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Abstract ABCB4 is necessary for the secretion of phos-
pholipids from hepatocytes into bile and for the protection
of cell membranes against bile salts. Lipid rafts are plasma
membrane microdomains containing high contents of cho-
lesterol and sphingolipids, which are separated by Triton
X-100 extraction or OptiPrep gradient centrifugation. In
this study, we investigated the relationship between the func-
tion of ABCB4 and lipid rafts using mouse canalicular mem-
branes and HEK293 cells stably expressing ABCB4. ABCB4
and ABCB1 were mainly distributed in nonraft membranes.
The expression of ABCB4, but not ABCB1, led to significant
increases in the phosphatidylcholine (PC), phosphatidyle-
thanolamine (PE), and sphingomyelin (SM) contents in
nonraft membranes and further enrichment of SM and cho-
lesterol in raft membranes. The ABCB4-mediated efflux of
PC, PE, and SM was significantly stimulated by taurocholate,
while the efflux of PE and SM was much less than that of
PC. This ABCB4-mediated efflux was completely abolished
by BODIPY-verapamil, which hardly partitioned into raft
membranes. In addition, ABCB1 and ABCB4 mediated the
efflux of rhodamine 123 and rhodamine 6G from nonraft
membranes, which was not affected by taurocholate. il We
conclude that ABCB4 located in nonrafts, but not in rafts, is
predominantly involved in the efflux of phospholipids and
other substrates.—Morita, S-y., T. Tsuda, M. Horikami, R.
Teraoka, S. Kitagawa, and T. Terada. Bile salt-stimulated
phospholipid efflux mediated by ABCB4 localized in non-
raft membranes. J. Lipid Res. 2013. 54: 1221-1230.
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ABCB4, a member of the ABC transporter family, is
present in the canalicular membranes of hepatocytes and
plays an essential role in the secretion of phospholipids
into bile (1, 2). The function of biliary phospholipid secre-
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tion is to protect the membranes of cells facing the biliary
tree against bile salts. Biliary phospholipids also play a key
role in solubilizing cholesterol (Chol). The secretion of
both phospholipids and Chol into bile is almost completely
impaired in Abcb4 knockout mice, although Abcgb and
Abcg8 are the main transporters that secrete biliary Chol
(3-6). The complexation of bile salts with phospholipids
and cholesterol into mixed micelles strongly reduces the
cytotoxic detergent effect of bile salts. Mutations in the
ABCB4 gene result in progressive familial intrahepatic
cholestasis type 3 (7, 8), intrahepatic cholestasis of preg-
nancy, low-phospholipid-associated cholelithiasis, and pri-
mary biliary cirrhosis (1, 9). In vivo and cell culture studies
have demonstrated that the excretion of phospholipids
depends on both ABCB4 expression and bile salts (3, 10,
11). ABCB4 has been predicted to be a floppase that trans-
locates phospholipids from the inner leaflet to the outer
leaflet of the canalicular membrane (12-16), or a trans-
porter that moves phospholipids for direct extraction
by bile salts (11, 17). However, the molecular mecha-
nism of ABCB4-mediated phospholipid efflux is poorly
understood.

ABCBI1 and ABCB4 are 76% identical and 86% similar
in terms of their amino acid sequences. ABCB4 is mainly
expressed in the liver, while ABCB1 is normally present in
various tissues including the liver (18). ABCBI extrudes a
large number of structurally unrelated hydrophobic com-
pounds. ABCB4 is unable to export most ABCB1 substrates
efficiently (19), although ABCB1 and ABCB4 have a lim-
ited number of common substrates, such as short-chain
phospholipids, digoxin, paclitaxel, vinblastine, and aure-
obasidin A (20, 21). Abcb4 knockout mice do not excrete
any long-chain phospholipids into bile (3, 10), even
though substantial amounts of Abcbla and Abcblb are
expressed in the canalicular membranes of hepatocytes.
In the presence of bile salts, ABCB4, but not ABCB1, mediates

Abbreviations: Chol, cholesterol; NaTC, sodium taurocholate;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; TXI, Triton
X-100-insoluble; TXS, Triton X-100-soluble.
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the cellular efflux of long-chain phospholipids, prefer-
entially phosphatidylcholine (PC) (11). The inhibitors
of ABCB1, verapamil and itraconazole, have been shown
to completely abrogate the bile salt-dependent efflux of
phospholipids mediated by ABCB4 (11, 22). The func-
tional differences between ABCB1 and ABCB4 have been
suggested to be mainly due to differences in the trans-
membrane region (23, 24), and ABCB4 binds a subset of
ABCBI substrates or inhibitors (11, 20, 21).

Lipid rafts are small (10-200 nm) plasma membrane
domains containing high levels of sphingolipids, mainly
sphingomyelin (SM) and Chol, which are characterized
physicochemically by tight packing and reduced fluidity
leading to a liquid-ordered phase surrounded by bulk
liquid-disordered membranes (25-27). Membrane raft do-
mains are resistant to extraction in cold nonionic deter-
gent, such as Triton X-100. Lipid rafts have been implicated
in a number of cellular processes, including trafficking
and signal transduction. Several lines of evidence have
suggested that ABCB1 is at least partly located in lipid rafts
(25, 26). On the other hand, the relationship between the
function of ABCB4 and lipid rafts has not been previously
reported. In the current study, we examined the distribu-
tion of ABCB4 between Triton X-100-soluble (TXS) and
-insoluble (TXI) membranes in HEK293 cells and the ef-
fect of ABCB4 expression on the lipid compositions of
raft and nonraft membranes compared with ABCBI1 ex-
pression. We also attempted to clarify whether the bile salt-
dependent efflux of phospholipids was mediated by ABCB4
located in raft membranes or nonraft membranes using
BODIPY®-verapamil, an inhibitor exclusively partitioning
into nonraft regions. Furthermore, the efflux of nonphos-
pholipid substrates mediated by ABCB1 or ABCB4 was
investigated.

MATERIALS AND METHODS

Materials

Sodium taurocholate (NaTC) was obtained from Nacalai
Tesque (Kyoto, Japan). Rhodamine 123 and rhodamine 6G
were purchased from Sigma-Aldrich (St. Louis, MO). BODIPY®-
verapamil was purchased from Molecular Probes (Eugene, OR).
Mouse Mdrla (Abcbla) membranes and Mdrlb (Abcblb) mem-
branes prepared from baculovirus-infected High Five insect cells
were obtained from Gentest (Woburn, MA). Mouse Abcb4 re-
combinant protein (amino acids 352-708) produced in yeast was
purchased from MyBioSource (San Diego, CA). OptiPrep was
purchased from Axis-Shield (Oslo, Norway). All other chemicals
used were of the highest reagent grade.

Isolation of mouse canalicular liver plasma membranes

Experiments were performed with male FVB mice at 7 weeks
of age (25-29 g). Mice were fed standard chow and water ad libi-
tum. Mouse canalicular and basolateral liver plasma membranes
were isolated from the homogenate of livers from six mice ac-
cording to the method for isolating rat canalicular and basolat-
eral membranes (28, 29). All animal experiments were conducted
with the approval of the Research Center for Animal Life Science
at Shiga University of Medical Science.
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Recombinant plasmid construction

The human ABCB1 gene was inserted into the EcoR I and Xba
I'sites of pcDNAS3.1(+) (Invitrogen, Carlsbad, CA) to make an ex-
pression vector, pcDNA3.1(+) /ABCB1. The human ABCB4 gene
was inserted into the Nhe I and Sma I sites of the pIREShyg3 mam-
malian expression vector (Clontech, Mountain View, CA) to gen-
erate the plasmid, pIREShyg3/ABCB4. pIREShyg3 contains an
internal ribosome entry site, which permits the translation of two
open reading frames from one mRNA. This expression system fa-
cilitates the establishment of pools of stably transfected cell lines
whereby nearly all cells surviving in selective media express the
gene of interest, because the hygromycin B phosphotransferase
gene is expressed under the control of the same promoter (30).

Cell culture

HEK293 cells were grown in DMEM supplemented with 10%
heat-inactivated FBS in a humidified incubator (5% CO,) at
37°C.

Establishment of stable transformants of ABCB1 and
ABCB4

HEK293 cells were transfected with pcDNA3.1(+) /ABCB1 or
pIREShyg3/ABCB4 using Lipofectamine Reagent and PLUS
Reagent (Invitrogen). Cells transfected with pcDNA3.1(+)/
ABCBI were selected with 100 nM vinblastine, and a large num-
ber of vinblastine-resistant clones were pooled in one dish. Cells
transfected with pIREShyg3/ABCB4 were selected with 400 g/ml
hygromycin, and a large number of hygromycin-resistant clones
were pooled in one dish. The expression of ABCB1 or ABCB4
was examined by immunoblotting. To prepare a whole cell lysate,
cells were lysed with PBS containing 1% Triton X-100 and pro-
tease inhibitors (100 pg/ml p-APMSF, 10 wg/ml leupeptin, and
2 ng/ml aprotinin) and sonicated.

Preparation of nonraft and raft membrane fractions

Triton X-100 insolubility assay with HEK293 cells was per-
formed as previously described (31). Briefly, cells were harvested,
suspended in buffer A (protease inhibitors, 150 mM NaCl, 5 mM
EDTA, and 20 mM HEPES; pH 7.4), disrupted in a Dounce ho-
mogenizer on ice and centrifuged for 10 min at 1,000 g. The su-
pernatant was centrifuged for 1 h at 75,000 g. The high-speed
pellet was resuspended in buffer A supplemented with 1% Triton
X-100 for 15 min on ice, and centrifuged for 1 h at 75,000 g. After
removing the supernatant (TXS fraction), the pellet (TXI frac-
tion) was resuspended in an equal volume of buffer A containing
1% Triton X-100 and sonicated. Equal volumes of each fraction
were used for immunoblot analysis. PC, phosphatidyletha-
nolamine (PE), SM, and Chol contents in the fractions were mea-
sured by enzymatic fluorometric assays (32-34). Protein contents
were determined using a BCA protein assay kit (Thermo Fisher
Scientific, Rockford, IL).

The canalicular membranes isolated from mouse livers were
resuspended in buffer A supplemented with 1% Triton X-100 for
15 min on ice, and were centrifuged for 1 h at 75,000 g. After re-
moving the supernatant (TXS fraction), the pellet (TXI fraction)
was resuspended in an equal volume of buffer A containing 1%
Triton X-100 and sonicated. All steps in the preparation of canali-
cular TXS and TXI fractions from mouse livers were carried out
within a day.

Detergentfree rafts were prepared using the OptiPrep gradi-
ent method of Macdonald and Pike (35).

Immunoblotting

Samples were separated by SDS-PAGE on a 7%, 10%, or 12%
polyacrylamide gel calibrated with Precision Plus Protein WesternC



standards (Bio-Rad Laboratories, Hercules, CA), transferred to
polyvinylidene difluoride membranes and immunoblotted with
monoclonal anti-P-glycoprotein antibody C219 (Merck Millipore,
Billerica, MA) (1:400 dilution), monoclonal anti-MDR3 P-glyco-
protein antibody P3II-26 (Merck Millipore) (1:100 dilution), mono-
clonal anti-Na'/K'-ATPase a-1 antibody C464.6 (Merck Millipore)
(1:10,000 dilution), monoclonal anti-transferrin receptor H68.4
(Invitrogen) (1:500 dilution), or rabbit anti-flotillin-1 antibody
(Sigma-Aldrich) (1:1,000 dilution). Protein-antibody complexes
were detected by enhanced chemiluminescence using horserad-
ish peroxidase-conjugated goat anti-mouse IgG (Invitrogen) or
goat anti-rabbit IgG (Merck Millipore), and exposed to X-ray
films. The film was scanned and the integrated optical densities
of the bands were measured using Image]J software (National In-
stitutes of Health).

Cellular lipid efflux assay

Cells were subcultured in poly-d-Lys-coated 6-well plates at a
density of 2.0 x 10° cells in DMEM supplemented with 10% FBS.
After incubation for 48 h, the cells were washed with fresh medium
and incubated with DMEM containing 0.02% BSA in the presence
or absence of NaTC or BODIPY-verapamil for 24 h at 37°C. The
medium was centrifuged to remove cellular debris, and lipids in
the medium were extracted as described previously (11, 36). The
lipid extracts were dissolved in 1% Triton X-100, and the amounts
of PC, PE, SM, and Chol were quantified by enzymatic fluoromet-
ric assays (32-34). DMEM containing 0.02% BSA contained no
detectable amount of PC, PE, SM, or Chol. The cells were dissolved
in 1% Triton X-100 and sonicated, and the cell protein concentra-
tion was measured using a BCA protein assay kit.

Cellular accumulation assay

Cells were subcultured in poly-p-Lys-coated 12-well plates at a
density of 4.0 x 10” cells in DMEM supplemented with 10% FBS.
After incubation for 48 h, the cells were washed with HEPES buffer
(137 mM NaCl, 5.4 mM KCl, 0.6 mM MgCl,, 1.1 mM CaCl,, 6.1
mM p-glucose, and 10 mM HEPES; pH 7.4) and incubated with
HEPES buffer containing BODIPY-verapamil, rhodamine 123, or
rhodamine 6G for 2 h at 37°C. The cells were chilled on ice, washed
twice with cold HEPES buffer, dissolved in 1% Triton X-100 and
sonicated. The fluorescence intensities of BODIPY-verapamil (ex-
citation 485 nm, emission 538 nm), rhodamine 123 (excitation
485 nm, emission 538 nm), and rhodamine 6G (excitation 544
nm, emission 590 nm) were measured using a fluorescence mi-
croplate reader (Fluoroskan Ascent FL, Thermo Fisher Scientific),
and the concentration of cellular protein was measured using a
BCA protein assay kit.

Statistical analysis

The statistical significance of differences between mean values
was analyzed using the nonpaired ttest. Multiple comparisons
were performed using the Bonferroni test following ANOVA. Dif-
ferences were considered significant at P< 0.05. Unless indicated
otherwise, results are given as the mean + SE (n = 3).

RESULTS

Distribution of ABCB4 between raft and nonraft
membranes

We questioned whether mouse Abcb4 is associated with
the lipid raft domains of canalicular liver plasma mem-
branes. Mouse Abcb4 has an amino acid sequence with

85% and 83% similarity to those of mouse Abcbla and Ab-
cblb, respectively. The monoclonal antibody C219 recog-
nizes human ABCBI, human ABCB4, mouse Abcbla,
mouse Abcblb, and mouse Abcb4 (37). Although the
monoclonal antibody P;II-26 has been reported to react
with human ABCB4 but not human ABCB1 (38), the reac-
tivity of P3II-26 against mouse Abcbla, Abcblb, or Abcb4
has not been determined. First, we tested the specificity of
the antibody P;I1-26 by Western blotting using mouse Ab-
cbla membranes, mouse Abcblb membranes, and mouse
Abcb4 recombinant fragment (amino acids 352-708). The
results depicted in Fig. 1A show that C219 cross-reacted
with mouse Abcbla, Abcblb, and Abcb4 as expected, and
that P3II-26 specifically detected mouse Abcb4.
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Fig. 1. Distribution of Abcb4 between canalicular nonraft and
raft membranes in mouse hepatocytes. A: Immunoreactivity of
mouse Abcbla, Abcblb, and Abcb4 with C219 and P,3I1-26 mono-
clonal antibodies. Mouse Abcbla membranes (bla M) (2 g of
protein), mouse Abcblb membranes (blb M) (2 ug of protein),
and mouse Abcb4 recombinant fragment (amino acids 352-708)
(b4 F) (27.2 ng of protein) were separated by 10% SDS/PAGE. B:
Mouse canalicular liver plasma membranes (Canal) and basolat-
eral liver plasma membranes (Basol) (37.4 ug of protein) were
separated by 10% SDS/PAGE. C: TXS and TXI fractions of mouse
canalicular liver plasma membranes (equal volumes) were sepa-
rated by 10% or 12% SDS/PAGE. Abcb4, Na'/K"-ATPase (basolat-
eral marker), flotillin-1 (raft marker), and transferrin receptor
(nonraft marker) were detected with specific antibodies.

Phospholipid efflux by ABCB4 in nonraft membranes 1223



The purity of the canalicular membrane subfraction was
confirmed using Western blotting for Abcb4 and the baso-
lateral marker Na'/K'-ATPase (Fig. 1B). Triton X-100 in-
solubility has been widely used as a tool to isolate lipid rafts
and associated proteins (31, 39-42). As shown in Fig. 1C,
Abcb4 in the canalicular membranes was preferentially
solubilized by Triton X-100. The ratio of TXI/TXS for
Abcb4 was 0.0995, although the TXI/TXS ratio for canali-
cular membrane proteins was 0.217. Flotillin-1 has been
shown to be a major lipid raft marker and also present in
cellular compartments other than lipid rafts (35, 43), and
that the transferrin receptor is associated with membranes
distinct from raft domains (35, 44). The canalicular TXI
fraction was associated with flotillin-1, but not with the
transferrin receptor. These results suggest the exclusive
localization of Abcb4 in canalicular nonraft membranes.

To study the relationships between the functions of
ABCB4 and lipid rafts, we established HEK293 cell lines
stably expressing ABCB1 (HEK/ABCB1) and ABCB4
(HEK/ABCB4). Both ABCB1 and ABCB4 were expressed
as proteins of ~140 kDa (Fig. 2A). Neither ABCBI nor
ABCB4 was detected in the host HEK293 cells.

We examined the distributions of ABCB1, ABCB4, and
domain-specific membrane proteins between the TXS and
TXI fractions in HEK293 cells. Results shown in Fig. 2B
demonstrate that ABCB1 and ABCB4 were predominantly
distributed into TXS membrane fractions. Quantitatively,
the ratios of TXI/TXS for ABCB1 and ABCB4 were 0.301
and 0.204, respectively, whereas the TXI/TXS ratios for
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whole membrane proteins were 1.07 and 1.03 in HEK/
ABCBI and HEK/ABCB4 cells, respectively. Flotillin-1 was
exclusively recovered from TXI membranes. In contrast,
the majority of transferrin receptors were present in the
TXS membrane fractions.

Concerns have been raised that the extraction of cells
with detergent may yield clusters of raft lipids and proteins
that do not exist in intact cells (35). To avoid artifacts
caused by the use of detergents, we also used the OptiPrep
gradient method for the isolation of detergent-free lipid
rafts. In both HEK/ABCB1 and HEK/ABCB4 cells, a sig-
nificant portion of the raft marker flotillin-1 was found in
the lightest fractions of the gradient, although flotillin-1
was broadly distributed in the gradient (Fig. 2C), in agree-
ment with previous results (35). The nonraft marker, the
transferrin receptor was recovered primarily in fractions
4-8, indicating that fractions 1-3 corresponded to the raft
domains. ABCB4 was found mainly in fractions 3-9, which
was denser than ABCB1 found in fractions 1-7. The distri-
bution ratios of raft/nonraft for ABCB1 and ABCB4 were
0.624 and 0.158, respectively. Taken together, these results
suggest that ABCB1 and ABCB4 are preferentially distrib-
uted in the nonraft membranes irrespective of the use of
detergents.

Effects of ABCB4 expression on lipid compositions of
raft and nonraft membranes

We hypothesized that ABCB4 expression affects the
lipid compositions of raft and nonraft membranes. To test

Fig. 2. Distribution of ABCB4 between nonraft and
raft membranes in HEK293 cells. A: Whole cell lysates
(25.9 g of protein) from HEK293, HEK/ABCBI,
and HEK/ABCB4 cells were separated by 7% SDS/
PAGE. B: TXS and TXI fractions (equal volumes)
were separated by 7%, 10%, or 12% SDS/PAGE. C:
OptiPrep gradient fractions (equal volumes) were
separated by 10% or 12% SDS/PAGE. ABCBI,
ABCB4, flotillin-1 (raft marker), and transferrin re-
ceptor (nonraft marker) were detected with specific
antibodies.

ABCB1 (C219)

Transferrin receptor

ABCB4 (C219)
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Fig. 3. Cellular contents of PC, PE, SM, and Chol in TXS and
TXI. HEK293, HEK/ABCBI1, and HEK/ABCB4 cells were cultured in
DMEM containing 10% FBS at 37°C. The contents of PC (A), PE (B),
SM (C), and Chol (D) and the ratios of PE/PC (E), SM/PC (F),
Chol/PC (G), and Chol/SM (H) in TXS (open bars) and TXI (filled
bars) fractions were determined by enzymatic measurements of
PC, PE, SM, and Chol and protein assay. Each bar represents the
mean + S.E. of three measurements. The absence of an error bar
signifies an S.E. value smaller than the graphic symbol. *P < 0.05,
significant difference between HEK293 and HEK/ABCBI cells.
p< 0.05, significant difference between HEK293 and HEK/ABCB4
cells. 5P < 0.05, significant difference between HEK/ABCBI1 and
HEK/ABCB4 cells.

this, we quantified PC, PE, SM, and Chol contents in the
TXS and TXI membrane fractions of HEK293, HEK/ABCB1,
and HEK/ABCB4 cells in the absence of bile salts. As
shown in Fig. 3A, the PC content in the TXS fraction of
HEK/ABCB4 cells was significantly higher than that in the
TXS fraction of HEK293 or HEK/ABCBI1 cells. On the
other hand, there was no significant difference in the PC
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Fig. 4. Partition coefficients of PC, PE, SM, and Chol between
TXS and TXI fractions. HEK293, HEK/ABCBI, and HEK/ABCB4
cells were cultured in DMEM containing 10% FBS at 37°C. TXI/TXS
ratios of PC (A), PE (B), SM (C), and Chol (D) were determined by
enzymatic measurements of PC, PE, SM, and Chol. Each bar repre-
sents the mean + S.E. of three measurements. "P< 0.05, significant
difference between HEK293 and HEK/ABCB4 cells. Sp< 0.05, sig-
nificant difference between HEK/ABCB1 and HEK/ABCB4 cells.

contents in the TXI fractions of HEK293, HEK/ABCBI,
and HEK/ABCB4 cells. Interestingly, HEK/ABCB4 cells
also exhibited higher PE content in the TXS fraction, but
not in the TXI fraction, than HEK293 and HEK/ABCBI1
cells (Fig. 3B). The expression of ABCB4 resulted in
increased SM content in both TXS and TXI fractions
(Fig. 3C). Although the content of Chol in the TXS fractions
was similar between the three cell lines, the TXI fraction
of HEK/ABCB4 cells contained more Chol than those of
HEK?293 and HEK/ABCBI1 cells (Fig. 3D). Unlike ABCB4,
ABCBI1 expression induced no significant changes in the
lipid contents of both membrane fractions. The ratios of
PE/PC, SM/PC, and Chol/PC were determined as indices
of the concentrations of these lipids in the TXS and TXI
membrane fractions because PC is the most abundant
lipid in these fractions. In the TXS fractions, the ratios of
PE/PC and SM/PC, but not Chol/PC, were significantly
elevated by the expression of ABCB4 (Fig. 3E-G). The ra-
tios of SM/PC and Chol/PC, but not PE/PC, in the TXI
fractions were markedly higher in HEK/ABCB4 cells than
in HEK293 and HEK/ABCBI1 cells, whereas ABCB1 ex-
pression led to a decrease in the PE/PC ratio in the TXI
fractions. We also assessed the Chol/SM ratio in both
membrane fractions. The Chol/SM ratio in the TXS frac-
tion was significantly reduced in HEK/ABCB4 cells, but
increased in HEK/ABCBI cells (Fig. 3H). However, the
Chol/SM ratio in the TXI fraction was not altered by the
expression of ABCBI or ABCB4.

Moreover, the partition coefficients of PC, PE, SM, and
Chol between the TXS and TXI membranes were com-
pared in HEK293, HEK/ABCBI, and HEK/ABCB4 cells.

Phospholipid efflux by ABCB4 in nonraft membranes 1225



The expression of ABCB4 did not affect the TXI/TXS ra-
tio for PC (Fig. 4A), but resulted in a decreased TXI/TXS
ratio for PE (Fig. 4B). Although the TXI/TXS ratio for SM
was not altered by ABCB4 expression (Fig. 4C), the TXI/
TXS ratio for Chol was markedly higher in HEK/ABCB4
cells than in HEK293 cells (Fig. 4D). On the other hand,
ABCBI expression had no significant effect on the TXI/
TXS ratios for PC, PE, SM, and Chol. Collectively, these
results confirmed that ABCB4 expression leads to altera-
tions in the contents and distributions of membrane lipids
between raft and nonraft regions.

Effect of BODIPY-verapamil on ABCB4-mediated
phospholipid efflux stimulated by NaTC

It has been previously shown that the addition of NaTC
remarkably increases the efflux of choline-containing
phospholipids from HEK293 cells expressing ABCB4 (11).
We also recently developed enzyme-based fluorometric
methods to quantify PC, PE, and SM, which are simple,
rapid, sensitive, and high throughput (33, 34). Next, we
analyzed the phospholipids secreted from HEK/ABCB4
cells in the presence of NaTC, using new enzymatic fluoro-
metric assays. Strikingly, the PC efflux from HEK/ABCB4
cells was enhanced by NaTC (Fig. 5A). The addition of
NaTC also significantly increased the efflux of PE and SM
from HEK/ABCB4 cells (Fig. 5B, C), although the en-
hancement in PE or SM efflux by NaTC was less marked
than that of PC efflux (Fig. 5D). The PE/PC and SM/PC
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Fig. 5. Effects of NaTC on efflux of cellular lipids. HEK293,
HEK/ABCBI1, and HEK/ABCB4 cells were incubated with DMEM
containing 0.02% BSA in the absence (control; open bars) or pres-
ence of 0.5 mM NaTC (filled bars) for 24 h at 37°C. The efflux of
PC (A), PE (B), and SM (C) from the cells was determined by enzy-
matic measurements of PC, PE, and SM and protein assay. The
NaTC-stimulated efflux of lipids from HEK/ABCB4 cells (D) was
calculated by subtracting the efflux in the absence of NaTC from
that in the presence of NaTC. Each bar represents the mean + S.E.
of three measurements. The absence of an error bar signifies an S.E.
value smaller than the graphic symbol. *P< 0.05, significantly differ-
ent from the control.
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ratios for NaTC-stimulated efflux from HEK/ABCB4 cells
were 0.287 + 0.042 and 0.053 + 0.014, respectively. In con-
trast, the efflux of PC, PE, and SM from HEK293 or HEK/
ABCBI cells was not influenced by NaTC.

BODIPY~verapamil has been shown to be a transport sub-
strate for ABCB1 (45). We tested the effect of BODIPY-vera-
pamil on the ABCB4-mediated efflux of PC, PE, and SM
stimulated by NaTC. The efflux of PC, PE, and SM from
HEK/ABCB4 cells was decreased with increasing concen-
trations of BODIPY-verapamil in the presence of 0.5 mM
NaTC (Fig. 6). The addition of 40 uM BODIPY-verapamil
completely inhibited the efflux of PC. Subsequently, we in-
vestigated the partitioning of BODIPY-verapamil between
the TXS and TXI fractions of HEK293 cells. The ratio of
TXI/TXS for BODIPY-verapamil was very low (0.021 +0.003),
indicating that BODIPY-verapamil partitions almost exclu-
sively into the TXS membranes. Therefore, ABCB4 local-
ized in nonraft membranes may play major roles in the
efflux of phospholipids.

Efflux of nonphospholipid substrates mediated by
ABCB4

We next examined the relationships between lipid rafts
and the efflux of nonphospholipid compounds, BODIPY-
verapamil, rhodamine 123, and rhodamine 6G, which are
known substrates for ABCB1 (45-47). The TXI/TXS ra-
tios for rhodamine 123 and rhodamine 6G were 0.019 +
0.001 and 0.018 + 0.0004, respectively, indicating that these
two compounds, in addition to BODIPY-verapamil, hardly
partition into the raft membranes. Drug accumulation as-
says are the standard methods for evaluating the export
activity of ABCB1, and a reduction in the intracellular ac-
cumulation of the drug corresponds to increased export
activity (43, 45, 47, 48). As expected, the accumulation of
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Fig. 6. Effects of BODIPY-verapamil on ABCB4-mediated efflux
of cellular lipids in the presence of NaTC. HEK/ABCB4 cells
were incubated with DMEM containing 0.02% BSA and 0.5 mM
NaTC in the absence (control) or presence of the indicated con-
centrations of BODIPY-verapamil for 24 h at 37°C. PC efflux
(open circles), PE efflux (filled circles), and SM efflux (open tri-
angles) from HEK/ABCB4 cells were determined by enzymatic
measurements of PC, PE, and SM and protein assay. The efflux of
each lipid in the absence of BODIPY-verapamil (control) was
taken as 100%. Each point represents the mean = S.E. of three
measurements.



BODIPY-verapamil, rhodamine 123, and rhodamine 6G
was much less in HEK/ABCBI1 cells than in HEK293 cells
(Fig. 7A-C). The accumulation of BODIPY-verapamil was
similar between HEK293 and HEK/ABCB4 cells, while
HEK/ABCB4 cells accumulated significantly less rhod-
amine 123 and rhodamine 6G than HEK293 cells. Re-
ductions in the accumulation of rhodamine 123 and
rhodamine 6G were more marked in HEK/ABCBI1 cells than
in HEK/ABCB4 cells. These results suggest that ABCB4 as
well as ABCBI can mediate the efflux of nonphospholipid
substrates partitioning into the nonraft membranes.
Taurocholate has been reported to have no effect on the
ABCBl-mediated efflux of rhodamine 123 (49). Additionally,

—O— HEK
—@— HEK/ABCB1
—&— HEK/ABCB4
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we investigated whether or not the ABCB4-mediated ef-
flux of nonphospholipid substrates is further facilitated
by NaTC. As shown in Fig. 8A-C, the addition of NaTC
caused no changes in the accumulation of BODIPY-vera-
pamil, rhodamine 123, and rhodamine 6G in HEK293,
HEK/ABCBI, and HEK/ABCB4 cells, suggesting that NaTC
has no effect on the efflux of the three compounds medi-
ated by ABCBI1 or ABCB4, or on their passive diffusion into
HEK293 cells.

DISCUSSION

Although intrinsic membrane proteins are largely ex-
cluded from lipid rafts, a variety of proteins are selectively
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Fig. 7. Cellular accumulation of BODIPY-verapamil, rhodamine
123, and rhodamine 6G. HEK293 (open circles), HEK/ABCB1
(filled circles), and HEK/ABCB4 (filled triangles) cells were incu-
bated with HEPES buffer containing the indicated concentrations
of BODIPY~verapamil (A), rhodamine 123 (B), or rhodamine 6G
(C) for 2 h at 37°C. Each point represents the mean = S.E. of three
measurements. *P < 0.05, significant difference between HEK293
and HEK/ABCBI cells. "P < 0.05, significant difference between
HEK293 and HEK/ABCB4 cells. Sp< 0.05, significant difference
between HEK/ABCB1 and HEK/ABCB4 cells.

Fig. 8. Effects of NaTC on cellular accumulation of BODIPY-
verapamil, rhodamine 123, and rhodamine 6G. HEK293 (A),
HEK/ABCBI (B), and HEK/ABCB4 (C) cells were incubated with
HEPES buffer containing 20 uM BODIPY~verapamil, 20 uM rhod-
amine 123, or 20 uM rhodamine 6G in the absence (control; open
bars) or presence of 0.5 mM NaTC (filled bars) for 2 h at 37°C.
Each bar represents the mean + S.E. of three measurements. The
absence of an error bar signifies an S.E. value smaller than the
graphic symbol.
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enriched in rafts (27, 35). It has been shown that ABCA1
and ABCCI are not associated with membrane raft domains
(39, 40, 50, 51), while ABCG2 is located in membrane rafts
(44). Although ABCBI1 has been reported to exist in rafts
and nonraft membrane domains, depending on the cell
type, experimental conditions, and methods, it is gener-
ally accepted that ABCBI is marginally associated with TXI
membranes (26). We showed that ABCB1 was localized
mainly in the nonraft membranes of HEK293 cells (Fig.
2B, C). In addition, ABCB1 mediated the cellular efflux of
BODIPY-verapamil, rhodamine 123, and rhodamine 6G,
which were partitioned almost exclusively into the nonraft
membranes (Fig. 7A-C). Most of the ABCB1 substrates are
unlikely to be incorporated into the tightly packed mem-
brane rafts owing to their bulky structures, and none of
the ABCBI1 substrates have been previously reported to
partition into raft fractions. Thus, it is conceivable that
ABCBI in nonraft membranes exports the substrates more
efficiently than ABCBI in raft membranes.

We demonstrated that a large proportion of ABCB4
was distributed in the nonraft membranes of HEK293
cells (Fig. 2B, C). The expression of ABCB4 resulted in
an increase in the PC content of nonraft fractions, but
not of raft fractions (Fig. 3A). It is likely that PC mole-
cules are recruited to nonraft membranes by the floppase
activity of ABCB4 in the absence of bile salts. ABCB4 ex-
pression was also accompanied by increases in the con-
tents of PE and SM in the nonraft membranes (Fig. 3B, C),
and conversely, the ratios of PE/PC and SM/PC were el-
evated in the nonrafts by ABCB4 expression (Fig. 3E, F),
implying that ABCB4 may not induce the formation of
PC-enriched membranes. However, we cannot exclude the
possibility that the local concentration of PC may become
higher at the outer leaflet around ABCB4 protein mole-
cules. Both SM and Chol contents in the TXI raft mem-
branes were elevated by ABCB4 expression (Fig. 3C, D), but
interestingly, the Chol/SM ratios were constant in the
rafts (Fig. 3H), suggesting that the Chol/SM ratio is an
important factor for the formation of membrane rafts.
Consequently, ABCB4 expression may bring about fur-
ther enrichment of SM and Chol in raft regions. In con-
trast, the Chol/PC ratios were maintained in the TXS
nonraft membranes (Fig. 3G). However, at present, it is
largely undetermined how ABCB4 expression leads to al-
terations in the membrane organization of raft and non-
raft regions in the absence of bile salts.

The hepatocyte plasma membrane is functionally di-
vided into the canalicular region adjacent to the lumen of
the bile canaliculus and the basolateral region in close
contact with sinusoidal blood. We also showed that mouse
Abcb4 was mostly localized in the nonraft domains of the
hepatocyte canalicular membranes (Fig. 1C). The con-
tents of SM and Chol are higher in the canalicular mem-
branes than in the sinusoidal membranes, which lead to
decreased fluidity and increased resistance against the de-
tergent effects of bile salts (52). Although SM-containing
vesicles without Chol are very sensitive to micellar solubili-
zation upon NaTC addition, the incorporation of Chol
rendered SM-containing vesicles highly resistant to the
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detergent effects of NaTC (53). Elevations in the con-
tents of SM and Chol in raft domains by ABCB4 expression
(Fig. 3C, D) may help to protect the canalicular membranes
from the micellizing effects of bile salts.

The predominant (90-95%) biliary phospholipid is
PC, while SM is only present in trace amounts (54). In
this study, NaTC promoted the ABCB4-mediated efflux
of PC, PE, and SM (Fig. 5A-D). ABCB4 preferentially me-
diated the efflux of PC over that of SM, which agrees with
previous results from mass spectrometry analysis of the
phospholipids secreted from HEK293 cells expressing
ABCB4 (11). The ABCB4-mediated efflux of PC, PE, and
SM stimulated by NaTC were completely abolished by
BODIPY-verapamil, which hardly partitioned into the
TXI raft membranes (Fig. 6), although a small proportion
of ABCB4 existed in the TXI raft membranes (Fig. 2B, C).
These findings reveal that ABCB4-mediated phospholipid
efflux occurs mostly in the nonraft membranes. The PE/
PC ratio for NaTC-stimulated efflux (0.287 + 0.042) was
lower than the PE/PC ratio in the TXS nonraft mem-
branes of HEK/ABCB4 cells (0.388 + 0.018) (Fig. 3E), al-
though PE is localized mainly on the inner leaflet of
plasma membrane (55), suggesting that the efflux activity
of ABCB4 is more specific for PC than for PE. Further-
more, NaTC induced only a slight increase in the efflux of
SM from HEK/ABCB4 cells (Fig. 5C, D), which may be
caused by the distribution of SM predominantly on the
outer leaflet of the plasma membrane and/or the low
specificity of ABCB4 for SM. ABCB4-mediated release
from epithelial cells into the apical albumin-containing
medium has been shown to be selective for fluorescent-la-
beled PC, but not for fluorescent-labeled PE or fluores-
cent-labeled SM (14). However, we cannot exclude the
possibility that NaTC extracts PC preferentially over PE
and SM. Our results also indicated that the efflux of rhod-
amine 123 and rhodamine 6G were mediated by ABCB4 in
nonrafts (Fig. 7B, C), and that BODIPY-verapamil is not a
transport substrate of ABCB4, but an inhibitor of ABCB4-
mediated phospholipid efflux (Figs. 6, 7A). Nonphospho-
lipid compounds may compete with PC for binding to
ABCB4. Interestingly, unlike the phospholipid efflux,
NaTC did not stimulate the ABCB4-mediated efflux of
nonphospholipid substrates (Fig. 8C). We attribute this to
the sufficient solubility of the substrates in the aqueous
medium. Because the critical micelle concentration of
NaTC is 2.5 mM in the medium (11), NaTC monomers
(0.5 mM) can solubilize phospholipids in the aqueous me-
dium. The ABCB4-mediated phospholipid efflux stimu-
lated by NaTC is greater than that stimulated by the more
hydrophobic bile salt, sodium cholate (11). It is notewor-
thy that apolipoprotein A-I or HDL cannot enhance ABCB4-
mediated phospholipid efflux, despite their ability to accept
phospholipids from ABCAl-expressing cells (56, 57),
whereas NaTC also stimulates the phospholipid efflux
mediated by ABCA1 (57). Crawford et al. (15) have ob-
served abundant unilamellar vesicles in the bile canaliculi
of Abcb4 (+/+) mice but not Abcb4 (—/—) mice, and pro-
posed a model in which biliary phospholipids are secreted
as vesicles. In this model, vesiculation may be induced by



ABCB4-mediated translocation of PC to the outer leaflet
of the canalicular membrane and by destabilization of the
membrane by luminal bile salts interacting preferentially
with the Chol- and SM-poor fluid membrane microdo-
mains composed of PC. Our results do not contradict this
model.

In conclusion, we showed that ABCB4 was localized
mainly to the nonraft membranes. We also demonstrated
that the ABCB4-mediated efflux of PC was much greater
than that of PE or SM in the presence of NaTC, and that
this phospholipid efflux was completely inhibited by
BODIPY-~verapamil, which hardly partitions into the raft
membranes, suggesting that the NaTC-stimulated phospho-
lipid efflux is mediated exclusively by ABCB4 located in
the nonraft membranes. Our findings may provide clues
to understanding the cellular and molecular processes in-
volved in the lipid efflux mediated by ABCB4 or other
ABC transporters.Bll
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