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Abstract

The plasma membrane (PM) of live cells has a striking phospholipid asymmetry
between bilayer leaflets, yet the purpose of this fundamental structure remains elusive. It is
also unknown whether and how this phospholipid asymmetry impacts on the lateral
organization of the PM, such as microdomains or lipid rafts that are thought to facilitate
specific protein-protein interactions. Here, we generated asymmetric giant unilamellar
vesicles (GUVs) and found that microdomain formation is inhibited by outer leaflet very
long acyl chain (24:0) sphingomyelin (SM), the primary sphingolipid species in mammalian
cells. Interestingly, although cholesterol is believed to associate favourably with SM,
molecular dynamic (MD) simulations of asymmetric membranes indicate a strong preference
for cholesterol in the inner leaflet when 24:0 SM is in the outer leaflet, as well as,
interdigitation of 24:0 SM acyl chain across the centre of the bilayer. We thus hypothesized
that the outer leaflet-localized 24:0 SM interdigitates across the leaflets of the bilayer and
facilitates cholesterol enrichment in the inner leaflet. Indeed, we obtained evidence that, in
asymmetric unilamellar vesicles with 24:0 SM exclusively in the outer leaflet, 75-80% of
cholesterol was partitioned into the inner leaflet, which was correlated with the
disappearance of microdomains in GUVs. Importantly, in live cell PM, where 24:0
sphingolipids are the predominant species and exclusively in the outer leaflet, cholesterol
was similarly enriched in the cytoplasmic leaflet. SM with shorter acyl chains such as 16:0,
a minor species in mammalian cells, failed to generate cholesterol asymmetry and promoted
microdomains in both symmetric and asymmetric GUVs. Furthermore, we generated live
mammalian cells with either 16:0 or 24:0 SM and analyzed submicron domains in these
cells, using density-dependent FRET of GPI-anchored proteins. Indeed, 16:0 SM cells are

capable of forming submicron domains. The 24:0 SM cells, by contrast, are nearly devoid of



submicron domains, as are unmodified control cells. Moreover, we silenced ceramide
synthase 2 (CerS2), the enzyme that generates very long acyl chain sphingolipids. We found
that silencing CerS2 alters diffusional properties of membrane proteins, consistent with
enhanced microdomain formation. Together, our results establish a surprising and central
role of very long acyl chain sphingolipids in regulating membrane lateral organization,
including in the native plasma membrane, by creating cholesterol asymmetry. We propose

that sphingolipid asymmetry functions to dynamically regulate microdomains in live cells.
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Chapter 1 - Introduction

1.1 - Overview

The proteins and phospholipids of the mammalian cell plasma membrane are long
known to be maintained asymmetrically across the bilayer. The partitioning of cholesterol
between leaflets of the plasma membrane, however, is still debated. Contrary to proteins and
phospholipids, cholesterol can easily flip-flop between the leaflets in a bilayer membrane,
which imposes technical challenges to determine cholesterol in a leaflet specific fashion.
Because of this, previous attempts to determine the cholesterol bilayer distribution in
mammalian cells were contradictory and often poorly supported by experimental evidence.
More recently, an alternative strategy has been published using fluorescent analogues of
cholesterol, which suggested that native cholesterol may be primarily located in the inner
leaflet of the PM (Mondal et al., 2009; Schroeder et al., 1991). Although this result is based
on sterols with minor structural modifications, the idea that cholesterol could be mostly in
the inner leaflet would have significant implications for structure and organization of the
PM. We thus wondered if native cholesterol is similarly partitioned in live cells and how this
asymmetry is maintained, which served as the basis for the thesis project. In particular,
cholesterol is thought to promote the formation of ordered lateral microdomains in the PM.
The current models of microdomain formation, however, overlook two unique characteristics
of the PM, namely (a) phospholipid asymmetry and (b) the abundance sphingolipids with
very long acyl chains. We thus aimed to develop a method to characterize cholesterol
partitioning between leaflets and apply it to mammalian cells. Furthermore, we also aimed to
understand the mechanisms that govern cholesterol partitioning and the subsequent

consequences of cholesterol asymmetry. We indeed observed that membrane cholesterol can



be highly asymmetric between the bilayer leaflets and this is governed by very long acyl
chain (VLAC) sphingomyelin (SM), such as 24:0 SM. When VLAC sphingolipids reside in
the outer leaflet of the unilamellar vesicles or the PM, cholesterol is mostly found in the
inner or cytoplasmic leaflet. Importantly, by creating cholesterol asymmetry, the VLAC
sphingolipids suppress membrane microdomains in both GUVs and live mammalian cells.
Conversely, altering the acyl chain length of sphingolipids to 16:0 SM, a common SM used
in model membrane studies, enhanced microdomains, which is also correlated with an even
cholesterol partitioning between leaflets. This work, therefore, establishes for the first time
that cholesterol is mostly in the cytoplasmic leaflet of the PM in the live cells and that

sphingolipid acyl chain length is critical for the lateral organization of the PM.

1.2 - Membrane lipids

The mammalian cell is an entity defined by a limiting bilayer lipid membrane, or the
plasma membrane. It is also compartmentalized, within the plasma membrane, into
specialized organelles by limiting endo-membranes (Diekmann and Pereira-Leal, 2013). In
addition to this structural role, the membranes participate in maintaining cellular homeostasis
by regulating protein-protein interactions, cell signalling and trafficking of cargo throughout
the cell (Lingwood and Simons, 2010; Simons and Ikonen, 1997). The majority of lipids in a
membrane, such as the glycerophospholipids, are composed of a hydrophilic head that is
covalently linked to a glycerol backbone and anchored into the membrane by two
hydrocarbon chains of varying lengths (Fahy et al., 2005). As a result, these lipids are
amphipathic and can self-assemble into a membrane bilayer by sequestering the acyl chains
away from the surrounding environment (Israelachvili et al., 1977). There are over 500

unique lipid species in mammalian cells. The phospholipids can be subdivided into groups



based on their hydrophilic constituent, or head group (Quehenberger et al., 2010). The most
abundant lipids in mammalian cells are phosphatidylcholines (PC), which represent a high
percentage of lipid in all membrane compartments (Gerl et al., 2012). The other major
groups of membrane lipids are phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (PI), phosphatidic acid (PA) and phosphatidylglycerol (PG) (Gerl et al.,
2012). Other membrane lipids are also present, but in low abundance (Quehenberger et al.,
2010). The structures of lipids that are most relevant to this thesis are summarized in Table
1.

Another major class of lipids, which primarily reside in the plasma membrane, are the
sphingolipids. In contrast to the phospholipid glycerol backbone, the core feature of the
sphingolipid group is the sphingoid backbone, such as sphingosine (Chen et al., 2010).
Sphingosine structurally resembles a 16 or 18 carbon monoacylglycerol (single acyl chain
lipid) and is the precursor to many sphingolipids (Gault et al., 2010). During sphingolipid
synthesis, sphingosine can be modified with the addition of a head group moiety and/or a
single fatty acid chain of various lengths to form a structure analogous to
glycerophospholipids (Chen et al., 2010). Acylated sphingolipids are also primarily
categorized by their head group constituent. The most abundant mammalian sphingolipid is
sphingomyelin (SM), which contains a phospho-choline head group similar to PC. Other
major sphingolipids are glycosphingolipids and ceramides (Gerl et al., 2012).
Glycosphingolipids are characterized by one or more sugar residues as a head group,
whereas, ceramides contain a hydroxyl group (Chen et al., 2010). Although in low
abundance, ceramide-1-phosphate or lyso-sphingolipids, such as sphingosine-1-phosphate
are also important lipid constituents that have been shown to act as second messengers

(Gomez-Munoz, 2004; Spiegel and Kolesnick, 2002).
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Lipid structure

Technical name and abbreviation
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Table 1 — Structures of common mammalian cell lipids. The structures of the lipids
discussed throughout this thesis are summarized. Each lipid structure is accompanied by the
chemical name and the associated abbreviation.



The glycerophospholipids and the sphingolipids can also both be subdivided into
classes based on the structure of their acyl chains. Each acyl chain, also referred to as a tail
or fatty acid, is commonly composed of a hydrocarbon chain of even numbers ranging from
4 to 28 carbons long (Fahy et al., 2005). The fatty acid contains carboxyl group on one end
(alpha) and a terminal methyl group on the other (omega). The acyl chains can also contain
one or more double bonds, or unsaturations, that introduces a kink in the otherwise straight
(saturated) configuration, which alters the physical properties (Fahy et al., 2005). For the
purpose of describing the length and degree of unsaturation of a lipid acyl chain, a widely
adopted shorthand notation is used in this thesis. For example, an acyl chain that is 18 carbon
long with one double bond is written as 18:1. The convention of this numbering system
begins counting the carbon atoms from the carboxyl end of the acyl chain. The most
common site of a double bond in a phospholipid chain occurs at the 9th carbon in the chain,
relative to the carboxyl end. Another common notation is also used to describe the location
of a double bond in the chain, relative to the omega end (Fahy et al., 2005). This notation is
largely associated with polyunsaturated acyl chains such as an omega-3 fatty acid.

In addition to the glycerophospholipids and sphingolipids, another highly abundant
cellular lipids is cholesterol (Maxfield and van Meer, 2010; Van Meer et al., 2008). In
contrast to the structures of other major lipids, cholesterol is characterized by a structure that
has a hydroxyl head group, three six-sided hydrocarbon rings, one five-sided ring and a
hydrocarbon tail (Xu et al., 2005). Although cholesterol is primarily hydrophobic, the
hydroxyl group makes cholesterol amphipathic and facilitates a parallel orientation with
other lipids in a bilayer. Cholesterol is an important membrane constituent that modulates
fluidity and reduces permeability of a lipid bilayer by intercalating with the other lipids

(Cooper, 1978). Cholesterol also acts a precursor for many sterol derivatives, such as vitamin
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D, steroid hormones, oxysterols and bile salts (Maxfield and van Meer, 2010; Norman,
2012). Furthermore, cholesterol regulates a diversity of cell functions including vesicle
trafficking and cell signalling, as well as, controlling lipogenesis (Norman, 2012; Simons and

Gerl, 2010; Soccio and Breslow, 2004).

1.3 - Cholesterol in health and disease

The role of cholesterol in human health and disease began to be appreciated in the
early 20th century when it became known that cholesterol is present in all human cells and
also in high concentration in the blood (Campbell, 1925; Doree and Gardner, 1908).
Cholesterol is an essential molecule in mammalian cells that can be produced or acquired
entirely by de novo synthesis. The necessity for adequate cellular cholesterol levels can be
demonstrated by genetic mutations in the cholesterol biosynthetic pathway. Smith—Lemli—
Opitz syndrome, for example, is a hypocholesterolemic disorder caused by a mutation in the
7-dehydrocholesterol reductase (DHCR7) enzyme (Thurm et al., 2016). DHCR7 acts at the
end of the cholesterol biosynthetic pathway and converts 7-dehydrocholesterol into
cholesterol. The DHCR7 mutation causes the retention of a single additional double bond in
the 7-dehydrocholesterol molecule, compared to cholesterol and results in a spectrum of
neurological and cognitive impairments (Thurm et al., 2016; Waterham, 2002). Although
mature cholesterol can be supplied in the diet, the blood brain barrier prevents the transfer of
dietary cholesterol into the brain. The human brain, therefore, relies on local lipogenesis to
produce cholesterol, which rationalizes a correlation between disturbed cholesterol
biosynthesis and neurological disorders (Bjorkhem and Meaney, 2004). Mutations in
DHCR?7 also illustrate the importance of the precise structure of cholesterol in humans,

which cannot be substituted with minimally modified structural analogues.



In order to ensure that sufficient cholesterol is present throughout the body, mammals
have developed a sophisticated strategy to produce and deliver cholesterol to peripheral
tissues by the circulatory system. To distribute both digested and newly synthesized
cholesterol throughout the body, lipids are transported through the aqueous environments by
binding to extracellular proteins that form water-soluble lipoprotein complexes (Hussain,
2014). These lipid-protein complexes are typically composed of a lipid and protein
monolayer that surrounds a dense hydrophobic core of triacylglycerides and esterified
cholesterol. Lipoproteins in circulation are categorized by relative density, determined by
electrophoresis or density centrifugation, into five groups: chylomicrons, very low density
lipoproteins (VLDL), intermediate density lipoproteins (IDL), low density lipoproteins
(LDL) and high density lipoproteins (HDL) (Havel et al., 1955; Lamer et al., 2011;
Macfarlane et al., 1997). The most widely studied lipoproteins are LDL and HDL. The
balance of these two lipoproteins in the circulatory system is a clinical predictor for the
development of human disease.

LDL plays a role in delivering lipid to peripheral tissues, which can be catabolized by
beta oxidation for energy or stored for later use in cytosolic lipid droplets (Anderson et al.,
1977). Currently, however, modern diets are nutrient dense and rich in cholesterol, which can
result in a high level of circulating LDL in the blood. Excessive dietary consumption of
cholesterol increases the deposition of lipid in the periphery tissues, including blood vessels,
and i1s a risk factor for many diseases in human populations, such as coronary heart disease
and stroke (Kinosian et al., 1994; Zhang et al., 2012). The underlying cause of human health
risk associated with elevated circulating LDL is the formation of plaque in the artery wall,
known as atherosclerosis (Hansson and Hermansson, 2011). The primary role of HDL,

however, is to remove excess lipid from the PM of cells and deposit the lipids back in the
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liver (Kozarsky et al., 1997). Once returned to the liver, cholesterol can be sent back into
circulation by incorporation into a new lipoprotein particle, or catabolized by hydroxylation
to form bile acids. This process of removing excess cholesterol from cells is referred to as
reverse cholesterol transport (RCT) (Lewis and Rader, 2005). Circulating HDL, therefore,
works against LDL and is inversely correlated with the progression of atherosclerosis
(Camont et al., 2011). Maintaining an appropriate ratio of HDL/LDL, therefore, is important
for avoiding diseases of excess cholesterol while still maintaining the basal cellular functions

provided by cholesterol.

1.4 - Cholesterol biosynthesis
The enzyme acetyl-coenzyme A acetyltransferase 2 (ACAT2) initiates the first step in

cholesterol biosynthesis by condensation of two acetyl-CoA molecules to form acetoacetyl-
CoA (Lynen and Ochoa, 1953). A third acetyl-CoA molecule is then added to acetoacetyl-
CoA by 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) synthase to form HMG-CoA
(Clinkenbeard et al., 1975; Reynolds et al., 1984). The next step in synthesis has been shown
to be rate limiting, which uses nicotinamide adenine dinucleotide phosphate (NADPH) to
form melavonate by the enzyme HMG-CoA reductase. As the rate limiting enzyme, HMG-
CoA reductase has been the target of statins, one of the most widely administered drugs in
the world to lower cholesterol in the circulation (Tobert, 2003). After the synthesis of
melavonate, a series of 5 ATP consuming steps produces isopentenyl pyrophosphate, which
is then converted to the isomer dimethylallyl pyrophosphate (Rilling et al., 1958). The
following two steps in cholesterol synthesis pathway use two molecules of 3-isopentenyl
pyrophosphate to form geranyl pyrophosphate, followed by synthesis of farnesyl

pyrophosphate by farnesyl pyrophosphate synthase (Hugueney and Camara, 1990).


https://en.wikipedia.org/wiki/Isopentenyl_pyrophosphate_isomerase

In addition to producing cholesterol, farnesyl pyrophosphate is diverted as substrate
for multiple other products, such as coenzyme Q10 and the post-translational modifications
of prenylated proteins. For cholesterol synthesis, squalene synthase uses NADPH to
condense two molecules of farnesyl pyrophosphate to form squalene (Popjak et al., 1961;
Rilling et al., 1958), which is then converted in a cyclization reaction by lanosterol synthase
to form the first sterol molecule, lanosterol. Lanosterol is the precursor for mammalian
steroid hormones and vitamin D (Baker et al., 1995). Formation of lanosterol is the first
committed step in the cholesterol synthesis, which is followed by an additional 19 reactions
and 9 enzymes to produce cholesterol. Further details are thoroughly summarized elsewhere
(Risley, 2002).

Regulation of cellular cholesterol synthesis is accomplished by cholesterol sensing
enzymes in the ER known as sterol regulatory element binding proteins (SREBPs)
(Radhakrishnan et al., 2007; Radhakrishnan et al., 2004). SREBPs are responsible for the
transcription of many lipid related genes that produce proteins, such as HMG-CoA synthase
and reductase, fatty acid synthase and LDL-receptor (Wang et al., 1993). The full length
SREBP proteins are localized in the ER, which keeps them in an inactive form (DeBose-
Boyd et al., 1999). When total cell cholesterol levels are high, ER cholesterol is increased
and SREBPs are retained in the ER by binding to another ER protein complex, SREBP-
cleavage-activating-protein (SCAP) and insulin induced gene (INSIG) (Brown et al., 2002;
Sun et al., 2007). When the cholesterol content is low, SREBPs, along with SCAP, are
released from INSIG. This exposes a region of SCAP to bind COPII vesicles and facilitates
delivery of SREBP and SCAP to the Golgi apparatus (DeBose-Boyd et al., 1999). At the
Golgi, the SREBP/SCAP complex is acted upon by two proteases, site-1-protease and site-2-

protease, which release the cytoplasmic portion of SREBP from the membrane bound
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SREBP/SCAP complex (Cheng et al., 1999). The soluble cytoplasmic portion of SREBP
then translocates to the nucleus where it functions as translation factor to activate target
genes.

Conversely, the cell also has multiple mechanisms to limit the cholesterol content
when sterol levels become too high. In addition to preventing SREBPs trafficking and
maturation at the Golgi, INSIG also degrades HMG-CoA reductase when sterol levels are
elevated (DeBose-Boyd, 2008; Radhakrishnan et al., 2007). High cholesterol in the ER
induces HMG-CoA reductase to bind to INSIG, which leads to proteosomal degradation of
the rate-limiting enzyme and subsequently inhibits cholesterol synthesis (Sever et al., 2003;
Song et al., 2005). Another strategy to reduce cellular cholesterol content is through
oxidation of cholesterol. When cholesterol is elevated, a portion of the cholesterol will be
oxidized in the mitrochondria to form oxysterols, such as 22-hydroxycholesterol. Oxysterols
act as a ligand for transcription factors, such as, liver X receptor (LXR) (Chen et al., 2007).
Activation of LXR up-regulates genes that are involved in efflux of excess cholesterol from
the cell. For example, upon binding of oxysterols to LXR, ATP-binding cassette transporters
Al and G1, are up-regulated and facilitate the transfer of cellular cholesterol to extracellular
lipoprotein acceptors, such as apolipoprotein A1 and HDL (Costet et al., 2000; Schwartz et
al., 2000). Moreover, elevated cholesterol in the cell can also be reduced by acylation, which
will stored in lipid dense compartments, known as lipid droplets (Brown et al., 1979).
Together, the interplay between cholesterol synthesis and inhibition or efflux of excessive

cholesterol maintains the cellular cholesterol homeostasis.
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1.5 - Cholesterol Trafficking
With the exception of the first few steps in the cytosol, the majority of the cholesterol

synthesis reactions occur in the ER. However, ER is low in cholesterol (<5%), mainly due to
a limited capacity to retain cholesterol by other phospholipids (Van Meer et al., 2008). After
synthesis, cholesterol is trafficked to different compartments of the cell by both vesicular and
non-vesicular carriers (laca and Maxfield, 2015). Cholesterol has is known to have
increasing affinity to the membranes along the secretory pathway, which leads to a gradient
of cholesterol concentrations in cells (Ikonen, 2008). For example, cholesterol is low in the
ER, but higher in the Golgi. The highest concentration of cholesterol is found in the PM and
endocytic recycling compartments (Mondal et al., 2009). The distribution of cholesterol is
correlated with sphingolipid and saturated phospholipid content in these membranes;
cholesterol is first to be enriched in the trans Golgi network, where the final steps of
sphingolipid synthesis occur. This enables de novo cholesterol to travel against a
concentration gradient to reach the PM (Mukherjee et al., 1998).

Vesicular transport of cholesterol occurs bi-directionally in the secretory (outward
from the ER/ Golgi) and endosomal pathways (inward from the PM) (Ma and Chisholm,
2002). However, distinct cholesterol distributions among organelles must be actively
maintained. It has been proposed that lipids are sorted during vesiculation to help maintain
compartmentalization (Deng et al., 2016; Surma et al., 2012). The concept of vesicular lipid
sorting lead to the term “lipid raft”, described below (Simons and Ikonen, 1997). For
example, vesicles budding from the Golgi, which are destined for different compartments,
use specific lipids to sort proteins into specialized vesicle carriers. Cholesterol and
sphingolipids are known to be sorted from the bulk membrane into PM-destined vesicles that

traffic PM proteins (Deng et al., 2016; Simons and Ikonen, 1997; Simons and Van Meer,
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1988). Similarly, membranes are sorted within the endosomal system to recycle membrane
receptors and deliver extracellular constituents to lysosomes, during which, cholesterol is
maintained high in the endosomes and low in the lysosomal membrane (Lange et al., 1998;
Mondal et al., 2009). This suggests that cholesterol is mostly sorted out of the late endosome
and recycled to the PM before delivery of cargo to the lysosome.

Interestingly, although cholesterol is trafficked to and from the PM in vesicles, it has
been shown that cholesterol is primarily transported throughout the cell by non-vesicular
means. Inhibition of the secretory pathway by brefeldin A, for example, does not
significantly prevent the delivery of newly synthesized cholesterol to the PM (Field et al.,
1998). Although nearly insoluble in aqueous solution, cholesterol can move between
membranes by two mechanisms: (1) lateral diffusion, mediated by lipid transfer proteins at
membrane contact sites, and (2) inter-membrane exchange, mediated by soluble sterol
binding proteins (Lev, 2010). Lateral diffusion of sterols is rapid (3.4 pum?/second), which
facilitates dispersal of newly synthesized cholesterol out of the ER (Hiramoto-Yamaki et al.,
2014). With a large surface area and broad spread throughout the cell, the ER maintains
membrane contact sites with every major cellular compartment, including the Golgi,
mitochondria and the PM (Helle et al., 2013). This enables the movement of cholesterol and
other lipids between compartments. A family of proteins, known as oxysterol binding
proteins (OSBP) including also OSBP-related proteins (ORP), bind and move cholesterol
and other oxygenated derivatives between adjacent membranes (Im et al., 2005; Ngo et al.,
2010). OSBPs contain a C-terminal sterol binding domain that sequesters sterols into a
hydrophobic pocket (Im et al., 2005). Many of the OSBPs also contain a pleckstrin
homology (PH) binding domain, as well as, a FFAT motif (two phenylalanines in an acidic

tract) (Ngo et al., 2010) that enable OSBPs to bridge between two membranes. The FFAT
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motif allows OSBPs to bind and anchor to the ER resident proteins vesicle associated
membrane protein-associated protein (VAP) A and B. At the same time, the PH domain can
bind phosphatidylinositide lipids in another membrane, for example the PM. By
simultaneously binding an ER protein and PM lipids, OSBPs stabilize membrane contact
sites, which allow the OSBP sterol binding domains to transfer sterols between the adjacent
membranes (Ngo et al., 2010).

In addition to membrane contact sites, many soluble sterol binding proteins have been
identified that have been shown to greatly increase the rate of cholesterol movement between
membrane compartments. Cholesterol is poorly soluble in aqueous solution, which makes
unaided, spontaneous inter-membrane exchange unfavourable. Soluble sterol binding
proteins have been shown to facilitate transport of cholesterol between each membrane
compartment by shielding cholesterol into a hydrophobic pocket (Mesmin and Maxfield,
2009). Steroidogenic acute regulatory protein (StAR)-related lipid transfer (START)
proteins, another major protein family, are soluble cytosolic proteins that bind sterols and
enable rapid movement between membrane compartments (Garbarino et al., 2012). The
START family of proteins is subdivided into 15 subgroups that share sequence homology.
The START domain common among the family members contains a hydrophobic pocket
that binds cholesterol and other lipids, such as PC and ceramide (Clark, 2012). The first and
well-characterized START domain containing protein, StAR, facilitates the bioconversion of
cholesterol into steroid hormones by delivering cholesterol from the outer to the inner
mitochondrial membrane (Clark et al., 1994). Another well-characterized START protein,
STARDA4, is involved in maintaining cholesterol homeostasis by delivering cholesterol from
the PM back to the ER (Garbarino et al., 2012; Mesmin et al., 2011). Overall, each group of

START proteins shows a set of substrate and target membrane specificities. It is not clear,
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however, if any START protein is specifically involved in trafficking cholesterol out of the
ER to the PM.

Ultimately, it is a combination of cholesterol affinity for cellular membrane
compartments, vesicular trafficking and non-vesicular trafficking that determines how

cholesterol is distributed throughout the cell.

1.6 - Principles of lateral lipid phase separation in a membrane

Each membrane lipid exhibits unique physical properties based on their structural
features, such as head group, acyl chain length and degree of acyl chain unsaturation
(Shevchenko and Simons, 2010). These physical features determine how lipids interact
together and whether they can mix together homogeneously. This is referred to as the lipid
miscibility (or conversely, immiscibility). Two lipid species that may not mix well, for
example, a long saturated lipid and a short unsaturated lipid, may be immiscible and cause
the long lipids to organize together and separate from the shorter lipid. Each species of lipid
also has a unique temperature that determines if the lipid is in a fluid or solid-like state. This
is referred to as the transition temperature, or melting temperature (Tm). Lipid miscibility is
greatly influenced by the temperature of the sample and the Tm of the lipids. For instance, if
the temperature is above the transition temperature of all the lipids in a sample, then lipids
are fluid and would have a greater tendency to be miscible. However, if the temperature of a
sample is higher than the Tm of one lipid and below the Tm of another, then the two lipids
may become immiscible and cause separation of the lipids into different phases (Veatch and
Keller, 2003, 2005). Overall, depending on temperature, a membrane may be classified into
three phases: gel phase (solid), liquid ordered (lo) (some ordered, some disordered) or liquid

disordered (l4) (fluid) phase. In three-component model membranes, it has been
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demonstrated that combining a saturated lipid with an unsaturated lipid, in the presence of
cholesterol, can cause spontaneous phase separation into distinct ordered and disordered
domains (Sankaram and Thompson, 1991). Although phase separation has been observed in
the absence of cholesterol, immiscibility of saturated and unsaturated lipids is enhanced by
cholesterol. The rigid, planar structure of the steroid ring allows cholesterol to engage in van
der Waals interactions with saturated acyl chains (Mclntosh et al., 1992). This interaction
reduces the flexibility and mobility of the acyl chains and also straightens them, reinforcing
the immiscibility with an unsaturated lipid. Therefore, cholesterol can greatly modify the
physical properties of multicomponent lipid bilayer. Thorough characterization of three-
component membrane systems have produced ternary lipid phase diagrams that predict the
phase status of a membrane at a given composition (Veatch and Keller, 2003, 2005). It is

postulated that lipid-mediated phase separation may similarly occur in the live cell PM.

1.7 - Plasma membrane microdomains

Previously, the PM was considered a homogeneous membrane bilayer at
thermodynamic equilibrium (Singer and Nicolson, 1972). However, it is now clear that the
mammalian cell PM is laterally heterogeneous where lipids and proteins could be organized
into specialized functional domains (Brown and Rose, 1992). The term, lipid raft, was
originally used to describe how polarized epithelial cells sort and deliver unique vesicle
cargo from the Golgi to the apical and basolateral surfaces (Simons and Ikonen, 1997).
Vesicles directed to the apical surface were enriched in sphingolipids, whereas, the
basolateral surface received primarily PC rich vesicles. It was also noted that
glycosylphosphatidylinositol (GPI) anchored proteins are preferentially concentrated in the

apical membrane vesicles, suggesting that lipid and protein complexes are sorted together
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before exiting the Golgi (Brown and Rose, 1992; Simons and Van Meer, 1988). Since the
original hypothesis was proposed, the support for the existence of lipid-mediated membrane
domains has come from multiple experimental methods, such as, the isolation of detergent
resistant membranes, artificial model membranes, biochemical assays and live-cell
fluorescence microscopy (Eisenberg et al., 2006; Schroeder et al., 1994; Sezgin et al., 2012).
In contrast to the notion that membranes are two dimensional solvents for membrane
proteins, the lipid raft hypothesis postulates that membrane lipids actively form specific
domains that regulate cellular functions. Over the years, this hypothesis has evolved
considerably. Support for the lipid raft hypothesis began with biochemistry manipulations,
such as membrane fractionation, which isolated membrane components that are resistant to
detergent extraction. The PM was found to separate into light and heavy fractions by density
gradient centrifugation (Demus, 1973). These light and heavy PM fractions contain distinct
populations of PM proteins (Hoessli and Runggerbrandle, 1983). In continuation with the
isolation of proteins by density centrifugation, it was found that detergents can extract
specific sets of proteins (Hoessli and Runggerbrandle, 1985). For example, a subset of PM
glycoproteins, including thymocyte differentiation antigen 1 (Thy-1), were found to form
large lipid-protein complexes that are resistant to solubilization by the detergent, Triton X-
100 (TX-100) (Draberova and Draber, 1993). Similarly, PM sphingolipids were also found to
be resistant to detergent extraction (Hagmann and Fishman, 1982). The reproducible
insolubility of a subset of PM proteins and lipids in TX-100, relative to the total PM content,
is now referred to as detergent resistant membrane (DRM). The DRM complexes are
believed to represent the isolation of lipid-mediated ordered membrane microdomains that
exist in the native PM (London and Brown, 2000). Strikingly, detergent resistance required

cholesterol in the membrane, which seemingly supported the lipid raft hypothesis. These
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early experiments postulated that proteins and lipids in the PM may be organized into
functional domains, as described by the lipid raft hypothesis. Although skepticism remains
about the usefulness of DRMs (Morris et al., 2011), the properties of DRM are still actively
investigated (van Gestel et al., 2016).

Experiments in model membranes also seem to be consistent with the lipid raft
hypothesis. Lipid phase separation in model membranes could be readily achieved and
postulated to provide insight into the properties of PM (Shimshick and McConnell, 1973).
For example, atomic force microscopy (AFM) of two-component supported lipid bilayers
provided the first direct visualization of phase separation: membranes were heterogeneous
and contained small domains approximately 10 nm in size (Gliss et al., 1998). An alternative
strategy was also developed around the same time, which used an unsupported membrane
bilayer, known as giant unilamellar vesicles (GUV) (Angelova et al., 1992). Incorporating
fluorescent probes into the GUVs that are sensitive to the lipid environment enabled real
time visualization of co-existing lipid phases (Bagatolli and Gratton, 2000). This discovery
led to a thorough characterization of how lipid composition affects domain formation in
GUVs (Veatch and Keller, 2003).

A criticism of the two or three component lipid systems, either as supported bilayers
or GUVs, is that they are an over-simplified version of the PM. This criticism, however, was
partially addressed by the characterization of phase properties in PM derived vesicles. Giant
plasma membrane vesicles (GPMV) can be isolated from live cells with similar protein and
lipid content as the PM. These GPMVs can readily form microdomains analogous to three
component GUVs (Baumgart et al., 2007a). Visualization of membrane phases in GPMVs
was achieved by incorporation of fluorescent lipid probes, similar to GUVs, or by expression

of fluorescent-tagged PM proteins (Baumgart et al., 2007b). As such, GPMVs greatly

18



supported the lipid raft theories by directly confirming that proteins predicted to partition
into ordered domains in the PM do reside in ordered domains (Baumgart et al., 2007a).
GPMVs showed that membranes with the complex protein and lipid composition of the PM
can form microdomains. However, it remains a paradox why microdomains do not form in
the unperturbed PM where GPMVs were isolated. Nevertheless, GPMVs have become a
powerful model system to understand membrane organization that serve to bridge between
pure lipid systems and the intact PM.

Additional support for the existence of membrane microdomains in cells has come
from biochemical analyses that examine how PM cholesterol regulates protein-protein
interaction. Given that membrane domains are thought to be cholesterol dependent, the most
widely employed method of manipulating membrane microdomains is to increase or
decrease cholesterol levels in the PM. Removal of cholesterol, either by blocking de novo
synthesis with statins, or by acute extraction with a cholesterol acceptor, such as
cyclodextrin, is believed to disrupt or prevent the formation of membrane domains. If
cholesterol depletion will inhibit, and repletion will rescue, for example, a phosphorylation
event, the process could potentially occur within lipid rafts (Lasserre et al., 2008). Some
examples of lipid raft dependent processes are the T-cell receptor complex activation,
phosphorylation of Akt (also known as protein kinase B) and toll-like receptor 4 (TLR4)
signaling (Kabouridis et al., 2000; Zhu et al., 2010). Furthermore, cholesterol is necessary for
viral infection (Popik et al., 2002; Takeda et al., 2003). Importantly, since not all PM protein
interactions are sensitive to changes in cholesterol levels, it is speculated that cholesterol is
involved in regulating a subset of specific protein interactions in the PM (Kenworthy et al.,

2004).
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With the definition continually evolving, lipid rafts are currently described as
dynamic assemblies of protein and lipids that form domains rich in cholesterol and
sphingolipids (Pike, 2006). Curiously, lipid rafts, postulated to form micron-scale domains in
live cell PM, as found in GUVs or GPMVs, have not been observed. This discrepancy is
rationalized by the arguments that rafts are transient and less than 200 nm in size, which
precludes the possibility of detection by conventional fluorescence microscopy. In order to
circumvent this limitation, advanced fluorescent microscopy strategies have been used to
characterize membrane domains, such as fluorescence recovery after photobleaching
(FRAP), Forster resonance energy transfer (FRET) and more recently, super resolution
microscopy (Eggeling et al., 2009; Kenworthy, 2007; Sharma et al., 2004).

For membrane studies, FRAP methods typically involve expressing a membrane
bound fluorescent protein or the incorporation of a lipophilic dye into the PM of cells to
monitor the lateral diffusion rate (Kenworthy, 2007). Photobleaching a region of interest in
the PM with a high intensity laser is then followed by the acquisition of a time series of
images to record the return of fluorescent molecules to the region (recovery). This produces a
diffusion coefficient for the protein or lipophilic dye that may be sensitive to manipulations,
such as cholesterol depletion or repletion (Siggia et al., 2000). For example, a membrane
microdomain-associated protein may exhibit restricted lateral mobility within a domain.
However, depletion of cholesterol, which disperses the membrane microdomains, may result
in significant increase in the diffusion rate of the protein due to unrestricted mobility (Crane
and Tamm, 2004). Conversely, proteins that are not associated with membrane domains may
not be affected by the cholesterol depletion and, therefore, the diffusion rate would remain

unchanged between treatments (Kenworthy, 2007).
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Another method that is commonly used to characterize membrane domains is FRET.
FRET is particularly useful for sensing nanoscale proximity between donor and acceptor
molecules (Stryer, 1978). With FRET, when the donor is excited, the emitted light from the
donor can be absorbed by the acceptor nearby and subsequently re-emitted by the acceptor
with a longer wavelength. This process is highly sensitive to the distance between the
fluorophores (Fung and Stryer, 1978) and thus is effective to detect protein-protein
interactions or densities. In order for FRET to occur, the donor and acceptor pair must be
within 10 nm and the efficiency of energy transfer increases with closer proximity (Stryer,
1978). A common example of a widely used FRET pair is cyan fluorescent protein (CFP)
and yellow fluorescent protein (YFP). FRET has been used to monitor the surface density of
PM proteins (Fung and Stryer, 1978). When used with co-expressing proteins that are known
to associate with membrane microdomains, such as CFP and YFP GPI-anchored proteins,
FRET can be used to detect recruitment into cholesterol-dependent membrane microdomains
(Rao and Mayor, 2005). FRET between two different fluorophores, such as CFP and YFP, is
termed heteroFRET. FRET can also be performed with one fluorophore, which termed
homoFRET (Raghupathy et al., 2015; Varma and Mayor, 1998). HomoFRET employs
fluorophores with significant overlap between their own excitation and emission spectrum,
such as green fluorescent protein (GFP) (Sharma et al., 2004; Varma and Mayor, 1998).
When excited with polarized light, either horizontal or vertical, GFP could emit its regular
fluorescence, which remains polarized (vertical). If the emitted light is absorbed by a nearby
GFP, or energy transfer has occurred, this secondary emission will lose the original polarity
(both vertical and perpendicular), which produces anisotropy. Thus by collecting emitted
light in both parallel and perpendicular planes, the amount of energy transferred to the

perpendicular plane can be determined. When FRET is occurring, light can be emitted from
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parallel and perpendicular planes and reduce anisotropy. HomoFRET has successfully been
used to monitor recruitment of GPI-anchored proteins into sub-optical membrane domains,
or nanoclusters that would otherwise be undetectable using conventional microscopy
(Raghupathy et al., 2015; Rao and Mayor, 2005).

Finally, an emerging new strategy is super resolution microscopy. Previously,
membrane domains were considered to be too small and transient for direct visualization by
microscopy due to limits in optical resolution (~200 nm). These new imaging strategies, such
as stimulated emission depletion microscopy, fluorescence photoactivation localization
microscopy or lattice light sheet microscopy have greatly improved resolution (10-50 nm)
and are beginning to be applied to characterize membrane organization (Dean et al., 2016;
Eggeling et al., 2009; Gudheti et al., 2013). Each system has benefits and limitations,
summarized in reviews (Eggeling, 2015; Owen and Gaus, 2013). As the technologies
continue to develop, the improvement in resolution and the speed of acquisition should
facilitate direct imaging of membrane processes that occur in the range of tens of
nanometres. Since the classical definition of PM microdomains, or lipid rafts, are thought to
be in nanometre size range, it is conceivable that super resolution microscopy should be
capable of detecting cholesterol-dependent membrane microdomains. Indeed, some attempts
have been made in this regard (Eggeling et al., 2009; Gudheti et al., 2013). The application
of super resolution microscopy should provide further insights as the technology continues to
develop.

In summary, the membrane microdomain hypothesis has been supported by
biochemistry experiments, model membrane studies and advanced fluorescence techniques.
When considered in combination, it is known that (1) phospholipids can self-assemble and

phase separate into ordered and disordered domains in a cholesterol dependent manner, as
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shown by DRMs, GPMVs and GUVs, (2) interactions between subsets of proteins in the PM
are influenced by the lipid content of the membrane, particularly cholesterol. However,
definitive evidence supporting the presence of membrane microdomains in the live cell PM

is lacking. Moreover, the precise nature of these domains is not completely understood.

1.8 - Plasma membrane transbilayer asymmetry

A unique feature of the mammalian cell PM, which may not have received due
attention, is the bilayer asymmetry. The outer leaflet of the PM is primarily composed of SM
and PC lipids, whereas the inner bilayer leaflet is mostly PE and PS (Murate 2016). This
difference in lipids between the two leaflets is referred to as transbilayer or transmembrane
asymmetry. Initial attempts to examine PM lipid asymmetry came from characterizing the
transbilayer distribution of the aminophospholipids, PE and PS in erythrocytes (Bretscher,
1972a). Both PE and PS contain an amino residue in the head group that is reactive with
formyl-methionyl methyl phosphate (FMMP) or trinitrobenzene sulfonic acid (TNBS). These
membrane impermeable reagents can be added to the exterior of cells and the amount of lipid
reacted can be quantified by spectroscopy or TLC. Treating human erythrocytes with FMMP
found that the majority of PM PE and PS did not react unless the cells were lysed, suggesting
that the aminophospholipids are primarily located in the inner leaflet (Bretscher, 1972b).
Bretscher then correctly hypothesized that PE and PS make up the majority of the inner
leaflet lipids, and assumed that the outer leaflet should be composed of PC and SM. Only a
year later, this hypothesis was independently validated by a strategy that involved a series of
phospholipases. Human erythrocytes were treated with phospholipase A> (PLA>) and
sphingomyelinase. PLA> is a bacterial enzyme that is specific to phospholipids, rather than

sphingolipids, which cleaves one acyl chain from a lipid to release a fatty acid and a
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lysophospholipid (Glaser et al., 1993). Sphingomyelinase, on the other hand, is a lipase
specific to SM that cleaves the choline from the SM head group to produce ceramide and
choline (Kornhuber et al., 2015). The results of PLA» and sphingomyelinase treatments
found that 68% of PC and 85% of SM was localized to the outer bilayer leaflet of the
erythrocyte PM. Furthermore, the lipases had no effect on the PE and PS content (Verkleij et
al., 1973). When combining these lipase results with the FMMP reaction study, it confirms
that the erythrocyte PM is composed of PC and SM in outer leaflet with PE and PS in the
inner leaflet.

Interestingly, although the phospholipids and sphingolipids are well characterized to
be transversely asymmetric in the PM, consensus on the cholesterol transbilayer distribution
has been elusive (Murate and Kobayashi, 2016). Due to only a small hydrophilic hydroxyl
head group, cholesterol is highly mobile between bilayer leaflets (half time < 1 second)
(Bennett et al., 2009; Leventis and Silvius, 2001; Steck et al., 2002), referred to as
cholesterol flip-flop. This rapid flip-flop rate has complicated attempts to quantify the
steady-state partitioning of native cholesterol. The first attempts to quantify cholesterol
partitioning in a mammalian cell PM were performed using freeze-fracture analysis (Fisher,
1976). This initial analysis fractured the bilayer into two halves, performed a lipid extraction
and quantified the cholesterol content in each half by thin layer chromatography (TLC). It
was concluded by this technique that more cholesterol was located in the outer leaflet of
human erythrocytes. These data, however, showed wide variability based on the type of
buffer used (equal distribution with PBS versus up to 3 times more in the outer leaflet with
TBS), which questions the validity of the results. Two years later, the cholesterol transbilayer
distribution in human erythrocytes was again quantified; however, the strategy was to

monitor cholesterol partitioning by staining with the fluorescent probe, filipin. Filipin is a
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histochemical stain that specifically binds to cholesterol. The authors generated erythrocyte
ghost membranes (permeabilized and resealed cells) that were right-side-out, inside-out and
unsealed. After filipin treatment, the amount of cholesterol present in the outer leaflet, inner
leaflet and both leaflets, respectively, can then be quantified. It was found that cholesterol
was evenly distributed between bilayer leaflets (Blau and Bittman, 1978). These results,
however, are not particularly surprising considering the extensive amount of cellular
manipulation involved in sample preparation.

As an alternative to the perturbing strategies of freeze-fracture analysis and filipin
staining of erythrocyte ghosts, the distribution of cholesterol in the PM has also been
investigated indirectly by inferring the cholesterol distribution through using fluorescent
analogues, or other sterol derivatives with structural similarity. Some prominent examples of
fluorescent sterols that have been used to understand cholesterol dynamics are boron
dipyrromethene difluoride (bodipy)-cholesterol, cholestatrienol (CTL) and dehydroergosterol
(DHE). Bodipy-cholesterol is a synthetic derivative of native cholesterol that has a
fluorescent dye conjugated to the sterol ring in place of the acyl chain. This commercially
available fluorescent sterol is amenable to conventional light microscopy without the need
for specialized filters and is also highly photostable. Bodipy-cholesterol has been found to
exhibit similar properties and tissue distributions, compared to cholesterol, and has been used
to visualize sterol trafficking events (Holtta-Vuori et al., 2008; Wustner et al., 2016).
Unfortunately, the addition of the large bodipy moiety would likely affect the dynamics of
the sterol. In contrast to bodipy-cholesterol, CTL and DHE are intrinsically fluorescent
molecules that are structurally more similar to cholesterol than bodipy-cholesterol. DHE is a
naturally occurring and naturally fluorescent compound isolated from fungi (Ano et al.,

2015). Compared to cholesterol, the CTL and DHE sterol rings contains two additional
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double bonds, which can emit weak fluorescence with excitation near the UV range
(Pourmousa et al., 2014). DHE also has an additional double bond and methyl group in the
alkyl chain. The structure of CTL on the other hand, does not have alkyl chain modifications,
making CTL structurally more similar to cholesterol than DHE. CTL, however, must be
custom synthesized and is, therefore, less accessible. A disadvantage of both CTL and DHE
is that the fluorescent excitation and emission is 320 nm and 370-400 nm, respectively. In
addition to a low quantum yield, CTL and DHE analysis typically require specific
fluorescence filter sets.

The leaflet-specific partitioning of these fluorescent analogues can be determined in
the PM of live cells using a fluorescence quenching method. To do this, the fluorescent
sterols are incorporated into cells and allowed to equilibrate with native cholesterol. This is
then followed by the addition of a membrane impermeable fluorescence quencher into the
media. The amount of PM fluorescence was then determined before and after the quencher.
The reduction in fluorescence, as a consequence of the quencher, is then used to determine
outer leaflet sterol fluorescence, relative to total PM fluorescence. Using this method,
Mondal et al. (2009) quantified the sterol distribution in live Chinese hamster ovary cells and
similar results were shown by another research group using human erythrocytes (Schroeder
et al., 1991). Contrary to the freeze-fracture results, the fluorescent sterol data found that
both CTL and DHE were primarily located in the inner bilayer leaflet (Mondal et al., 2009;
Schroeder et al., 1991). It was then inferred that native cholesterol may also be transversely
asymmetric and be enriched in the inner leaflet. Though potentially valid, the results of sterol
fluorescence quenching have not been widely accepted. Structural modifications, although
minor, could alter the physical properties and can affect how the sterol analogues interact

with other components in the lipid environment. For example, the rate of sterol efflux from a
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bilayer differs between cholesterol and fluorescent sterols (Ohvo and Slotte, 1996; Ohvo-
Rekila et al., 2000). Therefore, this indirect approach using a derivative may not represent
the true native cholesterol distribution. As a result of conflicting literature, the cholesterol
transbilayer distribution in the mammalian cell PM is still unresolved (Devaux and Motris,

2004; Murate and Kobayashi, 2016).

1.9 - Rationale and thesis proposal

The lipids and proteins that comprise the mammalian cell PM are distinct between the
inner and outer leaflets of the bilayer (Devaux and Morris, 2004). Curiously, the distribution
of cholesterol between bilayer leaflets is still not established even though cholesterol
represents approximately 30-40 percent of the PM lipids and is involved in numerous cell
functions. Cholesterol is believed to be integral in the formation of ordered membrane
microdomains in the PM of live cells and, yet, the role of cholesterol asymmetry on
membrane domain formation has not been studied. Understanding how cholesterol partitions
between leaflets and the potential consequences of the cholesterol asymmetry was the
primary focus of this thesis.

It has been suggested that cholesterol could concentrate in one leaflet over another in
the bilayer due to differences in affinity for specific phospholipids in the individual leaflets
(Yesylevskyy and Demchenko, 2012). However, characterizing the steady state cholesterol
distribution between leaflets has represented a technical challenge, due to the rapid flip-
flopping of cholesterol between leaflets. In order to overcome these limitations we
hypothesized that if cholesterol flip-flop between bilayer leaflets could be stopped, we can
then distinguish between the pools of cholesterol localized in each leaflet. We reasoned that

cholesterol flip-flop is a form of Brownian motion and it could be sensitive to temperature. It
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is, therefore, possible that cholesterol flip-flop could be greatly reduced or prevented if
temperature is sufficiently low. Once cholesterol movement was prevented, we could then

quantify cholesterol partitioning in each leaflet.

The objectives of this thesis are:

(1) Develop and optimize a protocol for determining cholesterol transbilayer distribution
using a model membrane system.

(2) Apply above protocol to characterize cholesterol transbilayer distribution in the PM of
live mammalian cells.

(3) Identify regulatory mechanisms for maintaining the cholesterol transbilayer distribution.
(4) Examine the impact of cholesterol transbilayer distribution on the lateral organization of

membrane microdomains in the live mammalian cell PM.

The results of each of the objectives are described in the subsequent chapters of this
thesis. Herein, a protocol is described that can quantify how cholesterol partitions between
leaflets of a bilayer in both model membranes and the live cell PM. We identify that
sphingolipid asymmetry can influence the cholesterol partitioning and, in particular, that
sphingolipid acyl chain length is a key factor. We then proceed to characterize how
sphingolipid acyl chain length influences the formation of membrane domains in model
membranes and live cell PM. Altogether, this work suggests that 24:0 sphingolipids regulate
the formation of membrane microdomains by governing the partitioning of cholesterol

between bilayer leaflets.
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Chapter 2 - Materials and Methods

Materials

Phospholipids and liposome accessories were purchased from Avanti Polar Lipids.
Cholesterol, trinitrobenzene sulphonic acid (TNBS) and all cyclodextrins used were
purchased from Sigma-Aldrich. Radiolabelled (*H) cholesterol was purchased from Perkin
Elmer. TMA-DPH was purchased from Molecular Probes. Naphtho[2,3-a]pyrene was
purchased from Santa Cruz Biotechnologies. Thin layer chromatography plates were
acquired from Cedarlane Laboratories. The transfection reagent, Attractene, was purchased
from Qiagen. Platinum wire was purchased from Omega Engineering. All other materials
and reagents were purchased from Fisher Scientific.
Cell culture

Adherent mammalian cells were cultured in 100 mm plastic dishes in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1 %
antibiotics (penicillin and streptomycin). Cells were maintained in a 37 °C incubator with 5
% COs. Under certain experimental conditions, the culture media was changed to serum-free
DMEM overnight, which was supplemented with 1 mg/mL bovine serum albumin.

LUV preparation

All lipids were stored as 50 mg/mL stocks in chloroform/methanol (95:5). 1 mM
LUVs are generated by combining the desired lipid components followed by evaporating the
organic solvent under nitrogen gas and subsequent vacuum desiccation for at least 60
minutes. In the case of symmetric *H-cholesterol labeled LUV, trace amount of *H-

cholesterol (~100 pmol/3 pmol phospholipid) was incorporated into the sample prior to
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desiccation. Dried lipids were then resuspended in Medium 1 (20 mM HEPES, 150 mM
NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM MgCl,), subjected to 5 freeze/heat cycles and
extruded through a 100 nm membrane to form 100 nm LUVs. For LUV isolation from the
aqueous media, 1 mol% biotinylated-PE was added to lipid mixture above and resultant
LUVs were incubated with streptavidin-coated agarose beads at 4 °C overnight. Unbound

LUVs were removed by washing the beads 3 times with Medium 1.

For intermembrane exchange, two LUV populations (donor and acceptor) were similarly
made with 30 % cholesterol. The donor population received trace *H-cholesterol, was
biotinylated and bound to streptavidin beads to facilitate separation from unlabelled acceptor

LUVs.

Determination of vesicle size and unilamellarity

Before proceeding with LUV characterizations, control experiments were performed
to confirm if the LUVs were unilamellar (single bilayer) and if the population of vesicles was
uniform. After extrusion through the 100 nm membrane, the size of the vesicle population
was determined by light scattering analysis using a NanoSight LM 10 (Malvern) system
according to the manufacturer’s instructions. To confirm that the vesicles were unilamellar,
we quantified the aminophospholipids present in the outer leaflet of the vesicles by reaction
with TNBS by following a previously published protocol (Nordlund et al., 1981). For this,
extruded vesicles containing PE and PS were generated and treated with 1.5 % TNBS for 20
minutes in the dark. Subsets of the vesicles were lysed by Triton X-100 prior to the addition
of TNBS to act as the positive control that reacts to completion. When TNBS reacts with

aminophospholipids, an orange colour is produced. After incubation, the amount of reacted
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TNBS was quantified and compared between positive control and the intact vesicles by

reading the absorption of the same at 410 nm.

Temperature controlled flip-flop and outer leaflet cholesterol extraction

Cholesterol flip-flop in symmetric and asymmetric LUVs was controlled by reducing
temperature to 0 °C (see Appendix 1 for additional details). In order to successfully prevent
flip-flop, the temperature of the cholesterol extraction procedure was stringently regulated by
performing the experiments in a cold room and in an ice water bath, or 0 °C water bath
containing 50 % ethylene glycol. Furthermore, to prevent incidental hand warming of the
samples, all manipulation of the tubes was required to be carried out with utensils similarly
maintained at 0 °C. At least one hour prior to the cholesterol extraction, samples, utensils
and MCD media were pre-incubated at 0 °C. To initiate cholesterol extraction, 5 mM MCD
was added to the medium to selectively remove cholesterol from the outer leaflet of the
LUVs at 0 °C until cholesterol extraction reached a plateau. Similar experiments were also
conducted in a 37 °C water bath. After incubation, the LUVs were separated from MCD
containing medium by a brief centrifugation in 0 °C centrifuge within a cold room. The
amounts of *H-cholesterol in the medium and in the LUVs are quantified by scintillation
counting. Total *H-cholesterol was determined by lysing the same amount of *H-cholesterol

labeled LUVs with 2% Triton X-100.

LUV intermembrane exchange

The assay was performed by mixing bead-bound *H-cholesterol donor LUVs with
excess unlabelled acceptor LUVs (100-fold) at 37 °C, 0 °C or -5 °C in the presence of | mM

BCD. Outer leaflet cholesterol is exchanged between populations, until equilibrium. Donor
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and acceptor LUVs are isolated by 60 second centrifugation at 1000 x g and the amount of

3H-cholesterol in the acceptor LUVs is quantified.

Erythrocyte intermembrane exchange

All erythrocyte work was approved by the Ottawa Health Sciences Network Research
Ethics Board (#20140233-01H). Human erythrocytes were isolated from whole blood by
centrifugation through Ficoll-Hypaque gradient solution. The erythrocytes were then washed
3 times with PBS containing 2 mM EDTA. 100 million washed erythrocytes were incubated
with 20 pCi *H-cholesterol in 10 mL DMEM for at least 4 hours, subsequently biotinylated
according to manufacturer’s instructions (Fisher Scientific) and 100,000 cells were adhered
to a streptavidin coated microplate. 100-fold excess unlabelled erythrocytes were added to
the microplate wells in suspension with 1 mM BCD at 37 °C or -0 °C, until equilibrium. 75
pL of supernatant containing erythrocyte acceptor cells was removed at each time point and
the amount of cholesterol transferred to the acceptors was determined by scintillation

counting.

Asymmetric vesicles

Asymmetric LUVs with POPC, eSM or mSM introduced into the outer leaflet and
DOPE, POPS, POPC (2:1:0.15) in the inner leaflet were generated by adapting a previously
published protocol (Lin and London, 2014). Experiments were also conducted using
POPC/POPS/POPE (1:1:1) as the inner leaflet. Briefly, 500 uL of 10 mM donor LUVs
(POPC, eSM or mSM) were mixed with 100 uL 360 mM hydroxypropyl-a-cyclodextrin
(HPa-CD) and vortexed for 2 hours at 55 °C. The donor-MCD solution was then mixed with
600 uL of 2 mM acceptor LUVs for 30 minutes at 55 °C to initiate outer leaflet lipid

exchange. After the mixture had cooled to room temperature, the 1 mL solution was overlaid
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onto 4 mL 10% sucrose in Medium 1 and centrifuged at 10 °C in an NVT-100 rotor for 40
minutes at 190,000 x g. The resulting asymmetric vesicle pellet was resuspended in 1mL
Medium 1 and centrifugation was repeated followed by a final resuspension in 1 mL
Medium 1. When examining the effect of transbilayer asymmetry on cholesterol
partitioning, the 10 mM LUV donor contained 1% biotinyl-PE allowing for the final
asymmetric vesicles to be bound to streptavidin agarose beads. *H-cholesterol was
introduced into the asymmetric vesicles by incubation with 1 mM *H-cholesterol donor
LUVs in the presence of 1 mM BCD at 37 °C followed by repeated washing to remove
unincorporated *H-cholesterol. The cholesterol transbilayer distribution was determined by

MCD mediated extraction, as described above.

Lipid Mass Spectrometry

Confirmation of outer leaflet lipid exchange in LUVs was performed by electrospray
ionization tandem mass spectrometry (ESI-MS/MS). Asymmetric LUVs were generated as
described above. The lipids were then extracted by the Bligh and Dyer method in the
presence of internal standards including 1,2-dieicosanoyl-sn-glycero-3-phosphocholine (PC),
N-heptadecanoy-sphingomyelin (SM), 1,2-ditetradecanoyl-sn-glycero-3-
phosphoethanolamine (PE), and 1,2-ditetradecanoyl-sn-glycero-3-phosphoserine (PS). Lipid
extracts from LUVs were then subjected to shotgun lipidomics in the negative ion mode
using neutral loss scanning (NLS) for 50 amu (for PC), NLS for 87 amu (for PS), and
product ion scanning for m/z 196 (for PE). Individual lipid molecular species were quantified
by comparing the ion intensity of individual molecular species to that of the lipid class

internal standard following corrections for type I and type II '*C isotope effects.

Asymmetric vesicle TMA-DPH anisotropy
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Fluorescence anisotropy measurements were performed using a Photon Technology
International fluorometer and FeliX software. We generated symmetric SM/cholesterol and
PC/PS/PE/cholesterol vesicles as described previously with the addition of 1 mol% TMA-
DPH (Cheng et al., 2009). To generated asymmetric vesicles, SM/cholesterol was
introduced into the outer leaflet of PC/PS/PE/cholesterol vesicles. During the asymmetry
procedure no TMA-DPH was present in the SM/cholesterol donor vesicles. Outer leaflet
TMA-DPH was then removed from PC/PS/PE/cholesterol vesicles during phospholipid
exchange resulting in only inner leaflet labeling of asymmetric vesicles. Anisotropy was
compared between symmetric, asymmetric and scrambled vesicles by excitation and
emission at 365 nm and 425 nm, respectively.

Giant unilamellar vesicles

Symmetric GUVs containing 0.05 % rhodamine-DPPE were created by depositing 2.5
puL of 330 uM lipids dissolved in chloroform:methanol (95:5) onto two 3 cm long platinum
wires positioned 3 mm apart (Juhasz et al., 2010). Detailed description of the GUV setup is
described in Appendix 2. Organic solvent was evaporated away under a stream of nitrogen
gas and then the wires were placed in a vacuum desiccator for at least 1 hour. The platinum
wire was then submerged into approximately 1 mL of 30 mM sucrose solution at 70 °C and
connected to a digital PM5193 programmable synthesizer/ function generator producing an
A/C sine wave at 10 Hz and 3 V for 90 minutes. For symmetric GUVs, the vesicles also
contained 0.1 % NBD-DPPE. For microscopy purposes, the sucrose encapsulated vesicles
were diluted into 30 mM glucose solution in order to settle the vesicles onto the bottom of a

microscope dish.

Asymmetric giant unilamellar vesicles

34



Symmetric GUVs were initially generated and converted into asymmetric GUVs by
outer leaflet lipid exchange by adapting a previously published protocol (Chiantia et al.,
2011). 5 mM cholesterol containing outer leaflet donor lipids plus 0.1 % NBD-DPPE were
dissolved in 30mM sucrose and incubated while vortexing for two hours at 55 °C in 60 mM
HPo-CD. DPPC/DOPC/Cholesterol (35:35:30) GUVs containing 0.05 % rhodamine-DPPE
were then incubated in 20 mM of the HPa-CD/ donor lipid complex at 70 °C for 30 minutes.
To remove excess donor lipid and HPa-CD, the samples were washed in 30 mM glucose by
passively filtering the sample through a membrane with 8 pm pores to collect purified

GUVs. The resulting asymmetric GUVs were then transferred to a microscope dish.

Microscopy

All fluorescence images of GUVs were generated on a Nikon TE2000-E inverted
fluorescent microscope with a 60x objective. Data was captured by 100-200 millisecond
exposure with a Photometrics Cascade 512B CCD camera and Metamorph software. GUV's
were found in the sample by searching the sample under low light conditions or by
Differential Interference Contrast microscopy to avoid photo-oxidation effects. Post-
acquisition editing was performed using ImageJ v1.43 software. FRAP analysis was
performed on live cells using an inverted Leica BMI6000B microscope with a Quorum

spinning-disk confocal system and Hamamatsu EM-CCD camera.

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching analysis was performed on live HeLa cells
transfected with shRNA targeting either CerS2 or a scramble control. Experiments were
conducted 48 hours after transfection using an inverted Leica BMI6000B microscope and

Quorum spinning-disk confocal system with temperature and humidified CO? regulation.
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Cells were imaged with a 40x oil objective using 490 nm or 561 nm lasers with FITC and
Texas-Red filter sets and captured with a Hamamatsu EM-CCD camera. Image acquisition
was performed using MetaMorph software. All photobleaching experiments were conducted
under identical conditions. An image sequence was acquired including 10-20 pre-bleach
images and a complete post-bleach sequence (>60 seconds) acquired at a frame rate of 3-5
images/sec. A 305 um? region of the plasma membrane was bleached with a 405 nm laser
and the recovery at the centre of the bleach region was monitored overtime with 100-200
millisecond exposure per frame. An unbleached region of the plasma membrane, as well as, a
background region was also monitored for each frame to normalize the recovery curves
(Trinkle-Mulcahy et al., 2007). For analysis of diffusion in the plasma membrane, diffusion
coefficients were determined using the diffuse program (described in Siggia et al. 2000),
using the time-series of post-bleach images as input and a pre-bleach image as a reference for

the cellular geometry (Ridsdale et al., 2006).

Cholesterol extraction from nucleated mammalian cells

HelLa cells were transfected with shRNA targeting either CerS2 or a scramble control
by Attractene transfection reagent (Qiagen). Experiments were performed 48 hours after
transfection. The cells were incubated with 1 uCi/mL *H-cholesterol supplemented into the
media overnight prior to the experiment. After overnight incubation, the cells were washed
with PBS 4 times to remove unincorporated *H-cholesterol and allowed to equilibrate for 5
hours in DMEM media supplemented with 10 % FBS. For outer leaflet cholesterol
extraction, the cells were pre-incubated at 0 °C for one hour, followed by changing the media
to 0 °C 10 mM MCD in DMEM or a DMEM negative control. After each time point, the

media was removed and centrifuged at 2000 x g for 10 minutes and the amount of *H-
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cholesterol in the supernatant was determined by scintillation counting. The adherent cells
were then washed 3 times with ice cold PBS and harvested by scraping the cells in
radioimmunoprecipitation assay buffer (RIPA) buffer. To determine total cell cholesterol
content, a portion of cell lysate was measured by scintillation counting. The relative amount
of outer leaflet cholesterol in the CerS2 knockdown and scramble control was then
normalized to the maximal value of the scramble control samples to account for individual

experimental variation.

Fluorescence resonance cnergy transfer

Fluorescence resonance energy transfer (FRET) was performed on HeLa cells co-
transfected with mCFP- and mYFP- GPI-APs. Images were acquired with a Nikon TE2000-
E inverted fluorescent microscope using a 60x objective. Data was captured a Cascade 512B
CCD camera (Photometrics) and MetaMorph software (Universal Imaging). To quantify the
crosstalk between CFP and YFP channels, cells were transfected with either mCFP or mYFP
plasmids and imagined identically as FRET experiments. This generates crosstalk factors
from CFP or YFP to the sensitized YFP channel, Gcrp or Gyrp. To measure the FRET, co-
transfected cells were imagined with a 3-cube system: CFPex/CFPem (Ickp), CFPex/YFPem (Is)

and YFPex/YFPen(Ivrp). The true FRET signal, IrrgT, was calculated as following:
Irrer= Is — Gerp X Icrp - Gyrp X Iyrp

FRET efficiency, E (%), was derived as below:
E (%) = Irrer/ (IrreT + Q* X Icrp) x 100

*Q is the ratio of sensitized emission, IgreT, to corresponding amount of
donor (CFP) recovery in CFPex/CFPen channel after YFP
photobleaching using co-transfected HeLa cells.
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The density of mCFP- and mYFP-GPI-AP in the HeLa cell PM was determined by
imaging purified mCFP and mYFP protein in solution under identical conditions as the
FRET experiments. Serial dilutions of the fluorescent proteins were imaged to produce a
standard curve for fluorescent intensity as a function of protein concentration. The imaging
volume was determined using the known pixel dimensions (xy) of the Cascade 512B CCD
camera and by placing the fluorescent protein solutions between coverslips separated by 50
um beads to standardize the focal depth (z). The standard curves for the soluble fluorescent
protein densities were then used to interpolate the mCFP- and mYFP-GPI-AP protein

densities from the FRET experiments.

The mCFP- and mYFP-GPI-APs expressing HeLa cells were treated with or without
50 uM myriocin and fumonisin B1 for 3 days to deplete the sphingolipids from the cells. The
night before microscopy experiments, the media was changed to serum free media to prevent
incorporation of exogenous lipids from the fatal bovine serum into the cells. In the morning,
a subset of the cells was incubated with either 16:0 SM or 24:0 SM/y-CD complex for 1 hour
at 37 °C. Microscopy experiments were performed at approximately 12 °C. Each treatment
was also accompanied by an additional dish treated with 0.2 % saponin for 30 minutes on ice
before microscopy experiments. This was to compare the FRET change before and after

depletion of cholesterol for each treatment.

FRET efficiency simulation

A Monte Carlo approach was used for simulations of density-dependent FRET using a
program written in Fortran 95 and compiled using gfortran/gcc running in the command line
interface of a computer running Mac OSX 10.8. The number of YFP and CFP molecules per

1000 nm X 1000 nm square were input. YFP and CFP molecules were assigned floating-
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point coordinates at random within a square patch of simulated membrane using the
Mersanne Twister pseudorandom number generator and units of nm. Molecules were not
allowed to fall within 2.4 nm of other molecules, as this is the diameter of the GFP cylinder.
Once molecules were placed, FRET efficiency (E) was calculated for each CFP to every YFP
within 50 nm of the CFP using the equation E =1/ (1 + (1/Ro)® where r is the distance
between the centers of the two molecules and Ry is 4.89 nm (Rizzo et al., 2006). At greater
than 50 nm, E <1 X 10, and FRET was not calculated for reasons of computational
efficiency. Cumulative FRET efficiency from a CFP was calculated from the cumulative
probability of FRET from this CFP molecule to all available YFPs.

1- 1_[ (1 — EYFPn)

YFPn

Total FRET efficiency was calculated as the mean efficiency of FRET from all CFPs
included in the simulation. As expected (Fung and Stryer, 1978), total FRET efficiency
depended only on the density of acceptor (YFP) included in the simulation and not on CFP

density.

Thin layver chromatography

To confirm thorough depletion of sphingolipids by the myriocin and fumonisin bl
treatment, as well as, to test the efficiency of sphingomyelin supplementation, thin layer
chromatography (TLC) was performed on lipid extracts from HeLa cells. After each
treatment, HeLa cells were trypsinized and washed in PBS, followed by lipid extraction
(Bligh and Dyer, 1959). Lipid extracts were loaded onto the TLC plate alongside purified
lipid standards to compare sphingolipid levels in all treatments. The lipids were resolved on
the plate by running in a chloroform/acetone/methanol/acetic acid/water (6:8:2:2:1) solvent
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system. The lipids were visualized by incubating the plate in a solution of 0.03 % coomassie
blue G, 30% methanol and 100 mM NacCl followed by destaining in 30% methanol and 100

mM NaCl. Sphingolipid content was quantified by densitometry using Image J software.

Statistical analysis

Statistical differences in cholesterol transbilayer distribution between different
asymmetric LUVs were determined by one-way ANOVA. Post hoc comparisons were
conducted relative to the mSM asymmetric sample with * indicating P<0.05, ** indicating
P<0.01 and *** indicating P<0.001. For comparisons of erythrocyte number with and
without cyclodextrin treatment, statistical differences were examined using an unpaired
Student’s #-test. Non-linear regressions were performed in Graphpad Prism 5.0 and fit using
the equation: Y=Top*(1-exp(-K*X)). Error bars throughout represent standard error of the

mean from 3 independent experiments.
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Chapter 3 - Development and use of the cholesterol transbilayer distribution assay

3.1 - Introduction

The mammalian cell PM is strictly asymmetric with distinct phospholipid and protein
composition in the inner (cytoplasmic) and outer leaflets. However, the cholesterol
transbilayer distribution is still highly debated (Devaux and Morris, 2004; Devaux and
Zachowski, 1994). The role of cholesterol in the PM is multifactorial. Classically, cholesterol
is a structural molecule in the PM that modulates membrane fluidity and, because of a lack of
a cell wall, also serves to control membrane permeability (Cooper, 1978). This view was
later greatly expanded in recent years, as cholesterol was discovered to be involved in
regulating protein-protein interactions and cell signalling events in the context of membrane
microdomains, or lipid rafts (Eisenberg et al., 2006; Kabouridis et al., 2000). The lipid raft
hypothesis proposes that cholesterol interacts with PM lipids, mainly sphingolipids, to form
ordered membrane domains (Lingwood and Simons, 2010). The preferential hydrogen-
bonding between cholesterol and the sphingolipid side chains is thought to enhance the
cholesterol-sphingolipid interaction. Since sphingolipids are exclusively in the outer leaflet
of the PM, cholesterol is assumed to also reside in the outer leaflet, although this has not yet

been established.

Early attempts to characterize cholesterol partitioning in the PM generated conflicting
results (Blau and Bittman, 1978; Fisher, 1976; Mondal et al., 2009). Using different
techniques by independent research groups, cholesterol has been suggested to be primarily in
the outer leaflet (Fisher, 1976), evenly distributed between leaflets (Blau and Bittman, 1978),
and also highly enriched in the inner leaflet (Mondal et al., 2009; Schroeder et al., 1991).

Furthermore, Leventis and Silvius et a/ used the rate of cholesterol efflux from model
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membrane vesicles of different lipid compositions and found that cholesterol exhibits the
highest affinity for saturated lipids over unsaturated lipids and a slight preference for
sphingolipids compared to glycerophospholipids (Leventis and Silvius, 2001). Since the PM
outer leaflet contains sphingolipids exclusively in the outer leaflet, these data suggested that
cholesterol-lipid interactions may cause cholesterol to be localized in the outer leaflet as a
result. Moreover, a high concentration of cholesterol in the outer leaflet could support the
lipid raft hypothesis by increasing the propensity for cholesterol to interact with
sphingolipids and outer leaflet PM proteins and, therefore, support protein-protein
interactions in ordered membrane domains. Once again, however, this assumption has not
been supported by direct experimental evidence. We, therefore, aimed to develop a novel
strategy to define the cholesterol transbilayer distribution in live mammalian cells. The
strategy developed here is to distinguish and quantify cholesterol in each leaflet of a bilayer
without the transbilayer movement of cholesterol. Once flip-flop is stopped, cholesterol in
the outer leaflet of a bilayer membrane can be quantitatively extracted or exchanged, using

cholesterol chelating agents, such as cyclodextrin.

Cyclodextrins are polymers of glucose molecules (dextrin) that are arranged in a ring
structure. There are three classes of cyclodextrins, a, f and y that have 6, 7 or 8 glucose
molecules in the ring, respectively (Zsadon et al., 1978). Although cyclodextrins are water
soluble, the centre of the ring is non-polar and has been shown to bind hydrophobic
compounds (Christian et al., 1999; Huang and London, 2013; Kilsdonk et al., 1995). As a
result, each class of cyclodextrin has a uniquely sized pore that displays affinity for different
molecules (Leventis and Silvius, 2001). The B-cyclodextrins (BCD) bind cholesterol with

high affinity and specificity (Leventis and Silvius, 2001). Molecular dynamic simulations
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have demonstrated that two molecules of BCD can surround one molecule of cholesterol to
solubilize cholesterol in aqueous media by shielding the hydrophobic region (Lopez et al.,
2011). The a-cyclodextrins (aCD) on the other hand, have a smaller pore size, which does
not accommodate cholesterol but has been shown to bind phospholipids (Lin and London,
2014). The y-cyclodextrins (yCD) can also bind phospholipids and are particularly useful for
binding lipids with long acyl chains (Raghupathy et al., 2015). Cyclodextrins can also be
hydroxylated, methylated or hydroxypropylated around the ring, which alters their binding
affinity for the target compounds. The experiments described in this work primarily utilized
hydroxy-BCD, generally referred to simply as BCD, and methyl-3CD (MCD). Although both
BCD and MCD bind cholesterol, they exhibit different binding affinities that can be exploited
for specific applications. Since BCD binds cholesterol with lower affinity than MCD
(Leventis and Silvius, 2001), BCD is preferable as a means to donate cholesterol to a
membrane or to exchange cholesterol between adjacent membranes. MCD binds cholesterol
with higher affinity and is more effective at sequestering cholesterol out of a membrane into
the aqueous media with a reduced capacity to donate cholesterol back to the membrane. This
distinction led us to develop a system to characterize the cholesterol transbilayer distribution
using MCD. MCD is a membrane impermeable compound, which could enable selective
outer leaflet cholesterol extraction from a bilayer. Additionally, cyclodextrins have been
shown to be effective at extracting cholesterol at low temperature, which supports the
plausibility of this approach (Ohvo and Slotte, 1996). By using MCD when cholesterol flip-
flop 1s stopped, we could extract and quantify the amount of cholesterol in the outer leaflet

relative to the total cholesterol to determine the percent of cholesterol in each leaflet.
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Using MCD as a strategy to determine the cholesterol transbilayer distribution,
however, initially presents a series of conceptual and technical challenges. Before directly
attempting to selectively extract outer leaflet cholesterol from the mammalian cell PM, a
series of control experiments and proof-of-concept experiments were performed to ensure

that the system is reliable. Some of the foreseeable challenges include:

(1) Cholesterol rapidly flips spontaneously between the inner and outer leaflet, therefore, as
cyclodextrin is extracting the outer leaflet cholesterol, the inner leaflet pool will migrate

outwards and cause the extraction of cholesterol from both leaflets.

(2) Since cholesterol is approximately 30 % of the PM lipid, therefore, extracting a

substantial percentage of the PM could compromise the PM integrity causing cell lysis.

(3) Although the majority of the mammalian cell cholesterol is in the PM, cholesterol is also
present in other intracellular pools, which would need to be strictly distinguished from the

PM pool.

We chose to address many of the technical challenges and the proof-of-concept
experiments by first developing the protocol in a simplified model membrane system.
Control experiments were initially carried out using artificial bilayer membrane vesicles,
known as large unilamellar vesicles (LUV). These experiments involve generating vesicles,
also referred to as liposomes, using commercially acquired pure lipids. We can then
construct bilayer membranes with a defined size and composition and use these vesicles to
determine if MCD can feasibly extract outer leaflet cholesterol. Since phospholipids in
aqueous solution spontaneously form a bilayer, the LUV that we used are symmetric

membranes with the lipids distributed uniformly both laterally and transversely.
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Furthermore, the curvature of LUVs that are100 nm, or greater in size, has previously been
shown to be negligible (Nordlund et al., 1981). Under these conditions, the compositions of
the two LUV leaflets should be identical. As such, 50% cholesterol will be present in each

leaflet.

3.2 - Results

3.2.1 - Proof-of-concept experiments — producing 100 nm LUVs

A lipid mixture can be extruded repeatedly through filters with a defined pore size to
form vesicles with single bilayer (unilamellar) that are uniform in size (MacDonald et al.,
1991). When phospholipids are initially mixed in solution, various membrane structures of
different sizes can form, mostly multilamellar vesicles. Dynamic light scattering (DLS), a
cuvette-based technique, is particularly useful for determining LUV size because the vesicles
are below conventional optical resolution (Egelhaaf et al., 1996). As described in the
methods section, DLS showed that after freeze/thawing a lipid sample followed by extrusion
of the vesicles through the mini-extruder system by Avanti Polar Lipids (MacDonald et al.,

1991), LUVs were produced, which were uniform and 100 nm in size (Figure 1A).

To verify if LUVs produced above are unilamellar, we performed an assay to
quantify the transbilayer distribution of aminophospholipids using TNBS, which was
originally used to determine that PE and PS were localized to the inner leaflet of the
mammalian cell PM (Bretscher, 1972a). TNBS reacts with the amino groups on the
phospholipids to produce an orange colour that can be quantified by spectrophotometer. If
the vesicles are unilamellar and at least 100 nm in size (i.e. negligible differences in surface
area between the two leaflets), TNBS should react with 50% of the PE and PS. However, if

the vesicles are multilamellar, there will be a portion of the lipid that is encapsulated within
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Figure 1 — Extrusion of multilamellar vesicle samples through a membrane with 100
nm pores results in a uniform population of unilamellar vesicles. A) Size distribution of a
vesicle population after extrusion through 100 nm membrane. Heterogeneous population of
lipid vesicles were passed through a membrane containing 100 nm pores at least 15 times to
produce a uniform size population. B) Extruded vesicles containing aminophospholipids PE
and PS were incubated with membrane impermeable trinitrobenzene sulphonic acid (TNBS).
Only outer leaflet PE and PS will react with TNBS to produce an orange colour. The amount
of reactive lipid in intact vesicles was determined by reading absorbance at 410 nm
compared with TNBS reactive lipid from TX-100 solubilized LUVs (100%). TNBS modified
50% of the vesicle aminophospholipids, demonstrating that PE and PS are equally distributed
between leaflets and that the LUVs are unilamellar.
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outermost surface vesicle that will not be accessible to react with TNBS. Therefore, a result
of less than 50% PE and PS reacted would be indicative of multilamellar vesicles. The TNBS
assay was performed on extruded vesicles composed of PC/PS/PE (1:1:1). The results
showed that 50 % of the lipids reacted with TNBS, demonstrating the vesicles are

unilamellar (Figure 1B).

We next aimed to determine if cyclodextrin treatment would compromise membrane
integrity. The removal of lipid from a bilayer by MCD could rupture the vesicles or create
pores in the membrane. To address this issue, we began with LUVs containing trace amount
of cholesterol (0.0001 %). With the low cholesterol content, the LUVs could remain intact
even if all the cholesterol extracted by MCD. To test this, LUVs with trace cholesterol were
generated with encapsulated Cy3-tranferrin. If the LUVs remain intact, then the fluorescent
transferrin should remain encapsulated and not be released into the supernatant. The LUVs
were incubated with 5 mM MCD for 30 minutes and the amount of Cy3 present in the
supernatant was monitored. We found no increase in fluorescence in the supernatant after the
MCD treatment, compared to non-treated LUVs. As a positive control, 1 % TX-100 was
added at the end, which lysed the vesicles and caused a dramatic increase in the supernatant
fluorescence (Figure 2). Thus, for the concentration of MCD used in this study and when
cholesterol is a minor component of the membrane, MCD does not compromise the

membrane integrity.

3.2.2 - Temperature regulation of cholesterol flip-flop

The major foreseeable challenge in using MCD to extract and quantify the cholesterol
transbilayer distribution comes from the rapid transverse movement of cholesterol across the

bilayer (Lange et al., 1981). As described in section 3.1, our approach to address this issue

48



Liposome integrity assay:
Cy3-Transferrin encapsulation

2100000+ .
= — 2% Triton X-100
E 000 — PBS
9 5mM MCD (T=0)
c
g — 5mM MCD (T=30min)
® 50000+
Q
o
3
L 25000+
[«}]
2
© e
& D.ﬁ_ r - e E—— e —
560 570 580 590 600
Wavelength (nm)
100+

S,
O --a- 75‘

=

(=]
25
S 50
29

7}
©

(0
2 25+
w

0_ ] | | | |

1% Triton PBS MCD

49



Figure 2 — Large unilamellar vesicles remain intact during the cyclodextrin treatment.
A) LUVs composed of POPE/POPS/POPC (1:1:1), plus 1 % biotinyl-PE were generated in
the presence of Cy3-transferrin. The vesicles were then bound to streptavidin coated agarose
beads and washed multiple times by brief centrifugation to remove un-encapsulated Cy3-
transferrin. The Cy3-transferrin containing vesicles were then treated with PBS, MCD (5
mM) or dissolved with 1% TX-100. The amount of Cy3 released into the media after 30
minute treatment was quantified by fluorescence spectroscopy. MCD treatment did not
cause Cy3 leakage and thus did not affect LUV structural integrity. B) Quantification of Cy3
release from unilamellar vesicles after PBS or MCD treatment relative to the triton X-100
sample. Values were determined by comparing the peak maximum of each curve.
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was to prevent the transbilayer movement of cholesterol by lowering temperature. We
proposed that if cholesterol flip-flop is prevented at low temperature, MCD would only have
access to the cholesterol present in the outer leaflet. For the LUVs produced above, MCD
would maximally extract 50 % of the cholesterol from the bilayer under this non-flip-
flopping condition. However, at temperatures that allow flip-flopping, regardless of the
steady state cholesterol partitioning, 100 % cholesterol should be accessible to MCD due to

inner leaflet cholesterol flipping outward.

We began to test effect of temperature on cholesterol flip-flop using LUV's composed
of PC/PS/PE (1:1:1) that contained only a trace amount of radiolabelled (*H) cholesterol (100
pmol of *H-cholesterol per mM phospholipid). A detailed description of the cholesterol
transbilayer distribution assay can be found in Appendix 1. Briefly, *H-cholesterol
containing LUV were generated with 1% biotinylated PE. This allows the vesicles to be
attached to streptavidin coated agarose beads, which facilitates isolation of the vesicles from
the aqueous supernatant by short low-speed centrifugation. LUV are incubated with MCD
over time and then separated from supernatant to quantify the percentage of cholesterol

extracted by MCD, relative to total cholesterol (lysed LUVs).

Initially, the system did not appear to work. We were consistently extracting more
than 50 %, but less than 100% cholesterol from the symmetric LUVs at 0 °C (Figure 3A).
After trial and error, it was discovered that picking up the samples by hand to open the tubes
was sufficient to warm the sample and temporarily activate flip-flop. To overcome this issue,
the temperature was more stringently monitored and all sample manipulations were
performed with pre-cooled utensils instead of by hand (Figure 3B). After optimizing the

protocol, we found that in symmetric LUV at 0 °C the cholesterol extraction consistently
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Figure 3 — The cholesterol extraction assay is sensitive to temperature. A) Cholesterol
extraction from large unilamellar vesicles by MCD under sub-optimal experimental
conditions. During optimization, cholesterol extraction from unilamellar vesicles on ice was
consistently greater than 50 %, which suggested that cholesterol was still mobile in the
membrane. B) Bar graph depicting the cholesterol extraction plateau value from a time
course experiment. Further optimization determined that temperature must be very
stringently controlled. Manipulation of samples by hand during the experiment causes an
increase in cholesterol extraction (black bar) due to inadvertent warming of the sample and
subsequent re-initiation of cholesterol flip-flop. If the experiment is performed with cooled
utensils (grey bar), cholesterol flip-flop is prevented. Statistical significance was determined
by T-test after 3 independent experiments.
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reach a plateau at approximately 50 % (Figure 4). At 37 °C, when cholesterol is actively
flip-flopping, the cholesterol extraction reached nearly 100 % (Figure 4). We also used other
symmetric LUVs with different phospholipid compositions and consistently found that the
cholesterol extraction reached a plateau at 50 % at 0 °C (Figure 5). Together, these results

show that lowering temperature to 0 °C is sufficient to prevent cholesterol flip-flop.

3.2.3 - Cholesterol exchange from membranes with physiological cholesterol content

Knowing that lowering temperature to at 0 °C can prevent the transbilayer movement
of cholesterol, we developed a similar protocol to assay cholesterol in LUVs with
physiologically relevant cholesterol content (30 %). We anticipated that using MCD to
directly extract outer leaflet cholesterol from a mammalian cell or a membrane with a high
concentration of cholesterol could be problematic as a result of removing a substantial
portion of the membrane lipids. To address this issue, a modified protocol was necessary to
remove outer leaflet cholesterol without causing structural damage to the membrane. We
developed an assay where *H-cholesterol can be removed from a membrane by exchange
with unlabelled cholesterol (no net loss of cholesterol) (Figure 6A). Similar membrane
exchange systems have been used previously in other contexts (Leventis and Silvius, 2001).
However, to our knowledge, this is the first attempt to use this strategy to quantify the
cholesterol partitioning. This assay involves incubating two populations of LUVs together:
donor LUVs with *H-cholesterol and 100-fold excess acceptor LUVs with unlabelled
cholesterol. Cholesterol is exchanged between the LUV by using a low concentration of
BCD as a shuttle. Since both populations of LUVs contain equal concentrations of
cholesterol, there is no net loss of cholesterol. The outer leaflet *H-cholesterol from donor

LUVs would exchange with non-radiolabelled cholesterol from the acceptor LUV,

54



<

37°C

0
i U'C;

x
I

1

I

h 4

o n
o M~

—

5

(%) uonoe.x3 |os8}saloyd-H,

Time (minutes)

-.
- 0
- -5

(%) uonoenxa |013)s3|0Yd-H,

Time (minutes)

Slope=-3.787

4.0

3.8

3.6

34

3.2

3.0

In 1/T x 10°

55



Figure 4 — Cholesterol is evenly distributed in symmetric large unilamellar vesicles. A)
Symmetric POPC/POPS/POPE (1:1:1) LUVs containing trace cholesterol were incubated in
5 mM MCD over time. MCD was able to extract 100% cholesterol at 37 °C, but at 0 °C, only
50% cholesterol is removable. Error bars represent standard error of the mean from at least 3
independent experiments. B) Comparison of cholesterol extraction by 5 mM MCD from
symmetric POPC/POPS/POPE (1:1:1) LUVs at various temperatures over time. C) Plot of
the slopes (k) of the initial linear region of the cholesterol extraction curves from (B) as a
function of temperature (kelvins). The slope of this curve was used to calculate the activation
energy for cholesterol extraction from POPC/POPS/POPE (1:1:1) LUVs using the Arrhenius
equation (k=Ea/8.3145 J K'mol"). Activation energy was determined to be 31.485 KJ/mol
(7.6 kcal/mol) for this system.
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Figure 5 — Cholesterol is evenly distributed between inner and outer leaflets of
symmetric large unilamellar vesicles, regardless of phospholipid composition.
Symmetric LUVs of 16:0 SM (A), 18:0 SM (B) and 24:0 SM (C) were treated with MCD (5
mM) at 0 °C overtime. MCD was only able to remove 50% cholesterol, which suggests
cholesterol is evenly distributed between bilayer leaflets and the 50% cholesterol extraction
plateau at 0 °C is independent of lipid composition. Error bars represent standard error of the
mean from 3 independent experiments.
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Figure 6 — Cholesterol extraction from membranes with a high concentration of
cholesterol can be achieved by intermembrane exchange using B-cyclodextrin as a
sterol shuttle. A) Pictogram of intermembrane cholesterol exchange, facilitated by BCD as
shuttle, between donor and acceptor membrane with 30 % cholesterol. *H-Cholesterol is
transferred from the donor membrane to acceptor membrane (100-fold excess) by BCD and
replaced with unlabelled cholesterol. During exchange, the cholesterol content in the donor
and acceptor membranes remains unchanged. B) *H-cholesterol labeled LUVs containing
30% cholesterol (donor) were attached to streptavidin coated agarose beads and incubated
with 100-fold unlabeled but identical LUVs (acceptor), or CD or acceptor plus BCD for 2 h
at 37 °C. After the exchange, the bead-bound donor vesicles were pelleted by brief
centrifugation and the *H-cholesterol in the medium was quantified. Some of the wells were
directly lysed with 1% TX-100 (donor + TX100) as input control (100%). As shown above,
neither acceptor nor BCD alone could significantly exchange cholesterol with donor LUVs.
Only when both acceptor and BCD were present, could donor LUVs completely exchange
3H-cholesterol (100%) at 37 °C.
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which will eventually reach equilibrium. Given that the acceptor LUVs are 100-fold excess
of the donor, 99 % of the *H-cholesterol from the donor should be transferred to the
acceptors when cholesterol flip-flop is active. Once completed, the donor LUVs, attached to
agarose beads, and the acceptor LUVs are separated by centrifugation and the amount of *H-
cholesterol transferred to the acceptor LUVs (in supernatant) is quantified. This protocol was
able to maintain membrane integrity and enables us to analyze LUVs with high cholesterol

contents.

We first tested this exchange protocol using 100 nm symmetric LUV that contained
30 % cholesterol. We used a range of donor/acceptor ratios in combination with different
concentrations of BCD to establish the lowest possible concentration of BCD, capable of
completely exchanging the *H-cholesterol within a reasonable timeframe. For example, as
cholesterol is not soluble in the aqueous solution, BCD is necessary as a shuttle for inter-
membrane cholesterol exchange. When considering the total available cholesterol (Figure
6B, first bar), we observed negligible exchange of cholesterol between populations in the
absence of BCD (Figure 6B, second bar). Furthermore, in the absence of the lipid acceptor,
BCD has limited capacity to retain cholesterol in the supernatant (Figure 6B, third bar).
Thus, the complete system requires the donor, acceptor and BCD to shuttle cholesterol
between membranes (Figure 6B, fourth bar). Also, 100-fold excess acceptor was necessary
and sufficient to transfer essentially all the *H-cholesterol from the donor to the acceptor.
Furthermore, we were able to conclude that I mM BCD was effective at exchanging the

cholesterol between two LUV populations.

We next aimed to determine if low temperature can prevent cholesterol flip-flop in

LUVs with high cholesterol content. The LUVs were composed of POPC/POPS/POPE
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(1:1:1) with 30 % cholesterol. Again, the donor LUVs also received 100 pmol *H-cholesterol
in addition to the 30 % unlabelled cholesterol. The 100-fold excess acceptor LUVs were
identical to the donor, except without *H-cholesterol. To initiate the cholesterol exchange,
the BCD was first mixed with the acceptor to pre-load the BCD with unlabelled cholesterol,
followed by mixing the BCD/acceptor solution with the donor LUVs. A time course was then
carried out by determining the percent of cholesterol exchanged from the donor to acceptor
LUVs over time. Similar to Figure 4, the amount of *H-cholesterol exchanged was
determined relative to total *H-cholesterol (parallel samples lysed by TX-100 to release all
cholesterol into the supernatant). The results confirmed that BCD efficiently exchanges
nearly all the *H-cholesterol from the donor to the acceptor at 37 °C (Figure 7). At 0 °C,
however, the cholesterol exchange reached a plateau at 50 % (Figure 7). Thus, agreeing with
our previous result (Figure 4) that cholesterol flip-flop is prevented at 0 °C and that the
exchange protocol is a valid system to quantify the cholesterol in the outer leaflet of LUVs

with 30% cholesterol.

3.2.4 - Cholesterol transbilayer distribution in mammalian cells

So far, we validated that lowering temperature to 0 °C can prevent cholesterol flip-
flop, and enable the quantification of outer leaflet cholesterol from LUVs (Figure 7). We
next applied this exchange protocol to quantify cholesterol partitioning in the mammalian
cell PM. As stated above, most mammalian cells have intracellular membrane compartments
that contain cholesterol, such as the ER, Golgi and endosomes (laea and Maxfield, 2015).

This presents a challenge to distinguish the cholesterol specifically present in the PM, apart
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Figure 7 — Cholesterol is evenly distributed in symmetric large unilamellar vesicles with
physiologically relevant cholesterol content. Cholesterol is exchanged between *H-
cholesterol labelled donor vesicles and unlabelled, 100-fold excess acceptor vesicles at 0 °C
and 37 °C by 1mM BCD. The amount of *H-cholesterol transferred to the acceptor vesicles
was monitored overtime and quantified by scintillation counting. In symmetric
POPE/POPS/POPC (1:1:1) LUVs containing 30% cholesterol, intermembrane exchange
facilitates complete transfer of cholesterol from donor to acceptor membranes at 37 °C. At 0
°C, cholesterol flip-flop is prevented and only outer leaflet cholesterol is exchanged. Error
bars represent the standard error of the mean from 3 independent experiments.
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from the cholesterol from other internal organelles. The intracellular cholesterol pools are

problematic for two reasons:

(1) Although the amount of cholesterol present in the outer leaflet of a mammalian cell could
be quantified using the established protocol above, the intracellular cholesterol pools prevent

us from accurately determining the total cholesterol in the PM.

(2) Although the protocol developed above could effectively control cholesterol flip-flop, it
does not necessarily prevent diffusion or exchange of cholesterol between intracellular
organelles including between PM and other intracellular membrane, which could act to re-

supply the PM with intracellular cholesterol during cholesterol exchange at both 0 and 37 °C.

Historically, this issue was avoided simply by selecting a cell type that lacks internal
membranous organelles. As such, much of the original work characterizing the mammalian
cell PM came from studies of the human erythrocyte (Kahlenberg et al., 1974). Unlike most
other cell types in mammals, mature erythrocytes are anucleate and do not have cholesterol
containing intracellular organelles (Zhang et al., 2011). Erythrocytes are produced from
hemocytoblast stem cells in the bone marrow that can differentiate into multiple cell types,
such as monocytes, T-cells and B-cells. Prior to release into the circulatory system as an
immature reticulocyte, the erythrocyte progenitor cells extrude the nucleus from the cell and
release or degrade the intracellular organelles (Ji et al., 2008). The mature erythrocyte,
therefore, becomes an ideal candidate cell type for characterizing the PM without the

complications of other membrane compartments.

We thus chose to apply our exchange protocol to characterize cholesterol between

leaflets in human erythrocytes. Erythrocytes were isolated from the whole blood of healthy
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donors and used within one day of isolation. The method was analogous to the LUV
cholesterol exchange protocol. Specifically, one population of erythrocytes are labelled with
3H-cholesterol, biotinylated and attached to streptavidin coated dishes. The cells are then
incubated with 100-fold excess unlabelled erythrocytes in the presence of BCD as a
cholesterol shuttle. The cholesterol exchange proceeds until equilibrium when the exchange
of cholesterol from the donor to the acceptor membrane reaches a plateau. We expected that
100% cholesterol could be exchangeable at 37 °C. However, when temperature is lowered to
the non-flip-flopping condition, i.e. 0°C, we would expect maximally 50 % cholesterol
exchanged, if cholesterol is evenly partitioned in each leaflet. Any diversion from 50%

would indicate an asymmetry between leaflets.

The cholesterol exchange from human erythrocytes was first performed at 37 °C. We
found that the transfer of *H cholesterol from donor to acceptor cells was approximately 100
% (Figure 8). This supports the feasibility of the protocol and confirms that the 100-fold
excess acceptor erythrocytes have sufficient capacity to exchange essentially all the *H-
cholesterol from the donor cells within our experiment time frame. We then performed the
identical assay at 0 °C. Remarkably, in contrast to the LUV experiments at 0 °C (Figure 7),
we found that the *H-cholesterol exchange reached a plateau at 20-25 % (Figure 8). This
suggests that cholesterol flip-flop was prevented by lowering temperature. Furthermore, the
cholesterol exchange plateau suggests that only 20-25 % of the cholesterol is in the outer
leaflet and that the majority of cholesterol (75-80%) is present in the inner leaflet of the

erythrocyte PM.
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Figure 8 — Cholesterol is primarily in the inner leaflet of human erythrocyte plasma
membrane. A) Cholesterol is exchanged between H-cholesterol labelled erythrocytes and
unlabelled, 100-fold excess erythrocytes at 0 °C and 37 °C by 1mM BCD. Labelled donor
and unlabelled acceptor erythrocytes are combined with BCD and the amount of *H-
cholesterol transferred to the acceptor cells was quantified by scintillation counting. Only
approximately 20% *H-cholesterol was exchangeable from donor to acceptor cells at 0 °C,
showing that cholesterol is primarily in the cytoplasmic leaflet. At 37 °C, 100% of the
cholesterol is transferred from donor to acceptor cells. B) To confirm that cyclodextrin
treatment did not cause significant cell lysis during membrane exchange, erythrocytes were
treated with cyclodextrin or PBS overnight at 0 °C and the total number of cells was
determined by haemocytometer.
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3.3 - Conclusion

Here, we developed, validated and implemented a novel strategy to characterize the
cholesterol distribution between bilayer leaflets of the mammalian cell PM. We provide the
first evidence that the majority of the cholesterol (75-80%) is in the cytoplasmic leaflet of the
PM. Previous attempts to determine the cholesterol distribution were either prone to artifact
or indirect. Most recent studies, using fluorescent sterols that are structural analogues of
native cholesterol, suggested that cholesterol is likely enriched in the cytoplasmic leaflet of
the PM (Mondal et al., 2009; Schroeder et al., 1991). However, these results were not
sufficiently convincing since fluorescent sterol analogues may not faithfully mimic the native
cholesterol distribution. For example, the rate of cholesterol efflux is slower than
dehydroergosterol (Ohvo and Slotte, 1996; Ohvo-Rekili et al., 2000). Furthermore, minor
modifications to the native cholesterol structure, such as the retention of a single extra double
bond in the sterol ring structure, can have severe pathological consequences and cause
Smith—Lemli—Opitz syndrome (Thurm et al., 2016). Our protocol quantified cholesterol

directly, thereby avoiding uncertainties associated with fluorescent sterol analogues.

To our best knowledge, this is the first attempt to quantify native cholesterol
partitioning by stopping the flip-flop of cholesterol between leaflets of a bilayer membrane.
By preventing cholesterol flip-flop, we could analyze cholesterol in a leaflet specific fashion.
We first confirmed that lowering temperature to 0 °C could prevent the transbilayer
movement of cholesterol. When cholesterol flip-flop was inhibited, cyclodextrin is then
capable of selectively extracting outer leaflet cholesterol, allowing the quantification of
cholesterol in the outer leaflet, relative to the total membrane cholesterol. With the protocol

further optimized to LUVs containing 30% cholesterol, we analyzed cholesterol in the
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erythrocyte PM and found that cholesterol is primarily located in the cytoplasmic leaflet. To
our knowledge, this is the first study to establish native cholesterol asymmetry in the

mammalian PM.

Although erythrocytes are a common model cell for PM studies, it remains to be
determined if a similar cholesterol transbilayer distribution is found in other or all
mammalian cells. We exclusively tested erythrocytes as the mammalian cell model, due to
technical limits mentioned above, yet it is possible that other cell types could generate
different results. However, both Schroeder (1991) and Mondal (2009) independently
observed the enrichment of fluorescent sterols into the inner leaflet of erythrocytes and
epithelial cells, respectively. It is conceivable that the enrichment of native cholesterol into
the inner leaflet may not be unique to erythrocytes. Further technical development would be

required to ascertain if the erythrocyte results can be generalized to other cell types.

In addition, we believe that cholesterol asymmetry should be considered within the
context of the lipid raft hypothesis. Typically, lipid rafts are considered to originate by
interaction of lipids, particularly cholesterol and sphingolipid, in the outer leaflet. If
cholesterol, one of the major components of a classical lipid raft, is primarily located in the
inner leaflet, the lipid raft organization and assembly needs to be better elucidated. Our next

objectives are to uncover and characterize how cholesterol asymmetry is maintained.
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Chapter 4 - Asymmetric large unilamellar vesicles

4.1 - Introduction

The plasma membrane has long been known to have phospholipid asymmetry
between bilayer leaflets (Bretsche, 1972b). Since we detected cholesterol asymmetry in the
plasma membrane above (Figure 8), we wondered whether phospholipid asymmetry
regulated cholesterol partitioning. We thus next focused on the development and
characterization of LUVs with an asymmetric phospholipid distribution between the inner

and outer leaflet to examine how this would influence cholesterol partitioning.

It is known that cholesterol has different affinity for different phospholipids including
sphingomyelin (Leventis and Silvius, 2001). In mammalian cells, SM and PC are primarily
in the outer leaflet, whereas PE and PS are localized to the cytoplasmic leaflet of the PM
(Devaux and Morris, 2004). Since the PM phospholipids are asymmetrically distributed
between leaflets and that cholesterol can flip rapidly between leaflets, it has previously been
postulated that, at steady state, the distribution of cholesterol could be a consequence of
chemical potential for each leaflet (Yesylevskyy and Demchenko, 2012). Conventionally,
cholesterol is considered to have the highest affinity for lipids with long, saturated acyl
chains compared to shorter and/or unsaturated chains. Of all the lipids, cholesterol is thought
to prefer sphingolipids in the outer leaflet, due to the long and saturated acyl chains.
Sphingolipids also have a nitrogen atom in the sphingoid backbone that can engage in
hydrogen bonding with cholesterol (Ohvo-Rekila et al., 2002; Ramstedt and Slotte, 1999).
Unfortunately, much of the evidence of cholesterol interaction with different lipids has come
from symmetric membranes and also mostly with lipids that have 16 or 18 carbon acyl

chains. In mammalian cells, sphingolipids have primarily very long acyl chains (24 carbons)
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that are exclusively in the outer leaflet. Therefore, it remains to be determined if the
biophysical principles generated by symmetric model membranes and also shorter acyl chain
sphingolipids are relevant to asymmetric membranes with very long acyl chain sphingolipids

that resembles the PM.

There have been both theoretical and experimental attempts to better understand how
asymmetry influences membrane dynamics. A theoretical strategy to examine the cholesterol
transbilayer distribution is to employ molecular dynamics (MD) simulations of asymmetric
membranes. MD simulations have been used to characterize cholesterol flip-flop rates, as
well as, principles of membrane domain assembly. It is only recently that MD simulations
have begun to use asymmetric membranes to better understand cholesterol dynamics
(Yesylevskyy and Demchenko, 2012). By simulating membranes with different lipid head
groups and acyl chain lengths or degree of saturation between bilayer leaflets, the influence
of the membrane lipid environment on cholesterol partitioning can be determined.
Yesylevskyy et al addressed the question of how cholesterol is organized in an asymmetric
membrane from a unique perspective. It was noted that in addition to differences in lipid
head groups between bilayer leaflets, the presence of anionic PS and PI in the inner leaflet of
the PM also generates a difference in charge. It was hypothesized that because of the charge,
anionic lipids in the inner leaflet are mutually repulsive, which could create space in the
membrane by altering the lipid packing density and allow cholesterol to intercalate more
efficiently between the lipids. Coarse grain simulations of asymmetric membranes were
carried out to examine factors that could shift the cholesterol distribution between bilayer
leaflets. The results of these asymmetric membrane simulations found that, at equilibrium,

cholesterol showed a preference for saturated lipids over unsaturated lipids, as previously
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shown. Most interestingly, these studies found that cholesterol displayed a greater preference
for anionic lipids over neutral lipids suggesting that charged lipids could act as a mechanism
to enrich cholesterol in the inner leaflet (Yesylevskyy and Demchenko, 2012). This effect

would otherwise be overlooked in a symmetric membrane system.

Another theoretical example of how lipid head group could favour cholesterol in the
inner leaflet came from examining inner leaflet PE (Giang and Schick, 2014), a prominent
inner leaflet lipid. When compared to the neutral phospho-choline containing lipids in the
outer leaflet, the PE head group is small. From a structural perspective, a saturated PC has an
even width between the head group and acyl chain (cylindrical) (Figure 9A) that will
spontaneously assemble into a bilayer in aqueous solution (Dekruijff et al., 1980). PE on the
other hand, is considered to have a head group that is smaller than the acyl chain, producing
a cone-like structure (Figure 9B). Giang and Schick noted that a high concentration of cone-
like PE in one leaflet of an asymmetric membrane would create a disparity in curvature
(Giang and Schick, 2014). The small lipid head group gives PE spontaneous curvature that
does not favour a bilayer and instead can result in an inverted micelle or a more complex
inverted hexagonal arrangement (Figure 9B). Therefore, if one leaflet of a bilayer contains
mostly cylindrical lipids and the other leaflet is primarily cone shaped lipids, the membrane
could be unstable. It was proposed that an asymmetric cholesterol distribution could
counterbalance the curvature problem by intercalating with the PE and flatten the membrane.
This hypothesis seemed to support the enrichment of cholesterol into the inner leaflet of the

PM.

In addition to the theoretical studies of asymmetric membranes, there have been some

recent in vitro studies on asymmetric membrane bilayer. Serendipitously, London and
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Figure 9 — Phospholipid structure determines how lipids pack together in a membrane.
A) When a lipid, such as phosphatidylcholine (PC), has a head group with a similar width as
the acyl chains, the lipid is considered cylindrical. Cylindrical lipids pack together laterally
and spontaneously arrange into a bilayer by segregation of hydrophobic and hydrophilic
components. B) Lipids with head groups that are smaller than the dimension of the acyl
chain result in an overall conical structure. When arranging conical lipids together, the
difference in size alters the curvature of the arrangement and inverted micelles are formed,
which can also arrange into more complex hexagonal aggregations.
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colleagues reported a method to generate LUVs with an asymmetric phospholipid
distribution (Lin and London, 2014). This development enabled us to experimentally
generate asymmetric LUVs with various phospholipid compositions to test how phospholipid
asymmetry would influence cholesterol partitioning. Briefly, the protocol begins with
generating two LUV populations of different compositions, followed by the exchange of the
outer leaflet lipids between populations (Lin and London, 2014). The donor and acceptor
LUVs were made with different concentrations of sucrose in the lumen, which enables the
separation from each other by density centrifugation after outer leaflet exchange. As such,
this newly published protocol allows us to generate asymmetric LUVs with defined inner and
outer leaflet lipid compositions. Combined with our cholesterol extraction protocol discussed
above, we can now characterize how lipid composition affects the cholesterol partition in an

asymmetric membrane.

Another method of constructing asymmetric membranes, published around the same
time, required specialized, custom built equipment that was inaccessible to us (Richmond et
al., 2011). The London strategy, on the other hand, was a straightforward approach that could
be performed using conventional laboratory equipment. Several articles were published by
London and colleagues in quick succession, further improving the preparation and defining
the biophysical properties of asymmetric membrane vesicles (Cheng and London, 2011;
Cheng et al., 2009; Chiantia and London, 2012; Chiantia et al., 2011; Huang and London,
2013; Lin and London, 2014; Lin and London, 2015; Pathak and London, 2015; Son and
London, 2013a, b; Son and London, 2011). We therefore used their approach to devise a

model membrane system that can mimic the composition of the mammalian cell PM. We
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hoped that this will allow us to answer questions in membrane biophysics that are relevant

to mammalian cell membranes, for which symmetric membrane are not suitable.

To facilitate the exchange of the outer leaflet lipids, cyclodextrin was again used to
convert symmetric vesicles into asymmetric vesicles. The first reports of attempting this
strategy used MCD as the phospholipid carrier to exchange lipids between vesicles (Cheng
and London, 2011; Cheng et al., 2009; Chiantia and London, 2012; Chiantia et al., 2011;
Huang and London, 2013; Son and London, 2013a, b; Son and London, 2011). This was
problematic because MCD binds cholesterol, so the asymmetric vesicles either lacked
cholesterol or had to incorporate cholesterol in a second step after the asymmetry procedure.
These earlier experiments focused primarily on the interactions between phospholipids and,
for example, characterized factors that influence coupling of lipids across the asymmetric
bilayer (Chiantia et al., 2012; Chiantia and London, 2012; Chiantia et al., 2011). It was later
identified that HP-aCD was a more appropriate reagent to exchange the outer leaflet
phospholipids, due to the specificity for phospholipids over cholesterol (Huang and London,
2013; Lin and London, 2014). Using HP-aCD instead of MCD allowed for the creation of
asymmetric vesicles with high concentrations of cholesterol throughout the procedure. By
experimenting with vesicles that contain cholesterol, this asymmetric membrane system was
more versatile and capable of addressing questions pertaining to the formation of cholesterol
dependent membrane domains. In addition, this asymmetry procedure has been used to
construct small unilamellar vesicles (SUV), LUVs and GUVs (Cheng et al., 2009; Chiantia

et al., 2011; Huang and London, 2013).

We modified the London protocol to generate asymmetric vesicles to particularly

identify factors that could shift the cholesterol partitioning between leaflets. Primarily, we
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incorporated SM into the outer leaflet of LUVs that contained PC/PS/PE on the inner leaflet.
This allowed us to examine the role of SM asymmetry and its acyl chain length in regulating

the cholesterol partitioning.

4.2 - Results

4.2.1 — Generation and characterization of asymmetric large unilamellar vesicles

The protocol to produce asymmetric vesicles, described above and in the Methods
section, was robust and consistent with the literature (Lin and London, 2014). We first
performed control experiments to confirm that after the lipid exchange procedure, the
composition of LUVs was effectively altered as expected. Asymmetric LUVs were generated
and lipids were subsequently harvested by a modified Bligh and Dyer lipid extraction
method (Bligh and Dyer, 1959). The purified lipids were dried and resuspended in a
chloroform/methanol solution (50:50) then loaded on a high performance thin layer
chromatography (TLC) plate. Lipid standards were run on the TLC plate along with the
donor and acceptor lipids before the outer leaflet exchange, as well as, the acceptor lipids
after exchange. We found that, after the outer leaflet lipid exchange procedure, the acceptor
LUVs showed an efficient incorporation of the donor lipid (Figure 10A). The asymmetric
LUVs, along with the precursors, were also analyzed by mass spectrometry. These analyses
confirmed that the donor lipid was being effectively incorporated into the acceptor vesicles
(Figure 10B). The mass spectrometry analysis further differentiated acyl chain lengths of the

phospholipids, such as PC or SM, which is important for the following sections.

We next confirmed the asymmetry, expected in these LUVs, and ensured that the

phospholipids did not become scrambled before cholesterol characterization. For this, we
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Figure 10 — Outer leaflet lipid exchange by cyclodextrin produces transversely
asymmetric LUVs. A) Thin layer chromatography of lipids isolated from large unilamellar
vesicle samples before and after the outer leaflet lipid exchange procedure. Prior to outer
leaflet lipid exchange, the acceptor vesicles lack sphingomyelin (lane 3). After outer leaflet
exchange of vesicles from lane 2 into vesicles of lane 3, sphingomyelin is found to be
effectively incorporated into the lane 3 vesicles (Lane 4). B) Phospholipid composition in
acceptor PE/PS/PC LUVs before and after outer leaflet exchange with milk sphingomyelin
LUVs by mass spectrometry analysis.
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analyzed the relative membrane fluidity of the vesicles using the fluorescent lipid probe, 1-
(4-(trimethylamino)phenyl)-6-phenylhexa-1,3,5-triene (TMA-DPH). TMA-DPH is a
derivative of the 1,6-diphenyl-1,3,5-hexatriene (DPH) that can be used in fluorescence
polarization studies to monitor the rotational mobility of the lipids and thus, membrane
rigidity (Chazotte, 2011; Kuhry et al., 1983). Membrane rigidity is determined by exciting
the probes with polarized light and then collecting the emitted light parallel and
perpendicular to the excitation. If a membrane is rigid, the rotational mobility of the probes
will be restricted and the emission in perpendicular planes will be limited. A fluid
membrane, on the other hand, will allow the probe to rotate more freely and detect less of a
difference in parallel and perpendicular emission. These differences in fluorescence emission

of polarized light can be used to calculate the anisotropy (r) of the system using the equation:

— I"_IJ_
I||+21J_

where I and 1.1 refer to parallel and perpendicular fluorescence emission,

respectively. With this equation, a higher anisotropy value is indicative of a more rigid

membrane.

In contrast to DPH, which is lipophilic and diffuses rapidly throughout a membrane or
cell, TMA-DPH is particularly useful for PM studies because of the addition of the
trimethylammonium group. As an amphipathic molecule, TMA-DPH can be rapidly
incorporated into a membrane. Particularly, it has the trimethylammonium group to restrict
its transbilayer mobility (Kuhry et al., 1983), which is important for leaflet specific sensing.
It has been shown, for example, that TMA-DPH will incorporate into the PM of cells within

seconds and remain in the outer leaflet of the PM for up to 30 minutes (Kuhry et al., 1983).
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We applied TMA-DPH to validate asymmetric vesicles produced by comparing the
membrane fluidity of the donor (SM) and acceptor (PC/PS/PE) LUVs before and after the
lipid exchange using a cuvette based fluorescence polarization detection system. As
expected, since SM membranes are more rigid than PC/PS/PE membranes, the symmetric
SM LUVs display a higher anisotropy than PC/PS/PE LUVs (Figure 11). The lipid exchange
incorporated SM into PC/PS/PE LUVs, as seen by TLC and mass spectrometry analysis
above, and preferably only in the outer leaflet of PC/PS/PE LUVs. At the same time, TMA-
DPH from the outer leaflet of the PC/PS/PE LUVs was removed by exchange, leaving TMA-
DPH in the inner leaflet. If SM did not become incorporated into inner leaflet during
exchange, and since TMA-DPH is only in the inner leaflet, the anisotropy of the asymmetric
LUVs should remain unchanged, similar to the symmetric PC/PS/PE vesicles. Indeed, this
was the case (Figure 11), supporting that SM was restricted to the outer leaflet. However, if
these LUVs were scrambled by lyophilizing the sample and reforming symmetric LUVs,
TMA-DPH now senses the mixed membrane (PC/PS/PE/SM), which would display an
intermediate anisotropy, as we observed here (Figure 11). We, therefore, conclude that the

SM was successfully incorporated and is only in the outer leaflet of PC/PS/PE LUVs.

4.2.2 — Cholesterol partitioning in asymmetric unilamellar vesicles

Having produced LUVs with a defined inner and outer leaflet composition, we next
proceeded to characterize how phospholipid asymmetry could influence cholesterol
partitioning. Again, we began by generating symmetric PC/PS/PE LUVs and then
incorporated different lipids into the outer leaflet using HP-aCD as a phospholipid shuttle.
We also incorporated a trace amount of *H-cholesterol into the asymmetric LUVs, which

allowed us to perform the cholesterol extraction protocol with MCD as described earlier
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Figure 11 — The outer leaflet lipid exchange protocol introduces lipids selectively into
the outer leaflet of the acceptor vesicles. LUVs were made with 1% TMA-DPH and
anisotropy was determined using a cuvette based fluorometer system. As expected,
SM/cholesterol LUVs (black bar) had higher anisotropy value than
POPC/POPS/POPE/cholesterol LUVs (white bar). Asymmetric vesicles were then generated
with 24:0 SM/cholesterol LUVs without TMA-DPH as the donor lipid and
POPC/POPS/POPE/cholesterol LUVs with TMA-DPH as acceptor. Resulting asymmetric
LUVs maintained the acceptor’s anisotropy, since only the inner leaflet was labelled with
TMA-DPH after the outer leaflet exchange with SM (asymmetric, light gray bar). However,
if the same LUV were dissolved and remade into symmetric LUV (scrambled, dark gray
bar), anisotropy took an intermediate value between donor and acceptor. As TMA-DPH is
now in both leaflets again, this indicated the successful introduction of SM into the outer
leaflet of the acceptor LUVs.
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(Figure 4). If phospholipids in an asymmetric membrane influence cholesterol partitioning,
we postulated that cholesterol would shift to partition into the leaflet that contained the
preferred lipid. We found that replacing PC/PS/PE in the outer leaflet with egg SM (eSM),
brain SM (bSM) or POPC did not have a significant effect on the cholesterol partitioning,
which remained at 50% extraction at 0 C and 100% at 37 C (Figure 12A). The outer leaflet
lipids, eSM, bSM and POPC have primarily 16:0, 18:0 and 16:0/18:1 acyl chains,
respectively. We did, however, notice a subtle trend for cholesterol to prefer the eSM leaflet,
which could potentially be a consequence of hydrogen bonding in the outer leaflet. This
trend, however, was not significant under our experimental conditions. Interestingly, when
we incorporated milk SM (mSM), primarily 24:0, into the outer leaflet of PC/PS/PE LUVs,
we observed a significant shift in the cholesterol partitioning towards the inner leaflet.
Cholesterol extraction by MCD reached a plateau at 20-25 %, which indicates that 75-80 %
of the cholesterol was located in the inner leaflet (Figure 12B). Moreover, if the asymmetric
24:0 SM LUVs were scrambled by lyophilization and reformed into symmetric
SM/PC/PS/PE LUVs, the cholesterol returned to an even partitioning with 50 % of the
cholesterol present in each leaflet (Figure 12B, inset). These results are the first
experimental demonstration that phospholipid asymmetry can govern the cholesterol

partitioning between leaflets.

Curiously, cholesterol has long been believed to associate strongly with SM through
hydrogen bonding between the cholesterol hydroxyl group and the SM sphingoid backbone.
This concept was reinforced by the fact that cholesterol interacts identically with 16:0 18:0
and 24:0 SM in symmetric bilayers (Ramstedt and Slotte, 1999). Nevertheless, our results

showed that 24:0 SM is fundamentally distinct from 16:0 and 18:0 SM in asymmetric

85



>

(@

m

3H-Cholesterol Extraction (%)

3H-Cholesterol Extraction (%)
$

Asymmetric C16 Sphingomyelin

100+
754

i i i

504- g7 F 8-
254

0 T T T T T 1

0 10 20 30 40 50 60
Time (minutes)

Asymmetric POPC

100+

~
w
i

W]
(£}
L

(=]

10 20 30 40 50 60
Time (minutes)

o

= 1004 o

< 0°C

2

g 754

=

1 ns ns

5 1170 Ay s

s e =

8 251

2

3

° C24 SM C24 SM C24 SM
PE/PS/PC| PE/PC PS/PC

vy

3H-Cholesterol Extraction (%)

w)

3H-Cholesterol Extraction (%)

86

100+

754

Asymmetric C18 Sphingomyelin

T .

251

0 10 20 30 40 50 60

Time (minutes)

Asymmetric C24 Sphingomyelin

100+
oo scrambled
754
50 cm oo
0 10 20 30 40 50 60
25 ¥ } !
0 T T T T T 1
0 10 20 30 40 50 60

Outer Leaflet

Inner Leaflet

Time (minutes)



Figure 12 — Outer leaflet very long acyl chain sphingomyelin causes the enrichment of
cholesterol into the inner bilayer leaflet. PE/PS/PC vesicles were converted into
asymmetric membranes by incorporation of 16:0 SM, C18 SM, 24:0 SM or POPC into the
outer leaflet. Outer leaflet lipids were exchanged between donor and acceptor vesicles by a-
CD and the two populations of vesicles were isolated by centrifugation. The distribution of
cholesterol between bilayer leaflets was then quantified in the asymmetric vesicles, similar to
Figure 4. Cholesterol is evenly distributed in asymmetric vesicles with 16:0 SM (A), C18
SM (B) or POPC (C) in the outer leaflet. When introducing 24:0 SM into the outer leaflet
(D), only 25 % cholesterol was accessible for extraction, suggesting the majority of the
cholesterol is in the inner leaflet. Scrambling the 24:0 SM asymmetric vesicles into
symmetric vesicles similarly returns the cholesterol to a symmetric distribution (D, inset). E)
Removing PE or PS from the inner leaflet of the 24:0 SM asymmetric vesicles continued to
shift cholesterol to the inner leaflet. All results are presented as standard error of the mean
from at least 3 independent experiments.
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membranes, in terms their interactions with cholesterol. Most importantly, this result should
be directly relevant to real mammalian cells, as 24:0 SM is the predominant sphingolipid
species and exclusively in the outer leaflet of the PM. Indeed, we had observed earlier that
80% cholesterol is in cytoplasmic leaflet of erythrocytes (Figure 8) where 24:0 SM is most

abundant and in the outer leaflet (Verkleij et al., 1973).

Until this point, the asymmetric LUVs that were characterized had kept the inner leaflet
composition constant, while altering the outer leaflet composition. We found that outer
leaflet 24:0 SM shifted cholesterol inward. It was, however, unknown if the composition of
the inner leaflet also played a role in the redistribution of cholesterol. As previously
mentioned, inner leaflet PS and PE have each been hypothesized to be involved or facilitate
inner leaflet enrichment of cholesterol (Giang and Schick, 2014; Yesylevskyy and
Demchenko, 2012). With this in mind, we next investigated if the outer leaflet 24:0 SM
shifted cholesterol inward because of PS and/or PE in the inner leaflet. To address this, 24:0
SM asymmetric LUVs were generated as above, except lacking PS or PE in the inner leaflet.
We found that removing either PS or PE from the inner leaflet of asymmetric 24:0 SM LUVs
had little effect on the preferred partitioning of cholesterol into the inner leaflet (Figure
12C). This suggests that the presence of 24:0 SM exclusively in the outer leaflet is likely the

major factor that shifted cholesterol partitioning.

The mammalian cell PM is composed of a high concentration of cholesterol (Van
Meer et al., 2008). Yet, the characterizations of cholesterol partitioning in asymmetric LUV's
above contained only a trace amount of cholesterol. To examine if the 24:0 SM results would
translate into a membrane system with physiological cholesterol content, asymmetric 24:0

SM LUVs were constructed with 30 % cholesterol. This was achieved by a similar outer
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leaflet phospholipid exchange protocol (Figures 10-12) used above except both donor and
acceptor contain 30% cholesterol. We then analyzed cholesterol partitioning as in the
symmetric LUV experiments (Figure 7). Specifically, to assess the percentage of cholesterol
present in the outer leaflet of the LUVs, the asymmetric donor LUVs were labelled with *H-
cholesterol and the amount of cholesterol transferred to the unlabeled acceptor LUVs (100-
fold in excess, which match the composition of the donor outer leaflet) was monitored over
time. Once again, the cholesterol exchange was performed at 0 °C under non-flip-flop
conditions and at 37 °C. The latter condition was to confirm that the acceptor LUVs have
sufficient capacity to remove all the *H-cholesterol from the donor when cholesterol flip-flop
is permitted. We found that, at 37 °C, the *H-cholesterol is effectively transferred (about
100%) from the donor to the acceptor LUVs (Figure 13). However, when the temperature
was lowered to 0 °C, the cholesterol exchange plateaued at 20 %, again indicating that 80 %
of the cholesterol was in the inner leaflet of the asymmetric 24:0 SM LUVs with 30%
cholesterol (Figure 13). These results are consistent with asymmetric LUVs containing a
trace amount of cholesterol (Figure 12) and further confirm that 24:0 SM is involved in

redistributing cholesterol away from the SM containing leaflet.

4.3 — Conclusion

The inner and outer leaflets of the mammalian cell PM are composed of distinct
lipids (van Meer, 2011). Although the PM is transversely asymmetric, methods to
characterize the effects of this asymmetry on cholesterol had previously been lacking. Due to
this technical limitation, much of the published literature pertaining to lipid interactions in
model membranes has used symmetric membrane systems and also shorter acyl chain SM

(16:0 or 18:0). Although fruitful, it is conceivable that some of the principles identified in
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Figure 13— Cholesterol is primarily in the inner leaflet of asymmetric LUVs with 30 %
cholesterol. Symmetric PC/PS/PE (1:1:1) vesicles with 30 % cholesterol were converted into
asymmetric vesicles by outer leaflet lipid exchange, as described for Figure 12. Cholesterol
exchange between donor and acceptor vesicles was then performed, analogously to Figure 7.
When selectively extracting cholesterol from the outer leaflet of 24:0 SM asymmetric LUVs
with 30 % cholesterol, only 20 % of the total cholesterol is accessible to BCD at 0 °C. 24:0
SM in the outer leaflet redistributes cholesterol and results in 80 % of the cholesterol in the
inner bilayer leaflet. At 37 °C, cholesterol flip-flop is active and all of the cholesterol is
accessible to BCD. The results are presented as standard error of the mean from at least 3
independent experiments.
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symmetric membranes may not necessarily translate well into an asymmetric membrane such
as the PM. For example, critical phospholipid-cholesterol interactions in transversely
asymmetric membranes could be overlooked in symmetric membranes. Therefore, we aimed
to understand how lipid transbilayer asymmetry influenced the partitioning of cholesterol

between bilayer leaflets.

Since the mammalian cell PM is composed of SM and PC in the outer leaflet and PE
and PS on the inner leaflet, we generated asymmetric LUV that mimicked this composition
and asymmetric distribution. We successfully generated asymmetric LUVs that mimic the
PM, as described in the literature (Lin and London, 2014), which provided us the platform to
address how lipid asymmetry regulates the cholesterol partitioning. Using a combination of
TLC, mass spectrometry and fluorescence anisotropy, we verified that the protocol
efficiently incorporated the donor lipids into the acceptor vesicles and, importantly, the
donated lipids indeed specifically incorporated into the outer leaflet of the LUVs. This
created asymmetric LUVs. The literature would suggest that cholesterol has the highest
affinity for SM, due to favourable side-by-side hydrogen bonding, over other lipids (Ohvo-
Rekila et al., 2002; Ramstedt and Slotte, 1999). However, these conclusions could have
limited application to the plasma membrane of live cells, since they were generated using
symmetric membranes (Mombelli et al., 2003). Indeed, we found that, when 24:0 is in the

outer leaflet, cholesterol prefers the inner leaflet (Figure 12D & Figure 13).

To our best knowledge, this is the first evidence that cholesterol prefers to partition into
the leaflet opposite to SM. Lateral hydrogen bonding between SM and cholesterol has been
thought as the strongest association between phospholipid and cholesterol (Mombelli et al.,

2003). We show here, however, 24:0 SM is functionally distinct from 16:0 and 18:0 SM,
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when in an asymmetric membrane. Asymmetric 16:0 and 18:0 SM did not have any effect
on the cholesterol partitioning (Figure 12A & B). Furthermore, this conclusion holds true for
LUVs with a trace amount or physiological cholesterol levels (30%) (Figure 12 & Figure
13). We speculate that the VLAC of SM, as in 24:0 SM, could penetrate from the outer
leaflet into the inner leaflet to interact with cholesterol in a tail-to-tail interdigitation manner.
At this moment, however, we do not have sufficient evidence to prove such a quantitative
relationship. Moreover, the number of cholesterol molecules exceeds the number of SM in
the PM, which suggests that a 1:1 interdigitated interaction between cholesterol and VLAC
SM is unlikely. We have established collaboration with a molecular dynamics simulation
research group to investigate how asymmetric 24:0 SM would influence cholesterol
partitioning between leaflets. The simulation results were in agreement with our
experimental data and found that cholesterol displayed an energetic preference to partition
into the inner leaflet with 24:0 SM in the outer leaflet (Appendix 3). Although a conclusive
mechanism was lacking from the simulations, they found that VLAC interdigitation could
influence cholesterol partitioning by modifying the organization of the bilayer. For example,
it was concluded that the sphingolipid VLAC in the outer leaflet can penetrate into the inner
leaflet, which could alter the lateral packing density of the inner leaflet lipids. Furthermore,
they concluded that cholesterol displays a reduced hydrogen bonding capacity with 24:0 SM
compared to 16:0 SM, which could reduce the affinity of cholesterol for the outer leaflet.
Much more detailed analysis is required to fully illustrate the mechanisms, which is beyond
the scope of my thesis research. Nevertheless, the major factor that we identified, which can
alter the partitioning of cholesterol between bilayer leaflets, was VLAC SM in an
asymmetric membrane. We suspect that enrichment of cholesterol in the inner leaflet of

mammalian cells, as found in human erythrocytes (Figure 8), is, at least partially, attributed
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to the presence of VLAC sphingolipids in the PM. With that, we asked next examined how

an asymmetric cholesterol distribution would impact on membrane microdomain formation.
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Chapter 5 - Membrane microdomain formation in asymmetric giant unilamellar
vesicles

5.1 - Introduction

We have established above that asymmetric membranes with 24:0 SM in the outer
leaflet causes preferential partitioning of cholesterol into the opposing inner leaflet. We
hypothesized that this would effectively remove cholesterol from canonical lateral side-by-
side interactions with SM. Interestingly, this lateral interaction between SM and cholesterol
is thought to be reason for microdomain formation (Pralle et al., 2000). We thus next
investigated whether an asymmetric cholesterol distribution would influence the formation of
membrane microdomains. In this section, we will describe the development of a giant
unilamellar vesicle (GUV) model system to characterize microdomain formation in
symmetric and asymmetric membranes. This will allow us to test how transbilayer
asymmetry, particularly SM with different acyl chain lengths, influences membrane domains

in GUVs.

Live mammalian cells are hypothesized to compartmentalize protein-protein
interactions in membrane microdomains (Simons and Ikonen, 1997). One of the most
commonly employed model membranes to test domain formation, or membrane phase
separation, are the GUVs (Juhasz et al., 2010; Veatch and Keller, 2003). Model membranes
have provided many critical principles how phospholipids interact with each other and with
cholesterol. Model membranes, such as GUV, have also been used to visualize microdomain
formation. Particularly, GUVs directly derived from plasma membrane (GPMVs) were also
shown capable of forming micron-sized microdomains, similar to model membrane GUVs
(Baumgart et al., 2007a; Veatch and Keller, 2003, 2005). However, phase separation, either
micron or submicron sized, has not been directly observed in the PM of the live cells, which
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has long puzzled the scientific community (Munro, 2003). Nevertheless, we noted that none
of above mentioned studies considered the effect of bilayer asymmetry. Particularly, little
attention has paid to the acyl chain length of sphingolipids regarding microdomain
formation. We, therefore, systematically characterized asymmetric GUVs to understand how
outer leaflet SM acyl chain length, which governed cholesterol partitioning, influences

membrane microdomains.

Initially, GUVs were produced passively simply by drying lipids on glass or teflon
sheets, followed by hydrating the lipids and allowing the vesicles to form spontaneously in
aqueous solution (Needham and Evans, 1988). Although this procedure does generate GUVs,
the process is not well controlled and results in a heterogeneous population of vesicles.
Furthermore, as a result of the random nature of the vesiculation, this method also produces
multilamellar vesicles and other irregular structures, such as tubules. Another early GUV
strategy was to hydrate the dried lipids in detergent, followed by dialysis. Once the lipids are
resuspended in solution, the detergent helps to shield the lipid acyl chains from the aqueous
media and allows the lipids to be dissolved as monomers. As the detergent is slowly removed
during dialysis, the lipids self-assemble into bilayers that form GUVs (Marassi et al., 1993).
Unfortunately, similar to the passive teflon method, this procedure is also not well controlled

and generates a population of vesicles that has limited experimental applicability as GUVs.

The production of GUVs was substantially improved when vesiculation from a lipid
film into an overlaid aqueous solution is carried out in the presence of an electric field.
Angelova and Dimitrov (1986) were the first to describe a procedure for generating GUVs,
termed liposome electroformation (Angelova and Dimitrov, 1986). Unlike the previous GUV

strategies, electroformation resulted in a high yield of unilamellar vesicles with a
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homogeneous size distribution of approximately 30 um. It was observed by microscopy that
small vesicles begin to form from the lipid film and, as the density of the vesicles increases,
the small vesicles coalesce making larger vesicles suitable for experimentation. This method
originally used a direct current (DC) electric field to stimulate swelling of a lipid film from
platinum electrodes. There, temperature, voltage and the thickness of the lipid film
influenced the efficiency of vesiculation. In particular, the vesiculation should be carried out
above the transition temperature of the sample, the voltage should be below 3 V and using a
thin lipid film to produce the GUVs. Furthermore, it was found that the platinum cathode
was more efficient at stimulating vesiculation compared to the anode (Angelova and
Dimitrov, 1986). A more detailed examination of the effect of an electric field on
vesiculation was published two years later, which included both DC and alternating current
(AC) electric fields (Dimitrov and Angelova, 1988). As it turned out, the AC electric field
caused the lipids to vibrate in the same frequency as the applied electric field. This causes
mechanical stress and destabilizes the lipid film to promote lipid swelling (Angelova et al.,
1992). This method has since been widely used to generate GUVs to understand the
interactions and dynamics of lipids (Bagatolli and Gratton, 1999; Dietrich et al., 2001;
Mathivet et al., 1996; Montes et al., 2007; Pott et al., 2008; Veatch and Keller, 2003).
Furthermore, due to their size, GUVs has been particularly useful for observing phase
separation of membrane bilayer and instrumental in supporting the lipid raft hypothesis

(Juhasz et al., 2010; Veatch and Keller, 2003).

Until recently, GUV studies were restricted to symmetric membrane bilayers.
Although useful, these symmetric GUVs are not ideal models for the transversely

asymmetric PM. To address this issue, a procedure was developed that again uses

97



cyclodextrin to exchange the outer leaflet phospholipids between two vesicle populations
(Chiantia et al., 2011) . This produces GUVs with distinct outer and inner leaflet
phospholipid compositions that more closely mimics the PM. We hope to use the asymmetric
GUVs to complement our studies using asymmetric LUV and, particularly, to directly
visualize how cholesterol partitioning influences the formation of lateral membrane

microdomains.

5.2 - Results

5.2.1 - Symmetric giant unilamellar vesicles

We began by optimizing the procedure for producing symmetric GUVs. As described
in the Materials and Methods section, as well as, the detailed protocol in Appendix 2, we
generated GUVs according to the original Angelova protocol (Angelova and Dimitrov, 1986;
Angelova et al., 1992; Dimitrov and Angelova, 1988). Specifically, lipids were dried on two
parallel platinum electrodes, vesiculation was performed in glass tubes at 70 °C and the
sample was then transferred to a glass bottom microscope dish for visualization. In
accordance with Juhasz et al (2010), we first selected several ordered and disordered domain
labelling fluorescent probes to establish the optimal probe pair for our applications. Some of
the most commonly used lipid probes have a 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE) or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
backbone with a fluorophore conjugated to the amine group on the ethanolamine. We
primarily used rhodamine-DPPE (Rho-DPPE), rhodamine-DOPE (Rho-DOPE),
nitrobenzoxadiazole-DPPE (NBD-DPPE), as well as, the non-phospholipid probe
napthopyrene. Interestingly, although NBD-DPPE and Rho-DPPE both have the same lipid

anchor, these two probes preferentially associate in opposing ordered and disordered
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domains, respectively (Juhasz et al., 2010). Most of the GUV work of this thesis used Rho-
DPPE and NBD-DPPE as the probe pair, due to the highly polarized nature of the

combination.

As reported elsewhere, the addition of cholesterol into GUVs with saturated and
unsaturated lipids, such as DPPC and DOPC, can cause phase separation of lateral ordered
and disordered domains (Veatch and Keller, 2003) (Figure 14A). The ratio of the lipids
used, as well as, the temperature of the sample determines if domains can be visualized
(Veatch and Keller, 2003). Although we performed experiments with a range of cholesterol
concentrations (Figure 14B), we largely focused on GUVs containing 30 % cholesterol. For
these GUVs, room temperature is generally suitable for visualizing phase separated
microdomains since saturated lipids, such as DPPC, have a high Tm (41 °C) and unsaturated
lipids, such as DOPC, have a low Tm (-17 °C). DPPC is rigid and DOPC is fluid at room
temperature, which results in the phase separation. If the temperature of the sample is
increased to above 41 °C, however, the DPPC will become fluid and the two phospholipids
will become miscible. The process is considered reversible since lowering the temperature of
the sample back below 41 °C will again cause lipid immiscibility and the membrane domains
will re-appear (Veatch and Keller, 2003, 2005). We used DOPC as the unsaturated lipid.
When experimenting with different saturated phospholipids, we found that DPPC, 16:0 SM
and 24:0 SM function equally to produce the phase separation in symmetric GUV's

containing DOPC and 30 % cholesterol at room temperature (Figure 14C).

5.2.2 — Asymmetric giant unilamellar vesicles

Once the symmetric GUV system was reproducible, we proceeded to optimize the

protocol for generating asymmetric GUVs. The asymmetric GUVs typically started as
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Figure 14 — Cholesterol induces phase separation of saturated and unsaturated lipids in
giant unilamellar vesicles. A) GUVs were generated with DOPC/DPPC (1:1) with or
without 30 % cholesterol. Without cholesterol, no phase separation is observed. Introduction
of cholesterol into GUVs containing saturated DPPC and unsaturated DOPC phospholipids
causes lipid immiscibility. NBD-DPPE (green) and Rho-DPPE (red) segregate to the liquid
ordered (L,) and liquid disordered (Lq) regions, respectively. B) Symmetric GUVs form
membrane domains when the cholesterol concentration is less than 40%. GUVs are
composed of 24:0 SM/DOPC (1:1) with various cholesterol concentrations. Vesicles were
visualized by incorporation of 0.05% rhodamine-DPPE. C) Symmetric giant unilamellar
vesicles with saturated lipids 16:0 SM and 24:0 SM form domains with DOPC and 30 %
cholesterol. Vesicles were visualized by incorporation of 0.05% rhodamine-DPPE and NBD-
DPPE. Scale bars represent Sum.
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symmetric DPPC/DOPC/cholesterol (35:35:30) GUVs that were then converted to
asymmetric GUVs by exchanging outer leaflet phospholipids with HP-aCD and an excess
amount of LUVs as a phospholipid donor (See Methods section for details). To confirm that
efficient lipid exchange occurred, the starting DPPC/DOPC/cholesterol GUVs (acceptor)
contained only Rho-DPPE as the fluorescent probe, whereas, the donor LUVs were labelled
with only NBD-DPPE. After exchange, the resulting GUVs lost DPPC, DOPC and Rho-
DPPE from the outer leaflet and gained phospholipids from the LUVs, including NBD-
DPPE. Therefore, after exchange, the GUVs contained both fluorescent lipid probes, which
was used to indirectly monitor the exchange efficiency (Figure 15). The amount of NBD-
DPPE incorporated and the amount of Rho-DPPE removed could be used to estimate
exchange efficiency. For example, if the exchange was suboptimal, the NBD-DPPE signal in
resultant GUVs would be very low, suggesting the incubation period should be longer or the
cyclodextrin concentration should be increased. Conversely, if the lipid exchange was too
harsh, it would result in a near complete depletion of the Rho-DPPE, likely representing

phospholipid scrambling, a sign for compromised integrity of the GUVs.

The previous results from LUVs indicated that 24:0 SM redistributes cholesterol to
the inner leaflet (Figure 12), while 16:0 SM does not. 1t is also well established that
cholesterol is essential for microdomain formation in symmetric GUVs (Veatch and Keller,
2003), We, therefore, aimed to corroborate the LUV data by generating asymmetric GUV's
with either 16:0 or 24:0 SM exclusively in the outer leaflet. As expected, prior to lipid
exchange, the symmetric acceptor GUVs lacked a signal in the green fluorescent (NBD-

DPPE) channel and displayed distinct membrane microdomains (Figure 15). When
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Figure 15 — Outer leaflet lipid exchange effectively transfers the desired lipids from
donor to acceptor membranes to create asymmetric giant unilamellar vesicles.
Symmetric GUVs are converted to asymmetric GUVs by outer leaflet lipid exchange with
donor LUVs by a-CD. Prior to outer leaflet lipid exchange, the symmetric acceptor vesicles
are composed of DPPC/DOPC (1:1) with 30 % cholesterol. The acceptor vesicles also
contain 0.05% rhodamine-DPPE for visualization. The acceptor vesicles consistently display
segregation of ordered and disordered lipids. The donor LUV vesicles, such as 24 SM,
contain NBD-DPPE, which becomes incorporated into the acceptor membranes during outer
leaflet lipid exchange. The exchange of lipids results in an asymmetric GUV with both
rhodamine-DPPE and NBD-DPPE.
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introducing 16:0 SM into the outer leaflet, the exchange was evident by the incorporation of
NBD-DPPE from the donor LUVs into the acceptor GUVs. This had no effect on the
membrane microdomains. Thus, with 16:0 SM exclusively in the outer leaflet, the
asymmetric GUVs continued to form microdomains (Figure 16A, b). However, when 24:0
SM was similarly introduced into the outer leaflet of the acceptor GUVs, the visible
membrane microdomains were completely abolished (Figure 16A, a). Furthermore, milk SM
(mainly 24:0 SM) or synthetic pure 24:0 SM functioned identically in asymmetric GUVs and
abolished membrane microdomains (Figure 16B). Interestingly, if GUV are generated with
the identical composition as the asymmetric 24:0 SM GUV (Figure 16A, a) but symmetric,
the membrane domains return (Figure 16A, c¢). Over all, these data suggest asymmetrically
placed 24:0 SM suppresses microdomain formation. We also examined the potential
influence of temperature and cholesterol concentration in asymmetric 24:0 SM GUVs. In all
cases, asymmetric 24:0 SM was sufficient to prevent the formation of microdomains (Figure
16C & Figure 16D). Therefore, similar to the asymmetric LUV experiments (Figure 12 &
Figure 13), 24:0 SM in asymmetric membranes displays a unique function, completely
distinct from that of 16:0, which is to suppress the formation of membrane microdomains.
Given that this is the precise condition where LUVs concentrate cholesterol in the inner
leaflet, we suggest that 24:0 SM, when exclusively placed in the outer leaflet of the

membrane, prevents microdomain formation by partitioning cholesterol into the inner leaflet.

5.3 - Conclusion

Many PM protein-protein interactions are known to be influenced by the surrounding
membrane environment (Eisenberg et al., 2006; LaRocca et al., 2013; Lasserre et al., 2008;

Lingwood et al., 2008; Popik et al., 2002; Takeda et al., 2003; Zhu et al., 2010). Cholesterol
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Figure 16 — The presence of very long acyl chain sphingomyelin exclusively in the outer
leaflet of giant unilamellar vesicles prevents membrane domain formation. Symmetric
GUVs are converted to asymmetric GUVs by outer leaflet lipid exchange with donor LUVs
by a-CD. A) 24:0 SM in the outer leaflet of giant unilamellar vesicles abolished membrane
domains (a). Having 16:0 SM only in the outer leaflet (b) or 24:0 SM in both leaflets (¢)
continues to form domains. B) Pure synthetic sphingolipids introduced into the outer leaflet
of giant unilamellar vesicles produces similar results as natural sphingolipids. C)
Introduction of very long acyl chain SM into the outer leaflet of DOPC/DPPC/cholesterol
GUVs prevents microdomain formation in a wide range of temperatures. D) Asymmetric
24:0 SM GUVs prevent microdomain formation at all cholesterol concentrations. Vesicles
were visualized by incorporation of 0.05% rhodamine-DPPE and NBD-DPPE.
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is essential for many interactions and is believed to associate with saturated acyl chains of
phospholipids to promote the phase separation. However, the direct visualization of
membrane microdomains in live cells has been elusive. The existence of lipid-mediated
membrane microdomains in the PM has been predicted by model membrane systems, which
have been a useful to tool to understand the dynamics of membranes (Levental et al., 2016;
Sezgin et al., 2012; Veatch and Keller, 2003, 2005). By reconstituting pure lipids into
membrane bilayers with a defined composition, GUVs are used to infer about fundamental
processes that may similarly occur in the PM of live cells. Indeed, membrane microdomains
can be directly visualized in GUVs by fluorescence microscopy. However, GUV studies are
almost entirely conducted with symmetric membranes. Since the mammalian cell PM has
distinct lipids on each bilayer leaflet, symmetric GUVs intrinsically fail to take into
consideration how the asymmetry influences the dynamics of the membrane, particularly
microdomains. Here, we developed a procedure to successfully convert symmetric GUVs
into asymmetric GUVs. These asymmetric GUVs can now be used to address more complex

questions in membrane biophysics that are more relevant to the PM of live cells.

We took the advantage that an asymmetric GUV procedure was published at
approximately the same time as this thesis project began (Chiantia et al., 2011). Since our
data suggested that cholesterol is asymmetrically partitioned in the PM of erythrocytes
(Figure 8), we were keen to understand the factors that regulate cholesterol transbilayer
asymmetry and also the consequence of asymmetry on the dynamics of membrane
microdomains. The LUV experiments in Chapter 4 uncovered a unique function of 24:0 SM
in redistributing cholesterol into the inner leaflet. Furthermore, we found that cholesterol

similarly favoured the cytoplasmic leaflet of the human erythrocyte PM (Figure 8). Human
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Figure 17 — Very long acyl chain sphingomyelin is the most abundant sphingolipid in
human erythrocytes. A) Representative thin layer chromatography showing the relative
quantities of lipids isolated from human erythrocytes. Lane 1 shows the reference location
for SM, PC and PE lipids using pure lipid standards. Lanes 2-6 show increasing quantities
(E1-60 uL, E2-90 uL, E3-130 uL, E4-170 uL, E5-200 uL) of lipids isolated from human
erythrocytes. Lipids were resolved on the chromatography plate using a chloroform/methanol
(50:50) solvent system and visualized by coomassie blue G staining. B) Replicated
quantification of the relative abundance of 16:0 and 24:0 sphingolipid acyl chains isolated
from human erythrocytes.
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erythrocytes contain high levels of 24:0 sphingolipids in the outer leaflet (Figure 17). We,
therefore, generated asymmetric GUVs with 24:0 SM exclusively in the outer leaflet to
visualize the relationship between cholesterol asymmetry and membrane microdomain

formation.

Our symmetric GUV data supports previous reports that combining saturated and
unsaturated phospholipids with 30 % cholesterol causes phase separation in a membrane
bilayer. Particularly, membrane domains readily form in symmetric GUV's with 24:0 SM in
both leaflets (Figure 14C & Figure 16A, ¢). However, if 24:0 SM is present exclusively in
the outer leaflet, membrane microdomains are abolished (Figure 16A, a). GUVs with 16:0
SM in the outer leaflet continued to form microdomains that are indistinguishable from
symmetric 16:0 SM GUVs (Figure 16, b). Together, our data demonstrate that the abolition

of membrane domains in GUVs is specific to asymmetric 24:0 SM.

The precise mechanism for the 24:0 SM effect of altering cholesterol partitioning
between leaflets and suppressing microdomains is not known. It is possible that transbilayer
interdigitation of 24:0 SM could be responsible, by altering cholesterol partitioning and thus
removing cholesterol from lateral hydrogen bonding with SM. Compared to 16:0 SM, the
24:0 SM acyl chain extends beyond the SM sphingosine backbone (Figure 18) and has been
shown to protrude through from the outer leaflet to the inner leaflet (Niemela et al., 2006).
The MD simulation work of our collaborators supports this conclusion (Appendix 3). It is
not clear, at this point, if cholesterol interacts uniquely with VLAC sphingolipids due to the
length discrepancy between the acyl chain and the sphingosine chain. It is equally plausible
that the very long acyl chain is sufficient to generate the unique effect, regardless of the

length discrepancy with the sphingosine backbone. For example, PC with two saturated
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Figure 18 — Comparison of sphingolipid and glycerophospholipid structure. The critical
precursor molecule of a sphingolipid is the sphingoid base backbone. The precursor molecule
can be further modified by the addition of a head group or acyl chain. By contrast, the
glycerophospholipids have a glycerol molecule as the basic building block. The glycerol can
be modified by the addition of two acyl chains and a head group.
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VLACSs may display the same results as 24:0 SM. Importantly, if VLAC sphingolipids are
symmetrically distributed between bilayer leaflets, cholesterol is also evenly distributed and,
therefore, the unique cholesterol/sphingolipid interaction that we uncovered is masked. This,
in our hands, produces microdomains (Figure 16A, c), whereas, asymmetric 24:0 SM does
not (Figure 16A, a). This also highlights the importance of continued experimentation with
asymmetric model membranes, rather than conventional symmetric membrane systems. With
the generation of a feasible procedure to create asymmetric model membranes, asymmetric
GUVs should now be able to address increasingly more complex and physiologically

relevant questions to help better understand PM function.
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Chapter 6 - The role of very long acyl chain sphingolipids on microdomains in live
mammalian cells

6.1 - Introduction

Sphingolipids are predominantly located in the outer leaflet of the mammalian cell
PM and are associated with the formation of cholesterol-dependent membrane domains
(Slotte, 2013; Verkleij et al., 1973). Although this association between cholesterol and
sphingolipids has been extensively investigated, recent reports highlight the need to
distinguish between sphingolipid species, such as SM, by acyl chain length rather than solely
subdividing sphingolipids by head group (Hartmann et al., 2012; Ohno et al., 2010). In line
with this view, our work, presented in earlier chapters, has identified that the most abundant
sphingolipid in the mammalian cell PM, 24:0 SM, interacts with cholesterol differently than
16:0 SM in an asymmetric membrane. However, in a symmetric membrane, the differences
between 16:0 and 24:0 SM are no longer visible (Figure 5 & Figure 18) (Ramstedt and
Slotte, 1999). Our studies suggest that the conical cholesterol/sphingolipid interaction
hypothesis may be limited to shorter chained sphingolipids, such as 16:0 and 18:0 SM, the
most widely used SM in model membrane studies. However, the results above from
asymmetric LUVs and GUVs indicate that 24:0 SM interacts with cholesterol uniquely. To
determine the relevance of this newly discovered biophysical principle, we aimed next to
understand how 24:0 SM affects the microdomains in the PM in live mammalian cells. For
this, we manipulated the acyl chain length of sphingolipids in live cells and characterized PM

domains by FRAP and FRET.

The sphingolipids are differentiated from the glycerophospholipids by having a

sphingoid base as the central building block (Figure 18), rather than glycerol (Breslow,
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2013). The sphingolipid precursor can be modified by acylation to form ceramide, which
structurally resembles a saturated diacylglycerol. Ceramide can then be further modified by
the addition of a head group moiety, such as phospho-choline to form sphingomyelin or a
polysaccharide to form a ganglioside (Gault et al., 2010). De novo sphingolipid synthesis is
initiated in the cytoplasmic ER membrane by the enzyme serine palmitoyl transferase that
catalyzes the condensation of palmitoyl-CoA and a serine molecule to form 3-keto-
sphinganine (Pewzner-Jung et al., 2006). The 3-keto-sphinganine is then reduced by 3-keto-
sphinganine reductase to form sphinganine followed by acylation mediated by 1 of 6
ceramide synthase proteins to form dihydroceramide. The final ER-resident reaction in
sphingolipid synthesis is desaturation by ceramide desaturase to catalyze the addition of a
trans double bond in the 4th carbon of the acyl chain to form ceramide. Ceramide can then be
transported from the ER to the Golgi apparatus by vesicular trafficking or by ceramide
transfer protein (CERT) for further modification (Hanada et al., 2003). While at the Golgi,
ceramide can be converted to sphingomyelin, a cerebroside or a ganglioside (Gault et al.,

2010) and trafficked to the PM.

The most abundant sphingolipid in the mammalian cell PM is sphingomyelin, which
constitutes up to 40-50 % of the outer leaflet phospholipids (Van Meer et al., 2008; Warnock
et al., 1993). In addition to various head group modifications, sphingolipids also display a
wide distribution of acyl chain lengths that are conjugated to sphinganine molecule by an
amide bond (Breslow, 2013). There are two major factors that determine the sphingolipid
acyl chain length in the PM: (1) fatty acid elongation to produce various fatty acid substrates
and (2) the subsequent selection of specific fatty acid substrates for the addition of a fatty

acid to the sphinganine precursor (Sassa and Kihara, 2014). Prior to sphinganine acylation,
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fatty acid elongation is carried out by 7 different elongase enzymes that belong to the
elongation of very long chain fatty acids (ELOVL) family (Jakobsson et al., 2006;
Naganuma et al., 2011). Each of the 7 elongases demonstrates substrate specificity and is
responsible for creating different fatty acid lengths that can be used for acylation during
membrane lipid synthesis. Although some crossover does exist, ELOVLI1 generates VLAC
fatty acids (> 22 carbons long), ELOVL2 produces polyunsaturated fatty acids with 20
carbons, ELOVL3 produces 20 and 22 carbon fatty acids, ELOVL4 produces ultra-long acyl
chain fatty acids (> 28 carbons), ELOVLS and ELOVL7 produce polyunsaturated 18 carbon
fatty acids and ELOVLG6 produces 16 carbon fatty acids (Naganuma et al., 2011; Ohno et al.,
2010; Sassa and Kihara, 2014). Since each ELOVL protein produces specific fatty acid
lengths, the ELOVL protein expression profile determines the relative quantity of each fatty
acid length. ELOVL protein expression has been shown to be correlated with the fatty acid
composition among different tissues (Ohno et al., 2010). ELOVL therefore, can regulate

sphingolipid acyl chain length by controlling fatty acid substrate availability.

Once the ELOVL family of proteins produce the various fatty acid substrates, the
sphingolipid precursor, sphinganine, is then acylated by the action of a ceramide synthase
(CerS). Mammalian cells have six known CerS proteins in the ER that, like ELOVL, display
specificity for the length of acyl chain. CerS1 is primarily for 18:0 sphingolipids, CerS2 for
22:0 and primarily 24:0 sphingolipids, CerS3 for > 26:0 sphingolipids, CerS4 for 18:0 and
20:0 sphingolipids and both CerS5 and CerS6 for 14:0 and 16:0 sphingolipids (Park and
Park, 2015). The relative expression profile of the CerS proteins regulates the quantity of
mature sphingolipids with each acyl chain length. For example, CerS2 is highly expressed in

many tissues and results in 24:0 SM being the most abundant sphingolipid. Furthermore,
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knockdown of CerS2 depletes 24:0 sphingolipids and results in the subsequent increase in
16:0 sphingolipids (Sassa et al., 2012). By manipulating individual CerS levels, the effects of

altering sphingolipid acyl chain length can be investigated.

Increasingly, human health and disease has been shown to be influenced by
sphingolipid acyl chain length. The balance between 24:0 and 16:0 sphingolipids, mediated
by CerS2 and CerS6, in particular, is tightly regulated to maintain homeostasis (Raichur et
al., 2014; Turpin et al., 2014). CerS2 is significantly reduced in the brain tissue of
Alzheimer’s patients (Couttas et al., 2016) and the accumulation of VLAC fatty acids leads
to the induction of neuroinflammation (Singh et al., 2009). Haploinsufficiency of CerS2 has
also been shown to increase susceptibility to insulin resistance (Raichur et al., 2014; Sassa et
al., 2012). The levels of VLAC sphingolipids are also associated with cancer; curiously
however, conflicting results have been published and a consensus has not been established in
the context of cancer since VLAC sphingolipids have been shown to promote and inhibit cell
proliferation (Fan et al., 2013; Fan et al., 2015; Hartmann et al., 2012; Mei et al., 2015; Sassa
et al., 2012). Interestingly, hepatitis C viral infection, which is known to manipulate the host
cell to promote membrane domain formation (Sakamoto et al., 2005), depletes the cell of
24:0 sphingolipids in patients with chronic infection (Grammatikos et al., 2016). Based on
our discovery above, reducing 24:0 sphingolipids in patient cells could help or enhance viral

infectivity by promoting the formation of membrane microdomains.

Although there are a few studies that examined the role of 24:0 sphingolipids on the
physical properties of membranes, conflicting conclusions have been reported (Bjorkqvist et
al., 2009; Iwabuchi et al., 2010; Park et al., 2013; Silva et al., 2012). Bjorkqvist et al (2009).

24:0 SM showed a high acyl chain packing density that excluded and altered the lateral
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packing density of cholesterol. Alternatively, genetic knockout of CerS2 in mice, which
replaced 24:0 SM with 16:0 SM, was reported to cause hepatic insulin resistance by
inhibiting recruitment of the insulin receptor into caveolar membrane domains (Park et al.,
2013). This conclusion, however, is confounded by Kabayama et al (2007), which found that
accumulation of ganglioside sphingolipids into caveolae similarly excluded the insulin
receptor from the domains (Kabayama et al., 2007). Therefore, since 24:0 sphingolipid
depletion results in the increase of 16:0 sphingolipids (Park et al., 2013), our model
membrane data would suggest that the CerS2 knockout effect of inhibiting recruitment into
caveolae would likely be caused by increasing 16:0 gangliosides in the caveolae, rather than
by the depletion of 24:0 gangliosides. It was also reported that CerS2 knockout altered the
biophysical properties of membranes (Silva et al., 2012). However, this study was

performed on microsomal lipids and, therefore, may have limited applicability to the PM.

With the exception of characterizing cholesterol partitioning in human erythrocytes
(Figure 8), the majority of the data in earlier chapters examined the dynamics of a
membrane bilayer using a series of model membrane systems. The work thus far suggested
that outer leaflet VLAC sphingolipids have a unique effect on the lateral organization of
membranes. We, therefore, next investigated if the principles generated from asymmetric

model membranes are applicable to the live mammalian cell PM.

6.2 - Results

To characterize the role of VLAC sphingolipids in the formation of membrane
domains in the PM of live cells, we used two approaches to manipulate the sphingolipid

levels:
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(1) Using shRNA to deplete CerS2 from mammalian cells. We expect to reduce the levels of
24:0 SM in the PM. The diffusional properties of PM proteins that are known to localize

within membrane microdomains were analyzed using FRAP.

(2) Generating live cells with either 24:0 SM or 16:0 SM in the PM and characterize
microdomains by density-dependent FRET of GPI-anchored proteins. We depleted
sphingolipids from the cells pharmacologically and then resupplied the cells with either 16:0

or 24:0 SM. We then analyzed FRET between CFP- and YFP-GPI-anchored proteins.

6.2.1 - Fluorescence recovery after photobleaching

We hypothesized that since CerS2 depletion significantly reduces 24:0 SM, which
could decrease cholesterol inner leaflet partition, outer leaflet cholesterol content could be
increased in CerS2 knockdown cells. Under this scenario, we also postulated that reducing
24:0 sphingolipids would enhance membrane microdomains in the PM of live cells and thus
reduce the lateral mobility of proteins known to be associated with microdomains. In order to
reduce VLAC SM levels in the PM, we expressed a short hairpin RNA (shRNA) in HeLa
cells that targeted CerS2 (shCerS2) or a scrambled shRNA (shScramble). We found that
shCerS2 effectively reduced the levels of CerS2 protein and that the knockdown of CerS2

reduced 24:0 sphingolipid levels (Figure 19).

We then proceeded to determine if cholesterol was increased in the outer leaflet of
the PM of shCerS2 cells. For this, shCerS2 and shScramble cells were trace labelled with *H-
cholesterol and allowed to equilibrate overnight. The cells were then washed and placed at 0
°C to prevent cholesterol flip-flop, as well as, to prevent endocytic membrane trafficking to
and from the PM. Analogously to the strategy used to determine the cholesterol distribution

in our model membrane studies and human erythrocytes (Figure 4 & Figure 8), MCD was
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Figure 19 —Knockdown of ceramide synthase 2 increases the 16:0/24:0 SM radio and
increases outer leaflet cholesterol content. A) Representative western blot of ceramide
synthase 2 protein levels after shRNA knock down treatment for 3 days. B) Quantification of
ceramide synthase 2 protein levels after the knock down from three independent
experiments. C) Representative thin layer chromatography to examine changes in 24:0 SM
levels after ceramide synthase 2 knock down. Lane 1 shows the pure lipid standards with the
scrambled shRNA control and the specific ceramide synthase 2 shRNA in lanes 2 and 3,
respectively. D) Thin layer chromatography quantification of sphingomyelin levels with and
without ceramide synthase 2 knock down from three independent experiments. E) Outer
leaflet cholesterol content in live HeLa cells with and without ceramide synthase 2 knock
down. HeLa cells were trace labelled with *H-cholesterol overnight, washed and then
incubated at 0 °C to prevent cholesterol movement. Cholesterol was extracted from the outer
leaflet of the plasma membrane by 10 mM MCD for 30 minutes and quantified relative to
whole cell cholesterol content by scintillation counting.
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then used to extract outer leaflet cholesterol from shCerS2 and shScramble cells over time
under non-flip-flopping conditions. The results show that knockdown of CerS2 in live
mammalian cells causes a significant increase in outer leaflet cholesterol content, relative to

total cellular cholesterol (Figure 19).

Knowing that 24:0 SM depletion caused a redistribution of cholesterol to the outer
leaflet, we performed FRAP analysis on live shCerS2 and shScramble transfected cells.
FRAP has been widely used to probe restricted mobility of fluorescently tagged proteins
associated with membrane domains (Kenworthy, 2007; Kenworthy et al., 2004). In
particular, FRAP is advantageous in this context since single cell microscopy allows for the
specific selection of transfected cells. We expressed the membrane microdomain associated
GPI-anchored proteins, GFP-Lck or mCherry-CD59 (Lipp et al., 2014) into the HeLa cells,
along with either shCerS2 or shScramble and measured the FRAP. Indeed, for the membrane
domain associated proteins, GFP-Lck and mCherry-CD59, the fluorescence recovery was
significantly slower when CerS2 was silenced (Figure 20A, Figure 20B & Table 2),
consistent with enforced microdomains (Kenworthy, 2007). At the same time, shCerS2 had
no effect on the fluorescence recovery of the non-membrane domain associated protein GFP-
VSVG (Kenworthy et al., 2004), compared to the shScramble control (Figure 20C).
Furthermore, diffusion coefficients were determined for each domain and non-domain
associated protein using a program described by Siggia et al. (Siggia et al., 2000). The
results further confirmed that the lateral diffusion coefficient of membrane domain
associated proteins was significantly slower in shCerS2 cells, while the non-domain
associated protein was unchanged (Table 2). Thus, replacing VLAC sphingolipids with

shorter acyl chain sphingolipid, by silencing CerS2, restricted the lateral diffusion of proteins
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Figure 20 — Depletion of very long acyl chain sphingolipids from live cell plasma
membrane causes an increase in outer leaflet cholesterol and subsequently slows the
fluorescence recovery of lipid raft associated proteins. Fluorescence recovery after
photobleaching was performed to examine membrane diffusion after depletion of very long
acyl chain sphingolipids from live HeLa cells. Knockdown of CerS2 by shRNA significantly
attenuated the lateral mobility of lipid raft associated proteins, Lck (A) and CD-59 (B). C)
Fluorescence recovery was unaltered for VSVG (see Table 2 for corresponding diffusion
coefficients). Fluorescence recovery figures represent the mean recovery from 15 cells per
treatment and each experiment was repeated at least 3 times.
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Membrane Protein | Treatment | Diffusion coefficient | p value
shScramble 0.826 (£0.237)

GFP-Lck 0.039
shCERS2 0.623 (£0.232)
shScramble 0.286 (£0.054)

mCherry-CD39 0.004
shCERS2 0.207 (£0.074)
shScramble 0.129 (£0.062)

GFP-VSVG 0.101
shCERS2 0.176 (£0.092)
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Table 2 — Fluorescent recovery after photobleaching of proteins in the plasma
membrane of live HeLa cells. Depleting very long acyl chain sphingolipids from the plasma
membrane of live cells by shRNA knockdown of CerS2 slows the lateral diffusion of
membrane domain associated proteins. Lateral diffusion of non-domain protein, VSVG, is
unchanged by CerS2 knockdown. Data acquired by following Siggia et a/ (2000) and
represents the mean recovery from 15 cells per treatment and each experiment was repeated

at least 3 times.
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known to associate with membrane microdomains, consistent with enforcing membrane

microdomain in these cells.

6.2.2 - Forster resonance energy transfer

To further validate the role of 24:0 sphingomyelin on membrane microdomains, as
implied by the live cell FRAP experiments above, we proceeded to examine the role of
sphingolipid acyl chain length using FRET between GPI-anchored proteins in the live cell
PM. Specifically, this set of experiments used fumonisin bl as a pan-inhibitor of CerS
proteins and myriocin to prevent de novo sphingolipid synthesis. After thorough depletion of
endogenous sphingolipids, we then re-supplied the cells with either 16:0 or 24:0 SM and

compared FRET between GPI-anchored proteins.

GPI-anchored proteins are well-documented to prefer ordered membrane domains, or
lipid rafts (Brown and Rose, 1992; Varma and Mayor, 1998). FRET has been used to analyze
interactions between GPI-anchored proteins in live cells (Rao and Mayor, 2005). There are
two major methods for FRET: (1) homo-FRET, which uses polarized excitation to monitor
the energy transfer between same fluorophore, such as GFP and (2) heteroFRET, which
measures energy transfer between different donor and acceptor fluorophores, such as YFP
emission by CFP. Homo-FRET has been used to demonstrate nanodomains in the PM of
live cells, where GPI-anchored proteins clustering in cholesterol dependent fashion
(Raghupathy et al., 2015; Rao and Mayor, 2005). Hetero-FRET, however, does not detect
specific interactions between GPI-anchored proteins. Nevertheless, these proteins were
capable of producing density-dependent FRET when expressed in high levels (Kenworthy
and Edidin, 1998). We reasoned that, if cholesterol-dependent microdomains form on the

PM, GPI-anchored proteins would be recruited into these domains and therefore enhance
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density-dependent FRET, compared with a random distribution (Figure 21). Indeed, we
found that hetero-FRET between CFP- and YFP-GPI-anchored proteins increases linearly
with increasing density of fluorescent proteins (Figure 22). This is consistent with the
theoretical simulation for random CFP and YFP FRET (Figure 23). If, at steady state, the
PM contains cholesterol-dependent membrane microdomains that sequester GPI-anchored
proteins, the apparent density dependence of FRET would have a steeper slope than the
FRET from randomly distributed proteins (Figure 21 & Figure 22). Furthermore, the
enhanced FRET should be reduced by cholesterol depletion, as GPI-anchored proteins would
be dispersed back to a random distribution (Figure 21 & Figure 22). Therefore, by this
approach, the slope of FRET and protein density (FRET/YFP) can be used to monitor the

recruitment of GPI-anchored proteins into microdomains (Figure 21).

Cells were first treated with myriocin and fumonisin bl (M+FB1) to deplete all
sphingolipids (Lasserre et al., 2008; Merrill et al., 1993). A subset of the M+FBI1 cells were
then resupplied with 16:0 or 24:0 SM by incubating the cells with a SM/cyclodextrin
complex. This proved to be a highly effective strategy for altering SM composition, as
shown by thin layer chromatography, which confirmed a thorough depletion of sphingolipids
by the M+FBI1 treatment, as well as, the efficient donation of 16:0 and 24:0 SM into the PM

(Figure 24).

FRET was then measured on the live cells at approximately 12 °C, using 3-cube
system on a wide-field fluorescence microscope (see method section for detail). Each
treatment (control, M+FB1, 16SM and 24SM) was also accompanied by an additional

sample that was treated with saponin for 30 minutes to deplete cholesterol. We found that
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Figure 21 — Model of density-dependent FRET between GPI-anchored proteins in
membranes with and without microdomains. Pictogram depicting how the presence of
membrane domains would affect density-dependent FRET between mCFP and mYFP GPI-
APs. In the absence of membrane domains (@), FRET between GPI-anchored proteins is
random and concentration dependent. In the presence of ordered membrane domains (b),
CFP and YFP GPI-anchored proteins are recruited to the domains and the relative molecular
density is locally increased, which causes an increase in FRET.
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Figure 22 — Forster resonance energy transfer between CFP and YFP GPI-anchored
proteins increase linearly with the concentration of fluorescent protein. As the molecular
density of YFP increases in the plasma membrane of live cells, FRET between CFP and YFP
increases linearly (black line). Depleting cholesterol from the cells disperses GPI-anchored
proteins from ordered domains to a random distribution, which reduces density-dependent
FRET (grey line).
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Figure 23 — Simulation of FRET efficiency as a function of YFP molecular density.
Density-dependent FRET efficiency simulation: the solid points represent simulated density-
dependent FRET predicted from density of YFP protein. Blue dots represent experimentally
obtained FRET efficiencies from the cells treated with saponin. Notice that the stimulated
line is linear within the range of the true experimental YFP density.
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Figure 24— Thin layer chromatography of whole cell lipids after depletion of
sphingolipids and subsequent supplementation with 16:0 or 24:0 sphingomyelin. HeLa
cells were treated with DMSO or myriocin and fumonisin bl (50 uM) for 3 days. To
incorporate the desired sphingolipids, the cells were incubated with a sphingomyelin/y-
cyclodextrin complex containing 6.7 uM sphingomyelin for 1 hour at 37 °C. The cells were
then lipid extracted, purified and run on a thin layer chromatography plate. A) Representative
image of isolated lipids that were resolved by thin layer chromatography using a
chloroform/acetone/methanol/acetic acid/water (6:8:2:2:1) solvent system and visualized
with coomassie blue G stain. Lane 1 shows the control cells have 24:0 sphingolipids as the
predominant species. Myriocin and fumonisin bl treatment effectively depleted the cells of
endogenous sphingolipids (lane 2). Treatment of the 16:0 or 24:0 SM/cyclodextrin complex
returns the sphingolipid content to the control level. B) Quantification of sphingolipid
species after depletion and supplementation of exogenous 16:0 and 24:0 sphingomyelin.
Error bars represent standard error of the mean from 3 independent experiments.
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sphingolipid depletion by M+FB1 caused a significant increase in FRET (Figure 25A, green
line), in comparison with untreated (control) cells (Figure 25A, black line), consistent with
enhanced recruitment of GPI-anchored proteins into membrane microdomains. This result is
initially counter intuitive since sphingolipids are thought to support the formation of
membrane domains. However, since the majority of sphingolipids in mammalian cells have
VLACs (Boegheim Jr et al., 1983), we reasoned that global sphingolipid depletion in cells
would be similar to GUV's without SM, which forms microdomains (Figure 14A), perhaps
reflecting an increase in outer leaflet cholesterol (Figure 12). Consistent with this notion,
cholesterol depletion by saponin greatly diminished FRET in these cells (Figure 25B, grey
lines). Interestingly, we found that if the M+FBI1 cells are resupplied with pure 16:0 SM, the
increase in FRET persisted (Figure 25A, blue line), which is also cholesterol sensitive,
supporting the notion that 16:0 SM promotes membrane domains (Figure 16). When
resupplying the cells with 24:0 SM, however, the density-dependent FRET was returned to

the level of the control cells (Figure 25A, red line).

Importantly, cholesterol depletion by saponin reduced FRET down to the same level
in all 4 treatments (Figure 25B, grey lines), consistent with its role in dispersing
microdomains (Figure 21 &Figure 22). The effects of saponin were much more dramatic in
M+FB1 and 16:0 SM supplemented cells, supporting existence of microdomains in these
cells. Also, the effects of saponin were minimal in 24:0 SM supplemented or control cells,
suggesting limited microdomain formation in cells with very long acyl chain sphingolipids.
Thus, VLAC sphingolipids exhibit an inhibitory effect on the formation of membrane

domains in live cells, just as in asymmetric GUVs (Figure 16).
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Figure 25 — Outer leaflet 24:0 sphingomyelin suppresses membrane domains in the live
cell plasma membrane. HeLa cells were treated with DMSO or myriocin and fumonisin bl
(50 uM) for 3 days. To incorporate the desired sphingolipids, the cells were incubated with a
sphingomyelin/y-cyclodextrin complex containing 6.7 uM sphingomyelin for 1 hour at 37
°C. FRET was then determined by live cell microscopy. A) FRET between mCFP and mYFP
GPI-anchored proteins in live HeLa cells with sphingolipid depletion (M+F) and subsequent
supplementation with 16:0 or 24:0 SM. B) Comparison of FRET between mCFP and mYFP
GPI-anchored proteins in live HeLa cells from all treatments with and without cholesterol
depletion by saponin.
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6.3 - Conclusion

In this chapter, we attempt to translate the conclusions drawn from our model
membrane studies into live cells. Using simplified model membrane systems, described in
previous chapters, we identified that transbilayer SM asymmetry is an important factor in
regulating cholesterol partitioning and microdomains in a membrane bilayer. The results here
demonstrate that these principles, derived from asymmetric model membranes, are
applicable to live cells. We found the sphingolipid acyl chain length in the mammalian cell

PM regulates lateral membrane microdomain formation.

We found that both strategies selectively reduce VLAC sphingolipids, i.e. SARNA
and sphingolipid depletion/supplementation, was able to alter microdomain formation in the
PM of live cells (Figure 20 & Figure 25). Admittedly, using the shRNA to reduce CerS2
levels was only partially effective, likely due to incomplete knockdown and variability of
transfection efficiency. We observed that the VLAC sphingolipid level was not as
dramatically affected, even when CerS2 was knocked down to a very low level (Figure 19).
This result is not surprising, considering other studies that utilized primary cells isolated
from a CerS2 knockout mouse also had residual VLAC sphingolipids (Pewzner-Jung et al.,
2010a; Pewzner-Jung et al., 2010b). In our study, the residual 20 percent of the CerS2
protein, after knockdown, could continue to generate VLAC sphingolipids and prevent the
complete depletion of 24:0 SM. Furthermore, ceramidase enzymes have been shown to
catalyze both hydrolysis and synthesis of sphingolipids (Okino et al., 2003) and could
facilitate a compensatory mechanism for the lack of CerS2 in the presence of a functional
ELOVLI1 enzyme. Nevertheless, FRAP analysis on single cells has the advantage of

selecting only transfected cells, which may explain why we saw differences in FRAP
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(Figure 20) without complete depletion of VLAC from all cells shown by TLC (Figure 19).
In the future, generating a stable and inducible shCerS2 system would be advantageous to

create a more robust and homogeneous effect.

We also estimated the cholesterol transbilayer distribution in the shCerS2 expressing
cells using a protocol similar to the one used with human erythrocytes (Figure 8). In
principle, shCerS2 could alter the cholesterol partitioning between leaflets of the PM. We did
observe significantly more cholesterol in the outer leaflet of the mammalian cells when
CerS2 was silenced (Figure 19). Although increase in outer leaflet cholesterol was
consistently observed, shCerS2 transfection could potentially alter the total cell cholesterol
content or the relative amount of cholesterol present in the PM. With these other possibilities
in mind, the conclusions drawn from the outer leaflet cholesterol content assay remains

equivocal.

FRAP was performed on fluorescent GPI-anchored proteins in HeLa cells expressing
shCerS2 or shScramble. We hypothesized that shCerS2 would promote membrane
microdomains and sequester GPI-anchored proteins into these to these domains, resulting in
slower diffusion. Indeed, the GPI-anchored proteins displayed a slower fluorescence
recovery in these cells, whereas the non-domain associated protein, VSVG, was unaffected
(Figure 20). Taken together, the results here are consistent with the notion that reducing
VLAC sphingolipids increases cholesterol in the outer leaflet and enhances membrane

microdomains.

We used second and more direct strategy to examine the effect of sphingolipid acyl

chain length on microdomain formation. It has long been known that molecular density
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determines the FRET efficiency, even if there is no specific interaction (Fung and Stryer,
1978; Snyder and Freire, 1982). As molecular density increases, FRET efficiency also
increases (Fung and Stryer, 1978). Furthermore, clustered, or non-randomly distributed
fluorescent molecules exhibit distinct FRET efficiencies from randomly distributed
fluorophores (Snyder and Freire, 1982). We, therefore, hypothesized that clustering of GPI-
anchored proteins into membrane microdomains, even at sub-micron scale, could be detected
by changes in FRET. We characterized density-dependent FRET between CFP and YFP
GPI-anchored proteins in live cells, treated with M+FB1 to deplete all sphingolipids, and
then resupplied with 16:0 or 24:0 SM. TLC analysis showed a clean alteration of
sphingolipids by this strategy (Figure 24), rather than an incomplete depletion of VLACs by
shCerS2 (Figure 19D). We found that the FRET between CFP- and YFP-GPI-anchored
proteins increased linearly with acceptor (YFP) concentration (Figure 22). Moreover, this

protein density dependent FRET was validated by theoretical simulations (Figure 23).

Based on the model presented in Figure 21, we used the slope of FRET/YFP, to
monitor the relative recruitment of GPI-anchored proteins into membrane domains. In cells
with 16:0 SM supplementation, density dependent FRET, or FRET/YFP, is enhanced relative
to control cells, indicating GPI-anchored protein recruitment into domains. Similar
enhancement is seen in M+FB1 treated cells. However, 24:0 SM supplementation returned
FRET/YFP to the level of control cells. This difference in 16:0 and 24:0 SM
supplementation is significant at two aspects. First, the data support the notion that very long
acyl chain sphingolipids play a major role in lateral organization or microdomain formation
in the plasma membrane. Second, cholesterol depletion by saponin in both control and 24:0

SM supplemented cells has limited effect in FRET/YFP, compared to 16:0 SM supplemented
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cells. This implies that control and 24:0 SM supplemented cells have rather limited
microdomains, if at all. FRET/YFP in 16:0 SM supplemented and M+FB1 treated cells,
however, is highly sensitive to cholesterol depletion, supporting the existence of

microdomains in these cells.

Thus, by two independent strategies, we discovered a critical and central role played
by the acyl chain length of PM sphingolipids in live cells. In the absence of VLAC
sphingolipids, membrane microdomains are enhanced. Conversely, VLAC SM limited
membrane microdomain formation, presumably due to the redistribution of cholesterol away
from the SM containing outer leaflet. Given that VLAC sphingolipids are the predominant
sphingolipids in most mammalian cell types (Park and Park, 2015), our results demonstrate
that, at steady state, membrane microdomains are limited in the PM of mammalian cells. We
postulate that cholesterol asymmetry, generated by VLAC sphingolipids in the outer leaflet
of the PM, is the key to the suppression of membrane microdomains. Thus, dynamic and
localized loss of sphingolipid asymmetry, as it may occur under various metabolic
conditions, can redistribute cholesterol to the outer leaflet and promote membrane

microdomains. This could dynamically regulate protein-protein interactions.
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Chapter 7 - Summary and conclusions

7.1 — Thesis overview

Mammalian cells are surrounded by a bilayer lipid membrane that insolates the
internal cellular components from the external environment. In addition to providing a
physical barrier, the PM is also actively involved in many cellular processes (Van Meer et
al., 2008). Initially, the PM was considered to be homogeneous (Singer and Nicolson, 1972);
however, it is now widely agreed that the organization of both the proteins and lipids of the
PM are non-uniform (Lingwood and Simons, 2010). In addition, it is well established that the
inner and outer leaflets of the PM have distinct protein and lipid compositions. It is thought
that, this compositional complexity allows the PM to be organized into regions or
microdomains with specialized functions. For example, membranes can be organized into
ordered and disordered domains, which recruit specific proteins to facilitate protein-protein
interaction (Simons and Ikonen, 1997). In particular, the PM contains saturated and
unsaturated lipids. Saturated lipids are hypothesized to preferentially associate with
cholesterol in the membrane and form order microdomains separating from the more fluid
membranes rich in unsaturated lipids (Armstrong et al., 2012). If a subset of PM proteins
displayed a preference to partition into, for example, the ordered lipid domain, microdomains
would provide a platform to locally enrich these proteins and increase the propensity for

protein-protein interactions.

The current model for PM lateral organization has not considered the potential
influence of phospholipid asymmetry, intrinsic to live cells. In particular, although

cholesterol is believed to be integral to the formation of membrane domains, the partitioning
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of cholesterol between bilayer leaflets is largely overlooked. A recent report, using
fluorescent cholesterol analogues, suggested that cholesterol could be mainly in the
cytoplasmic leaflet of PM (Mondal et al., 2009). This scenario, however, is in conflict with
our current concept of the PM lateral organization, as cholesterol is thought to preferentially
associate laterally with sphingolipids in the outer leaflet of the PM (Brown and London,
2000) to promote microdomains. This potential discrepancy, sphingolipids in the outer
leaflet and cholesterol in the inner leaflet, was the primary motivation for the work presented

in this thesis.

Another intrinsic feature of the mammalian cell PM is the composition of
sphingolipids in the outer leaflet. These sphingolipids have primarily very long acyl chains
(>C22-24) (Figure 17). Interestingly, most our knowledge of microdomains has come from
16:0 and 18:0 SM containing model membranes and the majority of the model membranes
are transversely symmetric (Leventis and Silvius, 2001; Veatch and Keller, 2003). We,
therefore, aimed to determine if native cholesterol is enriched in the cytoplasmic leaflet of
the PM and whether asymmetric 24:0 sphingolipids are functionally unique, compared to

16:0 and 18:0 sphingolipids.

We first developed a protocol to characterize how cholesterol partitions between the
leaflets of a bilayer. We then aimed to uncover factors that can alter cholesterol partitioning
and identify how these factors would affect PM microdomains. By comparing differences in
sphingolipid acyl chain length, we find that membrane asymmetry is critical for the

regulating how cholesterol partitions in membrane bilayer.
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7.2 — Development of protocols to determine the cholesterol transbilayer distribution

Prior to this thesis, there were not any reliable methods to determine cholesterol in
the individual leaflets of a bilayer membrane. Determining the asymmetry of PM
phospholipids was, in comparison, quite feasible since flip-flop of phospholipids happens
slowly (T12= hours or days), due to the large hydrophilic head groups (Kornberg and
McConnell, 1971). Without significant flip-flop, there are many membrane impermeable
probes or catalytic enzymes with high specificity for each major class of phospholipids that
can be applied to unilamellar vesicles or live cells (Bretsche, 1972b; Verkleij et al., 1973) to
determine the outer leaflet contents. The contents in the inner leaflet can then be deduced
from total amounts of dissolved vesicles or erythrocytes. Similar cholesterol analysis,
however, is not feasible due to the rapid transbilayer flip-flopping (T2~ seconds) (Leventis
and Silvius, 2001). In principle, if the movement of cholesterol between bilayer leaflets
could be prevented, a similar strategy can also be applied. With this in mind, we were
looking for conditions where cholesterol flip-flop could be stopped. Considering the action
of flip-flop is driven by thermal energy, we hypothesized that lowering the temperature could
potentially prevent cholesterol movement between leaflets. As described in Chapter 3, we
indeed found that MCD could efficiently extract 50% cholesterol from symmetric LUVs at 0
°C (Figure 4), indicating that cholesterol flip-flop was effectively prevented. We then
modified the protocol to quantify membranes containing 30 % cholesterol, similar to
physiological concentration found in the PM. This modified protocol utilized an exchange
strategy, i.e. exchanging *H-cholesterol from donor LUVs to 100-fold unlabeled acceptor
LUVs. This allowed *H-cholesterol to be completely removed and quantified with no net

change of cholesterol (Figure 6) to preserve LUV structural integrity. Symmetric LUVs
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were indeed only able to exchange 50% cholesterol at 0 °C and 100% at 37 °C when
cholesterol flip-flop was active. With this modified protocol, we then quantified cholesterol
in each leaflet of human erythrocytes (Figure 8). We observed that only 20 % of the PM
cholesterol was exchangeable at 0 °C, but 100% at 37 °C (Figure 8). This demonstrated that,
similar to the study with fluorescent analogues (Mondal et al., 2009), 75-80 % of the
cholesterol is in the inner leaflet of the PM in mammalian cells. This represents the first

direct evidence that native cholesterol is highly enriched in the cytoplasmic leaflet of the PM.

7.3 — Transversely asymmetric model membranes

To understand why cholesterol is enriched in the cytoplasmic leaflet of the PM, we
characterized asymmetric model membranes. Recently, a novel protocol was published to
generate asymmetric LUVs (Cheng and London, 2011). For our purposes, the ability to
create asymmetric membranes was ideal to explore if phospholipid asymmetry, as seen in
native PM, could dictate how cholesterol partitions in a bilayer. By introducing a series of
different lipids exclusively into the outer leaflet of asymmetric LUVs, we identified that only
24:0 SM specifically altered the cholesterol partitioning in our experimental system (Figure
12). In particular, 24:0 SM, which was exclusively in the outer leaflet of the LUV,
concentrated cholesterol (80 %) in the inner leaflet. The unique effect of 24:0 SM in LUVs
was observed with both low and high cholesterol content (Figure 12 & Figure 14). 16:0 or
18:0 SM, however, did not affect the cholesterol partitioning in asymmetric LUV (Figure
12A & Figure 12B). This was our first evidence that 24:0 SM is distinct from 16:0 or 18:0
SM in asymmetric membranes. These results are intriguing for at least two reasons: (1)
Cholesterol is thought so associate laterally, i.e. side-by-side, with sphingolipids; however,

24:0 SM and cholesterol primarily reside in opposing leaflets and (2) the fact that 24:0
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sphingolipids are the most abundant sphingolipid in mammalian cells (Figure 17) suggests
the current microdomain concept may not be applicable to mammalian PM. Together, the
results highlight major limitations of current model membrane approaches, which widely
employ shorter acyl chain (16:0 or 18:0) SM and symmetric membranes. As we show here
for the first time, cholesterol-sphingolipid interactions are more complex than previously
reported and, importantly, there is a critical functional difference between 24:0 and 16:0 SM
in asymmetric membranes. Although additional factors are surely involved in regulating the
PM lateral organization, our data should incite greater research activities in understanding
phospholipid sub-classes, including acyl chain length and particularly in asymmetric

membranes.

7.4 — Very long acyl chain sphingolipids in asymmetric giant unilamellar vesicles and the

plasma membrane of live cells

With the knowledge that 80 % of the PM cholesterol is in the inner leaflet (Figure
8A) and that sphingolipid acyl chain length can alter cholesterol partitioning (Figure 12), we
next focussed on how sphingolipid acyl chain length influences microdomains, particularly
in asymmetric membranes. Using a similar protocol for asymmetric LUVs, we first
generated asymmetric GUVs with either 24:0 or 16:0 SM in the outer leaflet and examined
microdomain formation. Here, we again identified a unique effect of 24:0 SM: when
introducing 24:0 SM selectively into the outer leaflet of GUVs, the pre-existing membrane
domains disappeared (Figure 15 and Figure 16). Similarly placed 16:0 SM, however, did
not alter the microdomains (Figure 16A, a). Importantly, the abolition of microdomains
caused by asymmetric 24:0 SM persisted across a wide range of temperatures (Figure 16C)

and cholesterol concentrations (Figure 16D). Furthermore, if 24:0 SM was present in both
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leaflets of the GUVs (symmetric), then microdomains would again form (Figure 16A, ¢),
highlighting the importance of membrane asymmetry. Given that only asymmetric 24:0 SM
was able to shift the partitioning of cholesterol into the inner leaflet (Figure 12), we believe
the disappearance of membrane domains in GUVs is the consequence of cholesterol

transbilayer asymmetry.

We next examined if the effect of asymmetric 24:0 SM can be replicated in the PM of
live cells. First, we used a shRNA to selectively reduce CerS2 and altered the 16:0/ 24:0
sphingolipid ratio (Figure 19C and Figure 19D). Although the 16:0/ 24:0 sphingolipid ratio
was only moderately increased, FRAP between control and shCerS2 cells showed significant
differences. Expressing shCerS2 slowed the lateral diffusion of known microdomain-
associated proteins (Figure 20 & Table 2), consistent with enhanced microdomains. We also
took a second approach to deplete all sphingolipids from the cells and then resupplied the
cells with either 24:0 or 16:0 SM (Figure 24) to mimic the asymmetric GUV experiments
(Figure 16) using live cell PM. We then measured density-dependent FRET between GPI-
anchored proteins. GPI-anchored proteins are well established to prefer rigid or L, domains
(Brown and Rose, 1992; Mayor and Riezman, 2004; Zurzolo and Simons, 2016). If the PM
contains membrane domains, GPI-anchored proteins would be recruited to these domains
and cause an increase in FRET. We indeed found that 16:0 SM increased FRET between
CFP- and YFP-GPI-anchored proteins relative to control cells, indicative enhanced
membrane microdomains. Cells with 24:0 SM, however, displayed similar FRET as
untreated control cells (Figure 25A). In addition, cholesterol depletion by saponin returned
the density-dependent FRET back to the same level in all treatments, consistent with the

dispersal of microdomains (Figure 25B) (Raghupathy et al., 2015). Thus, altering SM acyl
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chain length in asymmetric unilamellar vesicles and in the PM of live cells produced the
similar results. We established that 24:0 sphingolipids are functionally distinct from shorter

acyl chain lipids, such as 16:0 or 18:0 sphingolipids in an asymmetric membrane.

7.5 — Domain size in model membranes and the live cell plasma membrane

An unresolved question in PM studies is that visible microdomains are conspicuously
absent from the PM of live cells. PM domains are only detected in live cells by advanced
microscopy techniques such as FRET, fluorescence correlation spectroscopy or super
resolution microscopy (Eggeling, 2015; Lasserre et al., 2008; Rao and Mayor, 2005).
However, model membranes such as GUVs and GPM Vs readily form visible microdomains
(Juhasz et al., 2010; Levental et al., 2009). This discrepancy between the detection of sub-
optical nanodomains in the PM and visible microdomains in model membranes is not well
understood. Although model membranes can closely mimic the PM, several factors could
prevent the enlargement of small, dynamic assemblies into large-scale domains. For
example, domains were recently shown to be suppressed in model membranes by
interactions with an artificial cytoskeleton (Arumugam et al., 2015). Although GPMVs are
derived from live cell PM, which have similar lipid/protein compositions as the unperturbed
PM, these vesicles are devoid of actin. The presence of an intact PM cytoskeleton could

interfere and generate barriers for large-scale domains.

Another important distinction between the PM and model membranes is that live
cells are metabolically active and maintained in a state of disequilibrium. Isolating GPMVs
from cells or producing GUVs, however, allows the membrane to equilibrate and settle into

the lowest energy state, which could potentially be necessary for large-scale domains.
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Importantly, it has been shown that GPMVs lose phospholipid transbilayer asymmetry after
isolation (Keller et al., 2009). Therefore, our data would suggest that a disruption in the PM
asymmetry would promote sub-micron membrane domains by altering cholesterol
asymmetry in the GPMVs. Although other factors are likely involved, we speculate that PM
asymmetry, particularly the enrichment of cholesterol in the cytoplasmic leaflet and 24:0
sphingolipids in the outer leaflet, is a major factor governing the formation membrane

domains.

7.6 — Membrane domain theory revisited

Two major aspects of the work presented in this thesis challenge the status quo
definition of microdomains in live cells. First, we find that cholesterol is primarily in the
inner leaflet of the PM. Second, since sphingolipids reside in the outer leaflet, PM
cholesterol does not interact laterally with the majority of sphingolipids (24:0 SM) in
mammalian cells. How this inner leaflet enrichment of cholesterol fits within the current
lipid raft hypothesis has yet to be established. Our data show that when cholesterol is
concentrated into the inner leaflet, membrane domains are supressed. It is currently unknown
if this domain inhibition is indeed a result of too much cholesterol in the inner leaflet, too
little cholesterol in the outer leaflet, or perhaps, a combination of both. The GUV results
show that, in symmetric membranes, a low concentration (< 10 %) of cholesterol is sufficient
to form microdomains; however, cholesterol content above 40 % prevents large-scale
domains (Figure 14B). If the data generated from symmetric GUVs are translatable to the
PM, this implies that cholesterol asymmetry may inhibit domains due to elevated inner
leaflet cholesterol, rather than depletion of outer leaflet cholesterol. It is possible that

concentrating cholesterol into the inner leaflet makes this leaflet excessively rigid to the
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point where membrane domains are not supported (> 40 % cholesterol), similar to GUVs
(Figure 14B). Concentrating cholesterol in the inner leaflet could keep membrane
microdomains suppressed and allow for more fine-tuned and dynamic microdomain

assembly.

The second major discovery is the that primary sphingolipid species in most cell
types, 24:0 SM, (Park and Park, 2015) concentrates cholesterol in the opposing inner leaflet,
rather than interacting laterally in the outer leaflet. This conclusion could have significant
implications for general lipid raft hypothesis. Our results show that in symmetric
membranes, or asymmetric membranes lacking VLAC SM, cholesterol is evenly distributed;
however, the presence VLAC SM in the outer leaflet caused cholesterol asymmetry (Figure
5 & Figure 12). Under the current definition of membrane domains, cholesterol is thought to
interact with sphingolipids to create ordered regions in the membrane. Although cholesterol
has been shown to have high affinity for sphingomyelin, these data were generated with
symmetric membranes, which may not be relevant to more complex asymmetric membranes
(Leventis and Silvius, 2001; Ramstedt and Slotte, 1999). The affinity of cholesterol to
different species of sphingolipids in an asymmetric membrane has yet to be determined. The
results of this thesis emphasize that sphingolipids should not be generalized into classes
based solely on the head group constituent. When combining all sphingolipids

indiscriminately into one group, potentially important findings could be overlooked.

7.7 — Implications for health and disease

As described in chapter 6, aberrant changes in the distribution of sphingolipid acyl

chain lengths have shown to have pathological consequences (Couttas et al., 2016; Fan et al.,
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2013; Fan et al., 2015). The sphingolipid acyl chain lengths are primarily determined by the
relative expression of the different ELOVL and CerS proteins. If ELOVL protein expression
is altered, acyl chain substrate availability will similarly be altered and CerS proteins would
not function normally. Likewise, if the balance of different CerS proteins expressed becomes
disrupted, then regardless of the fatty acid chains that are produced by the different ELOVL
proteins, the distribution of sphingolipids would also be perturbed. Although this was not
tested directly, our data suggests that pathologies associated with an altered ratio of 16:0/
24:0 sphingolipid could be, at least partially, attributed to changes in the partitioning of

cholesterol or microdomains in the PM.

In addition, the balance between 16:0 and 24:0 sphingolipids is also implicated in
several, seemingly unrelated diseases (Park and Park, 2015). Studies in vitro and in vivo have
found that reduced CerS2 expression levels lower VLAC sphingolipids, which leads to
insulin resistance, cancer and neurodegeneration (Couttas et al., 2016; Fan et al., 2013;
Raichur et al., 2014). In humans, changes in the CerS protein expression profile have been
identified to be associated with susceptibility to obesity, as well as, axon demyelination,
leading to the development of Alzheimer’s disease. Most commonly, VLAC sphingolipids
show a trend for having protective effect against disease, whereas, excessive 16:0
sphingolipids can be pathological (Turpin et al., 2014). Since the effect of sphingolipid acyl
chain length has not been thoroughly investigated, presumably other disease states could also
be influenced by changes in ELOVL or CerS protein expression. As the essential role of
sphingolipid acyl chain length becomes more widely acknowledged, additional studies will
be required to better understand if there is a causative link associated with acyl chain length

and other diseases.
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From this thesis work, we speculate that changing ELOVL or CerS protein
expression would alter the sphingolipid content in the PM and, therefore, lead to changes in
lateral organization of the PM. This could alter lipid-protein and protein-protein interactions.
It should also be noted, although outside the scope of this work, that sphingolipids have other
functions in the cell, other than in the PM. For example, ceramides are in low abundance,
however, metabolism of this class of sphingolipids can dynamically regulate important
second messenger signalling molecules, such as ceramide-1-phosphate or sphingosine-1-
phosphate (Gomez-Munoz, 2004; Spiegel and Kolesnick, 2002). Changes in sphingolipid
acyl chain length could potentially alter the second messenger function. Furthermore,
ELOVL and/or CerS proteins could, in principle, have secondary enzymatic functions in the
cell that regulate other pathways independently of sphingolipid acyl chains. Although we
identified that sphingolipid acyl chain length governs PM organization, the full spectrum of

effects, in the context of human disease, has yet to be elucidated.

7.8 — Conclusion

The primary objective of this thesis was to characterize the cholesterol transbilayer
distribution in the PM of mammalian cells, with the intention of understanding how
cholesterol asymmetry influences the lateral organization of the PM. We developed a novel
technique capable of analyzing cholesterol in each leaflet of a bilayer. Using this technique,
we conclude that cholesterol is concentrated in the inner leaflet of the mammalian cell PM.
We further identified a mechanism underlying this distribution. We demonstrated that 24:0
sphingolipid asymmetry is critical for the distribution of cholesterol between leaflets. With
this discovery, we reveal that 24:0 sphingolipids interact differently with cholesterol than SM

with shorter acyl chains. Since 24:0 sphingolipids are the dominant species in mammalian
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cells, we suggest that the classical model of how cholesterol interacts with SM is rather
limited and does not apply to the plasma membrane of live mammalian cells. We also
conclude that the live cell PM has limited capacity to form microdomains, due to high levels
of VLAC sphingolipids exclusively in the outer leaflet, which leads to cholesterol
enrichment in the cytoplasm leaflet. When cholesterol asymmetry is reduced, lost or locally
manipulated, membrane microdomains may form dynamically and locally. This could serve

as a mechanism to regulate lipid-protein and protein-protein interactions in the PM.

Several pathologies have been identified that are caused by or associated with a
disruption in sphingolipid acyl chain length (Couttas et al., 2016; Fan et al., 2015; Imgrund et
al., 2009; Raichur et al., 2014; Turpin et al., 2014). Currently, it is not known how the
principles illustrated in this thesis relate to whole organism disease progression. We
speculate that shifting the 16:0/ 24:0 sphingolipid balance would alter many membrane
processes at the cellular level that would manifest into larger scale disturbances. A direct link
between PM organization and sphingolipid acyl chain pathologies, however, has yet to be
established. Future work should focus on how changes in sphingolipid acyl chain length
affect downstream signalling pathways, as well as, other established microdomain-regulated
processes, such as intracellular membrane trafficking. Nevertheless, this work establishes a
broad framework to better understand PM function and highlights the importance of
maintaining membrane phospholipid asymmetry. At the very least, we now realize another
layer of complexity in the organization of the PM and look forward to seeing if the results
presented in this thesis could be the basis for future research and lead to a better

understanding human health and disease.
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Contributions of Collaborators

The LUV and GUV data was generated with assistance from Gary (Congyu) Zhang,
who was an undergraduate research assistant in the Zha lab. Mass Spectrometry of the
asymmetric vesicles was performed in collaboration with Dr. David Ford from Saint Louis
University in St. Louis, Missouri.

The FRET data presented in Chapter 6 was produced in collaboration with Dr. John
Presley from McGill University and Dr. Riya Raghupathy, who was briefly a member of the
Zha lab. Specifically, the FRET simulation described in Figure 23 was performed by Dr.
Presley who is a co-author on a manuscript. The live cell FRET data, shown in Figure 21
and Figure 22 were assisted by Dr. Raghupathy, who optimized the system and performed a
portion of the imaging and data analysis.

The data presented in Appendix 3 was produced by a collaborator with expertise in
performing molecular dynamics simulations of membrane bilayers. Although the simulations
were designed with guidance by Xiaohui Zha and I, the work was performed and analyzed
by Drs. Himanshu Khandelia, Weria Pezeshkian and John Ispen from the MEMPHY'S,
Center for Biomembrane Physics at the University of Southern Denmark. This work will be
publish together with much of the data presented in this thesis, however, since I did not

personally perform the experiments, the data was provided as appendix material.
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Appendix
A.1 - Detailed cholesterol extraction assay protocol

A primary objective of this thesis was to develop a strategy to quantify the
distribution of cholesterol between the leaflets of bilayer membrane. We aimed to develop
and test the method in an artificial liposomal system to ensure feasibility, then use the system
to quantify cholesterol in live mammalian cells. In a symmetric membrane, where all
components are randomly distributed, cholesterol is distributed equally between leaflets. It
was demonstrated, for example, that fluorescent sterols are evenly distributed in symmetric
large unilamellar vesicles (Mondal et al., 2009). Previous efforts to quantify the cholesterol
transbilayer distribution have primarily used indirect methods. For example, the cholesterol
distribution can be inferred by quantifying structurally similar fluorescent sterols, or
cholesterol conjugated to a fluorescent moiety. Other strategies have involved using
cholesterol oxidase, or freeze-fracture.

The strategy to quantify the cholesterol distribution that we developed involves using
methyl-B-cyclodextrin (MCD) to extract cholesterol selectively from the outer leaflet of a
bilayer. By reducing temperature, the flip-flop of cholesterol between bilayer leaflets is
prevented, or greatly reduced, which allows cyclodextrin to remove only outer leaflet
cholesterol. After the outer leaflet cholesterol is extracted, the amount of cholesterol present
in the media (cyclodextrin bound cholesterol) is quantified. If cholesterol is evenly
distributed, 50% cholesterol would be present in the outer leaflet at steady state. To facilitate
highly sensitive quantification, radiolabelled (*H) cholesterol is introduced into the
membrane prior to cyclodextrin treatment and quantified by scintillation counting. A detailed

description of the experimental protocol is described below.
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In the case of unilamellar vesicles, *H-cholesterol can be incorporated into the
vesicles during initial vesicle formation, or can be introduced into the vesicles at a later stage
by incubation with *H-cholesterol loaded B-cyclodextrin. Although initial incorporation of
3H-cholesterol involves fewer steps in preparation, this results in contaminating the LUV
extruder apparatus with tritium, which in some cases may be better to avoid if the extruder
will be used for other purposes. Furthermore, when generating asymmetric LU Vs, it is
preferable to add *H-cholesterol at the end to avoid the potential to contaminate common use
centrifuges and incubators that are used in the process.

Using POPC as an example, two 1 mM POPC populations are generated; one with
1% biotinylated PE (b-PE) and the other with 100 pmol *H-cholesterol. The b-PE is used to
bind the resulting vesicles to streptavidin coated agarose beads, which facilitates easy
washing and separation of the vesicles from the media. The appropriate lipids, stored in
chloroform:methanol (95:5) are first dried into a lipid film in a glass tube under nitrogen and
then placed in a vacuum desiccator to remove residual solvent. The lipids are then overlaid
with 1 mL buffer and vortexed aggressively to resuspend. At this stage, the vesicles are
termed multilamellar vesicles (MLV). To assist in breaking up large aggregates, the sample
is subjected to repeated freeze-thaw cycles by placing the glass tubes back and forth between
warm water and a mixture of dry ice and 95% ethanol. After freeze-thawing, the vesicle
population containing the b-PE is extruded through a membrane with 100 nm pores to form a
uniform population of unilamellar vesicles using the Avanti mini-extruder system.
Depending on the melting temperature of the lipids used, the extruder may need to be heated
above room temperature to allow the lipids to pass through the 100 nm membrane. After the

b-PE vesicles are extruded, the sample is then incubated overnight at 4 °C rotating in 3 mL
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buffer in the presence of 200 pL of pre-wash streptavidin beads so that the vesicles bind the
beads. The *H-cholesterol labelled vesicles can be frozen for later use and stored at -20 °C.

After overnight incubation of the b-PE vesicles and the agarose beads, the vesicles
that did not bind the beads are removed by washing the beads 3 times. This done by
centrifuging the 3 mL buffered solution of vesicles and beads for 1 minute at 1000 rpm to
pellet the beads. The supernatant is removed and the sample is resuspended in fresh 3 mL
buffer. Once the unbound vesicles are discarded, the *H-cholesterol can be incorporated. The
amount of vesicles that are bound to the beads was once determined to be approximately
10% of the original vesicles.

Incorporation of *H-cholesterol is done by pre-incubating *H-cholesterol donor
vesicles with 2mM B-cyclodextrin. The *H-cholesterol donor and B-cyclodextrin complex is
then diluted two-fold and incubated with the bead-bound acceptor vesicles for 30 minutes at
37 °C. After *H-cholesterol is donated to the acceptor population, the bead-bound vesicles
are again washed 3 times by centrifugation, as described above, to remove the cyclodextrin
and unincorporated *H-cholesterol. At this point, it is useful to take 100 uL of the washed
bead-bound vesicles to read the scintillation counting values for the sample. By knowing the
amount of *H-cholesterol incorporated, this helps to standardize the concentration of vesicles
used in each experiment. For the experiments described in this thesis, the stock vesicle
solution was adjusted so that 100 pL produced 2000 counts per minute. The samples are now
ready for the cholesterol extraction assay.

The cholesterol extraction assay is performed as a time course experiment in 1.5 mL
microcentrifuge tubes in duplicate or triplicate. 100 puL of *H-cholesterol labelled, bead-
bound vesicles are placed into the tubes, often with multiple times points ranging from 0 to

60 minutes. The tubes are then incubated at the desired temperature for at least 60 minutes
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prior to adding cyclodextrin to ensure that the temperature is equilibrated. The 0 °C
experiments are achieved by performing the cholesterol extraction procedure in a 4 °C cold
room and pre-incubating all components and tools used in an ice-water bath. An 8.25 mg/mL
solution of MCD is also prepared in the same buffer as the vesicles and pre-incubated to the
appropriate temperature. Furthermore, two control samples are also made which will receive
either buffer or 2% triton X-100 to act as negative and positive controls.

To initiate the cholesterol extraction, 400 uL of MCD are added to the 100 uL.
vesicles to give a final concentration of 5 mM MCD. At each time point, the tubes are
centrifuged at the corresponding temperature for 1 minute at 1000 x g and 200 pL of
supernatant (the extracted cholesterol fraction) is removed for scintillation counting. After
correcting for background, using the negative control, the amount of cholesterol extracted
over time is plotted relative to the total amount of cholesterol in the sample (positive

control).

A.2 - Detailed giant unilamellar vesicle protocol

GUVs were prepared by electroformation by following the procedure originally
described by Angelova et al. and further modified by Juhasz et al (Angelova and Dimitrov,
1986; Juhasz et al., 2010). For the purpose of examining membrane phase properties, GUVs
are commonly prepared using either indium tin oxide (ITO) coated coverslips or parallel
platinum wires. In either case, dilute lipid samples in organic solvent are dried onto the
apparatus of choice, overlaid with an aqueous solution and subjected to an oscillating electric

current to initiate vesicle electroformation.
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A.2.1 - Indium tin oxide method

The ITO-coated coverslip method of generating GUVs involves purchasing
specialized coverslips that can conduct an electric current. This method uses two ITO-coated
coverslips and a 2-3 mm thick silicon spacer to sit between the coverslips. Lipid is dried
onto one coverslip, the hollow spacer is placed on top and filled with aqueous solution,
followed by sealing the chamber with the second ITO-coated coverslip. An electric current is
applied, which alternates between the two coverslips, which causes swelling of the lipid film
into vesicles. The ITO-coated coverslip method is an ideal strategy for visualizing active
vesiculation. Since the lipids are dried onto a transparent coverslip, which can be fixed to a
microscope stage, vesiculation can be monitored in real-time. This is advantageous because
altering the parameters of the function generator during vesiculation can promote
enlargement or detachment of vesicles. This enables optimizing the vesiculation parameters

and can improve GUV yield.

A.2.2 - Platinum wire method

The GUV experiments described in this thesis exclusively used the platinum wire
method for vesiculation. This method was selected for its ease of use and construction, as
well as, the minimal materials required. Although the ITO method is equally valid, the
platinum wire strategy worked well from the beginning and did not require trying an
alternative method. A detailed description of the protocol is described below.

3-inches of platinum wire (0.8 mm diameter) were purchased from Omega
Engineering and cut in half to act as two parallel electrodes. To assemble the system, one end
of a BNC cable was cut off to expose the two internal wires and the 1.5-inch platinum was
soldered onto each wire. Each solder point was then sealed with heat-shrink tubing. The

wires were arranged so that approximately 1-inch of platinum was exposed from the end of
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the BNC cable and the two platinum wires were fixed in place parallel to each other with 3
mm between them. Before and after using the wires, the platinum was thoroughly cleaned
with water and chloroform, followed by sonication in methanol for 30 minutes.

For the formation of unilamellar vesicles, the stock lipid solutions used must contain
low concentrations of lipids to prevent multiple layers of lipids (multilamellar vesicles).
Typically, stock solutions of the desired lipids are prepared in chloroform:methanol (95:5)
with a final concentration of 330 uM. 2.5 uL of the lipids are then applied across the entire
length of each platinum wire under a stream of nitrogen to assist with rapid evaporation of
the organic solvents. After the lipid is dried, the wire is placed in a vacuum desiccator for 1
hour, or overnight, to remove residual solvent.

For electroformation, the platinum wires are submerged in approximately 1 mL of 30
mM sucrose in a glass tube at 70 °C. The wire is then connected to a digital PM5193
programmable synthesizer/ function generator producing an A/C sine wave at 10 Hzand 3 V
for 90 minutes. After electroformation is complete, the vesicles in 1 mL sucrose are
concentrated into a low volume by passively filtering the sample through a membrane with 8
um pores. The 8 um filter is also used to wash the vesicles in equimolar glucose. This results
in vesicles that have sucrose in the interior and glucose in the exterior. This difference in
molecular weight causes the vesicles to settle to the bottom of the dish and greatly simplifies
image acquisition.

To regulate the temperature of the GUV samples, a custom heating apparatus was
built by removing the heating coil from a hair dryer and fixing the coil to an electrical cord
with a standard 120 V wall plug connector. The heating coil was arranged circularly to fit
inside a 35 mm glass-bottom microscopy dish. The glass bottom dish was modified to have

a column in the centre (made from a syringe) that isolates the GUV-containing media over
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the glass coverslip from the surrounding media where the heating coil is submerged. The
temperature of the solution can then be regulated by heating or cooling the sample, while

monitoring small changes in temperature with a digital thermometer.

A.3 — Molecular dynamics simulations of asymmetric membranes

During the process of characterizing how membrane asymmetry regulates the
distribution of cholesterol between bilayer leaflets, we established collaboration with a
molecular dynamics (MD) simulation research group. The goal of this collaboration was to
establish a theoretical basis for the results of our asymmetric membrane experiments and
attempt to identify potential mechanisms for the 24:0 SM effect. The results of these
simulations will be published in a peer-review journal accompanied by much of the data
presented in this thesis.

Our collaborators performed all-atom MD simulations of asymmetric membranes
composed of DOPC and DPPC, which also contained 16:0 or 24:0 SM exclusively in the
outer leaflet (Figure A1) and demonstrated several striking differences. First, cholesterol
favours the inner leaflet (5.5 kBT less free energy) if 24:0 SM is in the outer leaflet (Figure
A1lA, b), while the SM containing leaflet is preferred if 16:0 SM is in the outer leaflet
(Figure A1B, b). Secondly, the energy barrier for cholesterol to flip from the outer to the
inner leaflet is significantly smaller when 24:0 SM is in the outer leaflet (6 kBT), compared
to that of 16:0 SM (15 kBT). Both factors would favor cholesterol in the inner leaflet if 24:0
SM in the outer leaflet. Moreover, the atom density profile indicates that the 24:0 SM acyl
chain significantly penetrates into the opposite leaflet in a bilayer (Figure A1A, b, red peak);
while 16:0 SM is contained in its own leaflet (Figure A1B, b). This interdigitation would

increase the density in the inner leaflet near the centre of the bilayer and induce mechanical
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Figure A1 — Cholesterol displays a preference for the inner bilayer leaflet when very
long acyl chain sphingomyelin is in the outer leaflet. A) (a) Cross sectional image of
asymmetric 24:0 SM membrane at the end of the simulation (b) Free energy profile of
transferring a cholesterol molecule from outer leaflet to the inner leaflet in a 24:0 SM
asymmetric membrane shows cholesterol prefers the inner leaflet. The Z-axis refers to the z-
distance between the position of the pulled cholesterol molecule relative to the center of the
bilayer, Z=0 (see Methods). (¢) Normalized density profile for specific atoms of 24:0 SM in
the 24:0 SM membrane system. Only the head group phosphate (green) and terminal acyl
chain carbons (blue and red) are displayed to demonstrate the depth of acyl chain penetration
into the bilayer. B) (@) Cross sectional image of asymmetric 16:0 SM membrane at the end of
the simulation. (b) Free energy profile for transferring a cholesterol molecule from outer
leaflet to the inner leaflet in a 16:0 SM asymmetric membrane shows cholesterol has a slight
preference for the outer leaflet. The Z-axis is the same as in A. (¢) Normalized density
profile for specific atoms of 16:0 SM in the 16:0 SM membrane system. Only the head group
phosphate (green) and terminal acyl chain carbons (blue and red) are displayed to
demonstrate the depth of acyl chain penetration into the bilayer. Lipid composition for both
16:0 and 24:0 SM simulations: 20 SM (blue), 20 DPPC (yellow), 20 DOPC (cyan) and 24
CHL (black) molecules in the upper monolayer and 28 DPPC, 29 DOPC and 24 CHL in the
lower monolayer. 5158 water molecules are present. Red and gray spheres are O and P atom
of cholesterol and DOPC lipids respectively
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instability. To compensate, cholesterol could either move into the inner leaflet to fill the gap
or 24:0 SM would be pushed up towards the aqueous phase, which weakens outer leaflet

24:0 SM-cholesterol interactions. Consistent with this notion, the MD simulations indicate
that 24:0 SM engages in weaker H-bonding with cholesterol than 16:0 SM (Figure A2).
Therefore, reduced H-bond capacity in the outer leaflet could add another force to favour
cholesterol in the inner leaflet when 24:0 SM is in the outer leaflet, although other factors are
likely contributing. Taken together, the MD simulations support our conclusions drawn from
the asymmetric LUV experiments (Figure 12D). Outer leaflet 24:0 SM has a unique effect of

causing cholesterol to concentrate into the inner leaflet of a bilayer membrane.
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Figure A2 — Cholesterol exhibits reduced hydrogen bonding strength with 24:0
sphingolipids compared to 16:0 sphingolipids in asymmetric membrane molecular
dynamic simulations. Each plot is a distribution of the H-bond distances formed between
specific species: A) Cholesterol and all upper leaflet lipids. B) Cholesterol and upper leaflet
DOPC. C) Cholesterol and upper leaflet DPPC. D) Cholesterol and upper leaflet SM. E)
Cholesterol and all lower leaflet lipids. F) Cholesterol and lower leaflet DOPC. G)
Cholesterol and lower leaflet DPPC. The value in the upper right corner of each panel refers
to the number of H-bonds made by cholesterol in each plot. The data (A and D) shows that
the H-bonding with 16:0 SM (16SM) occurs at shorter distances (corresponding to a stronger
H-bond) than with 24:0 SM (24SM). All other distributions are identical.
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