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ABSTRACT 

 
Biomembranes are dynamic supramolecular assemblies of proteins and lipids in aqueous 

environment. Characteristic of liquid crystals, lipids display a great many phases and 

connecting transitions. The transitions modify the physical properties and the lateral 

organization of the membrane and can be driven by changes in a number of variables 

including hydration, ionic strength, and temperature. Importantly, the physical properties 

of the lipid membrane are believed to alter the function of the integral and peripheral 

proteins of the cellular membranes. 

 The present study focuses on providing information on the impact of hydrophobic 

mismatch, i.e. the difference in the effective length of lipid molecules, on the lateral 

organization of model membranes. In summary, differential scanning calorimetry, 

fluorescence spectroscopy, and confocal fluorescence microscopy experiments in 

environment resembling cellular membranes revealed that hydrophobic mismatch plays 

an important role in both the mechanism of phospholipid main phase transition and the 

lateral organization of cholesterol (Chol) containing biomembranes. 

 The existing models typically view phospholipid main transition as a first-order 

transition involving only gel and fluid phases. However, the present data for saturated 

and monounsaturated phosphatidylcholine (PC) bilayers with different acyl chain lengths 

indicate that during quasistatic temperature scans, the transition proceeds via an 

intermediate phase. Accordingly, with increasing temperature and characteristic of a first-

order transition, fluid-like nuclei appear in the gel phase bilayer, this fraction of the total 

lipid increasing with temperature. When approaching the temperature of the heat capacity 

maximum, lateral diffusion increases, and “large-scale” phase boundaries, measured on a 

nanosecond scale, disappear. This is in keeping with the formation of an intermediate 

phase. The intermediate phase appears to result from the diminished line tension and 

hydrophobic mismatch between the coexisting fluid- and gel-like phases. Further increase 

in temperature and acyl chain trans → gauche isomerization causes the intermediate 

phase to transform into liquid disordered phase by a second-order transition. 

 Another objective of the study is to investigate the impact of hydrophobic 

mismatch in the context of cosegregation of Chol and the phospholipid sphingomyelin 
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(SM). Recently, SM and Chol were suggested to form microdomains (rafts) in cells that 

participate in recruiting proteins and lipid signaling molecules into these assemblies. The 

interaction(s) resulting in SM-Chol colocalization are incompletely understood. 

Nevertheless, hydrogen bonding between SM and Chol has been suggested. The present 

resonance energy transfer data reveal a lack of specific interaction between SM and Chol 

and further indicate that hydrophobic mismatch between the lipid constituents could 

trigger the cosegregation. 

In conclusion, hydrophobic mismatch causes formation of self-organized, 

dynamic microdomains in lipid biomembranes. This could partly explain the biologically 

significant phenomena of protein/lipid sorting and allosteric modulation of the activity of 

membrane proteins in cells.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 



 12

1 .  INTRODUCTION 

 

Biological membranes, the boundaries of cells, evolved over the last 3500 million years 

along with other important cellular components: nucleic acids, enzymes, and molecules 

involved in energy storage and release. In addition to plasma membrane, eukaryotic cells 

contain internal membranes that form the structural framework of organelles: 

mitochondria, Golgi complex, peroxisomes, and lysosomes, for example. Biomembranes 

are dynamic structures composed of the most diverse class of biomolecules, lipids, and 

various amounts of integral and peripheral proteins. Each organelle has a characteristic 

phospholipid and protein composition (Spector and Yorek, 1985). The maintained 

structural organization, including net negative electrical charge and different Chol 

distribution between the plasma membrane and the inner cell organelles, is vitally 

important for the cell. The rationale for the great diversity of lipid molecules remains 

unraveled. In addition to the barrier function, lipids are essential for cellular signaling and 

proper activity of integral membrane proteins (Kinnunen, 1991; Sheetz, 1995). 

 Many functions of eukaryotes occur on membrane surfaces. This is the reason 

why elucidation of the coupling between the physical state, lateral organization, and 

function of biomembranes is important. In biomembranes, lateral organization is 

heterogeneous, occurs on different time- and length-scales, and is closely connected to 

phospholipid phase behavior (Kinnunen, 1991). The latter represents a great challenge, as 

phase diagrams for multicomponent lipid mixtures can be very complex (Pagano et al., 

1973; Wu and McConnell, 1975; Untracht and Shipley, 1977; Lentz and Litman, 1978; 

Recktenwald and McConnell, 1981). In order to untangle the phase behavior of complex 

lipid mixtures, it is necessary to study the phase behavior of single component 

membranes. One of the aims of the present study is to introduce a molecular level 

description of the main transition of the saturated and monounsaturated PC model 

membranes with different acyl chain lengths. 

Another aspect of this study is the interaction between SM and Chol. 

Sphingomyelin and Chol are abundant components of eukaryote membranes (Bretscher 

and Munro, 1993) that may colocalize and form microdomains in cells and in model 
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membranes. In eukaryote cells, the metabolism of SM and Chol display parallel and 

coupled changes (Gatt and Bierman, 1980; Kolesnick, 1991). The physiological 

significance of the metabolic coupling and the molecular level mechanism(s) underlying 

the cosegregation are not yet clear. Since both proton-donating and -accepting groups 

exist in SM and Chol, high-affinity interaction was suggested (Li et al., 2001; Veiga et 

al., 2001). On the other hand, results demonstrating lack of specific SM-Chol interaction 

were also provided (Smaby et al., 1994; Mannock et al., 2003). One of the motivations 

and goals of this study is to elucidate the nature of the interaction leading to 

cosegregation of SM and Chol. Accordingly, evidence for the lack of specific interaction 

between these lipids is presented, and an alternative, hydrophobic mismatch model 

explaining the formation of SM-Chol rafts is forwarded. 

 In the next section of the study, some of the essential and established features of 

biomembranes are discussed together with existing problems and limitations of the 

present knowledge. This is followed by the phrasing of the questions addressed and the 

introduction of the methodology. Then, the results are presented and discussed, also 

covering briefly their biological significance.  
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2 .  REVIEW OF THE LITERATURE  

 

2 .1  

BIOMEMBRANES 

 

2.1.1 EVOLVING MEMBRANE MODELS 

 

The bilayer nature of biomembranes was first suggested in 1925 by Gorter and Grendel, 

who extracted lipid content from erythrocytes with acetone and determined the surface 

area covered by the lipids by using Langmuir monolayer technique. In the development 

of the current membrane model, the most important step forward was perhaps the fluid 

mosaic model by Singer and Nicholson (1972). The cell membrane was characterized as: 

“a two-dimensional oriented solution of integral proteins… in the viscous phospholipid 

bilayer”. The concept of membrane fluidity continues to be the key for understanding the 

structure and function of biomembranes. Yet, several features of the fluid mosaic model 

have been modified (Fig. 1). 

 Accordingly, it has become evident that eukaryotic lipid membrane is unique in 

its great diversity of lipid species. Bacterium E. coli, for instance, contains approximately 

ten different phospholipids, whereas eukaryotes comprise approximately one hundred 

(Raetz, 1982). This has led to the hypothesis that the more efficient use of the properties 

of lipids in the functions of cellular membranes has been crucial in the development of 

eukaryotes (Kinnunen, 1991). The three main lipid constituents of cellular membrane are 

phospholipids, cholesterol, and glycolipids. The platform on which phospholipids are 

built may be glycerol, a 3-carbon alcohol; or sphingosine, an amino alcohol that is 

acylated to form ceramide. 

A typical phospholipid consists of four components: fatty acid(s), the platform to 

which the fatty acids are attached, a phosphate, and an alcohol attached to the phosphate  
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Figure 1. A schematic representation of plasma membrane. Reproduced by permission of the 

Addison Wesley Longman Inc. 1999. 

 

(Bretscher, 1985). The alcohol moiety determines the name of the hydrophilic head group 

of which the most common is phosphoryl choline. The non-specific names 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylinositol (PI), phophatidic acid (PA), and phophatidylglycerol (PG) of 

phospholipids are widely used. In glycerophospholipids, the fatty acid in sn-1 position of 

the glycerol backbone is usually saturated and the fatty acid in sn-2 position unsaturated. 

Glycolipids are derived from sphingosine like the major phosphosphingolipid SM. 

Instead of phosphoryl choline, glycolipids contain one or more sugars attached to the 

primary hydroxyl group of the sphingosine backbone. The third major constituent of the 

plasma membrane, Chol, has a tetracyclic ring structure with a double bond in one of the 

rings and one free hydroxyl group. 

 Many lipids are heterogeneously distributed in the cellular membranes. For 

example, SM and Chol are enriched in the plasma membrane, whereas intracellular 

membranes of endoplasmic reticulum and Golgi apparatus have low contents of these 
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lipids (Colbeau et al., 1971; Zambrano et al., 1975; Lange et al., 1989). Distribution of 

lipids between intra- and extracellular leaflets of the plasma membrane is also 

asymmetric and maintained by ATP-dependent systems (op den Kamp, 1979; Tocanne et 

al., 1994). For instance, PE and the negatively charged phospholipid PS are mainly 

located in the intracellular leaflet of the bilayer, making the membrane electrically 

polarized. In contrast, PC and SM reside predominantly in the outer leaflet (Devaux, 

1991). Glycolipids are oriented with the sugar residues on the extracellular side of the 

membrane (Lipowsky and Sackmann, 1995). The distribution of Chol may also be 

asymmetric between the cytoplasmic and exoplasmic leaflets (Müller and Herrmann, 

2002). 

 In addition to providing the structural framework for cells, lipids function as 

second messengers in several cellular processes such as apoptosis, differentiation, 

inflammation, and cytosolic Ca2+ release (Spiegel et al., 1996). Established lipid 

signaling molecules include eicosanoids, sphingosines, diacylglycerol, phosphatidic acid, 

and platelet activating factor. 

 Eukaryotic membranes contain proteins that can be divided into integral and 

peripheral categories. The former generally function as receptors, enzymes, and ion 

channels and penetrate into the lipid bilayer. The peripheral proteins such as 

phospholipases A2, C, and D, as well as protein kinase C, attach to the bilayer surface via 

protein-lipid or protein-protein interactions, or by both (Kinnunen, 1991). The diffusion 

of most membrane proteins in fluorescence recovery after photobleaching (FRAP) 

experiments is restricted and indicates considerable lateral heterogeneity on the 

nanometer scale (Jacobson et al., 1995). 

 Liquid crystalline materials typically display a great variety of different phases 

and transitions (Laggner and Kriechbaum, 1991). One of the key issues in the fluid 

mosaic model and in this study is the effect of the membrane thermodynamic state on the 

lateral organization of the lipid lattice. Although most biological membranes are believed 

to be in the fluid phase at physiological temperatures, this does not mean that the lateral 

organization of the bilayer is random. On the contrary, fluid-fluid immiscibility occurs in 

both model (Loura et al., 2001) and cellular lipid membranes (Hwang et al., 1998; Cherry 

et al., 2003). In cells, the physical properties and the thermodynamic state of the bilayer 
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influence the activity and sorting of the contained membrane proteins (Mustonen et al., 

1987; Vaz and Almeida, 1993; Hønger et al., 1997). Yet, the proteins also in part 

determine the ordering of the lipids in the bilayer (Mouritsen and Bloom, 1984; Asturias 

et al., 1990; Lehtonen and Kinnunen, 1997). An example of the complex lipid-protein 

interactions is the peripheral mitochondrial electron carrier protein cytochrome c of the 

respiratory chain. The positively charged cytochrome c binds more effectively to 

negatively charged lipids and can assume at least two different conformational states that 

differ in their affinity for electrons. Change in the conformational equilibrium of the 

protein can be induced by the binding of cytochrome c to charged lipid membranes, or by 

lipid phase transition. The thermodynamic state of the lipid bilayer also determines the 

lateral distribution of many membrane proteins. Established examples of such proteins 

include Ca2+ -ATPase (Kleeman and McConnell, 1976), cytochrome oxidase (Fajer et al., 

1989), myelin proteolipid protein (Boggs et al., 1980), and glycophorin (Grant and 

McConnell, 1974) that are heterogeneously distributed in fluid-phase membrane but tend 

to aggregate in gel phase.  

 

 

2.1.2 OVERVIEW OF MODEL MEMBRANES 

 

Liposomes are artificial lipid vesicles composed of concentric lipid bilayers that enclose 

an intravesicular water compartment. These model membranes were first produced in the 

early 1960s by Bangham and coworkers (1965). When exposed to water, bilayer-forming 

lipids spontaneously form multilamellar bilayers with diameter varying from 200 nm to 

several microns. The underlaying interactions are complicated and involve noncovalent 

bonds between the permanent dipoles of the phospholipid polar head groups and water 

and induced-dipole interactions between the hydrophobic hydrocarbon chains (Tinoco et 

al., 1995). Lipid membranes also display the entropic and repulsive undulation force that 

depends on the thermal density fluctuations (Helfrich, 1973). 

 In aqueous solution, water molecules associate with lipid head groups and the 

polar groups in the lipid-water interface. This bound water forms the hydration shell of 

the lipid (Jendrasiak, 1996) and mainly determines the dipole potential of the membrane 
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(Gawrisch et al., 1992; Brockman, 1994). For a typical phospholipid like PC, the value 

measured for dipole potential is approximately 400 mV in monomolecular films and 

approximately 280 mV in bilayer membranes. The hydrocarbon region is positive relative 

to the aqueous phase (Brockman, 1994). In the cellular membranes, the potential ranges 

between 10-100 mV, the intracellular aqueous compartment being negative relative to the 

extracellular compartment (Honig et al., 1986). The number of water molecules in the 

hydration shell depends on the thermodynamic state of the membrane, head group 

structure, and the number of cis-double bonds in the acyl chains (McIntosh, 1996). For 

example, cis-double bonds (Jendrasiak and Hasty, 1974) and sterols both increase 

hydration by increasing the distance between the adjacent head groups (Jendrasiak and 

Mendible, 1976; Marsh, 2002). 

 Small unilamellar vesicles (SUV, Ø < 50 nm) can be made from multilamellar 

vesicles by using ultrasound. A common method for obtaining large unilamellar vesicles 

(LUV, Ø ~ 50-200 nm) is extrusion. This is a technique in which a lipid suspension is 

forced through a polycarbonate filter with a defined pore size to yield liposomes with a 

diameter near the pore size of the filter used. A fraction of vesicles made by using pore 

size ≥ 200 nm can be multilamellar (Patty and Frisken, 2003). Giant unilamellar vesicles 

(GUV, Ø > 5 µm) are obtained by electric AC-field (Angelova and Dimitrov, 1986) or by 

the swelling method (Needham et al., 1988). The micrometer scale of the GUVs enables 

microscopic observation of these liposomes.  

Membrane curvature plays an important role in cellular functions. The proper 

function of neurons, for example, requires both the highly curved synaptic vesicles of the 

axons and the more planar plasma membrane. In a bilayer with differently curved 

environments, the location of a lipid appears to be determined by the effective shape of 

the lipid molecule (Fig. 2) (Israelachvili, 1992; Epand and Epand, 1994). Accordingly, 

bilayer-forming lipids have a spontaneous curvature close to zero, whereas the curvature 

of the non-bilayer forming ones may be either positive or negative (Mouritsen, 2005). A 

significant fraction of eukaryote cell lipids are non-bilayer forming (Dan and Safran, 

1998). These lipids may facilitate fusion and transport by increasing membrane flexibility 

(Cullis and de Kruijff, 1979). Membrene fusion is essential for cellular growth, 

differentation, and reproduction. Membrane curvature also affects the penetration and 
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activity of certain membrane-bound enzymes including PI 3-kinase and phospholipase A2 

(Hubner et al., 1998; Burack et al. 1997; Wick et al., 1996). Although curvature is 

beginning to be recognized as a significant variable of the membrane organization and 

function, experimental studies on modulation of the lipid mixing behavior by membrane 

curvature are rare (Baumgart et al., 2005). Results for single component (Lentz et al., 

1987) and binary lipid mixtures (Brumm et al., 1996) suggest that high membrane 

curvature may disrupt the acyl chain packing of the bilayer, resulting in reduced phase 

transition temperature and altered mixing of lipid species in the course of the transition. 

 

 

    

 

               

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic representation of a two component bilayer membrane with curvature 

coupled to the local concentration. (a) Excess of A component. (b) Excess of B component. 

Reproduced by permission of the homepage of Indian Institute of Technology Madras, 

Department of Physics. 
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In addition to liposomes, a common membrane model system is Langmuir 

monolayers. This monomolecular planar lipid film, residing at the air-water interface, can 

be used to provide information on the compressibility and surface area of lipids 

(Langmuir, 1917). The thickness of a Langmuir monolayer, 20-70 Å, is approximately 

half of that of a lipid bilayer. Recently, methods to prepare planar lipid bilayers on a solid 

hydrophilic surface of glass or mica have been developed. These bilayers can be studied 

by fluorescence or atomic force microscopy (Dufrêne and Lee, 2000). Atomic force 

microscopy of the planar lipid bilayers allows for lateral resolution in the range of tens of 

nanometers, while also the monolayer thickness can be estimated. The drawback of the 

method is that the interactions with the supporting material alter the properties of the 

bilayer. The presence of two different interfaces, i.e. lipid-substrate and lipid-solution, 

appears to cause uncoupling of the transition temperatures of the two bilayer leaflets 

(Charrier and Thibaudau, 2005). 

 

 

2.1.3 ON MEMBRANE DYNAMICS AND PHYSICAL PROPERTIES 

 

The concept of fluidity of biomembranes (Singer and Nicolson, 1972) changed the 

paradigm of cell membranes as rigid structures. Conformational, translational, and 

vibrational membrane dynamics take place on various time- and length-scales. This sets a 

great challenge, as no single technique can cover the entire frequency window ranging 

from femtoseconds to days (Laggner and Kriechbaum, 1991). In addition, several factors 

affect lipid dynamics: temperature, hydration, pressure, as well as the structure and 

number of lipid species involved.  

The intramolecular lipid dynamics of -CH2 vibration, bond stretching and 

bending, trans ↔ gauche isomerization, and axial rotation occur in the range from femto- 

to nanoseconds (Pastor and Feller, 1996; Moore et al., 2001). The rate of lateral diffusion 

is slower, approximately 3 x 10-8 cm2 s-1 (Martins et al., 1996). Techniques that offer 

insight into diffusion processes in cellular membranes include fluorescence recovery after 

photobleaching (FRAP) (Tang and Edidin, 2003), single particle tracking (SPT) (Dietrich 

et al., 2002), and fluorescence correlation spectroscopy (FCS) (Schewille et al., 1999). 
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Hopping of a lipid molecule from one membrane leaflet to the other is called transverse 

diffusion, or flip-flop. Electron spin resonance measurements for PC liposomes have 

revealed that a lipid molecule flip-flops once in several hours (Lipowsky and Sackmann, 

1995). One of the slowest processes observed for PC membranes is the formation of the 

lamellar crystalline phase from a metastable precursor phase. The completion of this 

transition takes several days (Tenchov et al., 2001). 

Membrane lateral pressure profile is an essential concept of lipid dynamics. The 

latter is in part determined by the repulsive interactions between the hydrated head 

groups and in the acyl-chain region of the bilayer, leading to tendency for lateral 

expansion. On the other hand, interfacial tension in the hydrocarbon-water boundary 

causes lateral contracting of the membrane. Lateral pressure profile is also affected by 

small solutes such as general anesthetics (Bloom et al., 1991; Mouritsen and Bloom, 

1993; Cantor, 1997a). For the benchmark phospholipid dipalmitoylphosphocholine 

(DPPC), the area occupied in the fluid phase is approximately 50-60 Å2 per molecule 

(Crane et al., 1999). The first 7-8 carbons from the carbonyl-ester groups are the least 

mobile within the bilayer (Petrache et al., 2000). This part of the membrane mainly forms 

the permeability barrier of the bilayer (Inoue et al., 1985). 

Membrane lateral pressure profile influences the activity and lateral distribution 

of many integral and peripheral proteins, including nicotinic acetylcholine receptor 

(Rankin et al., 1997) and (Na+-K+)-ATPase (Johannsson et al., 1981). The proper function 

of the former protein requires Chol in the membrane, and the latter is sensitive to bilayer 

hydrophobic thickness. These and other findings have led to the development of models 

of allosteric modulation of integral membrane proteins by solutes and lipids through 

changes in the hydrophobic matching and bilayer lateral pressure profile (Cantor, 1997 a; 

b; 1999; Lundbaek and Andersen, 1999; Nielsen et al., 1998). 
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2.2  

MEMBRANE LATERAL HETEROGENEITY 

 

2.2.1 DOMAIN FORMATION AND THE SUPERLATTICE MODEL 

 

Plasma membranes of epithelian cells have apical and basolateral domains (Rodrigues-

Boulan and Nelson, 1989). The apical domains comprise high content of sphingolipids, 

whereas the basolateral domains mainly contain PCs (Simons and van Meer, 1988). The 

mixing of the sphingolipids and the PCs of the exoplasmic bilayer leaflet is prevented by 

tight junctions between the regions (Simons and Ikonen, 1997). The scale of this 

organization is in micrometers, as a typical eukaryote cell is approximately 10-20 µm in 

diameter (Latimer, 1979). 

 Nanometer-scale, fluctuating lipid domains form in both cellular and model 

membranes. This dynamic lateral organization involves several contributing mechanisms: 

lipid-protein interactions, lipid acyl-chain saturation, hydrophobic mismatch, hydrolytic 

enzymes, Chol, drugs, and phase behavior (Litman et al., 1991; Kinnunen, 1994; 

Lehtonen et al., 1996; Holopainen et al., 1998; Radhakrishnan and McConnell, 1999; 

Jutila et al., 2001). The latter can be induced by temperature change, lipid head group 

dehydration, electric fields, pH change, and charge neutralization (Galla and Sackmann, 

1975; Tilcock and Cullis, 1981; Vaz and Almeida, 1993; Lee et al., 1994; Lehtonen and 

Kinnunen, 1995).  

The non-ideal mixing observed for one-component model membranes undergoing 

phase transition has been considered to result from the coexistence of solid ordered (so) 

and liquid disordered (ld), i.e. gel and fluid phases, due to first-order characteristics of the 

main transition. The mechanism of the main transition is, however, controversial, and it is 

possible that the transition proceeds through an intermediate state (see results).  

 Lateral heterogeneity occurs also for model membranes containing two or more 

lipid species (Fig. 3). The electron spin resonance spectra of the binary mixture SM and 

PC, spin-labeled at C14 of the acyl chain, demonstrate a broad two-phase region with  
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Figure 3. Fluorescence microscopy images of giant unilamellar vesicles exhibiting lateral 

heterogeneity. Reproduced by permission of the homepage of MEMPHYS - Center for 

Biomembrane Physics, Physics Department, University of Southern Denmark. 

        

  

coexisting gel and fluid phases. This segregation was attributed to the higher chain-

melting temperature of SM (Veiga et al., 2000). 

Similar results exist for liquid crystalline phospholipid bilayers containing 

glycolipids (Thompson and Tillack, 1985). Interestingly, fluorescence recovery after 

photobleaching, differential scanning calorimetry (DSC), and electron microscopy data 

for flat multibilayers and MLVs revealed that dimyristoylphosphatidylcholine (DMPC) 

and C16-sphingomyelin mix nearly ideally. In contrast, C24-sphingomyelin and DMPC 

tend to segregate (Bar et al., 1997).  

 Over the past few years, the binary system Chol-SM has been studied intensively. 

Both lipids are common consitituents of eukaryote membrane (Bretscher and Munro, 

1993). Among its other functions, SM is a second messenger for apoptosis, mitogenesis, 
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and cell senescence (Hannun, 1994; Chao, 1995). Some of the notable effects of Chol are 

condensation of the area per lipid molecule (Smaby et al., 1997), reduction in the passive 

permeability of the bilayer (Xiang and Anderson, 1997), increase in the orientational 

order of the phospholipid acyl chains in fluid phase (Lafleur et al., 1990), and increase in 

bending elasticity, relative to the values in pure phospholipid membranes (Méleard et al., 

1997). In a melting prosess of Chol containing lipid bilayers, Chol may decouple changes 

in the translational (solid � liquid) and conformational variables (order � disorder) 

(Nielsen et al., 1996). Enthalpy change associated with the main transition of saturated 

PC model membranes is abolished with increasing Chol content (Mabrey et al., 1978; 

Lentz et al., 1980). Several studies have revealed liquid ordered (lo) and ld as well as so-lo 

phase coexistence to be present for these liposomes, depending on temperature and the 

proportion of Chol (Vist and Davis, 1990; Almeida et al., 1992). 

Recently, SM and Chol were suggested to form rafts in the exoplasmic leaflet of 

the plasma membrane of eukaryote cells that would participate in recruiting proteins and 

lipid signaling molecules into these assemblies (Simons and Ikonen, 1997; Brown and 

London, 2000). The raft model originated from the finding that for most eukaryote cells, 

membrane fragments that are insoluble in non-ionic detergents can be isolated. These 

detergent-insoluble complexes are rich in Chol and sphingolipids (Ge et al., 1999), GPI-

anchored proteins, transmembrane proteins, and tyrosine kinases (Sargiacomo et al., 

1993; Casey, 1995; Simons and Ikonen, 1997). At present, the intracellular raft assembly 

and membrane trafficking routes are unresolved. The first possible location for the 

assembly is Golgi complex where sphingolipids are synthesized. 

According to the raft model (Simons and Ikonen, 1997), rafts form separate lo 

phase domains in the more loosely packed ld phase matrix of the
 membrane. Rafts would 

interact with the underlying cytoplasmic leaflet, thus, allowing transmembrane signaling 

(Simons and Ikonen, 2000; Brown and London, 2000). Condensation of SM monolayers 

in the presence of Chol was suggested to be caused by hydrogen bonding between the 

lipids (Demel et al., 1977; Boggs, 1987; Sankaram and Thompson, 1990; Simons and 

Ikonen, 1997; Ramstedt and Slotte, 1999; Radhakrishnan et al., 2000; 2001; Li et al., 

2001). 
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In contrast, in several studies, no evidence of preferential interaction between 

Chol and either PC or SM was detected. These data were obtained by X-ray diffraction 

(Calhoun and Shipley, 1979), fluorescence (Schroeder and Nemecz, 1989), and NMR 

techniques (Guo et al., 2002) with various lipid mixing ratios. In addition, Chol uptake 

from erythrocyte ghosts to sonicated DPPC and N-palmitoyl-SM vesicles was almost 

identical (Lange et al., 1979). According to an alternative hypothesis, the saturated fatty 

acids of the sphingoid base favor van der Waals interactions with the rigid and planar 

tetracyclic rings of Chol, instead of the common unsaturated PCs (McIntosh et al., 1992). 

A single double bond, typically close to the center of the sn-2 acyl chain, lowers the main 

transition temperature of the lipid effectively (Marsh, 1999). The higher proportion of 

saturated fatty acyl chains in SM compared to other phospholipids would thus be the 

determining factor in the SM-Chol interaction (Guo et al., 2002).  

Despite the increasing evidence that lipid domains exist in biological membranes, 

relatively little is known about their molecular level organization (Chong and Sugár, 

2002). Data for fluorescent, pyrene-labeled PC in PC liposomes suggest that membrane 

lateral organization may involve formation of regularly distributed superstructures 

(Somerharju et al., 1985; Chong et al., 1994). The plot of steady state ratio of the eximer 

to monomer fluorescence intensities versus the mole fraction of the pyrene-labeled PC 

revealed several linear regions separated by kinks (Somerharju et al., 1985). Similar 

results were obtained in steady state and time-resolved fluorescence studies using other 

probes, including diphenylhexatriene (DPH), 6-dodecanoyl-2-dimethylaminonaphthalene 

(Laurdan), and dehydroergosterol, and for phospholipids with different size head groups 

(Chong, 1994; Parasassi and Gratton, 1995; Tang et al., 1995; Söderlund et al., 1999; 

Cannon et al., 2003). The superlattice model is also supported by the data for Chol 

concentration dependence of the hydrolytic activity of phospholipase A2 (Liu and Chong, 

1999).  

From these data it was concluded that the perturbing, bulky probe molecules 

become maximally separated to minimize the system free energy. Importantly, 

superlattices would not cover the entire membrane area but exist in equilibrium with 

randomly-arranged domains and superlattices with different compositions (Tang and 

Chong, 1992). In the case of Chol, this organization could allow rapid “fine-tuning” of 
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the membrane properties by minute changes in Chol concentration (Chong and Sugár, 

2002). To this date, superlattice formation in mono- and polyunsaturated bilayers has not 

been verified. Nevertheless, the putative superlattice model provides an attractive 

hypothesis on the Chol distribution and its possible functional significance. The time-

averaged regular Chol distribution was suggested to result from the requirement for polar 

phospholipid head groups to cover the nonpolar Chol to avoid Chol exposure to water. 

This interaction is opposed by the decrease in the acyl chain conformation entropy caused 

by Chol contact (Huang, 2002). 
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2.3  

PHASE TRANSITIONS 

 

2.3.1 OVERVIEW OF PHASE TRANSITIONS 

 

Phase transitions can be classified by the lowest derivative of the Gibbs free energy 

function that is discontinuous in the course of the transition. When the number of 

particles in the system is constant, change in the Gibbs free energy (dG) can be expressed 

as a function of temperature (T) and pressure (P):  

 

dG = VdP – SdT . 

 

First-order phase transitions exhibit discontinuities in the first derivatives of the free 

energy function, volume (V) and entropy (S), and typically involve a large amount of 

latent heat that is either absorbed or released (Papon et al., 2002). First-order transitions 

are associated with phase separation regimes, in which only some parts of the system 

have completed the transition. Second-order phase transitions involve no latent heat and 

display discontinuities in the second derivatives of the Gibbs free energy function, i.e. 

Cp /T  and κTV , where Cp  is the specific heat and κT compressibility at constant pressure 

(Papon et al., 2002). In addition to the this classification, liquid crystal phase transitions 

can be grouped based on the conservation or conversion of the symmetry of the parent 

phase (Tolėdano and Tolėdano, 1987). More specifically, phospholipids exhibit a variety 

of different phases and connecting transitions, some of which are non-lamellar. The non-

lamellar transitions are driven by a tendency to spontaneous curvature of the bilayer 

(Marsh, 1991), and they may be important for processes such as cell or vesicle fusion 

(Tanaka and Yamazaki, 2004). 

In a stable equilibrium, a system is in a state of maximum entropy and minimum 

free energy. For some phospholipids, as shown by X-ray diffraction, microcalorimetry, 

and densitometry data, a stable phase can be reached by a sequence of irreversible 

metastable intermediates (Tenchov et al., 2001). These metastable states may involve 
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slow formation of the nascent phase. Some phospholipids exhibit hysteresis so that their 

main transition temperature upon heating exceeds that upon cooling. At present, 

understanding of this phenomenon at molecular level in biomembranes is limited. The 

amplitude of the hysteresis is, however, influenced by the acyl chain length and 

saturation (Träuble and Eibl, 1974; Tenchov et al., 2001; Heerklotz and Seelig, 2002; 

Toombes et al., 2002). 

 

 

2.3.2 LIQUID CRYSTAL PHASE TRANSITIONS 

 

The most thoroughly studied phospholipid phase transition is that of the saturated DPPC 

MLVs. Three basic phase transitions exist for these vesicles: subtransition (Ts) at ~17 °C, 

pretransition (Tp) ~35 °C, and main transition at ~42 °C (Le Bihan and Pézolet, 1998). 

The transitions separate four distinct phases: lamellar crystalline (Lc′), lamellar gel (Lβ′), 

rippled gel (Pβ′), and liquid crystalline phase (Lα) (Alakoskela and Kinnunen, 2004). 

Phases Lβ′ and Pβ′ are often designated as gel phase. Whether all of the phases and 

transitions exist for a particular phospholipid, depends on the lipid structure. In addition, 

some of the ordered (gel) phases may be metastable (Lewis et al., 1987; Tenchov et al., 

2001). Both Lc′ and Lβ′ phases are characterized by in-plane ordering of the hydrocarbon 

chains (Fig. 4). In Lc′ phase, also the head groups of the phospholipids form a lattice 

(Chen et al., 1980). 

Several structural changes are associated with pretransition, including variation in 

the hydration and mobility of the polar head groups (Cevc, 1991), change in the 

interleaflet coupling (Czajkowsky et al., 1995), and modification of the acyl chain 

packing symmetry (Cameron et al., 1980). As revealed by freeze-fracture techniques, 

pretransition is characterized by periodic membrane ripples at a repeat distance of 12-14 

nm (Cunningham et al., 1998). The temperature interval between pre- and main transition 

depends on the acyl chain length (Heimburg, 2000). The undulations may reflect 

mismatch between the polar head group and the acyl chain cross-sectional areas (Le 

Bihan and Pézolet, 1998). Pretransition is present also in unilamellar vesicles, although 

the associated enthalpy change is smaller than for MLVs (Heimburg, 2000).  
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Figure 4. (a) Phase behavior of lamellar phospholipid bilayers. (b) Gel phases of lipids: Lβ′ 

untilted gel; Lβ’ tilted gel; LβI interdigitated gel; Pβ’ rippled gel. From the Handbook of Biological 

Physics Vol. 1. Lipowsky, R. and Sackmann, E. (Eds.). Reproduced by permission of the Elsevier 

Science. 
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2.3.3 MAIN PHASE TRANSITION 

 

After decades of intensive research, formulation of an adequate theoretical model of 

phospholipid main phase transition continues to be an issue of interest and controversy. 

The reason is that, apart from PE bilayers (Yao et al., 1992), the transitions are not clearly 

of either first- or second-order. On the one hand, the temperature dependencies of volume 

and enthalpy change significantly in the course of the transition (Yao et al., 1994). On the 

other hand, also second derivatives of the Gibbs free energy vary as a function of 

temperature (Mitaku et al., 1983; Fernandez-Puente et al., 1994; Zhang et al., 1995). In 

addition, lipids display complicated dynamics, and the transitions occur along wide 

length- and time-scales (Mouritsen, 1991; Schmid et al., 2004). 

Calorimetric techniques such as differential scanning (DSC) and alternating 

current (AC) calorimetry provide an example of the latter (Tenchov et al., 1989; Le Bihan 

and Pézolet, 1998). The problem arises, because AC-calorimetry measures temperature 

oscillation frequency dependent specific heat, generated by sinusoidal voltage, and it 

reflects only heat absorbed or released in fast enough structural changes accomplished 

within one cycle of temperature modulation. Heat capacity changes due to slower 

rearrangements do not contribute to its value (Tenchov et al., 1989). Temperature 

oscillation calorimetry lacks the ability to measure latent heat that is possibly present in 

liquid crystal phase transitions. The most common calorimetric technique in 

characterizing lipid phase transitions and measuring latent heat has been DSC, although 

its accuracy is relatively poor. Modulated differential scanning calorimetry (MDSC) is a 

promising technique that may enable measuring of the frequency dependence of specific 

heat and latent heat as a function of temperature at slow scan rates with better accuracy 

than by using DSC (Sied et al., 2002). 

Under near-equilibrium conditions, the initiation of lipid main phase transition 

involves large compositional fluctuations, i.e. local formation and dissipation of nuclei of 

the emerging phase. The kinetics of this process is determined by lateral diffusion and the 

interfacial properties (Papon et al., 2002). The classical nucleation and growth theory 

estimates the free energy needed to produce a nucleus, based on free energy changes 

associated to nucleus volume and surface area increment (Nishioka, 1995). This theory 
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suggests that at some temperature and radius of the nuclei, free energy cost of nucleus 

formation reaches maximum and nucleation ceases. Upon further increase in temperature, 

the nuclei would grow spontaneously by accreting lipid at their periphery, due to energy 

minimization (Unger and Klein, 1985; Papon et al., 2002). The classical nucleation 

theory fails in assuming that the nuclei have the same physical properties as the final 

phase, and the interfacial tension of a spherical interface is the same as that of a planar 

interface (Oxtoby, 1998). These shortcomings have been an incentive to other models 

that predict different growth modes for the nucleus center and the periphery, based on 

mean-field theory (Unger and Klein, 1985). 

The main transition temperature (Tm) of fully hydrated lipid bilayers depends on 

the lipid head group and the acyl chain saturation and length (Koynova and Caffrey, 

1998). By definition, Tm corresponds to the melting point where 50% of the transition is 

completed. Particularly in the case of strongly asymmetric endotherms, Tm is not 

necessarily identical to the temperature of the heat capacity maximum (Tem). However, Tm 

is often used synonymously when referring to Tem. 

Thermally induced main transition from the relatively ordered gel phase to the 

disordered fluid phase involves increased conformational and translational entropy. 

Importantly, the main transition of PCs is not a simple order-disorder transition, since the 

ripples of Pβ′ phase can be considered as a regular array of defects (Heimburg, 2000). The 

enthalpy change for this co-operative process is due to increased rotational isomerism of 

the acyl chains as well as membrane volume and area expansion (Tristram-Nagle and 

Nagle, 2004). The rotameric disordering was estimated to account for less than half the 

measured enthalpy change, whereas over half of the enthalpy change comes from volume 

expansion (Tristram-Nagle and Nagle, 2004). Lipid hydrocarbon chains are converted 

from all-trans to gauche conformation, while also the rate and extend of other molecular 

motions increase. This causes an expansion of the interfacial area per molecule by ~25% 

(Seddon and Templer, 1995), increased hydrophobic exposure, and changes in the 

hydrophobic matching condition. The thickness of the bilayer dercreases by ~16%, 

whereas the volume increases by ~4% (Heimburg, 1998). The fraction of gauche bonds 

in fluid phase is relatively low, 0.14-0.3 (Marsh, 1991; Snyder et al., 2002), indicating 

that clusters of unstable, ordered lipid molecules may occur on a nanosecond time-scale 
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also above main phase transition temperature, due to thermal density fluctuations 

(Kharakoz et al., 1993; Nielsen, et al., 2000). These clusters are, however, likely to lack 

the properties of a true gel phase. 

As suggested by the nucleation theory, dynamic lateral heterogeneity 

accompanies lipid main transition (Marsh et al., 1977; Doniach, 1978; Freire and 

Biltonen, 1978; Mouritsen et al., 1995). The correlation length and time-scale of the 

compositional fluctuations depend on the acyl chain length and temperature. In the 

proximity of Tem, the bilayer softens, and membrane permeability, bending elasticity, and 

both lateral and transversal compressibility reach maxima (Doniach, 1978; Freire and 

Biltonen, 1978; Nagle and Scott, 1978; Evans and Kwok, 1982; Ipsen et al., 1990; Bloom 

et al., 1991; Alakoskela and Kinnunen, 2001). Increased membrane undulations enhance 

steric repulsion between the bilayer leaflets, resulting in anomalous swelling (Harroun et 

al., 2004). The latter temperature also coincides with the maxima in the activity of 

phospholipase A2 (Op den Kamp, 1982; Menashe et al., 1986; Hønger et al., 1996) and 

membrane relaxation times after perturbations induced by pressure or temperature 

changes (Tsong and Kanehisa, 1977; Grabitz et al., 2002). 

Most of the existing data on phospholipid main transition have been measured for 

MLVs. These liposomes display phase behavior different from that of LUVs and GUVs 

(Grabitz et al., 2002) which, due to their unilamellar structure, represent a better model 

for most cellular membranes. Nevertheless, the sharp, non-linear increase in the 

interbilayer repeat distance in the X-ray scattering experiments, caused by softening of 

the bilayers, indicates that phospholipid main transition is a close to a critical point 

(Mitaku et al., 1983; Mouritsen, 1991; Fernandez-Puente et al., 1994; Lemmich et al., 

1995; Zhang et al., 1995). This view is supported by the critical-like prolongation of the 

relaxation times close to Tem (Tsong and Kanehisa, 1977). Critical point, i.e. temperature 

at which different phases can not be distinguished, is typically associated with 

continuous, second-order phase transitions (Goldenfeld, 1992). 

Data obtained by slow rate temperature scans (0.125 °C/min) of calorimetric, 

densitometric, and acoustic measurements of DPPC MLVs suggest that the transition is 

of first-order, but the minimum size of a domain in the two-phase region would be as 

small as seven lipid molecules. In this case, the fluid-solid interface tension could be: 
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“large enough to make the extensive interface boundaries highly unfavorable and, thus, to 

determine the first-order character of the transition” (Kharakoz and Shyapnikova, 2000). 

On the other hand, the interfacial tension could then be: “small enough to allow 

detectable heterophase fluctuations of volume, surface area, heat content, and related 

mechanical and thermal properties which display critical-like behavior” (Kharakoz and 

Shyapnikova, 2000). At present, this hypothesis remains to be verified. 

 An existing problem in studying phase transition dynamics is that many of the 

techniques with time-scales down to picosecond range, nuclear magnetic resonance 

(NMR) and fluorescence lifetime spectroscopy, for example, require steady-state 

conditions and data recording times in the order of minutes. This prevents accurate 

measurement of the non-equiliblirum transition kinetics that have relevance for the lateral 

organization of biomembranes. Although detailed studies are scarce, the thermodynamic 

driving force and the rate of the temperature change appear to influence the mechanism 

and transit times of the main transition. Accordingly, slow scan-rate (0.05-0.5 °C/min) 

AC-calorimetric and low-angle time-resolved X-ray diffraction data revealed a lack of 

“large-scale” coexistence of Pβ′ and Lα phases in the main transition of fully hydrated 

DPPC MLVs (Tenchov et al., 1989). In this study, irreversible transition kinetics with 

broadening of the lamellar reflections in a narrow temperature range of ~100 mK at the 

transition midpoint were reported. These data are in keeping with a continuous transition 

type and formation of a metastable Pβ phase. Upon cooling, the conversion of the 

metastable Pβ phase into the stable Pβ′ phase occured for over 24 h (Tenchov et al., 1989). 

On the other hand, non-equilibrium, X-ray temperature-jump measurements for DPPC 

MLVs suggest a clearly discontinuous, two-state martensitic transition (Chan and Webb, 

1981) between Pβ′ and Lα phases (Kriechbaum et al., 1990). The main difference between 

the martensitic and the nucleation and growth transition mechanisms is the absence of 

lateral diffusion and significant interfacial strain in the former process. In martensitic 

transitions, only the boundary plane between the two phases moves (Laggner and 

Kriechbaum, 1991). Issues concerning lipid main transition are addressed in the present 

study and are discussed in the following chapters. 
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3 .  OUTLINE OF THE PRESENT STUDY 

 

 

The starting point and the motivation for the present study are the intriguing results 

revealing the connection between the great diversity of lipid molecules present in 

eukaryotic cells and their physical properties that influence the lateral organization and 

the physiological state of the cell. In biomembranes, dynamically maintained lipid 

microdomains form on different length-scales due to the underlying phase behavior 

(Mouritsen and Jørgensen, 1994). At present, phase diagrams for three component model 

membranes have been constructed (de Almeida et al., 2003). Yet, after decades of 

intensive research, the nature of lipid main phase transition is unclear. Recent results 

suggest enrichment of Chol and SM into dynamic assemblies in cellular membranes, 

while the interaction(s) between Chol and SM resulting in the domain formation are 

incompletely understood. Based on these interconnected topics, the aims of the present 

study are: 

 

(i) To investigate the impact of hydrophobic mismatch in the context of 

membrane lateral organization and main phase transition. 

(ii) To forward a molecular level characterization of the main phase transition 

of the common PC phospholipids in model membranes. 

(iii) To elucidate the interactions between Chol and SM that may result in the 

formation of SM-Chol enriched membrane domains. 
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4 .  MATERIALS AND METHODS 

 

4.1 

MATERIALS 

 

DMPC, EDTA, N-[10-(1-pyrenyl)decanoyl]sphingomyelin (PyrSM), and HEPES were 

purchased from Sigma (St. Louis, USA). Dinervonoylphosphocholine (DNPC) and DPPC 

were obtained from Coatsome (Amagasaki, Japan). 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-

4-yl)amino)-23,24-bisnor-5-cholen-3ß-ol (NBDchol), 1-palmitoyl-2-(N-4-nitrobenz-2-

oxa-1,3-diazol)aminocaproyl-sn-glycero-3-phosphocholine (NBDPC), and 1-palmitoyl-2-

(3-(diphenylhexatrienyl) propanoyl)-sn-glycero-3-phosphocholine (DPHPC) were from 

Molecular Probes (Eugene, USA), and 1-palmitoyl-2[10-(pyren-1-yl)]decanoyl-sn-glycero-

3-phosphocholine (PyrPC) from K&V Bioware (Espoo, Finland). The purity of the lipids 

was checked by thin-layer chromatography and by observing the DSC traces of the pure 

lipids. Deionized Millipore filtered (Millipore, Bedford, USA) water was used for 

buffers. Concentrations of the non-fluorescent lipid stock solutions were determined 

gravimetrically by using a high-precision Cahn 2000 electrobalance (Cahn Instruments 

Inc., Cerritos, USA). For fluorescent lipid derivatives, the concentrations were 

determined spectrophotometrically by using the appropriate molar extinction coefficients. 

 

 

4.2 

METHODS 

 

4.2.1 PREPARATION OF LIPOSOMES 

 

The proper compositions of lipids were dissolved and mixed in chloroform, where after 

the solvent was removed under a stream of nitrogen. The lipid residue was subsequently 

maintained under reduced pressure for at least 2 h and then hydrated above the main 
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transition temperature for 30 min to yield MLVs. To obtain LUVs, the hydrated lipid 

mixtures were extruded with a LiposoFast small-volume homogenizer (Avestin, Ottawa, 

Canada) above Tm by using a circulating waterbath. Samples were subjected to 19 passes 

through a polycarbonate filter (100 or 200 nm pore size, Nucleopore, Pleasanton, USA). 

Minimal exposure of the lipids to light was ensured throughout the procedure. The buffer 

used for LUVs and MLVs was 20 mM HEPES, 0.1 mM EDTA, pH 7.0. The pH of the 

buffer was adjusted to 7.0 with NaOH. 

 Giant liposomes were prepared as described by Angelova and Dimitrov (1986). 

Approximately 2 to 4 microliters of the studied lipids dissolved in diethylether/methanol 

(9/1, v/v) at a concentration of 1 mM were applied onto the surface of two Pt electrodes 

and subsequently dried under a stream of nitrogen. Possible residues of the organic 

solvent were removed by evacuation for one hour. A glass chamber with the attached 

electrodes and a quartz window bottom was placed on the stage of the Olympus IX 70 

(Olympus Optical Inc., Tokyo, Japan) inverted fluorescence microscope. The temperature 

was maintained at 32°C and an AC field (sinusoidal wave function with a frequency of 8 

Hz and amplitude of 0.2 V) was applied before adding 1.5 ml of 0.5 mM HEPES buffer, 

pH 7.4. During the first minute of hydration the voltage was increased to 2 V and turned 

off after two hours. 

 

 

4.2.2 DIFFERENTIAL SCANNING CALORIMETRY 

 

Heat capacity (Cp) scans were recorded by using high-sensitivity VP-DSC 

microcalorimeter (Microcal Inc., Northampton, USA) at a rate of either 5 or 30 °C/h, and 

a lipid concentration of 0.4 (Study I) or 0.7 mM (Study II, III, IV) in the DSC cell. The 

Cp peaks were analyzed using the routines of the software provided by the instrument 

manufacturer. Transition enthalpies are expressed as kJ/mol, determined by integrating 

over the peaks and using internal calibration of the instrument as a reference. Values for 

Tem and ∆H represent the average of at least two separate samples. For DNPC LUVs, the 

final lipid concentration and the transition enthalpies could not be reliably measured 

because of loss of lipid in the extrusion through the polycarbonate filter. 
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4.2.3 STEADY STATE PYRENE FLUORESCENCE 

 

Pyrene-labeled lipids form excimers, i.e. excited dimers, in a concentration dependent 

manner (Kinnunen et al., 1993). In brief, excited pyrene may either relax to ground state by 

emitting at ~380 nm or collide with a ground state pyrene yielding an excimer. The latter 

relaxes back to two ground state pyrenes while emitting at ~480 nm. In the absence of 

possible quantum mechanical effects, the ratio of excimer and monomer emission 

intensities (Ie/Im) depends on the collision rate of pyrene moieties. It thus reflects the 

lateral mobility and changes in the local concentration of the fluorophore in the 

membrane. Pyrene lipids have been used in studying various phenomena in membrane 

biophysics and cell biology, including lateral organization and pressure, phase behavior, 

membrane fusion, lipid conformation, translocation, metabolism, and trafficking (for a 

review, see Somerharju, 2002). Pyrene steady state fluorescence measurements were 

carried out with SLM 4800S (Study I) (Urbana, USA), Varian Cary Eclipse (Studies II, 

III) (Palo Alto, USA), or PerkinElmer LS50B (Study III) (Wellesley, USA) 

spectrofluorometer interfaced to a personal computer.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Schematic representation of the pyrene monomer (solid line) and excimer (dashed line) 

fluorescence emission spectra. Figure was kindly provided by M. Koivusalo, University of 

Helsinki. 
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Cuvette temperature was controlled by a circulating waterbath, and the contents 

were continuously stirred by a magnetic bar. Pyrene-labeled lipids were excited at 344 

nm, and the monomer and excimer emission intensities were detected at 398 and 480 nm, 

respectively, with bandpasses of 4 nm. For SLM 4800S spectrofluorometer, pyrene 

monomer emission wavelength was selected by a monochromator, whereas a longpass 

filter was utilized in the other channel to obtain excimer emission. Consequently, the 

intensity readings and the Ie/Im -ratios are relative. For measurements with Varian Cary 

Eclipse spectrofluorometer (Studies II, III), the values for Im and Ie represent the average 

of three measurements. The reproducibility of the essential features of all experiments 

was checked with at least one separate sample. Samples were equilibriated for two 

minutes before the recording of the spectrum, and the average rate for T increase was ~3 

°C/h. The lipid concentration was ~12 µM in the measurements with Varian Cary 

Eclipse, and ~25 µM with SLM 4800S and PerkinElmer LS50B spectrofluorometers.  

 

 

4.2.4 TIME-RESOLVED PYRENE FLUORESCENCE 

 

Time-resolved pyrene fluorescence experiments were performed with a commercially 

available (Photon Technology International, Ontario, Canada) single-photon timing 

system (Eaton, 1990). Trains of 500 ps excitation pulses at 337 nm, at a repetition rate of 

10 Hz, were produced by a nitrogen laser. The time-resolved fluorescence intensities of 

pyrene monomers and excimers were detected at 398 and 480 nm, respectively. A portion 

of the flash produces a signal as a start impulse for the time-to-amplitude converter, and 

the remainder excites the sample. The minimum lifetime accessible to the instrument is 

200 ps. Each fluorescence intensity decay curve represents an average of five 

measurements. The reproducibility of the essential features was checked with at least one 

separate sample.  

The decay curves were fitted to a sum of exponentials and analyzed by the non-

linear least squares method (Eaton, 1990). In the least squares fitting procedure, a set of 

calculated points that describes the experimental set is produced. The calculated values 

are optimized by minimizing the weighted sum of the squares of deviations of the 
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calculated points from the experimental ones. Typically, the data produced a reduced χ2 

value of 0.9-1.2 (Study II, Fig. 1). The average rate of temperature increase was ~2 °C/h. 

The instrument is equipped with a magnetic stirrer and a circulating waterbath to control 

temperature. Temperature was continuously measured by using a probe (Omega HH42, 

Stamford, USA) immersed in a cuvette adjacent to the sample in the cuvette holder. 

Pyrene monomer fluorescence emission data exhibited multiexponential decay and is 

presented by using weighted average monomer decay time τ M (lifetime-weighted 

quantum yield). This variable is defined as the sum of the products of the individual 

decay times and their fractional intensities, calculated by using the pre-exponential 

factors. 

 

 

4.2.5 FLUORESCENCE ANISOTROPY 

 

In lipid bilayers, the phospholipid derivative DPHPC, with a fluorescence lifetime of ~10 

ns, displays a bimodal distribution with most of the DPH moieties located within the 

hydrophobic region of the membrane (Pap et al., 1994). DPHPC was included into 

liposomes at XDPHPC = 0.005. Excitation wavelength of 354 nm was used, while the 

emission intensity was detected at 428 nm. The spectrofluorometer setup was either SLM 

4800S (Study I) (Urbana, USA) or Varian Cary Eclipse (Study II) (Palo Alto, USA), 

described above. For SLM 4800S, the vertical component was detetcted by using a 

monochromator and the horizontal component using a long-pass filter. The readings were 

corrected by applying an appropriate G-factor to compensate for the polarization bias of 

the detection system. Both the excitation and emission bandwidths were 16 nm. The 

average rate for T increase was ~3 °C/h. Lipid concentration was ~12 µM in 

measurements with Varian Cary Eclipse and ~25 µM with SLM 4800S 

spectrofluorometer.  
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4.2.6 RESONANCE ENERGY TRANSFER 

 

Resonance energy transfer (RET) occurs when an excited donor fluorophore is within 

transfer distance, 30-100 Å, to an acceptor fluorophore (Lakowicz, 1999). More 

specifically, a sample is excitated at donor excitation wavelength, and the consequent 

change in either acceptor or donor emission is monitored. The fluorescent lipid derivative 

NBD can be used as RET acceptor for pyrene due to the overlapping spectral properties 

of the probes (Lancet and Pecht, 1977; Fery-Forgues et al., 1993). In the present study, 

pyrene-labeled PC and SM, i.e. PyrPC and PyrSM, were used as donors and NBDchol as 

the acceptor of RET in LUVs. 

When a fluorescent molecule absorbs a photon, its electrons are excited to higher 

energy states. If the excited fluorophore encounters a collisional quencher such as 

bromine atom during its lifetime, the fluorophore may relax to ground state trough non-

fluorescent process. This involves changes in the spin-orbits of the fluorophore and the 

halogen (Lakowicz, 1999). Brominated Chol, i.e. diBrChol, was used as the collisional 

quencher for the emission of PyrPC and PyrSM. For both RET and collisional quenching, 

the data are expressed as the colocalization parameter C: 

  

C=(I 0 - I ) / I 0 ,  

   

where I0 and I are emission intensities at 480 nm, measured for PyrPC and PyrSM
 in the 

absence and presence of the acceptor, respectively (Jutila and Kinnunen, 1997). In 

addition to the excitation peak centered at ~465 nm, NBD displays a second, considerably 

weaker absorption band centered at ~335 nm that could influence the excimer emission of 

the pyrene-labeled probes. The absorption of NBDchol at 344 nm was, however, 

negligible. High values for C (I→0) indicate augmented colocalization of the probes, 

whereas low values (I→I0) report the probes being dispersed in
 the membrane. The 

temperature scans were performed by increasing temperature in 0.1–1.1°C steps from 11 

to 30°C (DMPC) or from 15 to 37°C (DNPC). The slower heating rate of ~0.1 °C/min 

was used close to the main phase transition temperature of DMPC or DNPC. Samples 
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were equilibriated for two minutes before the recording of the intensity. Experiments 

were repeated at least once to ensure reproducibility.  

 

 

4.2.7 CONFOCAL FLUORESCENCE MICROSCOPY 

 

The fluorescent probe 1-palmitoyl-2-(N-4-nitrobenz-2-oxa-1,3-diazol)aminocaproyl-sn-

glycero-3-phosphocholine, i.e. NBDPC, was utilized to study the main phase transition of 

DNPC GUVs. The maximum emission wavelength of NBD-labeled lipids occurs at 520-

535 nm, irrespective of the absorbance band used for excitation (Lancet and Pecht, 1977; 

Fery-Forgues et al., 1993). The NBD moieties of the acyl chain labelled lipids reside 

mainly in the lipid-water interface and may aggregate and self-quench (Chattopadhyay 

and London, 1987; Abrams and London, 1993; Loura et al., 2000). Fluorescent images 

were obtained by using Olympus IX 70 (Olympus Optical Inc., Tokyo, Japan) inverted 

fluorescence microscope, confocal optical scanner (Yokogawa Inc., Tokyo, Japan), and 

an argon ion laser (Melles Griot 643R, Carlsbad, USA) with 488 nm excitation 

wavelength. Images were recorded with a Peltier-cooled 12-bit digital CCD camera 

C4742-95 (Hamamatsu Inc., Hamamatsu, Japan), interfaced to a computer and operated 

by the software (HiPic 5.0.1 or Aquacosmos 1.2) provided by the camera manufacturer. 

The giant liposomes were observed with differential interference contrast (DIC) optics 

with a 20/0.40 objective. Temperature in the chamber was controlled using a 

thermoelectric module (TS-4, Physitemp Instruments Inc., Clifton, USA) and monitored 

by a thermal probe (Type T thermocouple: IT-18, Physitemp Instruments Inc., Clifton, 

USA) immersed in the chamber and connected to a thermometer (DP41, Omega 

Engineering Inc., Stamford, USA). The sizes of GUVs were measured by using the 

proper multiples of the micropipette motions (50 nm) of the micromanipulator (MX831 

with MC2000 controller, SD Instruments, Grants Pass, USA) for calibration. 
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5 .  RESULTS 

 

5.1 

MAIN PHASE TRANSITION OF BIOMEMBRANES 

 

5.1.1 DIFFERENTIAL SCANNING CALORIMETRY 

 

The aim of the DSC measurements was to investigate the thermal phase behavior of 

MLVs and LUVs consisting either of pure DPPC or DNPC, or containing lipid analogs 

(X = 0.005-0.02) used in the fluorescence spectroscopy experiments. For DNPC 

liposomes, temperature hysteresis was observed, and thus both upscans and downscans 

were recorded. Because of loss of lipid in the extrusion through the polycarbonate filter, 

reliable values for transition enthalpies could not be obtained for DNPC LUVs (Table 1). 

 For pure DPPC, MLVs displayed a co-operative, asymmetric main transition Cp -

peak at ~41.3°C, preceded by pretransition at ~35°C. Values for Tem measured for DPPC 

MLVs were ~0.3 degrees higher than those observed for the corresponding LUVs. These 

LUVs also exhibited slightly broader endotherms compared to MLVs. The broadening is 

likely to reflect the lack of interbilayer force and reduced co-operativity, the higher 

curvature and the smaller size of the LUVs limiting the maximum size of the co-operative 

unit (Marsh et al., 1977).  

Fluorescent probes are impurities in the phospholipid matrix and are expected to 

decrease Tem –values compared to single lipid vesicles. As reported for PyrPC in DMPC 

(Jutila and Kinnunen, 1997), the lowering of the freezing point by fluorescent probes is 

likely to result from their preferential partitioning into the interfacial boundary between 

coexisting fluid and gel domains in the transition region (Doniach, 1978; Freire and 

Biltonen, 1978; Mouritsen et al., 1995). This enrichment may stabilize the boundary, 

favoring the formation of fluid phase at lower temperatures. Accordingly, the presence of 

PyrPC (XPyrPC=0.01) in DPPC MLVs lowered Tem for the vesicles from 41.3 to 41°C and 

also slightly broadened the main transition endotherm. 



 43

Table 1. Values for Tem (in °C) and ∆H (kJ/mol) measured by DSC for both MLVs and LUVs with 

different lipid compositions. The numbers within brackets refer to the respective lipid 

compositions in mole fractions. For DNPC LUVs, values for ∆H were not availeble (n.a.). 

 

Vesicle composition                                   MLV             ∆H  LUV         ∆H    
                      Tem                                Tem      

 
Heating scans:  
DPPC                     41.3            27.7             41.0         23.1 
DPPC/PyrPC                         41.0            25.8             40.7         22.0    
(0.99/0.01)        
DPPC/PyrPC                    40.9            25.4             40.3         19.7 
(0.98/0.02)        
DPPC/DPHPC                            40.5            26.1             40.2         19.5 
(0.995/0.005)     

 
DNPC                     26.8            62                25.6         
DNPC/PyrPC                         26.5                61                25.6  
(0.98/0.02)             
DNPC/DPHPC                          26.7            61                26.4 
(0.995/0.005)  

 
Cooling scans: 
DNPC (1.00)                     21.8                64.6  
DNPC/NBDPC (0.98/0.02)                  21.0                66.3  
DNPC/NBDPC (0.98/0.02) pore size 0.1 µm                                    20.7          n.a. 
DNPC/NBDPC (0.98/0.02) pore size 0.2 µm                                    21.0          n.a.   

 

 

The enthalpy peak remained asymmetric with 18.9 kJ/mol at T < Tem and 8.8 

kJ/mol above Tem. For neat DPPC LUVs, the corresponding values were 14.1 kJ/mol at T 

< Tem and 9.0 kJ/mol above Tem. Broadening was observed also for MLVs containing 

DPHPC (X = 0.005) with Tem decreasing to 40.5°C. For DNPC liposomes, the effects of 

the probes on DSC traces were similar to those observed for DPPC. Yet, the thermal 

phase behavior of DNPC liposomes was more complex and depended on both the 

direction of the temperature cycle and the number of bilayers in the liposomes (Fig. 6 and 

7). 

 Upon heating, pure DNPC MLVs displayed a single asymmetric endotherm, 47.4 

kJ/mol below and 14.6 kJ/mol above Tem, with Tem at ~26.8°C. Pronounced hysteresis of 
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Figure 6. Heat capacity traces upon heating (a) and cooling (b) of DNPC MLVs. The upper 

traces were recorded for liposomes containing the fluorescent phospholipid analog NBDPC (X = 

0.02). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Heat capacity traces upon heating (a) and cooling (b) of DNPC LUVs obtained by 

extrusion through 0.2 µm pores. The upper traces were recorded for the liposomes containing the 

fluorescent phospholipid analog NBDPC (X = 0.02). 
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5 degrees together with a multicomponent exotherm was observed for DNPC MLV 

cooling scans. These data indicate that for phospholipids, the enthalpy change associated 

to hysteresis does not necessarily have to be symmetric. For MLVs, the reported Tem 

corresponds to the temperature of the major enthalpy peak, whereas the values for ∆H 

represent the overall enthalpy. 

The DSC data for DPPC and DNPC liposomes suggest that these transitions 

involve different steps, and there may be different cluster growth modes from gel to 

liquid crystalline phase and vice versa. Multicomponent transitions have been previously 

reported for PE membranes for which hydrogen bonding through the amine group is 

possible (Chowdhry et al., 1984; Rappolt and Rapp, 1996). Unlike PEs, PCs display a 

low co-operativity pretransition (Heimburg, 2000). The broadening of the low 

temperature region of the enthalpy peaks of DPPC and DNPC best corresponds to 

pretransitional reorganization and formation of periodic membrane ripples at these 

temperatures. Pretransition may involve one-dimensional defects of fluid lipid molecules 

that cause local bending of the membrane, as suggested by Monte Carlo simulations 

(Heimburg, 2000). 

The main difference between the heating and cooling cycles is in the head group 

hydration and the area per lipid molecule of the initial phase that are significantly (~25%) 

greater for the fluid bilayer. In addition, upon cooling, the emerging phase displays a 

more concave curvature compared to fluid phase, inducing geometrical constraints and 

steric hindrance between the inner and outer bilayer shells. The constraints may be less 

perturbing in the heating. Considering the energy minimum of the system, main transition 

could start at the outer shells of the liposomes upon heating and inner shells upon cooling 

(Rappolt and Rapp, 1996). The broad component of the DNPC MLV cooling scan should 

thus reflect the crystallization of the inner bilayers of the liposomes, involving migration 

of the hydration water out of the membrane stacks. Of course, the difference between the 

heating and cooling DSC scans of DNPC LUVs and MLVs could also involve slow 

formation of the nascent gel or fluid phases, with relaxation times exceeding the 

experimental time-scales (Tenchov et al., 1989). The present static excess Cp data with 

heating/cooling rate varied between 5 and 30 °C/h exhibited, however, the same 

characteristics independent of the scan rate. 
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5.1.2 STEADY STATE FLUORESCENCE 

 

The DSC data for DPPC and DNPC LUVs was complemented by steady-state fluorescence 

spectroscopy measurements using PyrPC (XPyrPC = 0.01) and DPHPC (XDPHPC = 0.005) as 

the fluorescent lipid probes. For both matrixes, main transition induced a local minimum in 

the Ie/Im –ratio and a decrease in Ie measured for PyrPC (Fig. 8 and 9). Apart from the slope, 

Ie/Im increased steadily with increasing temperature. The increase in Ie/Im at temperatures 

below the minimum is in keeping with formation of PyrPC clusters in the gel phase of both 

DPPC and DNPC LUVs. This lateral organization should minimize the perturbation caused 

by the probe for the packing of the ordered acyl chains. The increase in Ie/Im at temperatures 

above the slope complies with increased lateral diffusion of randomly distributed probes. To 

facilitate the analysis, the processes were divided into five temperature ranges, where Tem 

corresponds to the peak of the endotherm detected by DSC for the LUVs (XPyrPC = 0.02). 

For definitions of the temperature regions see Studies I and II. 

Unlike the Ie/Im –ratio and Ie, the values for Im, measured for PyrPC residing in 

DPPC and DNPC, displayed opposite trends in the course the transition. For PyrPC in 

DPPC, Im decreased together with Ie, resulting in a decline in the fluorescence quantum 

yield, whereas for PyrPC in DNPC a reciprocal increase in Im accompanied the slope in Ie, 

and no decrease in the quantum yield was observed. Yet, for both matrixes, fluorescence 

anisotropy r of DPHPC, assessing acyl chain order, decreased with temperature, and the 

midpoint of the dip occurred within one degree of the corresponding Tem (Study I, Fig. 3; 

Study II, Fig. 5). The decrease in the quantum yield for PyrPC in DPPC may be caused by 

critical slowing down of lateral diffusion (Grabitz et al., 2002) due to intense fluctuations 

with long coherence range, the probes as impurities being trapped in the lattice. Yet, 

increased water permeation into the bilayer, causing fluorescence quenching, is likely to 

contribute to the observed behavior. 
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Figure 8. Ratio of pyrene excimer and monomer 

steady state emission intensities Ie/Im (panel A) for 

DPPC LUVs at XPyrPC = 0.01 as a function of (T-

Tem), and monomer (■, the upper trace) and 

excimer (●, the lower trace) intensities versus (T-

Tem) (panel B). For temperature range details see 

Study I. 

               

 

  

 

 

 

 

 

 

 

 

 

Figure 9. Excimer (panel A) and monomer (panel 

B) intensities versus (T-Tem). For temperature 

range details see Study II. 

 

 

 

 

 

0.48

0.52

0.56

0.60

0.64

0.68

0.72

-12 -10 -8 -6 -4 -2 0 2 4 6
1.5

1.8

2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

4.5

4.8

VIVIIIII

II

I

B

 

 

T - Tem

VIVIII

A

Ie/Im

 

 

 

-25 -20 -15 -10 -5 0 5 10 15 20 25

25

50

75

100

125 V

T-Tem

A

IVIIIIII

Im

Ie

 

 

T-Tem

-25 -20 -15 -10 -5 0 5 10 15 20 25
150

180

210

240

270

300

330

360

390

420
V

B

IVIIIIII

 

 



 48

5.1.3 TIME-RESOLVED FLUORESCENCE 

 

Time-resolved fluorescence spectroscopy measurements were performed to obtain a 

better understanding of the molecular level processes underlying the steady state 

fluorescence data. Pyrene monomer lifetimes (τM) and excimer formation (τR) and decay 

times (τD) were measured for PyrPC in DPPC and DNPC in the vicinity of Tem. As 

expected, the integrated excimer intensity IntIe of PyrPC time-resolved fluorescence 

emission at 480 nm displayed similar behavior as the corresponding steady state Ie. For 

both DPPC and DNPC, PyrPC excimer fluorescence was best described by two risetimes 

(7-72 ns). For PyrPC residing in DPPC, the fractional intensity of the shorter risetime 

(~10 ns) was maximally approximately one percent so that only the longer risetime was 

significant. Similarly, the fractional intensity of the shorter risetime of PyrPC in DNPC 

declined steeply in the first temperature region, where after it was a minor component. 

Excimer emission of PyrPC exhibited a single decay time in DPPC (57-95 ns) and two 

decay times in DNPC (10-85 ns), whereas the monomer fluorescence emission at 398 nm 

was characterized by two decay times for both matrixes, expressed as the weighted 

average lifetime (τ M). The components of τ M varied between 7-16 and 73-119 ns for 

DPPC and 10-57 and 64-105 ns for DNPC LUVs. The fractional intensity of the shorter 

monomer decay time for PyrPC in DPPC was maximally 7%, while for PyrPC in DNPC, 

the amplitudes of the monomer decay times were approximately equal.  

 

 

 

 

Figure 10. Weighted average decay time 

τ M versus (T-Tem) for monomer emission 

obtained from time-resolved data for 

PyrPC in DPPC LUVs with XPyrPC = 0.02. 
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Figure 11. Excimer emission risetime τR 

versus (T-Tem) (panel A), integrated PyrPC 

excimer emission intensity 
Int
Ie versus (T-Tem) 

(panel B), and PyrPC excimer emission decay 

time τD versus (T-Tem) (panel C) calculated from 

time-resolved data for DPPC LUVs with 

XPyrPC = 0.02. The data in panel B were 

normalized using the highest 
Int
Ie value. The 

graphs in panels A and C were smoothed 

using Savitzky-Golay filtering with a window 

of two data points. 

 

 

 

 

 

 

 

 

For PyrPC in DPPC, τ M displayed no significant anomalies in the vicinity of Tem, 

and an almost steady overall decrement by 37 ns in the pyrene monomer lifetime was 

observed, when (T-Tem) was increased from -10° to 5° (Fig. 10). In contrast, the data for 

PyrPC in DNPC revealed notable fluctuation in the monomer lifetime and an overall 

decrease in τ M within the temperature range studied (Study II, Fig. 6). 

In the first temperature region, excimer risetime τR for PyrPC in DPPC decreased 

with increasing temperature from ~49 ns to ~45 ns (Fig. 11 A), in keeping with enhanced 
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collisional rate due to augmented lateral diffusion of PyrPC in the PyrPC clusters 

(Somerharju et al., 1985; Chong et al., 1994). Similar behavior was observed for both 

risetimes for PyrPC in DNPC (Fig. 12). The shorter risetime of ~25 ns for PyrPC in gel 

phase DNPC indicates that the excimer formation is not limited by diffusion only, but 

also by additional rearrangements in the packing of the clustered pyrenyl moieties. It is 

feasible that some population of static dimers is involved. The softening of the gel phase 

bilayer with increasing temperature occurred simultaneously with a decrease in the 

fractional intensity of the shorter risetime component IR1. Accordingly, a decrease from 

the maximum ~0.43 at (T-Tem) ~ -20° to ~0.02 at (T-Tem) ~ -9° was observed. This 

suggests that the pyrene probes transfer from the gel phase clusters into the growing line 

defects. The above changes are in keeping with pretransition of DNPC starting at (T-Tem) ~ -

10°, possibly involving pseudo one-dimensional corrugations of fluid lipids (Heimburg, 

1998; 2000). Excimer fluorescence decay times for PyrPC in DNPC converged within the 

pretransition region (Fig. 12), whereas for PyrPC in DPPC excimer decay decreased 

steadily in the first temperature region from ~95 to ~89 ns. 

For PyrPC in DPPC, the values for excimer risetime τR increased pronouncedly 

from ~46 to ~60 ns in the second temperature region, and a minor decrement in the 

integrated intensity of excimer emission occurred (Fig. 11). This complies with PyrPC 

being distributed into the interfacial boundary separating the coexisting gel and fluid 

phases. The mode of lateral diffusion determining the rate of excimer formation should 

thus change from 2-dimensional to more 1-dimensional. Concomitantly, the value for τD 

continued to decrease progressively without notable changes in monomer decay. This is 

in keeping with a temperature-induced acceleration in the excimer decay and an increase 

of fluid-like domains at the expense of gel-like domains in region II. Interestingly, IntIe for 

PyrPC in DNPC decreased steeply already in the second temperature range, whereas the 

two excimer decays continued to converge, and no significant changes in the excimer 

risetimes were observed (Fig. 12).  

The disparity in the fluorescence properties of PyrPC between the matrixes is 

explained by the difference in the effective length and saturation of the acyl chains of 

DPPC and DNPC. Accordingly, for DNPC, trans → gauche isomerization of the terminal 

ends of the acyl chains easily allows this lipid to fill the voids underneath the shorter PyrPC, 
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while this is not possible for DPPC. As a result, the fluorescence quenching by water and the 

perturbation of the neighboring acyl chains by the bulky PyrPC are dimished, allowing a 

more random distribution of the probes in the gel-fluid interface of DNPC. 

Temperature region III coincides with the pronounced reduction in the acyl chain 

order signaled by DPHPC anisotropy and a significant fraction of the transition enthalpy 

for both DPPC and DNPC LUVs. The kinetics of excimer formation and decay were 

markedly changed, while no significant variation in τ M for PyrPC in DPPC was observed. 

The values for τ M for PyrPC in DNPC continued to fluctuate, and a local maximum of ~84 

ns at (T-Tem) ~2° was reached. The decreasing values for 
Int
Ie and the quantum yield of 

fluorescence together with an almost steady τR and τD –levels for PyrPC in DPPC, suggest 

that the probes become maximally separated, after being released from the disappearing 

domain boundaries. These changes are in keeping with the formation of a time-averaged 

regular distribution of the probe molecules (Chong and Sugár, 2002) in DPPC in the 

temperature region III (Fig. 8 and 11).  

The decrease in IntIe versus (T-Tem) indicates that the redistribution of PyrPC starts 

at lower temperatures in DNPC LUVs compared to DPPC. The pronounced increase and 

the local maximum of ~72 ns at Tem for τR2 together with the nearly vanishing difference 

between τD1 and τD2 in the temperature region III are consistent with the intermediate 

phase occurring also in the course of DNPC main transition. For DNPC, the formation of 

the intermediate phase appears to start at (T-Tem) → -1°, this phase prevailing up to (T-

Tem) ~5°. Importantly, for both matrixes, the melting of the acyl chains, detected by 

DPHPC anisotropy and enthalpy change, was completed in region III.  

It thus seems that the transition for PCs starts as a first-order process with gel and 

fluid phase coexistence and develops into a second-order transition with further increase 

in temperature, due to increasing heterophase fluctuations. 
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Figure 12. Excimer fluorescence emission fractional intensities IR1 (○) and IR2 (■) of the risetimes 

(panel A), and decay times ID1 (○) and ID2 (■) (panel C) as well as variation of the excimer 

risetimes (panel B), and decay times (panel D) as a function of temperature. 
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Ie, in keeping 
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(Fig. 12). Furthermore, the weighted monomer decay time τ M for PyrPC in DNPC 

started to decrease, and the fractional intensities of IR1 and ID1 remained nearly constant. 

There are no anomalies in the time-resolved data or enthalpy that would require 

distinction of the temperature region V for DNPC. Yet, Im of the steady-state data (Fig. 9) 

was anomalously reduced starting at (T-Tem) ~10°. This necessitates region V and 

indicates that the local environment and the lateral mobility of the probe are slightly 

modified also in the fluid phase with increasing temperature. 

 

 

5.1.4 CONFOCAL FLUORESCENCE MICROSCOPY RESULTS 

 

Confocal fluorescence microscopy was undertaken in order to investigate the lack of two-

phase region in the course of the main transition, indicated by the fluorescence 

spectroscopy measurements. Giant DNPC unilamellar vesicles containing the fluorescent 

phospholipid analog NBDPC (XNBDPC = 0.02) were studied by cooling scans between -3° 

< (T-Tem) < 6°, with Tem derived from the cooling scans for DNPC LUVs (Ø ~ 0.2 µm) 

(Fig. 13). 

In keeping with the fluorescence spectroscopy measurements, the microscopy 

data revealed that the lateral distribution of the NBDPC probe in DNPC GUVs remained 

homogenous down to (T-Tem) ~ -0.5° (i.e. 20.5°C). When (T-Tem) ~ -0.5° was reached, 

black gel phase domains appeared, and the fluorescent probes tended to cluster along the 

edges of the emerging domains (Study IV, Fig. 3). At this temperature, GUVs also began 

to detach from the Pt wire. 

The relative size of the dark domains increased with further decrease in 

temperature to (T-Tem) ~ -1°. The appearance of the two-phase region was preceded by a 

modest shrinking of the vesicles starting at (T-Tem) ~ 1° (Fig. 14). The gradual decrease in 

the vesicle diameter depended on the initial size of the GUV, being ~25% for the middle 

sized GUVs, diameters in the range from 15 to 25 µm, and ~15% for the smallest GUVs, 

diameters ranging from 5 to 15 µm (Fig. 14).  

Interestingly, most of the vesicles eventually collapsed in the gel-fluid 

coexistence region before reaching homogeneous gel phase (Fig. 13, panel C). The 
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rupture of the DNPC GUVs in the course of the cooling scan is consistent with the gel 

phase domains starting to grow with a concave curvature. This involves unstabilizing 

changes in the relative magnitudes of the elastic deformation variables i.e. line tension, 

bending moduli, and Gauss moduli (Baumgart et al., 2005). A decrease in the vesicle 

diameters by ~7-8% were reported for the main transition of DMPC and DPPC GUVs 

(Needham and Evans, 1988; Bagatolli and Gratton, 1999). In these experiments, 

however, no concomitant rupture of the vesicles was observed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Confocal microscopy images for 

DNPC/NBDPC (0.98/0.02) GUV observed upon 

cooling, with Tem = 21°C defined as the heat capacity 

maximum measured from the exotherm of the 

corresponding LUVs (extruded through 0.2 µm filters). 

Panel A: (T-Tem) = 4°, panel B: (T-Tem) = -0.5°, panel 

C: (T-Tem) = -1.5°.  
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Upon heating of the intact vesicles, the GUVs became homogenous at T ~26°C, 

this temperature coinciding with the Tem measured for the heating scans of the 

corresponding LUVs by DSC. Yet, only modest recovery of the GUV diameter was 

observed (~73%), indicating loss of lipid during the cooling scan. 

 

 

 

 

              

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14. Change of diameter (µm) of five DNPC/NBDPC (0.98/0.02) GUVs as a function of 

temperature upon cooling. 
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5.2 

CHOLESTEROL INTERACTION OF BIOMEMBRANES 

 

5.2.1 OVERVIEW OF THE EXPERIMENTS 

 

The hypothesis was that the colocalization of Chol with PC and SM depends primarily on 

the effective length of the phospholipid in question and the hydrophobic thickness of the 

surrounding lipid matrix. Accordingly, Ie/Im –ratios for the fluorescent lipid derivatives 

PyrSM and PyrPC (X = 0.01) in DMPC and DNPC were measured as a function of 

increasing temperature and Chol content (XChol = 0.01-0.05). Subsequently, RET from 

PyrPC and PyrSM to NBDchol (XNBDchol = 0.01) in DMPC and DNPC matrixes were 

compared. The results are expressed as the colocalization parameter C. Colocalization 

data for NBDchol were verified by using a less perturbing Chol analog, diBrChol 

(XdiBrChol = 0.01). This brominated, collisional quencher of fluorescence lacks the 

fluorophore moiety. Unlike RET that may occur over considerably long distances (~10-

100 Å) and includes quenching of the donor also in the adjacent leaflet of the bilayer, 

collisional quenching requires actual molecular encounters. The impact of the different 

lipid compositions on the thermotropic phase behavior of the studied membranes was 

assessed by using DSC. 

 

 

5.2.2 DIFFERENTIAL SCANNING CALORIMETRY 

 

Heating scan measurements were performed for pure DMPC and DNPC MLVs and 

LUVs as well as for liposomes containing lipids used in the fluorescence spectroscopy 

experiments (Study III, Table 1). Pure DMPC MLVs displayed a pretransition at ~14°C 

and a main transition at ~23.7°C. For pure DNPC MLVs and LUVs, only the main phase 

transition endotherms were observed at ~26.9°C and ~26.7°C, respectively. This is in 

keeping with previous data showing that the pretransition enthalpy peak for the longer 

acyl chain PCs merges with the main transition endotherm (Jørgensen, 1995).  
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A single endotherm at ~24.1°C was detected also for DMPC LUVs, since 

extrusion abolishes the pretransition peak from the DSC trace. The impact of the probes 

on DMPC endotherms was similar to that reported for DPPC and DNPC liposomes 

containing the probes. When the MLVs contained one or more of the lipid probes (X = 

0.01-0.02), pretransition was absent, and the total enthalpy decreased suggesting reduced 

trans � gauche isomerization in the course of the transition. This is likely to reflect the 

chain disordering effect of the probes below Tem. 

 

 

5.2.3 EFFECT OF CHOLESTEROL 

 

First, Ie/Im –values for PyrPC and PyrSM were measured for both matrixes without Chol 

being present. For PyrPC in DMPC, Ie/Im increased steadily upon heating, consistent with
 

increased lateral diffusion (Hresko et al., 1986; Lehtonen and Kinnunen, 1995). As 

reported, the main transition of DMPC was preceded by a local maximum (denoted by T* 

in Fig. 15 A) in Ie/Im for PyrPC, starting at (T-Tem) ~ 4.5° and peaking at ~1.5° below Tem. 

This peak was suggested to represent lateral enrichment of the probe into the boundary 

between the gel- and fluid-like regions (Jutila and Kinnunen, 1997). The present time-

resolved data, measured for PyrPC in DPPC and DNPC, support this view. Just below 

Tem, a decline in Ie/Im was observed, and the values for Ie/Im returned close to the
 

ascending baseline. The slope of Ie/Im versus (T-Tem) for PyrPC in DMPC was, however, 

steeper above Tem compared to the slope below Tem, indicating that the thermally 

activated increase in the rate of lateral diffusion in the gel and fluid phases are not equal. 

 In the studied temperature range, the Ie/Im –ratio for PyrSM residing in DMPC
 

liposomes was significantly lower than that measured for PyrPC, and the transient peak in 

Ie/Im was absent (Fig. 15 A). This could reflect slower
 lateral diffusion of the former 

probe as well as interdigitation of the pyrene moiety of PyrSM into the adjacent bilayer 

leaflet (Somerharju et al., 1985; Hresko et al., 1987). 

 Because of the significantly higher Tem of PyrSM compared to PyrPC (~43 and 

~15°C, respectively), the effective length of PyrSM should exceed that of PyrPC in this 

temperature range, resulting in interdigitation and reduced Ie/Im –ratio (Somerharju
 et al., 
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Figure 15. (A) Ie/Im versus (T-Tem) for PyrPC ( ) 

and PyrSM ( ) residing in LUVs of DMPC at 

Xprobe of 0.01. (B) Ie/Im versus (T-Tem) for PyrPC (

) and PyrSM ( ) residing in DNPC LUVs at Xprobe 

= 0.01. 

 

 

 

 

 

 

 

1985; Hresko et al., 1987). This view is supported by the DSC data suggesting that 

DMPC acyl chain disordering by PyrPC is more pronounced than that of PyrSM (Study 

III, Table 1). 

The main transition of DMPC LUVs detected by PyrSM fluorescence was 

manifested by a decrease and a local minimum in Ie/Im (Fig 15). Unlike for PyrPC in 

DMPC, a steady increase in Ie/Im was observed both below and above the slope, and the 

dip with the minimum at ~Tem occurred on a slightly wider temperature
 range. 

Interestingly, the Chol content (XChol = 0.01-0.05) had a minor effect on the Ie/Im
 –values 

both below and above Tem (Study III, Fig. 2 A). This suggests that at XChol ≤ 0.05, Chol 

has an insignificant impact on the lateral diffusion of the pyrene-labeled probes in 

DMPC. 

Apart from T > Tem when the Ie/Im -ratios were approximately
 equal for both 

probes, the values for Ie/Im for PyrSM in DNPC were slightly lower than those observed 

for PyrPC (Fig. 15 B). Compared to DMPC, in DNPC the starting levels of the Ie/Im -
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ratios were approximately one order of magnitude greater. Although lateral diffusion of 

the probes could be higher in DNPC, it is possible that interdigitation and tilting of 

pyrene chains reduce the Ie/Im –values in DMPC. For the thicker DNPC bilayer, inclusion 

of Chol caused a pronounced and progressive decrease in Ie/Im for both probes below Tem 

(Study III, Fig. 2 B). Above Tem, no changes
 in Ie/Im for either probe were observed by 

increasing the Chol content. This is consistent with colocalization of Chol and the pyrene 

derivatives in gel phase clusters. 

 

 

5.2.5 FLUORESCENCE RESONANCE ENERGY TRANSFER 

 

For PyrPC in DMPC, the values for Ie/Im increased, and the transient peak at T* vanished 

when NBDchol (XNBDchol = 0.01) was included into the LUVs (Fig. 16 A). This aligns 

with monolayer and fluorescence studies suggesting that Chol reduces line tension in the 

interface (Weis and McConnell, 1985; McConnell, 1991; Hwang et al., 1995; Mouritsen 

et al., 1995) by localizing between the coexisting solid and fluid domains (Jutila and 

Kinnunen, 1997). It is likely that for PyrPC in DMPC LUVs, the increment in Ie/Im 

induced by NBDchol reflects a more efficient quenching of PyrPC monomer by this 

acceptor compared to PyrPC excimer. In contrast, for PyrSM in DMPC, NBDchol 

lowered the values for Ie/Im significantly throughout the temperature range. No increase 

in Ie/Im up to (T- Tem)
 ~1.5° was observed, where after the ratio increased almost linearly 

(Fig. 16 A). 

For PyrPC in DNPC matrix, the impact of NBDchol on the temperature 

dependency of Ie/Im
 was less prominent than that observed for PyrPC in DMPC. When T 

< Tem, the starting level of the Ie/Im -ratio was lower, and the values for Ie/Im declined, 

reflecting the gel-to-fluid melting processes (Fig. 16 C). The RET acceptor NBDchol had 

a minor effect on the Ie/Im -ratio measured for PyrSM in DNPC (Fig. 16 C).  

Colocalization parameter C for PyrPC and NBDchol in DMPC, revealed first 

dimished colocalization in the gel phase with increasing temperature up to a local 

minimum at (T-Tem) ~ -5°, followed by an increase and a local maximum at ~T* (Fig. 16 

B). Another local minimum occurred at ~Tem with a subsequent modest increase in C.  
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Figure 16. Values for Ie/Im versus (T-Tem) for DMPC LUVs incorporating PyrPC ( ) or PyrSM 

( ) (X = 0.01) together with NBDchol (X = 0.01) (A). Colocalization parameter C versus (T-Tem) 

defined for the PyrPC- ( ) or PyrSM- ( ) NBDchol RET-pair (B). Values for Ie/Im versus (T-Tem) 

for DNPC LUVs incorporating PyrPC ( ) or PyrSM ( ) (X = 0.01) together with NBDchol (X = 

0.01) (C). Colocalization parameter C versus (T-Tem) defined for the PyrPC- ( ) or PyrSM- ( ) 

NBDchol RET-pair residing in DNPC (D). 
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0.01

0.02

0.03

0.04

0.05

0.06 A

 

 

I
e
/I
m

-15 -10 -5 0 5 10
0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60 B

 

 

C

T-T
em

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C

 I
e
/I
m

 

-10 -5 0 5 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

D

 C

 

T-T
em



 61

minimum in C occurred at ~Tem, where after the values for C increased. This increment in 

C is in keeping with thermally induced increase in the rate of lateral diffusion. 

Interestingly, C for PyrPC and NBDchol in DNPC was higher than C for PyrSM 

and NBDchol, indicating a more effective colocalization of the former lipids within the 

studied temperature range (Fig. 16 D). For PyrPC and NBDchol RET-pair and upon 

approaching Tem, C increased modestly until a local maximum at (T–Tem) ~ -2° was 

reached. Then, a local mimimum occurred at ~Tem, and further increase in T had a minor 

effect on C (Fig. 16 D). 

For PyrSM and NBDchol in DNPC and at (T-Tem) < -5°, C remained nearly 

unchanged. Starting at (T-Tem) ~ -5°, a decrease in C was observed without a preceding 

transient peak. When T > Tem, the values for colocalization parameter fluctuated around a 

relatively steady horizontal baseline. 

 

 

5.2.6 COLLISIONAL QUENCHING OF PYRENE EXCIMER EMISSION 

 

Colocalization parameter C defined for PyrPC and diBrChol in DMPC, revealed 

progressively diminished close range colocalization with increasing temperature (Fig. 17 

A). At temperatures above the local minimum at Tem, C first increased steeply, and then at 

(T-Tem) ~ 1° a relatively steady level was reached.  

For PyrSM and diBrChol, C versus (T-Tem) displayed efficient close range 

colocalization throughout the temperature range with a slight increase in C below Tem 

(Fig. 17 A). At approximately Tem, a minor local minimum occurred, followed by modest
 

increment in C with further increase in T. 

For PyrPC and diBrChol in DNPC, the trend for the colocalization parameter was 

very similar to that defined for PyrPC and NBDchol in DNPC. Accordingly, PyrPC and 

diBrChol colocalized efficiently, especially at T < Tem (Fig. 17 B). At (T-Tem) ~ -2°, a 

steep decrease in C occurred with a minimum at ~Tem. Subsequent increase in 

temperature resulted in the fluctuation of the values for C with insignificant change in the 

overall colocalization.  
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For PyrSM and diBrChol in DNPC, the C versus (T-Tem) -trace displayed lower C 

–values compared to PyrPC and diBrChol (Fig. 17 B). The close range colocalization for 

the former composition increased modestly when (T-Tem) < -7°, where after a gradual 

decline up to Tem was observed. 

 

 

 

 

Figure 17. (A) Colocalization parameter C versus (T-Tem) defined for PyrPC- ( ) or PyrSM- ( ) 

5,6-dibromo-cholestan-3ß-ol collisional quencher pair in DMPC matrix. (B) Colocalization 

parameter C versus (T-Tem) defined for the PyrPC ( ) or PyrSM ( ) with 5,6-dibromo-cholestan-

3ß-ol collisional quencher pair residing in DNPC matrix. 
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6 .  DISCUSSION 

 

6.1 

EFFECTS OF HYDROPHOBIC MISMATCH 

 

6.1.1 MODEL OF THE MAIN TRANSITION 
 

The present, quasistatic transition data indicate that the main transition of PC liposomes 

is a sequence of transitions rather than a two-state process. Accordingly, the fluorescence 

spectroscopy data reveals a lack of “large-scale” coexistence of gel and fluid phases at 

temperatures above Tem of DPPC and DNPC LUVs. This finding is supported by the 

microscopy of DNPC GUVs. The results provide evidence for the occurence of an 

intermediate phase in the course of PC main transition. Interestingly, the temperature 

region of the putative intermediate phase coincides with that of anomalous swelling 

observed for saturated PC MLVs (Lemmich et al., 1995) and cooling scans of DMPC and 

DPPC GUVs (Bagatolli and Gratton, 1999). At present, structural changes associated to 

anomalous swelling are conroversial (Lemmich et al., 1995; Chen et al., 1997; Mason et 

al., 2001; Pabst, et al., 2003). Changes in the vesicle diameter in the transition region 

could involve pore formation to allow water transit (Bagatolli and Gratton, 1999). Further 

research on unilamellar vesicles with varying acyl chain lengths is required to elucidate 

the possible connection between the putative intermediate phase and the anomalous 

swelling behavior. 

The possibility that the methods used here are insensitive in detecting nanometer 

scale phase coexistence can not be unambiguously exluded (Kharakoz and Shlyapnikova, 

2000). In addition, PCs may display distinct Pβ′ phase periodicity patterns as a function of 

acyl chain length and thermal history (Cevc, 1991; Katsaras et al., 2000). Nonetheless, 

the present data do not support transition models that assume “large-scale” Pβ′-Lα phase 

coexistence for PC main phase transition at present scan rates and fluorescence time-

scales of the probes. Upon heating, the sequence of steps for PC main transition is  
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Figure 18. Schematic illustration of the DPPC membrane undergoing the main transition. The 

values for the mole fractions of DPPC in gel (blue) and fluid (green) states as well as in 

boundary (yellow) in the temperature range -10 < (T - Tm) < -4 should be considered as tentative 

only. The gradual changes in the colors correspond to phase changes, the intermediate phase 

being depicted by orange. 

 

concluded to involve a pretransition, followed by a first-order transition that subsequently 

transforms into a second-order transition with further increase in trans � gauche 

isomerization (Lβ′ � Pβ′ � intermediate � Lα) (Fig. 18 and 19). The degree of 

hydrophobic mismatch between the lipids would thus play an important role in 

determining the lipid mixing behavior and the transition order. 

The DSC data indicate that the scan rate has a minor effect on the value for Tem 

and the width of the enthalpy peak for DNPC liposomes. In contrast, the impact of the 

number of bilayers in the liposomes (MLV vs. LUV) and the direction of the thermal 

cycle on the width of the Cp -peak were pronounced for DNPC (Fig. 6 and 7). Pressure 

jump calorimetry data indicate that the relaxation times for extruded vesicles are in the 

order of ~3 s and up to 45 s for MLV (Grabitz et al., 2002). The phase transition of GUVs 

may be more co-operative and the Tem slightly higher than that measured for LUVs, as 

suggested by the DSC data for the different sized LUVs. This would be consistent with 

the electron spin resonance, DSC, and Fourier transform infrared data for PC bilayers 

with varying membrane curvatures (Marsh et al., 1977; Brumm et al., 1996). The values 

for Tem were lowered by increasing the convexity of the membrane by changing the 
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Figure 19. A two-dimensional scheme of PC main phase transition. Panel A shows Lβ′ phase with 

a single fluid-like lipid with disordered acyl chains. The emerging fluid-like lipids impose strain 

on the Lβ′ phase lattice due to their larger membrane area. As suggested by Heimburg (2000), the 

strain is relieved by packing of the lipids into line defects (Pβ′) (panel B). The lipids along the 

boundaries of the line defects are in intermediate phase. With further increase in temperature, 

rather than suddenly increasing their area (panel C), the fluid-like domains become dispersed 

into the expanding intermediate phase (panel D). The increasing fraction of the intermediate 

phase lipids (panel E) induces softening of the bilayer. Gradually, the fluid phase ensues, and in 

fluid matrix, only sporadic all-trans phospholipids occur due to density fluctuations (panel F). 

With further increase in temperature, the density fluctuations cease, and the fraction of all-trans 

lipids approaches zero. The illustration was kindly provided by J.-M. Alakoskela. 

 

 



 66

vesicle diameter from few micrometers to ~60 nm. In this context, Tem measured for the 

largest liposomes, i.e. MLVs, would best correspond to the thermal phase behavior of 

GUVs for which DSC measurements cannot be accomplished. On the other hand, MLVs 

are composed of stacks of bilayers and therefore are not likely to behave similarly to 

single bilayer GUVs. Instead of DSC, the techniques developed for measuring the 

micromechanical properties of GUVs could be useful in determining Tm for these vesicles 

(Needham and Evans, 1988). 

Many of the previous studies on PC membranes have assumed the Cp maximum 

to be identical to a transition point where the gel and fluid phases coexist at equilibrium 

(Albon and Sturtevant, 1978; Doniach, 1978; Freire and Biltonen, 1978; Evans and 

Kwok, 1982). The broadening of Cp vs. T -curve for PC main transition has been attributed 

to experimental limitations such as imperfect ordering of the lipid molecules in the bilayer, 

finite scan rates and calorimetric lags, and the presence of traces of impurities (Sturtevant, 

1984). The present data suggest that the broadening and the asymmetry of Cp vs. T –curve 

for PCs may, however, reflect inherent characteristics of the transitions involving a 

sequence of steps rather than a two-state process. As “large-scale” phase coexistence 

above Tem appears not to take place in nonequilibrium conditions, no such coexistence can 

be expected also in equilibrium (Tenchov et al., 1989).  

At present, there is no general theory for predicting lipid phase transition 

equilibrium or nonequilibrium kinetics nor the coupling of the domain formation to 

elastic deformations (Ayton et al., 2005). A number of theoretical models concerning the 

mechanism of phospholipid main phase transition have been proposed (Nagle, 1980; 

Caillé et al., 1980; Pink, 1982; Cevc and Marsh, 1987; Chen et al., 2001). The 

phenomenological models include variations of Landau theory that assume that the Gibbs 

free energy is a polynomial of a single order parameter (Priest, 1980; Jähnig, 1981; Chen 

et al., 2001). The mean field models allow for thermal density fluctuations around the 

mean of the field and may provide estimates of the bilayer lateral ordering (Mouritsen, 

1991). Monte Carlo simulations lack resolution but enable approximations of the lipid 

lateral organization in the course of the phase transition on a relatively long time-scale 

(Scott, 1996). In the near future, molecular dynamics method may allow accurate 

modeling of the lipid transition dynamics (Tu et al., 1995; Pastor and Feller, 1996). At 
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present, the problem with molecular dynamics simulations is insufficient computing 

capacity; the time-scale of lateral diffusion continues to be inaccessible to this method. 

 

 

6.1.2 CHOLESTEROL INTERACTION OF BIOMEMBRANES 

 

The impact of hydrophobic mismatch on the lateral organization of pyrene-labeled SM 

and PC derivatives in DMPC and DNPC liposomes comprising Chol analog NBDchol or 

diBrChol (X = 0.01) was studied. If Chol would interact preferentially with either PyrPC 

or PyrSM, this should cause a more pronounced decrease in the Ie/Im –ratio for the probe 

preferred by Chol and a concomitant increase in the colocalization parameter. The 

colocalization data indicate an overall trend for the probes to enrich into the domain 

interface in the two-phase region at temperatures below Tem (Jutila and Kinnunen, 1997).  

Importantly, in DMPC LUVs, Chol derivatives preferred close range 

colocalization with PyrSM, whereas in DNPC LUVs they interacted mainly with PyrPC. 

Cholesterol thus appears to colocalize more effectively with the lipid for which the 

hydrophobic mismatch with the matrix lipid is greater. This organization is likely to 

reduce line tension between the lipid species, as suggested by Monte Carlo simulations 

(Mouritsen and Jørgensen, 1995). The data indicate that at time frames of the applied 

fluorescent probes, rather than hydrogen bonding, the mechanism and the driving force 

for the cosegregation of the lipids is hydrophobic mismatch. 

In cellular membranes, the higher proportion of saturated fatty acyl chains in SM 

compared to other phospholipids is likely to play an important role in Chol-phospholipid 

interactions (McIntosh et al., 1992; Li et al., 2000). Assuming that dynamic SM-Chol 

rafts do occur in vivo, optimized lipid packing between the cytoplasmic and exoplasmic 

bilayer leaflets could involve Chol-mediated acyl chain interdigitation, as Chol is present 

in both leaflets. 

In a recent study, interaction energies for raft formation were estimated based on 

line tension between rafts and the surrounding lipids as a function of hydrophobic 

mismatch and spontaneous membrane curvature (Kuzmin et al., 2005). The energy 

barrier leading to raft formation and stabilization against merger depended on the elastic 
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moduli of the rafts and the surrounding membrane. Line tension increased with 

increasing hydrophobic mismatch and decreased by differences in spontaneous 

membrane curvature. The occurrence of rafts in biomembranes may thus depend on other 

membrane lipids than Chol and SM (Kuzmin et al., 2005), in keeping with the present 

data. 

The bulky pyrene moiety could distort the characteristics of PyrPC and PyrSM 

phospholipid analogs compared to the natural lipids. Molecular dynamics simulations 

reveal that in DMPC bilayers, Chol increases acyl chain order for the carbon atoms 1-7 

and decreases the values for the order parameter for carbon atoms >7 (Rog and 

Pasenkiewicz-Gierula, 2001). This suggests that the pyrene moiety, residing at the end of 

a 10-carbon atom spacer in both PyrPC and PyrSM, would not significantly alter the 

interactions between the planar sterol ring and the phospholipid acyl chain segments. 

Furthermore, the perturbation induced by pyrene can be expected to be equal for both 

lipids. 

Hydrophobic mismatch was shown to influence the lateral distribution of PyrPC in 

fluid liposomal membranes composed of PCs with homologous monounsaturated acyl 

chains of varying lengths (Lehtonen et al., 1996). Partial segregation of PyrPC occurred 

when the number of carbon atoms in the acyl chains (N) of the matrix lipid was other than 

20. The enrichment was more pronounced when N < 20 (Lehtonen et al., 1996). 

Accordingly, for PyrPC in DNPC, the lateral distribution is more heterogenous than that for 

PyrPC in DPPC. 

Colocalization of SM and Chol due to hydrogen bonding was suggested based on 

1) the occurence of detergent-resistent SM-Chol membrane fragments (Simons and 

Ikonen, 1997), 2) increased desorption of Chol by cyclodextrin from DPPC monolayer 

compared to N-palmitoyl-SM (Ohvo and Slotte, 1996), 3) condensation of SM 

monolayers by Chol (Demel et al., 1977; Ramstedt and Slotte, 1999; Radhakrishnan et 

al., 2000; 2001; Li et al., 2001), and 4) slower oxidation rate of Chol in SM bilayers 

compared to PC membranes when exposed to oxidase (Slotte, 1992; Mattjus and Slotte, 

1996). On the other hand, condensation was reported also for Chol in PC (Smaby et al., 

1994; 1997) and ceramide matrixes (Holopainen et al., 2001), as well as for SM 
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membranes for which the amide-linked acyl chain of SM at C-2 was replaced by an ester-

linked acyl chain (Bittman et al., 1994).  

In addition to hydrophobic mismatch, differences in the results for Chol 

containing SM and PC membranes may be due to changes in the hydration of the bilayers 

(Israelachvili et al., 1980; Lehtonen and Kinnunen, 1995; Huang and Feigenson, 1999; 

Huang, 2002). Accordingly, the additional NH- and OH-groups of SM at the interfacial 

region and the hydroxyl group of Chol may hydrogen bond to water. Furthermore, 

intramolecular hydrogen bonding between NH- and OH-groups and phosphoryl oxygens 

may occur in SM (Hyvönen and Kovanen, 2003). Insertion of Chol into the bilayer could 

thus perturb the interfacial organization of water molecules, resulting in slightly different 

changes in the orientations of the interfacial dipoles around PC and SM (Guo et al., 

2002). As suggested by molecular dynamics simulations (Hyvönen and Kovanen, 2003), 

this could cause local ordering of the acyl chains and contribute to the lateral enrichment 

of Chol and SM in membranes for which the acyl chain lengths of SM and PC are 

matched.  

 

 

6.1.3 BIOLOGICAL SIGNIFICANCE 
  

Biological membranes are complex and well-organized multimolecular assemblies 

composed of a wide variety of protein and lipid species. Protein diversity is perceived to 

reflect the large number of cellular functions taking place in biomembranes. At present, 

the functional significance of the great structural diversity that lipids display is poorly 

understood. In physiological conditions, lipid bilayers exist mainly in fluid state close to 

their freezing point (Cook and McMaster, 2002). Propagation of action potential and 

synaptic exocytosis of neurotransmitters in neurons are, however, known to involve lipid 

phase transition (Träuble and Eibl, 1974; Kharakoz, 2001). Although phase transitions 

may not be directly relevant to the function of all cellular membranes, the ability to sense 

and maintain the phase state of the lipid bilayer most likely is (Morein et al., 1996). 

Accordingly, lipid phase behavior and the dynamic formation of membrane domains are 

closely connected (Mouristen and Jørgensen, 1994). Variations in bilayer composition 
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alter the structural properties of the membrane such as thickness, acyl chain order, and 

bending elasticity, inducing changes in the lateral pressure profile of the membrane. The 

latter influences the assembly and function of the membrane proteins (Mouritsen and 

Bloom, 1984; Simons and Ikonen, 1997; Cantor, 1997a; b; 1999; Gullingsrud and 

Schulten, 2004).  

The concept and implications of hydrophobic mismatch thus provide means to 

understand dynamic lipid microdomain formation in fluid, liquid crystalline bilayers. 

Hydrophobic mismatch dependent protein and lipid sorting, intergal membrane protein 

folding and allosteric modulation could help to explain the complex protein-lipid 

interplay in biomembranes (Dumas et al., 1999). Finally, more research is required in 

order to integrate the self-organizing dynamics of lipid phase behavior, domain 

formation, and membrane trafficking into a membrane model that takes into account not 

only the embedded proteins, but also changes in the bilayer morphology and membrane-

cytoskeleton interactions (Edidin, 2003). Further research is also necessary to elucidate 

the association and significance of the present findings in the emerging science of nano- 

and microtechnology and in the clinical perpective, involving pathogenesis and treatment 

of diseases.  
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