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S U M M A R Y

Biomembranes are best described as liquid-crystalline, adaptive, and co-operative

supramolecular assemblies. In cells these systems are highly dynamic and apt to

regulation by various membrane binding ligands, membrane lipid composition,

and a number of physical parameters, such as membrane potential, hydration,

pressure, and temperature. An inherent property of lipids is their ability to un-

dergo phase changes, which are generally accompanied by drastic alterations in

the physical properties of the membrane. These changes could be accompanied

by alterations in the function of integral and peripheral membrane proteins and

accordingly the physical state of the cellular membranes would in part determine

the physiological state of the cell.

The present study focused on providing detailed information on the effects

of a cellular signaling molecule, ceramide, on model membranes. In brief, the

results showed that in both fluid and gel as well as in saturated and unsaturated

phosphatidylcholine matrixes ceramide was phase segregated into ceramide-en-

riched microdomains. Furthermore, the enzymatic reaction of sphingomyelinase

catalyzing the formation of ceramide from sphingomyelin in an environment re-

sembling cellular membranes was studied. These data showed that a much slow-

er reorganization process, resulting in the formation of microdomains enriched

in this lipid, followed the rapid enzymatic formation of ceramide. In keeping with

these results the morphological changes caused by sphingomyelinase on giant li-

pid vesicles were studied. The data indicated that similarly to the above observa-

tions ceramide was initially phase separated and this was followed by vectorial

shedding of small lipid vesicles from the membrane.

Evidence has accumulated to indicate that the sphingomyelin content of hu-

man plasma low density lipoprotein (LDL) and deranged sphingomyelin metab-

olism have pathophysiological relevance in the development of atherosclerosis.

In advanced atherosclerotic lesions the concentration of ceramide is increased

compared to normal arterial tissue. We hypothesized that this increased ceramide
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content of cells involved in the formation of atherosclerotic plaques was at least

partly the result of a sphingomyelinase activity associated with LDL. The results

indicated that isolated LDL showed significant sphingomyelinase activity and

based on the sequence comparison between bacterial sphingomyelinase and the

sequence of apoB-100, it seems feasible to suggest that this sphingomyelinase ac-

tivity is an intrinsic property of LDL. Furthermore, due to the enzyme activity

present in LDL it was demonstrated that LDL induced ‘endocytosis’ into the in-

terior of giant lipid vesicles without a need for a specific LDL-receptor or meta-

bolic energy.
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1  I N T R O D U C T I O N

‘Yesterday’s fundamentals may be today’s trivia; Today’s detail may be tomor-

row’s foundation. Who is in a position at a given time to say what are the fun-

damentals.’

Clifford Grobstein, University of Stanford

Membranes must have evolved along with cells over the last 3500 million years.

The first ‘living’ systems on the Earth had four molecular species that allowed

them to evolve: (i) molecules that were capable of storing information and were

able to replicate, (ii) molecules that could function as catalysts (enzymes) and

were encoded by the information storing molecules, and (iii) molecules that were

able to form boundaries to encapsulate and concentrate the molecules represent-

ed by the first two species. The fourth species of molecules (iv) were those that

were capable of storing and releasing energy (Bloom et al., 1991). Except for the

boundary forming molecules, the principles of function of these molecules have

now been fairly well established. Lipids, on the other hand, have been recognized

as providing the basic element for insulating the cellular interior from the sur-

rounding environment (Alberts et al., 1989), but only very recently an alterna-

tive function of biological membranes has been highlighted: lipid bilayers form

a dynamic and tightly regulated reservoir for cellular signaling.

Lipids represent the structurally most diverse class of biomolecules and the

evolution of this diversity appears to be connected to the emergence of eukaryo-

tes. Problematically, the functional significance of this diversity has remained en-

igmatic (Kinnunen, 1991). Although the chemical composition of cellular mem-

branes is maintained at a certain level and the asymmetry of these membranes is

under tight enzymatic regulation, the survival of the cell is dependent on maint-

ing the biophysical properties of these cellular membranes constant. In brief, the

physical parameters that are preserved are the net negative electrical charge and

the propensity to form non-lamellar phases (Kinnunen, 1996).
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Lipid bilayers per se represent only a small fraction of the mass of most bi-

omembranes, however, it is the distinct ‘core’ of a membrane from which, and

around which, the other components are arranged. The fluid mosaic model (Singer

and Nicolson, 1972) characterized cellular membranes as composites of proteins,

lipids, and carbohydrates. Lipids, in this model, provided the material where the

proteins functioned, and they lacked a specific role. Importantly, the membrane

was understood as fluid and complex macromolecular structure. Since those days

it has become clear that the lipid component of cellular membranes is organized

and serves distinct roles in the cellular signaling cascades as well as regulates the

function of integral membrane proteins (Sheetz, 1995). Qualitative understand-

ing of the way in which the physical properties of lipids in cellular membranes

are related and influence cellular functions was one of the motivations of this

study.

It has recently been elucidated that besides providing the structure for biomem-

branes, lipids serve as reservoirs for the generation of lipid second messengers,

such as arachidonic acid, diacylglycerol, and ceramide (Dennis et al., 1991; Spiegel

et al., 1996). In keeping with this view, many transmembrane signaling mecha-

nisms involve the activation of specific phospholipases with the subsequent for-

mation of lipid second messengers. One of the conserved lipid signaling systems

in yeasts as well as in humans is the sphingomyelin pathway or sphingomyelin

cycle (Hannun, 1994). The central molecule in this signaling pathway is ceramide,

which serves as a second messenger for a variety of cellular functions ranging from

differentiation and proliferation to cellular senescence and programmed cell death,

apoptosis (Hannun, 1996). The site and source, as well as the magnitude of cera-

mide generation, the phase of the cell cycle, and activation state of downstream

signaling molecules play a role in the final outcome. This thesis was performed

to provide understanding how ceramide changes the physical properties of mod-

el biomembranes and how these effects could be coupled to the cellular func-

tions of this lipid second messenger. Furthermore, evidence is presented for a novel

low density lipoprotein (LDL) associated sphingomyelinase activity providing a

rational explanation for the observed increased levels of ceramide found in athero-

sclerotic plaques.

In the following chapters I shall introduce the reader to the physical proper-
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ties and modern concepts of biomembranes and sphingolipids. Particular atten-

tion is paid to the biological role of ceramide and how it is produced and de-

graded in cells. I will briefly review the current views of atherosclerosis and how

ceramide might be involved in the progression of this disease. I shall formulate

the questions that were addressed in this thesis and introduce the methodology

used for answering these questions. This will be followed by outline of the re-

sults accompanied with discussion. The thesis is closed by general discussion of

the functional significance of these findings.
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2  R E V I E W  O F  T H E  L I T E R AT U R E

2.1
OVERVIEW OF CELLULAR MEMBRANES,

LIPID BILAYERS, AND MONOLAYERS

Cellular membranes are composed of the lipid bilayer, integral and peripheral

proteins, the polymer scaffolding network in the intracellular side (cytoskeleton),

and the carbohydrate based glycocalyx on the extracellular side, Fig. 1. Accord-

ing to standard textbooks (Alberts et al., 1989) lipid bilayers provide the basic

and passive insulator for the cell and provide in a nonspecific way the necessary

structure for anchoring the active molecules (enzymes, receptors, carbohydrates)

to the cellular surfaces. Only recently it has been recognized that cellular mem-

branes have long range order on various time as well as length scales and that

these membranes possess a considerable degree of static and dynamic heteroge-

neity (Kinnunen, 1991; Jacobson et al., 1995; Glaser, 1995; Varma and Mayor,

1998; Hwang et al., 1998) evoking e.g. higher concentrations of integral mem-

brane proteins to a certain area on the plasma membrane (Jacobson et al., 1995).

Furthermore, it has been realized that the physical properties of the lipid mem-

brane such as the thermodynamic state, lateral organization, and membrane het-

erogeneity have a wide impact on protein and enzyme function (Hønger et al.,

1997; Vaz and Almeida, 1993). In brief, the thermodynamic state of the bilayer

and the conformation of the lipid molecules influence the function of proteins

(Gutierrez Merino, 1987) and vice versa the presence of proteins in the mem-

branes determine in part the short- and long range ordering of the lipid bilayer

(Mouritsen and Bloom, 1984).

Lamellar lipid bilayers (liposomes) provide a unique model for the fluid lipid

bilayer component of cellular membranes, Fig. 2 (Bloom et al., 1991). The bilay-

er is a highly stratified structure with a distinct lateral and transbilayer structure

and the elucidation of its chemical heterogeneity and dynamic nature are essen-
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FIGURE 2. A simplified model of a liposome. Note, that only half of the liposome is shown.

FIGURE 1. A schematic representation of the plasma membrane. Reproduced with permission from Bloom

et al., 1993.
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tial for understanding the function of these complex macromolecular structures

(Mouritsen, 1998). Moving to a more detailed understanding of the structure of

a lipid bilayer it is helpful to use molecular dynamic calculations to draw a pic-

ture of the membrane transbilayer organization. In a simple model of dipalmi-

toylphosphatidylcholine (DPPC) several different regions of the bilayer can be

distinguished, Fig. 3: (1) a region of perturbed and structured water, (2) an inter-

face between the hydrophobic and hydrophilic environments, (3) a polymer-like

region of ordered acyl-chain segments, and (4) a hydrophobic core which, in con-

trast to the previous, is highly disordered (Marrink et al., 1996). Another way of

looking at the lipid bilayer is to determine the density profile of the membrane

FIGURE 3. Snapshot illustration obtained from a molecular dynamics simulation of dipalmitoylphosphati-

dylcholine bilayer. Reprinted with permission from Marrink et al., 1996.
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(White, 1994) illustrating the time-averaged positions of the different parts of the

lipid molecules (Fig. 4). From this it becomes clear that the membrane could be

characterized as a very complex interface and the hydrophobic-hydrophilic in-

terface occupies almost half of the entire bilayer thickness.

From the experimental point of view liposomes suffer from some limitations

and in understanding the structure/function properties of biomembranes at least

three limitations (in the use of liposomes) can be expected: (i) the surface curva-

ture and the phase state of the lipid dispersion can be varied only in a limited

compositional range due to the geometrical constraints of the individual lipid

molecules, (ii) the lipid-lateral packing density as well as lipid composition can-

not be regulated independently in liposomes, and (iii) the area exposed and the

lipid composition are not known in liposomes (Brockman, 1999). One way to

overcome these limitations is to use monomolecular (Langmuir) lipid films re-

siding at the air/water interface (Fig. 5). These types of model membranes allow

to explore in detail lipid-lipid and lipid-protein interactions as well as the func-

FIGURE 4. Transmembrane density profile of dioleoylphosphatidylcholine showing the relative probability

of finding different parts of the lipid molecule at a certain distance from the membrane center. Adapted from

White (1994) with permission.
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tion of lipolytic enzymes (Momsen and Brockman, 1997; Daniele et al., 1996).

Furthermore, the use of epifluorescence microscopy allows visualizing the organ-

ization of the membrane (Weis, 1994) in the course of e.g. protein binding or

enzyme function (Maloney et al., 1995).

2.1.1 THERMOTROPIC BEHAVIOR AND LATERAL

ORGANIZATION OF LIPID MEMBRANES

Biologically the most important lipid phase is the lamellar and fluid phase. How-

ever, this phase termed also liquid disordered phase or Lα phase is just one of a

number of phases found in lamellar lipid phases. In keeping with this lamellar

lipid bilayers undergo a number of different lyotropic and thermotropic phase

transitions that also involve major in-plane structural reorganizations (Kinnunen

and Laggner, 1991). Notably, phase transitions, such as the gel-to-fluid phase tran-

sitions (i. e. main phase transition), are non-trivial in that they cannot be under-

stood on the basis of the properties of individual molecules. Although, phase

transitions have been shown to be relevant to the function of integral membrane

proteins (Gutierrez Merino, 1987), many component membranes, such as the plas-

ma membrane remain in the fluid-state. Notably, these membranes have an un-

derlying phase structure and this could be established as a formation of differen-

tiated lipid (and lipid-protein) domains in vivo.

FIGURE 5. A schematic representation of a monolayer residing at the air-water interface.
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Studies on the phase behavior and phase transition of lipids in different model

systems have provided a wealth of data on the physical properties of various types

of membrane alloys and these complex temperature-dependent phenomena are

now known to involve both the hydrocarbon phase and the interfacial water (Kin-

nunen and Laggner, 1991). Techniques such as differential scanning calorimetry,

neutron and x-ray scattering, and nuclear magnetic resonance spectroscopy have

been widely utilized to observe phase transitions and to establish structural prop-

erties and phase preference of lipid aggregates (Mabrey-Gaud, 1981; McElhaney,

1982; Bloom et al., 1991). Of the model compounds utilized one of the best

characterized is dimyristoylphosphatidylcholine, DMPC (Fig. 6). The main phase

transition (Tm) of a DMPC lipid bilayer is predominantly a chain-melting transi-

tion that takes the lipid bilayer from a solid gel phase (either Lβ’ or Pβ’) to a fluid

(Lα) phase that is characterized by a considerable degree of acyl chain disorder,

in contrast to the highly ordered acyl chains in the gel phases. Mechanistically

during the main phase transition trans-gauche rotational isomerization of the chains

is increased, which results in lateral expansion and decrease in bilayer thickness

FIGURE 6. A differential scanning calorimetry trace for DMPC multilamellar vesicles. Also shown are the

different phases accompanied with the identified endothermic transitions.
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(Mabrey-Gaud, 1981). In addition to the main phase transition, DMPC display

a pretransition, Tp (lamellar-to-undulated-lamellar; Lβ’ → Pβ’). This transition re-

flects rotational transitions of the hydrocarbon chains and headgroups as well as

enhanced lipid hydration (Cevc and Marsh, 1987). Importantly, these transitions

are coupled to the interlamellar interactions and 3-D organization of multilamellar

arrays (Schneider et al., 1999).

When moving closer to a biological membrane (2 or more lipid components)

the system becomes much more complex and a wealth of different phases emerges.

The more non-ideal the interactions between the components of the membrane

are the richer and more dramatic are the phase equilibria. Although the elucida-

tion of the thermotropic behavior of lipid mixtures is unlikely to resolve the func-

tion of biological membranes, it provides the basis to understand the underlying

phase structure of these complex aggregates.

Most, if not all, cellular membranes are heterogeneous i.e. they possess long-

range lateral organization (Mouritsen and Jørgensen, 1995; Vaz, 1995; Mouritsen

and Kinnunen, 1996) and this hypothetically, in a yet unknown way, affects the

physiological state of the cell (Kinnunen, 1991). In order to facilitate the under-

standing of lateral organization it is helpful to consider what occurs at the main

phase transition of lipid bilayers (Ipsen et al., 1990). In the gel phase and ap-

proaching Tm domains of fluid lipid molecules are formed within the otherwise

gel phase. Conversely, just above the Tm, gel domains persist within the fluid bi-

layer phase. Notably, each domain is a dynamic entity that nucleates, grows, and

finally disappears with time (Fig. 7). The lateral organization in a multicompo-

nent system is a complex process due to that several mechanisms can contribute

to this phenomenon.

Perhaps the best understood example of the formation of lipid microdomains

is the coexistence of gel and fluid phases in model membranes (Schimsick and

McConnell, 1975; Vaz, 1995; Jørgensen et al., 1993). Importantly, also in the gel

or fluid one-phase regions the membrane is not homogenous and it exhibits a

considerable degree of local structure. This ordering effect arises from local later-

al density fluctuations and drives the chains of the same lipid species to form

rather large connected regions (Mouritsen and Jørgensen, 1994). In contrast, in

the gel-fluid coexistence region the driving force for lateral phase separation de-
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rives from the hydrophobic matching condition (Jørgensen et al., 1993; Mourit-

sen and Jørgensen, 1995). Furthermore, the domains are very long living and this

is due to a decrease in dimensionality from two-dimensional system (interfacial

tension) to a one-dimensional (line tension) at the domain boundary leading to

diminished driving force for domain coalescence (Vaz, 1995). The lipid domains

derived from lateral density fluctuations have size range of approx. 10-300 Å and

a lifetime of approx. 10-4 sec, whereas the domains in gel-fluid coexistence region

can vary in size from microscopic to macroscopic and have a lifetime of hours

(Mouritsen and Jørgensen, 1995).

Other examples causing lateral phase segregation include dehydration, elec-

trical fields, and changes in pH (Lehtonen and Kinnunen, 1995; Klinger and Mc-

Connell, 1993; Tilcock and Cullis, 1981). Furthermore, in binary mixtures con-

taining acidic phospholipids (negatively charged) charge neutralization, by e.g.

calcium ions or cytochrome c or other peripheral proteins induces isothermal

phase separation (e.g. Leventis et al., 1986; Holopainen et al., 1999; Mustonen

et al., 1987; Tuominen et al., 1999). Hydrophobic mismatch, which is better known

for the membrane organizing effect of integral membrane proteins (Mouritsen

and Bloom, 1984), has been shown to induce phase segregation in fluid lipid

membranes (Lehtonen et al., 1996). In brief, the unfavorable exposure of acyl

chain units to water forces the longer acyl chains to segregate in shorter lipid ma-

trix in order to minimize their area of exposure to the aqueous phase.

FIGURE 7. Schematic view of the instantaneous membrane configuration obtained from computer simula-

tion in the neighbourhood of the main phase transition. Gel and fluid regions are illustrated by gray and light

regions, respectively. Tm represents the main phase transition temperature. Reprinted with permission from

Dammann et al., 1995.
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An even larger richness of structural organization on a local scale is achieved

when also non-equilibrium phenomena are considered. One way of achieving

this is through the action of various hydrolytic enzymes, such as phospholipas-

es. Burack et al. (1993) studied the lateral organization of dipalmitoylphosphati-

dylcholine (DPPC) membranes upon the action of phospholipase A2 using a fat-

ty acid derivative of pyrene. In brief, their results show formation of lateral mem-

brane domains upon hydrolysis. Interestingly, the lipid rearrangements begin be-

fore and continue after the rapid activation process of this phospholipase sug-

gesting that formation of domain boundaries are necessary for the activation of

this enzyme. Notably, transient changes in the dynamic organization of the plas-

ma membrane could have profound effects on the interactions between lipids

and proteins. One example, although not transient, is the loss of membrane asym-

metry during apoptosis, when phosphatidylserine is transferred from the inner

leaflet of the plasma membrane to the outer leaflet (Fadok et al., 1992) providing

the recognition site for macrophages to consume apoptotic cells (Fadok et al.,

2000).

2.1.2 LIPOSOMES: A MATTER OF SIZE

Liposomes have been extensively used as models for cellular membranes for the

past 20 years. Initially, Bangham and coworkers showed that lipids spontaneous-

ly form closed, multilamellar structures when dispersed into aqueous medium

(Bangham et al., 1965). Exposure of these dispersions to ultrasonication allowed

to obtain small unilamellar vesicles (SUVs, Ø <30 nm) with a relatively narrow

size distribution. On the other hand, extrusion through small pores yielded large

unilamellar vesicles (LUVs, Ø ~50-200 nm). Giant unilamellar vesicles (GUVs,

Ø > 10 µm) can be formed by an AC electric field (Angelova and Dimitrov,

1986; see also Luisi and Walde, 2000) or by the swelling method (Needham et

al., 1988). It is becoming evident that the vesicle size and curvature plays signifi-

cant roles in the outcome of, for example, enzymatic reactions taking place on

the lipid membrane (Hubner et al., 1998; Burack et al., 1997; Wick et al., 1996).

Hubner et al. showed that phosphatidylcholine/phosphatidylinositol vesicles with



– 25 –

an average diameter of 50 nm were phosphorylated by phosphoinositide 3-ki-

nase (PI 3-kinase) 100 times faster than chemically identical vesicles with an aver-

age diameter greater than 300 nm. The strong dependence of this enzyme on

membrane curvature suggested possible localization of PI 3-kinase activity at sites

where clustering of receptors, for example, might locally deform the membrane

(Hubner et al., 1998). Another interesting example is presented by phospholi-

pase A2. In LUVs composed of dipalmitoylphosphatidylcholine (DPPC) the ac-

tion of this enzyme produces a heterogeneous population of lipid aggregates, such

as very large vesicles and disk like structures (Burack et al., 1997). However, sub-

jecting 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) giant liposomes to ei-

ther external or internal action of phospholipase A2 causes these vesicles to burst

and shrink, respectively (Wick et al., 1996).

2.2
SPHINGOLIPIDS: OVERVIEW

The first classes of sphingolipids were named after the place they were initially

isolated (e.g. cerebrosides, sphingomyelin, etc.) and this led to the false assump-

tion that these compounds were unique to the neural tissues. However, sphin-

golipids can be found in all eukaryotic cells and the major phosphosphingolipid

sphingomyelin is very abundant in the outer leaflet of the plasma membrane con-

stituting ~ 30% of all lipids (Rothman and Lenard, 1977). However, altogether

over 300 sphingolipids with distinct head groups have been identified in eukary-

otic cells. In most mammalian cells their structure is based on the long chain

sphingosine base, which is subsequently acylated to form ceramide (see below)

and more complex sphingolipids are formed by the addition of polar headgroups

to the C1 position of ceramide (Huwiler et al., 2000).
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2.2.1 HOW CERAMIDE IS PRODUCED AND DEGRADED IN CELLS

Production

In cells ceramide is formed by the hydrolysis of sphingomyelin by sphingomy-

elinase (SMase) to yield ceramide and a water-soluble phosphocholine (Hannun,

1994; Jarvis et al., 1996) or alternatively by de novo synthesis of ceramide. Re-

cently, it was shown that both of these pathways could act as producing cellular

signals and the major difference between these signaling routes is the time course

of their action. In brief, the activation of SMase yields ceramide within few min-

utes whereas de novo synthesis was shown to produce ceramide in several hours

(Hannun, 1996).

De novo synthesis of ceramide is initiated on the surface of the cytosolic leaf-

let of the endoplasmic reticulum by serine palmitoyltransferase (Weiss and Stof-

fel, 1997), in a reaction forming ketosphinganine from L-serine and fatty acyl-

CoA. Subsequently, the ketone group is reduced to yield sphinganine that is then

N-acylated by dihydroceramide synthase to form dihydroceramide. The next en-

zyme in this pathway is dihydroceramide desaturase introducing the double bond

to the position C4 to form ceramide. Thereafter ceramide is transported to the

Golgi apparatus to form sphingomyelin and complex glycosphingolipids, which

are then transferred in small vesicles to the plasma membrane. In fact, the physi-

cal properties of ceramide might be involved in providing the basis for the for-

mation of these small transportation vehicles (Venkatamaran and Futerman, 2000).

Degradation

Degradation of simple sphingolipids, such as sphingomyelin and ceramide, oc-

curs in the acidic late endosomes and lysosomes as well as in the non-lysosomal

compartments such as the caveolae in the plasma membrane. In lysosomes the

acidic SMase (see below) hydrolyses sphingomyelin to yield phosphocholine and

ceramide. Ceramide is subsequently degraded by the acidic ceramidase to the

sphingosine backbone and a fatty acid (Schissel et al., 1998a). In non-lysosomal

compartments sphingomyelin is degraded into ceramide by secreted acidic SMase.

Thereafter, ceramide is deacylated to sphingosine and reutilized for glycolipid for-

mation (Huwiler et al., 2000). Alternatively, sphingosine can be first phosphor-
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ylated at the 1-hydroxyl group and subsequently cleaved by a lyase into a long-

chain aldehyde and ethanolamine phosphate (Huwiler et al., 2000).

2.2.2 PHOSPHOLIPASES: EMPHASIS ON SPHINGOMYELINASES

Phospholipases represent a group of hydrolytic enzymes, which are intimately

involved in different cellular signaling cascades and modify the structure of phos-

pholipids in a number of specific ways (Roberts, 1996). More specifically, phos-

pholipase A1 and A2 (PLA1/2) cleave the acyl chains at sn-1 and sn-2 position, re-

spectively. Phospholipase D (PLD) modifies the polar headgroup to yield phos-

phatidic acid, while phospholipase C (PLC) produces diacylglycerol (DAG). Phos-

pholipase C’s further involve enzymes with different substrate specificities, such

as those acting on phosphatidylinositol (PI-PLC), sphingomyelin (SMase), and

phosphatidylcholine (PC-PLC). The activation of these enzymes is strongly de-

pendent on the physical state of the lipid membrane they are acting on. More

specifically, both PLA2 and PC-PLC exhibits interfacial activation, a lag time be-

fore a sudden burst in their activity (Hønger et al., 1997; Ruiz-Argüello et al.,

1998a), sensitivity to lipid lateral packing (Rao, 1992; Rao and Sundaram, 1993),

and increase in activity at the main phase transition of the substrate phospholip-

id (Vandenbranden et al., 1985; Gabriel et al., 1987) suggesting activation of these

enzymes by the lateral heterogeneity of the membrane in the gel-fluid two phase

region (Hønger et al., 1997).

The signaling molecules derived from the reactions catalyzed by phospholi-

pases include arachidonic acid, lysophosphatidylcholine (lysoPC), DAG, ceramide,

phosphatidic acid (PA), and lysoPA (Gõni and Alonso, 1999). These lipids have

been recognized to represent second messengers and thus are high-affinity lig-

ands for specific effectors, such as the specific G-protein coupled receptor de-

scribed for lysoPA (Moolenaar, 1995). Yet, this may not be their sole mechanism

of action. In brief, the content of ceramide in non-stimulated cells is maintained

very low. In contrary, in cells undergoing apoptosis the levels of this lipid were

shown to be significantly increased (Hannun, 1996) lending support to the idea

that ceramide could affect cell behavior through changes in the physical state of
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cellular membranes (e.g. Kinnunen, 1991; Kinnunen et al., 1994, 2000). Howev-

er, the high stereospecificity of ceramide on exerting its biological actions chal-

lenges this hypothesis (Kolesnick et al., 2000).

SMases are ubiquitous enzymes found in several tissues. However, the human

isoenzymes differ probably by catalytic properties and sub-cellular locations and

might also differ in their mode of regulation (Huwiler et al., 2000). At least five

different human SMases have now been identified as follows:

Acidic SMase is found mainly in the acidic environment of lysosomes and de-

fects in the gene encoding the acidic SMase causes hereditary Niemann-Pick dis-

ease (Elleder, 1989). A similar phenotype is also observed in mice carrying the dis-

rupted acidic SMase gene (Otterbach and Stoffel, 1995). Acidic SMase is first pro-

duced as a preproenzyme (75 KDa), converted then into a precursor (72 kDa) and

subsequently subjected to two distinct processing events leading to the formation

of the mature enzyme of 52 kDa (Huwiler et al., 2000). It seems that this form of

SMase mediates the biological responses, such as apoptosis and cell differentiation

(Wiegmann et al., 1994), although also controversial results have been published.

Another form of acidic SMase is the secreted acidic SMase (sSMase), which is

encoded by the same gene that encodes also the lysosomal acidic SMase (Schis-

sel et al., 1998a,b). However, this enzyme might be located to caveolae, special-

ized plasma membrane invaginations enriched in ceramide (Liu and Anderson,

1995; Smart et al., 1995). A role for these detergent insoluble domains in signal

transduction was suggested (Liu and Anderson, 1995). Furthermore, this enzyme

was linked to the progression of atherosclerosis (Schissel et al., 1996, 1998b).

Two forms of neutral SMase has been identified: Mg2+-dependent and inde-

pendent neutral SMase (Okazaki et al., 1994; Tomiuk et al., 1998). The former

of these enzymes is an integral membrane protein residing on the cytoplasmic

face of the plasma membrane and is thus a feasible candidate for the production

of the lipid second messenger ceramide (Huwiler et al., 2000). Soluble Mg2+-in-

dependent neutral SMase (Okazaki et al., 1994) resides in the cytoplasm, where

its function remains unknown.

Secreted alkaline SMase is found in the gastrointestinal tract and was suggest-

ed to be involved in the pathology of hepatobiliary diseases (Duan and Nilsson,

1997).
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Furthermore, SMases are also found in bacteria. The soluble SMase from Ba-

cillus cereus is another form of Mg2+-dependent neutral SMase (Tomita et al., 1982).

The function of SMases in bacteria, such as Neisseria gonorrhoeae, Staphylococcus

aureus, and species of mycobacteria seems to be associated with their potency to

invade eukaryotic cells (Grassmé et al., 1997; Johansen et al., 1996; Walev et al.,

1996).

2.2.3 BIOLOGICAL ROLE OF CERAMIDE: SIGNALING CASCADES

Ceramide is very hydrophobic and resides at the place of its production (Venkata-

maran and Futerman, 2000) and thus, ceramide generated in various organelles

might exert their activity at the site of production. In keeping with this ceramide

generated by the acidic SMase in the lysosome does not exchange readily with

other membranes (Chatelut et al., 1998) challenging the involvement of lysosomal

ceramide in cellular signaling.

Ceramide was recently confirmed to function as a second messenger in sever-

al cellular processes, including apoptosis, growth suppression, differentiation, and

cell senescence (for reviews see e.g. Chao, 1995; Hannun, 1994, 1996; Spiegel et

al., 1996). The outcome of the effect induced by ceramide seems to be largely

dependent on the cell line used as well as on the experimental setup. Moreover,

modulation of, for example, the state of the cell cycle could have an impact on

the signaling cascades. A signaling pathway involving MAP kinase leading to the

activation of NF-κB has been proposed (Davis, 1993; Hannun and Obeid, 1995)

as well as selective induction of the SAPK/JNK pathway (Verheij et al., 1996).

Although several downstream targets for ceramide were suggested, only cathep-

sin D, protein kinase C- ξ, phospholipase A2, and CAPP (ceramide activated pro-

tein phosphatase) have been demonstrated to be activated by this lipid in vitro

(Kolesnick and Golde, 1994; Kolesnick et al., 2000). To draw a definite picture

on the downstream signaling of ceramide is at present ambiguous. Tentatively

Fig. 8 shows some of the possible pathways leading to the cellular functions of

ceramide.
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2.2.4 CERAMIDE: WHAT HAVE WE LEARNED

FROM MODEL MEMBRANES

Monolayers. An informative approach for assessing the lateral interactions of lip-

ids is to determine the molecular area of mixed lipid monolayers as a function

of surface pressure. Löfgren and Pascher (1977) showed that N-octadecanoyl-sphin-

gosine (C18:0-ceramide) revealed expanded to condensed force-area isotherms lack-

ing any additional phase transitions between two mesomorphic states of the lip-

id monolayer. The small collapse area (39 Å2) measured for this lipid indicated

that the hydrocarbon chains were packed into crystalline arrays with chains per-

pendicular to the air/water interface resembling the monolayer packing of long-

chain fatty acids. Interestingly, the surface pressure behavior of C24:1-ceramide

was very similar, the main difference being a lower collapse pressure for the former

FIGURE 8. Schematic representation of some of the possible ceramide signaling pathways. CAPK, ceramide

activated protein kinase; FADD, Fas-associated death-domain protein; FAN, factor activating nSMase; NF-

kB, nucler factor kB; nSMase, neutral sphingomyelinase; PM, plasma membrane; RIP, receptor-interacting

protein; SAPK/JNK, stress-activated protein kinase/c-Jun N-terminal kinase; TNF, tumor necrosis factor;

TRADD, TNF-receptor-associated death-domain protein; TRAF, TNF-receptor associated factor.
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suggesting that the longer fatty acid with one cis-double bond had no effect on

the molecular packing (Löfgren and Pascher, 1977).

Structural studies on ceramide bilayers. The phase behavior of a fully hydrated N-

hydroxy fatty acid ceramide from natural sources (HFA-ceramide) as well as the

corresponding non-hydroxy fatty acid ceramide (NFA-ceramide) were resolved

(Han et al., 1995; Shah et al., 1995a). At 20 oC HFA-ceramide adopted a well-

ordered multi-lamellar bilayer gel phase with a bilayer periodicity of 60.7 Å, and

with a wide-angle reflection at 1/(4.2 Å) typical for ordered chains. Increasing the

temperature above ~ 91 oC caused a transition into an inverted hexagonal (HII)

phase (Shah et al., 1995a). At 20 oC fully hydrated NFA-ceramide showed a well-

ordered lamellar structure with a bilayer periodicity of 58.6 Å with four wide-

angle reflections with spacings 4.6, 4.2, 4.0, and 3.8 Å. At 77 oC the bilayer peri-

odicity was reduced to 53.1 Å and wide-angle reflections at 1/4.6, 1/4.2, and 1/

3.8 Å-1 were observed. Increasing the temperature to ~ 81 oC resulted in a single

small-angle reflection positioned at 1/30.0 Å-1, combined with a broad reflection

centered at 1/4.6 Å-1, thus indicating a molten chain phase. These results showed

that the NFA-ceramide system displayed a complex polymorphic phase behav-

ior involving two gel phases. Using infrared spectroscopy Moore et al. (1997) stud-

ied the phase behavior as well as intra- and intermolecular interactions of hydrat-

ed natural ceramides. Their results showed, similarly to the above, that NFA-ce-

ramide was highly ordered and packed at low temperatures and they underwent

a solid-solid transition to a conformationally ordered hexagonal phase at 60 oC

and further an other transition to a non-lamellar phase at 80 oC. HFA-ceramide,

on the other hand, exhibited a single transition from a solid-to-fluid at 76 oC.

Furthermore, their results indicated strong hydrogen bonding between ceramide

headgroups in the bilayer phase. In HFA-ceramide bilayers the interactions oc-

cured in the plane of the bilayer whereas for NFA-ceramide intermolecular hy-

drogen bonding occured perpendicular to the axis of the bilayer (Moore et al.,

1997).

Shah et al. studied the behavior of synthetic C16:0-ceramide utilizing DSC

and x-ray diffraction. Fully hydrated C16:0-ceramide displayed a broad exotherm

at approx. 50-70 oC and an endothermic transition at 90 oC (Shah et al., 1995b).

X-ray diffraction showed that decreased bilayer periodicity and increased layer as
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well as chain packing order accompanied the exothermic reaction. The endother-

mic transition was identified as the main transition involving a decrease in bilay-

er thickness and a new diffuse reflection at 4.6 Å was observed indicative of a

melted chain phase. Interestingly, only recently the impact of the acyl chains of

ceramide was addressed. In brief, Chen et al. showed using DSC that in a series

of increasing the acyl chain length of ceramides the main transition temperature

for C16, C18, and C20 ceramide was unaltered (93±1 oC) lending support to

the idea of minimal hydration of ceramide molecules (Chen et al., 2000).

Studies on mixed ceramide/phosphatidylcholine monolayers and bilayers.

Monolayers. Carrer and Maggio (1999) studied mixtures of bovine brain ceramide

and dipalmitoylphosphatidylcholine (DPPC) measuring both compression and

surface-potential isotherms. Ceramide monolayers formed liquid condensed films

at 24 oC with a limiting molecular area of approx. 40 Å2 and surface potential of

515 mV at 40 mN/m. In mixtures at 24 oC the surface pressure-Area (π-A) iso-

therms showed nearly ideal mixing behavior but a slight increase in temperature

(three degrees) had a profound effect on these isotherms. From their results the

authors composed a two-dimensional phase diagram showing that at low cera-

mide concentrations and at low values of π the films were liquid expanded, where-

after increasing the content of ceramide, π, or temperature facilitated the forma-

tion of liquid condensed phase.

Lipid ordering. Holopainen et al. (1997) investigated binary membranes com-

posed of dimyristoylphosphatidylcholine (DMPC) and natural ceramide by meas-

uring fluorescence polarization (P) of diphenylhexatriene (DPH). In brief, increase

in P reflects hindered motion of the probe and increase in the membrane order.

In short, our results showed that in the fluid phase ceramide decreased acyl chain

motions i.e. increased membrane order. Similar results were obtained using 2H-

NMR spectroscopy for bovine brain ceramide/DPPC bilayers in the fluid state

(Huang et al., 1996). Later these authors showed also that an augmented order-

ing occurs for well-defined synthetic C6, C8, and C16-ceramides but not for C2

ceramides in DPPC bilayers (Huang et al., 1998).
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Microdomain formation. Phase separation of ceramide into ceramide-enriched micro-

domains was first observed by Huang et al. (1996) using 2H-NMR spectroscopy.

More specifically, increasing contents of bovine brain ceramide induced the for-

mation of a gel-fluid coexistence where ceramide is partitioned preferentially into

the ordered gel domains. Veiga et al. (1999) and Carrer and Maggio (1999) later

verified these results. Further evidence for microdomain formation was obtained

in DMPC/natural ceramide bilayers measuring the excimer/monomer fluorescence

emission intensity ratio Ie/Im for the pyrene labeled phospholipid probe, PPDPC

(Holopainen et al., 1997). Very interestingly, Huang et al. (1998) showed that syn-

thetic C2, C6, and C8-ceramides did not induce lateral phase separation whereas

the C16-ceramide was enriched into microdomains in DPPC matrix.

Promotion of non-lamellar phases. Gõni and his co-workers were the first to reveal

that ceramide was able to induce formation of non-lamellar lipid phases. In brief,

using 31P-NMR and including ceramide into sphingomyelin:phospha-

tidylethanolamine:cholesterol (2:1:1 molar ratio) or phosphatidylcho-

line:phosphatidylethanolamine:cholesterol (2:1:1 molar ratio) liposomes induced

a thermotropic lamellar to non-lamellar phase transition (Ruiz-Argüello et al.,

1996). Veiga et al. (1999) used DSC and NMR to study the effects of egg and

bovine brain ceramide on the lamellar-to-non-lamellar (Lα-HII-) phase transition

of dielaidoylphosphatidylethanolamine. Taken together, their results showed that

upon including ceramide (up to 15 mol%) the Lα-HII-transition temperature de-

creased with no major changes in transition enthalpy. The two ceramides did not

differ in this respect although their acyl chains varied considerably in their lengths.

2.3
ATHEROSCLEROSIS: AN OVERVIEW

Atherosclerosis is a multifactorial disease characterized by the accumulation of

mainly low density lipoprotein (LDL) derived cholesterol into the inner layer of

the arterial wall, the intima (Mora et al., 1987). The progression of the disease is
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currently thought to proceed via various stages, as follows (Stary, 2000). The type

I lesion is characterized by the accumulation of transformed monocyte-derived

macrophages (foam cells) in the intima. Subsequently, the presence of lipid-filled

smooth muscle cells and macrophages represent the type II stage of atheroscle-

rosis. Type III lesion is characterized by intimal thickening, where extracellular

lipid droplets covered by a layer of foam cells are accumulated in the musculoe-

lastic layer of the arterial intima. Upon progression of the disease a large core of

extracellular lipid within the arterial thickening is observed (type IV). Finally, the

formation of a fibrous cap around the extracellular lipid core marks the type V

lesion. The following complications, such as surface rupture, hemorrhage, or

thrombosis are further termed type VI lesions. Notably, the progression of athero-

sclerosis is slow and the complications occur late in the course of this disease.

While the lack of LDL receptors in type II hypercholesterolemia (Brown and

Goldstein, 1986) as well as epidemiological studies provide clear evidence for the

importance of high plasma LDL concentrations in augmenting cholesterol depo-

sition into the arterial intima the exact molecular level events of this process have

remained unresolved. Both extra- and intracellular pathways for the accumula-

tion of LDL cholesterol into atheroma have been postulated (Smith, 1974; Srini-

vasan et al., 1970, 1972; Vijayagopal et al., 1993) and are both supported by the

findings from in vitro experiments, cell studies, as well as by histological data on

diseased tissues. The above two mechanisms are not mutually exclusive and could

both contribute to lipid accumulation into arterial walls. However, a prerequisite

for both of these mechanisms is modification (e.g. aggregation, oxidation, prote-

olysis, etc.) of LDL. Enhanced uptake of such aggregated LDL by macrophages

has been recently demonstrated (Zhang et al., 1997). HDL can prevent LDL ag-

gregation and possible linkage to the antiatherogenic effect of HDL has been

suggested (Khoo et al., 1990). However, it is important to note that other antia-

therogenic mechanisms for HDL have also been reported (Tall, 1998).

LDL particle. LDL is the major carrier of cholesterol in the circulation and

provides cholesterol to the peripheral tissues by LDL receptor mediated endocy-

tosis (Brown et al., 1981). LDL particles are spherical lipoproteins (Ø~18-25 nm)

with hydrated densities between 1.019-1.063 g/ml. Each LDL particle is partly

covered by a single copy of the apolipoprotein B-100 (apoB-100). Notably, the
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LDL fraction is heterogeneous in size, composition, and conformation of the

apoB-100 (Austin et al., 1988). The core of the LDL particle contains cholesteryl

esters, triacylglycerols, and unesterified cholesterol whereas the amphipathic sur-

face of the LDL particle is composed of approx. 500 molecules of phosphatidyl-

choline, 200 molecules of sphingomyelin, and 400 molecules of unesterified cho-

lesterol. Interestingly, the apoB-100 has been shown to specifically interact with

the phosphatidylcholine molecules (Sommer et al., 1992; Murphy et al., 1997)

suggesting that the surface of the LDL particle is organized into functional later-

al lipid domains.

Apolipoprotein B-100. ApoB-100 consists of 4536 amino acids (Knott et al.,

1986; Chen et al., 1986) and is organized so that it forms a ring around the LDL

particle (van Antwerpen et al., 1997). Segrest et al. suggested based on a sequence

analysis that apoB-100 is organized into amphipathic a-helices and b-strands in a

NH2-α1-β1-α2-β2-α3-COOH pentapartite structure (Segrest et al., 1994). The α hel-

ices were suggested to bind reversibly lipids, whereas the β-strands interacted with

lipids irreversibly. Taking into account the very large size of the apoB-100 it seems

feasible to suggest that it could serve a number of functions besides providing

the binding of the LDL particle to its receptor. In keeping with this view Parthasar-

athy et al. demonstrated that apoB-100 possesses phospholipase A2 activity that

is reduced upon oxidative modifications (Parthasarathy and Barnett, 1990;

Parthasarathy et al., 1985). Using a fluorescent phosphatidylcholine derivative in-

corporated into LDL it was further shown that both phospholipase A1 and A2

activities were present (Resfeld et al., 1993). In addition, human plasma platelet

activating factor acetylhydrolase activity was demonstrated to be associated with

LDL (Stafforini et al., 1987).

Treating LDL particles with phospholipases. Treating LDL with bee venom PLA2

in the presence of albumin or heparin induces aggregation or fusion, respective-

ly, of the lipoproteins (Hakala et al., 1999; Öörni et al., 1998). Similarly, to PLA2

also PC-PLC and SMase treatment yields both aggregation and fusion of LDL

particles (Liu et al., 1993; Xu and Tabas, 1991). In keeping with the above dia-

cylglycerol is a potent inducer of liposomal fusion (Gõni and Alonso, 1999). In-

terestingly, considering effective molecular shapes, there is resemblance between

ceramide and diacylglycerols, which could explain the observed aggregation and/
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or fusion of the lipoproteins. However, it was recently shown that in liposomal

vesicle fusion and aggregation diacylglycerols and ceramides have different effects

(Ruiz-Argüello et al., 1996). Diacylglycerols induce vesicle aggregation followed

by fusion. In contrast, ceramide promotes aggregation and leakage whereas fu-

sion is not observed.

2.3.1 PROGRESS OF ATHEROSCLEROSIS:

IS THERE A ROLE FOR CERAMIDE?

Chatterjee showed that high concentrations of oxidized LDL (100 mg/ml) but

not native LDL induced apoptosis of arterial smooth muscle cells via the activa-

tion of a neutral form of SMase (Chatterjee, 1992, 1993). Furthermore, increased

activity of this SMase correlated with elevated levels of ceramide and apoptosis

in plaques and calcified plaques in patients who died of atherosclerosis at the

Johns Hopkins Hospital (Chatterjee, 1998). Besides apoptosis atherosclerosis in-

volves a number of pathological changes and these could also be related to de-

rangements in the sphingolipid metabolism (Jiang et al., 2000). Interestingly, mildly

oxidized LDL stimulated the growth of aortic smooth muscle cells (Auge et al.,

1996) and this was also mediated by the activation of neutral form of SMase.

Moreover, bacterial SMase could mimic this effect whereas other phospholipas-

es tested (phospholipase A2, C, and D) were ineffective. Importantly, cell perme-

able ceramides could also produce the mitogenic effect (Auge et al., 1996). These

as well as other authors concluded that the mitogenic activation was conducted

via the activation of the MAPK cascade (Auge et al., 1998; Chatterjee et al., 1997).

Interestingly, a variety of cell types present in atherosclerotic lesions secrete

SMase (Schissel et al., 1996; Marathe et al., 1998) suggesting a possible role for

this enzyme in the progression of atherosclerosis. Moreover, since LDL aggrega-

tion has been connected to the progression of atherosclerosis and SMase can in-

duce this process, it seems feasible to suggest a role for both SMase and cera-

mide in the pathophysiology of atherosclerosis. Furthermore, treating LDL with

SMase induces macrophage foam cell formation in vitro (Schissel et al., 1996; Xu

and Tabas, 1991; Tabas et al., 1993). Aggregated LDL from human atherosclerot-
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ic lesions is readily hydrolyzed by extracellular SMase (Schissel et al., 1998b). The

ceramide content of aggregated LDL in lesions was 10-50 fold higher than plas-

ma LDL (Schissel et al., 1996). However, unaggregated lesional LDL was not en-

riched in ceramide suggesting that the aggregation of LDL was necessary for the

formation of this lipid. Accordingly, the conversion of sphingomyelin to cera-

mide could be in part due to the sphingomyelinase activity associated with LDL

particle itself.
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3  O U T L I N E  O F  T H E
P R E S E N T  S T U D Y

The motivation for this study originated from the fascinating results showing that

a hydrophobic sphingolipid, ceramide, generated by a type-C phospholipase had

multitude effects on the behavior of cells. Furthermore, for over a decade it had

been realized that a closely related molecule, diacylglycerol, had rather opposite

effects: whereas diacylglycerol was shown to be mitogenic, ceramide could in-

duce cell death and senescence. These mitogenic effects of diacylglycerol were

proposed to result from the changed organization of the cellular membranes

(Hinderliter et al., 1997). In line with the above, the major aims of the present

study can be divided into three, albeit interconnected themes, as follows:

(i) To elucidate the biophysical properties and resolve the phase behavior of

mixtures of well defined ceramides with phosphatidylcholines,

(ii) To characterize the hydrolysis of sphingomyelin to ceramide in an envi-

ronment resembling cellular membranes with a special interest in the membrane

reorganization due to the lipolysis, and

(iii) In the context of sphingomyelinase being involved in atherosclerosis to

investigate if human plasma low density lipoprotein possess sphingomyelinase

activity.
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4  M AT E R I A L S  A N D  M E T H O D S

The methods related to sample preparation or database search are listed into the

table. Details can be found in the original publications.

4.1
MATERIALS

DMPC, POPC, SOPC, D-sphingosine, and SMase (sphingomyelin phosphodi-

esterase, EC 3.1.4.12, B. cereus, specific activity 100-300 units per mg protein) were

purchased from Sigma. DPPC and DMPG were obtained from Coatsome (Ama-

gasaki, Hyogo, Japan). C16:0-ceramide, C24:1-ceramide, and C16:0-sphingomy-

elin were either from Sigma or Northern Lipids Inc. (Vancouver, British Colum-

bia, Canada). NBD-PC, Bdp-ceramide, and Bdp-SM were obtained from Molec-

ular Probes (Eugene, OR). PPDPC, bisPDPC, and [(pyren)-1-yl]decanoic acid were

Methods Original publication References

Synthesis of PDCer III Ong and Brady, 1972

Liposome preparation I, III, V MacDonald et al., 1991

Formation of ceramide in LUVs III

Formation of GUVs IV, V Angelova and Dimitrov, 1986

Microinjection of SMase and LDL IV, V

Isolation of plasma lipoproteins V Havel et al., 1955

Oxidation of LDL in vitro V Esterbauer et al., 1992

Sequence homology search V
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from K&V Bioware (Espoo, Finland). [N-methyl-14C]sphingomyelin (specific ac-

tivity 2.07 GBq/mmol) was obtained from Amersham Life Science (Buckingham-

shire, UK). Pro analysis grade solvents were from Merck (Darmstadt, Germany).

The purity of the above lipids was checked by thin-layer chromatography (TLC)

and revealed no impurities. Concentrations of the lipids were determined gravi-

metrically using a high precision electrobalance (Cahn, Cerritos, CA) and those

of the fluorescent lipid derivatives spectrophotometrically.

4.2
METHODS

4.2.1 DIFFERENTIAL SCANNING CALORIMETRY, DSC (I)

Differential heat capacity scans were recorded at a lipid concentration of 0.7 mM

and at a heating rate of 0.5 oC/min. The samples were hydrated at 80 oC in 5

mM Hepes, 0.1 mM EDTA, and pH 7.4 and subsequently sonicated for 2 min

in a bath type ultrasonicator. Prior to their loading into precooled DSC cuvettes

the samples were equilibrated on ice for approx. 24 hours and then degassed at

low pressure. The calorimeter (VP-DSC, MicroCal, Northampton, MA) was in-

terfaced to a PC and data were analyzed using the routines of the software pro-

vided with the instrument. All samples were scanned by heating from 5 oC to 85
oC, held at 85 oC for 60 min with subsequent cooling back to 5 oC, at a heating/

cooling rate of 0.5 oC/min.

4.2.2 X-RAY DIFFRACTION (I)

The samples for x-ray diffraction were prepared essentially as described for DSC

experiments with the exception that the concentration of lipid was 10 w/w% (ap-

prox. 0.15 M). The time-resolved x-ray diffraction experiments were performed
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at beamline X13 of the EMBL outstation at DESY. The beamline comprises of a

monochromator-mirror arrangement with a triangular silicon monochromator for

horizontal focusing and 12 planar quartz mirrors aligned on an aluminium bench

for vertical focusing. With this set-up the wavelength of the x-rays was 1.5 Å,

higher harmonics being rejected by the mirrors. Sets of tungsten slits were used

to adjust the beam size at the sample (0.5 mm in height and 2 mm in width)

and to reduce parasitic scattering. One-dimensional diffraction patterns were re-

corded simultaneously in the small- and wide-angle regime using two linear posi-

tion-sensitive detectors connected in series (Rapp et al., 1995). The camera length

was set to 277 cm. Excess radiation was avoided with a small solenoid driven shut-

ter close to the sample. Additional information, like temperature, ring current,

and x-ray flux measured with an ionization chamber in front of the sample, was

stored on the local memory. The temperature was controlled by a Peltier element

and monitored by a thermocouple positioned close to the sample.

The lipid suspension (20 µl) was transferred into a capillary tube, and then

allowed to equilibrate at 10 oC for 30 min in the sample holder. Subsequently

the sample was heated at a scan rate of 1 oC/min up to 70 oC. During this tem-

perature scan, diffraction data were recorded for 10 s every minute. Cooling scans

were performed under the same conditions. The reciprocal spacings (s) and scat-

tering vectors (q)

s=1/d=(2/λ)sinθ
q=2π s= (4π/λ)sinθ
(where d= lattice spacing, 2q=scattering angle, and λ=wavelength of radiation)

were calibrated by the diffraction pattern of rat-tail collagen with a long spacing

of 640 Å.

4.2.3 MONOLAYER STUDIES (II)

A computer-controlled Langmuir-type film balance was used to measure simul-

taneously π-A and ∆V-A isotherms. The solution of each lipid was spread in 51.7

µl aliquots onto a trough filled with 800 ml of 10 mM phosphate-saline buffer, 1

M NaCl, pH 6.6 at 24 oC. After a period of 4 min, to ensure complete evapora-
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tion of solvents, the monolayer films were compressed at a rate of < 4 Å2/mole-

cule/min. All experiments were repeated at least once to ensure reproducibility.

4.2.4 FLUORESCENCE MICROSCOPY OF MONOLAYERS (II)

Lateral organization of the mixed monolayers of DMPC and either C16:0- or

C24:1-ceramide was observed by fluorescence microscopy and using a computer

controlled Wilhelmy-type film balance (µTrough S, Kibron Inc., Helsinki, Fin-

land) mounted on the stage of an inverted microscope (Zeiss IM-35, Jena, Ger-

many). The quartz-glass window in the bottom of the trough was positioned over

an extra long working distance 20x-objective (Nikon). A 450-490 nm bandpass

filter was used for excitation and a 520 nm longpass filter for emission. Images

were viewed with a Peltier-cooled 12-bit digital camera (C4742-95, Hamamatsu,

Japan) interfaced to a computer and running image-processing software provided

by the camera manufacturer. NBD-PC (X=0.01) was used as a fluorescent probe.

Stock solutions of DMPC/C16:0-ceramide/NBD-PC at the indicated molar ra-

tios (99:0:1, 49:50:1, and 9:90:1) and DMPC/C24:1-ceramide/NBD-PC (79:20:1

and 29:70:1) were prepared in chloroform. These mixtures were applied on the

air-buffer (10 mM phosphate-saline buffer, 1 M NaCl, pH 6.6) interface using a

microsyringe to initial areas of 100 ±  10 Å2/acyl chain. After an equilibration

period of 10 min the monolayers were compressed symmetrically using two bar-

riers at a rate of 2.5 Å2/acyl chain/min. After reaching the indicated values for

surface pressure (π) the compression was stopped and the monolayer was allowed

to settle for 2 min prior to recording the image. All measurements were done at

ambient temperature of 24 ±  1 oC and were repeated at least twice.

4.2.5 PYRENE FLUORESCENCE MEASUREMENTS (III)

A monomeric excited state pyrene may relax to ground state by emitting pho-

tons with a maximum wavelength at ~ 380 nm (Im), the exact peak energy and

spectral fine structure depending on solvent polarity. During its lifetime, the ex-
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cited state pyrene may also form a characteristic short-lived complex, excimer (ex-

cited dimer) with a ground state pyrene. This complex relaxes back to two ground

state pyrenes by emitting quanta as a broad and featureless band centered at ~

480 nm (Ie). Essentially, the excimer to monomer fluorescence intensity ratio (Ie/

Im) is proportional to the rate of collisions between the pyrenes. Consequently,

for a single pyrene moiety containing lipid analog such as PDCer or PPDPC the

value for Ie/Im reflects the lateral mobility as well as the local concentration of

the fluorophore in the membrane (Kinnunen et al., 1993). Fluorescence emis-

sion spectra for LUVs labeled with the different pyrene probes were recorded with

a Perkin-Elmer LS50B spectrofluorometer equipped with a magnetically stirred,

thermostated cuvette compartment. Excitation wavelength was 344 nm and the

excitation and emission bandwidths were 4 nm for PDCer and 7.5 nm for bisP-

DPC, respectively. Two milliliters of liposome solution (45 nmoles of lipid) in a

four-window quartz cuvette were used in each measurement with temperature

maintained at 30oC. Each sample was equilibrated for two min before recording

of spectrum. Three scans were averaged and the emission intensities at ~ 380

and 470 nm were taken for Im and Ie, respectively. As only relative values were of

interest the measured spectra were not corrected for instrument response.

4.2.6 FLUORESCENCE POLARIZATION (III)

DPH was included into liposomes to yield a lipid:DPH molar ratio of 500:1.

Polarized emission was measured in the L-format using polaroid film type prisms

in the Perkin-Elmer LS50B spectrofluorometer. Excitation at 360 nm and emis-

sion at 450 nm were selected with monochromators and using 5 nm bandwidths.

The samples were maintained in the cuvette for two min prior to the measure-

ment of polarization, averaging the signal over a 5 s interval. Values of steady

state fluorescence polarization P were calculated using routines of the software

provided by Perkin-Elmer and data analyzed using Microsoft Excel.
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4.2.7 FLUORESCENCE LIFETIME MEASUREMENTS (III)

Fluorescence lifetimes were measured using a commercial laser spectroscopy sys-

tem (PTI, Ontario, Canada). A train of 500 ps excitation pulses (at 340 nm and

at a repetition rate of 10 Hz) from a nitrogen laser was used to pump a dye (rhod-

amine 6G) laser. Pulses from the latter were channeled to a frequency doubler. A

photomultiplier tube detected emission decays for DPH at 450 nm. The average

of three subsequent decay curves was used to calculate τ. The instrument response

functions were measured separately and the decay curves were analyzed by the

non-linear least square method. All measurements were repeated at least three

times.

4.2.8 DETECTION OF SPHINGOMYELINASE ACTIVITY

ASSOCIATED WITH LOW DENSITY LIPOPROTEIN (V)

Preliminary qualitative observation of SMase activity associated with LDL was

done using liposomes composed of POPC/DMPG/C16:0-sphingomyelin/Bdp-

SM (mole fractions 0.7:0.1:0.15:0.05, 22.5 µM total lipid). The above liposomes

were incubated (for 24 hrs at 37 oC) with isolated human plasma LDL (0.125

mg/ml) in 5 mM Hepes, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, pH 7.4.

Ceramide was isolated on TLC and thereafter visualized by UV-illumination.

In order to determine the time course of hydrolysis of sphingomyelin to cera-

mide 14C-sphingomyelin (X=0.02, 2 kBq) was included into POPC/DMPG/

C16:0-sphingomyelin (0.7:0.1:0.18, mole fraction) liposomes. Subsequently, the

enzyme reactions were started at 37oC by the addition of human plasma LDL

(0.125 mg/ml). Final concentration of lipids was 22.5 µM in 2 ml of buffer. At

the indicated time points the reactions were stopped by adding 2 ml of

CHCl3:CH3OH (3:1, v/v). The lower organic phase was separated and concen-

trated by evaporating the solvents. 14C-sphingomyelin was separated from the re-

action mixture on a TLC plate using CHCl3:CH3OH:H2O (65:25:4, v/v/v) as a

solvent system. Hydrolysis of 14C-sphingomyelin was quantitated as described

above. All experiments were repeated at least twice.
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5  R E S U LT S  A N D  D I S C U S S I O N

5.1
PHASE BEHAVIOR AND PHASE DIAGRAM OF

DIMYRISTOYLPHOSPHATIDYLCHOLINE/
C16:0-CERAMIDE BINARY LIPOSOMES (I)

The first three carbons (C1-C3) of sphingosine backbone of sphingomyelin are

structurally equivalent to the three glycerol carbons of glycerophospholipids such

as phosphatidylcholine while C4 is more or less equivalent to the sn-1 esterbond

oxygen of phosphatidylcholine. In keeping with the above, C16:0-ceramide, having

a saturated C16-C18 hydrocarbon chain and a C16:0 esterified at the NH2 group,

is sterically very close to DMPC having saturated C14:0 chains and should there-

fore match into a DMPC bilayer with regard to its hydrophobic length. This is

particularly important as we suggested earlier (Holopainen et al., 1997) that hy-

drophobic mismatch could be the driving force for phase segregation in DMPC/

natural ceramide bilayers.

5.1.1 DIFFERENTIAL SCANNING CALORIMETRY

Neat DMPC showed two transitions, a pretransition (Tp) at 14.4 oC and a main

transition (Tm) at 23.7 oC (Publication I, Fig. 2A). Increasing Xcer16:0 up to 0.06

caused Tp to shift to higher temperatures, whereafter at increasing content of ce-

ramide this transition could no longer be resolved. The main transition was broad-

ened by ceramide and already at Xcer16:0=0.06 four peaks were observed. While

the endotherm at ~23.7 oC remained at ~ the same temperature, new endotherms

appeared at ~ 28.2-28.5 (Xcer16:0 =0.03 to 0.18) and ~ 30.8-31.7 oC (Xcer16:0=0.06

to 0.27). The fourth endotherm (marked with an arrow) was progressively shifted

to higher temperatures, reaching 56.5 oC at Xcer16:0=0.30 (I, Fig. 4A).
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5.1.2 WIDE- AND SMALL-ANGLE X-RAY SCATTERING

Fig. 9 displays a selection of small angle (SAXS, traces a-e) and wide angle (WAXS,

traces f-j) x-ray diffraction patterns at Xcer16:0= 0.06, 0.12, 0.18, 0.24, and 0.30, re-

corded during heating from 15 oC to 60 oC (50 oC for Xcer16:0 =0.12). Every fifth

pattern (∆T= 5oC) recorded is depicted. Due to the limited q-region probed, only

the first two orders of diffraction were observed. In some cases the peaks were

very broad, and split into two, typical for coexistence of two lamellar phases. In

mixed DMPC/C16:0-ceramide (Xcer16:0≤0.35) multilamellar vesicles SAXS heat-

ing scans revealed a lamellar phase within the temperature range of 15-60 oC re-

FIGURE 9. X-ray diffraction pattern for DMPC, incorporating varying contents of C16:0-ceramide, Xcer16:0.

(a)-(e) SAXS and ( f )-(j) WAXS. The mole fraction of ceramide, Xcer16:0, is indicated in the figure. The pat-

terns were recorded during heating. Temperature difference between consecutive patterns is 5 oC.
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gardless of the composition. A pretransition was observed up to Xcer16:0=0.18 with

concomitant increase in Tp. In the intermediate temperatures (from 31 to 56.5
oC) and Xcer16:0 ≥0.03 an increased splitting of the second order peak was observed

indicating a gel and fluid coexistence region. Further increase in temperature in-

duced the formation of fluid Lα phase.

The repeat distance, d, was obtained by fitting the first order peaks (from SAXS

patterns) to Lorentzian functions, i.e. I(q)=I0+α/[1+(q-q1)
2ζ2] and d=2π/q1, where

ζ is the correlation length, α is the prefactor, and I0 denotes the incoherent back-

round arising from the sample. The resulting Bragg peak is denoted by q1 and to

a first approximation the fact that ’double peaks’ were observed in the coexist-

ence region for Xcer16:0=0.12-0.27 was neglected. The resulting repeat distances as

a function of T and Xcer16:0, determined from heating scans, are shown in Fig. 10.

In brief, at Xcer16:0≤0.18 d increased when entering the Pβ’ phase from the Lβ’ phase,

the increase being dependent on Xcer16:0. This was followed by coexistence region

of Pβ’ and Lα phase, whereafter d decreased monotonically upon entering the flu-

id Lα phase. Above Xcer16:0=0.18 the increases in d became smaller as the content

of ceramide was increased. The peak in d can be explained as a kinetic effect re-

sulting from the growth of the fluid phase in the gel matrix and, in essence, is

FIGU RE 10.  Lamellar repeat

distance d for DMPC with vary-

ing contents of C16:0-ceramide

(Xcer16:0=0.03-0.35, indicated in

the figure), as determined from

single Lorentzian fits to SAXS

patterns recorded during heating

scans. For the sake of clarity, each

data set above that for Xcer=0.03

has been displaced by 2.0 Å rela-

tive to that below.
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similar in origin to the anomalous swelling effect in the region close to Tm (Hønger

et al., 1994). The scan rate, one degree/min, was rather fast compared to the ki-

netics involved in the phase separation process in binary lipid mixures in the co-

existence region (Jørgensen et al., 1996). Accordingly, upon entering the phase

coexistence region only small isolated patches of fluid domains will form in the

gel matrix. Subsequently, these domains connect to form a percolating structure

of gel and fluid domains (e.g. Weis and McConnell, 1985; Weis, 1991) giving

rise to heterogeneity and strong compositional fluctuations on a very small length

scale (Mouritsen, 1998). When these fluctuations couple to the out-of-plane mo-

tions of the bilayers it can result in a lowering of the bending rigidity leading to

an increase in the repulsive undulation forces between the bilayers increasing the

d spacing (Helfrich, 1978). When the maximum value of d has been reached, the

domains grow in size, and d decreases again.

5.1.3 CONSTRUCTION OF A PHASE DIAGRAM OF

DIMYRISTOYLPHOSPHATIDYLCHOLINE/C16:0-CERAMIDE

BINARY LIPOSOMES

A phase diagram constructed from the x-ray and DSC data recorded during up-

scans is displayed in Fig. 11. A drawback from our results was that not all phase

boundaries could be determined accurately and some approximation was neces-

sary. The phase diagram represents the simplest one consistent with our data and

resembles the phase diagram for dipalmitoylphosphatidylcholine (DPPC)/ dipalmi-

toylphosphatidylethanolamine (DPPE) (Blume et al., 1982). The similarity of these

two phase diagrams is in keeping with the small, weakly hydrated headgroup, and

a comparatively large hydrocarbon chain volume of DPPE and ceramide.

The upper phase boundary of the Lβ’/Lα phase coexistence region (and the

Pβ’/Lα phase coexistence region up to Xcer16:0~0.06) was directly determined from

the WAXS patterns. In brief, a single peak in WAXS patterns arises from the or-

dering of the lipid chains and is observed whenever gel phase (Pβ’ or Lβ’) is present.

The disappearance of this peak upon heating marks the ending of the gel-fluid

coexistence region. In essence, the temperature values of ending of this coexist-



– 49 –

ence region determined independently from WAXS and DSC were in good agree-

ment, i.e. increasing Xcer16:0 progressively shifted the upper phase boundary to high-

er temperatures. The lower phase boundary of the Lβ’/Lα phase coexistence re-

gion was determined as follows. A distinct peak lying relatively constant at T~31
oC was observed in the DSC scans and this was consistent with the point from

x-ray scattering, where there was a bend in the d spacing curves for Xcer16:0=0.09,

0.12, 0.15, and 0.18 above the peak, arising from the Pβ’ phase, and also with the

point, where the d spacing started to increase rapidly for the membranes with

higher contents of ceramide. Thus, a horizontal line at T~31 oC, and Xcer16:0≈0.06

determining the beginning of an Lβ’/Lα phase coexistence region was obtained.

The existence of such line is in keeping with the distinct peak observed in the

DSC scans, revealing the melting process to involve a large enthalpy change. Be-

low the horizontal line in the phase diagram, thermodynamics dictates that there

must be a coexistence between two gel-phases (not shown in Fig. 11). Since the

Pβ’ phase was observed up to Xcer16:0=0.18 there must be a point between

Xcer16:0=0.18 and Xcer16:0=0.21, where the lower Lβ’/Lα coexistence line started to

ascend from 31 oC. At higher ceramide contents, it is likely that an Lβ’ phase in

coexistence with another ceramide rich Lβ phase would be found. In regions, where

FIGURE 11. Phase dia-

gram for DM P C with

C16:0-ceramide up to

Xcer16:0=0.30. See text for

details. The lines connecting

measured data points repre-

sent guides to the eye.
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phase transformations between different gel phases take place (i.e. Lβ’→Pβ’ or Lβ’→
Lβ), one would rather observe a broad signal than distinct peaks in the DSC scans.

It is therefore not possible to determine the positions of the Lβ’/Pβ’ or Lβ’/Lβ phase

boundaries precisely.

Since Tm for pure C16:0-ceramide is around 80-90 oC (Shah et al., 1995b), a

possible scenario for the remaining part of the phase diagram could be that the

horizontal phase boundary at T~31 oC starts to bend upwards for higher cera-

mide contents, so that the Lβ’/Lα phase coexistence envelope will close up at T~80-

90 oC for pure ceramide and give rise to a pure Lβ phase at lower temperatures.

We attempted to study also pure C16:0-ceramide samples. However, due to the

very low solubility of ceramide into aqueous solutions, the x-ray diffraction pat-

terns did not show any resolvable signals.

5.2
PHASE BEHAVIOR OF FLUID POPC/C16:0-SPHINGOMYELIN

AND C16:0-CERAMIDE BINARY LIPOSOMES (III)
– A FLUORESCENCE SPECTROSCOPY APPROACH

Above we characterized the phase behavior of a saturated phosphatidylcholine

in mixtures with a well-defined synthetic ceramide. However, majorities of the

lipid species in most cellular membranes are unsaturated. Accordingly, we inves-

tigated the effects of ceramide and sphingomyelin on mono-unsaturated 1-palmi-

toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers employing fluorescence

spectroscopy. For this purpose we synthesized a novel pyrene-labeled ceramide,

PDCer, and used this probe to assess the lateral distribution of mixtures of POPC

with either C16:0-SM or C16:0-ceramide.

Effects of C16:0-SM on the dynamics of POPC bilayers. Phosphatidylcholines and

sphingomyelins containing similar acyl chains were shown to be miscible (Cal-

houn and Shipley, 1979; Lentz et al., 1981) and this was confirmed as a decrease

in Ie/Im for PDCer upon increasing XSM in POPC (III, Fig. 1). The reduction in

Ie/Im suggested an ordering effect by C16:0-SM in the binary membranes. Increas-
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ing membrane order (accompanied with a decrease in lateral diffusion) was re-

vealed also by the progressive increase in steady state polarization P for the hy-

drophobic rod-like fluorophore, DPH upon increasing XSM (III, Fig. 2). In brief,

P depends on the average angular motion of the fluorophore (Lakowicz, 1983)

and increase in this parameter reveals increased membrane order and reduction

in free volume (Vf). Steady state polarization P for DPH was shown to be pro-

portional to its lifetime (e.g. Chong et al., 1983; Chong and Weber, 1983). Es-

sentially, a decrease in τ increases P. When XSM in binary POPC/C16:0-SM mem-

branes increased from 0 to 0.25, τ increased from 7.6 to 8.4 nsec, confirming the

increase in P to reflect restricted motion of DPH.

Effects of C16:0-ceramide on the dynamics of POPC bilayers. Only a minor change

in Ie/Im for PDCer was evident when Xcer16:0 was increased to 0.05, exceeding this

content of C16:0-ceramide up to X=0.25, caused a progressive increase in Ie/Im

for PDCer (III, Fig. 1). The increase in Ie/Im can result either from lateral segrega-

tion of the probe or from an increased rate of lipid lateral diffusion. According-

ly, DPH fluorescence polarization as well as lifetimes were used to resolve be-

tween these two mutually nonexclusive mechanisms. Compared to the effect of

C16:0-SM the increase in DPH polarization due to C16:0-ceramide was more

pronounced (III, Fig. 2) whereas an increase in t was similar to that caused by

C16:0-SM. The decrease in Vf was confirmed using intramolecular excimer form-

ing probe bisPDPC (data not shown). Increased lateral packing density in the

bilayer (i.e. decreasing Vf) causes decrement in membrane lateral diffusion (Leh-

tonen and Kinnunen, 1994). Accordingly, increment in lateral diffusion could

not cause the observed increase in the intermolecular Ie/Im for PDCer and C16:0-

ceramide was concluded to be enriched into microdomains.

The results clearly revealed microdomain formation also in POPC/C16:0-ce-

ramide LUVs and demonstrated that the long N-acyl chains were not required

for phase segregation as we had suggested earlier (Holopainen et al., 1997). The

concentration of C16:0-ceramide needed for microdomain formation was some-

what less (X=0.05) than for the natural ceramide for which X=0.075 was required

(Holopainen et al., 1997). Although our earlier studies were performed with a

DMPC matrix this difference was likely to reflect the long N-acyl chains of natu-

ral ceramides perturbing the membrane packing more than those of C16:0-cera-
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mide, so as to impede ceramide-ceramide interactions. Our very recent results

on mixtures of C24:1-ceramide with DMPC using DSC and fluorescence spec-

troscopy are in good agreement with this interpretation with approx. Xcer24:1=0.10-

0.15 being needed for phase separation (Metso, Holopainen, and Kinnunen, un-

published). In conclusion, our data thus show microdomain formation to arise

mainly due to the properties of the headgroup of ceramide and exclude hydro-

phobic mismatch as the mechanism causing lateral segregation of this lipid. How-

ever, the acyl chain region of ceramide also contributes to the demixing of cera-

mide and phosphatidylcholines. Accordingly, compared to glycerophospholip-

ids, which can act only as acceptors of hydrogen bonds, sphingolipids such as

sphingomyelin and ceramide can act as both acceptors and donors by their hy-

droxyl and amino groups, respectively, as well as due to the phosphate moiety of

the former lipid (Pascher, 1976; Moore et al., 1997). To this end, also the mecha-

nism preventing domain formation by sphingomyelin is of interest. The large hy-

dration shell of the phosphocholine group causing a strong steric hindrance pro-

hibiting hydrogen bonding in sphingomyelin-sphingomyelin interactions provides

the likely explanation.

Taken together, our results (I, III) show that in both saturated and in monoun-

saturated phosphatidylcholine bilayers ceramide was phase separated into cera-

mide-enriched microdomains. Although, this was not an unexpected result due

to the well-known immiscibility of gel and fluid phase state lipids (Schimsick and

McConnell, 1975) it suggested that similar phenomenon could be observed in

cells as well. The mechanism(s) causing this phase separation remain unknown,

but could be related to the hydrogen bonding capacity of sphingolipids (Pascher,

1976; Moore et al., 1997) and therefore it was of interest to study interactions of

two well defined ceramides on the air-water interphase with DMPC.



– 53 –

5.3
INTERFACIAL INTERACTIONS OF C16:0-

AND C24:1-CERAMIDE WITH
DIMYRISTOYLPHOSPHATIDYLCHOLINE:

IMPACT OF THE N-ACYL CHAIN (II)

5.3.1 COMPRESSION ISOTHERMS

C16:0-ceramide. Representative compression isotherms for mixed DMPC/C16:0-

ceramide monolayers as well as neat lipids are compiled in Fig. 12, panel A. At

24oC and at all surface pressures below film collapse neat DMPC monolayers

were chain disordered, i. e. liquid expanded. Surprisingly, the addition of increasing

amounts of the highly condensed C16:0-ceramide did not result in the appear-

ance of a discernible liquid-expanded to liquid-condensed phase transition

(LE→LC) suggesting that C16:0-ceramide had little or no miscibility in DMPC

monolayers. Phillips and Chapman (1968) showed that the monolayer LE→LC

phase transition appeared at surface pressures below monolayer collapse as the

temperature was lowered below the gel to liquid crystalline phase transition tem-

FIGURE 12. Panel A. Representative com-

pression isotherms for DMPC with increasing

concentrations of C16:0-ceramide. The mole

fractions of C16:0-ceramide are from left to

right 0.8, 1.0, 0.9, 0.7, 0.6, 0.5, 0.4, 0.3,

0.2, 0.1, and 0. Panel B. Compression iso-

therms measured for pure C24:1-ceramide

and its mixtures with DMPC. The mole frac-

tions of C24:1-ceramide are from left to right

1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2,

0.1, and 0. The asterixes indicate the position

of the observed phase transitions. Mean mo-

lecular areas for binary mixtures of C16:0-

ceramide and DMPC (panel C) and C24:1-

ceramide/DMPC binary alloys (panel D) at

5 (■ ), 15 (● ), 30 (▲), and 40 (▼)mN/m.

The asterixes in panel C indicate the position

of the phase transition observed from Fig.

12B.
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perature of the lipid in bilayers. It could thus be anticipated that in mixed mon-

olayers of C16:0-ceramide and DMPC the addition of C16:0-ceramide with its

much higher transition temperature (Shah et al., 1995b) would result in a meas-

urable phase transition at a surface pressure which decreases with increasing con-

tent of C16:0-ceramide. The second interesting feature of the isotherms was that

above Xcer16:0=0.7 to 0.8, the isotherms were nearly identical (Fig. 12A) suggesting

that in this range a single, condensed monolayer phase is present.

To further investigate the mixing of the monolayer components, isobars of

average molecular area vs. monolayer composition (A vs. Xcer16:0) at surface pres-

sures of 5, 15, 30, and 40 mN/m were constructed (Fig. 12, panel C). Compari-

son of the data to the predicted additive behavior was consistent with the quali-

tative interpretation of the π vs. A isotherms given above. Particularly evident at

low surface pressure, the components appeared to mix up to approx. X cer16:0=0.1.

Between Xcer16:0 of 0.1 and 0.7 (solid line connecting the data points in Fig. 12C)

the average area decreased linearly and then became constant at higher mole frac-

tions of C16:0-ceramide. This behavior was consistent with the liquid-expanded

phase of DMPC solubilizing C16:0-ceramide up to X cer16:0=0.10 and the con-

densed C16:0-ceramide phase solubilizing DMPC up to XDMPC=0.30, in keeping

with DSC and x-ray data (Holopainen et al., 1997; I). The composition independ-

ence of the break points indicated that mixtures of these compositions behaved

as pseudo-compounds or complexes as previously observed for cholesterol-phos-

pholipid mixtures (Radhakrishnan and McConnell, 1999). In the intermediate

region of linear average molecular area-composition behavior (Fig. 12C, solid line)

the monolayer should consist of two immiscible pseudo-compound phases, which

are liquid DMPC:C16:0-ceramide (~9:1 molar ratio) and solid DMPC:C16:0-

ceramide (~3: 7 molar ratio).

C24:1-ceramide. Monolayers of C24:1-ceramide (with a 18-carbon sphingosine

base and C24:1 chain as the N-acyl chain) were solid-condensed. Compression

isotherms of DMPC/C24:1-ceramide mixtures are shown in Fig. 12, panel B. A

clear phase transition was evident already at Xcer24:1=0.1 and increasing Xcer24:1 caused

this transition to shift to lower surface pressures (marked with asterixes in Fig.

12, panel B and also included into Fig. 12, panel D). At Xcer24:1≥0.8 the above

discontinuity could no longer be resolved. These results suggested that C24:1-
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ceramide had limited miscibility into DMPC monolayers and this miscibility was

dependent on both the concentration of ceramide and the surface pressure. To

compare quantitatively the apparent condensing and expanding effects of C24:1-

ceramide in a DMPC monolayer we determined the additivity of mean molecu-

lar areas at four different surface pressures, viz. 5, 15, 30, and 40 mN/m (Fig. 12,

panel D). In brief, either an expansion or condensation of the films was evident

and depended on both Xcer24:1 and π. This behavior could be explained as fol-

lows. At low pressures and at low contents of C24:1-ceramide the end of the long

C24:1 acyl chain protrudes above the monolayer, adopting a ‘gaseous’ state simi-

lar to the ‘mushroom’ conformation of polymers (de Gennes, 1980; Hristova and

Needham, 1995). Accordingly, compared to C16:0-ceramide there is an additional

repulsive potential between C24:1-ceramide molecules which promotes its mis-

cibility in DMPC. The average areas in A vs. Xcer24:1 isobars show film expansion

(Fig. 12, panel D). Increasing lateral packing of the film or increasing Xcer24:1 caus-

es the protruding ‘mushrooms’ to contact, thus resulting in the protruding part

of the C24:1 chain above the monolayer to undergo a transition, viz. decrement

in the number of gauche bonds, adopting a regime similar to the ‘brush’ confor-

mations for polymers. In this state contacts and hydrogen bonding between C24:1-

ceramide molecules are augmented and the mixed film condenses, as seen in the

A vs. Xcer24:1 isobars (Fig. 12, panel D). Compared to C16:0-ceramide for C24:1-

ceramide in the ’brush’ regime there should now be an additional attractive po-

tential due to van der Waals interaction between the protruding acyl chains. This

model was strengthened by the measured suface potential data (not shown). In

brief, in the the ‘mushroom’ conformation the terminal methyl groups do not

contribute to the surface potential due to that it is the vertical component of the

dipole moment that determines the measured potentials. Instead, in the ‘brush’

conformation the measured surface potential values should be significantly in-

creased, as indeed observed (data not shown).

To conclude, although the compression isotherms for monolayers of the neat

compounds, C16:0- and C24:1-ceramide were very similar, forming solid con-

densed films, their mixtures with DMPC were strikingly different. Whereas C16:0-

ceramide and DMPC formed immiscible pseudo-compounds, C24:1-ceramide

and DMPC exhibited surface pressure-dependent miscibility, albeit non-ideal, in
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both the liquid and condensed phases. Accordingly, the behavior of C16:0-cera-

mide and C24:1-ceramide in DMPC matrix seemed to be governed by different

mechanisms. More specifically, whereas for DMPC/C16:0-ceramide interactions

(apparent condensation and limited miscibility) were mainly due to the head-

group region of ceramide at all surface pressures, the long N-acyl chain in C24:1-

ceramide diminished the tendency of this lipid for lateral hydrogen bonding

(Pascher, 1976; Moore et al., 1997) and thus increased its miscibility with DMPC

at low surface pressures. Upon increasing the surface pressure the headgroup in-

teractions dominated and promoted lipid immiscibility.

5.3.2 FLUORESCENCE MICROSCOPY OF

DMPC/CERAMIDE MONOLAYERS

The fluorescent lipid analog, NBD-PC (X=0.01) readily partitioned into the liq-

uid-expanded domains in the gel-fluid coexistence region (Weis and McConnell,

1985). Regardless of π images of DMPC (Fig. 13, panels A-D) showed no indica-

tion of lateral phase separation consistent with the liquid expanded behavior (Fig.

12). However, at Xcer16:0 =0.5 lateral phase separation was evident at all surface pres-

sures (Fig. 13, panels E-H). At Xcer16:0 =0.9 the images showed punctuate fluores-

cence, indicating that the dye was excluded from the condensed, single-phase mon-

olayer (Fig. 13, panels I-L). Images of DMPC/C24:1-ceramide (molar ratio 8: 2)

monolayer revealed the lack of phase separation at π<15 mN/m (Fig. 13, panels

M-N). Increasing π resulted in the formation of coexisting liquid and condensed

phases (panels O-P). At higher DMPC/C24:1-ceramide molar ratio (0.3:0.7) a two-

phase monolayer was evident even at low surface pressures (Fig. 13, panels Q-T),

consistent with the interpretation from compression isotherms (Fig. 12B).

Importantly, the domain morphologies for the two ceramides mixed with

DMPC were distinctively different. At Xcer16:0=0.5 the dark ceramide enriched do-

mains exhibited a complex network with some round domains (approx. 20-30 %

of the total dark area) entrapped into the bright continuum. The morphology of

the C16:0-ceramide enriched domains reflected its tight packing and immiscibil-

ity in DMPC due to efficient hydrogen bonding. C24:1-ceramide/DMPC films

exhibited already at low ceramide concentrations flower like solid domains aris-
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FIGURE 13. Fluorescence microscopy images of a DMPC/NBD-PC (99:1, molar ratio) (panels A-D),

DMPC/C16:0-ceramide/NBD-PC (49:50:1, molar ratio) (panels E-H), DMPC/C16:0-ceramide/NBD-

PC (9:90:1, molar ratio) (panels I-L), DMPC/C24:1-ceramide/NBD-PC (79:20:1, molar ratio) (panels

M-P), and DMPC/ C24:1-ceramide/NBD-PC (29:70:1, molar ratio) (panels Q-T), monolayers at surface

pressures ( from left to right) of 5, 15, 30, and 40 mN/m.
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ing from large dipole-dipole repulsion compared to line tension (Perković and

McConnell, 1997). The very different domain morphologies evident for the two

ceramides mixed with DMPC provided strong support for different interactions

between the film constituents.

5.4 ENZYMATIC CONVERSION OF SPHINGOMYELIN

TO CERAMIDE (III, IV)

This far we have been interested in only neat lipid membranes. To facilitate our

understanding of the effects of ceramide on biological membranes this step was

essential, however, these systems do not represent the situation in cellular mem-

branes well enough due to their relatively static nature. In order to overcome this

problem we produced ceramide from sphingomyelin by the action of SMase in

model membranes. This event corresponded (to a certain limit) the situation in

natural membranes where the activation of SMase produces ceramide in the plas-

ma membrane. Notably, two different model membrane set-ups were introduced:

large and giant unilamellar vesicles.

5.4.1 LESSONS FROM LARGE UNILAMELLAR VESICLES

The differences in the organization of sphingomyelin and ceramide in POPC

bilayers, miscibility and microdomain formation (described above), respectively,

allowed to monitor the progress and consequences of the enzymatic conversion

of sphingomyelin to ceramide by fluorescence spectroscopy. The above experi-

ments performed on neat model lipid membranes and at a constant mole frac-

tion of sphingolipids (X=0.25) and varying ceramide:SM stoichiometry were used

for comparison with the enzymatic formation of ceramide. Yet, although this

change in composition to some extent simulated the progress of a SMase cata-

lyzed reaction, the lipids mixed in an organic solvent were expected to be equal-

ly distributed between the inner and outer leaflets of the bilayer. Instead, in the

absence of transbilayer rearrangements of the lipids only sphingomyelin in the
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outer leaflet of the vesicles should be susceptible to the enzyme.

Time course of enzymatic hydrolysis of SM in POPC/SM (3:1, molar ratio)

LUVs was determined by following the loss of radioactivity of 14C-SM by TLC

and radioimaging. Of the 11.25 nmoles of SM in the substrate LUVs approx. 85 %

was converted into ceramide within 3 min using a fixed amount of enzyme (0.1

IU/ml), whereafter no further hydrolysis was evident (Fig. 14, panel A). In accord-

ance with the rapid formation of ceramide, increment in DPH polarization was

measured on a timescale closely paralleling the extent of degradation of SM (Fig.

14, panel B). After the rapid increment in P no further changes were observed.

FIGURE 14. Panel A. The time course for the hydrolysis of
14C-SM in binary POPC/C16:0-SM (3:1) LUVs by SMase

(B. cereus). The solid line represents a guide to the eye. Panel

B. Time course for changes in fluorescence polarization (P) for

DPH (X=0.002) residing in POPC/C16:0-SM LUVs (3:1)

after the addition of SMase (B. cereus, final concentration 0.1

U/mL). Panel C. Time course of changes in Ie/Im for PDCer

(X=0.01) in POPC/C16:0-SM (3:1, molar ratio) LUVs

upon the hydrolytic action of SMase (B. cereus). Two sets of

data are illustrated, as follows. In one experiment the enzyme

was added at 30oC whereafter the reaction was allowed to pro-

ceed at this temperature for the indicated period of time (■ ).

In the other experiment (O) the reaction was allowed to pro-

ceed for 2.5 min at 30oC whereafter the reaction mixture was

maintained at 65oC for two min. Subsequently, the sample

was cooled to 30oC and processed identically to the control

maintained at 30oC (■ ). The enzyme reactions were initiated

by the addition of SMase ( final concentration 0.1 U/mL).
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Importantly, since rapid rearrangements in the membrane organization oc-

curred in the course of the enzyme reaction the extent of hydrolysis exceeded 50

% of the initial SM in the bilayer. This was somewhat unexpected as previous

studies showed approx. 40% of sphingomyelin in sphingomyelin/eggPE/choles-

terol (2:1:1, molar ratio) LUVs to be hydrolyzed by SMase (Ruiz-Argüello et al.,

1996; Basanez et al., 1997). This difference could be caused by cholesterol. The

defects generated upon the conversion of sphingomyelin to ceramide could be

severe enough to allow passage of the enzyme into the LUVs. However, in this

case complete hydrolysis of SM should occur. As this was not observed the in-

creased flip-flop (i.e. transbilayer movement) rate is perhaps more likely. It was

shown that the action of SMase on sphingomyelin containing vesicles caused

leakage of their contents, indicating some kind of defects to be generated (Ruiz-

Argüello et al., 1996; Basanez et al., 1997). Such defects together with the differ-

ences in the lateral packing of the inner and outer leaflets could promote the

transfer of sphingomyelin into the outer leaflet.

To obtain insight into the lateral ordering of the membrane in the course of the

SMase reaction we monitored the enzyme action under otherwise identical condi-

tions and measuring Ie/Im for PDCer. Due to the decreased lateral diffusion hy-

drolysis of SM to ceramide in binary POPC/SM (3:1, molar ratio) LUVs by SMase

caused first (within <10 minutes) a sligth decrease in Ie/Im (Fig. 14, panel C). Subse-

quently, nearly linear increase in Ie/Im with time was measured until at 105 min an

apparent steady state was reached. The mechanism(s) limiting the rate of microdo-

main formation was assessed by increasing the lateral diffusion of the membrane

lipids. Accordingly, 2.5 min after the addition of SMase the samples were main-

tained briefly (for 2 min) at 65 oC, and then cooled back to 30 oC for the measure-

ment of Ie/Im. This transient exposure of the sample to a higher thermal excitation

(and thus increased lateral diffusion) caused the steady state in Ie/Im to be reached

significantly faster, in ~60 min (Fig. 14, panel C). These data suggested that fol-

lowing the rapid conversion of SM to ceramide the organization of the membrane

no longer corresponded to thermodynamic equilibrium but the membrane was in

a metastable state. Subsequently, the latter organization slowly decayed to a new

steady state, the rate of the reorganization process being diffusion controlled and

limited by the highly viscous state of the bilayer.
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5.4.2 ASYMMETRIC ENZYMATIC FORMATION

OF CERAMIDE IN GIANT LIPOSOMES

Giant lipid vesicles were used to explore the possibility that ceramide could be

involved in causing the changes in membrane morphology of cells undergoing

apoptosis. GUVs composed of mono-unsaturated 1-stearoyl-2-oleoyl-sn-glycero-

3-phosphocholine (SOPC), N-palmitoyl-sphingomyelin (C16:0-SM), and Bdp-SM

(molar ratio 0.75:0.20:0.05, respectively) were visualized by fluorescence micros-

copy (IV, Fig. 1A). Subsequently, the above giant phosphatidylcholine/sphingo-

myelin vesicles were treated by SMase. In brief, shortly after the external applica-

tion of this enzyme to the vicinity of the outer membrane surface domains with

increased fluorescence intensity were observed (IV, Fig. 1B). Subsequent to their

emergence, these membrane regions increased in brightness (IV, Fig. 1C) and were

‘endocytosed’ as smaller vesicles into the interior of the GUV (IV, Fig. 1D). This

was accompanied with the disappearance of the domains on the GUV surface.

The phase separation process was quantitated by measuring the loss of fluores-

cence intensity of the probe at a distal place of the GUV and these results showed

that the emission intensity was reduced by ~ 30% in the membrane outside the

fluorescence domains, i.e. half of the Bdp-SM in the outer leaflet was contained

in the formed microdomains (either as such or as the corresponding ceramide).

In order to verify our results indicating vesicle formation inside GUVs we used

Hoffman modulation contrast optics, allowing for the use of short exposure times.

The results obtained by these two methods were in good agreement.

Notably, in the above experiments the formation of ceramide was probably

taking place only in the outer leaflet of the giant liposome. As discussed already

above the formation of ceramide in both leaflets of the bilayers would require

either permeation of B. cereus SMase through the bilayer and/or rapid transbilay-

er diffusion of ceramide. For an enzyme with a molecular mass of 37 kDa the

first mechanism is not very likely. The second mechanism would require the flip-

flop rate of ceramide to be very fast. This is in contrast to the halftime of ~ 22

min for the spontaneous transbilayer movement rates measured for the fluores-

cently labeled ceramide (Bai and Pagano, 1997). However, extensive degradation

of sphingomyelin in LUVs (average diameter of 100 nm) exceeded 50% (III) and
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thus it is possible that ceramide could also transfer into the inner surface of GUVs.

It is likely that external application of the enzyme results in an asymmetry in

bilayer lipid composition and therefore we investigated the consequences of for-

mation of ceramide in the inner leaflet of the giant vesicle. For this purpose, SMase

was microinjected into the interior of the giant liposome (IV, Fig. 4A). Similarly

to the formation of ceramide by externally applied SMase there was also in this

case within ~ 30 s the appearance of diffuse fluorescent domains in the mem-

brane (IV, Fig. 4B). After approx. 1-2 min small (Ø~5.0±0.17 mm) liposomes

emerged on the outer surface of the giant liposome (IV, Fig. 4C), their number

continuing to increase for several minutes (IV, Fig. 4D). Compared to the exter-

nal addition of the enzyme the reaction seemed to proceed for a longer time

and this was explained by the externally added SMase becoming diluted into the

bulk aqueous phase.

The present results provided the first demonstration of vectorial formation of

vesicles, i.e. endocytosis and budding, to be induced by the asymmetric forma-

tion of ceramide by SMase either

in the outer or inner leaflet, respec-

tively, of GUV. The formation of

vesicles from GUV was preceded

by the rapid emergence of lateral-

ly segregated domains enriched in

the fluorescent marker. A model

delineating tentatively the present

results is illustrated in Fig. 15. Ini-

tially (panel A) the lipids in the

FIGURE 15. A schematic model for the mech-

anism of ceramide domain formation and in-

vagination in a leaflet of a phosphatidylcho-

line/sphingomyelin liposome, induced by the

asymmetric hydrolytic action of sphingomyeli-

nase. For the sake of clarity only the monolay-

er subject to the action of sphingomyelinase is

illustrated. The symbols used for the lipid head-

groups are: SOPC (O), sphingomyelin (■ ), and

ceramide (● ).
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phosphatidylcholine/sphingomyelin monolayer are randomly distributed. The ac-

tion of SMase generates ceramide, a lipid with a small, less hydrated headgroup

(panel B) leading to condensation of the leaflet containing ceramide causing area

difference with respect to the adjacent leaflet of the bilayer. Subsequently (panel

C), due to intermolecular hydrogen bonding (Pascher, 1976) the formed ceramide

segregates into a domain. Due to the tendency of ceramide to form inverted non-

lamellar phases (Ruiz-Argüello et al., 1996; Basanez et al., 1997; Veiga et al., 1999)

an invagination is formed by the ceramide-enriched domain (panel D). Driving

force for vectorial formation of vesicles is thus provided by the area difference

between the adjacent monolayers (Farge and Devaux, 1993) and the negative spon-

taneous curvature for the ceramide-containing domain (Ruiz-Argüello et al., 1996;

Veiga et al., 1999). In addition, the bending rigidity of the ceramide-enriched do-

main must exceed that of the adjacent leaflet of the bilayer. As a further progres-

sion (not shown) the domain grows in size and finally forms an enclosed cavity.

It should be emphasized that although illustrated above as separate events, the

formation of ceramide, its local enrichment, and membrane bending should all

occur simultaneously.

5.5
INTRINSIC SPHINGOMYELINASE ACTIVITY ASSOCIATED
WITH HUMAN PLASMA LOW DENSITY LIPOPROTEIN (V)

5.5.1 DEGRADATION OF SPHINGOMYELIN IN LARGE

UNILAMELLAR VESICLES BY LDL

Several lines of evidence pointed to the involvement of SMase in the progres-

sion of atherosclerosis (Schissel, 1996, 1998a,b) and the increased rate of apopto-

sis in atherosclerotic plaques (Chatterjee, 1998) suggested a possibility that SMase

activity would be associated with LDL. Accordingly, POPC/DMPG/C16:0-sphin-

gomyelin/Bdp-SM liposomes were incubated with human plasma LDL (0.125
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mg/ml) at 37oC for 24 hrs, and the lipids were subsequently isolated on TLC

and visualized by UV-illumination (V, Fig. 1). Formation of ceramide was evi-

dent in the presence of LDL but not in the control lacking this lipoprotein. Oth-

er lipoproteins, viz. oxidized LDL, human plasma VLDL, HDL2, and HDL3, were

devoid of SMase activity (data not shown).

Time course of enzymatic hydrolysis of sphingomyelin in POPC/DMPG/

C16:0-sphingomyelin (0.7:0.1:0.2, mole fraction) LUVs was determined by fol-

lowing the loss of 14C-sphingomyelin radioactivity by TLC and radioimaging (V,

Fig. 2). Initial degradation of sphingomyelin was relatively slow and no hydroly-

sis was evident after first 30 min. After 3 hrs approx. 35% of the radioactive sphin-

gomyelin was degraded and upon further incubation for 24 hrs of the 9 nmoles

of sphingomyelin in the LUV substrate > 95 % was converted into ceramide.

Again, the extent of hydrolysis exceeded 50 % of the initial sphingomyelin in

the bilayer necessitating rearrangements in the transbilayer lipid distribution in

the course of the enzyme reaction. The SMase activity of different LDL samples

exhibited considerable variation. Accordingly, six different LDL preparations ei-

ther pooled or from single donor were used and the maximum hydrolysis in 24

hrs varied from 5 to 100% of the total sphingomyelin present. The reason(s) for

this variation remain(s) unknown but could be related to small changes in the

conformation of apoB-100, presence of impurities, or varying degree of initial

oxidation between LDL preparations. Accordingly, oxidized LDL lacked SMase

activity (V, Fig. 2). This finding is in keeping with the known effects of oxidation

on LDL. Oxidation induces the formation of a number of proteolytic fragments

from the single polypeptide chain constituting apoB-100 which could thus dis-

rupt the conformation of apoB-100 required for the proper orientation of the

residues responsible for the SMase activity (Fong et al., 1987).
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5.5.2 DIRECT OBSERVATION OF INTERACTIONS BETWEEN LDL

AND GIANT LIPID VESICLES

In order to investigate the effects of LDL on the fluid giant liposome membrane

we attempted to add lipoprotein to the vesicle surface by microinjection. Prob-

lematically, aggregation of LDL prevented microinjection and therefore aggregated

LDL on the tip was brought by micromanipulation to the GUV surface. In brief,

within approx. 90 s a brightly fluorescent area below the tip of the micropipette

became observable followed by the appearance of small vesicles in the interior

of the giant liposome, their number increasing with time (V, Fig. 3). In contrast

to our previous results with B. cereus SMase the newly formed vesicles varied con-

siderably in their size.

5.5.3 SIMILARITY OF THE SEQUENCES OF BACILLUS CEREUS

SPHINGOMYELINASE AND APOLIPOPROTEIN

B-100 SEQUENCE

In order to identify a putative region of LDL responsible for its SMase activity

we compared the amino acid sequence of human apoB-100 with Bacillus cereus

SMase. Three homologous regions were identified by the local similarity program,

SIM in the sequences of apoB-100 and B. cereus SMase consisting of 24, 39, and

43 amino acids and having 38, 36, and 28 % identical amino acids, respectively.

Comparison of apoB-100 with three different isoforms of B. cereus SMase revealed

that out of the total 305 amino acids of this enzyme 65 (21 %) align with the

sequence of apoB-100. Previous sequence comparisons showed that DNase I (de-

oxyribonuclease I) shared common mechanistic characteristics with SMase and

identified tentatively eight amino acids in the sequence of SMase to be impor-

tant in substrate recognition (Weston et al., 1992; Matsuo et al., 1996). Interest-

ingly, out of these functionally important amino acids six were conserved and

one was weakly similar also in the alignment of B. cereus SMase and apoB-100.

In summary, our results showed that isolated human plasma LDL possessed

SMase activity when using sphingomyelin-containing liposomes as the substrate.

Whether this activity was an intrinsic property of apoB-100 or was due to an un-
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identified relatively tightly associated SMase, which was not detached from LDL

during ultracentrifugation and dialysis remains to be established. However, based

on the sequence comparison the former possibility seemed more likely. From func-

tional point of view, this question may not be important as the SMase activity

seemed to be tightly associated with LDL and should thus be involved in its in-

teractions in vivo as well as in vitro. To this end, SMase activity of LDL was abol-

ished by oxidation, similarly to the phospholipase A2 activity of apoB-100

(Parthasarathy and Barnett, 1990). Lack of SMase activity in apoB-100 of VLDL

does not contradict the notion that SMase activity would be contained in the

apoB-100 moiety of LDL since the conformation of apoB-100 in VLDL and LDL

is different (Catapano et al., 1979). Another interesting possibility is that the pres-

ence of apolipoprotein (a) could be responsible for the LDL associated SMase

activity. Accordingly, previous work (Pursiainen et al., 1994) has shown that apo-

lipoprotein (a) possess proteolytic activity and one possibility is that also the SMase

activity would be present in this lipoprotein particle.

The phospholipids of LDL consist mostly of sphingomyelin and phosphati-

dylcholine and the surface of LDL is further ordered into lipid microdomains

with phosphatidylcholine molecules surrounding apoB-100 (Sommer et al., 1992;

Murphy et al., 1997). In keeping with the above, it seems feasible to suggest that

the sphingomyelin present on the LDL surface is protected from the autocatalyt-

ic hydrolysis by the SMase activity associated with apoB-100. Treating LDL with

B. cereus SMase results in its profound aggregation, however this process was very

slow compared to the formation of ceramide (Schissel et al., 1996). Our results

(III) showed that in POPC/C16:0-sphingomyelin LUVs the hydrolysis of sphin-

gomyelin was nearly complete within ~2.5 min whereas the formation of cera-

mide-enriched domains was slow (~100 min) implying that for LDL the forma-

tion of ceramide-enriched lipid domains could mediate LDL particle aggregation.
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6  G E N E R A L  D I S C U S S I O N

6.1
BIOLOGICAL SIGNIFICANCE

Consequences of ceramide domain formation

One of the major conclusions of this study was the formation of ceramide-

enriched microdomains in both fluid and gel phosphatidylcholine matrixes. As

was already pointed out ceramides are eminently hydrophobic even compared

to other lipid species. As a consequence the concentrations of this lipid in the

cytosol are extremely low (with the possible exception of short-chain ceramides)

and the actions of this lipid must occur on the level of cellular membranes. Ten-

tatively ceramides could exert their action in principally two different, albeit in-

terconnected, mechanisms: either by binding and activating proteins or chang-

ing the physical properties of the cellular membranes leading to changes in the

physiological state of the cell (Kinnunen, 1991; Kinnunen et al., 1994). In both of

these mechanisms ceramide domain formation could, in principle, play a pivot-

al role. Ceramide was shown to bind specifically proteins, such as atypical pro-

tein kinases (Kolesnick and Golde, 1994; Kolesnick et al., 2000; van Blitterswijk,

1998) and this was suggested to be mediated by cysteine-rich domains in these

proteins (van Blitterswijk, 1998). Accordingly, the formation of ceramide-enriched

domains in the cellular membrane would facilitate the binding of these proteins

to the membrane surface. However, another set of proteins that do not selective-

ly bind to ceramide might also be activated by this lipid. In brief, the formation

of ceramide-enriched domains change the physical properties of the membranes

by (i) increasing the hydrophobicity of the water-membrane interface and thus

changing the affinity of these proteins to the membrane, or (ii) increasing the

propensity of the membrane to form inverted non-lamellar phases or changing

the lateral pressure profile of the membrane leading to activation of proteins such

as phospholipase C and protein kinase C (Cantor, 1999; Kinnunen, 1996; Ruiz-
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Argüello et al., 1996; Veiga et al., 1999), or (iii) producing phase boundaries within

the membrane facilitating the absorption of proteins to the membrane (for in-

stance phospholipase A2), or (iv) due to the potency of ceramide molecules to

form lateral hydrogen bonds it is quite likely that integral membrane proteins

will be excluded from these ceramide-enriched domains leading to high local con-

centrations of these proteins in a certain region of the membrane, or (v) chang-

ing the thickness of the lipid bilayer leading to activation or inactivation of inte-

gral membrane proteins (Mouritsen and Bloom, 1984; Mouritsen, 1998). Further-

more, ceramide-enriched domains could serve as bringing the components of var-

ious cellular signaling cascades together (Kolesnick et al., 2000).

Does ceramide act as a classical lipid second messenger? Implications to apoptosis

Based on several lines of research ceramide was classified as a lipid second messen-

ger in cellular signaling cascades for apoptosis, endocytosis, cell differentiation,

growth, and cell senescence (Hannun, 1996; Gómez-Muñoz, 1998). Perhaps the

best-characterized example of a lipid second messenger is PAF, platelet activating

factor. Accordingly, very low concentrations of PAF (10-10 M) were sufficient to elicit

its biological responses (e.g. Voet and Voet, 1995), by binding to a specific 7 trans-

membrane helices plasma membrane receptor (e.g. Chao and Olson, 1993; Izumi

and Shimizu, 1995). In contrast, stimulation of cells by heat or radiation, for in-

stance, to induce apoptosis was reported to produce high concentrations of cera-

mide (Hannun, 1996). This very high concent challenges the need for a specific

interaction between ceramide and its receptor. Interestingly, Thomas et al. (1999)

showed that during apoptosis the signal to cell death derived from C16:0-ceramide

and that only minor elevations in other ceramide species were observed. In line

with the above understanding of the phase behavior of these systems is needed.

Our studies (Holopainen et al., 1997; I-IV) and the constructed phase diagram re-

vealed that even low contents of ceramide segregated into gel-state microdomains

both in gel and fluid membranes and at physiological temperature. In cellular mem-

branes ceramide is formed from sphingomyelin that is miscible and fluid at physi-

ological temperatures in phosphatidylcholine membranes. Accordingly, the forma-

tion of gel-like domains by ceramide should have a major impact on the over all

physical state and organization of cellular membranes.
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In addition to neat lipid systems we demonstrated the formation of ceramide-

enriched microdomains in fluid phosphatidylcholine/sphingomyelin LUVs fol-

lowing the action of SMase (III), and furthermore using giant liposomes this seg-

regation of the ceramide formed by SMase was visualized by fluorescence mi-

croscopy (IV). Importantly, these domains with enriched ceramide separated from

the membrane as smaller vesicles in a vectorial manner, i.e. into the space oppo-

site to the site of the action of SMase. Accordingly, generation of ceramide could

influence both 2- as well as 3-dimensional organization of membranes, resulting

in altered microcompartmentalization in cells. Accordingly, the massive forma-

tion of ceramide observed in apoptosis would make the plasma membrane less

permeable and mechanically more resistant. The former is in keeping with the

known function of ceramide in skin, where this lipid is thought to provide the

key element in the permeability barrier (Elias and Menon, 1991). Second, cera-

mide induced segregation and compartmentalization of signaling molecules (Koles-

nick et al., 2000) would make cells unresponsive to extracellular signals. Accord-

ingly, it may well be necessary to revise the paradigm of lipid second messengers

mediating their downstream effects by ligand-receptor or ligand-effector protein

interactions. Furthermore, in the light of the present results demonstrating bud-

ding of vesicles from giant liposomes after the microinjection of SMase into the

vesicle interior, it seems feasible to suggest that the enzymatic formation of cera-

mide may well cause the observed membrane blebbing in apoptosis, in a man-

ner not requiring metabolic energy. Bearing this in mind one possibility would

be that ceramide does not only function as a traditional ‘lipid second messenger’

but the effects of this bioactive lipid could also involve changes in the physical

state of the plasma membrane.

Implications of sphingomyelinase to the non-receptor mediated internalization of bacteria

and LDL

In addition to cellular signaling mechanisms vesicle budding and endocytosis are

crucial in membrane trafficking and internalization of plasma low density lipo-

protein, LDL, for instance. Accordingly, when ATP-depleted macrophages and

fibroblasts were treated with exogenous SMase this resulted within 10 min in the

budding of numerous vesicles from the plasma membrane into the inside (i.e.
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vectorially) of these cells (Zha et al., 1998). These vesicles lacked any observable

protein coating and had a diameter of approx. 0.4 µm. In line with these results,

exogenously incorporated N-hexanoyl-sphingosine (C6-ceramide) induced time-

and dose-dependent formation of vesicles (diameter 2-10 µm) into the interior

(i.e. vectorially) of fibroblasts (Li et al., 1999). Our data showed that except for

SMase no proteins were necessary for endocytosis but could readily be achieved

in giant liposomes. Evidence for the involvement of SMase and PC-PLC in the

entry of Neisseria gonorrhea, Staphylococcus aureus, and species of mycobacteria into

human cells was recently demonstrated (Grassmé et al., 1997; Johansen et al., 1996;

Walev et al., 1996). This mode of endocytosis could be mediated by the concert-

ed hydrolytic action of SMase/phospholipase C of the plasma membrane of the

infected cells in a similar manner as described here. In light of the above, SMase

could be involved in the actual entry of the pathogen and PC-PLC in the de-

struction of the host cell membrane. At an early stage in apoptosis activation of

SMase is observed (Jarvis et al., 1996). This implies that the concomitant hydrol-

ysis of phosphatidylcholine and sphingomyelin to diacylglycerol and ceramide,

respectively, could lead to a much more severe outcome. Indeed, Ruiz-Argüello

and coworkers (1998b) recently showed that PC-PLC and SMase had concerted

actions on membrane fusion in simple model systems lending support to the idea

that these enzymes could exert their activities when acting on the membrane to-

gether.

Furthermore, we demonstrated that ‘endocytosis’ could be induced in GUVs

also by LDL. Evidence for non-receptor mediated uptake by rat luteal cells of

LDL cholesterol without concomitant apoB-100 ingestion was presented (Reav-

en et al., 1986). Recently, aggregated LDL was shown to enter the cells by sur-

face connected compartments by a mechanism not involving the LDL receptor

(Zhang et al., 1998). Although, there is no evidence that the SMase activity of

LDL would be involved in these events it is tempting to speculate that the proc-

ess would be mediated by this activity present in apoB-100. It was shown in in

vitro experiments that LDL binds to the proteoglycans on the endothelial wall

(Hurt-Camejo et al., 1997) as well as to its receptors in the plasma membranes of

cells (Brown and Goldstein, 1986). In keeping with this it seems feasible that this

interaction between LDL and lipids could be involved in the possible in vivo ef-
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fects of the SMase activity. More specifically, after binding to its cell surface re-

ceptors the LDL particle could be able to hydrolyze sphingomyelin in the adja-

cent plasma membranes and cause local accumulation of ceramide. These micro-

domains could thus serve as local vehicles for the transport of LDL and bacteria

through the plasma membrane.
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7  C O N C L U S I O N S

1. The thermal phase behaviour and structure of fully hydrated binary mem-

branes composed of DMPC and C16:0-ceramide (up to a mole fraction

Xcer=0.35) were resolved in detail by high sensitivity differential scanning

calorimetry (DSC) and x-ray diffraction. A partial phase diagram was con-

structed based on results from combination of these two methods.

2. The mixing behavior of DMPC with either C16:0-ceramide or C24:1-ce-

ramide was examined using monomolecular films. Whereas C16:0-ceramide

and DMPC form immiscible pseudo-compounds, C24:1-ceramide and

DMPC were partially miscible in both the liquid-expanded and condensed

phases and a composition and lateral pressure dependent two phase region

was evident between the liquid expanded and condensed regimes.

3. Behaviour of two chemically well-defined sphingolipids, C16:0-sphingomye-

lin and the corresponding C16:0-ceramide in a POPC bilayers were com-

pared. Whereas C16:0-sphingomyelin was miscible in POPC, the corre-

sponding ceramide was highly immiscible. Furthermore, both of these

sphingolipids increased the membrane ordering, ceramide being much more

potent.

4. The lateral organization of enzymatically generated C16:0-ceramide in

POPC/C16:0-sphingomyelin LUVs by sphingomyelinase was addressed.

These data showed that the rapid enzymatic formation of ceramide under

these conditions was followed by much slower reorganization process, re-

sulting in the formation of microdomains enriched in this lipid.

5. Microinjection and either Hoffman modulation contrast or fluorescence

microscopy of phosphatidylcholine/sphingomyelin giant liposomes were
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used to observe changes in lipid lateral distribution and membrane morp-

hology upon formation of ceramide. In addition to rapid domain forma-

tion also vectorial budding of vesicles were induced by the asymmetric sphin-

gomyelinase -catalyzed generation of ceramide.

6. Isolated human plasma low density lipoprotein was observed to possess

sphingomyelinase activity. Whether this activity was an intrinsic property

of apoB-100 or is due to an unidentified relatively tightly associated sphin-

gomyelinase, which was not detached from LDL during ultracentrifugation

and dialysis remains to be established. Based on the sequence comparison

between sphingomyelinase and apoB-100 it seems possible that this enzy-

matic activity could be an intrinsic property of apoB-100. Furthermore, ‘en-

docytosis’ was induced in GUVs also by LDL possibly due to the presence

of sphingomyelinase activity.
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