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Department of Biochemistry, McGill UniVersity, Montréal, Québec, Canada H3G 1Y6, Department of Cancer, Pfizer Central
Research, Groton, Connecticut 06340, and Howard Hughes Medical Institute, Departments of Physiology and Microbiology &

Molecular Genetics, and Molecular Biology Institute, UniVersity of California, Los Angeles, California 90095-1662

ReceiVed July 26, 1999; ReVised Manuscript ReceiVed October 20, 1999

ABSTRACT: A simplified method for the expression and purification of P-glycoprotein (Pgp) is presented.
This method is based on the in-frame fusion of both a polyhistidine tail and a 100-amino acid residue
biotin acceptor domain of oxaloacetate decarboxylase fromKlebsiella pneumoniaeat the carboxyl terminus
end of Pgp (Pgp-H6BD). The expression/purification protocol for Pgp-H6BD involves high-level expression
of the fusion protein in the yeastPichia pastoris, biotinylation in vitro with biotin ligase, solubilization
of crude membrane fractions in detergent, and affinity purification by a combination of nickel and avidin
chromatography. Biotinylated Pgp binds to immobilized monomeric avidin and can be eluted with free
biotin in a high state of purity. This protocol is rapid and efficient and yields purified Pgp which shows
robust ATPase activity, as determined by vanadate-induced trapping of photoactive nucleotides and by
direct measurement of ATP hydrolysis by Pgp-H6BD. This method should be useful for structural studies
of the protein by spectroscopic or crystallographic approaches. This purified Pgp-H6BD preparation has
been used to study the enantiomer-specific effects of inhibitors of Pgp-mediated drug transport on the
drug-stimulated ATPase activity of the protein. A series of 1,4-disubstituted piperazine derivatives with
a central chiral carbon and modified at the head and tail groups are shown to stimulate Pgp ATPase
activity in a dose-dependent fashion. Some of these compounds are also capable of inhibiting either
vinblastine or verapamil stimulation of ATPase activity of Pgp in an enantiomer-specific fashion. The
enantiomeric specific inhibitory activity of these compounds suggests complex interactions at a single
substrate binding site(s) on Pgp.

P-glycoprotein (Pgp)1 overexpression causes resistance to
chemotherapeutic agents in tumor cells in vivo and cultured
cells in vitro (1). Pgp is an integral membrane protein that
functions as an ATP-dependent efflux pump to reduce
intracellular drug accumulation in resistant cells (2, 3). Pgp
binds [32P]-8-azido-ATP, and purified Pgp shows robust
ATPase activity (KM for Mg2+ATP of 1 mM,Vmax of 0.3-2
µmol/min/mg of protein) (2, 4) that can be further stimulated
by certain drug substrates [e.g. vinblastine (VBL)] or
inhibitors of Pgp transport [e.g. verapamil (VRP)] (3).
Biochemical studies in transfected mammalian cells (5, 6)
or yeast cells (7), as well as genetic analyses of naturally

occurring mutations in humans (8) or experimentally induced
mutations in mice (9), have shown that at least one of the
Pgp isoforms functions as a phospholipid translocator,
possibly by a flippase mechanism (7, 10). It is believed that
the mechanism of drug transport by Pgp in resistant cells is
related to the mechanism of Pgp-mediated lipid transport in
normal tissues.

Pgp is composed of 12 transmembrane (TM) domains and
2 nucleotide binding (NB) sites arranged in two symmetrical
halves. This structural unit (6TM, 1NB) defines the ABC
(ATP binding cassette) family of membrane transporters,
which has members in bacteria, yeast, parasites, nematodes,
plants, and mammals (11). In mammals, this family includes
transporters for peptides (12), chloride ions (13), acylated
fatty acids (14, 15), bile acids (16), and other substrates (17).
Of particular interest is the multidrug-resistance-associated
protein (MRP) family, composed of at least six members in
humans (18), with MRP1 and MRP2 capable of active drug
transport when overexpressed in transfected cells (19, 20).
While Pgp can act on unmodified drug molecules, MRP1
and MRP2 can transport a variety of organic anions,
including glutathione and/or glucuronide adducts (21).

Several mechanistic aspects of Pgp-mediated drug trans-
port remain poorly understood. These include the apparent
broad substrate specificity of the transporter, the mechanism
of ATP binding and hydrolysis which occurs at both NB
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sites, the mechanism by which drug binding to the protein
induces ATP hydrolysis, and how ATP hydrolysis ultimately
results in drug efflux. A better understanding of these
problems may also shed light on the mechanism of transport
by other ABC transporters, including MRP. Studies on
mechanistic aspects of Pgp transport are best carried out with
pure protein in a reconstituted system. In addition, structural
studies on the protein require large amounts of highly purified
protein. Over the years, several protocols have been devel-
oped for partial or complete purification of Pgp, either from
drug-resistant cells expressing the protein endogenously or
from model organisms expressing a recombinant protein.
Early partial purification was achieved by immunoaffinity
with a monoclonal anti-Pgp antibody (22). Anion exchange
alone (23) or coupled with different types of affinity
chromatography were also used, including substrate coupled
to Sepharose (24), lectin resins (25), or dye-ligand agarose
(26, 27). An alternative approach utilizes short epitope tags
in Pgp that can then be used as a bait for affinity chroma-
tography. For example, a polyhistidine tail fused at the
C-terminus of Pgp has been successfully used to obtain
purified Pgp by nickel chelate chromatography from either
mammalian (28), insect (29), or yeast (30) cells overex-
pressing the protein. Such preparations may still contain
small amounts of contaminating proteins, possibly interfering
with physical characterization of Pgp. A simpler, more rapid
method that yields purified protein in a concentrated form
would be useful for various applications.

Consler et al. (31) have fused in-frame a biotin acceptor
domain (BD) from oxaloacetate decarboxylase ofKlebsiella
pneumoniaeat the C-terminus of the lactose permease of
Escherichia coli. A portion of the biotin domain is biotiny-
lated in vivo (31), and the remainder could be biotinylated
in vitro using purified biotin ligase (32) thereby increasing
the yield. Biotin ligase catalyzes transfer of biotin from the
intermediate, biotinyl-5′-AMP, to the unique lysine residue
in the biotin domain (33, 34). The strong affinity between
biotin and avidin is used to obtain highly purified and
biologically active biotinylated chimeric protein by chroma-
tography on a monomeric avidin agarose resin.

In the current study, we have engineered a polyhistidine
tail and a biotin acceptor domain at the C-terminus of the
Pgp encoded by mousemdr3. We describe a protocol for
the rapid purification of this Pgp from membrane fractions
of Pichia pastorisexpressing large amounts of this protein.
Pgp purified in such a fashion retains full ATPase activity
and is used to study modulation of drug-stimulated ATPase
activity by small molecule inhibitors of Pgp-mediated drug
transport (35, 36).

EXPERIMENTAL PROCEDURES

Construction of the mdr3-biotin Domain Chimera. Initially,
a mutagenic oligonucleotide primer (3′-TACGTACATCAC-
CATCACCATCACTCGAGCTGAGTCGAC-5′) was used
to modify plasmid vector pBluescript KS. This primer
introduces a polyhistidine tract and several new restriction
sites (SnaBI, XhoI, SalI; underlined) in the cloning polylinker
of pBluescript, which had been altered to delete polylinker
sites betweenSacI and KpnI. In a second step, the mutant
variant of the biotin acceptor domain (BD) of oxaloacetate
decarboxylase fromK. pneumoniaewith the single tryp-

tophan residue replaced with phenylalanine (32) was inserted
in-frame downstream of the 6-His tail, using theXhoI site.
The mousemdr3 cDNA was modified at its 5′-end by
mutagenesis to GAGCTCCCGCGGAAAAAAATG (initia-
tor ATG bold,SacI and SacII sites underlined) to improve
mRNA stability and protein expression in yeast as previously
described (37). mdr3 was then excised from plasmid pVT-
mdr3.5 (30) using KpnI and SnaBI, and the ends were
repaired with T4 DNA polymerase before cloning into the
SnaBI site of the modified pBluescript vector to produce
pmdr3-H6BD. For expression of the chimeric protein in the
yeastP. pastoris, a 3.9-kbSacI to SalI mdr3-H6BD fragment
was excised from plasmid pmdr3-H6BD, and its ends were
repaired with T4 DNA polymerase before cloning into the
EcoRI site of plasmid pHIL-D2 also repaired with T4 DNA
polymerase to create pHIL-mdr3-H6BD. The integrity of the
restriction sites used for cloning was verified by enzymatic
digestion and the sequence of amplified cDNA subfragments
used for subcloning was verified in the final construct. All
oligonucleotide primers used for mutagenesis and DNA
sequencing were obtained from GIBCO/BRL. Restriction
enzymes, polymerases, and ligases used for cloning and
sequencing were obtained from Pharmacia/Amersham and
from New England Biolabs (Mississauga, Ontario).

Expression of the Chimeric mdr3-H6BD in P. pastoris.
Transformation of pHIL-mdr3-H6BD in the methanotrophic
yeastP. pastoris, selection of Mdr3-H6BD-producing re-
combinant clones, and preparation of enriched membrane
fractions fromP. pastoriswere carried out as described by
Urbatsch et al. (30) with the following modifications. Briefly,
pHIL-mdr3-H6BD was transformed intoP. pastorisstrain
GS115 according to the manufacturer’s instructions (InVit-
rogen, license number 145 457) using a lithium chloride
technique. His+ transformants showing successful homolo-
gous recombination at theAOX1 locus were identified as
unable to grow on medium containing methanol (methanol
utilizing slow or muts). Over 90% of the His+muts transfor-
mants identified were found to express the chimeric Mdr3-
H6BD protein, as determined by immunoblotting of mem-
brane fractions with the mouse anti-Pgp monoclonal antibody
C219 (Signet, Toronto, Ontario) (30). For large-scale prepa-
rations, cultures were induced in methanol-containing media
for 48 h, and crude plasma membranes were isolated by
centrifugation after cell lysis using a French press (37). From
a 2-L culture, between 100 and 150 mg of crude membrane
protein was obtained routinely. The crude membranes were
resuspended in 50 mM Tris-HCl, pH 8.0, 20% glycerol, and
50 mM NaCl with freshly prepared protease inhibitors (1
mM PMSF, 10µg/mL leupeptin, 10µg/mL pepstatin A;
Boehringer) and stored at-80 °C until use.

In Vitro Biotinylation.Crude membranes (approximately
100 mg) were thawed on ice and resuspended to a final
volume of 3 mL of 40 mM Tris, pH 7.4, 0.1 mM EGTA.
Biotinylation was carried out directly on the crude membrane
fraction in vitro using a commercially available set of
reagents and a modification of an experimental protocol from
Avidity Co. (38). Briefly, crude membrane extracts were
supplemented with 350µL of 0.5 M Bicine buffer (pH 8.3)
and 350µL of a solution containing 100 mM ATP, 100 mM
Mg-O-acetate, and 400µM D-biotin in the presence or
absence of biotin ligase (12 500 U). The mixture was then
incubated at 37°C for 3 h, with occasional shaking. The
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extent of biotinylation of Mdr3-H6BD was monitored by
immunoblotting with extravidin peroxidase (Sigma, St. Louis,
MO) followed by detection of specific complexes with the
ECL detection system (Amersham).

Solubilization and Nickel Chelate Chromatography.The
conditions for solubilization of the Mdr3-H6BD protein were
a modification of a protocol previously described (30).
Briefly, 50 mg of crude membrane proteins was precipitated
with 10 mM MgCl2 (30 min at 4°C) to remove EGTA and
free d-biotin and recovered by centrifugation (16000g, 20
min). Membrane pellets were resuspended in 50 mM Tris,
pH 8, 20% glycerol, 50 mM NaCl, 5 mM imidazole, 0.5
mM â-mercaptoethanol (buffer A) and solubilized by adding
an equal volume of 0.6%L-R-lysophosphatidylcholine (lyso-
PC, from egg yolk, 99% pure; Sigma) in buffer A at a protein
concentration of 2 mg/mL, followed by gently vortexing at
20 °C. Samples were next centrifuged at 60000g for 30 min
at 4 °C to remove particulate material. Solubilized proteins
were mixed with 700µL of packed Ni-NTA resin (Qiagen),
equilibrated with buffer A, followed by incubation at 4°C
for 20 h with continuous rotation. The resin was transferred
to a column and washed extensively with 20 bed volumes
of 50 mM Tris, pH 8, 20% glycerol, 50 mM NaCl, 5 mM
imidazole, 0.5 mMâ-mercaptoethanol, 0.1%n-dodecylâ-D-
maltoside (DM) (buffer B) followed by an additional 20 bed
volumes of buffer B containing 15 mM imidazole. Proteins
bound to the Ni-NTA resin were eluted with 3 mL of a buffer
containing 50 mM Tris-Cl, pH 8.0, 20% glycerol, 80 mM
imidazole, 0.1% DM. All buffers used in the purification
procedures contained freshly prepared protease inhibitors (1
mM PMSF, 10µg/mL leupeptin, 10µg/mL pepstatin A;
Boehringer).

AVidin Affinity Chromatography.The Mdr3-H6BD protein
was purified on monovalent avidin-Sepharose by a modifica-
tion of a protocol developed for the purification of biotiny-
lated lactose permease (32). Briefly, 0.5 mL of packed
monovalent avidin resin (Pierce) was washed sequentially
with 10 volumes of buffer B, 10 volumes of buffer B
supplemented with 4 mMD-biotin, 10 volumes of 0.1 M
glycine, pH 2.8, and finally 10 volumes of buffer B again.
The 3-mL eluate from the nickel column was incubated
overnight at 4°C with washed avidin resin with continuous
rotation. The resin was transferred into a column and washed
extensively with 20 bed volumes of buffer B followed with
20 bed volumes of buffer B containing 100 nM ofD-biotin
to remove nonspecifically bound proteins. Bound Mdr3-
H6BD was eluted with 3 mL of 4 mMD-biotin in buffer B.
For reconstitution, the purified protein was incubated with
1%E. coli lipids (acetone/ether preparation) and 1 mM DTT
for 30 min on ice, followed by dialysis (16 h, 4°C) against
a buffer containing 50 mM Tris-Cl, pH 7.4, 0.1 mM EGTA,
and 1 mM DTT. The reconstituted protein was concentrated
by centrifugation (200000g, 2 h, 4°C) and was resuspended
in a final volume of 300µL of dialysis buffer. This final
suspension was aliquoted and stored at-80 °C until use.

Assay of ATPase ActiVity. For ATPase assays, 0.4µg of
dialyzed Mdr3-H6BD was added to a reaction mixture
consisting of 50 mM Tris-Cl, pH 8.0, 0.1 mM EGTA, 10
mM Na2ATP, and 10 mM MgCl2 in a final volume of 200
µL and incubated at 37°C; 50-µL aliquots of this mixture
were removed at the appropriate times during which the
reaction was linear and less than 10% of the added nucleotide

was hydrolyzed. Reactions were stopped by addition of 1
mL of 20 mM ice-cold H2SO4. Pi release was assayed by
the method of Van Veldhoven and Mannaerst (39). For
determination of kinetic parameters, an excess of 2 mM
MgCl2 over MgATP concentrations was used. Drugs and
modulators were added at various concentrations from
dimethyl sulfoxide stock solutions (1 mg/mL) and the final
solvent concentration in the assay was kept ate2% (v/v).

Vanadate Trapping of Mg-8-azido[R-32P]ATP in Mdr3-
H6BD. Dialyzed Mdr3-H6BD was incubated with 5µM
8-azido[R-32P]ATP (8.5 Ci/mmol, ICN), 3 mM MgCl2, 50
mM Tris-Cl, pH 8.0, 0.1 mM EGTA in a total volume of 50
µL at 37°C for indicated times. VRP (100µM) and vanadate
(200µM) were included where indicated. Incubations were
started by addition of 8-azido[R-32P]ATP and stopped by
transfer to ice. Free label was promptly removed by
centrifugation at 200000g for 30 min at 4°C in a TL-100
rotor (Beckman), and the proteoliposomes were washed and
resuspended in 50µL of ice-cold 50 mM Tris-Cl, pH 8.0,
0.1 mM EGTA. Samples were kept on ice and irradiated
with UV light for 5 min (UVS-II Mineral light 260 nm placed
directly above the samples). At concentrations of 5µM
8-azido[R-32P]ATP, hydrolysis and subsequent vanadate-
induced trapping of nucleotide is about 20 times slower than
at 80µM 8-azido[R-32P]ATP, a concentration previously used
in vanadate-trapping experiments (30). Upon UV irradiation,
up to 10% of mouse Mdr3 is covalently labeled by 8-azido-
[R-32P]nucleotide (30). Samples were dissolved in 5% (w/
v) SDS, 25% (v/v) glycerol, 0.125 M Tris-Cl, pH 6.8, 40
mM DTT, 0.01% pyronin Y for 30 min at 37°C, separated
on 7.5% polyacrylamide gels, and transferred to nitrocel-
lulose membranes. The membrane was exposed overnight
at-80 °C to Kodak BioMax films with intensifying screens.
Orthovanadate solutions (100 mM) were prepared from Na3-
VO4 (Fisher Scientific) at pH 10 as described (40) and boiled
for 2 min before each use to break down polymeric species.

Effect of Inhibitors on Pgp-Mediated Drug Transport.The
inhibitory potential of synthetic compounds for Pgp activity
was measured in dose-response experiments by their ability
to block Pgp-mediated transport of [14C]adriamycin (ADM).
The Pgp-positive multidrug-resistant human carcinoma cell
line KBV1 was obtained from Dr. M. M. Gottesman (NIH,
Bethesda, MD). The cell line was routinely maintained in
Dulbecco’s modified Eagle Medium (DMEM) containing
1µg/mL VBL and supplemented with 10% fetal calf serum,
penicillin (50 units/mL), streptomycin (100µg/mL), and
gentamycin (25µg/mL). For drug transport assays, 24 h prior
to experimentation, KBV1 cells were seeded in 6-well plates
(1.2 × 106 cells/well) in DMEM lacking VBL but supple-
mented with 5% fetal calf serum and antibiotics. To measure
ADM accumulation, cells were exposed for 3 h to [14C]ADM
(specific activity of 47.3µCi/mmol; final concentration 2
µM) in the absence or presence of increasing concentrations
of modulators. Cells were washed twice with ice-cold PBS
and collected by trypsinization. Cell number and viability
were determined and cell-associated radioactivity was mea-
sured by suspending collected cells in liquid scintillation fluid
(Beckman, Ready Safe), vortexing, and scintillation counting.
The potencies of the compounds to modulate Pgp function
were determined by calculating the concentration of com-
pound which increases basal accumulation (determined in
inhibitor free conditions) of ADM in KBV1 cells by 300%.
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Routine Procedures.Protein concentrations were deter-
mined by the bicinchoninic acid method (Pierce) in the
presence of 1% SDS using bovine serum albumin as a
standard. SDS-PAGE was performed according to Laemmli
(41) using the Mini-PROTEAN II gel and Electrotransfer
system (BioRad). Samples were dissolved in 5% (w/v) SDS,
25% (v/v) glycerol, 0.125 M Tris-Cl, pH 6.8, 40 mM DTT,
0.01% pyronin Y for 30 min at 37°C and separated on 7.5%
polyacrylamide gels. For immunodetection of Pgp, the mouse
monoclonal antibody C219 (Signet Laboratories Inc.) was
used with the ECL detection system (Amersham).

Materials.Biotinylation kits were purchased from Avidity.
Monovalent avidin-Sepharose was from Pierce. 8-Azido[R-
32P]ATP, VRP, and VBL were purchased from ICN. All
other compounds were synthesized at Pfizer Central Re-
search, Groton, CT. They are enantiomers of the 1,4-
disubstituted piperazine analogues (see Figure 6) containing
either a quinoline (CP162398, CP162399) or a benzothiazole
(CP172732, CP219994) tail and a benzhydryl derivative as
the headgroup or a quinoline tail and a tricyclic stucture as
the headgroup (CP147673, CP147674). TheR(+) and the
S(-) enantiomers were purified to optical purities>95%
excess. CP162398/399 and the racemate of CP147673/674
have been previously described in the literature (35, 36).
Acetone/ether-precipitatedE. coli lipids were from Avanti
Polar Lipids, and general chemicals were of reagent grade
from Sigma.

RESULTS

Expression and in Vitro Biotinylation of Mdr3-H6BD.The
biotin acceptor domain of oxaloacetate decarboxylase from
K. pneumoniaewith a short segment coding for six consecu-
tive histidine residues was fused in-frame at the carboxyl
terminus end of Mdr3 to generate Mdr3-H6BD. The pHILm-
dr3-H6BD construct was introduced at the chromosomal
AOX1 locus of the methanotropic yeastP. pastoris by
homologous recombination, as we have previously described
(37). IndependentP. pastoristransformants showing loss of
AOX1 function were screened for Mdr3-H6BD protein
expression in response to methanol induction, by Western
blotting using the mouse anti-Pgp monoclonal antibody C219
(30). Several positive clones were identified, and one of them
showing good expression level was retained for further
analysis (data not shown). As a first step, we wanted to verify
that the biotin acceptor domain used in our construct could
indeed be biotinylated in vitro after expression inP. pastoris.
Briefly, membrane fractions from the Mdr3-H6BD-express-
ing clone were incubated with biotin in the presence or
absence of added biotin ligase, followed by SDS-PAGE,
transfer to nitrocellulose membrane, and development with
extravidin peroxidase (Figure 1A). In absence of biotin ligase
(lane 1), Mdr3-H6BD labeling was readily detected. This
labeling was specific, was not seen in cell extracts from
control cells (data not shown), and probably results from
endogenous biotin ligase activity present inP. pastoris
extracts. Increasing theD-biotin concentration in the methanol-
containing induction medium did not enhance this endo-
genous activity, resulting in the same amount of biotinylated
Pgp as control conditions (data not shown). The addition of
external biotin ligase to the reaction mixture causes at least
a 15-20-fold increase in the amount of biotinylated Mdr3-
H6BD (Figure 1A, lane 2), compared to the control (lane

1). This increase in biotinylation is specific and does not
result in increase biotinylation of otherP. pastorisproteins.
Finally, Western blotting experiments with anti-Pgp antibody
C219 (Figure 1B) show that both biotinylation reactions
contain the same amount of immunoreactive Mdr3-H6BD.
Together, the results show that Mdr3-H6BD expressed in
membranes fromP. pastoriscan be efficiently biotinylated
in vitro by added biotin ligase.

Purification of the Mdr3-H6BD Protein.To assess the
efficiency of purification of the biotinylated Mdr3-H6BD
protein by avidin chromatography, parallel experiments were
carried out in which the purification of in vitro biotinylated
(Figure 3A) vs nonbiotinylated (Figure 4A) protein was
compared. Various column fractions and eluates correspond-
ing to each purification step were analyzed by SDS-PAGE,
and the identity of the major Pgp species detected by
Coomassie blue staining was verified by immunoblotting
using the mouse monoclonal anti-Pgp antibody C219 (Fig-
ures 3B and 4B).The experimental procedure for avidin

FIGURE 1: Biotinylation of Mdr3-H6BD in vitro. Crude membrane
fractions fromP. pastorisyeast cells expressing the Mdr3-H6BD
protein were incubated (3 h at 37°C) with a biotinylation reaction
mixture in the absence (lane 1) or presence (lane 2) of exogenously
added biotin ligase. Samples were separated on 7.5% polyacryla-
mide SDS gels, transferred to nitrocellulose membranes, and
analyzed by Western blot using extravidin peroxidase (A). The
membrane was stripped and analyzed by immunoblotting for the
presence of immunoreactive Pgp, using the mouse monoclonal anti-
Pgp antibody C219 (B).

FIGURE 2: Purification protocol for the Mdr3-H6BD protein.
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affinity chromatography of Mdr3-H6BD was carried out
essentially as described by Pouny et al. (32), with one
important modification (see schematic representation in
Figure 2). In pilot experiments using an extensive washing
procedure to remove unreacted biotin after in vitro biotiny-
lation, we noted after detergent solubilization and incubation
with avidin (overnight at 4°C) that most of the protein was
found in the flowthrough of the column (data not shown).
This was interpreted as presence of residual biotin in the
protein sample possibly preventing efficient binding of the
biotinylated protein to the avidin resin. To circumvent this
problem, we took advantage of the polyhistidine tail engi-
neered in-frame with the BD in Mdr3-H6BD, and that allows
partial purification of the protein by nickel chelate chroma-
tography (Figures 3 and 4). Thus, in the final purification
protocol, a crude membrane extract from Mdr3-H6BDP.
pastoriscells was biotinylated in vitro (lane 1), followed by

solubilization in a buffer containing 0.3% lysophosphatidyl-
choline (lyso-PC; lane 2) and elimination of insoluble
material by centrifugation, before overnight incubation with
Ni-NTA resin (Quiagen). This material was then chromato-
graphed, and the flowthrough (lane 3), together with serial
washes of the column in a buffer containing 5 mM (lane 4)
and 15 mM imidazole (lane 5), as well as the final eluate in
80 mM imidazole (lane 6) and a 10% SDS wash (lane 7)
were analyzed by gel electrophoresis. Under these conditions,
we noted that all Mdr3-H6BD that bound the Ni-NTA resin
(compare lanes 2 and 3) the most could be eluted at 80 mM
imidazole (lane 6), with only a residual amount trapped on
the column (lane 7). We also noted a small amount of non-
Mdr3-H6BD material co-purifying with the protein in the
80 mM imidazole eluate and/or remaining irreversibly bound
to the column and detected in the 10% SDS fraction, as
previously described (30). The Ni2+ chelate purification
procedure appeared as efficient for the biotinylated and
nonbiotinylated proteins (compare Figures 3A and 4A). The
80 mM imidazole fraction (lane 8) was then incubated with
the avidin resin for different periods of time. In preliminary
experiments, we noted that a 4-h incubation period at 4°C
was insufficient to achieve complete binding of Mdr3-H6BD
(data not shown). On the other hand, after overnight
incubation at 4°C with continuous, gentle agitation, all
biotinylated Mdr3-H6BD was bound to the resin and remain
bound in 100 nM biotin [compare lanes 9 and 10 for
biotinylated (Figure 3A) vs nonbiotinylated (Figure 4A)
Mdr3-H6BD]. Bound Mdr3-H6BD could be eluted efficiently
with 4 mM D-biotin (Figure 3A, lane 11), while only a small
amount of Mdr3-H6BD as well as other contaminants
remained irreversibly bound to the resin (lane 12, SDS wash).
In this analysis, we noted that the purity of the Mdr3-H6BD
was greater than that seen with Ni-NTA column chroma-

FIGURE 3: Purification of Mdr3-H6BD biotinylated in vitro using
biotin ligase. Crude membrane fractions prepared fromP. pastoris
expressing Mdr3-H6BD were biotinylated in vitro, solubilized in
0.3% lysophosphatidylcholine (lyso-PC), and purified on Ni-NTA
resin and by avidin affinity chromatography as described under
Experimental Procedures. Samples from each purification step were
separated on 7.5% polyacrylamide SDS gels and stained with
Coomassie blue (A) or transferred to a nitrocellulose membrane
and analyzed by immunoblotting with the mouse monoclonal anti-
Pgp antibody C219 (B). Every sample contained 25µg of protein,
except for the 10% SDS wash of the resin. Purification on the Ni-
NTA column is shown in lanes 1-7 and includes aliquots of
microsomal membranes after in vitro biotinylation (lane 1), extract
loaded on the Ni-NTA column (lane 2), pools of flowthrough from
the Ni-NTA column (lane 3), wash material obtained with buffer
containing imidazole at 5 mM (lane 4) and 15 mM (lane 5), the 80
mM imidazole eluate (lane 6), and a 10% SDS wash (lane 7). The
avidin affinity chromatography is described in lanes 8-12 and
includes aliquots of Mdr3-H6BD loaded on the avidin resin (lane
8), flowthrough from the chromatography (lane 9), wash material
obtained with buffer containing 100 nMD-biotin (lane 10), the 10
mM D-biotin eluate (lane 11), and a 10% SDS wash (lane 12). The
position of the molecular mass markers is given in kDa.

FIGURE 4: Purification of Mdr3-H6BD biotinylated in vitro in the
absence of biotin ligase. The legend is identical to that for Figure
3, except that the Mdr3-H6BD biotinylation reaction was carried
out in the absence of exogenously added biotin ligase.
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tography and was seemingly free of contaminating material
even in the very low molecular mass range. A parallel
purification of Mdr3-H6BD, where biotin ligase had been
omitted during the in vitro biotinylation step (Figure 4A,B),
shows that a large proportion of Mdr3-H6BD did not bind
to the avidin resin and the amount of Pgp eluted with 10
mM biotin corresponded to the amount of biotinylated protein
in vivo (see Figure 1). In all cases, the major Mdr3-H6BD
band detected by Coomassie blue was C219-immunoreactive
Pgp (Figures 3B and 4B). Using this purification method
with 100 mg of crude microsomal membrane proteins from
Mdr3-H6BDP. pastoris, a yield of 700µg of purified protein
was obtained routinely.

ATPase ActiVity of the Purified Mdr3-H6BD Protein.
Wild-type Pgp shows a strong, drug-stimulated ATPase
activity with measuredKM of 0.7-0.9 mM andVmax of 3-4.3
µmol/min/mg of protein for Pgp purified fromP. pastoris
(30). Two methods were used to assess functional integrity
of the purified Mdr3-H6BD with respect to ATPase activ-
ity: phosphate release in solution and vanadate-induced
trapping of Mg2+-8-azido[R-32P]ATP, as we have previously
described (30).

It has been previously established that vanadate trapping
of Mg2+-8-azido[R-32P]ATP by Pgp requires hydrolysis of
ATP and that the trapped nucleotide species is ADP (42).
Thus, this technique can be used to rapidly evaluate the
ATPase activity of Pgp. Purified and dialyzed Mdr3-H6BD
was preincubated for 15 min at 37°C with 5 µM 8-azido-
[R-32P]ATP, 3 mM MgCl2 in the absence or presence of 100
µM VRP and 200µM vanadate. Unbound ligands were
removed by ultracentrifugation followed by UV irradiation
and analysis by electrophoresis on SDS gel. The gel was
blotted to a membrane for autoradiography (Figure 5B) and
was also analyzed for equal protein loading by immuno-
blotting with monoclonal antibody C219 and ECL detection
(Figure 5A). Vanadate-induced photolabeling by the radio-
nucleotide is readily detectable in the Mdr3-H6BD protein
in the absence of drug (Figure 5B, lane 1). Labeling is
significantly enhanced by the addition of VRP (100µM;
Figure 5B, lane 3) but is completely eliminated if vanadate
is omitted from the reaction (Figure 5B, lane 2). Immuno-
blotting shows that equal amounts of Pgp were loaded in
each lane of the gel (Figure 5A). VRP-stimulated ATPase
activity is readily detectable in the purified Mdr3-H6BD
fractions, with a measuredVmax of 2.4 µmol/min/mg of
protein in the presence of 100µM VRP (Figure 5C). This
corresponds to a 10-fold stimulation above the low back-
ground ATPase activity measured in the absence of stimula-
tor (0.25 µmol/min/mg of protein; Figure 5C). VBL also
stimulates ATP hydrolysis by Mdr3-H6BD by a factor of 3
(0.81 µmol/min/mg of protein; Figure 5C). The maximum
drug-stimulated ATPase activity of the purified Mdr3-H6BD
protein is very similar to that of other Pgp preparations
purified from mammalian (43, 44) and yeast (30) cells. For
both stimulators, theKM for ATP is 0.68-0.75 mM (Figure
5C), also in good agreement with previously reportedKM

values for Pgp. This indicates that the Mdr3-H6BD purified
from P. pastorisby the described procedure is fully functional
and that the hexahistidine tag and biotin acceptor domain
do not alter function.

Modulation of the Drug-Stimulatable ATPase ActiVity of
Mdr3-H6BD.We used the purified Mdr3-H6BD protein to

explore the relationship between the inhibitory properties of
certain small molecule inhibitors of Pgp and their possible
effect on the basal and drug-induced ATPase activity of Pgp.
We have previously described the activity of a series of
synthetic compounds in reversing VBL resistance of CHO
cells transfected with wild-type mouse and human Pgps (35,
36). One of these compounds is a 1,4-disubstituted piperazine
analogue that possesses a central chiral carbon atom (Figure
6). In the current study, we have analyzed the anti-Pgp
activity of three structurally related enantiomer pairs of such

FIGURE 5: ATPase activity of the purified Mdr3-H6BD protein.
Vanadate-induced trapping of 8-azido[R-32P]ATP in purified Mdr3-
H6BD (B). Purified, dialyzed Mdr3-H6BD was preincubated with
5 µM 8-azido[R-32P]ATP, 3 mM MgCl2 in the absence or presence
of 100 µM VRP and 200µM vanadate at 37°C: lane 1, 200µM
vanadate; lane 2, control without vanadate or VRP; lane 3, 100
µM VRP and 200µM vanadate. Unbound ligand was removed by
ultracentrifugation followed by UV irradiation (30). Photolabeled
samples were separated by electrophoresis on polyacrylamide SDS
gels, followed by transfer to nitrocellulose membrane and autora-
diography. (A) The membrane was then analyzed for Pgp expression
by immunoblotting using the mouse monoclonal anti-Pgp antibody
C219. (C) The specific ATPase activity of purified Mdr3-H6BD
was measured as a function of Mg2+ATP concentrations in the
absence or presence of 100µM VRP or 30 µM VBL. The raw
data of a single representative experiment where every data point
corresponds to a duplicate measurement are shown. The maximum
velocity in the presence of VRP was 2.4µmol/min/mg of protein,
in the presence of VBL 0.81µmol/min/mg of protein, and in the
absence of drug 0.25µmol/min/mg of protein. The curves are
nonlinear least-squares regression fits of the data points to the
Michaelis-Menten equation using Sigmaplot program.
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1,4-disubstituted piperazine analogues. The first pair
(CP162398,CP162399) has a quinoline at position 4 and a
tricyclic structure at position 1. In the second pair (CP172732,
CP219994), the quinoline group is substituted by a ben-
zothiazole moiety, and in the third pair, the tricyclic group
is replaced by a benzhydryl derivative at position N-1
(CP147673,CP147674). TheR and S enantiomers of each
compound were tested for their anti-Pgp activity, by moni-
toring in dose-response experiments their ability to increase
by a factor of 300% (EC3X) the accumulation of [14C]ADM
in Pgp-positive KBV1 drug-resistant cells. Results sum-
marized in Table 1 show that all six compounds have robust
anti-Pgp inhibitory property with EC3X values ranging from
the nanomolar range (CP162398, 50 nM) to the low
micromolar range (CP147674, 1.2µM). The R isomer is in
all cases 2-3-fold more potent than theS isomer.

Using the purified Mdr3-H6BD protein, we investigated
further the mechanistic basis of inhibition of Pgp-mediated
drug transport by these compounds; in particular their ability
to modulate either the basal or the drug-stimulated ATPase
activity of Mdr3-H6BD was tested (Figure 7). In dose-
response experiments, all six compounds behave very
similarly and stimulate ATP hydrolysis by Mdr3-H6BD
(Figure 7A). Stimulation is dose-dependent and maximal at
about 3µM where 4-fold stimulation (1µmol/min/mg of
protein) over basal activity (0.23µmol/min/mg of protein)
is observed for five compounds, while 10-fold stimulation
of ATPase activity is seen for CP147674. Thus, these six
compounds, like VRP, block Pgp transport but stimulate its
ATPase activity.

We also tested whether these compounds could modulate
the ATPase activity of Mdr3-H6BD stimulated by either VRP
or VBL. In these experiments the concentration of the
stimulator was kept fixed while the concentration of the
modulators was varied. Under maximum stimulation condi-
tions by VRP (100µM; Vmax 2.15µmol/min/mg of protein,
8-9-fold stimulation over basal activity), five of the six
compounds behaved in a very similar fashion and caused a
dose-dependent inhibition of the VRP-stimulatable ATPase
activity (Figure 7B). Inhibition is maximal at 3µM (50%
inhibition of activity) and is sometimes reduced at higher
concentrations of the five compounds (e.g. 10µM). Maxi-
mum inhibition of VRP-stimulated Mdr3-H6BD ATPase
activity occurs at a concentration (3µM) which is also
optimal for stimulation of the basal ATPase activity of the
protein by the five compounds (Figure 7A). One notable
exception is CP147674 that has no effect on VRP-stimulated
ATPase activity. Thus, since CP147674 differs from the other
analogues by substitution of the tricyclic headgroup to a
relatively less rigid and less lipophilic biphenyl moiety, this
suggests that the headgroup may be important for competitive
interactions with VRP. However, results fromR enantiomer
CP147673 indicate that this interaction is enantiomer-
specific.

The modulator effect of the six analogues on VBL-
stimulated ATPase activity of Mdr3-H6BD was tested and
found to be distinct in several aspects from that seen for
VRP-stimulated ATPase. Under conditions of maximum
stimulation by VBL (30µM; Vmax 0.75 µmol/min/mg of
protein, 3-fold stimulation over basal activity), the ben-
zothiazoles, CP172732 and CP219994, had no effect on
VBL-stimulated ATPase activity. TheSenantiomers of the
two quinolines (CP162399, CP147674) but not the corre-
spondingR enantiomers (CP162398, CP147673) showed a
robust inhibition of VBL-stimulated ATPase activity, with
a maximum inhibitory dose of 3µM which is also optimal
for stimulation of basal ATPase activity of the protein by
the three compounds. The absence of inhibition of VBL-
stimulated ATP hydrolysis by benzothiazoles, CP172732 and
CP219994, suggests that the quinoline tail is important for
inhibition of VBL-mediated stimulation of ATPase activity
of Pgp. On the other hand, substitution of the tricyclic ring
headgroup of CP162399 with a biphenyl moiety in CP147674
has no effect on inhibition of VBL-stimulated ATPase
activity. Finally, the inhibitory effect of the two active
compounds is strictly enantiomer-specific, for theSenanti-
omer.

FIGURE 6: Molecular structures of the 1,4-disubstituted piperazine
analogue Pgp inhibitors. The position of the asymmetric chiral
carbon atom is indicated (*).

Table 1: Modulatory Activity of 1,4-Disubstituted Piperazine
Analogues on ADM Transport by Pgp

modulator enantiomer Pgp inhibition (EC3X) (µM)a

CP162398 R 0.05
CP162399 S 0.13
CP147673 R 0.62
CP147674 S 1.2
CP172732 R 0.06
CP219994 S 0.11
a Corresponds to the modulator concentration necessary to increase

[14C]ADM accumulation in Pgp-overexpressing cells by a factor of
3-fold (EC3X).
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DISCUSSION

In this report, we present a novel method for rapid and
efficient isolation of high-purity recombinant Pgp (mouse
Mdr3) modified by the addition of a hexahistidine tail and
biotin acceptor domain fused in-frame at its C-terminus. The
method relies on several key experimental steps: (a) expres-
sion of sufficiently high amounts of Pgp in the membrane
fraction of the methanotropic yeastP. pastoris, (b) efficient

biotinylation in vitro with recombinant biotin ligase and
solubilization of the protein in detergent, (c) elimination of
the excessD-biotin by Ni-NTA chromatography, and (d) final
affinity purification by avidin chromatography. Analysis of
the purified material by SDS-PAGE and Coomassie blue
staining identifies a single protein species, which is es-
sentially free of contaminating material. In our hands, this
protocol leads to a Pgp product of higher purity than that

FIGURE 7: Modulation of basal and drug-stimulated ATPase activity of Mdr3-H6BD by disubstituted piperazine analogue Pgp inhibitors.
The modulatory activity of 1,4-disubstituted piperazine enantiomer pairs (see structures in Figure 6), CP162398(R)/CP162399(S) (top three
graphs), CP172732(R)/CP219994(S) (middle three graphs), and CP147673(R)/CP147674(S) (bottom three graphs), on basal or substrate-
induced ATPase activity of Pgp was tested. The effect of the six compounds on the basal ATPase activity of Mdr3-H6BD was measured
in dose-response experiments (A). The effect of the six compounds on the drug-stimulated ATPase activity of Mdr3-H6BD was also
measured in dose-response experiments in the presence of VRP (100µM) (B) or VBL (30 µM) (C). In these assays, the effect of the
various modulators on the specific ATPase activity was measured using purified, dialyzed Mdr3-H6BD. Each point shows the mean(
standard deviation of triplicate experiments.
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obtained by protocols based on Ni-NTA purification alone
(30). The avidin affinity chromatography step seems par-
ticularly efficient as very little material either is lost in the
flowthrough or remains attached to the column afterD-biotin
elution. Under the experimental conditions described, the
purified Mdr3-H6BD is highly functional as judged by drug-
stimulated ATPase activity characteristic of this protein
monitored by both vanadate-induced trapping of 8-azidoATP
and ATP hydrolysis using a Pi release method (Figure 5).
Under conditions of maximum stimulation by VRP and VBL,
the measured specific activities were 2.4 and 0.81µmol of
Pi released/min/mg of protein, respectively, with aKM for
Mg2+ATP of 0.68-0.75 mM. These values are equal or
superior to those measured for wild-type Pgp expressed in
the membrane of mammalian cells or for Pgp purified from
such membranes or from membranes of yeast cells by
different methods (3, 4, 30, 43, 44).

This avidin affinity purification procedure should be useful
to obtain large amounts of pure wild-type or mutant variants
of Pgp that may be required for detailed biochemical,
biophysical, and structural studies of the protein. In particular,
spectroscopic analysis of the protein by techniques such as
tryptophan fluorescence and site-specific modifications by
sulfhydryl reagents in single-cysteine mutants (45), as well
as high-resolution structural data by electron microscopy or
X-ray crystallography, all require highly pure protein that
can be obtained by this method. Finally, the method can be
adapted for purification, reconstitution, and biochemical
characterization of other mammalian ABC transporters such
as MRP (46) and CFTR (47) that have so far proven difficult
to purify in an active form in sufficient amounts. We are
currently adapting the protocol for purification of a member
of the MRP family (Cie and Gros, unpublished).

We have used highly purified Mdr3-H6BD to investigate
further the mechanism of action of a particularly potent group
of Pgp inhibitors that have been previously characterized in
intact cells (35, 36). This group of molecules was initially
identified by the study of compound CP117227 which is a
highly hydrophobic synthetic 1,4-disubstituted piperazine
derivative with a chiral hydroxyl group at its asymmetric
center and bearing a quinoline ring at position N-4 and a
tricyclic structure at position N-1 (Figure 6). The racemic
mixture (CP117227) and that of theR (CP162398) andS
(CP162399) enantiomers are specific and potent inhibitors
(nanomolar range) of multidrug resistance mediated by the
human (MDR1) and murine (Mdr1, Mdr3) Pgps, as measured
by ability to reverse cellular VBL resistance in corresponding
CHO transfectants (36). Furthermore, in [3H]VBL transport
experiments, both theR andS enantiomers can block VBL
transport by Pgp when used in the low micromolar range,
with theRenantiomer showing superior activity in this assay
(by a factor of 10-fold). Studies with radiolabeled analogues
of CP162398 and CP162399 show that neither compound is
transported by Pgp (35). This suggests that their inhibitory
mode of action is either through a noncompetitive interaction
at a low-affinity drug binding site shared with VBL or by
allosteric inhibition at an unrelated site on the Pgp molecule.
In the present report, additional analogues were synthesized
for structure-activity relationship studies in this molecule,
in which the quinoline ring was substituted by a benzothia-
zole (CP172732/CP219994) or in which the tricylic head-
group was substituted by a benzhydryl structure (CP147673/

CP147674). The anti-Pgp activity of these new compounds
was tested by monitoring their ability to block ADM transport
in Pgp-positive KB-V1 carcinoma cells. Although, there were
differences in the EC3X values determined for these
compounds, all four new compounds showed strong inhibi-
tory activity in the low micromolar to nanomolar range.

The molecular basis of Pgp inhibition by these compounds
was then investigated further by evaluating their effect on
basal and drug-stimulated ATPase activity. As described for
many Pgp substrates (e.g. VBL) and inhibitors (e.g. VRP)
of transport, these six compounds strongly stimulate the basal
ATPase activity of Pgp. Two of these, CP162398 and
CP162399, have been previously shown to not be substrates
for Pgp-mediated drug transport. Thus, these six compounds
may bind to Pgp, stabilizing an ATPase-activated conforma-
tion that is no longer capable of drug transport. Further
analysis of the effect of the three compounds on VRP- and
VBL-stimulated ATPase activity suggests a complex rela-
tionship between the different molecules and regulation of
Pgp ATPase activity. Five of the six compounds block VRP-
stimulated ATPase activity (Figure 7), a behavior previously
observed for other Pgp inhibitors including cyclosporin A
(2, 3). Although not proven, one simple explanation for these
findings is that the inhibition is competitive and that
inhibitory compounds may compete for a binding site
common to VRP. However, this is one but several possibili-
ties, and more complex types of interactions could be
involved, including allosteric inhibition or competition for
a low-affinity and/or low-specificity site on the protein. In
the case of the CP147673/674 pair, substitution of the
tricyclic ring for a benzhydryl moiety restricts interaction at
that site in an enantiomer-specific fashion. One possibility
is that the tricyclic headgroup facilitates hydrophobic as-
sociation of these compounds and that the difference in
stereochemistry of the compounds due to chirality is no
longer functionally relevant. The benzhydryl headgroup may
be sufficiently different that the compounds bind to the
protein in such a way that the chirality of the hydroxyl group
becomes significant.

The analysis of the possible inhibitory properties of these
compounds on VBL-stimulated ATPase activity suggested
a more complex interaction. Two of the three basic structures
(CP162398/399; CP147673/674) were observed to inhibit
VBL-stimulated ATPase activity, but in an enantiomer-
specific fashion, with theS enantiomer of each compound
showing activity. Results from compounds CP172732/
CP219994 suggest that altering the quinoline ring abrogates
interaction at a VBL binding site. Whether this is due to
direct competition for the VBL binding site or to a more
indirect effect is presently not known. Despite the relatively
small number of compounds tested in this study, the analysis
of the compounds tested suggest intriguing functional dif-
ferences in the well-established VBL and VRP stimulation
of ATPase activity by Pgp. Indeed, the different inhibitory
properties of the same compound for VBL- and for VRP-
stimulated Pgp ATPase activity may suggest subtle but
important differences in their binding site on Pgp, which may
underlie subsequent stimulation of ATP hydrolysis by Pgp.
For example, the two enantiomers CP162398/399 stimulate
ATP hydrolysis by Pgp with very similar dose-response
characteristics, and both inhibit VRP-stimulated Pgp ATPase.
However, while theR enantiomer (CP162398) appears to
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weakly stimulate VBL-mediated ATP hydrolysis, theS
enantiomer (CP162399) produces a strong inhibition (4-fold
reduction). On the other hand, both benzothiazoles (CP172732/
CP219994) can stimulate equally ATP hydrolysis by Pgp,
and both inhibit VRP-induced ATPase but are without effect
on VBL-stimulated ATP hydrolysis by Pgp. Similarly,
analysis of the benzhydryl-containing quinoline pair (CP1-
47673/674) showed that they were both capable of stimulat-
ing ATPase activity as single agents but showed enantiomeric
specificity for stimulating VBL- and VRP-mediated ATPase
activity of Pgp.

Thus, these results suggest possible differences at the site
of interaction of VBL and VRP on Pgp or possible functional
differences in the way both molecules stimulate ATP
hydrolysis by Pgp, these differences being revealed by our
analysis of structurally related but distinct MDR modulators.
We were somewhat surprised by these findings and possible
interpretation. Indeed, direct transport studies have shown
that VRP, like VBL, is transported by Pgp (48, 49), and
photoaffinity labeling studies show that the compounds
compete with each other at a common or related binding
site on Pgp (50, 51). A rational discussion of the mode of
action of the 1,4-disubstituted piperazine analogues tested
here, including possible molecular interactions with known
Pgp substrates and inhibitors such as VBL and VRP, awaits
a further characterization of the binding sites of these
molecules on Pgp.

ACKNOWLEDGMENT

The authors are indebted to scientists at Pfizer Central
Research, Drs. L. Arnold and T. Kaneko for the chemical
synthesis and purification of the Pgp inhibitors, and Dr. F.
DiCapua for helpful discussions and suggestions in the
analysis of structure-activity relationships.

REFERENCES

1. Shustik, C., Dalton, W., and Gros, P. (1995)Mol. Aspects Med.
16, 1-78.

2. Scarborough, G. A. (1995)J. Bioenerg. Biomembr. 27, 37-
41.

3. Shapiro, A. B., and Ling, V. (1995)J. Bioenerg. Biomembr.
27, 7-13.

4. Senior, A. E., al-Shawi, M. K., and Urbatsch, I. L. (1995)J.
Bioenerg. Biomembr. 27, 31-36.

5. Smith, A. J., Timmermans-Hereijgers, J. L. P. M., Roelofsen,
B., Wirtz, K. W. A., Blitterswijk, W. J., Smit, J. J. M.,
Schinkel, A. H., and Borst, P. (1994)FEBS. Lett 354, 263-
266.

6. VanHelvoort, A., Smith, A. J., Sprong, H., Fritzsche, I.,
Schinkel, A. H., Borst, P., and VanMeer, G. (1996)Cell 87,
507-517.

7. Ruetz, S., and Gros, P. (1994)Cell 77, 1071-1081.
8. DeVree, J. M. L., Jacquemin, E., Turm, E., Cresteil, D., Bosma,

P. J., Aten, J., Deleuze, J.-F., Desrochers, M., Burdelski, M.,
Bernard, O., Oude Elferink, R. P. J., and Hadchouel, M. (1998)
Proc. Natl. Acad. Sci. U.S.A. 95, 282-287.

9. Smit, J. J. M., Schinkel., A. H., Oude Elferink, R. P. J., Groen,
A. K., Wagenaar, E., van Deemter, L., Mol, C. A. A. M.,
Ottenhoff, R., van der Lugt, N. M., van Room, M. A., van
der Valk, M. A., Offerhaus, G. J. A., Berns, A. J. M., and
Borst, P. (1993)Cell 75, 451-462.

10. Higgins, C. F., and Gottesman, M. M. (1992)Trends Biochem.
Sci. 17, 18-19.

11. Dean, M., and Allikmets, R. (1995)Curr. Opin. Genet. DeV.
5, 779-785.

12. Harding, C. V., and Geuze, H. J. (1993)Curr. Opin. Cell Biol.
5, 596-605.

13. Rich, D. P., Anderson, M. P., Gregory, R. J., Cheng, S. H.,
Paul, S., Jefferson, D. M., McCann, J. D., Klinger, K. W.,
Smith, A. E., and Welsh, M. J. (1990)Nature 347, 358-363.

14. Kamijo, K., Taketani, S., Yokota, S., Osumi, T., and Hash-
imoto, T. (1990)J. Biol. Chem. 265, 4534-4540.

15. Mosser, J., Douar, A. M., Sarde, C. O., Kioschis, P., Feil, R.,
Moser, H., Poutska, A. M., Mandel, J. L., and Aubourg, P.
(1993)Nature 361, 682-683.

16. Gerlloff, T., Stieger, B., Hagenbuch, B., Madon, J., Landmann,
L., Roth, J., Hofmann, A. F., and Meier, P. J. (1998)J. Biol.
Chem. 273, 10046-10050.

17. Aguillar-Bryan, L., Nichols, C. G., Wechsler, S. W., Clement,
J. P., Boyd, A. E., Gonzalez, G., Herrera-Sosa, H., Nguy, K.,
Bryan, J., and Nelson, D. A. (1995)Science 268, 423-426.

18. Kool, M., deHaas, M., Scheffer, G. L., Scheper, R. J., vanEijk,
Juijn, J. A., Baas, F., and Borst, P. (1997)Cancer Res. 57,
3537-3547.

19. Grant, C. E., Valdimarsson, G., Hipfner, D. R., Almquist, K.
C., Cole, S. P. C.and Deeley, R. G. (1994)Cancer Res. 54,
357-361.

20. Evers, R., Kool, M., vanDeemter, L., Janssen, H., Calafat, J.,
Oomen, L. C., Paulusma, C. C., Oude Elferink, R. P., Baas,
F., Schinkel, A. H., and Borst, P. (1998)J. Clin. InVest. 101,
1310-1319.

21. Borst, P., Kool, M., and Evers, R. (1997)Semin. Cancer Biol.
8, 205-213.

22. Hamada, H., and Tsuruo, T. (1988)J. Biol. Chem. 263, 1454-
1458.

23. Ambudkar, S. V., Lelong, I. H., Zhang, J., Cardarelli, C. O.,
Gottesman, M. M., and Pastan, I. (1992)Proc. Natl. Acad.
Sci. U.S.A. 89, 8472-8476.

24. Hagiwara, M., Wakusawa, S., Miyamoto, K., and Hidaka, H.
(1991)Cancer Lett. 60, 103-107.

25. Ambudkar, S. V. (1995)J. Bioenerg. Biomembr. 27, 23-29.
26. Al-Shawi, M. K., and Senior, A. E. (1993)J. Biol. Chem. 268,

4197-4206.
27. Urbatsch, I. L., Al-Shawi, M. K., and Senior, A. E. (1994)

Biochemistry 33, 7069-7076.
28. Loo, T. W., and Clarke, D. M. (1995)J. Biol. Chem. 270,

21449-21452.
29. Ramachandra, M., Ambudkar, S. V., Chen, D., Hrycyna, C.

A., Dey, S., Gottesman, M. M., and Pastan, I. (1998)
Biochemistry 37, 5010-5019.

30. Urbatsch, I. L., Beaudet, L., Carrier, I., and Gros, P. (1998)
Biochemistry 37, 4592-4602.

31. Consler, T. G., Persson, B. L., Jung, H., Zen, K. H., Jung, K.,
Prive, G. G., Verner, G. E., and Kaback, H. R. (1993)Proc.
Natl. Acad. Sci. U.S.A. 90, 6934-6938.

32. Pouny, Y., Weitzman, C., and Kaback, H. R. (1998)Biochem-
istry 37, 15713-15719.

33. Xu, Y., and Beckett, D. (1997)Methods Enzymol. 279, 405-
421.

34. Beckett, D., and Matthews, B. W. (1997)Methods Enzymol.
279, 362-376.

35. Kajiji, S., Dreslin, J. A., Grizzuti, K., and Gros, P. (1994)
Biochemistry 33, 5041-5048.

36. Tang-Wai, D. F., Kajiji, S., DiCapua, F., de Graaf, D.,
Roninson, I. B., and Gros, P. (1995)Biochemistry 34, 32-
39.

37. Beaudet, L., Urbatsch, I. L., and Gros, P. (1998)Methods
Enzymol. 292, 397-413.

38. Schatz, P. (1993)Biotechnology 11, 1138-1143.
39. Van Veldhoven, P. P., and Mannaerst, G. P. (1987)Anal.

Biochem. 138, 45-48.
40. Godno, C. C. (1982)Methods Enzymol. 85, 116-123.
41. Laemmli, U. K. (1970)Nature 227, 680-683.
42. Urbatsch, I. L., Sankaran, B., Bhagat, S., and Senior, A. E.

(1995)J. Biol. Chem. 270, 26956-26961.

84 Biochemistry, Vol. 39, No. 1, 2000 Julien et al.



43. Shapiro, A. B., and Ling, V. (1994)J. Biol. Chem. 269, 3745-
3754.

44. Sharom, F. J., Yu, X., Chu J. W. K., and Doige, C. A. (1995)
Biochem. J. 308, 381-390.

45. Frillingos, S., Sahin-Toth, M., Wu, J., and Kaback, H. R.
(1998)FASEB J. 12, 1281-1299.

46. Chang, X.-B., Hou, Y.-X., and Reardon, J. R. (1997)J. Biol.
Chem. 272, 30962-30968.

47. Bear, C. E., Li, C. H., Kartner, N., Bridges, R. J., Jensen, T.

J., Ramjeesingh, M., and Riordan, J. R. (1992)Cell 68, 809-
818.

48. Yusa, K., and Tsuruo, T. (1989)Cancer Res. 49, 5002-5006.
49. Seaki, T., Ueda, K., Tanigawara, Y., Hori, R., and Komano,

T. (1993)J. Biol. Chem. 9, 6077-6080.
50. Beck, W. T., and Qian, X. D. (1992)Biochem. Pharmacol.

43, 89-93.
51. Safa, A. R. (1993)Cancer InVest. 11, 46-56.

BI991726E

Purification of Highly Active P-Glycoprotein Biochemistry, Vol. 39, No. 1, 200085


