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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 
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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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