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1. Introduction

1. Introduction

1.1 Lipids as contributor to impaired insulin sensitivity in human body

Lipids play an important role in every living cell by serving as carbon source, bioactive
signaling molecules and components of the cell membrane due to their amphipathic
properties. Based on their complex heterogeneous structure, lipids can be classified into:
(i) acylglycerols when single hydrocarbon chains, termed fatty acids (FA), are bound to
glycerol, (ii) membrane localized phospholipids or (iii) sterol esters if FAs are esterified to
sterols. Within each lipid subgroup the molecules differ in structure according to linked FA
chain length, saturation and polar head group such as inositol, ethanolamine, choline or
serine (van Meer et al., 2008). In addition, FAs can be bound to sphingosine backbones to
form sphingolipids (Hannun & Obeid, 2018). Through this complex variation, lipids differ in
function and influence the cellular metabolism extensively. Therefore, fine-tuning of lipid
metabolism and distribution in the body is fundamental for regular physiologic metabolism.
Overweight and obesity are major public health problems of the 21st century, predominately
but not exclusively in industrialized countries with excessive access to hypercaloric energy-
dense and sugar-refined food coupled to sedentary lifestyle habits (Hill et al., 2012). Over
the last decades the western hemisphere was characterized by an increased prevalence of
obesity culture, mostly in North America (Ng et al., 2014). Thus, obesity reached 42 %
among adults in the US in 2020 (Hales et al., 2020), but also China can be a recent example
for correlation of food supply and obesity; indeed obesity increased from 4.2 % in 1993 to
15.7 % in 2015 in overall population, with the change from "land of famine" to a country with
increased food supply. At the same time, abdominal obesity more than doubled from 20.2 %
to 46.9 % (Ma et al., 2021).

Obesity is a risk factor for metabolic diseases such as type 2 diabetes (T2D) (Schnurr et
al., 2020). In parallel, lifestyle and genetic predisposition factors additionally contribute to
rise the incidence of insulin resistance and T2D (Barres & Zierath, 2016; Bellou et al., 2018;
Manning et al., 2012; Wahl et al., 2017). T2D is a heterogeneous metabolic disease which
occurs when cells exhibit impaired insulin sensitivity, i.e. insulin resistance, due to
interrupted insulin signaling pathways and the pancreatic 3 cells cannot secrete enough
insulin to meet the increased need of insulin to counteract the body’s insulin resistance
(Mastrototaro & Roden, 2021; Roden & Shulman, 2019). These alterations ultimately lead
to hyperglycemia due to reduced glucose uptake, impaired glycogen synthesis and to
disturbance of lipid metabolism including increased storage and delivery between organs
(Roden & Shulman, 2019).
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Fig. 1: Glucose uptake and development of insulin resistance in mammalian body. Digestive
apparatus absorbs glucose from diet, resulting in increase of blood sugar level (1). Pancreatic B-cells
responds with insulin secretion (2), leading to glucose uptake in white adipose tissue (WAT) and
skeletal muscle via glucose transporters. Glucose is utilized for energy production in skeletal muscle
and excessive glucose is converted into the storage molecule glycogen (3). WAT stores the absorbed
glucose in form of triacylglycerol (TAG) (4). Fatty acids (FA) and glycerol can be released from WAT
by hydrolysis of TAG and delivered to muscle and liver (5). The liver responds to insulin with
decreased gluconeogenesis, increased glycogen synthesis and conversion of glucose to TAG via de
novo lipogenesis (DNL) (6). Insulin resistance in multiple tissues results in the disruption of insulin-
regulated signaling, which can lead to reduced glucose uptake accompanied with elevated lipolysis,
which leads to increased release of FA and glycerol from WAT (7). Further, insulin resistance results
in reduced glycogen synthesis, increased gluconeogenesis and accumulation of TAGs driven by
elevated DNL in the liver (8). Skeletal muscle tissue reacts to insulin resistance with reduced glucose
uptake and impaired glycogen synthesis (9). These abnormalities in maintenance of glucose
metabolism can lead to hyperglycemia and further diseases like type 2 diabetes and hepatic
steatosis.

Ultimately, an altered interorgan crosstalk supports progression to T2D and tightly related
nonalcoholic fatty liver disease (NAFLD) (Dewidar et al., 2020; Gancheva et al., 2018;
Roden & Shulman, 2019). However, the progression from obesity to insulin resistance, T2D
and NAFLD is still incompletely understood.

It is assumed that insulin resistance in adipose tissue is induced by elevated levels of pro-
inflammatory cytokines such as interleukin 6 (IL-6) and tumor necrosis factor-a (Bodis &
Roden, 2018), which activate the c-Jun N-terminal kinase (JNK) and the inhibitor kappa B
kinase (IKK), consequently inhibiting activity of the insulin receptor substrate 1 (IRS1) by
phosphorylation at serine residues (Dewidar et al., 2020; Solinas & Becattini, 2017).
Obesity-induced WAT insulin resistance impairs insulin-mediated suppression of lipolysis,
resulting in increased nonesterified fatty acids (NEFA) and glycerol release into blood

circulation and delivery to ectopic tissues (Bodis & Roden, 2018; Petersen & Shulman,
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2018). Nevertheless, studies of lipodystrophy models in mice and human support the
hypothesis that adipose tissue insulin resistance can also occur without inflammation
(Grundy, 2015; Lotta et al., 2017). A recent study reports that short-term overnutrition
induces WAT insulin resistance through plasma membrane sn-1,2-diacylglycerol (DAG)
accumulation, which promotes protein kinase C epsilon (PKCg) activation and impairment
of insulin signaling by inhibitory phosphorylation of insulin receptor (INSR) at residue Thr'160
(Lyu et al., 2021). However, as a consequence of adipose tissue dysfunction enhanced
rates of FA from WAT are delivered to distant tissues like skeletal muscle and liver, resulting
in an excessive lipid accumulation, which can cause insulin resistance (Perry et al., 2015;
Petersen & Shulman, 2018; Roden & Shulman, 2019; Szendroedi & Roden, 2009).

The skeletal muscle is one of the main glucose consuming tissues, because glucose is
needed as a substrate for energy production during physical activity. In addition, the skeletal
muscle stores postprandial glucose excess in the blood plasma in form of glycogen
(Saatmann et al., 2021). Increased NEFA flux into skeletal muscle as consequence of
disturbed WAT function or oversupply of lipids from diet, leads to increased accumulation
of intramyocellular lipids, resulting in insulin resistance and further progression to T2D
(Dewidar et al., 2020; Szendroedi & Roden, 2009).

Studies in humans have shown that high plasmatic NEFA levels increase the
intramyocellular concentration of DAG, which is temporally related to translocation of PKC6
from cytosol to the plasma membrane and muscle insulin resistance in obese and T2D
individuals (Bergman et al., 2012; Szendroedi et al., 2014). Indeed, the activated PKC6
phosphorylates IRS1 at Ser''®" and blunts PI3K activation, which impairs Protein kinase B
2 (AKT2) activity through decreased phosphorylation at Ser*’3, ultimately inhibiting insulin
downstream signaling. This results in disruption of inhibitory threonine phosphorylation of
AS160 and subsequent reduced Rac1-mediated translocation of glucose transporter type
4 (Glut4) to the plasma membrane, which is required for glucose uptake (Shulman, 2014).
The consequence of insulin resistance is a reduced storage of postprandial carbohydrates
in form of glycogen in muscle due to a decreased glucose uptake (Mastrototaro & Roden,
2021; Petersen et al., 2007). Thereby ingested energy storage is diverted to hepatic
triacylglycerol (TAG) synthesis, which promotes progression to NAFLD (Roden & Shulman,
2019).

The liver is the central organ for the body's energy balance. It is involved in the control of
glucose, fat and protein metabolism by absorbing nutrients from the blood via the portal
vein and releasing them into the bloodstream when needed (Trefts et al., 2017). The liver
equilibrates the blood sugar level by importing glucose into the cells via the insulin-
independent glucose transporter type 2 (Glut2); intracellularly the glucokinase (GK)

convertes glucose to glucose-6-phosphate (G6P), which is either converted to glycogen by
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the glycogen synthase (GS) or into the principal energy storage molecule TAG via de novo
lipogenesis (DNL) (Dentin et al., 2006; Thorens, 2015). NEFAs and glycerol can also be
utilized for TAG synthesis.

Stimulation of the insulin signaling pathway promotes hepatic glycogen synthesis and
storage of imported glucose through GK and GS activation. Moreover, the reconversion of
glycogen to glucose is suppressed by inhibition of GP, resulting in low EGP (Rothman et
al., 1991).

Insulin

Glycerol NEFA

IR

(PXP)
® IRS1 ®
9 pI3K @
® AKT @

Glucose

Glycerol Glucose

Fig. 2: Liver metabolism under insulin sensitive condition. Hepatic insulin signaling activation
stimulates glucokinase (GK) activity, thus increasing conversion of insulin independent channeled
glucose to glucose-6-phosphate (G6P) by the glucose transporter type 2 (Glu2). G6P is converted
to glycogen via glycogen synthase (GS), whereas reconversion of glycogen to G6P by glycogen
phosphorylase (GP) is suppressed and gluconeogenesis is downregulated by insulin action. Acetyl-
CoA can be used as a byproduct of energy production with G6P as a substrate in the tricarboxylic
acid cycle (TCA) for de novo lipogenesis (DNL). NEFA and glycerol influx is used as well for DNL
with further storage in form of triacylglycerol (TAG). Under beta oxidation (R-Ox), NEFAs are also
incorporated into the TCA for energy generation.

In obese, delivery of NEFA and glycerol to the liver due to lipolysis from dysfunctional WAT
or nutrient oversupply induce hepatic TAG accumulation (Roden & Shulman, 2019; Vatner
et al., 2015). In conjunction with hyperglycaemia, due to reduced carbohydrate conversion
in glycogen in insulin-resistant skeletal muscle, pancreatic R-cells try to compensate for
hyperglycaemia by secreting more insulin. The emerging hyperinsulinaemia promotes
enhanced hepatic DNL, resulting in steatosis (Petersen et al., 2007).

Elevated cellular TAG accumulation associates with increased level of lipotoxic

intermediates such as DAG and ceramides (Cer) which can cause insulin resistance in
4
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different tissues (Apostolopoulou et al., 2018; Lyu et al., 2021; Petersen & Shulman, 2017;
Szendroedi & Roden, 2009; Szendroedi et al., 2014). With regard to liver tissue, both lipid
species are potentially mediators of hepatic insulin resistance by activating PKC isoforms
(Jornayvaz & Shulman, 2012; Petersen et al., 2016). Early studies in rodents demonstrated
a correlation between hepatic insulin resistance and increased accumulation of sn-1,2-DAG
(Turinsky et al., 1990). Since DAG are bioactive molecules, the impairment of insulin
signaling could be linked to the activation of PKC by DAG (Shmueli et al., 1993). Further
studies revealed that elevated accumulation of sn-1,2-DAG specifically promotes activation
of the PKCe isoform by translocation from cytosol to the plasma membrane, resulting in
inhibition of the insulin receptor kinase (IRK) activity (Kumashiro et al., 2011; Samuel et al.,
2004; Samuel et al., 2007; Samuel & Shulman, 2012). The molecular mechanism was
determined by studying the in vitro phosphorylation of recombinant IRK. PKCe was shown
to be responsible for the inactivation of IRK due to inhibitory phosphorylation at Thr'16°,
consequently destabilizing the configuration of the catalytic unit (Petersen et al., 2016).
Indeed, the activation loop of unphosphorylated IRK is in an auto-inhibitory configuration,
which occludes the catalytic pocket and hinders the activation of IRS1 (Hubbard et al.,
1994). Only the binding of insulin to the a-subunits of the INSR leads to a conformational
change of the two [B-subunits, which approach each other and undergo reciprocal
phosphorylation (Gutmann et al., 2020). Through this frans-autophosphorylation of the side
chain residues Tyr'1%8, Tyr'162 and Tyr''63 the activation loop adopts a configuration that
activates the kinase domain and thus also downstream insulin signaling cascade (Hubbard,
1997). Translocation to the plasma membrane and activation of PKCg, due to an increased
DAG level, leads to IRK phosphorylation at Thr''8 and electrostatic repulsion with
phosphorylated Tyr''62 (Petersen et al., 2016). This sterically hinders the active
configuration of the activation loop and impairs activation of the IRS1 adaptor protein.
Further in vivo studies in mice with a threonine-to-alanine mutation at the homologous
residue Thr''50 (Thr'1594) displayed protection against hepatic insulin resistance induced by
a high-fat diet (Petersen et al., 2016). Compared to WT mice fed with high-fat diet, the
Thr'1%A mutant mice were shown to have functional insulin signaling, suppression of EGP,
and increased hepatic glycogen production. In conclusion, these data demonstrate that
Thr''%0 phosphorylation in mice and Thr''% phosphorylation in human contributes to lipid
induced hepatic insulin resistance under high-fat diet conditions.

Early studies show that an increased sn-1,2-DAG concentration in livers of obese rats was
accompanied by an increase in hepatic Cers (Turinsky et al., 1990). As bioactive signaling
molecule Cers play an important role in multiple biological processes including cellular
apoptosis, oxidative stress and inflammation and all these factors are associated with the

progressive NAFLD (Apostolopoulou et al., 2018; Chaurasia et al., 2019; Pagadala et al.,
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2012). However, it is still unclear how elevated cellular Cer levels are linked to hepatic
insulin resistance, indeed existing data regarding the role of Cers in lipid-induced hepatic
insulin resistance are controversial. Several studies conducted in different rodent models
show that hepatic insulin resistance is not accompanied by increases in hepatic Cers (Galbo
et al., 2013; Holland et al., 2007; Lee et al., 2011; Montgomery et al., 2016; Montgomery et
al., 2013; Turner et al., 2013; Ussher et al., 2010). In addition, reversal of hepatic steatosis
and improvement of insulin signaling have been shown to be associated with decreased
hepatic DAG content, but not Cer level (Camporez et al., 2013; Camporez et al., 2015; Perry
et al., 2013). Also, in human studies of obese individuals without diabetes, hepatic Cer
content was not associated with abortion of the hepatic insulin signaling pathway,
suggesting that hepatic Cers are rather dissociated from lipid-induced hepatic insulin
resistance (Kumashiro et al., 2011; Magkos et al., 2012). In contrast, studies conducted in
mice with induced increased TAG synthesis or in high fed diet rats, display hepatic insulin
resistance associated with increased total hepatic Cer, DAG, and TAG levels (Jornayvaz et
al., 2011; Kurek et al., 2014). Moreover, a lipidomic study of obese humans indicates a
strong correlation between hepatic Cers and insulin sensitivity (Luukkonen et al., 2016).

Of note, the underlying mechanism of how Cers mediate hepatic insulin resistance is still
unknown. It is proposed that Cers are able to activate PKCZ, which leads to phosphorylation
of AKT pleckstrin homology (PH) domain at Thr3* (Bourbon et al., 2000; Powell et al., 2003).
This in turn inhibits the binding to PIP3 thereby preventing activation of AKT caused by
unphosphorylated Ser*’3, ultimately resulting in abortive insulin signaling (Laplante &
Sabatini, 2012; Schubert et al., 2000). However, this effect of Cers on insulin action has
only been shown with cytotoxic synthetic short chain C2-cermide under non-physiological

concentrations and is therefore not very conclusive.
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Fig. 3: Liver under insulin resistant condition. Dysfunctional WAT favors lipolysis-induced non
esterified fatty acid (NEFA) and glycerol release, thereby elevates plasma circulating NEFA and
glycerol levels and a shift of substrates towards the liver. Once NEFA and glycerol enter the liver,
they are used for de novo lipogenesis (DNL) and promote hepatic triacylglycerol (TAG) accumulation.
Overnutrition also promotes elevated TAG accumulation in the liver. Excessive TAG accumulation is
accompanied with increased levels of lipotoxic intermediates such as sn-1,2-diacylglycerol (DAG)
and ceramide (Cer), which activates protein kinase C-epsilon (PKCe¢) and protein kinase C-zeta
(PKCQ). In detail PKCe phosphorylates the insulin receptor kinase (IRK) at side chain residue
threonine 1160 (Thr''6%), which inhibits the tyrosine autophosphorylation and consequently the IRK
activity. Cers activate PKCC, which inhibit protein kinase B (AKT) activation. The DAG-PKCe-IRK and
Cer-PKCC-AKT axis processes in turn inhibit the insulin signaling cascade, resulting in hepatic insulin
resistance with subsequently elevated endogen glucose production (EGP). Hepatic insulin
resistance also enhance conversion of glucose-6-phosphate to FA, thus promotes DNL and
contributes hepatic TAG storage and aggravation of hepatic insulin resistance.

It is possible that the deleterious effects of specific Cers are indirectly caused by complex
mechanisms such as hepatocellular lipid oxidation, reduced very low density lipoprotein
(VLDL) export, impaired activation of the FA transporter CD36 and abnormal mitochondrial
function, promoting progression to steatosis (Aburasayn et al., 2016; Raichur et al., 2014,
Turpin et al., 2014; Xia et al., 2015).

As central components of TAG metabolism, lipid droplets (LD) safeguard the supply of lipid
metabolites for Cer and DAG biogenesis, therefore play a critical role in obesity and related
diseases such as T2D and NAFLD and the mechanism of lipid storage and delivery remains
of high interest (Greenberg et al., 2011; Krahmer et al., 2013).
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Fig. 4: Lipid droplets couple neutral lipid with sphingolipid metabolism to maintain the cellular
lipid homeostasis. Lipid droplets (LD) store fatty acids, the substrate for the ceramide synthesis, in
form of TAG or bound as sterol esters. Diacylglycerol (DAG) plays a major role in this context, as it
serves as a precursor molecule for TAG or is released from LD through hydrolysis. Both lipids, DAGs
and ceramides, interrupt insulin signaling by activating the protein kinases C epsilon and zeta (PKCeg,
PKCC{). PKCe inhibits the insulin receptor kinase (IRK) domain and PKCC interrupts the activation of
protein kinase B (AKT). Therefore, the maintenance of a balanced availability of the corresponding
precursor molecules originating from LDs must be tightly controlled.

1.2 Saccharomyces cerevisiae as an alternative model organism to conduct

research in lipid metabolism and lipotoxicity

The underlying mechanisms of TAG storage in LD and their link between metabolic
diseases are poorly understood. The yeast S. cerevisiae represents a convenient in vivo
model to investigate these mechanisms at the molecular level, since it is an easy handling
organism in the laboratory. Genetic manipulations can be generated efficiently and quickly
due to the yeast’s high reproduction rate. But most importantly, several cellular processes
in yeast, such as lipid metabolism, are similar to those in mammalian cells. In this way,
insights into genetic processes or protein functions can be adopted from the unicellular
yeast organisms to higher eukaryotes (Mager & Winderickx, 2005). Of note, the mechanism
of cholesterol and FA metabolism and the discovery of their regulation via acetyl-coenzyme
A has been originally studied in yeast (Lynen, 1952, 1954a, 1954b), providing the basis for
clinical and translational research of lipid metabolism disorders including diabetes mellitus.
Other work concerning lipotoxicity has shown that excessive accumulation of lipids leads to
cellular dysfunction, which can result in impaired cellular signaling, cellular stress responses
and ultimately cell death (Garbarino & Sturley, 2009; Petschnigg et al., 2009; Rockenfeller
8
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et al., 2010; Rockenfeller et al., 2018). These findings can also be transferred to humans,
confirming that S. cerevisiae is a valuable model organism for clinical research (Kachroo et
al., 2022).

1.3 Introduction to the world of lipid droplets

All eukaryotic cells are able to store neutral lipids in LDs mostly in form of TAGs but also as
sterol esters and this mechanism is evolutionary conserved from yeast to human (Farese &
Walther, 2009; Fujimoto & Parton, 2011; Martin & Parton, 2006; Murphy, 2001; Wilfling et
al.,, 2014; Zhang & Liu, 2017). LDs have an important function in preventing lipotoxicity-
induced cellular dysfunction and subsequent possible cell death by storing excess cytosolic
free FAs (Fakas, Qiu, et al., 2011; Garbarino & Sturley, 2009; Kusminski et al., 2009;
Listenberger et al., 2003; Mohammad et al., 2018; Rockenfeller et al., 2010; Rockenfeller
et al., 2018). In parallel to the main function of FA storage, important lipid metabolites are
released from LDs, which serve as substrate for energy generation and precursor molecule
for membrane lipid biogenesis or for secondary signaling molecules involved in intracellular
communication (Brady et al., 1969; Czabany et al., 2007; Rajakumari et al., 2008; Wymann
& Schneiter, 2008). This insures the survival of the organism during periods of limited
nutritional supply.

Compared to other organelles with bilayer membranes, LDs have a unique architecture.
The neutral lipid core is sealed by a phospholipid monolayer, which controls the selective
binding of proteins to the surface by its unusual properties (Beller et al., 2010; Fujimoto &
Parton, 2011; Kohlwein, 2010; Rajakumari et al., 2008; Thiam, Farese, et al., 2013).
According to the cell type, nutrient supply and LD life cycle, the LD coating proteins and
membrane lipid composition is adapted to the respective situation, which determines the
function of the LDs (Beller et al., 2010; Pol et al., 2014). LDs show diversity in size and
cellular dispersion and they can either be found unbound in the cytosol or enter into a broad
network with other organelles, such as the endoplasmic reticulum (ER), mitochondria,
peroxisomes, vacuole (yeast) and lysosome (mammals), that ensures the coordinated
exchange of lipid metabolites (Barbosa et al., 2015; Barbosa & Siniossoglou, 2017).

Of note, LDs have important contact to the ER, where LD biosynthesis and bidirectional
exchange of metabolites required for phospholipid and Cer synthesis occur (Daum et al.,
1998; Walther et al., 2017). In the following chapters, these mechanisms will be discussed

in more details.

1.4 Lipid droplet biosynthesis

In yeast, the LD formation starts at the ER, where the responsible enzymes for the neutral
lipid synthesis are located (Buhman et al., 2001; Wilfling et al., 2014). Of note, the TAG

9
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synthesis takes place in four reactions in which three FAs are continuously bound to
glycerol-3-phosphate (G3P). In the terminal step DAG and an activated FA are converted
to TAG, catalyzed by the DAG acyltransferases Dga1p (orthologue of mammalian DGAT2)
or Lro1p (orthologue of mammalian LCAT) (Oelkers et al., 2002; Oelkers et al., 2000; Sorger
& Daum, 2002). Sterol esters are stored in LD as well and are synthesized by the acyl-
coenzyme A:sterol acyltransferases (ASATs) Are1 and Are2 which are orthologues of
mammalian acyl-coenzyme A:cholesterolacyltransferases (ACATs) (Jensen-Pergakes et
al., 2001). A quadruple deletion of the neutral lipid synthesizing enzymes, Dga1p, Lro1p,
Are1p and Are2p results in a lack of LDs with an increased sensitivity to lipotoxicity,
suggesting that these proteins are essential for neutral lipid synthesis in yeast (Garbarino
& Sturley, 2009). At low concentrations, neutral lipids are localized between the inner and
outer leaflets of the ER membrane and at higher concentrations the LD emerge from the
ER membrane into the cytosol as nascent LD (Czabany et al., 2007; Gross & Silver, 2014;
Jacquier et al., 2011; Mishra et al., 2016; Ohsaki et al., 2014; Wilfling et al., 2014). At early
stage, stabilizing proteins such as seipin and Pet10 (perilipin 1 in mammals) attach to the
LDs and ensure that the neutral lipid cannot diffuse further into the ER membrane or be
degraded prematurely (Graef, 2018). Moreover, stabilizing proteins provide vectorial
budding of LD toward the cytosol (Cartwright et al., 2015; Gao et al., 2017). The stage at
which certain proteins localize to the LD varies. Some coating proteins bind specifically to
the ER during initial LD biosynthesis and shift to LDs in a later development stage, such as
Dga1, while others, such as LD-scaffolding PAT domain proteins like perilipins appear only
at matured LDs (Jacquier et al., 2011; Londos et al., 1999).
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I
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Fig. 5: Neutral lipid biosynthesis in yeast cells. Glycerol-3-phosphate (G3P) is catalyzed in serial
steps of esterification with fatty acids to triacylglycerol (TAG) and stored in lipid droplet (LD). Sterols
are also esterified to form sterol esters and stored in LD.

A nascent LD grows in size by either taking up more neutral lipids generated by continuous
lipogenesis or by lateral fusion of LDs still located in the ER bilayer (Thiam & Foret, 2016).
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In this process, coatamer proteins (COPI) residing on the LD surface play an important role
by removing phospholipids, thereby increasing LD surface tension and promoting the fusion
of LDs with other LD membranes (Thiam, Antonny, et al., 2013). This allows LDs to reach
an average size of 0.1 um to 0.4 ym and rarely exceed a size of 0.5 ym in diameter (Fei et
al., 2011). After the growth phase, dissociation of the LD from the ER may occur, whereupon
they remain in the cytosol until they are degraded by lipases or lipophagy (Athenstaedt &
Daum, 2003, 2005; Kohlwein et al., 2013; van Zutphen et al., 2014).
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Fig. 6: Schematic model of lipid droplets biogenesis. Triacylglycerol (TAG) and sterol ester
synthesis in the ER leads to neutral lipid accumulation between the ER membrane bilayer leaflets
and early lipid droplet (LD) lens formation. Further neutral lipid synthesis and accumulation promotes
the emergence of a nascent LD with growth toward the cytosol. At this stage, seipin prevents the
lateral diffusion of neutral lipids into the ER membrane. Perilipin proteins such as Pet10 are localized
to the LD membrane and block early degradation of stored lipids by LD-associated lipases. Matured
LDs dissociate from the ER and remain in the cytosol until degradation. Coatamer proteins (COPI)
on the LD surface promote the fusion of LD membrane with other organelle membranes.

Storage of nutrient supply in the form of neutral lipid provides a highly efficient way to
channel excess lipid intermediates and to support the cell with energy or signaling

processes when no nutrients are available in the environment.

1.5 Lipid droplet consumption

Besides the storage of lipids and the processes leading to growth of LD, the mechanisms
that control the breakdown and mobilization of neutral lipids are equally crucial. LDs are
degraded partially by lipases, which are directly located on the LD surface, or they are
completely degraded in vacuoles (in yeast) or in lysosomes (in mammals) via autophagy
(Graef, 2018), which can be distinguished in two forms. The first form, the macroautophagy,
is featured by the new formation of a double membrane vesicle structure, the

autophagosome, which expands during its formation to enclose portions of the cytoplasm,
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driven by a multicomponent autophagy core machinery (Boya et al., 2013; Suzuki et al.,
2007). After closure, the newly formed outer membrane of the autophagosome fuses with
the vacuolar membrane and releases the neutral lipid embedded in the wrapped vesicle
into the lumen of the vacuole, where it is degraded by vacuolar hydrolases (Kraft & Martens,
2012; Lamb et al., 2013). Macroautophagy mainly plays a role in the mobilization of neutral
lipid in mammalian cells, such as hepatocytes (Martinez-Lopez & Singh, 2015; Singh et al.,
2009). In yeast, however, it appears that during the second form of autophagy, the
microautophagy, LDs are directly engulfed by the vacuolar membranes, absorbed, and
degraded by vacuolar hydrolases (Uttenweiler & Mayer, 2008). Recently, it was
demonstrated that lipid microautophagy, so-called lipophagy, does not contribute to LD
utilization upon growth resumption. Instead, LD degradation depends on the LD-associated
lipases in time of growth resumption (Ouahoud et al., 2018).

TAG degradation is mediated through hydrolysis by the LD-associated TAG lipases Tgl3p,
Tgl4p (orthologue of ATGL in mammals) and Tgl5p, ensuring that stored TAG can be rapidly
utilized for the synthesis of membrane lipids during periods of growth and cell proliferation
(Athenstaedt & Daum, 2003, 2005; Casanovas et al., 2015; Chauhan et al., 2015; Klein et
al., 2016; Kurat et al., 2006; Nickels & Broach, 1996; Sia et al., 1996). Palmitate released
from LDs by TAG hydrolysis can also be incorporated into Cer synthesis catalyzed by SPT
(Hanada, 2003). Release of sterols from LDs is under the control of the sterol ester lipases

Tgl1p, Yep1p and Yep2p by hydrolysis of stored sterol esters (Koffel & Schneiter, 2006).
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Fig. 7: Schematic illustration of lipolysis driven by triacylglycerol and sterol ester lipases.
Triacylglycerol (TAG) is hydrolyzed by triacylglycerol lipases Tgl3, Tgl4 and Tgl5 to yield fatty acid
(FA) and diacylglycerol (DAG). Stored sterol ester is degraded by sterol ester lipases Yep1, Yep2,
Tgll.

The lipolysis-derived intermediate product DAG, released from TAG hydrolysis, can be used
for the synthesis of phospholipids via two pathways in the ER (Markgraf et al., 2014). In the
phospholipid biosynthesis by the cytidine diphosphate pathway (CDP) DAG is converted to
phosphatidic acid (PA) by the DAG kinase Dgk1 (Han et al., 2008). In further steps PA can
be converted to the phospholipids phosphatidylinositol (Pl), phosphatidylserine (PS),
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phosphatidylethanolamine (PE) and phosphatidylcholine (PC) (Fakas, Konstantinou, et al.,
2011). In the Kennedy pathway, ethanolamine or choline are phosphorylated and finally
bound to DAG to generate PE or PC (Carman & Han, 2009). Because the accumulation of
DAG is cytotoxic, mechanisms are required to mediate efficient channeling of DAG between
the LDs and the ER (Fakas, Konstantinou, et al., 2011). Ice2p is an ER membrane localized
protein that mediates physical contact between the LDs and the ER, thereby facilitating the
channeling of DAG between the two organelles (Markgraf et al., 2014). Ice2p is the first ER
protein identified in this process. In the absence of Ice2, the newly formed DAG catalyzed
by TAG lipases remains on the LDs and enters a potentially futile cycle of re-esterification
to TAG (Markgraf et al., 2014).

Lipolysis-released FAs can be channeled through inter-organelle contact sites to
peroxisome (in yeast) or mitochondria (in mammals and yeast) for 3-oxidation and energy
generation during quiescence and growth (Kohlwein et al., 2013; Pu et al., 2011; Rambold
et al., 2015). Of particular interest, peroxisome protrusions, known as pexopodia,
penetrates the LD core and degrade FA during the R-oxidation, contributing to efficient

energy production (Beller et al., 2010; Binns et al., 2006).
A B C

Peroxisome LD =

Fig. 8: Lipid droplet (LD) breakdown through LD-organelle interactions. (A) Schematic
illustration of lipophagy via LD and vacuole interaction. Absorption of LD by vacuolar membrane
invagination for neutral lipid degradation through vacuolar hydrolases. (B) LD-mitochondria
membrane connection for channeling of liberated fatty acids (FA) into energy generation pathways.
(C) Paroxysmal invasion into LD with pexopodia to support energy production efficiency by enhanced
R-oxidation.

The size and number of the LDs vary dynamically, reflecting the neutral lipids synthesis and
their consumption which depends on direct degradation and the exchange of lipids between
LD and connected organelles. Yeast generally accumulates large amounts of LDs when the
cells enter the stationary phase, whereas lipolytic activity is enhanced during the growth
phase, when the demand of membrane lipids for cell growth and division increases (Fei,
Shui, et al., 2008; Kurat et al., 2009).

1.6 Sphingolipid biosynthesis

Complex sphingolipids are important components of the lipid bilayer of all eukaryotes by
forming lipid rafts in combination with ergosterol (cholesterol in mammals), regulating

membrane protein composition and thereby influencing signal transduction (Bagnat &
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Simons, 2002; Codini et al., 2021). Various sphingolipid intermediates such as long-chain
sphingoid bases (LCB), Cers and their phosphorylation derivatives, play important roles as
bioactive secondary signaling molecules and growth regulators in cellular processes such
as cell proliferation, differentiation, apoptosis, and heat stress (Chauhan et al., 2015;
Ferguson-Yankey et al., 2002; Jenkins et al., 1997). Previous studies in yeast demonstrated
that Cers influence cell growth by regulating cell cycle checkpoints and cyclin-dependent
kinases upstream of the protein phosphatase 2A (PP2A) (Chauhan et al., 2015; Lucena et
al., 2018; Nickels & Broach, 1996; Sia et al., 1996). Sphingolipid synthesis is tightly
regulated, and impairment of sphingolipid metabolism is associated with human diseases
such as T2D, cancer, heart disease, inflammation and neuropathy (Apostolopoulou et al.,
2018; Ogretmen, 2018; Wittenbecher et al., 2022; Ziegler et al., 2021)

The sphingolipid synthesis begins at the cytoplasmic side of the ER, where the serine
palmitoyltransferase (SPT), catalyzes the irreversible and rate-limiting step of the
sphingolipid synthesis typically by condensation of palmitoyl-CoA and serine to 3-keto-
dihydrosphingosine (3KDS) (Cowart & Obeid, 2007; Hanada, 2003). The SPT is a
heterodimer composed of a Long-chain base 1 (Lcb1p) and Lcb2p in yeast and SPTLCH1,
SPTLC2 or SPTLC3 in mammalian cells (Hanada, 2003; Nagiec et al., 1994). SPT encodes
proteins that are members of a subfamily of pyridoxal 5’-phosphate-dependent enzymes
that catalyze the condensation of an amino acid and a carboxylic acid-CoA thioester with
simultaneous decarboxylation of the amino acid (Lowther et al., 2012).

SPT in yeast requires Tsc3p (Temperature-sensitive Suppressors of Calcium Sensitive
Growth mutants 3) for optimal activity (Gable et al., 2000). As stimulating subunit, Tsc3
regulates amino acid substrate selectivity by primarily promoting alanine utilization by SPT
to form non-canonical 1-deoxy-3KDS and continuous synthesis of deoxy-LCB products
(Ren et al., 2018). It was shown that deletion of TSC3 results in decreased incorporation of
alanine and increased influx of serine into the sphingolipid synthesis pathway, which
confirms that Tsc3p is responsible for an inhibitory effect of alanine on SPT utilization of
serine (Ren et al., 2018). The stimulatory subunits of mammalian SPT include two isoforms
of the small subunits of SPT, the ssSPTa and ssSPTb, which are defined as functionally
homologous of Tsc3, although they do not share sequence homology (Han et al., 2009).
Tsc3p is required for the binding of phosphatidylinositol 4-phosphate (Ptdins(4)P)
phosphatase Sac1p to SPT (Han et al.,, 2019). Sac1p, primarily regulates the pool of
Ptdins(4)P, thereby  modulating substrate  supply of Pl to  Aurlp
(phosphatidylinositol:ceramide phosphoinositol transferase in yeast) in subsequent stages
of sphingolipid synthesis (Brice et al., 2009; Foti et al., 2001).

However, the mechanism of regulation of SPT activity is not solely dominated by Tsc3. In

yeast cells, evolutionary conserved family Orm proteins (Orm1/0Orm2) have been shown to
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negatively regulate SPT in response to sphingolipid availability (Breslow et al., 2010; Han
et al., 2010). The ORMs bind to SPT by interacting with the first transmembrane domain 1
(TMD1) of Lcb1 and thus become components of a multimeric SPOTS complex (Han et al.,
2019). The SPOTS complex is termed according to its components SPT, Orms, Tsc3 and
Sac1.

In the further progress of sphingolipid biosynthesis, the 3KDS reductase Tsc10p (homolog
to human KDS reductase) reduces the condensation product 3KDS through consumption
of NADPH/H* to dihydrosphingosine (DHS) (Gupta et al., 2009). DHS can be converted to
sphingosine-1-phosphate (S1P) by Lcb4 and Lcb5 (Nagiec et al., 1998). Moreover, DHS is
converted by the C26-ceramide synthases Lag1p (homolog of human ceramide synthase
2), Lac1p (Lag1 paralog) and Lip1p (ceramide synthase subunit) to dihydroceramide (DHC)
by an additional N-acetylation of a C26 acyl group (Guillas et al., 2001; Schorling et al.,
2001; Vallee & Riezman, 2005). Elongation of C20 to C26 very long chain fatty acids
(VLCFA) is accomplished in yeast by an ER membrane-associated system involving the
elongases Elo2p and Elo3p (Oh et al., 1997). Deletion of Elo2 and Elo3 results in decreased
Cer production, demonstrating the limited substrate specificity of yeast Cer synthases for
C26-VLCFAs (Oh et al., 1997).

Mammalian Cers are structurally different from those of yeast. The chain length of
incorporated VLCFA consists only of 26 carbons in yeast, whereas 18-24 carbons are used
in mammals (Guillas et al., 2001; Levy & Futerman, 2010). In mammalian cells, several Cer
synthases 1-6 (CerS 1-6) are responsible for N-acylation of DHS and sphingosine, with high
specificity for the length of used acyl-CoA chain (Levy & Futerman, 2010).

All the biosynthetic steps listed so far occur de novo in the ER and are highly conserved
from yeast to mammals (Rego et al., 2014). Differently to mammal cells, DHS in yeast can
be hydroxylated to phytosphingosine (PHS) by the dihydrosphingosine C-4 hydroxylase
Sur2p (Haak et al., 1997). PHS is then catalyzed to phytoceramide (PHC) by Lag1p, Lac1p
via an amide bound of a C26 acyl group or to phytosphingosine-1-phosphate (PHS1P) by
the PHS/DHS kinases Lcb4 and Lcb5 (Megyeri et al., 2019; Nagiec et al., 1998). PHC is
converted to the complex sphingolipid inositolphosphorylceramide (IPC) via Aurp1 (Lindahl
etal., 2017), which is subsequently modified to further complex sphingolipids like mannosyl-
inositolphosphorylceramide (MIPC) by the regulatory subunit CSG2 and mannosyl-
diinositolphosphorylceramide (M(IP)2C) by IPC1 in the Golgi (Breslow, 2013; Dickson et
al., 2006). The yeast homologue of the mammalian neutral sphingomyelinase Isc1 in return
catalyzes the hydrolysis of complex sphingolipids to form a specific C18:1 PHC (Clarke et
al., 2006; Matmati & Hannun, 2008; Sawai et al., 2000).

In mammalian cells, Cers are converted to complex sphingolipids in the Golgi, which result

in sphingomyelin (SM), glycosphingolipids, and glucosylceramides (Breslow, 2013).
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Fig. 9: Schematic overview of mammals and yeast sphingolipid metabolism. In both yeast and
mammals, the sphingolipid synthesis starts with condensation of serine and palmitoyl catalyzed by
SPT to form 3-keto-dihydrosphingosine and further LCB and Cer formations occur at the ER. Cers
are transported to the Golgi for complex sphingolipid synthesis and headgroup modifications.
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2. Aim of this study

Obesity represents a major risk factor for type 2 diabetes and is characterized by excessive
accumulation of TAGs in ectopic tissues, like muscle and liver (Markgraf et al., 2016;
Schnurr et al., 2020; Shulman, 2014). At cellular level, TAGs are stored in LDs, which
participate in an embracing dynamic network of functionally coupled organelles (Barbosa &
Siniossoglou, 2017). LD-ER interaction plays an important role in balancing cellular lipid
homeostasis, preventing aggregations of lipotoxic and diabetes-relevant lipids such as DAG
and Cers (Greenberg et al., 2011; Krahmer et al., 2013). However, the dynamic interplay
between LD consumption and Cer synthesis and how the pathways regulate each other
remains unknown.

This work aimed to identify proteins required for sphingolipid synthesis that efficiently
regulate LD consumption in order to maintain cellular lipid homeostasis. For this purpose,
a flow cytometry-based method was conducted to identify proteins involved in the first steps
of sphingolipid synthesis during LD consumption in S. cerevisiae. Furthermore, the function
of the candidate protein Tsc3p, the human analogs and other LD dynamic regulating
proteins were investigated with fluorescence microscopic, biochemical and cell biological
methods under different conditions. Based on the results in yeast, lipid composition was
investigated in ssSPTb knock-down human hepatoblastoma cell line (HepG2) to unravel if

ssSPTb influences lipid induced insulin resistance in human hepatocytes.
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3. Materials and Methods

3.1. Materials

3.1.1. Chemicals, consumables and equipment

3.1.1.1. Chemicals

Table 1: Chemicals used in this study

Compound

Source/Company

16% Formaldehyde (w/v), Methanol-
free (PFA)

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

4x Laemmli sample buffer

BioRad Laboratories Inc., Hercules,
California/lUSA

Acetic acid anhydrous

Merck, Darmstadt, Hesse/Germany

Lipofectamin 3000 Transfection
Reagent

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

Acetone

Merck, Darmstadt, Hesse/Germany

Fetal Bovine Serum (FBS)

Merck, Darmstadt, Hesse/Germany

Agar-Agar

Roth, Karlsruhe, Baden-Wuerttemberg

Ammonium persulfate (APS)

Merck, Darmstadt, Hesse/Germany

Ampicillin sodium salt

Merck, Darmstadt, Hesse/Germany

Antibiotic-Antimycotic 100X (AA)

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

BODIPY FL C16

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

BODIPY493/503

Thermo Fisher Scientific, Waltham,

Massachusetts/USA
Applichem GmbH, Darmstadt,

BSA
Hesse/Germany,
Cerulenin Merck, Darmstadt, Hesse/Germany
Chloroform Merck, Darmstadt, Hesse/Germany

Complete supplement mixture (CSM)

MP Biomedicals, Irvine, California/USA

cOmplete tablets (Protease inhibitor)

Roche, Basel/Switzerland
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CSM-His MP Biomedicals, Irvine, California/USA
CSM-Leu MP Biomedicals, Irvine, California/USA
CSM-Leu-Trp MP Biomedicals, Irvine, California/USA
CSM-Leu-Ura MP Biomedicals, Irvine, California/USA
CSM-Trp MP Biomedicals, Irvine, California/lUSA
CSM-Ura MP Biomedicals, Irvine, California/USA

D(+)-Glucose

Merck, Darmstadt, Hesse/Germany

Diemethyl sulfoxide (DMSO)

Merck, Darmstadt, Hesse/Germany

DNA gel loading dye

New England Biolabs, Ipswich,
Massachusetts/USA

Ethanol

Merck, Darmstadt, Hesse/Germany

Ethyl acetate

Merck, Darmstadt, Hesse/Germany

Ether

Merck, Darmstadt, Hesse/Germany

Ethylenediaminetetraacetic acid (EDTA)

Roth,Karlsruhe, Baden-
Wuerttemberg/Germany

Ethylenediaminetetraacetic acid
(EGTA)

Merck, Darmstadt, Hesse/Germany

GelStar nucleic acid stain

Lonza, Basel/Switzerland

Glycerol Merck, Darmstadt, Hesse/Germany
Glycine Merck, Darmstadt, Hesse/Germany
Hexane Merck, Darmstadt, Hesse/Germany

Indole-3-acetic acid (Auxin)

Merck, Darmstadt, Hesse/Germany

Lithium acetate

Merck, Darmstadt, Hesse/Germany

Luria-Bertani (LB) broth, Miller

VWR International GmbH, Damstadt,
Hesse/Germany

Methanol

Merck, Darmstadt, Hesse/Germany

Methylene chloride

Merck, Darmstadt, Hesse/Germany

N’N’N’N Tetramethylethylendiamine
(TEMED)

Merck, Darmstadt, Hesse/Germany
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Nonidet P40 solution 10 %

Applichem GmbH, Darmstadt,
Hesse/Germany

PBS tablets

Merck, Darmstadt, Hesse/Germany

PBS sterile (pH 7.4)

Merck, Darmstadt, Hesse/Germany

Phenylmethyl-sulfonyl-fluoride (PMSF)

Merck, Darmstadt, Hesse/Germany

PhosStop (Phosphatase inhibitor)

Roche, Basel/Switzerland

Phytosphingosine hydrochloride (PHS)

Merck, Darmstadt, Hesse/Germany

Skim milk powder

Merck, Darmstadt, Hesse/Germany

Sodium dodecyl sulfate (SDS) pellets

Roth, Karlsruhe, Baden-
Wuerttemberg/Germany

3-Mercaptoethanol

Merck, Darmstadt, Hesse/Germany

Sucrose

Merck, Darmstadt, Hesse/Germany

Tergitol (NP-40, 70 % H>0

Merck, Darmstadt, Hesse/Germany

Triton-X100

Merck, Darmstadt, Hesse/Germany

0.25 % Trypsin-EDTA

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

Trizma base (Tris base)

Merck, Darmstadt, Hesse/Germany

Trizma hydrochloride (Tris-HCI)

Merck, Darmstadt, Hesse/Germany

Tween 20

Merck, Darmstadt, Hesse/Germany

YNB with ammonium sulfate

MP Biomedicals, Irvine, California/USA

Yeast extract peptone dextrose (YPD)
broth

Merck, Darmstadt, Hesse/Germany

30% Acrylamide, 0.8% Bisacrylamide

Merck, Darmstadt, Hesse/Germany

3.1.1.2. Kits

Table 2: Kits used in this study

Kit

Company

QIAquick PCR Purification Kit:

Qiagen, Hilden, NRW/Germany
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QIAquick Gel Extraction Kit:

Qiagen, Hilden, NRW/Germany

Plasmid DNA Purification Kit:

iNtRON Biotechnology, Seongnam,
Gyeonggi/Republic of Korea

QuantiTect Reverse Transcription Kit:

Qiagen, Hilden, NRW/Germany

Mix2Seq Kit:

Eurofins genomics, Ebersberg,
Bavaria/Germany

Lipofectamine 3000

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

Pierce BCA Protein Assay Kit

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

3.1.2. Buffers and stock solutions

Ampicillin

Stock solution: dissolved in H2O to 100 mg/ml and stored at -20 °C.

Ammonium persulfate (APS)

For 10 % stock solution 10 mg/ml were dissolved in H20 and stored at -20 °C.

Cerulenin

Stock solution: dissolved in ethanol to 10 mg/ml and stored at -20 °C.

EDTA

For 125 mM stock solution 36.53 mg/ml were dissolved in H20 and stored at 4 °C.

EGTA

For 10 mM stock solution 3.8 mg/ml were dissolved in H20 and stored at 4 °C.

Indole-3-acetic acid (Auxin)

For 5.71 mM stock solution 1 mg/ml were dissolved in ethanol and stored at -20 °C.

Myriocin

For 2.5 mM stock solution 1 mg/ml was dissolved in DMSO stored at -20 °C.

29.2 % NaCl solution

For 5 M stock solution 292 g/l were dissolved in H>O and stored at 4 °C.
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Nonidet P40
For 5 % Stock solution 10 ml 10 % Nonidet P40 solution was mixed with 10 ml H>O and
stored at 4 °C.

Phytosphingosine (PHS)

For 5.65 mM stock solution 5 mg was dissolved in 2.5 ml ethanol and stored at -20 °C.

Salmon sperm ssDNA

Stock solution: Dissolved by denaturation for 5 min at 95°C in H20 to 2 mg/ml and stored
at -20°C

Sodium dodecyl sulfate (SDS) solution

For 10 % Stock solution 10 g/l were dissolved in H,O and stored at RT.
For 20 % Stock solution 20 g/l were dissolved in H,O and stored at RT.

Sucrose
For 1 M Stock solution 342.3 g/l were dissolved in H>.O and stored at 4 °C

Tris buffered saline (TBS)
Tris base 20 mM (pH 7.5)
NaCl 150 mM

TBS Tween20 (TBST)
Tris base 20 mM (pH 7.5)
NaCl 150 mM

0.1 % Tween20

Total lipid extraction (TLE)
Tris-HCL 20 mM (pH 7.5)
EDTA 1 mM

EGTA 0.25 mM

Sucrose 250 mM

Protease inhibitor 1 tablet/25 ml

Tris-HCI
For 0.5 M Stock solution 60.57 g/l were dissolved in H>O and stored at RT (adjusted to
pH 6.8).
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For 1 M Stock solution 121.14 g/l were dissolved in H>.O and stored at 4 °C (adjusted to
pH 7.4).
For 1.5 M Stock solution 181.71 g/l were dissolved in H>.O and stored at RT (adjusted to
pH 8.8).

50x TAE

242 g Tris base

57.1 ml acetic acid

100 ml 0.5 M EDTA (pH 8.0)
Fill till 1 | with H2O

10x SDS running buffer (yeast experiments)

30 g Tris base

144 g glycine

10 g SDS

Fill till 1 | with H20 (adjust to pH 8.3)

Premixed SDS running buffer for HepG2 experiments was ordered from BioRad (10x
Tris/Glycine/SDS).

Western Blot transfer buffer (yeast experiments)

3 g Tris base

14.4 g glycine

Fill till 800 ml with H.O
Add 200 ml methanol

Premixed Western Blot transfer buffer for HepG2 experiments were ordered from BioRad
(10x Tris/Glycine). 10 % SDS (3.7 ml/l) and methanol (200 ml/l) were added prior to use.

RIPA buffer

Tris-HCI 50 mM

NaCl 150 mM

EDTA 1 mM

Nonidet P40 1 % (v/v)
SDS 0.1 % (g/v)

Protease inhibitor and PhoStop tablets were added to the solution before use.
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Buffer A of isolation membrane/cytosol
Tris-HCI 20 mM

EGTA 0.25 mM

EDTA 1 mM

Sucrose 250 mM

Protease inhibitor and PhoStop tablets were added to the solution before use.

Buffer B of isolation membrane/cytosol
Tris-HCI 250 mM

EGTA 0.25 mM

EDTA 1 mM

Triton-X100 2%

Protease inhibitor and PhoStop tablets were added to the solution before use.

3.1.3. Media

Luria-Bertani (LB)

8 g LB broth powder was dissolved in 1 | with H,O and autoclaved

Synthetic Minimal Media (SD)

6.7 g of YNB with ammonium salt with required amount of CSM and 20 g glucose was

dissolved in 1 | with H2O. Prior to autoclave the medium was adjusted to pH of 5.5.

Yeast extract peptone dextrose (YPD)

50 g of YPD broth powder was dissolved in 1 | with H2O and autoclaved.

Aagar growth plates

For pouring LB, SD or YPD plates 20 g agar were supplemented prior to autoclave.

HepG2 complete medium

Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/l D-glucose, L-glutamine,
25 mM HEPES and pyruvate was supplemented with 10 % Fetal Bovine Serum (FBS) and
1 % Antibiotic-Antimycotic (AA).
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3.1.4. DNA- and protein markers

Table 3: DNA marker used in this study

DNA ladder Band length in kilo base Company
GeneRuler 1kb 10, 8, 6, 5, 4, 3.5, 3, 2.5, 2, Li-Cor Biosciences,
1.5,1,0.75, 0.5, 0.25 Lincoln,
Nebraska/USA

Table 4: Protein markers used in this study

Protein-Marker Band length in kilo Dalton Company
Chameleon Duo 260, 160, 125, 90, 70, 50, 38, Li-Cor Biosciences,
30, 25, 15, 8 Lincoln,
Nebraska/USA
Blue Prestained Protein 250, 180, 130, 95, 72, 55, 43, New England Biolabs,
Standard, Broad Range 34,26, 17, 11 Ipswich,
Massachusetts/USA

3.1.5. Escherichia coli strains

For transfection, preservation and amplification of generated plasmids the Escherichia coli
(E. coli) strain MacCell competent DH5a cells with the genotype F- ®80/acZAM15
A(lacZYA-argF) U169 recA1 endA1 hsdR17(rc, mc*) phoA supE44 thi-1 gyrA96 relA1 A
(iNtRON Biotechnology, Seongnam, Gyeonggi/Republic of Korea) was used.

Vector backbone pBluescriptR carrying cDNA of human ssSPT isoforms were transformed
into DH10B E. coli cells, which were ordered from Horizon Discovery (Waterbeach,

Cambridgeshire/ United Kingdom).

3.1.6. Plasmids

The plasmids used in this study are listed in table 5. To generate plasmids carrying C-
terminal green fluorescent protein (GFP)-tagged ssSPTa and ssSPTb, ssSPT isoforms
were amplified from mammalian gene collection (MGC) of human Sequence-Verified cDNA
(Dharmacon, Lafayette, Colorado/USA), digested with Smal/Spel (New England Biolabs
(NEB), Ipswich, Massachusetts/USA) and ligated into the Smal/Spel restriction sites of a
pRS415 vector, controlled by a constitutive alcohol dehydrogenase (ADH) promoter
(pPRS415-ADHpr-GFP). For C-terminal triple hemagglutinin (3HA)-tagged ssSPTb, ssSPTb
was amplified from MGC human ssSPTb Sequence-Verified cDNA (Dharmacon). The
ssSPTb PCR product was digested with Spel/Smal and ligated into plasmid pRS415-
ADHpr-3HA which was digested the same way. To generate a plasmid carrying C-terminal
GFP-tagged Tsc3, Tsc3 was amplified from genomic DNA, digested with BamHI-HF/Xbal
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(NEB) and ligated into plasmid pRS415-ADHpr-GFP previously digested the same way. For
plasmid carrying C-terminal 3HA-tagged Tgl3, Tgl3 was amplified from genomic DNA and
digested with Spel /Hindlll and ligated into Spel/Hindlll sites of pRS415-ADHpr-3HA. Lcb1
was genomically tagged at the C-terminus using an AID-6HA-pHyg cassette amplified from
pBW2744-pHyg AID 71-114-6HA (Morawska & Ulrich, 2013). Lcb1-AID-6HA tagging was
integrated by homologous recombination of the PCR product AID-6HA-pHyg into SEY6210
pRS305_OsTIR_3xFLAG background strain (Robinson et al., 1988; Serbyn et al., 2020).

Table 5: Plasmids used in this study

Plasmid ID Description Source
133 pRS415-ADHpr (Nguyen et al., 2012)
87 ss-RFP-HDEL (Prinz et al., 2000)
123 pRS415-ADHpr-GFP (Markgraf et al., 2014)
185 pRS415-ADHpr-Dga1-GFP (Markgraf et al., 2014)
277 pRS415-ADHpr-TgI3-3HA This study
278 pRS415-ADHpr-Tsc3-GFP This study
309 pRS415-ADHpr-ssSPTb-3HA This study
310 pRS415-ADHpr-ssSPTa-GFP This study
312 pRS415-ADHpr-ssSPTb-GFP This study
304 pBluescriptR-ssSPTa Horizon Discovery, Waterbeach,
Cambridgeshire/ United Kingdom
305 pBluescriptR-ssSPTb Horizon Discovery, Waterbeach,
Cambridgeshire/ United Kingdom
281 pRS305 OsTIR_3xFLAG Serbyn et al. 2020 Mol Cell
279 pBW2744- pHyg AID 71-114-6HA Morawska 2013
3.1.7. Primers
Table 6: Primers used in this study
Primer Alignment Sequence
5" Tsc3 (Xbal) forward 5'- GCtctaga ATG ACA CAA CAT AAA AGC TCG

3’ Tsc3 (Bam-HlI) reverse 5’- CGCggatcc AAG GAA GCA ATA CTT TAG TAT
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5’ ssSPTa (Spel) | forward 5 - GCactagt ATG GCG GGG ATG GCG CTG GCG
3’ ssSPTa (Smal) | reverse 5 - TCCcccggg TTG TAG TTC AAA GTA GTG
5" ssSPTb (Spel) | forward 5’ - GCactagt ATG GAT TTG AGG CGT GTG AAG G

3’ ssSPTb (Smal)

reverse

5 - TCCcccggg ATT AGA AAT TGT ACT GTG

Hs ssSPTb_1 SG

QuantiTect Primer Assay (Primer mix validated by Qiagen, Hilden,

NRW/Germany)

Hs TUBB 1 _SG QuantiTect Primer Assay (Primer mix validated by Qiagen, Hilden,
NRW/Germany)

5" Lcb1 CT Knop forward 5'- AAGT GTC AAG CAG TCC ATC CTT GCC TGT

TGC CAA GAA TCT AAT AAA

CGTACGCTGCAGGTCGAC

3’ Lcb1 CT Knop | reverse 5'-ATTT ATA TAT ATA TGT GCG TGT GCA TAT
ACT GGC TTTCTATTT TTA
ATCGATGAATTCGAGCTCG

5 Tgl3 (Spel) forward 5 - Ggactagt ATG AAG GAA ACG GCG CAG GAA
TAC

3’ Tgl3 (Hindlll) reverse 5' - CCCaagctt CCT ACT CCG TCT TGC TCT TAT
TATG

5" GFP (Hindlll) forward 5’ - CCCaagctt ATG AGT AAA GGA GAA GAA CT

3" GFP (Xhol) reverse 5' - CCGctcgag TTA TTT GTA TAG TTC ATC CAT G

3.1.8. Restriction enzymes

Table 7: Restriction enzymes used in this study

Enzyme

Company

BamHI-HF

New England Biolabs, Ipswich, Massachusetts/USA

Hindlll New England Biolabs, Ipswich, Massachusetts/USA
Xhol New England Biolabs, Ipswich, Massachusetts/USA
Smal New England Biolabs, Ipswich, Massachusetts/USA
Spel New England Biolabs, Ipswich, Massachusetts/USA
Xbal New England Biolabs, Ipswich, Massachusetts/USA
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3.1.9. S. cerevisiae strains

Yeast strains used in this study are genetically identical to a BY4741 (MAT a; his3A1;
leu2A0; met15A0; ura3A0) background, except strain SEY6210 pRS305 OsTIR _3xFLAG
(table 8). Endogenous sequence-tagging was performed by homologous recombination of
an integrative PCR construct (Longtine et al., 1998). As indicated, non-essential gene
knock-out strains were used from a deletion library of Open Biosystems (Huntsville,
Alabama/USA).

Table 8: Yeast strains used in this study

Strain ID

Genotype

Source

BY4741

MAT a; his3A1 leu2A0 met15A0 ura3A0

Brachmann et al 1998

BY4741 csg2A

MAT a; his3AT; leu2A0; met15A0; ura3A0;
CSG2::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 ipt1A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
IPT1::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 lac1A

MAT a; his3A1; leu2A0; met15A0; ura3AO0;
LAC1::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 lag1A

MAT a; his3AT; leu2A0; met15A0; ura3A0;
LAG1::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 Icb3A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
LCB3::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 Icb4A

MAT a; his3A1; leu2A0; met15A0; ura3AO0;
LCB4::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 Icb5A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
LCB5::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 orm1A

MAT a; his3AT; leu2A0; met15A0; ura3A0;
ORM1::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 orm2A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
ORM?2::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 sac1A

MAT a; his3A1; leu2A0; met15A0; ura3AO0;
SAC1::kanMX

yeast deletion library -
Open Biosystems GE
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Dharmacon

BY4741 scs7A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
SCS7::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 sur1A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
SUR1::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 sur2A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
SUR2::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 tgl4A

MAT a; his3A1; leu2A0; met15A0; ura3AO0;
TGL4::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 tsc3A

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TSC3::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 ydc1A

MAT a; his3AT; leu2A0; met15A0; ura3A0;
YDC1::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 ypc1A

MAT a; his3A1; leu2A0; met15A0; ura3AO0;
YPC1::kanMX

yeast deletion library -
Open Biosystems GE
Dharmacon

BY4741 ysr3A

MAT a; his3A1; leu2A0; met15A0; ura3AO0;
YSR3::kanMX

yeast deletion library -
Open Biosystems GE

Dharmacon

YDM288 MAT a; his3A1; leu2A0; met15A0; ura3AO0; (Markgraf et al., 2014)
TGL3::3HA-KanMX

YDM484 MAT a; his3A1; leu2A0; met15A0; ura3A0; (Ouahoud et al.,
TSC3::kanMX pRS415 2018)

YDM351 MAT a; his3A1; leu2A0; met15A0; ura3AO0; (Markgraf et al., 2014)
pRS415-ADHpr-Dga1-GFP

YDM658 MAT a; his3A1; leu2A0; met15A0; ura3A0; This study
pRS415

YDM661 MAT a; his3A1; leu2A0; met15A0; ura3A0; This study
TSC3::kanMX pRS415

YDM667 MAT a; his3A1; leu2A0; met15A0; ura3A0; This study
pRS415-ADHpr-Tgl3-3HA

YDM726 SEY6210 MAT a; leu2-3,112; ura3-52; his3- (Robinson et al.,

A200; trp1-A901; suc2-A9; lys2-801; GAL
LEU2::pRS305_OsTIR-3xFLAG

1988; Serbyn et al.,
2020)
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YDM728

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TSC3::kanMX pRS415-ADHpr-Tsc3-GFP

This study

YDM731

MAT a; his3AT; leu2A0; met15A0; ura3A0;
TSC3::kanMX pRS415-ADHpr-Dga1-GFP

This study

YDM736

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TSC3::kanMX TGL3::3HA-HIS3

This study

YDM737

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TSC3::kanMX pRS415-ADHpr-Tgl3-3HA

This study

YDM745

SEY6210 MAT a; leu2-3,112; ura3-52; his3-
A200; trp1-A901; suc2-A9; lys2-801; GAL
LEUZ2::pRS305_0OsTIR-3xFLAG; Lcb1-AID-
6HA

This study

YDM768

MAT a; his3A1; leu2A0; met15A0; ura3A0;
pRS415-ADHpr-ssSPTb-3HA

This study

YDM770

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TSC3::kanMX pRS415-ADHpr-ssSPTb-3HA

This study

YDM771

MAT a; his3AT; leu2A0; met15A0; ura3A0;
pRS415-ADHpr-ssSPTa-GFP

This study

YDM772

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TSC3::kanMX pRS415-ADHpr-ssSPTa-GFP

This study

YDM773

MAT a; his3AT; leu2A0; met15A0; ura3A0;
TRP1::HygB pRS415-ADHpr-ssSPTa-GFP +
ss-RFP-HDEL

This study

YDM774

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TRP1::HygB pRS415-ADHpr-ssSPTb-GFP +
ss-RFP-HDEL

This study

YDM777

MAT a; his3A1; leu2A0; met15A0; ura3A0;
TRP1::HygB pRS415-ADHpr-Tsc3-GFP + ss-
RFP-HDEL

This study

3.1.10. Antibodies used for immunodetection

Table 9: Antibodies used in this study

Antibody

Company

IRDye 800CW Goat anti-Mouse IgG
secondary Antibody

Li-Cor Biosciences, Lincoln, Nebraska/USA

Mouse Anti-HA monoclonal (16B12)

Biolegend, San Diego, California/lUSA

Mouse Anti-Pgk1 monoclonal

Thermo Fisher Scientific, Waltham,
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(22C5D8)

Massachusetts/USA

Mouse Anti-GFP monoclonal (JL-8)

Takara Bio, Kusatsu, Shiga/Japan

Rabbit Anti-SPTSSB polyclonal

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

Rabbit Anti-Insulin Receptor B
monoclonal (4B8)

Cell Signaling Technology, Danvers,
Massachusetts/USA

Rabbit Anti-Phospho-INSR
(Thr1160) polyclonal

Thermo Fisher Scientific, Waltham,
Massachusetts/USA

Goat Anti-rabbit IgG (HRP-linked)
secondary Antibody

Cell Signaling Technology, Danvers,
Massachusetts/USA

Horse Goat Anti-mouse 1gG (HRP-
linked) secondary Antibody

Cell Signaling Technology, Danvers,
Massachusetts/USA

Rabbit Anti-GAPDH monoclonal
(14C10)

Cell Signaling Technology, Danvers,
Massachusetts/USA

Rabbit Anti- Na-K-ATPase
polyclonal

Cell Signaling Technology, Danvers,
Massachusetts/USA

Mouse Anti-PKCe monoclonal
(21/PKCs¢)

BD Biosciences, Franklin Lakes, NJ/USA

3.1.11.Technical equipment

Autoclave

Tuttnauer 2840EL

Homogenizer
Tissue glass douncer

Pellet pestle motor

Imaging system
Chemie Doc XRS+
Odyssey CLx

Incubators
Binder CB
BBD 6220

Innova 44

Tuttnauer, Breda, Norrd Brabant/Netherlands

DWK Life Sciences, Baden-Wurttemberg/Germany
Kimble Chase Life Science, Vineland, NJ/USA

Bio-Rad Laboratories Inc., Hercules, California/lUSA

Li-Cor Biosciences, Lincoln, Nebraska/USA

Binder, Innsbruck, Tirol/Austria
Thermo fisher scientific, Waltham, Massachusetts/USA
New Brunswick Scientific, Edison, NJ/USA
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Power supplies
PS300B

PowerPac Basic

Blotting systems
TE22
Trans-Blot Turbo

Protein electrophoresis chambers

SE250 Mighty Small II
Mini-PROTEAN Tetra Cell

DNA electrophoresis chambers
HE 33 Mini Submarineo

Magnetic stirrer-heatplates
IKA Combimag Ret
VMS-C10

PCR

GeneAMP PCR System
9700

C1000 Touch Thermal cycler

RT-gPCR
StepOnePlus RT-PCR

System

pH-Meter
PHM220 MeterLab

Shakers

IKA Rocker 2D Basic
Titramax 100

IKA Vibrax

Overhead shacker

Hoefer Inc., Holliston, Massachusetts/USA

Bio-Rad Laboratories Inc., Hercules, California/lUSA

Hoefer Inc., Holliston, Massachusetts/USA

Bio-Rad Laboratories Inc., Hercules, California/USA

Hoefer Inc., Holliston, Massachusetts/USA

Bio-Rad Laboratories Inc., Hercules, California/lUSA

Hoefer Inc., Holliston, Massachusetts/USA

IKA, Staufen, Baden-Wuerttemberg/Germany
VWR, Radnor, Pennsylvania/USA

Applied Biosystems, Waltham, Massachusetts/USA

Bio-Rad Laboratories Inc., Hercules, California/USA

Applied Biosystems, Waltham, Massachusetts/USA

Radiometer Analytical, Lyon, Rhéne-Alpes/France

IKA, Staufen, Baden-Wurttemberg/Germany
Heidolph, Schwabach, Bavaria/Germany

IKA, Staufen, Baden-Wuerttemberg/Germany
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Sterile bench
HERAsafe KS
Safety hood
CC-30

UV-VIS spectrophotometer
NanoDrop 2000

Bio Photometer Plus

Centrifuges
Allegra X-30R

CompactStar CS 4
Mini Spin

Z 216 MK

MIKRO 220R

CVP-2

Optima MAX-XP

Ultracentrifuge

Centrifuge rotors

Swinging-bucket tube rotor
SX4400

Swinging-bucket microplate
rotor S6096

TLA-55

Water bath
Julabo SW 22

Flow Cytometry
FACScalibur

HTS 96-well autosampler

Thermo fisher scientific, Waltham, Massachusetts/USA

Caspar & Co. Labora, Aachen, NRW/Germany

Thermo fisher scientific, Waltham,
Massachusetts/USA
Eppendorf, Hamburg, Hamburg/Germany

Beckman Coulter, Brea, California/USA

VWR, Radnor, Pennsylvania/USA

Eppendorf, Hamburg, Hamburg/Germany

Hermle, Goshiem, Baden-Wuerttemberg/Germany
Andreas Hettich GmbH & Co. KG, Tuttlingen, baden-
Wuerttemberg/Germany

Grant Instruments, Shepreth, Cambridgeshire/ United
Kingdom

Beckman Coulter, Brea, California/USA

Beckman Coulter, Brea, California/USA

Beckman Coulter, Brea, California/USA

Beckman Coulter, Brea, California/USA

Julabo GmbH, Seelbach, Baden-Wuerttemberg/Germany

BD Biosciences, Franklin Lakes, NJ/JUSA
BD Biosciences, Franklin Lakes, NJ/JUSA
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Microscopes

Primovert Carl Zeiss AG, Oberkochen, Baden-
Wuerttemberg/Germany
LSM 880 Airyscan Carl Zeiss AG, Oberkochen, Baden-
Wuerttemberg/Germany

Multi-function plate reader

Infinite Pro 200 TECAN, Maennedorf, Zurich/Switzerland

Liquid Chromatography - Mass Spectrometry and Liquid Chromatography - Tandem Mass
Spectrometry (LC-MS/MS)

LC-MS QQQ Agilent Technologies Inc., Santa Clara, California/USA
6495

Heat block shaker

Thermomixer Compact Eppendorf, Hamburg, Hamburg/Germany

3.2. Methods
3.2.1. Molecular cloning in E. coli and S. cerevisiae

3.2.1.1. Polymerase chain reaction

Amplification of gene sequences were generated by polymerase chain reaction (PCR)
(Mullis & Faloona, 1987). In briefly, double strand DNA template denaturates at 98 °C by
breaking of the hydrogen bounds between bases. Following cool down to 55 °C allows
primers (listed in table 6) with complementary nucleic acid sequence to anneal at 3’ ends
on both single strand DNA templates in the gene target region. Elevating temperature to
72 °C activates thermostable DNA polymerase to elongate the gene target region from 5'-
3’ by condensing the dNTPs 5'-phosphate group with the 3'-hydroxy group of the template
strand. Once the synthesis of new complimentary DNA strand is completed, templates are
reheated to 98 °C to start a new cycle. Repeating the cycle results in exponential
amplification of the gene target region. The PCR reaction mixture with a total volume of

50 ul was prepared as follows:
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5x Phusion Puffer 10 ul
dNTPs (10 mM) 1l
Primer for. (10 pM) 2.5 ul
Primer rev. (10 yM) 2.5l
DNA-template 1 ul
Phusion polymerase highfidelity 0.5 ul
H20 dest. 32.5 yl

The cycling temperature program of the Thermocycler was set as follows:

0:30 min at 98 °C
0:10 min at 98 °C
0:25 min at 55 °C
2:00 minat72 °C
7:00 minat 72 °C

o min at4 °C

32 x

Resulting PCR products were quantified via agarose gel electrophoresis and separated
from reaction components with QlAquick PCR Purification Kit. Concentration was quantified

with a NanoDrop at 260 nm.

3.2.1.2. Restriction

PCR products and vectors were cleaved by restriction enzymes. Restriction enzymes used
in this study are listed in table 7. The restriction enzymes recognize and bind to specific
DNA sequences for hydrolyzing single strand flanks to generate sticky ends. The restriction

reaction mixture was prepared as follows:

10x Cut Smart Puffer 5ul
Restriktionsenzym (5’-end) 1ul
Restriktionsenzym (3’-end) 1ul
DNA sample 1 ug
H20 dest. Add to final volume of 50 pl

After overnight incubation at required temperature, restriction enzymes were heat
inactivated. Restriction products were separated via agarose gel electrophoresis, cut out
from gel and extracted with QlAquick Gel Extraction Kit. Concentration was assessed with

the NanoDrop at 260 nm.
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3.2.1.3. Ligation

The restriction enzymes were selected to allow targeted integration of gene sequences into
the multiple cloning site of vectors. Therefore, complementary sticky ends of the restriction
products were catalyzed by a Tsligase (New England BioLab Inc,
Ipswich, Massachusetts/USA). For ligation, vector and insert were taken in a molar ratio of

1:5. The reaction mixture was prepared as follows:

Ts-ligase Buffer 2.5l

Linearized vector 50 ng

Insert 5 fold molar of vector
Ts-ligase 1 ug

H20 dest. Add to final volume of 25 ul

Reactions were incubated for 4 h at room temperature, followed by heat inactivation at

65 °C for 10 min and stored at 4 °C until transformation.

3.2.1.4. E. coli transformation

Resulting plasmids from ligation containing requested gene sequence were transformed
into MacCell competent DH5a E. coli cells (iNtRON, Biotechnology, Seongnam,
Gyeonggi/Republic of Korea). Therefore, DH5a cells were thawed and 1.5 ul of ligation
product was added and incubated on ice for 30 min. The cells were heated 90 sec. at 42 °C
and subsequently placed on ice for 5 min. Then, 1 ml of pre-heated LB medium was added,
followed by 1 h on shacking incubator at 37 °C. Finally, 200 ml of cell mixture were spread
on LB agar plates containing 100 pg/ml ampicillin. Plates were incubated at 37 °C overnight.

Positive antibiotic resistance plasmid carrying colonies were picked for preculture.

3.21.5. Isolation of plasmid DNA

The plasmid isolation was performed with iINtRON DNA Purification Kit. For amplification of
the plasmid, 5 ml LB medium containing 100 pg/ml ampicillin was inoculated with a grown
DH5a colony and incubated at 37°C at 180 RPM overnight. Cells were harvested, lysed and
the plasmids were purified as specified in the INtRON DNA Purification Kit protocol.

3.2.1.6. Gene sequencing

For gene sequencing 100 ng/pl of isolated plasmids were diluted together with 10 pmol/pl
of target gene primers in a Mix2Seq vial. The vial was sent to Eurofins genomics for Sanger

sequencing analysis (Sanger et al 1977).
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3.2.1.7. Preservation of E. coli strains

In case of a positive sequencing result, generated E. coli strains were stored as long time
culture. Therefore 5 ml of LB medium containing 100 pg/ml ampicillin were inoculated with
cells and incubated at 37°C. 500 pl of overnight precultured cells were mixed with 500 pl of
50 % autoclaved glycerol in a cryo vial, shocked-freezed in liquid nitrogen and stored
at -80 °C.

3.2.1.8. Lithium acetate transformation of S. cerevisiae

The yeast strains used for transformation are genetically identical to BY4147 (MAT a;
his3A1;  leu2A0; met15A0; ura3A0) background except strain  SEY6210
pRS305_0OsTIR_3xFLAG and non-essential gene knock-out strains from deletion library
(Open Biosystems, Huntsville, Alabama/USA) as indicated in table 8. Endogenous
sequence-tagging was performed by homologous recombination of transformed integrative
PCR construct (Longtine et al., 1998). For overexpression of artificial recombinant proteins,
yeast cells were transformed with isolated plasmids from table 5 (Robert H. Schiestl & R.
Daniel Gietz, 1989).

Overnight preculture was diluted to an optical density at 600 nm wavelength (ODsgo) of 0.1
in 20 ml and was further grown for 3-5h. Cells were harvested by centrifugation at
4000 RPM, washed with water and 0.1 M lithium acetate. After final centrifugation at
13000 RPM for 15 sec, the cell pellet was resuspended in 350 ul of 0.1 M lithium acetate.
For each transformation 50 pl of cell suspension was mixed with 240 pl of 50 % polyethylene
glycol, 36 ul of 1 M lithium acetate, 10 yl of salmon sperm single strand carrier DNA
(2 mg/ml), added with 1.5 pl of isolated plasmid or 50 pl of integrative PCR construct. The
solution was vortexed for 1 min and incubated for 30 min at 30 °C. After supplementation
of 36 pyl DMSO, cells were heat shocked at 42 °C for 15 min. Afterwards cells were
centrifuged at 4000 RPM, resuspended in 100 pl water and spread to defined synthetic
complete (SC) minimal medium plates. By lacking specified nutrients, auxotrophic clones
carrying transformed DNA grow and can be selected. Plates were incubated for three days
at 30 °C. Grown colonies were picked for preculture, followed by detecting recombinant

protein expression with immunodetection or fluorescence microscopy analyses.

3.2.1.9. Culturing and preservation of S. cerevisiae strains

In case of positive transformation, cells were grown at 30°C shaking at 180 RPM overnight
in synthetic complete (SC) growth medium containing 6.7 g/L yeast nitrogen ammonium
sulfate (YNB), 20 g/L glucose and required mixture of amino acids (Complete Supplement
Mixture [CSM] 0.79 g/L; CSM-leucine 0.69 g/L; CSM-leucine-tryptophan 0.64 g/L; CSM-
histidine 0.77 g/L purchased from MP Biomedicals, Irvine, California/USA). Next day 700 pl
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3. Materials and Methods

of yeast preculture were mixed with 300 pl of 50 % glycerol and stored at -80 °C for long
time storage. For experiments, strains in long time culture were spread out on yeast extract
peptone dextrose agar plates (Merck, Darmstadt, Hesse/Germany) or on SC media plates

and incubated for three days at 30 °C until experimental procedures.
3.2.2. Cell culture of HepG2 cells

3.2.21. Culturing HepG2

Human hepatoblastoma cell line (HepG2) was obtained from ATCC (Manassas,
Virginia/lUSA) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/l
D-glucose, L-glutamine, 25 mM HEPES and pyruvate and supplemented with 10 % FBS
and 1 % AA (DMEM complete medium). Cells were thawed from long time storage and
transferred to DMEM complete medium. After centrifugation the supernatant was
discharged and the cell pellet was resuspended in DMEM complete medium. The cell
suspension was transferred in a tissue culture flask. Adherent HepG2 cells were incubated
overnight. On the next day the medium was discharged and replaced with fresh DMEM
complete medium. Medium change was repeated every second day. When the cells
reached 80 % of confluence, they were detached from the culture flask by incubating the
cells in trypsin, which induces cells to lose adherence. Detached cells were washed with
DMEM complete medium and the cell pellet was resuspended in DMEM complete medium.
After cell count, cells were finally transferred into a new flask. Cells were passaged four

times prior to experiments.
3.2.3. Experiments with S. cerevisiae

3.2.3.1. Flow cytometry-based assessment of lipid droplets in

S. cerevisiae

96-well plates containing SC medium with 2 % glucose (150 pl/well) was used, which was
inoculated with yeast strains of interest and precultured overnight (~12 h) by incubation at
30 °C on a shaker. On the next day, the ODsoo Was measured and cells were diluted in fresh
medium to an ODgpp=0.5. After further incubation for 24 h under the same conditions, the
stationary phase of the cells was ensured by a static ODggo value. Once stationary phase
(TO) was confirmed, half volume of the cells was fixed 30 min with 3.7 % PFA at room
temperature and half volume was diluted and grown for 5 h (T5) in fresh SC containing
10 pg/ml cerulenin, which inhibits de novo FA synthesis (Omura, 1976). The incubation with
cerulenin forces the cell to use only the FAs already stored in LDs without synthesizing and

incorporating new ones. After 5 h incubation, the ODgsoo was measured again to ensure
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viability of the cells indicated by growth. Upon centrifugation at 4000 RPM, the cells were
collected, washed with phosphate buffered saline (PBS), and fixed in 3.7 % PFA.

After fixation, the LDs of the cells were stained with 150 yl BODIPY 493/503 (final
concentration 1 ug/ml in PBS) for 30 min in the dark. Subsequently, the cells were washed
three times with PBS and resuspended in 120 pl appropriate buffer for flow cytometry
measurements (BD FACSFlow sheat fluid BD Bioscience, Franklin Lakes, NJ/USA). The
BODIPY 493/503 fluorescence signal of individual cells was analyzed by using a flow

cytometer coupled to a 96-well plate high throughput auto sampler (BD FACSCalibur BD

Bioscience).
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Fig. 10: Procedure of flow cytometry-based LD quantification in yeast. Wild-type and knock-out
cells were grown to stationary phase to induce LD formation. LD content in stationary phase and 5 h
after dilution into fresh medium containing cerulenin was quantified by flow cytometry analysis of
BODIPY493/503-labeled LDs.

3.2.3.2. Fluorescence microscopy

To investigate protein localization and subcellular structures the fluorescence microscopy
was used.

For localization studies in yeast cells expressing GFP-fused Tsc3p, ssSPTa and ssSPTb,
an overnight preculture was harvested in stationary phase, resuspended in PBS and
immediately analyzed.

For localization studies of Dga1-GFP 20 ml SC medium was inoculated with wild-type (WT)
and tsc3A cells, which were grown for 48 h to reach the stationary phase. Next, cells in
stationary phase were diluted to an ODegg of 0.5 in SC medium containing 10 pg/ml
cerulenin, with and without 15 uM PHS and were grown for 5 h at 30 °C with 180 RPM
shaking. Cells in stationary phase and 5 h after dilution in fresh medium were harvested
and fixed with 3.7 % paraformaldehyde (PFA). Finally, cells were resuspended in PBS.
For all analysis, 1 ul cell suspension was applied to microscopy slides, covered by 0.17 mm
glass. Images were captured using a confocal laser scanning microscope (LSM) 880 and
processed with Imaged 3.0.1 (Schindelin et al., 2012) or ZEN 2.3 (Carl Zeiss AG,
Oberkochen, Baden-Wuerttemberg/Germany).
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3.2.3.3. Growth curve

Overnight precultured cells in stationary phase were diluted to ODsgo of 0.5 in appropriate
fresh SC medium to induce growth. Yeast cells were incubated at 30 °C. Growth was
detected by ODeoo measurements at 2-h intervals until the stationary phase was reached
using the Multi-function plate reader Infinite Pro 200 and the Bio Photometer Plus.

To determine statistically comparable values for the growth curves, the area under the curve

(AUC) was determined using an integration method. For an equation y = f(x) with limit values
a and b, the integral formula AUC = fbaf(x) dx was used. The AUC was calculated by using
the program GraphPad Prism 8.2.1.

3.2.3.4. Spotting assay

To investigate growth of divergent yeast strains a spotting assay was used. Overnight
precultured cells were diluted to an ODego of 0.5 in SC medium and were grown for 3 h at
30 °C at 180 RPM shacking. After the ODgsoo was measured, the cells were diluted to ODeoo
of 0.5 and a serial dilution of 1:10 was performed. Next, 5 ul of each dilution was transferred
to SC agar plates. The cells were incubated at indicated temperatures and detected with a

cell phone camera (Samsung Galaxy A3) every 24h.

3.2.3.5. Protein degradation by Auxin-inducible degron system

The auxin-inducible degron (AID) system is a method to control the cellular protein level
and therefore it is useful to study the function of essential proteins in vivo. Through induction
by the plant hormone auxin, target proteins can be rapidly degraded by the proteasome as
previously described (Nishimura et al., 2009).

Plants use a unique degradation complex, SKP/Cullin/F-box (SCF), for specific degradation
of AID fused target proteins induced by auxin (Salehin et al., 2015). Subsequent recruited
E3 ligase ubiquitinates the target proteins for degradation through proteasome signaling.
Yeast lacks the F-box transport inhibitor response 1 domain (TIR1) but shares the highly
conserved SCF degradation pathway. Genomic integration of TIR1 from Oryza sativa
(OsTIR1) allowed us to degrade AID tagged fused proteins by auxin supplementation in
yeast (Morawska & Ulrich, 2013).

To investigate the physiological impact of Lcb1, the AID system was used to deplete the
essential protein in a dose-dependent way. As deletion results in nonviable yeast cells, Lcb1
was genomically tagged with AID, which was expressed in an OsTIR background strain
(Giaever et al., 2002). For Lcb1-AlID degradation, cells in stationary phase were diluted in

fresh medium supplemented with 1 mM auxin.
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3.2.4. Experiments with HepG2 cells

3.24.1. Gene silencing in HepG2 cells

To knock-down the small subunit of serine palmitoyltransferase b (ssSPTb) gene in HepG2,
the cells were treated for 48 h with 25 nm small interfering RNA (siRNA). The ssSPTb siRNA
was purchased as ON-TARGETplus construct (Horizon Discovery, Waterbeach,
Cambridgeshire/ United Kingdom) (Birmingham 2006 3’ UTR).

The double strand (ds) siRNA consists of two 21 base pairs (bp) long RNAs strands with
dinucleotide overhangs at each 3’ end, forming duplex. The guide strand is designed as a
revers complementary antisense to the target ssSPTb mRNA, whereas the second strand
is used for construct passaging into the cell. The siRNA duplex is spliced by a cellular
DICER RNase, which also initiates formation of the RNA-induced silencing complex (RISC)
with the guide strand. The guide strand connects to the target ssSPTb mRNA and an
endonuclease of the RISC complex degrades the mRNA. This results in translational
inhibition of protein biosynthesis of ssSPTb (Elbashir et al., 2001).

For transfection, 4 x 10° cells were seeded in a 6 well cell culture plate (Greiner Bio-One,
Solingen, NRW/Germany) and incubated overnight at 37 °C in a humidified atmosphere of
5 % CO2. On the next day the cells reached a confluence of 70 % and were ready for
transfection. The siRNA and transfection reagent were prepared as follows: 12.5 ul of 20 uM
ssSPTb siRNA was mixed with 112.5 yl DMEM, 37.5 ul lipofectamin were diluted in 87.5 pl
DMEM and both solutions were incubated for 5 min at RT. Afterwards, the diluted siRNA
was transferred to prepared Lipofectamin solution and incubated for further 15 min at RT.
The 6 well plate was taken out of the incubator, the medium was removed and 1.95 ml fresh
DMEM complete medium was added prior to supplementation of 50 yl prepared siRNA-
lipofectamin solution. After 48 hours, the cells were washed with preheated PBS, scraped
in 1 ml PBS with a cell scraper (Sarstedt, Nuembrecht, NRW/Germany) and transferred into
a 1.5 ml reaction tube (Eppendorf, Hamburg, Hamburg/Germany) for centrifugation at
1000 RPM for 5 min. The supernatant was discharged and the wet weight cell pellet was
determined before experimental application or shock freezed in liquid nitrogen and storage
at -80 °C.

The silencing effect of ssSPTb-siRNA was analyzed with RT-qPCR. Effect of ssSPTb-
siRNA treatment on proteins of insulin signaling was analyzed with immunodetection and

cellular lipid composition was analyzed with LC-MS/MS.
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3.2.5. Molecular biological methods

3.2.5.1. Total protein extraction from S. cerevisiae cells

To investigate the expression level of proteins of interest, the total protein was extracted
according to (Horvath and Riezman, 1994). Cells of an ODegg of 2 were harvested at
4000 RPM and resuspended in 500 pl H2O. Cells were disrupted by addition of 75 ul Roedel
mix (1.85 M NaOH, 1 M [-mercaptoethanol, 1 mM PMSF), mixed on a vortexer and
incubated on ice for 10 min. Proteins were precipitated by addition of 75 pl 100 %
trichloroacetic acid (TCA) and further incubated on ice for 10 min. After centrifugation at
13000 RPM at 4 °C for 10 min, supernatant was removed and the protein pellet was washed
with ice cold 100 % acetone. After centrifugation at 13000 RPM at 4 °C for 10 min, the
acetone was decanted and the pellet was dried at 55 °C. Afterwards proteins were dissolved
in 50 yl Laemmli buffer with 5 % R-mercaptoethanol and kept at RT until running SDS-
PAGE.

3.2.5.2. Total protein extraction from HepG2

For protein extraction, HepG2 cells were washed with phosphate-buffered saline (PBS) and
harvested with a cell scraper. After centrifugation at 1000 RPM the supernatant was
discharged. Cells were lysed with RiPA lysis buffer on ice for 30 min, mixing every 10 min
on a vortexer. Afterwards, the suspension was centrifuged at 13000 RPM at 4 °C for 20 min
to sediment chromosomal DNA and un-lysed membranes. The supernatant was transferred
to a new reaction vial and the protein concentration was detected with a NanoDrop at
280 nm or with the Pierce BCA Protein Assay.

3.2,5.3. Isolation of membrane fraction vs. cytosolic fraction

To investigate proteins localized in different cellular compartment, membrane fraction was
separated from cytosolic fraction via ultracentrifugation. HepG2 cells were harvested as
described above (3.2.2.4) and resuspended in 300 pl buffer A followed by incubation on ice
for 20 min with mixing by vortexing every 5 min. The homogenate was then centrifuged for
1 hat 100000 g at 4 °C. The clear supernatant containing cytosolic proteins was transferred
to a fresh reaction tube and the protein concentration was detected prior to storage at -
80 °C until experimental procedure.

The pelleted membrane fraction was resuspended in 100 ul buffer B and homogenized with
a tissue grinder prior to centrifugation for 1 h at 100000 g at 4 °C. The supernatant was
transferred to a fresh reaction tube and the protein concentration was detected prior to

storage at -20 °C until experimental procedure.
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3.2.5.4. RNA extraction from HepG2

RNA was extracted from collected HepG2 cells using the RNeasy Kit, following
manufacturer’s instruction. Briefly, the cells were resuspended in 350 pl RLT buffer
(containing R-mercaptoethanol), transferred to a Qiashredder spin column and centrifuged
at high speed for 2 min. The lysate was mixed with 70 % ethanol, transferred to an RNeasy
spin column and centrifuged for 15 sec at 10000 RPM and the flow trough was discharged.
The RNA bound to the spin column was washed twice with 500 pyl RPE buffer and eluted
with 30 ul RNase free water. The RNA concentration was measured with NanoDrop at
260 nm.

3.2.6. Analytic biophysical methods

3.2.6.1. Agarose gel electrophoresis

The agarose gel electrophoresis method was used to separate DNA fragments. Indeed, the
negatively charged phosphate of the DNA backbone migrates to the anode in a generated
electric field. Based on the pore size of the agarose matrix, the DNA is then separated by
size. Thus the migration speed is independent of the molecular weight of the DNA. DNA
samples mixed with gel loading dye were loaded into a 5 % agarose gel and separated in

an electric field. DNA was detected by intercalated fluorescent GelStar under UV irradiation.

3.2.6.2. SDS-PAGE

Using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) proteins
were separated according to their size (Laemmli 1970). The SDS binds uniformly to amino
acid chains and creates a constant negative charge distribution proportional to the mass of
the protein, causing them to migrate to the anode in a polyacrylamide gel. Based on the gel
matrix, large proteins run slower than smaller proteins, resulting in separation of different
sized proteins.

To separate proteins extracted from yeast, total protein of 2 ODggo Were resolved in Laemmli
buffer and boiled before loading the protein sample to the SDS gel. The 10 % SDS gel was

prepared as follows:
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Separating gel

Stacking gel

12.3 ml H,0O
7.5 ml Tris-HCI (1.5 M, pH 8.8)
9.9 ml 30% Acrylamide, 0.8%

Bisacrylamide
150 pl SDS (20 %)
150 pl APS (10 %)

20 pl TEMED

3.075 ml H,O
1.25 ml Tris-HCI (0.5 M, pH 6.8)
670 pyl 30% Acrylamide, 0.8%

Bisacrylamide
25 pl SDS (20 %)
25 ul APS (10 %)

5 ul TEMED

To separate proteins extracted from HepG2, protein sample was heated prior to loading on
4-20 % gradient Mini-PROTEAN TGX Stain-Free precast gels (BioRad Laboratories Inc.,
Hercules, California/lUSA). The gel ran in a premixed SDS running buffer till the dye reached
the bottom.

3.2.6.3. Immunodetection (Western Blot)

Western Blot is used for specific detection of a protein based on immunological staining.
Proteins extracted from yeast were transferred from SDS-PAGE gel to a methanol activated
PVDF membrane using a Tank Blot system. Proteins were blotted using a Tris-glycine-
methanol transfer buffer. After blotting, the membrane was blocked in milk 5% in Tris-
buffered saline with Tween20 (TBST) and then incubated with a primary antibody, which
bound to specific binding sites of protein of interest. The secondary IRDye 800CW antibody
is fused to an infrared fluorescent dye which was detected with the Licor Odyssey image
system.

Proteins extracted from HepG2 were transferred from SDS-PAGE gel to a methanol
activated PVDF membrane using a semi-dry Blot method. Therefore proteins were blotted
using a premixed Tris-glycine-methanol transfer buffer. The membrane was blocked in milk
5% in TBST and then incubated with a primary antibody followed by a secondary peroxidase
fused-antibody. Protein of interest was detected by chemiluminescence of peroxide reagent

and Luminol enhancer reagent (ECL).

3.2.6.4. RT-gPCR

To quantify the efficiency of silencing in HepG2 cells, the reverse transcriptase quantitative
PCR was performed (RT-gPCR). Similar to conventional PCR, this involves the
amplification of target genes using specific forward and reverse primers. In a first step
extracted RNA (3.2.5.4) was retro-transcripted to cDNA using the QuantiTect Reverse
Transcription Kit. In a second step, the ds cDNA was amplified via PCR. With every PCR

cycle, the number of cDNA doubles with incorporation of SYBR green into the ds sequence.
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SYBR green is a fluorescent dye, which shows low fluorescence in aquatic solutions. At the
end of every amplification step the fluorescence is detected, which is proportional to the
amount of the target gene cDNA. For RT-gPCR the reaction mixture with a total volume of

10 ul was prepared as follows:

SYBR green mix 5l
Primer for. (100 pM) 1 pl
Primer rev. (100 pM) 1 ul
cDNA (5 ng) 3l

The cycling temperature program of the Thermocycler was set as follows:

15:00 min at 95 °C
0:15 min at 94 °C
0:30 min at 55 °C
0:30 minat 72 °C
0:15 min at 95 °C
1:00 min at 55 °C

40 x

A gradient from 0.3 °C until 95 °C was running to obtain the melting curves. All gene

expressions were normalized to tubulin.

3.2.6.5. LC-MS/MS lipidomic analysis

To investigate the lipidome of HepG2 cells the Liquid Chromatography - Mass Spectrometry
and Liquid Chromatography - Tandem Mass Spectrometry (LC-MS/MS) was used. The
analytical method of LC-MS/MS is used for the detection of single molecules in pico-molar
range. This application allows the analysis of cellular lipid composition in tissues and
homogeneous cell cultures. In LC-MS/MS, dissolved lipid samples are accelerated in the
electrical field of an analytical Quadrocore after liquid chromatographic separation and
subsequent electrospray ionization. In the Quadrocore, the separation takes place under
vacuum according to the mass/charge ratio of the ions. These are detected and quantified
by a secondary electron multiplier.

Cellular lipids of ssSPTb-siRNA treated HepG2 cells were extracted as follows according
to Bligh and Dyer (Bligh & Dyer, 1959): 20 mg cell pellet was homogenized in 500 pl ice
cold TLE buffer in a glass douncer tissue homogenizer and transferred into 3 ml ice cold
chloroform/methanol (2:1, v/v). Internal standards (Avanti Polar Lipids, Birmingham,
Alabama/USA) of 50 ng d17:1, 50 ng d17:0, 100 ng Cer C17 and 500 ng DAG d17:0 were

added to each sample, briefly mixed by a Vortexer and incubated on ice for 10 min, followed
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by 5 min overhead shacking. After addition of 1 ml ice cold chloroform and 1 ml H»0, the
samples were mixed by a Vortexer. The organic chloroform phase was collected after
centrifugation for 10 min at 4 °C with 4000 RPM. The extracted lipids were dried with a
gentle nitrogen stream and resuspended in 400 pl. For sphingolipid measurements 1 ul of
the dissolved lipids were then injected on the LC/MS/MS. The remaining sample volume
was dried again under a gentle nitrogen stream and dissolved in 0.2 ml hexane/methylene
chloride/ether (89:10:1, v/v) and loaded to a hexane conditioned Diol solid phase extraction
(SPE) column. TAG were eluted with 5 ml hexane/methylene chloride/ether (89:10:1, v/v)
and discharged. The remaining DAG and Cer was eluted with 2 ml hexane/ethyl acetate
(25/75, viv) and subsequently dried with a gentle stream of nitrogen. After resuspension of
the sample in 300 pl methanol, 1 pl was injected on the LC-MS/MS for DAG and Cer
measurement. These measurements were conducted by Mrs. Preuf3 in the Biomedical

Laboratory of the German Diabetes Center in DUsseldorf.
3.2.7. Electronic data processing

3.2.71. Text processing programs

Text, tables and figures were created with Microsoft Word, Microsoft PowerPoint, GraphPad
Prism 8.2.1 and ImageJ 1.8.0. Figures of organs are from available elements of

SmartServier.

3.2.7.2. Statistical analysis

Statistical analyses of the mean, standard derivation (SD), standard error of the mean
(SEM), Student’s t test, one-way ANOVA and two-way ANOVA were performed by
GraphPad Prism 8.2.1.
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4. Results

4.1. Decreased LD consumption in sphingolipid synthesis-deficient yeast cells

An efficient LD consumption is essential to maintain cellular lipid homeostasis. In order to
identify regulator proteins of efficient LD consumption in yeast, accumulated LDs were
measured in the stationary phase (T0) and relative LD consumption was determined after
5 h of growth (T5) by measuring LD residues. To measure cellular LD content at the
indicated time points TO and T5, LDs were stained with BODIPY493/503 and its fluorescent
signal was detected via flow cytometry.

To investigate whether proteins responsible for sphingolipid synthesis have an influence on
LD consumption, yeast strains with deletion of sphingolipid synthesizing proteins were
grown to stationary phase and then transferred into fresh medium containing 10 pg/mi
cerulenin to suppress FA synthesis and de novo neutral lipid synthesis.

After 5 h of growth, yeast cells with a deletion of tsc3, the SPT-stimulating and amino acid
substrate-selective protein, consumed up to 34% of stored LDs, whereas the WT cells
showed 73% of LD consumption in the same time span of growth.

In addition, defective LD consumption was detectable in strains with deletions of Sac1,
Csg2, and Ipt1 proteins required for terminal synthesis of complex sphingolipids. The flow
cytometry measurement shows that sac1A cells have a LD consumption of 49%, csg2A
cells show 61% and ipt1A cells 65% of consumed LD under same conditions as WT cells
(Fig. 11A).

The measurements showed that the deletion strains tsc3 and sac1 are markedly impaired
in LD consumption. Since Tsc3p and Sac1p interact directly with SPT, further flow cytometry
experiments were conducted in the presence of 10 yM myriocin which inhibits the function
of SPT. The results showed that myriocin-treated control cells (WT) only reduced their LD

pool by 15%, whereas untreated control cells reduced their LD pool size by 75% (Fig. 11B).
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Fig. 11: LD consumption is decreased in yeast strains with deficient sphingolipid synthesis.
(A) LD consumption of deletion strains in sphingolipid synthesis downstream of SPT after 5 h of
growth measured by flow cytometry analysis of BODIPY493/503-labeled LDs. LD consumption is
defined in percentage as the remaining amount of LDs after 5 h of growth in relation to the amount
of LDs in the stationary phase (n=4, mean = SD, one-way ANOVA, P value vs. WT). (B) LD
consumption after 5 h of growth of WT and myriocin-treated WT cells measured by flow cytometry
analysis of BODIPY493/503-labeled LDs (n=3, mean + SD, one-way ANOVA, P value vs. WT). (C)
LD consumption of Lcb1-AlID expressing OsTIR background strains grown in SC-medium for 5 h with
and without auxin measured by flow cytometry analysis of BODIPY493/503-labeled LDs (n=6, mean
+ SD, one-way ANOVA).

To further analyze the effect of a direct disruption of the SPT activity on LD dynamics, the
AID system was used to deplete the heterodimeric SPT-component Lcb1. Complete
deletion of Lcb1 results in inviable cells (Buede et al., 1991). To circumvent this effect, the

AID system to degrade Lcb1 was used in a concentration-dependent manner. For the flow
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cytometry experiment, cells in the stationary phase were diluted in fresh medium containing
10 uM cerulenin and 1 mM auxin. Auxin-induced depletion of Lcb1-AID in OsTIR Lcb1-AlID
cells results in 28% consumed LDs after 5 hours of growth whereas auxin untreated OsTIR-

Lcb1-AlID cells consume 62% of LDs (Fig. 11C).

4.2. Overexpression of Tgl3p rescues LD consumption in tsc3A cells

After demonstrating that deletion of tsc3 in yeast leads to lower LD consumption (Fig. 11A),
the next step was to ensure that tsc3A does not interfere with the activity of TAG-degrading
lipases; therefore, the influence of Tgl3 on LD dynamics was investigated.

First, the endogenous expression level of the yeast major lipase, Tgl3p, was determined in
WT and tsc3A by immunodetection. For this purpose, WT and tsc3A cells expressing 3HA-
tagged Tgl3 were grown to stationary phase and transferred to fresh medium containing
10 pg/ml cerulenin for 2.5 h. At stationary phase and after two hours of growth with

cerulenin, WT and tsc3A cells expressed Tgl3-3HA, indicating that tsc3A4 had no effect on
Tgl3 expression (Fig. 12A).
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Fig. 12: Overexpression of recombinant Tgl3-3HA rescues lipid droplet consumption defect
in tg/3A and tsc3A cells. (A) Immunodetection of endogen 3HA tagged Tgl3 expressed in WT and
tsc3A cells in stationary phase and 2.5 h after dilution in fresh medium containing 10 pug/ml cerulenin
(B). Immunodetection of overexpressed TgI3-3HA in WT, tg/3A and tsc3A cells in stationary phase.
(C) LD consumption after 5 h of growth of WT and tg/3A cells transfected with an empty vector (e.v.)
or Tgl3-3HA overexpressing vector measured by flow cytometry analysis of BODIPY493/503-labeled
LDs (n=6, mean £ SD, two-way ANOVA). (D) LD consumption after 5 h of growth of WT and tsc3A
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cells transfected with an empty vector (e.v.) or Tgl3-3HA overexpressing vector measured by flow
cytometry analysis of BODIPY493/503-labeled LDs (n=5, mean £ SD, two-way ANOVA).

Since the hydrolytic activity of Tgl3p is limited to the presence of LDs (Schmidt et al., 2013),
Tgl3p was overexpressed in yeast cells to increase lipolysis. The result of immunodetection
of recombinant TgI3-3HA, overexpressed in WT, tg/3A and tsc3A cells showed an elevated
level of Tgl3-3HA in these cells in stationary phase (Fig. 12B).

Flow cytometry analysis of LD consumption showed that increased lipolysis by
overexpression of Tgl3-3HA did not increase the LD consumption in WT cells after 5 h of
growth, but reversed the defective LD consumption in tg/34 (Fig. 12C) and tsc3A cells (Fig.
12D), indicating that the recombinant Tgl3-3HA functions as the native protein and

overcomes potential reduced lipolytic activity in tsc3A cells.

4.3. Exogenous phytosphingosine rescues lipid droplet consumption in tsc3A

cells

Next, LD dynamics were examined in the context of Tgl4p, the second major lipase of yeast
regulated by the cyclin-dependent kinase Cdc28 (Kurat et al., 2009). It was previous shown
that deletion of tg/4 results in decreased mobilization of TAG (Athenstaedt & Daum, 2005).
The flow cytometry measurement indicated a defect in LD consumption in tg/4A cells after
5h of growth in fresh medium containing 10 pg/ml cerulenin, similar to cells with
compromised sphingolipid synthesis such as tsc3A cells (Fig. 13A). It can be speculated
that the impairment of sphingolipid synthesis due to myriocin or deletion of tsc3 decreases
the consumption of stored TAG by dysregulating the lipolytic activity of Tgl4.

To investigate the effect of cellular Cer levels on LD consumption in WT and tsc3A cells,
the LD consumption was analyzed in the presence of the Cer-precursor PHS (Kondo et al.,
2014). Flow cytometry analysis of tsc3A cells in stationary phase diluted in fresh medium
containing 10 pyg/ml cerulenin and 15 yM PHS indicated an increased LD consumption
(14.9%) after 5 h of growth compared to tsc3A cells grown without PHS (Fig. 13B).
Fluorescence microscopic analyses under the same conditions confirmed the flow

cytometry results (Fig. 13C).
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Fig. 13: Influence of exogenous phytosphingosine on lipid droplet consumption in yeast cells.
(A) LD consumption after 5 h of growth of WT and tg/4A cells quantified by flow cytometry analysis
of BODIPY493/503-labeled LDs (n=6, mean + SD, unpaired two-tailed t test). (B) Flow cytometry
analysis of BODIPY493/503 stained LD after 5 h of growth of WT and tsc34 cells into fresh medium
containing cerulenin with and without 15 yM PHS (n=6, mean £ SD, two-way ANOVA, P value PHS
untreated vs. PHS treatment). (C) Representative fluorescence microscopy of BODIPY493/503
stained LD in WT and tsc3A cells under same conditions as for B.

4.4. Exogenous phytosphingosine rescues growth of tsc3A cells

In the present study, a growth curve with WT and tsc34 cells was done at 30°C. Monitoring
of the growth rates showed that the WT strain reached the stationary phase at ODeggo of 6.8
after 14 h, whereas the tsc3A strain reached stationary phase only after 26 h with a lower
ODesoo of 3.2 (Fig. 14A). Addition of 15 yM PHS rescued the observed growth defect of tsc3A
cells by reaching the stationary phase at ODggo Of 6.4 (Fig. 14A).

Moreover, the effect of induced Lcb1-AID depletion on growth were analyzed. OsTIR Lcb1-
AID cells in stationary phase were diluted in fresh medium with and without 1 mM auxin in
combination with or without 15 yM PHS. The auxin-mediated Lcb1-depletion significantly
reduced the growth of the OsTIR Lcb1-AlD strain at 26 h after growth resumption and this
defect was reversed by supplementation with PHS (Fig. 14B).

A spotting assay using serially diluted WT and tsc34 strains grown on substrate with and
without 15 yM PHS for 48 h, confirmed the result that PHS reverses the growth defect of
cells with insufficient sphingolipid synthesis even at temperatures of 37°C (Fig. 14C).

In addition, the spotting assay was conducted in WT and tsc3A cells with transfected
recombinant C-terminal GFP tagged Tsc3, C-terminal GFP ssSPTa or C-terminal 3HA
tagged ssSPTb, which are integrated into a pRS415 vector controlled by an ADH promoter.
The spotting assay showed that overexpression of artificial Tsc3-GFP and the human
ssSPTb-3HA in tsc3A cells resulted in WT-like growth (Fig. 14C). Tsc3A cells
overexpressing ssSPTa-GFP failed to grow at 37°C after 48 h on substrate without
supplemented 15 yM PHS (Fig. 14C).
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Fig. 14: Addition of phytosphingosine restores normal growth in tsc3A cells. (A) Growth of WT
and tsc3A cells in the stationary phase after dilution into fresh medium containing 15 yM PHS. The
insert shows the respective areas under curve (AUC) (n=9, mean + SEM, one-way ANOVA, P vs.
tsc34). (B) Growth of OsTIR LCB1-AID cells 26 h after dilution into fresh medium with and without
1 mM auxin and 15 pM PHS (n=3, mean * SD, one-way ANOVA, P value vs. control). (C)
Representative spotting assay analyzing growth at 30°C and 37°C of indicated strains. Cells in log
phase were grown for 48 h, serially diluted and spotted on growth medium plates with and without
containing 15 uM PHS.

4.5. Subcellular localization of the candidate protein Tsc3p at the ER

Prior studies demonstrated co-immunoprecipitation of Tsc3p with Lcb1p and Lcb2p (Gable
et al., 2000). As SPT resides in the ER membrane active in a multimeric SPOTS complex
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with Tsc3p, itis hypothesized that Tsc3p also localizes at the ER membrane (Breslow, 2013;
Davis et al., 2019).

First, the effect of the transfected pRS415-ADHpr-Tsc3p-GFP plasmid on LD consumption
and growth in WT and tsc3A cells was tested. It was observed that the constitutively
expressed Tsc3p-GFP was able to rescue the growth defect (Fig. 15A) and LD consumption
(Fig. 15B) in tsc3A cells.

Laser scanning microscopic investigation with transfected WT cells in stationary phase
confirmed the co-localization of Tsc3p-GFP and red fluorescent protein (RFP)-tagged HDEL

(ER marker), indicating a Tsc3p localization on the perinuclear and cortical ER (Fig. 15C).
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Fig. 15: Characterization of recombinant Tsc3p in yeast cells. (A) Growth progression of WT and
tsc3A strains transfected with an empty vector (e.v.) or pPRS415-ADHpr-Tsc3-GFP. The insert shows
the respective areas under curve (AUC) (n=3, + SEM, one-way ANOVA, P vs. WT + e.v.). (B) LD
consumption after 5 h of growth of WT and tsc3A strains transfected with an empty vector (e.v.) or
pRS415-ADHpr-Tsc3-GFP quantified by flow cytometry of BODIPY493/503 stained LDs (n=3, mean
1 SD, one-way ANOVA). (C) Co-localization of Tsc3p-GFP and RFP-HDEL expressed in WT cells in
stationary phase.

4.6. Human small subunits of SPT rescue defective phenotype of tsc3A cells

In mammals, two small subunits of SPT (ssSPTa and ssSPTb) have been reported to
stimulate the activity of SPT (Gable et al., 2000; Han et al., 2009). To explore whether
human ssSPTs resemble the function of Tsc3 in yeast, LD consumption and the growth of

tsc3A cells overexpressing ssSPTa-GFP or ssSPTbh-3HA was examined.
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For flow cytometric investigations of the LD consumption, indicated yeast cells were grown
to stationary phase and transferred into fresh medium containing 10 pg/ml cerulenin to
induce growth resumption accompanied with lipolysis.

Flow cytometry measurements revealed that after 5 h of lipolysis only the ssSPTb-3HA, but
not the ssSPTa-GFP rescued the LD consumption defect in tsc3A cells (Fig. 16A).
Conversely, neither the overexpression of ssSPTa-GFP nor ssSPTb-3HA increased the LD
consumption in WT cells (Fig. 16A). Furthermore, the overexpression of ssSPTa and
ssSPTb rescued the growth defect in tsc3A cells (Fig. 16B).
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Fig. 16: Effects of recombinant human ssSPTs in tsc3A cells. LD consumption after 5 h of growth
of WT and tsc3A strains, transfected with an empty vector (e.v.), pPRS415-ADHpr-ssSPTb-3HA or
pRS415-ADHpr-ssSPTa-GFP, after dilution from stationary phase into fresh medium containing
cerulenin quantified by BODIPY493/503 stained LD flow cytometry analysis (n=3, mean + SD, one-
way ANOVA, P vs. WT + e.v.). (B) Growth progression including area under curve (AUC) statistics
of WT and fsc3A strains transfected with an empty vector (e.v.), pPRS415-ADHpr-ssSPTb-3HA or
pRS415-ADHpr-ssSPTa-GFP (n=3, + SEM, one-way ANOVA, P vs. tsc3A + e.v.). (C) The
localization of constituent expressed ssSPTa-GFP or ssSPTb-GFP in WT cells co-expressing RFP-
HDEL investigated in stadium of stationary phase by fluorescence microscopy.
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Based on the rescue effects observed in the flow cytometry and growth curve analysis (Fig.
16A and B), it can be suggested that the human ssSPTs interact with the yeast SPT at the
ER and stimulate its activity like Tsc3p, ameliorating the defective LD consumption and
growth due to low cellular sphingolipid level.

To investigate the localization of the ssSPTs in yeast, WT cells overexpressing C-terminal
GFP-tagged ssSPTa and ssSPTb together with a vector expressing RFP-ssHDEL as
marker for the ER were analyzed with LSM in stationary phase. Fluorescence microscopic
analysis showed that both ssSPTa-GFP and ssSPTb-GFP localized at the ER similarly to
Tsc3p (Fig. 16C).

4.7. Analysis of the role of the small subunit b of the serine palmitoyltransferase

in HepG2 cells

Previous studies have shown that increased intrahepatic TAG content is associated with
elevated cellular DAG levels, which can cause hepatic insulin resistance via activation of
the novel PKCe (Jornayvaz & Shulman, 2012; Petersen et al., 2016). Since TAGs are stored
in LD and the expression of ssSPTb-3HA in tsc3A cells rescues LD consumption (Fig. 16A
and B), the role of ssSPTb, functional human analog of Tsc3, in the lipid composition and

insulin signaling in HepG2 cells was explored.

4.7.1. Assessment of ssSPTb-siRNA efficiency with qRT-PCR

It was hypothesized that the knock-down via siRNA of ssSPTb would lead to a decreased
SPT activity, resulting in an impairment of the sphingolipid synthesis and an elevated
cellular level of TAG like in tsc3A cells. To this end, a transient ssSPTb silencing was
performed in HepG2 cells by using a commercial siRNA and the knock-down efficiency was
determined at different time points by assessing levels of ssSPTb transcripts with qRT-
PCR.

The qRT-PCR results showed that the ssSPTb transcript levels were significantly reduced
by 50% 24 h and 48 h after transfection (Fig. 17A).
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Fig. 17: Silencing efficiency of ssSPTb in HepG2 cells measured by gRT-PCR. Silencing
efficiency in HepG2 cells at 24 h, 48 h and 72 h after ssSPTb-siRNA transfection (n=5, mean + SEM,
one-way ANOVA vs. control).

Unfortunately, the ssSPTb protein concentration could not be determined, because
commercial polyclonal antibodies did not work. All efforts to use the standard protocol for
protein detection were unsuccessful. Also, variations of the protocol, e.g. changing the
concentration of dissolved antibody, different blocking solutions (milk or BSA) and changing
incubation times did not lead to a meaningful detected signal. In addition, the antibody
manufacturing company could not provide a result or a protocol as proof of the functioning

of the antibody. Consequently, the work with the only available antibody was stopped.

4.7.2. Silencing of ssSPTb does not alter cellular lipid content in HepG2 cells

Cellular lipid composition was analyzed by LC-MS/MS in ssSPTb-silenced HepG2 cells 48 h
after ssSPTb-siRNA transfection. The results of the LC-MS/MS showed no significant
changes of the DAG, Cer and sphingolipid species between the untreated control group
and the ssSPTb-siRNA treated group (Fig. 18A-D).

59



4. Results

A B
Cer species SPL species
20+ El control 3000+ Hl control
w 5 I siRNA w 1 3 siRNA
° | - © a7
2 @ 2000
D10~ 2
© ©
1000+
£ . Iﬂ £
c e ]
0"-lﬁI T -lT=1 ilﬁ -Ili-l T T Iﬂ 0-
14 16 18:1 18 20 22 24:1 24 18:1 18:0
Cc ) D
DAG species DAG total
: 200+
80+ T Hl control
0 50 ] = siRNA n
= 60 = 150-
8 404 - i 8
1 =
2 D 100~
o 104 . [<]
E E 504
C 5+ o S0
0- T T T 0-
14:0 16:1 182 16:0 16:0 16:0 18:1 18:0 18:0 180 18:0 180 S &
14:0 16:1 182 18:2 16:0 18:1 181 20:4 182 16:0 18:1 180 S £

Fig. 18: Effect of siRNA-ssSPTb treatment on hepatic lipid composition in HepG2 cells. (A-D)
Mass spectrometry analysis of lipid content in untreated and 48 h ssSPTb silenced HepG2 cells
(SPL:sphingolipid) (n=5-7 per group, mean + SEM).

4.7.3. Silencing of ssSPTb does not alter the insulin signaling in HepG2 cells

The DAG/PKCe insulin signaling pathway in ssSPTb silenced HepG2 cells was examined
by investigations of cellular PKCe translocation and the inhibitory phosphorylation of IRK at
residue Thr''6%, For this purpose, HepG2 cells were treated with ssSPTb-siRNA for 48 h
and the proteins were extracted for immunodetection analysis.

The immunodetection results showed that ssSPTb silencing had no effect on the
translocation of PKCe in HepG2 cells (Fig. 19A). Similarly, no changes in the
phosphorylation status of Thr''6° of the IRK domain were detected (Fig. 19B).

60



4. Results

PKCe activity IRK inhibition
— 3 1.5+
o s
8 1.0 T x5 1
s _ O J_
- -
w O - § o 1.0
O o A
o -
2 0.5 :% 05
) . x £
E — 0
0.0 £ 00

I I
Control siRNA Control siRNA

Fig. 19: Effect of ssSPTb silencing on PKCe translocation and Insulin receptor kinase
phosphorylation in HepG2 cells. Immunodetection of (A) PKCe translocation [membrane/cytosol
ratio] (n=3, mean + SEM) and (B) phosphorylation of IRK pThr1160 in 48 h siRNA-ssSPTb treated
HepG2 cells (n=6, mean + SEM).
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5. Discussion

The discussion of the results is structured in two sections, which refer to the two different
model organisms. The first section addresses the findings of studies on S. cerevisiae in

point-by-point fashion:

* Sphingolipid synthesis-deficiency decreases LD breakdown in yeast.
* Growth and LD dynamics under control of a common sphingolipid-regulated

mechanism in yeast.

These findings on Tsc3p regulation on lipid homeostasis were further examined in human

HepG2 cells and form the second section:

» Silencing of ssSPTb does not alter lipid homeostasis and insulin signaling in HepG2

cells.

5.1. Sphingolipid synthesis-deficiency decreases LD breakdown in yeast

The results of flow cytometry and fluorescence microscopy indicate that LDs are consumed
during the growth phase and that Tsc3p is a regulator of LD dynamics in yeast. Deletion of
tsc3, which encodes Tsc3, a stimulator of SPT, the first step of sphingolipid synthesis (Gable
et al., 2000; Ren et al., 2018), decreases LD consumption after 5 h of growth resumption,
ultimately regulating LD breakdown. Moreover, flow cytometry data of myriocin-treated
yeast cells indicate that inhibition of SPT, leads to a decreased consumption of LDs. Of
note, myriocin inhibits the function of the SPT (Miyake et al., 1995). Evidence from previous
studies employing certain yeast mutants found that defects in the sphingolipid synthesis
pathway affect lipid storage and LD biogenesis. One of them is the Icb1-100" mutant, which
has a defect in sphingolipid biosynthesis (Nagiec et al., 1994). A genome-wide screen had
shown that Icb1-100% cells in mid-logarithmic-phase have an elevated amount of LDs as
compared to WT cells (Fei, Alfaro, et al., 2008). These results reflect the defect in LD
consumption due to sphingolipid synthesis interruption observed in this work after auxin-
induced degradation of Lcb1-AlID.

The flow cytometry-based LD analysis of tsc34 cells, myriocin-treated cells and Lcb1-AlD
depleted cells indicate that disruption of total sphingolipid biosynthesis results in reduced
LD consumption in yeast. These effects of defective LD consumption are also apparent in
yeast mutant strains lacking genes like sac1, csg2, and ipt1, which are related to the
sphingolipid synthesis downstream of SPT.

Furthermore, the cells in the flow cytometry experiments were exposed to cerulenin, which
inhibits FA and sterol biosynthesis during growth phase (Omura, 1976). It can be concluded

that the increased amount of LDs in sphingolipid biosynthesis deficient yeast cells after 5 h
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growth resumption is not due to increased LD biosynthesis, but rather to reduced LD
consumption.

The hypothesis of a futile cycle could explain why yeast cells with impaired sphingolipid
biosynthesis exhibit disturbed LD consumption. A futile cycle of re-esterification of unused
LD substrates like DAG has already been described in studies on the Ice2 protein, which is
required for efficient channeling of DAG derived from LD toward the ER (Markgraf et al.,
2014). In the absence of Ice2, the newly formed DAG catalyzed by TAG lipases remains on
the LDs and enters a potentially futile cycle of re-esterification to TAG, resulting in a
decreased LD consumption (Markgraf et al., 2014). This futile cycle prevents the
accumulation of toxic levels of TAG-derived products in the cell (Markgraf et al., 2014).
Among others, excessive accumulation of FAs is lipotoxic to yeast as well as human cells
(Garbarino & Sturley, 2009; Rockenfeller et al., 2010; Roden & Shulman, 2019; Szendroedi
et al., 2014). Disturbance of sphingolipid synthesis due to less efficient SPT in tsc3A cells
may result in toxic accumulation of palmitate that is not utilized for sphingolipid synthesis.
The tsc3A cells could prevent this lipotoxic effect by repetitively re-esterification of palmitate
cleaved from TAG to DAG which would drive a futile cycle and ultimately suppress LD
consumption (Fig 20). Future experiments on the palmitate flux in LD could provide
information whether such futile cycle is indeed operative in tsc3A cells. One approach could
be measurement of the ratio of TAG-bound labeled palmitate in isolated LD via mass
spectrometry. In case of a futile cycle, the ratio of labeled palmitate to the number of TAGs
should rise during the growth phase, as the unused palmitate would always recirculate,
while other FAs are supplied to cellular processes as usual. Unfortunately, these
hypotheses could not be experimentally demonstrated due to unavailability of commercial

13C palmitate.
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Fig. 20: lllustration of LD dynamics coupled to sphingolipid synthesis in WT and tsc3A cells.
(A) Sphingolipid synthesis by utilization of palmitate released from LD in WT cells. (B) Hypothesis of
the “futile cycle” where the reduction of SPT activity in {sc3A cells results in palmitate released from
LDs during lipolysis and re-esterified to TAG instead of being channeled into the sphingolipid
synthesis pathway.

However, the present study shows that PHS rescues LD consumption in tsc3A cells. One
might speculate that this rescue effect is caused by entrance of mobilized FA into the PHC
synthesis. Hence, C26 VLCFAs are condensed with PHS to yield PHC and an external
addition of PHS could break a futile cycle of FA that are used for C26 elongation in tsc3A
cells. In order to investigate the hypothesis of a futile cycle, the lipolytic activity of {sc3A
cells was increased by overexpressing Tgl3-3HA. Tgl3p is the most relevant lipase for TAG
degradation, which provides the mobilization of FA from stored TAGs for utilization in the
cell (Athenstaedt & Daum, 2003; Schmidt et al., 2013). The lipolytic activity occurs in
presence of LDs through hydrolysis of TAGs with variable chain lengths as substrate to

receive FAs (Klein et al., 2016). If the futile cycle buffers the excessive and toxic
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accumulation of unused FAs in tsc34 cells, it should also do so in the presence of increased
lipolysis and increased FA release from LDs. However, our flow cytometry measurements
show that overexpression of Tgl3-3HA results in a rescue of LD consumption in tsc3A but
not with an increase of LD degradation in WT cells. This indicates that in WT cells the
maximum potential of lipolytic activity is already reached within 5 h of growth resumption.
The fact that overexpression of Tgl3p-3HA restores LD consumption in tsc3A cells indicates
that the recombinant TgI3-3HA overexpression may overcome the inhibited lipolytic activity,
which would explain a decreased LD consumption in tsc34 cells, possibly due to the
downregulation of other lipases residing on the LD. It remains yet unclear where palmitate,
mobilized by the continuously active major lipase Tgl3p, is channeled in {sc3A cells if not
utilized for sphingolipid synthesis. It can be speculated that excess released FAs are
directed to alternative pathways rather than being re-esterified to TAG. Previous work
indicated that yeast channels excess FAs into membrane phospholipid synthesis, resulting
in increased levels of phosphatidic acid and DAG (Petschnigg et al., 2009).

In general, a valid measurement of the lipidome of {sc3A cells remains open in this work in
order to pinpoint which FA or lipid species interfere with cellular mechanisms for
maintenance of lipid homeostasis. Based on previous in vitro assays on isolated
microsomes, one may assume that the SPT activity is reduced (by ~30fold) in yeast with
tsc3 deletion, although the level of total sphingolipids was ultimately not analyzed (Gable et
al., 2000). According to these results, tsc3A cells are expected to have decreased
sphingolipid synthesis due to reduced SPT activity. More recent studies, however, show
that Tsc3p regulates the affinity of amino acids converted by SPT by preferring alanine as
substrate for the production of non-canonical deoxy-sphingoid bases (Ren et al., 2018). In
the absence of Tsc3p, the ratio of amino acids utilized changes in favor of an increased
influx of serine into the sphingolipid pathway (Ren et al., 2018). It has been also claimed
that the level of both yeast ceramides DHC and PHC is elevated and the LCB-precursor
molecules DHS and PHS are decreased in tsc3A cells in comparison to WT cells (Ren et
al., 2018).

Regardless of the controversial literature regarding cellular sphingolipid levels in tsc3A cells,
this work shows that proteins related to complex sphingolipid formation influence LD
dynamics. Deletion of Sac1, the phosphoinositide phosphatase, which hydrolysis
Ptdins(4)P and thereby regulates substrate supply of Pl to Aur1p for IPC synthesis, results
in a decreased LD consumption in comparison to WT cells. Foti et al. already achieved
similar results in a sac7® mutant, demonstrating that rapid inactivation of Sac1p leads to
increased accumulation of cellular PtdIns(4)P, accompanied by disturbed morphology of
vacuoles and an increased accumulation of LDs (Foti et al., 2001). Control of the PtdIns(4)P

pool appears to be critical for maintaining normal vacuole shape and function (Foti et al.,
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2001). The attached LDs in sac1® cells cluster around the vacuole and associate with
vacuolar invaginations (Foti et al.,, 2001). It has been suggested that the vacuole/LDs
formation may provide a transport pathway for sterol esters to the plasma membrane and it
is conceivable that Sac1p is required in this process (Foti et al., 2001; Zweytick et al., 2000).
One may conclude that nonfunctioning Sac1p results in increased accumulation of cellular
PtdIins(4)P with disrupted vacuole shape and impaired sterol ester exchange between LD
and vacuole, ultimately leading to reduced LD degradation. This also provides an
explanation for the reduced LD consumption in tsc3A cells, because Tsc3p is required for
Sac1p binding to SPT and ER localization of Sac1 is crucial for the efficient turnover of
PtdIns(4)P (Han et al., 2019).

It is also conceivable that deletion of f{sc3 in yeast impairs LD breakdown by reduced
synthesis of IPC and subsequent complex sphingolipids. This supported by studies in yeast
cells treated with aureobasidin A, which prevents synthesis of IPC and its mannosylated
derivatives (Epstein, Castillon, et al., 2012; Schorling et al., 2001). Nile red staining of LD
is increased in WT cells treated with aureobasidin A as well as in a quadruple mutant cSLA
strain that is deficient to form complex sphingolipids (Epstein, Castillon, et al., 2012). The
present results on reduced LD consumption in cell lines devoid of synthesis of complex
sphingolipids such as sac71A csg2A and ipt1A, support the conclusion that reduced

synthesis of complex sphingolipids decreases LD degradation.

5.2. Growth and LD dynamics under control of a common sphingolipid-regulated

mechanism in yeast

This thesis demonstrates that sphingolipid metabolism has a regulatory influence on LD
dynamics with the additional potential to modulate growth in yeast. Monitoring of the growth
rate of WT and tsc3A cells showed that the WT strain reaches the stationary phase faster
than the tsc3A strain. This result is comparable to previous studies where it has been
demonstrated that Tsc3p is essential for growth at high temperatures of 37°C (Gable et al.,
2000; Han et al., 2009). The present work extends this finding of a growth defect of
thermosensitive tsc3A cells to lower temperatures of 30°C. Additionally, direct interruption
of the first step of sphingolipid synthesis by auxin inducible depletion of Lcb1p-AID also
results in a growth defect. This confirms previous studies showing that mutation of Lcb1
(Icb1-100) impairs sphingolipid synthesis, resulting in low cellular sphingolipid levels
accompanied with reduced growth (Epstein, Kirkpatrick, et al., 2012). Impaired growth is
also a phenotypic hallmark of triple knockout Icb1Alcb2Atsc3A mutant yeast cells
expressing the human LCB1-LCB2 heterodimer, which accumulates less sphingolipids due

to reduced activity of SPT (Han et al., 2009; Harmon et al., 2013). Moreover, a growth defect
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was detected in a thermosensitive double mutant /lac71Alag1A yeast strain, which is known
for its decreased Cer synthesis (Epstein, Castillon, et al., 2012).

As in other studies on Tsc3 (Gable et al., 2000; Han et al., 2009), this work demonstrates
that the addition of PHS, a Cer precursor molecule, to the growth medium reverses the
growth defect in tsc3A cells, even at higher temperatures of 37°C. PHS also reverses the
auxin-induced growth defect in the OsTIR LCB1-AID strain, highlighting the functional

impact of sphingolipids on growth.

Previous research found an explanation for the impact of sphingolipids on growth, that
providing evidence of a sphingolipid-PP2A-Swe1-Cdc28 pathway (Fig 21). Sphingolipids
have already been described as regulatory molecules activating the function of the protein
phosphatase 2A (PP2A) and thereby inhibiting the activity of the yeast morphogenesis
checkpoint kinase Swe1 (Fishbein et al., 1993; Nickels & Broach, 1996). In detail, the
regulatory subunit Cdc55 of PP2A inhibits the phosphorylation and activity of Swe1 (Harvey
et al., 2011; Yang et al., 2000). Swe1 in turn regulates the G2/M transition in yeast by its
inhibitory phosphorylation at side chain residue tyrosine 19 of the major cyclin-dependent
kinase Cdc28 (Lew, 2003; Sia et al., 1998; Sia et al., 1996). Cdc28 is an essential regulator
responsible for the cell cycle transitions in yeast (Costanzo et al., 2004). It is unclear which
specific sphingolipids regulate PP2A. It is suspected that the specific Cer species C18:1
PHC serves as an activator of Cdc55, which then leads to the activation of Cdc28 by Swe1
(Matmati et al., 2009; Matmati et al., 2013). However, complimentary studies support the
hypothesis that sphingolipids influence cell cycle progression coordinated by a PP2A-Swe1-
Cdc28 pathway. A tgl3Atgl4A mutant strain, which is impaired in lipolysis of TAGs shows a
cell cycle delay (Chauhan et al.,, 2015). These cells are unable to provide adequate
palmitate for sphingolipid synthesis (Chauhan et al., 2015). Interestingly, supplementation
of PHS reconstitutes the cell cycle progression in tgl3Atgl4A cells through Swe1
phosphorylation of Cdc28 regulated by PP2A and Cdc55 (Chauhan et al., 2015).

The rescue effect on the observed reconstitution of growth by supplementation of PHS may
lead to the hypothesis that cell cycle progression in tsc3A mutant or cells with depleted
Lcb1p is disturbed due to a low level of sphingolipids. It would be conceivable that a reduced
level of sphingolipids decreases the activity of PP2ACY55  which in turn leads to an
enhanced activation of the cell cycle checkpoint Swe1p. Swe1p is thus able to arrest the
cell cycle by an inhibitory phosphorylation of Cdc28p, ultimately abolishing cell cycle
progression. At this point, immunodetection experiments on the phosphorylation status of
Cdc28Y"® could determine whether the activity of the sphingolipid-PP2A-Swe1-Cdc28

pathway is altered in tsc3A cells.
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5. Discussion

It is conceivable that the sphingolipid-PP2A-Swe1-Cdc28 pathway is also responsible for
the defective LD consumption in sphingolipid synthesis deficient cells by downregulation of
lipolysis (Fig 21). The yeast TAG lipase Tgl4p is phosphorylated and activated by the cyclin-
dependent kinase Cdc28p which provides evidence for a direct connection between
regulation of the cell cycle progression and LD breakdown (Kurat et al., 2009). In detail,
Tgl4p is activated via phosphorylation at residues Thré75 and Ser®° by Cdc28p in time of
G1/S transition (Kurat et al., 2009). Thus, Cdc28p is a branching point for sphingolipids
regulating activity of growth and lipolysis. Of note, this study shows that cells with a deletion
of the sphingolipid regulated lipase Tgl4p showed a similar defect of LD consumption as
tsc3A cells.

According to Gable et al., a deletion of Tsc3 results in reduced flux of palmitate into
sphingolipid synthesis (Gable et al., 2000). Thus, lack of Tsc3p could prevent efficient
channeling of palmitoyl-CoA into sphingolipid biosynthesis, thereby decreasing total cellular
sphingolipid level, which in turns impairs Tgl4p-controlled lipolysis indirectly by the PP2A-
Swe1-Cdc28 pathway. This model is supported by the rescue of LD consumption in tsc3A4

cells upon addition of exogenous PHS, which should replenish cellular sphingolipid levels.

Cell cycle

- «—— (Cdc28 ——— Swel ——— PP2ACdc55
progression

Tgla ST
TAG —TEB—/Tg? FA > sphingolipids

Fig. 21: Sphingolipids regulate PP2A-Swe1-Cdc28 axis in yeast. Schematic illustration of
proposed mechanism of how sphingolipids control the PP2A-Swe1-Cdc28 pathway, resulting in
regulation of cell cycle progression and Tgl4 driven lipolysis.

In contrast to Gable et al., elevated Cer levels are found in tsc3A cells due to increased
activity of the yeast Cer synthases Ypk1 (Ren et al., 2018). This supports the concept that
only a specific sphingolipid species, but not total cellular sphingolipids activate PP2A.

In line, C18:1 PHC activates PP2ACd% (Matmati et al., 2009; Matmati et al., 2013). C18:1
PHCs are formed by hydrolysis of complex sphingolipids catalyzed by Isc1 (Clarke et al.,
2006; Matmati & Hannun, 2008; Sawai et al., 2000). The formation of complex sphingolipids
requires a functional Sac1p, which depends on Tsc3p (Han et al., 2019). Consequently,
reduced complex sphingolipid levels as well as reduced amount of C18:1 PHC should be
present in tsc3A cells. However, in this hypothetical model, it remains unclear why
exogenous PHS restores defective growth and LD consumption in tsc3A cells. At this point,

detailed measurements of the lipid profile of tsc3A cells are essential to rule out how the
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5. Discussion

crosstalk between neutral lipid and sphingolipid metabolism regulates cellular lipid

homeostasis and growth.

In conclusion, based on the data from this thesis, one may speculate that a deletion of
Tsc3p leads to low levels of specific cellular sphingolipid content, which in turn inhibits the
activity of Cdc28p, resulting in a decreased Tgl4p-controlled lipolysis and cell cycle
progression. Due to the absence of lipidome measurements, it remains unclear which
sphingolipid species exactly triggers the inhibitory effect of growth and LD consumption in
yeast. Future experiments are needed to investigate which sphingolipid species is reduced
in tsc3A cells and whether the activity of Cdc28p is inhibited in tsc3A cells, resulting in a

cell cycle arrest accompanied with decreased lipolytic activity of Tgl4p.

5.3. Silencing of ssSPTb does not alter lipid homeostasis and insulin signaling in
HepG2 cells

The present work shows that the overexpression of human ssSPTb-3HA is able to rescue
the defective growth and LD consumption in tsc3A cells. Previous studies have reported
that Icb1Alcb2Atsc3A yeast cells co-expressing either human ssSPTa or ssSPTb along with
human LCB1-LCB2 show an increased SPT activity and reconstitute cellular sphingolipid
level accompanied with improved growth (Han et al., 2009; Harmon et al., 2013). These
results also highlight how closely the function of the human SPT and its small subunits
correspond to those of yeast. Fluorescence microscopic analysis in this study supports this
statement, showing that both ssSPTa-GFP and ssSPTb-GFP localize to the cortical ER
similarly to the Tsc3p and SPT. Based on these findings, it is probable that human ssSPTs
stimulates the sphingolipid synthesis by a co-localization in the ER and interaction with
yeast SPT.

However, overexpression of human ssSPTa-GFP shows only a minor effect on growth
without rescue of the LD consumption defect. It can be speculated that in our ssSPTa-GFP
construct the C-terminal GFP tag (27 kDa), which is a big protein in relation to ssSPTa (8.46
kDa), interferes with activity.

Because overexpression of ssSPTb-3HA, but not ssSPTa-GFP, rescues the LD
consumption and the growth of the {sc3A strain, the role of ssSPTb in the cellular lipid
homeostasis in HepG2 cells was further investigated, since elevated levels of lipid
intermediates like Cer and DAG are associated with hepatic insulin resistance
(Apostolopoulou et al., 2018; Greenberg et al., 2011; Jornayvaz & Shulman, 2012; Krahmer
et al., 2013; Luukkonen et al., 2016; Petersen et al., 2016; Roden & Shulman, 2019).
Contrary to our hypothesis, knock-down of ssSPTb by siRNA did not significantly decline

neither the sphingolipid synthesis nor elevates the accumulation of DAG in HepG2.
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5. Discussion

Based on the presence of structurally distinct LCBs, there is reason to believe that
sphingosine backbones in mammalian cells are synthesized from acyl-CoAs other than just
palmitoyl-CoA (Pruett et al., 2008). Using an in vitro assay with microsomes consisting of
human LCB1 (hLCB1) and human LCB2a (hLCB2a), combined with one of the two ssSPT
isoforms, shows that the differently combined SPT isozymes have different acyl-CoA
preferences (Han et al., 2009). Microsomes with hLCB1/hLCB2a/ssSPTa are highly
selective for C16-CoA and microsomes hLCB1/hLCB2a/ssSPTb have a preference for C18-
CoA as a substrate for sphingolipid synthesis (Han et al., 2009). It is possible that the
sphingolipid synthesis is not declined in HepG2 ssSPTb knocked-down cells because the
function of the missing ssSPTb is replaced by ssSPTa. The additional fact that ssSPTb is
only poorly expressed in liver tissue, which is shown in studies of HPA Tissue Gene
Expression Profiles Dataset of ssSPTb from National Center for Biotechnology Information

(https://www.ncbi.nlm.nih.gov/gene/165679), leads to the hypothesis that ssSPTb is not

that important for sphingolipid synthesis in liver cells. This is also reflected in the low
detection of ssSPTb transcript levels in HepG2 cells measured by RT-gPCR in this work.
Moreover, in this work it is shown that knock-down of ssSPTb has no effect on the
translocation of PKCe from cytosol to the plasma membrane. Consequently, PKCe does not
show elevated activity in HepG2 cells with ssSPTb knock-down. In addition,
immunodetection does not show significant changes in inhibitory Thr''6 phosphorylation of
the IRK domain. These results are consistent with the unchanged level of cellular DAG
measured in ssSPTb-silenced HepG2 cells.

Although the present study of ssSPTb did not show an effect on cellular DAG and Cer
content in HepG2 cells, previous studies have demonstrated the considerable influence of
sphingolipid synthesis on lipid homeostasis maintenance and hepatic insulin resistance.
Previous studies demonstrate that adenoviral mediated hLCB2 expression results in an
elevated level of Cers and an inhibited insulin signaling, whereas a knock-down of hLCB3
suppresses Cer accumulation and reduces insulin resistance in HepG2 cells (Kim et al.,
2020; Teng et al., 2019). Furthermore, inhibition of the SPT activity has influence on the LD
consumption. It has been shown that the treatment of HepG2 cells with myriocin activates
pathways of autophagy, which results in lipophagy and elevated degradation of LDs (Yang
et al., 2019).This is in contrast with the present results in myriocin treated yeast cells,
showing a reduced LD consumption. Further in vivo studies are needed to draw conclusions
on how the crosstalk between neutral lipid and sphingolipid metabolism regulates cellular

lipid homeostasis with regard to metabolic diseases like T2D or NAFLD.
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6. Summary

6. Summary

This work investigates whether proteins required for sphingolipid synthesis regulate lipid
droplet consumption, and thus efficient interception of lipotoxic, diabetes-relevant

metabolites.

This thesis shows that Tsc3p, a stimulator of the serine palmitoyltransferase and thus of
sphingolipid biosynthesis in the endoplasmic reticulum, is an essential regulator of lipid
droplet consumption and ultimately of lipid droplet dynamics in yeast. Lipid droplet
consumption and growth is impaired in tsc3 deletion cells as well as in cells with deletion of
proteins of the sphingolipid biosynthesis downstream of the serine palmitoyltransferase.
The rescue effect of phytosphingosine on lipid droplet consumption and growth in these
cells suggests that the downregulated lipolysis and attenuated growth are due to low level
of sphingolipids. One conceivable mechanism regulating both triacylglycerol breakdown
and growth is the sphingolipid-regulated PP2A-Swe1-Cdc28 signaling pathway, although
the exact sphingolipid species involved in this regulation remains uncertain. Moreover, a
continuous re-esterification of lipolysis-derived fatty acids into triacylglycerol could have a
concomitant influence on deficient lipid droplet consumption.

In addition, this thesis shows that the human analog of Tsc3p, at least ssSPTb, is able to
reconstitute the growth and rescue lipid droplet consumption defect in tsc3A cells,
suggesting an essential role for ssSPTb in the regulation of lipid droplet dynamics in human
cells. However, silencing of ssSPTb in human hepatocytes does not alter the concentration
of any diacylglycerol, ceramide and sphingolipid species as well as the activity of the PKCe
and the phosphorylation of the insulin receptor kinase. This suggests that the second
stimulator of the serine palmitoyltransferase, ssSPTa, compensates for the absent activity
of ssSPTh.

A more profound and advanced knowledge of the interplay between sphingolipid
metabolism and lipid droplet dynamics in mammalian cells could be beneficial for clinical

detection of diabetes subtypes and the care of people suffering from it.
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Values of qRT-PCR analysis of tubulin transcript from ssSPTb silenced HepG2 cells.
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Fig. 22: Melting curve analysis of ssSPTb and tubulin amplicons of ssSPTb silenced HepG2
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(B) tubulin DNA amplicon during heating.
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