positioning towards the perinuclear region, the
localization of functional STARD3 (STARD3 OX WT) and FFAT mutant (STARD3 OX FFAT)
positive lysosomes was visualized by immunofluorescence microscopy using a specific
FLAG antibody. An immediate difference between WT and FFAT mutant STARD3
overexpressing cells was discernible. While lysosomes containing functional STARD3
proteins were isolated from each other and distributed throughout the cells ranging from
the perinuclear to the peripheral region, lysosomes containing FFAT mutant STARD3

formed clusters that accumulate at the perinuclear region (Fig. 2.10a). Additionally, live-
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cell microscopy confirmed highly dynamic lysosomal movement in functional STARD3
overexpressing cells but immobile and clustered lysosomes when expressing the FFAT

mutant (data shown at DOI 10.17632/768hbxwt9j.1)%°.
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Figure 2.10: Microscopy of functional STARD3 and FFAT mutant STARD3 expressing cells. A|
Visualization of cells overexpressing either functional STARD3 (STARD3 OX WT) or FFAT mutant
STARD3 (STARD3 OX FFAT) by immunofluorescence microscopy using a FLAG antibody. B| Electron
microscopy of lysosomes from WT or FFAT mutant STARD3 expressing cells prepared and imaged
by Emily Eden (UCL, Oxford). Red arrows illustrate organelle contact sites.

To obtain a better resolution of lysosomal positioning with respect to membrane contact
site formation, functional STARD3 and FFAT mutant expressing cells were examined by
electron microscopy. | provided Emily Eden (UCL, Oxford) with fixed cells, and she
visualized lysosomal contacts in both cell lines. Interestingly, she found extended
lysosome-ER contacts in functional STARD3 overexpressing cells. This phenomenon has
previously been reported to occur in STARD3 overexpression studies due to the
unnatural enrichment of STARD3 proteins that are able to contact the VAPs at the ER

surface!?. However, FFAT motif mutation in STARD3 overexpression conditions led to
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endo-/lysosomal tethering (Fig. 2.10b). This clustering at the perinuclear region was in
accordance with the activation of the sphingolipid degradation pathway which most
likely occurs in the immobile subset of lysosomes in this region, that is specialized for
fusing with autophagosomes for starting macromolecular digestion?”’. However, the
endo-/lysosomal tethering phenotype has not been described for STARD3 mutants so
far. It could also derive from the artificially altered FFAT sequence, where potentially the
Ala-rich region induces unnatural protein-protein interactions and thereby facilitates

lysosomal tethering events.

In summary, mutating the FFAT motif of STARD3 resulted in a reduced STARD3 Sph-
binding efficiency, the activation of the sphingolipid degradation pathway, and lysosomal
tethering at the perinuclear region. Combining these outcomes, it is tempting to
speculate that STARD3 does not only function as a lysosomal Sph exporter but that it
could also serve as a regulator for cellular sphingolipid fate. This potential STARD3-
mediated switch could shift from inducing Sph transfer towards the ER for the
biosynthesis of higher sphingolipids, when lysosome-ER contacts are functional, to
activation of the sphingolipid degradation pathway, when lysosome-ER contacts are
impaired, and a toxic amount of Sph is stored back in lysosomes. However, this
hypothesis needs further proof since the impairment of lysosome-ER contacts is
artificially induced by an FFAT mutant that does not exist under physiological conditions.
It has been reported that FFAT motif phosphorylation, in particular pS203, pS209, and
pS213 residues, controls lysosome-ER tethering events!34. Accordingly, to overcome
potential unnatural protein-protein interactions resulting from Ala-rich regions in FFAT
mutant cells used in this study, single mutations in $203, S209, and S213 preventing their

phosphorylation would be an interesting tool to investigate the observed phenotype.
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2.2.3 Inhibition of the sphingolipid biosynthetic pathway by FB1

leads to activation of the sphingolipid degradation pathway

To further investigate whether lysosomal Sph storage activates the sphingolipid
degradation pathway, cellular sphingolipid biosynthesis was obstructed by FB1. As
introduced in chapter 2.1.2, FB1 is a potent CerS inhibitor that increases cellular Sph
levels in SGPL1 knock-out cells (Fig. 2.3b). To investigate the impact of FB1 on the
activation of the sphingolipid degradation pathway, | treated Hela 11ht control and
STARD3 overexpressing cells with 50 uM FB1 overnight and analyzed lyso-pacSph fate by
TLC after 30 min of chase (Fig. 2.11a).
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Figure 2.11: Sphingolipid metabolism in FB1 treated cells. A| TLC of HeLa 11ht WT (ctrl) and stably
overexpressing functional STARD3 (STARD3 OX), treated with 50 uM FB1 overnight, labelled with
5 uM lyso-pacSph and chased after probe activation for 30 min. B| Quantification of lyso-pacSph
fate after 30 min shown as Cer, C| Sph, D| SM, and E| PC. Error bars show the standard error of
the mean and Welch two-sample t-tests were performed between ctrl and STARD3 OX WT or
STARD3 OX FFAT cells (n.s. p-value > 0.05; * p-value < 0.05; ** p-value < 0.01, *** p-value < 0.001).

The analysis revealed a significant decrease in Cer (Fig. 2.11b) and SM (Fig. 2.11d) levels

in both control and STARD3 overexpression conditions when treated with FB1,
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confirming ceramidase synthase inhibition. As already seen in SGPL1 knock-out cells (Fig.
2.3b and c), Sph levels were higher upon FB1 treatment in WT cells either with or without
STARD3 overexpression (Fig. 2.11c). Interestingly, PC levels severely increased
significantly in FB1 treated STARD3 overexpressing cells but only slightly in control cells
(Fig. 2.11e). This implies a STARD3-dependent activation of the degradation pathway
when lysosomal Sph cannot be incorporated into the biosynthesis of higher
sphingolipids. This supports the hypothesis of STARD3 as a molecular switch, either

activating sphingolipid biosynthesis or degradation.

Next, | investigated whether inhibition of sphingolipid biosynthesis correlates with endo-
/lysosomal tethering events as observed in FFAT mutant expressing cells. To this end,
STARD3 overexpressing cells were treated with 50 uM FB1 overnight, fixed, and
overexpressed STARD3 was visualized by immunofluorescence staining using a specific
FLAG-antibody. The microscopy images did not support this hypothesis by revealing
widely distributed lysosomes from the perinuclear region to the cellular periphery
without lysosomal clustering in FB1 treated cells (Fig. 2.12). As such, the increased
incorporation into PC as seen from TLC under FB1 inhibition conditions is not

accompanied by perinuclear clustering as observed in the FFAT mutant.

In summary, FB1 experiments confirmed a STARD3-dependent activation of the
sphingolipid degradation pathway when Sph cannot enter the biosynthetic pathway. It is
tempting to speculate that STARD3 thereby prevents lysosomal accumulation of Sph,
which would lead to cytotoxicity. However, activation of the degradation pathway does

not necessarily associate with lysosomal clustering in the perinuclear region.
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Figure 2.12: Immunofluorescence microscopy of STARD3 overexpressing cells treated with FB1.

Visualization of cells overexpressing STARD3, treated with or without 50 uM FB1 overnight.
STARD3-positive structures were visualized using a specific FLAG antibody.

Sph degradation starts with its phosphorylation at the C1-hydroxy group, which has been

shown to be facilitated by SphKs’®. To investigate whether Sph is phosphorylated prior

to sphingolipid degradation in FFAT mutant and FB1 treated cells, SphK1 levels were

analyzed by western blot (Fig. 2.13a).
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Figure 2.13: Western blot of SphK1 in FFAT mutant and FB1 treated cells. A| STARD3 (FLAG) and

SphK1 expression were analyzed in control (ctrl), STARD3 overexpressing (STARD3 OX), FB1 treated
STARD3 OX, and FFAT mutant cells. B| Quantification of SphK1 levels in three independent western
blots by normalizing SphK1 mean intensity to actin and comparing to control cells. Error bars show

the standard error of the mean.
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Interestingly, only FFAT mutant cells showed 2.5-fold enriched levels of SphK1 compared
to control cells (Fig. 2.13b). This enrichment of SphK1 levels in FFAT mutant expressing
cell indicates SphK1-mediated phosphorylation of Sph to S1P prior to degradation.
Moreover, the FFAT mutant showed an elevated STARD3 expression compared to
functional STARD3 expressing cells, even if the mRNA levels analyzed by qPCR were
equal. Notably, FB1-treated cells did not show any increase in SphK1 levels, even if TLC
analysis already confirmed activation of the sphingolipid degradation pathway. This
suggests that increased protein levels are not always accompanied by increased catalytic
activity. However, SphK1 activity has been reported to be reduced in NPC diseased cells,
where Sph and sphingolipids accumulate in lysosomes?®. This indicates a role for SphK1

as the major kinase to phosphorylate Sph prior to its degradation.

2.2.4 VAPA and B are essential for functional sphingolipid

metabolism

As already mentioned in chapter 1.4.1, two different VAP isomers, namely VAPA and
VAPB, are located in the ER membrane. They build homo- and heterodimers that interact
with various proteins such as STARD3'2, ORP1L**, or CERT®3". In particular, the FFAT motif
of these proteins binds to the MSP domain of the VAPs and thereby tethers organelle

contacts®?,

For cholesterol transfer, it has already been reported that STARD3 interacts with VAPs to
ensure efficient sterol transfer at lysosome-ER contact sites?'°. Since STARD3-mediated
Sph transfer has not been studied before, it is still unknown whether STARD3-VAP
interaction is also a prerequisite for Sph transfer towards the ER. To further investigate
this, | generated Hela 11ht VAPA, VAPB, and VAPA/B knock-out cells (Fig. 2.14a)
overexpressing functional STARD3 (STARD3 OX) and analyzed lysosomal Sph export using
lyso-pacSph probe in a TLC-based 30 min chase assay (Fig.2.14b).
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Figure 2.14: Protein and lipid analysis of VAPA, VAPB, and VAPA/B knock-out cells. A| Western blot
of Hela 11ht WT (ctrl), VAPA, VAPB, and VAPA/B knock-out cells for validating VAPA and VAPB
protein levels. B| TLC of WT (ctrl), VAPA, VAPB, and VAPA/B knock-out cells stably overexpressing
STARD3 (STARD3 OX). Cells were labelled with 5 uM lyso-pacSph and chased after probe activation
for 30 min. C| Quantification of lyso-pacSph fate after 30 min shown as Cer, D| Sph, E| SM, and F|
PC. Error bars show the standard error of the mean and Welch two-sample t-tests were performed
between ctrl and STARD3 OX WT or STARD3 OX FFAT cells (n.s. p-value > 0.05; * p-value < 0.05; **
p-value < 0.01, *** p-value < 0.001).

The analysis showed only minor changes in lipid levels in VAPA or VAPB single knock-outs
compared to control cells overexpressing STARD3 (ctrl). Only SM levels were significantly
decreased in VAPA knock-out cells, suggesting a role of VAPA in tethering STARD3 (Fig.
2.14e). Interestingly, VAPA/B double knock-out cells revealed a significant increase in
both Cer (Fig. 2.14c) and Sph (Fig. 2.14d), accompanied by a dramatic decrease in SM
levels (Fig. 2.14e). Moreover, PC levels stayed constant in all three cell lines (Fig.14f).
Thereby, the VAPA/B knock-out cells displayed an impaired sphingolipid transfer towards
the Golgi, where SM is synthesized, but an efficient Sph export out of the lysosome,
which is manifested by the increase in Cer levels. The amount of lyso-pacSph that is not

incorporated into SM is stored as Sph, most likely inside the lysosome. Surprisingly, none
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of the Sph excess was degraded to PC, indicating that the degradation pathway is not

automatically switched on when both VAPs are deficient.

To summarize, VAPA and to a greater extent VAPA/B deficient cells failed to transport
Cer to the Golgi for incorporation into SM efficiently. This is not surprising since CERT,
the LTP that mediates ER-Golgi sphingolipid transfer, binds to VAPs at the ER surface to
tether Golgi-ER contacts. The amount of lyso-pacSph that could not enter the
biosynthesis pathway for higher sphingolipids, such as SM in VAPA/B knock-out
conditions, stayed as enriched Cer and Sph most likely inside the ER and lysosomes,
respectively. Since VAPs are involved in many organelle contacts, it is difficult to detangle
the contributions of the STARD3-VAP interaction by investigating lipid transport in VAP

knock-out cells.

However, immunofluorescence microscopy of STARD3 in VAP knock-out cells revealed
an unexpected phenotype. While VAPA and VAPB knock-out cells had the same
peripheral distribution of STARD3-positive lysosomes as control cells, the VAPA/B double
knock-out gave a phenotype similar to the FFAT mutant. There, lysosomes clustered in

the perinuclear region (Fig. 2.15).
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Figure 2.15: Immunofluorescence microscopy of STARD3 overexpressing control, VAPA, VAPB, and
VAPA/B knock-out cells. STARD3-positive structures were visualized using a FLAG-specific antibody.

To investigate whether this VAPA/B phenotype is STARD3-dependent, | compared

VAPA/B KO cells, either expressing endogenous (ctrl) or stably increased (STARD3 OX)
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STARD3 levels. Lysosomes were visualized using a specific LAMP1 antibody, and to better
define the perinuclear region, the Golgi was stained using a lectin dye (Fig. 2.16).
Interestingly, lysosomal clustering and especially lysosomal positioning at the perinuclear
region was more pronounced in STARD3 overexpressing cells compared to control cells.
VAPA/B knock-out cells expressing endogenous STARD3 levels still showed some
lysosomal clusters, but the number of tethered lysosomes was smaller, and their
recruitment to the perinuclear region was less pronounced. This indicates a role for
STARD3 in regulating intracellular lysosomal positioning. It also disproves the assumption
that artificially altering the FFAT motif in STARD3 expressing cells lead to lysosomal
clustering. Contrary, STARD3-dependent biological mechanisms resulting from organelle

contact site impairment induce the observed phenotype.
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Figure 2.16: Immunofluorescence microscopy of VAPA/B knock-out cell either expressing
endogenous STARD3 levels (ctrl) or stably increased STARD3 levels (STARD3 OX). Lysosomes were
visualized using a specific LAMP1 antibody (cyan), and the Golgi apparatus was visualized using a
specific lectin dye (magenta).
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In conclusion, impairing membrane contact site formation either at the lysosome-ER
(FFAT mutant) or Golgi-ER (VAPA/B KO STARD3 OX) interface leads to lysosomal
clustering close to the Golgi apparatus. Lysosomal positioning is crucial for their
functioning. Two already mentioned intracellular locations have been reported:
peripheral lysosomes that move fast along microtubules and immobile perinuclear
lysosomes that cluster around the microtubule-organizing center (MTOC)*. Since the
MTOC and the Golgi apparatus are located in the same area of a cell, | cannot assuredly
say which cellular structure is contacted by lysosomes either expressing STARD3 FFAT
mutant in control cells or functional STARD3 in VAPAB knock-out cells. Lysosome-Golgi
contacts have been reported to be important for regulating the mammalian target of
rapamycin complex 1 (mTORC1), a master regulator for cell growth?!!, Lysosome-MTOC
colocalization has been connected to the activation of autophagy by lysosomal fusion
with autophagosomes for macromolecular digestion?’’. However, it has been reported
that multiple lysosomes cluster around a single autophagosome before they fuse to
autolysosomes?'?, Accordingly, it has been speculated that this prefusion “architecture”
increases the efficiency of fusion events by providing multiple fusion sites. Multiple
lysosomes could then fuse with one autophagosome for efficient cargo degradation?*2.
Based on these reports, | hypothesize that lysosomes that are hindered from contacting
other organelles, such as the ER or the Golgi, cluster around the MTOC to participate in
autophagy processes. However, increased sphingolipid degradation (as measured by
increased levels of PC) has not been shown in VAPA/B knock-out cells, assuming that
lysosomal re-positioning does not necessarily associate with the activation of the
sphingolipid degradation pathway. Apart from that, diminished Sph incorporation into
higher sphingolipids found in FFAT mutant or FB1 treated cells leads to sphingolipid
degradation. Therefore, it is tempting to speculate that sphingolipid degradation is

decoupled from autophagy.
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2.2.5 MOSPD2 as a potential STARD3 interacting partner

Many proteins have been found to contribute to membrane contact site formation?’.

For example, VAPs have been extensively studied for their impact on ER-mediated
contact site formations®”. Recently, another ER-resident surface protein family has been
reported to mediate ER-organelle contact site formations. This protein family is named
motile sperm domain-containing proteins (MOSPD) and can be grouped into three
classes: MOSPD1, 2, and 3. MOSPD proteins are sometimes described as VAP homologs
since they share the same, highly conserved MSP domain that interacts with many LTPs
at membrane contact sites'®’. However, it has been shown that the three MOSPD
proteins interact with different FFAT motif variants of their interacting proteins®¢. While
VAPA, B, and MOSPD?2 interact with classical FFAT motifs, MOSPD1 and 3 are selective
for unconventional FFAT motifs named FFNT (two phenylalanines in a neutral tract)
motifs. Besides the MSP domain, MOSPD2 has also been shown to contain a cellular
retinaldehyde-binding domain (CRAL) that suggests MODPD2 as a triple functional
domain protein. Therefore, this domain is named CRAL-TRIO. Notably, it has been
shown that MOSPD2 and STARD3 (Fig. 2.17a), but not MOSPD2 and CERT, interact with
each other!3¢, Therefore, MOSPD2 is a promising target to investigate STARD3-mediated

lysosome-ER contact site formation without affecting ER-Golgi contacts.

To investigate whether STARD3-MOSPD2 interaction is essential for sphingolipid transfer
across the lysosome-ER contact site, | generated MOSPD2 knock-out cells overexpressing
STARD3. Afterwards, a master student in the lab, Yannis Stahl, investigated sphingolipid

transfer using the TLC-based lyso-pacSph assay with 30 min chase.
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Figure 2.17: Sphingolipid metabolism in MOSPD2 and MOSPD2/VAPA/B knock-out cells. A|
MOSPD2 that can bind to STARD3 to possibly transport Sph at lysosome-ER contact sites. B| TLC of
WT (ctrl), MOSPD2, MOSPD2/VAPA/B knock-out cells stably overexpressing STARD3 (STARD3 OX).
Cells were labelled with 5 uM lyso-pacSph and chased after probe activation for 30 min. C|
Quantification of lyso-pacSph fate after 30 min shown as Cer, D| Sph, E| SM, and F| PC. Error bars
show the standard error of the mean and Welch two-sample t-tests were performed between ctrl
and MOSPD2 or MOSPD2/VAPA/B knock-out cells (n.s. p-value > 0.05; * p-value < 0.05; ** p-value
<0.01, *** p-value < 0.001).

These studies did not result in any significant difference in MOSPD2 knock-out (MOSPD2
KO) cells compared to control (ctrl) cells (Fig. 2.17b). When particularly investigating Cer
levels in MOSPD2 knock-out cells, a slight but not significant decrease from 14 to 11 %
Cer was found (Fig. 2.17c). In general, after 30 min of chase, Cer levels were very low, so
that a minor decrease might indicate a role of MOSPD2 in STARD3-mediated Sph transfer
at lysosome-ER contact sites. To investigate the interplay of STARD3, MOSPD2 and VAPs,
| generated triple knock-out cells containing MOSPD2 and VAPA/B deficiencies, and
Yannis Stahl applied the same sphingolipid analysis approach to these cells. He found
increased Cer (Fig. 2.17c) and similar PC (Fig. 2.17f) levels in MOSPD2/VAPA/B knock-out
cells compared to single MOSPD2 knock-out and control cells, a trend already observed

in VAPA/B knock-out cells (Fig. 2.14c and f). SM levels in the triple knock-out dramatically
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decreased, while Sph levels stayed the same as in control and MOSPD2 knock-out cells
and SM levels dramatically decreased (Fig. 2.17d and e). Interestingly, this finding did not
match with findings on VAPA/B knock-out cell experiments, where Sph levels increased
to 50 % in VAPA/B knock-out cells (Fig. 2.14d). Moreover, also SM levels showed
differences in the VAPA/B compared to VAPA/B/MOSPD2 knock-out cells. Even if the
trend of SM decrease compared to control cells was the same, VAPA/B knock-out cells
had only 10 % SM, while VAPA/B/MOSPD2 knock-out cells contained 40 % SM. Either the
triple knock-out facilitated an unknown way to convert Sph to SM in a MOSPD2-, VAPA-
and VAPB-independent manner, or, more likely, the MOSPD2/VAPA/B TLC preparations,
including cell harvesting and lipid extraction, were performed not as fast as VAPA/B TLC
preparations due to the fact that two different persons performed these assays. In detail,
when incubating longer than 30 min, the cells have more time to transfer Sph to the ER
(indicated by lower Sph levels), incorporate it into Cer (these levels stay the same since
ER Cer levels are highly controlled), transport it to the Golgi and finally incorporate Cer

into SM (indicated by higher SM levels).

In conclusion, MOSPD2 might play a minor role in STARD3-mediated Sph transfer across
the lysosome-ER contact site, but it is not essential for this transport. MOSPD2 knock-out
cells overexpressing STARD3 still favor Sph incorporation into higher sphingolipids, such
as SM, and thereby activating the biosynthetic pathway. Even if all currently known
STARD3 interacting ER-resident surface proteins, namely VAPA, B, and MOSPD2, were
diminished, it did not result in activation of the sphingolipid degradation pathway. In
conclusion, these studies on lysosome-ER interaction could not reveal one single ER
protein that significantly influenced the STARD3-mediated lysosome-ER contact in order
to facilitate Sph transfer. It is tempting to speculate that more ER-located proteins that
bind FFAT motifs exist, which potentially interact with STARD3 to facilitate Sph transfer

at lysosome-ER contact sites. Also, clearly, other transfer proteins of Sph exist.

In summary, Sph is actively transported by STARD3, most likely at lysosome-ER contact

sites. Under lysosome-ER tethering conditions, lysosomal Sph export was boosted
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towards the biosynthetic pathway, while when impairing lysosome-ER contacts or
inhibiting Sph incorporation into higher sphingolipids such as Cer or SM, the degradative
sphingolipid pathway was activated. This process occurred in a STARD3-dependent
manner. Moreover, contact site impairment either between the lysosome and the ER or
the ER and the Golgi led to alterations in cellular lysosomal positioning, which seemed to
be independent of the activation of the degradation pathway. STARD3 has been shown
to not only act at lysosome-ER contact sites but also increase lysosome-mitochondria
contacts in NPC1 diseased cells!'2, These STARD3-dependent contacts have been
suggested to mediate cholesterol egress towards mitochondria when proteins involved
in lysosome-ER contacts, such as NPC1 or GramD1b, are deficient!'2213, Accordingly, it is
tempting to speculate that STARD3 mediates lysosome-mitochondria contacts when
VAPs or MOSPD2 proteins, that are majorly involved in lysosome-ER contacts, are not

available and thereby prevent Sph degradation.

In conclusion, these studies revealed novel findings on STARD3-mediated Sph transfer at
lysosome-ER contact sites by challenging already known STARD3 interaction partners,

such as VAPA/B and MOSPD2, to not exclusively contribute to it.

2.3 Endogenous sphingolipid analysis confirms STARD3

as a lysosomal sphingosine exporter

The application of functionalized lipids is a revolutionary tool to investigate lipid
metabolism and trafficking, yet, it is still limited in some approaches. A major drawback
of these modified lipids is the use of unnatural modifications that could affect their
metabolism. Moreover, only the acute effect of lipid transfer can be examined, while
their steady-state cellular status is neglected. Furthermore, only a limited number of
(sphingo-)lipid species can be detected by TLC. Polar lipids, such as S1P, cannot be

separated by TLC. Species that can indeed be detected by TLC, such as Cer, cannot be
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separated into their single species that differ in saturation and chain length of the
attached fatty acid. Notably, another disadvantage is that the usage of functionalized
lipids always necessitates working with an excess of lipids. This could lead to a lipid
transfer according to their cellular concentration gradient. Lysosomal Sph export could
potentially be boosted in conditions of prior accumulation of Sph inside lysosomes by

using probes, such as lyso-pacSph.

To investigate the effects of STARD3 on endogenous sphingolipid levels, lipid mass

spectrometry was performed in collaboration with the lab of Sarah Spiegel (VCU, USA).
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Figure 2.18: Lipid mass spectrometry of sphingoid bases. A| Amount of Sph, B| DHSph, C| S1P and
D| DHS1P in control (ctrl), STARD3 overexpression (WT STARD3 OX), STARD3 FFAT mutant
overexpression (FFAT STARD3 OX), and STARD3 knock-out (STARD3 KO) cells measured by lipid
mass spectrometry performed in the lab of Sarah Spiegel (VCU, USA). Error bars show the standard
deviation of the mean and Welch two-sample t-tests were performed between ctrl and WT STARD3
OX, FFAT STARD3 OX or STARD3 knock-out cells (n.s. p-value > 0.05; * p-value < 0.05; ** p-value <
0.01, *** p-value < 0.001).
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The levels of sphingoid bases including Sph, dihydro-Sph (DHSph), S1P, and dihydro-S1P
(DHS1P) were measured in cell lines overexpressing STARD3 and the FFAT mutant, as
well as STARD3 knock-out cells. Interestingly, Sph levels were found to be significantly
elevated in cells overexpressing functional STARD3. This could be explained by the
enlargement of lysosomes in STARD3 overexpression conditions accompanied by an
increased capacity to store Sph. This Sph storage was even more pronounced in STARD3
FFAT mutant cells, indicating defective lysosomal Sph export mechanisms (Fig. 2.18a).
The de novo pathway of sphingolipid biosynthesis, analyzed by measuring DHSph, is not
affected by overexpressing STARD3. In contrast, when STARD3 is diminished (STARD3
KO), DHSph levels were decreased (Fig. 2.18b), suggesting a lysosomal sensing machinery
that lowers sphingolipid biosynthesis when LTPs are defective or deficient. However, S1P
(Fig. 2.18c) and DHS1P (Fig. 2.18d) were dramatically increased in STARD3 overexpressing
cells, indicating Sph phosphorylation as a signal for Sph incorporation into the
biosynthetic pathway. Sph phosphorylation has previously been reported to regulate Sph
recycling by the action of SphK2 but not SphK1%. This is supported by SphK1 western blot
analysis, in which SphK1 levels are not increased in STARD3 overexpressing cells (Fig.
2.13). It is tempting to speculate that the S1P increase in STARD3 overexpression
conditions stems from SphK2-mediated Sph phosphorylation, while the slight S1P
increase in STARD3 FFAT mutant and STARD3 knock-out cells is mediated by SphK1.

The levels of complex sphingolipids, such as Cer, were also investigated by lipid mass
spectrometry in cells featuring STARD3 overexpression or deficient conditions.
Surprisingly, total Cer levels and, consequently, all higher abundant Cer species, including
Cer (C16:0, C22:0, C24:1, and C24:0, were significantly increased in STARD3
overexpression conditions (Fig. 2.19a and b). The attachment of different fatty acids is
performed by six different CerS isoforms which are all located in the ER. CerS1 is highly
specific for C18 fatty acids. CerS2 is responsible for the incorporation of different chain-
length fatty acids, including C20, C22, C24, and C26. CerS3 attaches only long-chain fatty
acids, including C22, C24, and C26. CerS4 incorporates C18 and C20 fatty acids. CerS5

mediates the attachment of C16 fatty acids, and CerS6 introduces C14 and C16 fatty
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acids?'®. Our results suggest an equal contribution of especially CerS2, CerS3, CerS5, and

CerS6 for recycled Sph incorporation of recycled Sph into Cer.

Interestingly, STARD3 knock-out conditions showed slight but significantly decreased Cer
levels (Fig. 2.19a). Here, mainly C16:0 and C22:0 Cer are affected. Overall, this indicates
a STARD3-dependent impairment in Sph recycling in the steady-state and supports our

hypothesis that STARD3 mediates the transfer of Sph from lysosomes directly to the ER.
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Figure 2.19: Lipid mass spectrometry of Cer. A| Total Cer levels and B| Single Cer species in control
(ctrl), STARD3 overexpression (WT STARD3 OX), STARD3 FFAT mutant overexpression (FFAT
STARD3 OX), and STARD3 deficient (STARD3 KO) conditions analyzed by lipid mass spectrometry
performed in the lab of Sarah Spiegel (VCU, USA). Error bars show the standard deviation of the
mean and Welch two-sample t-tests were performed between ctrl and WT STARD3 OX, FFAT
STARD3 OX or STARD3 knock-out cells (n.s. p-value > 0.05; * p-value < 0.05; ** p-value < 0.01, ***
p-value < 0.001).

When analyzing more complex sphingolipids, such as monohexosylceramide (HexCer), a
significant increase in STARD3 overexpression conditions was visible (Fig. 2.20a).
Especially C16:0, C24:1, and C24:0 were affected (Fig. 2.20b). This increase in HexCer
indicates an efficient ER-Golgi transport since enzymes responsible for attaching sugars
on the Cer backbone are located in the Golgi. Additionally, an unexpected, slight increase
of HexCer was also measured in STARD3 FFAT mutant cells, mainly resulting from an
increase in HexCer C16:0. Since Cer levels are stable (Fig. 2.19) and Sph levels are

increased (Fig. 2.18) in FFAT mutant conditions, this increase in HexCer does not fit to
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the hypothesis of a delayed Sph recycling when lysosome-ER contact sites are impaired.
However, the increase in HexCer could be an effect of other physiological consequences
of FFAT mutant overexpression that might result from artificially increased lysosome-

Golgi contacts that are potentially induced in FFAT mutant cells.
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Figure 2.20: Lipid mass spectrometry of HexCer. A| Total HexCer levels and B| Single HexCer
species in control (ctrl), STARD3 overexpression (WT STARD3 OX), STARD3 FFAT mutant
overexpression (FFAT STARD3 OX), and STARD3 deficient (STARD3 KO) conditions analyzed by lipid
mass spectrometry performed in the lab of Sarah Spiegel (VCU, USA). Error bars show the standard
deviation of the mean and Welch two-sample t-tests were performed between ctrl and WT STARD3
OX, FFAT STARD3 OX or STARD3 knock-out cells (n.s. p-value > 0.05; * p-value < 0.05; ** p-value <
0.01, *** p-value < 0.001).

Surprisingly, the levels of SM were not significantly different, neither in STARD3
overexpression nor in STARD3 deficient conditions compared to control cells (Fig. 2.21a).
Only a minor decrease in C16:0 SM in FFAT mutant and a slight but significant increase in
STARD3 knock-out cells could be found (Fig. 2.21b). Generally, SM is a highly abundant
sphingolipid, so that STARD3-dependent minor changes in its biosynthesis are not visible
when analyzing the total SM content of a cell and not only the acute transport such as

lyso-pacSph experiments do.
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Figure 2.21: Lipid mass spectrometry of SM. A| Total SM levels and B| single SM species in control
(ctrl), STARD3 overexpression (WT STARD3 OX), STARD3 FFAT mutant overexpression (FFAT
STARD3 0OX), and STARD3 deficient (STARD3 KO) conditions analyzed by lipid mass spectrometry
performed in the lab of Sarah Spiegel (VCU, USA). Error bars show the standard deviation of the
mean and Welch two-sample t-tests were performed between ctrl and WT STARD3 OX, FFAT
STARD3 OX or STARD3 knock-out cells (n.s. p-value 2 0.05; * p-value < 0.05; ** p-value < 0.01, ***
p-value < 0.001).

In summary, measuring endogenous sphingolipids in STARD3 overexpression and
deficient conditions gives a different view on cellular lipid distribution compared to
investigating the acute effect of sphingolipid transfer. While the lyso-pacSph approach
showed a STARD3-dependent increase of SM, the analysis of endogenous SM did not
show any STARD3-dependent change. This is explainable since SM is highly abundant,
and a minor STARD3-dependent SM shift towards the biosynthetic pathway would be of
no detectable consequence in total SM levels. However, glycosphingolipids showed
higher total levels in STARD3 overexpression conditions, potentially due to the fact that
these lipids are not as abundant as SM. Since glycosphingolipids (or HexCer) were not
detectable in lyso-pacSph TLC-based assays, no direct comparison between out-of-
equilibrium and steady-state results could be made. However, lipid mass spectrometry
revealed that Sph entering the recycling pathway is not only incorporated into SM but

also into HexCer and, therefore, potentially also into glycosphingolipids.

Additionally, our hypothesis of direct STARD3-mediated Sph transport at lysosome-ER

contact sites was supported by significantly increased endogenous Cer levels in STARD3
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overexpression conditions as well as by slightly decreased Cer levels in STARD3 deficient
conditions. The fact that Cer increase in overexpression and Cer decrease in knock-out
conditions are not at the same magnitude is due to highly elevated STARD3 levels in
overexpression conditions. In contrast, its knock-out has only minor effects due to low
cellular STARDS3 levels. Moreover, the entry of Sph into the recycling pathway seems to
be regulated by Sph phosphorylation, as shown by the accompanying increase in S1P
levels. These results are consistent with previous findings in which phosphorylation of
Sph mediated by SphK2 was shown to play an important role in recycling of Sph in
mammalian cells®. Furthermore, it could be corroborated that functional lysosome-ER
contacts are needed for efficient Sph transfer. This has been shown by an increase in Sph
levels in STARD3 FFAT mutant overexpressing cells, most likely indicating lysosomal
storage of Sph, supporting that STARD3-dependent Sph transfer necessarily takes place

at lysosome-ER contact sites, as its the case for STARD3-dependent cholesterol traffic.

In conclusion, lipid mass spectrometry is a valuable method for investigating the steady-
state status of cellular lipids. Here, we show that STARD3 overexpression or knock-out
impacts cellular sphingolipid biosynthesis and degradation, supporting the hypothesis
that STARD3 activity directly affects sphingolipid metabolism, likely through its transport

function.

2.4 The START domain is involved in Sph transfer

The steroidogenic acute regulatory protein-related (StAR) lipid transfer (START) domain
is a highly conserved lipid-binding domain found in many proteins?'®. In different
proteins, the domain has been reported to bind different lipid species, including
cholesterol, PC, and Cer®®. The START domain of STARD3 is attached to the C-terminus
of the protein and faces towards the cytoplasm?®°. In 2000, the protein structure of the
STARD3 START domain was solved by X-ray crystallography (Fig. 2.22a), and it has been

shown that the START three-dimensional organization builds a 26 x 12 x 11 A
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hydrophobic cavity that is large enough to bind one cholesterol molecule'”. Indeed, the
STARD3 START domain-mediated cholesterol transfer has been reconstituted in vitro®°®.

However, if the STARD3 START domain also mediates Sph transfer is still unclear.

2.4.1 The known cholesterol-binding mutants ASTART and MR/ND are

essential for Sph transfer

STARD3-mediated cholesterol transfer has been extensively studied in the past years and
the START domain has been shown to play an important role in this transfer. Cell biology
studies have reported a truncated STARD3, deficient of the entire START domain, and a
START mutant with point mutations in M307R/N311D (Fig. 2.22b) to prevent STARD3-
mediated cholesterol transfer towards the lysosome®. In this chapter, | will investigate

whether these STARD3 mutants impact subcellular sphingolipid transfer.

To this end, | generated Hela 11ht cells stably expressing either a truncated STARD3
deficient of the entire START domain (ASTART) or a STARD3 mutant with point mutations
in M307R/N311D (MR/ND). Expression levels were analyzed by qPCR and a similar
expression compared to the WT STARD3 was observed (Fig. 2.22c). Firstly, | investigated
the Sph-binding ability of both constructs. For that reason, | labelled the cells with 2 uM
pacSph for 1 h continuously, crosslinked pacSph to proteins in close proximity in cells,
and clicked a biotin-azide to lipid-protein complexes in lysate. Afterwards a streptavidin
immunoprecipitation was performed, and STARD3-sphingolipid binding was analyzed by

western blot using a specific FLAG-antibody.
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Figure 2.22: Immunoprecipitation of pacSph and START mutants. A| Protein structure of the
STARD3 START domain (PDB 519J) with highlighted M307 (goldenrod) and N311 (purple). B| Protein
structure of STARD3 MR/ND START mutant, manually created in Coot?¢ and modeled in chimera2!?
with highlighted R307 (dark red) and D311 (light green). C| gPCR of ctrl, STARD3 OX, and STARD3
ASTART and MR/ND mutant OX expressing cells. mRNA levels are normalized to STARD3 OX, and
error bars show the standard deviation of the mean. D| Streptavidin-based immunoprecipitation
of pacSph-STARD3 complexes in HelLa 11ht WT cells overexpressing functional STARD3 (WT),
MR/ND mutant STARD3 (MR/ND) or ASTART STARD3. E| Quantification of three independent
immunoprecipitation experiments showing eluates (E) over inputs (I) normalized to functional
STARD3 (WT) +UV sample. Error bars show the standard error of the mean and Welch two-sample
t-tests were performed between WT STARD3 + UV and WT STARD3 -UV, MR/ND +UV or ASTART
+UV (n.s. p-value = 0.05; * p-value < 0.05; ** p-value < 0.01, *** p-value < 0.001).

The western blot analysis showed a 20 kDa shift from full-length STARD3 to the ASTART
mutant, confirming the truncation of the START domain. It further revealed that the
MR/ND as well as the ASTART mutant bind to pacSph shown by the FLAG signal in the
respective eluates (E) (Fig. 2.22d). The eluates (E) were quantified over their respective
inputs (1), and the ratio indicates no significant difference between WT STARD3 +UV and
MR/ND or ASTART STARD3 (Fig. 2.22e). Since most of the cytoplasmic domain is
truncated in ASTART STARDS3, it is most likely that pacSph crosslinked to the MENTAL
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domain in the lysosomal lumen. This phenomenon has previously been shown to also
happen with cholesterol. Photo-cholesterol binding assays revealed the STARD3 MENTAL
domain as a cholesterol-binding domain. This binding is speculated to maintain
cholesterol levels at the limiting membranes of lysosomes prior to its transfer to other
organelles'®. The binding of Sph at the MENTAL domain at the lysosomal limiting
membrane could occur for the same reason, to maintain Sph levels at the limiting
membrane of lysosomes prior to its lysosomal exit. However, this does not necessarily

imply a MENTAL domain-mediated Sph transfer.

To investigate the Sph transfer ability of MR/ND as well as ASTART STARD3 mutants, cells
were labelled with 2 uM lyso-pacSph, and activated by uncaging at the next day. After 30

min chase, lipids were extracted, and sphingolipid metabolites were analyzed by TLC.
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Figure 2.23: Sphingolipid metabolism in STARD3 ASTART and MR/ND mutant overexpressing cells.
A| TLC of HeLa 11ht WT (ctrl), STARD3 overexpressing (WT STARD3 OX), MR/ND, and ASTART
STARD3 mutant cells, labelled with 5 uM lyso-pacSph and chased after probe activation for 30 min.
B| Quantification of lyso-pacSph fate after 30 min shown as Cer, C| Sph, D| SM, and E| PC. Error
bars show the standard error of the mean and Welch two-sample t-tests were performed between
ctrl and STARD3 OX WT, MR/ND or ASTART cells (n.s. p-value > 0.05; * p-value < 0.05; ** p-value <
0.01, *** p-value < 0.001).
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The visualizable lipid species pattern on TLC plates already exhibited similar band
intensities between control and MR/ND or ASTART STARD3 mutants. At the same time,
WT STARD3 overexpressing cells show strong labelling of SM (Fig. 2.23a). When
quantifying the single lipid species, this assumption was confirmed. All detectable lipid
species in MR/ND and ASTART STARD3 cells, including Cer (Fig. 2.23b), Sph (Fig. 2.23c),
SM (Fig. 2.23d), and PC (Fig. 2.23e), did not show significant differences compared to
control cells. However, functional STARD3 overexpressing cells (WT) still showed
significantly enriched SM and decreased PC levels. This indicates a STARD3-mediated Sph
transport defect in both, START domain deficient conditions and when the hydrophobic

cavity is altered by mutating M307 and N311 residues.

In conclusion, STARD3-dependent Sph transfer seemed similar to STARD3-mediated
cholesterol transport. Cholesterol has been shown to interact with the STARD3 MENTAL
domain for a potential provision of cholesterol molecules at the lysosomal membrane
prior to its transfer to target organelles, such as the ER'2 Since Sph crosslinked to
STARD3 proteins deficient of the entire START domain, it is most likely that it also
interacts with the MENTAL domain. This mechanism might also maintain Sph levels at
the lysosomal limiting membrane to either follow the sphingolipid degradation pathway
or the sphingolipid biosynthetic pathway. However, Sph transport was impaired when
STARD3 did not comprise a complete START domain, indicating an important role of the
START domain for Sph transfer. Moreover, the START residues M307 and N311, located
deeply inside the hydrophobic cavity, have been shown to be essential for STARD3-
dependent cholesterol transfer. In particular, mutating them by exchanging methionine
307 to arginine (M307R) and asparagine 311 to aspartate (N311D) results in a dramatic
conformational change leading to an impaired cholesterol transfer?!®. However, M307
and N311 seemed to be essential for Sph transfer, too. It is tempting to speculate that
Sph enters the hydrophobic tunnel of the START domain orientated with either its head
or chain facing towards the cavity. Potentially, it interacts with residues buried inside the
pocket, such as M307 and N311, to get into a stabilized position that allows its transfer

across the polar cytoplasmic gap at membrane contact sites.
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In summary, the START domain of STARD3 is essential for Sph transfer at lysosome-ER
contact sites. Similar to cholesterol positioning inside the START domain, Sph might enter
the hydrophobic tunnel in a favored direction to get stabilized by specific amino acids
inside the pocket. If other residues of the START domain also facilitate Sph positioning

inside its cavity needs further investigations.

2.4.2 Molecular dynamic simulations revealed R351 as a potential Sph

interacting residue

Previously, the START domain was suggested as the most likely Sph interacting domain
of STARD3. To further investigate whether other START residues are involved in Sph-
binding, a PostDoc in the lab, Denisa Jamecna (Hoglinger group, BZH, DE), purified the
STARD3 START domain and investigated Sph binding in collaboration with Juri Rappsilber
(University of Edinburgh, UK) by crosslinking mass spectrometry. They identified the
peptide containing the serine 343 as a potential Sph interacting partner. S343 is located
at the opening of the hydrophobic cavity of the START domain. To confirm this serine as
Sph interacting residue, we collaborated with the group of Walter Nickel (BZH, DE). A
PostDoc, Fabio Lolicato, used molecular dynamic simulations to identify potential Sph-
binding residues inside the START domain. He simulated how Sph could potentially enter
the hydrophobic cavity of START in an aqueous environment. He found two possible
orientations in which Sph might enter the pocket. On the one hand, Sph could enter the
cavity with its “head out”, meaning the acyl chain facing towards the pocket (Fig. 2.24a).
On the other hand, Sph could invade the pocket in the opposite orientation with its “head
in”, implying its polar amino head group facing towards the cavity (Fig. 2.24b). Further
simulations suggested the “head out” orientation as the favored position of Sph entry

into the START pocket (data shown at DOI 10.17632/768hbxwt9j.1)2%,
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A "head out" B "headin"

Figure 2.24: Molecular dynamic simulations of STARD3 START domain and Sph. A| Modelling of
Sph inside the START hydrophobic cavity with “head out” or B| “head in” orientation. Potential
interacting residues such as R351 (green) and S343 (red) are highlighted. This figure was created
by Fabio Lolicato and Denisa Jamecna.

Moreover, Fabio Lolicato suggested the deeply buried arginine 351 (R351) residue as a
potential Sph interacting amino acid, while he could not find $S343 to interact with Sph

after it fully entered the pocket.

To follow up on his suggestion, | generated STARD3 R351 mutants by replacing the
arginine with either phenylalanine (Phe) or leucine (Leu) and created cells stably
overexpressing them. On the one hand, Phe comprises a bulky conjugated ring that
potentially faces towards to cavity. This blockade might prevent Sph from fully entering
the cavity. On the other hand, Leu is shorter and not as polar as Arg. Therefore, Sph might
not reach Leu, which could also prevent the stabilization of Sph inside the pocket (Fig.

2.25a).
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START structure

351 residue

Subcellular localization

Figure 2.25: Structure and subcellular localization of START 351 mutants. A| Protein structure of
the STARD3 START domain (PDB 519J) and START R351 mutants, manually mutated in Coot?!6 and
modeled in chimera?l’? with highlighted R351 (red), F351 (coral), and L351 (dark green). The
respective amino acid is shown below. B| Immunofluorescence microscopy of cells stably
overexpressing an N-terminal FLAG-tagged STARD3 WT (R351), STARD3 R351F, or R351L mutant
induced with 100 ng/mL doxycycline and visualized using a specific FLAG antibody.

The subcellular localization was investigated by immunofluorescence microscopy (Fig.
2.25b), and expression levels were analyzed by qPCR (2.26a), which confirmed lysosomal
localization and comparable STARD3 expression levels in WT, R351F, and R351L cell lines,

respectively.
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The Sph transferability of STARD3 R351 mutants was investigated by using the lyso-
pacSph TLC-based assay with 30 min chase. Therefore, the cells were labelled with 5 uM
lyso-pacSph, which was activated by uncaging after the lysosomal pre-localization of the

probe. Lipids were extracted, and single lipid species were analyzed by TLC (Fig. 2.26b).
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Figure 2.26: Sphingolipid metabolism in STARD3 R351F and R351L mutant overexpressing cells. A|
gPCR of ctrl, STARD3 OX and STARD3 R351F and R351L mutant OX expressing cells. mRNA levels
are normalized to STARD3 OX, and error bars show the standard deviation of the mean. B| TLC of
Hela 11ht WT (ctrl), STARD3 overexpressing (WT STARD3 OX), R351F STARD3, and R351L STARD3
mutant cells, labelled with 5 uM lyso-pacSph and chased after probe activation for 30 min. C|
Quantification of lyso-pacSph fate after 30 min shown as Cer, D| Sph, E| SM, and F| PC. Error bars
show the standard error of the mean and Welch two-sample t-tests were performed between ctrl
and STARD3 OX WT, R351F or R351L cells (n.s. p-value > 0.05; * p-value < 0.05; ** p-value < 0.01,
*** p-value < 0.001).

As expected, SM levels increased (Fig. 2.26e), while PC levels decreased (Fig. 2.26f) in
STARD3 overexpression (WT) conditions compared to control cells. Interestingly, STARD3
R351F and R351L did not show enhanced incorporation of lyso-pacSph into the
biosynthetic pathway as observed in WT STARD3 (Fig. 2.26e). Moreover, their PC levels
were not significantly decreased. Given that neither the boost in sphingolipid

biosynthesis (as measured by SM) nor the decreased degradation (as measured by PC)
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was observed in the mutants, mutations of R351 residue were suggested to abolish the
Sph transfer activity of STARD3. A slight but not significant increase in SM levels in cells
overexpressing STARD R351L suggests a residual functionality of this mutant, while

R351F expressing cells lose the ability of enhanced Sph transfer.

In conclusion, the START residue R351 is essential for STARD3-mediated Sph transfer. The
size and the charge of the alternative amino acid, in this case Phe and Leu, influenced
Sph binding. In vitro studies using the purified START domain of STARD3 performed by
Denisa Jamecna (Hoglinger group, BZH, DE) revealed that R351 mutants give an
unexpected higher crosslinking ability with Sph compared to not mutated START domains
(data not shown). We believe that the positive charge of R351 repels Sph in the pocket,
so it can be unloaded after a successful transfer. However, when mutated to non-charged
amino acids, such as Phe or Leu, Sph potentially gets stuck, thereby preventing an
efficient lipid transfer at lysosome-ER contact sites. Notably, modeling studies have
reported a role for R351 to potentially interact with the 3-hydroxyl group of cholesterol

as well't, However, this has not been followed up yet.

The START domain has been shown to not only transport cholesterol but also Sph.
Moreover, | found START residues which have been shown to be essential for cholesterol
transfer, to be also important for stabilizing Sph inside the hydrophobic pocket. However,
since modeling studies showed a capacity for only one single cholesterol molecule inside
the pocket!”, it is most likely that also only one Sph molecule fits inside, which was
supported by molecular dynamic simulations of Fabio Lolicato. Assuredly, the START
domain does not accommodate both lipids simultaneously. Moreover, it has been shown
that cholesterol, under physiological conditions, is most likely transported from the ER
towards the lysosome®®®, while | found STARD3-mediated Sph transport to happen in the
opposite direction. Therefore, our working hypothesis is that STARD3 mediates a counter

transport of cholesterol and Sph between lysosomes and the ER.
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2.4.3 Lipid competition studies in cells overexpressing STARD3

START-mediated cholesterol transfer has been extensively studied in the past
years!®0171218 However, START-mediated Sph transfer is a novel feature of STARD3,

which allows Sph entry into the sphingolipid recycling pathway.
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potential STARD3-mediated lysosomal export. B| TLC of Hela 11ht WT (ctrl), STARD3
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overexpressing (WT STARD3 OX) cells, labelled simultaneously with 5 uM lyso-pacSph and 0 to 100
UM lyso-Chol and chased after probe activation for 30 min. C| Quantification of total fluorescence
intensity of all clickable lipids. Error bars show the standard error of the mean. D| Quantification
of lyso-pacSph fate after 30 min shown as Cer, E| Sph, F| SM, and G| PC. Error bars show the
standard error of the mean and Welch two-sample t-tests were performed as indicated (n.s. p-
value > 0.05; * p-value < 0.05; ** p-value < 0.01, *** p-value < 0.001).

I performed lipid competition experiments to investigate whether cholesterol and Sph
use the same population of STARD3 proteins. To this end, cells overexpressing STARD3
were simultaneously labelled with 5 uM lyso-pacSph and an excess (0 — 100 uM) of lyso-
Chol, a novel cholesterol probe having the same lysosome-targeting motif and coumarin-
cage group attached as lyso-pacSph but lacking the photocrosslinkable and clickable
groups!®. After uncaging, the ability of STARD3 to transfer Sph, in the presence of
available cholesterol molecules, was investigated by TLC using a 30 min chase (Fig. 2.27a

and b).

The quantification of total lipid amounts showed a lyso-Chol concentration-dependent
increase in the total intensity of metabolized lyso-pacSph species (Fig. 2.27c). The fact
that lysosomes were pre-loaded with an unnatural amount of lipids might lead to
lysosomal enlargement accompanied by an artificially induced lysosomal storage
disorder. This would lead to an increased lysosomal lipid capacity, explaining the
observed enhanced lyso-pacSph uptake. When quantifying the single sphingolipid
species, a significant decrease in Cer (Fig. 2.27d), and a non-significant increase in Sph
levels (Fig. 2.27e) was shown with increasing lyso-Chol concentration. This indicates a
diminished exit of Sph out of the lysosome when an excess of cholesterol is present.
Moreover, a trend of SM decrease in a lyso-Chol concentration-dependent manner was
detected (Fig. 2.27f). This showed a reduced STARD3-mediated transfer of Sph towards
the biosynthetic pathway. It is tempting to speculate that cholesterol occupied the
STARD3 START domain, most likely for its transfer out of the lysosome to the ER, leading
to a diminished STARD3-dependent Sph transfer. Interestingly, PC levels stay constant in

all conditions (Fig. 2.27g), indicating that the cholesterol-dependent lysosomal Sph
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storage is not necessarily accompanied by switching on of the sphingolipid degradation
pathway. However, the most pronounced effect on sphingolipid metabolism in this
competition study was observed in 100 uM cholesterol excess conditions. In these
conditions, the lysosomes might be severely affected in size, stress, and metabolism.
With lower cholesterol concentrations the effects are only moderate. For that reason,
speculations about STARD3-mediated counter-transfer of Sph and cholesterol must be

taken with caution.
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Figure 2.28: Sph competition. A| Lysosomal labelling of lyso-pacChol and lyso-Sph and their
potential STARD3-mediated lysosomal export. B| TLC of Hela 11ht WT (ctrl), STARD3
overexpressing (WT STARD3 OX) cells, labelled simultaneously with 2.5 uM lyso-pacChol and 0 to
10 puM lyso-Sph and chased after probe activation for 60 min. C| Quantification of total
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fluorescence intensity of each lane. Error bars show the standard error of the mean. D|
Quantification of lyso-pacChol fate after 60 min shown as cholesterol (Chol), and D]
Cholesterolester (Chol.-ester). Error bars show the standard error of the mean and Welch two-
sample t-tests were performed as indicated (n.s. p-value 2 0.05; * p-value < 0.05; ** p-value <0.01,
*** p-value < 0.001).

To further investigate the transfer of cholesterol and Sph, | performed the competition
experiment vice versa. To this end, cells overexpressing STARD3 were simultaneously
labelled with 2.5 uM lyso-pacChol, a multifunctionalized cholesterol probe, and an excess
(0 — 10 uM) of lyso-Sph, an Sph probe containing the lyso-cage group, but not the click
and crosslinking group. After uncaging, the ability of STARD3 to transfer cholesterol in
the presence of available Sph molecules was investigated by TLC using a 60 min chase

(Fig. 2.28a and b).

As known so far, cholesterol can only be metabolized to cholesterol esters, which are
made at the ER by the action of acyl-CoA-acetyltransferase (ACAT). These esters are then
stored in lipid droplets or unesterified by esterases to release free cholesterol?'®. In a
previous study, | already identified cholesterol and cholesterol ester bands in TLC-based
assays, using cholesterol standards and ACAT inhibition approaches, respectively®. This
time, total quantification of the fluorescence intensity of cholesterol and cholesterol
esters did not show an Sph-dependent increase (Fig. 2.28c). This might be due to the fact
that this experiment was performed with lower concentrations of lyso-pacChol as well
as lyso-Sph, to prevent cell death accounted by high Sph concentrations. Notably, cell
death started already at 50 uM lyso-pacSph concentrations. However, with increasing
lyso-Sph concentrations, several non-identified bands appear on the TLC. On the one
hand, these bands ran at the same height as SM and PC, and they only appear in the
presence of Sph excess. Since the click group of lyso-pacChol is attached to the esterified
side chain of the molecule, it is tempting to speculate that cellular esterases can cleave
the alkyne comprising chain off, which is then subsequently incorporated into the
sphingolipid metabolism resulting in short-chain sphingolipids or their degradative
products. This process might be driven by the excess of Sph. On the other hand, it is also

possible that these unidentified bands correlate with unusual cholesterol metabolites,

82



Chapter Il — Results and Discussion

appearing upon lysosomal stress, as caused by an excess of Sph. However, the nature of
these potential cholesterol metabolites is unknown and would need further

investigation.

Interestingly, quantification of cholesterol (Fig. 2.28d) and cholesterol esters (Fig. 2.28¢)
showed increased cholesterol and ester levels in STARD3 overexpression cells compared
to control cells, when lyso-Sph was not added. Since cholesterol esters are made at the
ER, it is most likely that STARD3 preferred an ER to lysosome transfer of cholesterol,
leading to lower cholesterol ester levels. This is possible since the chase of 60 min allows
the priorly lysosomal targeted cholesterol to distribute throughout the entire cell,

including internal membranes, such as the ER.

Although not significant, in lyso-Sph increasing conditions, this phenotype got even more
pronounced. This could stem from a counter transport of Sph and cholesterol, meaning
more Sph transfer from lysosomes to the ER, as expected in Sph-rich conditions, induces
a more efficient cholesterol transfer from the ER to lysosomes, leading to less
esterification. In contrast, the phenotype could also be explained by a slower cholesterol
transfer from lysosomes to the ER in Sph-rich conditions, also leading to less
esterification. The latter hypothesis is more likely since it has been reported that an

excess of Sph induces a lysosomal cholesterol accumulation phenotype®,

Together, these lipid competition studies revealed a correlation between STARD3-
mediated Sph and cholesterol transfer. Moreover, these data give a first hint that Sph
and cholesterol transport mediated by STARD3 potentially occurs in exchange for each
other at lysosome-ER contact sites. However, these lipid competition experiments were
performed with high lipid concentrations, which potentially induced a lysosomal lipid
storage phenotype. For that reason, the interpretation of these data needs to be taken

with caution.

83



Chapter Il — Results and Discussion

2.5 Conclusion and outlook

Sphingolipid-protein interactions and sphingolipid metabolism have already been
studied for decades. Several receptors and transport proteins, such as S1P receptors??°
or the Cer transfer protein CERT?%!, have been described to participate in sphingolipid
metabolism, signaling, and transfer. However, advanced novel tools, such as
functionalized lipid probes, allow a sophisticated way to investigate lipids and their
interacting proteins not only in steady-state but also in a highly dynamic manner. Using
these lipid probes, two lysosomal Sph-binding proteins, namely NPC1 and LIMP2, have
been discovered recently!®. While these proteins were shown to participate in Sph
export from the lysosomal lumen towards the limiting lysosomal membrane, here | found

the first known example of an Sph transporter between lysosomes and the ER.

In vitro and in cellulo lipid-protein immunoprecipitation, as well as TLC-based Sph
transfer assays, revealed STARD3 as an Sph transporter. Interestingly, Sph seems to bind
not only to the lipid-transferring START domain but also to the MENTAL domain of
STARD3. This MENTAL-lipid binding ability has also been shown for cholesterol binding®®2.
The MENTAL domain was suggested as a reservoir that stores an excess of lipid molecules
prior to START-mediated lipid transfer to target organelles>2. This hypothesis matches
with STARD3-Sph binding findings and would explain why START deficient STARD3
mutants are still able to crosslink with Sph. Before Sph can reach the MENTAL domain, it
needs to be transferred out of the lysosomal lumen, where hydrolases act on
intraluminal membranes for prior degradation of higher sphingolipids. For cholesterol, it
is known that it reaches the limiting membrane of lysosomes by an active transfer driven
by NPC1 and NPC2'?8, Since NPC1 and STARD3 are reported to occur in the same type of
lysosomes’® and NPC1 has been shown to bind Sph?, it is tempting to speculate that
the NPC proteins facilitate Sph transfer from the lumen to the limiting membrane of
lysosomes and forwarded it to STARD3 for lysosomal exit and its transfer towards the ER.
To investigate this assumption, STARD3-mediated Sph transfer could be analyzed in

NPC1-deficient cells to investigate whether NPCls act as a mediator between the
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lysosomal lumen and the lysosomal limiting membrane. However, since the knock-out of
STARDS3 still resulted in successful Sph exit out of the lysosome, STARD3 is certainly one
of more, still unknown proteins, that regulate the entry of Sph into the sphingolipid

recycling pathway.

Furthermore, lipid-protein binding assays found that the functionality of lysosome-ER
contact sites impacts STARD3-Sph binding. Impaired membrane contact site formation
between lysosomes and the ER by mutating the FFAT motif of STARD3 decreased the
STARD3-Sph binding efficiency. This implies a highly regulated cellular sensing machinery
that adapts to subcellular changes, such as decreased contact site between lysosomes
and the ER in FFAT mutant conditions. It has been reported that phosphorylation of the
FFAT motif controls the formation of membrane contact sites and lipid transfer function
and acts as a general switch at inter-organelle contacts'®*. However, the respective
kinase that mediates FFAT-phosphorylation has not been identified so far. Since the
prominent serine/threonine kinase mTOR, a major regulator of cell growth, localizes in
its active form to the surface of lysosomes, it is not unreasonable to speculate that mTOR
might regulate lysosome-organelle contacts by phosphorylation of the cytosolic FFAT
motif of STARD3 and thereby act as lysosomal sensor for subcellular changes. In order to
investigate whether mTOR acts as a potential kinase to regulate lysosomal contact sites,
FFAT phosphorylation mutation studies, as well as mTOR inhibition experiments, could

be performed.

Besides decreased Sph-STARD3 binding in lysosome-ER impaired cells, also sphingolipid
metabolism is affected by defective contacts. When Sph incorporation into Cer at the ER
is impaired, either by defective lysosome-ER contact site formation in a STARD3 FFAT
mutant or by inhibition of the biosynthetic pathway using specific drugs, such as FB1, the
sphingolipid degradation pathway is switched on. This confirms the suggestion that a
highly regulated cellular machinery senses lysosome-ER contacts to switch on either the
Sph recycling or degradation pathway. However, S1P, a bioactive sphingolipid

metabolite, has been reported to be synthesized prior to Sph degradation’. Two
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different isoforms of SphKs are known and have been reported to have opposing effects.
While overexpression of the pro-survival SphK1 reduces Sph incorporation into Cer,
overexpression of the pro-apoptotic SphK2 has been shown to facilitate Sph
incorporation into C16:0 Cer by increasing the incorporation of palmitate, which is a
substrate for CerS'%. | could show an increase in SphK1 levels in STARD3 FFAT mutant
but not in functional STARD3 overexpression conditions, suggesting an SphK1 regulated
sphingolipid degradation. However, in inhibitory biosynthesis conditions using FB1, this
SphK1 increase did not occur, implying a complex sphingolipid degradation regulation
that is not always accompanied by increased amounts of SphK1. Additionally, increased
amounts of SphK1 do not necessarily equal with enhanced kinase activity. Therefore, |
can only speculate that Sph phosphorylation prior to its degradation is mainly facilitated

by SphK1.

Interestingly, endogenous S1P levels were dramatically increased in STARD3
overexpression conditions that potentially favor Sph incorporation into higher
sphingolipids. It is tempting to speculate that these increased S1P levels occur from
SphK2 activity, thereby increasing palmitate levels and C16:0 Cer'®, which has been
indeed shown by lipid mass spectrometry. SphK knock-out studies and activity assays
could give more insights into sphingolipid degradation regulation via SphK1 and Sph
entry into the recycling pathway via SphK2, and thereby shed light on the opposing roles

of both kinases.

Nevertheless, the final step in sphingolipid degradation facilitated by S1PL occurs at the
ER?2, implying a transfer of Sph or S1P between lysosomes and the ER in FFAT mutant or
FB1 treatment conditions. Since, at least in FFAT mutant conditions, the contacts
between lysosomes and the ER are dramatically decreased, it could be considered that
SphK1 (or SphK2) might be recruited to lysosomes for Sph phosphorylation rather than
that the phosphorylation occurs at the ER. Presumably, down-regulation of SphKs, by
inhibitory or knock-out approaches, would result in an artificial Sph lysosomal storage
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disorder as found in NPC disease®**. As already mentioned, cleavage of the Sph backbone
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occurs at the ER, implying a transfer of S1P towards the ER. The observed increased PC
levels in lyso-pacSph studies already after a short period of time presume an efficient
lysosome-to-ER transfer. It is unlikely that this transfer is facilitated via vesicular
trafficking, which is presumably not fast enough, or at lysosome-ER contact sites since
these contacts are reduced in FFAT mutant cells. For that reason, it is tempting to
speculate that S1P reaches the ER via a still unknown protein or transfer mechanism.
S1P-protein interaction studies could be performed to investigate potential interaction

partners that might facilitate its transfer towards the ER.

Furthermore, molecular dynamic simulation studies confirmed that Sph fits inside the
hydrophobic cavity of the START domain. In an agueous environment, it has been shown
that Sph favors entering the pocket with its tail first. This position might stabilize Sph
inside the START domain in an aqueous solution since its polar headgroup faces towards
the cytosol. However, in a membranous environment, as such of cells, Sph might enter
the pocket with its head first. Polar lipids, including Sph, are anchored in biomembranes
with their heads facing towards the polar cytosol and could thereby be extracted from
LTPs only in head-first orientation. To further investigate this hypothesis, simulations of

START-Sph interactions need to be done in a membranous environment.

Moreover, the R351 residue that is deeply buried inside the pocket seems to be essential
for START-mediated Sph transfer. This residue, which is highly conserved through
evolution, has already been shown by molecular docking studies to potentially also
interact with the hydroxyl group of cholesterol'’. Its polarity might be essential for
releasing lipids out of the START domain, as supported by increased Sph-R351 START
mutant crosslinking in in vitro studies (Denisa Jamecna, unpublished data). This also
supports the assumption that Sph enters the START pocket with its polar head first in a
membranous environment. R351 replacement by other positively charged amino acids,
such as His or Lys, in START-mediated Sph trafficking studies, could give further evidence

if charged amino acids at the end of the cavity are essential for its lipid release.
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In conclusion, the cholesterol transfer protein STARD3 has been shown to also transport
Sph at lysosome-ER contact sites in a START-dependent manner, while the MENTAL
domain presumably supplies Sph prior to its transfer at membrane contact sites. STARD3
seems to be a highly flexible lipid transfer protein that adapts its lipid transfer direction
along the subcellular lipid concentration gradient, presumably Sph transfer from
lysosomes to the ER and cholesterol transfer in exchange from the ER to lysosomes.
Therefore, STARD3 could play a, yet unknown, role in many lysosomal storage diseases
to ensure cellular lipid homeostasis when major lysosomal lipid breakdown or transfer

proteins are defective.
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Chapter Ill — Experimental Methods

3.1 Reagents

All common reagents used in this thesis were purchased from commercial sources such
as Sigma Aldrich/Merck (Darmstadt, DE), ThermoFisher Scientific (Massachusetts, USA),
or Carl Roth (Karlsruhe, DE) without further purification. All enzymes and cloning
reagents were purchased from New England Biolabs (Frankfurt am Main, DE).
Commercially available functionalized lipids such as pacSph were obtained from Avanti
Polar Lipids (Birmingham, USA). Lyso-pacSph, lyso-pacChol, lyso-Sph, and lyso-Chol were
originally synthesized by Janathan Juarez in the Hoglinger laboratory (Heidelberg
University, DE) and provided by him. CerS inhibitor Fumonisin B1 (FB1) was purchased

from Biomol (Hamburg, DE).

3.2 Buffers and media

3.2.1 Buffers and solutions

PBS
137 mM NacCl
2.7 mM KCl

10 mM Naz2HPOg4
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1.8 mM KH2PO4

The pH was adjusted to 7.4 using HCI. PBS was prepared as sterile filtrated 10x stock in

the media kitchen of the BZH.

PHEM buffer

60 mM PIPES, pH 6.9

25 mM HEPES, pH 6.9

10 mM EGTA, pH 7.0

2 mM Macl;

PHEM buffer was sterile filtrated and used at pH 6.9.

Imaging buffer

20 mM HEPES

115 mM NaCl

1.2 mM MgCl,

1.2 mM glucose

1.8 mM CacCl;

The pH was adjusted to 7.4 using NaOH and the solution was sterile filtrated before

usage.
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IP equilibration buffer

50 mM Tris, pH 7.4

150 mM NacCl

0.05 % (v/v) Trition-X-100

1 mMDTT

Equilibration buffer was prepared freshly before each experiment.

IP wash buffer 1

2 % (w/v) SDS

IP wash buffer 2

50 mM HEPES, pH 7.4

1 mM EDTA, pH 8.0

500 mM NaCl

1 % (v/v) Triton-X-100

0.1 % (w/v) Na-deoxycholate
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IP wash buffer 3

10 mM Tris, pH 8.0

250 mM LiCl

1 mM EDTA, pH 8.0

0.5 % (v/v) NP-40

0.5 % (w/v) Na-deoxycholate

IP wash buffer 4

50 mM Tris, pH 7.4

50 mM NacCl

0.1 % (v/v) NP-40

IP elution buffer

10 mM Tris, pH 7.4

2 % (w/v) SDS

5 % (v/v) B-mercaptoethanol

2 mM Biotin

Elution buffer was prepared freshly before each experiment.
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Amido black solution

1 g/L amido black

90 % (v/v) MeOH

10 % (v/v) acetic acid

Amido black wash solution

90 % (v/v) MeOH

10 % (v/v) acetic acid

MOPS

MOSPS SDS Running buffer (20x) from novex life technologies (Carlsbad, CA)

MOPS buffer was diluted to 1x concentration before usage.

Transfer buffer

25 mM Tris

192 mM glycine

20 % (v/v) MeOH
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137 mM NaCl

2.7 mM KCl

10 mM Naz2HPO4

1.8 mM KH2PO4

0.1 % (v/v) Tween

The pH was adjusted to 7.4 using HCI. PBS was prepared as sterile filtrated 10x stock in
the media kitchen of the BZH.

RIPA lysis buffer

150 mM NacCl

5 mM EDTA, pH 8.0

50 mM Tris, pH 8.0

1% (v/v) NP-40

0.5 % (w/v) Na-deoxycholate

0.1 % (w/v) SDS

1x Protease inhibitor cocktail (Serva, Heidelberg, DE) was added to RIPA lysis buffer

before usage.
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SDS lysis buffer

0.1 % (w/v) SDS

1 % (v/v) Triton-X-100

All ingredients of SDS lysis buffer were dissolved in PBS. 1x Protease inhibitor cocktail

(Serva, Heidelberg, DE) was added to SDS lysis buffer before usage.

4x Lammli buffer

250 mM Tris

280 mM SDS

40 % (v/v) glycerol

20 % (v/v) B-mercaptoethanol

Spatula tip bromephenol blue

The pH was adjusted to 6.8. and 100 uL of 1 M DTT was freshly added to 900 pL of 4x

[ammli buffer aliquot and stored at RT.

3.2.2 Bacterial culture medium

LB Medium

1% (w/v) tryptone

1% (w/v) NacCl
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0.5 % (w/v) yeast extract

The pH was adjusted to 7.0 using NaOH. Luria-Bertani (LB) medium was prepared and

autoclaved in the media kitchen of the BZH.

LB plates

1.5 % (w/v) bacto agar in LB

LB plates were supplemented with 100 pg/mL ampicillin or 30 pg/mL kanamycin and cast

in the media kitchen of the BZH. LB plates were stored upside down at 4 °C.

SOC Medium

0.5 % (w/v) yeast extract

2 % tryptone

10 mM NaCl

2.5 mM KClI

10 mM MgCl,

10 mM MgSOs4

20 mM glucose

The pH was adjusted to 7.0 with NaOH. Super optimal broth medium with catabolite

repression (SOC) medium was prepared and autoclaved in the media kitchen of the BZH.
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3.2.3 Eukaryotic cell medium

Hela cell complete medium

Dulbecco’s Modified Eagle Medium (DMEM) (4.5 g/L glucose, Sigma Aldrich)

10 % fetal calf serum (Bio & Sell)

1 % penicillin/streptomycin (Sigma Aldrich)

Hela 11ht cell selection medium

Dulbecco’s Modified Eagle Medium (DMEM) (4.5 g/L glucose, Sigma Aldrich)

10 % fetal calf serum (Bio & Sell)

1 % penicillin/streptomycin (Sigma Aldrich)

50 mM Ganciclovir

Hela CRISPR Cas9 selection medium

Dulbecco’s Modified Eagle Medium (DMEM) (4.5 g/L glucose, Sigma Aldrich)

10 % fetal calf serum (Bio & Sell)

1 % penicillin/streptomycin (Sigma Aldrich)

6 ug/mL 6-thioguanine
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Starvation medium

Dulbecco’s Modified Eagle Medium (DMEM) (4.5 g/L glucose, Sigma Aldrich)

3.3 Cloning and bacterial culture

3.3.1 Plasmid construction

For transient overexpression of STARD3, the STARD3 gene sequence was amplified by
PCR using a Q5 DNA polymerase introducing a FLAG-tag sequence at the N-terminus of
STARD3 and sites for restriction enzymes, namely BamHI and Fsel for the N- and C-
terminus, respectively. A pCMV6 vector was digested for 1 h at 37 °C using BamHI and
Fsel and the amplified PCR product was inserted by ligation using a T4 ligase overnight

at 16 °C. Afterwards, T4 ligase was inactivated at 65 °C for 10 min.

The plasmid for transient STARD3 ASTART overexpression was produced in the same way
as described above, but the reverse primer for PCR amplification bound before the START
domain of STARD3. Consequently, the construct only consists of the FLAG-tagged N-
terminus and the MENTAL domain but does not contain the START domain of STARD3.

Mutagenesis of STARD3 FFAT/Ala, FA/YA, MR/ND, R351A, R351D, R351E, R351F, and
R351L was done by PCR amplification introducing the desired nucleotides by primer
design. The whole plasmid was amplified using a Q5 DNA polymerase. In one step, the
resulting linear DNA sequence was phosphorylated at the 5’-ends using a T4
polynucleotide kinase (4-PNK) and re-ligated using a T4 ligase. Additionally, Dpnl was
added to digest methylated original plasmids which do not contain the desired

mutations. This KDL reaction was performed for 30 min at room temperature (RT).

For the preparation of Hela 11ht cells stably overexpressing STARD3 (and the
corresponding mutants) or ORP1L AORD, a PSF3 vector, which was a kind gift from Julien
Bethuné (BZH, Heidelberg, DE), was used. FLAG-STARD3 (and the corresponding
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mutants) and ORP1L-FLAG AORD were amplified by PCR using a Q5 DNA polymerase
introducing EcoRIl and Notl restriction sites at the N- and C-terminus, respectively. The
PSF3 vector was digested for 1 h at 37 °C using EcoRI and Notl and the amplified PCR
product was inserted by ligation using a T4 ligase overnight at 16 °C. Afterwards, T4 ligase

was inactivated at 65 °C for 10 min.

For generating polyclonal CRISPR Cas9 knock-out cells, the respective gRNA sequence
(for STARD3, MOSPD2, and SGPL1) was introduced into a pX330 backbone. For that
purpose, oligonucleotides for the gRNA sequence with flanking Bbsl restriction sites were
designed using CISPOR (http://crispor.tefor.net) and annealed for 30 min at 37 °C and
afterwards 5 min at 95 °C with a subsequent cool down to 25 °C in 5°C/min steps. pX330
backbone was digested using Bbsl for 1 h at 37 °C and annealed oligonucleotides were
inserted into the digested pX330 backbone using a t4 ligase overnight at 16 °C. The empty
pX330 plasmid and the pX330 plasmid containing VAPA/B gRNA targets were a kind gift

from Takeshi Harayama (University of Geneva, CHE).

3.3.2 Bacteria transformation

For transforming the constructed plasmids in bacteria, 100-200 L E.coli (DH5a or 108
strains) bacteria were thawed on ice and mixed by flicking the tube. Afterwards, 2-10 uL
of heat-inactivated ligation or KDL mixture were added and incubated for 30 min on ice.
A heat-shock was performed at 42 °C for 45 sec and bacteria were recovered for 5 min
onice. Next, 1 mL of pre-warmed SOC-media was added, and bacteria were grown for 1
h at 37 °C while shaking at 500 rpm. Afterwards, bacteria were pelleted for 3 min at 1500
rpm and approximately 900 uL of supernatant were discarded. Residual 100 pL bacterial
culture were re-dissolved to a homogenous solution by pipetting up and down and
subsequently distributed on an LB plate containing 50 pg/mL Kanamycin or 100 ug/mL
Ampicillin for CMV6 or PSF3 and pX330 plasmids, respectively. LB plates were incubated

overnight at 37 °C.
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The next day, single colonies were picked and grown in 5 mL LB media containing 50
pg/mL kanamycin or 100 pg/mL ampicillin overnight at 37 °C while shaking at 180 rpm.
From bacterial culture, plasmids were extracted using a MiniPrep Kit (Sigma Aldrich) and

DNA concentration was measured at a NanoDrop.

3.4 Cell culture

3.4.1 Cell lines

All HeLa (human cervical adenocarcinoma cells, No. CCL-2) and Hela 11ht (human
cervical adenocarcinoma cells, No CCL-2, stably expressing the reverse tetracycline-
controlled transcription activator rtTA-M2 and containing a locus for Flp-recombinase-
mediated cassette exchange??#2%°) cell lines were cultured in Dulbecco’s Modified Eagle’s
Medium supplemented with 10 % FCS, 500 units penicillin and 0.1 mg/mL streptomycin
in a humidified incubator at 37 °C with 5 % CO.. Cells were regularly tested for

mycoplasma contamination.

Cells used in this thesis is listed below:

Cell type Knock-out Inducible expression
Hela WT -
Hela SGPL1 -

Hela 11ht WT -

Hela 11ht WT FLAG-STARD3

Hela 11ht WT FLAG-STARD3 Q206A/F207A/Y208A/
S209A/P210A/P211A/E212A (FFAT/Ala)
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Hela 11ht WT FLAG-STARD3 ASTART
Hela 11ht WT FLAG-STARD3 M307R/N311D (MR/ND)
Hela 11ht WT ORP1L-FLAG AORD
Hela 11ht WT FLAG-STARD3 R351F
Hela 11ht WT FLAG-STARD3 R351L
Hela 11ht VAPA -

Helallht VAPA FLAG-STARD3

Hela 11ht VAPB -

Hela 11ht VAPB FLAG-STARD3

Hela 11ht VAPA/B -

Hela 11ht VAPA/B FLAG-STARD3

Hela 11ht STARD3 -

Hela 11ht MOSPD2 -

Hela 11ht MOSPD2 FLAG-STARD3

Hela 11ht MOSPD2/VAPA/B FLAG-STARD3

Hela WT and Hela SGPL1"" cells were a kind gift from Britta Briigger (BZH, Heidelberg,

DE) and Hela 11ht WT cells were a kind gift from Julien Bethuné (BZH, Heidelberg, DE).

All other cell lines were generated by me.
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3.4.2 Transfection and preparation of Hela 11ht cells stably expressing

modified proteins

Hela 11ht cells harbor a stably integrated hygromycin cassette flanked by a flippase (Flp)
recognition target (FRT) site. These FRT sites were used to stably integrate a gene
sequence of interest using a PSF3 vector containing the gene of interest flanked by the
same FRT sites which are therefore compatible with the Flp-recombinase-mediated
cassette in Hela 11ht cells. To exchange the integrated hygromycin cassette with the

gene of interest, a Flp enzyme, specifically targeting the FRT sites, is expressed??*,

For that reason, cells were grown in a 6-well plate to 70-80 % confluency and co-
tansfected with 2 pg of PSF3-based plasmid and 2 pg of Flp-based plasmid using
polyethylenimine (PEI) in a 1:2 ratio in recovery medium. After 24 h, the cells were
transferred into a 10 cm dish, and two days later the recovery medium was replaced by
Hela 11ht selection medium containing 10 % FCS, 1 % Pen/Strep, and 50 mM Ganciclovir
to select transfected cells. Cells were cultured for one week in selection medium and
afterwards seeded in a 10 cm dish at a very low density. Approximately after one week,
colonies of around 20 to 100 cells were grown, picked using sterile cloning disks, and
expanded to 10 cm dishes. Cells were genetically validated by extracting the genomic
DNA (gDNA) (Blood and Tissue Kit, Qiagen), amplifying the stably integrated gene of
interest by PCR, and sequencing the PCR product.

3.4.3 Generation of polyclonal CRISPR Cas9 knock-out cells

The highly efficient gene disruption strategy used for producing polyclonal CRISPR Cas9
knock-out cells has been adapted from a protocol by Takeshi Harayama (Geneva,
Switzerland)?26. Emtpy pX330, pX330 VapA/B, and HPRT1-3m13 plasmids were a kind gift
from Takeshi Harayama (Geneva, Switzerland), and pX330 Stard3, pX330 MOSPD2 were
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produced as described in chapter 3.3.1. HelLa 11ht WT cells were reverse co-transfected
with 495 ng of the respective pX330 plasmid and 5 ng of HPRT1-3m13 in a 24-well plate
using Lipofectamine 2000. On the next day, cells were detached and seeded in a 10 cm
dish. After further 4 days, the cells were detached again and reseeded in a new 10 cm
dish in HelLa CRISPR Cas9 selection medium supplemented with 10 % FCS, 1 %
Penicillin/Streptomycin and 6 ug/mL 6-thioguanine. Cells were cultured for one week in
Hela CRISPR selection medium and afterwards grown in normal HeLa complete medium.
Cells were genetically validated by extracting the genomic DNA (gDNA) (Blood and Tissue
Kit, Qiagen), amplifying the exon of interest by PCR, and sequencing the PCR product. If
a suitable antibody was commercially available, the cells were validated by western blot

as described in chapter 3.10.

3.5 Immunoprecipitation

Cells were grown in 10 cm dishes to 90 % confluency and labeled with 2 uM pacSph for
1 h in starvation medium. Thereafter, cells were washed with PBS and 5 mL pre-cooled
imaging buffer was added. Lipids were crosslinked to proteins in proximity by irradiating
the cells with UV light at 365 nm wavelength for 5 min. Subsequently, cells were
harvested by scraping them in PBS and pelleted in a 1.5 mL tube. Cells were resuspended
in 100 - 200 pL SDS lysis buffer containing 0.1 % (w/v) SDS and 1 % (v/v) Triton-X-100 in
PBS and sonicated for 5 min, followed by a 1 h incubation at 4 °C while rotating. Cells
debris was pelleted for 5 min at 14000 rpm at 4 °C and protein-containing supernatant
was collected and transferred into a new 1.5 mL tube. Protein concentration was
determined using amido black (see chapter 3.9) and adjusted to 200 pg protein in 100 pL
SDS lysis buffer. 7 pL of click mixture containing 500 uM CuSOs, 50 uM TBTA, 500 uM
freshly prepared ascorbic acid, and 250 uM picolyl-azide-PEG4-Biotin were added and

the solution was pipetted up and down until clear. The click reaction was performed at
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37 °C for 1 h while shaking at 500 rpm. Next, to remove all reagents from the click
mixture, the proteins were precipitated by adding 400 uL pre-cooled MeOH, 100 pL pre-
cooled CHCl3 and 300 pL pre-cooled H.0, thoroughly vortexted, followed by a
centrifugation step at 14000 rpm for 2 min at 4 °C. Two phases were formed, and the
protein pellet was located on the actual phase. The upper phase was carefully removed
and further 400 pL pre-cooled MeOH was added. The mixture was briefly vortexed and
centrifuged again for 3 min at 14000 rpm at 4 °C. The protein pellet was now found on
the bottom of the tube and the supernatant was removed. The protein pellet was
dissolved in 2 % SDS/PBS by pipetting up and down and incubated for 5 min at 37 °C while
shaking. After the pellet is completely dissolved, the precipitation was repeated. This
time, after the second centrifuging step, the protein pellet was air-dried for 5 min to
evaporate all solvents. Afterwards, the dried protein pellet was resuspended in 200 pL
0.2 % (w/v) SDS/PBS by pipetting up and down, followed by an incubation at 37 °C while
shaking until the solution was clear. 20 pL (10 %) were taken as input and the remaining
protein was incubated overnight with 20 uL Streptavidin Sepharose beads (cytiva)
previously equilibrated in 0.2 % (w/v) SDS/PBS. On the next day, beads were spun down
for 1 min at 1000 rpm and 20 pL of the supernatant was taken as flow-through. Beads
were washed twice with 1 mL of IP wash buffer 1 (2 % (w/v) SDS), and twice with IP wash
buffer 2 (50 mM HEPES pH 7.4, 1 mM EDTA, 500 mM NaCl, 1 % (v/v) Triton-X-100, 0.1 %
(w/v) Na-deoxycholate). Protein was eluted by incubating the cells with 20 pL of elution
buffer (10 mM Tris pH 7.4, 2 % (w/v) SDS, 5 % (v/v) B-mercaptoethanol, 2 mM biotin) for
15 min at 98 °C while shaking. Beads were removed by spinning them through a Mibicol
“Classic” column with an inserted 10 um filter (Mo Bi Tec) and flow-through was taken
as eluate. Afterwards, 7 uL 4xlammli buffer was added to input, flow-through and eluate
and boiled for further 5 min at 98 °C and western blotting was performed as described

in chapter 3.10.
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3.6 Microscopy

3.6.1 Lipid visualization by click chemistry

Cells were grown on 25 mm glass coverslips placed in a 24-well plate to 60-70 %
confluency, labeled with 10 uM lyso-pacSph for 1 h in pre-warmed complete medium
and chased overnight in complete medium to allow its pre-localization to lysosomes. The
next day, the probe taken up from the cells was uncaged for 90 sec at 405 nm wavelength
in pre-warmed imaging buffer. Subsequently, the probe is released out of the lysosome
and incorporated into cellular lipid metabolism. Chasing for certain timepoints allows
following its way through the cell. After chasing in imaging buffer at 37 °C, the probe was
crosslinked for 5 min in pre-cooled imaging buffer to proteins and other cellular material
in close proximity using UV light at 365 nm wavelength. Cells were immediately fixed
with MeOH for 20 min at -20 °C. Following fixation, lipids not crosslinked to cellular
material were extracted by washing three times with CHClz/MeOH/AcOH (=10:55:0.75
(v/v)) and two times with PBS. Cells were then incubated with 50 uL of click mixture
containing 2 mM Cu(l)BF4, 0.8 uM AlexaFluor594-picolyl-azide in PBS for 1 h at room
temperature in the dark. Cells were then washed two times with PBS and incubated with
50 pL of primary antibody (a-LAMP1 rabbit, Cell Signaling, 1:100in 1 % BSA, 0.3 % Triton-
X-100 in PBS) for 1 h at RT in the dark. Coverslips were washed briefly with PBS and cells
were incubated with 50 pL of secondary antibody (a-rabbit conjugated with
AlexaFluor488, Cell Signaling, 1:800 in 1 % BSA, 0.3 % Triton-X-100 in PBS) for 30 min at
room temperature in the dark. Coverslips were washed briefly with PBS and mounted in
5 uL ProLong Gold Antifade mounting medium, Thermofisher Scientific. Cells were
imaged at room temperature using a confocal laser scanning microscope (Zeiss LSM800)
with a 63x oil objective. Co-localization was analyzed by calculating the Pearson

correlation coefficient using the Coloc2 tool in the Fiji software (http://fiji.sc/Fiji).
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3.6.2 Immunofluorescence microscopy

Cells were grown on 25 mm glass coverslips placed in a 24-well plate to 60 - 70 %
confluency. Culturing media was removed, and cells were washed twice with PBS.
Subsequently, cells were fixed using 0.5 mL 4% PFA in PBS for 20 min at RT. After fixation,
the fixation solution was aspirated off and the remaining PFA was quenched with 1.5
mg/mL glycine in PBS for 10 min while shaking at RT. Next, cells were washed twice with
PBS, and 50 L of primary antibody was added (a-FLAG mouse, Sigma Aldrich, 1:100 and
a-LAMP1 rabbit, Cell Signaling, 1:100 in 1 % BSA, 0.3 % Triton-X-100 in PBS) for 1 h at RT.
Afterwards, cells were washed briefly, and cells were incubated with 50 uL of secondary
antibody (a-rabbit or a-mouse conjugated with AlexaFluor488 or AlexaFluor649, Cell
Signaling, 1:800 in 1 % BSA, 0.3 % Triton-X-100 in PBS) for 30 min at room temperature
in the dark. Cells were washed briefly with PBS and mounted on a microscope slide in 5
pL ProLong Gold Antifade mounting medium, Thermofisher Scientific. Cells were imaged
at room temperature using a confocal laser scanning microscope (Zeiss LSM800) with a

63x oil objective.

3.6.3 Electron microscopy

Cells were grown on 25 mm coverslips placed in a 24-well plate to 60 - 70 % confluency
for conventional electron microscopy. Culturing medium was removed, and cells were
washed twice with PBS. Cells were immediately fixed in 4 % PFA in PHEM buffer for 2 h
at RT. Coverslips were taken out of the 24-well plated and stored in a 15 mL falcon to the
top filled with 1 % PFA in PHEM buffer. For further processing, the falcon was closed
properly with Parafilm and shipped to Emily Eden (UCL Institute of Ophthalmology

London, UK). She imaged the cells by electron microscopy.
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3.7 Thin-layer chromatography

3.7.1 Regular lipid extraction

Cells were grown in a 12- or 6-well plate to 90 % confluency and labeled with different
functionalized lipids. For general investigations of cellular sphingolipid metabolism, cells
were pulsed for 5 min with 2 uM pacSph and chased for indicated times in starvation
medium. For a more precise analysis of Sph export out of the lysosome, a new lyso-
pacSph probe was made by Janthan Juarez and Judith Notbohm in the Hdoglinger
laboratory. This probe was given to cells for 1 h at a 5 pM concentration and chased
overnight in complete medium to allow its pre-localization to lysosomes. On the next
day, an uncaging step was performed for 90 sec at 405 nm wavelength to activate the
probe and then a second chase was done for indicated times to precisely analyze its
metabolism after lysosomal export. Subsequently after the chase (pacSph) or the second
chase (lyso-pacSph), cells were scraped on ice and pelleted in a 1.5 mL tube at 1500 rpm

for 5 min at 4 °C.

Lipids were extracted using a two-phase lipid extraction method. In the first step, cells
were resuspended in 300 pL PBS and afterwards 600 pL MeOH and 150 pL CHCls were
added. By centrifuging at 14000 rpm for 5 min, cell debris was pelleted and the
supernatant containing the lipids was transferred to a 2 mL tube. Next, 300 uL CHClzand
600 pL 0.1 % (v/v) acetic acid were added to purify the lipid mixture. After a second
centrifugation step at 14000 rpm for 5 min to phases were formed. The aqueous upper
phase and remaining protein at the actual phase were taken off and the lipid-containing
lower organic phase was transferred in a new 1.5 mL tube. Lipids were dried using a
speed vac at 30 °C for 20 min. Next, the dried lipids were dissolved in a 30 pL click-mixture
containing 4.3 uM 3-azido-7-hydroxycoumarin, 2 mM Cu(l)BFsin EtOH. Click reaction was
performed in a speed vac at 45 °C for 20 min. Clicked lipids were dissolved in 15 uL
EtOH/acetonitrile (=5:1 (v/v)) and applied on a 10 x 20 cm TLC Silica gel 60 aluminum
plate. TLC plates were developed using two different solvents. The plates were placed
into a glass chamber containing the first solvent, CHClzs/MeOH/H20/AcOH (=65:25:4:1
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(v/v)), until the capillary force pushed the solvent front to 5 cm from the bottom. The
plates were dried and afterward placed into a second glass chamber containing the
second solvent, cyclohexane/ethylacetate (=1:1 (v/v)). After the solvent front was run to
the top of the plate, the plate was dried again and lipids containing the fluorescent

coumarin group were visualized at a gel doc system.

The amount of a certain lipid species was analyzed by calculating the ratio of the lipid
species of interest and all lipid species having the fluorescent coumarin group and

presented as percent of all lipid species.

3.7.2 Quick lipid extraction

The quick lipid extraction protocol was adapted from Christoph Thiele (University of

Bonn, DE)??” and performed to analyze the acute export of lyso-pacSph from lysosomes.

To this end, cells were grown in a 6-well plate to 90 % confluency and labeled with lyso-
pacSph for 1 h at a 5 uM concentration and chased overnight in complete medium to
allow its pre-localization to lysosomes. On the next day, an uncaging step in imaging
buffer was performed for 90 sec at 405 nm wavelength to activate the probe and then a
second chase was done for indicated times in the same imaging buffer to precisely
analyze its metabolism after lysosomal export. Subsequently after the second chase, the
imaging buffer was aspirated off and 500 pL of MeOH/CHClIs (=5:1 (v/v)) was added in
one go. The plate was placed in a sonicator bath, floating on the water surface, and
sonicated for 40 sec. The cell debris solution was transferred into a 1.5 mL tube and
pelleted for 5 min at 20000 rpm. The supernatant was transferred in a new 2 mL tube
and 300 pL CHCIz and 600 pL 0.1 % (v/v) acetic acid were added and manually mixed for
30 sec. The phase separation step was performed at 20000 rpm for 5 min and the upper
phase was discarded. The lower, organic phase was transferred into a new 1.5 mL tube
and dried for 20 min at 45 °C in a speed vac. The click reaction and TLC analysis was

performed as described in 3.7.1.
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3.8 Lipid mass spectrometry

1 x 10° cells were seeded into 10 cm dishes and grown for 2 days. Cells were scaped in
PBS and counted using Neubauer Improved cell counting chambers. Cells were pelleted
for 5 min at 1500 rpm, supernatant was removed, and cell pellet was snap frozen in liquid
nitrogen. Cell pellets were shipped on dry ice to Sarah Spiegel (VCU, Virginia, USA). She
extracted the lipids and S1P, DHS1P, Sph, DHSph, Cer, HexCer and SM were quantified

by liquid chromatography, electrospray ionization-tandem mass spectrometry.

3.9 Amido black

A serial dilution of 0, 0.025, 0.05. 0.075 and 0.1 pg/uL BSA in a final volume of 100 uL in
H20 was prepared. Next, 2.5 to 5 pL of previously prepared lysate was diluted to 100 pL
in H20. 400 pL of amido black solution was added to all samples, thoroughly mixed, and
incubated for 5 min at RT. Next, the stained protein was pelleted by centrifuging for 5
min at 13000 rpm, the supernatant was discarded, and the pellets were washed twice
with 500 uL MeOH/AcOH (= 10:1 (v/v)). In the next step, the stained protein was
dissolved in 300 uL 0.1 N NaOH and 150 uL were spotted onto a transparent 96-well
plate. The absorbance was measured at 550 nm using a plate reader and the protein

concentration of the lysate was calculated by reference to the BSA standard.

3.10 Western blot

To visualize specific proteins, 20 pg protein of a lysate or all of the eluate of an
immunoprecipitation experiment were separated by SDS-PAGE analysis for 5 min at 100
V and further 45 min at 200 V in MOPS buffer. Proteins were transferred to a pre-

activated PVDF membrane for 1 h at 30 V in transfer buffer. Total protein amount was
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measured using the revert 700 total protein stain (Licor Bioscience, Nebraska, USA)
according to the user manual. Next, unspecific proteins were blocked in 5 % milk/PBS
(w/v) for 1 h and washed three times with PBS-T for 5 min. First antibody (a-FLAG mouse,
Sigma Aldrich) 1:1000 or a-STARD3 mouse (Fabien Alpy lab) 1:500 in 2 % (w/v) BSA in
PBS-T) was incubated overnight at 4 °C. On the next day, the membrane was washed 3
times with PBS-T and secondary antibody (a-mouse 800 1:10000 in 2 % (w/v) BSA in PBS-
T) or streptavidin680 dye (1:15000 in 2 % (w/v) BSA in PBS-T) was incubated for 1 h at
RT. Proteins were visualized using an odyssey imaging system (Licor Bioscience,

Nebraska, USA).

3.11 qPCR

Cells were grown in a 10 cm dish and induced with 100 ng/mL doxycycline at the next
day. After 24 h, cells were harvested, and RNA was extracted using the Direct-zol RNA
MiniPrep kit (Zymo Research). RNA concentration was measured at a NanoDrop and 500
ng RNA were used for cDNA using the RevertAid first strand cDNA synthesis kit (thermo
scientific). The qPCR was performed using the LUNA kit (NEB) and specific STARD3 and
GAPDH primers were added. A qPCR thermo cycler (applied bioscience) was used with
following settings: 2 h, SBRGreen, with meting curve. For quantification, the amount of

amplified STARD3 product was normalized to the amount of GAPDH product.
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Appendix

Supplementary data can be found under the digital object identifier (DOI)
10.17632/768hbxwt9j.12%8,

Digitally provided data includes:

- Raw data of microscopy, TLC, immunoprecipitation, and western blot
experiments

- Molecular dynamic simulation of START and Sph

- Video of ctrl, STARD3 OX, and FFAT mutant lysosomes (LysoTracker) in
Sec61-GFP Hela cells

- DNA-maps of all plasmids mentioned in this thesis

- File with all gRNAs used for this study
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