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Abstract
Giant unilamellar vesicles have become a versatile tool tomimic lateral membrane orga-
nization and membrane-associated processes in cells. The interest in sphingolipids has
grown rapidly since the establishment of their role in cell signaling. This review summa-
rizes our results on the impact of sphingolipids (sphingomyelin (SM), ceramide (CER),
and sphingosine (SPH)) on the formation of membrane domains. CER and SPH form
gel domains in the glycerophospholipid (GPL) matrix. Addition of CER and SPH to raft
167
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mixtures induces larger liquid-ordered (Lo) domains compared to the control phospha-
tidylcholine (PC)/SM/cholesterol (CHOL) ones. The presence of SM in PC/SM/CER/CHOL
mixtures stabilizes the gel phase and thus decreases CER miscibility. More competitive
CER/SM interactions compared to SM/CHOL ones change the conditions of Lo phase
formation. The bacterial sphingomyelinase and secretory phospholipase A2 (sPLA2)
activities on homogeneous and Lo/Ld (liquid-disordered) heterogeneous membranes
were visualized. The enzyme-induced generation of CER from raft-containing SM leads
to disintegration of the rafts. sPLA2 activity on substrate vesicles provokes vesicle shrink-
ing and burst. SM is a sPLA2 inhibitor and its addition to the substrate vesicles increases
the membrane resistance. CHOL restores sPLA2 activity in raft-containing mixtures. The
enzyme induces continuous Lo domain budding and fission. CER augments, addition-
ally, sPLA2 activity, and an appearance of holes in the membrane bilayer is observed.
CER and CHOL seem to sequestrate SM making the phospholipid substrate more sus-
ceptible to enzyme attack. Possible molecular mechanism for Lo domain budding and
fission is proposed, suggesting that PLA2 might be a factor for triggering, developing,
and finalizing the process of rafts-transporting vesicle formation.
1. CONCEPT OF MEMBRANE RAFTS AND THEIR
CELLULAR FUNCTIONS
The fluid mosaic model, proposed by Singer andNicholson, states that

most membrane constituents diffuse rapidly and randomly about the two-

dimensional surface of the lipid bilayer [1]. Live cell imaging methods such

as single particle tracking have provided considerable evidence that many

receptors and even lipids are restricted in lateral mobility. These experimen-

tal observations, together with biochemical methods, established a compart-

mentalized conception of the cell plasma membrane. Three hypotheses of

microdomain organization are discussed: membrane rafts [2], protein islands

[3], and actin corals [4]. Simons and Gerl [5] revitalized membrane raft def-

inition as dynamic, nanoscale, sterol–sphingolipid (SL)-enriched, ordered

assemblies of proteins and lipids, in which the metastable raft resting state

can be stimulated to coalescence into larger, more stable raft domains by spe-

cific lipid–lipid, protein–lipid, and protein–protein oligomerizing interac-

tions. Thus, the dynamics of raft lipids and proteins must be considered as

more relevant characteristics of the domains than their size.

Currently, lipid rafts have been implicated in a plethora of both physio-

logical and pathological processes [6]. Besides the high content of SLs and

cholesterol (CHOL), themembrane rafts contain saturated phosphatidylcho-

lines (PCs), as well as small amounts of phosphatidylethanolamines and phos-

phatidylserines. The SLs ganglioside 1 and 2 (GM1 and GM2) are main
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components of these assemblies and are commonly used as raft marker lipids.

Fluorophores conjugated to cholera-toxin B subunit, which binds to the raft

constituent ganglioside (GM) is extensively used to visualize rafts.

Rafts are postulated to be platforms that directly participate in the lateral

recruitment of certain types of proteins,while trafficking through theGolgi as

well as in the association of proteinswithGPI anchors to non-clathrin-coated

plasmamembrane invaginations called caveolae [7]. Themost widely studied

function of rafts is to provide a distinct environment for signaling molecules,

receptors, channels, recognition molecules, coupling factors, and enzymes.

Receptors such as members of the tyrosine kinase Src family, G-proteins,

and various receptor proteins like the platelet receptor P2X allow a specific

regulation of pathways related to these molecules in the plasma membrane.

A role for lipid rafts in the transport of substrates, such as glucose and fatty

acids into the cell, has been recently reported [8,9]. At present, there is evi-

dence that at least a subset of plasma membrane insulin receptors reside in

membrane rafts/caveolae. Furthermore, molecular components of insulin

signaling also reside in or are recruited into these structures, and this recruit-

ment is required for at least some insulin actions in adipocytes (insulin-

stimulated glucose transport) [8].

Adipocytes are the primary site for lipid storage and mobilization and, as

such, one of theirmajor roles is the uptake and release of long-chain fatty acids

(LCFAs). Several proteins in the adipocyte plasma membrane have been

implicated in fatty acid transport or binding, such as plasma membrane fatty

acid-binding protein, fatty acid transport protein, caveolin-1, and fatty acid

translocase (FAT/CD36). Recently, it has been shown that at the cell surface

FAT/CD36 is exclusively located within lipid rafts, whereas intracellularly

FAT/CD36 is found in nonlipid raft membranes cofractionating with the

Golgi apparatus [9]. Thus, lipid raft microdomains might control fatty acid

uptake by regulating FAT/CD36 surface availability. Caveolin-1 might tar-

get FAT/CD36 to theplasmamembrane.However, themechanismof action

and regulation of FAT/CD36, aswell as the other proteins involved in LCFA

uptake, is notwell understood and is the subject of ongoing investigations by a

number of groups.

Among other beneficial processes are axonal growth and branching [10]

and the stabilization of synapses [11]. During development, axons elongate

and reach their appropriate targets to form neuronal networks. The tip of an

elongating axon, called the growth cone, explores its surrounding extracel-

lular environment and migrates toward its target, pulling the axon behind it.

It has been suggested that lipid rafts serve as a platform for localized signaling
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during growth conemigration and turning [10]. Upon encountering molec-

ular cues in the extracellular environment, plasma membrane rafts recruit

cytoplasmic key components that reorganize the cytoskeleton and regulate

cell adhesion molecule trafficking. Lipid rafts should be heterogeneous enti-

ties recruiting diverse sets of functional molecules to different subcellular

regions, thereby generating region-specific signals in the growth cone. Such

polarity generated by raft-dependent signaling plays a central role in axon

growth and guidance. However, intracellular signaling initiators recruited

to raft membranes after the growth cone encounters an extracellular cue

remain to be identified, and the mechanisms for activating, amplifying,

and localizing their downstream components are also largely unknown.

The main challenges for the future include the identification of composi-

tional and structural diversity in raft populations and the characterization

of corresponding raft-dependent signals that ultimately converge on the

cytoskeletal and adhesion machinery [6,10].

A number of proteins involved in apoptotic signals have been located in

lipid rafts [12–14]. Programmed cell death or apoptosis is a genetically regu-

lated process conserved throughout the evolution. Apoptosis allows removal

of abnormal growing cells and controls homeostasis. Apoptosis eliminates

cells in an ordered manner and deregulation of the apoptotic machinery

can lead tomanydiverse diseases. Irreversible loss of cells in the brain andheart

can have dramatic consequences for the organism, whereas potentially dan-

gerous cells, which show resistance to apoptotic responses, are thought to be

the origin of many types of cancer. Deregulation in the suicide program has

been experimentally demonstrated in Alzheimer, Parkinson, autoimmunity,

cancer, heart failure, HIV, inflammation, and osteoporosis [15,16]. Type

I apoptosis is characterized by an extrinsic receptor-dependent pathway

and requires the binding of a ligand to death receptors, such as Fas (CD95)

or tumor necrosis factor, whereas type II apoptosis is an intrinsic pathway that

involves cell organelles such as mitochondria or the endoplasmic reticulum.

Both pathways share downstream cascades involving caspases, proteolytic,

and lypolytic enzymes that initiate and execute apoptotic cell death.

Rafts can serve as a means of performing some therapeutic tasks.

Fas-mediated apoptosis involves translocation of Fas—and downstream sig-

naling molecules—into lipid rafts, a process that can be pharmacologically

modulated [17,18]. FasL-independent clustering of Fas in membrane rafts

generates high local concentrations of death receptor providing scaffolds

for coupling adaptor and effector proteins involved in Fas-mediated apopto-

sis. Thus, lipid rafts act as the key point from which a potent death signal is
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launched, becoming a new promising anticancer target. These findings set a

novel framework for the development of more targeted therapies leading to

intracellular Fas activation and recruitment of downstream signaling mole-

cules into Fas-enriched lipid rafts.

Briefly, the importance of lipid raft signaling in the pathogenesis of a vari-

ety of conditions, such as neurodegenerative, cardiovascular and prion dis-

eases, cancer, and HIV, has been elucidated over the recent years and makes

these specific membrane domains an interesting target for pharmacological

approaches in the prevention and cure of these diseases.

2. CELL-SCALE BIOMIMETIC SYSTEMS AS A TOOL
TO STUDY MEMBRANE ORGANIZATION

AND FUNCTIONING

The biomimetic systems allow us to design appropriate studies of cel-

lular membranes to answer important questions about their structure, prop-

erties, and functions. Curiosity to understand the fundamental basis of cell

functioning gives us hope to discover the magic pill against any disease. It

drives scientists from all over the world to create more and more sophisti-

cated model systems in order to be able to give simple answers to the com-

plex problems of cellular life. Thus, many generations of scientists will

become architects of the future artificial cell without aiming at that.

During the past decades, giant unilamellar vesicles (GUVs) have become an

extremely versatile tool tomimic lateralmembraneorganization in cells.How-

ever, the development of each model system goes hand in hand with advance-

ments of the new technologies. Since the invention of the method of GUV

electroformation by Angelova and coworkers at the end of the 1980s to the

beginning of the 1990s [19,20], when the firstGUV imagesweremadeby sim-

ple black and white photography, the technique has undergone a number of

variations [21–23] and now GUVs are imaged by the last generation optical

microscopes and CCD cameras. Giant vesicles are spherical free-standing

bilayer assemblies with diameters of 10–100 mm. Since GUVs equal or exceed

cellular dimensions, they are microscopically visible and we can select and

operate on one vesicle at a time. At first, significant information was obtained

about the physical properties of bilayers and shape transformations of vesicles,

and in this context, the pioneering studies by the groups of Evans [24],

Sackmann [25], Needham [26], and Bothorel [27] should be mentioned.

Recently, modified GUV electroformation protocol focusing specifi-

cally on high-salinity conditions (up to 250 mM NaCl) was proposed by
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Pott et al. [21]. High GUV electroformation rates have been attained in

electrolyte-containing buffers at physiologically relevant concentrations.

Thanks to this protocol, Montes et al. [28] were able to create the first

GUV from native membranes using red blood cell ghosts as deposits. Thus,

“the big hurdle in GUV production at physiological conditions,” according

to Pott and colleagues [21], has been overcome, which should obviously

widen the use of GUV for biochemical, biological, or biophysical studies.

Earlier, successful formation of giant liposomes at high ionic strengths was

reported but the inclusion of a charged lipid in the mixtures is required, such

as phosphatidylglycerol, phosphatidylserine, phosphatidic acid, or cardi-

olipin [29].

Studies on the interaction of active macromolecules such as proteins,

DNA, and enzymes with organized lipid interfaces are conducted using a vari-

ety of systems, including small (SUV) and large unilamellar vesicles (LUV),

multilamellar vesicles, and monolayers at the air–water interface. Because

of their particular characteristics (size and lamellarity), these modelmembranes

are not necessarily accurate descriptions of cell membranes. It is noteworthy

that in some techniques such as X-ray diffraction experiments, electron-spin

resonance spectroscopy, and fluorescence spectroscopy, these model systems

still remain the unique options to carry out precise measurements.

GUVs have a minimum curvature and mimic cell membrane in the best

way compared to the above-mentioned models. They are ideal for studying

lipid/lipid [30–35], lipid/DNA [36], and lipid/protein [37–42] interactions,

and last, but not least, provide a view of an enzyme at work [43–47]. Lipid

phase separation [23,48–51] and various morphological changes such as

domain budding and fission [45,47,52], vesicle burst and shrinking [43],

and “cytomimetic” processes [53] can be viewed and monitored as directly

as they can by using living cells. GUVs have also been used to determine

whether binding a motor protein to a lipid bilayer would be sufficient to

generate membrane tubes [54].

One of the most important contributions of GUV experiments was based

on the raft hypothesis that the formation of lipid domains enriched in (glyco)

sphingolipids, CHOL, and saturated phospholipids can be driven by character-

istic lipid–lipid interactions, suggesting that rafts ought to form inmodelmem-

branes composed of appropriate lipids [5,7,31]. In fact, domains with raft-like

properties (domains in liquid-ordered (Lo) phase) were found to coexist with

fluid lipid regions (liquid-disordered (Ld) phase) in vesicles formed from equi-

molar mixtures of unsaturated phospholipid–CHOL–sphingomyelin (SM),

and unsaturated phospholipid–CHOL–saturated PCs. Furthermore, it has
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been a long-standing, open question whether a phase domain in one mono-

layer of the lipid bilayer is exactly superimposed with a corresponding domain

of the same phase in the opposing monolayer. Detailed topology of coexisting

phase domains over the surface of a vesicle demonstrates that they are exactly

superimposed in opposing symmetric monolayers [51].

Another strong argument supporting the raft hypothesis is the observa-

tion of lipid-based phase separation into Lo- and Ld-like phases at first in nat-

ural lipids extracted from brush border membranes [31] in isolated giant

plasma membrane vesicles formed bymembrane blebbing [37] and in plasma

membrane lipids extracted from fibroblasts cultured as two-dimensional

monolayer and in tissue-like three-dimensional conditions [55].

Other contributions of GUV research related to the raft hypothesis were

to provide rapid information about lipid mixing and to allow the direct visu-

alization of the lipid phase separation that is not readily available from other

methods. Complex and precise phase diagrams were constructed on the base

of GUV composed of binary, ternary, and quaternary lipid mixtures

[32,56–60]. It was also found that the molecular structure of a sterol deter-

mines its ability to induce raft-like domains [34,61,62]. Moreover, GM1, an

essential raft component, hinders formation of large micron-scale Lo
domains and it suggests that GM1 could “arrest” Lo domain growth through

a decreasing effect of the line tension between Lo and Ld phases [30].

Undoubtedly, the formation of perfectly round-shaped domains, grow-

ing in size by fusion, is a manifestation of liquid–liquid immiscibility. Such

raft-forming mixtures are characterized with miscibility transition points at

which composition fluctuations arise over a wide range of time and length

scales [63]. These miscibility transition points depend on the lipid compo-

sition and temperature. Nowadays, it is a challenge for interface scientists to

seek biological agents (enzyme action, protein presence, and assemblies or

creation of membrane and solute asymmetry) that can induce such miscibil-

ity transitions from two-phase coexisting regions to one phase and vice

versa. An example of a similar process is the photoinduction of Lo micro-

domains caused by lipid chemical modifications [30,59,64].

All these outcomes demonstrate that GUV-containing Lo domains

enriched in SLs and sterols, and coexisting with Ld, have become important

tools for themodelingof properties and biological functions ofmembrane rafts.

Although GUV Lo domains can only partially mimic the complex features of

biological rafts (e.g., heterogeneity of composition, dynamic size distribution,

recycling), these have been instrumental in evaluating current ideas as well as

making new proposals for raft-associated mechanisms. The development of
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more sophisticated cell-scale biomimetic systems together with high technol-

ogies would allow revealing the lipid/lipid, lipid/protein, and protein/protein

communications in the lateral and transversal plane of cell membranes. Under-

standingofmembrane functioning inhealthwouldensurebetter controlon the

membrane-associated pathological processes.

3. EFFECT OF SPHINGOLIPIDS ON THE FORMATION OF
MEMBRANE DOMAINS AND THEIR MORPHOLOGY IN

BIOMIMETIC SYSTEMS
Figure
sine, sp
as “R.”
3.1. Sphingolipid structure

SM and related molecules such as ceramide (CER) and sphingosine (SPH)

make up the SL class of membrane lipids. The chemical structure of the SLs

of particular interest in this chapter is summarized in Fig. 7.1. SM is com-

posed of SPH, a fatty acid, a phosphate group and choline. CER and SPH

are released by the sequential cleavage of SM. Phosphorylation of SPH leads
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7.1 Chemical structure of the sphingolipids: sphingomyelin, ceramide, sphingo-
hinganine, and sphingosine-1-phosphate. Fatty acids in the lipids are designated
Lipid structures were taken from the LIPID MAPS Lipidomics Gateway [65].
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to the formation of sphingosine-1-phosphate (SPH-1-P). SPH is an

18-carbon amino alcohol with an unsaturated hydrocarbon chain. When

the sphingoid base is acylated, the CER is formed. The amino group at the

second carbon of the sphingoid base serves as the attachment site for the fatty

acyl chain via an amide linkage. Typically, the acyl chains are long and satu-

rated. Acyl chains of 18 carbons are common in bovine brain SM and GMs.

GM is a molecule composed of a glycosphingolipid (CER and oligosaccha-

ride) with one or more sialic acids linked on the sugar chain. Unsaturation in

sphingolipid acyl chains is limited almost exclusively to single cis double bonds.

High phase transition temperatures characteristic of SLs are due to the high

degree of acyl chain saturation [66]. The presence of hydroxyl- and amido-

groups confers on each molecule the ability to act simultaneously as hydrogen

bond donor and acceptor [67]. Therefore, the SLs are able to form an inter-

molecular network of linkages that keeps them associated with each other.

This feature is not shared by other membrane components such as GPLs,

which can act only as hydrogen bond acceptors.

3.2. Role of Sphingolipids in membrane organization and
function

The interest in SLs and their metabolites has grown very rapidly since the

establishment of their important role in cell signaling. The mechanisms of

action of CER and SPH-1-P have been particularly well studied. It is known

that these two SLs exhibit opposite effects on various cellular processes such

as apoptosis, cell differentiation, and growth. SPH-1-P exerts an inhibitory

effect on apoptosis unlike CER, which stimulates this process [68,69]. The

interest of many authors has been attracted by the so-called CER/SPH-1-P

rheostat, that is, the ratio between these two lipids could determine the fate

of a cell—apoptosis in case of high CER levels or cell survival if SPH-1-P

predominates [70]. However, the intermediate product in the metabolic

chain “CER/SPH-1-P,” SPH, has received less attention. Studies related

to its mechanism of action are quite incomplete, although its essential role

in the functioning of the “CER/SPH-1-P rheostat” is more than obvious.

Cell CER is either synthesized de novo [71] or originates as a product of

the hydrolysis of SM by sphingomyelinase (SMase) [72] (Fig. 7.2).

Membrane-bound SMases have been reported to be localized predomi-

nantly in membrane raft domains [73], implying that CER that is produced

by the action of SMases is formed from substrate present in these domains

[74]. It is assumed that cellular SPH is formed exclusively as a result of

CER degradation, whereas its eventual de novo synthesis does not occur
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[75]. SPH generated by neutral ceramidase could also be found in the plasma

membrane outer monolayer. This indicates that neutral ceramidase can

actively participate in CER metabolism at plasma membrane level and thus

be a mediator in the production of SPH-1-P [76]. According to some

authors, the presence of acid SMases and neutral ceramidases at the cellular

surface suggests that membrane rafts are the site for generation of SPH

[77,78]. It has been demonstrated that endogenous human sphingosine

kinase 1, and its substrate, D-erythro-sphingosine reside in the plasma mem-

brane lipid raft domains [79]. These facts support the key role of CER and

SPH in the SM signaling pathway and the importance of plasma membrane

lipid microdomains in the performance of these processes.
3.3. Role of Sphingolipids in regulating raft-like domain
formation in complex biomimetic systems

Although the studies addressing the role of SLs in cell death are numerous,

many of the specific functions that these mediators regulate are still elusive

[69]. The evidence implicating CER and SPH in cell death, sphingosine

kinase 1, and SPH-1-P in cell survival is consistent, yet there appear to

be differences in the mechanisms of cell signaling in different cell types as

well as the signals generated by different stimuli. This suggests a versatile role

for these lipids in cell function that can potentially be tailored for a therapeu-

tic advantage.
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That is why our studies have been devoted to the effect of CER and SPH

on the lipid organization in membranes [80–82]. Special attention has been

paid to the formation ofmembrane domains and theirmorphology in various

lipid matrixes. We engineered complex GUVs comprising different ratios of

naturally-occurring lipids such as egg-yolkPC, egg-yolk SM,egg-yolkCER,

bovine brain SPH, andCHOL.Different patterns of domain formation in the

micron scalewere visualized using fluorescencemicroscopy in PC/CERand

PC/SPH binary mixtures; PC/SM/CHOL, PC/CER/CHOL, and PC/

SPH/CHOL ternary mixtures; and PC/CER/SM/CHOL and PC/SPH/

SM/CHOL quaternary ones. We were able to determine the temperature

of micron-scale domain formation (Table 7.1) and identify domain shape

and size, as well as their dynamics.

Micron-scale miscibility transition temperatures (Tm) were recorded as the

temperatures at which visible domains appeared and then disappeared as tem-

perature was decreased and then increased. This is described in detail by

Veatch and Keller [32]. Transition temperature was defined as the average
Table 7.1 Micron-scale miscibility transition temperature for different series of lipid
mixtures composed of the following lipids: egg-yolk phosphatidylcholine (PC), egg-yolk
sphingomyelin (SM), egg-yolk ceramide (CER), bovine brain sphingosine (SPH), and
cholesterol (CHOL)
Lipid mixture Tmicron-scale miscibility transition temperature

Binary mixtures

(PC/CER) Lb/Ld

90/10 (25.7�2.8) �C

80/20 (30.4�3.6) �C

(PC/SPH)

90/10 (10.1�2.3) �C

80/20 (13.9�2.9) �C

60/40 (18.4�4.1) �C

Ternary mixtures

(PC/CER/CHOL) Lb/Ld

80/10/10 (25.4�2.2) �C

70/10/20 (17.2�3.3) �C

60/10/30 (4.5�4.4) �C

Continued



Table 7.1 Micron-scale miscibility transition temperature for different series of lipid
mixtures composed of the following lipids: egg-yolk phosphatidylcholine (PC), egg-yolk
sphingomyelin (SM), egg-yolk ceramide (CER), bovine brain sphingosine (SPH), and
cholesterol (CHOL)—cont'd
Lipid mixture Tmicron-scale miscibility transition temperature

(PC/SPH/CHOL)

70/20/10 (14.2�3.1) �C

60/20/20 (10.2�2.9) �C

50/20/30 (5.8�2.2) �C

Control mixtures

(PC/SM/CHOL) Lo/Ld

65/17.5/17.5 (21.8�2.6) �C

60/22.5/17.5 (22.9�3.4) �C

50/30/20 (23.8�4.6) �C

30/50/20 (37.3�2.9) �C

Quaternary mixtures

(PC/CER/SM/CHOL)

70/10/10/10 (25.7�3.7) �C (Lb/Ld)

60/10/20/10 (27.4�3.9) �C (Lb/Ld); (4.4�3.1) �C (Lo/Ld)

50/10/30/10 (29.6�4.4) �C Ld/Lb

(PC/CER/SM/CHOL)

55/10/17.5/17.5 (33.6�2.7) �C (Lo/Ld)

50/15/17.5/17.5 (36.3�3.1) �C (Lb/Ld); (17.4�3.5) �C
(Lo/Ld)

45/20/17.5/17.5 (10�4.4) �C (percolation Ld/Lo);

(4.2�3.9) �C Ld/Lo/Lb

PC/SPH/SM/CHOL

50/20/10/20 (17.9�3.4) �C (Lb/Ld); (9.8�3.9) �C (Lo/Ld)

40/20/20/20 (25.7�4.3) �C

30/20/30/20 (37.2�2.4) �C

Lb, gel phase; Ld, liquid-disordered phase; Lo, liquid-ordered phase. The table summarizes the results
published in Ref. [80,82].
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of these two points. Standard deviations (SD) correspond to the averaged data

from at least 10 vesicles. All vesicles were electroformed at 45 �C at which a

high yield of vesicles was consistently obtained. The GUVs composed of the

indicated mixtures were formed at higher temperatures but a difference in Tm

greater than SD was not observed. In general, it should be noted that if the

temperature of GUV formation is not higher than the temperature of ideal

lipid miscibility, a variation in vesicle composition would be assumed.

Due to its relatively high melting point compared to the unsaturated

GPLs, sphingolipids (SPH (Fig. 7.3), CER (Fig. 7.4), and SM (data are

not shown)) were partially immiscible in the GPL matrix (Table 7.1)

[80,82]. CER forms larger leaf-like domains compared to SPH [80,82].

Despite the structural differences in the polar headgroup (phosphocholine

in SM and a single hydroxyl group in CER and SPH), these SLs form

leaf-like gel domains. Such lipid segregation in membranes is possibly

imposed by the hydrophobic mismatch between GPLs and SLs. The leaf-

like structure of SL domains is maintained by the strong van derWaals inter-

actions between the saturated hydrocarbon chains and the electrostatic

repulsion between the lipid dipoles (or between the net positive charges
A
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4 °C 4 °C

14 °C 10 °C

10 °C

Figure 7.3 Visualization of Lb/Ld phase separation in sphingosine-containing GUVs on
themicron scale. PC/SPH80/20binarymixture yieldedhomogeneous vesicles in the tem-
perature range from 37 to 15 �C (A). Domain formation at 14 �C (B). Well-resolved dark
leaf-like domains at 10 �C (C). Clustering of small leaf-like domains at 10 �C (D). Formation
ofwell-resolvedpetals at 4 �C (E). Assemblyof two (D) and four (F) domains into clusters at
4 �C. The headgroup-labeled lipid analogue L-a-phosphatidylethanolamine-N-(lissamine
rhodamine B sulfonyl) was used to visualize the phase coexistence. The marker is
excluded from the more ordered phase and partitions predominantly in the disordered
one. Bar 20 mm. Reprinted from Ref. [82] with permission from Elsevier.
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Figure 7.4 Lb/Ldphaseseparation inPC/CER/CHOL80/10/10ternarymixture. Formationof
leaf-like domains at about 25 �C (AandB) and their growth in size (BandC). Thephase con-
trast observation shows no outward or inward budding of domain location (D). A larger
number of domains are seen at low temperatures (E and F). The petals are characterized
byamoreelongatedshapeandfinerattachment to thecentralareaof thedomains (F) com-
paredtothePC/CER80/20binarymixture.CER formedlarger leaf-likedomainscomparedto
SPH (Fig. 7.3). The fluorescent lipid analogue acyl 12:0 NBD PC (1-acyl-2-{12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphocholine) was used to visual-
ize the phase coexistence. Bar 20 mm. Reprinted from Ref. [80] with permission from Elsevier.
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of SPH molecules) [83,84]. Because SPH differs in structure from SM and

CER (a small polar head, a single OH group, only one hydrocarbon chain,

and the presence of a net positive charge), it is surprising that this molecule

can form stable leaf-like domains like the other two-chain saturated lipids.

Obviously, the high degree of hydrophobicity, based on the saturation of the

fatty acid chains, is a unifying factor which determines the lipid phase behav-

ior of the gel/liquid state.

The addition of CHOL to PC/SLs mixtures resulted in melting of the SL

gel domains [80,82]. Each 10 mol% CHOL decreased the temperature of

domain formation by about 8 �C in PC/CER binary mixtures

(Table 7.1). Such an influence, but to a much lesser extent, is exerted by

CHOL on SPH gel domains reducing the temperature of their formation

by about 4 �C [80,81]. CHOL effect on the melting temperature of both

SLs (CER and SPH) is fundamentally different from its effect on SM gel

domains. The progressive enrichment of a PC/SM binary mixture with

CHOL turned the gel/liquid phase coexistence into two partially
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immiscible liquid phases, the Lo and Ld phases [32]. The high affinity of

CHOL for phosphocholine-containing species, such as SM and saturated

PC, and their specific interactions is a key factor for the formation of Lo
phase. However, the mechanism of CHOL effect on the structurally iden-

tical hydrophobic parts of SM, CER, and SPH is different and the possible

reason is apparently the lack of a phosphocholine polar headgroup in CER

and SPHmolecules. CHOL and CER in GPL matrix did not form Lo phase

[80], neither did CHOL and SPH [82]. The formation of Lo phase in PC/

SM/CHOL ternary mixtures and its visualization on the micron scale is a

feature of the direct SM–CHOL interactions. The possible mechanism of

melting of the other two SLs, CER and SPH, by CHOL, seems rather indi-

rect [81]. The presence of CHOL resulted in an increase of the molecular

order parameter of the Ld phase, which in turn increased the miscibility

of these two SLs for disordered phase. Thus, the fraction of gel domains

gradually decreased with the increase of CHOL content [80,82].

A specific interaction between SPH andCHOL, leading to the formation

of condensed lipid complexes, has been reported [85]. The authors suggested

that SPH had a similar behavior in terms of SM interaction with CHOL.

However, the visualization of the domain pattern in PC/SPH/CHOL and

PC/CER/CHOL ternary mixtures (leaf-like shape) compared to PC/SM/

CHOL (round shape) showed radically different phase morphologies.

Further complication of the model system by the addition of SM to the

ternary PC/CER/CHOL and PC/SPH/CHOLmixtures demonstrated the

competition between CER and SM (or SPH and SM) for the interaction

with CHOL.

In the series of quaternary mixtures, the impact of CER and SPH on the

formation ofmicron-scale Lo phase has been examined. The addition of 10 mol

%CER to PC/CER/SM/CHOLquaternarymixtures (50/10/20/20) did not

interfere with the formation of Lo domains, that is, the properties of a liquid

phase were governing [80]. However, larger CER proportions (20 and

30 mol%) led to the formation of gel domains at higher temperatures compared

to PC/CER/CHOL 80/10/20 and PC/CER 90/10 control mixtures, and

the formation of Lo domains was shifted to lower temperatures compared to

raft-forming PC/SM/CHOL (60/20/20) mixture. Thus, we demonstrated

that CER competed with CHOL for SM and formed more stable SM/

CER gel domains leaving less available SM for the formation of Lo phase.

The idea of competition between CHOL and CER was not a new one and

was proposed for the first time byMegha and London [86]. Later, using atomic

force microscopy, other authors reported that the addition of CER to raft
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mixtures led to the formation of a third phase, thicker than the other two phases

(Lo and Ld) [87]. The formation of a third phase, obviously enriched in CER,

within the Lo domains, is energetically beneficial, as the hydrophobicmismatch

between the different phases isminimized. The effect of SPHon the fluid prop-

erties of Lo domains was similar to that of CER (10 mol%), but at twice as large

concentrations (20 mol%) [80,82]. We found that SPH also enlarged the Lo
phase fraction, but the question of whether it participated in the form of a

gel within the Lo domains or as a homogeneous component of this phase, sim-

ilar to SM, remained unsolved. The competition between SPH andCHOL for

interaction with SM occurred in proportions in which SM<SPH (Fig. 7.5).

The properties of the Lo phase were preponderant when SM�SPH (Fig. 7.6)

unlike CER effect (PC/CER/SM/CHOL 40/20/20/20) (Fig. 7.7), where

the temperatures of gel domain formation and Lo were well distinguished [80].
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Figure 7.5 Visualization of phase separation in a PC/SPH/SM/CHOL 50/20/10/20 quater-
nary mixture. Vesicles exhibited a homogenous appearance from 37 to 19 �C (A). Forma-
tion of Lb domains at 18 �C (B). Clusters of two or three Lb domains (C). Formation of Lo
domains at 10 �C (D) and their increase in size by fusion (E–G). The headgroup-labeled
lipid analogue L-a-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) was
used to visualize the phase coexistence. Bar 20 mm. Reprinted fromRef. [82] with permission
from Elsevier.
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Alanko et al. [88] showed that neither SPH nor sphinganine (Fig. 7.1) was

able to displaceCHOL fromSM/CHOLdomains, but the SPH/SM/CHOL

ratio in their mixtures was 15/30/9, where the content of SMwas more than

twice that of SPH. This lipid ratio corresponds rather to SPH/SM/CHOL

20/20/20 and 20/30/20 in our experiments, where SM�SPH. In these

cases, only Lo/Ld phase coexistence was observed and Lo domains formed

at higher temperatures. Thus, from this line of argument, it can be concluded

that SPH exhibits a stabilizing effect on SM/CHOL domains.

These results show convincingly how CER and SPH dramatically

change the domains morphology and their organization in the membrane

plain. As demonstrated by our results, CER and SPH show lower miscibility

with other lipids. CHOL readily melts CER and SPH in a GPL environ-

ment. The presence of SM in quaternary mixtures (PC/SM/CER/CHOL)

stabilizes the gel phase and thus decreases CERmiscibility. More concurrent

CER/SM interactions induce a change in the conditions of Lo phase forma-

tion (SM/CHOL interactions). SPH shares similar behavior with CER but

at a much lower degree. Direct incorporation of CER and SPH in ternary

raft mixtures (at least 20 mol% CHOL and SM) induced significant
A
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Figure 7.6 Lo/Ld phase separation in a PC/SPH/SM/CHOL 40/20/20/20 quaternary mix-
ture (A–C). Formation of Lo domains at about 26 �C (A). Domains before (B) and after
fusion (C). Lo/Ld phase separation in PC/SPH/SM/CHOL 30/20/30/20 (D–F). Formation
of Lo domains at physiological temperature (D). Increasing domain number and
size with decreasing temperature (E and F). The headgroup-labeled lipid analogue
L-a-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) was used to visualize
the phase coexistence Bar 20 mm. Reprinted from Ref. [82] with permission from Elsevier.
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Figure 7.7 Domain pattern as a function of temperature of the quaternary PC/SM/CER/
CHOL 50/17.5/15/17.5 mixture. Dark irregular domains formed at about 36 �C. For better
visibility, domains are present at 30 �C (A). Well-formed leaf-like domains were observed
at 20 �C (B). Round-shaped domain in Lo phase appeared at 17 �C andband-like domains
at low temperatures (D). The observation of dark leaf-like and round-shaped domains is
consistent with Lb/Lo/Ld phase coexistence at 15 �C for this composition (C). The fluores-
cent lipid analogue acyl 12:0 NBD PC (1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]dodecanoyl}-sn-glycero-3-phosphocholine) was used to visualize thephase coex-
istence. Bar 20 mm. Reprinted from Ref. [80] with permission from Elsevier.
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enlargement of the Lo phase. Surprisingly, the dark spots preserve their

liquid-like properties even at a high CER and SPH content.

All these results support the hypothesis that CER and SPH can promote

the formation of large signaling platforms if this concerns the micron scale.

4. VISUALIZATION OF ENZYME ACTIVITY IN
BIOMIMETIC SYSTEMS
4.1. Sphingomyelinases

4.1.1 Brief description of SMases
SMases are enzymes that catalyze the hydrolysis of SM into CER and

phosphorylcholine (Fig. 7.2). The reaction is formally similar to that of

phospholipase C. SMases have been known for many years but in the past

decade they have become the object of renewed interest after the discovery
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of the SM signal transduction pathway [89]. CER can be generated within

a cell either through a de novo synthesis pathway mediated by CER synthase

or through hydrolysis of cellular SM via an acid or neutral SMase. There

is evidence to suggest that both these pathways are involved in CER

generation in response to different stimuli. Different SMases have been

described in mammalian cells, tissues, and biological fluids [72]. Up till

now, seven SMases have been distinguished: (1) acid SMase (lysosomal

SMase); (2) neutral, membrane-bound Mg-dependant SMase (nervous tis-

sues); (3) neutral, Mg-independent SMase (myelin sheath); (4) neutral, Mg-,

and dithiothreitol-stimulated SMase (human cells); (5) neutral SMase (chro-

matin); (6) alkaline SMase (bile and digestive tract); and (7) Zn-dependent

SMase (serum).

Three stages could be distinguished in the enzyme activity to describe the

interaction of SMases with its substrate [90]: (1) a latency period during

which interfacial adsorption and other precatalytic steps took place, (2) a

period of steady-state enzyme activity, and (3) a period of gradual halting

of product formation.

The role of SMases exceeds the originally proposed one in the interme-

diary metabolism of lipids. Nowadays, SMases are related to cell processes

such as apoptosis, cell proliferation, cell differentiation, and membrane

fusion/fission. Current biophysical studies based on biomimetic systems

are focused on the plausible explanations for the physiological effects of these

enzymes. Aspects that attract scientific attention are how a heterogeneous

membrane structure, with lateral domains in the membrane, is able to mod-

ulate enzyme activity, enzyme-mediated vesicle transformations, membrane

permeability and, vice versa, how enzyme activity could reorganize the

coexisting phases.

4.1.2 SMase activity in homogeneous and heterogeneous GUV
membranes

Historically, the study of Holopainen et al. [45] represents the first demon-

stration of vectorial formation of vesicles, that is, endocytosis-like and shed-

ding, to be induced by the asymmetrical formation of CER by exogenous

SMase in either the outer or inner leaflet, respectively, of PC/SM giant ves-

icles. The asymmetric accumulation of CER closely resembles the mecha-

nism of CER generation which takes place in vivo before triggering other

cellular responses. Later, Taniguchi et al. [91] showed the SMase activity

on heterogeneous DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)/

C16–CER/C16–SM/CHOL vesicles. The Lo/Ld phase coexistence was
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transformed into an Lb/Ld one. Our own results demonstrated how an

Lo/Ldmembrane,withmicrodomains in themembrane plane, is reorganized

and dynamically controlled by SMase enzyme activity in six macroscopically

resolved stages [80]. To study the consequences of the enzymic conversion of

SM into CER in a heterogeneous membrane, we treated GUV, prepared

from PC/SM/CHOL 60/22.5/17.5 mixtures, with SMase (Fig. 7.8). The

injection of the enzyme adjacent to the external membrane surface enabled

the space around thevesicle tobe saturatedwithSMase.TheSMtoCERcon-

version resulted in the following macroscopically resolved stages during the
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Figure 7.8 Hydrolysis of sphingomyelin by sphingomyelinase in heterogeneous Lo/Ld
membrane of GUVs composed of PC/SM/CHOL (60/22.5/17.5) at 22 �C. Visualization of
Lo/Ld phase coexistence (A). Lo domain fusion after enzyme microinjection (B). After
5–10 min, appearance of significant Lo border undulations, transformation of round-
shaped Lo domains into elongated ones (C). Lo domain disintegration and formation
of irregular channel-like domains between 10 and 20 min after the enzyme injection
(D). Leaf-like domain formation with two, three, or four petals was observed at lower
temperatures (E and F). The same vesicle is presented in the series of images. The fluo-
rescent lipid analogue acyl 12:0 NBD PC (1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]dodecanoyl}-sn-glycero-3-phosphocholine) was used to visualize the phase
coexistence. Bar 20 mm. Reprinted from Ref. [80] with permission from Elsevier.
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course of enzymic activity: (1) fusion of Lo domains where more than one

domain exists (Fig. 7.8A andB); (2) appearance of noticeable Lo border undu-

lations (Fig. 7.8B and C); (3) loss of circular shape of the Lo domains and

appearance of elongated ones (Fig. 7.8C); (4) disintegration of Lo domains,

subsequent reorganization of membrane phases, and transformation of Lo/

Ld phase separation into Lb/Ld. Formation of irregular gel-like domains in

the form of a narrow channel on the bright background (Fig. 7.8D and E);

(5) reorganization of the dark fraction and formation of leaf-like gel domains

with two or three petals at low temperatures (4 �C) (Fig. 7.8F); and (6)mem-

brane invaginationorvesicle collapseuponadditionofmore enzyme (datanot

shown). In cases when the SM content was large enough (PC/SM/CHOL

45/45/10), SMase activity on a Lo/Ld membrane at 37 �C induced initially

a bright Ld invagination and accumulation of small daughter vesicles in the

mother vesicle, which did not allow further clear detection of Lo domains

by the epifluorescencemethod. This result was not unexpected becauseHolo-

painen et al. [45] have reported similar invaginations in PC/SM GUV mem-

branes. Apparently, in PC/SM/CHOL 45/45/10 mixture, the Ld phase

(bright region) was highly enriched in SM and this bright region, already

enriched in CER due to SMase action, was more susceptible to inward curva-

tures compared to the stiff Lo phase.

Fluorescence microscopy of free-standing GUV allowed visualization of

the SMase activity on Lo/Ld heterogeneous membrane. Round-shaped Lo
domains were transformed into narrow channel-like (Lb) domains on the

bright background during the first 20–30 min of SM conversion into CER

and these domains were stable at least for 1 h after their formation.

It should be mentioned that in this case the lipid system is out of thermody-

namic equilibrium because of continuous enzyme activity and asymmetric

generation of CER in comparison with the predefined quaternary mixtures

(PC/SM/CER/CHOL). The processes of membrane reorganization are

controlled by the lateral and transverse diffusion of the lipids at the time scale

of our experiment. It is known that CER has a comparatively rapid flip-flop

movement comparedwith other lipids (half-time of 22 min at 37 �C for fluo-

rescent analogue of CER [92] and half-time of approximately 1 min at the

same temperature for unlabeled-C16 CER [93]). Despite the rapid flip-flop

of CER, it is difficult to make some comparisons between dynamically con-

trolled lipid systems, which are out of equilibrium because of continuous

asymmetric CER generation and predefined mixtures in thermodynamic

equilibrium. However, the gel phase morphology induced after SMase

action, that is, formation of domains with three petals, appears like a phase
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separation in 50/30/10/10 PC/SM/CER/CHOL mixture, indicating that

the SM/CER ratio could be approximately 3/1.

Lopez-Montero et al. [94] went even further in analyzing the effect of

SMase action on the membrane lateral tension. Formation of membrane

defects and total vesicle collapse at relatively low percentage of SM

(�5 mol%) has been observed. Vesicle rupture was prevented when GUVs

were composed of raft-like mixtures (PC/PE/SM/CHOL) and in the pres-

ence of lysophosphatidylcholine (LysoPC) (5 mol%). With enzyme activity,

raft-containingPC/PE/SM/CHOLvesicles exhibitingpeanut shapebecame

spherical. The overall morphological changes suggest that SMase induces a

lateral tension caused both by the asymmetrical SM distribution following

SMase treatment and by the condensing effect of the newly formed CER.

A link between the bulk (cuvette) studies of lipase activity on lipid bila-

yers in different physical states and the morphological data obtained with

GUV was recently made by Ibarguren et al. [95]. The authors found that

SMase binding to the vesicles appears to be a slow and random process (sev-

eral minutes) but the catalytic activity follows rapidly. They suggest a

“scooting” mechanism for the hydrolytic activity and generalize that the

enzyme preferentially binds fluid-disordered domains over fluid-ordered

or gel domains. At this point, it is better to distinguish the two kinds of

experiments that can be carried out in GUV enzyme experiments: adding

the enzyme to the GUV chamber (similar to the bulk studies) and local

microinjection of the enzyme at proximity of the GUVmembrane. The sec-

ond procedure allows direct enzyme delivery onto/or close to the micron-

scale raft-like domains. This difference in the enzyme delivery might be a

reason why Taniguchi et al. [91] and we [80] observed the disintegration

of Lo domains after the enzyme delivery and only transformation of

peanut-shaped Lo/Ld vesicles to spherical ones in the experiments of

Lopez-Montero et al. [94] and Ibarguren et al. [95].

A recent study showed in particular an elegant way for sphingomyelinase

D (loxosceles spider venom) activity in homogeneous and heterogeneous

GUV experiments in symbiosis with LUV experiments [96]. This enzyme

transforms SM to ceramide-1-phosphate. The effects of ceramide-1-

phosphate onmodel membranes were studied both by in situ generation of this

lipid using a SMase D and by premixing it with SM/CHOL mixtures. The

authors demonstrated that ceramide-1-phosphate is able to generate coexis-

tence of liquid-disordered/solid-ordered phases in SM/ceramide-1-

phosphatemixtures. Themicron-sizedLo domains formed inGUVcomposed

of DOPC/eggSM/CHOLmixture disappeared after enzymatic generation of
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ceramide-1-phosphate. It is suggested that CHOL presence counteracts the

structural effects of the enzymic product. Accordingly, this study showed that

the impact of ceramide-1-phosphate on membrane organization depends on

its composition and SMase D may have different effects on different cellular

targets.

In summary, all these results represent a clear real-time visualization of the

correlation betweenSMase activity and the changes inmembraneorganization

as well as vesicle topologies. The generation of CER from raft-containing SM

induces disintegration of these assemblies and formation of CER-enriched gel

domains.ThegenerationofCERinLdphase induces inward/outwardbudded

small vesicles and/or shrinking/collapse of the targeted vesicles. Enzyme activ-

ity by alteration of local/nonlocal lipid composition is able to modulate long-

range lipid organization in the membrane plane. These experiments are in

accordance with the newly identified function of CER to be a principal mod-

ulator of the membrane structure participating in the domain coalescence,

receptor clustering, and vesicle formation.
4.2. Phospholipases A2
4.2.1 Brief description of phospholipases A2
Phospholipases A2 (PLA2) are a family of ubiquitous, small, and water-soluble

lipolytic enzymes. PLA2catalyzes thehydrolysis of the sn-2ester bondofmem-

brane phospholipids to liberate fatty acid and lysophospholipid (Fig. 7.9).

One of these products, arachidonic acid, is transformed into potent
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Figure 7.9 Phospholipases A2 catalyzes the hydrolysis of the sn-2 ester bond of the gly-
cerophospholipids to liberate fatty acid and lysophospholipid. Lipid structures were
taken from the LIPID MAPS Lipidomics Gateway [65].
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inflammatory lipid mediators, collectively known as eicosanoids. Multiple

forms of PLA2, including secretory PLA2 (sPLA2) andCa2þ-dependent cyto-
solic PLA2, andCa2þ-independent intracellular PLA2, have been identified in
mammalian tissues. Secretory type II PLA2and intracellularPLA2s, group IVA

cytosolic phospholipase A2, have been shown to be involved in inflammation,

whereas intracellular PLA2 has been implicated in spermatogenesis and insulin

signaling.

The enzyme activity is often measured via its peculiar lag-burst kinetics.

PLA2 hydrolysis is characterized by a latency period, that is, a period of low

activity, followed by a burst in activity. The burst has been suggested to be

caused by the accumulation of hydrolysis products, free fatty acid, and

LysoPC, created during the latency period. In turn, the enzyme products

alter the susceptibility of the phospholipid membranes to PLA2-induced

degradation.

Results obtained from a variety of experimental and theoretical studies of

secretory PLA2 activity on lipid bilayer substrates have provided insight into

the dependence of the enzyme activity on bilayer composition, lateral struc-

ture, and thermodynamic conditions [97].

The hypothesis of raft existence in cell membranes raises immediately

questions about the activity of PLA2 on the raft and non-raft regions of

the membrane, as well as in the vicinity of the interphase boundary, due to

their different molecular composition and packing. Yet, the possible relation-

ship between enzymatic changes in lipid composition and changes in phase

morphology and vesicle shape transformations has not been well investigated.

4.2.2 Phospholipase A2 activity in homogeneous and heterogeneous
GUV membranes

The pioneering work devoted to the PLA2-mediated vesicle transforma-

tions belongs toWick et al. [43]. Addition of the enzyme (PLA2 from venom

of the cobra snakeNaja naja) to the outside of a homogeneous substrate ves-

icle (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) caused it to burst,

whereas injection of the enzyme inside a vesicle resulted in a slow and con-

stant decrease in its size, until it eventually disappeared from the resolution

limit of the light microscope.

Later, a two-photon viewof PLA2 (Crotalus atrox venom) acting in single-

lipid and in gel/liquid-disordered GUVwas provided by Sanchez et al. [46].

Independent of the lipid composition, all GUVs reduced their size as sPLA2-

dependent lipid hydrolysis proceeded. A preferential binding of the enzyme

to the liquid regions was found at temperatures promoting domain
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coexistence. sPLA2hydrolyzes the liquiddomains in thebinary lipidmixtures

1,2-dilauroyl-sn-glycero-3-phosphocholine/DAPC (1,2-diarachidoyl-sn-

glycero-3-phosphocholine) and 1,2-dimyristoyl-sn-glycero-3-pho-

sphocholine/DMPE (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine),

indicating that the solid-phase packing of DAPC and DMPE interferes with

sPLA2 binding, irrespective of the phospholipid headgroup. These studies

emphasize the importance of lateral packing of the lipids in sPLA2 enzymatic

hydrolysis of the membrane.

The activity of sPLA2 (from bee venom) in raft-containing GUV, with

and without CER, was studied by Staneva et al. [47,80,98]. Systematic

investigations of PLA2 action on GUV composed of single-substrate lipid

(PC), binary (PC/SM), ternary (PC/SM/CER and PC/SM/CHOL), and

quaternary mixtures (PC/SM/CER/CHOL) were carried out. Total frag-

mentation of PC vesicles was observed by formation of smaller ones only 5 s

after the enzyme microinjection in the vesicle proximity (Fig. 7.10) [98].

A wide variety of discontinuous vesicle shapes and topology transforma-

tions were observed upon varying the amount of enzyme (Fig. 7.11, half of

the enzyme amount was added compared to Fig. 7.10).

In contrast, sPLA2 treatment of PC/SM 50/50 GUVs did not induce sig-

nificant transformations in vesicle shapewhere no apparent macroscopic phase

separation was detected at 37 �C (Fig. 7.12). Only slight vesicle shrinking,

resulting from partial hydrolysis, was observed. This process, however, was

rapidly ended and the vesicles regained their initial size. Apparently, the pres-

ence of SM in the model membranes augmented membrane resistance to

sPLA2. This could be attributed to the inhibitory effect of SM on this enzyme.
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Figure 7.10 sPLA2 activity on GUVs composed of egg PC which serves as enzyme sub-
strate at 20 �C. Burst of the vesicle is observed. Bar 20 mm. Reprinted from Ref. [98].
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Figure 7.11 sPLA2 activity on GUVs composed of egg PC at 20 �C. Shrinking of the ves-
icle is observed. Bar 20 mm. Reprinted from Ref. [80] with permission from Elsevier.
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To assess enzyme activity, similar investigations were performed with

SUV having the same phospholipid composition (Fig. 7.13). These lipo-

somes were incubated in the presence of bee venom sPLA2, the enzyme

activity being measured by determination of the liberated fatty acids. The

activity of sPLA2 hydrolyzing SUV-containing egg PC was considered as

100%. By elevation of the SM level incorporated into these liposomes,
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Figure 7.12 sPLA2 activity on GUVs composed of PC/SM 50/50 at 37 �C. The vesicles
retain their initial shape. The lipid analogue acyl 12:0 NBD PC (1-acyl-2-{12-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphocholine) was
used for fluorescence. Bar 20 mm. Reprinted from Ref. [98].
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the activity gradually decreased. At a ratio PC/SM 50/50, the enzyme activ-

ity was inhibited almost completely (96% inhibition).

When a small fraction of SM (2%) was replaced with CER, an appear-

ance of a hole in the membrane bilayer and a sharp reduction in vesicle diam-

eter was observed (Fig. 7.14). This suggests a more rapid rate of substrate

hydrolysis in the presence of CER. Obviously in this case, the reaction

did not proceed at the same rate as in GUVs of egg PC (about 5 s), but still

an almost complete vesicle disintegration was observed in about 28 s. Vesicle

rupture was observed when 5 mol% SMwas replaced by 5 mol% CER (data

not shown). The replacement of SM by 2, 5, and 10 mol% CER induced

enzyme reactivation of sPLA2 (Fig. 7.13). The exact mechanism of the

observed sPLA2 activation by CER is still unknown. The consensus opinion

is that this activation is due to formation of gel nanodomains when the con-

centration of CER is at least 5% [99]. Our studies (Fig.7.13) showed that this
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Figure 7.13 sPLA2 activity on SUVs composed of egg PC and different concentrations of
SM and CER. Determination of released fatty acids (C20:4) was performed by GC–MS.
Values represent means�SD of three determinations of two independent experiments.
Reprinted from Ref. [98].
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activation occurs even at 2% CER. It was presumed that CER up to 2% is

not sufficient to form domains, but CER molecules serve as nucleation sites

for enzyme insertion into the substrate bilayer. However, in SM-enriched

mixtures, SM tends to stabilize these domains by formation of stable com-

plexes with CER [81]. Thus, CER sequestrates SM, a sPLA2 inhibitor,

making the phospholipid substrate more susceptible to enzyme attack.

In control “raft” PC/SM/CHOL 45/45/10 mixture, sPLA2 activity

induced continuous Lo domain budding and fission without appearance

of holes or Ld membrane fragmentation (Fig. 7.15A) [47]. When the CHOL

content was augmented in ternary mixtures, increasing amounts of SMwere

engaged in the dominant SM/CHOL interactions, resulting in an increase of

Lo domain formation (data not shown). In contrast, the Ld phase became

more SM depleted. Thus, the presence of CHOL seemed to relieve the

inhibitory effect of the latter [100] and the Ld phase becamemore susceptible

to PLA2 hydrolysis (Fig. 7.16). The budding process in PC/SM/CER/

CHOL (45/43/2/10) mixture was triggered within 1 s after sPLA2 injection

(Fig. 7.15B, c) whereupon it developed (Fig. 7.15B, d and e) and was final-

ized after about 4 s by fission of raft-like Ld domains (Fig. 7.15B, f). The Ld
phase was completely disintegrated after 16 s (Fig. 7.15B, f–i) in contrast to

the Lo phase, which remained intact. As described already, the presence of

relatively low proportions of CER induces significant morphological vesicle

transformations after sPLA2 treatment, unlike in PC/SM vesicles.
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Figure 7.14 sPLA2 activity on GUVs composed of PC/CER/SM (50/2/48) at 37 �C. Pore
opening and vesicle membrane fragmentation are observed. The lipid analogue acyl
12:0 NBD PC (1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-
glycero-3-phosphocholine)wasused for fluorescence. Bar 20 mm.Reprinted fromRef. [98].
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It should be noted that the vesicle response is not only due to the enzyme

activity but also due to the material properties of vesicle membranes. Nev-

ertheless, we established a correlation between the enzyme activity and the

vesiclemorphological transformations [98]. It can be seen fromFigs. 7.13 and

7.16 that increasing the SM concentrations in substrate vesicles leads to pro-

gressive decrease in PLA2 activity, while CER presence increases the

enzyme activity. CHOL relieves the inhibitory effect of SM (Fig. 7.16)

[100,101]. Thus, one can imagine that at least two patches are formed in

the heterogeneous membrane: substrate and nonsubstrate sites unlike a

homogeneous PC/SMmembrane. Cohesive forces in homogeneous mem-

branes, even after substrate hydrolysis, are apparently stronger compared to

heterogeneous membranes (PC/SM/CER or PC/SM/CER/CHOL),
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Figure 7.16 cPLA2 activity on PC, PC/SM (70/30) vesicles, or cPLA2 was pre-incubated
with SM (PCþSM) or SM/CHOL (PCþSM/CHOL) vesicles and then added to incubation
medium containing PC vesicles. Determination of released fatty acids (C18:1, filled col-
umns; C18:2, open columns; C20:4, striped columns; C22:6, hatched columns) was per-
formed by GC–MS. Values represent means�SD of three determinations of two
independent experiments. Reprinted from Ref. [101] with permission from the American
Society for Biochemistry and Molecular Biology.
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where substrate patches are converted into products (LysoPC and fatty acid).

The tensile strength (cohesive forces) of the membrane decreases with

increasing LysoPC concentration [102]. This decrease in the membrane

strength determines the substantial decrease in the necessary work for mem-

brane breakdown. For example, an increase in the LysoPC concentration

above 50 mol% results in an apparent disappearance of the spontaneously

formed bilayer structures and their replacement by micellar structures.
Figure 7.15 sPLA2 activity in control “raft” PC/SM/CHOL (45/45/10) mixture induces con-
tinuous Lo domain budding and fission (A) [47]. sPLA2 activity in CER-containing raft mix-
ture (PC/SM/CER/CHOL (45/43/2/10)) (B) [80]. One second after sPLA2 injection, the
budding process triggers (B, c), develops (B, d and e) and after about 4 s finalizes by fission
of raft-like liquid-ordered domain (B, f). Ld phase is completely disintegrated for 16 s (B, f–i)
in contrast to the Lo phase which remains intact. The same vesicle is presented in
the series of images. The fluorescent lipid analogue acyl 12:0 NBD PC (1-acyl-2-{12-
[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphocholine) was
used to visualize the phase coexistence. Bar 20 mm. Reprinted from Ref. [47,80] with per-
mission from Elsevier.
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Overall, these results demonstrate how CER and CHOL sequestrate

SM, a sPLA2 inhibitor, making the phospholipid substrate more susceptible

to enzyme attack.CER and CHOL are able to modulate sPLA2 activity and

the processes such as membrane fragmentation, budding in, and budding out

by inducing changes in the lipid organization of the bilayer.

4.2.3 A possible mechanism for raft vesicle budding and fission
To propose a plausible mechanism for raft-like vesicle budding and fission,

the following experiments were carried out to confirm or reject the hypoth-

esis that the enzyme-generated LysoPC seems to be the key molecule for the

fission mechanism.

4.2.3.1 Threshold sPLA2 activity is needed to trigger the Lo domain fission
Raft vesicle fission, but not raft budding, is critically dependent on the PLA2

enzymatic activity [47]. So, addition of inactive or poorly active enzyme still

initiates raft budding from the initial raft-GUV but the process does not

develop to the completion of the final fission and raft vesicle expulsion.

As sPLA2 is a Ca2þ-dependent enzyme, the addition of EDTA to the

enzyme solution is a common way to inhibit enzyme activity. Lowering

the temperature leads to decrease of the enzyme activity as well. In both

cases, initial budding at the raft sites appears temporally after local PLA2

addition, but then reverses upon enzyme diffusion. The raft domains remain

in the original vesicle.

Our experiments indicate that the presence of Lo domains (rafts) per se is

not sufficient for budding to appear even from a tension-free (fluctuating)

GUV. In contrast, the adsorption of sPLA2 could trigger budding at the raft

sites. The destabilizing effect of sPLA2 might be due to modification of the

local spontaneous curvature of the membrane in both (Lo and Ld) phases.

Externally added sPLA2 adsorbs onto the vesicle membrane in an asymmet-

rical way since the enzyme cannot cross the bilayer. Due to the asymmetrical

constraint generated on the coupled lipid bilayer, the partial penetration of

PLA2 molecules into the external leaflet is likely to induce a spontaneous

curvature (i.e., a budding toward the exterior). Difference in the protein

adsorption between Lo and Ld phases, as well as surface tensionmodifications

at the lipid bilayer/water interface, might also contribute to the effect. How-

ever, this is the place to mention that a complete sPLA2 inhibition cannot be

achieved and it is not possible to observe properly the effect of inactive PLA2

on Lo/Ld membranes. Thus, we can conclude that fission of the budded ves-

icle could only be observed at threshold enzyme activity and therefore
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requires the presence of one or both of its reaction products. This prompted

us to examine the effect of LysoPC alone on the Lo domain budding and

fission. The LysoPC, because of its special molecular shape of an inverted

cone, merits more special attention compared to the fatty acid.

4.2.3.2 LysoPC characterized with its inverted cone molecular shape is the key
to the fission mechanism
LysoPC solution at different concentrations was injected in the proximity of

the vesicle surface [103] (Fig. 7.17). At exogenous low LysoPC concentra-

tions, we observed a rise of thermal fluctuations of both raft and non-raft

regions of the membrane, which was not the case when sPLA2 was injected.
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Figure 7.17 Raft-like domain budding and fission promoted by LysoPC from GUV com-
posed of PC/SM/CHOL (45/45/10) at 30 �C. The first injection of LysoPC was sufficient to
trigger the process of Lo domain budding and fission for the small domain (A–G): (A)
initial raft–GUV in phase contrast, (B) the white arrows point at two dark Lo domains:
a small one (about 10 mm in diameter) and a big one (30 mm); (C–F) microinjection, small
Lo domain budding and complete fission; (G) no small dark domain left in the mother
vesicle (the fission was completed in 10 s). The large domain fission was achieved nei-
ther after the first (A–G) nor after the second (H–L) LysoPC injection. It was the third one
which succeeded in getting the fission completed (M–R). Bar: 20 mm. The fluorescent
lipid analogue acyl 12:0 NBD PC (1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]dodecanoyl}-sn-glycero-3-phosphocholine) was used to visualize the phase
coexistence. Reprinted from Ref. [103] with permission from Elsevier.
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That suggests partition of the exogenous LysoPC concentrations into both

Ld and Lo phases. LysoPC is able to trigger the budding of the small Lo
domain and leads to its complete fission as an Lo phase vesicle, as shown

in Fig. 7.17C–F. A further indication that budding involves the Lo domain

is the simultaneous disappearance of the small dark spot in the parent vesicle

(Fig. 7.17G). As seen from Fig. 7.17G, the larger Lo domain remains in the

parent vesicle. Fission of this latter domain was not achieved even by a sec-

ond LysoPC injection (Fig. 7.17H–L), although a limited and reversible

budding was apparent. It was only the third LysoPC injection that succeeded

in yielding a complete fission of the domain (Fig. 7.17M–R). Increased

membrane thermal fluctuations of the Ld and Lo membranes were occasion-

ally observed during the larger Lo domain budding (Fig. 7.17M–P). This is

presumably due to bilayer bending rigidity decrease after LysoPC incorpo-

ration and/or to internal pressure decrease of the more tense vesicles that

results from water efflux due to transient membrane opening.

The data described above illustrate a general trend in our experiments,

namely that small domains required less LysoPCmolecules to undergo com-

plete budding than large domains.

Therefore, any other cone-shaped molecules such as detergents could

induce the same or similar effects as the natural detergent in cell, LysoPC.

4.2.3.3 Other cone-shapedmolecules such as detergents should also induce Lo
domain budding and fission
Indeed, the detergents, Triton X-100 and Brij 98, were also able to induce

both budding and fission of Lo domains from GUV as the active sPLA2 did

[103]. The solubilization of the Ld phase occurs more slowly and is not cor-

related in time with the budding since the solubilization occurs while bud-

ding is already in progress.

Triton X-100 is known as the most typical and strongest detergent for

low temperature raft extraction which yields detergent-resistant membranes

(DRMs) highly enriched in SM and CHOL. Brij 98 is a milder and mod-

erately selective detergent, which yields less selectively enriched DRMs at

37 �C,which appear to be similar in composition [104] to the so-called non-

detergent lipid rafts [105].

To the extent that Lo domains can be considered as models for rafts in

biomembranes, our work has several biological consequences. First, we

observed neither domain formation nor domain coalescence to be induced

by the addition of detergents to GUVs. Our experiments suggest that the Ld
phase is more susceptible to solubilization as is observed for the preparation
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of DRMs. Therefore, the experiments presented here support the idea that

(i) no detergent-associated artifacts occur during isolation of DRM from

cells and (ii) temperature effects may occur (it cannot be ruled out that

the low temperature used in Triton X-100 extraction may have an effect

on raft size). It is in fact possible that DRM exclusion from cells occurs as

it is observed here, that is, by budding of rafts prior to solubilization of

the non-raft membranes.

4.2.3.4 Possible mechanism for domain budding and fission
We propose a possible mechanism for PLA2 and detergent-induced vesic-

ulation of rafts that relates first, to several distinct physicochemical properties

of a multicomponent lipid membrane which contains domains, and second,

to the inverted cone-shaped molecules (LysoPC, Triton X-100, and Brij

98). Indeed, budding appears to be an intrinsic property of multicomponent

membranes [106]. In a two-phase membrane, the difference in composition

of the two phases is usually associated with a difference in spontaneous cur-

vature, as well as with a free energy term, which is proportional to the length

of the interphase boundary (the density of this free energy term being the line

tension at interphase boundary). In general, both the spontaneous curvature

and the line tension provide a driving force for budding of one domain from

the lipid bilayer matrix and it leads to a decrease of the length of the inter-

phase boundary. Whether budding actually occurs is related to the interplay

with the opposing effect of bending free energy, in the general case, on any

mechanical lateral tension applied on the membrane [106]. Budding occurs

preferentially at the Lo domains since it also has the effect of decreasing the

boundary between the two phases, a process that is also energetically favor-

able (e.g., due to differences in Lo/Ld bilayer thickness) [107].

The direction of the bending (the budding direction) is determined by

the asymmetrical adsorption and partial penetration of protein molecules

into the membrane outer monolayer [108]. On the other hand, the fission

process can be explained by different types of arguments. Several studies on

PLA2 suggest that the enzyme activity is inherently dependent on, andmod-

ulated by, the physical state of the substrate. Any event increasing lipid pack-

ing disorder, for example, membrane component segregation and domain

formation, undergoing phase transitions [97], favors PLA2 incorporation

in the bilayer and enzymatic activity. Therefore, this activity on the mem-

brane is likely to be higher at the Lo/Ld domain interface where LysoPC,

which is a product of PLA2 activity, destabilizes the lipid bilayer structure.

Indeed, progressive thinning or rupture of the bilayer, decrease of
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membrane bending and stretching rigidity, and water permeability increase

as well as formation of hydrophilic pores have been observed in the presence

of LysoPC [109,110]. Grandbois et al. [111] showed, by atomic force

microscopy, the membrane heterogeneity (formation of channels

(annealing)), which appeared in DPPC supported bilayers as a result of

hydrolysis by PLA2. They concluded that there is segregation into intact

bilayer, and thinner LysoPC-enriched bilayer. The difference in their thick-

ness was 1.5 nm. On the other hand, using the same technique, Rinia et al.

[112] studied supported lipid bilayers composed of DOPC/SM/CHOL

(45/45/10). They found that the bilayer thickness of the Lo phase was

(0.9�0.1)nm larger than the Ld phase. In our case, PLA2 acts on the Ld lipid

bilayer, around the Lo domains. Therefore, we may expect that the differ-

ence in the thickness between the Lo phase and the LysoPC-enriched Ld
phase would be at least larger than 1.5 nm, due to accumulation of the

two effects. According to our experiments, we demonstrated that a thresh-

old sPLA2 activity is needed to trigger the Lo domain fission. To show that

LysoPC is the key molecule to the fission mechanism, but not other enzy-

matic products, such as the fatty acid, we treated the Lo/Ld membranes with

LysoPCmicelles. Again, Lo domain fission was observed. Thus, we hypoth-

esized that all molecules characterized by cone-like molecular shape should

also induce Lo domain budding and fission and it was confirmed.

Detergent molecules and LysoPC exhibit a steric and amphiphilic asym-

metry in their molecular shape [113,114]. A molecule of this type is char-

acterized by hydrophilic polar head with a cross section H and

hydrophobic part (C) that describe the asymmetry of the amphiphilic mol-

ecule. In the case where H>C, the asymmetry is defined as positive. This

type of molecule could be schematically presented as inverted cone-like

shape. These are therefore expected to stabilize positively curved membrane

edges in contact with water and to form pore-like structures.

In cases in which the headgroup and lipid backbone have similar cross-

sectional areas H�C, the molecule has a cylindrical shape such as PC. Lipids

with a small headgroup H<C like CHOL and phosphatidylethanolamine

are cone shaped.

Bearing in mind such properties, we suggest the following schematic

molecular mechanism for raft vesicle expulsion (presented as a sketch in

Fig. 7.18). Whatever the origin of molecules with positive steric asymmetry,

some of these molecules would accumulate on the Lo/Ld interface. Inverted

cone-shaped molecules can be PLA2-generated LysoPC (Fig. 7.18A and C)

in the Ld phase, Lo phase stays intact (PLA2 substrate is not available within)
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ment with PLA2; (D) Lo domain budding; (E) budding is able to reach a hemisphere; (F)
Lo domain fission, formation of vesicle only in Lo phase, closing of parent Ld vesicle.

Author's personal copy



204 Galya Staneva et al.

Author's personal copy
or has externally added detergents which partition into two phases

(Fig. 7.18A and B). In Lo/Ld interface, the lipid packing is already broken

and the formation of pores would be energetically more favorable. PLA2

adsorption triggers the initial membrane budding at the raft sites. The

enzyme activity occurs around the boundary between the raft and the rest

of the substrate membrane (Fig. 7.18C). Detergents partition more readily

into the Ld phase than the Lo one [115] (Fig. 7.18B). It seems that this pecu-

liarity in the detergent experiments is not decisive for the scenario of the Lo
domain budding and fission [103]. The cone-shaped molecules exhibit a

slow flip-flop, in the order of several hours [116]. Thus, one may assume

that it is mainly distributed in the outer lipid leaflet during the time scale

of our experiments. Peterlin et al. [117] suggest that regardless of the mech-

anism of lipid translocation (phospholipid/oleic acid system), flip-flop, or

nonspecific convective flow (the latter is caused by the formation of mem-

brane defects or pores), membrane budding is triggered. The accumulation

of inverted cone-shaped molecules at the Lo/Ld interface perturbs lipid

packing, leaving space for water molecules to penetrate deeper into the lipid

bilayer (Fig. 7.18D). Moreover, the bilayer thickness difference at the raft

boundary is increasing in parallel due to the bilayer enrichment of detergent

molecules (Triton X-100, Brij 98, and LysoPC) as mentioned. This process

leads to an increase of the free energy, and the corresponding line tension, at

the raft boundary, which is relaxed by forcing further membrane bending

(Fig. 7.18E) raft vesicle formation and fission (Fig. 7.18F).

As suggested above, this process might occur without intensive water

flux and mixing between inner and outer aqueous compartments and

thereby might represent a proper model for membrane budding and vesicle

formation.

5. CONCLUSIONS AND BIOLOGICAL IMPLICATIONS

Interest in the SM signaling pathway has increased very rapidly over
the last few years. The first step of the SM pathway is the activation of cel-

lular SMase leading to degradation of SM and formation of CER. By using

complex biomimetic systems, we showed SMase activity on heterogeneous

membrane. The generation of CER does not allow maintaining of the raft-

like structures. Gel-like domains appeared instead.

In our studies, we reported that SM acts as an inhibitor of various forms

of PLA2 (secretory [100,118] and cytosolic [101]), thus, playing a protective

role in maintaining the integrity of cellular membranes, whereas the
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products of its degradation, CERs, are powerful activators of these enzymes

[119]. Thus, it was suggested that the generated CER segregates into com-

plex nanodomains, which underlie the formation of membrane defects,

occurring as a prerequisite for augmentation of enzyme activity. The exper-

iments with model membranes suggest that CER/SM interactions dominate

over those of SM/CHOL. Thus, CER sequestrates SM, making the GPL

substrate more susceptible for the PLA2 hydrolysis. At the cellular level,

the events probably follow the same model because a similar behavior is

reproduced upon treatment of CHO-2B cells with SMase [101,119]. It is

known that the activation of this enzyme, due to different stress factors for

example, precedes PLA2 activation. We assume that this intrinsic capacity

of CER could make it a potential modulator of PLA2 activity in cells.

According to our results, PLA2 activity in heterogeneous membranes

inducesmorphological process such asmembrane fragmentation and raft-like

budding and fission [47,80,98]. In addition, it was reported that PLA2 is a

mediator of membrane shape and function in membrane trafficking [120].

It is supposed that the product of CER hydrolysis, SPH, also modulates

the susceptibility of membrane phospholipids to PLA2 [99]. However, it is

noteworthy that while studies on SM andCERs and their role in cell biology

are quite advanced, very little is currently clear about the biophysical prop-

erties of SPH and SPH-1-P, known as second messengers in cell prolifera-

tion and survival, and as functional participants in the “CER/SPH-1-P

rheostat” [70].

Our research on the miscibility properties of SLs revealed that CER and

SPH exhibit a different domain pattern depending on the surrounding lipid

matrix [80–82]. In a GPL matrix, they segregate in gel leaf-like domains,

whereas CHOL presence increases their miscibility by melting its gel

domains in a concentration-dependent manner.

SM stabilizes the gel phase and thus decreases CER miscibility in the

presence of CHOL [81]. SM initiates specific CER–SM interactions to form

a highly ordered gel phase appearing at temperatures higher than pure CER

gel phase in PC matrix. Larger micron-scale Lo domains were formed in the

presence of 10 mol% CER compared to the control raft mixtures [80].

Higher CER concentration leads to the formation of SM–CER gel phase.

Thus, less SM participates in the formation of Lo domains. In its turn, SPH

stabilizes the formation of Lo phase, increasing the temperature of domain

formation and thus their fraction.

All these results implied that CER and SPH are also modulators of the

lipid phase separation and thus they could exert their biological role, not
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only through direct binding to proteins but also indirectly, by influencing

their sorting by membranes and thus modulating cell signaling. Very small

amounts of CER and SPH are needed to induce cellular response, but the

generation of these two molecules by enzyme reactions can reach high local

concentrations in membranes. Obviously, a study of the physicochemical

properties of all individual elements of the SM signaling pathway (SM,

CER, SPH, and SPH-1-P) is crucial for understanding their role in the

modulation of various pathological processes in cells and for finding new

ways for their control.

Membrane budding is a ubiquitous phenomenon related to biological cell

functions representing the initial stage of transport vesicle formation for inter-

membrane traffickingof lipids andproteins [121].TheGolgi complex appears

to be a central sorting device for the endocytic/exocytic pathways. The bio-

synthesis of certain important lipid components of rafts, that is, the SLs, takes

place in theGolgi complex.TheSM–CHOL-based raft domains generated in

the Golgi membrane, as well as the proteins inherently coupled to them,

might be sorted and trafficked to the plasma membrane by means of mem-

brane fission and transport vesicle formation [122]. On the other hand, it

seems that the lipids and proteins constituting the Golgi complex micro-

domains are efficiently segregated fromtheCOPI-coatedvesicles [123].Rafts

appear to be also involved in endocytosis processes and retrograde transport of

plasma membrane components to intracellular compartments. The exact

nature of the cellular mechanisms involved in the vesicular trafficking of lipid

rafts is still a matter of debate [124,125]. In this review, we have presented

model experiments and described a possiblemechanism for raft vesicle expul-

sion due to thePLA2activity.This leads us to the proposal that the presence of

active PLA2 in the cell is an important factor for triggering, developing, and

finalizing the process of raft-transporting vesicle formation from organelles

and plasma membranes. For example, PLA2 might play an important role

in the direct transport of rafts from Golgi to plasma membranes by means

of trafficking vesicles. The efficiency of this possible direct transport would

be of crucial importance for ensuring raft functions in the plasma membrane,

as platforms concentrating a large variety of biologically active proteins.

Overall, this review demonstrates the high potential of cell-scale biomi-

metic systems such as giant vesicles in studying lipid phase separation, how it

is dynamically modulated by enzyme activities and what membrane-

associated reshape transformations are observed. Many years ago, Aristotle

stated that “without image, thinking is impossible.” GUVs together with

high technologies in the field of optical microscopy represent a tool bymeans
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ofwhichwe can observe and image how themolecules organize in themem-

branes. Understanding the lipid–lipid, lipid–protein, and protein–protein

communications in the two-dimensional membrane plane would provide

the key to identify and explain the processes in the third dimension, that is,

the communications between different organelles and cells.
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