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ABSTRACT: ABCGS (G5) and ABCGS (G8) are ATP-binding cassette half-transporters that limit intestinal
uptake and promote biliary secretion of neutral sterols. Here, we describe the purification of endogenous
G5G8 from mouse liver to near homogeneity. We incorporated the native proteins into membrane vesicles
and reconstituted sterol transfer. Native gel electrophoresis, density-gradient ultracentrifugation, and
chemical cross-linking studies indicated that the functional native complex is a heterodimer. No higher
order oligomeric forms were observed at any stage in the catalytic cycle. Sterol transfer activity by purified
native G5G8 was stable, stereospecific, and selective. We also report that G5 but not G8 is S-palmitoylated
and that palmitoylation is not essential for dimerization, trafficking, or biliary sterol secretion. Both G5
and G8 have short but highly conserved cytoplasmic tails. The functional roles of these C-terminal regions

were examined using an in vivo functional assay.

ABCGS (G5)" and ABCGS (G8) are ABC half-transporters
that limit the accumulation of neutral sterols in the body (7).
The two proteins are expressed primarily in enterocytes and
hepatocytes, where they heterodimerize in the endoplasmic
reticulum prior to being transported to apical membranes
(I—3). Inactivating mutations in either G5 or G8 cause
sitosterolemia, a recessive disorder characterized by hyper-
cholesterolemia, phytosterolemia, and premature coronary
artery disease (3, 4). The role of G5 and GS8 in sterol
trafficking in vivo has been examined in detail using
genetically modified mice, in which G5 and G8 are either
overexpressed or inactivated (5—70). In the intestine, the
G5G8 heterodimer limits the absorption of dietary sterols,
especially plant-derived sterols (5). G5G8 synthesized in the
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liver is located in the bile canalicular membrane and is
required for efficient secretion of neutral sterols into bile (5).

Previously, we developed an in vitro assay using recom-
binant G5G8 expressed in Sf9 cells to elucidate the mech-
anism by which G5G8 promotes translocation of sterols
across membranes (/7). Membrane vesicles prepared from
Sf9 cells expressing wild-type G5 and G8 supported the
transfer of cholesterol from donor vesicles. G5G8-mediated
transfer was stereoselective and specific for neutral sterols.
Introduction of mutations predicted to disrupt ATP hydrolysis
abolished G5G8-mediated sterol transfer. The recombinant
G5G8 transporter was purified to near homogeneity using
affinity chromatography, and the purified heterodimer re-
tained ATP-dependent sterol transfer activity when incor-
porated into proteoliposomes (/7). These studies provided
the first direct evidence that neutral sterols are the primary
transport substrate for G5GS8.

Recombinant G5G8 expressed in insect cells differs from
the native complex in several respects, including post-
translational modification, chaperone-assisted protein folding,
and the addition of epitope tags used to facilitate purification.
To characterize the native transporter, we have purified and
functionally reconstituted G5G8 from mouse liver. To our
knowledge, this is the first reconstitution of substrate
transport by an ABC transporter purified from mammalian
tissue.

EXPERIMENTAL PROCEDURES

Preparation of Postnuclear Membranes of Mouse Liver
and Solubilization of G5G8. Mouse livers were weighed and
washed with ice-cold buffer containing 50 mM Tris-HCI at
pH 7.5, 50 mM NaCl, 0.5 mM ethylenediaminetetraacetic
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acid (EDTA), and 1 mM dithiothreitol (DTT) (buffer A) prior
to homogenization in a blender with 5 volumes of buffer A
plus 1 ug/mL leupeptin, 1 ug/mL pepstatin and 0.5 mM
phenylmethylsulphonyl fluoride (PMSF); all steps were
performed at 4 °C. The homogenates were centrifuged at
1500g for 10 min, and the supernatants were further
centrifuged at 100000g for 45 min. The resulting membrane
pellets were stored at —80 °C.

To determine the best detergent for solubilization of G5GS,
aliquots of mouse liver membranes (60 ug) were incubated
with detergent (1%) for 1 h in a final volume of 30 uL. After
centrifugation to remove insoluble materials, the supernatants
were analyzed by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) and then subjected to
immunoblotting. Successful solubilization was achieved
using NP-40, Triton X-100, and C,,E (data not shown). The
nonionic detergent C;;Eq was selected for use in these
experiments because it does not absorb light at 280 nm.

To solubilize G5 and G8 for protein purification, mem-
brane pellets prepared from 110 g (wet weight) of mouse
liver were homogenized in 10 volumes of buffer A plus
protease inhibitors (1 xg/mL leupeptin, 1 xug/mL pepstatin,
and 0.5 mM PMSF) and 1% C;Eo. The membrane suspen-
sion was incubated at room temperature for 15 min and then
on ice for 45 min before centrifugation at 100000g for 1 h.

Isolation of Mature Native G5G8 from Mouse Liver. The
mature, fully glycosylated form of G5G8 was separated from
the immature form of the protein by sequential chromatog-
raphy on Blue 4 and Blue 2 dye-affinity columns (Bio-Rad).
Detergent extracts from the liver (1 L) were supplemented
with 2 mM MgCl, and loaded onto a Blue 4 column (200
mL) equilibrated with 20 mM Tris-HCI at pH 7.5, 2 mM
MgCly, 0.05% C,Eo, 7.5% glycerol, and 1 ug/mL leupeptin
(buffer E). The flow-through fraction was loaded onto a Blue
2 column (120 mL, equilibrated with buffer E) and washed
extensively with 240 mL of the same buffer (minus MgCl,).
The mature form of G5 and G8 was eluted from the Blue 2
column with buffer E plus 2% Na—cholate and maintained
at 4 °C. Most of the immature, ER form of G5 and G8 was
recovered from the Blue 4 column by eluting with buffer E
plus 1.5 M NaCl.

Purification of G5G8 by Ab-Affinity Chromatography. A
polyclonal rabbit Ab raised against mouse G5 (5) was
covalently linked to protein A-agarose beads (RepliGen)
using an immobilization kit from Pierce. The Blue 2 column
eluate was diluted 2x with buffer E (minus MgCl,), mixed
with 1 mL of the Ab—Protein A beads, and incubated at 4
°C overnight with slow rotation. The beads were packed into
a column and washed extensively with 50 mL of buffer E
plus 0.1 M NaCl. The bound proteins were eluted with 10
mL of ImmunoPure Gentle Ab/Ag elution buffer (Pierce)
plus 0.05% Ci2Eo. The initial 0.3 mL of the eluate was
discarded, and the remainder was collected in 1 mL fractions
and desalted using a desalting column (Bio-Rad) equilibrated
with 20 mM Tris-Cl at pH 7.5, 50 mM NaCl, 0.05% C;,E,,
7.5% glycerol, and 1 ug/mL leupeptin. The fractions were
stored at —80 °C.

Reconstitution of Purified G5GS into Proteoliposomes. The
purified native G5G8 was reconstituted as previously de-
scribed for the recombinant proteins synthesized in Sf9 cells
(11) with modifications. In brief, 20 uL of the purified and
desalted fractions, either obtained directly from the desalting
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column or after being concentrated using a Microcon
concentrator (Millipore), was mixed with 6 uL of Liposomes
R stock solution prepared as described previously (/1)
(containing 600 ug of lipids) and 7 uL of reconstitution
buffer (final concentration of 0.3 M sucrose, 0.15 M KCI, 2
mM MgCl,, and 1 mM DTT). After vortexing, the mixture
was incubated at room temperature for 1 h and then placed
on ice. The proteoliposomes were used within 72 h of
reconstitution.

Cholesterol-Transfer Assay. To determine if native G5G8
supported the transfer of cholesterol from donor liposomes
to proteoliposomes containing the protein, we used a
previously developed in vitro assay (/1) with some modi-
fications. Reconstituted purified G5G8 as described above
(4—5 uL) was diluted at least 20-fold in 100 uL of buffer
containing 20 mM Tris-Cl at pH 7.4, 2 mM MgCl,, 100 mM
NaCl, and 300 mM sucrose to seal the proteoliposomes. A
total of 30 uL of donor liposomes (30 ug of lipids) containing
~100 000 CPM/assay of [*H]cholesterol, [*H]cholesteryl
oleate, or [*H]phosphatidylcholine (PC) was added to the
diluted proteoliposomes in 200 uL of assay solution contain-
ing 20 mM Tris-Cl at pH 7.4, 60 mM KCI, 30 mM NaCl,
and 2 mM MgCl,. The liposomes were incubated with the
proteoliposomes at 37 °C for 60 min in the absence or
presence of 5 mM ATP with or without the addition of an
ATPase inhibitor, sodium vanadate (VO,). At the end of the
assay, the proteoliposomes containing G5G8 were separated
from the donor liposomes by centrifugation as previously
described (/1). The ATP-dependent transfer of radiolabeled
lipids from the donor liposomes to the proteoliposomes was
measured by a scintillation counting of the precipitated
proteoliposomes and was calculated by subtracting the counts
transferred without ATP from those with ATP.

To examine the stereoisomeric specificity of substrate
recognition, natural cholesterol and its hexadeuterated enan-
tiomer were used as transport substrates in the assay. The
transport assays were performed using PC liposomes as the
donor, to which 1% of cholesterol or the hexadeuterated
enantiomer of cholesterol (ent-cholesterol) was added. The
assay was performed exactly as described for radioactively
labeled cholesterol, except that the sterol transferred to the
proteoliposomes was quantitated using gas chromatography—
mass spectrometry (GC—MS). The amount of ATP-depend-
ent sterol transfer was calculated as described for the
experiments using radiolabeled lipids.

Loading of Methyl-B-cyclodextrin (MCD) into Proteoli-
posomes and Back-extraction of Cholesterol by CD. After
reconstitution of purified G5G8 as described above, 15 mM
MCD was added to the solution (20 mM Tris-HCI at pH
7.4, 2 mM MgCl,, 100 mM NaCl, and 300 mM sucrose)
with which the proteoliposomes were diluted and sealed.

To measure the accessibility of the MCD in the exterior
solution to the transferred cholesterol after the reaction,
transfer assays were performed exactly as described above,
except that the centrifugation solution contained 15 mM
MCD.

Adenovirus-Mediated Expression of G5 and G8 in Mice.
Mice homozygous for disrupted alleles at Abcg5 and Abcg8
(G5G87) (5) were maintained on a regular chow diet
(Harlan Teklad, Madison, WI). The knockout mice were
infected with adenoviruses (5 x 10'? particles/kg injected
into the tail vein) expressing either wild-type G5 and G8 or
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mutant forms of the protein that were previously demon-
strated to lack ATPase activity: G5 (K93M) and G8 (G216D)
(12). After 72 h, the mice were fasted for 4 h, anesthetized
with halothane, and killed by exsanguination. Liver tissue
was removed and processed immediately as described below;
bile samples were collected, and biliary neutral sterol levels
were measured using GC—MS as described (/3).

Preparation of Canalicular Membrane Vesicles (CMVs)
from Mouse Liver. A total of 3 days after injection of the
adenovirus, apical membrane vesicles were prepared from
the livers by adapting a method used to isolate CMVs from
rats (14, 15). The livers were removed (4 mice per group,
total liver weight of 5—8 g) and perfused with a sucrose—N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
buffer (SH buffer) containing 250 mM sucrose, 10 mM
HEPES/Tris at pH 7.4, 1 mM PMSF, 2 ug/mL leupeptin, 2
ug/mL pepstatin, and 2 pg/mL aprotinin at 4 °C. The minced
livers were homogenized on ice with a loose pestle 4 times
in 25 mL of SH buffer supplemented with 0.2 mM CaCl,
(SHCa buffer). The homogenate was filtered through 4 layers
of gauze and then rehomogenized (15 strokes). The homo-
genate was suspended to 60 mL by addition of SH buffer
plus EGTA (final concentration of 1 mM) and then subjected
to centrifugation at 1880g for 10 min. The pellet was
suspended in 20 mL of SHCa buffer and centrifuged at 3000g
for 10 min. The resulting pellet was homogenized sequen-
tially with a Polytron homogenizer in SHCa buffer for 30 s
and then in a Waring blender for 3 x 15 s, followed by
homogenization using a glass homogenizer for 6 strokes with
a tight pestle. SHCa buffer was then added to the homogenate
to a final volume of 60 mL and a final CaCl, concentration
of 10 mM. After incubation on ice for 10 min, the suspension
was centrifuged at 7600g for 20 min to remove any
precipitate. The supernatant was further centrifuged at
47000g for 30 min, and the membrane pellet was collected.
The homogenization—low speed spin—high speed spin cycle
was repeated, and the final membrane pellet was suspended
in SHCa buffer at a protein concentration of 3—5 mg/mL
and stored at — 80 °C.

SDS—PAGE and Immunoblot Analysis. The membrane
proteins were subjected to SDS—PAGE and Western blotting
as described previously (/7). The antibodies used for
immunoblot analysis include rabbit polyclonal Abs against
mouse G5 and G8, respectively (5), and a monoclonal anti-
G8 Ab (1B10AS) raised against a recombinant peptide
corresponding to amino acids 1—350 of G8 (2).

Blue Native (BN) Gel Electrophoresis and 2D Gel Elec-
trophoresis. Blue native—polyacrylamide gel electrophoresis
(BN—PAGE) was performed as described previously (/7).
Two-dimensional gel electrophoresis (2D gel) was performed
using 0.75 mm BN—PAGE gels for the first dimension. The
gel lanes were excised individually and placed horizontally
on a SDS gel (1 mm). After the gel was run in the second
dimension, immunoblotting was performed as described for
one-dimensional gels (/7). Protein concentrations were
measured by either the DC protein assay kit (Bio-Rad) or
protein staining in the gel.

Enzymatic Assays. ATP hydrolysis activity was measured
in a 200 uL assay solution [50 mM Tris/2-(N-morpholino)-
ethanesulfonic acid (MES) at pH 7.0, 30 mM KCI, 2.5 mM
MgCl,, and 2 mM [y-3?P]-ATP (400 cpm/nmol)] in the
absence or presence of VO4. The ATP hydrolysis reaction
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was performed at 37 °C for 1 h and terminated by addition
of 1 mL of 1.25 N perchloric acid. Liberated 3?P; was
extracted and measured as detailed previously (76).

Alkaline phosphatase activity was determined by measur-
ing the release rate of p-nitrophenol from p-nitrophenyl-5’-
thymidylate as described (17).

Labeling Cells with [PH]-Palmitic Acid. CRL-1601 cells
were transfected with expression vectors containing G5 or
G8 cDNA using the transfection reagent from Amaxa
Biosystems according to the instructions of the manufacturer.
After 48 h, the cells were metabolically labeled with [*H]-
palmitic acid (/8). Briefly, the cells were washed once with
PBS, preincubated for 2 h with 10 mL of Dulbecco’s
modified Eagle’s medium (DMEM) containing 3.5% fatty-
acid-free BSA (Roche) and 10 mM HEPES, and then labeled
with 2 mCi [*H]-palmitic acid for 4 h. Prior to use, [*H]-
palmitic acid (2 mCi, 5 mCi/mL) was dried under nitrogen
and solubilized in 7 mL of serum-free DMEM containing
100 units/mL penicillin, 100 xg/mL streptomycin, and 3.5%
fatty-acid-free BSA. The labeled cells were then washed once
with ice-cold PBS and solubilized in 1 mL of lysis buffer
(50 mM HEPES, 100 mM NaCl, 1.5 mM MgCl,, 5 mM
DTT, 1% (v/v) NP-40, 0.1% SDS, 5 mM EDTA, and 1x
protease inhibitors). G5 and G8 were immunoprecipitated
separately (/2). Immunoprecipitated samples were fraction-
ated by 8% SDS—PAGE followed by Western blotting or
X-ray film exposure. For fluorography, gels were fixed in
isopropanol/water/acetic acid (25:65:10) for 30 min, soaked
in Amplify (Amersham Bioscience) for 1 h, dried under
vacuum, and exposed to Kodak BioMax MS film (Kodak,
Rochester NY) for 1 week at —80 °C.

For hydroxylamine treatment, the labeled cells were
washed once with 20 mL of ice-cold PBS, broken by passing
through a 25-gauge needle 20 times, and then treated with 1
M hydroxylamine (pH 7.0) or 1 M Tris-HCI (pH 7.0) for
2 h at 37 °C, followed by IP, SDS—PAGE, and autoradiog-
raphy as described above.

Cell Culture. WIF-B cells were a generous gift from Ann
Hubbard (Johns Hopkins University, Baltimore, MD) and
were cultured as previously described (79).

Immunofluorescence Microscopy. The subcellular localiza-
tion of ABCGS and ABCGS in cultured cells was determined
by immunocytochemical analysis as described previously
(20). Cells were imaged by confocal microscopy using a
Zeiss LSM510 META 2P microscope.

Generation of Adenoviruses Expressing Truncated G5 and
G8. Recombinant adenoviral vectors containing ABCGS5-wt,
ABCGS5-T (deletion of amino acids 645—652), ABCGS8-wt,
ABCGS-T1 (deletion of amino acids 663—673), ABCGS8-
T2 (deletion of amino acids 666—673), and ABCGS8-T3
(deletion of amino acids 669—673) were generated by in
vitro cre-lox recombination. The adenovirus particles were
used to express ABCGS5 and ABCGS8 in WIF-B cells that
were cultured as described above. A total of 10 days
following plating, cells were infected with 3.5 x 10° particles
of virus per well in 12-well plates.

RESULTS

Functional Reconstitution of Cholesterol-Transfer Activity
Using Mouse Liver Membrane Vesicles. Previously, we
established a sterol transfer assay using inside-out membrane
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FIGURE 1: Reconstitution of cholesterol-transfer activity using mouse
liver CMVs. CMVs were prepared from the livers of G5G8™/~ mice
and from mice infected with adenoviruses that either express G5
and G8 or have no insert. Inside-out vesicles were made from the
CMV- and ATP-dependent [*H]-cholesterol-transfer assays and
were performed as described in the Experimental Procedures. (Inset)
Immunblot analysis of G5 in the whole liver homogenate (25 ug),
the postnuclear fraction (25 ug), and the CMVs (5 ug) of mice
expressing G5 and G8 using a rabbit polyclonal antihuman G5 Ab
(5). A total of 25 ug of protein from each fraction was subjected
to immunoblotting using an anti-LDLR Ab (39). Alkaline phos-
phatase activity was measured as described in the Experimental
Procedures using 25 ug of membrane protein.

vesicles containing recombinant G5G8 expressed in Sf9 cells
(21). When membrane vesicles isolated from mouse livers
were used in the assay, only trace amounts of sterol transfer
were observed (data not shown). Here, we isolated canali-
cular (apical) membranes from the livers of mice expressing
high levels of recombinant G5 and G8 (6). Three G5G8
knockout mice were infected with adenoviruses expressing
wild-type G5 plus wild-type G8 or an adenovirus containing
no insert. Mice were sacrificed 3 days after the injection,
and apical membrane vesicles were prepared from the livers
using a protocol previously used to isolate CMVs from rat
liver (15).

To assess the purity of the apical membranes, we examined
the relative proportion of the ER form of the G5 in which
the two N-linked sugars are not fully processed (apparent
molecular mass of ~70) to the mature, fully glycosylated
form of the protein (molecular mass of ~85 kDa) (/). Almost
all of the immunodetectable G5 present in the apical
membrane was the mature form of the protein (inset of Figure
1). The relative enrichment of the apical membrane fraction
was assessed by measuring the activity of the apical
membrane enzyme, alkaline phosphatase, which was sub-
stantially enriched. The low density lipoprotein receptor
(LDLR) was markedly depleted in the canalicular membrane
fraction, as expected for a basolateral membrane protein
(inset of Figure 1).

The apical membrane vesicles obtained using this proce-
dure were previously determined to be predominantly in a
right-side-in orientation (/5), so that the ATPases of G5 and
G8 would be located in the lumen of the membrane vesicles.
Therefore, the vesicles were disrupted using 1% octylglu-
coside (OG) and reconstituted, so that the NBDs of G5 and
G8 were oriented to the outside of the vesicles (i.e., inside-
out orientation) (/7). ATP-dependent, VOy-sensitive [*H]-
cholesterol-transfer activity was observed in vesicles recon-
stituted from the CM Vs of mice expressing recombinant G5
and G8 but not from those isolated from mice infected with
the control virus (Figure 1). This finding demonstrated that
G5G8-mediated cholesterol-transfer activity could be recon-
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FIGURE 2: Solubilization of native G5G8 and separation of mature
G5G8 from the immature forms of the half-transporters. Postnuclear
liver membranes from wild-type mice were prepared and solubilized
as described in the Experimental Procedures. (A) Immature (ER)
and mature forms of G5 and G8 were separated by sequential Blue
4 and Blue 2 chromatography, as described in the Experimental
Procedures. The crude detergent extract (25 ug), the proteins eluted
from the Blue 4 column by 1.5 M NaCl and further purified by
glycerol-gradient centrifugation (10 ug), and the Blue 2 column
eluate (2 ug) were subjected with SDS—PAGE and immunoblotted
with an anti-G5 Ab. (B) Oligomeric structure of G5 and G8 in the
crude detergent extract and the Blue 2 column fraction from wild-
type mouse livers. Crude detergent extract of wild-type mouse liver
membranes (60 ug) and the Blue 2 column eluate (5 ug) were
resolved by BN—PAGE and analyzed by immunoblotting using
antibodies to G5 and G8. (C) Lanes from the gel shown in B
containing the crude membrane extract and the eluate from the Blue
2 column were cut into strips and placed horizontally on a
SDS—PAGE gel (10%). Also included in the experiment was an
ion-exchange column (Mono Q) fraction of the crude extract. The
SDS—PAGE was run as the second dimension and analyzed by
Western blotting using anti-G5 and anti-G8 antibodies.

stituted from mouse livers. Further experiments were then
performed to purify the native proteins.

Mature Native G5 and G8 Occur as a Heterodimer in
Hepatic Canalicular Membranes. Both the mature and ER
forms of native G5 and G8 were efficiently solubilized from
the livers of wild-type mice using detergents with a similar
polyoxyethylene structure: Triton X-100, NP-40, and C,Eo.
Chaps and OG were less effective at solubilizing the proteins
(data not shown). For all subsequent experiments, C;,E9 was
used to solubilize native G5G8 from mouse liver.

Separation of mature G5G8 from the ER forms of the
proteins was achieved by chromatography using a pair of
blue dye-affinity columns (Figure 2A). The Blue 4 resin
primarily adsorbed the ER form of G5 and allowed the
mature, fully glycosylated form of the protein to pass through
the column (Figure 2A). The Blue 2 column adsorbed both
mature and ER forms of the proteins but with different
elution profiles, such that sequential use of Blue 4 and Blue
2 columns effectively separated the two forms of the
glycoprotein. Cholate (2%) but not salts or other detergents
tested eluted G5G8 from the Blue 2 column without
denaturing the complex (data not shown).

To determine the oligomeric structure of G5G8, the crude
membrane extracts and the eluate from the Blue 2 column
were subjected to BN gel electrophoresis and immunoblot-
ting. A broad and heterogeneous distribution of immunore-
active bands was present in the crude membrane fraction
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FIGURE 3: Chemical cross-linking of the G5G8 complex. Partially
purified native G5G8 (20 ug) that was obtained after fractionation
over a Blue 2 column (see the Experimental Procedures) was
incubated at room temperature for 15 min in the presence or absence
of ATP (5§ mM), MgCl, (2 mM), NaVOy4(1 mM), and BeF, (1 mM/5
mM). The proteins were then chemically cross-linked using
disuccinimidyl glutarate (DSG) according to the instructions of the
manufacturer. The proteins were then analyzed by SDS—PAGE
and Western blotting.

(Figure 2B), with a major broadband of ~200 kDa that
probably represents the G5G8 dimer. The heterogeneous
pattern of bands presumably reflects the presence of both
the immature and the fully glycosylated proteins in mono-
meric form as well as in complexes with the ER chaperone
protein calnexin (22). In striking contrast to these results,
after sequential Blue 4 and Blue 2 chromatography, the
proteins were recovered almost exclusively as dimers. The
native G5 and G8 complex in the Blue 2 fraction was
functionally active as indicated by its ability to catalyze ADP-
trapping and cholesterol transfer (data not shown).

When the BN—PAGE resolved gel strip was further
analyzed by SDS—PAGE, the mature forms of both G5 and
G8 were seen exclusively at the dimer position (Figure 2C),
whereas the ER form of G5 showed a heterogeneous pattern
that spanned a wide molecular-weight range, likely because
of the association with ER chaperone proteins (22).

The solubilized crude membrane fraction from the Blue 2
column was subjected to density-gradient centrifugation. The
immature forms of the glycoproteins were present in multiple
fractions, whereas the mature forms of G5 and G8 were
present predominantly in the same two fractions (data not
shown). The apparent molecular mass of the mature forms
of the protein was ~158 kDa, which corresponds to the
expected size of a heterodimer.

To determine if the oligomeric structure of G5G8 changes
during the catalytic cycle, we performed cross-linking
experiments in the presence or absence of Mg—ATP and
inhibitors, including NaVO,s and BeF,. The cross-linked
G5G8 migrated as a dimer on SDS—PAGE. No higher
molecular-weight forms of the proteins were observed under
the conditions examined (Figure 3).

Although the mature form of G5G8 was separated from
the ER form by Blue dye-affinity chromatography, it was
only partially purified, even after the fractions were subjected
to size fractionation using glycerol-density-gradient centrifu-
gation or gel-filtration chromatography (data not shown).
Other purification techniques, such as chromatography with
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FIGURE 4: Purification of native mouse G5G8 by G5 Ab-affinity
chromatography. Native G5G8 was affinity-purified using G5 Ab-
conjugated beads as described in the Experimental Procedures. An
aliquot of the purified protein (25 ng) was treated with peptide
N-glycosidase F (PNGase), and the proteins were size-fractionated
on a 12.5% SDS—PAGE before the gel was stained with silver
(top) or analyzed by Western blotting (0.5 ng of protein) using
anti-G5 and anti-G8 antibodies (bottom).

ion exchange or hydroxyapatite columns, were also tested
but were found to disrupt the dimer [see the fraction from
ion-exchange (Mono Q) chromatography in Figure 2C].

Purification of G5G8 by Ab-Affinity Chromatography.
Native G5G8 was purified to near homogeneity using affinity
chromatography with G5 Ab-conjugated beads (top of Figure
4). Treatment of the purified proteins with peptide N-
glycosidase F (PNGase) decreased the apparent molecular
mass by the expected amount and did not generate additional
bands. No other proteins were identified that copurified with
G5G8 in a stoichiometric manner. The identity of the proteins
was confirmed by immunoblotting with anti-G5 and anti-
G8 antibodies (bottom of Figure 4).

Functional Reconstitution of Purified Native G5GS8. Puri-
fied native G5G8 was reconstituted into proteoliposomes and
assayed for sterol-transfer activity. Positive and negative
controls for the assay were established using adenovirally
expressed recombinant wild-type or mutant G5G8 purified
from the livers of G5G8/~ mice (Figure 5A). Solubilization
and purification of the recombinant proteins was performed
using exactly the same Ab-affinity chromatography procedure
used for endogenous G5G8. Under the experimental condi-
tions used, the sterol-transfer activity of native G5G8 and
recombinant wild-type G5G8 was essentially identical (Fig-
ure 5B). ATP-dependent cholesterol transfer by the native
G5G8 complex required Mg?t and was inhibited by vanadate
(data not shown). The ATP-dependent, VOs-sensitive cho-
lesterol-transfer activity was directly related to the amount
of native G5G8 in the assay (Figure 6A) and was linear for
the first 90 min of the assay (Figure 6B).

From these data, we estimated the transfer rate of
cholesterol to be 0.6 umol mg~! min~!, although this may
be an overestimate if the radioactive cholesterol probe is
preferentially transferred.

Sterol-Transfer Activity of G5G8 Is Stereoselective. Previ-
ously, G5G8 expressed in insect cells mediated transfer of
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to the proteoliposomes containing native G5G8 (20 ng) at the
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the enantiomer of cholesterol (ent-cholesterol) as well as
cholesteryl oleate and phosphotidylcholine (PC) at low but
clearly detectable levels (/7). Transfer of these substrates
was not sensitive to VO,. In contrast, native G5G8 did not
mediate any detectable ATP-dependent transfer of these
compounds (data not shown).
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Table 1: Effect of Phospholipids and Sterols on ATPase Activity of
Native G5G8 Isolated from Mouse Liver”

G5G8 ATP hydrolysis
activity [¢mol (mg of

lipid (2.5 ug) protein)~! min~!]

none 0.39 +0.05
phosphotidylcholine 0.38 £ 0.01
phosphotidylserine 0.35 £ 0.10
cholesterol 0.20 + 0.02
sitosterol 0.21 £ 0.05

lipid mixture, as described 0.33 +£0.10

in the Experimental Procedures

“ Sterols in ethanol (100%) were added to a glass tube and dried
under N». Purified native G5G8 (35 ng) and the assay buffer were added
to the tube, and the sterols were suspended by gentle mixing using a
pipet. The individual phospholipids and cholesterol/phospholipid
mixtures were prepared as liposome solutions and added directly to the
assay mixture. For each assay, the ATP hydrolysis activity of purified
G5G8 was measured after incubation at 37 °C for 60 min in the
presence or absence of the lipid, as described in the Experimental
Procedures. A parallel set of tubes containing only the lipid served as
controls for the experiments. The background counts from the
lipid-alone controls were subtracted from the values obtained after
addition of the enzyme to obtain the G5G8-dependent ATPase activity.

A crucial question that we have attempted to address using
multiple different approaches is whether G5G8 catalyzes not
just the transfer but also the trans-bilayer transport of sterols
from the liposomes to the vesicle. We performed experiments
in which we incorporated MCD into the interior of proteo-
liposomes to function as a cholesterol acceptor. We then
incubated the proteoliposomes with sterols and assayed for
the ability to back extract the sterols into the medium. A
small fraction of the cholesterol transferred to the liposomes
by G5G8 was not back-extracted by MCD under the assay
conditions tested, but this fraction was not increased by
incorporating MCD into the lumen of the liposomes (data
not shown). Thus, we were unable to demonstrate G5G8-
mediated transport of sterol across a lipid bilayer using this
assay system.

ATPase Activity of Purified Native G5G8 Is Not Stimulated
by Sterols. The ATPase activity of purified native G5G8 was
0.39 umol of ATP mg™' min~' (Table 1), which was
approximately 3-fold higher than that seen using recombinant
proteins expressed in insect cells (/7). The ATPase activity
was not stimulated by the addition of cholesterol, sitosterol,
or phospholipids, either individually or in combination.
Unlike ABCG2 and most other ABC transporters (23), the
ATPase activity was mildly but consistently inhibited rather
than stimulated by its substrates (e.g., cholesterol and
sitosterol). Interestingly, Takahashi et al. (24) reported that
the ATPase activity of another sterol transporter, ABCAI,
is slightly inhibited by the addition of cholesterol.

Palmitoylation of G5. We have previously reported that
G5 and G8 are glycosylated and that glycosylation of G8 is
essential for cellular trafficking (22). To determine if other
types of protein modifications are required for G5G8
function, we tested for fatty acylation modification of the
transporter. We used transient transfection to express the two
half-transporters in cultured rat hepatoma cells (CRL-1601)
labeled with [*H]-palmitic acid. The cells were lysed, and
G5 and G8 were immunoprecipitated from a solubilized
membrane fraction. As shown in Figure 7A, a band corre-
sponding to the mature form of G5 was labeled with [*H]-
palmitic acid in cells expressing both G5 and G8. No labeling
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FIGURE 7: Palmitoylation of G5. (A) Recombinant G5 and G8 were transiently expressed in CRL-1601 hepatocytes. A total of 48 h after
transfection of the expression plasmids, the cells were metabolically labeled with [*H]-palmitic acid. The cells were solubilized in 1 mL of
lysis buffer, and G5 and G8 were immunoprecipitated using anti-G5 and anti-G8 specific antibodies. Immunoprecipitated samples were
separated by 8% SDS—PAGE followed by immunoblotting or X-ray film exposure (7 days). (B) Labeled cells were washed once with 20
mL of ice-cold PBS, broken by passing through a 25-gauge needle 20 times, and then treated with 1 M hydroxylamine (pH 7.0) or 1 M
Tris-HCI (pH 7.0) for 2 h at 37 °C, followed by IP, SDS—PAGE, and Western blotting or X-ray film exposure. (C) Site-directed mutagenesis
was used to substitute selected cysteines predicted to be located in the cytoplasmic regions of G5 with alanine. The effect of these substitutions

on palmitoylation was assayed as described above.

of G8 was seen in these cells or in cells infected with either
G5 alone or G8 alone.

To confirm that palmitate was covalently linked to G5,
duplicate [*H]-palmitate-labeled samples were subjected to
treatment with either 1 M hydroxylamine, which cleaves
thioesterified fatty acids (25), or Tris-HCI buffer. As shown
in Figure 7B, [*H]-palmitate labeling of G5 was eliminated
by treatment with hydroxylamine and not by Tris-HCI buffer,
indicating that the labeling was due to palmitoylation at a
cysteine residue(s) via a thioester bond. We then used site-
directed mutagenesis to identify a single cysteine, Cys 61,
in the N-terminal cytoplasmic region of G5 as the residue
that is acylated (Figure 7C).

The role of G5 palmitoylation in G5G8 intracellular
transport and biliary secretion of cholesterol and plant sterol
was examined using an in vivo, adenovirus-based expression
system as described previously (/2). Substitution of alanine
for cysteine 61 in G5 (C61A) did not adversely affect
trafficking of G5G8 (Figure 8A) or biliary excretion of
cholesterol or plant sterol levels (Figure 8B).

Role of the Cytoplasmic Tails of G5 and GS8. Both G5
and G8 have short C-terminal tails (9 and 11 residues,
respectively) that are highly conserved across species (Figure
9A). We used mutagenesis to delete the four terminal
residues from the C-terminal tail of G5 (G5-T), and we made
a series of truncations in G8 (G8-T1, G8-T2, and G8-T3)
(Figure 9B). First, we examined whether the terminal
sequences of G5 and G8 are required for translocation of
the complex to the apical membrane.
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FIGURE 8: Functional analysis of the palmitoylation of G5. G5G8/~
mice were infected with adenoviruses encoding wild-type or mutant
G5 (C61A) and wild-type G8 (8 mice/group). (A) Immunoblot
analysis of liver membrane fractions from a representative mouse
from each group was performed using antibodies to mouse G5
(4591) and G8 (1B10AS5). (B) Gallbladder bile was collected
following a 4 h fast, and biliary cholesterol was measured using
GC—MS, as described in the Experimental Procedures.
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FIGURE 9: Effects of C-terminal truncations of G5 and G8 on subcellular localization in polarized hepatoctyes. (A) Sequence comparison
of the C-terminal tails of G5 and G8 from 16 different species. Regions that were deleted in these studies and had no consistent qualitative
effect on protein localization are highlighted in blue. (B) Site-directed mutagenesis was used to introduce premature stop codons into the
C-terminal domains of G5 and G8 at the locations indicated. (C) WIF-B cells were grown on glass coverslips, infected with the indicated
recombinant adenoviruses, and processed for immunofluorescence microscopy. Fixed and permeabilized WIF-B cells were incubated with
anti-G5 pAb (4591) and anti-G8 mADb (1B10AS), followed by goat anti-rabbit Alexa 488 and anti-mouse Alexa 568, respectively. Cells
expressing G5 and G8, G5-T and G8, G5 plus either G8-T1, G8-T2, or G8-T3 are shown. Colocalization is shown as a merged image.

As we have previously reported, co-expression of G5 and
G8 in WIF-B cells, a polarized cultured hepatocyte cell line
(19), results in transport of the proteins to the apical
membrane (/)(Figure 9C). Co-localization of the proteins
in apical membranes was also observed in WIF-B cells
expressing G5-T and G8. Thus, the terminal four amino acids
of G5 are not required for trafficking of the proteins to the
apical membrane. Next, we co-expressed wild-type G5 with
G8-T1, G8-T2, or G8-T3. G8-T2 and G8-T3 supported apical
localization when co-expressed with wild-type G5, whereas
G8-T1 failed to be transported to the apical membrane when
expressed with wild-type G5 (Figure 9C).

To examine the effects of the C-terminal deletion on sterol
transport, we used recombinant adenoviruses to express each
construct in G5G8™~ mice. The results of immunoblot
analysis of G5 and GS8 in the livers of these mice were
consistent with the localization studies in WIF-B cells. No
mature G5 or G8 was detected in the livers of mice
expressing wild-type G5 and G8-T1 (Figure 10A). In contrast
to these results, the mature forms of both proteins were
present in the livers of the other animals, albeit in varying
relative amounts (because G5 expression tended to be higher
than G8 expression, the relative amount of immature to
mature G5 tended to be greater).

The amount of biliary cholesterol tended to correlate with
the relative amount of mature G5 and G8 seen by immuno-
blotting (Figure 10B). Biliary cholesterol levels in mice
expressing wild-type G5 and G8-T1 were comparable to
those of knockout animals, whereas expression of the other
three mutations was associated with significantly higher
biliary sterol levels. These data indicate that the terminal 4
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FIGURE 10: Effects of C-terminal deletion of G5 or G8 on biliary
sterol secretion in vivo. G5G8~'~ mice were infected with aden-
oviruses encoding wild-type or truncated G5 and G8 (3 mice/group).
(A) A total of 3 days after infection, liver samples from these mice
were pooled and subjected to immunoblotting as described in the
Experimental Procedures. (B) Gallbladder bile was collected from
these mice following a 4 h fast, and biliary cholesterol was measured
using GC—MS. This experiment was repeated once, and similar
results were obtained.

amino acids of G5 and the terminal 7 amino acids of G8 are
not essential for targeting the transporter to the apical
membrane or the secretion of sterols into bile (Figure 9A).
Our data do not exclude the possibility that these terminal
sequences contribute to the efficiency of either the trafficking
or the sterol transport activity of G5 and G8, which may not
be detected by the in vivo assay system used in these
experiments.



5202 Biochemistry, Vol. 47, No. 18, 2008

DISCUSSION

In this paper, we describe the first purification and
functional reconstitution of native G5GS. The native proteins
were co-purified as a heterodimer, and we found no evidence
for higher order oligomerization. Previously, we showed that
recombinant, epitope-tagged forms of G5G8 expressed in
insect cells promote the transfer of sterols from donor vesicles
to proteoliposomes. Here, we demonstrated that sterols are
the direct transport substrates of native G5G8. Native G5G8
was significantly more stable than the recombinant trans-
porter, which allowed for more detailed biochemical char-
acterization of the transporter.

The stoichiometric amount of ATP hydrolyzed by ABC
transporters per allocrite translocation event is a major
unresolved question. Models proposing hydrolysis of one or
two ATP molecules per transport cycle have been put
forward (26), but measured ratios of ATPase activity to
allocrite transport vary widely, even for the same transporter
(27—30). In our previous study using purified recombinant
G5G8, sterol-transfer activity was not sufficiently stable over
time to allow for a quantitative estimate of the allocrite
transfer rate. In the present study, the native purified complex
maintained linear cholesterol-transfer activity of 0.1% of
labeled cholesterol per minute for over 90 min (Figure 6B).
Assuming that the labeled cholesterol traces all of the
cholesterol in the donor particle, this activity represents a
transfer rate of 0.6 umol of cholesterol (mg of G5G8)~!
min~!. The ATPase activity of the native complex was 0.39
umol mg~! min~!, suggesting a coupling ratio of 1 ATP
molecule hydrolyzed per sterol molecule translocated. This
ratio cannot be considered definitive, because both the sterol
transfer rate and the ATPase activity of the reconstituted
transporter are subject to measuring errors. Nonetheless, a
coupling ratio of 1:1 is consistent with our earlier observation
that only one of the nucleotide-binding domains of the G5G8
complex hydrolyzes ATP (12).

Our current knowledge concerning the mechanisms of
action of ABC transporters has been inferred almost entirely
from recombinant proteins expressed in heterologous cells
or membranes. Few studies have examined in detail the
function of native ABC transporters. An exception is ABCR
(ABCA4), which was purified from bovine rod outer
segments (27). Although the putative substrate, all-trans
retinal, increased ATPase activity of the transporter, Sun et
al. did not report retinal transport by the purified protein (27).
Mao et al. (28) purified native MRP1 (ABCC1) from
doxorubicin-selected cultured lung tumor cells and recon-
stituted active transport of cysteinyl leukotriene C, an
endogenous substrate of the transporter. Thus, the present
study describes the first purification and reconstitution of
substrate transport by a mammalian ABC transporter purified
from the tissues in which it is expressed.

Although the use of recombinant proteins has many
experimental advantages, the fidelity with which they reflect
the properties of the native protein is uncertain. Differences
in post-translational modifications, protein folding, and
complex assembly may affect the properties of the recom-
binant protein. Although the results that we obtained using
the native protein purified from mouse liver were qualita-
tively similar to those obtained using the recombinant protein
produced in SfY cells, use of the native complex had several
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advantages. A major advantage of using the native protein
was its stability. Previously, we have used membrane vesicles
from recombinant Sf9 cells for our functional studies because
the purified recombinant proteins produced in these cells is
highly unstable. The purified insect-G5G8 is freeze-labile
and loses activity within 24 h, even after it is reconstituted
into proteoliposomes. In contrast, reconstituted native G5G8
retains maximal activity for several days when maintained
at 4 °C (data not shown). The G5G8 purified from the liver
can be stored at —80 °C and undergoes freeze—thawing up
to 3 times without any reduction in sterol-transfer activity
(data not shown). In addition, the purified complex can be
concentrated 10-fold using Microcon filters (Millipore)
without inducing aggregation.

Another difference between the insect-derived and native
G5G8 was in the selectivity of lipid transport. Recombinant
G5G8 synthesized in insect cells consistently transferred
small amounts of cholesteryl esters and phospholipids,
whereas essentially no ATP-dependent transfer of these
molecules was observed when the native protein was used
in the same assays. The results of these experiments
demonstrate the strict substrate selectivity of G5G8. Fur-
thermore, the present results confirm that G5G8-mediated
transfer of cholesterol is exquisitely stereoselective; we
observed no ATP-dependent transfer of the enantiomer of
cholesterol by native G5G8. We do not know if the observed
differences between the recombinant and native proteins are
attributable to differences in glycosylation of the proteins
expressed in insect versus mammalian cells, the presence of
epitope tags at the C termini of the recombinant proteins, or
to other yet-to-be-identified factors.

Recombinant G5 and G8 were co-purified as a heterodimer
from Sf9 cells, consistent with current structural models of
ABC transporters (29). Higher order oligomeric structures
have recently been reported for ABCG2 (30) and ABCALI
(31). Interestingly, ABCA1 appeared to transition from a
dimer to a higher order oligomer during the catalytic cycle
(31). We used native gel electrophoresis, density-gradient
ultracentrifugation, and chemical cross-linking studies to
examine the oligomeric structure of native G5G8. All three
methods indicated that the functional complex is a het-
erodimer, and no higher order oligomeric forms were
observed at any stage in the catalytic cycle.

ATPase activity is stimulated by the addition of the
transport substrate for most ABC transporters (36, 37). In
our previous study using recombinant G5G8 expressed in
insect cells, cholesterol appeared to cause a slight reduction
in ATPase activity but the functional instability and low
activity of the purified recombinant protein made it difficult
to obtain consistent ATPase measurements (/7). The stable
activity of purified native G5G8 provided us with an
opportunity to address this issue more definitively. Here, we
have confirmed a mild but consistent inhibition of G5G8
ATPase activity by both cholesterol and sitosterol. A similar
phenomenon was reported for ABCAI; the ATPase activity
of this cholesterol transporter is also slightly inhibited by
the addition of sterol (24). It is possible that the addition of
cholesterol to the membrane in the absence of an acceptor
affects ATPase activity by altering the conformation of the
protein. In vivo, mixed micelles of PC/bile acids serve as
the natural acceptor for cholesterol transport to the bile.
Further studies will be required to determine the effect of
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cholesterol-binding on the conformation of the NBDs in the
G5G8 transporter.

We also demonstrated that G5 but not G8 is palmitoylated
through a thioester linkage at C61 (Figure 7). Only the mature
form of G5 is palmitoylated, indicating that the modification
occurs after the protein leaves the ER, presumably in the
Golgi. Studies in yeast have shown that protein palmitoy-
lation is catalyzed by a family of cysteine-rich Asp-His-His-
Cys (DHHC) domain-containing proteins (DHHC proteins)
(32). Of 23 predicted DHHC proteins in the human genome
(33), Fernandez-Hernando et al. reported that DHHC-2, -3,
-7, -8, and -21 were co-localized with the Golgi matrix
protein GM-130 in COS-7 cells (34). Therefore, it is possible
that some of these DHHC proteins are involved in the
palmitoylation of GS5.

This is the first ABC transporter demonstrated to be
palmityolated. In other proteins, palmitoylation has been
shown to modulate protein—protein interactions and enzy-
matic activity as well as promote subcellular trafficking and
interaction with the cell membrane (35). Although the
functional role of palmitoylation of G5 is not clear, we have
shown that the modification is not required for heterodimer-
ization, trafficking of the protein to the apical membrane, or
function of the complex.

The architecture of ABC transporters includes two NBDs
that catalyze the hydrolysis of ATP and two transmembrane
domains that are believed to mediate substrate binding and
transport. Much less is known about the role of the short
C-terminal, cytoplasmic regions of the proteins. The cyto-
plasmic tails of some ABC transporters may be important
for their subcellular localization. For example, the C-terminal
regions of CFTR and MRP2 contain PDZ-interacting motifs
that may play a role in sorting to the apical membrane. It
has also been demonstrated that the removal of only two or
three amino acids from the C terminus of ABCG2 was
enough to cause impaired trafficking of the transporter (36).

G5 and G8 are transported efficiently and specifically to
the apical membrane of both hepatoctyes and enterocytes,
yet the signals that target the heterodimer to the apical
membrane are not known. In the current study, we examined
whether the C-terminal regions of G5 and G8 contribute to
localization of the transporter. Both of the C-terminal
cytoplasmic regions of G5 and G8 are highly conserved
across species (Figure 9A), although neither half-transporter
contains a consensus sequence for established membrane
targeting motifs, such as a PDZ-binding domain or a tyrosine
motif. Surprisingly, despite strong conservation of the
terminal 4 amino acids of G5 and the 7 amino acids of G8,
these sequences were not essential for heterodimerization,
apical trafficking, or sterol-mediated transport of G5GS8. We
cannot rule out that these sequences have more subtle effects
on protein trafficking or function that were not detected using
our methods.

We have shown that G5GS8 can promote the transfer of
cholesterol between membranes, but it is not known if the
complex directly mediates movement of cholesterol from an
intracellular donor to the apical membrane, from the inner
to the outer leaflet, or across the bilayer to an acceptor (37, 38).
To determine if G5G8 can directly mediate cholesterol
transport across the membrane bilayer, we attempted to trap
cholesterol in the interior of proteoliposomes using methyl-
pB-cyclodextrin (MCD). We were unable to demonstrate
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MCD-dependent sequestration of cholesterol in this assay.
It is possible that the MCD-binding sites were already
saturated with cholesterol before the assays were performed.
Cholesterol from liposomes trapped with MCD during the
formation of the proteoliposomes or cholesterol extracted
from the membrane lipids, which have a high liposomes/
protein ratio, could saturate the MCD-binding sites.

Our failure to demonstrate G5G8-mediated trans-bilayer
transport may reflect inadequacies in our assay conditions.
Alternatively, it may indicate that the true function of G5G8
is to transfer cholesterol to the membrane or between leaflets
of the membrane rather than to transport cholesterol across
the membrane. Further studies will be required to elucidate
the molecular mechanism by which G5G8 promotes cho-
lesterol secretion. The purification of a stable, functional
G5G8 complex provides a valuable reagent with which to
pursue these studies.
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