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Lipi dd Traffic : The ABC of Transbilayer  Movement 

Renéé J. Raggers, Thomas Pomorski, Joost C.M. Holthuis, Nanette Kalin and 
Gerri tt  van Meer 

Departmentt of Cell Biology and Histology, Academic Medical Center, University of 
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LipidLipid Flip-Flop 

ABSTRACT T 

Membranee lipids do not spontaneously exchange between the two leaflets of lipid 
bilayerss because the polar headgroups can not cross the hydrophobic membrane 
interior.. Cellular membranes, notably eukaryotic plasma membranes, are equipped with 
speciall  proteins that actively translocate lipids from one leaflet to the other. In addition, 
cellularr membranes contain proteins that facilitate a passive equilibration of lipids 
betweenn the two membrane halves. In recent years, a growing number of proteins has 
beenn put forward as lipid translocators or facilitators. Unexpectedly, some of these 
appearr to be required for efficient translocation of lipids lacking bulky headgroups, like 
cholesteroll  and fatty acids. The candidate lipid translocators identified so far belong to 
largee protein families whose other members include pumps for amphophilic molecules 
likee bile salts and drugs. 

LIPI DD ASYMMETR Y AND TRANSBILAYE R MOVEMEN T 

Lipidss are not homogeneously distributed throughout the eukaryotic cell. The 
membraness of different cellular organelles require distinct lipid (and protein) 
compositions.. Even within a membrane lipids are not equally distributed over both 
membranee leaflets. The first observations on lipid asymmetry in the early seventies 
weree made on the erythrocyte membrane (1, 2), on blood platelets, plasma membrane-
derivedd membranes like viruses and endocytotic organelles (3), and finally on 
nucleatedd cells. They have led to the concept of lipid asymmetry as a general property 
off  plasma membranes. In these membranes sphingomyelin (SM), and most of the 
phosphatidylcholinee (PC) is situated in the external half of the bilayer whereas the 
aminophospholipidss phosphatidylserine (PS), and to a lesser extent 
phosphatidylethanolaminee (PE), are confined to the cytosolic leaflet of the plasma 
membranee bilayer. 

Forr several years lipid asymmetry was considered a stable property of membranes (3), 
butt quite early on, it became clear that, in order to expand the ER, lipids newly 
synthesizedd on the cytosolic surface must move across the ER membrane. The 
movementt of headgroups across the hydrophobic membrane interior is energetically 
unfavorablee (see Spontaneous transbilayer movement). Thus, in 1973 Bretscher made 
thee insightful proposal for the involvement of a "flippase" (4), a protein still 
unidentifiedd today. Only in 1984, an ATP-driven and selective transport of 
aminophospholipidss toward the inner leaflet of the plasma membrane was 
demonstrated,, suggestive of an aminophospholipid translocase (5). It took another 10 
yearss before the identification of the mouse Mdr2 P-glycoprotein (P-gp) as a putative 
PC-flippasee operating in the opposite direction (6), and the cloning of a fatty acid 
transporterr (7) and a putative aminophospholipid translocase (8). 

Inn the years since, a growing number of proteins has been put forward as lipid 
flippases.. Remarkably, these proteins turn out to belong to large protein families, 
whosee other members include transporters of amphiphiles like bile acids and drugs. 
Thiss implies that flipping of membrane lipids is mechanistically related to drug 
transportt across cellular membranes. However, functional reconstitution of these 
proteinss in model membranes is required to assess whether they are able to move lipids 
acrosss the membrane by themselves. So far, this has only been achieved in rare cases. 

9 9 
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TRANSBILAYE RR LIPI D MOVEMEN T 

Spontaneouss transbilayer  movement 

Thee most abundant membrane lipid PC is a cylindrical molecule, that consists of two 
hydrophobicc tails and a hydrophilic headgroup (Figure 1). Such amphipathic lipids 
formm a bilayer with their hydrophobic tails towards the hydrophobic interior and their 
polarr headgroup towards the aqueous environment. In pure lipid bi layers, PC moves 
acrosss the lipid bilayer only slowly (t1/2=days; 9). This can easily be understood from 
thee fact that it is energetically unfavorable to move the hydrophilic headgroup across 
thee lipidic part of the bilayer. Even in the plasma membrane of erythrocytes and in 
membraness derived from the plasma membrane of nucleated cells, like viruses or 
phagosomes,, transbilayer movement of PC is slow (t]n=hours to days; 3, 9). This shows 
thatt membrane proteins in general do not induce rapid transbilayer lipid movement. 

Figuree 1. Amphiphili c character  of various cellular  lipids. 

Startingg from PC (a) as a typical membrane lipid, polarity is increased by a decrease of the 
apolarapolar tail of the lipid (e.g. fatty acids or lyso-lipids, b), by an increase of the size of the 
headgroupp as for higher glycosphingolipids (e.g. GM2, d), or by introduction of polar groups, 
(e.g.. taurocholic acid, c). On the contrary, lipids become more apolar by a decrease of the 
headgroupp (e.g. diacylglycerol, e, or cholesterol, 0, orby an increase of the apolar tail of the 
lipidd (e.g. triacylglycerol, g). The behavior of the various lipids within a membrane depends on 
thee balance between polar and apolar parts within the lipid. Many drugs are amphiphilic and 
locatee to the left of this spectrum. 

10 0 



LipidLipid Flip-Flop 

Somee membrane lipids are not cylindrical, but are shaped like cones, e.g. PE, or 
invertedd cones, lysophospholipids (10). Cone-shaped lipids disturb the ordered bilayer, 
andd can induce spontaneous transbilayer movement of other lipids. Evidence has been 
presentedd for the occurrence of inverted micelles in the ER membrane and in 
mitochondria,, and they could in principle be responsible for the rapid transmembrane 
lipidd movement observed in the ER membrane (10). Inverted cones act as detergents, 
althoughh when present in low concentrations, a lipid like lyso-PC (Figure 1) displays 
sloww transbilayer movement (9). 

Inn contrast to their comparable transbilayer mobility, lysophospholipids and short-chain 
lipids,, like platelet-activating factor (PAF; 2-C2-PC), have a higher off-rate from 
membraness and higher diffusion between membranes through the aqueous phase than 
thee usual membrane lipids with two long chains. Many studies on lipid translocation 
havee exploited this convenient property by using analogs of membrane lipids where 
onee fatty acid has been replaced by a short radiolabeled chain, or a short chain carrying 
aa spin-label or fluorescent moiety. It should be obvious that the validity of these studies 
forr natural lipids must eventually be tested in each case. 

Whenn the number of polar or charged moieties in the headgroup is enhanced, as in the 
higherr glycosphingolipids, transbilayer movement is reduced. However, some polar 
phospholipids,, such as phosphatide acid or phosphatidylglycerol, can move between 
leafletss with half-times of seconds when the negative charge is neutralized by 
protonationn (11). The same is true for fatty acids, although the tl/2s are seconds to 
minutess (12). Amphiphilic molecules where the polar groups are scattered over the 
moleculee may penetrate through lipid membranes easily or not, depending on their 
overalll  hydrophobicity; for example, hydrophobic bile acids (tl/2<l s) vs. taurine-
conjugatedd bile acids (tlfl>l h; 12). 

Thee polarity of membrane lipids can be reduced by lowering the polarity of the head 
groupp and/or by an increase in the lipidic part. Extreme cases are triacylglycerols and 
cholesterol-esterss (Figure 1), which no longer orient at the water-lipid interphase but 
residee in the hydrophobic membrane interior. Further examples are diacylglycerol and 
ceramidee (tl/2=70 ms and 22 min, respectively, for their analogs containing one 
fluorescentt C5-fatty acid (13)). Cholesterol is a special case. In the erythrocyte 
membranee transmembrane movement was measured with a ttn of hours (14) whereas 
otherss reported 3 s (15). Apparently, the factors that govern the behavior of cholesterol 
inn such assays are not under control. One of these may be its heterogeneous lateral 
distributionn in the plane of the bilayer, whereby a tight lateral interaction with other 
lipidss in liquid-ordered domains can reduce rates of transmembrane movement. 

Protein-mediatedd transbilayer  movement 

Proteinss can stimulate transbilayer movement of lipids in different ways (Figure 2). 
Firstt of all, a protein can act as a facilitator, e.g. by providing a hydrophilic surface 
acrosss the bilayer, along which the polar headgroup can slide. A facilitator allows lipids 
too assume an equilibrium distribution that is determined by the relative affinities for the 
twoo leaflets under the prevailing conditions. In principle, such a facilitator could be 
selectivee for certain lipids. It can not move lipids against an energy gradient, e.g. an 
electro-(chemical)) gradient, or lateral pressure. 

11 1 
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Inn contrast, proteins may utilize energy (e.g. ATP) to move a lipid across the bilayer. 
Suchh "translocators" can work against an energy gradient. Different mechanisms of 
actionn can be envisaged. 1) The lipid enters the protein channel sideways from one 
bilayerr leaflet. The polar headgroup is then moved across the bilayer under the 
consumptionn of ATP, and the lipid is released in the opposite membrane leaflet (the 
classicall  "flippase" mechanism, which was later also proposed for the translocation of 
otherr amphiphiles, like drugs (16)). 2) The translocator could also deposit the lipid into 
thee medium at the opposite side of the membrane, from where it may partition back 
intoo the membrane. 3) Less likely is the possibility that the translocator picks up the 
lipidd from the aqueous phase before moving it across. The latter mechanism is, 
however,, found in many proteins that pump water-soluble substrates, like ions, and 
mightt apply to proteins that translocate some of the more water-soluble amphiphiles 
acrosss membranes. Unfortunately, it is not easy to experimentally address whether a 
proteinn that is required for translocation represents a translocator, part of a translocator 
complex,, or simply induces lipid movement indirectly, e.g. by creating an ion gradient. 

Thee removal of a lipid from one bilayer leaflet and the insertion into the opposite 
leaflett results in an imbalance in lateral pressure. This stress may be relieved by the 
movementt of one other lipid molecule in the opposite direction, or by expansion of one 
leaflett compared with the other inducing curvature. The latter effect, formulated in the 
bilayerr couple hypothesis (17), does occur in biomembranes. It has been suggested that 
lipidd translocation towards the cytosolic surface might be the driving force in vesicle 
buddingg during endocytosis (18, 19). Lipid translocation in highly curved (model) 
membraness may generate pressure to a level where it blocks further action of the 
translocator.. This puts constraints on the use of model membranes to study the activity 
off  (reconstituted) lipid translocators. 

CANDIDAT EE ATP-DEPENDENT PROTEINS MEDIATIN G TRANSBILAYE R 
LIPI DD MOVEMEN T 

P-typee ATPases 

P-typee ATPases are primarily active transport systems that transport mono- or divalent 
cationss across cellular membranes (20). Members of a novel subfamily of P-type 
ATPasess have been implicated in the transbilayer movement of aminophospholipids (8) 
andd bile acids (21). The proteins belonging to this "DRS2" subfamily differ from the 
ion-transportingg ATPases in several amino acids within transmembrane segments 
involvedd in ion translocation (22). 

DRS2DRS2 and related proteins: aminophospholipids 

Thee most intensively studied protein-mediated transverse movement of phospholipids 
iss the selective ATP-dependent transport of PS and PE from the exoplasmic to the 
cytoplasmicc leaflet of mammalian plasma membranes. First detected in the human 
erythrocytee membrane using spin-labeled and fluorescent lipid analogs, and long-chain 
radioactivee phospholipids, the aminophospholipid translocating activity has now been 
demonstratedd in various plasma membranes (for reviews: 3, 9, 18, 23) as well as in the 
membraness of secretory vesicles (9). A similar activity was found for both the 
basolaterall  and apical membrane of kidney epithelial cells, which unexpectedly also 
displayedd translocation of short-chain (spin-labeled) PC (24). 

12 2 
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Figuree 2. Possible mechanisms of lipi d transbilayer  movement. 

Polarr headgroups can move across a membrane by various mechanisms. A) Spontaneous 
transbilayerr movement: the rate is determined by the biophysical properties of both the lipid 
andd the membrane. B) ATP-independent protein-mediated transbilayer movement; lipids can 
movee (bi-directionally) along the (polar) surface provided by the protein. The protein could be 
selectivee and directional, but can not move lipids against a gradient. C) ATP-dependent lipid 
translocation.. A specific lipid is translocated by the protein upon hydrolysis of ATP. The use of 
energyy allows the protein to move a lipid against a gradient in the membrane. As discussed in 
thee text, the lipid is collected within one leaflet (or from the aqueous phase) and either directly 
depositedd into the opposite leaflet or extruded, after which it can partition back into the 
membrane. . 

Whereass several independent lines of evidence have indicated that maintenance of 
phospholipidd asymmetry is dependent on the presence of an "aminophospholipid 
translocase""  (9, 18, 23), the molecular identity of this activity has not been 
unequivocallyy established yet. One candidate proposed is a 30-32 kDa integral 
membranee protein which was identified via photoaffinity labeling with photoreactive 
PS,, and found to bear the Rh antigens (25). As this protein lacks an ATP-binding site 
(26),, it can only represent a subunit of the transporter. Another candidate, a 115-120 
kDaa Mg2*-dependent-ATPase, has been purified from erythrocytes (27), synaptic 
vesicless and chromaffin granules (8). Cloning of the gene encoding this ATPase from 
bovinee chromaffin granules revealed it to be a member of an ancient and previously 
unrecognizedd subfamily of P-type ATPases (8, 22). Disruption of a homologous gene 
inn yeast, the DRS2 gene, abolished the internalization of a fluorescent PS analog (C6-
NBD-PS)) at low temperature (8). This finding was interpreted as evidence for the 
biologicall  function of this subfamily of ATPases as aminophospholipid translocases. 
However,, in two subsequent studies, deletion of DRS2 in yeast had no (specific) effect 
onn the uptake or distribution of fluorescent PS or PE analogs (28, 29), nor on the 
amountt of endogenous aminophospholipids exposed on the exoplasmic leaflet of the 
plasmaa membrane (29). These observations argue against the idea that Drs2p is the 
exclusivee or major aminophospholipid translocase in the plasma membrane of yeast. 
Interestingly,, DRS2 and four yeast homologs of unknown function form a distinct 
subgroup,, cluster II, within the P-type ATPase family (22). Whether the homologs 
encodee additional aminophospholipid translocases that can compensate for a loss of 
Drs2pp remains to be established. 

13 3 



ChapterChapter I 

FIC1:FIC1: bile acids 

Recently,, the first human member of the DRS2 subfamily of P-type ATPases was 
identifiedd by mapping the gene mutated in two forms of familial intrahepatic 
cholestasiss (21). The F/C/-encoded ATPase is expressed in several epithelial tissues, 
moree strongly in small intestine than in liver (21). It is not the human counterpart of the 
bovinee aminophospholipid translocator, and supposedly plays a role in the 
enterohepaticc circulation of bile acids, possibly as a translocator of bile acids. 

ABCC transporters 

ATP-bindingg cassette (ABC) transporters (16) or traffic ATPases (30) form a 
superfamilyy of proteins that translocate a wide range of substrates across a variety of 
cellularr membranes. Substrates include sugars, amino acids, peptides, proteins, metals, 
(in)organicc ions, toxins, and antibiotics. ABC transporters have been associated with 
differentt clinical manifestations in man, such as cystic fibrosis (CFTR), multidrug 
resistancee (MDR1, MRP1), intrahepatic cholestasis (MDR3), adrenoleukodystrophy 
(ALD)(ALD) and hyperinsulinism (SURJ). Recently, various ABC transporters have been 
implicatedd in the transport of amphiphilic substances, including an increasing number 
off  membrane lipids, across membranes. The ABC transporter family is found in 
organismss throughout evolution. The functional transport unit comprising two ATP-
bindingg domains typical of ABC-transporters (31) and two hydrophobic domains, each 
containingg five to eight membrane-spanning regions, can occur as one complete 
transporterr (MDR1 P-gp), two half-transporters (ALDP), or four polypeptides (some 
bacteriall  transporters). 

MDR3MDR3 P-glycoprotein: PC 

Micee homozygous for a disruption of the mdr2 gene, an ABC transporter of the 
multidrugg transporter P-glycoprotein (P-gp) subfamily of unknown function, were 
foundd unable to transport PC into bile (32). A subtype of progressive familial 
intrahepaticc cholestasis with a similar lack of phospholipids in bile has recently been 
foundd to be caused by mutations in the MDR3 gene, the human homolog of the mouse 
mdr2mdr2 (33). MDR3 P-gp with a MW of 140 kDa (32) is highly expressed in the bile 
canalicularr membrane of hepatocytes, and to some extent in the adrenal, heart, striated 
muscle,, spleen, and tonsil (33). Evidence that mdr2/MDR3 P-gp is a PC translocator 
wass obtained when it was found that secretory vesicles from yeast transfected with 
mdrlmdrl can accumulate the short-chain PC analog C6-NBD-PC (34; however, cf. 35). 
Similarly,, epithelial cells transfected with human MDR3 translocated intracellularly 
synthesizedd C6-NBD-PC towards the outer leaflet of the plasma membrane, as 
measuredd in the absence of vesicular transport (36). While MDR3 P-gp-mediated 
translocationn was specific for C„-NBD-PC vs. the NBD-analogs of PE, SM and 
glucosylceramidee (GlcCer), C8CrPC was not translocated, suggesting a specificity for 
distinctt PC species. Translocation of endogenous PC was addressed in MDR3 P-gp 
transfectedd fibroblasts from mdr2 knock out mice (6). Accessibility of newly 
synthesizedd PC to an exogenous PC transfer protein was enhanced after transfection 
(butt this approach can not exclude differences in vesicular PC transport). In addition to 
MDR33 P-gp, evidence has been presented for an energy-independent PC flippase in the 
bilee canalicular membrane (37). 

14 4 
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MDR33 P-gp displays 80% homology with MDR1 P-gp, a multidrug transporter, and it 
hass been suggested that MDR3 P-gp also pumps certain drugs (38). Actually, 
translocationn of PC by MDR3 P-gp is inhibited by verapamil (34, 36), a modulator and 
substratee of MDR1 P-gp (39) demonstrating that MDR3 P-gp at least has a binding site 
forr drugs. 

MDR1MDR1 P-glycoprotein: broad specificity 

Thee human ABC-transporter MDR1 P-gp has been identified as one major protein 
causingg the multidrug resistance phenotype, the resistance of cancer cells against 
chemotherapy.. MDR1 P-gp is ubiquitously expressed at low levels. It is concentrated in 
thee apical membrane of many epithelial and endothelial cells (and at the cell surface of 
manyy tumor cells). It extrudes a wide variety of chemically diverse drugs from the cell 
thatt share a few basic features (39). 

Quitee unexpectedly, human MDR1 P-gp and mouse mdrla (=mouse mdr3) P-gp, when 
overexpressed,, translocated NBD-PC, very similar to MDR3 P-gp (36, 40). This was 
differentt from earlier findings (34). C12-NBD-PS was not an MDR1-substrate (although 
thee assay could not exclude that the PS was not available to MDR1 P-gp for different 
reasons),, whereas MDR1 P-gp but not MDR3 P-gp also translocated C6-NBD- and Cft-
analogss of the sphingolipids GlcCer and SM. Translocation depended on ATP and was 
inhibitedd by verapamil and PSC 833. GlcCer is an interesting candidate for being an 
MDR11 P-gp substrate. It is synthesized from ceramide on the cytosolic surface of the 
Golgii  and ends up in the outer leaflet of the plasma membrane. GlcCer levels were only 
halff  in cells lacking multidrug transporters, and MDR1 P-gp appears to rescue GlcCer 
fromm hydrolysis by a non-lysosomal hydrolase (R.J. Raggers et al., unpublished). In 
earlierr studies multidrug resistance has been linked to GlcCer accumulation, and in one 
casee this has been explained via the removal of ceramide (41). 

MDR11 P-gp has also been proposed to be involved in the intracellular trafficking of 
cholesteroll  but it is unclear whether the effect is related to MDR1 P-gp's drug transport 
activityy (42, 43). Alternatively, it might be linked to translocation of GlcCer or another 
sphingolipidd as cholesterol preferentially interacts with sphingolipids. A third member 
off  the P-gp subfamily, the sister of P-gp (SPGP) is now known to be the pump of the 
canalicularr membrane responsible for exporting amphophilic bile salts (44). 

MRPMRP I-MRPx: organic anions, glycosphingolipids and glycerophospholipids 

Thee multidrug resistance-related protein MRP1 was shown to be a drug-efflux pump in 
multidrugg resistant cells, not overexpressing MDR1 P-gp (45). MRP1, like MDR1 P-
gp,, translocated C6-NBD-GlcCer and Q-NBD-SM across the plasma membrane in 
transfectedd epithelial cells. However, translocation by MRP1 occurred at the 
basolateral,, not the apical plasma membrane, it depended on glutathione, and was 
sensitivee to MRP inhibitors like sulfinpyrazone and indomethacin, but not to the MDR1 
inhibitorr PSC 833 (46). In contrast to MDR1 P-gp (see above), MRP1 translocated C6-
NBD-PSS towards the outer leaflet in erythrocytes, but did not affect endogenous PS 
distributionn (23). MRP1 did not translocate radiolabeled Q-sphingolipids (46). Thus, 
normall  long-chain lipids are most likely not translocated by MRP1. Fluorescent lipids 
mayy be recognized as xenobiotics, and results on these analogs should not be 
extrapolatedd to natural lipids. 

15 5 
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MRP22 (cMOAT) is highly similar to MRP1 in substrate specificity, but is highly 
expressedd in the canalicular, not the sinusoidal basolateral, membrane of hepatocytes 
(47).. Like MRP1 and MRP2, MRP3, mainly present in liver, is an organic anion and 
multidrugg transporter, while MRP5 is thought to be an anion transporter that is 
ubiquitouslyy expressed (48). So far, we have not observed translocation of C6-NBD-
lipidss by any MRP besides MRP1 (R.J. Raggers et al., unpublished), but this does not 
excludee the possibility of specific natural lipids being substrates of a particular MRP. 

ABC1:ABC1: cholesterol 

ABC11 quite unexpectedly was found to be the protein that is mutated in Tangier 
disease,, an autosomal recessive disorder of lipid metabolism (49-51). Tangier patients 
havee very low plasma HDL levels and accumulate massive amounts of cholesterol-ester 
withinn the macrophages of various tissues. Their fibroblasts display a defect in HDL- or 
apolipoproteinn A1-induced efflux of cholesterol (and of PC and SM; 49-51). Familial 
HDLL deficiency (FHA) is also associated with mutations in the ABC1 gene (50). The 
possibilityy exists that the rate of spontaneous transmembrane movement of cholesterol 
(seee Spontaneous transbilayer movement) is insufficient for HDL loading, and that 
ABC11 is a cholesterol translocator. However, an indirect role of ABC1, at present, can 
nott be excluded. ABC1 has been proposed to be involved in the engulfment and 
clearancee of dead cells (52), in the secretion of leaderless proteins like IL-16 (53), and 
inn the generation of a regulated anion flux (54). 

ALDPALDP and related proteins: fatty acids 

X-linkedd adrenoleukodystrophy (X-ALD), a lethal neurodegenerative disorder, is 
characterizedd by accumulation of very-long-chain fatty acids (VLCFA; > C22:0) in 
serum,, due to decreased fi-oxidative degradation of VLCFAs in the peroxisomes (55). 
Thee defective gene, ALD, encodes the peroxisomal membrane half ABC transporter 
ALDPP (56). Genetic and biochemical studies in Saccharomyces cerevisiae revealed that 
twoo peroxisomal homologs of ALDP, Patlp (Pxa2p) and Pat2p (Pxalp) play a critical 
rolee in the B-oxidation of long-chain fatty acids (LCFAs) like oleate, CI 8:1, and 
palmitate,, C16:0, but not medium-chain fatty acids like myristate, C14:0. Because B-
oxidationn activities in detergent lysates from mutants with disrupted PAT1 or PAT2 
geness were normal, Patlp and Pat2p may import LCFAs into the yeast peroxisome 
(57).. In yeast, LCFAs are activated in the cytosol. Long-chain acyl-CoAs are therefore 
thee candidate substrate for translocation (58). The structural similarity between Patlp, 
Pat2pp and human ALDP combined with the striking resemblance in the defects 
observedd in pat mutants and X-ALD patients suggests that ALDP is involved in the 
uptakee of VLCFAs into human peroxisomes. Since, in contrast to yeast, activation of 
VLCFAss by acyl-CoA synthetase in man apparently occurs inside the peroxisome (59), 
ALDPP is thought to transport free VLCFAs across the peroxisomal membrane. 

Threee structurally related half ABC transporters have been identified in the human 
peroxisomall  membrane: the ALDP-related protein (ALDRP); the 70 kDa peroxisomal 
membranee protein (PMP70); and the PMP70-related protein (P70R). Overexpression of 
PMP700 or ALDRP restored the fi-oxidative capacity of peroxisomes in X-ALD 
fibroblastss and in ALDP-deficient mice, reflecting a significant degree of functional 
similarityy between these proteins (60, 61). The half transporters presumably function as 
homo-- or heterodimers with potentially distinct substrate specificities. 
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CANDIDAT EE ATP-INDEPENDENT PROTEINS MEDIATIN G 
TRANSBILAYE RR LIPI D MOVEMEN T 

Thee scramblase: a plasma membrane blender 

AA rise in intracellular [Ca2*] causes a loss of phospholipid asymmetry in the plasma 
membranee of blood cells, or lipid scrambling (23). Lipid analogs of the major 
glycerophospholipidss PS, PE and PC (but also platelet activating factor (62) and 
palmitoylcarnitinee (63) rapidly equilibrated between the two plasma membrane leaflets, 
withh slower mobility for SM. The resulting exposure of PS on the cell surface plays a 
criticall  role in blood coagulation and in the clearence of aged blood cells by 
macrophages,, and has been recognized as a hallmark of apoptosis in many different cell 
types,, including yeast (64). Phospholipid scrambling is ATP-independent, bidirectional 
andd not solely due to the inhibition of the aminophospholipid translocase since 
erythrocytess depleted of ATP or treated with inhibitors of the aminophospholipid 
translocasee retain an asymmetric lipid distribution for many hours (23). A membrane 
proteinn fraction from platelets with scramblase activity was reconstituted into 
proteoliposomess (65). A type II membrane protein of 37 kDa from erythrocytes was 
identifiedd by molecular cloning, and found capable of mediating calcium-dependent 
transbii  layer movement of phospholipids in reconstituted liposomes, although the 
apparentt rate of phospholipid scrambling was rather low (tl/2 of 2 h; 66, 67). The 
mRNAA of the putative scramblase was detected in a variety of cells (67), expression 
levelss of the protein in various cells corresponding with scrambling activity (68). 
Whetherr all membrane lipids are scramblase substrates remains to be established. 

ERR flippase: mixing lipids 

Thee cytosolic surface of die ER is the site of synthesis for numerous membrane lipids 
(seee Tables 1 and 2). For expansion of the ER membrane to occur, the newly 
synthesizedd lipids should redistribute across the ER membrane, possibly aided by a 
protein.. Although, originally, the transbi layer movement was reported only for PC (4, 
69),, later work found no evidence for the suggested specificity (70, 71). The bilayer 
movementt appears to equilibrate the lipids across both leaflets (70). Measured tlfls of 
movementt range from less than 25 s (71), to 2-3 min (70, 72) and 45 min (73). 

Recently,, by a new assay, the redistribution of spin-labeled and fluorescent 
phospholipidd analogs appeared to be even more rapid than previously assumed with t)/2 
off  16 s and 2 min, respectively (U. Marx, G. Lafimann, H.G. Holzhuetter, D. Wuestner, 
P.. Mueller, A. Hoehlig and A. Herrmann, personal communication). Interestingly, 
rapidd movement of phospholipid analogs and endogenous PE (74, 75) has also been 
reportedd for bacterial membranes, which are similar to the ER in that new lipids are 
synthesizedd at their cytoplasmic leaflet. 

Thee successful reconstitution of transport-active proteoliposomes from detergent-
solubilizedd ER vesicles under conditions where protein-free liposomes were inactive 
(4;; and A. Menon, personal communication), supports the notion of an ER-flippase. 
However,, the involvement of non-bilayer arrangements of lipids in the ER may 
facilitatee lipid translocation (10). Apart from the phospholipids, highly complex lipids 
fli pp across the ER membrane in the biological processes of the synthesis of 
glycosylphosphatidylinositoll  (GPI)-anchored proteins and the N-glycosylation of 
proteinss on the lumenal surface of the ER, while the glycosylated phosphatidylinositol 
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andd phosphodolichol precursors are synthesized on the cytosolic surface. Interestingly, 
afterr glucuronation of bilirubin by lumenal glucuronyltransferases, for example, the 
resultingg bilirubin glucuronide must be transported towards the cytosol to become 
availablee for MRP2-mediated pumping across the plasma membrane. In addition, C6-
NBD-galactosylceramide,, synthesized in the lumen of the ER, also became rapidly 
availablee at the cytosolic leaflet (76). 

Tablee 1: Lipi d synthesis, sidedness and transbilayer movement 

Lipid Lipid 
glycerophospholipids glycerophospholipids 
phosphatidylcholine e 
phosphatidylethanolamine e 

phosphatidylserine e 
phosphatidylinositol l 

sphingolipids sphingolipids 
ceramide e 
sphingomyelin n 

glycosphingolipids glycosphingolipids 
galactosylceramide e 
glucosylceramide e 
higherr glycolipids 

cholesterol l 

dolichol-P-X X 
phosphatidylinositol l 
-glucosamine-Y Y 

glucuronides s 

SueSue of synthesis' 

ER R 
ER R 
IMM M 

ER R 
ER R 

ER R 
Golgi i 

ER R 
Golgi i 
Golgi i 

ER/peroxisome e 

ER R 

ER R 

ER R 

Sidedness Sidedness 

cytosolic c 
cytosolic c 
intermembrane e 
space e 
cytosolic c 
cytosolic c 

cytosolic c 
lumenal l 

lumenal l 
cytosolic c 
lumenal l 

cytosolic c 

cytosolic c 

lumenal l 

Flip' Flip' 

ER.PM M 
ER.PM M 

M2 2 

ER,PM,M2 2 

7 7 

ER.G G 

ER R 
G,PM M 
? ? 

PM,G G 

ER R 

ER R 

ER,PM M 

11 ER=endoplasmic reticulum, G=Golgi apparatus, IMM=inner mitochondrial membrane, 
M== mitochondria, PM= plasma membrane, X=glucose, mannose, orP-(OcNAc)IMan5, 
Y=oIigosaccharidee or oligosaccharide-P-ethanolamine. 
22 PS decarboxylation occurs on the cytosolic surface of the IMM, thus ER-derived PS 
mustt flip across the outer membrane. The new PE must flip back to reach the ER. 

FATP::  fatty acid uptake 

AA long search for the protein(s) responsible for the saturable uptake of LCFAs by 
adipocytess resulted in me identification of a protein, by expression cloning, that is used 
byy adipocytes for the efficient import of LCFAs (7). The FATP, with an apparent MW 
off  63 kDa, was found to be highly expressed in skeletal muscle, heart and fat, 
moderatelyy expressed in brain, kidney, lung and liver, and not in spleen or intestine. It 
doess not contain an ATP-binding motif. 
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AA Golgi glucosylceramide translocator? 

Ann as yet unidentified protein is involved in the transbilayer movement of GlcCer in 
thee Golgi membrane. GlcCer is synthesized at the cytosolic surface of the Golgi 
complex.. Since the galactosyltransferase that converts GlcCer to LacCer and the 
enzymess acting in later steps of glycosphingolipid biosynthesis have their active 
centerss in the Golgi lumen, GlcCer must flip from the cytosolic leaflet of the Golgi 
membranee to the lumenal leaflet. Based on the use of short-chain lipid analogs on 
enrichedd Golgi membranes, it was suggested that this translocation is ATP-independent 
(76,, 77). The translocator is not MDR1 P-gp (R.J. Raggers et al., unpublished). The 
exactt localization of GlcCer translocation is unknown, but has been suggested to be in 
thee same compartment in which GlcCer is converted into LacCer, the trans Golgi (77). 
Alternatively,, the ER-flippase may be involved in this process in the cis Golgi. 
Possibly,, the translocase forms a complex with the GlcCer synthase (78). 

Tablee 2: Proteins involved in transbilayer  lipid movement 

Protein Protein 
ATP-dependent ATP-dependent 
DRS2 2 
FIC1 1 

MDR33 P-gp 
(ABCB4) (ABCB4) 
MDR11 P-gp 
(ABCB1) (ABCB1) 
SPGP P 
(ABCB11) (ABCB11) 
MRP1 1 
(ABCCI) (ABCCI) 
MRP2 2 
(ABCC2) (ABCC2) 
ABC1 1 
(ABCA1) (ABCA1) 
ALDP P 
(ABCD1) (ABCD1) 

AA TP-independent 

scramblase e 
FATP P 

FROMM  ABC TO.. 

Lipid Lipid 

PS,, PE 
bilee acids 

PC C 

drug, , 
(glyco)lipids s 
bilee salts 

drugs, , 
anions s 
organic c 
anions s 
cholesterol l 

fattyy acids 

lipids s 
fattyy acids 

...XYZ Z 

Movement Movement 

in,PM M 
?,PM M 

out,, canalicular 
membrane e 
out,, PM (apical) 

out,, canalicular 
membrane e 
out, , 
PMM (basolateral) 
out,, canalicular 

out,, PM 

importt in peroxisomes 

in/out t 
in.PM M 

Disease Disease 

familiall  intrahepatic 
cholestasis s 
familiall  intrahepatic 
cholestasis s 
multidrugg resistance 

multidrugg resistance 

Tangierr disease, 
FHA A 
X-linkedd adreno-
leukodystrophy y 

Scottt syndrome (23) 

Variouss proteins have now been identified that are involved in translocating lipids 
acrosss cellular membranes. In the short term, two major challenges must be met in 
orderr to establish that a candidate lipid translocator actually translocates natural lipids: 
(i)) the development of assays to measure transbilayer movement of these lipids; and (ii) 
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measurementss in reconstituted systems with defined lipid and protein compositions. 
Thee latter should reveal whether a translocator consists of a single or of multiple 
polypeptidess acting in a complex. Transiocators appear to be members of large 
families.. Presumably, the identification of other members will follow, maybe even of 
neww families of transiocators and facilitators. For example, proteins involved in 
phospholipidd translocation have so far not been characterized in mitochondria and 
peroxisomes,, despite the fact that these membranes must grow by the import of lipids 
viaa their cytosolic surface and subsequent redistribution over the bilayer(s). Each 
cellularr membrane may well contain more than one type of translocator or facilitator. 
Thee next challenge will therefore be to understand how their actions are regulated and 
coordinatedd under different physiological conditions. Although the translocation of a 
lipidd seems a small step on the map of intracellular trafficking, it turns out we have 
underestimatedd its significance for the functioning of cells. 
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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. 
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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 
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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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ABSTRACT T 

Recently,, we have provided evidence that the ABC-transporter MDR1 P-glycoprotein 
translocatess analogs of various lipid classes across the apical plasma membrane of 
polarizedd LLC-PK1 cells transfected with MDR1 cDNA (van Helvoort et al., Cell 87: 
507-517,, 1996). Here, we show that expression of the basolateral ABC-transporter 
MRP11 (the multidrug resistance protein) induced lipid transport to the exoplasmic 
leaflett of the basolateral plasma membrane of LLC-PK1 cells at 15°C. C6-NBD-
glucosylceramidee synthesized on the cytosolic side of the Golgi complex, but not C6-
NBD-sphingomyelinn synthesized in the Golgi lumen, became accessible to depletion 
byy BSA in the basal culture medium. This suggests the absence of vesicular traffic and 
directt translocation of CA-NBD-glucosylceramide by MRP1 across the basolateral 
membrane.. In line with this, transport of the lipid to the exoplasmic leaflet depended on 
thee intracellular glutathione concentration and was inhibited by the MRP1-inhibitors 
sulfinpyrazonee and indomethacin, but not by the MDR1 P-glycoprotein inhibitor PSC 
833.. In contrast to the broad substrate specificity of the MDR1 P-glycoprotein, MRP1 
selectivelyy transported C -̂NBD-glucosylceramide and Q-NBD-sphingomyelin, the 
latterr only when it was released from the Golgi lumen by brefeldin A. This shows the 
specificc nature of the lipid translocation. We conclude that the transport activity of 
MDR11 P-glycoprotein and MRP1 must be taken into account in studies on the transport 
off  lipids to the cell surface. 

INTRODUCTIO N N 

Thee human multidrug resistance protein MRP1 and the MDR1 P-glycoprotein (MDR1 
Pgp)) belong to the ATP-binding cassette (ABC) superfamily of membrane transporters. 
Theyy actively transport a wide range of compounds with different structure and cellular 
targetss across membranes out of the cytosol. MRP1 and MDR1 Pgp are highly 
expressedd in a number of cancer cells, where they oppose chemotherapy by pumping 
drugss out of the cells, a phenomenon known as multidrug resistance (MDR, reviewed 
inn Higgins, 1992). Whereas MRP1 expression is found in all major organs analyzed 
(Zamann et al., 1993), MDR1 Pgp is found in the brush border of proximal tubules of 
thee kidney, in the bile canalicular membrane of hepatocytes, in the apical membrane of 
mucosall  cells in the intestine, and in the luminal membrane of endothelial cells at 
blood-tissuee barrier sites (Thiebaut et al., 1987; Cordon-Cardo et al., 1989). 

Althoughh both MDR1 Pgp and MRP1 are members of the ABC-superfamily, they only 
displayy 15% amino acid identity (Cole et al., 1992). MDR1 Pgp was predicted to 
containn two similar halves, each containing six transmembrane spanning domains 
(TMDs)) and a nucleotide-binding domain. A different picture has emerged for MRP1. 
Basedd on antibody binding, limited proteolysis, and epitope mapping experiments 
severall  groups have demonstrated that MRP1 contains an aminoterminal hydrophobic 
domainn containing five TMDs. This is followed by an MDR1 Pgp-like region 
containingg the tandem repeat of six TMDs and a nucleotide-binding domain (Bakos et 
al„„  1996; Hipfner et al., 1997; Kast and Gros, 1998). 

Bothh MDR1 Pgp and MRP1 transport hydrophobic cytotoxic drugs; MDR1 Pgp 
transportss compounds in an unmodified state. In contrast, MRP1 mainly transports 
substratess conjugated to glutathione, glucuronide, and sulfate (reviewed in Deeley and 
Cole,, 1997; Jedlitschky et al., 1997). In cases where MRP1 transports anti-cancer drugs 
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off  which no glutathione conjugates are known to exist, both in vitro and in vivo 
experimentss have demonstrated that cytosolic glutathione is required for the transport 
(Versantvoortt et al., 1995; Zaman et al., 1995; Loe et al., 1996). Experiments using 
embryonicc stem cells with an inactivated MRP1 gene strongly suggest that drugs are 
co-transportedd with glutathione (Rappa et al., 1997). 

Humann MDR3 Pgp (the homolog of mouse mdr2 Pgp), a protein that shows 80% 
aminoo acid homology to MDR1 Pgp (van der Bliek et al., 1988), transports the 
phospholipidd phosphatidylcholine (PC) across membranes (Ruetz and Gros, 1994; 
Smithh et al., 1994). PC translocation is the physiological function of MDR3 Pgp in the 
liverr canalicular membrane where its presence is a prerequisite for the secretion of 
phospholipidss into the bile (Smit et al., 1993). Recently it was demonstrated that 
MDR11 Pgp can also translocate lipids across membranes (van Helvoort et al., 1996; 
1997;; Bosch et al., 1997). Whereas MDR3 Pgp only translocates PC, MDR1 Pgp is 
moree promiscuous in its specificity: besides analogs of PC it translocates 
phosphatidylethanolamine,, sphingomyelin (SM), and glucosylceramide (GlcCer) 
moleculess that carry a shortened fatty acid at the C2-position of the glycerol or 
sphingosinee backbone (van Helvoort et al., 1996). 
Ass MDR1 Pgp and MRP1 have partially overlapping substrate specificities, the 
questionn arises whether MRP1 is able to translocate lipids across membranes. In the 
presentt study, we used a pig kidney-derived polarized cell line (LLC-PK1) stably 
transfectedd with MRP1 cDNA. It has been shown before that MRP1 is located in the 
basolaterall  plasma membrane of these cells with only a small fraction of the MRP1 
beingg present in intracellular membranes (Evers et al., 1996). To examine whether 
MRP11 can translocate short-chain analogs of membrane lipids from the cytoplasmic 
leaflett to the exoplasmic leaflet of the plasma membrane, we have applied an assay that 
hass been used previously to demonstrate lipid translocation for MDR Pgps (van 
Helvoortt et al., 1996). We show that MRP1 recognizes some of the lipids that are 
translocatedd by MDR1 Pgp, and that translocation by MRP1 is dependent on the 
intracellularr glutathione concentration. 

MATERIAL SS AND METHOD S 

Material s s 

Brefeldinn A, bovine serum albumin fraction V (BSA), L-*-dioctanoyl phosphatide acid 
(CKC8-PA),l,2-diphenyl^(phenylsulfinylemyl)-3,5-pyrazolidinedione(sulfinpyrazone), , 
DL-buthionine-[S,R]-sulfoximinee (BSO) and y-Glu-Cys-Gly-O-ethyl (GSH-ethylester) 
weree purchased from Sigma (St. Louis, MO). Indomethacin was purchased from ICN 
(Aurora,, OH); PSC 833 was a kind gift of Sandoz Pharma bv (Uden, The Netherlands). 
6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)) aminohexanoyl)-sphingosine (C6-NBD-
ceramide:: Cfi-NBD-Cer) was from Molecular Probes (Eugene, OR). C6-NBD-
phosphatidicc acid (CA-NBD-PA) was from Avanti Polar Lipids (Alabaster, AL). 
[Métf/tyZ-'Hl-cholinee chloride (3 TBq/mmol) and [3H]C„-Cer (825 GBq/mmol) were 
fromm DuPont NEN (Dordrecht, The Netherlands). Organic solvents were purchased 
fromm Riedel-de Haen (Seelze, Germany); silica TLC plates were from Merck 
(Darmstadt,, Germany). Geneticin (G418) and cell culture media were from Gibco 
(Paisley,, UK). 
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Celll  culture 

LLC-PK11 pig kidney epithelial cells were transfected with the mammalian expression 
vectorr pRC/RSV-MRP containing human MRP1 cDNA, and a stable transfectant was 
isolatedd as described (Evers et al., 1996). LLC-PK1 cells overexpressing MDR1 Pgp 
weree obtained from A. Schinkel, The Netherlands Cancer Institute, Amsterdam 
(Schinkell  et al., 1995). Cells were cultured (mycoplasma-free) in Ml99 medium 
supplementedd with 10% FCS as described. The MRP1 transfectants were cultured in 
thee presence of G418 (800 ug/ml). For experiments 2 x 10ft cells were seeded on 4.7 
cm22 filters glued to the bottom of plastic rings (Transwell' 0.4 um pore diameter, 
Costar,, Cambridge, MA) and were grown as monolayers for 4 days. 

Transportt  incubations 

CC66-NBD-Cer,-NBD-Cer, ['H]C 6-Cer. Ceramides were added to both sides of epithelial monolayers 
onn filters for 3 hours at 15°C as described before (van Helvoort et al., 1996). Ceramide 
wass complexed to BSA by injection of 10 ul of an ethanolic solution of the precursor 
intoo 3 ml Hanks' balanced salt solution without bicarbonate, 10 mM Hepes, pH 7.4 
(HBSS')) containing 1% (w/v) BSA (HBSS'+BSA) to yield a final concentrations of 5 
uM.. During the incubation, newly synthesized short-chain GlcCer and SM appearing 
onn the cell surface were depleted from the surface into the medium by the BSA. After 3 
hours,, the apical medium (1 ml) and basal medium (2 ml) were collected and the cells 
weree washed in HBSS'+BSA for 30 minutes on ice. The lipids were extracted from 
mediaa plus wash solutions and from filters (cells), and quantitatively analyzed (see 
below).. Transport of each lipid class to the apical and basolateral cell surface was 
calculatedd as the percentage of that lipid being recovered in the apical and basal 
medium,, respectively. 

CfNBD-PA,CfNBD-PA, C„CfPA. Cell monolayers were preincubated in HBSS' for 1 hour at 37°C 
too reduce intracellular choline pools and labeled for 1 hour at 37°C with 370 KBq/ml 
fH]cholinee in HBSS'+ BSA, with 0.5 ml on the apical side and 1 ml on the basolateral 
sidee of the filter. Subsequently, lipid precursor suspension was added (0.5 ml to the 
apicall  and 1 ml to the basal medium) for 3 hours at 15°C, resulting in a final 
concentrationn of 25 uM Cfi-NBD-PA or 50 uM C^C -̂PA. Lipid transport was measured 
ass described above. 

Lipi dd analysis 

Lipidss were extracted from cells and media by a two-phase extraction as before (van 
derr Bijl et al., 1996). Lipid products from C6-NBD-Cer, and [3H]C6-Cer were separated 
inn two dimensions by TLC as before (van der Bijl et al., 1996). In experiments with C6-
NBD-PA,, the fluorescent C^-NBD-tTIlPC spot was marked and a film was applied to 
alloww accurate separation of C^NBD-f'HJPC from [3H]PC with normal acyl chains 
(vann Helvoort et al., 1996). Products from CgC8-PA were separated by one-dimensional 
TLCC in chloroform/methanol/25% NH4OH (65:35:4, v/v; van Helvoort et al., 1996). 
Fluorescentt spots were quantitatively analyzed with a fluorimeter, and radiolabeled 
spotss were detected by fluorography and quantified as before (van der Bijl et al., 1996), 
or,, for [3H]Cfi-GlcCer, by scanning the film. 
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Glutathionee depletion 

Intracellularr GSH levels of cell monolayers on filters were depleted by growing the 
cellss in Ml99 medium containing 25 uM BSO during 24 hours prior to the transport 
incubations.. For two out of four filters, intracellular GSH levels were restored prior to 
thee transport incubations by extracellular addition of 5 mM GSH ethyl ester in 
HBSS+BSAA for 4 hours at 37°C. During the transport incubations BSO, or BSO plus 
GSHH ethyl ester, were present in the incubation medium. 

Glutathionee determination 

Celll  monolayers on filters were washed with phosphate-buffered saline and scraped in 
10%% perchloric acid. Precipitated protein was removed by centrifugation and the 
supernatantt was neutralized by the addition of 0.4 volumes of 0.5 M MOPS/5 M KOH. 
Thee concentration of total glutathione (oxidized and reduced) was determined 
accordingg to the recycling method of Tietze et al. (1969). 

RESULTS S 

Translocationn of C6-NBD-GlcCer  to the basolateral surface of LLC-PK 1 cells 
transfectedd with MRP1 

Confluentt monolayers of LLC-PK1 cells, and LLC-PK1 cells transfected with MRP1 or 
MDR1MDR1 cDNAs (LLC-MRP1 and LLC-MDR1 cells, respectively) were incubated with 
C„-NBD-Cerr for 3 hours at 15°C. Because of its short acyl chain Cfi-NBD-Cer can 
diffusee across aqueous phases and because it has no polar headgroup it rapidly diffuses 
overr membranes. Thus, C6-NBD-Cer partitions between the various cellular 
membranes.. It is converted to Q-NBD-GlcCer on the cytosolic surface of the Golgi 
andd to C6-NBD-SM in the Golgi lumen. Consequently, C6-NBD-GlcCer should 
equilibratee with the cytosolic surface of the plasma membrane (Jeckel et al., 1992; van 
Helvoortt et al., 1996). Any Q-NBD-GlcCer translocated to the exoplasmic leaflet of 
thee plasma membrane is extracted by BSA in the medium, which binds this short-chain 
lipidd and acts as a sink. Arrival of lipids on the surface by exchange through the cytosol 
andd translocation is discriminated from delivery to the plasma membrane via vesicular 
transportt by lowering the temperature: at 15°C the traffic of membrane vesicles is 
blockedd (Fries and Lindström, 1986). In addition, in a number of experiments the cells 
weree pretreated with brefeldin A (BFA), which independently blocks vesicular traffic 
off  lipids and proteins from the ER and Golgi to the plasma membrane (see Klausner et 
al.,, 1992; van Helvoort et al., 1997). 

Afterr incubation for 3 hours at 15°C only a small fraction (less than 5%) of both C6-
NBD-GlcCerr and C6-NBD-SM was found in the apical and basal medium of the LLC-
PK11 cells (Fig. 1). Because BSA extracts short-chain lipids from the membrane at 
15°C,, this confirms that in LLC-PK1 cells transport to the cell surface is essentially 
blockedd at this temperature (van Genderen and van Meer, 1995). In contrast, 44% of 
Cft-NBD-GlcCerr was recovered in the apical medium of the LLC-MDR1 cells, while a 
smalll  increase was observed in the fraction of Cft-NBD-GlcCer in the basal medium. 
Thiss is in accordance with our previous results (van Helvoort et al., 1996) and 
demonstratess the translocation activity of MDR1 Pgp in the apical membrane. In 
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contrast,, in the case of cells overexpressing MRP1 25-30% of C6-NBD-GlcCer was 
recoveredd in the basal medium with a small fraction of the C6-NBD-GlcCer in the 
apicall  medium. This suggests the possibility that the basolaterally localized MRP1 
proteinn translocated C6-NBD-GlcCer from the cytoplasmic to the exoplasmic leaflet of 
thee basolateral membrane. Part of the 70% of the C6-NBD-GlcCer that remained in the 
celll  might have been translocated to the lumen of Golgi or endosomes by MRP1 
residingg in these membranes. However, only littl e MRP1 has been observed inside the 
transfectedd LLC-PK1 cells (Evers et al., 1996). 
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Figuree 1. Translocation of C6-NBD-glucosylceramide across the plasma 
membranee of LLC-PK 1 cells transfected with MRP1 or  MDR1. 

Celll  monolayers on filters were incubated with 5 uM Cs-NBD-Cer on both sides for 3 hours at 
15°C.. The fluorescent lipid products, C6-NBD-GlcCer (filled bars) and C6-NBD-SM (open 
bars),, when appearing at the cell surface, were depleted into the BSA-containing medium. 
Lipidss were quantified as described in Materials and Methods. Transport is expressed as 
percentagee of the fluorescent lipid recovered in each medium. Synthesis from 15 nmol C6-
NBD-Cerr was typically 40 pmol C6-NBD-GlcCer for the LLC-MRP1 and LLC-MDR1 cells 
andd 70 pmol for the untransfected cells. C6-NBD-SM synthesis was typically 60 pmol in LLC-
MRP11 cells and 125 pmol in LLC-MDR1 cells and untransfected LLC-PK1 cells. Data on 
LLC-MRP11 and -MDR1 represent the means of 7 independent experiments (  s.d.; n=10-14). 
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LLC-PK11 LLC-MRP1 LLC-MDR1 

Figuree 2. Translocation of C^-NBD-SM across the plasma membrane of LLC -
MRP11 and LLC-MDR 1 cells. 

Cellss were preincubated for 30 minutes at 37°C with l(ig/ml BFA. Subsequently, the transport 
experimentt was performed as described in the legend to Fig. 1. Synthesis was typically 30 pmol 
forr C6-NBD-GlcCer and 120 pmol for C6-NBD-SM. Data are the means of 5 independent 
experimentss (  s.d.; n=5-7). 
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Inn both LLC-MDR1 and LLC-MRP1 cells, essentially no Q-NBD-SM entered the 
mediumm (Fig. 1), suggesting that C6-NBD-SM cannot reach the exoplasmic leaflet of 
thee plasma membrane under these conditions (van Genderen and van Meer, 1995; van 
Helvoortt et al., 1996). This is in line with the fact that C6-NBD-SM is synthesized in 
thee lumen of the Golgi and has no access to the cytosol (see Jeckel et al., 1992), and 
thatt vesicular traffic is inhibited at 15°C (Fries and Lindström, 1986). However, the 
situationn is different after treatment of the cells with the drug BFA, which induces 
retrogradee transport of Golgi enzymes to the ER (Klausner et al., 1992). Sphingomyelin 
hass been observed to translocate readily across the ER membrane (Herrmann et al., 
1990).. Indeed, after such redistribution C6-NBD-SM has access to the cytoplasmic 
leaflett of the plasma membrane, which is evident from the fact that it was translocated 
acrosss the plasma membrane by MDR1 Pgp (van Helvoort et al., 1996; 1997). 

Inn cells pretreated with 1 ug/ml BFA for 30 minutes at 37°C, transport of newly 
synthesizedd Cfi-NBD-GlcCer to the apical and basolateral surface of the various cells at 
I5°CC displayed the same characteristics as in untreated cells (Figs. 1 and 2). However, 
thee situation was very different for C6-NBD-SM. While still essentially no Q-NBD-SM 
wass found in the media of non-transfected cells, nearly 20% of the Cft-NBD-SM was 
recoveredd in the apical medium of BFA-treated LLC-MDR1 cells (Fig.2; van Helvoort 
ett al., 1996). Under these conditions, also nearly 20% of total Q-NBD-SM reached the 
basall  medium in the BFA-treated LLC-MRP1 cells (Fig. 2). These results suggest that 
C6-NBD-SMM under these conditions had access to the cytosolic surface of the plasma 
membranee and that this short-chain SM is a substrate for MRP1. 

MRPl-mediatedd lipid translocation displays specificity for  Cc-NBD-sphingolipids 

Too further characterize lipid translocation by MRP1, we studied the transport of the 
short-chainn lipid Cfi-GlcCer. This MDR1 Pgp substrate lacks the fluorescent moiety on 
thee acyl chain. After incubation with [3H]C,-Cer, [3H]Cfi-GlcCer did reach the apical 
mediumm of LLC-MDR1 cells at 15°C, like [ C]C6-GlcCer (van Helvoort et al., 1996). 
However,, it was not recovered in the basal medium of LLC-MRP1 cells (Table 1). The 
resultss on the LLC-MDR1 cells imply that the newly synthesized lipid did reach the 
cytoplasmicc leaflet of the plasma membrane. Apparently, MRP1 cannot translocate 
[sH]C„-GlcCerr across the plasma membrane. 

Too study whether short-chain analogs of the glycerophospholipid PC are also 
translocatedd by MRP1, LLC-PK1 cells were incubated with C6-NBD-phosphatidic acid. 
Inn the plasma membrane this lipid is hydrolyzed to C6-NBD-diacylglycerol (DAG), 
whichh is converted to C6-NBD-PC on the cytosolic surface of the ER. As part of the Cs-
NBD-PCC is synthesized on the basolateral cell surface, [3Hjcholine was added to the 
15°CC incubation. It labels specifically the intracellularly synthesized Q-NBD-PC (van 
Helvoortt et al., 1996). The appearance of Cft-NBD-[3H]PC in the medium was 
monitored.. Similarly, we studied translocation of C,Cg-[

3H]PC. While MDR1 Pgp 
translocatedd both lipids to the apical surface in LLC-MDR1 cells, little MRPl-mediated 
translocationn to the basolateral exoplasmic plasma membrane was observed in the 
LLC-MRP11 cells (Table 1). 
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Tablee 1. Lipi d substrates for  MRP1 and MDR1 Pgp1 

%% of the lipid in the medium after 3 h at 15°C 

Ch-NBD-GlcCer2 2 

Q-NBD-SM5 5 

[ ,H]-C6-GlcCer r 

C6-NBD-[3H]PC C 

QCVt'HIPC C 

LLC-PK1 1 
(basolateral) ) 

) ) 

44  4 (5) 

33  2 (2) 

) ) 

) ) 

LLC-MRP1 1 
(basolateral) ) 

277 8 (15) 

177 3 (5) 

11 (2) 

55 (4) 

88 2 (2) 

LLC-PK1 1 
(apical) ) 

33  1 (7) 

55  2 (5) 

33  2 (2) 

22  0 (2) 

) ) 

LLC-MDR1 1 
(apical) ) 

411 3 (21) 

177  3 (8) 

166  4 (2) 

322  5 (2) 

288  2 (2) 

11 To establish the specificity in lipid translocation by the human MRP1 protein, several lipids 
weree tested in the translocation assay in untransfected cells and cells transfected with MRP1 or 
MDR11 Pgp as described under Materials and Methods. Data are presented as percentage of 
totall  s.d. (n), (or  range when n=2). 
22 Transport assay performed after pretreatment of the cells  BFA (Data from Figs. 1 and 2). 
**  Transport assay performed after pretreatment of the cells with BFA (Data from Fig. 2). 

Specificc inhibitio n of translocation by inhibitor s of MRP1-mediated drug 
transport t 

Ass a direct test for the involvement of MRP1 in the translocation of C6-NBD-GlcCer to 
thee basolateral surface of LLC-MRP1 cells, the transport experiments were repeated in 
thee presence of sulfinpyrazone and indomethacin, both reported to inhibit MRP1 (Evers 
ett al., 1996; Holló et al., 1996; Draper et al., 1997) and PSC 833, an inhibitor of MDR1 
Pgpp (Boesch et al., 1991; Twentyman and Bleehen, 1991; van Helvoortet al., 1996) but 
nott of MRP1 (Leier et al., 1994). Both sulfinpyrazone and indomethacin reduced the 
fractionn of C6-NBD-GlcCer and -SM recovered from the basal medium of LLC-MRP1 
cellss to the level of transport in the untransfected cells (Figs. 2 and 3), with littl e or no 
effectt on the fraction of Cfi-NBD-lipids in the apical medium of LLC-MDR1 cells. In 
contrast,, PSC 833 had littl e effect on the appearance of Cfi-NBD-GlcCer on the 
basolaterall  plasma membrane surface in the LLC-MRP1 cells, but strongly inhibited its 
appearancee at the apical surface of the LLC-MDR1 cells (Fig. 3). These results confirm 
thee notion that the basolateral transport observed in the LLC-MRP1 cells was caused 
byMRPl. . 
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MRPl-mediatedd lipid translocation depends on the glutathione concentration 

MRPll  can transport glutathione-conjugates out of the cell, and transport of a number of 
otherr molecules is stimulated by reduced glutathione (GSH) in the cytosol. To test 
whetherr GSH plays a role in the translocation of C„-NBD-GlcCer by MRPl, the GSH 
concentrationn was lowered by BSO, an inhibitor of the enzyme catalyzing the first step 
inn GSH synthesis, y-glutamylcysteine synthetase. Incubation of LLC-MRP1 cell 
monolayerss with 25 uM BSO for 24 hours prior to the transport incubation reduced 
intracellularr GSH levels from 15  4 to 7  2 nmol/mg protein (n=2; in LLC-MDR1 
cellss these numbers were 48  3 and 12  1 nmol/mg protein, respectively). In LLC-
MRP11 cells incubated with BSO appearance of Q-NBD-GlcCer in the basal medium 
wass reduced to 37% of control values, whereas BSO treatment did not affect transport 
intoo the apical medium by MDR1 Pgp (Fig. 4). Cellular GSH levels can be restored by 
additionn of GSH-ethylester, which is taken up by cells and hydrolyzed intracellularly to 
GSHH (Griffith and Meister, 1979). Incubation of BSO-treated monolayers for 4 hours 
withh 5 mM GSH-ethylester in the presence of 25 uM BSO increased the intracellular 
GSHH level in LLC-MRP1 cells to 200% of control, 33  3 nmol/mg protein (24  4 
nmol/mgg protein in LLC-MDR1 cells). Under these conditions, the appearance of C6-
NBD-GlcCerr on the basolateral surface of LLC-MRP1 cells was restored to 120% of 
control,, with essentially no effect in LLC-MDR1 cells (Fig. 4). This showed that BSO 
didd not directly inhibit the activity of MRPl and that the translocation of Q-NBD-
GlcCerr by MRPl was stimulated by intracellular GSH. A transport assay in the 
presencee of BFA, in order to give Q-NBD-SM access to MRPl (Fig. 2), showed that in 
thee LLC-MRP1 cells transport of Ch-NBD-SM to the basolateral surface was also 
affectedd by BSO, whereas SM transport by MDR1 Pgp was BSO-insensitive. 

DISCUSSION N 

Recently,, we and others have reported that the multidrug transporter MDR1 Pgp is able 
too translocate a number of membrane lipid analogs across the cellular plasma 
membrane,, the apical plasma membrane of epithelial cells. Here we report that, in 
contrast,, the multidrug resistance protein MRPl induced lipid transport to the 
basolaterall  surface in the absence of vesicular traffic. The localization of MRPl in the 
basolaterall  plasma membrane, the sensitivity of the transport process to MRPl 
inhibitorss and to cytosolic depletion of reduced glutathione (GSH) suggest that the 
transportt reflects direct translocation of the lipids across the basolateral membrane by 
MRPl.. MRPl displayed a more stringent substrate specificity than MDR1 Pgp. 
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Figuree 3. Specific effects of MRP1 and MDR1 inhibitor s on C.-NBD-
sphingolipidd translocation in LLC-MRP 1 and LLC-MDR 1 cells. 

Monolayerss of LLC-MRP1 cells or LLC-MDR1 cells were pre-incubated for 10 minutes at 
37°CC with 20 uM indomethacin, 2 mM sulfinpyrazone, or 5 uM PSC 833, followed by an 
incubationn with 5 uM C6-NBD-Cer on both sides of the filter for 3 hours at 15°C in the 
presencee of the inhibitor. Transport of C6-NBD-lipid to the basolateral surface of the LLC-
MRP11 cells and apical surface of the LLC-MDR1 cells was assessed as described under 
Materialss and Methods. Synthesis in the control cells was 40 pmol C6-NBD-GlcCer and 130 
pmoll  C„-NBD-SM. The inhibitors had no effect on CS-NBD-SM synthesis, but did affect the 
synthesiss of C6-NBD-GlcCer: indomethacin, 125%; sulfinpyrazone, 75%; and PSC 833: 130% 
off  control. In order to assess transport of C6-NBD-SM, cells were pretreated with BFA as in 
Fig.. 2 (n=3-7). Cs-NBD-GlcCer transport was measured  BFA (n=4-21). 
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Figuree 4. Glutathione dependent C6-NBD-sphingolipid translocation by LLC -
MRP11 but not by LLC-MDR 1 cells. 

LLC-MRP11 and LLC-MDR1 cell monolayers were incubated 24 hours prior to the transport 
incubationn without (control) or with 25 uM BSO (BSO and BSO/GSH), after which the filters 
weree incubated for 4 hours at 37°C in HBSS' (control), HBSS' plus BSO (BSO) or with 5 mM 
GSH-ethylesterr in HBSS' plus BSO (BSO/GSH). The subsequent incubation with 5 uM C,-
NBD-Ceronbothh sides of the filter for 3 hours at 15°C was carried out in the presence of BSO 
(BSO)) or in the presence of BSO and GSH-ethylester (BSO/GSH). Synthesis was typically 35 
pmoll  C6-NBD-GlcCer. The presence of BSO or GSH-ethylester in the incubation medium did 
nott influence the synthesis of C6-NBD-GlcCer in the two cell lines. In order to assess transport 
off  C6-NBD-SM cells were pretreated with BFA as in Fig. 2 (n=2-7). C6-NBD-GlcCer transport 
wass measured  BFA (n=4-21). 
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Mechanismm of action 

Thee fact that both MDR1 Pgp and MRP1 can translocate the sphingolipid analogs C„-
NBD-GlcCerr and C6-NBD-SM from the cytoplasmic to the exoplasmic leaflet of the 
plasmaa membrane, suggests that the two ABC-transporters share a common mode of 
action.. Cft-NBD-sphingolipids have a very low water-solubility. In the absence of lipid 
bindingg proteins they are stably integrated in the membrane. Therefore, it seems most 
likelyy that both transporters bind these lipids in the cytoplasmic leaflet of the plasma 
membranee lipid bilayer, and move them across, into the exoplasmic leaflet, by a 
flippasee mechanism (van Hel voort et al., 1996). The other known substrates of MDR1 
Pgpp and MRP1, all lipophilic in nature, are presumably translocated across the plasma 
membranee by the same mechanism as was suggested for MDR1 Pgp before (Higgins 
andd Gottesman, 1992). 

Thee translocation of the Q-NBD-sphingolipids by MRP1 was reduced to one diird by 
halvingg the concentration of GSH in the cytosol (Fig. 4). It has been reported that 
transportt of a number of drugs by MRP1 depends on cytosolic GSH. GSH depletion by 
BSOO in cells overexpressing MRP1 led to reversal of the resistance to doxorubicin, 
daunorubicin,, and vincristine and a decreased efflux of daunorubicin (Versantvoort et 
al.,, 1995; Zaman et al., 1995). We do not know the exact role of GSH in the transport 
off  NBD-lipids by MRP1, but it is not unlikely that, like cytotoxic drugs, these 
compoundss are co-transported with GSH (Rappa et al., 1997; R.E. and P. Borst, 
unpublishedd data). In our lipid analyses we found no indications for the formation of 
covalentt glutathionyl-lipid conjugates: Ch-NBD-lipids in the medium were unmodified 
ass judged by 2D-TLC analysis. 

Substratee specificity 

Inn contrast to MDR1 Pgp, which can translocate a wide variety of short-chain analogs 
(Tablee 1; van Helvoort et al., 1996), MRP1 translocates a much narrower range of 
lipids.. In the present test system only Q-NBD-GlcCer and C6-NBD-SM were 
translocated.. As the other lipids also reached the cytoplasmic leaflet of the plasma 
membrane,, evident from their translocation by MDR1 Pgp (Table 1; van Helvoort et 
al.,, 1996), this result can only be explained by the substrate preference of MRP1. The 
Q-NBD-Cerr backbone seems essential as, remarkably, two close analogs of C6-NBD-
SMM with a different backbone were not translocated to a significant extent: C6-SM, 
whichh has a ceramide backbone but lacks the NBD-moiety, and Q-NBD-PC, which has 
thee Cft-NBD-fatty acid but has a diacylglycerol backbone (Table 1; Fig. 5). 

Interestingly,, Ruetz et al. (1997) recently reported evidence suggesting that a synthetic 
PCC with an ether-linked CI8 at the CI position and a methyl group at the C2 position 
off  the glycerol, edelfosine (Fig. 5), may be translocated by MRP1 and by MDR1 Pgp, 
wherebyy the methyl group at position sn-2 was not required. At this moment, a 
commonn structural determinant in the lipid molecule that is required for translocation 
byy MRP1 is not forthcoming, nor is it evident what natural lipids might be 
physiologicall  substrates. Importantly, the MRP1 knock-out mouse is normal apart from 
ann increased sensitivity to etoposide and a decreased sensitivity to a stimulus of 
inflammationn (Lorico et al., 1997; Wijnholds et al., 1997), neither of which seems to be 
relatedd to lipid translocation. 
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Figuree 5. Recognition of phosphocholine-containing membrane lipi d analogs 
byy MRP1 and MDR1 Pgp. 

Whilee Q-NBD-SM and edelfosine (l-0-octadecyl-2-0-methyl-jn-glycero-3-phosphocholine; 
ET-18-OCH,)) are substrates for MRP1 (Fig. 2; Ruetz et al., 1997), this is not found to be the 
casee forC6-NBD-PC (Table 1). C6-SM was found not to be translocated to the basolateral cell 
surfacee by LLC-MRP1 cells, while it was efficiently translocated to the apical surface of LLC-
MDR11 cells, both as compared to untransfected LLC-PK1 cells, in 2 experiments at 37 °C in 
thee presence of BFA (data not shown). 

AA high degree of lipid specificity has also been reported for the PC-translocator MDR3 
Pgp.. The absence of PC from the bile of an MDR3 knock-out mouse suggested that 
MDR33 Pgp is involved in translocating PC across the bile canalicular membrane (Smit 
ett al., 1993). An in vitro study later confirmed that natural PC is a substrate for MDR3 
Pgpp (Smith et al., 1994). Also C„-NBD-PC serves as a substrate for MDR3 Pgp-
mediatedd translocation across the membrane (Ruetz and Gros, 1994; van Hel voort et 
al.,, 1996; Bosch et al., 1997). However, unexpectedly, CSC,-PC was not transported by 
MDR33 Pgp, whereas it was translocated by MDR1 Pgp (van Helvoort et al., 1996), 
whichh again illustrates the complexity of the recognition process. 
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Studiess on cellular  lipid transport using short-chain lipid analogs 

Thee membranes of the various cellular organelles possess different lipid compositions. 
Thee generation and maintenance of these differences requires that intracellular 
transportt of lipid molecules displays specificity. What provides this specificity is 
presentlyy unclear. MDR1 Pgp and MRP1 are expressed in cells in vivo and in cell lines, 
andd both can translocate many of the short-chain lipids that have been used in the 
publishedd work. This is true for the short-chain sphingolipids used by ourselves and 
otherss to study sphingolipid transport and sorting (see van Helvoort et al., 1996; van 
IJzendoornn and Hoekstra, 1998 and the references therein), but also most studies on the 
translocationn of aminophospholipids have relied on spin-labeled and fluorescently 
labeledd short-chain analogs (see Zwaal and Schroit, 1997). While the inward-directed 
aminophospholipidd translocase has now been identified as a P-type ATPase (Tang et 
al.,, 1996) and while a bidirectional phospholipid scramblase has been cloned (Zhou et 
al.,, 1997), recent data show that also MRP1 contributes to the movement of short-chain 
phosphatidylserinee by outward translocation across the membrane of erythrocytes 
(Dekkerss et al., 1998; Kamp and Haest, 1998). The observations that MDR Pgps and 
MRP11 can translocate C6-NBD-lipids make it necessary to (1) re-evaluate the earlier 
resultss for the potential involvement of these (and other) translocators, and (2) to 
establishh how these processes apply to the natural long-chain lipids. 

CONCLUSION N 

Likee the MDR1 Pgp, also the multidrug resistance protein MRP1 can translocate 
certainn analogs of membrane lipids across the plasma membrane. On the one hand, this 
observationn may provide us with tools to study the mechanism of action of these drug 
transporters.. On the other hand, it confronts us with the intriguing question of whether 
andd how these and other transporters translocate lipids across apical and basolateral 
plasmaa membrane domains. The elucidation of the complex interplay between the 
translocatorss that work at different sites and in opposite directions will help us to 
understandd the purpose of regulating the transmembrane distribution of the various 
lipids. . 
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ABSTRACT T 

Inn the present study, 2,2,6,6-tetramethylpiperidinooxy nitroxide (TEMPO) has been 
appliedd successfully to discriminate between glucosylceramide in the outer and inner 
leafletss of closed membrane bilayers. The nitroxyl radicals TEMPO and carboxy-
TEMPO,, once oxidized to nitrosonium ions, are capable of oxidizing residues that 
containn primary hydroxyl and amino groups. When applied to radiolabeled 
glucosylceramidee in liposomes, oxidation with TEMPO led to an oxidized product that 
wass easily separated from the original lipid by thin-layer chromatography, and that was 
identifiedd by mass spectrometric analysis as the corresponding acid 
glucuronylceramide.. To test whether oxidation was confined to the external leaflet, 
TEMPOO was applied to large unilamellar vesicles (LUVs) consisting of egg 
phosphatidylcholinee / egg phosphatidylethanolamine / cholesterol 55:5:40 (mol/mol). 
TEMPOO oxidized most radiolabeled phosphatidylethanolamine, whereas carboxy-
TEMPOO oxidized only half. Hydrolysis by phospholipase A, confirmed that 50% of the 
phosphatidylethanolaminee was accessible in the external bilayer leaflet, suggesting that 
TEMPOO penetrated the lipid bilayer and carboxy-TEMPO did not. When applied to 
LUVss containing <1 mol% radiolabeled glucosylceramide or short-chain C5-
glucosylceramide,, carboxy-TEMPO oxidized half of the glucosylceramide. However, if 
surfacee C6-glucosylceramide was first depleted by bovine serum albumin (BSA) 
(extractingg 49  1%), 94% of the remaining C6-glucosylceramide was resistant to 
oxidation.. Carboxy-TEMPO oxidized glucosylceramide on the surface of LUVs 
withoutt affecting inner leaflet glucosylceramide. At pH 9.5 and at 0°C, the reaction 
reachedd completion by 20 min. 

INTRODUCTIO N N 

Inn studying the function of membrane lipids in cells, one major challenge is to elucidate 
thee transmembrane distribution of lipids and how it is regulated. A particularly 
interestingg case is the transmembrane distribution (or sidedness) of glycosphingolipids. 
Glycosphingolipidss are thought to function on the mammalian cell surface (7) and, in 
linee with this topology, the simple glycolipid galactosylceramide is synthesized on the 
non-cytosolicc surface of the endoplasmic reticulum (ER) and the complex glycolipids 
aree synthesized on the non-cytosolic surface of the Golgi. However, as an exception 
glucosylceramidee (GlcCer), the precursor for the complex glycolipids, is synthesized on 
thee cytosolic side of the Golgi. GlcCer must, therefore, cross the membrane to reach the 
sitee of higher glycolipid synthesis and the cell surface (2-6). Because the spontaneous 
transbilayerr mobility of glycolipids has been found to be extremely slow (7), it is likely 
thatt a translocator is involved in the translocation of GlcCer across the Golgi 
membrane.. Candidates for such a translocator include members of the ABC transporter 
familyy such as the multidrug resistance (MDR) glycoproteins. Both the MDR1 P-
glycoproteinn and the multidrug resistance protein MRP1 are capable of translocating 
short-chainn analogues of GlcCer across the plasma membrane (8, 9). To study whether 
naturall  GlcCer is recognized by such transporters, it is necessary to develop a topology 
assayy for natural GlcCer. 

Severall  enzymes are available which, in principle, are capable of modifying GlcCer in 
membraness but they are active at 37 °C where interpretation of the data is complicated 
byy the ongoing processes of exo- and endocytosis. Examples include 
glucocerebrosidasee (2) and glycolipid Af-deacylase (70). However, in practice, these 
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enzymess display low reactivity on intact cells, probably due to insufficient penetration 
intoo the membrane. Therefore, we have searched for a suitable chemical procedure. 
Previously,, chemical modification of glycolipids has been performed by a procedure 
employingg sodium periodate (11, 12) as reviewed by Sillence et al. (13). Periodate is 
suitablee for the oxidation of biomolecules that contain vicinal hydroxyl groups. 
Neuraminicc acid and glycerol are, therefore, particularly sensitive to this oxidation 
procedure.. The reaction runs at low concentrations of periodate and is rapid at low 
temperaturee (14, 15). Other naturally occurring polyol-containing compounds, such as 
ribose,ribose, galactose and mannose also contain vicinal ring hydroxyl groups that are cis to 
onee another. However, in these cases the only available hydroxyl groups are part of a 
five-five- or six-membered ring and, therefore, are more difficult to oxidize. Thus, higher 
concentrationss of periodate are required (16, 17). At these higher concentrations 
permeationn of the bilayer can be a problem (18). Many carbohydrates and other polyols, 
suchh as the glucose group on GlcCer, contain vicinal ring hydroxyls that are trans to 
onee another and are, therefore, even more resistant to oxidation by periodate. 

Manyy carbohydrates contain a primary hydroxyl group that can, in principle, be 
oxidizedd to an aldehyde, or further to a carboxylic acid. Oxidation of this group in 
glycosphingolipidss has been performed with KMn04 in the presence of an excess of 
NaI044 (79). However, KMn04 also mediates the oxidative cleavage of double bonds 
andd ring hydroxyl groups and there is still a search for milder, more selective reagents. 
AA relatively specific procedure has been developed that permits the oxidation of 
primaryy alcohol groups even in the presence of secondary alcohol groups (20-24). Such 
aa selective approach is promising both in organic synthesis and in biochemical 
applications.. This reaction utilizes 2,2,6,6-tetramethylpiperidinooxy nitroxide 
(TEMPO)) analogues that are nitroxyl radicals, containing the 7V,/V-disubstituted NO-
groupp with one unpaired electron. Oxidation of nitroxyl radicals by hypochlorite / 
hypobromitee yields an active nitrosonium ion (Figure 1A). TEMPO nitrosonium ions 
aree soluble in aqueous solution and are capable of the complete oxidation of primary 
alcoholl  groups on a wide variety of carbohydrates, thus producing the corresponding 
uronicc acids (22, 24, 25). We have successfully modified this method for use in 
specificallyy oxidizing surface GlcCer to glucuronylceramide in large unilamellar 
vesicles.. The method is simple and the reaction quickly goes to completion at 0°C. 

MATERIAL SS AND METHOD S 

Preparationn of [14C]GlcCer 

[ l4C]Cf,GlcCerr was synthesized by a method similar to that used by Kishimoto (26). 
Briefly,, 17 (imoles of the appropriate glucosphingosine, 17 fimoles of [l4C]hexanoic 
acid,, 34 p.moles of triphenylphosphine and 34 (imoles of 2,2-dithiodipyridine were 
dissolvedd in 325 \i\ of dichloromethane and left at room temperature overnight. The 
solventt was then removed under a stream of nitrogen and the lipids were resuspended in 
600 \il  of chloroform/methanol 2:1 (v/v). After application to a thin-layer 
chromatographyy (TLC) plate, the [l4C]C6GlcCer was separated from the unreacted 
hexanoicc acid by chloroform-methanol-acetic acid 90:2:8 (v/v/v). Radiolabeled natural 
GlcCerr was prepared by labeling a confluent 75 cm2 flask of fibroblasts with 50 |0.Ci 
[ l4C]acetate.. GlcCer was then purified by lipid extraction in 3.2 ml of chloroform-
methanoll  1:2.2 (v/v) and two-dimensional TLC as described below. 
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Figuree 1. TEMPO oxidation reaction (25). 

(A)) The oxidation of the TEMPO nitroxyl radical to the corresponding nitrosonium ion. (B) 
Thee various analogs of TEMPO (as their nitrosonium ions): (a) TEMPO, (b) carboxy-TEMPO, 
(c)) 4-methylsulfoxy-TEMPO, (d) 4-acetylamino-TEMPO, (e) 4-oxo-TEMPO, and (f) 4-
hydroxy-TEMPO.. (C) Proposed reaction scheme. 
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Preparationn of Large Unilamellar  Vesicles by ether  injection 

Largee unilamellar vesicles (LUVs) were made by ether injection, similar to the 
proceduree described by Deamer and Bangham (27). Briefly, 1100 nmol of egg 
phosphatidylcholinee (PC), 800 nmol of cholesterol (Choi), and 100 nmol of egg 
phosphatidylethanolaminee (PE) 55:40:5 (mol/mol/mol) and either 10 nmol of 
[l4C]C„GlcCer,, an estimated 2 nmol of natural [MC]GlcCer, or 3 nmol of l-palmitoyl-2-
[l- l4C]linoleoyll  L-3-PE were taken up in 700 ul of diethyl ether. This mixture was then 
slowlyy injected with a 250-uJ syringe into 2 ml of phosphate-buffered saline (PBS) at 
55-65°C.. At this temperature the ether evaporates and the dissolved lipids form 
liposomes.. After cooling, the liposomes were sized by extrusion through a 
polycarbonatee filter (pore size 200 nm; Nucleopore, Pleasanton, CA) at pressures up to 
66 bar (28). The final concentration of lipid was 0.9 umol/ml. Small unilamellar vesicles 
weree made by sonicating the preceding lipids, but without GlcCer, for 10 min on ice at 
600 W using a Vibra Cell (Sonics & Materials, Danbury, USA). [,4C]C6GlcCer or 
C12NBD-GlcCerr was then inserted into the outer leaflet of the SUVs by incubating them 
inn the presence of 0.03% bovine serum albumin (BSA), which had been complexed to 
thee GlcCer in a prior incubation for 30 min at 0°C (25 nmol of C6GlcCer or 10 nmol of 
C12NBD-GlcCerr into 50 pi of 0.03% BSA; + 1 ml of SUVs). 

BSAA depletion of LUVs 

[,4C]CBGlcCerr LUVs (20 ul, 18 nmol of total lipid containing 92 pmol of [l4C]C6GlcCer, 
11000 dpm) were mixed with 600 ul of 0.5% BSA in PBS and then incubated at 20°C 
forr 30 min. The molar excess of the BSA over the C6GlcCer (500-fold) suffices to 
depletee fully the C6GlcCer from the outer bilayer leaflet. The vesicles were then 
pelletedd (SW55, 30 min, 28,900 rpm, 4°C) and analyzed, or resuspended in 20 ul PBS. 

Phospholipasee A2 assay for  lipid localization in LUVs 

Liposomess were diluted with 3 volumes of PBS (with Ca2+ and Mg2+) containing bee 
venomm phospholipase \ (33 IU/ml) and incubated at 10°C. At varying time intervals 
thee reaction was stopped by the addition of 320 u.1 samples to 300 u.1 of an ice-cold 
solutionn of 10 mM EDTA in water, pH 5 (29). 

Oxidationn by carboxy-TEMPO nitrosonium ions 

Thiss oxidation reaction relies on the generation of an active nitrosonium ion by in situ 
oxidationn of the carboxy-TEMPO free radical by OC1" /Br". For this, we prepared a 
reactionn mixture. Carboxy-TEMPO can be purchased from several commercial sources 
ass a dry powder in the free acid form. Its solubility is greatly enhanced by conversion to 
thee sodium salt. As a first step, 10 mg (final concentration 15 mM) of carboxy-TEMPO 
wass sonicated in 830 ul of 80 mM NaHCO, (pH 13) with 53 u.1 of 1 M NaOH. After 
coolingg on ice the nitrosonium ion was generated by die addition of NaBr (6 ul at 1 M; 
finall  concentration 1.9 mM) followed by concentrated NaOCl (25 ul, pH 13, 15% 
(w/v);; final concentration 16 mM). This mixture was then diluted to 290 mOsm by the 
additionn of 300 uJ of water and 2 ml of buffer A (200 ml of PBS + 1.5 g of NaHC03, in 
aa final volume of 300 ml; pH 9.5), and adjusted to pH 9.5 at 0°C with 1 M NaOH. At 
thiss point butylated hydroxytoluene (BHT) was added (13 u.1 at 25 mM; final 
concentrationn 100 uM). Liposomes (100 ul) were then incubated with 800 \x\ of this 
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reactionn mixture at 0°C. After various times up to 1 h, the reaction mixture was 
quenchedd with 100 (il of ethanol. Lipids were then extracted by the addition of 3.2 ml 
off  chloroform-methanol 1:2.2 (v/v) and the phases were separated by the addition of 1 
mll  of chloroform and 1 ml of buffer A. An alkaline extraction was necessary in the 
presencee of high concentrations of carboxy-TEMPO to minimize the solubility of this 
compoundd in the lower phase and to eliminate competing reactions after the phase split. 
Alkalinee phase splits increase the possibility of losing acidic short-chain lipids to the 
upperr phase. To recover the remaining lipid from the upper phase, this phase was 
neutralizedd with 10 \i\ of concentrated HC1 and passed through a C,„  Sep-Pak column 
(Waters,, Milford, MA). The column was then washed with 10 ml of water and the 
lipidss were eluted from the column with chloroform-methanol-10 mM acetic acid 
1:2.2:0.22 (v/v/v). Subsequently, the lipids were dried and separated by TLC as 
describedd below. 

Analysiss of oxidation products by TL C and mass spectrometry 

Lipidss were separated on boric acid-impregnated TLC plates, in two dimensions: 1. 
Chloroform-methanol-25%% aqueous ammonia-water 65:35:4:4 (v/v/v/v) and 2. 
chloroform-acetone-methanol-aceticchloroform-acetone-methanol-acetic acid-water 50:20:10:10:5 (v/v/v/v/v) (30). In the 
casee of radioactive samples, the TLC plates were dried and exposed to a [14C]-sensitive 
screen.. Radioactive spots were quantitated with a Phosphorlmager (Molecular 
Dynamics,, Sunnyvale, Ca) and ImageQuant software by comparison with internal 
standards.. For mass spectrometry, a fluorescent C12NBD-GlcCer was used to allow easy 
localizationn on the TLC plate. C12NBD-GlcCer and its reaction product were then eluted 
fromfrom the silica using chloroform-methanol-10 mM acetic acid 1:2.2:1 (v/v/v) followed 
byy a phase split as described above. They were examined by electrospray tandem mass 
spectrometryy (MS/MS), using a Micromass (Beverly, MA) Q-TOF mass spectrometer. 
Eachh compound was dissolved in methanol at a concentration of 10 uM and infused 
usingg the nanoflow probe at 200 nl/min. The needle voltage was 3000 V and the ion 
sourcee was maintained at 80°C. Argon was used as the collision gas, the voltage on the 
collisionn cell was 80 V and the cone voltage was 100 V. The resolution was adjusted so 
thatt isotope peaks could just be resolved. 

Sourcess of reagents 

Triphenylphosphine,, 2,2-dithiodipyridine (aldrithiol-2), glucosylpsychosine, egg PE, 
eggg PC, cholesterol, bee venom phospholipase Aj , [l- uC]acetic acid (50 Ci/mol), 
C12NBD-GlcCerr and [MC]hexanoic acid (5.2 Ci/mol) were obtained from Sigma 
(Zwijndrecht,, The Netherlands). Carboxy-TEMPO, TEMPO, 4-methylsulphoxy-
TEMPO,, 4-acetylamino-TEMPO, and sodium bromide were obtained from Aldrich 
(Zwijndrecht,, The Netherlands). Sodium hypochlorite was a kind gift from Brenntag 
Falleywayy Chemicals (West Midlands, UK). l-Palmitoyl-2-[l-'*C]linoleoyl L-3-PE (56 
Ci/mol)) was obtained from Amersham (Bucks, UK). 

RESULTS S 

Directt translation of the chemical method with catalytic amounts of TEMPO in the 
presencee of excess hypochlorite (24, 25) showed that tfiis method was not directly 
applicablee to biomembranes because it caused non-specific peroxidation of unsaturated 
phospholipids.. Non-specific peroxidation was then minimized in four ways: 1) The 
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hypochloritee concentration was minimized by using excess TEMPO over hypochlorite; 
2)) the reaction was performed in the presence of 100 U.M butylated hydroxytoluene, 
whichh is widely used to inhibit non-specific peroxidation of lipids; 3) the concentration 
off  NaBr that, in the presence of NaOCl, yields OBr (which is a stronger oxidant than 
OCT),, was minimized; and 4) the reaction was carried out at pH 9.5 instead of pH 10. 
Thee reaction is pH dependent, with a pH optimum at 10. However, competing 6-
eliminationn of hydroxy or alkoxy groups is reduced by performing the reaction at pH 
9.5.. Using these conditions, GlcCer gave an oxidation product that was separable by 
two-dimensionall  thin-layer chromatography (Figure 2). Under similar conditions PE 
alsoo gave an oxidation product, whereas PC did not. 

Glucosylceramide e 

1st t 

Glucuronylceramide e 

2nd d 

^^ origin 

Figuree 2. Two-dimensional thin-layer  chromatogram of glucosylceramide and its 
oxidizedd product glucuronylceramide. 

Naturall  [l4C]GlcCer-containing large unilamellar vesicles (80 nmol of total lipid; - 80pmolof 
[ l4C]GlcCer)) prepared by ether injection and sized through a 0.2-um pore size filter, were 
incubatedd with 15 mM carboxy-TEMPO at 0°C for 60 min. The oxidation reaction was stopped 
withh cold ethanol. The lipids were extracted and separated by 2D-TLC in the first (alkaline) and 
secondd (acid) solvents as described in Materials and Methods. Natural GlcCer appears as two 
spotss due to fatty acyl chain heterogeneity. The glucuronylceramide migrated slower in the acid 
thann in the alkaline solvent (even as a protonated species), which may be due to an overriding 
effectt of the increased polarity of the carboxyl group because the acidic solvent is less polar. 

Analysiss of the products of the reaction of TEMPO with natural GlcCer and NBD-
GlcCerr by matrix-assisted laser desorption ionization (MALDI ) and electrospray mass 
spectrometryy showed that oxidation had occurred only in the sugar ring. The reaction 
didd not affect the heterocyclic group of NBD-GlcCer as shown in the electrospray 
MS/MSS spectrum (Figure 3). The top spectrum (Figure 3A) is that of the starting 
glycolipidd and the product is shown underneath (Figure 3B). The starting glycolipid and 
productt were detected as sodium adducts [M+Na]+ at mass-to-charge (m/z) ratios of 
858.66 and 872.5, respectively. The mass difference of 14 mass units between the two 
compoundss is consistent with oxidation of a primary alcohol to a carboxylic acid. The 
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spectrumm of the unoxidized NBD-GlcCer was dominated by fragments from the NBD 
moiety,, that is, loss of HNO, (63 mass units) to give the ion at m/z 795.6. The presence 
off  an ion at m/z 633.5 is indicative of the loss of glucose (residue mass 162) from the 
m/zz 795.6 ion, as shown in Figure 3A, and elimination of a further water molecule (18 
masss units) gave the ion at m/z 615.5. Corresponding losses from the molecular ion 
gavee the ions at m/z 696.5 and 678.5. The spectrum of the compound after oxidation 
(Figuree 3B) showed the same general features but because of the more labile hydrogen 
atomm of the carboxy group, loss of the glucuronic acid moiety (residue mass 176) 
becamee the dominant fragmentation to give the ion at m/z 696.5. Loss of HNO, then 
occurredd from this ion to give m/z 633.5. 

100i i 

loo--

's s 

^^ i f ? <SK| 

JKW.33 4A0.2 

1 0 0 0 2 0 0 0 I KK " ' ' ' 400 " ' soo " '' ' '800 
m/z z 

7Ó0 0 8 0 0 0 900 0 

Figuree 3. (A) Electrospray MS/MS spectrum of the C,,NBD-GlcCer [M+Na]*  ion at m/z 858.6. 
Fragmentss showing the presence of the glucose moiety are indicated by arrows. (B) 
Correspondingg spectrum of the oxidized molecule at m/z 872.5. CpNBD-GlcCer was 
incorporatedd into the outer leaflet of SUVs and oxidized as described in Materials and Methods. 
Oxidationn of glucose to glucuronic acid is shown by the prominent loss of 176 mass units from 
thee molecular ion. 

Becausee TEMPO is hydrophobic and soluble in organic solvents we suspected that it 
mightt be able to penetrate membranes. We therefore also used carboxy-TEMPO, which 
att alkaline pH as its nitrosonium ion, would be expected to be zwitterionic and, 
therefore,, membrane impermeable. To optimize further the carboxy-TEMPO-mediated 
oxidationn of GlcCer, a concentration curve was created on SUVs onto which CfiGlcCer 
hadd been complexed to the outer surface. The results are shown in Figure 4. At 
concentrationss of carboxy-TEMPO above 10 mM, after 30 min of incubation at 0°C, 86 

 0.8% of the 2.5 nmol of QGlcCer was oxidized. The small percentage of QGlcCer 
thatt was resistant to oxidation may have been caused by spontaneous translocation of a 
smalll  fraction of the QGlcCer from the outer to the inner leaflet of the SUV 
preparation.. In addition, a small amount of the QGlcCer might still be located on any 
remainingg BSA, where it may be shielded from oxidation by the protein. Therefore, 
carboxy-TEMPOO was used at a concentration of 15 mM throughout the study. 
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Figuree 4. Concentration curve for  the oxidation of surface C6GlcCer  with carboxy-
TEMPO . . 

Smalll  unilamellar vesicles (100 nmol of total lipid) containing 2.5 nmol of [l4C]C6GlcCer 
(27,5000 dpm) in the outer bilayer leaflet were prepared as described in Materials and Methods. 
Surfacee C6GlcCer was then oxidized with the indicated concentrations of carboxy-TEMPOina 
totall  volume of 900 uL as described in Materials and Methods. The amount of CsGlcCer(nmol) 
wass calculated from the '4C signal as measured by a Phosphorlmager that was calibrated by a 
knownn amount of [14C]lipid. The curve is the mean of one experiment carried out in duplicate 
(valuess  range) and is representative of two separate experiments. 

Too address whether it is possible to use carboxy-TEMPO nitrosonium ions as a probe 
specificallyy to recognize lipid on the surface of membrane bilayers, large unilamellar 
vesicless (LUVs) of a defined size and composition were made as described in Materials 
andd Methods. LUVs are a useful model system because it is well established that 
naturall  phospholipid is symmetrically distributed in these model bilayers (29, 31). 
TEMPOO nitrosonium ions are also capable of oxidizing primary amines and hence are 
ablee to oxidize PE. In order to investigate whether TEMPO and carboxy-TEMPO 
specificallyy oxidize lipid in the outer leaflet, experiments were devised to check that 
indeedd PE was evenly distributed over the two bilayer leaflets, and then to see to what 
extentt PE in the LUVs was accessible for oxidation. To do this, PC-PE-cholesterol 
LUVss containing radiolabeled PE were first treated with phospholipase A2 at low 
temperaturee (29). The results of such an experiment are shown in Figure 5A and show a 
rapidd hydrolysis of the PE in the first 20 min followed by a plateau, indicating no 
furtherr hydrolysis beyond 50%. Roughly 90% of the PE was degraded when the 
liposomess were treated for 60 min with phospholipase A2 in the presence of 0.1% 
Tritonn X-100. These results confirm that PE is symmetrically distributed in LUVs. 

Experimentss with TEMPO and carboxy-TEMPO were, in this case, complicated by 
competingg side reactions during the lipid extraction. We were unable to avoid these 
reactionss completely, but they were minimized 1) by quenching the reaction with 100(0.1 
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Figuree 5. Phosphatidylethanolamine (PE) is symmetrically distributed in large 
unilamellarr  vesicles as measured by phospholipase A2 hydrolysis and carboxy-
TEMP OO oxidation. 

(A)) For each time point, LUVs (80 nmol of total lipid, 4 nmol of PE, 0.12 nmol of [l4C]PE, 
15,0000 dpm), prepared by ether injection as described in the text, were incubated with 8 IU of 
beee venom phospholipase A2 at 10°C (solid squares) plus 0.1% Triton (open square). 
Hydrolysiss was stopped by EDTA and the lipids were extracted and separated, after which 
radioactivityy in the PE spot was quantitated as described in Material and Methods. The values 
aree expressed as a percentage of the radioactivity in [,4C]PE before phospholipase treatment, 
andd represent means  SD of two experiments performed in duplicate (n = 4). (B) Time course 
forr the oxidation of ["C]PE-containing LUVs with carboxy-TEMPO. LUVs (see above) were 
incubatedincubated with 15 mM carboxy-TEMPO at 0°C for the indicated times (solid circles). In the 
samee incubation, TEMPO produced 75  10% oxidation (open circle). The oxidation reaction 
wass stopped with cold ethanol. The lipids were extracted and separated, and radioactivity in the 
PEE spot quantitated as described in Material and Methods. The values are expressed as a 
percentagee of the radioactivity in [l4C]PE before oxidation, and represent the means  SD of 
twoo experiments performed in duplicate (n = 4). 

off  cold ethanol and 2) by keeping the pH at 9.5 during the phase split. The effect of 
thesee adaptations was assessed by adding the reaction mixture to a lipid extraction 
mixturee that contained the LUV lipids. Only 10  1% of the PE reacted during the 
subsequentt standard lipid extraction. In contrast, GlcCer did not react under these 
circumstances,, abolishing the need for such controls in GlcCer experiments. Carboxy-
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TEMPOO oxidized 53  4% of the total PE during the 1-h incubation. This contrasts with 
TEMPO,, which oxidized 75  10% of the PE in 1 h (the mean  SD of 3-5 experiments 
carriedd out in duplicate). It is notable that the reaction of TEMPO with lipid in the 
lumenall  leaflet of liposomes did not go to completion. This is probably because the 
bufferr on the inside of the liposomes (in which the liposomes had been prepared) was 
nott optimized for the TEMPO reaction. To investigate this more fully a time course was 
performed,, similar to the time course performed with phospholipase A,. The results of 
suchh an experiment are illustrated in Figure 5B, which shows a rapid oxidation phase 
followedd by a plateau. This result resembles the hydrolysis with phospholipase Aj 
(Figuree 5A), and is consistent with the proposition that carboxy-TEMPO is capable of 
selectivelyy oxidizing outer leaflet PE without oxidizing inner leaflet PE. 

Inn our main quest for a suitable selective assay for GlcCer, we first tested the reactivity 
off  various commercially available TEMPO derivatives (Figure IB) in LUVs containing 
naturall  [uC]GlcCer, as in Figure 2. TEMPO derivatives such as the 4-hydroxy and 4-
oxoo forms are inexpensive and commercially available but were not used because their 
nitrosoniumm ions are labile at high pH. When applied at a concentration of 15 mM for 1 
hh at 0°C, there were large differences in the level of [l4C]GlcCer oxidation by the other 
TEMPOO derivatives depending on the substituent at the 4-position. 4-Acetylamino-
TEMPOO and 4-methylsulphoxy-TEMPO showed little reactivity oxidizing 3  3% and 
88  3% (mean  SD, n=4), respectively. However, both TEMPO and carboxy-TEMPO 
showedd high reactivity with natural [MC]GlcCer, oxidizing 60  3% and 44  3% (mean 

 SD, n=18), respectively. Consequently, subsequent experiments focused on the latter 
compounds. . 

Too characterize further the action of carboxy-TEMPO, a time course was performed to 
monitorr the oxidation of LUVs containing natural GlcCer. The results in Figure 6 show 
aa rapid oxidation of 50% of the GlcCer in the first 20 min, followed by a plateau. 
Becausee TEMPO nitrosonium ions are slowly inactivated in aqueous solution because 
off  their (low) reactivity with hydroxide ions, it was necessary to exclude the possibility 
thatt the reaction was stopped at -50% by the absence of reactive carboxy-TEMPO. For 
this,, C6GlcCer LUVs were added at the 60-min time point. This control experiment 
showedd that even after 1 h in aqueous solution carboxy-TEMPO was still capable of 
oxidizingg 70 pmol of CftGlcCer (and LUV PE) between 60 and 80 min of the time 
course.. Because, in Figure 6 100% corresponds to -80 pmol of natural GlcCer it 
appearss that the plateau at 50% was not due to inactivation of the nitrosonium ions. 

Too perform a more definitive test for the asymmetry of the oxidations by TEMPO and 
carboxy-TEMPOO a further set of experiments was performed with C6GlcCer LUVs. 
Thesee were chosen because an independent asymmetry assay for membrane C6GlcCer 
hass already been described, using depletion with BSA (6). Using the independent BSA 
depletionn assay, roughly half of the C6GlcCer was found to be accessible to BSA in 
CftGlcCerr LUVs (Table 1). It was then possible to compare the TEMPO and carboxy-
TEMPO-mediatedd oxidation of C„GlcCer with this independent result. Carboxy-
TEMPOO oxidized 51% of the QGlcCer in the LUV preparation, which agrees closely 
withh the value obtained in the independent BSA assay. In contrast, TEMPO oxidized 
81%% of the C6GlcCer in the symmetric LUVs, suggesting that, in addition to oxidizing 
surfacee GlcCer, it was also capable of oxidizing the inner leaflet GlcCer. 
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Figuree 6. Time course for  the oxidation of natural GlcCer  in large unilamellar 
vesicless with carboxy-TEMPO. 

[ l4C]GlcCer-containingg LUVs (see legend to Figure 2) were incubated with 15 mM carboxy-
TEMPOO at 0°C for the times indicated. The oxidation reaction was stopped with cold ethanol. 
Thee lipids were extracted and separated as described in Materials and Methods. Each incubation 
containedd -80 pmol of natural GlcCer (80 nmol of total lipid, 4 nmol of PE). The values are 
expressedd as a percentage of the radioactivity in ['4C]GlcCer before oxidation, and represent the 
meanss  SD of two experiments performed in duplicate (n = 4). 

Tablee 1. Oxidation of C6GlcCer  LUV s before and after  depletion of C6GlcCer  from 
thee surface. 

%% [14C]CsGlcCer remaining 

Control l BSA-extracted d 

BSA A 
carboxy-TEMPO O 
TEMPO O 

522 1 
499 4 

4 4 
944 2 

5 5 

Largee unilamellar vesicles (80 nmol of total lipid and 400 pmol of [,4C]CllGlcCer, prepared as 
describedd in Materials and Methods) were oxidized directly by 15 mM TEMPO and carboxy-
TEMPOO at 0°C as in Fig 6. Alternatively, surface C„GlcCer was first depleted by BSA as 
describedd in Materials and Methods. The LUVs were then spun down, resuspended, and 
oxidized.. After 1 h the oxidation reaction was stopped with cold ethanol. The lipids were 
extractedd and separated, and the radioactivity in the C,GlcCer spot was quantitated as described 
inn Materials and Methods. The values are expressed as a percentage of the radioactivity in 
[ l4C]GlcCerr before oxidation, and represent the mean  SD of two experiments performed in 
duplicate. . 
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Ass a second control, QGlcCer was depleted from the outer leaflet of the LUVs with 
BSA,, after which the LUVs were oxidized with either TEMPO derivative (Table 1). 
Thee ability of carboxy-TEMPO to oxidize QGlcCer was drastically reduced from 51% 
inn the original LUVs to 6% in the surface-depleted LUVs. The QGlcCer that was still 
sensitivee to oxidation by carboxy-TEMPO after BSA extraction was most likely 
incompletelyy extracted from the outer membrane leaflet. Table 1 shows that 52% of the 
C^GlcCerr remained after BSA extraction, and probably 2% of this was still outside; this 
impliess that 4% of the remaining CAGlcCer was accessible to subsequent carboxy-
TEMPOO oxidation. In addition, carboxy-TEMPO may also slowly penetrate the 
liposomall  membrane. In contrast, TEMPO still oxidized half the CfiGlcCer left after 
removall  of the outer leaflet QGlcCer. TEMPO was able to penetrate the bilayer rapidly 
andd also oxidize inner leaflet QGlcCer. 

DISCUSSION N 

Inn the search for a cell surface assay for glucosylceramide we have modified a specific 
oxidationn method that has previously been used in organic synthesis. The spin-label 
TEMPOO and its derivative carboxy-TEMPO are converted from their radical form into 
thee corresponding nitrosonium ions. These, in turn, are used to specifically oxidize the 
primaryy hydroxy! on the glucose residue even in the presence of the ring hydroxy Is and 
thee allylic secondary hydroxyl on the sphingosine backbone. The oxidized product was 
easilyy separable by TLC and mass spectrometric analysis led to its identification as 
glucuronylceramide.. Also the primary amine on phospholipid PE was readily oxidized. 
Inn principle, this oxidation reaction should be applicable to any sugar-containing lipid 
andd also to other lipids with primary hydroxyl groups, such as diacylglycerol, ceramide 
andd sphingoid bases, or amines, such as phosphatidylserine (PS), sphingoid bases or 
sphingoidd base-1-phosphates. In the present article, we demonstrate that oxidation of 
thee aminophospholipid PE and of the glycolipid GlcCer by carboxy-TEMPO, but not by 
TEMPOO itself, is limited to the accessible membrane surface in pure lipid membranes. 
Thiss makes the carboxy-TEMPO reaction particularly useful for the determination of 
lipidd asymmetry and, potentially for the study of transmembrane translocation. 

Thee present chemical approach offers a substantia] advantage over previous oxidation 
methodss because it is selective for primary hydroxyls. Therefore, it does not necessitate 
priorr reactions, such as methylation or acetylation, to protect other hydroxyls. More 
importantly,, this oxidation reaction can occur in aqueous solution and, therefore, has 
potentiall  for applications in intact biological systems. TEMPO-mediated oxidation 
reactionss are also rapid at 0°C, which is a temperature at which many biological 
processess (e.g. vesicular transport) are inhibited. It is not yet clear whether biological 
membraness stay intact when the PE, PS and glycolipids on the outer surface are 
oxidized,, but these may constitute only a small percentage of lipids in the outer leaflet 
off  the plasma membrane of most cells, as the outer leaflet is thought to contain 
essentiallyy none of the plasma membrane PS, about one-fifth of the PE, and only a 
minorr amount of glycolipids (discussed in 29). 

Onee of the main complicating factors in using the original method for TEMPO 
oxidationn (20, 24) in biological systems was that it used stoichiometric amounts of 
hypohalitee in the presence of catalytic amounts of TEMPO. To adapt this method for 
usee in a biological system it was first necessary to reduce the hypohalite concentration 
(31,, 32). Ideally, it would have been possible to perform the oxidation in the absence of 
hypohalite,, using stoichiometric amounts of synthetically prepared nitrosonium salts. 
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However,, the nitrosonium ion is likely to be unstable. Here we have attempted to mimic 
thiss approach by generating the nitrosonium ion in situ and using an excess of TEMPO 
overr the primary oxidants NaOCl and NaOBr. This is the reverse of the previously 
publishedd method. Theoretically, this approach generates a stoichiometric amount of 
nitrosoniumm ion and minimizes the hypohalite concentration through the following 
reactions. . 

l)OCll  +Br ->OBr +C1 

2)) OBr + 2TEMPO  + H20 -> 2TEMPO+ + 20H + Br 

Thee oxidation reaction can then proceed: 

3)) TEMPO* + OH + RCH2OH -»TEMPOH + RCHO + H20 
4)) TEMPO* + OH + TEMPOH -4 2TEMPO  + H20 
Thee regenerated TEMPO free radical can then go through reaction 2) again: 

5)) TEMPO* + OH + RCHO -*  TEMPOH + RCOOH 

Thiss gives the overall reaction: 

RCH2OHH + 2NaOCl -> RCOOH + 2NaCl + H20 

Apartt from reducing hypohalite concentrations to a minimum, non-specific oxidation 
wass further reduced by the addition of butylated hydroxytoluene, which is a 
hydrophobicc free radical scavenger. This compound may also inhibit unwanted 
halogenationn by reacting with residual hypohalite. Nonspecific oxidation can also be 
reducedd by the addition of chelating agents such as EDTA. These work by inhibiting 
non-specificc oxidation reactions catalyzed by transition metals. However, at high 
concentrationss (0.1 mM) EDTA can inhibit the oxidation (D. J. Sillence, unpublished 
observations). . 

TEMPOO radicals are stable only in the absence of a-hydrogens; hence the methyl 
substituentss are necessary for stability but may also contribute to specificity. The 
reactionn mechanism is still unclear, although a radical-based mechanism has been 
excludedd (25). Under alkaline conditions the reaction has a greater specificity for 
primaryy than for secondary hydroxyl groups because, at alkaline pH, TEMPO-mediated 
oxidationn takes place by a sterically hindered intermediate (Figure 1C). In organic 
solventt nitrosonium ions can mediate the oxidation of hydroxyl groups to aldehydes 
andd ketones (21-23). However, in aqueous solution nitrosonium ions catalyze complete 
andd selective oxidation of primary alcohols to carboxylic acids (20, 24). 

Thee capacity of the system to oxidize primary hydroxyl groups is dependent on the 
followingg factors: 1) the buffering capacity of the system because, as the reaction 
progresses,, the pH drops and inhibits the reaction; and 2) the concentration of OCl~ 
ions,, because 2 mol of these is required for each mol of acid formed. It should be noted 
thatt the reaction is likely to proceed faster if all the reactants are in the same phase. This 
iss not the case with the oxidation of a glycolipid because it is embedded in the 
membranee in a liquid-crystalline phase. It is interesting to note that mis reaction can 
alsoo be performed in a two-phase system (20, 22). Under these circumstances 
quaternaryy ammonium chloride is added as a phase-transfer catalyst This catalyst is a 
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hydrophobicc compound that reacts with alcohol groups in the organic phase and forms a 
saltt that is hydrophilic and therefore more likely to solvate in the aqueous phase where 
itt can be oxidized. 

Eggg PC-cholesterol-egg PE 55:40:5 (mol/mol/mol) was chosen as the lipid mixture for 
thee vesicles because it mimics the composition of the plasma membrane outer leaflet 
withh an intermediate level of fatty acid unsaturation and a high cholesterol content, 
althoughh in the outer leaflet of plasma membranes half of the PC would typically be 
replacedd by sphingomyelin. Carboxy-TEMPO selectively oxidized GlcCer and PE in 
thee outer leaflet of these model membranes. We are currently developing the assay for 
usee on intact cells. 
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ABSTRACT T 

Glucosylceramidee (GlcCer) is synthesized on the cytosolic side of the Golgi. It is 
thoughtt to be enriched in*the outer leaflet of the plasma membrane. GlcCer translocates 
acrosss the Golgi mefnibrane to the lumen where it is the precursor for higher 
glycosphingolipids.. However, short-chain analogs of GlcCer are, after synthesis, 
directlyy translocated across the plasma membrane by an MDR 1-like activity. Here we 
assayy natural GlcCer by hydrolyzing surface GlcCer using exogenous 
glucocerebrosidasee and saposin C. In 3 hours no newly synthesized GlcCer reached the 
plasmaa membrane of fibroblasts carrying null alleles for Mdrla/lb P-glycoprotein 
(Pgp)) and Mrpl. Stable transfection with human MDR1 Pgp, but not MRP1, restored 
surfacee transport of GlcCer to 25-30%, the steady-state wild-type level, in 3 hours. In 
wild-typee fibroblasts the MDR 1-inhibitor PSC833, but not the MRP 1-inhibitor 
indomethacin,, reduced GlcCer transport by 80%. Cell surface delivery of 
sphingomyelin,, an indicator of vesicular traffic from the Golgi, was not affected in the 
knock-outt fibroblasts. In wild-type cells, 3% of GlcCer was hydrolyzed per hour by the 
endogenouss CBE-inhibitable lysosomal glucocerebrosidase. Hydrolysis rose to 10% 
perr hour in the presence of PSC833, but not indomethacin, and in Mdrl/Mrpl knock-
outt cells. This was insensitive to CBE, but sensitive to p21, an inhibitor of the non-
lysosomall  glucocerebrosidase, and intracellular. In fibroblasts, newly synthesized 
GlcCerr is transported to the cell surface by MDR1 P-glycoprotein. In its absence, 
GlcCerr is hydrolyzed inside the cell by a non-lysosomal enzyme. 

INTRODUCTIO N N 

Glycosphingolipidss consist of a carbohydrate moiety attached to ceramide, a long chain 
sphingoidd base of generally 18 carbons with a C16-C24 fatty acid in amide linkage to 
itss C2 position. Glycosphingolipids are usually minor components of cellular 
membranes,, but they can constitute up to 20-35 mol% of the total lipids in specialized 
plasmaa membranes like the apical membrane of some epithelial cell types. The simple 
glycosphingolipidd glucosylceramide (GlcCer) occurs in all mammalian cells. GlcCer is 
synthesizedd by the UDP-glucose ceramide-glucosyltransferase (CGlcT; 1) and serves as 
thee precursor for lactosylceramide and higher glycosphingolipids. Mice with null 
alleless for CGlcT lack GlcCer-based glycolipids and die at embryonic day 7.5 (2). 
Individuall  embryonic cells are viable and undergo a minimal differentiation program, 
suggestingg that the vital role of glycosphingolipids lies at the multicellular level. 

Becausee GlcCer is synthesized at the cytosolic leaflet of the Golgi apparatus (3-6), it 
mustt traverse the lipid bilayer for the synthesis of higher glycosphingolipids, which 
occurss in the lumenal leaflet of the Golgi (7-9). Evidence for this event has been 
presented,, and it appears to be ATP-independent and insensitive to proteases (7,8). 
Unmodifiedd GlcCer is found in cells and is assumed to be enriched in the outer leaflet 
off  the plasma membrane, which is topologically equivalent to the lumenal leaflet of the 
Golgi.. One mechanism by which GlcCer could reach the outside of the plasma 
membranee would be an escape from the LacCer synthase and transport in the lumenal 
leaflett of carrier vesicles followed by fusion with the plasma membrane (Figure 1 A). 

Firstt studies on GlcCer transport to the plasma membrane using short-chain analogs 
seemedd to support this mechanism (10-13). However, later studies on these cells 
showedd that the bulk of short-chain GlcCer reached the plasma membrane via non-
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Figuree 1. Transport pathways for  glucosylceramide to the cell surface. 

(A)) After synthesis in the cytosolic leaflet of the Golgi membrane, GlcCer can be translocated 
towardss the lumenal leaflet (a), and transported to the plasma membrane in the inner leaflet of 
transportt vesicles (b), followed by fusion with the plasma membrane (c). Alternatively, GlcCer 
couldd be transported to the plasma membrane in the cytosolic leaflet of transport vesicles (d) or 
byy monomeric transport (e) and subsequently reach the cell surface by translocation across the 
membranee (f). 
(B)) GlcCer, synthesized in the cytoplasmic leaflet of the Golgi membrane, is transported to the 
innerr leaflet of the plasma membrane either by monomeric transfer or by transport in the 
cytosplasmicc leaflet of vesicles. In the presence of active Mdrl Pgp, GlcCer is translocated to 
thee outer leaflet of the plasma membrane. Cell surface GlcCer is (slowly) hydrolyzed in the 
lysosomee by the CBE-sensitive lysosomal glucocerebrosidase (CBE). In the absence of active 
Mdrll  Pgp, GlcCer is hydrolyzed inside the cell by the p21-sensitive non-lysosomal 
glucocerebrosidasee (p21). All GlcCer that is translocated across the Golgi membrane is 
convertedd to LacCer and GM3. SM synthesized on the lumenal side of the Golgi membrane 
reachess the cell surface exclusively on the inside of carrier vesicles. 
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vesicularr traffic to the cytosolic leaflet of the plasma membrane followed by 
translocationn across the plasma membrane (14). The commonly expressed multidrug 
transporterr MDR1 P-glycoprotein (Pgp) and the multidrug resistance protein MRP1 
weree found capable of mediating this translocation (Figure 1A; (14,15) The question 
thuss arose whether natural GlcCer reaches the surface of cells, and if so by what 
mechanisms.. In the present study we developed an enzymatic assay for the occurrence 
off  natural GlcCer on the surface of fibroblasts. Within 3 hours, 25-30% of newly 
synthesizedd GlcCer reached the cell surface and this transport depended on the presence 
andd activity of MDR1 Pgp. When MDR1 Pgp was absent or inhibited, GlcCer was 
degradedd by a non-lysosomal enzyme. A physiological function for the removal of 
GlcCerr from the cytosolic surface of the plasma membrane is discussed. 

MATERIAL SS AND METHOD S 

Material s s 

D-[l-'*C]Galactosee (2.07 GBq/mmol) was from Amersham (Den Bosch, The 
Netherlands),, [KC]acetate (1.44 GBq/mmol), bovine serum albumin fraction V (BSA) 
andd brefeldin A (BFA) were from Sigma (St. Louis, MO). [A/etfry/-14C]choline chloride 
(22 GBq/mmol), conduritol B-epoxide (CBE) and indomethacin were from ICN 
(Aurora,, OH). 6-(N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl) aminohexanoyl)-sphingosine 
(Q-NBD-ceramide;; C6-NBD-Cer) was from Molecular Probes (Eugene, OR). PSC833 
wass a kind gift of Novartis (Basel, Switserland). Organic solvents and silica TLC-plates 
weree from Merck (Darmstadt, Germany). Cell culture media were from Gibco (Paisley, 
UK). . 

Celll  culture 

Immortalizedd fibroblasts were derived from the ear of wild type mice (WT12 cells) and 
fromm Mdrla/lb, Mrpl triple knock-out mice (KOT11 and KOT51 cells) with a mixed 
geneticc background of 50% FVB/ 50% 129/OLA. KOT11 fibroblasts were transfected 
withh human MDR1 Pgp (KOT/MDR1) or human MRP1 (KOT/MRP1) cDNA. All cells 
weree cultured on 3 cm dishes in DMEM/high glucose medium supplemented with 10% 
heat-inactivatedd FCS for 4 days to a confluency of 80-90%. 

Assayy for  transport of short-chain sphingolipids to the cell surface 

CA-NBD-ceramidee was added to cells on 3 cm dishes at 5 uM in Hanks' balanced salt 
solutionn (HBSS') at 37°C as described before (14). During the incubation, newly 
synthesizedd short-chain GlcCer and sphingomyelin (SM) appearing on the cell surface 
weree depleted from the surface into the medium by 1% (w/v) BSA. After 1 h, the 
mediumm was collected and the cells were washed in HBSS'+1% BSA for 30 min on ice. 
Thee lipids were extracted from media plus wash solutions and from dishes (cells), and 
quantitativelyy analyzed (see below). Transport of each lipid class to the cell surface was 
calculatedd as the percentage of that lipid being recovered in the medium. 

Metabolicc labeling of cellular  lipids 

Cellss on 3 cm dishes were incubated with 2 ml growth medium containing D-[l -
uC]galactosee (37 kBq/ml), [methyl-MC]choline chloride (7.4 kBq/ml) or [l-uC]acetate 
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(377 kBq/ml) for various times. After the labeling period, cells were washed three times 
withh ice-cold phosphate-buffered saline (PBS, pH 6.8). In cellular lipid breakdown 
experiments,, cells were further incubated in HBSS' containing 1 g/1 galactose. At the 
endd of each experiment cellular lipids were extracted and analyzed as described below. 
GlcCerr synthesis is defined as radiolabeled GlcCer content without LacCer and Gm3. 

Inhibitor s s 

BFAA was used to inhibit vesicular traffic at 1 ug/ml. Cells were preincubated with BFA 
forr 30 min at 37°C, after which BFA remained present during the 37°C incubations. 
Cellss were preincubated with the MDR1 inhibitor PSC833 (5 uM) and the MRP1 
inhibitorr indomerhacin (20 uM) for 10 minutes after which these drugs remained 
presentt during all 37°C incubations. The inhibitor of the lysosomal glucocerebrosidase 
CBEE (1 raM) and the inhibitor of the nonlysosomal glucocerebrosidase p21 (2 nM) 
weree present during the 37°C incubations after a 10 min preincubation. 

Enzymaticc assay for  exposure of glucosylceramide on the cell surface 

Afterr radiolabeling, medium was removed and cells were washed twice with PBS. 
Enzymaticc breakdown of GlcCer was performed essentially as described previously 
(16).. In short, cells were incubated in 500 ul HBBS', 50 mM citrate (pH 5.5) containing 
500 mU lysosomal glucocerebrosidase (EC 3.2.1.45) and 1 uM saposin C (SAP-C) at 
37°C.. After 90 min the reaction was stopped by the addition 2 volumes ice-cold PBS, 
pHH 7.2 containing 3 mM CBE and 3 mM EDTA. Lipids were extracted (see below) 
withh 1 mM CBE and 1 mM EDTA in the aqueous phase to inhibit GlcCer hydrolysis 
duringg the extraction. Control cells were treated with the same buffer but in the absence 
off  lysosomal glucocerebrosidase and SAP-C. GlcCer hydrolysis is expressed as the 
reductionn in radiolabeled GlcCer (%) after the enzyme treatment. For hydrolysis 
experimentss in cell homogenates, metabolically labeled cells were cooled on ice, 
washedd twice with ice-cold PBS (pH 6.8) and scraped in 500 ul 50 mM citrate buffer 
(pH5.5),, containing 0.2 mM PMSF, and disrupted by 20 passages through a 23-gauge 
needle. . 

Preparationn of large unilamellar  vesicles 

Largee unilamellar vesicles (LUVs) were made by ether injection similar to the 
proceduree described by Deamer and Bangham (17). Briefly, 1100 nmol egg 
phosphatidylcholinee (PC) and 100 nmol egg phosphatidylethanolamine (11:1 mol/mol) 
andd 120 Bq of [l4C]CftGlcCer, purified from metabolically labeled KOT11 cells, were 
takenn up in 700 |il of diethyl ether. This mixture was then slowly injected with a 250 jxl 
syringee into 2 ml of 50 mM citrate-buffer at pH 5.5 at 55-65°C. At this temperature the 
etherr evaporates and the dissolved lipids form liposomes. After cooling, the liposomes 
weree sized by extrusion through a polycarbonate filter (pore size 100 nm; Nucleopore 
Corp.,, Pleasanton, CA) at pressures up to 6 bar. 

Sphingomyelinasee assay 

Deliveryy of SM to the cell surface was assayed by a sphingomyelinase assay (18). 
Cellularr SM was labeled at 37°C for 3 h with 7.4 kBq [mef/ry/-uC]choline chloride/ml 
HBSS',, after which the cells were incubated for 1 h at 10°C with or without 1 U 
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exogenouss sphingomyelinase/ml HBSS'. SM hydrolysis was measured as the loss (%) 
off  total cellular SM. 

Lipi dd analysis and protein determination 

Lipidss were extracted from cells and media by a two-phase Bligh and Dyer extraction, 
andd lipid products from CA-NBD-ceramide and radioactive labeling were separated in 
twoo dimensions by TLC, all as before (19). Fluorescent spots were analyzed using a 
Stormm Fluor-imager (blue fluorescence) and quantified using the Image Quant Software 
Packagee (Molecular Dynamics, Sunnyvale, CA). Radiolabeled spots were detected by 
exposuree to phosphor-storage screens (Amersham) and read-out on a Storm phosphor-
imager.. Spots were identified by comparison to standards and quantified using Image 
Quant.. Protein content was determined using a BCA protein Assay (Pierce, Rockford, 
IL)) and measured on a Victor2 (Wallac, Turku, Finland). 

RESULTS S 

Translocationn of short-chain sphingolipids by Mdr l Pgp and Mrp l 

Previously,, we have shown that human MDR1 Pgp, mouse Mdrl a Pgp, and human 
MRP11 translocate the sphingolipid analogs Cfi-NBD-GlcCer and Q-NBD-SM across 
thee plasma membrane of transfected epithelial LLC-PK1 cells (14,15). In order to study 
whetherr mouse Mdrl Pgp and Mrpl act as translocators for these short-chain lipids in 
fibroblasts,, transport of newly synthesized C6-NBD-GlcCer and C6-NBD-SM to the 
surfacee of wild-type fibroblasts (WT12) was compared to transport in two fibroblast 
liness derived from Mdrl a/lb, Mrpl triple knock-out mice (KOT 11 and KOT51) in a 
standardd BSA depletion assay at 37°C as before (20). 

Similarr to CHO cells (20), WT12, KOT11 and KOT51 fibroblasts transported 80% of 
newlyy synthesized Q-NBD-SM to the medium in 1 h (Table 1). C6-NBD-SM is 
synthesizedd in the lumen of the Golgi and follows a vesicular route. It was insensitive 
too MDR inhibitors in CHO cells (20), and does not depend on the presence of Mdrla, 
Mdrlbb or Mrpl (Table 1). In contrast, only 40% of C„-NBD-GlcCer in WT12 cells was 
transportedd to the medium in 1 h, and this number was reduced to 6% and 9% in the 
KOTT cells, showing that after synthesis on the cytosolic face of the Golgi, at most only 
aa small fraction of C6-NBD-GlcCer is translocated to the lumen of the Golgi to follow 
thee vesicular route to the cell surface. Transfection of the KOT cells with human 
MDR11 Pgp or MRP1, both of which have been shown to translocate C6-NBD-GlcCer 
partiallyy restored transport. 

Too assess whether the remaining C6-NBD-GlcCer transport in the KOT cells was 
vesicular,, the transport assay was performed in the presence of brefeldin A (BFA). 
BFAA induces fusion between ER and Golgi, and inhibits vesicular transport from the 
mixedd ER-Golgi compartment (21). BFA did no affect C6-NBD-GlcCer transport, 
suggestingg that its transport under control conditions was fully due to translocation 
acrosss the plasma membrane. Part of the transport in WT12 cells was sensitive to both 
thee MDR-inhibitor PSC833 and the MRP-inhibitor indomethacin (the combination of 
bothh drugs reduced transport to 6%, not shown), while the inhibitor selectivity is 
evidentt from their effect on the transfected KOT cells. Thus, both Mdrl Pgp and Mrpl 
contributedd to C6-NBD-GlcCer transport. Mdrl- and Mrpl-independent transport in 
KOTT cells was insensitive to the inhibitors, suggesting the involvement of an 
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independentt translocator. After BFA-induced ER-Golgi fusion, C6-NBD-SM has access 
too the cytoplasmic leaflet of the plasma membrane and can be translocated across the 
plasmaa membrane by MDRl Pgp and MRP1 (14,15). Also C6-NBD-SM transport had a 
componentt that persisted in KOT cells and was insensitive to the MDR- and MRP-
inhibitors.. In summary, transport of C6-NBD-GlcCer to the surface of mouse fibroblasts 
iss mediated by Mdrl Pgp, Mrpl, and a third translocator that recognizes both Q-NBD-
GlcCerr and -SM and is insensitive to PSC833 and indomethacin. Whereas Q-NBD-
SMM is efficiently transported by vesicles, we found no evidence for a vesicular 
componentt in the transport of Cft-NBD-GlcCer. 

Tablee 1. Transport of C.-NBD-GlcCer  and C.-NBD-SM in fibroblasts with or 
withoutt  Mdr l Pgp and Mrp l 

Cells s 
Additio n n 

V V 

U U 

5 5 
Q Q 
Z Z 

« « 

u u 

2 2 
Q Q 
99 9 
Z Z 

1 1 

u u 

None e 

+BFA A 

+BFA/PSC833 3 

+BFA/indomethacin n 

None e 

+BFA A 

+BFA/PSC833 3 

+BFA/indomethacin n 

Transportt  (% of total) 

WT12 2 

6 6 

4 4 

2 2 

3 3 

4 4 

4 4 

3 3 

2 2 

KOT51 1 

2 2 

3 3 

1 1 

2 2 

3 3 

2 2 

1 1 

1 1 

KOTl l l 

2 2 

3 3 

2 2 

3 3 

4 4 

4 4 

4 4 

4 4 

KOTll / / 
MDRl l 

6 6 

6 6 

2 2 

4 4 

6 6 

2 2 

1 1 

2 2 

KOTll / / 
MRP1 1 

19+5 5 

3 3 

3 3 

2 2 

4 4 

3 3 

2 2 

1 1 

Wild-typee fibroblasts (WT12) and triple knock-outs (KOT) for Mdrl a/lb and Mrpl, or KOT 
cellss transfected with either human MDRl or MRP 1 cDNAs were incubated with 5 uM C6-
NBD-Cerr and 1 % BS A for 1 h at 37°C. BFA (1 ug/ml) was applied to inhibit vesicular traffic. 
BFA,, the MDRl inhibitor PSC833 (5 uM), and the MRP1 inhibitor indomethacin (20 mM) 
weree present during the 37»C transport incubation. Lipid products were analyzed by TLC and 
transportt to the medium was calculated. Synthesis of C6-NBD-GlcCer was typically 160 
pmol/dishh in WT12,80 pmol/dish in KOT11 and 60 pmol/dish in KOT51 cells. Synthesis of 
C„-NBD-SMM was typically 100 pmol/dish in the absence and 220 pmol/dish in the presence of 
BFAA for WT12, KOT11 and KOT51 (n= 16-32). 
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Endogenouss glucosylceramide hydrolysis by two glucocerebrosidases 

Thee next challenge was to study the role of the multidrug transporters Mdrl Pgp and 
Mrpll  in the transport of endogenous GlcCer. In a first approach, WT12 and KOT cells 
weree labeled with [l4C]galactose. This is efficiently incorporated in GlcCer via 
epimerizationn of UDP-['"C]galactose to UDP-[14C]glucose and transfer of [14C]glucose 
too ceramide via the CGlcT on the cytosolic face of the Golgi. After labeling for 3 h 
withh 37 kBq/ml [l4C]galactose or ['"Clacetate, lipids were analyzed. Although no 
differencess were observed in phospholipid content of the cells (not shown), an 
appreciablee difference in GlcCer content was observed (Figure 2). WT12 cells 
containedd up to 2-fold more radiolabeled GlcCer/mg protein than the KOT cells after 3 
hh of labeling. Interestingly, no difference was detected in radiolabeled SM content (not 
shown),, suggesting that there is no difference in the availability of ceramide, which 
servess as the precursor for both lipids. Lactosylceramide (LacCer) and GM3, which are 
synthesizedd from GlcCer by the subsequent addition of galactose (LacCer) and sialic 
acidd (GM3), were labeled to roughly the same extent in both cell types. Because the 
responsiblee enzymes are situated on the lumenal side of the Golgi membrane (8,7) this 
impliess that translocation of GlcCer across the Golgi membrane of fibroblasts is 
independentt of Mdrl Pgps and Mrpl. 

WT122 KOT51 

Figuree 2. Sphingolipid content of WT12 and KOT51 cells. 

Cellss on dishes were labeled for 3 h at 37°C with 37 kBq/ml [,4C]galactose. After labeling, 
lipidss were extracted, separated and analyzed as described in Methods. Lipid spots were 
identifiedd by comparison to standards. GlcCer content was typically 60 Bq/mg protein for 
WT122 and 35 Bq/mg protein for KOT51 cells. 
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Becausee we found no difference between the cells in the synthesis of Q-NBD-GlcCer 
inn post-nuclear supernatants (not shown), we studied whether the decreased GlcCer 
contentt in KOT cells was due to a difference in GlcCer hydrolysis. For this, WT12 and 
KOTT cells were labeled for 3 h with [uC]galactose, after which they were chased for an 
additionall  3 h in unlabeled HBSS' containing 1 g/1 galactose, to prevent further 
[ l4C]galactosee incorporation in GlcCer. Analysis of the radiolabeled lipids showed that, 
inn WT12 cells, approximately 10% of the GlcCer synthesized in the first 3 h 
disappearedd during the chase period. Surprisingly, in the KOT cells up to 25% of newly 
synthesizedd GlcCer disappeared in the same time period (Table 2). There was no loss of 
[ l4C]GlcCerr into the medium (not shown). Although loss of GlcCer was measured by 
thee disappearance of the radiolabeled glucose-residue from GlcCer and not by the 
formationn of the product ceramide, this data this suggests that [l4C]GlcCer hydrolysis 
wass greater in KOT cells. 

Tablee 2. Glucosylceramide hydrolysis by endogenous enzymes. 

Addition\Cells s 

None e 

+CBE E 

+p21 1 

+PSC833 3 

+PSC8333 +CBE 

+PSC8333 +P21 

+indomethacin n 

GlcCerr  hydrolysis (% of total) 

WT12 2 

9 9 

2 2 

8 8 

28 8 

24 4 

14 4 

8 8 

KOT51 1 

25 5 

23 3 

6 6 

26 6 

24 4 

8 8 

25 5 

KOT11 1 

21 1 

22 2 

7 7 

KOT11/ / 
MDR1 1 

11 1 

2 2 

9 9 

KOT11/ / 
MRP1 1 

23 3 

21 1 

8 8 

Cellss were labeled at 37°C with 37 kBq/ml [l4C]galactose in the presence or absence of various 
drugss (1 mM CBE, 2 nM p21,5 uM PSC833,20 uM indomethacin). After 3 h, the medium was 
replacedd by fresh medium with the same drugs, and cells were incubated for an additional 3 h. 
Afterwards,, lipids were analyzed as described under Methods. Intracellular hydrolysis is 
calculatedd as the percentage of GlcCer lost during the 3 h chase period. Synthesis after 3 h was 
typicallyy 60 Bq/mg protein for WT12, 40 Bq/mg protein for KOT11, 35 Bq/mg protein for 
KOT51,555 Bq/mg protein for KOT/MDR1, and 40 Bq/mg protein for KOT/MRP1 cells (s.d. = 
l-6;n=3-10). . 

GlcCerr is degraded in the lysosome through the conceited actions of the lysosomal 
glucocerebrosidasee and the sphingolipid activator protein SAP-C. A second, non-
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lysosomall  glucocerebrosidase has been described (23). The activities of the two 
enzymess can be discriminated by the use of the drugs conduritol-B-epoxide (CBE), an 
inhibitorr of the lysosomal glucocerebrosidase (24) and N-(5-adamantane-l-yl-
methoxy)pentyl)-deoxynojirimycinn (p21), which specifically inhibits the non-lysosomal 
glucocerebrosidasee (25). In order to determine which enzyme is responsible for GlcCer 
hydrolysiss in the WT12 and KOT cells, the hydrolysis experiments were repeated in the 
presencee of CBE and p21. Hydrolysis in the two cell lines not only occurred at a 
differentt rate, it also displayed a different susceptibility to CBE and p21 (Table 2). In 
WT122 cells, breakdown of GlcCer during the 3 h chase was almost completely 
inhibitedd by CBE while CBE did not inhibit breakdown of radiolabeled GlcCer in the 
KOTT cells. Inversely, p21 hardly affected breakdown in the WT12 cells, under 
conditionss where breakdown of GlcCer in the KOT cells was inhibited by over 70%. 
Thesee data suggest that in wild-type fibroblasts GlcCer is turned over at 3% per h in the 
lysosomes,, whereas in the Mdrl/Mrpl knock-out cells no GlcCer reaches the 
lysosomes,, but in contrast it is turned over at a three-fold increased rate by a non-
lysosomall  enzyme. 

Too determine whether GlcCer turnover in the KOT cells was due to the absence of 
Mdrll  Pgp or of Mrpl, WT12 cells were labeled and chased as described above, but in 
thee presence of either the MDR1-inhibitor PSC833 or the MRP1-inhibitor 
indomethacin.. As shown in Table 2, indomethacin had no effect on hydrolysis. In 
contrast,, PSC833 increased hydrolysis of GlcCer from 10% to 30%. While in the 
controll  cells breakdown was almost completely inhibited by CBE, breakdown in the 
PSC833-treatedd cells was only slightly inhibited by CBE, but it had become sensitive to 
p211 (50% inhibition). This suggested that the lack of MDR1 Pgp activity induced the 
p211 -sensitive hydrolysis. This was confirmed by the results of the pulse-chase 
experimentss on transfected KOT cells. While expression of MRP1 had no effect on the 
p21-sensitivee hydrolysis, expression of MDR1 Pgp abolished the p21-sensitive 
hydrolysiss and reverted the hydrolysis pattern to that of wild-type cells. This effect was, 
againn sensitive to the MDR1 inhibitor PSC833 (Table 2). These data suggest a role for 
Mdrll  Pgp, and not MRP1, in the topology of endogenous GlcCer. 

Celll  surface GlcCer  breakdown by exogenous glucocerebrosidase and SAP-C 

Ourr data suggest a role for MDR1 Pgp in the intracellular transport of GlcCer away 
fromm the site of the nonlysosomal glucocerebrosidase towards a location that is 
connectedd to the lumenal leaflet of the lysosomal membrane. The facts that Mdrl Pgp 
translocatedd short-chain GlcCer analogs across the plasma membrane (Table 1) and that 
thee outside of the plasma membrane is connected by vesicular traffic to the lysosomal 
lumen,, suggested that Mdrl Pgp can also translocate endogenous GlcCer across the 
plasmaa membrane onto the cell surface. To study GlcCer transport to the cell surface, 
wee adopted an assay to measure the presence of GlcCer on a membrane surface based 
onn the combined action of the lysosomal glucocerebrosidase and the small activator 
proteinn saposin C (SAP-C). In vivo, both proteins are required for GlcCer hydrolysis in 
thee lysosome and in vitro these proteins have been successfully applied to hydrolyze 
GlcCerr in lipid vesicles (16). 

Too study if this assay can be used to hydrolyze GlcCer in cellular membranes, KOT51 
cellss were labeled with [14C]galactose for 3 h at 37°C. After labeling, cells were scraped 
andd a cell homogenate was prepared in citrate buffer, pH 5.5. Subsequently cells were 
incubatedd for 90 min at 37°C in the presence or absence of lysosomal 
glucocerebrosidasee and SAP-C. In the absence of glucocerebrosidase and SAP-C 
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GlcCerr was essentially stable (Table 3a). In contrast more than 60% of the GlcCer was 
hydrolyzedd in the presence of glucocerebrosidase and SAP-C. No hydrolysis was 
observedd at 0°C (not shown). In addition, no hydrolysis of [l4C]choline labeled 
phosphatidylcholinee (PC) by glucocerebrosidase and SAPĈ was measured in a parallel 
experimentt (Table 3a). In LUVs almost 45% of the glucosylceramide was hydrolyzed 
byy the enzymes (Table 3a) suggesting that the enzymes selectively hydrolyzed GlcCer 
presentt in the outer leaflet of the LUVs, which is in agreement with results published 
beforee (26). 

Inn order to study whether exogenously added glucocerebrosidase and SAP-C can be 
usedd to hydrolyze GlcCer at the cell surface, WT12 and KOT cells were labeled for 3 h 
att 37°C with [14C]galactose. During the incubation, GlcCer is synthesized and 
transportedd from the Golgi to its cellular targets. After labeling, the cells were treated 
withh glucocerebrosidase and SAP-C. After 90 min lipids were extracted and analyzed. 
Inn WT12 cells up to 30% of newly synthesized GlcCer was hydrolyzed by exogenously 
addedd glucocerebrosidase and SAP-C (Table 3b). However, under these conditions, 
onlyy a small fraction (0-4%) of newly synthesized GlcCer was hydrolyzed in the 
KOTT 11 and KOT51 cells. Since GlcCer can be hydrolyzed in membrane homogenates 
off  KOT51 cells (Table 3a), the absence of GlcCer hydrolysis in intact KOT cells 
suggestss that newly synthesized GlcCer is absent from the surface of KOT cells after 3 
h,, whereas a significant fraction is exposed on the surface of WT12 cells. When cells 
weree labeled with 37 kBq/ml [l4C]galactose for 16 h, the absolute amount of 
[l4C]GlcCerr was not much higher than after 3 h, 65 Bq vs. 60 Bq per dish. After 16 h, 
233  4% (n=4) was degraded by exogenous glucocerebrosidase, implying that at steady 
statee 23% of the cellular GlcCer is exposed on the cell surface. Since the 
glucocerebrosidasee is present for 90 min at 37°C, this number includes GlcCer that 
cycledd over the plasma membrane via the endocytotic recycling pathway. 

Onee possible explanation for the absence of GlcCer hydrolysis in KOT cells is a defect 
inn vesicular transport from the Golgi to the plasma membrane. To address this 
possibility,, we studied transport of SM to the plasma membrane of WT12 and KOT 
cells.. SM is synthesized in the lumenal leaflet of the Golgi and its arrival on the cell 
surfacee depends on vesicular transport (27). Cells were labeled with [l4C]choline under 
thee same conditions as described for GlcCer. After 3 h, radiolabeled SM present at the 
plasmaa membrane was measured using a sphingomyelinase assay for 1 h at 10°C. In 
bothh WT12 and KOT cells, 70  4% (mean  sd, n= 6) of newly synthesized SM was 
hydrolyzedd by the exogenous sphingomyelinase. In both WT12 and KOT cells, SM is 
efficientlyy transported to the plasma membrane, and vesicular transport from the Golgi 
too the plasma membrane is not affected in the KOT cells. Interestingly, in an initial 
experiment,, pre-treatment of the WT12 cells with BFA inhibited transport of GlcCer to 
thee cell surface with only 50% (not shown; n=2), suggesting that a significant part of 
GlcCerr reached the cell surface independent of vesicular transport from the Golgi to the 
plasmaa membrane. 

Too see whether the activity of Mdrl Pgp or Mrpl was required for the transport of 
GlcCerr to the surface of WT12 cells, we measured transport of both GlcCer and SM in 
thee presence of the MDR1-inhibitor PSC833 and of the MRP1-inhibitor indomethacin. 
Forr this, GlcCer or SM in WT12 cells were labeled in the presence of PSC833 or 
indomethacin.. After 3 h, the presence of GlcCer and SM on the cell surface were 
assayedd in the presence of the inhibitors. The presence of PSC833 or indomethacin did 
nott inhibit SM appearance on the surface as approximately 70% of newly synthesized 
SMM was hydrolyzed, which shows that MDR1 and MRP1 activity are not required for 
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Tablee 3a. Hydrolysis of natural GlcCer  and PC in LUV s and homogenates of 
KOT111 cells 

Additions s 

None e 

Enzyme e 

Hydrolysiss (% of total) 

[,4C]]  GlcCer 

LUVs s 

3 3 

43 3 

Homogenate e 

5 5 

64 4 

[MC]PC C 

Homogenate e 

3 3 

3 3 

Purifiedd [,4C]GlcCer from KOT51 cells was incorporated in LUVs as described under Methods. 
Forr GlcCer hydrolysis in cell homogenates, cells were labeled for 3 h with 37 kBq/ml 
[ ,4C]galactosee and disrupted in citrate buffer, pH 5.5, as described under Methods. Both LUVs 
andd homogenates were treated for 90 min at 37°C in the presence or absence of 50 mU 
glucocerebrosidasee andl uM SAP-C (enzyme). After the incubation, lipids were extracted and 
separatedd by TLC. Hydrolysis is calculated as the percentage of GlcCer that was lost after 
treatmentt with the enzymes from LUVs (n=2; s.d.=l-3) or homogenates (n=4; s.d.=l-4) as 
comparedd to mock-treated samples. 

Tablee 3b. Hydrolysis of natural GlcCer  by exogenous glucocerebrosidase in intact 
cellss , 

Labelingg conditions 

Noo additions 

+PSC833 3 

+indomethacin n 

GlcCerr  hydrolysis (% of total) 

WT12 2 

26 6 

8 8 

27 7 

KOT51 1 

2 2 

3 3 

2 2 

KOT11 1 

4 4 

3 3 

2 2 

KOT/ / 
MDRl l 

21 1 

9 9 

18 8 

KOT/ / 
MRPl l 

3 3 

3 3 

5 5 

Cellss were labeled for 3 h at 37°C with 37 kBq/ml [,4C]galactose in the presence of various 
drugs.. After 3 h, cells were washed and incubated for 90 min in the presence of exogenous 
glucocerebrosidasee and SAP-C. Lipids were extracted, separated and analyzed as described 
underr Methods. Hydrolysis is calculated as the percentage of GlcCer that was lost after 
treatmentt with the enzymes as compared to a control incubation without enzyme. Synthesis 
afterr 3 h was typically 65 Bq/mg protein for WT12,48 Bq/mg protein for KOT11,40 Bq/mg 
proteinn for KOT51159 Bq/mg protein for KOT/MDR1, and 40 Bq/mg protein for KOT/MRP1 
cells.. Indomethacinn did not influence GlcCer synthesis; synthesis of GlcCer in the presence of 
PSC8333 was 150-180% of control (n=4-14; s.d.=l-6). 
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vesicularr traffic from the Golgi to the plasma membrane. Treatment of the cells with 
indomethacinn did not alter the percentage of newly synthesized GlcCer that was 
availablee for hydrolysis. In contrast, labeling of WT12 cells in the presence of PSC833 
reducedd the percentage of GlcCer that was hydrolyzed from 26% to 8% (Table 3b). 
PSC8333 did not inhibit the enzymatic activity of the glucocerebrosidase and SAP-C: 
Whenn cells were labeled in the absence of PSC833, after which PSC833 was included 
duringg the assay for GlcCer hydrolysis, 27% of newly synthesized GlcCer was 
hydrolyzedd (not shown), which matches the percentage of hydrolysis in the control 
cells.. These data show that the Mdrl activity and not the Mrpl activity was needed for 
GlcCerr delivery to the cell surface. 

Ass an independent test to study the involvement of MDR1 Pgp in GlcCer transport to 
thee cell surface, transport of GlcCer was studied in KOT/MDR1 and KOT/MRP1 cells. 
Thee cells functionally expressed MDR1 Pgp or MRP1, as shown by restoration of the 
transbilayerr movement of Q-NBD-GlcCer across the plasma membrane (Table 1). 
Whenn these cells were labeled with [l4C]galactose for 3 h, over 20% of the [l4C]GlcCer 
waswas hydrolyzed in the MDR1 Pgp expressing cells, versus 4% in the parent KOT11 
cellss (Table 3b). In contrast, no increase in cell surface [l4C]GlcCer was observed in the 
KOT/MRP11 cells. Treatment of the KOT/MDR1 cells with PSC833 reduced the cell 
surfacee to 5%, confirming that MDR1 Pgp activity is required to restore transport of 
GlcCerr to the cell surface. 

WT122 KOT51 

Figuree 3. Enzymatic hydrolysis of GlcCer  on cell surface of WT12 and KOT51 
cellss after  labeling in the presence of p21. 

Cellss were labeled for 3 h at 37°C with 37 kBq/ml [l4C]-galactose in the presence or absence of 
22 nM p21. After labeling, the cells were treated for 90 min with exogenous glucocerebrosidase 
andd SAP-C. Lipids were extracted,, separated and analyzed as described in Methods. GlcCer 
synthesiss was typically 60 Bq/mg protein for WT12 and 35 Bq/mg protein for KOT51 cells 
(n=3). . 
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Absencee of GlcCer  from the KOT cell surface is not due to the p21-sensitive 
hydrolysiss in these cells 

Inn the absence of Mdrl activity, 25% of the GlcCer was hydrolyzed by a p21-sensitive 
enzymee in 3 h (Table 2). This number is very close to the fraction of GlcCer that was 
onn the surface of wild-type cells (Table 3b). One possible explanation for the absence 
off  GlcCer from die surface of KOT cells (Table 3b) could thus be that transport to the 
celll  surface was normal, but that the surface pool of GlcCer in KOT cells is degraded 
byy the p21-sensitive glucocerebrosidase. (This activity would be silenced by the action 
off  MDR1 Pgp. How this works is not immediately clear). To study this possibility, 
GlcCerr in WT12 and KOT cells was labeled in the presence of p21, in order to inhibit 
hydrolysiss by the non-lysosomal glucocerebrosidase. After labeling, cells were washed 
thoroughlyy and fraction of GlcCer that was available for exogenous glucocerebrosidase 
wass determined. Labeling KOT51 cells in the presence of p21 indeed resulted in a 25% 
increasee in [l4C]GlcCer. However, this fraction was not hydrolyzed by exogenous 
glucocerebrosidasee (Figure 3). In WT12, the presence of p21 did not significantly 
increasee labeling of [l4C]GlcCer. At the same time, the presence of p21 had no effect on 
hydrolysiss of the surface pool by exogenous glucocerebrosidase. Thus, newly 
synthesizedd [uC]GlcCer did not reach the surface of KOT cells in 3 h, and the p21-
sensitivee hydrolysis occurs intracellularly. The presence and activity of MDR 1 Pgp are 
requiredd for transport of newly synthesized GlcCer to the cell surface. 

DISCUSSION N 

Glucosylceramidee is synthesized in the cytosolic leaflet of the Golgi membrane and 
mustt traverse the lipid bilayer to reach the outer leaflet of the plasma membrane. It is 
generallyy assumed that GlcCer is translocated to the lumenal leaflet of the Golgi (8,7) 
andd transported in the inner leaflet of carrier vesicles to the plasma membrane, after 
whichh it is delivered to the cell surface by the fusion event (Figure 1A). Here we show 
thatt transport of newly synthesized endogenous GlcCer to the cell surface is essentially 
abolishedd in fibroblasts carrying null alleles for Mdrla/lb Pgp and Mrpl (Figure lb). 
Usingg specific inhibitors and retransfectants with human MDR1 Pgp and human 
MRP1,, we show that the activity of Mdrl Pgps, but not of Mrpl, is required for 
deliveryy of GlcCer to the surface. 

ABB C-transporters 

Thee multidrug resistance proteins MDR1 Pgp and MRP1 belong to the ATP Binding 
Cassettee (ABC) family of membrane transporters, but share only 15% amino acid 
identityy (28). Both proteins are highly expressed in a number of cancer cells, where 
theyy oppose chemotherapy by pumping a broad range of lipophilic drugs out of the 
cells,, a phenomenon known as multidrug resistance (MDR; reviewed in 29). MDR1 
Pgpp shows 80% amino acid homology to MDR3 Pgp (see 28). The major physiological 
functionn of MDR3 Pgp is the delivery of the phospholipid PC into bile (30), although it 
hass also been reported to transport various drugs (31). Besides the increase in PC 
transportt across the plasma membrane of cells transfected with MDR3 Pgp (32), 
evidencee for the notion that MDR3 Pgp is an actual PC translocator has come from the 
observationn that it can translocate a PC analog with a short fluorescent acyl chain, C6-
NBD-PC,, but not the corresponding phosphatidylethanolamine across the membrane 
(14,33). . 
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Inn contradiction with a first report (33), Mdrla and MDR1 Pgp also mediates the 
transbilayerr movement of C6-NBD-, C6-, Cs-, and Cl2-NBD-analogs of the 
diacylglycerolipidss PC and phosphatidylethanolamine, but not phosphatidylserine 
(14,34).. In addition, Mdrla and MDR1 Pgps can translocate the Q-NBD- and C6-
analogss of GlcCer and SM (14; Table 1). The present work demonstrates that Mdrl Pgp 
iss responsible for the transport of newly synthesized natural GlcCer to the surface of 
fibroblasts.. We have not addressed the question whether Mdrla or Mdrlb Pgp is 
responsiblee for this effect. Whether MDR1 Pgps are the actual translocators or whether 
otherr proteins are required remains to be demonstrated in reconstitution experiments. 

Whilee the observation that GlcCer still reached the surface in the absence of vesicular 
trafficc proves that Mdrl Pgp acts in the plasma membrane, this does not exclude the 
possibilityy that Mdrl Pgp is also active in the membrane of the Golgi. This has been 
suggestedd from observations that transfection of MDCK cells with human MDR1 Pgp 
cDNAA dramatically increased synthesis of the (lumenal) glycolipid 
globotriaosylceramide,, and that this could be inhibited by MDR1 Pgp inhibitors (35). 
Thee observation that higher glycolipid synthesis was not inhibited in KOT cells (Figure 
2)) on a time-scale where no GlcCer reached the cell surface (Table 3b) shows that 
GlcCerr must have reached the lumenal side of the Golgi membrane by direct 
translocationn across the Golgi membrane as has been shown before for short-chain 
GlcCerr (8,7). As suggested by the energy independence of the latter event, Mdrl Pgp 
andd MRP1 turn out not to be involved in the translocation of natural GlcCer across the 
Golgii  membrane. 

Alsoo MRP1 is able to translocate C6-NBD-GlcCer and -SM (15; Table 1). Like its drug 
transportt function, this activity depends on cytosolic glutathione. However, MRP1 was 
unablee to translocate Cft-GlcCer lacking the NBD-moiety (15). In line with this, we 
foundd no evidence for a role of MRP1 in transport of endogenous GlcCer to the surface 
off  fibroblasts (Table 3b). While we observed no translocation of Q-NBD-PC, C^-PC 
(15)) and of platelet activating factor (C2-PC; Raggers et al., submitted), MRP1 has been 
reportedd to transport Q-NBD-PC and C6-NBD-phosphatidylserine in another study (36) 
andd MRP1 has been suggested to contribute to the transbilayer distribution of natural 
lipidss in the erythrocyte membrane (37). MRP1 prefers NBD-lipids as substrates for 
translocation.. Whether or not MRP1 has a significant function in the translocation of 
naturall  lipids remains to be established. 

Evenn in KOT11 and KOT51 cells some C6-NBD-GlcCer reached the cell surface by a 
mechanismm that was not inhibited by PSC833 and indomethacin. In addition, C6-NBD-
GlcCerr transport in WT12 fibroblasts displayed a PSC833- and indomethacin-
insensitivee component. The same was true for transport of Q-NBD-SM in the presence 
off  BFA (Table 1). This probably reflects the presence in the plasma membrane of 
mousee fibroblasts of yet another transporter that is capable of translocating C6-NBD-
GlcCerr and Cfi-NBD-SM. Its identity and physiological relevance remain to be 
established. . 

GlcCerr  metabolism 

GlcCerr accumulation has been reported in drug-selected multidrug resistant cells (38), 
andd in a series of papers the multidrug resistant phenotype, i.e. the resistance against 
drug-inducedd cell death, has been linked to the efficient removal of proapoptotic 
ceramidee by the glucosyltransferase (see 39). The rate of GlcCer degradation in the 
MDRR cells was not attenuated and an accelerated glycosphingolipid synthesis in MDR 
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cellss was suggested. Interestingly, the absence of Mdrl Pgp in the KOT cells decreased 
thee amount of GlcCer in these cells. Since the presence of p21 restored the cellular 
GlcCerr level to near-control levels (Figure 3), the difference in GlcCer level in this case 
wass due to the activity of die non-lysosomal glucocerebrosidase. The enzyme is tightly 
membrane-boundd and shows a less acidic pH optimum than the lysosomal 
glucocerebrosidase,, but its cellular localization is unknown (23). Our data suggest that 
itt acts in the cytosolic leaflet of a cellular organelle, possibly the plasma membrane, but 
purificationn of the protein and cloning its cDNA are required to resolve this issue. 

GlcCerr  Transport (Figure IB) 

Afterr synthesis of GlcCer in the cytosolic leaflet of the Golgi, GlcCer can theoretically 
bee transported to the cell surface by two pathways. The first involves translocation 
acrosss the Golgi membrane followed by transport on the lumenal leaflet of transport 
vesicless (like lumenally synthesized SM), while the second involves transport to the 
cytosolicc surface of the plasma membrane followed by transbilayer movement to its 
outerr leaflet (Figure 1A). The first studies on GlcCer transport to the plasma membrane 
usingg short-chain analogs supported the former mechanism (10-13). However, later 
studiess on the same cells found no evidence for this mechanism and suggested that 
essentiallyy all GlcCer reached the surface by translocation across the plasma 
membrane.. In all established cell lines, MDRl-like activities were found to be 
responsiblee (20). A first study on transport of natural GlcCer using subcellular 
fractionationn to separate the Golgi from the plasma membrane suggested that GlcCer 
cann be transported by a non-vesicular paüiway (41). Inhibition of vesicular transport by 
BFAA or low temperature prevented transport of SM to the plasma membrane, but no 
effectt was found on the appearance of newly synthesized GlcCer in the purified plasma 
membrane.. Similarly, in the present study BFA did not block the appearance of either 
Cft-NBD-GlcCerr or of natural GlcCer to the cell surface. While transport of endogenous 
SMM was completely blocked by BFA, a significant fraction of GlcCer still reached the 
surfacee of WT12 cells. This GlcCer must have reached die inner leaflet of the plasma 
membranee by monomelic transport, possibly mediated by the glycolipid transfer 
proteinn (42). Our present data show that GlcCer is translocated across the bilayer by 
MDR11 Pgp. The BFA data imply that at least a significant fraction of this translocation 
occurredd across the plasma membrane. The translocation across the Golgi membrane of 
thee GlcCer that was subsequently consumed by synthesis of LacCer and GM3 was 
independentt of Mdrl Pgp, and may be due to an energy-independent Golgi translocator 
GlcCerr (8,7). Finally, it is unclear what are the relative contributions of monomelic and 
vesicularr transport to the delivery of GlcCer to the cytosolic surface of the plasma 
membranee under control conditions. 

CONCLUSIONS S 

Ourr current data demonstrate that active Mdrl Pgp is required for translocation of the 
nativee glycosphingolipid GlcCer across die plasma membrane. In its absence, GlcCer is 
degradedd inside the cell by a non-lysosomal glucocerebrosidase (Figure IB). These 
mayy be two independent mechanisms to remove GlcCer from the cytosolic surface of 
thee plasma membrane. Therefore, GlcCer may fulfil l a function on the cytosolic surface 
off  the Golgi after which it must be removed from die cytosolic surface. We have found 
indicationss for this in an independent study showing that GlcCer is required for die 
transportt of two membrane proteins from die Golgi to die melanosome via the AP3 

95 5 



ChapterChapter 5 

pathwayy (Sprong et al., submitted). A role of Mdrl Pgp in this process is not clear. 
Mdrla/lbb and Mrpl triple knock-out mice are healthy (but display an increased 
sensitivityy to drugs) and no abnormalities in their sphingolipids were observed (U. 
Bierfreund,, J. Wijnholds, and K. Sandhoff, unpublished). It would be interesting if the 
non-lysosomall  glucocerebrosidase would be acting as a back-up system masking the 
losss of a physiological of Mdrl Pgp in sphingolipid function. It will be interesting to 
testt the effect of the non-lysosomal glucocerebrosidase inhibitor p21 on Mdrl knock-
outt mice. Besides suggesting a role in sphingolipid function, the present observations 
onn the recognition of a natural, long-chain lipid as a substrate by Mdrl Pgp may shed a 
neww light on the mechanism by which this "pump" or "translocator" removes drugs 
fromm the cell interior. 
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ABSTRACT T 

Thee human MDR1 P-glycoprotein (Pgp), the ABC-transporter ABCB1, is ubiquitously 
expressed.. Often, its expression is high in cancer cells, where it causes multidrug 
resistancee by pumping out lipophilic drugs. In addition, MDR1 Pgp is capable of 
transportingg short-chain analogs of various membrane lipids across the plasma 
membrane.. Here, we monitored transport to the cell surface of the natural short-chain 
phospholipidd l-0-alkyl-2-acetyl-j«-glycero-3-phosphocholine (platelet activating 
factor;; PAF) by its accessibility to serum albumin in die extracellular medium. 
[I4C]PAFF synthesized intracellularly from exogenous alkylacetylglycerol and 
[l4C]cholinee reached the surface of pig kidney epithelial LLC-PK1 cells in the absence 
off  vesicular transport. Its translocation across the apical membrane was greatly 
stimulatedd by the expression of MDR1 Pgp, and inhibited by the MDR1 inhibitors 
PSC8333 and cyclosporin A. Basolateral translocation was not stimulated by expression 
off  the basolateral drug transporter MRP1 (ABCC1). It was insensitive to the MRP-
inhibitorr indomethacin and to depletion of glutathione which is required for MRP1 
activity.. While efficient transport of PAF across the apical plasma membrane may be 
physiologicallyy relevant in MDR1 expressing epithelia, PAF secretion in multidrug-
resistantt tumors may stimulate angiogenesis and thereby tumor growth. 

INTRODUCTION N 

Multidrugg resistance (reviewed in 1) occurs when cancer cells resist chemotherapy by 
beingg able to remove a broad range of lipophilic drugs from the cell interior. These 
cellss express high levels of the multidrug transporters MDR1 P-glycoprotein (Pgp), 
ABCB1,, or MRP1, ABCC1, which pump the drugs out across the plasma membrane. 
Bothh proteins belong to the ATP Binding Cassette (ABC) transporters (2), but display 
onlyy 14% amino acid identity (3). The human MDR3 Pgp, ABCB4, shows 75% 
identityy to MDR1 Pgp (see 3). It displays some capability for drug transport (4), but a 
rolee in multidrug resistance has not been documented. Whereas MDR1 Pgp is 
expressedd by most cell types, including fibroblasts, expression of MDR3 Pgp is 
essentiallyy limited to the bile canalicular membrane of hepatocytes (5,6). 

Thee major physiological function of MDR3 Pgp is the delivery of the phospholipid 
phosphatidylcholinee (PC) into bile (6). Besides the increase in PC transport across the 
plasmaa membrane of cells transfected with MDR3 Pgp (5), evidence for the notion that 
MDR33 Pgp is an actual PC translocator has come from the observation mat it can 
translocatee a PC analog with a short fluorescent acyl chain, Cft-NBD-PC, but not the 
correspondingg phosphatidylethanolamine across the membrane (7,8). Unexpectedly (7), 
alsoo MDR1 Pgp and MRP1, besides drugs, transport short-chain analogs of various 
membranee lipids across the plasma membrane (reviewed in 9). MDR1 Pgp mediated 
thee transbilayer movement of C6-NBD-, C6- and C8-short-chain analogs of the 
diacylglycerolipidss PC and phosphatidylethanolamine and of the sphingolipids 
glucosylceramidee (GlcCer) and sphingomyelin (SM; 8,10). MRP1 translocated C6-
NBD-GlcCerr and -SM and, like its drug transport function, this activity depended on 
cytosolicc glutathione (11). While no transport of CA-NBD-PC nor of C!(CrPC was 
observedd in one study (11), MRP1 has been reported to transport C„-NBD-PC and -
phosphatidylserinee in another study (12) and it has been suggested to contribute to the 
transbilayerr distribution of natural lipids in the erythrocyte membrane (13). 

Platelett activating factor (PAF; l-0-alkyl-2-acetyl-sn-glycero-3-phosphocholine) is a 
naturallyy occurring short-chain PC. Because MDR1 Pgp recognizes short-chain analogs 
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off  PC and is expressed in the plasma membrane of virtually every cell, we have 
suggestedd that MDR1 Pgp could be responsible for translocation of PAF across the 
plasmaa membrane (8). First experimental support for this has been obtained in a special 
celll  system, mesangial cells activated by a Ca2+ionophore (13; see Discussion). PAF is 
aa potent bioactive lipid that is synthesized by a broad range of cells, including 
circulatingg inflammatory cells, endothelial cells and epithelial cells (15-19). It is found 
inn a variety of tissues (20-24), in plasma (26), but also in other extracellular fluids like 
salivaa (27) and urine (28). PAF has a diverse array of biological effects, ranging from 
activationn of inflammatory cells to vascular and other physiological effects. In addition, 
PAFF is involved in various pathological conditions, like angiogenesis in various breast 
cancerss (29), metastasis, shock, sepsis and multiple organ failure, e.g. kidney (30), 
reviewedd in (31). 

PAFF is synthesized by two intracellular pathways (reviewed in 32,33). The "de novo" 
pathway,, presumably in the cytosolic leaflet of the ER (34), is analogous to the 
conventionall  PC biosynthesis and makes 1-O-alkyl-2-acetyl-^/i-glycerol (AAG; 35) as 
aa precursor that is converted to PAF by a unique CDP-choline:AAG-
cholinephosphotransferasee (35,36). It has been held responsible for constitutive PAF 
synthesis.. In contrast, the "remodeling" pathway accounts for stimulated PAF 
synthesis.. It involves a phospholipase A2-catalyzed release of arachidonate from the sn-
22 position of an alkyl-PC, yielding the PAF-precursor lyso-PAF and the eicosanoid 
precursorr arachidonic acid. Lyso-PAF is converted into PAF by the esterfication with 
acetate,, which is catalyzed by a specific acetyl-CoA:lyso-PAF acetyltransferase (37). 
AA key role in the action of PAF is the binding to a unique G-protein-coupIed seven 
transmembranee receptor in the extracellular leaflet of the plasma membrane (38-40; and 
reviewedd in 33). In order to bind to the PAF receptor in a target cell, PAF must move 
fromm its site of synmesis in the cytosol to the exoplasmic leaflet of the plasma 
membrane.. Once present on the surface it has been suggested to interact with the PAF 
receptorr on a neighboring cell via a high affinity binding site on the surface of the 
signalingg cell (33). However, to reach the actual binding site in the receptor PAF must 
diffusee as a monomer across the intercellular space. Either way, PAF must be 
translocatedd from the cytosolic to the non-cytosohc leaflet of a cellular membrane. This 
mightt occur in the ER membrane, after which PAF is transported to the exoplasmic 
leaflett of the plasma membrane on the lumenal side of transport vesicles. However, 
usingg a direct assay to measure transport of radiolabeled PAF into the medium, we here 
providee evidence for an alternative mechanism: PAF can be translocated directly across 
thee plasma membrane by MDR1 Pgp. 

MATERIA LL  AND METHOD S 

Material s s 

Brefeldinn A, D,L-buthionine (S,R)-sulfoximine (BSO), bovine serum albumin fraction 
VV (BSA), cyclosporin A, glutathione-ethylester (reduced), and phospholipase C, type 
IXX from B. cereus, were from Sigma (St. Louis, MO). [Merfry/-MC]choline chloride (2 
GBq/mmol)) and indomethacin were purchased from ICN (Aurora, OH); [l4C]serine 
(5.599 GBq/mmol) was from Amersham (Bucks, UK); PSC833 was a kind gift of 
Novartiss (Basel, Switserland). 6-(N-(7-nitrobenz-2-oxa-l,3-diazol-4-
yl)aminohexanoyl)-sphingosinee (C6-NBD-ceramide) was from Molecular Probes 
(Eugene,, OR). l-0-alkyl-2-acetyl-^n-glycero-3-phosphocholine (PAF) was from 
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Avantii  Polar Lipids (Alabaster, AL). Pefabloc, organic solvents and silica TLC plates 
weree from Merck (Darmstadt, Germany). Cell culture media were from Gibco (Paisley, 
UK).. Sep-pak CI8 reversed-phase columns were purchased from Waters (Milford, 
MA). . 

Synthesiss of AAG 

1.255 mg PAF was incubated in 2.5 ml 6.25 mM CaCL, 100 mM Tris-HCL pH 6.3 
containingg 5.5 U phospholipase C for 4 h at 37°C. After the incubation, lipids were 
extractedd and separated by TLC as for PAF (see below). PAF and AAG were visualized 
onn silica TLC-plates by iodine-staining. AAG was scraped and recovered from silica by 
extractionn for 1 h with 10 ml chloroform-methanol (2:1). Under these conditions, PAF 
wass completely converted to AAG. 

Celll  culture 

LLC-PK11 cells transfected with human MDR1 cDNA (LLC-PK1/MDR1) were 
obtainedd from A. Schinkel (41). LLC-PK1 pig kidney epithelial cells transfected with 
humann MRP I cDNA (LLC-PK1/MRP1) were a kind gift of R. Evers (42). Cells were 
culturedd (mycoplasma-free) in Ml99 medium supplemented with 10% FCS as 
describedd (40). For experiments, 2 x 10*  cells were seeded on 4.7 cm2 filters glued to 
thee bottom of plastic rings ("Transwell" 0.4 urn pore diameter, Costar, Cambridge, MA) 
andd were grown as monolayers for 4 days. Inhibitors were added to the medium 20 min 
priorr to the transport incubation from l.OOOx stocks in ethanol. They remained present 
throughoutt the transport incubation. Glutathione depletion was performed as before 
(11).. Apical medium was 1 ml, basolateral medium was 2 ml throughout. 

Assayy for  lipid transport 

AAG.AAG. Cell monolayers on filters were preincubated in Hanks' balanced salt solution 
withoutt bicarbonate, 10 mM Hepes, pH 7.4 (HBSS') containing 0.1% w/v BSA 
(HBSS'+0.1%% BSA) for 1 h at 37°C to reduce intracellular choline pools. AAG (25 uM 
finalfinal concentration) was complexed to BSA by injection of 10 p.1 of an ethanolic 
solutionn of the precursor into 3 ml HBSS'+0.1% BSA. 15 KBq/ml [14C]choline was 
addedd and cells were incubated in this medium for 1 h at 37°C. Subsequently, the apical 
andd basal medium were collected and replaced with HBSS' containing 1% BSA 
(HBSS'+1%% BSA) and incubated for 1 h at 37°C in order to allow further synthesis and 
transport,, and depletion of newly synthesized PAF from the cell surface. Apical 
mediumm and basal medium were collected, the cells were washed in HBSS'+1% BSA 
forr 30 min on ice and the corresponding media were pooled. 150 îM Pefabloc was 
presentt in all media in order to inhibit PAF-hydrolysis (43). The lipids were extracted 
fromm media plus wash solutions and from filters (cells), and the radiolabeled lipids 
weree quantitatively analyzed (see below). Transport of each lipid class to the apical and 
basolaterall  cell surface was calculated as the percentage of that lipid being recovered in 
thee apical and basal medium, respectively. 

CfNBD-ceramide.CfNBD-ceramide. C6-NBD-ceramide was complexed to BSA by injection of 10 ul of 
ann ethanolic ceramide stock into 3 ml HBSS'+1% BSA, final concentration 5 uM. It 
wass added to both sides of epithelial monolayers on filters for 3 h at 15°C as described 
beforee (8). During the incubation, newly synthesized short-chain GlcCer and SM 
appearingg on the cell surface were depleted from thé surface into the medium by BSA. 
Afterr 3 h, the apical medium and basal medium were collected and the cells were 
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washedd in HBSS'+1% BSA for 30 min on ice. The lipids were extracted from media 
pluss wash solutions and from filters, and quantitatively analyzed (see below). Transport 
wass calculated as above. 

Extractionn of PAF from cell homogenates by BSA 

Confluentt cell monolayers in 3 cm dishes were incubated with AAG and [l4C]choline as 
describedd for cells on filters. After 1 h the cells were cooled on ice, scraped in HBSS' 
withoutt BSA and disrupted by 20 passages through a 23-gauge needle. The 
homogenatee was incubated in HBBS' with varying concentrations of BSA, as indicated 
inn Table 1, for 30 min on ice. After 30 min the solution (3 ml) was layered on top of 2 
mll  0.4 M sucrose in HBSS' and spun at 4°C for 1 h at 38,000 rpm in a SW-51 rotor. 
Fractionss of 3 ml (BSA fraction), 1 ml (interphase) and 1 ml (membrane fraction) were 
collectedd starting from the top and lipids were extracted and analyzed as described 
below. . 

Sphingomyelinasee assay 

Deliveryy of SM to the cell surface was assayed by a sphingomyelinase assay (44). 
Cellularr SM was labeled at 37°C for 3 h with 1 uCi [,4C]serine/ml HBSS', after which 
thee cells were incubated for 1 h at 15°C with or without 1U exogenous 
sphingomyelinase/mll  HBSS'. The percentage SM that was hydrolyzed is used as a 
measuree of SM transport to the cell surface. 

Tablee 1. Extraction of PAF by BSA from membranes 

BSA(%) ) 

0 0 

0.1 1 

1 1 

2 2 

2 2 

BSAA fraction 
1 1 

666 3 

877 5 

877 3 

[14C]PAFF (%) 

Interphase e 
2 2 

4 4 

1 1 

3 3 

Membranee fraction 
877 2 

133 2 

1 1 

1 1 

[14C]PCC (%) 

11 1 0 0 999 1 

Confluentt LLC-PK1 cells in dishes were incubated with 25 uM AAG and 15 kBq [14C]choline 
forr 1 h at 37°C. Cells were scraped and a homogenate was prepared as described under 
Methods.. The homogenate was incubated with different concentrations of BSA (0-2% w/v) for 
300 min on ice. After the incubation, membranes were separated from the BSA fraction by 
pelletingg through a sucrose-cushion. Lipids from each fraction were extracted and quantified as 
described.. Data are expressed as the percentage of PAF or PC recovered from each fraction. 
PAFF synthesis was typically 15 Bq/dish. PC synthesis was 450 Bq/dish. Data represent the 
meanss of 2 independent experiments (  s.d; n=3-4). 
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Lipi dd analysis 

AAG.. Lipids were extracted from cells and media by a two-phase extraction according 
too Bligh and Dyer (45). The organic phase was dried under nitrogen. Lipids were 
dissolvedd in 20 ul chloroform:methanol (1:2) and applied to a 2 ml Sep-pak CI8 
reversedd phase column, which was then air-dried for 5 min. The waterphase was also 
appliedd to the Sep-pak column in order to recover PAF present in the waterphase. 
Subsequently,, lipids were eluted with 8.5 ml watenmethanol (1:7). This allows for the 
separationn of long-chain lipids, which are retained on the column and short-chain 
lipids,, which are eluted. The collected eluate was dried under nitrogen, and the lipids 
weree separated by one dimensional TLC using chloroform:methanol:water (65:35:5). 
Radiolabeledd spots were detected by exposure to phosphor-storage screens and read-out 
onn a Storm phosphorimager (Amersham). Spots were identified by comparison to 
standardss and quantified using the Image Quant Software Package (Molecular 
Dynamics,, Sunnyvale, CA). 

CC66-NBD-ceramide.-NBD-ceramide. Lipids were extracted from cells and media by a two-phase 
extractionn and lipid products were separated in two dimensions by TLC as before (45). 
Fluorescentt spots were quantified using a Storm Fluorimager (blue fluorescence) and 
Imagee Quant. 

RESULTS S 

Synthesiss of PAF from exogenous AAG in LLC-PK 1 cells 

Too generate intracellular PAF in LLC-PK1 cells, we adapted an approach to induce 
synthesiss of short-chain PC (46) and incubated cells with the PAF-precursor AAG and 
[[  4C]choline. Because of its short acyl chain AAG should diffuse across aqueous phases 
andd because its headgroup is not very polar it should rapidly diffuse over membranes. 
Thus,, AAG should reach the cytosolic leaflet of the ER membrane, where it should 
receivee [l4C]phosphocholine from CDP-[14C]choline by means of the 
cholinephosphotransferasee in the PC synthetic pathway yielding radiolabeled PAF. 
Whenn after 1 h at 37°C the lipids were extracted from cells and media, fractionated on a 
Sep-pakk CI8 column and separated by TLC, PAF synthesis was indeed observed in 
LLC-PK11 cells, but only when AAG was present in the medium (Figure 1). Increasing 
thee BSA concentration from 0.1% to 1%, completely abrogated PAF synthesis (not 
shown),, probably by reducing the efficiency of AAG uptake. 1% BSA did not inhibit 
thee uptake of Ch-NBD-phosphatidic acid used as a precursor in Cfi-NBD-PC transport 
experimentss (8). The data show that exogenous AAG triggered PAF synthesis via the 
dede novo pathway. 

Extractionn of PAF from cellular  membranes by BSA 

Subsequently,, we defined conditions where BSA can be used to monitor the presence 
off  PAF on the epithelial cell surface by quantitatively extracting PAF into the medium 
(8,, 47). LLC-PK1 cells were labeled for 1 h at 37°C with AAG and [l4C]choline, 
homogenizedd and incubated with BSA (0-2%) for 30 min on ice. Subsequently, 
membraness were separated from the BSA-containing medium (and cytosol) by pelleting 
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Figuree 1. Synthesis of PAF in LLC-PK 1 cells. 

Afterr choline depletion for 1 h, LLC-PK1 cell monolayers were incubated with or without 
AAGG and ['"CJcholine for 1 h at 37°C. After separation of single-chain and short-chain 
phospholipidss from phospholipids containing two long chains on a re versed-phase column, the 
formerr lipids were analyzed on a TLC plate by comparison to choline-lipid standards (PC, 
phosphatidylcholine;; SM, sphingomyelin; RfPAP = 0.24). PAF synthesis from 15 KBq 
[,4C]cholinee was 13  2 Bq (n=16). PC synthesis was 400  40 Bq (  s.d.; n=6). 

throughh sucrose. The BSA-, interphase-, and membrane fractions were collected and 
analyzedd for lipid content. Without BSA, roughly 90% of PAF was in the membrane 
fractionn (Table 1). However, 1% BSA in the incubation medium released close to 90% 
off  PAF. The fraction of PAF remaining with the membranes, 4%, may seem 
unexpectedlyy low, as part of PAF might have been protected on the lumenal side of 
closedd vesicles. However, it unequivocally shows that PAF is efficiently extracted from 
membraness by BSA, even at 0°C, unlike other lipids like natural long-chain PC that 
remainedd fully membrane-associated. The specific extractability of PAF from 
membraness provides the possibility to study PAF transport to the cell surface by BSA 
extractionn into the medium. Increasing the BSA concentration to 2% did not further 
increasee the extraction efficiency, suggesting that cell surface PAF is extracted 
quantitativelyy with 1 % BSA, a concentration that was used throughout this study. 

Increasedd transport of PAF to the surface of LLC-PK1/MDR 1 cells 

Inn order to study possible roles for MDR1 Pgp and MRP1 in the transport of PAF to the 
celll  surface, we made use of transfected LLC-PK1 cells expressing high levels of 
MDR11 or MRP1. Confluent monolayers of LLC-PK1, LLC-PK1/MDR1 and LLC-
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PK1/MRP11 cells were incubated with AAG and [l4C]choline for 1 h at 37°C. To extract 
PAFF from the outer leaflet of the plasma membrane, the incubation was continued for 1 
hh in 1 % BSA, after which the cells were washed with BSA for 0.5 h on ice. Lipids were 
extractedd from the pooled apical media, the basolateral media and the cells, separated 
onn a C18 column and by TLC, and PAF in each fraction was quantified. In the non-
transfectedd LLC-PK1 cells 15% of total newly synthesized PAF was recovered from 
thee apical medium, and 21% from the basolateral medium (Figure 2). Thus, whereas 
mostt (64%) of the newly synthesized PAF was present in the cells, a significant 
fractionn had reached the outside medium. The same situation was observed for the 
LLC-PK1/MRP11 cells (Figure 2). However, apical transport of PAF increased from 
15%% in LLC-PK1 cells to 63% in the LLC-PK1/MDR1 cells. Basolateral transport was 
somewhatt reduced, showing that the increase in PAF transport was specific for the 
apicall  membrane where MDR1 Pgp is expressed (41). No PAF was found in apical 
mediumm without BSA (not shown). These data suggest that MDR1 Pgp can transport 
PAFF across the apical cell membrane. 
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Figuree 2. Transport of newly synthesized PAF to the apical and basolateral 
surfacee of LLC-PKl , LLC-PK1/MDR1 , and LLC-PK1/MRP 1 cells. 

Celll  monolayers on filters were incubated with AAG and [l4C]choline at 37°C After 1 h media 
weree collected and replaced for an additional hour at 37°C by media containing 1 % BSA, 
whichh was followed by a 30 min wash with 1 % BSA on ice. Apical and basolateral media and 
cellss were collected and their lipids were analyzed as described. Synthesis of PAF was typically 
133 Bq for the LLC-PKl, 14 Bq for LLC-PK1/MDR1, and 15 Bq for LLC-PK1/MRP1 cells. 
Dataa represent the means of 11 independent experiments (with s.d.=l; n= 10-22). 
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Reductionn of PAF transport by MDR1 inhibitor s 

Ass an independent test for an involvement of MDR1 Pgp, the PAF transport 
experimentss were repeated in the presence of the MDR1 inhibitors PSC833 and 
cyclosporinn A (8,48,49), or of indomethacin, an inhibitor of MRPs but not of MDR1 
Pgpp (11; Figure 3). The MDR1 Pgp inhibitors reduced transport of PAF into the apical 
mediumm of LLC-PK1/MDR1 cells by more than 80%, while PAF transport to the 
basolaterall  medium was unaffected. Interestingly, also in the control cells transport of 
PAFF to the apical medium was inhibited by the MDR1 drugs (Figure 3), suggesting that 
translocationn of PAF in these cells occurred by an endogenous transporter with similar 
propertiess as MDR1 Pgp, probably the pig mdrl Pgp. Although a small increase in 
transportt of PAF to the basolateral surface of LLC-PK1/MRP1 cells was observed 
(Figuree 2), indomethacin did not inhibit transport of PAF to either apical or basolateral 
membrane.. MRP1 was fully active, as shown in a control experiment using C6-NBD-
ceramidee carried out as under Materials and Methods. Indomethacin inhibited transport 

LLC-PK11 MDR1 

Figuree 3. Effect of MDR1 and MRP1 inhibitor s on PAF transport in LLC-PK 1 
andd LLC-PK1/MDR 1 cells. 

Monolayerss of LLC-PK1 and LLC-PK1/MDR1 cells were pre-incubated for 10 min at 37°C 
withoutt inhibitor, or with 5 uM PSC833, 10 uM Cyclosporin A or 20 uM indomethacin, 
followedd by a 2 h transport assay in the presence of the inhibitor. Transport of PAF to the apical 
orr basolateral surface of the cells was assessed as described under Materials and Methods. The 
inhibitorss had no effect on PAF synthesis (n=2-12). 
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off  the MRPl-substrate Cfi-NBD-GlcCer to the basolateral surface from 34  5% to 11
3%% (mean  s.d., n=4) without inhibition of apical transport and without effect on the 
transportt of CA-NBD-SM. In addition, depletion of glutathione, which is required for 
Cfi-NBD-lipidd transport by MRP1 in LLC-PK1/MRP1 cells (11), for 24 h by 25 uM 
BSOO inhibited basolateral transport of C6-NBD-GlcCer by more than 60%, from 34
5%% in control cells to 14  2% (n=4). However, transport of PAF to either apical or 
basolaterall  membrane was not affected. Together, these data show mat PAF transport 
too the cell surface correlated with the activity of MDR1 Pgp, but not with the activity of 
MRP1. . 

MDR11 translocates PAF at the plasma membrane 

Thee appearance of PAF on the surface of LLC-PK1/MDR1 cells may reflect the direct 
translocationn of PAF across the plasma membrane bilayer by MDR1 Pgp. 
Alternatively,, PAF might have been translocated by MDR1 Pgp across the membrane 
off  an intracellular organelle, followed by transport to the cell surface in the lumenal 
leaflett of transport vesicles and delivery to the outer leaflet of the plasma membrane by 
fusion.. In order to discriminate between these possibilities, PAF transport was 
determinedd in the absence of vesicular traffic. For this, LLC-PK1/MDR1 cells were 
pretreatedd with 1 ug/ml brefeldin A (BFA). BFA induces retrograde transport of Golgi 
enzymess to the ER, and inhibits vesicular transport from this mixed compartment (SO). 
Forr comparison, a sphingomyelinase assay was used to determine the transport of SM 
too the plasma membrane. SM is synthesized in the lumenal leaflet of the Golgi and is 
transportedd by vesicles (51). SM transport to both the apical (25-30%) and the 
basolaterall  plasma membrane (40-45%) was almost completely inhibited by BFA, 
whilee BFA did not alter the efficiency of transport of newly synthesized PAF to the cell 
surfacee (Figure 4). Both in the presence and in the absence of BFA, PSC833 inhibited 
PAFF transport by more than 80%. Thus, in the absence of vesicular transport, PAF 
reachedd the outer leaflet of the apical plasma membrane by a mechanism sensitive to an 
MDR11 Pgp inhibitor. This shows that PAF was translocated across the plasma 
membrane.. In addition, transport of PAF from the cytosolic leaflet of the ER membrane 
too the inner leaflet of the plasma membrane did not depend on vesicular transport: PAF 
cann reach the plasma membrane by monomelic transfer. 

DISCUSSION N 

PAFF synthesis and transport 

Thee signaling lipid PAF mediates a range of physiological processes. Primarily, it 
activatess target cells by binding to PAF-receptors on their surface. Possible intracellular 
roless for PAF have not been rigorously characterized (33). To learn how PAF signaling 
betweenn cells is regulated, we must understand the processes that determine die 
concentrationn of PAF at the surface of the target cell. These are: synthesis in the 
signalingg cell, transport to the outer leaflet of the plasma membrane and diffusion 
acrosss the aqueous phase to the target cell, and, finally, hydrolysis. PAF is hydrolyzed 
att various locations by two families of PAF acetylhydrolases (52). 
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Figuree 4. PAF transport in the absence of vesicular  traffic . 

Monolayerss of LLC-PK1/MDR1 cells were pre-incubated for 20 min at 37°C with or without 1 
ug/mll  brefeldin A. Transport of PAF (open bars) to the apical and basolateral cell surface in the 
presencee or absence of BFA was measured as in Figure 2. Transport of SM (dashed bars) to the 
surfacee was determined after 2 h at 37°C by measuring its accessibility to sphingomyelinase at 
15°CC (see Methods). PAF synthesis in the absence of BFA was typically 14  2 Bq, while 
synthesiss in the presence of BFA was somewhat lower (11  1 Bq; n=8). 

AA constitutive low level of PAF is synthesized by the de novo pathway and is thought 
too contribute to normal cellular function. The process may be regulated at the level of 
etherr lipid synthesis or at the dedicated lysoglycerophosphate acetyltransferase and 
cholinephosphotransferasee (35,36). In contrast, the stimulated PAF synthesis via the 
remodelingremodeling pathway is induced by cell-specific stimuli like the inflammatory mediator 
thrombinn (33). It can be triggered non-specifically by Ca2*-ionophores. After synthesis 
onn the cytosolic side of the ER (34), PAF can in principle reach the cell surface by 
translocationn across the ER membrane followed by vesicular traffic. However, the fact 
thatt PAF transport is not inhibited by BFA while SM transport via vesicles is virtually 
abolishedd (Figure 4) shows that PAF has free access to the cytosolic surface of the 
plasmaa membrane by an independent pathway, probably monomelic transfer, as could 
bee expected from the behavior of other short-chain lipids. From here, PAF can in 
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principlee reach the cell surface by translocation across the plasma membrane, and 
evidencee has been provided that this may occur by several mechanisms. 

Translocationn of PAF across the plasma membrane by MDR1 Pgp 

Itt was recently reported that PAF secretion into the medium of Ca2+-ionophore A23187 
activatedd human mesangial cells was inhibited, when (i) the cells were cultured in the 
presencee of various inhibitors of human MDR1 Pgp and (ii) when the expression level 
off  MDR1 Pgp had been reduced by antisense oligonucleotides (14). Unfortunately, 
transportt was measured as the absolute amount of PAF (ELISA) in the medium without 
quantitationn of PAF synthesis. Reduced synthesis may therefore have contributed to the 
decreasee in PAF secretion. In addition, 0.1% BSA was present in the medium, which is 
suboptimall  for PAF transport measurements, as it was reported that at 0.1% albumin 
PAFF secretion was 4 times lower than at 1% or 2% (47). Finally, concomitant A23187-
inducedd scrambling of the membrane phospholipids (47) was not studied. In the present 
paper,, we report that MDR1 Pgp mediates the transbilayer movement of chemically 
definedd radiolabeled PAF in unstimulated kidney epithelial cells. In accordance with its 
apicall  localization (41), MDR1 Pgp in transfected cells stimulated PAF transport across 
thee apical plasma membrane domain. PAF transport was independent of vesicular 
trafficc and was inhibited by the MDR1 Pgp inhibitors PSC833 and cyclosporin A. Also 
inn control LLC-PK1 cells PAF transport to the apical surface was inhibited by the 
MDR11 Pgp inhibitors (Figure 3), suggesting that the endogenous mdrl Pgp is 
sufficientlyy active to translocate PAF. In contrast, MRP1 expressed at the basolateral 
surfacee did not translocate the short-chain phospholipid PAF. 

PCC translocation by ABC transporters 

MDR33 Pgp was found to be a PC translocator in the bile canalicular membrane when 
micee lacking Mdr2 (the mouse homolog of human MDR3 Pgp) displayed a deficiency 
inn transport of PC into the bile. Mouse Mdrl Pgp (the homolog of human MDR1 Pgp) 
didd not rescue PC transport, suggesting that Mdrl Pgp can not mediate the translocation 
off  PCs (6). Indeed, MDR1 Pgp, in contrast to the PC translocator MDR3 Pgp, seemed 
unablee to translocate short-chain Q-NBD-PC (7). However, later studies showed that 
humann MDR1 and mouse Mdrl a Pgp do mediate the translocation of Cft-NBD-PC (8), 
C12-NBD-PCC (10), and C^-PC, and other classes of short-chain lipids (8). Here we 
showw that, in addition, MDR1 Pgp translocates the natural short-chain PC l-O-alkyl-2-
acetyl-PC,, PAF. The fact that MDR1 Pgp is able to translocate a variety of short-chain 
PCss predicts that other short-chain PCs with PAF activity, like peroxidation products 
(33),, are natural substrates as well. 

Alsoo MRP1 has been reported to translocate short-chain C6-NBD-PC (12), and might 
bee involved in regulating me asymmetric distribution of PC and SM in the erythrocyte 
membranee (13). However, we observed no translocation of C6-NBD-PC nor of C„Cg-PC 
inn LLC-PK1/MRP1 cells (11), and MRP1 that was functionally expressed in the 
basolaterall  membrane of these cells as evidenced by transport of Cfi-NBD-GlcCer did 
nott mediate the transbilayer movement of the short-chain PC PAF. In line with this, 
exogenouss PAF inhibited drug transport by MDR1 Pgp and not by MRP1 (14). 
However,, these findings cannot be directly extrapolated to imply that PAF is an MDR1 
substratee because the molecular mechanism of the inhibition was not clarified. 
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Alternativ ee mechanisms of PAF translocation 

Thee agents that activate cells and stimulate PAF synthesis via the remodeling pathway 
alsoo induced rapid transbilayer movement of PAF across the plasma membrane of 
endotheliall  cells (53) and neutrophils (47). These agents, the action of which can be 
mimickedd by the Ca2+ ionophore A23187, have been shown to disrupt the asymmetrical 
arrangementt of the plasma membrane lipids exposing the procoagulant and 
proapoptoticc phosphatidylserine on the cell surface (47), probably via activation of a 
scramblase.. Like phosphatidylserine, PAF may reach the outer leaflet of the plasma 
membranee via the lipid scrambling event. 

Inn the present study, a significant amount of PAF reached the basolateral medium of all 
LLC-PK11 cells (Figures 2-4). This was not due to PAF synthesis on the cell surface 
(46),, as on a short timescale [l4C]choline is selectively incorporated intracellularly by 
thee de novo pathway. Because the process continued in the absence of vesicular 
transportt (Figures 2 and 4), it must involve PAF translocation across the basolateral 
membrane.. The process was independent of the presence or activity of MDR1 Pgp and 
MRP1,, because it was not inhibited by PSC833, cyclosporin A and indomethacin, nor 
byy glutathione depletion. Possibly, the translocation of PAF across the basolateral 
membranee is related to the MDR-independent outward PC translocation (t1/2=20 min) 
thatt was measured in erythrocytes (54). In contrast, inward translocation of both PAF 
andd PC across the erythrocyte membrane is very slow (tl/2>10 h; 55,56). 

Physiologicall  relevance of PAF translocation by MDR1 Pgp 

MDR11 Pgp is expressed in a wide variety of cells, but occurs at high levels in the apical 
membranee of endothelial and epithelial cells. It is therefore well possible that MDR1 
Pgpp translocates PAF from the endothelium towards the blood and from the epithelia 
intoo the lumen of the various organs, like the lung (57), the kidney and the intestine. 
Interestingly,, the absence of Mdrla in a knock-out mouse has been related to 
inflammatoryy bowel disease (58). In contrast to the scramblase, MDR1 Pgp would be 
involvedd in the secretion of constitutively synthesized PAF from unstimulated cells. It 
iss unclear whether MDR1 Pgp activity can be regulated e.g. by posttranslational 
modifications,, but phosphorylation/dephosphorylation mechanisms do not seem to play 
ann essential role in regulation of MDR1 Pgp activity and the concomitant multidrug 
resistancee phenotype (59,60). In the case that MDR1 Pgp activity is not regulated, 
MDR11 Pgp transport of PAF to the cell surface may be constitutive and be regulated by 
thee level of synthesis of PAF and/or MDR1 Pgp. 

MDR11 Pgp is recognized for its overexpression in various tumors. This overexpression 
mayy increase PAF transport to the surface of these cells, and thereby enhance PAF 
signaling.. It was shown that the medium of the breast epithelial tumor cell line MCF7, 
knownn to overexpress MDR1 Pgp (61), induced angiogenesis, and that PAF, 
synthesizedd by the cells and present in the medium of these cells, was responsible. It is 
temptingg to speculate that the presence of PAF in the medium was due to the high 
MDR11 Pgp expression in these cells. Inhibitors of MDR1 Pgp may therefore not only 
makee the cells more sensitive to chemotherapy but may interfere with angiogenesis as 
well. . 
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SUMMARY Y 

Thee human multidrug resistance protein MRP1 and the MDR1 P-glycoprotein (MDR1 
Pgp)) belong to the ATP-binding cassette (ABC) superfamily of membrane transporters. 
Theyy actively transport a wide range of compounds with different structure and cellular 
targetss across membranes out of me cytosol. MRP1 and MDR1 Pgp are highly 
expressedd in a number of cancer cells, where they oppose chemotherapy by pumping 
lipophilicc drugs out of the cells, a phenomenon known as multidrug resistance (MDR 
reviewedd in 1). 

Lipi dd translocation by MDR1 Pgp 

MDR11 Pgp, the ABC-transporter ABCB1, is ubiquitously expressed. MDR1 Pgp shows 
75%% identity to the human MDR3 Pgp (ABCB4). Although MDR3 Pgp displays some 
capabilityy for drug transport (2), its major physiological function is the delivery of the 
phospholipidd phosphatidylcholine (PC) into bile (3). Besides the increase in PC 
transportt across the plasma membrane of cells transfected with MDR3 Pgp (4), 
evidencee for the notion that MDR3 Pgp is an actual PC translocator has come from the 
observationn that it can translocate a PC analog with a short fluorescent acyl chain, CA-
NBD-PC,, but not the corresponding phosphatidylethanolamine (PE) across the plasma 
membranee (5,6). Unexpectedly (5), MDR1 Pgp translocates, besides drugs, short-chain 
analogss of various membrane lipids across the plasma membrane (6). Besides CA-NBD-, 
C„-- and C„-short-chain analogs of the diacylglycerolipids PC and PE, MDR1 Pgp also 
mediatedd the transbilayer movement of short-chain analogs of the sphingolipids 
glucosylceramidee (GlcCer) and sphingomyelin (SM; 6,7). 

Inn Chapter 6 we studied whether MDR1 Pgp mediates, besides short-chain analogs, 
transportt of the naturally occurring short-chain phospholipid l-O-alkyl-2-acetyl-.sn-
glycero-3-phosphocholinee (platelet activating factor; PAF). For this, we monitored 
transportt of PAF transport to the cell surface by its accessibility to serum albumin in 
thee extracellular medium. In accordance with its apical localization, MDR1 Pgp in 
transfectedd LLC-PK1 cells stimulated PAF transport across the apical plasma 
membranee domain. PAF transport was independent of vesicular traffic and was 
inhibitedd by the MDR1 Pgp inhibitors PSC833 and cyclosporin A. Also in control 
LLC-PK11 cells PAF transport to the apical surface was inhibited by the MDR1 Pgp 
inhibitors,, suggesting that the endogenous mdrl Pgp is sufficiently active to translocate 
PAF.. MDR1 Pgp is expressed in a wide variety of cells, but occurs at high levels in the 
apicall  membrane of endothelial and epithelial cells. It is therefore well possible that 
MDR11 Pgp translocates PAF from the endothelium towards the blood and from the 
epitheliaa into the lumen of the various organs, like the lung, the kidney and the 
intestine.. Interestingly, the absence of Mdrl a in a knock-out mouse has been related to 
inflammatoryy bowel disease. It is unclear whether MDR1 Pgp activity can be regulated 
e.g.. by posttranslational modifications, but phosphorylation and dephosphorylation 
mechanismss do not seem to play an essential role in regulation of MDR1 Pgp activity 
andd the concomitant multidrug resistance phenotype (8,9). In the case that MDR1 Pgp 
activityy is not regulated, MDR1 Pgp transport of PAF to the cell surface may be 
constitutivee and be regulated by the level of synthesis of PAF and/or MDR1 Pgp. 
MDR11 Pgp is recognized for its overexpression in various tumors. This overexpression 
mayy increase PAF transport to the surface of these cells, and thereby enhance PAF 
signalling.. It was shown that the medium of the breast epithelial tumor cell line MCF7, 
knownn to overexpress MDR1 Pgp (10), induced angiogenesis, and that PAF, 
synthesizedd by the cells and present in the medium of these cells, was responsible. It is 
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temptingg to speculate that the presence of PAF in the medium was due to the high 
MDR11 Pgp expression in these cells. Inhibitors of MDR1 Pgp may therefore not only 
makee the cells more sensitive to chemotherapy but may interfere with angiogenesis as 
well. . 

Inn Chapter 5, we assayed transport of natural glucosylceramide (GlcCer) to the cell 
surfacee by hydrolyzing surface GlcCer using exogenous glucocerebrosidase and 
saposinn C. GlcCer is synthesized on the cytosolic side of the Golgi and is thought to be 
enrichedd in the outer leaflet of the plasma membrane. GlcCer translocates across the 
Golgii  membrane to the lumen where it is the precursor for higher glycosphingolipids. 
However,, short-chain analogs of GlcCer are, after synthesis, directly translocated 
acrosss the plasma membrane by MDR1 Pgp. In 3 hours no newly synthesized natural 
GlcCerr reached the plasma membrane of fibroblasts carrying null alleles for Mdrla/lb 
P-glycoproteinn (Pgp) and Mrpl. Stable transfection with human MDR1 Pgp, but not 
MRP1,, restored surface transport of GlcCer to 25-30%, the steady-state wild-type level, 
inn 3 hours. In wild-type fibroblasts the MDR1-inhibitor PSC833, but not the MRP1-
inhibitorr indomethacin, reduced GlcCer transport by 80%. Cell surface delivery of 
sphingomyelin,, an indicator of vesicular traffic from the Golgi, was not affected in the 
knock-outt fibroblasts. In wild-type cells, 3% of GlcCer was hydrolyzed per hour by the 
endogenouss CBE-inhibitable lysosomal glucocerebrosidase. Hydrolysis rose to 10% 
perr hour in the presence of PSC833, but not indomethacin, and in Mdrl/Mrpl knock-
outt cells. This was insensitive to CBE, but sensitive to p21, an inhibitor of the non-
lysosomall  glucocerebrosidase. These data suggest that in fibroblasts, newly synthesized 
GlcCerr is transported to the cell surface by MDR1 P-glycoprotein. In its absence, 
GlcCerr is hydrolyzed inside the cell by a non-lysosomal enzyme. These may be two 
independentt mechanisms to remove GlcCer from the cytosolic surface of the plasma 
membrane.. Therefore, GlcCer may fulfil l a function on the cytosolic surface of the 
Golgii  after which it must be removed from the cytosolic surface. We have found 
indicationss for this in an independent study showing that GlcCer is required for the 
transportt of two membrane proteins from the Golgi to the melanosome via the AP3 
pathwayy (Sprong et al., submitted). It would be interesting if the non-lysosomal 
glucocerebrosidasee would be acting as a back-up system masking the loss of a 
physiologicall  role of Mdrl Pgp in sphingolipid function. It will be interesting to test the 
effectt of the non-lysosomal glucocerebrosidase inhibitor p21 on Mdrla/lb knock-out 
mice.. Besides suggesting a role in sphingolipid function, the present observations on 
thee recognition of a natural, long-chain lipid as a substrate by Mdrl Pgp may shed a 
neww light on the mechanism by which this "pump' or "translocator" removes drugs from 
thee cell interior. 

Lipi dd Translocation by MRP1 

Bothh MDR1 Pgp and MRP1 transport hydrophobic cytotoxic drugs; MDR1 Pgp 
transportss compounds in an unmodified state. In contrast, MRP1 mainly transports 
substratess conjugated to glutathione, glucuronide, and sulfate (reviewed in 11 and 12). 
Ass MDR1 Pgp and MRP1 have partially overlapping substrate specificities, the 
questionn arises whether MRP1 is able to translocate lipids across membranes. In 
Chapterr 3, we used a pig kidney-derived polarized cell line (LLC-PK1) stably 
transfectedd with MRP I cDNA to study transport by MRP1. For this, we have applied 
ann assay that has been used previously to demonstrate lipid translocation for MDR Pgps 
(6).. In accordance with its expression in the basolateral plasma membrane of these cells 
(13),, MRP1 translocated Q-NBD-GlcCer and Q-NBD-SM to the basolateral surface. 
Thiss is in contrast to MDR1 Pgp, which can translocate a wide variety of short-chain 
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analogs.. In addition, translocation of the lipid analogs by MRP1, but not MDR1 Pgp, 
dependss on intracellular glutathione (GSH). While no transport of C6-NBD-PC nor of 
QCa-PCC was observed in our study (Chapter 3), MRP1 has been reported to transport 
C6-NBD-PCC and C6-NBD-phosphatidylserine in another study (14) and it has been 
suggestedd to contribute to the transbi layer distribution of natural lipids in the 
erythrocytee membrane (15). As all short-chain lipids tested in Chapter 3, including CA-
NBD-PC,, reached the cytoplasmic leaflet of the plasma membrane, evident from their 
translocationn by MDR1 Pgp in transfected LLC-PK1 cells, the absence of transport of 
Q-NBD-PCC by MRP1 in our studies can be explained by a low substrate preference of 
MRP11 for C6-NBD-PC. Besides C6-NBD-PC and C.Q-PC, MRP1 appears also not to 
translocatee the short-chain PC PAF across the basolateral membrane (Chapter 6). 

Wee found no evidence for a role of MRP1 in the transport of endogenous GlcCer 
(Chapterr 5). At this moment, a common structural determinant in the lipid molecule 
thatt is required for translocation by MRP1 is not forthcoming, nor is it evident which 
naturall  lipids might be physiological substrates. The observations that MDR Pgps and 
MRP11 can translocate Cft-NBD-lipids make it necessary to 1) re-evaluate the earlier 
resultss on lipid transport for the potential involvement of these (and others; reviewed in 
Chapterr 1) translocators, and 2) to establish how these processes apply to the natural 
long-chainn lipids. 

Celll  surface assays 

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 
MDR11 Pgp and MRP1. Since the related MDR3 Pgp has been shown to be a 
translocatorr of the natural phospholipid phosphatidylcholine, MDR1, MRP1, and other 
ABC-transporterss are candidates for translocating natural lipids in vivo (Reviewed in 
Chapterr 1). In Chapter 2, we compare available techniques to study the transmembrane 
distributionn of sphingolipids, and describe the requirements that these assays should 
meett in order to be applicable to measurements of transbilayer mobility. Translocation 
activityy of a particular protein can then be tested by transfection into a cellular assay 
system,, or by reconsu'tution into model membranes. 

Inn Chapter 4, we describe a new assay for measuring glucosylceramide in a specific 
leaflett of a closed lipid bilayer. TEMPO (2,2,6,6-tetramethylpiperidinooxy nitroxide) 
hass been applied successfully to discriminate between glucosylceramide in the outer 
andd inner leaflets of closed membrane bilayers. The nitroxyl radicals TEMPO and 
carboxy-TEMPO,, once oxidized to nitrosonium ions, are capable of oxidizing residues 
thatt contain primary hydroxyl and amino groups. When applied to radiolabeled 
glucosylceramidee in liposomes, oxidation with TEMPO led to an oxidized product that 
wass easily separated from the original lipid by thin-layer chromatography, and that was 
identifiedd by mass spectrometric analysis as the corresponding acid 
glucuronylceramide.. To test whether oxidation was confined to the external leaflet, 
TEMPOO was applied to large unilamellar vesicles (LUVs) consisting of egg 
phosphatidylcholinee / egg phosphatidylethanolamine / cholesterol 55:5:40 (mol/mol). 
TEMPOO oxidized most radiolabeled phosphatidylethanolamine, whereas carboxy-
TEMPOO oxidized only half. Hydrolysis by phospholipase \ confirmed that 50% of the 
phosphatidylethanolaminee was accessible in the external bilayer leaflet, suggesting that 
TEMPOO penetrated the lipid bilayer and carboxy-TEMPO did not. When applied to 
LUVss containing <1 mol% radiolabeled glucosylceramide or short-chain C6-
glucosylceramide,, carboxy-TEMPO oxidized half of the glucosylceramide. However, if 
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surfacee Cft-glucosylceramide was first depleted by bovine serum albumin (BSA) 
(extractingg 49  1%), 94% of the remaining C6-glucosylceramide was resistant to 
oxidation.. Carboxy-TEMPO oxidized glucosylceramide on the surface of LUVs 
withoutt affecting inner leaflet glucosylceramide. At pH 9.5 and at 0°C, the reaction 
reachedd completion by 20 min. We are currently developing the assay for use on intact 
cellss to further investigate the role of MDR1 Pgp in transport of GlcCer to the cell 
surface. . 

REFERENCES S 

1.. Higgins, C. F., and Gottesman, M. M. (1992) Trends in Biochemical Sciences 17(1), 18-21 
2.. Smith, A. J., van Helvoort, A., van Meer, G., Szabo, K„  Welker, E., Szakacs, G., Varadi, A., 

Sarkadi,, B., and Borst, P. (2000) J Biol. Chem. 275(31), 23530-23539 
3.. Smit, J. J. M., Schinkel, A. H., Oude Elferink, R. P. J., Groen, A. K., Wagenaar, E., van 

Deemter,, L., Mol, C. A. A. M., Ottenhoff, R., van der Lugt, N. M. T., van Roon, M. A., van der 
Valk,, M. A., Offerhaus, G. J. A., Berns, A. J. M., and Borst, P. (1993) Cell 75(3), 451^62 

4.. Smith, A. J., Timmermans-Hereijgers, J. L. P. M., Roelofsen, B., Wirtz, K. W. A., van 
Blitterswijk,, W. J., Smit, J. J. M., Schinkel, A. H., and Borst, P. (1994) FEBSLett. 354,263-266 

5.. Ruetz, S., and Gros, P. (1994) OZ/77, 1071-1081 
6.. van Helvoort, A., Smith, A. J., Sprong, H., Fritzsche, I„  Schinkel, A. H., Borst, P., and van 

Meer,, G. (1996) Cell 87, 507-517 
7.. Bosch, I., Dunussi-Joannopoulos, K., Wu, R. L., Furlong, S. T., and Croop, J. (1997) 

BiochemistryBiochemistry 36, 5685-5694 
8.. Germann, U. A., Chambers, T. C, Ambudkar, S. V., Licht, T., CardarelH, C. O., Pastan, I., and 

Gottesman,, M. M. (1996) J Biol Chem 271(3), 1708-1716 
9.. Szabo, K., Bakos, E., Welker, E., Muller, M., Goodfellow, H. R., Higgins, C. F., Varadi, A., and 

Sarkadi,, B. (1997)/ Biol. Chem. 272(37), 23165-23171 
10.. Mechetner, E., Kyshtoobayeva, A., Zonis, S., Kim, H., Stroup, R., Garcia, R., Parker, R. J., and 

Fruehauf,, J. P. (1998) Clin. Cancer Res. 4(2), 389-398 
11.11. Deeley, R. G., and Cole, S. P. C. (1997) Sem. Cancer Biol. 8(3), 193 -204 
12.. Jedlitschky, G., Leier, I., Buchholtz, U., Hummeleisenbeiss, J., Burchell, B., and Keppler, D. 

(1997)) Biochem. I J. 327, 305-310 
13.. Evers, R., Zaman, G. J. R., van Deemter, L., Jansen, H., Calafat, J., Oomen, L. C. J. M., Oude 

Elferink,, R. P. J„  Borst, P., and Schinkel, A. H. (1996) J.ClinJnvest. 97,1211-1218 
14.. Dekkers, D. W., Comfurius, P., Schroit, A. J., Bevers, E. M., and Zwaai, R. F. (1998) 

BiochemistryBiochemistry 37(42), 14833-14837 
15.. Dekkers, D. W., Comfurius, P., van Gooi, R. G., Bevers, E. M., and Zwaai, R. F. (2000) 

Biochem.Biochem. J. 350(Pt 2), 531-535 

120 0 



Samenvatting Samenvatting 

SAMENVATTING G 
voorr vrienden, familie en kennissen 

Inn dit hoodstuk zal ik U proberen uit te leggen waarmee ik me de afgelopen 4 jaar heb 
bezigg gehouden, wat we geleerd hebben en wat me daarin heeft geboeid. Het menselijk 
lichaamm is namelijk een wonder van organisatie, de vele verschillende delen van het 
lichaamm hebben allemaal gespecialiseerde functies, maar werken nauwgezet samen, 
reagerenn op elkaar en zorgen tezamen voor het goed functioneren van het gehele 
lichaam.. De kleinste functionele eenheid van een organisme is een cel. Deze vele cellen 
(mett gespecialiseerde functies) vormen onderdelen van b.v. de organen, de organenen 
vormen,, samen met steunweefsel, spieren en botten (die ook uit cellen zijn 
opgebouwd),, het menselijk lichaam. Een cel kan eigenlijk worden beschouwd als een 
kleinn fabriekje. In de cel vinden duizenden processen tegelijkertijd plaats. Cellen 
makenn nieuwe eiwitten, hormonen, breken oud materiaal af en hergebruiken de 
afbraakproductenenn en bevatten het erfelijk materiaal, het DNA. Producten die niet 
kunnenn worden gebruikt worden afgevoerd op tijdelijk opgeslagen, terwijl producten 
diee ergens anders in het lichaam noodzakelijk zijn worden uitgescheiden, en via het 
bloedd worden getransporteerd. Eén zo'n cel bestaat uit een waterige oplossing van 
eiwittenn en zouten en wordt begrensd door een dun laagje bestaande uit wat we lipiden 
noemen.. Deze laag, de plasma membraan, vormt de grens tussen de ene cel en de 
andere,, maar ook de grens tussen binnen en buiten, en is essentieel voor het bestaan van 
dee cel. De lipiden zijn hydrofoob (waterafstotend) en zorgen er onderandere voor dat 
niett alles zomaar weg kan uit de cel of dat allerlei materialen zomaar de cel binnen 
kunnenn komen. De plasma membraan (en andere intracellulaire membranen) vormen 
geenn enkele laag van lipide moleculen maar vormen een dubbele laag. Een lipide 
bestaatt namelijk uit een hydrofoob gedeelte en een hydrofiel gedeelte. In een 
membraann zijn de hydrofiele kopgroepen gericht naar de waterige omgeving, terwijl de 
hydrophobee gedeeltes van de waterige omgeving weg staan. De lipiden in een 
membraann vormen dus een dubbellaag waarbij de hydrofiele groepen de buitenkant en 
dee hydrophobe gedeeltes de binnenkant vormen. Binnen in een cel zijn naast de plasma 
membraan,, verschillende andere membranen aanwezig. Deze intracellulaire 
membranenn zorgen voor de verdeling van de cel in verschillende compartimenten. 
Dezee compartimenten voeren binnen de cel allerlei gespecialiseerde functies uit. 

Lipidee synthese en transport: 

Eenn membraan bestaat niet uit één soort lipide, maar uit vele verschillende soorten. Al 
dezee verschillende lipiden worden door de cel gemaakt en hebben allemaal een 
verschillendee functie. Zo zijn er bijvoorbeeld lang-keten en kort-keten phospo- en 
(glyco)sphingolipiden.. En binnen de groep van bijvoorbeeld de (glyco)sphingolipiden 
zijnn er vervolgens weer honderden lipiden met allemaal een verschillende structuur. 
Helaass weten we van de meeste lipiden niet wat hun specifieke rol in de cel is. Om te 
wetenn wat de rol van een bepaald lipide is, is het noodzakelijk om te weten waar (en op 
welkk moment) een bepaald lipide zich in de cel bevindt. Uit onderzoek van de 
afgelopenn tientallen jaren weten we namelijk dat de lipiden niet '*at random" verdeeld 
zijnn over de verschillende membranen in de cel, en zelfs niet over de twee lagen 
waaruitt een membraan bestaat. Zo wordt er bijvoorbeeld gedacht dat vele 
glycosphingolipidenn zich voornamelijk in de buitenlaag van de plasma membraan 
bevinden,, terwijl het lipide phospatidylserine zich voornamelijk in de binnenste laag 
vann dezelfde plasma membraan bevindt. De belangrijkste vraag die we ons stellen is 
natuurlijkk waarom een lipide zich daar bevindt, maar tevens zo belangrijk is de vraag 
hoee het lipide daar komt. 
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Lipidenn worden op verschillende plaatsen in een cel gemaakt. Het lipide 
phophatidylcholinee wordt bijvoorbeeld gemaakt in de membraan van een intracellulair 
compartimentt genaamd het Endoplasmatisch Reticulum, terwijl het glycosphingolipide 
glucosylceramidee in de buitenste laag van het Golgi apparaat wordt gesynthetiseerd. 
Vanuitt die compartimenten worden lipiden vervolgens (gericht) getransporteerd naar de 
verschillendee andere membranen. Lipiden kunnen op verschillende manieren door de 
cell  worden getransporteerd. Aangezien de meeste lipiden hydrofoob zijn kunnen ze niet 
zomaarr via het waterige cytosol naar een ander membraan toe gaan. Daarnaast komen 
bepaaldee lipiden meer voor op één plaats dan op een andere. Dit betekent dat het 
transportt van lipiden binnen de cel gereguleerd en georganiseerd moet worden. De 
meestee lipiden worden getransporteerd in kleine blaasjes, die afsnoeren van één 
compartimentt en dan fuseren met een ander compartiment. Andere lipiden worden 
mogelijkk getransporteerd met behulp van eiwitten in de cel, die het lipide oppakken uit 
eenn membraan, om het vervolgens naar een ander membraan te transporteren. Zoals 
vermeld,, komen bepaalde lipiden specifiek voor in een bepaalde laag van een 
membraan.. Aangezien de meeste lipiden niet zomaar van de ene laag naar de andere 
laagg kunnen bewegen (transloceren) zijn er eiwitten in een membraan die specifieke 
lipidenn van de ene laag naar de andere laag transloceren. Op deze wijzen kan een cel 
hett transport en de plaats van lipiden organiseren. 

Dee laatste jaren hebben we steeds meer kennis verkregen over eiwitten die betrokken 
zijnn bij die translocatie van lipiden van de ene naar de andere laag van een membraan. 
Inn Hoofdstuk 1 van dit proefschrift hebben we een overzicht gemaakt van mogelijke 
eiwittenn die lipiden en lipide-achtige stoffen zouden kunnen transloceren. Het blijkt dat 
velee kandidaten tot specifieke families van membraan eiwitten behoren. Zowel binnen 
dee familie van P-type ATPases als de ABC-familie van mernbraantransporters zijn 
verschillendee eiwitten de wellicht betrokken zijn bij het transport van lipiden. Het eiwit 
ABC11 bijvoorbeeld is belangrijk bij het transport van cholesterol. De identificatie en 
karakterisatiee van nieuwe kandidaat lipide-translocators zal de komende jaren een beter 
inzichtt kunnen geven in de manier waarop lipiden in een cel worden getransporteerd. 
Omm goed onderzoek te kunnen doen aan de translocatie van een lipide zijn methoden 
nodigg waarmee we translocatie kunnen meten. In hoofdstuk 2 hebben we een overzicht 
gemaaktt van de voorwaardes waaraan een methode moet voldoen en welke methoden 
momenteell  beschikbaar zijn. Zo kunnen we gebruik maken van lipide-analogen, 
chemischee en enzymatische modificaties en het gebruik van specifieke probes die met 
lipidenn binden. Het verder ontwikkelen van methoden waarmee we de aanwezigheid en 
translocatiee van specifieke lipiden kunnen bepalen is zeker een noodzaak om onze 
kenniss over lipiden te kunnen uitbreiden. In hoofdstuk 3 hebben we gebruikt gemaakt 
vann lipide-analogen om te onderzoeken of het multi drug resistentie eiwit MRP1, een 
lidd van de ABC-familie van membraan transporters aanwezig in de basolaterale 
membraann van epitheelcellen, betrokken is bij lipide translocatie. De epitheliale cellijn 
LLC-PK11 werd getransfecteerd met MRP1, waarna de cellen de lipide analoog C6-
NBD-ceramidee aangeboden kregen. In de cel wordt deze analoog omgezet in Cfi-NBD-
glucosylceramidee en C6-NBD-sphingomyeline. Vervolgens hebben we geanalyzeerd 
hoeveell  van deze lipiden in de buitenste laag van de plasma membraan terecht zijn 
gekomenn onder omstandigheden dat er geen transport middels blaasjes kan plaats 
vinden.. In vergelijking met ongetranfecteerde cellen zagen we een duidelijke verhoging 
vann het transport van zowel C6-NBD-glucosylceramide als Q-NBD-sphingomyeline. 
Ditt transport was gevoelig voor indomethacine en andere remmers van het MRPÏ-eiwit 
enn afhankelijk van de cellulaire concentratie van glutathion. Geen transport van C6-
NBD-phospatidylcholinee en C6-NBD-phosphatitylethanolamine werd gemeten. Op 
basiss hiervan hebben we geconcludeerd dat MRPÏ de eerste twee lipide-analogen wel 
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herkendd en transloceerd, terwijl de laatste twee geen goede substraten zijn voor dit 
eiwit.. Het is echter wel van belang om te realiseren dat we hier gebruik hebben 
gemaaktt van analogen en dat verder onderzoek nodig is om te onderzoeken of 
natuurlijkee lipiden ook door het MRP1-eiwit worden herkend. Op basis van de 
resultatenn in Hoofdstuk 5 en 6 lijkt het er in ieder geval op dat MRP1 niet betrokken is 
bijj  het transport van natuurlijk glucosylceramide en het kort-keten lipide platelet-
activatingg factor. 

Inn Hoofdstuk 4 hebben we een methode ontwikkeld om natuurlijk glucosylceramide 
specifiekk in één laag van een lipide-bilaag te kunnen meten. Met behulp deze methode 
iss het mogelijk om glucosylceramide aanwezig in de buitenste membraanlaag van 
zogenaamdee Large Unilamellar Vesicles (LUV's) te meten door het te laten reageren 
mett carboxy-TEMPO radicalen, terwijl het glucosylceramide in de binnenste laag niet 
reageert.. Helaas is deze methode in de huidige vorm niet toepasbaar op cellen en zal de 
assayy moeten worden geoptimaüzeerd voor gebruik op "echte" cellen. Deze methode 
biedtt in principe wel de mogelijkheid om, in een systeem waarin een kandidaat lipide 
translocatorr is gereconstrueerd in een artificieel membraan, te onderzoeken of dit eiwit 
onderr die omstandigheden glucosylceramide kan transporteren. 

Mijnn voorganger, Ardy van Helvoort, heeft laten zien dat het humane MDR1 Pgp eiwit 
inn staat is om verschillende lipide-analogen en radioactieve kort-keten lipiden, 
waaronderr Q-NBD-glucosylceramide en Q-glucosylceramide, te transloceren. In 
hoofdstukk 5 is het transport van natuurlijk glucosylceremide onderzocht in muis knock-
outt cellen. Deze cellen brengen geen functioneel Mdrla/lb Pgp en Mrpl tot expressie. 
Zoalss verwacht transporteren deze cellen nog nauwelijk C6-NBD-glucosylceramide, C6-
NBD-sphingomyeline,, C6-NBD-phosphatidylcholine en Q-NBD-
phosphatidylethanolaminee onder omstandigheden dat er geen transport via blaasjes kan 
plaatsvinden.. Interessant was de waarneming dat de knock-out cellen veel minder 
natuurlijkk glucosylceramide bevatten dan de controle cellen, die wel Mdrla/lb Pgp en 
Mrpll  tot expressie brengen. Uit de experimenten is gebleken dat dit niet te wijten was 
aann een verschil in synthese van het glucosylceramide, maar door een verschil in 
afbraakk van dit lipide. Terwijl in de controle cellen glucosylceramide werd afgebroken 
doorr de CBE-gevoelige lysosomale glucocerebrosidase, werd in de knock-out cellen 
eenn groot gedeelte afgebroken door de P21-gevoelige non-lysosomale 
glucocerebrosidase.. Dit suggereert dat glucosylceramide in de knock-out cellen op een 
anderee plaats wordt afgebroken dan in de controle cellen. Transfectie van de knock-out 
cellenn met MDR1 Pgp, maar niet met MRP1, veranderde het mechanisme van afbraak 
vann de non-lysosomale glucocerebrosidase naar de lysosomale glucocerebrosidase. Met 
behulpp van een enzymatische assay voor glucosylceramide hebben we vervolgens de 
eerstee aanwijzingen gekregen dat de afwezigheid van Mdrla/lb Pgp in de knock-out 
cellenn het transport van glucosylceramide naar de buitenste laag van de plasma 
membraann verhinderd. Transfectie van de cellen met MDR1 Pgp herstelde het transport 
naarr het oppervlakte van de cel. Deze experimenten suggereren een rol voor MDR1 
Pgpp in het transport van natuurlijk glucosylceramide naar het oppervlakte van deze 
cellen.. Verder onderzoek zal moeten aantonen of MDR1 Pgp het transport van 
glucosylceramidee uitvoert, of dat het eiwit indirekt betrokken is bij de organisatie van 
glucosylceramidee in de plasma membraan. 

Inn hoofdstuk 6 hebben we bestudeerd of een ander lipide, platelet-activating factor 
(PAF),, een substraat is van MDR1 Pgp of MRP1. PAF is een kortketen lipide en lijkt 
quaa structuur op de verschillende lipide-analogen die in eerdere studies aan MDR1 Pgp 
enn MRP1 zijn gebruikt. Gebruik makend van LLC-PK1 cellen getransfecteerd met 
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MDR11 Pgp of MRP1, hebben we gevonden dat PAF wel een substraat is van MDR1 
Pgp,, maar niet van MRP1. PAF is een lipide dat betrokken is bij een groot aantal 
cellulairee processen. Een hoge expressie van MDR1 Pgp, bijvoorbeeld in het multidrug 
resistancee phenotype in kanker, zou dus kunnen leiden tot een verhoogd transport van 
PAFF naar de oppervlakte van een cel, en op die manier effect hebben op een groot 
aantall  cellulaire processen. Een onderzoek gericht op deze mogelijke fysiologische rol 
vann MDR1 Pgp zou hier meer licht op kunnen werpen. 

Watt hebben we nu geleerd in die vier jaar? Ik zelf heb gepoogd te leren hoe je 
onderzoekk uitvoert, hoe je op basis van experimenten een werkhypothese kan vormen 
enn hoe je vervolgens experimenten ontwikkeld om de hypothese te toetsen. Ik heb, 
middelss het lezen van honderden wetenschappelijke artikelen, geleerd hoe we denken 
datt de cel er uit zou kunnen zien. Ik heb ook begrepen dat we nog maar slechts aan de 
vooravondd staan van ons begrip van een cel, laat staan van een organisme en dat we 
domwegg de technieken (nog) niet in huis hebben om bepaalde vragen op te lossen. In 
dee afgelopen vier jaar heb ik me toegelegd op slecht een onderdeeltje van de cel, de 
lipiden.. Binnen dit onderdeel heb ik me vervolgens weer direkt bezig gehouden met 
eenn speciale klasse van lipiden, de sphingolipiden. En zelfs dat is teveel omvattend, 
eigenlijkk heb ik me voornamelijk bezig gehouden met één lipide, glucosylceramide. 
Hett is, ook voor mezelf, opmerkelijk, dat iemand zich vier jaar volop kan bezighouden 
mett één type molecuul in een cel, die misschien wel een miljoen verschillende 
moleculenn bevat. Nu is het natuurlijk wel zo dat we dat ene lipide niet als een losstaand 
onderdeell  hebben beschouwd, maar hebben gebruikt als een modelsysteem. We hebben 
geprobeerdd dat ene stofje te begrijpen, zodat we misschien met die kennis andere 
lipidenn ook zouden kunnen begrijpen. Maar begrijpen we nu alles van dat ene lipide? 
Nee,, eigenlijk geldt hier ook weer dat we nog maar net begonnen zijn met het begrip 
vann hoe dat lipide werkt. Wetenschap is een lange weg van trial and error, pogingen, 
mislukkingenn en successen. De denk dat ik mag zeggen dat we een stapje vooruit 
hebbenn kunnen zetten. Vier jaar geleden verliet mijn voorganger Ardy van Helvoort het 
laboratoriumm met het idee dat glucosylceramide wel eens door een eiwit, MDR1 Pgp, 
vann de ene kant van de lipide membraan naar de andere kant zou kunnen worden 
gepompt.. Vier jaar, en honderden experimenten later, denken we dat we dat hebben 
kunnenn laten zien. De implicaties van deze conclusie is dat we geheel nieuwe ideeën 
hebbenn gevormd hoe het lipide door de cel beweegt en zou kunnen functioneren. Met 
dezee idëeen verlaat ik het laboratorium, maar nieuwe mensen in het laboratorium zullen 
zichh met deze nieuwe theorieën bezig gaan houden. 
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