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ABSTRACT
Ceramide belongs to an important class of sphingolipids and it constitutes the
hydrophobic backbone of all complex sphingolipids. Ceramide plays an
important role in different biological processes such as cell signaling,
proliferation, differentiation and apoptosis. Particularly, the role of ceramides
in apoptosis has received special attention in recent years. In addition, it is
been suggested that the membrane biophysical properties are affected upon
generations of ceramide. Therefore, ceramide-related membrane phenomena
have become a subject of great interest both in cellular and in model
membrane studies. This thesis focuses on investigating how specific
structural details of ceramides influence their interactions with other lipids
present in the membrane bilayers. The ceramide structure varied with regard
to length of both the N-acyl chain and long-chain base, interfacial
hydroxylation, identity of the headgroup, and the position of cis-double
bonds in the chains. We have also examined how the structure of the
associated lipids can influence the ceramide-rich phases in bilayer
membranes.
Our results demonstrated that structural variation among ceramides leads to
differences in their behavior in the membranes. The length of the long-chain
base of ceramides had a larger effect on ceramide-colipid interactions
compared to the effect of N-linked acyl chain length. In addition, the presence
of cis-double bonds and their comparative position also caused an important
effect on ceramide properties. When we studied how the lateral segregation
of ceramides are influenced by the degree of unsaturation of different
glycerophospholipids, we observed that these lateral segregations were
affected by the overall degree of unsaturation of the sn-2 acyl chain of the PCs.
We have also investigated the effect of hydrogen bonding between
sphingomyelin (SM) and ceramides or cholesterol interactions. Our findings
demonstrated that these interactions are markedly affected by hydrogen
bonding properties. Overall, the results of this thesis showed how the gelphase forming properties of ceramides are influenced by their molecular
structure and the colipids present in the membrane bilayers, which may have
distinct effects on cell physiology.
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1. INTRODUCTION
Cell membranes, which maintain cellular compartmentalization, are one of
the most advanced and complex components of cells and have an important
role in supporting various cellular events such as cell division, cell–cell
communication, signal transduction, and apoptosis. Membranes are highly
organized, protect the integrity of the interior organelles of cells, and maintain
the cell’s shape. The cell membranes are semi-permeable and act as barriers
and gatekeepers. This semi-permeable compartmentalization is achieved by
the formation of lipid bilayers (Yeagle, 2005). Biological membranes are
composed of amphiphilic lipids clustering together to form bilayers;
numerous membrane proteins are attached to or embedded within these
bilayers. The bilayers are connected to the interior of the cell by a cytoskeleton.
On the external side of bilayers, the glycocalyx serves as an area for cell–cell
recognition and interactions. In the outer and inner leaflet of plasma
membranes, various lipid species are asymmetrically distributed. In plasma
membrane, sphingomyelin and phosphatidylcholine are the major
constituents of the external leaflet. The membrane’s biophysical properties
include membrane permeability, membrane fluidity, and membrane
curvature, which can all be significantly influenced by the constituent lipids
and proteins (Heimburg, 2007). In biological membranes, different
sphingolipids together with cholesterol have been involved in lateral domain
or ‘raft’ formation. It has been suggested that lipid rafts have major
implications in different cellular processes, such as membrane trafficking,
protein sorting and signal transduction (Brown and London, 2000; Simons
and Toomre, 2000).
Ceramides, the simplest of all two-chain sphingolipids, are found in very
small amounts in cell membranes, but upon accumulation the ceramides may
affect cell sensing, apoptosis, and necrosis (Hannun and Luberto, 2002; Obeid
et al., 1993). Ceramides have also been implicated in the activation of specific
protein phosphatases (Chalfant et al. 2004). It has been observed that the
effect of ceramides as modulators of membrane properties are somehow
associated with their distinct molecular structure and characteristics, e.g.,
ceramides are highly hydrophobic, contain very small headgroup, and have
high melting temperature. The unique biophysical properties of ceramide led
to its ability to induce an increase in molecular ordering and domain
formation.
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2. REVIEW OF THE LITERATURE
2.1 Biological membranes
Biological membranes are essential components of cells, and they are
composed of a lipid bilayer. In the bilayers, the polar headgroups of
constituent lipids run along two surfaces and their nonpolar acyl chains lie in
between. Many hypotheses regarding the organization of biological
membranes and progress in biophysical techniques of membrane research
have increased our understanding of the membrane’s structural properties. In
early twentieth century, Gortel and Grendel (1925) first proposed the
structure of biological membranes based on a Langmuir monolayer study.
They stated that membrane bilayers contain two layers of amphiphilic
molecules and water molecules on both sides of the polar headgroups (Gorter
and Grendel, 1925). This view was elaborated further by the for decades
accepted membrane model hypothesis, “fluid-mosaic,” which was proposed
by Singer and Nicolson in 1972; this introduced the foundation of the dynamic
nature of lipid–protein interactions in membrane bilayers (Singer and
Nicolson, 1972).

Figure 1. Schematic representation of the cell membrane and membrane components.
Adapted and modified from Nelson, D.L and M.M. Cox, Leninger Principles of
Biochemistry, 4th ed., W. H. Freeman, 2005, p.372. © 2005 by W. H Freeman and
Company.
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According to the “fluid-mosaic” model, membrane proteins are floating like
icebergs in a sea of lipids, and the degree of motion the proteins have
significantly impacts their activity. The fluid mosaic model turned out to be a
benchmark for our current understanding of membrane bilayer properties
and their physiological functions. However, this hypothesis has been revised
and updated several times, and it has been proposed that the plasma
membrane is not a random ocean of lipids, but rather, there is localized
distribution of proteins in dynamic patches of bilayer, called domains. These
specific microdomains were named as lipid rafts, which are enriched in
sphingolipid-cholesterol and may exist as a distinct liquid-ordered phase
(Simons and Ilkonen, 1997). The lateral movement in the bilayers can be
restricted because of the presence of lipid rafts; moreover, these
microdomains are believed to be involved in different cellular events, such as
protein sorting, signal transduction, calcium homeostasis, transcytosis,
alternative routes of endocytosis, internalization of toxin, and cholesterol
transport (Yeagle, 2005).
Biological membranes consist of diverse lipids, proteins, and carbohydrates.
A Schematic representation of the cell membrane and membrane components
is shown in Figure 1. In general, biological membranes contain a significant
amount of proteins which is almost 50% of the total volume of membranes.
Membrane proteins are organized into cell membranes in numerous
orientations. Integral proteins are embedded within lipid bilayers, whereas
peripheral proteins are associated with membrane surfaces. As for lipidanchored proteins, they are not directly attached to the membranes; rather,
they covalently bind to lipids embedded within the membranes. In addition,
the carbohydrate constituents of cell membranes are found on the proteins or
lipids protruding outward from the plasma membrane (Luckey, 2008).

2.2 Diversity of membrane lipids and their structure
The diversity of membrane lipids is remarkable. Lipids are typically
composed of fatty acids and in lipids the combinations of different fatty acids
largely contribute to this structural diversity. More than 1000 different lipids
are present in the cellular lipidome (van Meer, 2005). The classification of
membrane lipids is arbitrary; they may be classified according to their
increasing complexity or based on their functional criteria. In mammalian cell
membranes,
lipids
are
classified
into
three
major
groups:
glycerophospholipids, sphingolipids, and sterols (cholesterol in mammalian
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cells). Glycolipids are considered a separate group, even though they are
composed of either glycerol or sphingosine backbone containing the monoor oligosaccharide headgroup. To investigate the properties of biological
membranes, it is important to study the behavior of their structural lipid
components in the bilayers.

2.2.1 Glycerophospholipids
The most abundant lipid species found in mammalian cell membranes are
glycerophospholipids, which are the derivatives of phosphatidic acid. They
contain a glycerol backbone where two fatty acids are attached with ester or
ether linkages at the position sn-1 and sn-2; a polar phosphate head group is
attached at the sn-3 position. Generally, the fatty acid at position sn-1 is
saturated, and the other fatty acid at position sn-2 is mono- or
polyunsaturated with 1-6 cis-double bonds (Dougherty et al., 1987; Barenholz
and Thompson, 1999). Among glycerophospholipids, phosphatidylcholine
(PC) is the most abundant lipid class found in animals and plants. Molecular
structure of the most common PC (1-palmitoyl-2-oleoyl-phosphatidylcholine,
POPC) used in our study is presented in Figure 2. The PC species are the key
building blocks of membrane bilayers, amounting to almost 50% of the total
phospholipids in eukaryotic membranes (van Meer et al., 2008). PC contains
the large zwitter-anionic choline head group and two fatty acid acyl chains
that are mostly equal in length and make the molecule fairly symmetric. The
cylindrical molecular structure of the PC is important for ensuring the
formation of membrane bilayers. LysoPC is another class of
glycerophospholipid that contains the choline head group and is synthesized
from hydrolysis of phosphatidylcholine, catalyzed by the phospholipases A2
(PLA2). The LysoPCs do not form bilayers; rather, they form micelles.
Different lysophospholipids are thought to be ligands for different G protein–
coupled receptors (GPCRs) (Anlikar and Chun, 2004).
O

O

1

2

O

3

P
O

O

H

N+
O

-O

O

Figure 2. Molecular structure of the most common PC used in our study
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Phosphatidylethanolamine (PE) is a class of phospholipid which contains a
small zwitterionic head group and the acyl chains often have ether linkage.
Generally, they are the main lipid component in microbial membranes.
Another aminophospholipid found in mammalian cells is phosphatidylserine
(PS), generally amounting to less than 10% of the total phospholipids; the
concentration of PS is higher in the plasma membranes and endosomes but is
found in very low concentration in mitochondria. The PS contains an anionic
headgroup and it is the most abundant anionic phospholipid in eukaryotic
membranes ((Leventis and Grinstein, 2010).

2.2.2 Sphingolipids
Sphingolipids are the second most abundant class of lipids; they contain the
backbone of sphingoid bases. Around 20–25% of the total phospholipid
content in the outer leaflet of mammalian plasma membranes are
sphingolipids (van Meer et al., 2008). In the late nineteenth century, Johann
Thudicum first named sphingolipids after the mythical Egyptian sphinx
because of their mysterious structure (Thudicum, 1884). Later, in 1927, the
structure of this sphingophospholipid was reported to be N-acylsphingosine-1-phosphorylcholine (Pick and Bielschowsky, 1927). The
structural difference between sphingolipids and glycerophospholipids comes
from their hydrophobic region, where sphingolipids contain a sphingoid long
chain base to which functional groups and amide-linked acyl chains are
attached. In contrast, glycerophospholipids are built on the backbone of Lglycerol. The variations in sphingolipid structures may appear because of
differences in the sphingoid base, hydrophilic head groups, or even in acyl
chain length.

H
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4

O
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2

3

P

N+

O
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O

A

-O

H

O

H

5

4

OH
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2
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OH
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H

B

O

Figure 3. Molecular structures of palmitoyl-sphingomyelin (A) and palmitoyl-ceramide (B)
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A) Sphingomyelins
Sphingomyelins (SM) are the most ubiquitous sphingolipids in mammalian
cells; they contain sphingosine backbone and phosphocholine as a polar
headgroup attached to the C1 position. Typically, in natural SMs, the acyl
chains are longer than those of PCs. Generally, the saturated acyl chains in
natural SMs vary from 16 to 24 carbons in length (O'Brien and Rouser, 1964;
Barenholz, 1984). The presence of unsaturation in N-linked acyl chains of
natural SMs is less common, and if present, the double bonds are found
further away from the membrane–water interface (Barenholz, 1984). Even
though SMs and PCs contain similar head groups, the structural difference
comes from their interfacial region. Sphingomyelins may act as both a donor
and accepter of hydrogen bond formation because they contain both an
amide- and a 3-hydroxy group, along with carbonyl oxygen, which is linked
to the amide; however, PCs can act as acceptors only through the oxygen
molecules in their ester linkages (Boggs, 1980; Niemelä et al. 2004). These
hydrogen-bonding properties may lead to higher phase transition
temperatures in natural SMs compared to natural PCs (reviewed in Ramstedt
and Slotte, 2002).

B) Ceramides
Ceramides are the structural precursor of all sphingolipids. They lack a
headgroup at the C1 position and contain fatty acids that are attached with an
amide linkage to the NH2 at the C2 position of the long chain base. Pascher
proposed the molecular arrangement of ceramides derived from crystal
structures, infrared spectra and monolayer studies. In their molecular
structure, ceramides contain a rigid amide group with a planar resonance that
is perpendicular to the two hydrocarbon chains (Pascher, 1976). Only a
hydroxyl group constitutes their small polar head group; therefore, ceramides
have less molecular area than SM or PC, and they are highly hydrophobic in
nature. Ceramides cannot form a stable bilayer on their own since they are
lack of large headgroups, and they depend on other bilayer-forming lipids,
such as SM or glycerophospholipids, for bilayer formation (Bonosi et al.,
1990).
The structure of ceramides varies widely, and this structural variation arises
because of chain-length variations in the acyl chains and sphingoid bases, the
degree of unsaturation, and hydroxylation and methylation status. The N-acyl
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chains of ceramides are mostly saturated and can differ in length between 14
and 36 carbon atoms, as observed in skin ceramides (O'Brien and Rouser,
1964; Fahy et al., 2005; Farwanah et al., 2007). The length of ceramide acyl
chains observed in mammalian cells are generally C16–20 and C22–24,
whereas ceramides with acyl chain length from C26–36 are observed in
epidermal keratinocytes and male germ cells during their differentiation and
maturation (Sandhoff, 2010). In mammals, there are six different ceramide
synthases (CerS1–6), each of which synthesizes ceramides with distinct acyl
chain lengths (Levy and Futarman, 2010). Among these ceramide synthases
(CerS1–6), CerS1 mostly synthesizes C18-ceramides (Venkataraman et al.,
2002), CerS2 synthesizes ceramides having acyl chain length C20-26 (Laviad
et al., 2008), and CerS3 prefers both middle and long-chain acyl-CoA:s
(Mizutani et al., 2006; 2008). CerS4 synthesizes ceramide with C18–22 fatty
acids, whereas CerS5 and CerS6 synthesize C16 ceramides (Riebeling et al.,
2003, Mizutani et al., 2005). However, the length of ceramide sphingoid bases
is controlled in the primary stage of de novo synthetic pathway through the
high selectivity of serine palmitoyltransferases for fatty acyl-CoA:s with 16 ±
1 carbon atoms (Williams et al., 1984; Merrill et al., 1985; Merrill et al.,1988).

Figure 4. Metabolism of sphingolipids and major pathways of ceramide synthesis. Adapted
from "Ceramide-Induced Apoptosis in Renal Tubular Cells: A Role of Mitochondria and
Sphingosine-1-Phoshate" by N. Ueda, 2015, Int. J. Mol. Sci. 16(3): p. 5078. Adopted with
permission.

Ceramides can play a significant role as precursors for more complex
sphingolipids. Generally, de novo synthesis and salvage pathway are the major
pathways of ceramide synthesis (Fig. 4). Synthesis of ceramides in the de novo

7

pathway takes place in the endoplasmic reticulum, where condensation of
palmitoyl-CoA occurs with L-serine, leading to the formation of 3-ketodihydroshingosine (Wu BX et al., 2010; Morad and Cabot, 2013; Carpinteiro
et al., 2008; Bartke and Hannun, 2009). In the next step, 3-ketodihydroshingosine is reduced to dihydrosphingosine, which is later acylated
to form dihydroceramide by the action of ceramide synthases (Mullen et al.,
2012). Ceramides then need to be transported to the Golgi, where they are
converted to higher sphingolipids. This conversion to higher sphingolipids is
a very rapid process. Two mechanisms are involved for the transportation:
vesicular transport (Watson and Stephens, 2005) and the ceramide transfer
protein CERT (Hanada et al., 2007; Yamaoka et al., 2004). SM degradation by
sphingomyelinase (SMase) is another way of ceramide generation, and it
occurs in the plasma membranes (Gulbins et al., 2004; Airola and Hannun,
2013). SM degradation is known to be the major pathway where cells can
generate larger amounts of ceramides quickly. The synthesis of ceramides by
the activation of SMases generally occurs within minutes, whereas the
biosynthetic route may take hours. In the salvage pathway, which is also
known as the sphingolipid recycling pathway, ceramides are generated from
the breakdown of complex sphingolipids by activation of hydrolase enzymes
(Hannun and Obeid, 2008).
Ceramides are present only in small amounts in cell membranes, about 0.1-1
mol% percent of total phospholipid (Hannun and Obeid, 2011), but the
amount may increase with the activation of SMase. Different pro-apoptotic
receptor molecules, stress stimuli and viral infections can act as inducers for
increasing ceramide levels in cells (Gulbins, 2003; Mathias et al., 1998).
Ceramides can act as a key factor for inducing the initiation of apoptosis;
higher ceramide level in cells was observed during apoptosis (Hannun, 1996;
Hannun and Luberto, 2000). Palmitoyl ceramide was recognized as a probable
mediator of death signals while the increased level of other species was not
significant (Thomas et al., 1999). In addition to the involvement in apoptosis,
ceramides have major implications in different cellular processes such as cell
proliferation, migration, differentiation, necrosis, and cytoskeletal
rearrangements (Adam et al., 2002; Okazaki et al., 1989; Zhang et al., 1996;
Obeid et al., 1993).
A distinct characteristic of ceramides in membrane is that they are able to
induce lateral domain formation both in cells (Fanzo et al., 2003) and in model
membranes (Nurminen et al., 2002; Carrer and Maggio, 1999; Silva et al.,
2006). The formation of these domains may act as a platform for cell-signaling
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events. The clustering of such ceramide-rich domains may form larger
assemblies (Kolesnick et al., 2000) that can promote the temporary
reorganization of membrane components, such as different receptors and
signaling molecules, and that can stimulate signal transduction (Stancevic and
Kolesnick, 2010). It has also been observed that ceramide-rich domains have
been associated with infections by bacteria and viruses (Dreschers et al., 2007;
Grassme et al., 2003; 2005; Babiychuk et al., 2009), bacterial mediated hot–cold
hemolysis (Montes et al., 2008), and intracellular trafficking (Goldschmidt et
al., 2011; Trajkovic et al., 2008). Moreover, ceramides can interact with
activated receptors to recruit molecules for transferring the signal and
excluding unwanted molecules that may affect signal transduction (Stancevic
and Kolesnick, 2010).
It has been reported that ceramides can impact different diseases, such as
Alzheimer’s disease, cystic fibrosis, renal and liver failure, and tumorigenesis
(Zheng et al., 2006; Gulbin and Li PL, 2006). Because ceramides can induce
apoptosis, known as programmed cell death, ceramides can inhibit the
development and persistence of lung-cancer-derived (Kurinna et al., 2004),
colon cancer (García-Barros et al., 2016), and fibrosarcoma tumor cells
(Pruschy et al, 1999). Therefore, the role of ceramides could be significant in
cancer research (Huang et al., 2011; Reynolds et al., 2004). Ceramides are also
observed to interact with different intracellular target enzymes, such as
ceramide-activated protein phosphatases 1 (PP1) and 2A (PP2A) (Dobrowsky
et al., 1993; Chalfant et al., 1999), protein kinase f (PKCf) (Muller et al., 1995),
kinase suppressor of Ras 1 (KSR1) (Zhang 1997), cathepsin D (Heinrich et
al.,1999), and Mitogen-activated protein kinase kinase kinase 1 (MEKK1)
(Huwiler et al., 2004). Normally, ceramides are restricted to the membrane,
and as a result, interacting proteins should translocate to the membrane
(Grösch et al., 2011). Ceramides may bind to specific sites of the target proteins
and can modulate the enzyme action. In the case of proteins lacking a specific
ceramide binding site, ceramides can modify their enzyme activity by altering
the physical properties of the membrane’s bilayer, because integral or intrinsic
membrane proteins are very sensitive to changes in bilayer order or fluidity
(Hemminga et al., 1993). In mammalian skin tissue, ceramides play a key role
in the formation of the permeability barrier (Norlen et al., 2008; van Smeden
et al., 2013).

9

2.2.3 Sterols
Sterols are other important membrane components mostly found in
eukaryotic cell membranes. Compared to the other main lipid classes
structural variations in sterols are limited. There are different forms of sterols,
but they all contain a common ring structure, the steroid backbone (Yeagle,
2005). Sterols have four fused rings: three of them have six carbon atoms and
one has five carbon atoms. Different carbon ring arrangements and difference
in the aliphatic side chain can lead to sterol varieties in various organisms.
The major sterol found in animal tissue is cholesterol (Fig. 5), the other most
abundant sterols found in biological membranes are ergosterol (yeast),
stigmasterol, and sitosterol (plant cells).
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Figure 5. Molecular structure of cholesterol.

Cholesterol was first isolated from gallstones in 1789 and was named as
"cholesterine" in 1815. Cholesterol on its steroid backbone contains a hydroxyl
group at C3, a double bond between C5 and C6, and an iso-octyl hydrocarbon
chain that is attached to the steroid nucleus at C17. The rings are fused in all
trans configuration which makes the molecule flat and rigid with restricted
flexibility, except the iso-octyl chain that has some rotational freedom (Yeagle,
2005). In cellular membranes, 40–90% of cholesterol can be found in plasma
membranes, whereas the lowest amount is observed in mitochondria and ER
(Lange, 1991; Maxfield and van Meer, 2010). All mammalian cells can produce
cholesterol, except the red blood cells (RBC). In mammalian cells, cholesterol
plays a key role in regulating membrane thickness and membrane fluidity
(Rawicz et al., 2008; Hill and Zeidel, 2000; Lande et al., 1995; Hertz and
Barenholz, 1975). Cholesterol is also considered to be an essential component
in membrane raft formation (Pike, 2006). It has been reported that the lipid
rafts have significant influence on cell signaling, cell recognition, and
endocytosis. Rafts are also found to be associated with many diseases, such as
Alzheimer’s disease, prion diseases and different viral infections (Simons and
Toomre, 2000; Simons and Ehehalt, 2002). Apart from its role as an important
membrane component, cholesterol can also influence the activities of some
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membrane proteins involved in membrane trafficking and cell signaling,
including the G-protein coupled receptors (Simon and Ikonen, 1997).

2.3 Model membranes and lipid vesicles
In membrane research, model membranes are widely used because they can
be designed to mimic biological membranes. Model membranes come in
different varieties, and each has its own experimental advantages and
disadvantages. Depending on the objective of the experiment, model
membranes with specific compositions are commonly used in membrane
research. In the current thesis work, synthetically prepared model membrane
vesicles of different known lipid compositions were used. In the 1960s,
Bangham et al. first introduced lipid vesicles for studying the structural
modification of phospholipids (Bangham et al., 1964; 1965). Since then, lipid
vesicles have been extensively and efficiently used when studying the
properties of membrane lipids. Lipid vesicles are spontaneously formed when
dehydrated lipid samples are hydrated (Bangham et al., 1964). In the vesicles,
lipid bilayers form a structure that resembles an enclosed spherical shell
encapsulated in an aqueous solution; it shows a basic similarity to cellular
membranes (Sessa and Weissmann, 1968; Chan and Boxer, 2007). Although
sometimes model membrane studies do not provide clear understanding
about the complexity of cellular membranes, the use of such model system
may partially characterize the lipid interactions. To increase the complexity of
model membranes and understand their properties, much effort has been
made in membrane research in recent years.

Figure 6. Liposomes based on the lamellarity: (A) multilamellar vesicles (MLV) contain many
lipid bilayers (B) large unilamellar vesicle (LUV) with a single lipid bilayer (C) small
unilamellar vesicles (SUV) that contain a single phospholipid bilayer surrounding the aqueous
phase. Adapted from “Liposome and Their Applications in Cancer Therapy” by Pandey et al.
2016, Brazilian Archives of Biology and Technology, 59, e16150477. Adapted with
permission.
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In model membrane studies, the preliminary vesicles prepared in an aqueous
solution are large multilamellar vesicles. The size of the lipid vesicles may
vary and depends on the lipid composition. The size of the small unilamellar
vesicles (SUV) may range from 20–100 nm and for large unilamellar vesicles
(LUV) it may range from 100–400 nm. In case of multilamellar vesicles (MLV)
the size can be 200 nm - 5 µm (Laouini1 et al., 2012). The lateral organization
of the lipid bilayers can be affected by the vesicle size they contain; therefore,
the size of the vesicle is always considered a significant parameter in model
membrane study (Roux et al., 2005; Pencer et al., 2008). Moreover, the
different biophysical properties of membrane lipid bilayers, for example, lipid
miscibility (Nordlund et al., 1981; Brumm et al., 1996) and the thermodynamic
properties and asymmetry of membranes (Nagano et al., 1995; Kucerka et al.,
2007) can be influenced by vesicle size as well. In model membrane studies,
the preliminary large vesicles need to be broken down in order to reduce the
size of the vesicles. Different methods are used to decrease the size and
lamellarity of the vesicles; sonication and extrusion are the most frequently
used methods (Szoka and Papahadjopoulos, 1980). The size of the vesicles is
also strongly affected by the time, intensity, and temperature maintained
during sonication (Maulucci et al., 2005; Richardson et al., 2007). Extrusion is
another method that can regulate the size of the vesicles in a more
reproducible way; this method can produce unilamellar vesicles with a mean
size up to 200 nm in diameter (Mayer et al., 1986; MacDonald et al., 1991).

2.4 Aggregations and phase behavior of membrane lipids
Lipids are amphiphilic in nature and contain both polar and nonpolar parts.
The polar parts are the headgroups of lipids, which are hydrophilic, and the
nonpolar tails; fatty acid acyl chains are hydrophobic. These dual
characteristics of lipid components are important for membrane bilayer
formation. In biological membranes, the most natural arrangement of
phospholipids is the lamellar bilayer, though bilayers may be transiently
disrupted and form non-lamellar phases. Lipid polymorphism and the nonlamellar phases also have biological significance in membrane fusion, fission,
or vascular transport (Pieter et al., 1986; Marrink et al., 2009).
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2.4.1 The hydrophobic effect and lipid aggregation
When lipids come into close contact with water, the hydrogen-bonding
network between the water molecules is disrupted, forming a cage around the
hydrophobic moiety. It decreases the entropy, which is not a
thermodynamically favorable condition. Therefore, to minimize this effect,
lipids and the water molecules separate in two phases, reducing the contact
between water and the hydrophobic parts of the lipids. This hydrophobic
effect is the driving force for lipid aggregation (van Holde et al., 1998;
Heimburg, 2007). The form of lipid aggregation in an aqueous solution largely
depends on the molecular structure of the lipids. The different orientations of
lipid aggregations observed in biological systems are lamellar bilayer, nonlamellar micelles, hexagonal, and inverted hexagonal phases (Yeagle, 2005).
The geometrical configuration of lipids, such as the critical length of the acyl
chain (l), headgroup area (a), and acyl chain volume (V), can significantly
affect the behavior of lipid aggregation (Barenholz and Thompson, 1999;
Israelachvili, 1991). To evaluate the behavior of lipid aggregations in water
dispersion, a critical packing parameter (S) is used, defined as the lipid
hydrophobic volume (V) divided by the product of the cross-sectional area (a)
of the headgroup and the acyl chain length (l), (S = V/al). According to this
packing parameter, spherical micelles are formed if S ≤ 0.33, and non-spherical
micelles are possible if 0.33 < S ≤ 0.5. Planar bilayers are formed when 0.5 < S
≤ 1, but in case of S > 1, an inverted hexagonal structure may appear.
Parameters

Geometries

Representations

S>1

0.33 < S < 0.5

0.50 < S <1

Figure 7. Lipid phases (lamellaer or non lameller). Phase formation depends on the molecular
geometry of the lipid and can be described by S = V/al.
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In the case of cylindrical-shaped lipids, the packing parameter is close to one,
and these lipids form spontaneous lamellar bilayers (Fig. 7). The cone-shaped
lipids that contain large headgroups compared to their acyl chain volume
(e.g., lysophospholipids, 0.33 < S < 0.5) are more likely to form micellar
structures (Li et al., 2004). They can induce positive membrane curvature
(Kooijman et al., 2005). When the size of the lipid headgroup is comparatively
small and the packing parameter is over one, the formation of hexagonal
phase is promoted, as observed in the presence of ceramides (Veiga et al.,
1999). They can induce a negative curvature in the bilayer membranes
(Kooijman et al., 2005). Inducing a negative and positive curvature in the
bilayers may give rise to membrane tension (Marsh, 1996), which has
significant consequences for transmembrane protein activation (Cantor,
1997). However, under some conditions, complex cubic phases may also form
apart from the lamellar and non-lamellar phases mentioned above (Tenchov
and Koynova, 2012).

2.4.2 Thermotropic transition of lipid phases
The phase behavior of membrane bilayers largely depends on some external
factors, such as temperature, hydration, ionic strength, pressure, and pH.
Among these external factors, the temperature-dependent phase behavior of
membranes has been the most widely investigated. Diverse types of lamellar
phases may exist in the membrane bilayer, such as a gel phase (Lβ), ripple
phase (Pβ’), liquid disordered phase (Ld), and liquid ordered phase (Lo). A
series of different phases (Fig. 8) is observed with an increase in temperature
(Janiak et al., 1979).

gel-state phase (Lβ′)

ripple phase (Pβ′)

liquid disordered
phase (Ld)

liquid ordered phase
(Lo), Cholesterol is
shown in red

Figure 8. Schematic representation of the different lipid phases
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At lower temperatures, bilayers usually remain in the gel or solid ordered
phase and in this phase; the acyl chains of the bilayer lipids are extended and
arranged in a highly ordered all-trans configuration (Heimburg 2007; Huang
et al, 1999a). In the gel phase, the cross-sectional area of the lipid molecules is
minimal, causing maximal thickness of the bilayers, and both the intra- and
intermolecular motion in the bilayers is severely restricted (McMullen et al.,
1995). An increase in temperature leads to a decrease in the trans-gauche ratio
in the acyl chains; as a result, the ordered acyl chains become more fluid, and
they go through a gel-to ripple and then ripple-to-fluid phase transition. In
the ripple phase the periodic arrangements of gel and fluid phase exists
simultaneously (De Vries et al., 2005).
In the liquid disordered phase, the molecular motion of the lipids increases in
the bilayers, and the acyl chain tails lose their tilted positions. The polar
headgroups and the interface region of the hydrophobic acyl chains become
more hydrated by the surrounding water molecules. The gauche
conformations in the acyl chains increase, consequently leading to an increase
in the cross-sectional area for lipid molecules. Therefore, the bilayers are
laterally enlarged, which causes a decrease in bilayer thickness (Heimburg,
2007; Huang et al., 1999a). Lipid bilayers are in the liquid disordered (Ld)
phase above the Tm of the lipids, where the molecular motions are relatively
higher compared to the ordered phase. Generally, unsaturated PCs have a
lower Tm (below 0 ) than SMs; (between 40–50 ) because of the presence of
a higher degree of saturation in the acyl chains, hence providing stronger van
der Waals interactions. Even if there are double bonds present in the acyl
chains of the SMs, they are usually further away from the membrane–water
interface than those in the acyl chains of PCs (Koynova and Caffrey, 1995;
1998). The length of the acyl chains also affects the Tm of the lipids; both the
PC and SM show a curvy-linear relationship between Tm and the number of
acyl chains.
Cholesterol can significantly regulate the biophysical properties of
phospholipid bilayers by inducing a new phase known as the liquid ordered
phase (Lo). The liquid ordered phase (Lo) shows the properties that lie between
the gel phase (Lβ) and the liquid disordered phase (Ld) (Vist and Davis, 1990;
Kahya et al., 2003). When cholesterol is introduced in the phospholipid
bilayers, the sterol rings promote interactions between the acyl chains that
increase the effective chain length but decrease the acyl chain volume in the
bilayers. As a result, the thickness of the bilayer membrane increases where
acyl chains are more densely packed.
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Moreover, the phase behavior of complex lipid mixtures also largely depends
on the interactions among constituent lipids in addition to external physical
factors. The chemical and physical properties of the individual lipids of a lipid
mixture can affect the lipid–lipid interaction and their phase behavior in
membrane bilayers. These interactions could be due to different electrostatic
interactions, such as ionic interaction, van der Waals interactions, charge pair,
and hydrogen bonds.

2.5 Membrane biophysical properties of ceramides
The membrane properties of ceramides depend on their molecular structure.
Because of their unique structural properties, ceramides are highly
hydrophobic, have a high Tm, and show restricted miscibility with other lipids
(Jendrasiak and Smith, 2001; Chen et al., 2000; Westerlund et al., 2010; Sot et
al., 2005). Ceramides contain a sphingoid long-chain base or sphingosine to
which mostly saturated acyl chains are N-linked. It has been shown that the
double bond observed between the C4 and C5 position of ceramides
contributes to their membrane-packing properties (Brockman et al., 2004). The
saturated acyl chains of ceramides may form strong van der Waals
interactions with neighboring saturated lipids; meanwhile, their sphingosine
backbone can act both as a donor and acceptor in hydrogen bond formation.
Shah et al. first suggested that ceramides may form a hydrogen bonding
network with their neighboring ceramides; the hydroxyl hydrogen of
sphingosine form a bond with the amide group of neighboring ceramides
(Shah et al, 1995). However, recent results obtained from molecular dynamic
simulation by Pandit et al. showed this is not the amide group; rather it is the
carbonyl oxygen that would bind to the hydroxyl hydrogen (Pandit and Scott,
2006). Some major biophysical properties of membranes that can be
influenced by ceramides are described in the following sections.

2.5.1 Ceramide-induced ordering of phospholipid bilayers
Ceramides tend to have two important effects on fluid phospholipid
membrane bilayers (Castro et al., 2014). They increase the order of the fluid
membranes (Huang et al., 1996; 1998; Holopainen et al. 1997; 1998) and induce
phase separation in the bilayers (Carrer and Maggio, 1999; Silva et al., 2006).
Holopainen et al. reported that C16-ceramide increases the acyl chain order
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of both DMPC and POPC bilayers (Holopainen et al., 1997). Moreover, studies
using 2H-NMR spectroscopy confirmed that the acyl chain order parameters
of DPPC and POPC in a fluid state significantly increased in the presence of
both bovine brain ceramide and synthetic C16-ceramide (Huang et al., 1996;
1998, Hsueh et al., 2002). Since ceramides increase the order of the
phospholipid bilayers, they lead to a lateral phase separation in the fluid
membranes. Incorporation of ceramide in the fluid phospholipid bilayer
causes lateral phase separation into gel and liquid phase regions, where
ceramides tend to partition into the gel phase (Huang et al., 1996; 1998).
Because ceramides can form extensive hydrogen bonding networks with
other membrane lipids and have high Tm, ceramides may cause phase
coexistence. A slight increase in the amount of ceramides can lead to dramatic
changes in the membrane’s biophysical properties, and the effect also largely
depends on the different ceramide species present in the bilayers. Pinto et al.
showed the effect of different saturated and unsaturated ceramides in POPC
bilayers; they demonstrated that saturated ceramides (C16, C18, and C24)
were more efficient to induce ordered gel phase formation than unsaturated
ceramides (C18:1, C24:1) (Pinto et al., 2011).

2.5.2 Formation of ceramide-rich domains in membranes
The lateral phase separation of ceramides can lead to the formation of
ceramide-enriched micro-domains. Huang et al. first demonstrated the
presence of such domains in phospholipid bilayers by conducting 2H-NMR
studies, where they reported ceramide-enriched micro-domains in the DPPC
bilayers (Huang et al., 1998). Later ceramide-induced micro domain formation
was also reported in dimyristoyl-PC bilayers (Huang et al., 1998, Lehtonen et
al., 1996). Ceramide-induced lateral segregation and gel domain formation in
fluid POPC bilayers has also been demonstrated by different methods (Silva
et al., 2006; Huang et al., 1998; Hsueh et al., 2002; Fidorra et al., 2006). Silva
and coworkers first reported the phase diagram for a POPC/Pcer system (Silva
et al., 2006). According to their phase diagram, at low ceramide concentrations
and higher temperatures, spherical vesicles in the fluid phase dominated,
whereas decreasing the temperature led to the coexistence of the fluid and
ceramide-rich gel phases and eventually the coexistence of the POPC-rich and
ceramide-rich gel phases. Increasing ceramide concentrations above 50 mol%,
showed a highly ordered new ceramide-rich phase. Additionally, ceramideenriched ordered domains were also distinguished in bilayers containing
SM/ceramide vesicles (Sot et al., 2006). Sot et al. described the presence of such
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domains using fluorescence microscopy in giant unilamellar vesicles (GUVs)
containing SM and ceramides. Their results showed that vesicles with pure
SM were stained quite uniformly while the presence of ceramides on such
vesicles led to the formation of rigid domains, even at lower ceramide
concentrations, as indicated by the dark regions in GUVs. Fairly similar
results were obtained from a mixture containing bovine brain-SM/bovine
brain-Cer (Massey, 2001) and C16-SM/C16-Cer (Busto et al., 2009).
Moreover, the effect of ceramides on more complex membrane bilayers
containing ternary or quaternary model membranes was investigated;
ceramides showed a higher affinity for ordered domains in the membranes
(Wang and Silvius, 2003). It was observed in a ternary mixture containing
POPC/C16-SM/C19-Cer (Castro et al., 2007) and POPC/egg-SM/C16-Cer
(Boulgaropoulos et al., 2011) bilayers that ceramides can form a SM/ceramiderich gel phase domain. According to the phase diagram of these ternary
mixtures, SM/ceramide-rich gel phase domains can coexist with the POPCrich fluid phase, depending on the lipid composition (Castro et al., 2007;
Boulgaropoulos et al., 2011).

2.5.3 Membrane structural reorganization promoted by ceramides
In addition to induced biophysical changes in the membrane bilayers,
ceramides can promote membrane structural and morphological
reorganization. Ceramides induce negative curvature in the leaflet where they
exist and are generated (Veiga et al., 1999; Kolensnick et al., 2000). This
curvature effect occurs due to the molecular geometry of ceramides as they
contain a small polar head group and large hydrophobic volume. The effect
of negative curvatures in membranes induced by ceramides, may promote the
lamellar-hexagonal transition (Sot et al., 2005), membrane fusion (Holopainen
et al., 1997), and vesical budding (Ruiz-Arguello et al., 1998). Ceramideinduced non-lamellar phase formation was observed in bilayers containing
PE phospholipids (Ruiz-Arguello et al., 1996), whereas the effect was not
apparent in the absence of PE (Holopainen et al., 2000; Silva et al., 2006; Castro
et al., 2007; Pinto et al., 2011). Ruiz-Arguello et al. described membrane
permeability upon ceramide accumulation in membrane bilayers where they
reported on ceramide-induced vesicle leakage and aggregation (RuizArguello et al., 1996; 1998).
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Barbosa-Barros et al. showed that ceramides promote the size alteration,
morphology, and bilayer thickness of the bicelles composed of DMPC/DHPC
and this promotion depends on the nature and concentration of the ceramides
(Barbosa-Barros et al., 2008). Ceramide-induced morphological alterations
and aggregation was also demonstrated by Silva et al. in POPC bilayers; they
showed the formation of cylindrical and crystalline structures at higher
ceramide content of 50 mol % and 92 mol%, respectively, in POPC bilayers
(Silva et al., 2006). Pinto et al. studied the effect of N-acyl chain length on the
ceramide gel phase domain and demonstrated that different N-acyl chain
ceramides segregate into gel domains with distinct properties and shapes
(Pinto et al., 2008; 2011). According to their results, the size of the gel domains
decreases as the acyl chain length of the saturated ceramides increases. The
morphologies of ceramide domains were different: C16-cer segregated into
“flower-like” shape domains, and C18- and C24-cer elongated into roundshaped domains. Interestingly, very long chains of ceramides promoted the
formation of tubular structures in membrane bilayers. This could be explained
by the inter-digitation of very long chains of ceramides, where long acyl
chains may enter into the opposite bilayers (Pinto et al., 2008; 2011).

2.5.4 Ceramide and cholesterol interplay in membrane bilayers
In general, cholesterol increases the order of a disordered phase but creates a
disordering effect in an ordered phase. Despite ceramide and cholesterol do
not form stable bilayers of their own they can form bilayers in presence of PC
or SM, and therefore the interplay between ceramides and cholesterol has
been of great interest in membrane research over the past years. Megha and
London first reported that ceramides displace cholesterol from the Lo domain
of a saturated PC bilayer (Megha and London, 2004). Alanko et al. showed the
displacement of cholesterol from SM/Cer-rich ordered domains in POPC
bilayers, where ceramides showed a high affinity for PSM to form the gel
phase (Alanko et al., 2005).
Regarding ceramide-induced cholesterol displacement from a PSM-rich
domain, Nybond et al. proposed that ceramides must have at least eight
carbons to promote this displacing effect (Nybond et al., 2005). Megha and
coworkers also showed the ceramide chain length dependent displacing effect
on cholesterol from an SM-rich ordered domain (Megha et al., 2007). These
studies indicated that short chain ceramides (<C8-C12) are less capable of
displacing cholesterol from SM-rich domains; meanwhile, intermediate- and
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long-chain ceramides are more effective. Ali et al. showed that the displacing
effect of ceramide can occur with a 1:1 stoichiometry (Ali et al., 2006). When
the cholesterol concentration is very high, it can dissolve the ceramide-rich
gel domain in fluid bilayers (Castro et al., 2009). Staneva et al. reported a
higher miscibility of ceramides with a cholesterol-rich fluid membrane
(Staneva et al., 2009). Silva et al. also observed in POPC/PSM/Chol bilayers
that the ceramide/SM gel phase domains were formed at a lower cholesterol
content, whereas the ability of ceramide to form a gel domain decreased with
the inclusion of cholesterol (Silva et al., 2009). A recent study by Slotte et al.
showed that in PC/Cer/Chol bilayers, the effect of cholesterol on the ceramiderich gel phase was also markedly influenced by the acyl chain composition of
fluid PCs (Slotte et al., 2017). Busto et al. studied the interaction of ceramides
and cholesterol in the absence of the Ld phase in a bilayer containing
SM/Chol/Cer; they observed that Cer-cholesterol interaction may depends on
both the concentration of ceramide and cholesterol (Busto et al., 2010).
Altogether, two common phenomena were observed from these studies: (i)
ceramides have the ability to displace cholesterol from a highly ordered gel
phase and (ii) lateral segregation of ceramides in the presence of cholesterol
mainly depends on the concentration of cholesterol in the membrane; at low
cholesterol concentrations, ceramides can still form ceramide-rich ordered
domains, but at high cholesterol content, ceramide-rich domain formation
may be abolished by the cholesterol.
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3. AIMS OF THE STUDIES
The main aims of the current thesis were to investigate how the structural
difference among ceramides may affect their molecular properties and their
interactions with colipids in membranes and to understand how the
properties of a ceramide-rich phase can be affected by the characteristics of
the associated lipids present in bilayer membranes. The specific aims of each
original publication are listed below.
In paper I, the aim was to understand how the lateral segregation of
ceramides in a fluid phospholipid bilayer is affected by the length of both the
sphingoid base and the N-linked acyl chain of ceramides. We systematically
examined the lateral segregation and thermostability of a series of saturated
ceramides with variable long-chain bases and acyl chain lengths in POPC
bilayers.
In paper II, the aim was to study how the structural variation of ceramides
may lead to alterations in their membrane bilayer properties. This structural
variation could arise from the difference in the length of N-linked acyl chains,
interfacial hydroxylation, and identity of head group and position of cisdouble bonds in the acyl chains. We examined the bilayer properties of
different naturally occurring ceramides in mixed bilayers together with PSM,
POPC, and cholesterol.
In paper III, the aim was to investigate the interactions of saturated ceramides
with unsaturated glycerophospholipids in bilayer membranes to understand
how the ceramide properties are influenced in the membrane bilayer by
increasing the unsaturation of glycerophospholipids. We examined the lateral
segregation of palmitoyl ceramide (Pcer) and fully saturated dihydro-Pcer in
an increasingly unsaturated phosphatidylcholine (PCs) bilayer. The PCs used
in this study were 16:0/18:1 (POPC), 16:0/18:2 (PLPC), 16:0/20:4 (PAPC), and
16:0/22:6 (PDPC). We also included di-18:1-PC (DOPC) to compare it with
POPC.
In paper IV, the aim was to study the effect of hydrogen bonding on
sphingomyelin (SM) and colipid interactions in fluid membrane. In this study,
ceramides and cholesterol were used as colipids, and their interactions in the
SM and dihydro-SM bilayers were examined to evaluate the influence of
hydrogen bonding because the hydrogen-bonding properties of SM and
dihydro-SM differ.
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4. MATERIALS AND METHODS
The materials and methods are described in full detail in their respective
papers (I-IV). Only a brief description of the experimental approaches and
parameters are presented here.
TABLE 1. Experimental approaches and parameters examined in the original
publications (I-IV).

Experimental approaches
Fluorescence anisotropy

parameters examined
Membrane order, end-point
temperature of the gel-phase melting

Paper
I–IV

CTL quenching

Sterol-rich domain formation, sterol
displacement

II

tPA lifetime

Membrane order, domain properties,
phase coexistence

I-IV

CTL-partitioning
Differential scanning
calorimetry (DSC)
Nuclear magnetic resonance
Computational simulation

Sterol affinity for bilayers
Lipid mixing, phase behavior

Membrane order
Molecular properties and interaction

IV
II, III

I
IV

The model membrane vesicles used for our studies were prepared either by
sonication that yielded mostly multi-lamellar vesicles or by extrusion that
generated mostly unilameller vesicles. For fluorescence experiments, vesicles
were prepared with the indicated (mentioned in associated papers, I-IV)
concentration of desired lipid composition and fluorophores. The molecular
structures of the fluorescent probes and the quencher lipids used in our
studies are presented in Figure 9. Structural analogs of ceramides were
synthesized either in our laboratory (I–IV) or in the laboratory of Professor
Michio Murata (I). Fluorescence anisotropy was performed to study the
ceramides-induced membrane order and to detect the end-point temperature
of the gel-phase melting of the membrane bilayers. In addition to this,
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differential scanning calorimetry (DSC) was used to investigate the lipidmixing properties and phase behavior of the bilayer membranes. To study the
formation and properties of sterol containing membrane domain, CTL
quenching experiments were performed.
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Figure 9. Molecular structures of the fluorescent probes and the quencher lipid used in this
thesis (from left to right): diphenylhexatrien (DPH), cholestatrienol (CTL), trans-parinaric
acid (tPA), trans-parinaroyl-ceramide (tPA-Cer), and the spin-labeled quencher lipid
(7SLPC).

Also, the fluorescence lifetime analysis of tPA and tPA-Cer were performed
to study the lateral segregations and phase behavior of ceramides in
membrane bilayers. Nuclear magnetic resonance (NMR) experiments were
performed in the laboratory of Professor Michio Murata to detect the
ceramides-promoted ordered phase in the fluid bilayers (I). To study the
molecular structure and the interacting properties of SM, computational
simulation was performed in the laboratory of Professor Olli Pentikäinen (IV).
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5. RESULTS AND DISCUSSION
5.1 Lateral segregation of ceramides is mostly determined by
their long-chain sphingoid base
Ceramides contain a long-chain sphingoid base to which a fatty acyl moiety
is amide (N)-linked (Barenholz and Thompson, 1980). Similar to the acyl
chains of the ceramides, the length and nature of the sphingoid long-chain
base may also differ in various tissues and organisms (Pruett et al., 2008). To
understand how the length of the long-chain base or the N-linked acyl chain
of ceramides affects their bilayer properties, we examined the lateral
segregation of a set of saturated ceramides with variable long-chain bases and
acyl chain lengths in POPC bilayers. The long-chain base ceramides used in
this study were d16:1, d17:1, d18:1, d19:1, and d20:1 in N-palmitoyl ceramides
and the acyl chain ceramide analogs were sphingosine (d18:1)-based
ceramides with N-linked acyl chains of increasing length (14:0 and 16:0–20:0
in one-carbon increments).

5.1.1 Lateral segregation of ceramide analogs in POPC bilayers
The POPC bilayers containing an increasing amount of ceramide analogs with
different long-chain bases and different acyl chain lengths were prepared to
study their lateral segregations. Lifetime analysis of trans-parinaric acid (tPA)
fluorescence was performed at 23°C to determine the lateral segregations and
ceramide-rich phase formation in POPC bilayers. In tPA lifetime experiments,
the time-resolved fluorescence decay component of tPA in a mixture,
indicates the packing properties of the mixture. Because tPA shows a higher
affinity for the ordered phases in the bilayers (Sklar et al., 1979), it is a very
efficient fluorescence probe to detect the lateral segregation and ceramide-rich
phase formation. The lifetime component of tPA fluorescence significantly
increases when it partitions into an ordered or ceramide-rich phase from a
disordered phase (Ekman et al., 2015; Silva et al., 2007).
Our results showed that the intensity weighted average lifetime of tPA
increased as the amount of ceramides increased in the bilayers (Fig. 10), which
is an indication of more ordered phase formation. We observed that less
ceramides were needed for the onset of lateral segregation and ceramide-rich
phase formation, with the increasing length of long-chain bases (d16:1, d17:1,
d18:1, d19:1, and d20:1 in N-palmitoyl ceramide). Among the long-chain base
ceramide analogs, 20:1-Pcer containing the longest long-chain base formed a
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ceramide-rich phase at the lowest ceramide concentration above 2.5 mol%
(Fig. 10A). A clear effect of chain length dependent lateral segregation of the
long-chain base ceramide analogs were observed from the tPA lifetime
analysis. When we examined the effect of the N-linked acyl chain length on
the lateral segregation of d18:1-based ceramide analogs, we observed similar
trend but smaller difference in the aggregation propensity among the
ceramides having different acyl chain length (Fig. 10B). The N-linked acyl
chain ceramide analogs formed ceramide-rich phases with very similar
packing properties, which was observed from the similar longest lifetime
component of tPA fluorescence (Paper I, Fig. 2B).
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Figure 10. Lateral segregation of ceramide analogs in POPC bilayers at 23°C. Intensity
weighted average lifetime of tPA fluorescence in bilayers was measured as a function of
ceramide concentration. (A) Long-chain base analogs, (B) acyl chain analogs. Each value is
the average + SEM; n = 2–3; ns, nanoseconds. The figure is adapted from paper I with the
permission of Elsevier.

5.1.2 Gel-phase thermostability of ceramide analogs in POPC bilayers
The thermostability of ceramide-rich phases of ceramide analogs in POPC
bilayers was studied at 1:9 ceramide/POPC molar ratio. Steady-state
fluorescence anisotropy of tPA-Cer was performed as a function of
temperature to detect the end temperature of ceramide-rich phase melting.
We observed that for both types of ceramide analogs (long-chain base and
acyl chain analogs), the thermal stability in the POPC bilayers increased with
increasing chain length (Fig. 11). However, the length of the long-chain base
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in palmitoyl ceramides showed a larger effect on ceramide-rich phase stability
compared to d18:1-based ceramides with N-linked acyl chains varying from
14:0 to 20:0 (Fig. 11).
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Figure 11. End melting temperature of the ceramides/POPC phase as a function of long-chain
base or acyl chain length. The POPC bilayers contained 10 mol% ceramide analog, and the
end temperature of the melting of the ceramide-rich phase was determined from tPA-Cer
anisotropy measurements. Each value is the average + SEM from n=2–3. LCB, long-chain
base. The figure is adapted from paper I with the permission of Elsevier.

The end temperature for the gel phase melting of ceramide acyl chain analogs
varied approximately from 30 to 41°C, whereas for long-chain base ceramide
analogs the temperature varied approximately from 16 to 43°C. The results
obtained from tPA-Cer fluorescence anisotropy measurements were in
agreement with our tPA fluorescence lifetime analysis (Fig. 10), where a larger
effect was also observed in the case of the ceramide long-chain base analogs
on their lateral segregation and ceramide-rich phase formation.

5.1.3 Properties of ceramide asymmetric analogs in fluid bilayers
In addition, we also studied the behavior of two asymmetric ceramide analogs
that had an equal number of carbons in the chains (sum of carbons in longchain base and acyl chain=33) but differing chain lengths (d20:1/13:0 and
d16:1/17:0, Fig. 12A) to compare the effect of the long-chain base and the Nlinked acyl chain on their lateral segregation and ceramide-rich phase
stability. Our results from the tPA lifetime analysis showed that the onset of
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lateral segregation of the ceramide-rich phase occurred earlier for the
ceramide analog with a longer long-chain base.
In POPC bilayers, d20:1/13:0 ceramides segregated into the ceramide-rich
phase at a lower concentration of ceramides (>7 mol%) compared to d16:1/17:0
ceramides (~12.5 mol%, Fig. 12B), which had the shorter long-chain base of
the two analogs. When we compared the thermostability of these asymmetric
ceramide analogs in POPC bilayers using tPA anisotropy, we observed that
d20:1/13:0 ceramide was more thermostable compared to d16:1/17:0 ceramide
(Fig. 12C). Therefore, our results indicated that the effect of a long-chain base
length was more prominent on ceramide-rich gel phase formation and gel
phase thermostability compared to acyl chain length.
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Figure 12. Effect of asymmetric analogs of ceramide on lateral segregation and gel-phase
thermostability in POPC bilayers, as determined by tPA fluorescence lifetime analysis and
anisotropy. The ceramide analogs had either a long-chain base of d16:1 or d20:1, or an Nlinked acyl chain of 17:0 or 13:0. (A) Chemical structure of the two ceramide analogs. (B)
Intensity-weighted average lifetime of tPA fluorescence. (C) Thermostability of the ceramiderich gel phase based on tPA anisotropy measurements. The composition in (C) was 10 mol %
ceramide analog in POPC. Each value is the average + SEM; n = 3; ns, nanoseconds. The
figure is adapted from paper I with the permission of Elsevier.

To further verify the behavior of asymmetric ceramide analogs in POPC
bilayers, 2H NMR measurements were performed. We measured the longchain base or acyl chain order in site-deuterated d18:1/18:0 ceramides and
compared the quadrupolar splitting value (Δν) of 12,12- d2-labeled long-chain
base and 10′,10′- d2-labeled stearoyl chain as a function of temperature. In SM
bilayer, it has been reported that the 12 position on the long-chain base resides
at the same depth as the 10′ position on a stearoyl chain (Matsumori et al.,
2012).
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We observed that in the temperature range of 20-30°C, the quadrupolar
splitting values (Δν) were considerably higher for the 12,12-d2 carbon of the
long-chain base than for the 10′,10′- d2-carbon of the stearoyl moiety (Fig. 13).
The difference in quadrupolar splitting values (Δν) disappeared as the
temperature increased. Similar (Δν) values at 35°C or above that temperature
indicated that the mobility (2H Pake splitting) of the two chains of ceramide
became similar. However, different behavior was observed for SM analogs in
POPC bilayers (Paper I, Fig. S6).
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Figure 13. Order profile of site-deuterated long-chain base or acyl chain in stearoyl ceramide.
In the ceramide, either the sphingosine long-chain base was site-deuterated (d2) at carbon 12,
or the stearoyl acyl chain at carbon 10. The quadrupolar splitting (Δν) was determined as a
function of temperature for the two ceramide analogs. The ceramide content was 10 mol % in
POPC. Each value is the average + SEM; n=2. The figure is adapted from paper I with the
permission of Elsevier.

It has been previously reported that the saturated ceramides laterally
segregate into ceramide-rich gel phase in fluid phospholipid bilayers (Carrer
and Maggio, 1999; Veiga et al., 1999; Ali et al., 2006; Silva et al., 2006; 2007,
Castro et al., 2007; Ekman et al., 2015). To some extent, this lateral segregation
is due to the absence of a large headgroup in the ceramides that could protect
their hydrophobic parts from interfacial water (Ali et al., 2006; Huang, 1999b;
1999c). Another possible reason for the lateral segregation of saturated
ceramides is to avoid interactions with disordered acyl chains and favor
interactions with saturated acyl chains (Paper III). For the stabilization of
ceramide gel phases, hydrogen bonding involving the 2-NH appeared to be
important (Maula et al., 2011, Ekman et al., 2015), and the 1-OH is also likely
to be involved in interfacial hydrogen bonding. It has been observed that the
lateral segregation of ceramide analogs are not affected by the methylation of
3-OH; therefore, the 3-OH involved in hydrogen bonding may not be very
critical (Ekman et al., 2015).
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To our knowledge, there are no reports on comparative studies of the effects
of long-chain base length and acyl chain length on ceramide behavior in
unsaturated phospholipid bilayers. Fyrst et al. who characterized Drosophila
melanogaster ceramide analogs with variable length long-chain bases, reported
significant differences in biophysical properties for sphingolipids having
short-chain sphingoid bases and long-chain sphingoid bases (Fyrst et al.,
2004). The effects of long-chain base length of ceramides were examined
previously on ceramide-SM interactions and it was observed that the
thermostability of equimolar ceramide/SM mixed bilayers was markedly
influenced by the long-chain base length of ceramides (Maula et al., 2012).
However, we did not observe any notable influence of the acyl chain length
on the thermostability of equimolar ceramide/SM mixed bilayers containing
saturated C16-, C18- and C24-ceramides (Fig. 15). In POPC bilayers, we found
that the long-chain base length of ceramides had a more dramatic effect on
their lateral segregation into gel phase (Fig. 10) and on the thermostability of
ceramide rich gel phase (Fig. 11).
Our results indicate that the interactions of the ceramide analogs with POPC
are asymmetric, and this evidence was further supported by the results
obtained from asymmetric ceramide analogs (d20:1/13:0 or d16:1/17:0).
Higher gel-phase thermostability was observed for the ceramide analog with
a longer sphingoid base (Fig. 12C) and also a higher chain order (quadrupole
splitting) was detected in the sphingoid base than in the acyl chain at
comparable deuteron positions and temperatures (Fig. 13). We think these
asymmetric interactions are possible for two reasons: (i) because POPC is a
hybrid lipid (Heberle et al., 2013), a saturated colipid prefers to interact with
the palmitoyl residue rather than with the oleoyl residue of POPC; and (ii)
since the intermolecular interactions were more strongly affected by the longchain base than acyl chain length, apparently the ceramides interacted with
the palmitoyl residue of POPC mainly via the long-chain base, not so much
via the saturated N-linked acyl chain. Such asymmetric interactions are likely
to involve the orientation effects caused by favorable hydrogen bonding
between the ceramides and POPC, since the long-chain base of ceramides
contains two hydrogen-bond donating and accepting functional groups (1OH and 3-OH), whereas the N-linked acyl chain contains a hydrogen-bond
accepting group (carbonyl ester oxygen) and the NH, which can donate
hydrogen for intermolecular interactions.
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5.2 Effect of hydroxylation, chain length,
unsaturation on ceramide-rich domain formation

and

chain

In addition to variations in the length and nature of the sphingoid long-chain
base, the structural diversity in ceramides may also arise due to variations in
the length of their N-linked acyl chains, with the different level of
unsaturation, hydroxylation, and branching that may occur at different
positions on the N-linked chain (Fahy et al., 2005). To study the influence of
specific structural aspects on the bilayer properties of ceramides, we
examined the properties of different biologically relevant ceramides in mixed
bilayers together with PSM, POPC, and cholesterol. Ceramides used in this
study were saturated C16-, C18- and C24-ceramides, ceramide-1-phosphate,
and monounsaturated C18:1Δ9c and C24:1Δ15c species, all containing the
sphingosine (18:1Δ4t) long-chain base. The two hydroxylated ceramides used
were C182OH-ceramide, i.e., the (2’R)-isomer of the α-hydroxylated ceramides
with a sphingosine long-chain base and C16-phytoceramide with the (4’R)hydroxy sphinganine long-chain base. In addition, to compare the effect of
the cis-double bond present in the long-chain base and in the N-acyl chain,
ceramides containing an unsaturated sphingadiene long-chain base (C 18:2Δ4t,
14c) and ceramides with an unsaturated C18:1Δ12c N-linked acyl chain were also
included. The molecular structures of the ceramides used in this study are
presented in Figure 14.
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Figure.14. Molecular structures of (from left to right) C16-cer, C18-cer, C24-cer, C18:1Δ9ccer, C24:1Δ15c-cer, Cer-1-P, C16-phytocer, C182OH-cer, C18-sphingadienecer, and C18:1Δ12ccer.
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5.2.1 Effect of saturated N-acyl chain length
To study the influence of ceramides’ structure on their bilayer properties, we
examined the interactions of ceramides with PSM in binary mixtures of
ceramides/PSM (1:1) using DSC experiments (Fig. 15). Increasing the
ceramide N-acyl chain length from C16 to C18 or C24 showed very small
variations in the Tm as pure components had a range from 91 to 93°C
(Westerlund et al., 2010; Jime´nez-Rojo et al., 2014). Similarly, when these
ceramides were mixed with PSM, no major differences in the main Tm were
observed (Fig. 15). Only a slightly lower Tm was observed in the presence of
C18-cer and C24-cer compared to C16-cer; although, as a pure component,
C16-cer showed the lowest Tm among these ceramides. Possibly, this effect
was due to a larger hydrophobic mismatch that led to lower molecular
packing and a lower degree of interactions. Similar behavior was also
observed with various binary mixtures of SMs and ceramides with different
N-acyl chain lengths in monolayer studies (Dupuy and Maggio, 2014). With
the increase of the ceramide chain lengths, an increase in the complexity of
bilayer phase transition was observed, which was demonstrated by the
broadening of the transition peaks. The mixture containing C24-cer/PSM
showed a more complex and broad transition that may have resulted from
chain interdigitation.
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Figure 15. DSC thermograms of binary ceramides-PSM bilayers. Representative
thermograms of the 6th heating scans (1°C/min) of equimolar binary mixtures (1 mM) of the
ceramides and PSM from two independently repeated experiments are shown. The Tm for the
main (highest) transition peak is given for each mixture. The figure is adapted from paper II
with the permission of Elsevier.
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The properties of ceramides were also investigated in binary mixtures with
POPC and ternary mixtures with POPC/PSM using steady-state anisotropy
and lifetime analysis of tPA fluorescence. In POPC/Cer mixtures, the
ceramides gel phase melting temperatures increased with N-acyl chain length
(obtained from tPA anisotropy Fig. 16), though little variation was observed
in the fluorescence lifetime (Fig. 17). It indicates that in the POPC bilayer, even
though the thermal stability of the ceramide-rich gel phase was affected by
the N-acyl chain length, the average degree of acyl chain packing in the
bilayers was almost unaffected. These results are in agreement with our
observations (in Paper I) where the differences in N-acyl length of ceramide
analogs did not show any significant effect on their lateral segregations in
POPC bilayers. The presence of PSM on the ceramide-rich phase in the POPC
bilayer increased the membrane order, as indicated by the increasing gel
phase melting temperature and lifetime components.

5.2.2 Effect of interfacial hydroxylation and phosphate headgroup
To detect the effect of interfacial hydroxylation and modification of the
ceramide C1 hydroxyl (by a phosphate headgroup), C16-phyto-cer, C182OHcer, and Cer-1-P were included. According to the DSC thermograms, the
binary C16-phyto-cer/PSM mixture displayed a lower (~4°C) transition
temperature compared to the C16-cer/PSM mixture (Fig. 15). It has been
reported previously that as a pure component, a phytosphingosine backbone
containing ceramides and SMs shows higher gel-to-fluid transition
temperatures than analogous sphingolipids with a sphingosine backbone
(Rerek et al., 2001; Jaikishan and Slotte, 2013). However, it has also been
shown in both monolayer (Lofgren and Pascher, 1977) and infrared studies
(Rerek et al., 2001) that phytosphingosine chains are less tightly packed than
sphingosine chains. This characteristic of phytosphingosine chains is closely
related to our observation, where the transition temperature of the C16cer/PSM mixture was higher than the C16-phyto-cer/PSM mixture. It indicates
that in the C16-phyto-cer/PSM mixture, the destabilizing effect due to looser
chain packing of C16-phyto-cer is more prominent than the stabilizing effect
of an enhanced H-bonding capacity.
Results from tPA anisotropy reported similar gel phase melting temperatures
for C16-cer and the chain equivalent C16-phyto-cer in POPC bilayers in the
absence and presence of PSM (Fig. 16). Therefore, the effect of additional
hydroxylation in thermal stability was not apparent in the POPC bilayers,
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End of domain melting temp, °C

although a clear reduction in the transition temperature of the C16-phytocer/PSM mixtures was observed (Fig. 15). However, tPA lifetime analysis
reported a significantly lower degree of bilayer order and the packing order
for C16-phytocer compared to C16-cer, both in the absence and presence of
PSM (Fig. 17). This could be associated with the previous observation that
phytosphingosine chains displayed a lower degree of packing properties
(Rerek et al., 2001, Lofgren and Pascher, 1977). Interestingly, the presence of
PSM noticeably increased the packing order of C16-phyto-cer containing
bilayers as observed from increased tPA lifetime component (Fig. 17).
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Figure 16. End-point temperature for ceramide-rich domains in various mixed bilayers
containing binary POPC/XCer-60:15 (Solid bar) and ternary POPC/PSM/XCer-60:15:15
(Open bar). The values were deduced from measurements of tPA (1 mol %) fluorescence
anisotropy as a function of increasing temperature. Each value is the mean + SEM for n=3.
The figure is adapted from paper II with the permission of Elsevier.

The presence of α hydroxylation (C2-OH) on the N-acyl chain of SM also
showed a higher Tm as a pure component compared to nonhydroxylated SM
(Ekholm et al., 2011). Enhanced molecular packing due to α-hydroxylation in
ceramides was also observed compared to their nonhydroxylated
counterparts (Pascher, 1976). However, the binary mixture with PSM
hydroxylated ceramides C182OH -cer showed almost a similar (<1°C difference)
Tm to the chain equivalent C18-cer (Fig. 15), demonstrating that stabilization
of intermolecular interactions by the α-hydroxylation was not apparent in a

33

binary mixture of an α-hydroxylated ceramides and a nonhydroxylated SM.
Though, the presence of an additional hydroxyl in C182OH-cer slightly
increased the gel phase melting temperature (Fig. 16) and degree of packing
order in POPC bilayers (Fig. 17) compared to C18-cer both in the absence and
presence of PSM. PSM increased the thermal stabilization of the bilayers,
inducing an increased fraction of ordered lipids (Fig. 16), but no apparent
effect was observed in the degree of bilayer order (Fig. 17).
When we examined the effect of the phosphate headgroup, Cer-1-P showed
very different biophysical properties from the chain-matched C16-cer.
Because Cer-1-P has a highly polar phosphate head group, as a pure
component, it is able to form a bilayer on its own, which contrasts ceramides
(Kooijman et al., 2008). As a pure component, the Tm of Cer-1-P (~65°C
(Kooijman et al., 2008)) is significantly lower compared to C16-cer (~90°C
(Shah et al., 1995; Sot et al., 2005)). Our results also showed a significantly
lower Tm for the binary mixture of PSM/Cer-1-P than with the chainequivalent C16-cer (Fig. 15). The DSC thermogram showed a broader
transition peak, which is indicative of a complex gel phase transition and poor
miscibility with PSM. This could be explained by the repulsion of the head
group within Cer-1-P that subsequently reduced its lateral chain packing.
Interestingly, Cer-1-P displayed a comparatively high gel phase melting
temperature both in the absence and presence of PSM in the POPC bilayers;
the melting temperature was only a few degrees lower than the chainequivalent C16-cer. However, clear differences in the packing properties of
these ceramides were observed from the tPA lifetime data, where Cer-1-P
showed a lower degree of packing order than C16-cer both in the presence
and absence of PSM (Fig.17). Our results indicated that the phosphate head
group in Cer-1-P obviously restricted the chain interactions, resulting in lower
degree lateral packing and (slightly) reduced thermal stability compared to
C16-cer in the POPC bilayer.

5.2.3 Effect of an unsaturated N-acyl chain and long-chain base
In the case of the unsaturated ceramides, the binary mixtures in PSM
displayed lower Tm values than their saturated counterparts. The presence of
cis-double bonds in acyl chains may perturb the chain packing and,
subsequently, can reduce the gel-to-fluid transition temperature of lipids in a
position-dependent way (Marsh, 1999). Cis-double bonds increase the lateral
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space requirement of the molecules, and the presence of cis-unsaturation
affects the packing properties of ceramides in a position-dependent manner.
In the PSM bilayers, C18:1Δ9c-cer showed a lower Tm than C24:1Δ15c-cer, which
is a clear indication of the position-dependent effect of cis-unsaturations. In
C18:1Δ9c-cer, the double bond is in the middle region of the N-acyl chains,
whereas in C24:1Δ15c-cer, the double bond is closer to the membrane’s
hydrophobic core, next to the distal end of the sphingoid base where the
disruption in chain packing is less dramatic (Lofgren and Pascher, 1977).
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Figure 17. Fluorescence lifetimes of tPA in various mixed bilayers. The average lifetime of tPA
(1 mol%) in binary POPC/XCer 60:15 (Solid bar) and ternary POPC/PSM/XCer 60:15:15
(Open bar). Each value is the average from at least three independently repeated experiments.
The figure is adapted from paper II with the permission of Elsevier.

Also, in C18:1Δ12c-cer, the presence of a cis-double bond resulted in a lower Tm
in the binary mixture compared to saturated C18-cer, though this effect was
slightly smaller than for C18:1Δ9c-cer (Fig. 15). This behavior again indicates
the position-dependent effect of cis-double bonds. Interestingly, the presence
of a cis-double bond in a sphingoid base of C18-sphingadiene-cer showed a
larger decrease in the Tm of the binary mixture than for C18:1Δ12c-cer, where
the cis-double bond in the acyl chains is approximately a similar bilayer depth.
Moreover, the binary C18-sphingadiene-cer/PSM mixture showed less
cooperativity in the melting transition than the C18:1Δ12c-cer/PSM mixture.
This is a clear indication that the double bond in the sphingoid base of
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ceramides has a higher impact on the ceramides’ properties in the PSM
bilayer. Perhaps the cis-double bond introduced in the sphingoid base
orientationally changed the C4 trans-double bond, which is a key factor in
ceramides acyl chain packing (Lofgren and Pascher, 1977; Brockman et al.,
2004) and is also thought to have an important role in the intermolecular Hbonding network within ceramides (Brockman et al., 2004, Li et al., 2002).
In the POPC bilayers, binary mixtures of the unsaturated ceramides showed
significantly lower points of gel phase melting temperatures than for the other
ceramides (obtained from tPA anisotropy analysis; Fig. 16). This observation
also reflects the position-dependent effect of unsaturations on acyl chain
packing and is in agreement with the DSC experiment (Fig. 15). Among the
unsaturated ceramides, the thermostability of the ceramide-rich phases was
higher in C24:1Δ15c-cer, followed by C18:1Δ12c-cer- and C18:1Δ9c-cer. The effect
of the unsaturation of the sphingoid base was more prominent than the
unsaturation of the N-acyl chain, where the binary mixtures containing C18sphingadiene-cer showed lower thermostability than C18:1Δ12c-cer. A similar
effect was observed for the binary PSM/Cer mixtures (Fig. 15)
Results from tPA lifetime in the binary mixtures showed that among the
unsaturated ceramides, only C24:1Δ15c-cer induced a ceramide-rich ordered
phase at 23°C, and all other mixtures displayed significantly lower lifetimes,
indicating the presence of a fluid phase in the bilayers (Fig. 17). This
observation was in line with the anisotropy data, where only the C24:1Δ15c-cer
binary mixture showed a phase melting temperature above 23°C, while all
other mixtures were below 23°C (Fig. 16). The addition of PSM in the binary
mixtures increased the order of the bilayers observed from both tPAanisotropy (Fig. 16) and lifetime data (Fig. 17).
Altogether our results show that the domains formed by the saturated and
hydroxylated ceramides in POPC bilayers have considerably higher degrees
of chain packing and thermal stability compared to unsaturated species.
Moreover, differences in bilayer properties of saturated ceramides due to
interfacial hydroxylation or variation in the acyl chain length are smaller than
differences within different unsaturated species. Similar behavior in
membrane properties was reported due to differences in ceramide acyl chain
length and unsaturation (Pinto et al., 2011). Also in PSM bilayers, the gel
phase melting temperatures for saturated and hydroxylated ceramides are
higher than the unsaturated ceramides. These results are in agreement with a
previous study by Dupuy and Maggio, where using monolayer studies they
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reported that the phase behavior of ceramide-SM mixtures mainly depends
on their acyl chain order (Dupuy and Maggio, 2014). We found that the
addition of PSM in the binary mixture increased the packing order and the
thermostability of the bilayers. Also results obtained from the DSC
experiment demonstrated that all the ceramides used in our study interacted
favorably with PSM. This observation further supports the evidence that
ceramides show a high affinity for ordered domains (Wang and Silvius, 2003).
The properties of the unsaturated ceramides were significantly influenced by
the relative position of the cis-double bond. The effect of unsaturation was
more prominant when the double bond is located on the midpart of the N-acyl
chain. Marsh et al. reported a similar position dependent effect of
unsaturation on acyl chain packing in glycerophospholipids (Marsh, 1999).
Presence of a cis-double bond introduces the destabilization effect by
decreasing the van der Waal’s interactions between lipid acyl chains
(Koynova and Caffrey, 1998). Our results also displayed that the presence of
a double bond in the sphingoid base shows higher impact on biophysical
properties of ceramides in membranes than a double bond present in the Nacyl chain.

5.2.4 Effect of cholesterol on ceramide-PSM rich domains
We investigated the effect of cholesterol on ceramide-PSM rich domains using
tPA anisotropy, tPA lifetime, and CTL quenching. The fluorescence CTL
quenching was a very efficient method for this study, because CTL partitions
only in sterol-rich domains but not in ceramide-PSM rich domains. CTL is a
cholesterol-mimicking probe. Therefore, in CTL quenching method the
absence of a detectable melting of sterol-rich domain point out the
displacement of the probe from the domain into POPC-rich fluid phase where
it is quenched by the fluid quencher lipid (Alanko et al., 2005, Bjorkqvist et al.,
2005). In our CTL quenching assay (Fig. 18), curves showing a detectable
melting point indicate the presence of cholesterol-rich domains whereas
linear graphs are signifying the absence of cholesterol-rich domains.
Like ceramide, cholesterol also showed favorable interactions with saturated
SMs and were able to form the SM/cholesterol-rich ordered phases (Marsh,
2009; de Almeida et al., 2003). Since both the ceramides and cholesterol have
the tendency to interact with SM, their presence in the same bilayer was
interesting to study, because there was the possibility they would compete to
interact with SM. Depending on the membrane composition, ceramides and
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cholesterol display subsequent influences on each other: at a low cholesterol
level, ceramides displace cholesterol from the ordered phase, and at a high
cholesterol level, cholesterol induces destabilization and solubilization of
ceramide-rich phases (Silva et al., 2007; Castro et al., 2009; Pinto et al., 2013).
Moreover, SM, cholesterol, and ceramides sometimes coexist to form a ternary
phase in the absence of a fluid phase (Busto et al., 2010; 2014).
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Figure 18. Quenching of CTL fluorescence in quaternary mixture bilayers containing the
ceramides with varying acyl chain lengths (A), interfacial hydroxyl groups or phosphate head
group (B), and unsaturated chains (C). The 7SLPC-induced quenching of CTL fluorescence
was measured in the F-samples (7SLPC/POPC/PSM/XCer/Chol/CTL; 30/30/15/15/9/1 by
mol) and the Fo-samples (POPC/PSM/XCer/Chol/CTL; 60/15/15/9/1 by mol). F/Fo thus
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shown for each mixture. The figure is adapted from paper II with the permission of Elsevier.

Our results obtained from tPA anisotropy showed that saturated ceramides
(C16-, C18-, and C24-cer) in ternary POPC/PSM/Cer mixtures displayed
domain end-melting around 47- 49°C. When cholesterol was incorporated, the
quaternary POPC/PSM/Cer/Chol mixtures showed domain end-melting
around 44°C, which is few degrees lower than the end-melting of the mixtures
in the absence of cholesterol (Paper II, Table 2). At 23°C, tPA average lifetime
revealed similar lateral-packing properties of these domains (Paper II, Fig 2C),
though domain disorder was observed to some extent by the increased acyl
chain mismatch (Paper II, Fig. 3 left panel). CTL quenching did not show any
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sterol-rich domain melting, though cholesterol was present in these bilayers
(Fig. 18A), which is a clear indication that cholesterol was not incorporated
into these ceramide-PSM rich domains.
The presence of cholesterol on hydroxylated ceramides and Cer-1-P-rich
domains influenced these bilayers differently (Fig. 18B). An efficient
displacement of cholesterol occurred in the case of C182OH-cer, though C16phyto-cer was unable to displace cholesterol from the ceramide-PSM rich
domains. In addition, no evidence of sterol-enriched domain melting was
observed in the presence of Cer-1-P; however, a gradual decrease of F/Fo was
apparent over the temperature range (10 - 40°C). These results indicate that
cholesterol was incorporated to a small or a large extent into ordered domains
in the presence of Cer-1-P and C16-phyto-cer. Among the unsaturated
ceramides, only C24:1Δ15c-cer displaced cholesterol from the ordered domains
(Fig. 18C). For the other unsaturated ceramides, clear domain melting was
observed with the CTL-quenching assay (Fig. 18C), indicating strong
cholesterol incorporation into the ordered domains of these bilayers.

5.3 Effect of phosphatidylcholine unsaturation on the lateral
segregation of ceramides
The lateral segregation of ceramides in fluid bilayers has been widely
investigated (Ekman et al., 2015; Hsueh et al., 2002, Pinto et al., 2011, Silva et
al., 2007; Sot et al., 2005; Veiga et al., 1999). We have also shown how the
lateral segregation and ceramide-rich phase formation of different ceramides
in POPC bilayers are influenced by their structural properties, particularly
long-chain base properties and acyl chain properties (length and
unsaturation). To our knowledge, there are no reports on how the properties
of ceramides may be affected by increasingly unsaturated
glycerophospholipids in membrane bilayers. Because various types of
glycerophospholipids with different level of unsaturation in their acyl chains
are present in biological membranes, we think it is important to study how
this difference in glycerophospholipids unsaturation can affect the properties
of ceramides. The effect of increasing unsaturation in glycerophospholipids
has been studied to some extent in the case of glycerophospholipid,
cholesterol, and sphingomyelin miscibility (Kullberg et al., 2015; Brzustowicz
et al., 2002; Shaikh et al., 2009; Soni et al., 2008, Williams et al., 2012). The
objective of our project was to investigate how the lateral segregation of
palmitoyl ceramide (Pcer) and the fully saturated dihydro-Pcer can be
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affected by increasingly unsaturated PCs. In our investigation, we used the
unsaturated PCs with a palmitoyl residue at sn-1 and one of the following
acyl chains: 18:1, 18:2, 20:4, or 22:6 (POPC, PLPC, PAPC, and PDPC,
respectively) at the sn-2 position. We also included DOPC as a
dimonounsaturated PC to compare it with POPC.

5.3.1 Lateral segregation of ceramides in increasingly unsaturated PC
bilayers
The lifetime analysis of tPA fluorescence was performed to detect the
concentration-dependent lateral segregation of Pcer and dihydro-Pcer in
increasingly unsaturated PXPC bilayers (with PXPC being POPC, PLPC,
PAPC, or PDPC). To detect the ceramide-rich ordered phase formation in a
fluid bilayer, tPA lifetime analysis is a sensitive method since tPA favorably
partition into the ceramide-rich phase, and with the increase of more ordered
ceramide-rich phase formation, the fluorescence lifetime of tPA increases
(Silva et al., 2006; Ekman et al., 2015, Hsueh et al., 2002).
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Figure 19. Average tPA fluorescence lifetime in unsaturated PCs bilayers containing
increasing concentrations of Pcer (A) or dihydro-Pcer (B). The experiment was carried out at
23 C with 1 mol% tPA. Each value is the mean + SEM for n=3. The figure is adapted from
paper III with the permission of American Chemical Society.

The results from our tPA lifetime analysis displayed that the intensity
weighted average lifetime of tPA started to increase above 5 mol% of Pcer
(Fig. 19A), an indication of Pcer lateral phase segregation in POPC bilayers.
This is in good agreement with the previous studies where Pcer was reported
to form ordered domains in POPC bilayers at a very low concentration,
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around 3-5 mol% (Silva et al., 2006; Ekman et al., 2015; Castro et al., 2007).
When we replaced POPC with PLPC, a higher Pcer concentration was needed
for the lateral segregation of Pcer in the bilayers (Fig. 19A). There was almost
5 mol% of concentration shift observed for Pcer segregation in PLPC. When
additional double bonds were introduced in the sn-2 position of the PCs, as
was the case for the PCs containing 20:4 (PAPC) or 22:6 (PDPC), lateral
segregation occurred at lower Pcer concentration that was close to the
concentrations needed for Pcer in the POPC bilayers. However, slightly
higher lateral packing of Pcer-rich phase was observed in PDPC bilayers, as
indicated by the tPA fluorescence longest lifetime component (Fig. 20A).
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increasing concentrations of Pcer (A) or dihydro-Pcer (B). The experiment was carried out at
23 C with 1 mol% tPA. Each value is the mean + SEM for n=3. The figure is adapted from
paper III with the permission of American Chemical Society.

When we compared the lateral segregation of fully saturated dihydro-Pcer
with Pcer in the POPC bilayers, we also observed ceramide-rich phase
formation by dihydro-Pcer in the bilayers (Fig. 19B and Fig. 20B). In the PLPC
bilayers, the ceramide-rich ordered phase formation by dihydro-Pcer
occurred with a slightly higher ceramide concentration compared to other PC
bilayers; a similar behavior was also observed for Pcer. The packing
properties of ceramide-rich phase formation in POPC bilayers by both Pcer
and dihydro-Pcer ware almost identical as observed from the longest tPA life
time (Fig. 20 A and B). In the case of PAPC and PDPC bilayers, a significant
increase in the order of the dihydro-Pcer-rich phase formation was observed
(Fig. 19B and Fig. 20B). The higher longest lifetime component of tPA
fluorescence indicated that the ceramide-rich phase formation by dihydro-
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Pcer was significantly more ordered than the phase formation with Pcer, with
the exception in POPC bilayers (Fig. 20, A and B).

5.3.2 Thermostability of ceramide gel phases in unsaturated PC bilayers
We also performed a temperature-dependent tPA anisotropy approach to
study the thermostability and end point of the gel phase melting of Pcer and
dihydro-Pcer in PXPC bilayers at a 1:9 molar ratio (Fig. 21). We observed that
the Pcer gel phase formation in POPC bilayers showed more thermostability
compared to gel phases formed in other PCs.
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Figure 21. The end of the gel melting temperature of Pcer or dihydro-Pcer in unsaturated PC
bilayers. The compositions were 1:9 mole ratio of ceramides to PC. Each value is the mean +
SEM for n=3. The figure is adapted from paper III with the permission of American Chemical
Society.

The end point of Pcer gel phase melting in POPC was observed at ∼34°C,
while the lowest gel phase thermostability was observed in PLPC bilayers
(∼26°C). However, the Pcer gel phase increased in PAPC and PDPC bilayers
with the increase of cis-double bonds and chain length in the PCs compared
to the thermostability observed in the PLPC bilayers. With incorporation of
dihydro-Pcer in the PXPC bilayers (at 1:9 ratio), the ceramide-rich gel phase
displayed more thermostability compared to the Pcer-rich gel phase formed
in the same PC bilayers. Interestingly, dihydro-Pcer-rich gel phase formation
in the PXPC bilayers became more thermostable with the increasing
unsaturation and chain length of the PCs, which displayed the end point of
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the gel phase melting at ∼ 35.1°C in the POPC bilayers and up to ∼ 44 °C in
the PDPC bilayers. We also included DOPC as a dimonounsaturated PC to
compare it with POPC. Our results showed that the Pcer-rich gel phase
formation in the POPC bilayer was more thermostable compared to the Pcerrich gel phase formed in the DOPC bilayer. However, the gel phase formation
by dihydro-Pcer in the DOPC bilayers was much more stable than in the
POPC bilayers, as observed from the much higher end-point temperatures of
gel melting ∼ 42 °C in DOPC and ∼ 35°C in POPC bilayers. Our results
indicated that the ceramide-rich phases became more thermostable when
more unsaturated PCs were introduced into the mixed bilayers.
We showed how the properties of ceramides are affected in bilayers with
increasing level of glycerophospholipid unsaturation. In our study, we have
included Pcer because it is one of the most important ceramide species in
biological cells. We have also included dihydro-Pcer since it is a structural
analog of Pcer that lacks trans 4 double bond in the long-chain base. It has
been previously reported that the dynamic mobility and intermolecular
hydrogen bonding involving the 3-OH can be affected for the absence of the
trans double bond (Li et al., 2002).
When we compared the properties of ceramides in POPC and DOPC bilayers,
we observed that the Pcer gel phase formation was stabilized by sn-1
palmitoyl residue in the POPC and by sn-1 oleoyl residue in DOPC. Because
POPC is a hybrid lipid, the saturated chain of POPC may interact with other
saturated acyl chains of colipids in the bilayers, whereas its unsaturated chain
may not provide favorable interactions with saturated acyl chains (Heberle et
al., 2013; Litman et al., 1991). Perhaps this hybrid nature of POPC provides
Pcer for more stable gel phase formation in POPC bilayers over the
diunsaturated DOPC. We observed the evidence that the end point of the gel
phase melting temperature of Pcer shows higher thermostability in POPC
bilayers than in DOPC bilayers (Fig. 21). The dihydro-Pcer showed slightly
different properties compared to Pcer in the POPC and DOPC bilayers.
Significantly, a more stable dihydro-Pcer gel phase formation was observed
compared to Pcer gel phase formation in DOPC bilayers. Perhaps the stronger
intermolecular hydrogen bonding among dihydro-Pcer molecules could have
led to its lower miscibility in these PC bilayers. We have observed the similar
behavior for palmitoyl SM and its dihydro analogs (Paper IV).
Pcer and dihydro-Pcer also showed slightly different behavior in the bilayers
with increasing unsaturated PCs. The gel phase order and thermostability of
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the dihydro-Pcer gel phase increased when the degree of PC unsaturation
increased. However, the Pcer gel phase showed higher thermostability in
POPC bilayers than in other unsaturated PCs (PLPC, PAPC, and PDPC). The
removal of the trans double bond in dihydro-Pcer changed the dynamics of
the 3-OH and consequently, altered the hydrogen-bonding properties to
facilitate dihydro-Pcer lateral segregation. It has been reported that the
hydrogen bonding has a significant effect on lateral segregation of ceramides
in POPC bilayers (Ekman et al., 2015).
The sn-2 chain length for POPC and PLPC are shorter than for PAPC and
PDPC. Thus, in addition to the degree of unsaturation, some of the effects
observed in unsaturated PCs bilayer may come from the differences in chain
length of the PCs. However, the interactions between the ceramides and PCs
were complex. We think these interactions overall were influenced by (i)
hydrogen bonding capacity, mostly bonding between ceramides, and also
between ceramides and PCs, and by (ii) acyl chain interactions that were
influenced by the length and number of the cis-double bond in PCs.

5.4 Effect of hydrogen bonding on sphingomyelin/colipid
interactions
To study the influence of hydrogen bonding on sphingomyelin (SM) and
colipid interactions in fluid bilayers, we included oleoyl or palmitoyl SM and
dihydro-SMs, because they differ in their hydrogen bonding properties. We
performed a comparative study to investigate the properties of oleoyl or
palmitoyl SM with comparable dihydro-SMs. We also investigated how the
differences in SM/dihydro-SM hydrogen bonding may influence interactions
with cholesterol and ceramides. In our experiments, we carefully controlled
the acyl chain order because it can markedly affect the affinity of cholesterol
for phospholipid bilayers (Halling 2008). We compared the phospholipid acyl
chain order using CTL and DPH anisotropy measurements and also
measured the average tPA lifetimes in binary POPC/PSM or POPC/dihydroPSM. The difference in acyl chain order between pure OSM and dihydro-OSM
bilayers was ascertained from DPH anisotropy measurement (Fig. 22), where
the dihydro species were more ordered at a given temperature compared to
the nondihydro SM. OSM, dihydro-OSM, and POPC bilayers showed similar
acyl chain order at 24°C, 28 °C, and 16°C, respectively (Fig. 23, B and C).
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Under these experimental conditions, we measured CTL partitioning in the
OSM and dihydro-OSM and POPC bilayers.
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Figure 22. Bilayer acyl chain order measured from DPH anisotropy. Multilamellar vesicles
prepared from pure OSM or pure dhOSM contained 1 mol% DPH. The steady-state
anisotropy of DPH was measured as a temperature function (data shown for the 20-30°C
temperature interval). Each value is the average ± SD from n = 3–5. The figure is adapted from
paper IV with the permission of Elsevier.

5.4.1 CTL partitioning between the LUVs and CyD
The equilibrium partitioning of CTL between LUVs were prepared from
POPC, OSM, or dihydro-OSM and CyD. The interactions between CTL and
phospholipids are similar to cholesterol, though CTL is to some extent more
polar than cholesterol (Scheidt et al., 2003). It has been reported that the
absolute bilayer affinity of CTL is ~5–7 times less than that of cholesterol,
though the relative differences in their affinity for SM and PC bilayers are
similar (Nystrom et al., 2010). Our results showed that the Kx (partitioning
coefficient, mM) of CTL was significantly higher in the dihydro-OSM bilayers
(a Kx of ~ 37) compared to the OSM and POPC bilayers (Fig. 23A).
Under the same conditions, similar anisotropy values for CTL and DPH in the
bilayers (Fig. 23B and Fig. 23C) further confirmed the identical acyl chain
order of the bilayers. The difference in the Kx of the POPC and OSM/dihydro-
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OSM bilayers might come from the hydrogen bond stabilization in the
OSM/dihydro-OSM bilayers, which is absent in the POPC bilayers. The binary
mixtures containing POPC (80 mol %) and either PSM or dihydro-PSM (at 20
mol %) showed that the Kx for CTL was significantly higher (p < 0.05) in the
POPC/dihydro-PSM bilayers (a Kx of ~ 17.5) compared to the POPC/PSM
bilayers (a Kx of ~ 13.5; Fig. 23D). At a similar experimental condition (37°C),
we also confirmed the identical acyl chain order of these bilayers; the CTL
anisotropy values did not show much difference between the bilayers (Fig.
23E). This was further confirmed by the similar tPA average lifetime values in
POPC/PSM and POPC/dihydro-PSM mixtures at 37°C (Fig. 23F).
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Figure 23. CTL equilibrium partitioning between the LUVs and CyD. The LUVs (200 nm in
diameter) were prepared from either pure POPC, OSM, or dihydro-OSM (A–C); POPC/PSM
or POPC/dihydro-PSM (4:1 molar ratio; D–F); or pure PSM or dihydro-PSM (G–I), and they
contained 2 mol% CTL at the start of the experiment. The Kx for CTL partitioning was
determined at 16°C (POPC), 24°C (OSM), 28°C (dihydro-OSM), 37°C (POPC/PSM and
POPC/dihydro-PSM), 50°C (PSM), or 53.5°C (dihydro-PSM) to achieve close to equal acyl
chain order in the respective bilayers. Panels A, D, and G show the Kx values for each type of
LUV, and panels B, E, and H show the measured CTL anisotropy values at the start of the
experiment. Finally, panels C and I show the DPH anisotropy values at the start of the
experiment, and panel F shows the average lifetime component of tPA. The asterisk indicates
a statistically significant difference between the compared SM bilayers in each panel (P < 0.001
for A, P < 0.05 for D, G). The difference between CTL partitioning to POPC and the SM
bilayers shown in panel A was also significant (P < 0.001). The value pairs in panels B, E, and
H and in C, F, and I were not significantly different (P > 0.05). Each value is the average +
SD from n=3–5. Note that dihydro is indicated with dh. The figure is adapted from paper

IV with the permission of Elsevier.
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Since DPH partitioning into ordered and disordered phases are similar
(Kaiser and London, 1998), DPH anisotropy in detecting the acyl chain order
in the SM-rich phase would not provide a reliable prediction. Therefore,
fluorescence lifetime analysis of tPA was performed to detect the acyl chain
order of the more ordered SM-rich phase (Nyholm et al., 2011). In pure PSM
and dihydro-PSM bilayers, the Kx of CTL showed significantly higher values
(p < 0.05) in the dihydro-PSM bilayers (a Kx ~ 46.5) compared to that of the
PSM bilayers (a Kx ~ 42; see Fig. 23G).
5.4.2 Cholesterol-induced ordering of the OSM and dihydro-OSM bilayers
We studied the interactions of cholesterol with OSM and dihydro-OSM and
investigated the cholesterol-induced ordering effect on these bilayers.
Cholesterol was added in the bilayers with small increments (between 3–21
mol %), and the bilayer phase behavior was detected using tPA fluorescence
lifetime analysis.
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Figure 24. Cholesterol-induced ordering of the OSM and dihydro-OSM bilayers. MLVs
containing OSM or dihydro-OSM and increasing amounts of cholesterol and 1 mol% tPA
were prepared. A fluorescence lifetime analysis of tPA emission was performed at 24°C for the
OSM bilayers (filled triangles) and 28°C for the dihydro-OSM bilayers (open circles). Panel
A shows the longest lifetime of tPA, and panel B shows the average lifetime of tPA as a function
of the cholesterol concentration. Each value is the average + SD from n=3–5. Note that dihydro
is indicated with dh. The figure is adapted from paper IV with the permission of Elsevier.

Results from our lifetime analysis showed that with the increment of
cholesterol in the bilayers, both the average and longest lifetime component
of tPA fluorescence increased almost linearly. Because tPA fluorescence tends
to show a higher affinity for ordered phase, the increase in the lifetime of tPA
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was clearly indicative of an increased ordered environment. At identical
cholesterol concentrations, the longest fluorescence lifetime component of
tPA was slightly longer in the dihydro-OSM bilayers compared to that in the
OSM bilayers (Fig. 24A), though the tPA average lifetime was almost similar
in both bilayers (Fig. 24B). In general, the average fluorescence lifetime of tPA
included contributions from all phases present, while the longest lifetime
component was associated with tPA localized in the most ordered
environment. Similar values for tPA average lifetime in both the OSM and
dihydro-OSM bilayers indicated that the fractional contribution from the
more ordered cholesterol-rich phase was small. In OSM/dihydro-OSM
bilayers, the lifetime of tPA was comparatively shorter than was reported in
a liquid-ordered phase composed of saturated SM and cholesterol (Nyholm
et al., 2011). Slightly longer lifetime in dihydro-OSM bilayers, as observed
from the longest lifetime component of tPA, indicates that cholesterol induced
a more ordered phase in the dihydro-OSM bilayers compared to that in OSM
bilayers.

5.4.3 Ceramide and diacylglycerol segregation in OSM and dihydro-OSM
bilayers
Ceramides or DPG-induced ordered phase formation in fluid OSM or
dihydro-OSM bilayers were investigated using time-resolved analysis of tPA
fluorescence. It has been observed that in fluid POPC bilayers, Pcer can induce
ordered phase formation at lower concentrations, above 3–4 mol% ceramides
(Silva et al., 2006). In the same POPC bilayers, a chain match diacylglycerol
was observed to segregate; however, a higher concentration was needed for
phase segregation by diacylglycerol compared to ceramides (Ekman et al.,
2015).
The ceramide-ordered phase has greater stability due to the hydrogen
bonding efficiency among the ceramides (Ekman et al., 2015). In our
experiment, we selected the initial condition such that the acyl chain order of
the bilayers was equal for both OSM and dihydro-OSM. In the OSM bilayers,
Pcer-20:1 formed an ordered phase at concentrations above 6 mol%, whereas
no ordered phase formation was observed by DPG in the same bilayers (Fig.
25A). Interestingly, in the dihydro-OSM bilayers, both Pcer-20:1 and DPG
more readily formed an ordered phase than in the OSM bilayer. Pcer-20:1
started to form an ordered phase in the dihydro-OSM bilayers, even at a lower
concentration (> 2 mol %). Thus, Pcer-20:1 and DPG tended to show a
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difference in ordered phase formation in the bilayers, which supports the idea
that hydrogen bonding stabilized the self-association of ceramides. Moreover,
differences in the hydrogen bonding of the OSM and dihydro-OSM bilayers
also influenced the phase formation of Pcer-20:1 and DPG; the self-association
of these lipids was better in the dihydro-OSM bilayers than in the OSM
bilayers.
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Figure 25. Formation of a gel phase by Pcer-20:1 and DPG in the OSM and dihydro-OSM
bilayers. MLVs with the indicated lipid compositions were prepared together with 1 mol%
tPA. As a function of added Pcer-20:1 (filled symbols) or DPG (open symbols), the longest
tPA lifetime, indicative of the formation of a gel phase, of each sample was determined at 24°C
(OSM; A) or 28°C (dihydro-OSM; B). At these temperatures, the acyl chain order of the pure
OSM and pure dihydro-OSM bilayers were initially similar. Each value is the average + SD
from n=3–5. Note that dihydro is indicated with dh. The figure is adapted from paper IV with
the permission of Elsevier.

To investigate the effect of hydrogen bonding on SM/colipid interactions, we
have used SM and its chain-matched dihydro-SM which are significantly
different in hydrogen bonding properties (Talbott et al., 2000; FergusonYankey et al., 2000; Kinoshita et al., 2014). The effect of hydrogen bonding on
phospholipid/cholesterol interactions has been reported previously in bilayer
membranes (Lonnfors et al., 2011). It has been observed that
phospholipid/cholesterol interactions are also influenced by the length of
phospholipid acyl chain (Jaikishan and Slotte, 2011), degree of unsaturation
(Engberg et al., 2016), acyl chain order (Halling et al., 2008), and effects due to
the phospholipid headgroup (Bjorkbom et al., 2010; Huang et al., 1999b;
1999c). The equilibrium partitioning of CTL was performed to measure the

49

sterol affinity of the unilamellar bilayers. We carefully controlled the similar
bilayer acyl chain order of SM and dihydro-SM by varying the experimental
temperature. Our results demonstrated that the bilayer affinity of
CTL/cholesterol was higher with dihydro-SM than with SM bilayers. It was
also noticed that the sterol showed a higher affinity for SM bilayers than for
comparable PC bilayers (Fig. 23A, this study, and Fig. 1 in Halling 2008). We
think that the difference in hydrogen bonding properties of the two types of
SMs causes higher sterol affinity for the dihydro-SM bilayers compared to the
matched SM bilayers.
We also detected the presence of the cholesterol-rich phase in the OSM or
dihydro-OSM bilayers using tPA fluorescence lifetime analysis. Our results
suggested that the cholesterol-enriched phase was slightly more ordered in
dihydro-OSM bilayers compared to OSM bilayers, as a higher longest lifetime
component was observed in dihydro-OSM bilayers (Fig. 24). Thus, our
finding suggest a more favorable and closer interaction between cholesterol
and dihydro-OSM. We think this interaction is partially resulted from the
hydrogen bonding properties of dihydro-OSM, which are different from
those of OSM. It has been observed that the hydrogen-bonding properties of
ceramides and cholesterol are different, even though both are amphiphilic
molecules having small polar functions at their water interface. Ceramides
contain two hydrogen bond-donating hydroxyl groups on C1 and C3,
whereas cholesterol has only one hydroxyl in the C3-position. Moreover,
ceramide acyl chains are amide-linked and this functional group plays a major
role in hydrogen-bonding properties of ceramides. It has also been reported
that cholesterol and ceramide show different affinity to the headgroup
properties of their interacting partner molecules (Bjorkbom et al., 2010;
Artetxe et al., 2013). In addition to favorable van derWaals interactions, the
hydrogen bonding efficiency of ceramides promotes favorable stabilization of
ceramide/SM interaction over SM/cholesterol interaction. When a
comparative study was performed to detect the ordered phase formation by
Pcer-20:1 and DPG in the dihydro-OSM and OSM bilayers using tPA lifetime
analysis, we observed that DPG required much higher bilayer concentration
to form an ordered phase. Our findings are in agreement with the report on
the lateral segregation of Pcer-20:1 and DPG in POPC bilayers (Ekman et al.,
2015). It indicates that the differences in hydrogen-bonding properties
between ceramides and matched diglycerides significantly influence their
interactions and lateral segregation in the bilayers.
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It has been reported that compared to cis double bonds, trans double bonds at
the same position provide better hydrogen bonding efficiency among SMs
(Janosi and Gorfe, 2010). However, in hydrogen bond formation the double
bond itself is not a partner, therefore it causes an indirect effect by altering the
packing properties or hydrogen bonding.

Figure 26. Energy-minimized molecular structures of a partial SM and dihydro-SM
fragment. Structures A and B represent SM, and fragments C and D depict dihydro-SM. The
blue dotted arrow (A) indicates the restricted rotation of the C-C bond. The blue complete
arrow (C and D) indicates less hindered rotation of the C-C bond. The orange dotted arrow
(B) indicates the different orientation of the bond in B compared to A, but its rotation is still
hindered. The complete orange arrow in D indicates the changed orientation compared to in
C, with the rotation of the C-C bond less hindered. The energy difference between configuration
A and B is only about 0.21 kcal/mol, which means that both configurations are likely. The
figure is adapted from paper IV with the permission of Elsevier.

As observed from the quantum chemical calculations, the rotational freedom
of the neighboring C-C bond was restricted due to the presence of trans double
bond on the sphingoid base of SM. Two possible likely conformations are
presented in Fig. 26, A and B. The conformation presented in Fig. 26A is
favored over that showed in Fig. 26B, the energy difference between these two
conformations was only ~ 0.21 kcal/mol. Due to the absence of trans double
bond in dihydro-SM, no restriction in rotational freedom was reported for this
molecule. In the case of dihydro-SM rather an increased rotational freedom of
3-OH was observed (Fig. 26, C and D). Because hydrogen bonds are
directional, a more flexible 3-OH in dihydro-SM may provide better
hydrogen-bonding efficiency in this molecule than in SM, where 3-OH is
restricted.
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6. CONCLUSIONS
Because ceramides significantly affect cellular events, e.g., apoptosis, cell
sensing, and necrosis and also contribute as membrane structural
components, studying their properties and behavior in membranes is highly
important. In this thesis, we have systematically investigated how the
structural variation in ceramides can influence their molecular properties and
their interactions with other lipids that are present in the bilayers. We have
also examined how the structure of the associated lipids can influence the
ceramide-rich phases in bilayer membranes. Important conclusions drawn
from our studies are presented here.
In papers I–II, we demonstrated how specific structural variations in
ceramides concerning the length of both N-acyl chains and long-chain base,
interfacial hydroxylation, identity of the headgroup, and the position of cisdouble bonds in the chains can influence their membrane bilayer properties.
Based on the results of Paper I and II, our observations are the following:
i.

ii.

iii.

iv.

The length of the long-chain base of ceramides has a major effect on
ceramide-colipid interactions compared to the effect of N-linked acyl
chain length.
Ceramide-colipid interactions are asymmetric. We think this
asymmetric nature of ceramide-colipid interactions could be
explained by the asymmetric location of the functional groups
involved in hydrogen bonding.
The consequences of interfacial hydroxylation and the N-acyl chain
length of ceramides, cause relatively small variation on their bilayer
properties.
The presence of cis-double bonds and their comparative position in the
ceramide acyl chains, cause major effect on the properties of ceramides
compared to common saturated and hydroxylated ceramide species.

In paper III, we examined the interactions of saturated ceramides in
unsaturated glycerophospholipid bilayers and demonstrated how the
properties of ceramides are influenced by the degree of unsaturation of
different glycerophospholipids. A clear effect was observed on dihydro-Pcer
properties with the increased unsaturation of the sn-2 acyl chains of the PCs.
These interactions between ceramides and PCs were affected both by the
trans-4 double bond of Pcer by the palmitoyl acyl in the sn-1 position and by
the overall degree of unsaturation of the sn-2 acyl chain of the PCs. Our
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findings could be important in studying the behavior of ceramide or dihydroceramide in membranes of endoplasmic reticulum, since this is the site for
biosynthesis of these ceramides and also these membranes are thought to be
abundant in unsaturated glycerophospholipids.
In paper IV, we explored how the interactions between sphingomyelin (SM)
and colipids (ceramides and cholesterol) can be affected by hydrogenbonding properties. However, it is also obvious that in hydrated bilayers
other types of interactions (hydrophobic or van der Waals interactions, steric
effects, headgroup effects, etc.) are similarly important for lipid interactions.
We used sphingomyelins (OSM and dihydro-OSM) with different hydrogenbonding capacities and observed significant consequences of their
interactions with ceramides and cholesterol. Our findings demonstrated that
hydrogen bonding is important for sterol/SM and ceramide/SM interactions,
and these interactions are distinctly affected by hydrogen bonding.
Our results demonstrated that specific small structural variation may lead to
differences in behavior of ceramides, which could have possible consequences
in distinct cell or tissue types. Some of these effects could be more dramatic,
whereas others could cause only fine adjustment in interaction of ceramides
with other lipids in the membrane. In mammalian ceramides, the variations
in the acyl chain lengths are more common than the variation in long-chain
base lengths. Therefore, we think that the unique properties of ceramides may
come from variable acyl chain lengths that do not have a dramatic impact on
gel-phase properties of ceramides. For the substrate properties of ceramides
in synthesis of more complex sphingolipids and for their specific interactions
with membrane proteins, these unique properties of ceramides could be
pivotal.
Overall, we have reported how the biophysical properties of ceramides are
influenced by their molecular structure and the colipids present in the
membrane bilayers, which may have distinct effects on cell physiology. Our
results were obtained from model membrane studies, however it partially
characterize the lipid interactions of more complex biological membranes. In
future, it will be interesting to introduce different ceramide species into cells
and to study how their properties and interactions with colipids may
influence such complex system.
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