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‘All we have to decide is what to do with the time that is given us.’ 
 

-J. R. R. Tolkien (1966) The Fellowship of the Ring- 
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ABSTRACT 

 

Mammalian cell membranes consist of a vast variety of glycerophospholipids, sphingolipids and 

cholesterol. The cell membranes have been commonly considered to be fluid, homogenous 

bilayers. Recently, however, it has been proposed that lipids in some cellular membranes are not 

randomly distributed, but instead show local heterogeneity due to segregated microdomains. 

The microdomains have been named ‘rafts’ and they are thought to form an ordered phase rich 

in sphingolipids, saturated phospholipids and cholesterol, as well as certain proteins.  Rafts have 

been associated with many important biological processes, such as protein and lipid sorting, 

signal transduction, endocytosis and cell migration. Despite the highly active research, however, 

the presence and properties of rafts in cellular membranes remain to be unambiguously 

demonstrated.  

 

To study the lipid composition and properties of membrane domains, highly sensitive analytical 

tools are needed. Electrospray ionisation mass spectrometry (ESI-MS) is a very sensitive and 

specific method for quantitative determination of lipid compositions. Another useful method to 

study membrane domains is to use fluorescent lipid analogues with properties similar to 

endogenous lipids of cells, which provide a means to study domains and lipid trafficking in 

living cells. In this thesis, these two analytical methods were developed further, and used on 

mammalian cells to study the composition and properties of membrane domains.  

 

First of all, several factors affecting quantitative analysis of phopholipid compositions by ESI-

MS were examined. Phospholipid acyl chain length and unsaturation, polar headgroup and total 

lipid composition were found to have a marked effect on the instrument response. By including 

several internal standards for each lipid class, these factors could be reliably corrected for and 

quantitative data on cellular phospholipid composition were obtained. ESI-MS was used to 

analyse lipid composition of viruses budded from ordered and disordered plasma membrane 

domains of human fibroblasts. The ordered plasma membrane domains (‘rafts’) were enriched 

in glycosphingolipids in comparison with the disordered domains (‘non-rafts’). The influence of 

chronic and acute cholesterol loading on phospholipid composition of the plasma membrane 

domains as well as of whole cells was also studied. Cholesterol loading increased the content of 
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polyunsaturated acyl species in phospholipids of both the plasma membrane and whole cells, 

which may reflect a regulatory mechanism to maintain an appropriate level of membrane 

fluidity against the membrane stiffening effect of cholesterol.  

 

Second, we characterised how different fluorescent, pyrene-labeled phospho- and sphingolipids 

partition between ordered and disordered domains in model bilayers. The partitioning was 

strongly affected by the length of the labeled acyl chain; the long-chain analogues favored the 

ordered phase, whereas the short-chain analogues partitioned preferably into the disordered 

phase. The information on how pyrene-labeled lipids partition between domains in a model 

system allows their use in studying domain organisation in living cells. For this purpose, 

pyrene-labeled sphingomyelins with different acyl chain lengths were introduced into human 

fibroblasts with the aid of γ-cyclodextrin. The domain partitioning of the pyrene lipids in cells 

was assessed by their detergent insolubility and found to be similar to the partitioning in model 

membranes. The cellular distribution was studied with fluorescence microscopy. Since pyrene-

labeled lipids with different domain-partitioning preferences can be introduced into cells, these 

analogues are useful tools in studying domain properties and lipid trafficking in cells.  
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INTRODUCTION  

 

The lipids in the membranes of mammalian cells consist of glycerophospholipids, sphingolipids 

and cholesterol. The most abundant lipids are unsaturated glycerophospholipids which form a 

fluid phase, termed as liquid-disordered (ld) or liquid-crystalline (lc) phase [1]. The organisation 

of cellular lipids into membranes has commonly been based on the fluid-mosaic model 

according to which the lipids form a homogeneous matrix [2]. Recently, however, a different 

view of cellular membranes has emerged as it has been proposed that cellular lipids can 

segregate into microdomains that have often been named rafts [3-6]. Much of the data on rafts 

have been derived from biochemical studies of detergent-resistant membranes (DRMs) that can 

be isolated from cell lysates by non-ionic detergents at 4 °C [3, 7]. It is believed that rafts 

consist of cholesterol and lipids with saturated acyl chains, such as sphingolipids. These lipids 

can form a phase known as liquid-ordered (lo) phase which separates from ld phase due to its 

more ordered character [8, 9]. The presence of lo phase has been suggested to contribute to the 

detergent-insolubility of rafts [4, 10-12].  Enrichment of certain proteins in rafts has been 

reported, these proteins include glycosylphosphatidylinositol (GPI)-anchored proteins, doubly 

acylated proteins and some transmembrane proteins [3, 4, 7, 10, 13-18]. Nevertheless, 

conclusive evidence for the existence of rafts in cellular membranes is still lacking. 

 

Rafts have been suggested to have many important functions in cells. They can mediate lipid 

and protein sorting in the Golgi membranes [3, 19] and also in endosomes [20-22]. Endosomal 

raft lipid and protein sorting is defective in certain lysosomal storage disorders, such as 

Niemann-Pick C (NPC) disease, in which cholesterol and sphingolipids accumulate in late 

endosomes/lysosomes [21, 23]. Another essential role of rafts in cells may be formation of 

platforms for signaling events, as they confine proteins involved in a signal transduction event 

into the same microdomain [3, 4, 24]. Raft-mediated signal transduction could play a role, for 

instance, in hematopoietic cells during immune response [4, 25], in mediation of apoptotic 

signals [26] and in infection of cells by bacteria, viruses and parasites [27-29]. In addition, rafts 

can serve as docking sites for certain pathogens and toxins [27-29], and they may be involved in 

cell migration in response to chemoattractants [30]. 
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Maintenance of a proper level of fluidity inside as well as outside rafts is important for 

membranes because fluidity determines the physicochemical properties of the membrane. 

Membrane fluidity is determined mainly by the degree of phospholipid acyl chain unsaturation 

and the level of cholesterol [31, 32]. An increase in the degree of phospholipid acyl chain 

unsaturation increases membrane fluidity [33]. In contrast, an increase in cholesterol content 

increases the order of phospholipids in the fluid, ld phase, therefore decreasing the fluidity of 

membranes [8, 31, 32, 34, 35]. As a result, a physiological cholesterol/phospholipid ratio is 

important for cells to maintain proper membrane fluidity [31, 32]. For this purpose, normal 

mammalian cells tightly regulate cholesterol synthesis and uptake [36] and synthesis of 

unsaturated fatty acids [37]. Synthesis of unsaturated fatty acids is highly regulated at the level 

of ∆9 desaturase (stearoyl-CoA desaturase, SCD), which is the rate-limiting enzyme in the 

synthesis of monounsaturated fatty acids and whose preferred reaction is formation of 

oleoyl(18:1)-CoA from stearoyl (18:0)-CoA [37].  

 

To study the lipid composition of membranes and membrane domains, sensitive analytical 

methods are required. Traditionally, lipid compositions have been determined by thin layer 

chromatography (TLC) and high performance liquid chromatography (HPLC) [38] for which 

rather large amounts of sample material are required. Several chromatographic and enzymatic 

steps are also often required, which makes analyses complicated. Electrospray ionisation mass 

spectrometry (ESI-MS) offers a highly sensitive and specific tool to quantitatively determine the 

total lipid composition of small amounts of membrane samples. ESI is a ‘soft’ ionisation 

method, which has been successfully applied to quantify hundreds of chemically distinct lipids 

in cells and cellular membranes [39-42]. 

 

Widely used techniques to study domain properties in model membranes and domain-based 

lipid trafficking within living cells are fluorescence spectroscopy and microscopy. For this 

purpose, fluorescent lipid analogues are essential. To date, most experimental evidence of lipid 

sorting based on differential partitioning into ordered domains in cells has largely been derived 

from studies examining trafficking of lipid analogues with a polar fluorophore attached to a 

short acyl chain [43]. However, due to the polarity of the fluorescent moiety, the properties of 

these analogues may not reflect the properties of natural lipids [44-46]. Therefore, fluorescent 
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analogues more appropriately mimicking endogenous lipids should be employed to obtain 

relevant information on lipid domains.  

 

The aim of this thesis was to further develop the aforementioned analytical tools, and to 

implement them to study the composition and properties of lipid domains in model membranes 

and in cells.  
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REVIEW OF THE LITERATURE 

 

1. ORGANISATION OF LIPIDS IN CELLULAR MEMBRANES  

 

1.1 Membrane lipids and their distribution between different organelles 

 

Mammalian membranes contain an enormous variety of different glycerophospholipid and 

sphingolipid species. The glycerophospholipids are characterised on the basis of their polar 

headgroup, the most abundant one is phosphatidylcholine (PC). Other major classes are 

phosphatidylethanolamine (PE), phosphatisylserine (PS), phosphatidylinositol (PI), phosphatidic 

acid (PA) and phosphatidylglyceol (PG). In glycerophospholipids the fatty acid in sn-1 position 

of the glycerol backbone is usually saturated, whereas the fatty acid in sn-2 position is 

unsaturated. The backbone in sphingolipids is the sphingoid base, which in mammals usually is 

4-trans-sphingenine or ‘sphingosine’ [47]. The sphingosine is N-acylated with a long-chain, 

most often saturated, acyl chain to form a ceramide. Sphingolipids are often divided into 

phosphosphingolipids and glycosphingolipids based on their headgroup. In mammals the 

phosphosphingolipid is sphingomyelin (SM), which contains a phosphocholine head-group like 

PC. Glycosphingolipids are classified according to the structure of the carbohydrate head-group. 

Neutral glycosphingolipids contain uncharged sugars giving rise to e.g. galactosylceramide 

(GalCer), glucosylceramide (GlcCer) and lactosylceramide (LacCer). Acidic glycosphingolipids 

contain ionised functional groups such as sulfate in sulphatide, or charged sugars such as sialic 

acid (N-acetyl neuramic acid) in gangliosides.  

 

Many lipids are heterogeneously distributed among membranes surrounding cellular organelles. 

The plasma membrane is enriched in unesterified cholesterol [48, 49]. Depending on the cell 

type and the assay method used, plasma membrane has been reported to contain up to ~60-90% 

of the total cellular cholesterol [50-52]. SM is also highly enriched in plasma membrane [50, 52, 

53]. In addition to cholesterol and SM, the majority of cellular glycosphingolipids [54, 55], and 

PS [49, 52] also reside in plasma membrane. Polarised cells, such as epithelial cells, have two 

distinct plasma membrane domains, apical and basolateral domains, which are separated by tight 
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junctions. Apical domains are rich in (glyco)sphingolipids and basolateral domains in PC in 

Madin-Darby canine kidney (MDCK) cells [56, 57]. 

 

The endoplasmic reticulum (ER), the site of cholesterol synthesis, has a very low cholesterol 

and sphingolipid content [49, 54]. The cholesterol and sphingolipid contents of the Golgi 

compartment, on the other hand, are intermediate between those of the plasma membrane and 

the ER [54, 55]. Also when Chinese hamster ovary (CHO) cells were labeled with a fluorescent 

cholesterol analog, dehydroergosterol (DHE), this cholesterol analogue became enriched in the 

trans-Golgi network (TGN) [58]. Thus, there seems to be an increasing concentration of 

cholesterol and sphingolipids along the secretory pathway from ER to plasma membrane [59]. 

This increasing concentration may be achieved by excluding cholesterol and sphingolipids from 

vesicles transporting components from the Golgi to the ER [60]. 

 

Endosomal compartments have been found to contain cholesterol and SM concentrations similar 

to those of plasma membrane [61]. In particular, recycling endosomes in the polarised MDCK 

cells were enriched in cholesterol, SM and PS [62]. Also DHE was reported to localise 

significantly to recycling endosomes in CHO cells [58, 63]. In contrast, late endosomes were 

shown to be depleted in SM, PS and cholesterol [64, 65].  

 

Cells obtain different lipids either by endocytosis from outside of the cell or by de novo 

synthesis. Synthesis of phospholipids and cholesterol takes place in ER. Sphingolipid synthesis 

starts in ER with assembly of ceramide and continues in Golgi by synthesis of GlcCer, the 

precursor of higher sphingolipids, and by synthesis of SM [47, 55]. Since cell organelles have 

specific lipid compositions, selective tranport of the endocytosed and synthesised lipids are 

needed between different compartments. Lipid transport between cellular membranes can occur 

by a) spontaneous diffusion between cytosolic leaflets of cellular membranes, b) lipid transfer 

proteins, c) lateral diffusion via membrane (hemi)fusion sites or d) vesicular transport [66]. The 

major routes of vesicular transport are those of endocytosis and exocytosis. At each vesicle 

budding event specific membrane components must be included or excluded from the budding 

vesicle to direct compounds to their appropriate destination. This process is called membrane 

sorting.  
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1.2 Transbilayer asymmetry 

 

In addition to the enrichment of certain lipids, transbilayer lipid asymmetry is another important 

feature of various cellular membranes. For instance, PS, PE and possibly PI as well are 

predominantly located in the inner leaflet, while PC, SM and glycosphingolipids are enriched in 

the outer leaflet of the plasma membrane [67-69]. Transbilayer distribution of cholesterol is still 

controversial. Because cholesterol has been proposed to preferentially associate with SM 

compared to other phospholipids [70], one would expect that it prefers the outer leaflet of 

plasma membrane [71]. However, not all studies show a specific affinity between SM and 

cholesterol [72-74], and there is experimental evidence also suggesting that cholesterol can be 

predominantly found in the inner leaflet [75].  

 

There are various ways how lipids can attain the asymmetric distribution of the plasma 

membrane. For complex glycosphingolipids, the outer leaflet localisation is in line with the fact 

that they are synthesised on the lumenal side of the Golgi membrane, the topological equivalent 

of the extracellular leaflet of the plasma membrane [55, 71]. To facilitate translocation (i.e. flip-

flop) of polar lipids across membranes specific transport proteins exist in cells. Flippases are 

proteins, which mediate ATP-independent, bi-directional transbilayer movement of lipids but 

are incapable of accumulating lipids in one leaflet [76]. For instance, GlcCer, the precursor of 

more complex glycosphingolipids, is synthesised on the cytosolic surface of early Golgi. 

Therefore, for the synthesis of higher glycosphingolipids, GlcCer has to be moved across the 

Golgi membrane to the lumenal side [77] possibly by a GlcCer flippase [76]. Translocases, on 

the other hand, facilitate ATP-dependent unidirectional movement of lipids against a 

concentration gradient in a membrane [76]. Aminophospholipid translocase in plasma 

membrane selectively translocates PE and PS inward from the exoplasmic leaflet to the 

cytoplasmic leaflet [69, 71]. An aminophospholipid translocase has been localised also to Golgi, 

raising the possibility that the lipid asymmetry may be established already in the Golgi [78]. 

There are also translocases which can move lipids from the cytoplasmic leaflet to the 

exoplasmic leaflet of the plasma membrane, such as some members of the ATP-binding cassette 

(ABC) transporter family. For instance, it was shown that multidrug resistance (MDR) 3 P-
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glycoprotein specifically mediates transport of short-chain PC analogues from the cytoplasmic 

to the exoplasmic side, whereas MDR 1 P-glycoprotein transported a variety of lipid analogues 

[79, 80]. 

 

Lipids can also spontaneously translocate across a bilayer. In this process the lipid has to 

traverse the hydrophobic bilayer interior, therefore, neutral lipids like cholesterol, ceramide and 

diacylglycerol translocate rapidly, whereas spontaneous transbilayer movement is slow for 

lipids with a large or charged head-group, such as glycosphingolipids and phospholipids [69, 

71].  

1.3 Lateral distribution 

 

1.3.1 The raft model 

 

According to the classical fluid-mosaic model of cellular membranes by Singer and Nicolson, 

phospholipids and proteins are randomly distributed in a membrane and membranes exist in ld 

phase [2].  However, a concept of lateral heterogeneity of lipids in biological membranes was 

presented early on [81-84]. The best understood example of lateral heterogeneity is phase 

separation into gel and ld phases. Each lipid has its characteristic gel-to-fluid main phase 

transition temperature (Tm) defined for one-component systems. Below Tm, the lipid bilayer is in 

gel, or solid-ordered (so) phase, characterised by highly ordered acyl chains and translational 

order in the bilayer plane (Fig. 1A). Above Tm, the bilayer is in the fluid, ld phase with acyl 

chains disordered and loosely packed (Fig. 1A). Unsaturated glycerophospholipids generally 

have a very low Tm, whereas sphingolipids and other commonly saturated lipids tend to have a 

high Tm [1, 12, 33, 82]. If two lipids with different Tm are mixed in a model membrane and kept 

at a temperature between the Tm of the two lipids, this binary mixture separates into gel and 

fluid phases [84-91].  

 

Since eukaryotic plasma membranes are mixtures of low-Tm glycerophospholipids and high-Tm 

sphingolipids, it was thought that plasma membrane could be composed of co-existing gel-state 

sphingolipid domains and fluid-state phospholipid domains [83, 84]. However, gel-state lipids 

are not usually found in cell membranes [12, 92]. In addition, the presence of cholesterol in 
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cellular membranes argued against the presence of lipid domains, because cholesterol tends to 

eliminate the transition of saturated PC species from gel to ld phase [93-95] (see section 2.2). 

Subsequent studies indicated, however, that in cholesterol-containing bilayers lipids can exist in 

lo phase [8, 34, 35, 96] (Fig. 1A), a phase other than gel or ld phase, which made the idea of 

domain segregation more relevant. 

 

Most data on domain formation in cellular membranes derives from the findings that a part of 

cellular membranes is insoluble in non-ionic detergents such as Triton X-100 at +4 °C [3, 7, 91]. 

Such detergent resistant membranes (DRMs) were first suggested to represent sphingolipid 

clusters present in erythrocyte membranes before the detergent treatment [97]. In addition to 

sphingolipids, cholesterol was also shown to be enriched in DRMs [7]. Subsequently, DRMs 

have been isolated from various mammalian cells [4]. A functional role for membrane domains 

was proposed by Simons and van Meer, who argued that sphingolipid-rich domains in Golgi are 

involved in sorting of lipids and proteins to the apical plasma membrane domains of polarised 

cells [57]. Subsequently, these Golgi membrane domains were shown to associate with DRMs 

[7, 17].  

 

Simons and Ikonen reintroduced the concept of lateral heterogeneity in cellular membranes by 

presenting ‘the raft model’ of biological membranes [3]. According to this model, sphingolipids 

and cholesterol segregate in the cellular membranes to form microdomains termed rafts, which 

are detergent-insoluble. According to the model, rafts are formed by lateral association of 

sphingolipids in the exoplasmic leaflet, and voids between sphingolipid molecules are filled by 

cholesterol molecules (Fig. 1B). Various studies proposing that SM may specifically interact 

with cholesterol support this view [70, 98]. In addition, recent computer simulation studies show 

intramolecular hydrogen bonding and an increased ordering of hydrocarbon chains in SM 

molecules [99, 100], which may also contribute to phase separation of sphingolipids from the 

more fluid phospholipids in membranes. Even though the nature of phospholipids in the 

cytoplasmic leaflet is largely unknown, the two leaflets in membrane domains probably interact 

with each other (see section 4.1). The current view is that rafts are dynamic and unstable 

structures with estimated sizes from a few molecules to hundreds of nanometers, and they have 

the ability to form larger patches under certain conditions [3, 5, 24, 101]. Rafts have been 
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reported to be enriched in GPI-anchored proteins in the exoplasmic leaflet [7, 10, 13], acylated 

tyrosine kinases in the cytosolic leaflet [4, 14-16], as well as some transmembrane proteins [3, 

4, 17, 18]. Nevertheless, the presence of rafts in cellular membranes has not yet been 

unambiguously demonstrated.  

 

1.3.2 The superlattice model (regular distribution model) 

 

It has been proposed that different lipid classes could adopt regular (superlattice-like) rather 

than random distributions in mixed lipid bilayers [102, 103]. Based on this superlattice model 

there are only a limited number of allowed, ‘critical’ concentrations for each component. 

Superlattices have many interesting features. First, they are thought to form because they 

represent the energetically most favourable packing of the membrane components. Second, 

superlattices do not cover the whole membrane area at any time but are in equilibrium with 

randomly arranged domains as well as superlattices with a different composition. Third, despite 

a high degree of local order, superlattices have no long-range order.  

 

There is significant experimental evidence for superlattices in model membranes. Studies on 

fluorescent, pyrene-labeled lipids in model membranes have shown that the ratio of excimer to 

monomer fluorescence intensities that is proportional to the pyrene lipid collisional frequency, 

does not increase smoothly with pyrene lipid mole fraction, but kinks or dips were observed at 

particular pyrene lipid mole fractions coinciding with critical mole fractions predicted by the 

superlattice model [104, 105]. Also sterols in phospholipid bilayers seem to adopt regular 

distributions. Evidence for this was first shown for a fluorescent sterol analogue, 

dehydroergosterol [106] and later for cholesterol in cholesterol/PC bilayers [107, 108]. In 

addition, complementary shapes of lipids may drive superlattice formation, for instance in 

PE/PC bilayers where PE causes ‘packing frustration’ in the presence of PC (larger headgroup 

than PE) [109].  

 

An intriguing implication of the superlattice model is that the ‘critical’ compositions may play a 

role in regulating the lipid compositions of natural membranes [102, 103]. This possibility is 

based on the finding that the phospholipid composition of mammalian red cells agrees closely 
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with the ‘critical’ compositions of the superlattice model [110]. Interestingly, superlattice 

formation could also drive the segregation of the cellular organelles, e.g. between the ER and 

the Golgi membranes. In this case the boundary between these two organelles could be formed 

by different cholesterol superlattices [102]. Notably, the superlattice model and the raft model 

are not mutually exclusive. For instance, the lipid composition of rafts could be determined by 

the superlattice principle [102, 103]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A) Different phases that can exist in a bilayer. (B) A model of a cellular 
membrane containing sphingolipid/cholesterol-rich lo microdomains. 
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2. DOMAIN FORMATION IN MODEL MEMBRANES 

 

2.1 Segregation into gel (so) and liquid-disordered (ld) phases 

 

Separation of lipids into gel (=solid-ordered, so) and fluid (ld) phases has been observed in one-

component bilayers in the temperature region of the main phase transition of saturated PC 

species [87]. In binary mixtures of PC, species with different acyl chain lengths or different 

degrees of unsaturation separate into co-existing gel and ld phases at temperatures between the 

Tm of the two lipids [12, 84-90]. In addition, binary systems consisting of a high-Tm lipid (either 

PC or SM) and a spin-labeled PC species also show phase separation because spin-labeled PC 

species contain a bulky nitroxide-bearing doxyl group in their acyl chain, and therefore, they 

have a low Tm similarly to unsaturated PC species [111-113]. Spin-labeled lipids quench 

fluorophors which enables their use in studying domain partitioning of different fluorescently 

labeled lipids [113-115]. 

 

Different lipid classes also show non-ideal mixing. Binary bilayers consisting of a high-Tm SM 

and a low-Tm PC have been shown to segregate into gel and ld phases [116, 117]. Also certain 

glycosphingolipids form lateral clusters in PC bilayers [84, 118-121]. These observations led to 

a concept that plasma membrane may be composed of co-existing gel-like sphingolipid domains 

and fluid phospholipid domains [84]. Phospholipids with different polar headgroups can also 

segregate into gel and ld phases [86, 88].  

 

2.2 Segregation in bilayers containing cholesterol 

 

Cholesterol changes dramatically the phase behaviour of lipids. In binary mixtures of 

cholesterol and saturated PC species, cholesterol can suppress the ability of saturated PC species 

to separate into distinct gel and ld phases [93-95, 122]. This effect of cholesterol is based on its 

ability to control the fluidity of phospholipid acyl chains by decreasing the acyl chain order in 

gel phase and increasing the order in ld phase [8, 34, 35, 93, 123]. Recent computer simulation 

studies have provided further evidence indicating that cholesterol increases the order of 

saturated phospholipid acyl chains in ld phase [124, 125]. At the same time, cholesterol can also 
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induce phase segregation that is different from gel/ld phase separation. Binary mixtures 

consisting of a saturated PC species (or SM) and a defined amount of cholesterol contain the 

cholesterol-rich lo phase that has characteristics between so and ld phases [8, 34, 35, 96, 99, 123] 

(Fig. 2).   

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 2. A schematic phase diagram of a binary mixture of a saturated PC /SM and 
cholesterol as adapted  from [8, 34, 35, 96, 99, 123].  
 

Separation into lo and ld phases occurs also in ternary mixtures containing a high-Tm lipid (a 

saturated PC or a sphingolipid), a low-Tm lipid and cholesterol [9, 113, 126-131]. In the  ternary 

bilayers the effect of cholesterol depends on its concentration as very high concentrations 

(>50%) may suppress lo-ld phase separation instead of promoting it [126]. If the ternary bilayer 

contains a large amount of sphingolipids, cholesterol may suppress domain formation even at 

lower concentrations [132].  

 

Certain lipids have a higher affinity for cholesterol-rich lo phase than others. Phospholipids with 

saturated and long acyl chains partition into lo phase and interact preferentially with cholesterol, 

whereas unsaturated and short-chain phospholipids prefer the ld phase [114, 115, 133-137]. In 

addition, the affinity of a saturated PC with cholesterol is maximal when their hydrophobic 

lengths are approximately equal [138-140]. Phospholipid headgroup also affects the strength of 

interaction with cholesterol, the affinity appears to decrease in the order: SM > PC > PS > PE 
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[98]. Importantly, sphingolipids with a variety of headgroup structures have been shown to be 

enriched in lo phase compared to other lipids [115, 134]. Sphingomyelin, in particular, may 

associate tightly with cholesterol as has been proposed in various studies [70, 98]. This 

interaction has been attributed to van der Waals interactions [141, 142], or hydrogen bonding 

between the amide group of SM and the hydroxyl group of cholesterol [8, 143, 144]. On the 

other hand, there are also reports suggesting the opposite, i.e. that no specific association occurs 

between cholesterol and SM [72-74]. 

 

Taken together, the presence of cholesterol in membranes induces lateral separation of 

immiscible cholesterol-rich and cholesterol-poor domains, which may be a driving force in the 

formation of rafts in cellular membranes.  

 

3. DETERGENT-RESISTANT MEMBRANES (DRMs) 

 

3.1 Lipid composition of DRMs 

 

As pointed at above, DRMs are membrane fragments insoluble in cold, non-ionic detergents and 

their isolation is the most commonly used biochemical method to study domain formation in 

cellular membranes [3, 7, 91]. DRMs isolated from MDCK cells are enriched in cholesterol, SM 

and glycosphingolipids, i.e. lipids forming lo phase, relative to the whole cell lipids [7, 145]. 

Enrichment of sphingolipids and cholesterol has also been shown for DRMs isolated from other 

cell types, such as erythrocytes [97], mast cells [146], human epidermal carcinoma cells [147] 

and Jurkat cells [145]. DRMs have been shown to be depleted in phospholipids, such as PE, PC 

and anionic phospholipids compared to the whole cell lipids [7, 145, 147].  

 

In some cases, not all of the above mentioned lipids are necessary for DRM formation. 

Cholesterol may not be necessary for DRM formation in cell types that are rich in 

glycosphingolipids and SM, such as epithelial renal and intestinal brush border cells, because 

they form DRMs even upon cholesterol depletion [132, 148]. In fact, in these cells DRMs 

isolated both at +4 ºC and at +37 oC had essentially the same protein and lipid compositions 

[149] implying that sphingolipids may enhance DRM formation. Glycosphingolipids are 
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probably not indispensable for DRM formation and can be substituted by other lipids because it 

was shown that a mutant cell line deficient in glycosphingolipid synthesis had the same amount 

of DRMs as controls [150]. In fact, it has been suggested that glycosphingolipids may even 

increase the detergent solubility of model bilayers containing also SM and cholesterol, and that 

SM and cholesterol can be important factors contributing to detergent insolubility [151]. 

However, there are also contrary results, as by using a monolayer technique Nyholm and Slotte 

showed that Triton X-100 penetrates SM monolayers more easily than PC monolayers [152]. 

 

As expected on the basis of preferential partitioning of saturated lipids into lo phase, in DRMs 

phospholipid acyl chains are more saturated than on total cellular level. This has been shown for 

mast cells, in which 60% of phospholipids in DRMs contained saturated or monounsaturated 

acyl chains whereas less than 30% of total cellular lipids had these characteristics [146]. 

Similarly enrichment of saturated/monounsaturated phospholipids has been observed in DRMs 

isolated from epidermal carcinoma cells [147] and from MDCK and Jurkat cells [145]. 

However, the choice of detergent was recently shown to have a significant effect on the extent 

of enrichment of saturated phospholipids as well as lipid classes in DRMs [145]. 

 

3.2 Relationship between DRMs and rafts 

 

It is thought that DRMs are derived from lo domains present in cellular membranes, and that the 

tight packing of lipids in this phase is responsible for the detergent insolubility [4, 10-12, 91]. 

Using model membranes with compositions similar to DRMs isolated from cells, Brown, 

London and colleagues demonstrated that detergent insolubility correlates well with the 

presence of lo phase [10, 11, 113]. These authors demonstrated that the presence of lo phase 

greatly enhances the formation of DRMs. In addition, it was argued that detergent does not 

reorganise lipids in ld phase to create insoluble domains [10, 11, 113]. Interestingly, by using 

electron spin resonance techniques DRMs isolated also from cells have been proposed to be in lo 

phase [153].  

 

An uncertainty with the DRM isolation method is that the amount of insoluble lipid recovered 

after the detergent treatment probably is not an exact measure of the amount of lo phase present 
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before the detergent addition [12]. DRM isolation can underestimate the total amount of lipid 

present in lo domains before addition of detergent, as shown with model bilayers [11, 154]. It 

was even suggested that the low temperature used in DRM isolation may be a cause for 

underestimation of the amount of lipids in lo phase in model bilayers [151]. On the other hand, 

DRM isolation has been suggested also to lead to an overestimation of the amount of raft lipid 

because low temperature increases the total amount of lipid in lo domains [12]. Besides the low 

temperature, the addition of detergent itself could also grow the size and number of ordered 

domains [155]. Detergent was suggested to even create ordered domains in an initially 

homogeneous, disordered PC-SM-cholesterol model membrane, and these domains are, in turn, 

detergent resistant upon subsequent membrane solubilisation [155].  

 

In addition to conveying an inaccurate view on the total amount of lipid in lo domains, detergent 

may also cause rearrangements of lipids [12]. After detergent treatment rafts in the plasma 

membrane can redistribute into a significantly more clustered distribution [156]. Interestingly, 

regardless of the lipid composition of the bilayer, a DRM residue consisting of 

PC/SM/cholesterol 1:1:1 was recovered from model bilayers in one study [151]. The DRM 

method can also specifically distort the lipid composition of membrane domains. In model 

membranes it was shown that DRM isolation can underestimate the raft affinity of lipids with 

short, saturated or monounsaturated acyl chains, because they have a significant affinity for lo 

phase but not for DRMs [114]. Also a comparison of raft isolation by a method based on density 

gradient centrifugation without detergent and the DRM method revealed significant differences 

in the lipid composition of rafts isolated by the different methods [147]. Isolation of rafts as 

DRMs leads to enrichment of cholesterol, which accounted for 60% of lipid in DRMs and 25% 

in non-detergent lipid rafts. Also the concentration of saturated and monounsaturated 

phospholipids was high in DRMs (60%) compared to non-detergent rafts (40%). The 

concentrations of anionic phospholipids PS, PA and PI were underestimated in DRMs, as they 

corresponded to 5 % of total lipids in DRMs compared to 15% in non-detergent rafts [147].  

 

In conclusion, isolation of membrane microdomains as DRMs may lead to ambiguous results. 

Even if a lipid or a protein is recovered in DRMs it may not necessarily be present in 
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microdomains in cellular membranes. Therefore, results obtained with the DRM method should 

be considered with caution.  

 

4. SPHINGOLIPID AND CHOLESTEROL-RICH DOMAINS IN CELLULAR 

MEMBRANES  

 

4.1 Plasma membrane 

 

Among the cellular membranes the plasma membrane is the one most likely to contain rafts 

because it is rich in lo-phase forming lipids, i.e. sphingolipids, cholesterol [50-55] and saturated 

phospholipid species [48, 147, 157], and it has been shown to contain substantial amounts of 

Triton X-100 insoluble membranes [156, 158].  The postulated interaction between SM and 

cholesterol may play a role in formation of plasma membrane domains because a number of 

studies indicate that changes in plasma membrane SM level affect the cholesterol balance of the 

cell [159-163]. It was first shown that depletion of plasma membrane SM by exogenous 

sphingomyelinase (SMase) leads to cholesterol translocation to intracellular membranes [160, 

161]. Subsequently, it was suggested that only a minor amount of cholesterol moves to 

intracellular membranes, whereas most cholesterol remains on plasma membrane upon SM 

degradation [164]. The plasma membrane cholesterol may redistribute so that it is more readily 

effluxed to extracellular acceptors, as was shown both after SM degradation by SMase [165, 

166] and in mutant cells deficient in SM synthesis [167]. In fact, cholesterol redistribution was 

suggested to involve cholesterol movement out of rafts [167]. However, the exact effect of SM 

depletion on cellular cholesterol location remains unknown.  

 

Visualisation of plasma membrane microdomains in living cells is complicated, because the size 

of rafts is below the resolution of the light-microscope. Patching of raft markers by antibodies 

leads to appearance of visible domains on the plasma membrane [168, 169]. Patching does not, 

however, prove the existence of interactions of raft components in the absence of this 

perturbation. Evidence for plasma membrane domains in unperturbed cells has been obtained by 

a variety of techniques and have led to raft size estimates varying between ~26-700 nm [170-

175], or even as small as 15 GPI-anchored protein molecules (~4 nm) [176]. In unstimulated 
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cells rafts could be small and dynamic, but may cluster into larger, more stable structures upon 

ligand binding to GPI-anchored or transmembrane receptors [24]. The involvement of the 

cytoskeleton in domain formation in the plasma membrane has also been suggested [177-179]. 

Electron spin resonance studies have indicated that isolated plasma membrane vesicles contain 

large amounts of lo phase [180, 181], and that raft-like domains may exist in the envelope of 

influenza virus [182]. 

  

Due to the transbilayer asymmetry, the raft-forming sphingolipids are mostly located in the 

outer leaflet of plasma membrane (Fig. 1B). There is evidence suggesting, however, that an 

ordered lipid environment exists also in the inner leaflet and that the ordered domains in the two 

leaflets are coupled. First, Src-family tyrosine kinases in the inner leaflet associate with rafts 

only if their acyl groups have an extended, ordered structure as shown by their DRM association 

and fluorescence microscopy [15, 16]. Second, coupling of outer leaflet receptors and their inner 

leaflet effectors has been shown microscopically in the plasma membrane during signaling 

events [16, 25, 168, 183, 184]. Third, isolated DRMs have a bilayer appearance [7] and in model 

membranes lo phase extends through both monolayers [127-130]. Fourth, PS and PE of the 

plasma membrane are enriched in saturated acyl chains [146, 157] (II). Notably, however, lipid 

rafts isolated with a detergent-free method were enriched in PE alkenyl species containing 

arachidonic acid, which may indicate that these phospholipids represent a significant portion of 

cytosolic leaflets of rafts [147]. Fifth, the long sphingolipid acyl chains present in outer leaflet 

may interdigitate into the inner leaflet and thus help to stabilise the domains there [3, 185]. In 

contrast, however, a model membrane study indicated that lipid mixtures mimicking 

composition of inner leaflet of plasma membrane failed to form lo domains [186].  

 

4.1.1 Caveolae 

 

Plasma membrane contains special flask-shaped invaginations known as caveolae, which are 

present on many types of cells [187, 188]. Caveolae are characterised by their association with a 

family of cholesterol-binding proteins called caveolins, which are integral membrane proteins 

essential for the formation and stability of caveolae [189, 190]. Several GPI-anchored proteins, 

membrane receptors, transporters and lipid-modified cytoplasmic tyrosine kinases and 
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heterotrimeric G-proteins have been reported to be localised in caveolae [190-192]. As a result, 

caveolae mediate diverse cellular functions, such as cell signaling, transcytosis, endocytosis and 

exocytosis [190, 193]. Caveolae are enriched in the same lipids as rafts, they require cholesterol 

for their function and are also detergent-insoluble [190, 192, 194]. Therefore, caveolae can be 

defined as caveolin-containing plasma membrane microdomains rich in the same lipids as rafts 

[190, 193]. Plasma membrane microdomains are, however, by no means restricted to caveolae, 

as DRMs are abundant also in cells that lack caveolae [195, 196]. Thus, caveolae and rafts could 

be viewed as separate, but related microdomains. 

 

4.1.2 Functions of plasma membrane domains 

 

Plasma membrane microdomains, i.e. rafts and caveolae, have been proposed to be involved in 

signaling in many types of cells, especially in hematopoietic cells [16, 25, 168, 183, 184]. 

Antigen binding triggers cross-linking of GPI-anchored or transmembrane receptors on the 

exoplasmic leaflet of plasma membrane, which causes small microdomains to coalesce to form 

larger and more stable rafts. These larger domains facilitate interaction between aggregated 

receptors and Src-family tyrosine kinases of the inner leaflet, which in turn induces downstream 

signaling. Hydrolysis of raft SM into ceramide by cellular SMase has been implicated in the 

coalescence of microdomains into larger platforms enabling signal transduction in response to 

select agonists such as apoptotic signals or pathogens [26, 197]. In addition to signaling, cell 

migration in response to chemoattractants may require asymmetric domain segregation on 

plasma membrane to induce chemokine receptor activation [30]. 

 

4.2 Secretory membranes 

 

Rafts may be involved in protein and lipid sorting in the Golgi apparatus. It has been proposed 

that in trans-Golgi network (TGN) glycosphingolipids form detergent-insoluble microdomains 

which sort newly synthesised sphingolipids and apical proteins into transport vesicles targeted to 

apical plasma membrane in MDCK cells [7, 17, 57, 198]. Also in unpolarised cells, sorting of 

newly synthesised raft proteins into distinct transport vesicles occurs in TGN (Fig. 3) [3, 199, 

200]. Transmembrane proteins may be sorted in the Golgi based on preferential interactions 
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between lipids and proteins with the best matching hydrophobic length. The cholesterol and 

sphingolipid-gradient through Golgi is expected to gradually increase the thickness of the Golgi 

membranes [55] because lo domains are likely to be thicker than a membrane in ld phase [201, 

202]. Transmembrane domains of Golgi-resident proteins are shorter than those of plasma 

membrane proteins, therefore, Golgi proteins may be excluded from the thicker microdomains 

destined for the cell surface, whereas plasma membrane proteins would be included in such 

domains [203].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Possible locations of rafts in mammalian cells and routes for ligands internalised 
via caveolar or raft-mediated endocytosis.  
Ligands internalised via caveolae or rafts have been reported to: 
1. traffic to Golgi or ER via caveosomes [193, 204, 205].  
2. traffic to endosomes by an unknown mechanism and from endosomes to Golgi [206, 207]. 
3. recycle to plasma membrane [63, 208-211]. 
4. be internalised via clathrin-coated pits [206, 212-219].  
5. be transported both from early and late endosomes to Golgi via a mechanism dependent on 
raft lipid levels  [207, 216-218, 220-224]. 
 
Abbreviations: EE = early endosome, LE = late endosome, RE = recycling endosome, Rab = a 
small GTPase functioning in vesicle docking and fusion events. 
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4.3 Endocytic membranes  

 

There are several types of endocytosis in mammalian cells. The best-studied one is 

internalisation via clathrin-coated pits which pinch off to form clathrin-coated vesicles. Clathrin-

coated vesicles fuse with early endosomes, from where the internalised components can either 

be recycled back to the plasma membrane or sorted to late endosomes and lysosomes for 

degradation. Early endosomes contain tubular elements involved in recycling and multivesicular 

elements directed towards endosomal degradation pathway [22]. To separate the circuits of 

recycling and degradation, selective sorting of lipids and proteins takes place in early 

endosomes [20, 22]. Sorting takes place also in late endosomes which contain large amounts of 

a lipid called lysobisphosphatidic acid (LBPA) in their internal membranes. These internal 

membranes have been suggested to be important in transport and sorting of proteins and lipids 

through late endosomes [64, 223]. It is thought that rafts have an important function in these 

sorting events within endocytic organelles [21, 22]. 

 

4.3.1 Endocytosis via caveolae and rafts 

 

Microdomains have been implicated at the early stages of endocytosis at the plasma membrane, 

and this type of endocytosis is often divided into caveolar and raft-mediated uptake (Fig. 3). 

Caveolae seem to be involved in the endocytosis of various molecules, such as GPI-anchored 

proteins, interleukin-2 receptor and other receptors as well as their ligands [190, 193, 205, 225]. 

In addition, some markers experimentally introduced into cells, e.g. simian virus 40 (SV40) 

[204], cholera toxin subunit B (CTxB) [205, 206] and fluorescent BODIPY-labeled 

glycosphingolipid analogues [206, 219] have been shown to be endocytosed via caveolae. 

Internalisation via caveolae, however, is probably a signal-mediated process [204, 226] because 

in unstimulated cells caveolae appear to be largely stable and immobile structures stabilised by 

the actin cytoskeleton [227, 228] and caveolin-1 [229]. Caveolae, however, do not constitute the 

only lipid domain-dependent form of endocytosis because uptake of some raft-associated 

components, such as of CTxB [230, 231], GPI-anchored proteins [210] and interleukin-2 

receptor [196] has been reported to take place also independently of caveolin.  
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It is not clear whether caveolar/raft-mediated endocytosis overlaps with the classical clathrin-

mediated endocytosis (Fig. 3). Internalisation of some ligands via caveolar/raft-mediated 

endocytosis has been reported to occur independently of clathrin-coated pits [191, 193, 196, 

204-206, 210, 214, 219, 231], and of these markers, SV40 [193, 204], CTxB and some GPI-

anchored proteins [205] can be transported directly to the Golgi or ER via an intracellular 

caveolin-1-containing compartment termed as caveosome, thus passing entirely the classical 

endosomal circuit. On the other hand, markers can be internalised from the cell surface also both 

by caveolar/raft-mediated and clathrin-dependent pathways [206, 212-219], which is also 

supported by data showing that removal of cholesterol from plasma membrane inhibits both 

caveolar/raft-mediated endocytosis [206, 214, 230] as well as endocytosis through clathrin-

coated pits [232, 233].  

 

4.3.2 Domains in endocytic organelles 

 

Rafts appear to be involved in lipid and protein sorting in early endosomes [21, 22]. Several 

studies suggest that rafts in early endosomes are targeted towards recycling endosomes (Fig. 3). 

First, recycling endosomes are rich and late endosomes poor in raft lipids [62, 65]. Second, the 

GPI-anchored folate receptor, a raft-associated protein at the plasma membrane, followed the 

same route as rafts into recycling endosomes where it was retained in a cholesterol- and SM-

dependent manner [208-210]. Third, Pagano and coworkers recently observed BODIPY-LacCer 

microdomain formation in early endosomes, and suggested that BODIPY-LacCer-rich domains 

recycled to plasma membrane, whereas BODIPY-LacCer-poor domains were transported via 

late endosomes to Golgi [211]. Fourth, low density lipoprotein (LDL)-derived cholesterol was 

not DRM-associated after cholesterol ester hydrolysis, which also suggests depletion of rafts 

from late endosomes/lysosomes [234]. 

 

Notably, there are also data indicating that rafts may be directed towards late endosomal 

membranes. First, fluorescent lipid analogues partitioning into fluid phase recycle to cell 

surface, whereas lipid analogues partitioning into ordered phase traffic towards late 

endosomes/lysosomes (see section 5.2). In agreement, internalised natural glycosphingolipids, 

are targeted mostly to degradative membranes [235]. Second, rafts are likely to be involved in 
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trafficking from endosomes to Golgi (Fig. 3). This is suggested by the fact that natural 

glycosphingolipids can be sorted from endosomes to the Golgi instead of lysosomal degradation 

[235, 236]. In addition, several markers, such as CTxB [207, 216, 217, 222], Shiga toxin subunit 

B [218, 220, 221] and ricin [218], which are toxins binding to glycosphingolipids on cell 

surface, as well as BODIPY-LacCer [207], proteins, cholesterol [223] and different 

glycosphingolipids [224] are transported from endosomal membranes to the Golgi by pathways 

dependent on raft lipid levels.  

 
4.3.3 Late endosomal/lysosomal lipid storage disorders 

 

One way to study rafts is by using cells in which the balance of raft lipids in endosomal 

membranes is impaired. In a variety of neurodegenerative lysosomal storage diseases lipids 

accumulate in late endosomes or lysosomes [23, 237]. In Niemann-Pick C (NPC) disease LDL-

derived cholesterol accumulates in late endosomes or lysosomes due to a defect in NPC protein 

which is involved in intracellular cholesterol trafficking [23, 224, 238, 239]. The disease is 

caused by mutations in either of the two identified genes, NPC1 or NPC2 [240, 241]. In NPC 

the hydrolysis of LDL cholesteryl esters is normal [242], but there is a delay in cholesterol 

transport to cell surface and ER [243] which may be linked to abnormal cholesterol trafficking 

via Golgi [165, 244]. Therefore, in NPC cells cellular cholesterol levels rise and the homeostatic 

responses that normally keep cellular cholesterol levels within a tight range are defective [238, 

242]. In addition to cholesterol, sphingolipids such as ganglioside GM2 [245], GM1 [206, 207] 

and other glycosphingolipids [224] accumulate in NPC cells.  

 

In sphingolipid storage diseases (SLSDs) different sphingolipids accumulate in late 

endosomes/lysosomes. In most SLSDs the sphingolipid build-up results from a deficiency in 

lysosomal sphingolipid hydrolysis. Similarly to sphingolipid build-up as a consequence of 

cholesterol accumulation in NPC, cholesterol becomes deposited into endocytic organelles in 

SLSDs [246] as well as in normal cells loaded with sphingolipids [247].  

 

Pagano and coworkers have observed that in SLSDs (including NPC) trafficking of exogenous 

BODIPY-LacCer is different from normal cells [246, 248, 249]. Similar results were obtained 

with BODIPY-labeled SM, GalCer, GM1, globoside and sulfatide [237, 250]. Normally 
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BODIPY-LacCer becomes enriched in the Golgi, whereas in SLSDs it becomes trapped in 

punctate endosomal structures of which only 30-40%, however, correspond to late 

endosomes/lysosomes [237, 246]. This is compatible with results suggesting that CTxB bound 

to GM1 accumulates in early endosomes in NPC [222] and that sphingolipid and cholesterol 

were shown not to deposit in lysosomes [247]. Taken together, the studies on SLSD cells 

indicate that an increase in one raft lipid causes an increase in other raft lipids in endosomal 

membranes, which implies that microdomains are involved in endosomal trafficking (see section 

4.3.2). Indeed, association of cholesterol with DRMs is increased in NPC as compared to normal 

cells [234, 251]. It has been proposed that in SLSD cells rafts accumulate in late endosomes and 

this leads to a traffic jam [21, 23].  

 

In conclusion, numerous studies support the view that cell membranes rich in sphingolipids and 

cholesterol, i.e. the plasma membrane, the Golgi and some endosomal membranes, may contain 

functional microdomains. To study the microdomains is difficult because they cannot be 

isolated in their native state, and are presumably too small and transient to be directly observed 

under the microscope. Thus, much of the data on the domains is based on indirect methods. 

Many questions still remain open, for example, the size, shape and lifetime of microdomains, 

and the relationships between rafts and caveolae. 

 

5. FLUORESCENT LIPID ANALOGUES AS TOOLS TO STUDY MEMBRANE 

DOMAINS AND LIPID SORTING 

 

5.1 Fluorescent lipids commonly used to study trafficking and domains  

 

5.1.1 General properties 

 

To date most experimental evidence for lipid sorting based on differential partitioning into 

ordered domains has largely been derived from studies examining the intracellular trafficking of 

short chain, NBD- or BODIPY-labeled sphingolipids. The advantage of these lipid analogues is 

that due to their polarity they readily diffuse into cells when added into culture medium. The 

disadvantage of using NBD-labeled lipids is that because of the polarity of the NBD group the 
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labeled acyl chain loops back to the membrane-water interface independent of the acyl chain 

length [44-46]. Therefore, these analogues may not behave the same way as natural lipids. 

BODIPY-labeled lipids are attractive for trafficking studies because the BODIPY moiety 

exhibits a shift in its fluorescence from green to red wavelengths with increasing concentrations 

in membranes. This property can be employed to estimate the concentration of BODIPY-labeled 

lipids in cellular membranes [250, 252]. BODIPY is more hydrophobic than NBD, but it also 

has some tendency to move towards the membrane surface when attached to the end of an acyl 

chain [253].  

 

Recent model membrane studies on partitioning of NBD- and BODIPY-labeled sphingolipids 

between different membrane domains, have demonstrated that these analogues do not partition 

significantly into lo domains, but prefer ld phase, which is contrary to the domain partitioning of 

natural sphingolipids [115, 130]. This may reflect the fact that due to looping back of the labeled 

acyl chain, the analogues occupy a larger molecular area than their natural counterparts 

preventing them from tightly interacting with ordered domains.  

 

Lipid-mimicking DiICn dyes, on the other hand, show preferential partitioning into gel phase as 

their alkyl chain length increases, to match the hydrophobic thickness of the host lipid acyl 

chains [254, 255]. DiICn as well as DiOCn analogues have been used in lipid trafficking studies 

in cells [20]. Silvius and colleagues have used various fluorescent phospho- and sphingolipid 

analogues with different chain lengths to study lipid partitioning between ordered and 

disordered domains in model membranes. They used lipids with 1,6-diphenylhexatrienyl- and 

indolyl-labeled acyl chains, which position the fluorescent group deep within the bilayer 

interior, to study which structural characteristics target lipids into lo domains [115, 134]. Also 

headgroup-labeled bimane lipids have been used in a related study, because the bimane group is 

uncharged, relatively small and does not seem to affect probe binding [114]. 
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5.1.2 Cellular studies 

 

Endocytosis of NBD-SM has been studied in various cell types. Most of NBD-SM was shown 

to be transported along the recycling pathway and only a small amount was sorted to the 

degradative pathway in CHO cells and human fibroblasts [256-258]. Sorting of NBD-SM away 

from the degradative circuit occurred in the early endosome [258]. Cells labeled with NBD-SM 

showed also staining of the Golgi within ~1.5 hours which was probably due to SMase-induced 

hydrolysis of NBD-SM into NBD-Cer, which can spontaneously diffuse between membranes 

[256, 257].  

 

BODIPY-SM has also been reported to label many endosomal structures as well as to traffic to 

Golgi with longer incubation times in human fibroblasts [109, 250, 259, 260]. Also with this 

probe the trafficking to Golgi could be due to the hydrolysis of BODIPY-SM into BODIPY-Cer 

[250, 259, 260]. Puri and colleagues have proposed that the internalisation of BODIPY-SM 

occurred approximately equally by caveolar and clathrin-mediated pathways [206]. In SLSD 

cells, however, BODIPY-SM translocated to both punctate late endosomal/lysosomal structures 

as well as Golgi [206, 250, 260].     

 

Trafficking routes followed by fluorescent glycosphingolipids resemble to a certain extent those 

followed by the SM analogues. NBD-GlcCer was shown to recycle to the cell surface to a major 

extent, but also to traffic in 30 minutes to late endosomes and the Golgi without any breakdown 

into ceramide [236, 258, 261, 262]. Similar results were obtained with BODIPY-labeled GlcCer 

and GalCer which were in 15-30 minutes sorted mainly to the Golgi in human fibroblasts, 

possibly by translocation across plasma membrane and spontaneous diffusion from plasma 

membrane to the Golgi [259]. BODIPY-LacCer, on the other hand, was found in addition to 

Golgi to be localised in punctate structures in 15-30 minutes [259]. With time, BODIPY-LacCer 

also became enriched in the Golgi, which appeared to be as an intact molecule because after 2 

hours only 7% of it was degraded [248]. Approximately one half of BODIPY-LacCer was 

transported to the Golgi through early and late endosomes Rab7- and Rab9-dependently [206, 

207] and the other half recycled back to plasma membrane [211]. In SLSD cells BODIPY-

LacCer and other BODIPY-labeled glycosphingolipids accumulate in punctate endosomal 
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structures instead of Golgi targeting (see section 4.3.3). Uptake of BODIPY-labeled LacCer, 

globoside, sulfatide and GM1 from plasma membrane seems to occur via caveolar endocytosis 

[206, 219].  

 

Domain-based sorting of lipids in early endosomes has been studied by lipid-mimicking DiICn 

and DiOCn analogues [20, 158]. Short-chain saturated and unsaturated analogues, which 

partition into fluid phase, exited early endosomes rapidly for recycling to plasma membrane, 

whereas long-chain DiIC16 and DiOC16, which partition preferentially into ordered phases, were 

retained and consequently trafficked to late endosomes/lysosomes [20]. DiIC16 was also shown 

to be in DRMs in cells [158]. BODIPY-PC with C5-chain also recycled and BODIPY-PC with a 

C12-chain was directed to degradative compartments, even though the difference between them 

was not as clear as with the DiICn and DiOCn analogues [20].  

 

5.2 Pyrene-labeled lipids  

 

5.2.1 General properties 

 

Pyrene-labeled lipids represent another type of fluorescent lipid analogues that have been used to 

study domain partitioning and lipid trafficking (Fig. 4A). The pyrene fluorophore is usually 

attached to the distal end of the acyl chain, and these probes are referred to as mono- or dipyrene 

lipids depending on whether only one or both acyl chains are labeled. Pyrene has two unique 

spectroscopic properties as compared to the other commonly used lipid fluorophores: it has a very 

long excited-state lifetime (> 100 ns) and it can form excited state dimers, i.e. excimers. At low 

concentrations pyrene lipids emit only monomer fluorescence, but as the concentration increases 

the probability of collisions between excited-state and ground-state pyrene monomers increases, 

which leads to formation of excimers (Fig. 4B). The rate of excimer formation is proportional to 

the local pyrene lipid concentration which allows one to study lateral organisation of membranes 

by recording the ratio of excimer to monomer fluorescence intensities (E/M) [263-265]. 

Partitioning of pyrene lipids between gel-state and fluid-state domains has been investigated by 

recording the E/M ratio as a function of temperature in model membranes [104, 266-271]. 
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Another important advantage of pyrene lipids is that the pyrene moiety is hydrophobic, and 

therefore, does not strongly modify the hydrophobic character of the linked acyl chain [265]. For 

instance, monolayer studies have shown that pyrene does not significantly increase the surface area 

of a phospholipid molecule [104]. Therefore, it has been shown that the pyrene moiety attached to 

an acyl chain does not distort the conformation of the labeled acyl chain, but the depth of the 

pyrene moiety in a bilayer is fully determined by the length of the linked acyl chain [272] in 

contrast to NBD and BODIPY fluorophores [44, 253]. However, even a hydrophobic moiety 

embedded into the membrane may perturb membrane packing as shown by computer simulation 

studies on the effect of benzene and 1,6-diphenylhexatriene on membranes [273, 274]. On the 

other hand, these probes caused no significant changes in the membrane thickness or surface 

area per matrix lipid. 

 

The local concentration-dependent excimer formation of pyrene lipids enables their monitoring 

by E/M imaging. The first study in E/M imaging reported differences between different 

organelles of fibroblasts incubated with a pyrene fatty acid, even though the physiological 

significance of this finding remained unclear due to difficulties in interpreting the data [275]. In 

another study changes in E/M of Pyr4GM1 in the plasma membrane of cultured neurons were 

observed and considered to reflect domains on the cell surface [276]. There are several issues, 

however, that need to be taken into consideration in using E/M-imaging and imaging of pyrene 

lipids in general [265]. First, due to its long excited-state lifetime pyrene is quenched 

significantly by molecular oxygen [266]. Second, photobleaching is a major problem in 

quantitative fluorescence imaging. Both of these factors can be eliminated by enzymatically 

depleting oxygen from the medium, a process which was shown not to harm the cells during the 

time course studied (> 20 min) [277]. Third, as many of the endosomal vesicles lie very close to 

the plasma membrane, visualisation of plasma membrane images may be difficult. This problem 

can be overcome in living cells by selective quenching of the plasma membrane fluorescence by 

trinitrophenyl-lysoPE (TNP-LPE) followed by image subtraction, which provides plasma 

membrane images free of endomembrane contribution [277]. Fourth, the background due to 

native cellular fluorophores can significantly contribute to the images, but it can be reasonably 

corrected [277].  
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Figure 4. (A) Structures of some monopyrene lipids. (B) Normalised emission spectra for a 
monopyrene lipid at a low (solid line) and a high concentration (dashed line) in a bilayer.  
 

 

5.2.2 Cellular studies  

 

There are data indicating that pyrene lipids are appropriate mimics for natural lipids. Pyrn fatty 

acids are efficiently incorporated into phospholipids and neutral lipids in baby hamster kidney 

(BHK) cells similarly to the corresponding natural species [278]. The fatty acyl chain length, 

however, had a significant effect on the incorporation, as short-chain fatty acids incorporated 

much more slowly into cellular lipids than long-chain ones. The short-chain fatty acids 

incorporated mainly into sn-2 position and long-chain ones into sn-1 position, suggesting that 
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they mimic unsaturated and saturated fatty acids, respectively. Among phospholipids PC and PE 

species became most labeled. Also the metabolism of different diPyr4 phospholipids resembled 

that of their natural counterparts. For instance, diPyr4PA was converted into diacylglycerol, 

triacylglycerol and PC, diPyr4PS was decarboxylated into PE, and diPyr4PC and diPyr4PE were 

not metabolised further [279]. Pyrene-labeled SM and several glycosphingolipids are 

hydrolysed into corresponding ceramides [280-282]. Pyrene-labeled lipids are also good 

substrates for phospholipid carrier proteins [283, 284].  

 

So far, pyrene lipids have found only limited use in studies on intracellular trafficking of lipids 

[285, 286], largely because pyrene lipids are quite hydrophobic, and therefore, do not easily 

diffuse into cells when added in vesicles into the culture medium. This problem can be resolved 

by using pyrene lipids with rather short acyl chains, such as diPyr4-derivatives, which are polar 

enough to spontaneously diffuse into cells [279]. However, the short acyl chains allow lipid 

analogues to spontaneously translocate between membranes [264, 287] which may complicate 

the interpretation of the data. It was recently demonstrated, however, that even the more 

hydrophobic pyrene-labeled lipids can be transferred from vesicles into cells by using γ-

cyclodextrin (γ-CD) [285, 286]. This method is independent of cell type or structural details of 

the lipid. Nevertheless, even this method fails to transfer the most hydrophobic Pyrn (n >12) 

species into cells. Notably, pyrene lipids can be introduced into cells also via endocytosis by 

incorporating them into lipoproteins, even though this method targets the lipids into lysosomes 

[280, 281].  

 

γ-CD mediated transfer of pyrene lipids has been used for lipid trafficking studies. It has been 

demonstrated that short-chain diPyrnPS translocated into mitochondria and other intracellular 

sites and more hydrophobic long-chain diPyrnPS remained largely on plasma membrane [285, 

286]. Intracellular trafficking of diPyr4PC has been studied in cells from patients with the 

lysosomal storage disorder mucolipidosis-IV.  The results showed that in contrast to fluorescent 

sphingolipids [246], lysosomal accumulation of diPyr4PC in ML-IV cells was not due to 

increased cholesterol content of late endosomes/lysosomes (Jansen et al. 2003, personal 

communication).  
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Taken together, hydrophobic, e.g. pyrene-labeled, fluorescent lipid analogues have definite 

advantages over their more hydrophilic counterparts. As it is now possible to introduce even the 

more hydrophobic pyrene-labeled lipids into cells, they are useful tools in lipid trafficking 

studies. 

 

 
6. ELECTROSPRAY IONISATION MASS SPECTROMETRY (ESI-MS) AS A TOOL 

TO STUDY (PHOSPHO)LIPID COMPOSITIONS OF MEMBRANES  

 

6.1 Advantages of lipid mass spectrometry over conventional methods  

 

Traditional analysis of phospholipid compositions of biological samples is a complex process 

including possibly several chromatographic and enzymatic steps [38, 288, 289]. Typically, the 

analysis includes i) separation of glycerophospholipid classes by HPLC or TLC, ii) 

phospholipase C treatment of each class, iii) derivatisation of the resulting diacylglycerols, iv) 

separation of ether lipid species from diacyl species and v) analysis of the individual molecular 

species by reversed phase HPLC and gas chromatography. The methodology is also insensitive 

as hundreds of nanomoles of total phospholipid are needed for a complete analysis of the 

molecular species profiles.  

 

Mass spectrometry (MS) offers a highly sensitive and specific alternative method for lipid 

compositional analysis. Initial phospholipid analyses by MS were conducted using fast-atom 

bombardment (FAB) as the ionisation method. However, the high-energy ionisation causes 

extensive fragmentation of the lipids which makes quantitative compositional analysis by FAB 

nearly impossible [39, 290, 291]. Electrospray ionisation (ESI) is a soft ionisation method, and 

therefore, it is a very promising technique in lipid compositional analysis [42]. ESI-MS enables 

the quantification of hundreds of different lipids including those of low abundance and it can 

resolve more molecular species than HPLC [39, 292]. Its sensitivity allows analysis from 

picomole amounts of lipids [39, 40, 293, 294]. In addition, the instrument response has been 

shown to be linear over at least 2 orders of magnitude in the femtomole-picomole concentration 

range [39, 295].  
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Matrix-assisted laser desorption (MALDI) ionisation has also been used in the analysis of 

phospholipids. However, the presence of the peaks arising from the matrix impair the 

sensitivity, particularly in negative ion mode [296]. An even more serious drawback is that PC 

strongly suppresses ionisation of the other phospholipids both in the positive and negative ion 

mode, which may cause problems for detection of phospholipids in crude extracts of biological 

material without prior separation into phospholipid classes [296, 297]. 

 

6.2 Quantification of phospholipids by ESI-MS 

 

The unique advantage of ESI-MS is that it allows rapid quantification of phospholipid molecular 

species directly from crude lipid extracts, i.e. without prior chromatographic separation of 

phospholipid classes [39, 40, 42, 292]. The zwitterionic PC and SM can be analysed as positive 

molecular ions [M+H]+ and the anionic phospholipids, i.e. PS, PI, PA, as well as PG and PE as 

negative molecular ions [M-H]-. Alternatively, PC, SM and PE can be analysed as their Na+-

adducts in positive ion mode [39, 292, 293]. Also LiOH can be added into samples to convert 

PC and SM into positive Li+-adducts and simultaneously to increase the signal of PE in negative 

ion mode due to deprotonation of PE molecules [41, 42, 298-300]. Very importantly, the 

different lipid classes can be analysed selectively, i.e. without interference by other classes, by 

using class specific scanning modes. For instance PC and SM can be analysed by scanning for 

precursor ions for a fragment of m/z 184, PE by scanning for a neutral loss of 141 and PS for a 

neutral loss of 185 in the positive ion mode [40, 157, 301].  

 

Molecular species from crude extracts can be identified by MS/MS. For instance, anionic 

phospholipid species can be identified by negative-ion MS/MS to detect the acyl carboxylate 

ions [41, 292, 293] or by precursor ion scanning for all potential acyl carboxylate ions [41, 42]. 

PC and SM molecular species have been characterised by converting them into Li+-adducts and 

daughter ion scanning or precursor ion/neutral loss scanning in positive ion mode for fragments 

[41, 298, 299]. Similarly, PE species can also be structurally characterised as Li+-adducts [302].  

 

Internal standards consisting of molecular species not occurring naturally are often added into 

samples to accurately quantify lipid compositions. According to some reports, phospholipid acyl 
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chain length or unsaturation has no affect on the ionisation efficiency in MS mode at 

subpicomolar lipid concentrations [39]. Therefore, addition of only one internal standard for 

each lipid class would be adequate when measuring very diluted samples [42, 147, 292]. 

However, in the MS/MS mode differential fragmentation rates of the individual molecular 

species have been demonstrated [40, 303] indicating that a set of internal standards consisting of 

different molecular species for each phospholipid class should be included to obtain accurate 

quantification [40].  
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AIMS OF THE PRESENT STUDY 

 

The main goal of this study was to develop and apply novel methodologies, electrospray 

ionisation mass spectrometry (ESI-MS) and domain partitioning of pyrene-labeled lipids to 

obtain information on lipid composition and properties of domains in model and cellular 

membranes. The more specific aims were: 

 

 

1) To examine various factors affecting quantitative analysis of lipid compositions by 

ESI-MS. 

 

 

2) To use ESI-MS to determine the lipid composition of plasma membrane domains 

(ordered vs. disordered), and the effect of chronic and acute cholesterol load on 

phospholipid compositions of these domains as well as those of whole cells. 

 

 

3) To characterise partitioning of fluorescent, pyrene-labeled phospho- and sphingolipids 

between ordered and disordered domains in model membranes to allow their use in 

studying domain organisation and raft lipid trafficking in living cells.  
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EXPERIMENTAL PROCEDURES 

 

All the experimental procedures used in the original articles and unpublished data are 

summarised in the table below. The number of the original publication in which the method has 

been described is indicated.  

 

METHOD 

Cell culture of BHK-21 cells                                                                                                         I 

Cell culture of human fibroblasts                                                                                                 II

Cholesterol loading of fibroblasts                                                                                                II

Differential Scanning Calorimetry                                                                                             III 

DRM isolation 

DRMs were isolated by flotation at +4 °C in an Optiprep gradient in the presence of 1% Triton 

X-100 as previously described [168]. 

Electron microscopy                                                                                                                     II 

Fluorescence imaging 

Fibroblasts were imaged on glass bottom dishes (MatTek Corporation, Ashland, USA) in CO2-

independent minimum essential medium (I-MEM) containing oxygen-depletion reagents as 

previously described [277, 285]. To selectively quench fluorescence of the plasma membrane, 

1ml of TNP-LPE solution in PBS (30 mM) was added to the dish containing 2 ml of I-MEM. 

Imaging was carried out on TILLPhotonics imaging system (Gräfelfing, Germany) equipped 

with a flexible excitation light source and an Olympus IX70 (Melville, USA) cooled CCD 

camera driven by TILLvision 4.0 software (Gräfelfing, Germany). For pyrene lipids 405 nm 

(40 nm bandpass) and 480 nm (60 nm bandpass) emission filters were used.  

Fluorometry                                                                                                                                III 

Glycosphingolipid analysis                                                                                                          II 

HPLC analysis of PyrnSM metabolism 

Lipid extracts were analysed as previously described [304]. On-line fluorescence detection was 

used to calculate the amounts of PyrnSM and their metabolic products. 

Introduction of PyrnSM species to the plasma membrane of human fibroblasts 

γ-CD was used to transfer pyrene labeled sphingomyelins to the plasma membranes of 
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fibroblasts [285]. PyrnSM in 100 mM γ-CD in PBS was probe sonicated for 3 x 2 minutes at 

room temperature to form PyrnSM/γ-CD complexes. 80-90% confluent fibroblasts monolayers 

were labeled with the complex for 5 minutes at +37 °C in serum-free Eagle’s minimum 

essential medium (E-MEM). The final lipid concentration was adjusted to 6.7 µM and γ-CD 

concentration to 6.7 mM. For Pyr16SM the cells were initially labeled at 30 mM γ-CD for 4 

minutes, followed by dilution of the labeling medium to 10 mM γ-CD for 4 minutes, as this 

protocol gave a more efficient labeling efficiency. After the labeling cells were washed with 

PBS and E-MEM, and chased for the desired time in serum-free E-MEM. For fluorescence 

microscopy, cells were chased in I-MEM.  

Labeling with 3H-choline chloride 

Before the isolation of DRMs fibroblasts were labeled for 24 hours with 3H-choline chloride at 

a concentration of 4 µCi/ml in serum-containing E-MEM.  

Lipid extraction                                                                                                                        I+II 

Mass spectrometry of cholesterol                                                                                                 II

Mass spectrometry of phospholipids                                                                                        I+II 

Multilamellar liposomes                                                                                                             III 

Phosphorus determination                                                                                                      I+III 

Protein determination                                                                                                                  II 

Removal of detergent from cellular lipid extracts 

To analyse lipid composition of DRMs by ESI-MS, Triton X-100 was removed from cellular 

lipid extracts with a reversed phase HPLC cartridge (OASIS HLB, particle size 2.5 µm, 2.1 x 

20 mm, Waters, Toronto, Canada). Lipids were trapped into the column with methanol/H2O 

2:1, and eluted out with increasing amounts of chloroform/methanol 1:1.  

Synthesis of MS standards                                                                                                        I+II

Synthesis of pyrene-labeled lipids                                                                                               III

Thin layer chromatography                                                                                                           I 

Virus purification                                                                                                                         II 
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RESULTS AND DISCUSSION 

 

1. QUANTITATIVE DETERMINATION OF PHOSPHOLIPID COMPOSITIONS 

BY ESI-MS (I) 

 

We studied several issues that need to be taken into account to achieve truly quantitative 

compositional data on phospholipids with ESI-MS. The effects of acyl chain length, 

unsaturation, polar headgroup structure and lipid concentration on instrument response were 

studied. We then tested whether the phospholipid composition of BHK cells could be 

determined quantitatively by ESI-MS by comparing the results with those obtained with 

conventional methods.  

 

1.1 Effects of acyl chain length, unsaturation and polar headgroup on 

instrument response  

 

Acyl chain length was found to have a significant effect on the instrument response. The 

response decreased markedly and in a nearly linear manner with increasing acyl chain length 

both for the saturated and diunsaturated species (I, Fig. 1). Although this has been shown 

previously for saturated species [40], the novel finding was that the lipid concentration strongly 

modified this chain length-dependency of instrument response. At the highest concentration 

studied (10 pmol/µl per species, 120 pmol total lipid/µl), the relative response decreased 

strongly and in a seemingly exponential manner with the acyl chain length as shown in Fig. 5 (I, 

Fig. 2), as also reported previously [40]. However, when the concentration was decreased the 

response became a linear function of the chain length (Fig. 5, I Fig. 2). Parallel results were 

obtained for the (di)unsaturated PC species (I, Fig. 3) as well as for PE, PS and PA standards 

(data not shown).  

 

Phospholipid acyl chain unsaturation also had a marked influence on the instrument response, 

and this effect also depended on total lipid concentration as shown in Fig. 6 (I, Fig. 4). At high 

concentrations, the response for the polyunsaturated species was 40 % higher than that for the 

fully saturated ones. However, upon dilution the effect of unsaturation gradually diminished and 
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virtually disappeared (at 0.1 pmol/µl per species, 1.4 pmol/µl of total lipid). Although a similar 

effect has been observed for triacylglycerols previously [305], ESI-MS studies on phospholipids 

have not indicated this phenomenon before. A possible explanation is the low concentrations 

used in most studies [39], therefore, effects of acyl chain unsaturation as well as chain length 

may have gone unnoticed.  

 

The peak intensity was also influenced by the phospholipid headgroup structure. In the negative 

ion mode using chloroform/methanol (C/M) 1:2 as the solvent, acidic phospholipids PG, PI, PA 

and PS gave a much higher response than PE or the chloride adduct of PC (I, Fig. 5A). 

Inclusion of 1% NH4OH in the infusion solvent increased the response for PE markedly (I, Fig. 

5B) probably because the higher pH favors a loss of proton from NH4
+-group of PE [42]. Also 

LiOH or NaOH can be used to achieve this effect [39, 41, 299, 300]. In the positive ion mode, 

with C/M 1:2 as the solvent, the highest peak was observed for protonated PC followed by the 

Na+-adducts of other lipids (I, Fig. 5C). Formation of Na+-adducts of PC has been reported 

before [40, 294, 295]. Na+-adducts can complicate the analysis of the spectra. This problem was 

overcome in the present study by inclusion of NH4OH, which caused the intensity of protonated 

PC by far to exceed that of the other lipids (I, Fig. 5D). This has also been noted by another 

study [301]. Alternatively, NaOH or LiOH has been used to force the formation of Na+ or Li+ 

adducts for PC and SM [39, 41, 298-300]. However, we were not able to fully suppress the 

formation of protonated molecular ions with NaOH (data not shown).  
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Figure 5. Effect of concentration of 
saturated phosphatidylcholines on 
instrument response. An equimolar 
mixture of 12 saturated PC species of the 
indicated chain length was prepared, 
diluted to obtain the indicated 
concentrations per species and then 
analysed (see I for details). (A) Data for the 
three highest concentrations, (B) data for 
the three lowest concentrations. Each data 
point is an average of 5 replicate samples 
with standard deviation of less than 5 %. 
The infusion solvent was C/M 1:2 + 1 % 
NH4OH.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Effect of degree of unsaturation 
on instrument response at different 
concentrations. An equimolar mixture of 
14 different PC species including five 
species with 36 acyl carbons and 0, 1, 2 , 4 
or 6 double bonds was diluted to indicated 
concentrations per species (1.4 - 140 
pmol/µl total lipid) and then analysed (see I
for details). The response values have been 
normalised relative to that for the 36:6 
species at each concentration. The error 
bars indicate the standard deviation (n = 5). 
 
 
 
 
 

pmol/µl 
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1.2 Effect of lipid concentration on instrument response 

 

The linearity of instrument response is obviously an important concern in quantitative analysis. 

Our analyses revealed that the intensities were linearly dependent on the lipid concentration up 

to about 1 pmol/µl, but tended to level-off at higher concentrations (I, Fig. 6). A recent study 

supports our data [306]. Such a signal saturation is a typical phenomenon in ESI-MS and results 

from the saturation of surface of the spray droplets by the analyte molecules. Importantly, 

however, the responses relative to an internal standard were linearly dependent on the 

concentration up to at least 5 pmol/µl. Such linear behavior was obtained for phospholipids even 

in the presence of other cell-derived lipids and other compounds present in the crude lipid 

extract (data not shown). The relative response was a linear function of lipid concentration over 

a range covering two orders of magnitude, as shown also previously for mere lipid standards 

with a quadrupole instrument [39, 295].  

 

1.3 Analysis of phospholipid molecular species composition of BHK cells 

 

To determine quantitatively the molecular species profiles of the major phospholipids of BHK-

21 cells, a total lipid extract was spiked with at least three internal standards for each major 

phospholipid class (I, Fig. 7) and then analysed by a triple quadrupole instrument using class 

specific neutral loss- or precursor ion scanning [40, 301]. The concentration of each molecular 

species in a phospholipid class could be calculated by using a correction function obtained by 

plotting the measured intensity of the internal standards vs. m/z. The saturated standards used 

allowed us to correct for the acyl chain length-dependency of instrument response, but not for 

the unsaturation dependency. Dilution of the samples, however, should greatly diminish the 

effect of acyl chain unsaturation [42], but even then it may not be eliminated, particularly if 

impurities are present in the sample. As a result (see below), it would be safer to employ 

unsaturated standards because their response is more similar to natural phospholipids [307].  

 

The determination of the molecular species of phospholipid classes in BHK cells (I, Table 1) 

showed that the major PC species were 34:1 (25 %) and 36:2 (23 %), while the major PE 

species were 36:2 (25 %) and 36:1 (10%). The most abundant PI species were 38:4 (23 %) and 
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38:3 (19 %), while the most prominent PS species was 36:1 (31 %). The most significant SM 

probably corresponded to a lipid with a sphingosine backbone and a 16:0 acyl chain. [40, 55, 

60] After quantification of each molecular species, the total amount of lipid in a phospholipid 

class was be calculated. The accuracy of phospholipid class quantification by the MS method 

was tested by comparing ESI-MS results with quantification by TLC and phosphorus analysis 

from the same extract of BHK cellular lipids. The abundances of most phospholipid classes 

determined by the ESI-MS method agreed very well with those determined by the TLC method 

here (I, Fig. 8) or previously [308], indicating that ESI-MS yields reliable quantitative data. 

 

This is the first ESI-MS study in which all the major phospholipid classes have been quantified 

with the use of three internal standards for each species to account for the chain-length 

dependency of instrument response. In most other studies only a single internal standard for 

each class has been used, and effects of chain length or unsaturation were thought to be 

alleviated by diluting the samples [41, 42, 147]. Such extensive dilution, however, has obvious 

drawbacks. First, detection of the minor species is compromised. Second, the effects of 

unsaturation and chain length may not disappear even by dilution if samples contain surface-

active impurities, such as detergents. Third, when using class specific detection the differential 

fragmentation rates of individual molecular species are a major cause of deviation in the 

instrument response [40, 303]. Due to these factors, inclusion of several internal standards for 

each phosholipid class is highly useful.  

 

Separation of phospholipid classes by HPLC either off- or on-line before MS analysis can also 

be advantageous. Pre-separation causes less suppression of analytes during the ionisation, thus a 

linear chain length-dependency can be more easily obtained by isocratic HPLC [307]. HPLC 

before MS may be useful also if sample contains high amounts of detergents or other impurities 

interfering with the ionisation process [146, 147]. It is necessary when minor but functional 

phospholipids, such as PA or LBPA, are to be analysed since no specific scan modes are 

available for these lipids [40, 307]. Also determination of the fatty acyl residues of the 

individual molecular species by fragmentation analysis is more practical after separation of 

phospholipid classes [41, 299, 309, 310]. On the other hand, chromatographic pre-separation 
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may have the disadvantage of introducing artifacts due to selective loss of certain molecular 

species [306].  

 

2. EFFECT OF CHOLESTEROL LOADING ON THE LIPID COMPOSITION OF 

HUMAN FIBROBLASTS AND THEIR PLASMA MEMBRANE DOMAINS (II) 

 

In this work ESI-MS was used to quantify molecular species of the major phospholipid classes, 

i.e. PC, PE, SM and PS, in normal fibroblasts and in fibroblasts loaded with cholesterol either 

chronically (NPC) or acutely. Furthermore, lipids were quantified from enveloped viruses 

budding from the plasma membrane of normal and NPC cells. Influenza virus was used to 

isolate ordered, raft-like plasma membrane domains and vesicular stomatitis (VSV) to isolate 

fluid, raft-depleted domains [18, 27]. 

 

2.1 Lipid composition of control and NPC fibroblasts 

 

In the present study, first of all, the total lipid concentrations between control and NPC cells 

were compared. Quantification of the fibroblast phospholipid classes showed no difference in 

the concentrations of glycerophospholipids or total glycosphingolipids between cellular extracts 

from control and NPC cells (II, Fig. 1). Previously in some tissues from NPC mice/humans 

increases in the amounts of certain sphingolipids have been observed [311-313]. The major 

difference between control and NPC was a ~2.5-fold enrichment of cholesterol in NPC. This is 

in agreement with results obtained with NPC mouse tissues and fibroblasts [311, 312, 314, 315].  

 

Second, the molecular species composition of control and NPC cells was studied. Both in 

control and NPC cells the molecular species composition was significantly different between the 

phospholipid classes (II, Fig. 2, Table 1). SM had the highest content of saturated acyl species, 

also PC was abundant in saturates. PE, on the other hand, was the class containing the highest 

amount of unsaturated molecular species. These results agree well with previous reports on the 

degree of unsaturation of phospholipid classes in mammalian cells [316, 317]. A closer 

comparison of the molecular species of control and NPC cells showed, however, that the 

phospholipid acyl chains were modulated towards increasingly polyunsaturated species in NPC 
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cells. PC and PE in NPC cells contained more polyunsaturated species and less mono- and 

diunsaturated species compared to control cells (II, Fig. 2). In accordance with these data, it has 

been reported that in NPC mouse tissues unsaturated fatty acids are enriched in all the major 

phospholipid classes [311]. Another study, however, reported that the amounts of saturated fatty 

acids were increased and monounsaturated fatty acids decreased in the lipids of NPC mice and 

fibroblasts [314]. Nevertheless, also in this study polyunsaturated fatty acids seemed to be 

increased. Fatty acid composition has also been reported to remain unchanged in NPC [312].  

 

2.2 Lipid composition of fibroblasts with an acute cholesterol loading  

 

The increased level of unsaturated fatty acids in phospholipids of NPC cells was thought to 

result from the cells attempting to maintain an adequate level of membrane fluidity when the 

cholesterol concentration of the membranes is increased. However, rather than resulting directly 

from the increased cholesterol content, in NPC cells the modeling of the phospholipid species 

towards more unsaturated ones could also be a secondary metabolic effect. For instance, β-

oxidation of polyunsaturated fatty acids may be impaired due to dysfunctional peroxisomes in 

NPC [312, 318]. To eliminate this possibility, normal fibroblasts were loaded with cholesterol 

using methyl-β-cyclodextrin/cholesterol complexes as donors [319]. An efficient cholesterol 

loading was achieved, and in 24 h the cholesterol content of cells increased ~5-fold (II, Fig. 7). 

Such acute cholesterol loading of cells produced no changes in total SM, PS or PE levels, 

however, PC mass increased by ~25% (Fig. 7). Previously, PC biosynthesis was found to be 

activated and also lead to an increase in PC mass upon cholesterol loading of fibroblasts and 

macrophages [319-321]. Increase in PC biosynthesis in macrophages is an important adaptive 

response preventing cholesterol-induced macrophage necrosis [32, 322].  

 

Analysis of the phospholipid molecular species revealed significant changes in acyl chain 

unsaturation after 24 h of cholesterol loading (II, Fig. 7). The concentration of 16:0-SM 

decreased while that of 24:1-SM increased correspondingly. In case of PC and PE there was a 

decrease in saturated and monounsaturated acyl chains, whereas the polyunsaturated species 

increased. The change towards increased unsaturation was observed already after 8 hours of 

cholesterol loading (data not shown). Taken together, because the acute cholesterol loading also 
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caused an increase in polyunsaturated fatty acids, this increase was a true regulatory response to 

cholesterol increase also in NPC cells.  
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2.3 Lipid composition of plasma membrane domains incorporated into 

enveloped viruses  

 

Both control and NPC fibroblasts were infected with the influenza virus or VSV, and the viruses 

budded to the medium were collected after 24 h of infection. The determined lipid compositions 

were compared between i) viruses and whole cells, ii) influenza virus and VSV and iii) control 

cell derived viruses and NPC cell derived viruses.  

 

First, comparison of the lipid class distribution of viruses to that of whole cells revealed that 

influenza virus was enriched in glycosphingolipids relative to the whole cells (II, Figs. 1, 4A, 

B). In addition, both viruses were enriched in cholesterol relative to the cells, which agrees with 

the established enrichment of cholesterol on plasma membrane [50-52]. When comparing the 

phospholipid acyl chain composition of the viruses to that of the whole cell, it was found that 

polyunsaturated species of PE and PC were depleted from viruses compared to the total cellular 

lipids (II, Figs. 2, 5, 6, Table 1). These data agree with the reported enrichment of saturated 

fatty acids in the plasma membrane [48, 157]. 

 

Second, comparison of the lipid class distribution between influenza virus and VSV showed that 

the levels of glycerophospholipids and cholesterol were similar in both viruses, but there was a 

Figure 7. Concentrations of polar lipids in 
control fibroblasts and fibroblasts loaded 
with cholesterol using methyl-β-
cyclodextrin/cholesterol complexes. Error 
bars = standard deviation, n = 3, * = p < 0.05 
between control and NPC. 
 

*
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significant enrichment of glycosphingolipids in the influenza virus (II, Fig. 4 A, B). This is 

consistent with the hypothesis that influenza virus is enriched in raft domains. The phospholipid 

acyl chain compositions of influenza virus and VSV were similar as shown for PE and PS in 

Fig. 8 (II, Figs. 5, 6). This result is unexpected because influenza virus would be expected to be 

enriched in phospholipids with saturated acyl chains as they promote the formation of lo 

domains [10, 114, 130, 133]. A possible explanation for this result may be the long infection 

time used in this study and considered warranted on the basis of previous results [27], but which 

nevertheless may have undermined the compositional differences between influenza virus and 

VSV [323].  

 

Third, comparison of the viruses derived from control and NPC cells revealed no significant 

differences in the concentrations of polar lipids but a significantly higher content of cholesterol 

in the NPC cell derived viruses (II, Fig. 4C, D). This indicates that the plasma membrane of 

NPC cells contains more cholesterol than that of normal cells. Some previous studies have 

suggested that plasma membrane of NPC cells may be cholesterol depleted in comparison with 

normal cells [314, 324, 325]. On the other hand, Lange and coworkers have demonstrated that in 

NPC cells cholesterol trafficking from late endosomes to plasma membrane is equal to that in 

normal cells, suggesting that the cholesterol content of NPC cell plasma membrane is normal 

[326, 327]. One reason for the discrepancy between studies may be that the cholesterol 

determination methodology used in some of them is based on resistance of NPC cells to sterol-

binding antibiotics filipin and amphotericin B [314, 324, 325]. This method, however, may not 

reflect a reduction in plasma membrane cholesterol content of NPC cells but, for instance, a 

diversion of the antibiotic to cholesterol-rich endosomes/lysosomes [327].  

 

Significant differences in the phospholipid acyl chain unsaturation between control and NPC 

cell derived viruses were observed (Fig. 8). Both the influenza virus and VSV from NPC cells 

contained more polyunsaturated PE, PS and PC species than the respective viruses derived from 

control cells (II, Figs. 5, 6, Table 1). The changes towards more polyunsaturated acyl chains 

were more pronounced in the viral plasma membrane preparations than in whole cells.  
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Figure 8. Molecular species composition of PE and PS from influenza virus and VSV grown 
in control or NPC fibroblasts. PE molecular species in (A) influenza and (B) VSV, PS species 
in (C) influenza and (D) VSV. Error bars = SEM (n = 4-6). **** = p < 0.001, *** = p < 0.005, 
** = p < 0.01, * = p < 0.05 between values for control and NPC.  
 

2.4 Possible mechanisms for the altered phospholipid acyl chain composition 

upon increased membrane cholesterol  

 

The increased level of polyunsaturated phospholipid species upon increased membrane 

cholesterol both in whole cells and in the plasma membrane could reflect a homeostatic 

regulatory response, because model membranes rich in polyunsaturated PC species have been 

reported to be more resistant to the stiffening effects of cholesterol [135, 136, 328]. Notably, 

however, model membrane studies on ordering effects of cholesterol on PC species may not be 

biologically relevant, because the molecular areas occupied by polyunsaturated PC species are 

higher than the areas occupied by the corresponding non-PC phospholipids [329]. Therefore, the 

cholesterol-induced effects on PC order may not reflect the effect of cholesterol in biological 

membranes which are poor in polyunsaturated PC species.  
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The mechanism how the increased cholesterol concentration induces increases in the content of 

unsaturated phospholipids is not known. Decreased membrane fluidity induced by cholesterol 

may upregulate the synthesis of polyunsaturated fatty acids by enhancing fatty acid desaturases, 

such as stearoyl-CoA desaturase (SCD) [93]. It has been demonstrated that feeding cholesterol-

rich diets to rodents increases the amount of monounsaturated fatty acids [330-332] by inducing 

SCD gene expression [333-336]. An increase in SCD activity may in fact diminish the amount 

of rafts in the plasma membrane [337]. Upregulation of SCD alone cannot, however, explain the 

present increases in polyunsaturates because phospholipid acyl chains derived from essential 

fatty acids 18:1 (n-6) and 18:2 (n-3), such as PE 40:6 and 40:7 (Fig. 8), were also elevated.  

 

3. PARTITIONING OF PYRENE-LABELED PHOSPHO- AND SPHINGOLIPIDS 

BETWEEN ORDERED AND DISORDERED MEMBRANE DOMAINS (III) 

 

Pyrene lipids are useful tools in studying intracellular lipid trafficking and domains. The aim of this 

study was to elucidate which pyrene labeled lipids partition into ordered domains, and therefore, 

would be useful probes to study cellular lipid domains. For this purpose, the effect of the length of 

the labeled acyl chain and the polar headgroup of PyrnPC, PyrnSM and PyrnGalCer (n = 6-14 

carbons) on the partitioning of the parent lipid between membrane domains was determined. First, 

we studied partitioning of these lipids between gel and fluid domains coexisting in bovine brain 

sphingomyelin (BB-SM) and BB-SM/spin-labeled PC bilayers. Second, partitioning of the probes 

between ld and lo domains in BB-SM/spin-labeled PC/cholesterol bilayers was investigated. The 

degree of partitioning was determined on the basis of i) measurement of excimer to monomer 

emission intensity ratio (E/M) as a function of temperature or ii) quenching of the pyrene monomer 

fluorescence by spin-labeled PC molecules.  

 

3.1 Gel/liquid domain partitioning of pyrene-labeled lipids as deduced from E/M vs. 

temperature plots  

 

To measure E/M as a function of temperature we used BB-SM bilayers containing 2 mol% of 

pyrene lipid to determine partitioning of pyrene-labeled lipids between gel and fluid bilayer 
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domains [104, 263, 267-269]. BB-SM, which is a mixture of several molecular species, undergoes 

a gel-to-fluid phase transition between ~15 and 47 °C as shown in Fig. 9A (III, Fig. 1A) [119, 

338]. This transition actually consists of at least three subtransitions due to the acyl chain 

heterogeneity of BB-SM. The subtransitions at ~36 °C and ~41 °C may be attributed to domains 

consisting of species with long and saturated acyl chains, while the transition at ~26 °C probably 

derives from the melting of the species with shorter and/or more unsaturated chains. We interpreted 

the E/M vs. temperature plot obtained for Pyr6PC in BB-SM bilayer (Fig. 9B) as follows (III, Fig. 

1B, C) [104, 267-269]. At low temperatures, short-chain (Pyr6PC) molecules cluster because of 

their low solubility in gel-state BB-SM domains (leftmost panel in Fig. 9C). The exclusion of 

Pyr6PC from the BB-SM gel domains can be attributed to a poor fit of the bulky pyrene moiety into 

the tightly packed lipids in such domains. Upon heating, E/M gradually increases until Tm of BB-

SM is reached. At this point, E/M decreases abruptly due to a gradual disappearance of the Pyr6PC 

cluster domains upon melting of the matrix lipid (middle panel in Fig. 9C). Further increase in 

temperature results in a monotonous increase in E/M due to increasing lateral diffusion of the 

pyrene lipid molecules fully dispersed in the fluid BB-SM matrix (rightmost panel in Fig. 9C).  

 

The E/M vs. temperature curves obtained for each PyrnPC species were markedly dependent on the 

length of the pyrene-labeled chain (III, Fig. 2A). The abrupt decrease of E/M upon heating became 

less evident with increasing chain length and eventually disappeared. PyrnSM (III, Fig. 2B) and 

PyrnGalCer (III, Fig. 2C) behaved similarly to PyrnPC. These results indicated that partitioning of 

the pyrene lipids to the gel phase domains increases systematically as n increases. The gel/liquid 

partition of the different pyrene-labeled lipids was assessed more quantitatively by using an 

empirical model (III, Appendix 1). The gel vs. liquid partition coefficients (Kg/f) showed that the 

probes with a short labeled chain partitioned mainly to the fluid domains at 36°C, while those with 

a long chain partitioned equally to both types of domains, or even slightly preferred the gel 

domains (III, Fig. 4A), in line with previous studies [267, 269]. 

 

A close examination of the E/M vs. temperature curves (III, Fig. 2, 4A) indicates that PyrnSM may 

partition somewhat less to the gel domains than PyrnPC with equal n. A possible explanation for 

these data is that the pyrene moiety of PyrnSM is less deeply inserted in the bilayer than that of 

corresponding PyrnPC. Hoffmann and coworkers have recently proposed that a nitroxide moiety 
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attached to the acyl chain of SM lies approximately one methylene unit closer to the membrane 

surface than when the same acyl is attached to the sn-2 position of PC, which could be due to 

different molecular conformations of SM and PC [339]. An alternative explanation would be that 

the whole SM molecule is less deeply inserted in the bilayer than PC due to its more polar 

character.  Recent computer simulation studies also suggest that SM and PC have different 

conformations because it was shown that SM species form intramolecular hydrogen bonds and 

have an increased ordering of hydrocarbon chains compared to PC species [99, 100].  
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Figure 9. Relationship between E/M vs. 
temperature curves and phase behaviour
of short-chain pyrene lipids. Multilamellar 
vesicles consisting of 98 mol% BB-SM and 
2 mol% of Pyr6PC lipid were prepared and 
(A) the heat capacity and (B) E/M ratio 
were measured as a function of 
temperature. (C) Relation of the E/M ratio 
to the distribution of Pyr6PC below Tm
(leftmost panel), at the phase transition 
region (middle panel) and above Tm of BB-
SM (rightmost panel). The grey areas 
represent gel and white areas fluid 
domains, while the black dots represent 
Pyr6PC molecules.  
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3.2 Partitioning of pyrene lipids between gel and fluid domains as determined by 

fluorescence quenching 

 

We also used a fluorescence quenching assay to study partitioning of pyrene labeled lipids between 

fluid and gel domains [111, 112, 114, 115, 134, 255, 340]. The pyrene-labeled probe was 

incorporated into a bilayer consisting of 7-SLPC, a spin-labeled quencher lipid with a low Tm, 

and BB-SM, a lipid with a high Tm. At a temperature below Tm of the unlabeled lipid but above 

Tm of quencher-labeled lipid, fluid domains consisting mainly of the quencher lipid and gel 

domains consisting mainly of the unlabeled lipid co-exist. When the ratio of the two lipids is 

varied, the fractional areas of the fluid-like (quenching) and gel-like (non-quenching) domain 

will change, which in turn affects probe fluorescence in a manner depending on its partitioning 

between the two types of domains. A simple equation can then be fitted to the data to obtain Kg/f 

[340].  

 

We first studied quenching of Pyr6PC and Pyr14PC and also other probes in homogenous, fluid 

bilayers. It was found that their fluorescence was quenched equally independent of the length of the 

pyrene-labeled chain in such homogenous bilayers (III, Fig. 5A), which is a prerequisite for 

obtaining reliable partitioning information in segregated bilayers [114]. In contrast, the quenching 

curves obtained for PyrnPC in BB-SM/7-SLPC bilayers, differed markedly from each other; 

Pyr6PC and Pyr10PC were quenched more efficiently than Pyr14PC (III, Fig. 5B). Analogously, 

Pyr6SM and Pyr10SM were quenched more efficiently than Pyr14SM, and Pyr6GalCer more 

efficiently than Pyr12GalCer (III, Fig. 5C+D). These data indicate that the long-chain pyrene-

labeled lipids partition preferentially to the gel domains also in BB-SM/7-SLPC bilayers (III, 

Appendix 2, Fig. 6).  

 

This is the first detailed study on how the position of a fluorophore (or other bulky group) along an 

acyl chain of a phospho- or sphingolipid affects the partitioning of the labeled lipid between 

coexisting gel/liquid domains. In one study partitioning of two PC species carrying a fluorescent 

diphenylhexatriene moiety [341] and in another study partitioning of anthroyloxy-labeled fatty 

acids between gel and fluid domains were studied [112]. Our results indicated that partitioning of 

PyrnPC, PyrnSM and PyrnGalCer shift in favor of the gel phase when the length of the labeled chain 
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increases. Plausible explanations for this could be the two things that happen simultaneously: i) the 

effective length of the chain increases and ii) the pyrene moiety moves deeper into the bilayer 

[272].  

 

Regarding the former, i.e. the effective length of the acyl chain, it is likely that the partitioning of 

the long-chain pyrene lipids to the gel domains is, at least in part, due to the fact that the length of 

their acyl chains better matches the length of the chains of the lipids forming those domains [112, 

133, 134, 254, 255]. Considering the latter, i.e. the effect of pyrene position in the bilayer, it has 

been shown that the mean bilayer depth of the pyrene moiety attached to a phospholipid acyl chain 

increases systematically with increasing length of the linked chain [272]. Since in BB-SM bilayers 

the acyl chains are more ordered close to bilayer surface as compared to the core region [342], 

pyrene attached to a short acyl chain (n ≤ 8) will partly reside in the more ordered region of the 

bilayer. This is expected to significantly perturb the packing of BB-SM acyl chains. When the 

length of the labeled chain increases, on the other hand, the pyrene moiety moves to the less 

ordered core region of the bilayer where it is better accommodated than when it is closer to the 

bilayer surface. Thus, short-chain pyrene-labeled lipids seem to perturb packing of neighboring 

acyl chains similarly to unsaturated lipids partitioning to the fluid phase [114, 133, 343, 344]. Also 

computer simulation studies have shown that hydrophobic probes embedded into membranes 

decrease the order of lipid acyl chains most when they are close to the bilayer surface [273, 274]. 

 

The lipid backbone and headgroup structures were also found to affect, although modestly, the 

distribution of pyrene lipids between gel and liquid domains. PyrnGalCer seemed to have a 

somewhat higher affinity for the gel domains than either PyrnPC or PyrnSM when n > 8 (III, Fig. 4, 

6). This is consistent with the recent data obtained for lipids containing an indolylstearic acid 

residue [134]. The higher gel domain affinity of the PyrnGalCer derivatives could derive from that 

these species are better accommodated in such closely packed systems due to their smaller 

headgroup [345]. However, the data of Wang and Silvius indicate that there is no simple 

relationship between the headgroup size and partitioning between fluid and gel domains [134].  
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3.3 Partitioning of pyrene lipids between liquid-ordered (lo) and liquid-disordered (ld) 

domains  

 

Partitioning of the pyrene lipid between lo and ld domains was assessed by using the fluorescence 

quenching method. The quenching curves obtained for PyrnPC in BB-SM/7-SLPC/cholesterol 

bilayers showed that Pyr6PC is quenched significantly more efficiently than either Pyr10PC and 

Pyr14PC, thus indicating that this short-chain species partitions significantly less to lo domain than 

those with a longer chain (III, Fig. 7A). The PyrnSM and PyrnGalCer derivatives behaved similarly 

to PyrnPC, i.e., the short-chain species appeared to partition less into lo domains than the long-chain 

ones (III, Fig. 7B+C). However, the Pyr14SM and Pyr12GalCer species were less quenched at low 

7-SLPC mole fractions than Pyr14PC, suggesting that they favor the BB-SM-rich domains more 

than the PC derivative.  

 

The partition coefficients [114] obtained showed that, in general, the affinity for the lo domains 

increases with the length of the pyrene-labeled chain (III, Fig. 8). In agreement with present data, 

also phospho- and sphingolipids with another type of fluorophore attached to a short acyl chain 

were found to partition largely into ld domains whereas an increase in acyl chain length increased 

the affinity for lo domains [114, 115, 130, 186]. PyrnPC species, however, are an exception from 

this rule, since Pyr14PC partitioned less to the lo domains than Pyr10PC (at higher 7-SLPC mole 

fractions). A possible explanation could be that in the lo domains the pyrene moiety of Pyr14PC 

interacts unfavorably with the molecules in the opposite leaflet. Therefore, Pyr14PC could have a 

lower affinity for such domains than the species with a somewhat shorter chain, e.g., Pyr10PC. The 

absence of such anomalous chain-length dependency in BB-SM/7-SLPC bilayers (III, Fig. 4, 6) 

could relate to the fact that the gel domains are thicker than the lo domains [201, 202] and thus the 

Pyr14PC chain does not reach the opposite monolayer in BB-SM gel domains. Consistent with this 

reasoning, studies carried out with other labeled lipids showed that an optimal chain-length exists 

for partitioning into lo domains [114, 134]. The fact that partitioning of PyrnSM to lo domains 

increased steadily with n with could be due to a shallower position of the pyrene as compared to 

PyrnPC with equal n (see above). However, it cannot be excluded that also other factors, such as the 

proposed higher affinity of SM for cholesterol [70] play a role here.  
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The headgroup also influenced the partitioning of pyrene lipids into lo domains, since the 

partitioning of long-chain pyrene lipids into lo domains increased in the order PC < SM < GalCer 

(III, Fig. 8). This order agrees with that obtained previously for other fluorescent lipids [115, 134]. 

A possible explanation for the preferential partitioning of glycosphingolipid analogues into lo 

domains could be that the glycosyl residues of these species contribute to their affinity for these 

domains [115].  

 

4. DISTRIBUTION OF PYRENE-LABELED SPHINGOMYELINS IN LIVING 

CELLS  

 

The domain partitioning data obtained with model membranes (III) indicated that pyrene-

labeled lipids should be useful tools to study the role of membrane domains in lipid sorting and 

trafficking. To study the behaviour of pyrene-labeled lipids in cells, we introduced pyrene-

labeled sphingomyelins (PyrnSM) of different chain lengths into human fibroblasts. We 

followed their metabolism at different time points, studied the cellular distribution by 

fluorescence microscopy and the domain partitioning by detergent insolubility. 

 

4.1 Introduction of PyrnSMs into human fibroblasts and their metabolism therein 

 

Pyrene-labeled sphingomyelins of varying chain lengths were introduced into the plasma 

membrane of human fibroblasts during a 5-minute pulse by using γ-CD as a carrier and the cells 

were then chased for 1, 5, 17 or 41 hours in the absence of serum. The uptake of PyrnSM into 

cells determined by HPLC analysis was ~5 pmols of pyrene lipid/µg protein. Minor differences 

in the amount of lipid incorporated into cells reflected differences in the labeling efficiency 

between experiments and the different analogues. In comparison, the concentration of 

endogenous SM in fibroblasts was 26 pmol/µg protein (II). Up to 5 hours of chase, the majority 

of Pyr4SM and Pyr12SM remained unmetabolised, as ~75% of Pyr4SM and ~80% Pyr12SM was 

still intact (Fig. 10 A+B). The major metabolic product of PyrnSMs was ceramide [280-282]. 

Interestingly, at long chase times differences in the rate of ceramide formation were observed 
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between the different pyrene lipids, in line with previous data [281], because at 41 hours, ~20% 

of Pyr4SM, and ~50% of Pyr12SM had been hydrolysed to corresponding ceramides (Fig. 10 

A+B). Pyr16SM hydrolysis into the corresponding ceramide (data not shown) was similar to 

Pyr12SM hydrolysis. This indicated that the short-chain derivative was catabolised less 

efficiently than the long-chain derivatives.  

 

To determine whether PyrnSMs were hydrolysed into ceramide by an acidic lysosomal or a 

neutral sphingomyelinase (SMase), the pulse-chase experiments were also performed with 

Niemann-Pick A (NPA) fibroblasts which are defective in the lysosomal SMase. HPLC analysis 

indicated that the hydrolysis of Pyr4SM and Pyr12SM into ceramide was virtually absent in NPA 

cells, signifying that the acidic lysosomal SMase was mostly responsible for the degradation of 

these pyrene labeled SMs in fibroblasts (Fig. 10 C+D). The present results are in agreement 

with previous data obtained for Pyr12SM and short-chain pyrene labeled sphingomyelins whose 

hydrolysis was shown to be significantly reduced in NPA fibroblasts compared to control 

fibroblasts [281]. It has also been shown, however, that a minor part of short-chain pyrene 

labeled SMs can be degraded into ceramides also by a neutral non-lysosomal SMase [281, 282]. 

Also, NBD-SM has been shown to be partially hydrolysed by a neutral SMase [257]. 
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Figure 10. Metabolism of Pyr4SM and Pyr12SM in human fibroblasts. Degradation was 
determined for Pyr4SM and P12SM in (A+B) control and (C+D) NPA fibroblasts by HPLC with 
fluorescence detection (see experimental procedures). The values are expressed as % of the 
quantified lipids and they represent an average of 2-4 experiments with duplicate samples. Error 
bars = standard deviation.  
 

4.2 DRM association of PyrnSMs 

 

Triton X-100 insolubility of pyrene labeled SMs was used as a measure of their partitioning to 

ordered domains in cellular membranes. Fibroblasts were first labeled with 3H-choline chloride 

for 24 hours to metabolically label PC and SM species followed by labeling with PyrnSM and 

1h of chase. DRMs were subsequently isolated by flotation in an Optiprep-Triton X-100 

gradient. 3H-choline distribution between collected Optiprep fractions (Fig. 11B, inset) was 

determined. The distribution of total 3H-choline labeled lipids in the gradient corresponded to 

that of PC, indicating that the Optiprep-Triton X-100 gradients correctly reflected the solubility 

of cellular lipids. DRM association of PyrnSMs was determined by fluorescence spectroscopy. 

Pyr16SM was by far the derivative most enriched in DRMs, as ~60-70% was recovered in the 

top fractions of the gradient (Fig. 11A). Pyr12SM was ~30% insoluble, whereas Pyr4SM was 
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almost completely detergent-soluble. Thus, the chain-length dependent domain partitioning of 

pyrene labeled lipids demonstrated in model membranes (III) was also supported at the cellular 

level. Interestingly, BODIPY-labeled SM and LacCer were both detergent-soluble (data not 

shown). ESI-MS analysis of the major fibroblast phospholipids indicated that SM was 60-70 % 

enriched in DRMs as expected, whereas PC and PE were mostly TX-100 soluble (Fig. 11B). 

Thus, the insolubility of Pyr16SM resembled the insolubility of endogenous SM.  
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4.3 Intracellular distribution of PyrnSMs  

 

The distribution of PyrnSM monomer fluorescence in fibroblasts was visualised by fluorescence 

imaging. Fibroblasts were labeled and chased with PyrnSM as outlined above. PyrnSMs initially 

incorporated onto the plasma membrane from where they were endocytosed rapidly as shown 

for Pyr4SM and Pyr12SM in Fig. 12A+C. To better visualise the intracellular structures, the 

plasma membrane fluorescence was selectively quenched by TNP-LPE (Fig. 12 B+D) [277]. By 

Figure 11. Association of 
PyrnSMs and fibroblast lipids 
with DRMs as determined by 
flotation in Optiprep-1% TX-
100 gradient. (A) Distribution 
of PyrnSMs after 1h of chase. 
(B) ESI-MS analysis of the 
distribution of major fibroblast 
phospholipid classes, n = 
average of 2-3 experiments.  (B, 
inset) Distribution of total 3H-
choline containing lipids after 
metabolic labeling for 24 hours, 
n = 8. Error bars = standard 
deviation.  
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imaging the cells before and after TNP-LPE addition the fraction of fluorescence inside the cell 

and in the plasma membrane could be determined. At 15 minutes of chase the fraction of 

monomer fluorescence inside the cells was 0.23 (±0.03, n = 12 cells) for Pyr4SM and 0.27 

(±0.03, n = 12 cells) for Pyr12SM, i.e. 70-80% of the lipid analogues was on the plasma 

membrane. As the chase time was increased the fraction of PyrnSM fluorescence inside the cell 

increased. At 2 hours of chase, the fraction of monomer fluorescence inside the cells was 0.37 

(±0.07, n = 18 cells) for Pyr4SM and 0.42 (±0.07, n = 18 cells) Pyr12SM, i.e. ~60% of the 

fluorescence was in the plasma membrane. Part of the intracellular fluorescence of Pyr4SM at 2 

hours co-localised with early endosomal antigen-1 (EEA1) in punctate structures (Fig. 12 E+F) 

suggesting that Pyr4SM was transported to early endosomes. Fibroblasts labeled with Pyr16SM 

were also imaged (data not shown), however, due to its low level of incorporation into the cells 

the interpretation of these images was problematic.  

 

Detergent insolubility of PyrnSMs was also studied by fluorescence imaging [158]. Fibroblasts 

were labeled and chased with Pyr4SM or Pyr12SM as described above (Fig. 13 A+C), extracted 

with 1% Triton X-100 for 30 minutes on ice, fixed and imaged. We found that the cell surface 

area remained largely labeled by Pyr12SM (Fig. 13B), apart from the extracted holes present in 

each cell. In contrast, Pyr4SM was completely extracted by the detergent (Fig. 13D). These data 

support the detergent extractability of PyrnSMs as analysed by the Optiprep-gradient.  

 

In conclusion, γ-CD provides a rapid and simple method to introduce even the more 

hydrophobic PyrnSM species into living cells and to image their distribution therein by 

fluorescence microscopy. The cellular metabolism of PyrnSMs is relatively slow allowing one to 

study the probe distribution by fluorescence imaging at time points where no significant 

degradation has yet occurred. The domain partitioning or PyrnSMs as determined by their DRM 

association supports the data obtained in model membranes (III), i.e. the analogues with long 

labeled acyl chains partition preferentially into ordered domains also in living cells. By using 

lipid analogues with different domain-partitioning preferences information on the role of lipid 

domains in cellular processes will be obtained. The possibility to visualise both monomer and 

excimer fluorescence simultaneously enables one to obtain E/M ratio images, which should 

provide valuable information on the local pyrene lipid concentration. In particular, E/M images 
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before and after treatments that perturb raft lipid balance on the plasma membrane (e.g. 

depletion of SM by exogenous neutral SMase or depletion of cholesterol by cholesterol-

sequestering agents) is expected to provide information on changes in membrane fluidity and 

organisation.  

 

 

 

 

 

 

 

 

 



 66

          
            

Figure 12. Fluorescence imaging of PyrnSMs in human fibroblasts. (A) Pyr4SM monomer 
fluorescence after 15 min chase, (B) the same image as in A after selective quenching of plasma 
membrane fluorescence by TNP-LPE. (C) Pyr12SM monomer fluorescence after 15 min chase, 
(D) the same image as in C after quenching of plasma membrane fluorescence by TNP-LPE. (E) 
Pyr4SM after 2h chase in fixed cells, (F) EEA-1 localisation in the same cell as in E, punctata 
showing co-localisation of Pyr4SM and EEA-1 are indicated with arrows.  
 
 

P4SM +TNP-LPE P4SM -TNP-LPE 

P12SM -TNP-LPE P12SM +TNP-LPE 

P4SM 2h EEA-1 2h 



 67

 
 
Figure 13. Cold Triton X-100 extractability of Pyr12SM and Pyr4SM in fibroblasts. After 
labeling cells were chased for 15 min, imaged, extracted with 1% Triton X-100 on ice for 30 
minutes, washed, fixed with 4% paraformaldehyde and the same dish was imaged again. A dish 
labeled with Pyr12SM and imaged (A) before and (B) after TX-100 extraction, a dish labeled 
with Pyr4SM and imaged (C) before and (D) after TX-100 extraction. Detergent extraction after 
fixing of the cells gave essentially the same result. The intensity scale in images before and after 
the detergent treatment is the same.  
 
 
 
 
 
 
 
 
 
 
 
 

P12SM - TX-100 P12SM + TX-100 

P4SM - TX-100 P4SM + TX-100 
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CONCLUSIONS 
 
 
The key results of the present study are: 

 
1) Several factors influence the instrument response in electrospray ionisation mass 

spectrometric (ESI-MS) analysis of phospholipids. Among other things, phospholipid 

acyl chain length and unsaturation, polar headgroup as well as total lipid concentration 

have a significant effect on instrument response. Reliable quantitative data on 

phospholipid compositions can be achieved by ESI-MS by including several internal 

standards for each lipid class in the lipid extract. 

 

2) ESI-MS analysis of fibroblast plasma membrane domains enveloped into budded viruses 

show that glycosphingolipids are enriched in influenza virus thought to bud from ordered 

domains, compared to VSV budding from disordered domains. Both chronic and acute 

cholesterol loading of fibroblasts increase the content of polyunsaturated fatty acids in 

major phospholipid classes of plasma membrane domains as well as of whole cells. This 

could reflect a regulatory mechanism in cells to maintain an adequate level of membrane 

fluidity when the cholesterol concentration of the membranes is increased. 

 

3) Partitioning of pyrene-labeled PC, SM and GalCer (PyrnPC, PyrnSM and PyrnGalCer) 

between ordered and disordered domains in model membranes is strongly influenced by 

the length of the labeled acyl chain. The long-chain pyrene-labeled analogues partition 

preferentially into ordered domains and the short-chain analogues favor fluid domains.  

 

4) Pyrene-labeled lipids partitioning into ordered and disordered domains can be introduced 

into cells with γ-cyclodextrin. Their domain partitioning therein appears to depend on 

the length of the labeled acyl chain similarly as in model membranes. Therefore, pyrene-

labeled lipids are useful tools to study properties of membrane domains as well as their 

role in lipid sorting and trafficking in cells. 

 

 
 



 69

 
ACKNOWLEDGEMENTS 

 

The work in this thesis was mostly carried out at the Department of Biochemistry, Institute of 
Biomedicine at the University of Helsinki during 1998-2003. I wish to express my sincere 
gratitude to all my colleagues and friends who have been involved in this work, who have put up 
with me and contributed to the completion of this thesis. I would especially like to thank the 
following people (+ a creature): 
 
Docent Pentti Somerharju, my supervisor, for his expert advice and continuous encouragement 
and patience during this process. Pena has always been very understanding towards the work-
related as well as the more personal anxieties of a PhD student.  
 
Docent Elina Ikonen, my collaborator, a member of my ‘follow-up’ group and a significant and 
enthusiastic contributor in this thesis.  
 
Professor Jorma Virtanen, an important collaborator and brainpower in explaining the games of 
pyrene lipids. 
 
Professor Ismo Virtanen, the head of the Institute of Biomedicine, for providing the facilites for 
this research. 
 
Docent Peter Mattjus and Dr. Ilpo Vattulainen for carefully reviewing this thesis (despite its 
length ☺) and giving very helpful comments. 
 
Professor Risto Kostiainen, for kindly providing the mass spectrometer and facilities at his lab 
at the Division of Pharmaceutical Chemistry, Department of Pharmacy, for a significant part of 
my MS analyses. 
 
Perttu Haimi, Titta Blom and Joni Alvesalo, my co-authors.  
 
Docent Vesa Olkkonen, a member of my ‘follow-up’ group, who also kindly wrote letters of 
recommendations for grants. 
 
Tarja, suunnattomasta avusta ja henkisestä tuesta, ilman Tarjaa ei tästäkään väitöskirjasta olisi 
tullut yhtään mitään. 
Anu, jaetuista elämänkokemuksista ja siitä, että johdatit minut tuon niin hienon elämäntavan 
maailmaan.  
Kimmo on ollut suuri apu monessa asiassa, sekä mukava yhteistyökumppani. 
Lilli ja Reijo, avusta ja ohjeista, niin työn kuin elämän saralla.  
 
Andreas for critically reading the thesis and for helping out with various computer problems.  
Martin as well as the German dude mentioned above for making our office space such a fun, 
THUS an enjoyable place, ALBEIT maybe not so FEASIBLE ☺. 
 
All the other colleagues and students, past and present, in the lab. 



 70

 
Jarno, rakas elämänkumppanini, olet ollut suuri henkinen voimavara minulle. 
 
Isä & Äiti ja muu lähisuku sekä Ihanat Ystävät, kiitos kannustuksesta ja kaikesta tuesta. 
 
Merita Petäjä ja Ritva Laaksonen, kognitiivisen terapian mestarit, kiitos avusta elämän 
ymmärryksessä. 
 
Helsinki Graduate School in Biotechnology and Molecular Biology for providing financial 
support during 1999-2002. 
 
Emil Aaltosen säätiö and Ella och Georg Ehrnrooths Stiftelse for financial support.  
 
Stelmo’s Bona Dea, maailman ihanin Hovawart, elämäni suurin ilon lähde.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 71

REFERENCES 
   
1. Dowhan, W., Bogdanov, M. (2002) Functional roles of lipids in membranes, in Biochemistry of lipids, 

lipoproteins and membranes, 4th edition, D.E. Vance, Vance, J. E., Editor., Elsevier: Amsterdam. p. 1-35. 

2. Singer, S.J. and G.L. Nicolson. (1972) The fluid mosaic model of the structure of cell membranes. 

Science. 175(23): 720-31. 

3. Simons, K. and E. Ikonen. (1997) Functional rafts in cell membranes. Nature. 387(6633): 569-72. 

4. Brown, D.A. and E. London. (2000) Structure and function of sphingolipid- and cholesterol-rich 

membrane rafts. J Biol Chem. 275(23): 17221-4. 

5. Maxfield, F.R. (2002) Plasma membrane microdomains. Curr Opin Cell Biol. 14(4): 483-7. 

6. Edidin, M. (2003) The State of Lipid Rafts: From Model Membranes to Cells. Annu Rev Biophys Biomol 

Struct. 16: 16. 

7. Brown, D.A. and J.K. Rose. (1992) Sorting of GPI-anchored proteins to glycolipid-enriched membrane 

subdomains during transport to the apical cell surface. Cell. 68(3): 533-44. 

8. Sankaram, M.B. and T.E. Thompson. (1990) Interaction of cholesterol with various glycerophospholipids 

and sphingomyelin. Biochemistry. 29(47): 10670-5. 

9. Silvius, J.R. (1992) Cholesterol modulation of lipid intermixing in phospholipid and glycosphingolipid 

mixtures. Evaluation using fluorescent lipid probes and brominated lipid quenchers. Biochemistry. 31(13): 

3398-408. 

10. Schroeder, R., E. London, and D. Brown. (1994) Interactions between saturated acyl chains confer 

detergent resistance on lipids and glycosylphosphatidylinositol (GPI)-anchored proteins: GPI- anchored 

proteins in liposomes and cells show similar behavior. Proc Natl Acad Sci U S A. 91(25): 12130-4. 

11. Schroeder, R.J., S.N. Ahmed, Y. Zhu, E. London, and D.A. Brown. (1998) Cholesterol and sphingolipid 

enhance the Triton X-100 insolubility of glycosylphosphatidylinositol-anchored proteins by promoting the 

formation of detergent-insoluble ordered membrane domains. J Biol Chem. 273(2): 1150-7. 

12. London, E. and D.A. Brown. (2000) Insolubility of lipids in triton X-100: physical origin and relationship 

to sphingolipid/cholesterol membrane domains (rafts). Biochim Biophys Acta. 1508(1-2): 182-95. 

13. Benting, J., A. Rietveld, I. Ansorge, and K. Simons. (1999) Acyl and alkyl chain length of GPI-anchors is 

critical for raft association in vitro. FEBS Lett. 462(1-2): 47-50. 

14. Arni, S., S.A. Keilbaugh, A.G. Ostermeyer, and D.A. Brown. (1998) Association of GAP-43 with 

detergent-resistant membranes requires two palmitoylated cysteine residues. J Biol Chem. 273(43): 28478-

85. 

15. Melkonian, K.A., A.G. Ostermeyer, J.Z. Chen, M.G. Roth, and D.A. Brown. (1999) Role of lipid 

modifications in targeting proteins to detergent- resistant membrane rafts. Many raft proteins are acylated, 

while few are prenylated. J Biol Chem. 274(6): 3910-7. 



 72

16. Pyenta, P.S., D. Holowka, and B. Baird. (2001) Cross-correlation analysis of inner-leaflet-anchored green 

fluorescent protein co-redistributed with IgE receptors and outer leaflet lipid raft components. Biophys J. 

80(5): 2120-32. 

17. Skibbens, J.E., M.G. Roth, and K.S. Matlin. (1989) Differential extractability of influenza virus 

hemagglutinin during intracellular transport in polarized epithelial cells and nonpolar fibroblasts. J Cell 

Biol. 108(3): 821-32. 

18. Keller, P. and K. Simons. (1998) Cholesterol is required for surface transport of influenza virus 

hemagglutinin. J Cell Biol. 140(6): 1357-67. 

19. van Meer, G. and K. Simons. (1988) Lipid polarity and sorting in epithelial cells. J Cell Biochem. 36(1): 

51-8. 

20. Mukherjee, S., T.T. Soe, and F.R. Maxfield. (1999) Endocytic sorting of lipid analogues differing solely in 

the chemistry of their hydrophobic tails. J Cell Biol. 144(6): 1271-84. 

21. Simons, K. and J. Gruenberg. (2000) Jamming the endosomal system: lipid rafts and lysosomal storage 

diseases. Trends Cell Biol. 10(11): 459-62. 

22. Gruenberg, J. (2001) The endocytic pathway: a mosaic of domains. Nat Rev Mol Cell Biol. 2(10): 721-30. 

23. Liscum, L. (2000) Niemann-Pick type C mutations cause lipid traffic jam. Traffic. 1(3): 218-25. 

24. Subczynski, W.K. and A. Kusumi. (2003) Dynamics of raft molecules in the cell and artificial membranes: 

approaches by pulse EPR spin labeling and single molecule optical microscopy. Biochim Biophys Acta. 

1610(2): 231-43. 

25. Sheets, E.D., D. Holowka, and B. Baird. (1999) Membrane organization in immunoglobulin E receptor 

signaling. Curr Opin Chem Biol. 3(1): 95-9. 

26. Cremesti, A.E., F.M. Goni, and R. Kolesnick. (2002) Role of sphingomyelinase and ceramide in 

modulating rafts: do biophysical properties determine biologic outcome? FEBS Lett. 531(1): 47-53. 

27. Scheiffele, P., A. Rietveld, T. Wilk, and K. Simons. (1999) Influenza viruses select ordered lipid domains 

during budding from the plasma membrane. J Biol Chem. 274(4): 2038-44. 

28. van der Goot, F.G. and T. Harder. (2001) Raft membrane domains: from a liquid-ordered membrane phase 

to a site of pathogen attack. Semin Immunol. 13(2): 89-97. 

29. Simons, K. and R. Ehehalt. (2002) Cholesterol, lipid rafts, and disease. J Clin Invest. 110(5): 597-603. 

30. Manes, S., R.A. Lacalle, C. Gomez-Mouton, G. del Real, E. Mira, and A.C. Martinez. (2001) Membrane 

raft microdomains in chemokine receptor function. Semin Immunol. 13(2): 147-57. 

31. Barenholz, Y. (2002) Cholesterol and other membrane active sterols: from membrane evolution to "rafts". 

Prog Lipid Res. 41(1): 1-5. 

32. Tabas, I. (2002) Consequences of cellular cholesterol accumulation: basic concepts and physiological 

implications. Journal of Clinical Investigations. 110(7): 905-911. 

33. Cook, H.W., McMaster, C. R. (2002) Fatty acid desaturation and chain elongation in eukaryotes, in 

Biochemistry of lipids, lipoproteins and membranes, 4th edition, D.E. Vance, Vance, J. E., Editor., 

Elsevier Science B. V:: Amsterdam. p. 181-202. 



 73

34. Vist, M.R. and J.H. Davis. (1990) Phase equilibria of cholesterol/dipalmitoylphosphatidylcholine 

mixtures: 2H nuclear magnetic resonance and differential scanning calorimetry. Biochemistry. 29(2): 451-

64. 

35. Almeida, P.F., W.L. Vaz, and T.E. Thompson. (1992) Lateral diffusion in the liquid phases of 

dimyristoylphosphatidylcholine/cholesterol lipid bilayers: a free volume analysis. Biochemistry. 31(29): 

6739-47. 

36. Brown, M.S. and J.L. Goldstein. (1999) A proteolytic pathway that controls the cholesterol content of 

membranes, cells, and blood. Proc Natl Acad Sci U S A. 96(20): 11041-8. 

37. Ntambi, J.M. and M. Miyazaki. (2003) Recent insights into stearoyl-CoA desaturase-1. Curr Opin Lipidol. 

14(3): 255-61. 

38. Patton, G.M., J.M. Fasulo, and S.J. Robins. (1982) Separation of phospholipids and individual molecular 

species of phospholipids by high-performance liquid chromatography. J Lipid Res. 23(1): 190-6. 

39. Han, X. and R.W. Gross. (1994) Electrospray ionization mass spectroscopic analysis of human erythrocyte 

plasma membrane phospholipids. Proc Natl Acad Sci U S A. 91(22): 10635-9. 

40. Brügger, B., G. Erben, R. Sandhoff, F.T. Wieland, and W.D. Lehmann. (1997) Quantitative analysis of 

biological membrane lipids at the low picomole level by nano-electrospray ionization tandem mass 

spectrometry [published erratum appears in Proc Natl Acad Sci U S A 1999 Sep 14;96(19):10943]. Proc 

Natl Acad Sci U S A. 94(6): 2339-44. 

41. Ramanadham, S., F.F. Hsu, A. Bohrer, W. Nowatzke, Z. Ma, and J. Turk. (1998) Electrospray ionization 

mass spectrometric analyses of phospholipids from rat and human pancreatic islets and subcellular 

membranes: comparison to other tissues and implications for membrane fusion in insulin exocytosis. 

Biochemistry. 37(13): 4553-67. 

42. Han, X. and R.W. Gross. (2003) Global analyses of cellular lipidomes directly from crude extracts of 

biological samples by ESI mass spectrometry: a bridge to lipidomics. J Lipid Res. 44(6): 1071-9. 

43. Maier, O., V. Oberle, and D. Hoekstra. (2002) Fluorescent lipid probes: some properties and applications 

(a review). Chem Phys Lipids. 116(1-2): 3-18. 

44. Chattopadhyay, A. and E. London. (1987) Parallax method for direct measurement of membrane 

penetration depth utilizing fluorescence quenching by spin-labeled phospholipids. Biochemistry. 26(1): 39-

45. 

45. Huster, D., P. Muller, K. Arnold, and A. Herrmann. (2001) Dynamics of membrane penetration of the 

fluorescent 7-nitrobenz-2-oxa- 1,3-diazol-4-yl (NBD) group attached to an acyl chain of 

phosphatidylcholine. Biophys J. 80(2): 822-31. 

46. Huster, D., P. Muller, K. Arnold, and A. Herrmann. (2003) Dynamics of lipid chain attached fluorophore 

7-nitrobenz-2-oxa-1,3- diazol-4-yl (NBD) in negatively charged membranes determined by NMR 

spectroscopy. Eur Biophys J. 32(1): 47-54. 

47. Merril, A.H., Sandhoff, K. (2002) Sphingolipids: metabolism and signalling, in Biochemistry of lipids, 

lipoproteins and membranes, 4th edition, D.E. Vance, Vance, J. E., Editor., Elsevier Science B. V:: 

Amsterdam. p. 373-406. 



 74

48. Colbeau, A., J. Nachbaur, and P.M. Vignais. (1971) Enzymic characterization and lipid composition of rat 

liver subcellular membranes. Biochim Biophys Acta. 249(2): 462-92. 

49. Renkonen, O., C.G. Gahmberg, K. Simons, and L. Kaariainen. (1972) The lipids of the plasma membranes 

and endoplasmic reticulum from cultured baby hamster kidney cells (BHK21). Biochim Biophys Acta. 

255(1): 66-78. 

50. Lange, Y., M.H. Swaisgood, B.V. Ramos, and T.L. Steck. (1989) Plasma membranes contain half the 

phospholipid and 90% of the cholesterol and sphingomyelin in cultured human fibroblasts. J Biol Chem. 

264(7): 3786-93. 

51. Lange, Y. (1991) Disposition of intracellular cholesterol in human fibroblasts. J Lipid Res. 32(2): 329-39. 

52. Warnock, D.E., C. Roberts, M.S. Lutz, W.A. Blackburn, W.W. Young, Jr., and J.U. Baenziger. (1993) 

Determination of plasma membrane lipid mass and composition in cultured Chinese hamster ovary cells 

using high gradient magnetic affinity chromatography. J Biol Chem. 268(14): 10145-53. 

53. Slotte, J.P., A.S. Härmälä, C. Jansson, and M.I. Pörn. (1990) Rapid turn-over of plasma membrane 

sphingomyelin and cholesterol in baby hamster kidney cells after exposure to sphingomyelinase. Biochim 

Biophys Acta. 1030(2): 251-7. 

54. Zambrano, F., S. Fleischer, and B. Fleischer. (1975) Lipid composition of the Golgi apparatus of rat 

kidney and liver in comparison with other subcellular organelles. Biochim Biophys Acta. 380(3): 357-69. 

55. Holthuis, J.C., T. Pomorski, R.J. Raggers, H. Sprong, and G. Van Meer. (2001) The organizing potential 

of sphingolipids in intracellular membrane transport. Physiol Rev. 81(4): 1689-723. 

56. van Meer, G. and K. Simons. (1982) Viruses budding from either the apical or the basolateral plasma 

membrane domain of MDCK cells have unique phospholipid compositions. Embo J. 1(7): 847-52. 

57. Simons, K. and G. van Meer. (1988) Lipid sorting in epithelial cells. Biochemistry. 27(17): 6197-202. 

58. Mukherjee, S., X. Zha, I. Tabas, and F.R. Maxfield. (1998) Cholesterol distribution in living cells: 

fluorescence imaging using dehydroergosterol as a fluorescent cholesterol analog. Biophys J. 75(4): 1915-

25. 

59. Orci, L., R. Montesano, P. Meda, F. Malaisse-Lagae, D. Brown, A. Perrelet, and P. Vassalli. (1981) 

Heterogeneous distribution of filipin--cholesterol complexes across the cisternae of the Golgi apparatus. 

Proc Natl Acad Sci U S A. 78(1): 293-7. 

60. Brügger, B., R. Sandhoff, S. Wegehingel, K. Gorgas, J. Malsam, J.B. Helms, W.D. Lehmann, W. Nickel, 

and F.T. Wieland. (2000) Evidence for segregation of sphingomyelin and cholesterol during formation of 

COPI-coated vesicles. J Cell Biol. 151(3): 507-18. 

61. Evans, W.H. and W.G. Hardison. (1985) Phospholipid, cholesterol, polypeptide and glycoprotein 

composition of hepatic endosome subfractions. Biochem J. 232(1): 33-6. 

62. Gagescu, R., N. Demaurex, R.G. Parton, W. Hunziker, L.A. Huber, and J. Gruenberg. (2000) The 

recycling endosome of Madin-Darby canine kidney cells is a mildly acidic compartment rich in raft 

components. Mol Biol Cell. 11(8): 2775-91. 



 75

63. Hao, M., S.X. Lin, O.J. Karylowski, D. Wustner, T.E. McGraw, and F.R. Maxfield. (2002) Vesicular and 

non-vesicular sterol transport in living cells. The endocytic recycling compartment is a major sterol 

storage organelle. J Biol Chem. 277(1): 609-17. 

64. Kobayashi, T., E. Stang, K.S. Fang, P. de Moerloose, R.G. Parton, and J. Gruenberg. (1998) A lipid 

associated with the antiphospholipid syndrome regulates endosome structure and function. Nature. 

392(6672): 193-7. 

65. Kobayashi, T., M.H. Beuchat, J. Chevallier, A. Makino, N. Mayran, J.M. Escola, C. Lebrand, P. Cosson, 

and J. Gruenberg. (2002) Separation and characterization of late endosomal membrane domains. J Biol 

Chem. 277(35): 32157-64. 

66. Voelker, D. (2002) Lipid assembly into cell membranes, in Biochemistry of lipids, lipoproteins and 

membranes, 4th edition, D.E. Vance, Vance, J. E., Editor., Elsevier Science B. V:: Amsterdam. p. 449-

480. 

67. van Meer, G., K. Simons, J.A. Op den Kamp, and L.M. van Deenen. (1981) Phospholipid asymmetry in 

Semliki Forest virus grown on baby hamster kidney (BHK-21) cells. Biochemistry. 20(7): 1974-81. 

68. Allan, D., Quinn, P. (1989) Membrane phospholipid asymmetry in Semliki Forest virus grown in BHK 

cells. Biochim Biophys Acta. 987: 199-204. 

69. Devaux, P.F. (1991) Static and dynamic lipid asymmetry in cell membranes. Biochemistry. 30(5): 1163-

73. 

70. Ramstedt, B. and J.P. Slotte. (2002) Membrane properties of sphingomyelins. FEBS Lett. 531(1): 33-7. 

71. van Helvoort, A. and G. van Meer. (1995) Intracellular lipid heterogeneity caused by topology of synthesis 

and specificity in transport. Example: sphingolipids. FEBS Lett. 369(1): 18-21. 

72. Lange, Y., J.S. D'Alessandro, and D.M. Small. (1979) The affinity of cholesterol for phosphatidylcholine 

and sphingomyelin. Biochim Biophys Acta. 556(3): 388-98. 

73. Smaby, J.M., H.L. Brockman, and R.E. Brown. (1994) Cholesterol's interfacial interactions with 

sphingomyelins and phosphatidylcholines: hydrocarbon chain structure determines the magnitude of 

condensation. Biochemistry. 33(31): 9135-42. 

74. Mannock, D.A., T.J. McIntosh, X. Jiang, D.F. Covey, and R.N. McElhaney. (2003) Effects of natural and 

enantiomeric cholesterol on the thermotropic phase behavior and structure of egg sphingomyelin bilayer 

membranes. Biophys J. 84(2 Pt 1): 1038-46. 

75. Schroeder, F., J.K. Woodford, J. Kavecansky, W.G. Wood, and C. Joiner. (1995) Cholesterol domains in 

biological membranes. Mol Membr Biol. 12(1): 113-9. 

76. Pomorski, T., S. Hrafnsdottir, P.F. Devaux, and G. van Meer. (2001) Lipid distribution and transport 

across cellular membranes. Semin Cell Dev Biol. 12(2): 139-48. 

77. Burger, K.N., P. van der Bijl, and G. van Meer. (1996) Topology of sphingolipid galactosyltransferases in 

ER and Golgi: transbilayer movement of monohexosyl sphingolipids is required for higher 

glycosphingolipid biosynthesis. J Cell Biol. 133(1): 15-28. 

78. Chen, C.Y., M.F. Ingram, P.H. Rosal, and T.R. Graham. (1999) Role for Drs2p, a P-type ATPase and 

potential aminophospholipid translocase, in yeast late Golgi function. J Cell Biol. 147(6): 1223-36. 



 76

79. Nies, A.T., Z. Gatmaitan, and I.M. Arias. (1996) ATP-dependent phosphatidylcholine translocation in rat 

liver canalicular plasma membrane vesicles. J Lipid Res. 37(5): 1125-36. 

80. van Helvoort, A., A.J. Smith, H. Sprong, I. Fritzsche, A.H. Schinkel, P. Borst, and G. van Meer. (1996) 

MDR1 P-glycoprotein is a lipid translocase of broad specificity, while MDR3 P-glycoprotein specifically 

translocates phosphatidylcholine. Cell. 87(3): 507-17. 

81. Jain, M.K. and H.B. White, 3rd. (1977) Long-range order in biomembranes. Adv Lipid Res. 15: 1-60. 

82. Boggs, J.M. (1980) Intermolecular hydrogen bonding between lipids: influence on organization and 

function of lipids in membranes. Can J Biochem. 58(10): 755-70. 

83. Karnovsky, M.J., A.M. Kleinfeld, R.L. Hoover, and R.D. Klausner. (1982) The concept of lipid domains 

in membranes. J Cell Biol. 94(1): 1-6. 

84. Thompson, T.E. and T.W. Tillack. (1985) Organization of glycosphingolipids in bilayers and plasma 

membranes of mammalian cells. Annu Rev Biophys Biophys Chem. 14: 361-86. 

85. Phillips, M.C., B.D. Ladbrooke, and D. Chapman. (1970) Molecular interactions in mixed lecithin 

systems. Biochim Biophys Acta. 196(1): 35-44. 

86. Shimshick, E.J. and H.M. McConnell. (1973) Lateral phase separation in phospholipid membranes. 

Biochemistry. 12(12): 2351-60. 

87. Mouritsen, O.G. and K. Jorgensen. (1997) Small-scale lipid-membrane structure: simulation versus 

experiment. Curr Opin Struct Biol. 7(4): 518-27. 

88. Hong-wei, S. and H. McConnell. (1975) Phase separations in phospholipid membranes. Biochemistry. 

14(4): 847-54. 

89. Lentz, B.R., Y. Barenholz, and T.E. Thompson. (1976) Fluorescence depolarization studies of phase 

transitions and fluidity in phospholipid bilayers. 2 Two-component phosphatidylcholine liposomes. 

Biochemistry. 15(20): 4529-37. 

90. Schram, V., H.N. Lin, and T.E. Thompson. (1996) Topology of gel-phase domains and lipid mixing 

properties in phase-separated two-component phosphatidylcholine bilayers. Biophys J. 71(4): 1811-22. 

91. Brown, D.A. and E. London. (1997) Structure of detergent-resistant membrane domains: does phase 

separation occur in biological membranes? Biochem Biophys Res Commun. 240(1): 1-7. 

92. Parasassi, T., M. Loiero, M. Raimondi, G. Ravagnan, and E. Gratton. (1993) Absence of lipid gel-phase 

domains in seven mammalian cell lines and in four primary cell types. Biochim Biophys Acta. 1153(2): 

143-54. 

93. Ladbrooke, B.D., R.M. Williams, and D. Chapman. (1968) Studies on lecithin-cholesterol-water 

interactions by differential scanning calorimetry and X-ray diffraction. Biochim Biophys Acta. 150(3): 

333-40. 

94. Mabrey, S., P.L. Mateo, and J.M. Sturtevant. (1978) High-sensitivity scanning calorimetric study of 

mixtures of cholesterol with dimyristoyl- and dipalmitoylphosphatidylcholines. Biochemistry. 17(12): 

2464-8. 

95. Lentz, B.R., D.A. Barrow, and M. Hoechli. (1980) Cholesterol-phosphatidylcholine interactions in 

multilamellar vesicles. Biochemistry. 19(9): 1943-54. 



 77

96. Ipsen, J.H., G. Karlstrom, O.G. Mouritsen, H. Wennerstrom, and M.J. Zuckermann. (1987) Phase 

equilibria in the phosphatidylcholine-cholesterol system. Biochim Biophys Acta. 905(1): 162-72. 

97. Yu, J., D.A. Fischman, and T.L. Steck. (1973) Selective solubilization of proteins and phospholipids from 

red blood cell membranes by nonionic detergents. J Supramol Struct. 1(3): 233-48. 

98. Ohvo-Rekila, H., B. Ramstedt, P. Leppimaki, and J.P. Slotte. (2002) Cholesterol interactions with 

phospholipids in membranes. Prog Lipid Res. 41(1): 66-97. 

99. Chiu, S.W., S. Vasudevan, E. Jakobsson, R.J. Mashl, and H.L. Scott. (2003) Structure of sphingomyelin  

bilayers: a simulation study. Biophys J. 85(6): 3624-35. 

100. Hyvönen, M.T., Kovanen, P. T. (2003) Molecular dynamics simulation of sphingomyelin bilayers. J Phys 

Chem B. 107: 9102-9108. 

101. Edidin, M. (2003) Lipids on the frontier: a century of cell-membrane bilayers. Nat Rev Mol Cell Biol. 4(5): 

414-8. 

102. Somerharju, P., J.A. Virtanen, and K.H. Cheng. (1999) Lateral organisation of membrane lipids. The 

superlattice view. Biochim Biophys Acta. 1440(1): 32-48. 

103. Chong, P.L. and I.P. Sugar. (2002) Fluorescence studies of lipid regular distribution in membranes. Chem 

Phys Lipids. 116(1-2): 153-75. 

104. Somerharju, P.J., J.A. Virtanen, K.K. Eklund, P. Vainio, and P.K. Kinnunen. (1985) 1-Palmitoyl-2-

pyrenedecanoyl glycerophospholipids as membrane probes: evidence for regular distribution in liquid-

crystalline phosphatidylcholine bilayers. Biochemistry. 24(11): 2773-81. 

105. Tang, D. and P.L. Chong. (1992) E/M dips. Evidence for lipids regularly distributed into hexagonal super-

lattices in pyrene-PC/DMPC binary mixtures at specific concentrations. Biophys J. 63(4): 903-10. 

106. Chong, P.L. (1994) Evidence for regular distribution of sterols in liquid crystalline phosphatidylcholine 

bilayers. Proc Natl Acad Sci U S A. 91(21): 10069-73. 

107. Virtanen, J.A., M. Ruonala, M. Vauhkonen, and P. Somerharju. (1995) Lateral organization of liquid-

crystalline cholesterol-dimyristoylphosphatidylcholine bilayers. Evidence for domains with hexagonal and 

centered rectangular cholesterol superlattices. Biochemistry. 34(36): 11568-81. 

108. Wang, M.M., I.P. Sugar, and P.L. Chong. (1998) Role of the sterol superlattice in the partitioning of the 

antifungal drug nystatin into lipid membranes. Biochemistry. 37(34): 11797-805. 

109. Cheng, K.H., M. Ruonala, J. Virtanen, and P. Somerharju. (1997) Evidence for superlattice arrangements 

in fluid phosphatidylcholine/phosphatidylethanolamine bilayers. Biophys J. 73(4): 1967-76. 

110. Virtanen, J.A., K.H. Cheng, and P. Somerharju. (1998) Phospholipid composition of the mammalian red 

cell membrane can be rationalized by a superlattice model. Proc Natl Acad Sci U S A. 95(9): 4964-9. 

111. London, E. and G.W. Feigenson. (1981) Fluorescence quenching in model membranes. 1. Characterization 

of quenching caused by a spin-labeled phospholipid. Biochemistry. 20(7): 1932-8. 

112. Huang, N.N., K. Florine-Casteel, G.W. Feigenson, and C. Spink. (1988) Effect of fluorophore linkage 

position of n-(9-anthroyloxy) fatty acids on probe distribution between coexisting gel and fluid 

phospholipid phases. Biochim Biophys Acta. 939(1): 124-30. 



 78

113. Ahmed, S.N., D.A. Brown, and E. London. (1997) On the origin of sphingolipid/cholesterol-rich 

detergent-insoluble cell membranes: physiological concentrations of cholesterol and sphingolipid induce 

formation of a detergent-insoluble, liquid-ordered lipid phase in model membranes. Biochemistry. 36(36): 

10944-53. 

114. Wang, T.Y., R. Leventis, and J.R. Silvius. (2000) Fluorescence-based evaluation of the partitioning of 

lipids and lipidated peptides into liquid-ordered lipid microdomains: a model for molecular partitioning 

into "lipid rafts". Biophys J. 79(2): 919-33. 

115. Wang, T.Y. and J.R. Silvius. (2000) Different sphingolipids show differential partitioning into 

sphingolipid/cholesterol-rich domains in lipid bilayers. Biophys J. 79(3): 1478-89. 

116. Bar, L.K., Y. Barenholz, and T.E. Thompson. (1997) Effect of sphingomyelin composition on the phase 

structure of phosphatidylcholine-sphingomyelin bilayers. Biochemistry. 36(9): 2507-16. 

117. Veiga, M.P., F.M. Goni, A. Alonso, and D. Marsh. (2000) Mixed membranes of sphingolipids and 

glycerolipids as studied by spin-label ESR spectroscopy. A search for domain formation. Biochemistry. 

39(32): 9876-83. 

118. Tillack, T.W., M. Wong, M. Allietta, and T.E. Thompson. (1982) Organization of the glycosphingolipid 

asialo-GM1 in phosphatidylcholine bilayers. Biochim Biophys Acta. 691(2): 261-73. 

119. Barenholz, Y., Freire, E., Thompson, T. E., Correa-Freire, M. C., Bach, D., Miller, I. R. (1983) 

Thermotropic behavior of aqueous dispersions of glucosylceramide-dipalmitoylphosphatidylcholine 

mixtures. Biochemistry. 22: 3497-3501. 

120. Brown, R.E. and T.E. Thompson. (1987) Spontaneous transfer of ganglioside GM1 between phospholipid 

vesicles. Biochemistry. 26(17): 5454-60. 

121. Rock, P., M. Allietta, W.W. Young, Jr., T.E. Thompson, and T.W. Tillack. (1990) Organization of 

glycosphingolipids in phosphatidylcholine bilayers: use of antibody molecules and Fab fragments as 

morphologic markers. Biochemistry. 29(36): 8484-90. 

122. de Kruyff, B., R.A. Demel, and L.L. van Deenen. (1972) The effect of cholesterol and epicholesterol 

incorporation on the permeability and on the phase transition of intact Acholeplasma laidlawii cell 

membranes and derived liposomes. Biochim Biophys Acta. 255(1): 331-47. 

123. Filippov, A., G. Oradd, and G. Lindblom. (2003) The effect of cholesterol on the lateral diffusion of 

phospholipids in oriented bilayers. Biophys J. 84(5): 3079-86. 

124. Rog, T. and M. Pasenkiewicz-Gierula. (2001) Cholesterol effects on the phosphatidylcholine bilayer 

nonpolar region: a molecular simulation study. Biophys J. 81(4): 2190-202. 

125. Hofsass, C., E. Lindahl, and O. Edholm. (2003) Molecular dynamics simulations of phospholipid bilayers 

with cholesterol. Biophys J. 84(4): 2192-206. 

126. Silvius, J.R., D. del Giudice, and M. Lafleur. (1996) Cholesterol at different bilayer concentrations can 

promote or antagonize lateral segregation of phospholipids of differing acyl chain length. Biochemistry. 

35(48): 15198-208. 



 79

127. Korlach, J., P. Schwille, W.W. Webb, and G.W. Feigenson. (1999) Characterization of lipid bilayer phases 

by confocal microscopy and fluorescence correlation spectroscopy. Proc Natl Acad Sci U S A. 96(15): 

8461-6. 

128. Dietrich, C., L.A. Bagatolli, Z.N. Volovyk, N.L. Thompson, M. Levi, K. Jacobson, and E. Gratton. (2001) 

Lipid rafts reconstituted in model membranes. Biophys J. 80(3): 1417-28. 

129. Rinia, H.A., M.M. Snel, J.P. van der Eerden, and B. de Kruijff. (2001) Visualizing detergent resistant 

domains in model membranes with atomic force microscopy. FEBS Lett. 501(1): 92-6. 

130. Samsonov, A.V., I. Mihalyov, and F.S. Cohen. (2001) Characterization of cholesterol-sphingomyelin 

domains and their dynamics in bilayer membranes. Biophys J. 81(3): 1486-500. 

131. Veatch, S.L. and S.L. Keller. (2003) Separation of liquid phases in giant vesicles of ternary mixtures of 

phospholipids and cholesterol. Biophys J. 85(5): 3074-83. 

132. Milhiet, P.E., M.C. Giocondi, and C. Le Grimellec. (2002) Cholesterol is not crucial for the existence of 

microdomains in kidney brush-border membrane models. J Biol Chem. 277(2): 875-8. 

133. Mesquita, R.M., E. Melo, T.E. Thompson, and W.L. Vaz. (2000) Partitioning of amphiphiles between 

coexisting ordered and disordered phases in two-phase lipid bilayer membranes. Biophys J. 78(6): 3019-

25. 

134. Wang, T.Y. and J.R. Silvius. (2003) Sphingolipid partitioning into ordered domains in cholesterol-free and 

cholesterol-containing lipid bilayers. Biophys J. 84(1): 367-78. 

135. Smaby, J.M., M.M. Momsen, H.L. Brockman, and R.E. Brown. (1997) Phosphatidylcholine acyl 

unsaturation modulates the decrease in interfacial elasticity induced by cholesterol. Biophys J. 73(3): 

1492-505. 

136. Huster, D., K. Arnold, and K. Gawrisch. (1998) Influence of docosahexaenoic acid and cholesterol on 

lateral lipid organization in phospholipid mixtures. Biochemistry. 37(49): 17299-308. 

137. Brzustowicz, M.R., V. Cherezov, M. Caffrey, W. Stillwell, and S.R. Wassall. (2002) Molecular 

organization of cholesterol in polyunsaturated membranes: microdomain formation. Biophys J. 82(1 Pt 1): 

285-98. 

138. McMullen, T.P., R.N. Lewis, and R.N. McElhaney. (1993) Differential scanning calorimetric study of the 

effect of cholesterol on the thermotropic phase behavior of a homologous series of linear saturated 

phosphatidylcholines. Biochemistry. 32(2): 516-22. 

139. Mattjus, P., Hedström, G., Slotte, J. P. (1994) Monolayer interaction of cholesterol with 

phosphatidylcholines: effects of phospholipid acyl chain length. Chemistry and Physics of Lipids. 74: 195-

203. 

140. Ramstedt, B. and J.P. Slotte. (1999) Interaction of cholesterol with sphingomyelins and acyl-chain-

matched phosphatidylcholines: a comparative study of the effect of the chain length. Biophysical Journal. 

76(2): 908-15. 

141. Lund-Katz, S., H.M. Laboda, L.R. McLean, and M.C. Phillips. (1988) Influence of molecular packing and 

phospholipid type on rates of cholesterol exchange. Biochemistry. 27(9): 3416-23. 



 80

142. McIntosh, T.J., S.A. Simon, D. Needham, and C.H. Huang. (1992) Structure and cohesive properties of 

sphingomyelin/cholesterol bilayers. Biochemistry. 31(7): 2012-20. 

143. Bittman, R., C.R. Kasireddy, P. Mattjus, and J.P. Slotte. (1994) Interaction of cholesterol with 

sphingomyelin in monolayers and vesicles. Biochemistry. 33(39): 11776-81. 

144. Li, X.M., M.M. Momsen, J.M. Smaby, H.L. Brockman, and R.E. Brown. (2001) Cholesterol decreases the 

interfacial elasticity and detergent solubility of sphingomyelins. Biochemistry. 40(20): 5954-63. 

145. Schuck, S., M. Honsho, K. Ekroos, A. Shevchenko, and K. Simons. (2003) Resistance of cell membranes 

to different detergents. Proc Natl Acad Sci U S A. 100(10): 5795-800. 

146. Fridriksson, E.K., P.A. Shipkova, E.D. Sheets, D. Holowka, B. Baird, and F.W. McLafferty. (1999) 

Quantitative analysis of phospholipids in functionally important membrane domains from RBL-2H3 mast 

cells using tandem high-resolution mass spectrometry. Biochemistry. 38(25): 8056-63. 

147. Pike, L.J., X. Han, K.N. Chung, and R.W. Gross. (2002) Lipid rafts are enriched in arachidonic acid and 

plasmenylethanolamine and their composition is independent of caveolin-1 expression: a quantitative 

electrospray ionization/mass spectrometric analysis. Biochemistry. 41(6): 2075-88. 

148. Hansen, G.H., L. Immerdal, E. Thorsen, L.L. Niels-Christiansen, B.T. Nystrom, E.J. Demant, and E.M. 

Danielsen. (2001) Lipid rafts exist as stable cholesterol-independent microdomains in the brush border 

membrane of enterocytes. J Biol Chem. 276(34): 32338-44. 

149. Braccia, A., M. Villani, L. Immerdal, L.L. Niels-Christiansen, B.T. Nystrom, G.H. Hansen, and E.M. 

Danielsen. (2003) Microvillar membrane microdomains exist at physiological temperature. Role of 

galectin-4 as lipid raft stabilizer revealed by "superrafts". J Biol Chem. 278(18): 15679-84. 

150. Ostermeyer, A.G., B.T. Beckrich, K.A. Ivarson, K.E. Grove, and D.A. Brown. (1999) Glycosphingolipids 

are not essential for formation of detergent- resistant membrane rafts in melanoma cells. methyl-beta-

cyclodextrin does not affect cell surface transport of a GPI-anchored protein. J Biol Chem. 274(48): 

34459-66. 

151. Sot, J., Collado, M. I., Arrondo, J. L. R., Alonso, A., Goni, F. M. (2002) Triton X-100-resistant bilayers: 

effect of lipid composition and relevance to the raft phenomenon. Langmuir. 18(2828-2835). 

152. Nyholm, T., Slotte, J. P. (2001) Comparison of Triton X-100 penetration into phosphatidylcholine and 

sphingomyelin mono- and bilayers. Langmuir. 17(16): 4724-4730. 

153. Ge, M., K.A. Field, R. Aneja, D. Holowka, B. Baird, and J.H. Freed. (1999) Electron spin resonance 

characterization of liquid ordered phase of detergent-resistant membranes from RBL-2H3 cells. Biophys J. 

77(2): 925-33. 

154. Xu, X. and E. London. (2000) The effect of sterol structure on membrane lipid domains reveals how 

cholesterol can induce lipid domain formation. Biochemistry. 39(5): 843-9. 

155. Heerklotz, H. (2002) Triton promotes domain formation in lipid raft mixtures. Biophys J. 83(5): 2693-701. 

156. Mayor, S. and F.R. Maxfield. (1995) Insolubility and redistribution of GPI-anchored proteins at the cell 

surface after detergent treatment. Mol Biol Cell. 6(7): 929-44. 

157. Schneiter, R., B. Brugger, R. Sandhoff, G. Zellnig, A. Leber, M. Lampl, K. Athenstaedt, C. Hrastnik, S. 

Eder, G. Daum, F. Paltauf, F.T. Wieland, and S.D. Kohlwein. (1999) Electrospray ionization tandem mass 



 81

spectrometry (ESI-MS/MS) analysis of the lipid molecular species composition of yeast subcellular 

membranes reveals acyl chain-based sorting/remodeling of distinct molecular species en route to the 

plasma membrane. J Cell Biol. 146(4): 741-54. 

158. Hao, M., S. Mukherjee, and F.R. Maxfield. (2001) Cholesterol depletion induces large scale domain 

segregation in living cell membranes. Proc Natl Acad Sci U S A. 98(23): 13072-7. 

159. Gatt, S. and E.L. Bierman. (1980) Sphingomyelin suppresses the binding and utilization of low density 

lipoproteins by skin fibroblasts. J Biol Chem. 255(8): 3371-6. 

160. Slotte, J.P. and E.L. Bierman. (1988) Depletion of plasma-membrane sphingomyelin rapidly alters the 

distribution of cholesterol between plasma membranes and intracellular cholesterol pools in cultured 

fibroblasts. Biochem J. 250(3): 653-8. 

161. Gupta, A.K. and H. Rudney. (1991) Plasma membrane sphingomyelin and the regulation of HMG-CoA 

reductase activity and cholesterol biosynthesis in cell cultures. J Lipid Res. 32(1): 125-36. 

162. Okwu, A.K., X.X. Xu, Y. Shiratori, and I. Tabas. (1994) Regulation of the threshold for lipoprotein-

induced acyl- CoA:cholesterol O-acyltransferase stimulation in macrophages by cellular sphingomyelin 

content. J Lipid Res. 35(4): 644-55. 

163. Leventhal, A.R., W. Chen, A.R. Tall, and I. Tabas. (2001) Acid sphingomyelinase-deficient macrophages 

have defective cholesterol trafficking and efflux. J Biol Chem. 276(48): 44976-83. 

164. Pörn, M.I. and J.P. Slotte. (1995) Localization of cholesterol in sphingomyelinase-treated fibroblasts. 

Biochem J. 308(Pt 1): 269-74. 

165. Neufeld, E.B., A.M. Cooney, J. Pitha, E.A. Dawidowicz, N.K. Dwyer, P.G. Pentchev, and E.J. Blanchette-

Mackie. (1996) Intracellular trafficking of cholesterol monitored with a cyclodextrin. J Biol Chem. 

271(35): 21604-13. 

166. Ohvo, H., C. Olsio, and J.P. Slotte. (1997) Effects of sphingomyelin and phosphatidylcholine degradation 

on cyclodextrin-mediated cholesterol efflux in cultured fibroblasts. Biochim Biophys Acta. 1349(2): 131-

41. 

167. Fukasawa, M., M. Nishijima, H. Itabe, T. Takano, and K. Hanada. (2000) Reduction of sphingomyelin 

level without accumulation of ceramide in Chinese hamster ovary cells affects detergent-resistant 

membrane domains and enhances cellular cholesterol efflux to methyl-beta - cyclodextrin. J Biol Chem. 

275(44): 34028-34. 

168. Harder, T., P. Scheiffele, P. Verkade, and K. Simons. (1998) Lipid domain structure of the plasma 

membrane revealed by patching of membrane components. J Cell Biol. 141(4): 929-42. 

169. Verkade, P., T. Harder, F. Lafont, and K. Simons. (2000) Induction of caveolae in the apical plasma 

membrane of Madin-Darby canine kidney cells. J Cell Biol. 148(4): 727-39. 

170. Sheets, E.D., G.M. Lee, R. Simson, and K. Jacobson. (1997) Transient confinement of a 

glycosylphosphatidylinositol-anchored protein in the plasma membrane. Biochemistry. 36(41): 12449-58. 

171. Hwang, J., L.A. Gheber, L. Margolis, and M. Edidin. (1998) Domains in cell plasma membranes 

investigated by near-field scanning optical microscopy. Biophys J. 74(5): 2184-90. 



 82

172. Varma, R. and S. Mayor. (1998) GPI-anchored proteins are organized in submicron domains at the cell 

surface. Nature. 394(6695): 798-801. 

173. Pralle, A., P. Keller, E.L. Florin, K. Simons, and J.K. Horber. (2000) Sphingolipid-cholesterol rafts diffuse 

as small entities in the plasma membrane of mammalian cells. J Cell Biol. 148(5): 997-1008. 

174. Schutz, G.J., G. Kada, V.P. Pastushenko, and H. Schindler. (2000) Properties of lipid microdomains in a 

muscle cell membrane visualized by single molecule microscopy. Embo J. 19(5): 892-901. 

175. Dietrich, C., B. Yang, T. Fujiwara, A. Kusumi, and K. Jacobson. (2002) Relationship of lipid rafts to 

transient confinement zones detected by single particle tracking. Biophys J. 82(1 Pt 1): 274-84. 

176. Friedrichson, T. and T.V. Kurzchalia. (1998) Microdomains of GPI-anchored proteins in living cells 

revealed by crosslinking. Nature. 394(6695): 802-5. 

177. Edidin, M. and I. Stroynowski. (1991) Differences between the lateral organization of conventional and 

inositol phospholipid-anchored membrane proteins. A further definition of micrometer scale membrane 

domains. J Cell Biol. 112(6): 1143-50. 

178. Sako, Y. and A. Kusumi. (1995) Barriers for lateral diffusion of transferrin receptor in the plasma 

membrane as characterized by receptor dragging by laser tweezers: fence versus tether. J Cell Biol. 129(6): 

1559-74. 

179. Fujiwara, T., K. Ritchie, H. Murakoshi, K. Jacobson, and A. Kusumi. (2002) Phospholipids undergo hop 

diffusion in compartmentalized cell membrane. J Cell Biol. 157(6): 1071-81. 

180. Gidwani, A., D. Holowka, and B. Baird. (2001) Fluorescence anisotropy measurements of lipid order in 

plasma membranes and lipid rafts from RBL-2H3 mast cells. Biochemistry. 40(41): 12422-9. 

181. Ge, M., A. Gidwani, H.A. Brown, D. Holowka, B. Baird, and J.H. Freed. (2003) Ordered and disordered 

phases coexist in plasma membrane vesicles of RBL-2H3 mast cells. An ESR study. Biophys J. 85(2): 

1278-88. 

182. Kawasaki, K., J.J. Yin, W.K. Subczynski, J.S. Hyde, and A. Kusumi. (2001) Pulse EPR detection of lipid 

exchange between protein-rich raft and bulk domains in the membrane: methodology development and its 

application to studies of influenza viral membrane. Biophys J. 80(2): 738-48. 

183. Field, K.A., D. Holowka, and B. Baird. (1997) Compartmentalized activation of the high affinity 

immunoglobulin E receptor within membrane domains. J Biol Chem. 272(7): 4276-80. 

184. Janes, P.W., S.C. Ley, and A.I. Magee. (1999) Aggregation of lipid rafts accompanies signaling via the T 

cell antigen receptor. J Cell Biol. 147(2): 447-61. 

185. Levin, I.W., T.E. Thompson, Y. Barenholz, and C. Huang. (1985) Two types of hydrocarbon chain 

interdigitation in sphingomyelin bilayers. Biochemistry. 24(22): 6282-6. 

186. Wang, T.Y. and J.R. Silvius. (2001) Cholesterol does not induce segregation of liquid-ordered domains in 

bilayers modeling the inner leaflet of the plasma membrane. Biophys J. 81(5): 2762-73. 

187. Palade, G.E. (1953) Fine structure of blood capillaries. Journal of Applied Physics. 24: 1424. 

188. Yamada, E. (1955) The fine structure of the gall bladder epithelium of the mouse. J Biophys Biochem 

Cytol. 1(5): 445-58. 



 83

189. Rothberg, K.G., J.E. Heuser, W.C. Donzell, Y.S. Ying, J.R. Glenney, and R.G. Anderson. (1992) 

Caveolin, a protein component of caveolae membrane coats. Cell. 68(4): 673-82. 

190. Anderson, R.G. (1998) The caveolae membrane system. Annu Rev Biochem. 67: 199-225. 

191. Rothberg, K.G., Y.S. Ying, J.F. Kolhouse, B.A. Kamen, and R.G. Anderson. (1990) The 

glycophospholipid-linked folate receptor internalizes folate without entering the clathrin-coated pit 

endocytic pathway. J Cell Biol. 110(3): 637-49. 

192. Sargiacomo, M., M. Sudol, Z. Tang, and M.P. Lisanti. (1993) Signal transducing molecules and glycosyl-

phosphatidylinositol-linked proteins form a caveolin-rich insoluble complex in MDCK cells. J Cell Biol. 

122(4): 789-807. 

193. Pelkmans, L. and A. Helenius. (2002) Endocytosis via caveolae. Traffic. 3(5): 311-20. 

194. Smart, E.J., Y.S. Ying, C. Mineo, and R.G. Anderson. (1995) A detergent-free method for purifying 

caveolae membrane from tissue culture cells. Proc Natl Acad Sci U S A. 92(22): 10104-8. 

195. Fra, A.M., E. Williamson, K. Simons, and R.G. Parton. (1994) Detergent-insoluble glycolipid 

microdomains in lymphocytes in the absence of caveolae. J Biol Chem. 269(49): 30745-8. 

196. Lamaze, C., A. Dujeancourt, T. Baba, C.G. Lo, A. Benmerah, and A. Dautry-Varsat. (2001) Interleukin 2 

receptors and detergent-resistant membrane domains define a clathrin-independent endocytic pathway. 

Mol Cell. 7(3): 661-71. 

197. Liu, P. and R.G. Anderson. (1995) Compartmentalized production of ceramide at the cell surface. J Biol 

Chem. 270(45): 27179-85. 

198. van Meer, G., E.H. Stelzer, R.W. Wijnaendts-van-Resandt, and K. Simons. (1987) Sorting of 

sphingolipids in epithelial (Madin-Darby canine kidney) cells. J Cell Biol. 105(4): 1623-35. 

199. Musch, A., H. Xu, D. Shields, and E. Rodriguez-Boulan. (1996) Transport of vesicular stomatitis virus G 

protein to the cell surface is signal mediated in polarized and nonpolarized cells. J Cell Biol. 133(3): 543-

58. 

200. Yoshimori, T., P. Keller, M.G. Roth, and K. Simons. (1996) Different biosynthetic transport routes to the 

plasma membrane in BHK and CHO cells. J Cell Biol. 133(2): 247-56. 

201. Maulik, P.R. and G.G. Shipley. (1996) Interactions of N-stearoyl sphingomyelin with cholesterol and 

dipalmitoylphosphatidylcholine in bilayer membranes. Biophys J. 70(5): 2256-65. 

202. Maulik, P.R. and G.G. Shipley. (1996) N-palmitoyl sphingomyelin bilayers: structure and interactions 

with cholesterol and dipalmitoylphosphatidylcholine. Biochemistry. 35(24): 8025-34. 

203. Bretscher, M.S. and S. Munro. (1993) Cholesterol and the Golgi apparatus. Science. 261(5126): 1280-1. 

204. Pelkmans, L., J. Kartenbeck, and A. Helenius. (2001) Caveolar endocytosis of simian virus 40 reveals a 

new two-step vesicular-transport pathway to the ER. Nat Cell Biol. 3(5): 473-83. 

205. Nichols, B.J. (2002) A distinct class of endosome mediates clathrin-independent endocytosis to the Golgi 

complex. Nat Cell Biol. 4(5): 374-8. 

206. Puri, V., R. Watanabe, R.D. Singh, M. Dominguez, J.C. Brown, C.L. Wheatley, D.L. Marks, and R.E. 

Pagano. (2001) Clathrin-dependent and -independent internalization of plasma membrane sphingolipids 

initiates two Golgi targeting pathways. J Cell Biol. 154(3): 535-47. 



 84

207. Choudhury, A., M. Dominguez, V. Puri, D.K. Sharma, K. Narita, C.L. Wheatley, D.L. Marks, and R.E. 

Pagano. (2002) Rab proteins mediate Golgi transport of caveola-internalized glycosphingolipids and 

correct lipid trafficking in Niemann-Pick C cells. J Clin Invest. 109(12): 1541-50. 

208. Mayor, S., S. Sabharanjak, and F.R. Maxfield. (1998) Cholesterol-dependent retention of GPI-anchored 

proteins in endosomes. Embo J. 17(16): 4626-38. 

209. Chatterjee, S., E.R. Smith, K. Hanada, V.L. Stevens, and S. Mayor. (2001) GPI anchoring leads to 

sphingolipid-dependent retention of endocytosed proteins in the recycling endosomal compartment. Embo 

J. 20(7): 1583-92. 

210. Sabharanjak, S., P. Sharma, R.G. Parton, and S. Mayor. (2002) GPI-anchored proteins are delivered to 

recycling endosomes via a distinct cdc42-regulated, clathrin-independent pinocytic pathway. Dev Cell. 

2(4): 411-23. 

211. Sharma, D.K., A. Choudhury, R.D. Singh, C.L. Wheatley, D.L. Marks, and R.E. Pagano. (2003) 

Glycosphingolipids internalized via caveolar-related endocytosis rapidly merge with the clathrin pathway 

in early endosomes and form microdomains for recycling. J Biol Chem. 278(9): 7564-72. 

212. Schapiro, F.B., C. Lingwood, W. Furuya, and S. Grinstein. (1998) pH-independent retrograde targeting of 

glycolipids to the Golgi complex. Am J Physiol. 274(2 Pt 1): C319-32. 

213. Grimmer, S., T.G. Iversen, B. van Deurs, and K. Sandvig. (2000) Endosome to Golgi transport of ricin is 

regulated by cholesterol. Mol Biol Cell. 11(12): 4205-16. 

214. Nichols, B.J., A.K. Kenworthy, R.S. Polishchuk, R. Lodge, T.H. Roberts, K. Hirschberg, R.D. Phair, and 

J. Lippincott-Schwartz. (2001) Rapid cycling of lipid raft markers between the cell surface and Golgi 

complex. J Cell Biol. 153(3): 529-41. 

215. Torgersen, M.L., G. Skretting, B. van Deurs, and K. Sandvig. (2001) Internalization of cholera toxin by 

different endocytic mechanisms. J Cell Sci. 114(Pt 20): 3737-47. 

216. Shogomori, H. and A.H. Futerman. (2001) Cholera toxin is found in detergent-insoluble rafts/domains at 

the cell surface of hippocampal neurons but is internalized via a raft- independent mechanism. J Biol 

Chem. 276(12): 9182-8. 

217. Shogomori, H. and A.H. Futerman. (2001) Cholesterol depletion by methyl-beta-cyclodextrin blocks 

cholera toxin transport from endosomes to the Golgi apparatus in hippocampal neurons. J Neurochem. 

78(5): 991-9. 

218. Sandvig, K., S. Grimmer, S.U. Lauvrak, M.L. Torgersen, G. Skretting, B. van Deurs, and T.G. Iversen. 

(2002) Pathways followed by ricin and Shiga toxin into cells. Histochem Cell Biol. 117(2): 131-41. 

219. Singh, R.D., V. Puri, J.T. Valiyaveettil, D.L. Marks, R. Bittman, and R.E. Pagano. (2003) Selective 

caveolin-1-dependent endocytosis of glycosphingolipids. Mol Biol Cell. 14(8): 3254-65. 

220. Mallard, F., C. Antony, D. Tenza, J. Salamero, B. Goud, and L. Johannes. (1998) Direct pathway from 

early/recycling endosomes to the Golgi apparatus revealed through the study of shiga toxin B-fragment 

transport. J Cell Biol. 143(4): 973-90. 



 85

221. Falguieres, T., F. Mallard, C. Baron, D. Hanau, C. Lingwood, B. Goud, J. Salamero, and L. Johannes. 

(2001) Targeting of Shiga toxin B-subunit to retrograde transport route in association with detergent-

resistant membranes. Mol Biol Cell. 12(8): 2453-68. 

222. Sugimoto, Y., H. Ninomiya, Y. Ohsaki, K. Higaki, J.P. Davies, Y.A. Ioannou, and K. Ohno. (2001) 

Accumulation of cholera toxin and GM1 ganglioside in the early endosome of Niemann-Pick C1-deficient 

cells. Proc Natl Acad Sci U S A. 98(22): 12391-6. 

223. Kobayashi, T., M.H. Beuchat, M. Lindsay, S. Frias, R.D. Palmiter, H. Sakuraba, R.G. Parton, and J. 

Gruenberg. (1999) Late endosomal membranes rich in lysobisphosphatidic acid regulate cholesterol 

transport [see comments]. Nat Cell Biol. 1(2): 113-8. 

224. Zhang, M., N.K. Dwyer, E.B. Neufeld, D.C. Love, A. Cooney, M. Comly, S. Patel, H. Watari, J.F. Strauss, 

3rd, P.G. Pentchev, J.A. Hanover, and E.J. Blanchette-Mackie. (2001) Sterol-modulated glycolipid sorting 

occurs in niemann-pick C1 late endosomes. J Biol Chem. 276(5): 3417-25. 

225. Rothberg, K.G., Y.S. Ying, B.A. Kamen, and R.G. Anderson. (1990) Cholesterol controls the clustering of 

the glycophospholipid-anchored membrane receptor for 5-methyltetrahydrofolate. J Cell Biol. 111(6 Pt 2): 

2931-8. 

226. Nabi, I.R. and P.U. Le. (2003) Caveolae/raft-dependent endocytosis. J Cell Biol. 161(4): 673-7. 

227. Pol, A., A. Lu, M. Pons, S. Peiro, and C. Enrich. (2000) Epidermal growth factor-mediated caveolin 

recruitment to early endosomes and MAPK activation. Role of cholesterol and actin cytoskeleton. J Biol 

Chem. 275(39): 30566-72. 

228. Thomsen, P., K. Roepstorff, M. Stahlhut, and B. van Deurs. (2002) Caveolae are highly immobile plasma 

membrane microdomains, which are not involved in constitutive endocytic trafficking. Mol Biol Cell. 

13(1): 238-50. 

229. Le, P.U., G. Guay, Y. Altschuler, and I.R. Nabi. (2002) Caveolin-1 is a negative regulator of caveolae-

mediated endocytosis to the endoplasmic reticulum. J Biol Chem. 277(5): 3371-9. 

230. Orlandi, P.A. and P.H. Fishman. (1998) Filipin-dependent inhibition of cholera toxin: evidence for toxin 

internalization and activation through caveolae-like domains. J Cell Biol. 141(4): 905-15. 

231. Nichols, B.J. (2003) GM1-Containing Lipid Rafts Are Depleted within Clathrin-Coated Pits. Curr Biol. 

13(8): 686-90. 

232. Rodal, S.K., G. Skretting, O. Garred, F. Vilhardt, B. van Deurs, and K. Sandvig. (1999) Extraction of 

cholesterol with methyl-beta-cyclodextrin perturbs formation of clathrin-coated endocytic vesicles. Mol 

Biol Cell. 10(4): 961-74. 

233. Subtil, A., I. Gaidarov, K. Kobylarz, M.A. Lampson, J.H. Keen, and T.E. McGraw. (1999) Acute 

cholesterol depletion inhibits clathrin-coated pit budding. Proc Natl Acad Sci U S A. 96(12): 6775-80. 

234. Lusa, S., T.S. Blom, E.L. Eskelinen, E. Kuismanen, J.E. Mansson, K. Simons, and E. Ikonen. (2001) 

Depletion of rafts in late endocytic membranes is controlled by NPC1- dependent recycling of cholesterol 

to the plasma membrane. J Cell Sci. 114(Pt 10): 1893-900. 

235. van Echten, G. and K. Sandhoff. (1993) Ganglioside metabolism. Enzymology, Topology, and regulation. 

J Biol Chem. 268(8): 5341-4. 



 86

236. Schwarzmann, G., P. Hofmann, U. Putz, and B. Albrecht. (1995) Demonstration of direct glycosylation of 

nondegradable glucosylceramide analogs in cultured cells. J Biol Chem. 270(36): 21271-6. 

237. Marks, D.L. and R.E. Pagano. (2002) Endocytosis and sorting of glycosphingolipids in sphingolipid 

storage disease. Trends Cell Biol. 12(12): 605-13. 

238. Liscum, L. and N.J. Munn. (1999) Intracellular cholesterol transport. Biochim Biophys Acta. 1438(1): 19-

37. 

239. Zhang, M., N.K. Dwyer, D.C. Love, A. Cooney, M. Comly, E. Neufeld, P.G. Pentchev, E.J. Blanchette-

Mackie, and J.A. Hanover. (2001) Cessation of rapid late endosomal tubulovesicular trafficking in 

Niemann-Pick type C1 disease. Proc Natl Acad Sci U S A. 98(8): 4466-71. 

240. Carstea, E.D., et al. (1997) Niemann-Pick C1 disease gene: homology to mediators of cholesterol 

homeostasis. Science. 277(5323): 228-31. 

241. Naureckiene, S., D.E. Sleat, H. Lackland, A. Fensom, M.T. Vanier, R. Wattiaux, M. Jadot, and P. Lobel. 

(2000) Identification of HE1 as the second gene of Niemann-Pick C disease. Science. 290(5500): 2298-

301. 

242. Liscum, L. and J.R. Faust. (1987) Low density lipoprotein (LDL)-mediated suppression of cholesterol 

synthesis and LDL uptake is defective in Niemann-Pick type C fibroblasts. J Biol Chem. 262(35): 17002-

8. 

243. Liscum, L., R.M. Ruggiero, and J.R. Faust. (1989) The intracellular transport of low density lipoprotein-

derived cholesterol is defective in Niemann-Pick type C fibroblasts. J Cell Biol. 108(5): 1625-36. 

244. Coxey, R.A., P.G. Pentchev, G. Campbell, and E.J. Blanchette-Mackie. (1993) Differential accumulation 

of cholesterol in Golgi compartments of normal and Niemann-Pick type C fibroblasts incubated with LDL: 

a cytochemical freeze-fracture study. J Lipid Res. 34(7): 1165-76. 

245. Sato, M., S. Akaboshi, T. Katsumoto, M. Taniguchi, K. Higaki, T. Tai, H. Sakuraba, and K. Ohno. (1998) 

Accumulation of cholesterol and GM2 ganglioside in cells cultured in the presence of progesterone: an 

implication for the basic defect in Niemann-Pick disease type C. Brain Dev. 20(1): 50-2. 

246. Puri, V., R. Watanabe, M. Dominguez, X. Sun, C.L. Wheatley, D.L. Marks, and R.E. Pagano. (1999) 

Cholesterol modulates membrane traffic along the endocytic pathway in sphingolipid-storage diseases. Nat 

Cell Biol. 1(6): 386-8. 

247. Puri, V., J.R. Jefferson, R.D. Singh, C.L. Wheatley, D.L. Marks, and R.E. Pagano. (2003) Sphingolipid 

Storage Induces Accumulation of Intracellular Cholesterol by Stimulating SREBP-1 Cleavage. J Biol 

Chem. 278(23): 20961-70. 

248. Chen, C.S., G. Bach, and R.E. Pagano. (1998) Abnormal transport along the lysosomal pathway in 

mucolipidosis, type IV disease. Proc Natl Acad Sci U S A. 95(11): 6373-8. 

249. Chen, C.S., M.C. Patterson, C.L. Wheatley, J.F. O'Brien, and R.E. Pagano. (1999) Broad screening test for 

sphingolipid-storage diseases. Lancet. 354(9182): 901-5. 

250. Pagano, R.E., R. Watanabe, C. Wheatley, and C.S. Chen. (1999) Use of N-[5-(5,7-dimethyl boron 

dipyrromethene difluoride-sphingomyelin to study membrane traffic along the endocytic pathway. Chem 

Phys Lipids. 102(1-2): 55-63. 



 87

251. Garver, W.S., R.P. Erickson, J.M. Wilson, T.L. Colton, G.S. Hossain, M.A. Kozloski, and R.A. 

Heidenreich. (1997) Altered expression of caveolin-1 and increased cholesterol in detergent insoluble 

membrane fractions from liver in mice with Niemann-Pick disease type C. Biochim Biophys Acta. 

1361(3): 272-80. 

252. Chen, C.S., O.C. Martin, and R.E. Pagano. (1997) Changes in the spectral properties of a plasma 

membrane lipid analog during the first seconds of endocytosis in living cells. Biophys J. 72(1): 37-50. 

253. Kaiser, R.D. and E. London. (1998) Determination of the depth of BODIPY probes in model membranes 

by parallax analysis of fluorescence quenching. Biochim Biophys Acta. 1375(1-2): 13-22. 

254. Klausner, R.D. and D.E. Wolf. (1980) Selectivity of fluorescent lipid analogues for lipid domains. 

Biochemistry. 19(26): 6199-203. 

255. Spink, C.H., M.D. Yeager, and G.W. Feigenson. (1990) Partitioning behavior of indocarbocyanine probes 

between coexisting gel and fluid phases in model membranes. Biochim Biophys Acta. 1023(1): 25-33. 

256. Koval, M. and R.E. Pagano. (1989) Lipid recycling between the plasma membrane and intracellular 

compartments: transport and metabolism of fluorescent sphingomyelin analogues in cultured fibroblasts. J 

Cell Biol. 108(6): 2169-81. 

257. Koval, M. and R.E. Pagano. (1990) Sorting of an internalized plasma membrane lipid between recycling 

and degradative pathways in normal and Niemann-Pick, type A fibroblasts. J Cell Biol. 111(2): 429-42. 

258. Mayor, S., J.F. Presley, and F.R. Maxfield. (1993) Sorting of membrane components from endosomes and 

subsequent recycling to the cell surface occurs by a bulk flow process. J Cell Biol. 121(6): 1257-69. 

259. Martin, O.C. and R.E. Pagano. (1994) Internalization and sorting of a fluorescent analogue of 

glucosylceramide to the Golgi apparatus of human skin fibroblasts: utilization of endocytic and 

nonendocytic transport mechanisms. J Cell Biol. 125(4): 769-81. 

260. Pagano, R.E. and C.S. Chen. (1998) Use of BODIPY-labeled sphingolipids to study membrane traffic 

along the endocytic pathway. Ann N Y Acad Sci. 845: 152-60. 

261. Kok, J.W., T. Babia, and D. Hoekstra. (1991) Sorting of sphingolipids in the endocytic pathway of HT29 

cells. J Cell Biol. 114(2): 231-9. 

262. Kok, J.W., K. Hoekstra, S. Eskelinen, and D. Hoekstra. (1992) Recycling pathways of glucosylceramide in 

BHK cells: distinct involvement of early and late endosomes. J Cell Sci. 103(Pt 4): 1139-52. 

263. Galla, H.J. and E. Sackmann. (1975) Chemically induced phase separation in mixed vesicles containing 

phosphatidic acid. An optical study. J Am Chem Soc. 97(14): 4114-20. 

264. Pownall, H.J. and L.C. Smith. (1989) Pyrene-labeled lipids: versatile probes of membrane dynamics in 

vitro and in living cells. Chem Phys Lipids. 50(3-4): 191-211. 

265. Somerharju, P. (2002) Pyrene-labeled lipids as tools in membrane biophysics and cell biology. Chem Phys 

Lipids. 116(1-2): 57-74. 

266. Chong, P.L. and T.E. Thompson. (1985) Oxygen quenching of pyrene-lipid fluorescence in 

phosphatidylcholine vesicles. A probe for membrane organization. Biophys J. 47(5): 613-21. 



 88

267. Hresko, R.C., I.P. Sugar, Y. Barenholz, and T.E. Thompson. (1986) Lateral distribution of a pyrene-

labeled phosphatidylcholine in phosphatidylcholine bilayers: fluorescence phase and modulation study. 

Biochemistry. 25(13): 3813-23. 

268. Hresko, R.C., I.P. Sugar, Y. Barenholz, and T.E. Thompson. (1987) The lateral distribution of pyrene-

labeled sphingomyelin and glucosylceramide in phosphatidylcholine bilayers. Biophys J. 51(5): 725-33. 

269. Jones, M.E. and B.R. Lentz. (1986) Phospholipid lateral organization in synthetic membranes as 

monitored by pyrene-labeled phospholipids: effects of temperature and prothrombin fragment 1 binding. 

Biochemistry. 25(3): 567-74. 

270. Ollmann, M., G. Schwarzmann, K. Sandhoff, and H.J. Galla. (1987) Pyrene-labeled gangliosides: micelle 

formation in aqueous solution, lateral diffusion, and thermotropic behavior in phosphatidylcholine 

bilayers. Biochemistry. 26(18): 5943-52. 

271. Viani, P., C. Galimberti, S. Marchesini, G. Cervato, and B. Cestaro. (1988) N-pyrene dodecanoyl sulfatide 

as membrane probe: a study of glycolipid dynamic behavior in model membranes. Chem Phys Lipids. 

46(2): 89-97. 

272. Sassaroli, M., M. Ruonala, J. Virtanen, M. Vauhkonen, and P. Somerharju. (1995) Transversal distribution 

of acyl-linked pyrene moieties in liquid- crystalline phosphatidylcholine bilayers. A fluorescence 

quenching study. Biochemistry. 34(27): 8843-51. 

273. Bassolino-Klimas, D., H.E. Alper, and T.R. Stouch. (1993) Solute diffusion in lipid bilayer membranes: an 

atomic level study by molecular dynamics simulation. Biochemistry. 32(47): 12624-37. 

274. Lopez Cascales, J.J., Huertas, M. L., Garcia de la Torre, J. (1997) Molecular dynamics simulation of a dye 

molecule in the interior of a bilayer: 1,6-diphenyl-1,3,5-hexatriene in dipalmitoylphosphatidylcholine. 

Biophysical Chemistry. 69: 1-8. 

275. Dix, J.A. and A.S. Verkman. (1990) Pyrene eximer mapping in cultured fibroblasts by ratio imaging and 

time-resolved microscopy. Biochemistry. 29(7): 1949-53. 

276. Pitto, M., P. Palestini, A. Ferraretto, S. Flati, A. Pavan, D. Ravasi, M. Masserini, and G. Bottiroli. (1999) 

Dynamics of glycolipid domains in the plasma membrane of living cultured neurons, following protein 

kinase C activation: a study performed by excimer-formation imaging. Biochem J. 344(Pt 1): 177-84. 

277. Tanhuanpää, K., J. Virtanen, and P. Somerharju. (2000) Fluorescence imaging of pyrene-labeled lipids in 

living cells. Biochim Biophys Acta. 1497(3): 308-20. 

278. Kasurinen, J. and P. Somerharju. (1992) Metabolism of pyrenyl fatty acids in baby hamster kidney 

fibroblasts. Effect of the acyl chain length. J Biol Chem. 267(10): 6563-9. 

279. Kasurinen, J. and P. Somerharju. (1995) Metabolism and distribution of intramolecular excimer-forming 

dipyrenebutanoyl glycerophospholipids in human fibroblasts. Marked resistance to metabolic degradation. 

Biochemistry. 34(6): 2049-57. 

280. Agmon, V., T. Dinur, S. Cherbu, A. Dagan, and S. Gatt. (1991) Administration of pyrene lipids by 

receptor-mediated endocytosis and their degradation in skin fibroblasts. Exp Cell Res. 196(2): 151-7. 



 89

281. Levade, T., S. Gatt, and R. Salvayre. (1991) Uptake and degradation of several pyrenesphingomyelins by 

skin fibroblasts from control subjects and patients with Niemann-Pick disease. Effect of the structure of 

the fluorescent fatty acyl residue. Biochem J. 275(Pt 1): 211-7. 

282. Levade, T., S. Gatt, A. Maret, and R. Salvayre. (1991) Different pathways of uptake and degradation of 

sphingomyelin by lymphoblastoid cells and the potential participation of the neutral sphingomyelinase. J 

Biol Chem. 266(21): 13519-29. 

283. Somerharju, P.J., D. van Loon, and K.W. Wirtz. (1987) Determination of the acyl chain specificity of the 

bovine liver phosphatidylcholine transfer protein. Application of pyrene-labeled phosphatidylcholine 

species. Biochemistry. 26(22): 7193-9. 

284. van Paridon, P.A., T.W. Gadella, Jr., P.J. Somerharju, and K.W. Wirtz. (1988) Properties of the binding 

sites for the sn-1 and sn-2 acyl chains on the phosphatidylinositol transfer protein from bovine brain. 

Biochemistry. 27(17): 6208-14. 

285. Tanhuanpää, K. and P. Somerharju. (1999) gamma-cyclodextrins greatly enhance translocation of 

hydrophobic fluorescent phospholipids from vesicles to cells in culture. Importance of molecular 

hydrophobicity in phospholipid trafficking studies. J Biol Chem. 274(50): 35359-66. 

286. Heikinheimo, L. and P. Somerharju. (2002) Translocation of pyrene-labeled phosphatidylserine from the 

plasma membrane to mitochondria diminishes systematically with molecular hydrophobicity: implications 

on the maintenance of high phosphatidylserine content in the inner leaflet of the plasma membrane. 

Biochim Biophys Acta. 1591(1-3): 75-85. 

287. Massey, J.B., D.H. Bick, and H.J. Pownall. (1997) Spontaneous transfer of monoacyl amphiphiles between 

lipid and protein surfaces. Biophys J. 72(4): 1732-43. 

288. Nakagawa, Y. and L.A. Horrocks. (1983) Separation of alkenylacyl, alkylacyl, and diacyl analogues and 

their molecular species by high performance liquid chromatography. J Lipid Res. 24(9): 1268-75. 

289. Robins, S.J. and G.M. Patton. (1986) Separation of phospholipid molecular species by high performance 

liquid chromatography: potentials for use in metabolic studies. J Lipid Res. 27(2): 131-9. 

290. Jensen, N.J., K.B. Tomer, and M.L. Gross. (1986) Fast atom bombardment and tandem mass spectrometry 

of phosphatidylserine and phosphatidylcholine. Lipids. 21(9): 580-8. 

291. Chen, S., G. Kirschner, and P. Traldi. (1990) Positive ion fast atom bombardment mass spectrometric 

analysis of the molecular species of glycerophosphatidylserine. Anal Biochem. 191(1): 100-5. 

292. Han, X., R.A. Gubitosi-Klug, B.J. Collins, and R.W. Gross. (1996) Alterations in individual molecular 

species of human platelet phospholipids during thrombin stimulation: electrospray ionization mass 

spectrometry-facilitated identification of the boundary conditions for the magnitude and selectivity of 

thrombin-induced platelet phospholipid hydrolysis. Biochemistry. 35(18): 5822-32. 

293. Han, X. and R.W. Gross. (1995) Structural determination of picomole amounts of phospholipids via 

electrospray ionization tandem mass spectrometry. J Am Soc Mass Spectrom. 6: 1202-1210. 

294. Kerwin, J.L., A.R. Tuininga, and L.H. Ericsson. (1994) Identification of molecular species of 

glycerophospholipids and sphingomyelin using electrospray mass spectrometry. Journal of Lipid 

Research. 35(6): 1102-14. 



 90

295. Kim, H.Y., T.C. Wang, and Y.C. Ma. (1994) Liquid chromatography/mass spectrometry of phospholipids 

using electrospray ionization. Analytical Chemistry. 66(22): 3977-82. 

296. Petkovic, M., J. Schiller, M. Muller, S. Benard, S. Reichl, K. Arnold, and J. Arnhold. (2001) Detection of 

individual phospholipids in lipid mixtures by matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry: phosphatidylcholine prevents the detection of further species. Anal Biochem. 289(2): 

202-16. 

297. Schiller, J., R. Suss, M. Petkovic, O. Zschornig, and K. Arnold. (2002) Negative-ion matrix-assisted laser 

desorption and ionization time-of-flight mass spectra of complex phospholipid mixtures in the presence of 

phosphatidylcholine: a cautionary note on peak assignment. Anal Biochem. 309(2): 311-4. 

298. Hsu, F.F., A. Bohrer, and J. Turk. (1998) Formation of lithiated adducts of glycerophosphocholine lipids 

facilitates their identification by electrospray ionization tandem mass spectrometry. Journal of the 

American Society for Mass Spectrometry. 9(5): 516-26. 

299. Ramanadham, S., F. Hsu, S. Zhang, A. Bohrer, Z. Ma, and J. Turk. (2000) Electrospray ionization mass 

spectrometric analyses of phospholipids from INS-1 insulinoma cells: comparison to pancreatic islets and 

effects of fatty acid supplementation on phospholipid composition and insulin secretion. Biochim Biophys 

Acta. 1484(2-3): 251-66. 

300. Hsu, F.F., Z. Ma, M. Wohltmann, A. Bohrer, W. Nowatzke, S. Ramanadham, and T. J. (2000) 

Electrospray ionization/mass spectrometric analyses of human promonocytic U937 cell 

glycerophospholipids and evidence that differentiation is associated with membrane lipid composition that 

facilitate phospholipase A2 activation. J Biol Chem. 275(2): 16579-16589. 

301. Duffin, K., M. Obukowicz, A. Raz, and J.J. Shieh. (2000) Electrospray/tandem mass spectrometry for 

quantitative analysis of lipid remodeling in essential fatty acid deficient mice. Anal Biochem. 279(2): 179-

88. 

302. Hsu, F.F. and J. Turk. (2000) Characterization of phosphatidylethanolamine as a lithiated adduct by triple 

quadrupole tandem mass spectrometry with electrospray ionization. J Mass Spectrom. 35(5): 595-606. 

303. Han, X. (2002) Characterization and direct quantitation of ceramide molecular species from lipid extracts 

of biological samples by electrospray ionization tandem mass spectrometry. Anal Biochem. 302(2): 199-

212. 

304. Silversand, C. and C. Haux. (1997) Improved high-performance liquid chromatographic method for the 

separation and quantification of lipid classes: application to fish lipids. J Chromatogr B Biomed Sci Appl. 

703(1-2): 7-14. 

305. Duffin, K.L., J.D. Henion, and J.J. Shieh. (1991) Electrospray and tandem mass spectrometric 

characterization of acylglycerol mixtures that are dissolved in nonpolar solvents. Anal Chem. 63(17): 

1781-8. 

306. DeLong, C.J., P.R. Baker, M. Samuel, Z. Cui, and M.J. Thomas. (2001) Molecular species composition of 

rat liver phospholipids by ESI-MS/MS: the effect of chromatography. J Lipid Res. 42(12): 1959-68. 



 91

307. Käkelä, R., P. Somerharju, and J. Tyynela. (2003) Analysis of phospholipid molecular species in brains 

from patients with infantile and juvenile neuronal-ceroid lipofuscinosis using liquid chromatography-

electrospray ionization mass spectrometry. J Neurochem. 84(5): 1051-65. 

308. Brotherus, J. and O. Renkonen. (1977) Phospholipids of subcellular organelles isolated from cultured 

BHK cells. Biochim Biophys Acta. 486(2): 243-53. 

309. Hvattum, E., G. Hagelin, and A. Larsen. (1998) Study of mechanisms involved in the collision-induced 

dissociation of carboxylate anions from glycerophospholipids using negative ion electrospray tandem 

quadrupole mass spectrometry. Rapid Commun Mass Spectrom. 12(19): 1405-9. 

310. Vernooij, E.A.A.M., J.J. Kettenes-van den Bosch, and D.J.A. Crommelin. (1998) Rapid determination of 

acyl chain position in egg phosphatidylcholine by high performance liquid chromatography/electrospray 

mass spectrometry. Rapid Commun Mass Spectrom. 12: 83-86. 

311. Nakashima, S., K. Nagata, Y. Banno, T. Sakiyama, T. Kitagawa, S. Miyawaki, and Y. Nozawa. (1984) A 

mouse model for Niemann-Pick disease: phospholipid class and fatty acid composition of various tissues. 

J Lipid Res. 25(3): 219-27. 

312. Schedin, S., P.J. Sindelar, P. Pentchev, U. Brunk, and G. Dallner. (1997) Peroxisomal impairment in 

Niemann-Pick type C disease. J Biol Chem. 272(10): 6245-51. 

313. Vanier, M.T. (1999) Lipid changes in Niemann-Pick disease type C brain: personal experience and review 

of the literature. Neurochem Res. 24(4): 481-9. 

314. Koike, T., G. Ishida, M. Taniguchi, K. Higaki, Y. Ayaki, M. Saito, Y. Sakakihara, M. Iwamori, and K. 

Ohno. (1998) Decreased membrane fluidity and unsaturated fatty acids in Niemann-Pick disease type C 

fibroblasts. Biochim Biophys Acta. 1406(3): 327-35. 

315. Harzer, K. and B. Kustermann-Kuhn. (2001) Quantified increases of cholesterol, total lipid and 

globotriaosylceramide in filipin-positive Niemann-Pick type C fibroblasts. Clin Chim Acta. 305(1-2): 65-

73. 

316. Mahadevappa, V.G. and B.J. Holub. (1982) The molecular species composition of individual diacyl 

phospholipids in human platelets. Biochim Biophys Acta. 713(1): 73-9. 

317. Murphy, E.J., D.K. Anderson, and L.A. Horrocks. (1993) Phospholipid and phospholipid fatty acid 

composition of mixed murine spinal cord neuronal cultures. J Neurosci Res. 34(4): 472-7. 

318. Sequeira, J.S., A. Vellodi, M.T. Vanier, and P.T. Clayton. (1998) Niemann-Pick disease type C and 

defective peroxisomal beta-oxidation of branched-chain substrates. J Inherit Metab Dis. 21(2): 149-54. 

319. Leppimäki, P., J. Mattinen, and J.P. Slotte. (2000) Sterol-induced upregulation of phosphatidylcholine 

synthesis in cultured fibroblasts is affected by the double-bond position in the sterol tetracyclic ring 

structure. Eur J Biochem. 267(21): 6385-94. 

320. Shiratori, Y., A.K. Okwu, and I. Tabas. (1994) Free cholesterol loading of macrophages stimulates 

phosphatidylcholine biosynthesis and up-regulation of CTP: phosphocholine cytidylyltransferase. J Biol 

Chem. 269(15): 11337-48. 

321. Leppimäki, P., R. Kronqvist, and J.P. Slotte. (1998) The rate of sphingomyelin synthesis de novo is 

influenced by the level of cholesterol in cultured human skin fibroblasts. Biochem J. 335(Pt 2): 285-91. 



 92

322. Tabas, I., S. Marathe, G.A. Keesler, N. Beatini, and Y. Shiratori. (1996) Evidence that the initial up-

regulation of phosphatidylcholine biosynthesis in free cholesterol-loaded macrophages is an adaptive 

response that prevents cholesterol-induced cellular necrosis. Proposed role of an eventual failure of this 

response in foam cell necrosis in advanced atherosclerosis. J Biol Chem. 271(37): 22773-81. 

323. van Meer, G. and K. Simons. (1982) Viruses budding from either the apical or the basolateral plasma 

membrane domain of MDCK cells have unique phospholipid compositions. Embo J. 1(7): 847-52. 

324. Sokol, J., J. Blanchette-Mackie, H.S. Kruth, N.K. Dwyer, L.M. Amende, J.D. Butler, E. Robinson, S. 

Patel, R.O. Brady, M.E. Comly, and et al. (1988) Type C Niemann-Pick disease. Lysosomal accumulation 

and defective intracellular mobilization of low density lipoprotein cholesterol. J Biol Chem. 263(7): 3411-

7. 

325. Dahl, N.K., K.L. Reed, M.A. Daunais, J.R. Faust, and L. Liscum. (1992) Isolation and characterization of 

Chinese hamster ovary cells defective in the intracellular metabolism of low density lipoprotein-derived 

cholesterol. J Biol Chem. 267(7): 4889-96. 

326. Lange, Y., J. Ye, M. Rigney, and T. Steck. (2000) Cholesterol movement in Niemann-Pick type C cells 

and in cells treated with amphiphiles. J Biol Chem. 275(23): 17468-75. 

327. Lange, Y., J. Ye, M. Rigney, and T.L. Steck. (2002) Dynamics of lysosomal cholesterol in Niemann-Pick 

type C and normal human fibroblasts. J Lipid Res. 43(2): 198-204. 

328. Mitchell, D.C. and B.J. Litman. (1998) Effect of cholesterol on molecular order and dynamics in highly 

polyunsaturated phospholipid bilayers. Biophys J. 75(2): 896-908. 

329. Brockman, H.L., K.R. Applegate, M.M. Momsen, W.C. King, and J.A. Glomset. (2003) Packing and 

electrostatic behavior of sn-2-docosahexaenoyl and -arachidonoyl phosphoglycerides. Biophys J. 85(4): 

2384-96. 

330. Leikin, A.I. and R.R. Brenner. (1987) Cholesterol-induced microsomal changes modulate desaturase 

activities. Biochim Biophys Acta. 922(3): 294-303. 

331. Garg, M.L., A.A. Wierzbicki, A.B. Thomson, and M.T. Clandinin. (1988) Dietary cholesterol and/or n-3 

fatty acid modulate delta 9-desaturase activity in rat liver microsomes. Biochim Biophys Acta. 962(3): 330-

6. 

332. Bernasconi, A.M., H.A. Garda, and R.R. Brenner. (2000) Dietary cholesterol induces changes in molecular 

species of hepatic microsomal phosphatidylcholine. Lipids. 35(12): 1335-44. 

333. Pai, J.T., O. Guryev, M.S. Brown, and J.L. Goldstein. (1998) Differential stimulation of cholesterol and 

unsaturated fatty acid biosynthesis in cells expressing individual nuclear sterol regulatory element-binding 

proteins. J Biol Chem. 273(40): 26138-48. 

334. Landau, J.M., A. Sekowski, and M.W. Hamm. (1997) Dietary cholesterol and the activity of stearoyl CoA 

desaturase in rats: evidence for an indirect regulatory effect. Biochim Biophys Acta. 1345(3): 349-57. 

335. Kim, H.J., M. Miyazaki, W.C. Man, and J.M. Ntambi. (2002) Sterol regulatory element-binding proteins 

(SREBPs) as regulators of lipid metabolism: polyunsaturated fatty acids oppose cholesterol- mediated 

induction of SREBP-1 maturation. Ann N Y Acad Sci. 967: 34-42. 



 93

336. Kim, H.J., M. Miyazaki, and J.M. Ntambi. (2002) Dietary cholesterol opposes PUFA-mediated repression 

of the stearoyl- CoA desaturase-1 gene by SREBP-1 independent mechanism. J Lipid Res. 43(10): 1750-7. 

337. Sun, Y., M. Hao, Y. Luo, C.P. Liang, D.L. Silver, C. Cheng, F.R. Maxfield, and A.R. Tall. (2003) 

Stearoyl-CoA desaturase inhibits ATP-binding cassette transporter A1- mediated cholesterol efflux and 

modulates membrane domain structure. J Biol Chem. 278(8): 5813-20. 

338. Calhoun, W.I. and G.G. Shipley. (1979) Fatty acid composition and thermal behavior of natural 

sphingomyelins. Biochim Biophys Acta. 555(3): 436-41. 

339. Hoffmann, P., K. Sandhoff, and D. Marsh. (2000) Comparative dynamics and location of chain spin-

labelled sphingomyelin and phosphatidylcholine in dimyristoyl phosphatidylcholine membranes studied 

by EPR spectroscopy. Biochim Biophys Acta. 1468(1-2): 359-66. 

340. London, E. and G.W. Feigenson. (1981) Fluorescence quenching in model membranes: An analysis of the 

local phospholipid environment of diphenylhexatriene and gramicidin A´. Biochim Biophys Acta. 649: 89-

97. 

341. Beck, A., D. Heissler, and G. Duportail. (1993) Influence of the length of the spacer on the partitioning 

properties of amphiphilic fluorescent membrane probes. Chem Phys Lipids. 66(1-2): 135-42. 

342. Guo, W., V. Kurze, T. Huber, N.H. Afdhal, K. Beyer, and J.A. Hamilton. (2002) A solid-state NMR study 

of phospholipid-cholesterol interactions: sphingomyelin-cholesterol binary systems. Biophys J. 83(3): 

1465-78. 

343. Welti, R. and D.F. Silbert. (1982) Partition of parinaroyl phospholipid probes between solid and fluid 

phosphatidylcholine phases. Biochemistry. 21(22): 5685-9. 

344. Martin, L.R., R.B. Avery, and R. Welti. (1990) Partition of parinaroylphosphatidylethanolamines and 

parinaroylphosphatidylglycerols in immiscible phospholipid mixtures. Biochim Biophys Acta. 1023(3): 

383-8. 

345. Kulkarni, V.S., W.H. Anderson, and R.E. Brown. (1995) Bilayer nanotubes and helical ribbons formed by 

hydrated galactosylceramides: acyl chain and headgroup effects. Biophys J. 69(5): 1976-86. 

  


