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INTRODUCTIO N N 

Itt is well established that the lipids in mammalian cells, like membrane proteins, are not 
evenlyevenly distributed over the different cellular membranes and that each organelle has a 
specificc lipid composition. The plasma membrane and the organelles with which it is in 
directt contact via recycling membrane vesicles, like endosomes and trans Golgi-
network,, are enriched in glycosphingolipids, sphingomyelin (SM), and cholesterol 
whenn compared to the endoplasmic reticulum (ER), mitochondria and peroxisomes. 
Glycosphingolipidss can form a protective barrier between the cell and its environment. 
Inn addition, glycosphingolipids are thought to be important for cell-cell and cell-
substratumm interactions. Some act as receptors for bacteria and viruses. Both 
glycosphingolipidss and SM are believed to be involved in cell signaling1'3. However, 
whereass so far glycosphingolipids fulfil l all functions on the outside of the cell, in the 
exoplasmicc leaflet of the plasma membrane bilayer, SM signaling reportedly involves 
hydrolysiss by a sphingomyelinase on the cytosolic aspect of the plasma membrane4. In 
thee Golgi, glycosphingolipids, SM and cholesterol are thought to form domains. These 
domainss may sort membrane proteins by lateral clustering in the lumenal leaflet5 or by 
increasingg the plasma membrane's bilayer thickness, in which case they may be present 
onn either side of the membrane6. The identification in the cytosol of a transfer protein 
forr glycosphingolipids7»8, galectins of unknown function9 and annexins with lectin 
properties100 support a physiological relevance for pools of sphingolipids on the 
cytosolicc surface of cellular membranes. To understand these functions more fully, the 
topologyy of the lipid molecules, i.e. their distribution across the lipid bilayer, also 
termedd transmembrane distribution or sidedness, must be appreciated. 

SMM and all glycosphingolipids containing more than one carbohydrate are synthesized 
att the lumenal surface of the Golgi, which is topologically equivalent to the outer leaflet 
off  the plasma membrane. They can be transported in the lumenal leaflet of carrier 
vesicless and there is no need for them to move across membranes to reach the surface 
off  the cell11"15. However, evidence has been provided for an SM pool on the cytosolic 
surfacee of the plasma membrane1'3, while the presence of cytosolic pools of higher 
glycosphingolipidss has been claimed (see Chan and Liu16). The monohexosyl 
sphingolipidss glucosylceramide (GlcCer) and galactosylceramide (GalCer) are special 
cases.. GlcCer is the only glycosphingolipid synthesized on a cytosolic leaflet, in the 
earlyy Golgi15-17-19. While GlcCer is required for protein sorting in the cytosolic leaflet 
(Sprongg et al., unpublished), it is also utilized for the synthesis of higher 
glycosphingolipidss in the lumenal leaflet. GlcCer must therefore "translocate" across 
thee lipid bilayer toward the exoplasmic leaflet of the Golgi membrane14-15 or another 
membranee of the vacuolar system. GalCer is synthesized in the lumen of the ER20, and 
seemss to translocate readily to the cytosolic leaflet of the ER and back into the Golgi15. 
Thee transmembrane movement of sphingolipids may be subject to regulation. 

Inn recent years, we have demonstrated that various short-chain analogs of GlcCer and 
SMM can be translocated from the inner to the outer leaflet of the plasma membrane by 
thee multidrug transporters MDR1 P-glycoprotein and MRPl21-22. Since the related 
MDR33 P-glycoprotein has been shown to be a translocator of die natural phospholipid 
phosphatidylcholine,, MDR1, MRP1, and other ABC-transporters are candidates for 
translocatingg natural GlcCer in vivo. Here, we compare available techniques to study 
mee transmembrane distribution of sphingolipids, and describe the requirements that 
thesee assays should meet in order to be applicable to measurements of transbilayer 
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mobility.. Translocation activity of a particular protein can then be tested by transfection 
intoo a cellular assay system, or by reconstitution into model membranes. 

GENERALL ASPECTS OF ASSAYS FOR TRANSLOCATION OF 
SPHINGOLIPIDSS ACROSS MEMBRANES 

Too determine transmembrane movement of a sphingolipid, an assay first must be 
developedd to measure its distribution across the bilayer at a specific moment in time. 
Thee following criteria can be applied to judge the usefulness of a particular approach: 
1)) The procedure must recognize the lipid of interest on a membrane surface. Since a 
certainn lipid will only rarely be present exclusively on one side of the bilayer, the assay 
shouldd preferably quantitate the amount of the lipid that is accessible, instead of merely 
showingg that a lipid is or is not present on that surface. If possible, all molecules of the 
lipidd present on that surface should be recognized: biological membranes are not a 
homogeneouss dispersion of lipid molecules, and the reactivity of a particular lipid 
moleculee may vary due to local phase separations, protein-lipid and lipid-lipid 
interactions.. 2) The procedure must discriminate the lipids in the one leaflet from those 
inn the opposite leaflet of the bilayer. (a) For this, the recognizing agent should not 
permeatee the membrane. This necessitates that the recognition reaction be terminated 
beforee the lipid from the inaccessible leaflet becomes accessible to the reagent, for 
example,, during lipid extraction and analysis, (b) Lipid should not move between the 
twoo bilayer leaflets during the assay. The assay must be significantly faster than the 
naturall  transbilayer movement, or it should be performed under conditions where this 
movementt is inhibited, e.g., by reduced temperature. In addition, the procedure should 
nott induce redistribution of lipids between the two bilayer leaflets, i.e., the assay should 
bee noninvasive. 3) The amount of the lipid under study should not change during the 
assayy due to processes independent of the assay, such as via uptake by exocytosis and 
endocytosiss with hydrolysis and (re)synthesis. In cases where these strict criteria are not 
mett but where accurate quantitation is possible, the lipid pool in the outer leaflet may 
bee calculated from a kinetic analysis (see van Meer et al.23* 24). It should be noted that 
thee cell does not necessarily have to survive the assay as long as the plasma membrane 
remainss intact. 

Too determine the rate of lipid translocation across a membrane (tia in biomembranes 
betweenn seconds and hours), on-line measurements with a fast response would be ideal, 
butt such methodology is not yet available for natural sphingolipids. Usually, the pool of 
aa lipid in one leaflet is radiolabeled and its transbilayer distribution is determined at 
multiplee time points. Rates of transbilayer movement can then be calculated from the 
valuess at the different time points. The transbilayer distribution of the lipid at a defined 
timee point can be determined from its accessibility to chemical modification (which 
generallyy affects membrane proteins as well), enzymatic modification, non-covalent 
labelingg by a binding protein, or exchangeability by a transfer protein. Lipid sidedness 
andd translocation may also be studied by using analogs of the lipids of interest. 
Exampless are fluorescent analogs, spin-labeled analogs, analogs with shortened acyl 
chains,, or a combination of these. Their sidedness may then be monitored in time by the 
techniquess mentioned above or by non-invasive spectroscopic methods. Generally, 
resultss are more convincing when confirmed by independent methods. 
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CALCULATIN GG THE TRANSLOCATIO N OF SPHINGOLIPID S ACROSS 
MEMBRANE S S 

Transbilayerr  distributio n 

Thee simplest situation is encountered when the transbilayer distribution of a lipid can be 
studiedd in a system possessing a single membrane. Quantitation of the amount of the 
lipidd that is accessible versus the amount that is shielded directly yields the percentage 
off  the lipid that is present in the outer leaflet and the ratio of that lipid in the outer vs. 
thee inner leaflet. This is the case for unilamellar liposomes, most membrane viruses, 
gram-positivee bacteria, erythrocytes, and isolated cell organelles (except for 
mitochondria,, nuclei and chloroplasts). More complicated is the situation in eukaryotic 
cellss where the unreacted lipid can be present in the inner leaflet of the plasma 
membranee but also in intracellular membranes. The outside/inside ratio can only be 
calculatedd from the fraction of the lipid that is in the plasma membrane. These data are 
mostlyy unavailable or controversial25"27. Published calculations depend on the 
preparationn of "pure" plasma membranes28-28*  and their significance depends on how 
accuratelyy contamination with other membranes was determined. 

Transbilayerr  mobility 

Spontaneouss transbilayer mobility is a chance process that can be described by a set of 
simplee logarithmic formulas. A simple one-bilayer system can be considered a two-pool 
closedd system, where measurement of one of the two pools over time allows a full 
descriptionn of the kinetics24. Admittedly, this approach neglects the potential presence 
off  lateral domains, which may result in the presence of two lipid pools within one 
membranee leaflet with potentially different translocation properties. Of course, 
activitiess of translocators must be approached as enzyme activities. Characterization of 
suchh enzyme activities is hampered by the fact that kinetics applicable to soluble 
moleculess cannot be applied directly to membrane-embedded substrates (see, e.g., 
Mosiorr and Newton29). The possibility that translocators are present in specialized 
laterall  membrane domains further complicates kinetic characterization. 

CHEMICA LL  MODIFICATIO N (TABLE D 

Principl ee of the assay 

AA reagent is added to the outside of a closed structure where it reacts with a particular 
lipidd in the outer leaflet but not with the same lipid in the inner leaflet. The properties of 
thee lipid in the outer leaflet have now been changed, and the modified lipid is separated 
fromm the unmodified lipid and quantitated. 

Amino-reagents Amino-reagents 

AA typical example of this approach is the labeling of primary amino-groups. After years 
off  work on the organization of membrane proteins, labeling reagents such as 
formylmethionyll  (sulfonyl) methylphosphate30 and trinitrobenzene sulfonic acid 
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(TNBS)311 were used in the very first studies on lipid asymmetry to label 
phosphatidylethanolamine.. Only 20% of this lipid was found to reside in the outer 
leaflett of the erythrocyte membrane30-31. TNBS has been applied to nucleated cells32" 
35,, in which cases less than 5% of the cellular phosphatidylethanolamine was 
accessible.. Later studies made use of the fluorescent label fluorescamine36. The 
reactionss can be stopped by lowering the pH and by adding an excess of free amino 
groups.. Reacted phosphatidylethanolamine can be conveniently separated from 
phosphatidylethanolaminee by min-layer chromatography (TLC). The penetration of the 
labell  through the membrane can be reduced by low temperature, or the two pools can 
bee discriminated kinetically23. Note that the physical properties of the reaction product 
aree different from those of the original phosphatidylethanolamine and indeed the 
labelingg procedure has been reported to disrupt the bilayer and lead to enhanced 
phospholipidd transbilayer movement37. 

Althoughh only few sphingolipids contain a primary amino-group, they may be 
interestingg because of their special functions. This is especially true for 
lysosphingolipids,, which lack the amide-linked fatty acid and thereby expose an amino 
groupp at the membrane-water interface. In vitro, a quantitative assay for sphingolipids 
hass been based on the reactivity of this amino group with fluorescamine38-39. Besides 
lyso-SMM (sphingosylphosphocholine) and lysoglycolipids, interesting molecules are the 
signalingg molecules sphingosine-1-phosphate, N,Af-dimethylsphingosine and free 
sphingosine/sphinganine.. Another sphingolipid with a free aminogroup is ceramide-
phosphoethanolamine,, an SM analog of low abundance in mammalian cells40. Yet 
otherss are glycosylphosphatidylinositol (GPI) protein anchors in yeast, which obtain 
glucosaminee by deacetylation of N-acetylglucosamine, and obtain a ceramide anchor by 
exchangee of the original diacylglycerol41. 

Tablee I. Potential Methods for  Measuring Transbilayer  Distribution 3 

Sphingolipid d 

Lyso-sphingolipidsh h 

Sphingomyelin n 
Glucosylceramide e 
Galactosylceramide e 
Lactosylceramide e 
Complexx glycolipids 

Amino o 
reagents s 

30,31 1 

Chemical l 
oxidation n 

31' ' 
43 3 
(43)d d 

13,42 2 

Enzymatic c 
hydrolysis/ / 
modification n 

44-47 7 
17 7 
43 3 
(43)J J 

56-66 6 

Antibodies s 
Toxins s 

88 8 

89,90 0 
91 1 
60,67 7 

Monomeric c 
transfer r 

c c 

73,74 4 
72 2 
72 2 
72 2 
72 2 

aa Numbers refer to references. 
bb Methods applicable to JV-acylated sphingolipids can in principle be applied to corresponding 
lyso-forms. . 
cc Spontaneous transfer. 
dd Terminal galactose of lactosylceramide should have similar properties to that of GalCer. 

ChemicalChemical oxidation 

Thee gangliosides GM1, GM2, GM3, and GDI a have been efficiently detected by mild 
oxidationn of their sialic acid with NaI04

13* 42. The periodate oxidation was carried out 
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onn the surface of intact cells, after which the gangliosides were isolated and reacted 
withh dinitrophenylhydrazine (DNP). The DNP-products of the oxidized gangliosides 
weree then separated from the non-oxidized gangliosides by TLC. Because the oxidation 
wass carried out at 0°C, membrane transport did not affect the results. The assay has 
beenn used to study transport of radiolabeled newly synthesized gangliosides to the cell 
surface.. Unfortunately, no control experiments have been carried out so far to test 
whetherr only sialic acids on the outside of the plasma membrane are oxidized. Because 
gangliosidess are only minor components of cellular membranes, it is unlikely that their 
oxidationn would affect the intactness of the plasma membrane. 

Underr different conditions (50 vs. 2 mM periodate and longer times) 
galactosylceramidee has also been oxidized. Essentially all galactosylceramide was 
oxidizedd in myelin, whereas only 50% was oxidizable in sonicated myelin lipids, 
suggestingg that the majority of the galactosylceramide was situated in the external 
leaflet43.. In contrast to the gangliosides, galactosylceramide is a major lipid in myelin 
andd in apical membranes of some epithelial cells. Therefore, studies of transbilayer 
distributionn using galactosylceramide oxidation require controls for the maintenance of 
thee maintenance of the intactness of the membrane (see Galactose oxidase section 
below). . 

TEMPOTEMPO oxidation 

Recently,, we have developed a method that uses TEMPO nitroxides, which specifically 
oxidizee primary hydroxyls and amines, such as the C6-hydroxyI of the glucose moiety in 
GlcCer.. This oxidation reaction relies on the generation of an active nitrosonium ion by 
inin situ oxidation of the TEMPO free radical by 0O7Br~. We noticed that the leakage of 
TEMPOO through membranes can be essentially prevented by using the carboxy-TEMPO 
analog.. Carboxy-TEMPO can be purchased from several commercial sources as a dry 
powderr in the free acid form. Its solubility is greatly enhanced by conversion to the 
sodiumm salt. A typical experiment involves weighing out 10 mg of carboxy-TEMPO (15 
mM)) and sonicating in 830 ul of 80 mM NaHCOj/60 mM NaOH, pH 13. After cooling 
onn ice, the nitrosonium ion is generated by the addition of NaBr (2 mM) followed by 
NaOCll  (10 mM). This reaction mixture is then diluted to iso-osmolarity by the addition 
off  300 Ml of water and 2 ml of 100 mM NaCl/60 mM NaHCOy2 mM KC1, 1 M NaOH is 
thenn added until the solution has a pH of 9.5. Butylated hydroxytoluene (100 uM) is then 
addedd to inhibit non-specific lipid peroxidation. The oxidation product of GlcCer can be 
separatedd from native GlcCer by TLC3 la. 

ENZYMATI CC MODIFICATIO N 

Principl ee of assay 

Ann enzyme is added to one side of the membrane where it modifies a substrate lipid. 
Thee enzyme may need a second substrate and/or cofactors. The enzyme modifies a 
particularr lipid in the outer leaflet but not the inner leaflet, after which the enzymatic 
reactionn is stopped, and the modified lipid product separated from the unmodified lipid 
andd quantitated. 

31 1 



ChapterChapter 2 

Sphingomyelinase Sphingomyelinase 

Phospholipasess are the prototypic enzymes for asymmetry studies44. In the case of the 
sphingolipids,, sphingomyelinase (SMase from S. aureus or B. cereus) splits 
sphingomyelinn (SM) into the phosphocholine headgroup and ceramide backbone. The 
productss can be easily separated from SM by lipid extraction and TLC. The assay can 
bee performed at 37 °CU but also at 15 °C45-46. The latter has been convenient in 
studiess on living cells, because it eliminates the effects of endocytosis and exocytosis 
duringg the assay. In most cases, the loss of SM is quantitated. It is taken to reflect the 
fractionn of SM that was originally present on the side where SMase had been added. 
SMasee has access to SM in all membranes studied so far, which is in contrast to some 
phospholipasess that cannot hydrolyze substrate lipids in cellular plasma membranes. Of 
thee erythrocyte SM, 73% was degraded by SMase alone. SMase has been used in 
combinationn with other phospholipases44-47. 

SMasee added to the outside of a closed membrane will not cross the membrane and wil l 
onlyy have access to the SM on the exposed surface. A second positive characteristic of 
thee assay is that it can be conveniently stopped by chelating divalent cations. On the 
negativee side, it should be realized that the assay is invasive because SMase changes the 
membranee under study. The membrane phospholipid SM is replaced by ceramide, a 
hydrophobicc lipid without a polar headgroup that by itself does not form bilayers in 
aqueouss environments. The potential problems for the asymmetry assay are illustrated by 
observationss on the effects of generic phospholipases C on membranes. Phospholipases 
CC cleave the headgroup from glycerophospholipids and thereby replace phospholipids by 
diacylglycerols.. Extensive treatment of membranes resulted in so-called signet ring 
structuress where the diacylglycerol accumulated in the hydrophobic membrane interior, 
andd due to the removal of phospholipid from the surface, the membrane shrunk with a 
50%% reduction in surface area48. By definition this also implies a 50% reduction in the 
surfacee area of the inner bilayer leaflet. Half of the lipids from the inner leaflet must have 
movedd across the membrane to the outer leaflet where they were then exposed to the 
phospholipasee C. Accidentally, phospholipase C did not induce leaks in the membrane 
andd hydrolysis stopped when 50% of the lipids had been degraded. These features have 
beenn taken as evidence that phospholipase C can be succesfully used in asymmetry 
studies,, even in a study confirming the 50% reduction in surface area49. It is unclear why 
thee intact phospholipids in the outer leaflet are no longer substrates for the phospholipase 
C,, but this may be a matter of product inhibition. Still, clearly the assay does not meet the 
requirementt that the agent (enzyme) should not have access to lipids in the other leaflet 
andd should not induce redistribution of the lipids across the bilayer. Phospholipase C 
couldd be utilized in an assay for the distribution of lipids when the hydrolysable lipid was 
onlyy a minor fraction of the total membrane lipid50. 

Thee dramatic effects observed for the generic phospholipase C apply to SMase. In 
erythrocytes,, ceramide produced during the assay accumulated in the hydrophobic 
membranee interior where it gave rise to ceramide droplets44. The reduction in the 
amountt of SM in the outer leaflet induced invagination of the erythrocyte membrane47. 
SMasee induced ATP-independent endocytosis in living cells51. It is not clear whether 
thee addition of SMase to cells has led to artifacts in the many published studies. 
Mammaliann plasma membranes typically contain 15-25 mol% SM, and the higher the 
molee percentage of SM in a membrane, the higher the risk of membrane damage and 
artefactuall  redistribution52. In a membrane virus containing 25 mol% SM, a kinetic 
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assayy (at reduced temperature) yielded smaller numbers for the SM pool in the outer 
leaflet23,, than an assay where the reaction was allowed to go to completion53. 

AA further problem with the use of SMase is that the ceramide produced can be utilized 
ass a substrate by the enzyme SM synthase. SM synthase, which is present in Golgi 
membranes,, and also on the outside of plasma membranes46-54, transfers the 
phosphocholinee headgroup from phosphatidylcholine to ceramide and thereby generates 
diacylglycerol.. Whether or not this occurs can be assessed from the relative amounts of 
ceramidee and phosphocholine produced. Finally, commercial SMase may be 
contaminatedd by phospholipase C. 

GlucocerebrosidaseGlucocerebrosidase and endoglycoceramidase 

Comparablee to SMase, acid glucocerebrosidase (glucoceramidase) has been applied as a 
tooll  to study the topology of GlcCer, by hydrolysis to glucose and ceramide17. One 
difficultyy is that the enzyme normally acts in the lumen of the lysosome, under 
conditionss of low pH, and requires the presence of the activator protein saposin C55. 
Thee enzyme does not show any activity when added to the outside of cells (our 
unpublishedd observations). It maybe that the addition of saposin C or of the glycolipid 
transferr protein (see below) suffices to activate the protein. Endoglycoceramidase or 
ceramidee glycanase (Rhodococcus) cleaves the carbohydrate chain from ceramide, 
hydrolyzingg most of the glycolipids on intact erythrocytes within 2 hr at 37 °C when 
usedd in the presence of an activator protein56. GlcCer and GalCer are not substrates57. 

Neuraminidase Neuraminidase 

Neuraminidasee (sialidase) removes terminal sialic acids from gangliosides. Using this 
techniquee it has been concluded that all GM3 was present on the membrane surface of 
thee enveloped Sindbis virus58,59. In neuroblastoma cells, neuraminidase from Vibrio 
choleraecholerae cleaved the sialic acid from most GM3, while it also removed the terminal 
sialicc acid from GDI a to yield GMla60. In contrast, in macrophages most GDI a but no 
GM33 was degraded by this enzyme61. Neuraminidase from C. perfringens was used to 
studyy transport of newly synthesized GM3, GD3, and GT3 to the surface of retina 
cells62. . 

N-Deacylase N-Deacylase 

AA  Pseudomonas W-deacylase removes the acyl chain of a number of glycolipids and to 
aa lower degree SM63. The use of this enzyme may be preferable over using hydrolases 
thatt cleave off the headgroup, since this enzyme produces two membrane lipids, a 
lysosphingolipidd and a free fatty acid, that in the absence of a scavenger like albumin 
doo not affect the stability of the membrane44'50. 

GalactoseGalactose Oxidase 

Galactosee oxidase (Dactylium dendroides) shows specificity for galactose and N-
acetylgalactosaminee whose primary hydroxyls are oxidized to aldehydes. From studies 
wheree the oxidized lipids were subsequently reduced by NaB3H4, it was concluded that 
mostt GM3 and globoside were present in the outer leaflet of the erythrocyte membrane. 
Althoughh lactosylceramide was a substrate in the presence of detergent, it was not 
oxidizedd in the intact membrane, probably because it does not protrude far enough from 

33 3 



ChapterChapter 2 

thee membrane (or is not present on the cell surface)64. In contrast to intact erythrocytes, 
inside-outt vesicles showed very littl e labeling supporting the presence of GM3 and 
globosidee in the outer leaflet of the erythrocyte membrane65. In a later study in which 
thee fraction of globoside that was oxidized was determined by mass spectrometry, only 
upp to two-thirds was oxidized, implying that its distribution across the erythrocyte 
membranee bilayer has not been unequivocally determined66. In intact macrophages 
GMlaa was efficiently labeled by the procedure61. In myelin approximately 50% of the 
galactosylceramidee could be oxidized by galactose oxidase, whereas all was oxidized 
byy periodate (see above), suggesting an accessibility problem in the outer leaflet43. 

NON-COVALEN TT PROTEIN BINDIN G 

Principl ee of Assay 

AA protein with a binding specificity for a particular glycolipid class is added to cells and 
itss association is measured. Quantitation can be performed by using a labeled binding 
proteinn or a labeled secondary protein (like an antibody); alternatively, fluorescent 
labelss can be studied by light microscopy whereas gold-labeled proteins can be 
visualizedd by electronmicroscopy (EM). So far, this approach has demonstrated the 
presencee of essentially all glycolipids on the cell surface, the outer leaflet of the plasma 
membrane,, but only rarely have binding proteins been applied to study the distribution 
acrosss the bilayer. 

Antibodies Antibodies 

Itt has become clear that many antibodies are directed against glycolipids. The prime 
examplee is the Forssman antigen67, a 5-sugar lipid of the globo-series. Antibodies 
againstt dozens of glycolipids are now available, and many have been used to localize 
thee antigenic substrate. 

Toxins Toxins 

Ass for the antibodies, it has become clear over the years that a number of toxins use 
glycolipidss as receptors. The clearest example, cholera toxin, has been applied to study 
thee organization of GM160. From knowing the stoichiometry of binding, one toxin 
moleculee to five GM1, careful quantitation assigned most GM1 in these cells to the cell 
surface.. The toxin has since been used to show that GM1 on the surface is concentrated 
inn caveolae68. A potential artifact in such studies is lateral redistribution of the 
glycolipidd due to the oligomeric nature of the binding. 

Lectins Lectins 

Byy the method of fracture-label, which permits cytochemical characterization of each of 
thee two freeze-fracture faces (each bilayer leaflet) of membranes, it was demonstrated 
thatt the lectin concanavalin A labeled the glycosphingolipid lipophosphonoglycan 
selectivelyy in the outer bilayer leaflet of the plasma membrane of Acanthamoeba 
castellanificastellanifi99. . 
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LIPI DD EXCHANGE ; TRANSFER PROTEINS 

Principl ee of Assay 

Sphingolipidss possessing only one fatty chain, like lyso-SM 
(sphingosylphosphocholine),, lysoglycolipids, sphingosine-1-phosphate, N,N-
dimethylsphingosine,, and free sphingosine/sphinganine, can be depleted from an 
accessiblee surface by the addition of a lipid scavenger like serum albumin or liposomes. 
Becausee these lipids occur in only low mol %, it is unlikely that their depletion changes 
physicall  properties of the membrane. For normal sphingolipids, monomelic diffusion 
betweenn membranes is an exceedingly slow process with half-times in the order of 
days70.. However, exchange can be accelerated by transfer proteins, soluble proteins 
thatt can bind and carry a single lipid molecule71. In the presence of liposomes that 
containn an excess of unlabeled lipid these proteins can mediate the complete 
replacementt of radiolabeled lipid on the surface of a closed membrane (like an intact 
cell).. Some transfer proteins bind tightly to the lipid, never leave the membrane surface 
inn an empty state, and thus cannot cause net mass transfer of lipid. In such cases, the 
membranee structure is not perturbed and so only the lipid on the outer leaflet of the 
membranee is exchanged. The fraction of radiolabeled lipid that was lost reflects the 
fractionn of that lipid in the external leaflet. Some transfer proteins can exist in an empty 
statee in solution. They should be used with caution as they can generate net transfer of 
lipidd mass between membranes, which changes their lipid composition and, potentially, 
organization.. Note that for a transfer protein to generate net transfer there needs to be a 
differencee in the energy state of the lipid between donor and acceptor membranes. 

GlycolipidGlycolipid and SM Transfer Proteins 

AA transfer protein that can exchange glycolipids has been isolated and its amino acid 
sequencee determined7'8. By a monomelic carrier mechanism it transfers many different 
typess of glycosphingolipids (and to some extent SM) between membranes72. In a 
transferr assay it should be used with caution because it can exist in solution in an empty 
state.. A transfer protein with a preference for SM has been reported73, while also a 
phosphatidylinositoll  transfer protein isoform has also been found with a relatively high 
affinityy for SM74. 

Non-specificNon-specific Transfer Protein and Saposins 

Bothh SM and glycosphingolipids are substrates for a non-specific transfer protein69. In 
vivo,vivo, this protein, also called sterol carrier protein 2, is generated from a higher MW 
precursorr in the peroxisomes. Its function in lipid transfer is unclear75. Because the 
proteinn apparently does not cany monomelic lipids and because of its lack of 
specificity,, it scrambles the lipid composition of accessible membrane surfaces and 
causess net transfer. It should be used with caution. The lysosomal saposins, which serve 
functionss in presenting glycolipids to their hydrolytic enzymes for degradation, were 
originallyy characterized as lipid exchange proteins in vitro55. 

APPLICATIO NN OF ANALOG S OF LIPID S OF INTEREST 

Analogss are different from their natural counterparts. Data on the behavior of analogs 
providee insights in the behavior of the natural lipids but cannot be extrapolated without 
independentt confirmation. Clearly, the closer the resemblance in structure, the better 
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thee prediction. Besides the fact that lipid analogs wil l only be applied when convenient 
assayss for the natural lipids are not available, an advantage is that the structure of the 
lipidd analog is chemically defined. In addition, analogs sometimes allow approaches 
thatt are inherently impossible for the natural lipids (see below). 

Short-Chainn Lipids; Principl e of Assay 

Transferr rates of two-chain sphingolipids can be dramatically increased by replacing 
theirr fatty acyl moiety or the sphingoid base with shorter alkyl chains. Typically a C4-
C66 chain is used that is labeled with 3H or 14C, with fluorescent moieties like NBD or 
BODIPYY (Molecular Probes, Eugene, OR) or with a spin-label. For these lipid analogs, 
thee off-rate from membranes is sufficiently high that they can be depleted from an 
accessiblee membrane surface by the proper scavenger, such as an excess of liposomes76 

orr serum albumin77. Sometimes analogs have been used that carry two short chains, 
suchh as a truncated ceramide containing a C8-sphingosine and a C8-fatty acid19. 
Becausee these are highly water soluble, no scavenger is needed for depletion. These 
assayss can be performed on ice, whereby one monitors the loss of the lipid after 
exogenouss addition and an internalization incubation78 or the appearance of a lipid after 
intracellularr synthesis from a precursor, typically ceramide19-76-77. In addition, such 
lipidss can be conveniently incorporated into membranes from BSA-solutions or 
ethanolicc solutions. 

Short-ChainShort-Chain Sphingolipids Added to the Outside of Cells or Organelles 

Inn many studies analogs of glycolipids, notably GlcCer, or SM have been added to cells 
thatt carry a short fluorescent fatty acid. Whereas originally most studies used C6-NBD, 
thee new analogs containing a C5-BODIPY chain were later shown to have several 
advantagess in terms of being more apolar and having superior fluorescent properties79. 
Afterr insertion into the outer leaflet of the plasma membrane, evidence for translocation 
acrosss the plasma membrane bilayer can be obtained in either of two ways. First, after a 
time-intervall  a fraction of the short-chain lipid can no longer be extracted ("back-
exchanged")) by BSA in the extracellular medium. Second, uptake can be assessed by 
fluorescencee microscopy, whereby the fluorescence pattern can provide information on 
thee mechanism of uptake. From such a study it has been concluded that C5-BODIPY-
SMM is taken up by endocytosis, whereas most C5-BODIPY-GlcCer entered the cell by 
translocation78.. These two processes can be distinguished by performing the assay at 
reducedd temperature or after energy depletion, which inhibit endocytosis78. 
Alternatively,, translocation of the GlcCer analogs C6-NBD-GlcCer and C8C8-GlcCer 
acrosss the membrane of isolated Golgi has been assessed by conversion to the 
analogouss lactosylceramide, which, being in the Golgi lumen, was protected against 
BSA-extraction14'15.. Finally, the NBD-moiety can be chemically quenched by 
dithionite80,, which can be used to establish the transbilayer distribution. 

Importantt data on sphingolipid translocation across the plasma membrane have been 
obtainedd in the opposite direction. For this, short-chain analogs of ceramide, C6-NBD-
ceramide,, or C8C8-ceramide were added to cells. After uptake into the external leaflet 
off  the plasma membrane, these lipids flipped across the plasma membrane, a process 
probablyy facilitated by the absence of a polar headgroup, as was evident from the fact 
thatt they were converted by enzymes in the cellular Golgi complex to GlcCer and SM. 
Thiss uptake is independent of vesicular traffic as it continues below 15°C. Because 
short-chainn GlcCer is synthesized at the cytosolic surface of the Golgi and because it 
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cann freely exchange across aqueous phases, it has free access to the cytosolic surface of 
thee plasma membrane. Translocation towards the outer leaflet can then be measured by 
accessibilityy to depletion by BSA in the extracellular medium. That this approach really 
workss was demonstrated by our studies on cells transfected with various multidrug 
transporters,, in which it was demonstrated that the MDR1 P-glycoprotein (but not 
MDR3)) is capable of translocating various short-chain GlcCer analogs across the 
plasmaa membrane, whereas the multidrug resistance protein MRP1 could only 
translocatee C6-NBD-GlcCer21-22. SM is synthesized in the Golgi lumen and does not 
havee access to the cytosolic surface of the plasma membrane. Still, a slight modification 
off  the assay made it possible to study translocation of short-chain SM as well. For this, 
cellss were treated with brefeldin A, which results in mixing of the membranes of Golgi 
andd ER and allows translocation of newly synthesized SM to their cytosolic 
surface21-22.. Since natural GlcCer and SM do not freely diffuse through the cytosol at 
15°CC this approach can only be applied to their analogs. 

On-lAneOn-lAne Measurements of Fluorescence 

Thee monitoring of fluorescent lipids online has great potential for studying kinetic 
propertiess of transbilayer movement. For example, as can be done with spin-labels, 
fluorescencee can be quenched selectively on one side of the membrane. Quenching can 
bee irreversible, such as the quenching of NBD-fluorescence by dithionite80, which has 
beenn evaluated for its applicability in lipid asymmetry studies81* 82. Quenching can be 
reversible,, like quenching of NBD-fluorescence by neighboring trinitrophenyl 
groups83.. These can be introduced selectively into one leaflet of the bilayer by labeling 
withh TNBS (see above). Reversible quenching can also be performed by the presence of 
aa second fluorescent probe that accepts the fluorescence energy of the first probe and 
generatess resonance energy transfer84. In addition, high concentrations of a fluorescent 
probee result in self-quenching or excimer formation85 and dilution by transport can be 
measured.. These techniques are potentially useful for the study of transbilayer 
movementt of lipids. However, since these techniques have not been applied to 
sphingolipids,, the issue is not discussed in detail here. 

Short-ChainShort-Chain Spin-Labeled Sphingolipids 

Sidednesss and transbilayer redistribution of short-chain sphingolipids have also been 
approachedd by using spin-labels, notably SM carrying a 4-doxyl pentanoyl chain (C5-
doxyl)86.. After incorporation into the plasma membrane of erythrocytes from ethanolic 
solution,, the amount of C5-doxyl-SM in the cytoplasmic leaflet can be determined at a 
specificc time-point as the residual electron spin resonance (ESR) signal after reduction 
off  the probe in the outer leaflet using sodium ascorbate. Reduction took 5 min at 4°C86. 
Alternatively,, C5-doxyl-SM can be removed from the outer leaflet by back-exchange 
againstt BSA, after which the residual ESR signal is determined. This method has, for 
example,, been used to study lipid redistribution from the cytosolic to the lumenal 
surfacee of microsomes87. The resolution of this technique depends on the time and 
temperaturee needed for the ESR measurement, which is typically minutes at room 
temperature.. It should be established that the measured ESR signal is due to the original 
lipidd and not a metabolic product. 
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