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Abstract

The lysophosphatidylcholine analogue, edelfosine is a potent anti-tumor lipid drug that is known
to target cellular membranes. The underlying mechanisms leading to cell death remain largely
controversial, although previous results obtained using yeast, have indicated that edelfosine
associates with lipid rafts at the plasma membrane (PM), resulting in the internalization of
essential proton pump, Pmal and ergosterol. To further elucidate the conditions that enhance or
prevent the cytotoxic effect of edelfosine, genome-wide surveys in the model organism
Saccharomyces cerevisiae were performed. The results of these screens indicated that
maintenance of pH homeostasis modulates cell sensitivity to edelfosine. Our studies further
demonstrated that edelfosine induces intracellular acidification and alters PM organization by
selectively inducing ubiquitination and subsequent endocytosis of PM transporters. We also
showed that the second-generation anti-tumor lipids, miltefosine and perifosine, cause PM
disorganization in a manner analogous to edelfosine, suggesting a similar mode of action for this

drug family.
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Chapter One: Introduction

1.1: Eukaryotic membranes
1.1.1: Model membranes: past to present

Biological membranes are essential aspects of all eukaryotic cells. The plasma membrane
(PM) acts as a barrier between the internal and external environment of the cell, and provides
structural support. Cells also contain intracellular membranes, which form the boundaries of
organelles, such as mitochondria, and the lysosome. This compartmentalization facilitates
biochemical processes and allows organelles to maintain conditions that differ from the cytosol,
such as low pH or high ionic strengths (1, 2).
The original membrane model proposed in the 1970’s, the Fluid Mosaic Model envisioned
membranes as structures of homogeneously distributed phospholipids existing to provide a
hydrophobic barrier and a matrix for membrane proteins (Figure 1.1). This mosaic structure was
proposed to be highly dynamic allowing integral proteins to undergo translational diffusion
within the membrane (3). The rate of translation was proposed to depend on the “viscosity” of
the membrane. Heterogeneity in this model was mostly considered for proteins although
differences in the unsaturation of acyl chains in lipids were discussed. But, if the function of the
membrane was simply to be a sea of lipids in order to house proteins, why does such lipid
heterogeneity exist within the cell (4, 5)? Why and how do cell types and cellular organelles
maintain unique lipid and protein composition in their membranes (4, 6)?
Over the past few decades, new aspects pertaining to cellular membrane organization have been
uncovered, giving the pioneer fluid mosaic model a drastic makeover (Figure 1.1) (5). Current
models recognize the existence of lipid and protein heterogeneity within membranes and suggest

that the biophysical properties of these individual components may provide a mechanistic basis

1



for understanding membrane functions (4, 7-9). As such, membrane lipid composition is
recognized as non-random, but instead the result of highly regulated intracellular trafficking

processes, that are not yet fully understood (6).

Figure 1.1: Early and current fluid mosaic model (a) Fluid mosaic model as proposed by
Singer and Nicholson demonstrates the homogeneous distribution of lipids with embedded
proteins (b) Current membrane model identifies lipid asymmetry and lateral microdomains
enriched in particular lipids and proteins.
1.1.2 Membrane lipid types

In eukaryotes, membrane lipids can be classified into one of three classes, based on their
lipid backbone namely, glycerolipids, sphingolipids and sterols (2, 6) (Figure 1.2). Glycerolipids
contain a glycerol backbone derived from glycerol 3-phosphate and include
glycerophospholipids as well as neutral lipids. Glycerophospholipids are amphipathic, with

hydrophilic polar headgroups and hydrophobic acyl tails esterified at the sn-1 and sn-2 positions

of the glycerol backbone.
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Figure 1.2: Three membrane lipid classes, glycerolipids, sphingolipids and sterols
Glycerolipids contain a glycerol backbone (green box), sphingolipids contain a sphingosine
backbone (blue box), sterols, contain a four-ring structure. R denotes headgroups.

Phosphatidic acid (PA) is the precursor in the de novo synthesis of major glycerophospholipids
in  eukaryotic cells, phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidylinositol (PI) as well as the mitochondrial lipids

phosphatidylglycerol (PG) and cardiolipin (CL) (Figure 1.3). PC is the predominant lipid

comprising over 50% of all phospholipids found in eukaryotic membranes (1, 2).
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Figure 1.3: Structures of glycerophospholipids Glycerophospholipids are synthesized de novo
from precursor PA. Headgroups of other glycerophospholipids are shown; choline for PC,
inositol for PI, ethanolamine for PE, serine for PS. Mitochondrial localized lipids, PG and CL are
highlighted in red box.

Glycerolipids can be remodeled through the Lands cycle, by the sequential action of

phospholipases (PLA; or PLA;) and acyltransferases (Figure 1.4). Removal of one acyl chain via

a type A phospholipase produces the “lyso” form of the parent phospholipid (10).
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Figure 1.4: Synthesis and remodeling of glycerophospholipids in yeast De novo synthesis of
glycerophospholipids from glycerol-3-phosphate and lipid turnover (GPAT= glycerol-3-
phosphate acyltransferase, LPAAT= lyso-phosphatidic acid acyltransferase, PA= phosphatidic
acid, DAG= diacylglyceride, PC= phosphatidylcholine, PE= phosphatidylethanolamine, TAG=
triacylglycerides, PI= phosphatidylinositol, CL= cardiolipin, PG= phosphatidylglycerol, PS=
phosphatidylserine).

Sphingolipids, contain a sphingoid base, sphingosine in animals, which is the product of the
condensation reaction of serine and palmitoyl CoA (2, 6). The addition of a fatty acid to the
nitrogen of the amine of sphingosine creates a ceramide (2). Sphingolipids are also amphipathic,
as the headgroups are polar and the acyl chains are hydrophobic. Esterification of ceramide with
different head groups produces a variety of more complex sphingolipids. A phospho head group
produces a phospholipid while addition of sugars gives rise to glycosphingolipids (Figure 1.5).
The phospho head group of sphingolipids varies in different species. Phosphorylcholine is the

head group of sphingomyelin (SM) in animal cells while phosphorylinositol is found in plant and

yeast sphingolipids. In yeast, further mannosylation of inositol generates the most abundant



sphingolipid of this organism, mannose-(inositol-phosphoryl-2)-ceramide (M(IP),C) (Figure
1.5).

Addition of a single galactose or glucose to ceramide produces the cerebrosides
galactosylceramide and glucosylceramide respectively. The addition of a galactose to
glucosylceramide makes lactosylceramide, which is the precursor to more complex

glycosphingolipids in mammals (Figure 1.5) (2).
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Figure 1.5: Sphingolipid structures Structures of sphingolipids arising from the simplest
sphingolipid, ceramide. Phospholipids, sphingomyelin or phosphorylinositol in yeast (blue box).
The phosphorylinositol can be mannosylated to mannose-(inositolphosphoryl)-ceramide, or
further to mannose-(inositol-phosphoryl-2)ceramide. = Glycosphingolipids can be made by
addition of sugar moieties, glucose and galactose to form glucosyl- and galactosyl-ceramide.
Addition of glucose to galactosyl-ceramide yields lactosyl-ceramide which is a precursor to more
complex glycosphingolipids, gangliosides, globosides and lactosides.



The last class of membrane lipids is sterols, which contain a four ring planar structure built from
1soprenoid units. Synthesis of sterols from acetyl CoA is highly conserved in eukaryotes, with
the predominant sterol in mammals being cholesterol, where in yeast it is ergosterol (Figure 1.6)
(1, 6, 11). The structural changes include the additional double bonds at carbons 7 and 22 and the
additional methyl group at carbon 24 in the side chain of ergosterol (Figure 1.6). The hydroxyl
group is ubiquitous in all sterols and is essential for providing amphipathicity to the molecule,
although it cannot form bilayers as members of the other two classes of lipids (11). Sterols are
known to interact with members of the polyene family of antibiotics, like filipin, which has
become a useful tool for studying sterol localization using fluorescence microscopy. It is

proposed that filipin forms a 1:1 complex with the un-esterified 3-f hydroxyl group of sterols

(12).

ERGOSTEROL CHOLESTEROL

Figure 1.6: Structures of ergosterol and cholesterol Structural differences highlighted
between ergosterol (predominant sterol in yeast) and cholesterol (predominant sterol in
mammals).



1.1.3. Lipids as structural components: Shape theory, membrane formation, curvature
stress

The amphiphillic nature of lipids is essential to the formation of cellular membranes (2,
13). As such, the lipid molecules arrange themselves in a way that allows for the polar
hydrophilic headgroups to face the aqueous environment, while shielding the hydrophobic
domains. The association of hydrophobic domains is facilitated by the hydrophobic effect, which
refers to the repulsion of non-polar molecules for water as a driving force for their interaction in
an aqueous environment (13). Polar head groups interact via hydrogen bonding, dipole and
electrostatic interactions (2, 13). Since lipid interactions in membranes are non-covalent,
membranes tend to be highly dynamic and fluid (14).
The fluidity of a membrane is determined by the mobility of individual lipid components and
varies with temperature. In general lipid bilayers can exist in either a solid (gel) (LB) or a liquid
phase (La). The temperature at which a membrane transitions between a solid phase to a liquid
phase is known as the transition or melting temperature (Tm) and is dependent on acyl chain
length and the degree of unsaturation (15). In addition to these lamellar phases, lipids may also
form non-bilayer phases like Hexagonal II (Hy) or micelles (Figure 1.7) (2, 14, 15). The phase
that a fully hydrated membrane lipid prefers to adopt under a given set of conditions can be
rationalized by considering the geometry of the lipid molecule in those conditions and how it
would pack in various aggregates.
If we consider different phospholipids that have the same number and type of hydrocarbon
chains, the shape will be determined primarily by the differences between cross-sectional areas

of the hydrated polar headgroups. When the cross-sectional areas of the head and the tail are



similar the lipid has a cylindrical shape, if the polar head group is smaller then it will adopt a
cone shape, but if the polar headgroup is larger it will adopt an inverted cone shape (2, 14, 15).

Cylindrical shaped phospholipids like PC, SM, PS, PI, PG, PA, CL form lamellar, bilayer phases
(2, 5, 14). Cone shaped lipids such as PE, CL with calcium, PA with calcium, PA at acidic pH,
PS at acidic pH, will conform to an inverted micellar structure (Hexagonal II), where the
hydrophobic domains are facing outward, surrounding an aqueous core. It is important to note
that CL, PA and PS will only conform to cone shape when the negative charges on the
headgroups are either masked by a cation, such as calcium or protonated at low pH, as this
reduces the size of the headgroup. Conversely, inverted cone shaped lipids, such as lysolipids
and detergents will form micellar structures, with hydrophilic headgroups facing outwards,

shielding a hydrophobic core (Figure 1.7) (2, 5, 14).
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Figure 1.7: Lipid shapes and phases Cone shaped lipids: lysolipids and detergents form
micellar structures, Cylindrical shaped lipids: PC, SM, PS, PI, PG, PA, CL will form liquid
disordered (La) or solid gel (LP) phases. Inverted cone shaped lipids: PE, CL- Ca*", PA - Ca*"at
pH <6, PS at pH< 4 (PS) will form inverted micelle/hexagonal structures.

The ability for certain lipids to form micelles is driven by the hydrophobic effect. As the
concentration of a lipid monomer within a solution increases, the stability of individual lipids in
solution decreases and there is a greater tendency for the lipid molecules to interact with each
other forming micellar structures (2, 13). The concentration at which micelles begin to form, the
critical micelle concentration (CMC) is a narrow concentration range which is influenced by the
size of the hydrophobic moiety in the lipid; the larger the hydrophobic domain, the lower the
CMC (2, 13). Lipids in a micellar conformation will have a hydrophobic core, with the head
groups facing outward into the aqueous solution (2, 5, 14). It is important to note that under

physiological conditions, cells will limit the amount of lysolipids present, and as such, micelles

rarely occur. Eukaryotic cell membranes are not single component systems, but in fact complex
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lipid mixtures that display phase separation. In other words, lipids forming different phases can
coexist within the same membrane. Under physiological conditions, eukaryotic cell membranes
form a liquid-crystalline phase. The different lipid phases that exist within this lamellar state, are
based on the order (saturation) of the acyl chains, as well as the translational diffusion
coefficient, which reflects diffusion rates, based on the tightness of the lipid packing (1). The
first phase, the liquid-crystalline (liquid disordered, La), is usually observed for unsaturated
glycerophospholipids. This phase tends to by highly fluid, with fast rates of diffusion as the
double bonds decrease the packing efficiency of the acyl chains. The second phase, solid gel
(LP), 1s usually observed in membranes containing sphingolipids, especially SM with saturated
acyl chains. This phase tends to have more efficient packing, is therein less fluid and has slower
rates of diffusion. The third phase the liquid-ordered (Lo), forms when sterols associate with
bilayer-forming lipids. Since sterols are planar and hydrophobic, they tend to interact tightly with
the hydrophobic acyl chains of saturated lipids (16). The presence of sterols both increases the
membrane thickness, and extends the acyl conformations, creating a tightly packed ordered
domain similar to the solid gel phase, while retaining the fast rates of diffusion of the liquid
disordered phase (1, 16). The presence of a small amount of non-cylindrical shaped lipids in
bilayers will either impose a negative or a positive curvature stress, depending on their shape
(14). This type of membrane curvature is essential in transient processes such as budding,
fission, fusion, but may also be necessary in order to incorporate certain large or globular shaped

proteins in a way that minimizes membrane stress (1, 5).
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1.1.4: Lipids are not homogeneously distributed

The same lipid classes exist in all membranes, but their distribution varies among
organelles, and even between bilayer leaflets (1, 6, 17, 18). The contributing factors to this non-
random segregation depend on the localization of lipid synthesis and intracellular lipid transport
mechanisms (1, 6, 17). Within a eukaryotic cell, the endoplasmic reticulum (ER) and the Golgi
are the organelles responsible for lipid synthesis. Synthesis of glycerophospholipids, ceramide,
sterols and TAG’s takes place in the ER, while the Golgi is the site of synthesis for more
complex sphingolipids, such as glucosylceramide and SM, as well as PE and PC (1, 6, 17, 18).
Lipids are then transported to other organelles, using vesicular and non-vesicular transport
mechanisms. This allows for the non-random and preferential transport of membrane lipids to
particular organelles, and as such drives membrane heterogeneity (1, 18). For example, the
mitochondria is able to synthesize it’s own lipids, PE, PG, PA and CL, however it still relies on
non-vesicular transport of PC, PS, PI from the ER (17).
The ER contains unsaturated glycerophospholipids but has reduced concentrations of sterols and
all together lacks glycosphingolipids, wherein the PM, is enriched in glycosphingolipids, as well
as sterols, SM, and PS (1, 6, 17). Since sterols can easily diffuse across membranes, their
lowered concentration in the ER may be attributed to the lipids’ high affinity for sphingolipids,
which are present in the Golgi and enriched in the PM (1, 6, 18). However, the lack of SM and
glycosphingolipids in the ER may reflect the absence of a functional need of sphingolipids in the
ER (17, 18).
The localization of particular membrane lipids is also non-random and highly dependent on
vesicular and non-vesicular lipid transport mechanisms. Lipids are able to laterally diffuse in the
plane of the membrane, “flip-flop” between membrane leaflets, but may also be exchanged
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between two membranes, in a process known as “monomeric exchange” (6). Lipid “flip-flop”
can be spontaneous, albeit for the majority of lipids this is a slow process that may take hours or
even days. Therefore when required it can be mediated by translocases called flippases,
floppases and scramblases (1, 6). The ER contains adenosine triphosphate (ATP)-independent
flippases that help translocate glycerophospholipids, and as a result, allow this organelle to
maintain highly symmetric distribution between leaflets. Conversely, the Golgi and the PM have
high bilayer asymmetry, due in part to ATP-dependent aminophospholipid translocases that help
to move PE and PS onto the cytoplasmic side, leaving glycosphingolipids, SM, PC enriched in

the luminal, or extracellular leaflet (1, 6, 17, 18).

1.1.5: Lateral microdomains

The co-existence of different lipid classes and proteins in cellular membranes leads to the
formation of lateral segregation of membrane components and the emergence of microdomains
known as “lipid rafts” (4, 19). The formation of these patches of heterogeneity is strongly
influenced by specific lipid-protein and lipid-lipid interactions, provided by the hydrophobic
effect as well as various intra-molecular interactions, such as hydrogen bonding (2, 4, 20). Lipid
rafts are enriched in glycosphingolipids, SM, and sterols in the exoplasmic leaflet (Figure 1.8)
(19). The ability for sterols to embed in the empty spaces between acyl chains of the
sphingolipids, allows for tight packing in order to form a liquid ordered (Lo) phase (2, 9, 21). In
addition, membrane soluble globular proteins cluster within these domains, and interact with the
present lipids, therein decreasing their lateral movement (2, 22). These micro-domains are

impervious to breakdown using non-ionic detergents like Triton-X100 at low temperatures. This
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allows for these “detergent resistant membranes” (DRMs) to be purified using density gradient
centrifugation (2, 16, 22).

Lipid rafts are more than just nano-scale assemblies of sphingolipids, sterols and proteins, they
are also platforms for regulation of cellular signaling pathways (4, 14, 16). The formation of
these lipid rafts is essential in compartmentalizing cellular membrane functions (2, 20). To date,
lipid rafts have been associated with a variety of signal transduction pathways, as well as
endocytotic mechanisms (4, 14, 19, 22). These microdomains can selectively target signaling
pathways by confining proteins to specific locations. Moreover, the existence of these rafts may
aid in concentrating receptors, leading to faster ligand and effector binding allowing for more
effective transduction of intracellular signals, such as those involved in proliferative and pro-

apoptotic pathways, which are described in later sections (19, 22).

Figure 1.8: Lipid rafts Schematic of lipid microdomains (lipid rafts), containing sterols (red),
glycosphingolipids (green) associated with glycophosphatidylinositol (GPI)-anchored proteins
(orange) and raft transmembrane proteins (purple) surrounded by glycerophospholipids (blue).
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1.2 Anti-tumor lipids: Discovery to present applications
1.2.1 The first generation: Alkyllysophospholipids (ALPs)

Anti-tumor lipids (ATLs) were first synthesized with the purpose of being used in
immunomodulating applications. The idea emerged when studies showed that phagocytosis in
macrophages was greatly enhanced by the presence of lysophosphatidylcholine (lysolecithin,
lysoPC) leading to reason that intracellular accumulation of this lipid may play a significant role
in the human immunological response (23-25). It was hypothesized that an increased amount of
lysoPC resulting from activation of PLA, activity would stimulate the immune system and
increase macrophage activity (24-29). Experiments with exogenous lysoPC indeed supported
this, however, lysoPC is an intermediary phospholipid with a relatively short intracellular half-
life, as it is easily metabolized by lysophospholipase and acyltransferase enzymes to
glycerolphosphocholine and PC respectively (23, 24).

Therein, in order to increase the metabolic stability and decrease the turnover rate of lysoPC,
Westphal et al. synthesized the first generation of lysoPC derivatives, alkyl-lysophospholipids
(ALPs) characterized by ether linked aliphatic side chains attached to the glycerol backbone (27,
28, 30, 31). Hydrolysis by PLA; and PLA; was prevented by converting the ester bond in the sn/
position of the glycerol backbone to an ether bond, and attachment of an acyl group was blocked
by substitution of the hydroxyl group in the sn2 position with another ether linked molecule
(Figure 1.9) (24).

As expected, initial experiments on these synthetic ALPs showed some of them increased
immunological responses by increasing macrophage activity, but surprisingly some compounds
showed potent antitumor activity both in vitro and in vivo (24, 32, 33). ALPs, and in particular
the prototypic drug of the family, rac-1-O-octadecyl-2-O-methyl-glycero-3-phosphocholine (Et-
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18-OCHj;; edelfosine) were determined to be strong anti-neoplastic agents as compared to
lysoPC, bearing high selectivity towards tumoral cells, sparing normal healthy cells even at sub-
lethal drug concentrations (24, 26, 34-36).

A decade later, a naturally occurring biologically active ether lipid, 1-O-alkyl-2-acetyl-sn-
glycerol-3-phosphocholine (platelet activating factor, PAF) was discovered that bore a structural
resemblance to edelfosine (Figure 1.9). While both compounds maintain a phosphocholine
headgroup at the sn3 position, and an ether linked acyl chain at the sn/ position of the glycerol
backbone, PAF has an acetyl group attached via an ester linkage in the sn2 position. Despite
these structural similarities, PAF shows no anti-tumor activity in vivo or in vitro and edelfosine
doesn’t show any PAF-like activity in vivo (37). Moreover, PAF is recognized by a cell surface

receptor, wherein, edelfosine uptake and function is independent of these receptors (37).
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Figure 1.9: Structural comparison of lysoPC, edelfosine, and PAF LysoPC, edelfosine and
PAF contain a glycerol backbone (pink box) and a phosphocholine headgroup at the sn3 position
(blue box). LysoPC contains a hydroxyl group at the sn2 position (orange 