
D-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-propanol Alters Cellular
Cholesterol Homeostasis by Modulating the Endosome Lipid Domains†

Asami Makino,‡ Kumiko Ishii,‡ Motohide Murate,‡ Tomohiro Hayakawa,‡ Yusuke Suzuki,‡ Minoru Suzuki,‡

Kazuki Ito,‡ Tetsuro Fujisawa,‡ Hirotami Matsuo,§ Reiko Ishitsuka,‡ and Toshihide Kobayashi*,‡,|

RIKEN Wako-shi, Saitama 351-0198, Japan, School of Pharmacy, Shujitsu UniVersity, Okayama 703-8516, Japan, and
INSERM U585, INSA-Lyon, 69621 Villeurbanne, France

ReceiVed October 15, 2005; ReVised Manuscript ReceiVed February 2, 2006

ABSTRACT: D-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-propanol (D-PDMP) is a frequently used
inhibitor of glycosphingolipid biosynthesis. However, some interesting characteristics ofD-PDMP cannot
be explained by the inhibition of glycolipid synthesis alone. In the present study, we showed thatD-PDMP
inhibits the activation of lysosomal acid lipase by late endosome/lysosome specific lipid, bis-
(monoacylglycero)phosphate (also called as lysobisphosphatidic acid), through alteration of membrane
structure of the lipid. When added to cultured fibroblasts,D-PDMP inhibits the degradation of low-density
lipoprotein (LDL) and thus accumulates both cholesterol ester and free cholesterol in late endosomes/
lysosomes. This accumulation results in the inhibition of LDL-derived cholesterol esterification and the
decrease of cell surface cholesterol. We showed thatD-PDMP alters cellular cholesterol homeostasis in
a glycosphingolipid-independent manner usingL-PDMP, a stereoisomer ofD-PDMP, which does not inhibit
glycosphingolipid synthesis, and mutant melanoma cell which is defective in glycolipid synthesis. Altering
cholesterol homeostasis byD-PDMP explains the unique characteristics of sensitizing multidrug resistant
cells by this drug.

D-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-pro-
panol (D-PDMP)1 is a well recognized inhibitor of UDP-
glucose: ceramide glucosyltransferase (EC 2.4.1.80; GlcCer
synthase (GCS)) (1, 2). However, several interesting char-
acteristics ofD-PDMP, such as the chemosensitization of
multidrug resistant cancer cells (3-9) and the enhancement
of cholesterol efflux (10), cannot be explained by the
inhibition of GCS alone (11). Previously it was shown that
PDMP accumulates cholesterol intracellularly (12). It has
been reported thatD-PDMP alteration of cellular cholesterol
content depends on the cell type (13, 14). This effect of
D-PDMP has been explained as a result of trapping choles-
terol within glycosphingolipid (GSL)-laden compartments
due to physical association of cholesterol with GSLs (13).

In the present study, we demonstrate thatD-PDMP ac-
cumulates in late endosomes/lysosomes. A characteristic
feature of this organelle is its multivesicular structure (15,
16). The internal membranes of late endosomes are highly
enriched with a unique acidic phospholipid, lysobisphos-
phatidic acid (LBPA, also called bis(monoacylglycero)-
phosphate (BMP); according to the suggestion of Kolter and
Sandhoff (17) we use the abbreviation BMP throughout the
text) (18-20). Recently a BMP rich membrane domain has
been shown to be involved in both membrane traffic from
late endosomes and the degradation of sphingolipids in the
organelle (17, 21-22). BMP is also involved in the formation
of multivesicular membranes, suggesting that the character-
istic membrane structure is indeed a prerequisite for the
proper function of this membrane domain (23). The addition
of D-PDMP modulated the structure of the BMP membrane
in a pH-dependent manner and inhibited the BMP-enhanced
acid lipase activity in vitro. In cultured cells,D-PDMP
inhibited the degradation of LDL. As a result, intracellular
cholesterol accumulated and the cell surface cholesterol
decreased. This decrease altered P-glycoprotein activity
leading to enhanced uptake of the anticancer reagent.

MATERIALS AND METHODS

Cells and Reagents.Cultured human skin fibroblasts were
established as described (21). Cells were maintained in F10
medium supplemented with 10% fetal calf serum (FCS), 100
units/mL penicillin, and 100µg/mL streptomycin. A gly-
cosphingolipid-deficient mutant cell line of mouse melanoma,
GM95 (24), was a generous gift of Dr. Y. Hirabayashi (Brain
Science Institute, RIKEN, Japan). The cells were cultured
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in DMEM supplemented with 10% FCS, 100 units/mL
penicillin, and 100µg/mL streptomycin. Baby hamster
kidney cells were grown as described (18). Murine neuro-
blastoma, Neuro-2a, was provided by Dr. H. Higashi (Brain
Science Institute, RIKEN, Japan). The cells were grown in
DMEM supplemented with 5% FCS, 100 units/mL penicillin,
and 100µg/mL streptomycin.D-threo-1-Phenyl-2-decanoy-
lamino-3-morpholino-1-propanol (D-PDMP) andL-threo-1-
phenyl-2-decanoylamino-3-morpholino-1-propanol (L-PD-
MP) were from Matreya Inc. (Pleasant Gap, PA).N-Butyl-
deoxynojirimycin (NB-DNJ), filipin, 25-hydroxycholesterol,
and human lipoprotein-deficient serum were obtained from
Sigma (St. Louis, MO). U18666A was from BioMol (Ply-
mouth Meeting, PA). 6-((N-(7-Nitrobenz-2-oxa-1,3- diazol-
4-yl)amino)hexanoyl)sphingosine (C6-NBD-Cer), cholesteryl
4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
dodecanoate (cholesteryl BODIPY FL C12), nile red, and
paclitaxel BODIPY FL conjugate (BODIPY FL paclitaxel)
were from Molecular Probes (Eugene, OR). Anti-CD63
antibody was purchased from Cymbus Biotechnology Ltd.
(Chandlers Ford, U.K.). 4-methylumbelliferyl oleate was
from Fluka (St. Louis, MO). Anti-bis(monoacylglycero)-
phosphate (BMP) antibody (anti-lysobisphosphatidic acid
(LBPA) antibody) was prepared as described (18). [14C]Oleic
acid (50.0 mCi/mmol) and [cholesteryl-4-14C] oleate (55 mCi/
mmol) were from American Radiolabeled Chemicals Inc.
(St. Louis, MO). Streptolysin O was obtained from Dr.
Sucharit Bhakdi (Johannes Gutenberg Universitat, Mainz,
Germany). LDL was prepared by ultracentrifugation. [Cho-
lesteryl-4-14C] oleate-containing LDL (16µCi/mg protein)
and cholesteryl BODIPY FL C12-containing LDL (350µM
fluorophore/mg protein) were prepared as described (25).

Cell Staining. All manipulations were done at room
temperature. Cells grown on coverslips were washed with
phosphate buffered saline (PBS) and then were fixed for 20
min with 3% paraformaldehyde in PBS. The cells were
washed with PBS and quenched with 50 mM NH4Cl for 15
min. After washing with PBS, cells were permeabilized by
treating with 50µg/mL digitonin for 5 min. The specimens
were blocked with 0.2% gelatin in PBS for 30 min. After
30 min treatment with the first antibody, cells were washed
and labeled with the fluorescent second antibody. When
cholesterol was stained, 50µg/mL filipin was added in both
primary and secondary antibody solutions. Nile red (100 ng/
mL) was added in the second antibody solution. The stained
cells were washed and mounted in Mowiol and examined
under a Zeiss LSM 510 confocal microscope equipped with
C-Apochromat 63XW Korr (1.2 n.a.) objective. When cells
were labeled with nile red, the dye was included in Mowiol.

Measurement of Glycolipid Synthesis.Human skin fibro-
blasts were grown on 60 mm plastic culture dishes for 3
days in the presence of various concentration ofD-PDMP,
L-PDMP, orNB-DNJ. Cells were then washed with serum
free medium. The culture medium was then changed to the
serum free medium containing 5µM C6-NBD-Cer prepared
by adding a 5 mMethanol solution of the fluorescent lipid
to F10 medium. After 1 h incubation, cells were harvested
using a rubber policeman and lipids extracted (26, 27) after
protein measurement. Extracted lipids were applied to an
HPTLC plate (Merck) and developed in CHCl3/CH3OH/H2O
(65:25:4). Fluorescent lipids were quantified using FLA3000

(Fuji film, Tokyo, Japan), and the fluorescence intensity was
normalized against protein concentration.

Electron Microscopy.Human skin fibroblasts were grown
on fibronectin-coated Aclar plastic sheets (Nisshin EM,
Tokyo, Japan) for 2 days in the presence and absence of 10
µM D-PDMP. Cells were then fixed for 30 min at room
temperature with 4% paraformaldehyde and 2.5% glutaral-
dehyde in PBS, post-fixed with 1% osmium tetraoxide and
0.1 M imidazole, then stained with 0.2% tannic acid for 30
min. The samples were then dehydrated in the graded series
of acetone, embedded in Araldite resin, and sectioned with
ultramicrotome (Leica EM UC6, Vienna, Austria). Thin
sections were stained with uranyl acetate and lead stain
solution (Sigma-Aldrich Japan, Tokyo, Japan). For immu-
noelectron microscopy,D-PDMP-treated cells were grown
on culture dishes, fixed with 4% paraformaldehyde and
0.05% glutaraldehyde in PBS. The cells were scraped off
the dishes, pelleted, and embedded in low melting temper-
ature agarose. Cell pellets were infused with 20% polyvi-
nylpyrrolidone and 1.84 M sucrose and frozen in liquid
propane cooled in liquid nitrogen. Ultrathin sections were
cut with an ultracryomicrotome (EM UC6 and FC6, Leica,
Austria), picked up in 1:1 (2.3 M sucrose):(2% methylcel-
lulose). Labeling of BMP was performed with mouse
monoclonal anti-BMP antibody and 10 nm colloidal gold
conjugated-anti-mouse IgG antibody (Amersham Bioscienc-
es, Buckinghamshire, U.K.). After labeling, the sections were
stained and embedded in 1.8% methylcellulose and 0.3%
uranyl acetate. Both sections for conventional and immu-
noelectron microscopy were observed under a transmission
electron microscope (JEOL 1200EX II, Tokyo, Japan).
Electron micrographs recorded on imaging plates were
scanned and digitized by an FDL 5000 imaging system (Fuji
Photo Film, Tokyo, Japan).

Subcellular Fractionation and Lipid Analysis.Late endo-
somal fractions were prepared as described (18, 20, 28).
Briefly, cells were homogenized, and then a post-nuclear
supernatant was prepared. The post-nuclear supernatant was
adjusted to 40.6% sucrose, 3 mM imidazole, pH 7.4, loaded
at the bottom of an 50 Ultra clear tube (Beckman), and
overlaid sequentially with 35% and 25% sucrose solutions
in 3 mM imidazole, pH 7.4, and then homogenization buffer
(HB; 250 mM sucrose, 3 mM imidazole, pH 7.4). The
gradient was centrifuged for 60 min at 35 000 rpm using a
Beckman MLS50 rotor. The late endosome fraction was
collected at the 25% sucrose/HB interface. Lipids of the late
endosome fraction were extracted and then separated by two-
dimensional chromatography (18, 20). The first direction was
run with chloroform, methanol, and 32% ammonia (65:35:5
v/v) and the second direction with chloroform/acetone/
methanol/acetic acid/water (10:4:2:2:1 v/v). Lipids were
visualized by spraying primuline followed by UV detection.

Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry.Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) analysis was performed using an AXIMA-CFR (Shi-
madzu Corp., Kyoto, Japan) equipped with a 337 nm nitrogen
laser. A saturated solution of 2,5-dihydroxybenzoic acid
(DHB; Wako Pure Chemical Industries, Osaka, Japan) in
water was used as the matrix, and the extracted and dried
D-PDMP spot was dissolved in 6µL of HPLC grade
chloroform (Wako Pure Chemical Industries). The matrix
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andD-PDMP solutions were mixed in equal proportions, and
4 µL aliquots of the resulting mixture were placed on a target
plate for crystallization. Crystallization was accelerated by
a gentle stream of cold air. Then, the target plate carrying
cocrystals of matrix and analytes was introduced into the
mass spectrometer. Mass spectra were calibrated externally
with peaks from peptide calibration standard bradykinin
fragments 1-7 (Sigma-Aldrich Japan) (m/z757.40) and DHB
(m/z 154.12).

Small-Angle X-ray Scattering (SAXS) Measurements.2,2′-
Dioleoyl-sn 1,1′-BMP was chemically synthesized as de-
scribed previously (29). For X-ray measurements, dried films
of 100 nmol of BMP were hydrated and vortexed with 100
µL buffer solutions that contained various drugs with 1 or
2.5 mM concentration, pelleted, and brought into a sample
cell which had a path length of 1.5 mm and a pair of thin
quartz windows (30µm). The final concentration of BMP
was approximately 2.5 mM. SAXS measurements were
carried out at RIKEN Structural Biology Beamline I (BL-
45XU) (30) at SPring-8, 8 GeV synchrotron radiation source,
Hyogo, Japan. The X-ray wavelength used was 0.9 Å, and
the beam size at the sample position was 0.4× 0.7 mm2.
The distance of sample to detector was 851 mm. The sample
temperature was controlled to 37.00( 0.01°C with a high
precision thermoelectric device. Buffer profiles were also
taken for background subtraction purposes. The SAXS
patterns were recorded with 30 s exposure by a beryllium-
windowed X-ray image intensifier which was coupled with
a cooled CCD camera (1000× 1018 pixels) (31). The
recorded images were applied to the required corrections
(32). The two-dimensional powder diffraction patterns after
the image distortion correction were circularly averaged and
reduced to one-dimensional profiles using FIT2D version
12.012 (http://www.esrf.fr/computing/scientific/FIT2D/), a
2-D data reduction and analysis program. The reciprocal
spacing (s) and scattering vectors (q),

whered is the lattice spacing, 2θ is the scattering angle, and
λ is the wavelength of X-ray, were calibrated with silver
behenate by the long-period spacing of 5.838 nm (33).

Dynamic Light Scattering.The average hydrodynamic
diameter ofD-PDMP dispersions was measured at pH 4.6,
7.4, and 8.5 by a Malvern Zetasizer Nano ZS (ZEN3600), a
DLS apparatus (Malvern Instruments Ltd., Worcester, En-
gland), using disposable square cells. Solution samples (0.5
mM) were subjected to scattering by monochromatic light
(4.0 mW He-Ne laser, wavelength of 633 nm), and the
scattering light intensity was measured at a scattering angle
of 173°. All measurements were carried out at 37°C. The
particle sizes and polydispersities were calculated from the
autocorrelation function of light scattering intensity with the
Dispersion Technology Software package (Malvern Instru-
ments Ltd., Worcester, England).

Measurement of Acid Lipase ActiVity. The acid lipase
activity of the homogenate from human skin fibroblasts was
measured as described using 4-methylumbelliferyl oleate as
a substrate (34). Cell homogenate was prepared by sonication
in 0.2 M citrate buffer, pH 4.6. BMP dispersions (100µM)
containing various amounts ofD-PDMP were added to 24

µg/mL protein. The reaction was started by the addition of
substrate (final concentration 100 nM), and the increase of
fluorescence intensity at 449 nm (excitation at 327 nm) was
monitored.

Uptake of Reconstituted LDL.Human skin fibroblasts were
grown in F10 medium supplemented with 10% FCS, 100
units/mL penicillin, and 100µg/mL streptomycin (medium
A) in the presence and the absence of 10µM D-PDMP. After
24 h of incubation, the medium was replaced with medium
B (medium A in which 10% FCS is replaced with 5% human
lipoprotein-deficient serum) with 10µg/mL cholesteryl
BODIPY FL C12-containing LDL in the presence and
absence of 10µM D-PDMP. After 5 h of incubation, a
fluorescence image was acquired under a Zeiss LSM 510
confocal microscope quipped with a C-Apochromat 63XW
Korr (1.2 n.a.) objective.

Hydrolysis of Cholesteryl-[4-14C] Oleate-Containing LDL.
Hydrolysis of LDL was measured using the following
protocol (format 1): On day 0, monolayer stock flasks of
human skin fibroblasts were trypsinized and seeded into a
3.5 cm dish in 1 mL of medium A. On day 1, monolayers
were washed and the medium was changed to 1 mL of
medium B. On day 3, cells were washed and the medium
was replaced with 1 mL of medium C (medium B containing
20 µM mevinolin and 0.25 mM mevalonate) with and
without inhibitors. On day 4, the medium was replaced with
medium C with and without inhibitors in the presence of 10
µg/mL cholesteryl-[4-14C] oleate-containing LDL (0.2µCi/
mL). After 2 h of incubation, the medium was replaced with
fresh medium C with and without inhibitors. At appropriate
intervals, lipids were extracted and the degradation of
cholesteryl-[4-14C] oleate to [4-14C] cholesterol was quanti-
fied after separation of radioactive lipids on HPTLC, using
hexane/diethyl ether/glacial acetic acid (80:20:2) as a solvent.

Measurement of Cellular Cholesterol and Cholesterol
Ester Content.Human skin fibroblasts were grown on 60
mm plastic culture dishes for 3 days in the presence and
absence of inhibitors. Cells were harvested using a rubber
policeman, and protein was measured followed by lipid
extraction (35). Extracted lipids were applied to an HPTLC
plate (Merck) and developed in hexane/diethyl ether/glacial
acetic acid (80:20:2 for cholesterol measurement and 90:
10:1 for cholesterol ester measurement). Lipids were stained
with phosphomolybdic acid and quantified using LAS1000
(Fuji film, Tokyo, Japan). Data were normalized against
protein concentration.

Measurement of Cholesterol Esterification.Human skin
fibroblasts were grown according to format 1. On day 3,
cells were washed and the medium was replaced with 1 mL
of medium C with and without LDL and 25-hydroxycho-
lesterol in the presence and absence of inhibitors. After 24
h of incubation, each monolayer was labeled with 0.5µCi
[14C]oleate. After 1 h incubation, cells were washed with
PBS and were harvested using a rubber policeman. Then
lipids were extracted (35) after protein measurement. Ex-
tracted lipids were applied to HPTLC plate (Merck) and
developed in hexane/diethyl ether/glacial acetic acid (80:20:
2). Radioactive lipids were quantified using BAS2500 (Fuji
film, Tokyo, Japan), and the radioactivity was normalized
against protein concentration. Cholesterol esterification in
GM95 and Neuro-2a was measured in FCS-containing
medium by adding 0.5µCi [14C]oleate for 1 h. The

s ) 1/d ) (2/λ)sin θ

q ) 2πs ) (4π/λ)sin θ
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incorporation of radioactivity to cholesteryl [14C]oleate was
determined as described above.

Streptolysin O Treatment.Human skin fibroblasts were
grown on 24 well dishes for 3 days in the presence and
absence of 10µM D-PDMP. Cells were then washed with
serum free medium followed by 10 min incubation on ice
in the serum free medium containing various concentrations
of streptolysin O. Viability of cells was measured using MTT
assay (36).

Cytotoxicity of Paclitaxel.Neuro-2a cells were grown in
6 well dish in DMEM supplemented with 5% FCS for 1
day in the absence and presence of inhibitors. Then the
medium was changed to paclitaxel containing medium with
and without inhibitors, and cells were grown for 3 days.
During incubation, the medium was changed to fresh medium
with paclitaxel in the absence and presence of inhibitors
every 24 h. After incubation, viability of cells was measured
as described above (36).

Uptake of Fluorescent Paclitaxel.Neuro-2a cells were
grown in DMEM supplemented with 5% FCS for 3 days in
the absence and presence of inhibitors. Cells were then
washed and further incubated for 1 h at 37°C in phenol red
free DMEM F12 with 5% FCS and 50 nM BODIPY FL
paclitaxel in the absence and presence of inhibitors. The
medium was then removed, followed by solubilization of
cells in PBS containing 0.1% Triton X-100. 10% Triton
X-100 solution was added to the removed medium so as to
adjust the final detergent concentration to 0.1%. The
fluorescence of both the medium and the cell suspension was
measured with a fluorometer (JASCO, FP-6500) (λex) 505
nm, λem ) 515 nm). WhenD-PDMP-treated cells were
further treated with methyl-â-cyclodextrin (MâCD)/choles-
terol complex, the cells were incubated for 30 min at 37°C
in DMEM with 5% FCS containing MâCD/cholesterol (final
concentration of cholesterol, 100µM). Cells were then
washed and incubated with BODIPY FL paclitaxel in phenol
red free DMEM F12 with 5% FCS for 1 h at 37 °C.
Incorporation of fluorescent paclitaxel was measured as
described above. MâCD/cholesterol was prepared as de-
scribed (37).

RESULTS

D-PDMP and NB-DNJ but NotL-PDMP Inhibit the
Metabolism of C6-NBD-Cer to C6-NBD-GlcCer.D-threo-
1-Phenyl-2-decanoylamino-3-morpholino-1-propanol (D-
PDMP) andN-butyl-deoxynojirimycin (NB-DNJ) are well-
known inhibitors of UDP-glucose:ceramide glucosyltransferase
(GCS). In contrast toD-PDMP,L-threo-1-phenyl-2-decanoy-
lamino-3-morpholino-1-propanol (L-PDMP) does not inhibit
GCS. We first confirmed that these inhibitors properly inhibit
glycosphingolipid (GSL) synthesis in our experimental
settings. 6-((N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
hexanoyl)sphingosine (C6-NBD-Cer) is a useful ceramide
analogue for measuring GSL synthesis in various cell types
(27, 38-40). When cells are incubated with C6-NBD-Cer,
two major products, 6-((N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)hexanoyl)sphingosine-1-phosphocholine (C6-NBD-
sphingomyelin, C6-NBD-SM) and 6-((N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino)hexanoyl)sphingosine glucoside (C6-
NBD-glucosylceramide, C6-NBD-GlcCer) are formed. In
Figure 1, human skin fibroblasts were treated for 3 days with

various inhibitors. C6-NBD-Cer was then added to the
medium, and the lipids were extracted. The specimen gave
three spots on the thin layer chromatogram, corresponding
to C6-NBD-Cer, C6-NBD-glucosylceramide and C6-NBD-
sphingomyelin. The relative fluorescence intensity is shown
in Figure 1. As previously reported (1, 6), D-PDMP andNB-
DNJ inhibited the synthesis of C6-NBD-glucosylceramide.
5-10 µM D-PDMP was necessary to completely inhibit
glucosylceramide synthesis whereas 50 times moreNB-DNJ
was required for the inhibition. UnlikeD-PDMP, L-PDMP
did not inhibit C6-NBD-glucosylceramide synthesis, but
rather, the synthesis was slightly accelerated by the reagent
as described (41). In the following study, 10µM D- and
L-PDMP and 500µM NB-DNJ were employed in most of
the cell experiments.

D-PDMP Alters the Morphology of Bis(monoacylglycero)-
phosphate (BMP)-Rich Membranes.Previously it was shown
that PDMP induces vacuolization of late endosomes/lysos-
omes (42). The internal membranes of late endosomes are
highly enriched with a unique negatively charged lipid, BMP
(18-20). In Figure 2, we examined the morphology of BMP-
containing membranes using the specific antibody that
recognizes BMP (18). Immunofluorescence indicates that
BMP-containing vesicles become enlarged during incubation
with D-PDMP (Figure 2A-D). Electron microscopy revealed
the accumulation of multilamellar structures inD-PDMP-
treated cells (Figure 2G-I). These structures were labeled
with anti-BMP antibody (Figure 2J). Our results indicate that
D-PDMP alters the morphology of BMP-containing or-
ganelles.

D-PDMP Is Distributed in BMP-Containing Membranes.
A fluorescent PDMP analogue is reported to accumulate in
late endosomes/lysosomes (42, 43). Hydrophobic amines
such asD-PDMP are thought to pass through membranes,
and, once accumulated in the acidic compartment, the amino
group becomes positively charged and trapped inside the
organelle. However, the intracellular distribution of non-
fluorescent PDMP is not studied. In Figure 3, we investigated

FIGURE 1: D-PDMP andNB-DNJ but notL-PDMP inhibit glycolipid
synthesis. Human skin fibroblasts were incubated with various
concentrations ofD-PDMP (circle),L-PDMP (square), orNB-DNJ
(triangle) for 3 days. C6-NBD-Cer was then added and the
formation of C6-NBD-glucosylceramide and C6-NBD-sphingomy-
elin was measured as described in Materials and Methods. Data
are mean of triplicate experiments( SD. Cer, C6-NBD-Cer;
GlcCer, C6-NBD-glucosylceramide; SM, C6-NBD-sphingomyelin.
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whether D-PDMP is accumulated in late endosomes by
purifying the late endosome fraction from baby hamster
kidney (BHK) cells in which the protocol for isolating late
endosomes is well established (18, 28). D-PDMP was
detected by primuline staining after extraction and separation
of lipids on thin-layer chromatography (TLC). The identity
of D-PDMP was confirmed by measuring the mass spec-
trometry of the extracted spot (Figure 3). The ions were
observed atm/z391.38 ([M+ H]+) and 413.38 ([M+ Na]+),
indicating that the detected spot isD-PDMP (calculatedm/z
values are 391.30 and 413. 28, respectively). From the
primuline staining of standards we calculated that the BMP:
PDMP ratio in the late endosome fraction is roughly 1:3.
These results reveal thatD-PDMP is distributed in late
endosomes. However, our fractionation study shows that
D-PDMP is also distributed in membranes other than late
endosomes (data not shown), indicating thatD-PDMP is not
restricted in late endosomes. This is consistent with the

observation that GCS is distributed in pre- and early Golgi
apparatus (44).

D-PDMP Alters the Organization of BMP Membrane in a
pH-Dependent Manner.The above results indicate that
D-PDMP is distributed in BMP-containing membranes. BMP-
rich membrane domain is suggested to be involved in
membrane traffic from late endosomes as well as the
degradation of sphingolipids in late endosomes/lysosomes
(17, 21, 22). The disturbance of membrane traffic by BMP
specific antibody suggests that the specific membrane
organization of the lipid plays an important role in the
function of BMP-rich membrane domains (21-23). BMP
has a uniquesn-1, sn-1′ stereoconfiguration, and fatty acids
are esterified to unstable 2- and 2′-positions (20). In most
mammalian cultured cells, the major molecular species is
dioleoyl (diC18:1) BMP. We chemically synthesized natu-
rally occurring 2,2′-dioleoyl sn-1, sn-1′-BMP (23, 29) and
examined the interaction between BMP and PDMP by

FIGURE 2: D-PDMP alters the morphology of BMP-containing organelle. (A-D) Human skin fibroblasts were grown in the presence of 10
µM D-PDMP. Cells were then fixed and labeled with anti-BMP antibody. Bar, 20µm. (E-J) Electron micrographs of human skin fibroblasts
grown for 2 days in the absence (E and F) or presence (G-J) of D-PDMP. E-I show conventional electron micrographs, J shows
immunoelectron micrograph of BMP. F shows the higher magnification image from E, similarly, H from G, and I from H, respectively.
Cell treated withD-PDMP had abundant multilamellar bodies (arrowheads in H), which were not seen in nontreated cells (E and F). The
immunogold labeling (arrowheads in J) indicates that the multilamellar body contains BMP. Bars, E-H, 1 µm; I and J, 500 nm.
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measuring small-angle X-ray scattering (Figure 4). We
investigated the effect of pH to mimic the environment of
the lumen of endosomes/lysosomes. BMP alone gave broad
peaks atq ) ∼0.90 nm-1 and q ) ∼1.50-1.90 nm-1,
irrespective of the pH (Figure 4A-C). The peak atq ) 0.90
nm-1 corresponds to the first order diffraction from a lamellar
structure of BMP, while the peak atq ) ∼1.50-1.90 nm-1

is attributed to the bilayer form factor and the second order
lamellar diffraction, indicating that BMP dispersion occurs
in the swollen and loosely packed lamellar structures. The
addition of D-PDMP at low pH dramatically changes this
scattering pattern. At 1 mMD-PDMP, the intensity of the
broad peak atq ) ∼0.90 nm-1 was decreased and a sharp
diffraction appeared atq ) 1.30 nm-1. At 2.5 mM D-PDMP,
the diffraction peaks were shifted to the wide-angle region
and clear first and second order diffractions corresponding
to a repeat distanced ) 4.58 nm were observed, indicating
thatD-PDMP induced a closely packed multilamellar order-
ing of the membrane (Figure 4A). Since another set of first
and second order diffractions corresponding to a repeat
distance of 6.10 nm was observed at 2.5 mMD-PDMP
concentration, initial lamellar structures with a large repeat
distance coexisted in a phase separated manner with the
closely packed lamellar structures. This effect was pH-
dependent andD-PDMP did not significantly alter the
scattering pattern at neutral and alkaline pH (Figure 4B,C).
We also examined the effects ofL-PDMP andNB-DNJ
(Figure 4D,E).L-PDMP altered the scattering pattern of BMP
asD-PDMP did (Figure 4D) whereasNB-DNJ did not affect
the scattering profile (Figure 4E).D- andL-PDMP andNB-
DNJ by themselves yielded no profile in small-angle scat-
tering under the present conditions (data not shown). Figure
4F-H shows that the light scattering profile ofD-PDMP
changed in a pH-dependent manner. At neutral and alkaline
pH, D-PDMP forms large micelles whereas the size of the
micelle is much smaller at low pH, suggesting the different
packaging of the molecule at low pH. This alteration of the

organization ofD-PDMP itself may be the cause of the
alteration of BMP membrane by the drug at low pH.

D-PDMP Inhibits the ActiVation of Lysosomal Acid Lipase
by BMP. The above results suggest thatD-PDMP is ac-
cumulated in late endosomes and interacts with BMP. The
scattering profile suggests thatD-PDMP covers the negative
charge of BMP under low pH conditions (45). It is known
that acid lipase requires certain negatively charged phos-
pholipids for maximum activity (46). BMP comprises more
than 50% of phospholipids in the internal membrane domains
of late endosomes and thus a major source of negatively
charged phospholipids there (20). Figure 5 indicates that the
lysosomal acid lipase activity was enhanced by the addition
of BMP andD-PDMP inhibited this enhancement in dose-
dependent manner. The basal acid lipase activity was not
affected byD-PDMP, suggesting thatD-PDMP does not
directly inhibit the enzyme. These results thus suggest that
D-PDMP modifies the organization of late endosome/
lysosome specific lipids and thus inhibits acid lipase activity
of the organelle.

D-PDMP andL-PDMP but Not NB-DNJ Inhibit Hydrolysis
of [Cholesteryl-4-14C] Oleate-Containing LDL and Increase
the Cellular Cholesterol Ester Content.Acid lipase is
involved in the degradation of low-density lipoproteins
(LDL). In Figure 6, we investigated the effect ofD-PDMP
on LDL uptake and LDL-cholesteryl ester hydrolysis in
human skin fibroblasts. Figure 6A shows the incorporation
of cholesteryl BODIPY FL C12-containing LDL in the
absence and presence of 10µM D-PDMP. The fluorescence
image shows thatD-PDMP enhanced the uptake of LDL. In
contrast, the presence ofD-PDMP dramatically inhibited the
degradation of [cholesteryl-4-14C] oleate-containing LDL
(Figure 6B).L-PDMP also inhibited the degradation while
NB-DNJ showed little effect on the degradation of [choles-
teryl-4-14C] oleate (Figure 6C). The cellular content of
cholesterol ester was then measured after treatment with
D-PDMP, L-PDMP, andNB-DNJ (Figure 6D). Cholesterol
ester content was significantly increased when cells were
incubated withD-PDMP andL-PDMP. In contrast,NB-DNJ
did not affect the cellular level of cholesterol esters.
Intracellular accumulation of cholesterol esters was also
examined by staining cells with nile red, which stains neutral
lipids (47) (Figure 7). Nile red stained the Golgi apparatus
in control cells. After treating cells withD-PDMP and
L-PDMP, nile red fluorescence was enhanced and partially
colocalized with CD63, a protein which has four membrane
spanning domains and which localizes in late endosomes (20,
48, 49), indicating late endosome/lysosome accumulation of
neutral lipids. Figure 7 shows that the shape of late endosome
changed from small dots to large vacuoles upon treatment
with D- andL-PDMP as observed in Figure 2.NB-DNJ did
not significantly affect the distribution of nile red labeling.
Our results indicate thatD-PDMP andL-PDMP but notNB-
DNJ inhibit the degradation of LDL.

D-PDMP andL-PDMP but Not NB-DNJ Inhibit Choles-
terol Esterification.We then measured the effect ofD-PDMP
on low-density lipoprotein (LDL)-stimulated cholesterol
esterification. In Figure 8A, human skin fibroblasts were
incubated in medium C containing varying concentrations
of LDL in the absence and presence of 10µM D-PDMP.
D-PDMP strongly inhibited LDL-induced cholesteryl ester
formation. We included mevinolin, a potent inhibitor of

FIGURE 3: D-PDMP distributes in late endosomes. (A) Baby hamster
kidney (BHK) cells were grown in the presence of 10µM D-PDMP.
After 24 h, late endosomal fractions were prepared as described in
Materials and Methods. Lipids were then extracted and separated
by two-dimensional chromatography. The arrow shows the position
of D-PDMP whereas the arrowhead indicates BMP. The star points
to the origin of the spot. (B) Different amounts ofD-PDMP (PDMP)
and BMP were developed on one-dimensional chromatography
followed by primuline staining in order to obtain a calibration curve.
(C) MALDI-TOF MS spectrum of theD-PDMP spot. The major
peaks corresponds to [M+ H]+ at m/z 391.38 and [M+ Na]+ at
m/z 413.38.
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mevalonate synthesis, in the medium. Thus, the observed
results were not due to impaired cholesterol biosynthesis in
D-PDMP-treated cells. We then examined the effect of
various inhibitors on LDL-stimulated cholesterol esterifica-
tion (Figure 8B). Whereas esterification was inhibited byD-
andL-PDMP as well as U18666A (50-52), a well-character-
ized hydrophobic amine which specifically inhibits choles-
terol traffic from late endosomes/lysosomes,NB-DNJ did
not inhibit LDL-induced cholesteryl ester formation. Instead,
cholesterol esterification was slightly stimulated byNB-DNJ
treatment. Cellular cholesterol esterification is also stimulated
when cells are incubated with oxygenated sterols such as
25-hydroxycholesterol (53). In Figure 8C, we measured 25-
hydroxycholesterol-stimulated cholesterol esterification in
mevinolin-treated human skin fibroblasts incubated in the
absence and presence of inhibitors. AgainD- andL-PDMP

significantly inhibited esterification. U18666A partially
inhibited 25-hydroxycholesterol-induced cholesterol esteri-
fication whereasNB-DNJ did not affect the cholesterol
esterification.

GM95 cells have a defect in the first step of GSL synthesis
that is catalyzed by UDP-glucose:N-acylsphingosine gluco-
syltransferase, thus, they are entirely lacking GSLs (24). After
cells were treated with 10µM D-PDMP in the growth
medium for 3 days, cholesterol esterification was measured
by adding [14C]oleate (Figure 8D). The esterification was
inhibited, as has been observed in human skin fibroblasts.
This result indicates thatD-PDMP alters cholesterol metabo-
lism in a GSL-independent manner.

D-PDMP Alters Intracellular Distribution of Free Cho-
lesterol.In Figure 9A, human skin fibroblasts were treated
with 10 µM D-PDMP for 3 days. Cells were then fixed,
permeabilized, and labeled with a cholesterol probe, filipin
(54, 55). D-PDMP treatment resulted in accumulated intra-
cellular cholesterol. Accumulation of cholesterol was also
observed when cells were treated withL-PDMP. In Figure
9B, cholesterol distribution was compared with BMP. The
partial colocalization observed indicates thatD-PDMP ac-
cumulates cholesterol in late endosomes/lysosomes. In Figure
9C, human skin fibroblasts were grown in the presence of
various concentrations ofD-PDMP and the cholesterol
content was determined. AlthoughD-PDMP accumulated
cholesterol intracellularly, the content of cholesterol was not
significantly altered byD-PDMP. Streptolysin O is a bacterial
toxin that kills cells in a cholesterol-dependent manner (40,
56). Thus the sensitivity of cells to this toxin closely reflects
the amount of cell surface cholesterol. In Figure 9D, cells
were grown in the presence and absence of 10µM D-PDMP
for 3 days and the sensitivity of cells to streptolysin O was
measured. Cells became slightly but significantly resistant

FIGURE 4: D-PDMP modifies the organization of BMP membranes. (A-E) Small-angle X-ray scattering (SAXS) profiles of BMP dispersions
containing various inhibitors. A-C, BMP dispersions were mixed withD-PDMP in 200 mM sodium citrate buffer at pH 4.6 (A), in 20 mM
HEPES buffer containing 150 mM NaCl at pH 7.5 (B), and in 20 mM tricine buffer containing 150 mM NaCl at pH 8.5 (C). In D and E,
effects ofL-PDMP (D) andNB-DNJ (E) on BMP dispersions in sodium citrate buffer at pH 4.6 are shown. The arrows in A indicate the
first and second order diffraction peaks corresponding to a lamellar repeat distance of 6.10 nm. The addition ofD-PDMP changed the
SAXS pattern of BMP dispersions significantly so as to display clear sharp diffractions, characteristic of closely stacked multilamellar
structures. (F-H) The average hydrodynamic diameter of PDMP aggregate investigated by DLS at pH 4.6 (F), 7.4 (G), and 8.5 (H). The
buffers used for respective pH conditions were the same as those employed in X-ray experiments. At pH 4.6, PDMP formed a highly
monodisperse micellar aggregate with an average hydrodynamic diameter of∼90 nm, while at pH 7.4 and 8.5 it formed a polydisperse
large aggregate with an average diameter of∼800-1000 nm.

FIGURE 5: D-PDMP inhibits the enhancement of acid lipase activity
by BMP. Acid lipase activity of homogenates from human skin
fibroblasts was measured in the absence and presence of BMP
dispersions containing various molar ratios ofD-PDMP. Control
shows the enzyme activity in the absence of BMP.
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to the toxin, indicating that cell surface cholesterol had been
decreased by theD-PDMP treatment. Our results indicate
that D-PDMP alters the cellular distribution of cholesterol
but does not significantly affect cholesterol content.

PDMP Modulates the Transport of Paclitaxel in Neuro-
blastoma Cells in a Cholesterol-Dependent Manner.The
above results indicate thatD-PDMP inhibits the degradation
of LDL, and this leads to an inhibition of cholesterol
esterification and a decrease of cell surface cholesterol. It is
suggested that P-glycoprotein is associated with raft-like
membrane domains and cholesterol modulates P-glycoprotein
activity (57, 58). We investigated whether the MDR cell
chemosensitization effect of PDMP is related to the alteration
of cholesterol homeostasis caused by PDMP. It is reported
that PDMP chemosensitizes Neuro-2a cells to paclitaxel (7).
Figure 10A shows that bothD- andL-PDMP chemosensitize
Neuro-2a cells whereasNB-DNJ is without effect. Similar
to the result in human skin fibroblasts and melanoma
mutants,D-PDMP inhibited cholesterol esterification and
accumulated cholesterol ester in Neuro-2a cells (Figure 10B).
In Figure 10C, we show the uptake of fluorescent paclitaxel
in cells treated with various inhibitors.D-PDMP increased
the uptake of BODIPY FL paclitaxel almost 2-fold. This
result agrees with a previous observation that PDMP
decreases the efflux of paclitaxel. The increased uptake of

fluorescent paclitaxel was also observed inL-PDMP-treated
cells. In contrast toD- andL-PDMP,NB-DNJ did not affect
the uptake of fluorescent paclitaxel in Neuro-2a cells. These
results indicate that inhibition of GCS does not correlate with
the enhanced uptake of fluorescent paclitaxel. WhenD-
PDMP-treated cells were further incubated with a methyl-
â-cyclodextrin (MâCD)/cholesterol complex, the uptake was
suppressed to a level below that in the absence of inhibitors.
MâCD/cholesterol treatment is known to increase cellular
cholesterol. These results therefore suggest that PDMP
modulates transport of paclitaxel in neuroblastoma cells in
a cholesterol-dependent manner.

DISCUSSION

In the present study, we showed that, in addition to the
inhibitory effect on GCS,D-PDMP accumulates in late
endosomes and modifies the organization of BMP-containing
membranes. This results in an inhibition of the degradation
of lipoproteins and an alteration of cellular cholesterol
homeostasis, including a decrease in the cell surface cho-
lesterol, that modifies the transport of anticancer reagents.
These effects are independent of the inhibition of GCS.

Inhibition of acid lipase activity resembles Wolman
disease, a late endosomal/lysosomal acid lipase deficiency
(59). In Wolman disease, complete deficiency of acid lipase
leads to massive accumulation of lysosomal cholesteryl
esters. Defective release of free cholesterol from late
endosomes/lysosomes inhibits LDL-dependent cholesterol
esterification as observed inD-PDMP treated cells.

FIGURE 6: D-PDMP andL-PDMP but notNB-DNJ inhibit hydroly-
sis of [cholesteryl-4-14C] oleate-containing LDL. (A) Uptake of
reconstituted LDL in the absence (control) and the presence of 10
µM D-PDMP (D-PDMP). Incorporation of BODIPY FL C12-
containing LDL was measured as described in Materials and
Methods. (B, C) Hydrolysis of [cholesteryl-4-14C] oleate-containing
LDL was quantified as described in Materials and Methods. (B)
Time course of degradation. Squares show the results in the absence
of D-PDMP whereas circles indicate the degradation in the presence
of 10 µM D-PDMP. (C) The effects of various drugs on the
degradation of [cholesteryl-4-14C] oleate-containing LDL were
measured after 6 h incubation. Control, without inhibitor;D-PDMP,
10 µM D-PDMP; L-PDMP, 10µM L-PDMP; NB-DNJ, 500µM
NB-DNJ. Data are mean of triplicate experiments( SD. (D) Human
skin fibroblasts were grown in the presence and absence of
inhibitors for 3 days. Lipids were extracted and separated on TLC,
and the content of cholesterol ester was measured as described in
Materials and Methods. Control, without inhibitor;D-PDMP, 10
µM D-PDMP; L-PDMP, 10µM L-PDMP; NB-DNJ, 500µM NB-
DNJ. Data are mean of triplicate experiments( SD.

FIGURE 7: D-PDMP accumulates neutral lipids in late endosomes.
Human skin fibroblasts were incubated with 10µM of D-PDMP,
L-PDMP, and 100µM NB-DNJ for 3 days. Cells were fixed and
doubly labeled with nile red and anti-CD63 antibody. Bar, 10µm.
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D-PDMP Alters Cholesterol Homeostasis in a Glycolipid-
Independent Manner.D-PDMP is a well-recognized inhibitor
of GCS (1, 2). However, apart from its effect on sphingolipid
synthesis, PDMP is reported to also have other activities.
These include (i) inhibition of other enzymes involved in
glycolipid metabolism (60-62), (ii) cell cycle arrest (63),
(iii) inhibition of membrane traffic from the Golgi apparatus
(43, 64), (iv) induction of lysosome vacuolization (42), and
(v) accumulation of intracellular cholesterol (12, 13). Roff
et al. (12) report the inhibition of cholesteryl ester formation
and lysosomal cholesterol accumulation by PDMP (RV-538).
Intracellular accumulation of a fluorescent PDMP analogue
is also reported (42, 43). They hypothesized that PDMP and
other hydrophobic amines such as U18666A share a common
mechanism to inhibit cholesteryl ester formation and cho-
lesterol accumulation. Inokuchi et al. (13) hypothesize that
the accumulation of cholesterol byD-PDMP is a result of a
trapping of cholesterol within GSL-laden compartments due
to physical association of cholesterol with GSLs. We have
shown thatD-PDMP accumulates in late endosomes and
modifies the structure of the BMP-containing membrane,
leading to inhibition of the degradation of LDL and thus an
altered cellular cholesterol homeostasis. This effect was
observed with L-PDMP, which does not inhibit GCS.
Inhibition of cholesterol esterification was also observed in
a glycolipid-null melanoma mutant. These results indicate
that D-PDMP alters cellular cholesterol homeostasis in a
glycolipid-independent manner.

D-PDMP Modulates the Transport of Anticancer Reagents
by Altering Cellular Cholesterol Homeostasis.D-PDMP is
able to sensitize MDR cells (3-8). A major cause of MDR
is the activation of P-glycoprotein (65, 66). P-glycoprotein
is a member of the ATP-binding-casette (ABC) transporter
superfamily and acts as an ATP-dependent efflux pump
against a broad range of anticancer reagents. The lipid
environment influences the ATPase activity of P-glycoprotein
(57, 58, 67-69). Modok et al. (57) showed that P-
glycoprotein retains function in liquid-ordered cholesterol
and sphingolipid model membranes. Gayet et al. (69) showed
that cholesterol increases with the level of chemoresistance
of the human CEM acute lymphoblastic leukemia. They

suggest that cholesterol is involved in the P-glycoprotein-
induced MDR phenotype and controls both the ATPase and
drug efflux activities of P-glycoprotein. Our results indicated
thatD-PDMP inhibits the degradation of LDL and decreases
cell surface cholesterol. Concomitantly, the uptake of
fluorescent paclitaxel was increased in Neuro-2a cells,
suggesting an inhibition of P-glycoprotein activity. The
reversal of drug uptake by MâCD/cholesterol treatment
suggests thatD-PDMP modulates P-glycoprotein activity
mainly by altering the distribution of cell surface cholesterol.
It is reported that progesterone, but not U18666A, inhibits
P-glycoprotein activity (52). Progesterone is reported to
inhibit cholesterol transport from the plasma membrane to
ER (70).

Role of GCS in the MDR Phenotype.A role for GCS in
the MDR phenotype is supported by following observa-
tions: (i) There are elevated levels of glycolipids and the
MDR phenotype correlate in some cancer cells (4, 71-73).
(ii) Overexpression of GCS enhances the drug resistance of
MCF-7 breast cancer cells (74, 75). (iii) D-PDMP and its
derivatives are able to sensitize drug-resistant cancer cells
(3-9). Recently Veldman et al. (76) reported that a GCS-
deficient melanoma mutant and a GCS transfectant showed
similar sensitivity to anticancer reagents. It has also been
shown that the GCS inhibitorsNN-DGJ andNB-DGJ do not
chemosensitize MDR cells whereasD-PDMP does under the
same conditions. It was concluded that the chemosensitization
achieved byD-PDMP cannot be caused by an inhibition of
GCS alone (11). Our results suggest thatD-PDMP chemosen-
sitizes cells by altering cellular cholesterol.D-PDMP is
reported to accumulate ceramide in certain cell types (1, 7,
62). It is thus possible that ceramide-dependent signals are
involved in D-PDMP-dependent chemosensitization. How-
ever, we consider this unlikely since (i)L-PDMP, which does
not inhibit GCS, behaves similarly toD-PDMP; (ii) alteration
of cholesterol homeostasis was observed even in GCS-
deficient GM95 melanoma cells; and (iii) the effect of
D-PDMP was reversed by 30 min treatment with MâCD/
cholesterol. Such results suggest thatD-PDMP chemosen-
sitizes cancer cells in a glycolipid-independent manner.

FIGURE 8: D-PDMP andL-PDMP but notNB-DNJ inhibit cholesterol esterification. (A) Effect of the concentration of LDL on cholesterol
esterification in the presence (circle) and absence (square) of 10µM PDMP. The incorporation of radioactivity to cholesteryl [14C]oleate
was determined as described in Materials and Methods. Each data point represents the average of two wells. (B) Effects of various inhibitors
on LDL-stimulated cholesterol esterification. Control, without inhibitor;D-PDMP, 10µM D-PDMP; L-PDMP, 10µM L-PDMP; NB-DNJ,
500µM NB-DNJ; U18666A, 1µg/mL U18666A. Each data point represents the average of two wells. (C) Effects of various inhibitors on
25-hydroxycholesterol-stimulated cholesterol esterification. Control, without inhibitor;D-PDMP, 10µM D-PDMP;L-PDMP, 10µM L-PDMP;
NB-DNJ, 500µM NB-DNJ; U18666A, 1µg/mL U18666A. Each data point represents the average of two wells. (D) GM95 cells were
incubated with and without 10µM D-PDMP in the growth medium for 3 days followed by the addition of [14C]oleic acid. After 1 h
incubation, the incorporation of radioactivity to cholesterol ester was measured as described in Materials and Methods.
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The BMP Domain: A General Target for Hydrophobic
Amines?It has been demonstrated that certain hydrophobic
amines alter cellular cholesterol homeostasis (50, 51).
However the mechanism(s) for this effect have not been well
characterized. Our results suggest that one target of these
compounds is late endosome/lysosome specific lipids. BMP
comprises less than 1% of the total phospholipids in most
cells. However, the content is increased to 15% in late
endosomes (18). In the specific internal membrane domains,
this lipid occupies more than 70% of the total phospholipids
(20). Using specific antibody, the role of this membrane
domain in the protein and lipid trafficking from late
endosomes have been reported (21, 22). BMP is also a
cofactor of several sphingolipid degradation complexes in
late endosomes/lysosomes (17). The results reported here

indicate thatD-PDMP modifies the organization of this lipid
and thus alters the function of the membrane domains. The
specific mechanism of the effect on the function of the
membrane domains will be the subject of future studies.
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