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Abstract

MDRI is clinically important because it is involved in multidrug resistance of cancer celis and affects the pharmacokinetics of
various drugs, Because MDR1 harnesses adenosine 5'-triphosphate (ATP) hydrolysis for transporting drugs, examining the effect on
ATPase activity is imperative for understanding the interactions between drugs and MDR1. However, conventional assay systems
for ATPase activity are not sensitive enough for screening drugs using purified MDR1. Here we report a novel method to measure
ATPase activity of MDR1 using high-performance liquid chromatography equipped with a titanium dioxide column. The amount
of adenosine 5'-diphosphate (ADP) produced by the ATPase reaction was determined within 2 min with a titanium dioxide column
{(4.6mm ID x 100 mm). The relationship between ADP amount and chromatogram peak area was linear from 5 pmol to 10nmol.
This method made it possible to reduce the amount of purified MDR1 required for a reaction to 0.5ng, about 1/20th of the
conventional colorimetric inorganic phosphate detection assay. This method is sensitive enough to detect any subtle changes in

ATPase activity of MDRI induced by drugs and can be appiied to measure ATPase activity of any protein.

© 2004 Eisevier Inc. All rights reserved.
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MDRI1 is a plasma membrane-located protein that
confers multidrug resistance to mammalian cells by ac-
tively transporting various compounds out of cells.
MDRI is clinically important not only because it is in-
volved in multidrug resistance of cancer cells [1,2] but
also because it affects the pharmacokinetics of various
drugs [3]. MDRI in the mucosal epithelium of intestinal
cells is a major limiting factor for the rate of uptake of
some drugs from the intestinal lumen [4-6). Screening of
drugs that are not transported by MDRI1 is important
for developing drugs of high oral availability. Because
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drug transport by MDR1 is dependent on ATP hydro-
lysis and because most substrates transported by MDR1
stimulate ATP hydrolysis, examining the effect on AT-
Pase activity is imperative for understanding the inter-
action between drugs and MDR1. However, no reliable
and convenient screening system based on ATPase ac-
tivity of human MDRI has been developed yet.

The commonly used method to measure ATPase ac-
tivity is the spectrometric measurement of phosphomo-
lybdate complexes formed by the reaction between
ammonium molybdate and inorganic phosphate re-
leased from ATP (Pi-Mo method) [7]. However, the
Pi-Mo method is not sensitive enough to measure
low ATPase activity, especially if a large amount of
purified enzyme is not available. Luciferase assay is
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highly sensitive to quantify ATP, but it cannot be used to
measure low ATPase activity at physiological concen-
trations (2-3 mM) of ATP. Reversed-phase high-perfor-
mance liquid chromatography (HPLC) has been reported
as a highly sensitive method to measure amounts of ATP
and ADP with linearity over a wide range from 0.05 to
10 nmol [8]. However, because these methods take 10 to
15min for one assay, it may not be applicable for high-
throughput screening [8-10]. Determination of radioac-
tive phosphate from [*PJATP is sensitive, but this
method needs extra radioisotope facilities.

TiO; selectively adsorbs organic phosphates, as re-
ported by Matsuda et al. [11], and can be used to sep-
arate adenine nucleotides. We applied HPLC equipped
with a titanium dioxide column for measuring ATPase
activity of human MDRI. This column greatly im-
proved the sensitivity and reduced the time required for
gach assay.

Materials and methods
Materials

S9 cells were purchased from Pharmingen. L-a-leci-
thin, ATP, ADP, AMP, and adenosine were from Sig-
ma-Aldrich. Media, pluronic F-68, and gentamycin
were obtained from Invitrogen. N-dodecyl-p-p-malto-
side (DDM) was purchased from Anatrace. Sodium
ortho-vanadate and verapamil hydrochloride were pur-
chased from Wako.

Generation of recombinant baculovirus encoding His x 10
tagged MDRI

The sequence encoding thrombin cleavage site, 10
histidime codons, and a termination codon were inserted
at the 3" end of human MDRI cDNA [12]. The modified
MDRI ¢cDNA (MDR1-TH) was subcloned into the
transfer vector pVL1392 (Pharmingen). Recombinant
baculovirus encoding MDRI1-TH (BV-MDR1-TH) was
generated by cotransfection of S{9 cells with pVL1392-
MDRI-TH and Baculogold DNA (Pharmingen), BV-
MDRI1-TH was purified and amplified according to the
manufacturer’s protocol. Virus titer was determined by
plague assay.

Protein expression and preparation of microsomes

Sf9 cells were cultured in 7:3 mixture of IPL4]1 and
Sf9001I media. To avoid cell aggregation and contami-
nation of microorganisms, pluronic F-68 and gentamy-
cin were added at final concentrations of 0.1% and
10 pg/ml, respectively. Sf9 cells were infected with BV-
MDRI1-TH at a multiplicity of infection 5. After 48k
incubation, cells were harvested and washed with five-

volumes of ice-cold phosphate-buffered saline. The cell
pellet was stored at —80°C. Frozen Sf9 cells were re-
suspended in 10-fold volume of sonication buffer
{(20mM Tris-Cl, pH 7.5, 10% v/v glycerol, 1mM
EDTA). All further steps were done at 4°C or on ice.
Cells were disrupted by Ultrasonic processor XL
{(Misonix) for 30s at output level 5 and then returned to
the ice for 2min. These steps were repeated 10 times.
The suspension was centrifuged at 650g for 10min. The
pellet {unbroken cells) was sonicated again as above and
centrifuged, and the pellet was discarded. The homog-
enate was centrifuged at 2000g for 30min to remove
nuclei. The supernatant was centrifuged at 40,000¢ for
60min. The pellet containing the microsomes was re-
suspended in ice-cold buffer A (50mM Tris-Cl, pH 8.0,
50mM NaCl, 30% v/v glycerol 15 mM imidazole, I mM
2-mercaptoethanol} containing protease inhibitors as
follows: 100 pg/ml p-amidinophenyimethylsulfonyl fiuo-
ride, 10 pg/m! lewpeptin, 2 pg/ml aprotinin. The micro-
somes were stored at =80 °C.

Purification of MDRI

Microsomes were thawed on ice and diluted to 4mg
protein/ml with ice-cold buffer A plus protease inhibi-
tors. An equal volume of 1.2% w/v DDM in buffer A
plus protease inhibitor was added to the solution, and
the suspension was mixed by inversion and kept on ice
for 10min. Insoluble proteins were removed by centri-
fugation (60,000g, 30 min), Then, nickel-nitrilotriacetate
agarose resin (Qiagen) was added to the supernatant ata
ratio of 0.5ml of resin per 100mg of solubilized mi-
crosomal protein. MDR1 can be purified with this resin
because of a strong interaction of nickel-nitrilotriacetate
with tandem histidine side chains fused to the carboxyl
terminus of MDR1. The slurry was incubated at 4 °C for
18 h with continuous rotation. The resin was washed
with a 10-bed volume of buffer A containing 0.1% DDM
three times and then with five volumes of buffer A
containing 0.1% DDM plus 40mM imidazole. MDR1
was eluted with five volumes of buffer A containing 0.1%
DDM plus 300mM imidazole. Protein concentration
was estimated by the Bradford method (Bio-Rad).

ATP hydrolysis reaction

For lipid stocks, L-o-lecithin was solubilized in
40mM Tris—Cl, pH 7.5, 0.1 mM EGTA at a concen-
tration of 20mg/ml by sonicating in a bath sonicator
(Bioruptor CD-200 TM; COSMO BIQj until the sus-
pension clarified. Lipid stocks were stored at 4°C. Pu-
rified MDRI and lipid stocks were mixed at protein/
lipid ratio at 1/5 (w/w) in 40mM Tris-Cl, pH 7.5,
0.1mM EGTA, 2mM dithiothreitol at 23 °C for 20min
and then sonicated at 4°C for 30s in a bath sonicator,
Reconstituted protein was reacted in 15pl of 40mM
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Tris=Cl (pH 7.5), 0.1 mM EGTA, 1 mM NaATP, 1 mM
MgCl, and 0.1 mM verapamil in the presence or absence
of 0.4mM ortho-vanadate and 0.1mM beryllium fluo-
ride at 37°C for 30min. The reaction was stopped by
heating the reaction mixture at 100 °C for 5s by thermal
cycler PTC-200 (MJ-Reserch) in the case of HPLC de-
tection and by adding an equal volume of 12% SDS in
the case of colorimetric detection. MDR! completely
lost its ATPase activity with these treatments. For
HPLC detection, 5l of heat-inactivated sample was
analyzed.

HPLC apparatus and chromatographic conditions

The liquid chromatographic equipment consisted of
an LC-10ADVP pump and an SPD-MI0AVP diode
array detector (Shimadzu). Data were recorded and
analyzed with a CLLASS-VP software system Version
5.03 (Shimadzu). The detection wavelength was set at
260 nm. ATP and ADP were separated on a Titansphere
TiO column (4.6mm ID x 100mm; GL Sciences).
Chromatographic determination was performed at
40°C and at a 2 ml/min flow rate. The mobile phase was
composed of NaH,PO, buffer (50mM, pH 7) and 50%
viv acetonitrile (Wako).

Colorimetric detection

The colorimetric detection was done as described
previously [7]. After the reaction was stopped by SDS,
10l of H,O was added on sample. Color development
started with the addition of 40 pl of equal mixture of 1%
ammonium molybdate and 6% ascorbic acid in 1 N HCL.

After 7min incubation at room temperature, 60 pl of 2%
sodium citrate, 2% sodium arsenite, 2% acetic acid were
added and incubated at 37°C for 10min. The color
absorbance was measured at 850 nm by UV-VIS spec-
trophotometer UV mini 1240 (Shimadzu).

Results
Nucleotide separation with a titanium dioxide column

It has been reported [8] that ATP and ADP can be
separated with a reversed-phase HPLC column with
linearity over a wide range from 0.05 to 10nmol.
However, because the method with a reversed-phase
HPLC column takes about 10-15min for one assay [8-
10], it may not be applicable for high-throughput
screening. Therefore, we tried to use a titanium dioxide
column. A chromatogram of nucleotides is shown in
Fig. 1A. Adenosine, AMP, ADP, and ATP were sepa-
rated within 3min, and the retention time of each
compound was 0.62, 0.92, 1.39, and 2.37 min, respec-
tively. The relationship between ADP amount and
chromatogram peak arca was linear from 5pmol to
10nmol with a coefficient of determination (r%) of 1.00
as shown in Fig. 1B.

Measurement of ATPase activity of purified MDRI with
a titanium dioxide column

Human MDRI was successfully expressed in high
levels in insect cells with a MDR] recombinant bacu-
lovirus. Immunoblot analysis suggested that most of
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Fig. 1, Nucleotide separation by a titanium dioxide column and relationship between chromatogram peak arca and amount of ADP. (A) Separation
of nuclectide. The mixture of nucleotide (adenosine, 5nmol; AMP, ADP, ATP, 10nmo!l) was injected to titanium dioxide column (4.6mm
ID x 100 mm) at O min. Separation was carried by 50mM Na-Pi buffer (pH 7.0). 50% v/v acetonitrile at 40 °C. Abscerbance at 260 nm was recorded.
Adenosine, AMP, ADP, and ATP were etuted at 0.62, 0.92, 1.39, and 2.37 min, respectively. (B) Relationship between peak area and amount of
ADP. The inset shows a relationship at low concentrations of ADP. The straight line was drawn by linear regression. Experiments were done in

duplicate.
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Fig. 2. Characteristics of ATPase activity of the purified MDR1. The
purified MDR1 (100ng) was reconstituted in liposome as described
under Materials and methods. Reactions were done in the absence or
in the presence of 0.1mM verapamil (Ver), 0.4mM ortho-vanadate
(Vi), and 0.1 mM beryllium fluoride (BeFx). ATPase activity was es-
timated by quantifying the released ADP by HPLC analysis. Standard
deviations {¥ = 3) are shown by bars.

MDRI in a membrane fraction was solubilized by 0.6%
DDM and bound to nickel-nitrilotriacetate agarose re-
sin (data not shown). As an eluate of 300 mM imidazole
solution, more than 95% purity of human MDR]1 was
obtained by single-step purification (data not shown) as
reported previously for MDRI1 expressed in yeasts and
mammalian cells [13-15]. Membrane proteins (350 mg)
were obtained from 15g of Sf9 cells grown in 1 L cul-
ture, and about 3.5mg of the purified MDRI protein
was extracted from DDM-solubilized membrane.
ATPase activity of the purified MDR1 was measured
by HPLC equipped with a titanium dioxide column. The
purified protein showed the typical ATPase activity of
MDRI1 (Fig. 2) as reported [13,14,16-18]: (i) low basal
activity, (1) strong stimulation by verapamil, {iii} depen-
dence on Mg?*, and (iv) complete inhibition by phosphate
analogs ortho-vanadate (Vi) and beryllium fluoride
(BeFx). Verapamil-induced ATPase activity was hardly
detected without reconstitution 1o a liposome, suggesting
that the lipid environment is quite important for the
function of MDRI as reported before [19]. The X, for
ATP of verapamil-stimulated ATPase activity of purified
MDRI1 was 0.3mM (data not shown), also n good
agreement with previously reported K, values for MDR 1.

Sensitivity of titanium dioxide columm method to drug-
stimulated ATPFase activity

Because ADP, as low as 5 pmol, can be datected with
titanium dioxide column method (Fig. 1B), this new
method is expected to be much more sensitive in mea-
suring ATPase acitivity than conventional methods.
We examined the sensitivity of this method to measure
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Fig. 3. Relation between released ADP and amount of the purified
MDRI. (A) Amount of released ADP measured by the HPLC method.
{B) Amount of inorganic phosphate measured by the Pi-Mo method.
Reaction was done in the presence (@) or in the absence (O) of 100 uM
verapamil. The coefficients of determination (r?) were 0.977 (A) and
0.971 (B), respectively. The straight line was drawn by linear regres-
sion. Standard deviations (N = 3) are shown by bars.

drug-stimulated ATPase activity of purified MDR1 and
compared it to the Pi-Mo method. The relationships
between the amount of the purified MDR1 and the re-
leased ADP measured by these methods were both linear
with coefficients of determination (*) of 0.977 (Fig. 3A)
and 0.971 (Fig. 3B), respectively. The drug-stimulated
ATPase activity of MDR1 was clearly detected with
0.5ng of the purified protein with the titanium dioxide
column method; however, at least 10ng was required
with the Pi-Mo method.

Discussion

In this report, we describe a novel method for mea-
suring the ATPase activity of human MDRI using pu-
rified protein and HPLC equipped with a titanium
dioxide column. This method is highly sensitive and able
to detect subtle changes in ATPase activity of MDR]
induced by drugs and 15 suitable for automated high-
throughput screening.

Application of HPLC equipped with a titanium di-
oxide column in measuring ADP made it possible to
reduce the ameunt of the purified MDR1 required for
the reaction to 1/20th of the amount used in conven-
tional colorimetric inorganic phosphate detection assays
[7]. From a 1-L culture of 5{9 cells, 3.5mg of the purified
human MDRI1 can be obtained, allowing more than 3
million reactions to occur. Furthermore, the titanium
dioxide column showed good separation of nucleotides
in much less elution time compared to the reversed-
phase HPLC analyses previously reported [8-10].

Measuring ATPase activity using the purified MDR1
has several advantages. This assay system shows very
low basal ATPase activity and is suitable for detecting
stimulation of MDR] ATPase. This assay system does
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not include any inhibitors to repress other endogenous
membrane ATPase unlike other assay systems, such as
using microsomes from Sf% insect cells expressing hu-
man MDR1 [20.21]. The direct effects of drugs on
MDR!1 ATPase can be measured by this method,
making the interpretation of results much simpler.

MDRI is an important target for developing drugs,
not only because it is involved in multidrug resistance of
tumor cells but also because it may be involved in tu-
morigenesis as reported recently [22,23]. The effective
screening system, reported here, for drugs interacting
with MDRI1 may facilitate the development of new
chemotherapeutic drugs for preventing multidrug resis-
tance and tumorigenesis and for developing drugs of
high oral availability.
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ATP Hydrolysis-Dependent Multidrug Efflux Transporter: MDRI1/P-
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Abstract: P-glycoprotein/MDR{ was the first member of the ATP-binding cassette (ABC) transporter superfamily to be
identified in a eukaryote. In eukaryotes, ABC proteins can be classified into three major groups based on function:
transporters, regulators, and channels. MDRI1/P-glycoprotein is a prominent member of eukaryotic export-type ABC
proteins. MDR1/P-glycoprotein extrudes a very wide array of structurally dissimilar compounds, all lipophilic and ranging
in mass from approximately 300 to 2000 Da, including cytotoxic drugs that act on different intracellular targets, steroid
hormaones, peptide antibiotics, immunosuppressive agents, calcium channel blockers, and others. Nucleotide binding and
hydrolysis by MDR1/P-glycorptrotein is tightly coupled with its function, substrate transport. ATP binding and hydrolysis
were extensively analyzed with the purificd MDR1/P-glycoprotein. The vanadate-induced nucleotide trapping method
was also applied to study the hydrolysis of ATP by MDRI1/P-glycoprotein. When MDR1 hydrolyzes ATP in the presence
of excess orthovanadate, an analog of inorganic phosphate, it forms a metastable complex after hydrelysis. Using this
method, MDR 1/P-glycoprotein can be specifically photoaffinity-labeled in the membrane, if 8-azido-[0*P]JATP is used as
ATP. Visualization of the structure, as well as the biochemical data, is needed to fuily understand how MDRI1/P-
glycoprotein recognizes such a variety of compounds and how it carries its substrates across the membrane using the
energy from ATP hydrolysis. To do so, large amounts of pure and stable proteins are required. Heterologous expression

systems, which have been used to express P-glycoprotein, are also described.

INTRODUCTION

P-glycoprotein/MDR1 was the first member of the ATP-
binding cassette (ABC) transporter superfamily to be identi-
fied in a eukaryote. P-glycoprotein was originally recognized
as a surface glycoprotein, which was overexpressed in drug-
resistant Chinese hamster ovary cell mutants [1]. Levels of
multi-drug resistance of these Chinese hamster cells [2] and
human muitidrug resistant KB carcinoma cell lines [3] were
shown to correlate with the amplification of specific DNA
segments. Human MDRI! ¢DNA was isolated from a
multidrug resistant KB cell line, KB-C2.5, selected for
resistance to colchicine in 1986 [4,5] and turned out to code
for P-glycoprotein [6]. Around the same time, mouse mdrl
cDNA was isolated by Gros ef al. [7]. The cDNA segment
encoding Chinese hamster P-glycoprotein was isclated by
using a monoclonal antibody [8]. Afterwards, the human
MDR1 cDNA isolated from KB-C2.5 was found to be
assaciated with a Gly-to-Val substitution at position 185, in
the predicted cytoplasmic loop between TM2 and TM3. This
mutation, which increased colchicine resistance and
decreased vinblastine resistance, occurred in the course of
extensive colchicine selection [9]. The human MDR1 ¢cDNA
from normal tissue was isolated in 1989. It contained Gly at
position 185 and genetic polymorphism at codon 893 [10].
The amino acid sequence of the MDR! P-glycoprotein,
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Agriculture, Kyoto University, Kyoto 606-8502;

E-mail: uedaki@kais.kyoto-u.ac jp
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deduced from its nucleotide sequence, shares homology with
potential nucleotide binding sites of peripheral membrane
components of bacterial active transporter systems [4,7]. We
suspected that MDR1 by itself could function as an energy-
dependent efflux pump responsible for decreased drug
accumulation in multidrug-resistant cancer cells [4]. Indeed,
the overexpression of human and mouse MDRI/P-glyco-
protein conferred resistance to multiple drugs such as Vinca
alkaloids, anthracyclines, epipodophyllotoxins, and taxol
[5,11,12). Tumors arising from tissues where MDRI1/P-
glycoprotein is highly expressed show intrinsic resistance to
chemotherapy, while acquired resistance is often correlated
with an increased expression of MDRI1/P-glycoprotein.
Although the true clinical relevance of multidrug resistance
is still heavily debated, MDR1/P-glycoprotein is believed to
be one of the key molecules which cause multidrug resis-
tance in cancer.

Mice lacking mdrl/P-glycoprotein showed hypersen-
sitivity to xenobiotic toxins [13]. The plasma levels of orally
administered neurotoxic pesticide ivermectin was several-
fold higher, whereas the levels in brain were increased
almost 100-fold. The increased uptake of orally administered
compounds such as vinblastine, digoxin, and paclitaxel were
also increased [14]. These studies clearly showed that
MDR1/P-glycoprotein is physiclegically important in limi-
ting the uptake of xenobiotics and drugs from the gastro-
intestinal tract, stimulating their excretion from the liver,
kidney, and intestine, and moreover protecting the brain by
functioning as a blood-brain barrier.

© 2004 Bentham Science Publishers Ltd.
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To understand the mechanism of drug efflux by P-
glycoprotein and to confer multidrug resistance to cancer
cells by preventing the function of P-glycoprotein, much
effort has been made and many reviews have been published
[15-19]. In this review article, we describe the general
structure and functions of MDRI/P-glycoprotein and
expression systems using non-mammatian or specialized
cells to study its functions.

1. MDR1/P-GLYCOPROTEIN: AN EXPORTER-TYPE
ABC PROTEIN

ABC proteins can be divided into several subfamilies
based on the type and direction of substrate transport. In
microorganisms, the most extensively studied ABC proteins
are importers of amino acids, sugars, peptides and ions.
These systems typically include a substrate binding peri-
plasmic receptor subunit that delivers the substrate to the
membrane-spanning subunits, and two nucleotide-binding
subunits as separate polypeptides. The histidine permease
complex of Salmonella typhimurium [20], and the maltose
transporter complex of Escherichia coli (E. coli) [21] belong
to this importer subfamily. In microorganisms, there are also
exporter-type ABC proteins. They are involved in the export
of hydrophobic drugs, toxins including colicin and hemo-
lysin, capsulepolysaccharide, proteases, lipases, ions and
heavy metals from microorganisms [15,22].

In eukaryotes, ABC proteins can be classified into three
major groups; transporters, regulators, or channels, based on
function. Cystic fibrosis transmembrane conductance
regulator (CFTR) is the only ABC protein clearly proven to
function as a channel [23-25]). CFTR is a voltage-indepen-
dent CI" channel found in the epithelial cells of many tissues,
and plays major roles in regulating CI" fluxes. Mutations in
CFTR cause cystic fibrosis, one of the most comman serious
diseases, which affects 1 in 2000-2500 people in northern
Europe and the United States. In addition to its CI' channel
activity, CFTR is also suggested to act as a regulator of both
an outwardly-rectifying CI" channel (ORCC) and an
epithelial Na” channel. Numerous abnormalities of cystic
fibrosis are believed to be related to this multifunctionality of
CFTR [26]. The sulfonylurea receptor (SUR1) was identified
as a target protein for sulfonylureas, such as glybenclamide,
which is most commonly used in the treatment of non-
insulin-dependent diabetes mellitus [27]. SURI is a subunit
of the pancreatic f-cell Katp channel. The B-cell Karp
channel is a hetero-octamer composed of pore-forming
Kir6.2 subunits and SUR] that co-assemble with a 4:4
stoichiometry, and plays a key role in the regulation of
glucose-induced insulin secretion. SURI is suggested not to
be a channel or transporter itself, but to be a switch, which
regulates the opening and closing of Kir6.2 channel subunits
by monitoring the intracellular metabolic state, especially the
ADP concentration [17].

Most of the other eukaryotic ABC proteins seem to be
transporters, though there are still many members with
unknown functions. All the eukaryotic transporter-type ABC
proteins, so far studied, transport substrates outwardly from
cells. One exception may be a plant MDR-type ABC protein
CjMDRI, which is involved in alkaloid transport in Coptis
Japonica [28]. 1t is proposed that CJMDRI is involved in the
translocation of berberine from the root to the rhizome, and
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functions as an influx pump for berberine. MDRI/P-glyco-
protein, described in this review, is a prominent member of
eukaryotic export-type ABC proteins. MDRI1/P-glycoprotein
extrudes a very wide array of structurally dissimilar
compounds, all lipophilic and ranging in mass from approxi-
mately 300 to 2000 Da, including cytotoxic drugs that act on
different intracellular targets, steroid hormones, peptide
antibiotics, immunosuppressive agents, calcium channel
blockers, and others.

1I. STRUCTURE OF MDRI/P-GLYCOPROTEIN
1I-1. Domain Structure

MDRI1/P-glycoprotein consists of four distinct domains
(Fig. 1). Two of these are highly hydrophobic, integral trans-
membrane domains (TMDs), each of which spans the mem-
brane six times by o-helices. The other two are hydrophilic
nucleotide-binding folds (NBFs), which share homology
with potential nucleotide binding sites of peripheral mem-
brane components of bacterial active transporter systems.
The individual domains are frequently expressed as separate
polypeptides in prokaryotic ABC proteins [29], while many
eukaryotic ABC proteins have all four domains fused into a
single polypeptide as illustrated in (Fig. 1).

I1-2. Conserved Sequence Motifs

All the ABC proteins contain within each NBF at least
three highly conserved sequence motifs, the Walker A,
Walker B, and the ABC signature sequence, also known as
the C motif or a linker sequence, Walker A and B motifs are
widely conserved among many nucleotide-binding proteins,
such as ras P21 (Ras), RecA, adenylate kinase, myosin and
F|-ATPase. The Walker A motif (Gly-X-X-Gly-X-Gly-Lys-
Ser/Thr-Ser/Thr) is also known as a phosphate-binding loop
{P-loop) or a glycine-rich loop. Residues within this motif
interact with the phosphate groups and the magnesium ion of
the bound Mg**-nucleotide complex. The Walker B motif is
h-h-h-h-Asp, where h is a hydrophobic residue. In the
structures of ATP- or GTP-binding proteins, this sequence
constitutes a buried B-strand within the core of the NBF [30].
The highly conserved aspartate residue is involved in the
coordination of the catalytic Mg® ion. An amino acid
substitution of the conserved lysine residue in the Walker A
motif or the conserved aspartate residue in the Walker B
motif either in NBF results in a loss of the ATP hydrolysis
activity of MDR1/P-glycoprotein [31-33]. The glutamate
residue next to the aspartate residue of the Walker B motif is
also conserved among the ABC proteins. An amino acid
substitution of this glutamate residue in the h-h-h-h-Asp-Glu
sequence in either of the NBFs also abrogates steady-state
ATP hydrolysis and drug transport activities, but does not
impair vanadate-dependent nucleotide trapping [34], sugges-
ting that the conserved glutamate residue in the Walker B
motif may not be directly involved in ATP hydrolysis but is
essential for the second ATP hydrolysis step and completion
of the catalytic cycle. Vanadate-induced nucleotide trapping
is a unique feature of the ATP hydrolysis cycle of ABC
proteins (see section I11-3).

The C motif (Leu-Ser-Gly-Gly-Gln-Gln/Arg/Lys-Gln-

Arg) exists within each NBF of all the ABC proteins, but not
of other nucleotide-binding protein families, such as GTP-
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Fig. (1). The predicted sccondary structures and functions of eukaryotic ARC proteins.

binding proteins and the AAA superfamily. Therefore, it is
also called the ABC signature motif. This motif is located
immediately N-terminal to the Walker B motif. The C motif
was suggested to be involved in interaction with the
membrane domains from the study of the crystal structure of
the HisP monomer [35], and it has been suggested that this
region is involved in the transduction of the energy of ATP
hydrolysis to the conformational changes in the membrane-
integral domains required for translocation of the substrate
[29]. The crystal structure of the £. coli BtuCD protein, an
ABC transporter mediating vitamin B12 uptake, was recently
determined [36] as described in the next section. The two
ATP-binding subunits (BtuD) are in close contact with each
other in the crystal structure as predicted by Jones, P. M.,
and George, A. M. {37], and the ATP molecules are
proposed to be sandwiched between the Walker A sequence
and the ABC signature motif of opposing BtuD subunits.

Other than the three conserved motifs mentioned above,
glutamine located between the Walker A motif and the
signature motif is highly conserved among the ABC proteins
and the loop containing this glutamine is called the Q-loop
[38]. Crystal structure analysis of HisP has suggested that the
correspondent glutamine, GInl00, in the HisP molecule is
likely to form hydrogen bonds with a water molecule, which

. interacts with the y-phosphate of ATP. This water molecule
is a candidate for attacking water molecules during ATP
hydrolysis [35]. The comparable amino acid substitution,
GInl291Arg, in CFTR was observed in patients with cystic
fibrosis, and the GIn1291Arg CFTR shows no chloride
channel function although it reaches the plasma membrane
as a fully glycosylated mature protein [39]. A missense
mutation of the corresponding glutamine in the second NBF
of the multidrug resistance protein 2 (MRP2, ABCC2) was
detected in a patient with Dubin-Johnson syndrome (DIS), a
hereditary disease characterized by hyperbilirubinemia. This
mutation caused a lack of substrate-induced vanadate
trapping, which may suggest that the glutamine is involved

in ATP hydrolysis directly or in the conformational change
after ATP hydrolysis. However, because the correspondent
glutamine residue in the MalK molecule, the nuclectide
binding subunit of the E. coli maltose transporter complex,
was suggested fo be placed too far away from the nucleotide
to coordinate Mg** and the water molecule that attacks the y-
phosphate bond [40], the role of the glutamine in the Q-loop
is not yet clear.

I1-3. Three Dimensional Structure

An approximately 10 angstrom resolution structure of
MDRI1/P-glycoprotein was determined by electron cryo-
microscopy of two-dimensional crystals [41]. More recently,
the three-dimensional structure in the presence and absence
of nucleotide was reported at a resolution of approximately
20 angstrom [42]. The TMDs form a chamber within the
membrane that appears to be open to the extracellular milieu,
and may also be accessible from the lipid phase at the
interfaces between the two TMDs. This structure may be
consistent with a predicted model for the function of P-
glycoprotein and a general architecture for ABC proteins. P~
glycoprotein is predicted to act as a ‘vacuum cleaner’ or a
‘flippase’ with drug substrates gaining access to their

. binding site(s) from the inner leaflet of the lipid bilayer [43].

A gap present in the protein ring could allow substrates to
access the central pore from the lipid phase. Many mutations,
which alter substrate specificity, are scattered throughout the
membrane-spanning o-helices, suggesting that several
transmembrane ot-helices contribute to substrate binding
sites [44]. The substrates transported by different ABC
proteins can vary widely, from small ions to large
polypeptides and polysaccharides. A large pore could readily
be adapted to accommodate different sized substrates. The
projection structures of P-glycoprotein trapped at different
steps of the transport cycle were also determined by
Rosenberg et al. [41]. ATP binding, not hydrolysis, was
proposed to drive the major conformational change
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associated with solute translocation. However, crystal
structures at a higher resolution are a prerequisite to
understand the mechanism of substrate recognition and
transport.

Recently, the crystal structure of the E. coli BtuCD
protein, an ABC transporter mediating vitamin B12 uptake,
was reported at a resolution of 3.2 angstrom [36]. The two
ATP-binding subunits (BtuD) are in close contact with each
other, as are the two membrane-spanning subunits (BtuC).
The BtuC subunits provide 20 transmembrane helices
grouped around a translocation pathway that is closed to the
cytoplasm by a gate region. The ATP molecules are
sandwiched between the Walker A motif and the ABC
signature (LeuSerGlyGlyGln) motif of opposing BtuD
subunits. Because Loo ef a/. reported that the ABC signature
motif in each NBF of human MDRI/P-glycoprotein is
adjacent to the opposing Walker A sequence based on cross-
linking experiments [45], some similar features of structure
may be expected for MDRI/P-glycoprotein.

1. NUCLEOTIDE INTERACTION AND HYDRO-
LYSIS BY MDR1/P-GLYCOPROTEIN

Nucleotide binding and hydrolysis by MDR1/P-glycor-
ptrotein is tightly coupled with its function, substrate trans-
port. This is evident by the fact that a mutation that abolishes
ATP binding and/or hydrolysis impairs substrate transport by
MDRI1/P-glycoprotein and photoaffinity labeling of
MDR1/P-glycoprotein by iodoarylazidoprazosine (IAAP),
which arrests the transport cycle, inhibits ATP hydrolysis. In
this section, we focus on the issues of nucleotide interaction
and hydrolysis by MDRI1/P-glycoprotein.

HI-1. Nucleotide Binding by MDR1/P-Glycoprotein

ATP analogs are useful tools for studying the nucleotide- -

binding properties of MDRI1/P-glycoprotein. Liu ef al.
reported that nucleotide analog 2°(3")-O-(2,4,6-trinitro-
phenyl)-ATP (TNP-ATP) and TNP-ADP bound to MDR1/P-
glycoprotein and inhibited ATP hydrolysis [46], indicating
that they interact with NBFs of MDR1/P-glycoprotein. The
Kd (dissociation constant) values, estimated from increased
fluorescence intensity, were 43 and 36 pM for TNP-ATP and
TNP-ADP, respectively. Other nucleotide analogs, which are
useful for examining the nucleotide binding by MDR1/P-
glycoprotein, are photoreactive 8-azido-ATP and 8-azido-
ADP [47,48). MDRI/P-glycoprotein can be photoaffinity
labeled with these nucleotide analogs to elucidate functional
details. The 8-azido-ATP bmdmg of NBFs of MDRI1/P-
glycoprotein required a Mg®* ion. Hrycyna et al. suggested
that the ATP binding of two NBFs is asymmetric, because
the labeling was observed predominantly in NBFI of
MDR1/P-glycoprotein [31]. The other way to analyze
nucleotide binding is to utilize thiol-reactive fluor, 2-(4-
maleimidoanilino}-naphthalene-6-sulfonic acid (MIANS),
which covalently modifies a cysteine residue within the
Walker A motif [49]. Quenching of the fluorescence was
observed on addition of ATP, suggesting that a confor-
mational change takes place due to the ATP binding at
NBFs. The quenching occurs in a concentration-dependent
manner with a Ki of 370 uM, which is a similar value to the
Km for ATP hydrolysis.
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I11-2. ATP Hydrolysis by MDR1/P-Glycoprotein

There are many reports about the hydrolysis of ATP by
MDRI1/P-glycoprotein, but the specific ATPase activity of
MDR1/P-glycoprotein varies from 1 to 3900 nmol/min/mg
protein [50-64]. These differences may depend on the purity,
the source (endogenous or exogenously expressed MDRI1/P-
glycoprotein), the efficiency of reconstitution of MDR1/P-
glycoprotein into liposomes, and on the lipid composition of
liposomes. If we assume the actmty to be 1000 nmol/min/
mg protein, the turnover number is 2. 4s™, which is lower
than for other membrane ATPases such as FoF|~-ATPase
(5005 "y [65] but hlgher than for chaperonin HSP70 (from
3x107° to 1.6x107s™") {66). In any case, verapamil stimulated
ATPase activity 2- to 10-fold with an ECsq of 2-3 uM and
vinblastine stimulated it 2- to 5-fold with an ECse 0f 1 uM
[57,59,63]. Other substrates including colchicines, dauno-
mycin, trifluoperazine, amiodarone, nifedipine and actino-
myeinD, also stimulated the hydrolysis of ATP by MDR1/P-
glycoprotein [50,51,56,62-64]. It is not clear that all
substances transported by MDR1/P-glycoprotein stimulate
ATP hydrolysis, but most seem to. One can assume that
drug-stimulated ATP hydrolysis is applicable to screening
for drugs that are transported by MDR1/P-glycoprotein. In
fact, such a screening system is commercially available from
GENTEST Co. Ltd. In this system, MDR1/P-glycoprotein
expressed in insect cells, is used to evaluate the ability of a
drug to stimulate ATPase activity. Several substances have
been reported to inhibit hydrolysis of ATP by MDRI1/P-
glyceprotein, Modification of the cysteine residue within the
Walker A motif by NEM inhibits the ATPase activity with
Ki= 5-6 uM, possibly via steric hindrance of entry of ATP
into a nucleotide-binding pocket [32,51,63]. Orthovanadate,
an inhibitor of ATP hydrolysis mediated by myosin and P-
type ATPase, exhibits Ki=2-3 pM for MDRI1/P-glyco-
Iprotein [57-59]. One may expect a specific inhibitor of
hydrolysis of ATP by MDRI1/P-glycoprotein to overcome
the multidrug resistance of cancer cells, but no such drug has
been found.

111-3. Vanadate-Induced Nucleotide Trapping of
MDRI1/P-Glycoprotein

Vanadate-induced nucleotide trapping has been studied
extensively using myosin [67,68] and was first applied to
study MDR1/P-glycoprotein by Urbatsch ef al. [69,70]. We
developed a simple procedure for detecting vanadate-
induced nuclectide trapping and applied it to the study of
MDRI1/P-glycoprotein and other ABC proteins [32,71-73].
Orthovanadate (Vi) is an analog of inorganic phosphate and
a stable inhibitory complex is generated by trapping
MgADP-Vi at the catalytic site after the hydrolysis of ATP
by MDRI1/P- glycoprotem (Fig. 2). When MDR]1 is incubated
with 8-azido-[*?P]ATP and orthovanadate, it forms a
metastable complex (MDR1-Mg 8-azido-ADP-Vi) after
hydrolysis. Upon UV-irradiation, MDRI/P-giycoprotem is
photoaffinity-labeled with §-azido- [**P]ATP.

Beryllium fluoride (BeFx), an inhibitor of F1-ATPase and
myosin, is another analog of inorganic phosphate which acts
like orthovanadate, though in the metastable state it mimics
the Mg-ATP-bound form rather than the transition state for
hydrolysis [74]. Sankaran et al reported that beryllium
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Photoaffinity labeling of MDRI1 with 8-azido32P-ATP
after vanadate-trapping

UV irradiation
SDS-PAGE

Crude membrane containing human MDR1
incubate with 5 gM 8-azido o*?P-ATP at 37°C
remove unbound nucleotide
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Fig. (2). Photoaffinity labeling of MDR | with 8-azido32P-ATP after vanadate-trapping.

fluoride-induced nucleotide trapping also occurs in
MDRI1/P-glycoprotein [75]. With these methods, it is
possible to detect the hydrolysis of a single ATP during the
catalytic cycle, and the density of labeling reflects the
ATPase activity of MDR1/P-glycoprotein.

Urbatsch er al. showed that the two NBFs of MDRI1/P-
glycoprotein hydrolyze ATP, because both the N- and C-
terminal halves, produced by mild trypsin digestion, were
photoaffinity-labeled [70]. Mutation of the Walker A lysine
or NEM medification of the Walker A cysteine in either of
the NBFs abolished the vanadate-induced nucleotide trap-
ping of both NBFs, suggesting that the two NBFs function
cooperatively [32]. The advantage of this method is that the
purified MDR1/P-glycoprotein is not required and that the
specific ATP hydrolysis by MDRI1/P-glycprotein can be

detected by using crude membranes from cells, in which
MDR1/P-glycoprotein is functionally expressed. Photo-
affinity-labeled MDR1/P-glycoprotein is separated by the
SDS-PAGE of crude membranes and detected by auto-
radiography. There are no proteins, larger than 80 kDa,
which show wvanadate-induced nucleotide trapping in
HEK293, Cos-7, and KB-3-1 cells. The labeling is induced
by the presence of drugs such as verapamil and vinblastine.
Therefore, vanadate-induced nucleotide trapping is a useful
method of detecting drug-induced ATP hydrolysis by
MDRI1/P-glycoprotein, and may be suitable for high
throughput screening of drugs. One of the main drawbacks
of this method would be the costliness of **P-labeled 8-
azide-modified nucleotides.

Vanadate-induced nucleotide trapping in transporter-type
ABC proteins

a stable inhibitory
complex

AD
©
PS @

Fig. (3). Schematic diagram of Vanadate-induced nucleotide trapping in transporter-lype ABC proteins.
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1{I-4, Coupling of ATP Hydrolysis and Drug Transport

The molecular mechanism of energy coupling to
substrate transport of MDR1/P-glycoprotein is not clear. It is
evident, however, that ATP hydrolysis provides the driving
force for substrate transport, because a mutation or chemical
modification that abolishes the hydrolysis impairs substrate
transport and because non-hydrolysable ATP analogs such as
ATP+S do not support substrate transport.

Two NBFs seem to function cooperatively and hydrolyze
ATP in order, although it is not clear which NBF hydrolyzes
ATP first. At first, drug binds to the high-affinity drug-
binding site of the cytosolic side {or inner membrane leaflet)
of MDRE/P-glycoprotein. ATP hydrolysis causes conforma-
tional change, which releases the drug from the low-affinity
drug-binding site facing the extracellular side. Sauna et al.
showed that ATP binding per se did not affect interactions
with substrate (IAAP) but that the affinity of [AAP was
reduced in the vanadate-induced nucleotide trapped state
{MDRI1-MgADP-Vi) [76]. To transform MDRI1/P-glyco-
protein to recover the high affinity IAAP, binding required
conditions that permit ATP hydrolysis. They preposed that
the first ATP hydrolysis functions in the transport of
substrate and the second in conformational change to reset
MDRI1/P-glycoprotein for the next catalytic cycle. In this
model, two ATP molecules are hydrolyzed for the transport
of one substrate molecule. However, the stoichiometry of
ATP hydrolysis and substrate transport is in dispute. Partly,
it is difficult to reconstitute the purified functional P-
glycoprotein in liposomes with 100% efficiency and to
measure transported hydrophobic substrates for P-glyco-
protein accurately.

IV. HETEROLOGOUS EXPRESSION SYSTEMS TO
STUDY MDRI/P-GLYCOPROTEINS

The biochemical data helped us to understand the mech-
anism of action of MDRI/P-glycoprotein, but visualization
of the structure is needed to fully understand how MDRI1/P-
glycoprotein recognizes such a variety of compounds and
how it carries its substrates across the membrane using the
energy from ATP hydrolysis. To visualize the structure,
namely to obtain a 3D crystal for structural determination,
large amounts of pure and stable proteins are required. In this
section, heterologous expression systems, which have been
used to express P-glycoprotein, are described.

IV-1. Expression in E. Coli

The simple and rapid life cycle of £. coli makes it
attractive for the acquisition of purified proteins in quantities
sufficient for biochemical and structural studies, for the
large-scale screening of substrates and modulators, and for
mutagenesis studies. However, only limited success in the
functional expression of MDRI1/P-glycoprotein in E. coli has
been reported. A major problem is severa! proteases in £.
coli, which recognize and degrade foreign proteins such as
P-glycoprotein. Another is the toxic effect of eukaryotic
ABC proteins on E. coli. A protease-deficient mutant strain
and a relatively weak lac/promoter-operator system were
successfully used for the functional expression of the mouse
mdrl [77]. Nevertheless, the expression of mouse mdr3 and
human MDRI1 was unsuccessful using the same expression
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system [78]. Functional expression of the human MDR{/P-
glycoprotein in E. coli was reported using the lambda
promoter/repressor system [79].

We have tried to express the human MDRI/P-glyco-
protein as a fusion protein with £ coli B-galactosidase. This
fusion protein, fully functional as a drug efftux pump when
expressed in NIH3T3 cells [52], was expressed in £. coli
BL21 (unpublished results). Pale blue colonies of E. coli
expressing a low level of the human MDRI1/P-glycoprotein-
f-galactosidase fusion protein showed low levels of resis-
tance to adriamycin and daunomycin. However, induction of
the fusion protein with IPTG of concentrations higher than
50 uM inhibited the growth of E.coli probably because a
high level of expression of the fusion protein was toxic to E.
coll.

As described above, the main problem of expression in £
coli stems from the toxic effect of eukaryotic ABC proteins
even when expressed at a low level. This problem must be
solved if £. coli is to be used as a host for the production of
eukaryotic ABC proteins and for drug screening purposes.

IV-2. Expression in Yeasts

Saccharomyces cerevisiae have been successfully used as
a host for the functional analysis of P-glycoprotein. Three
mouse mdr/P-glycoproteins were expressed in the mem-
branes of secretory vesictes accumulating in a yeast secretion
mutant strain [80]. The expression of mdrl and mdr3, but not
mdr2, caused an increased vinblastine accumulation in the
vesicles. MDR2/P-glycoprotein is highly expressed in the
bile canalicular membrane of hepatocytes, and has an
essential role in the secretion of phosphatidylcholine into
bile. The function of human MDR2 was also examined using
yeast. Interestingly, both human MDR! and MDR2
conferred resistance to aureobasidin A, a cyclic depsipeptide
antifungal antibiotic, in drug-sensitive yeast strains [81]. The
resistance to aureobasidin A conferred by both MDR was
overcome by vinblastine, verapamil, and cyclosporin A, but
not by colchicine, suggesting that human MDR1 and MDR2
have conserved domain(s) for drug recognition. Because
human MDR2 (often called MDR3/P-glycoprotein} shares
about 80% identity at the amino acid level with MDR1/P-
glycoprotein, it is conceivable that they share conserved
domain(s) for drug recognition. However, mouse mdrl and
mdr3 were not able to compensate for the physiclogical
function of mdr2 in the mdr2(-/-) mice, although mdrl and
mdr3 were expressed at elevated levels [82]. Therefore,
although MDR1 and MDR2 have conserved domain(s) for
drug recognition, it is suggested that MDR1/P-glycoprotein
is not good at secreting phosphatidylcholine into the bile,
and MDR2/P-glycoprtein is not good at transporting anti-
cancer drugs.

Because the expression levels of mouse and human MDR
in S. cerevisiae were not high enough to obtain a large
amount of pure protein, Pichia pastoris (P. pastoris) was
used for high-level expression of mouse mdr3/P-glyco-
protein [83]. P. pastoris is a methylotrophic yeast capable of
metabolizing methanol as a sole carbon source. The first
enzyme in the methanol utilization pathway is alcohol
oxygenase (AOX1), which converts methano! to formal-
dehyde. When P. pastoris cells are grown with methanol as a
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scle carbon source, the AOXI protein is produced and
accounts for 30% of total protein. Therefore, the strong
inducible promoter of the AOX1 gene is suitable for an
expression system to overproduce foreign proteins. Stable
and high-level expression of mouse mdr3/P-glycoproein has
been achieved in the membrane fraction of P. pastoris [83].
The efficient isolation of a high-purity mouse mdr3/P-
glycoprotein and drug-stimulated ATPase activity of the
purified mdr3/P-glycoprotein have been reported [84)].

IV-3, Expression in Insect Cells

Baculoviruses have become a popular system for over-
producing recombinant proteins. The baculovirus-based
system is a eukaryotic expression system and thus is expec-
ted to use many of the protein modification, processing, and
transport systems common to higher eukaryotic cells. Indeed,
the majority of the overproduced protein remains soluble in
insect cells in contrast to the insoluble proteins obtained
from bacteria. Trichoplusia ni (High Five)(HF) cells and
Spodoptera firugiperda (S9) cells have been successfully
used to express human MDR1/P-glycoprotein [59,85-87].
Rao [85], Szabo er al. [87], and Muller et af [86] have
expressed human MDRI/P-glycoprotein in insect cells, and
succeeded in measuring its activity. However, crude
membrane was used to measure the ATPase activity and no
purification was attempted in these studies. Only one report
[59] has described the ATPase activity of MDRI/P-
glycoprotein purified from the insect cells.

Recently, we succeeded in overproducing human MDR1/
P-glycoprotein in 819 cells, and we purified it (Kimura et al.
in preparation). The purified MDR1/P-glycoprotein was
reconstituted in liposomes and ATPase activity was
examined. In contrast to the previous reports on the ATPase
activity of human and hamster P-glycoprotein, we could not
detect a basal level ATPase activity in our reconstituted
human MDRI1/P-glycoprotein. The ATPase activity was
dependent on the presence of substrate. (Fig. 4) shows the
ATPase activity in the presence of verapamil, which is
known as an inhibitor of P-glycoprotein but is also a good
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Fig. (4). The ATPasc activity of the purified human MDRI1/P-
glycoprotein .
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transport substrate for MDR1/P-glycoprotein as described in
section V-3. Verapamil-stimulated ATPase activity of the
purified P-glycoprotein is completely inhibited by ortho-
vanadate. Although the baculovirus-based system is very
efficient in overproducing eukaryotic proteins, we found that
insect cells sometimes become incompetent in producing
exogenous proteins for unknown reasons, and that the
overproduced proteins become insoluble with detergent
{Kimura ef a/. unpublished observations). These problems
must be selved if baculovirus-based systems are to become
more convenient and popular for overproducing eukaryotic
integral membrane proteins,

V. TRANSEPITHELIAL TRANSPORT SYSTEM

Stimulation of the ATPase activity of the purified
MDR1/P-glycoprotein may be a good test for transported
substrates. However, the degree of stimulation and profile of
concentration dependence of ATPase activity differ for each
chemical and, furthermore, it is not yet clear whether all the
transported substrates stimulate the ATPase activity of
human MDRI/P-glycoprotein, or whether chemicals that do
not stimulate the ATPase activity of human MDR1/P-
glycoprotein are not transported inevitably. One convincing
way to judge if some chemicals are transported by MDR1/P-
glycoprotein would be to use the transepithelial transport
system described below.

V-1. Establishment of Transepithelial Transport System

Because the majority of transport substrates for P-
glycoprotein are very lipophilic, it is often difficult to
determine whether candidate substrates are really transported
by P-glycoprotein or not. To solve this problem, we
established a transepithelial transport system (Fig. 5A)
[88,89]). MDRI c¢cDNA isolated from human normal adrenal
gland [10] was introduced into LLC-PKI cells, which are
derived from porcine kidney proximal tubules. LLC-PK1
cells form a highly polarized epithelium, and the polarized
transport of nutrients and xenobiotic compounds across
cultured epithelia has been well documented. P-glycoprotein
expressed in the plasma membrane of LLC-GAS5-CQOL300,
which was selected in 300 ng/ml colchicine, was detected as
a 170-kDa mature form by Western blot analysis using anti-
P-giycoprotein monoclonal antibody C219, and was
photoaffinity-labeled by [3H}azidopine, a transport substrate
for MDR1/P-glycoprotein. LLC-PK1 host cells express a
marginal level of porcine P-glycoprotein. Immunostaining
using a monoclonal antibody MRK16 that reacts selectively
with human P-glycoprotein confirmed the high expression of
human P-glycoprotein in the plasma membrane of LLC-
GA5-COL300, and electron microscopic immunocyto-
chemistry using MRK16 showed that human P-glycoprotein
is specifically expressed on the apical surface of the cells as
previously reported using MDCK as a host cell [90].

V-2. Transepithelial Transport of Anticancer Drugs

The substrates for P-glycoprotein are highly lipophilie,
and so enter cells freely through both surfaces. IT there is no
specific transport system, basal to apical and apical to basal
transport will be the same. However, because human P-
glycoprotein localizes specifically in the apical plasma
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membrane in LLC-GAS-COL300 cells, substrates for P-
glycoprotein entering the cell from the basal surface will be
expelled from the apical surface, and those entering the
apical plasma membrane are likely to be caught and pumped
back into the medium by P-glycoprotein, resulting in a net
basal to apical flow of substrates. In LLC-GA5-COL300
cells, basal to apical transport of vinblastine increased about
2-fold and apical to basal transport decreased 1.5- to 2-fold
compared to transport in LLC-PK1 cells, resulting in a 6- to
10-fold higher net basal to apical transport (Fig. SB).

V-3. Transepithelial Transport of Various Chemicals

By using this transepithelial transport system, the
transport of various chemicals by human MDRI/P-
glycoprotein was measured. Steroid hormones, such as
cortisol, aldosterone, and dexamethasone, were transported,
but progesterone was not transported by human MDR1/P-
glycoprotein [88]. Digoxin, the most commonly used cardiac
glycoside for the treatment of congestive heart failure, was
determined to be a good transport substrate for MDR1/P-
glycoprotein [89]. Among MDR-reversing agents,
cyclosporin A, FK506, azidopine, diltiazem [91,92] and
verapamil (Fig. 5C) were determined to be transported by
human MDR1/P-glycoprotein.

Cyclosporin A, a cyclic undecapeptide with highly
immunosuppressive effects, efficiently overcomes the
multidrug resistance of cancer cells {93,94], and efficiently
blocks the transcellular transport of anticancer drugs,
steroids, and digoxin. However, verapamil or vinblastine had
no obvious effect on the transcellular transport of
cyclosporin A [91]. Cyclosporin A may interact with a key
site of P-glycoprotein for transport with high affinity. This
may be one of the reasons that cyclosporin A is an efficient
modulator of P-glycoprotein.

ABBREVIATIONS

ABC = ATP-binding cassette
ADP = Adenosine-5'-diphosphate
ATP = Adenosine-5-triphosphate
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activity and generates intracellular multilamellar vesicles™
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Abstract

ABCAZ3 is highly expressed at the membrane of lameliar bodies in alveolar type 11 cells, in which pulmonary surfactant is stored.
ABCA3 gene mutations cause fatal surfactant deficiency in newborns. We established HEK293 cells stably expressing human
ABCA3 and analyzed the function. Exogenously expressed ABCA3J is glycosylated and localized at the intracellular vesicle mem-
brane. ABCA3 is efficiently photoaffinity labeled by 8-azido-[%*2PJATP, but not by 8-azido-{y"PJATP, when the membrane fraction
is incubated in the presence of orthovanadate. Photoaffinity labeling of ABCA3 shows unique metal ion-dependence and is largely
reduced by membrane pretreatment with 5% methyl-B-cyclodextrin, which depletes cholesterol. Electron micrographs show that
HEK293/hABCA3 cells contain multivesicuiar, lamellar body-like structures, which do not exist in HEK293 host cells. Some fuzzy
components such as lipids accumulate in the vesicies. These results suggest that ABCA3 shows ATPase activity, which is induced by

lipids, and may be involved in the biogenesis of lamellar body-like structures.

© 2004 Elsevier Inc. All rights reserved.

Kevwords: ABCA3: Cholesterol: Pulmonary surfactant; ATPase; ABC protetus; Lamellur body; PhotoafTinity label

The lameliar body, in which pulmonary surfactant is
stored, is a member of lysosome-related organelles also
referred to as secretory Iysosomes [1-3]. Lamellar bodies
are secreted into the alveolar space by exocytosis. Se-
creted pulmonary surfactant coats the lumen of alveol,
where it reduces the surface tension at the alveolar air/
liquid interface, thus preventing alveoli from collapsing
and lowering the work of breathing. Pulmonary surfac-
tant is composed of lipids (90%) and surfactant proteins

™ Abbreviations: ABCA3, ATP-binding cassette transporter A3,
MPCD. methyl-p-cyclodextrin; Endo H, Endoglycosidase H: PNG-
aseF, peptide N-glycosidase F; PBS, phosphate-buffered saline,
* Corresponding author. Fax: +81 75 753 6104.
E-mail address: uedak@kais.kyoto-u.acjp (K. Ueda).

0006-291X/3 - see front matter © 2004 Elsevier Inc. All rights reserved.
dei:10.1016/1.bbre.2004.09.043

(SP-A, SP-B, SP-C, and SP-D), which are densely
packed into multilamellar structures. The most abun-
dant lipid in pulmonary surfactant is phosphatidylcho-
line, especially dipalmitoyiphosphatidylcholine. The
mechanism by which lipids are packed into lamellar
bodies 15 unknown.

The ATP-binding cassette transporter A3 (ABCA3}is
predominantly expressed in lung [4,5] and localized to
the limiting membrane of lamellar bodies in alveolar
type II cells in humans and the rat [6,7]. Recently, it
was revealed that ABCA3 gene mutations cause fatal
surfactant deficiency in newborns [8]. Some ABC trans-
porters belonging to the ABCA subfamily are involved
in the transmembrane transport of endogenous lipids
such as ABCAIl (9], ABCA4 [10], and ABCA7 [11]
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ABCA3 might function as a transmembrane transporter
of lipid components found in pulmonary surfactant. The
exclusive expression of ABCA3 in the limiting mem-
brane of lamellar bodies further supports the hypothesis
that ABCA3 is involved in the formation and/or secre-
tion of pulmonary surfactant. However, the functions
of ABCA3 are still unknown. In this study. the function
of ABCAZ3 and its interaction with ATP were examined
using HEK?293 cells stably expressing human ABCA3
(hABCA3}.

Materials and methods

Marerials. Polyclonal antibody was raised against the C-terminal
13 amino acids of ABCA3. 8-Azido-[a*’PJATP. 8-azido{y PJATP,
and 8-azido-[a"PJADP were purchased from Affinity Labeling Tech-
nologies. pcDNAJ. 1/me-HisB and monoclonai antibody C219 were
purchased from Invitrogen and Signet Laboratories, respectively. All
other chemicals were obtained from Sigma. Wako Pure Chemical
Industries. and Nacalai Tesque.

Transfection and establishient of HEK293 cells stably expressing
hABCA3., HEK293 cells were cotransfected by pPCMVhABCA3Z and
pcDNA3J.1/mre-HisB with Lipofect AMINE (Invitrogen) according to
the manufacturer’s instructions. Cells were selected by 1 mg/ml geneti-
¢in (G418) for 2 weeks. Single colonies were isotated. and the expression
of hABCA3Z was examined by Western blot analysis and immunofiue-
rescent staining with anti-hABCA3 antibody. To establish HEK 293 cell
expressing human MDR1 (hMDR1). the cells were transfected with the
hMDR/! expression vector pCAGGSP/MDRI [[2] and selected by 50~
80 nM vinblastine for 2 weeks. Resistant cells were further selected by
400 nM vinblastine and 100 nM doxorubicin hydrochloride for 4 weeks.
Mixed popuiations of vinblastine and doxorubicin resistant colonies
were obtained. and the expression of hMDR | was examined by Western
blot analysis with monoclonal antibody C219.

Ghveosviation of ABCA3. Endoglycosidase H {Ende H) and peptide
N-glycosidase F (PNGaseF) (New England Biolabs. Beverty, MA}
digestions were performed as described by the manufacturer. In brief,
20 pg of membrane proteins from HEK293 cells stably expressing
ABCAJ was treated with 500 U Endo H or 0.3 U PNGaseF for 1 h at
37°C. The deglycosylated proteins were separated by SDS-PAGE
{7%) and analyzed by Western blot analysis by using anti-hABCA3
attibody.

Tmunanostaining and flvorescence microscopy, Cells were cultured on
glass coverslips in Dulbecco’s modified Eagle's medium supplemented
with 10% (v/v) fetal bovine serum in 5% CO, at 37 °C, They were fixed
with 4% paraformaldehyde and permeabilized with 0.4% Triton X-100
for 5min. The cells and membranes were incubated overnight with
anti-hABCA3 antibody, and then incubated with Alexa488-conjugated
anti-rabbit 1gG for | h. The celis and membranes were directly viewed
with a 63x Plan-Neofluar or 100x Plan-Apochromat oil immersion
objective using a Zeiss confocal microscope (1L.SM35 Pascal or LSM510,).

Electron microscopy. HEK293 and HEK293/hABCA3 cells were
cultured on plastic coverslips (Celidesk. LF1. Sumitomo Bakelite,
Tokyo). For conventional electron microscopy. cells were fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 3 h. The cells
were washed in the same buffer three times and were post-fixed in 1'%
050, in the bufler for | h. After washing in distilled water, the cells
were incubated with 50, ethanol for 10 min and block stained with 2%
uranyl acetate in 70% ethanol for 2 h, They were further dehydrated
with a graded series of ethanol and were embedded in epoxy resin.
Ultra-thin sections were doubly stained with uranyl acetate and lead
citrate, and observed under a Hitachi H7600 electron microscope
(Hitachi, Tokyo, Japan).

Vanadate-induced nucleoride trapping in ABCA3 with S-azido-
[oFPJATP, 8-uzido-{y"PJATP or 8-uzido-f«*P}ADP. The mem-
brane fraction was prepared by nitrogen cavitation as previously
described [13]. The membrane fraction (15-30 pg) was incubated with
[0 uiM 8-azido-{cx33P]ATP. 2mM ouabain. 0.1 mM EGTA. and
40 mM Tris-HCl {pH 7.5) in a total volume of 6-10 pl for 10 min at
37 °C in the presence or absence of 400 uM orthovanadate and 3 mM
MgS80.. The reaction was stopped by adding 400 pl ice-cold TE buffer
{40 mM Tris-HC] (pH 7.5). 0.1 mM EGTA) containing | mM MgSO,.
The supernatant containing unbound ATP was removed from the
membrane pellet after centrifugation (14.000 rpm. 5 min. 2 °C). and
this procedure was repeated once more, The pellets were resuspended
in 8 pl of TE buffer containing 1 mM MgS0, and irradiated for | min
(254 nm, 8.2 mW/em?) on ice. The samples were then electrophoresed
on a 7% SDS-polyacrylamide gel, transferred to a PYDF membrane.
and anatyzed by Western blotting. After antibody was removed. the
PVDF membrane was further analyzed by autoradiography.

MABCD-pretreaiment of the membrane fraction. The membrane
fraction (30 pg) was incubated in 20 ut of 40 mM Tris buffer containing
no or 5% (w/v) MBCD for 30 min at 25 °C. The supernatant was re-
moved after centrifugation (14.000 rpm. 5 min, room temperaiure).
and the pellets were washed with 40 mM Tris buffer and subjected to
vanadate-induced nucleotide trapping.

Results
Stable expression of human ABCA3 in HEK293 cells

To study the function of human ABCA3, a cell line
(HEK293/hABCA3) stably expressing hABCA3 was
established. A crude membrane fraction was analyzed
by Western blotting, and two bands at about 190 and
150 kDa were detected by using the anti-ABCA3 anti-
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Fig. 1. {A) Western blot analysis and glycosylation of hABCA3
expressed in HEK 293 cells. Membrane proteins (20 pg) prepared from
HEK293 cells (lane 1) and HEK293/hABCA3 {lanes 2-4] were
separated on 7% SDS-polyacrylamide gel. Membrane fractions were
treated with PNGaseF (lane 3) or Endo H (lane 4), and Western
blotting was done with anti-hABCA3 rabbit antibody. Immunoreac-
tive bands of 190 and 150 kDa are indicated by the arrowheads, The
deglycosylated 180 kDa ABCA3 is indicated by an arrow. (B}
Immuncfluorescence confocal microscopy analysis of HEK293/
hABCA3 cells. Permeabilized cells were reacted with anti-hABCA3
antibody and anti-rabbit 1gG-Alexa488. Scale bar, 5 pm. Inset: a
magnified image of a part of the cell (marked by a square). Scale bar,
2 pm. (C) The overlaid image of ABCA3 fluorescence and differential
interference contrast imaging.
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body (Fig. 1A, lane 2, indicated by the arrowheads), No
signal was detected in the membrane fraction prepared
from HEK293 cells (Fig. 1A, lane 1). Glycosylation of
ABCA3 was examined by the treatment with PNGaseF
and Endo H. Endo H cleaves two proximal N-acetylglu-
cosamnine residues of the high mannose type but not of
the complex type, while PNGaseF cleaves sugar chains
of both types. Treatment with PNGaseF increased the
electrophoretic mobility of 190 kDa ABCA3 to produce
the 180 kDa protein (indicated by an arrow), which was
the deglycosylated form. A large portion of the 190 kDa
protein was insensitive to Endo H, but a portion of
190kDa ABCA3 was sensitive to EndoH treatment
resulting in the deglycosylated form. These results
suggest that a large portion of ABCA3 contained com-
plex-type sugar chains and was localized in the post-
Golgi membrane. The 150 kDa protein was not affected
by either glycosidase. Since the antibody was generated
against the C-terminal 13 amino acids of hABCA3, the
150 kDa protein was not glycosylated and might have
been a product of proteolvtic cleavage at the N-
terminus.

Subcellular localization of hRABCA3 and the formation of
vesicular srructures in HEK293 cells

The subcellular localization of hABCA3 was ana-
lyzed by immunofluorescent confocal microscopy (Figs.
IB and C). ABCA3 was mainly localized at the intracel-
lular vesicle membrane and showed a ring-like appear-
ance (Fig. 1B, inset). Expression on the plasma
membrane was rarely observed. ABCA3 immunoreac-
tivity is mostly detected at the limiting membrane of
lamellar bodies in the lung [6,7], and when EGFP-conju-
gated hABCA3 is expressed in human lung adenocarci-
noma A549 cells, green fluorescence can be observed at
the intracellular vesicle membrane [7} The diameters of
the vesicles observed in HEK293/hABCA3, at which
ABCA3 was localized, were about 1 pm, corresponding
with those of lamellar bodies.

Vanadate-induced nucleotide trapping in hABCA3

Next we examined if ABCA3J expressed in HEK 293/
hABCA3 cells was functional. Among the ABC pro-
teins, MDR1 (ABCBI1), MRP1 (ABCCI1}, and MRP2
(ABCC32), which transport various xenobiotics, effi-
ciently trap Mg-ADP in the presence of orthovanadate,
an analog of phosphate, and form a stable inhibitory
intermediate during the ATP hydrolysis cycle. These
intermediates can be specifically photoaffinity labeled
in the membrane when 8$-azido-[&>’PJATP is used as
an ATP analog [12,14-16]. For these proteins, vana-
date-induced nucleotide trapping is stimulated by the
addition of transport substrates, probably because they
stimulate ATP hydrolysis.

To examine vanadate-induced nucleotide trapping in
hABCA3, the membrane fraction was prepared from
HEK293/hABCA3 cells, and observed by confocal
microscopy after immunofiuorescent staining to confirm
the presence of ABCA3. ABCA3 immunoreactivity was
detected in vesicular structures, suggesting that they
were preserved during membrane preparation (Fig. 2A).

Proteins of 190 and 150 kIDa were specifically photo-
affinity-labeled among the membrane proteins from
HEK293/hABCA3 when incubated with 8-azido-
[¢’*P]JATP in the presence of orthovanadate and
Mg®*, and were irradiated after removing free nucleo-
tides (Fig. 2B, the upper panel, lane 1). These labeled
proteins were identified as ABCA3 by Western blot
analysis (Fig. 2B, the lower panel). RABCA3 was only
weakly photoaffinity-labeled in the absence of ortho-
vanadate, and no protein was labeled in HEK293 host
cells (data not shown). These results suggested that a
stable inhibitory intermediate of ABCA3 was formed
with orthovanadate during the ATP hydrolysis cycle.

To confirm that the photoaffinity-labeled ABCA3
trapped ADP after hydrolysis, the same experiment
was performed using 8-azido-[y*?PJATP (Fig. 2B, lanes
3 and 4). ABCA3 was weakly photoaffinity-labeled by
8-azido-[y’*PJATP in the absence of orthovanadate.
However, the photoaffinity-labeling was not enhanced
by the addition of orthovanadate. When §8-azido-
[«*’PJADP was used as an ATP analog. hABCA3 was
also photoaffinity-labeled in an orthovanadate-depen-
dent manner (shown later in Fig. 3C}. These results sug-
gested that the stable inhibitory  complex
ABCA -3MgADP- Vi was formed in the membrane frac-
tion after ATP hydrolysis, as was the case with trans-
porter-type ABC proteins.
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Fig. 2. Vanadate-induced nucleotide trapping (vanadate trap) in
hABCA3. (A) An immunofluorescent confocal micrograph of crude
membrane fraction prepared from HEK293/hABCA3Z. Inset, a mag-
nified image. Scale bar, 1 ym. (B) Upper panel: vanadate trap with 8-
azido-[¢”PJATP or B-azido-[y**PJATP. Membranes (20pg) were
incubated with 10 uM 8-azido-[«*’PJATP () or 8-azido-[y**PJATP
(y) in the presence (+4) or absence (~—) of 400 utM orthovanadate at
37 °C for 10 min. Lower panel: Western blot analysis of the blot used
for vanadate trap with anti-hABCA3 antibody. hABCA3 bands are
indicated by the arrowheads.
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Fig. 3. Effect of metal jons on photoaffinity labeling by 8-azido-
[o*PJATP (A), 8-azido-{y”P)ATP (B) or 8-azido{a>*PJADP (C).
Upper pane!s (vanadate trap); membranes were incubated with 10 pM
8-azido- [oz “PJATP (A). $-azido-[y**PJATP (B} or 8-azido] {o*°PJADP
{C), and 3 mM MgS0s. MnCls, ZnCis, or NiCls, in the presence (+) or
absence (~) of 400 uM orthovanadate at 37 °C for 10 min. Lower
panels: Western blot anaiysis of the blot used for vanadate trap with
anti-hABCA3 antibody. hABCA3 bands are indicated by the
arrowheads,

Effect of metal ions on vanadate-induced mucleotide
trapping in hABCA3

The divalent cation dependence of vanadate-induced
nucleotide trapping varies among ABC proteins.
Although trapping occurs with Mg>*t, Mn®>" or other
divalent cations in MDR1 and MRPI, it occurs in the
presence of Ni** but not Mg** in MRP6 (ABCC6)
[17]. We examined the dependence of ABCA3 photo-
affinity labeling on the divalent cations Mg>t, Mn*",
Zn**, and Ni** (Fig, 3A)

In the presence of Mn®", ABCA3 was photoaffinity-
labeled in a vanadate-dependent manner as occurred
in the presence of Mg®*, but the efficiency was lower.
In the presence of Zn™*, ABCA3 was photoaffinity-la-
beled as strongly as in the presence of Mg®". However,
labeling in the presence of Zn"™ was not dependent on
orthovanadate. Labeling in the presence of Ni°™ was
stronger than in the presence of Mg>". In addition,
labeling occurred even in the absence of orthovanadate.

Since efficient photoaffinity-labeling was observed
even in the absence of orthovanadate using Zn>* and
Ni**, we examined whether labeling occurs after
hydrolys:s When the reaction was carried out using
8-azido-[y*’PJATP, ABCA3 was rarely photoaffinity-la-
beled, suggesting that 8-azido-[y*’PJATP was hydro-
lyzed and y-phosphate was released (Fig. 3B).
However, it was also rarely photoaffinity-labeled w1th

8-azido- [o:3'P]ADP in the presence of Zn** and Ni**
(Fig. 3C), although photoaffinity labeling was observed

in the presence of Mg>* and Mn>". These results sug-
gest that the stable complexes ABCA3ZnADP and

ABCA3NIADP formed only during ATP hydrolysis,

MBCD-pretreatment suppressed nucleotide trapping in
hABCA3

Since efficient vanadate-induced nucleotide trapping
in ABCA3 was observed without exogenously added
substrates, we speculated that endogenous substrate(s)
of ABCA3 were present in the membrane fraction. Lip-
ids and surfactant proteins are densely packed in lamel-
lar bodies, and therefore phospholipids and/or
cholesterol are likely to be substrates of ABCA3. To
examine the validity of this hypothesis, the membrane
fraction was treated with 5% MPBCD, which depletes
cholesterol from the membrane [18-20], at 25°C for
30 min before reaction with 8-azido-[«**PJATP. Vana-
date-induced nucleotide trapping in hABCA3 was

- strongly suppressed by the treatment with 5% MPCD

(Fig. 4A).

We also examined the effect of MBCD-pretreatment
on vanadate-induced nucleotide trapping in MDRI,
whose endogenous substrate was suggested to be choles-
terol [21]. Vanadate-induced nucleotide trapping in
MDRI in the absence of exogenously added substrate
was suppressed by treatment with 5% MBCD (Fig.
4B). In the presence of verapamil, a transport substrate
of MDRI, photoaffinity labeling occurred efficiently,
even after treatment with 5% MPCD (Fig. 4B). These
results suggest that substrate recognition and ATP
hydrolysis by MDR1 are not impaired by treatment
with 5% MPCD. Therefore, reduced vanadate-induced
nucleotide trapping in ABCA3 and MDRI1 by treatment
with 5% MBCD was due to the depletion of endogenous
substrates, most likely cholesterol, from the membrane.
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Fig. 4. Effect of MBCD treatment on vanadate-induced nucleotide
trapping in RABCA3 and hMDRI. (A) Membranes prepared from
HEK293/hABCA3 pretreated without (fane 1) or with 5% MPCD
{lane 2) at 25 °C for 30 min. Upper panel: vanadate trap with 10 pM 8-

azido-{oe**PJATP at 37°C for 10min. Lower panel: Western blot
analysis of the blot used for vanadate trap with anti-hABCA3
antibody. (B) Membranes prepared from HEK293/hMDR1 pretreated
without {lanes 1 and 3) or with 5% MBCD (lanes 2 and 4) at 25 °C for
30 min. Upper panels: vanadate trap with 10 pM of 8-azido{a*?PJATP
in the absence (lanes | and 2) or presence (lanes 3 and 4) of 25 pM
verapamil at 37 °C for 10 min. Lower panels: Western blot znalysis of
the blot vsed for vanadate trap with anti-MDR1 antibody C219.
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Fig. 5. Electron micrograph of HEK293/hABCA3 (A.C) and
HEX293 host ‘cells (B). Lamellar body-like structures are indicated
by the arrows. Scale bars, | pm.

Generation of lamellar bodv-like structures in HEK293/
hABCA3

Finally, HEK293/hABCA3 cells were observed by
electron microscopy and compared with HEK293 host
cells to confirm that the vesicular structures were gener-
ated by exogenously expressed ABCA3, In HEK293/
hABCA3 cells, many unique vesicles 0.6-1 pm in diam-
eter were observed (Figs. 5A and C). They appeared to
be multitamellar and contained fuzzy components.
These lamellar vesicular structures were scarcely ob-
served in HEK293 host cells (Fig. 5B).

Discussion

Because ABCA3 gene mutations cause fatal surfac-
tant deficiency in newborns [8], the function of ABCA3
is crucial for the formation and/or secretion of pulmon-
ary surfactant. However, the function of ABCA3 is still
unknown. In this study, we showed that exogenously ex-
pressed ABCA3 generates vesicular structures
HEK293 cells. Electron micrographs show that
HEK?293/hABCA3 cells contain multivesicular, lamellar
body-like structures, which do not exist in HEK293 host
cells. Some fuizzy components such as lipids accumulate
in the vesicles. These results suggest that ABCA3 may be
involved in the generation of lamellar body-like
structures.

ABCA3 is strongly photoaffinity labeled by 8-azido-
[«**PJATP when the membrane fraction is incubated in
the presence of Mg®* and orthovanadate. Photoaffinity

labeling by 8-azido-[v**PJATP is weak and is not stimu--

lated by the addition of orthovanadate, indicating that
ABCA3 shows strong ATPase activity in the isolated
membrane. Vanadate-induced nucleotide trapping in
ABCA3 was strongly suppressed by pretreatment of
the membrane with MPBCD, which depletes cholesterol

f18-20]. The basal vanadate-induced nucleotide trapping
in MDR1, whose endogenous substrate is suggested to
be cholesterel [21], is also inhibited by pretreatment of
the membrane with MBCD. The reduction of photo-
affinity labeling of ABCA3 and MDRI is most likely
due to cholestero] depletion from the membrane. These
results suggest that cholesterol may be a transport sub-
strate for ABCA3. Alternatively, MBCD might deplete
phospholipids together with cholesterol. Because dipal-
mitoylphosphatidylcholine, most abundant lipid in pul-
monary surfactant, has high affinity to cholesterol, it is
possible that phospholipids with saturated fatty acid
chains are also depleted from HEK293 cell membrane
together with cholestercl. This might cause the suppres-
sion of vanadate-induced nucleotide trapping in
ABCA3.

The dependence of photoaffinity labeling of ABCA3
on divalent cations showed a specific and unusual pat-
tern. The most striking feature of ABCA3 was the
strong photoaffinity labeling in the presence of Zn™*
and Ni*", which was not dependent on orthovanadate.
Since ABCA3 was scarcely photoaffinity labeled by
§-azido-[y*’PJATP, 8-azido-ATP was hydrolyzed and
v-phosphate was released before a stable complex was
formed. The state of the.inhibitory complex was further
examined using 8-azido-{a**PJADP. ABCA3 was photo-
affinity labeled by 8-azido-{a**P]JADP in the presence of
Mg®" and Mn’* in a vanadate-dependent manner.
However, it rarely occurred in the presence of Zn*" or
Ni**. These results suggest that a stable ABCA3:
MeADP-Vi complex, where Me is Mg>" or Mn*", can
be formed in two ways. In one way, it is formeéd after
ATP hydrolysis in the presence of orthovanadate, and
m the other way ADP takes part in the stable ABCA3-
MeADP-Vi complex without ATP hydrolysis. In con-
trast, in the presence of Zn** and Ni**, stable complexes
form even without vanadate, and ADP cannot take part
in the complex without ATP hydrolysis. Conforma-
tional changes caused by ATP hydrolysis are likely re-
quired to form this stable complex. The relevance of
this phenomenon to the physiological role of ABCA3 re-
mains to be solved.

hABCA3 was detected as 190 and 150 kDa proteins
by immunoblot analysis using antibody generated
against the C-terminal 13 amino acids of hRABCA3 when
stably expressed in HEK293 cells, It was previously re-
ported that hABCA3 was detected as a single band
150-kDa protein in the crude membrane fraction of hu-
man lung tissue using the same antibody [6]. This can be
explained by the cleavage of hABCA3J at its N-terminus,
producing the mature form of the 150-kDa protein. The
150-kDa protein in HEK293/hABCA3 might also be a
product of proteoclytic cleavage. There are two consen-
sus amino acid sequences (asparadine-124 and aspara-
dine-140), which can be modified by N-linked
oligosaccharides, in the first extracytosolic domain.



