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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). 

Lipidd 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. 

Lipidd 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. . 
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