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ABSTRACT: Overexpression of the multidrug resistance-associated protein (MRP1) causes multidrug
resistance in cultured cells. MRP1 transports a large number of glutathione, glucuronide, and sulfate-
conjugated organic anions by an ATP-dependent efflux mechanism. Six other MRP proteins exist{MRP2
7), and mutations in some of these genes cause major pathological conditions in humans. A detailed
characterization of the structure and mechanism of action of these proteins requires an efficient expression
system from which large amounts of active protein can be obtained. We report the expression of a
recombinant MRP1 in the methylotrophic yeBsthia pastoris The protein is expressed in the membrane
fraction of these cells, as a stable and underglycosylated 165 kDa peptide. Expression levels are very
high, and 30 times superior to those seen in multidrug-resistant HeLa/MRP1 transfectants. MRP1 expressed
in P. pastorisbinds 8-azidof-*?P]JATP in a Mg"-dependent and EDTA-sensitive fashion, which can be
competed by a molar excess of ADP and ATP. Under hydrolysis conditions (&€)3rthovanadate
induces trapping of the 8-azido{*?P]nucleotide in MRP1, which can be further modulated by known
MRP1 ligands. MRP1 is also labeled by a photoactive analogue of rhodamine 123 (IAARh1R3) in
pastorisMRP1 membranes, and this can be competed by known MRP1 ligands. Finally, MRP1-positive
membrane vesicles show ATP-dependent uptake ofL TBus, MRP1 expressed B pastorisis active

and shows characteristics of MRP1 expressed in mammalian cells, including drug binding, ligand-modulated
formation of the MRPTMgADP—P; intermediate (ATPase activity), and ATP-dependent substrate
transport. The successful expression of catalytically active and transport-competent MRRiastoris

should greatly facilitate the efficient production and isolation of the wild type or inactive mutants of
MRP1, or of other MRP proteins for structural and functional characterization.

The emergence of multidrug resistance in cultured cells structurally unrelated drug8{5). Within the ABC family,
in vitro and tumor cells in vivo has been associated with the MRP1 belongs to a subgroup of structurally and functionally
overexpression of two members of the ABC family of distinct proteins that includes, among others, the yeast
transporters, P-glycoprotein (P-gjahd multidrug resistance-  cadmium resistance factor YCFB,(7), the oligomycin
associated protein 1 (MRP1),(2). Transport studies have resistance protein YORB]J, the bile acid transporter BAT1
shown that these transporters function as drug efflux pumps(9), and the mammalian sulfonylurea receptors SUR1 and
to reduce intracellular accumulation of a large group of SUR2 (L0, 11). This group of ABC transporters is character-
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MRP4 and MRP5 are predicted to lack the additional preferentially takes place at NBD23, 44, 46). In addition,
N-terminal membrane-associated domains characteristic ofHou et al. have proposed a catalytic model for MRP1, which
MRP1 (@0-23). Biochemical and genetic studies have is based on alternate site catalysis but also includes a
established that MRP family members play key physiological phosphorylated intermediate of the proted)
roles and that mutations in these genes cause significant The biochemical basis of MRP1 transport, including the
clinical pathologies. Indeed, MRP2, also known as the ATPase activity of the protein and its regulation by substrates
canalicular multispecific organic anion transporter (cMOAT), and inhibitors, is best studied in purified preparations of the
is expressed at the canalicular membrane of hepatocytesprotein. In addition, structural information about the protein
where it transports a wide range of anionic conjugates into gained by infrared spectroscopy, or by fluorescence of
the canalicular spac@4—26). Mutations inMRP2/cMOAT endogenous tryptophans and/or modified cysteine residues,
cause Dubin-Johnson syndrome (DJS) in hum&is-29), also requires highly pure protein preparations. So far, MRP1
and an increased level of expressionMRP2cMOAT in has been purified (MRP1-Hig from detergent extracts of
transfected cells is associated with increased resistance tdransfected baby hamster kidney (BHK) cells by affinity
drugs such as vinblastine (VBL), cisplatin (CDDP), adria- chromatography on Ri—chelate columns4{). Alterna-
mycin (ADR), and VP1630, 31). On the other hand, MRP3 tively, a purification procedure from plasma membranes of
transports glucuronide conjugates and methotrexa®. (  highly MRP1-expressing H69AR cells, based on differential
Transfection studies show that MRP3 overexpression causesCHAPS extraction and immunoaffinity purification using the
low-level resistance to VP16 and teniposi@3)( and gene anti-MRP1 monoclonal antibody QCRL-1, has been de-
expression studies in lung carcinoma cell lines have shownscribed 42). Although these methods are suitable for the
a relationship betweeM RP3MRNA expression and resis- preparation of small amounts of active protein, they are both
tance to natural product drugs and CDD®)( Finally, expensive and time-consuming and do not allow the study
mutations in theMRP6 gene are associated with pseudox- and purification of inactive mutants generated by site-directed
anthoma elasticum (PXE) in humans, a heritable disorder mutagenesisPichia pastorisis a methylotrophic yeast that
of the connective tissue associated with skin lesions, visual can use methanol as a sole source of carbon for growth. For
field loss, and defects in the cardiovasculatus®, (36). this, it relies on the strong induction of alcohol oxidase 1
Therefore, a better understanding of the mechanism of action(AOX1) (47, 48), a characteristic used to develop a highly
of MRP1 and other MRP proteins in normal tissues would efficient system for recombinant protein expression. In this
be important for successful intervention in the corresponding system, heterologous cDNAs are introduced at the endog-
diseases, including drug-resistant tumors. enousAOX1locus by homologous recombination, followed
As they have for P-gp, photolabeling studies have shown by induction of the cloned cDNA expression by culturing
that MRP1 can directly interact with drug substrates, and the cells in methanol-containing medium. Our laboratory has
that TM domains play a key role in such interactions. Indeed, previously reported the expression and purification of large
MRP1 can be photolabeled by analogues of leukotriene C amounts of catalytically active and highly pure mouse Mdr3
(LTC,) (15), as well as by photoactive analogues of a P-gp fromP. pastoris(49, 50). In the study presented here,
quinoline (IACI) 37) and rhodamine (IAARh123)3@). we report high-level expression and functional characteriza-
Studies with the latter two compounds have identified tion of MRP1 inP. pastoris
photolabeling sites in the second and third large membrane-
associated portions of the protein. Studies in MRP1-positive MATERIALS AND METHODS
intact cells and membrane vesicles have clearly established Materials. The P. pastorisexpression system, including
that MRP1-mediated transport is ATP-depende&$).(In the plasmid expression vector pHIL-D2, and tester strains
membrane fractions, MRP1 can be photolabeled with 8-azido- GS115 and KM71 were purchased from InVitrogen (License
[a-32P]ATP in the presence of magnesium (M) and 145457). The pJ-MRP1plasmid containing the full-length
orthovanadate (I (40). Vanadate-induced nucleotide trap- MRP1cDNA was a generous gift of P. Borst (The Nether-
ping in MRP1 can be stimulated by anticancer drugs and by lands Cancer Institute, Amsterdam, The Netherlands). Mouse
glutathione 40), a first indication that MRP1 may possess monoclonal anti-hemagglutinin A (HA) antibody 16B12 was
substrate-stimulated ATPase activity. Studies with MRP1 purchased from Babco Labs (Richmond, CA). The MRP1
purified and reconstituted in liposomes have confirmed that specific mouse monoclonal antibody QCRL-1 was purchased
MRP1 has intrinsic ATPase activity, which is vanadate- from ID Laboratories (London, ON). Oligonucleotides used
sensitive, and can be further stimulated by drug substratesfor constructing the recombinatRP1cDNA were ordered
glutathione, and LT¢ (41, 42), although large differences  from Gibco BRL (Montreal, PQ). 8-Azidof->?P]ATP (spe-
in K andVinax Were reported in these studies. Both NBD1 cific activity of 10—20 Ci/mmol) was purchased from ICN.
and NBD2 are required for ATP hydrolysis by MRP1, as [*?3]IAARh123 was prepared as previously describd8)(
mutations in the Walker A and B motifs in either site Protein A-Sepharose was purchased from Pharmacia Inc.
drastically reduced the level of ATP hydrolysis and transport (Montreal, PQ). The leukotriene,fLTD,4) receptor antago-
by the protein 43, 44). Moreover, MRP1 ATPase activity nist MK571 was kindly provided by A. W. Ford-Hutchinson
can be significantly stimulated by certain nucleotide diphos- (Merck-Frost Centre for Therapeutic Research, Quebec City,
phates45). Additional photolabeling studies of the wild type, PQ). LTC, was purchased from Cayman Chemical Co. (Ann
mutant variants, and half-molecules of MRP1 with 8-azido- Arbor, MI). [14,15,19,2CH]LTC, (146 Ci/mmol) was
[0-32P]ATP or 8-azidof-2?P]JATP strongly suggest that the purchased from DuPont NEN (Mississauga, ON). All other
two NBDs are not functionally equivalent in MRP1 but may chemicals were of the highest commercial grade available.
allosterically interact. Indeed, it appears that MRP1 exclu- MRP1 cDNA CloningThe full-length cDNA forMRP1
sively binds to 8-azida[-*?P]ATP at NBD1 while hydrolysis  from plasmid pJ®-MRP1 (1) was modified in the 5 and
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3'-untranslated (UTR) sequences to enhance expression oimido black staining reagent (Bio-Rad Laboratories, Her-
the protein in yeast. First, thé-BTR was altered by PCR  cules, CA) using BSA as a standard.

mutagenesis to reduce its length and to introducgadl Immunodetection of MRPMembrane proteins (209)
site followed by six adenosines just upstream of the ATG were separated via 7.5% SB8AGE according to Laemmli
initiation codon (underlined) of thIRP1cDNA. For this, (53). The gels were either stained with Coomassie brilliant
oligonucleotides JC-4 (FAGGCCGCGGRAAAAAATG- blue R250 or blotted to nitrocellulose. Detection of MRP1
GCGCTCCGGGGCTTC-3and JC-10 (5GACGATCAAA- by immunoblotting was carried out as previously described

GCCTCCACC-3 complementary to the MRP1 encoding (12) using an anti-HA mouse monoclonal antibody 16B12
nucleotide positions 751868) were used. The PCR product (1:1000 dilution) or with the MRP1 specific monoclonal
was gel purified and cleaved witBadl and BanHlI, and antibody QCRL1 (1:100 dilution). For both anti-HA and
the 750 bp fragment was then reintroduced into the full- QCRL1 monoclonal antibodies, a horseradish peroxidase-
lengthMRP1cDNA. The 3-end was modified by addition  conjugated sheep anti-mouse antibody was used as the
of a SnaBl linker immediately upstream of the stop codon, secondary antibody. The immune complexes were revealed
using mutagenic oligos JC-1"(€ECGGCTTGGTGTAC-3 with the ECL detection system (Amersham).
and JC-2 (5GTACACCAAG-3), which contain a cohesive Photolabeling of MRP1 with 8-Azidof*?P]JATP. For
NgaoMlI end at the 5terminus and a blurna| half-site at direct photolabeling of MRP1, membrane proteins (&)
the 3-end. The oligos were annealed and ligated to a 4.5 kb were incubated in Tris-EGTA buffer [40 mM Tris-HCI (pH
Sadl—NgaMl restriction fragment to form the full-length 7.4, 25°C) and 0.1 mM EGTA] containing 3 mM Mggl
MRP1cDNA. The pHIL-D2 vector was previously modified and 5uM 8-azidofa-3?P]JATP on ice for 20 min, followed
to contain aSadl site (for the 3-end) and &naBl site (for by a 3 min UV irradiation f = 260 nm, UVS-II Minerallight,
the 3-end), followed by a hexahistidine tag2) (I. L. model R-52, UVP Inc., San Gabriel, CA), unless otherwise
Urbatsch et al., unpublished observations). The modified full- specified in the figure legends. Membranes were recovered
length MRP1 cDNA, isolated as $adl —Snal fragment, by centrifugation (245009 at 4 °C for 30 min; Beckman
was then cloned into th&adl and Sndl sites of the TLA100 rotor), washed once with 1Q@ of ice-cold Tris-
modified P. pastorisexpression plasmid pHIL-D2, resulting EGTA buffer, and dissolved in 16L of Laemmli buffer.
in the recombinant plasmid pHIL-MRP1-HisFinally, an Samples were incubated at 32 for 30 min prior to loading
antigenic HA epitope tag (sequence YPYDVPDYAS) was on a 7.5% SDSPAGE gel. The gels were dried and
then inserted at th&naBl site by insertion mutagenesis with  subjected to autoradiography using a Phosphorimager or were
a double-stranded oligonucleotide to create plasmid constructexposed to Kodak X-AR films with an intensifying screen
pHIL-MRP1cHA-His; (Kodak) at—80 °C. The relative amount of radioactivity

Transformation of P pastoris. Transformation ofP. incorporated in MRP1 was quantified using the ImageQuaNT
pastorisstrain GS115HKis4, Mutt) and KM71 @rg4, his4 software package (Molecular Dynamics, Inc., Sunnyvale,
aoxXL::ARG&4, Mutd) by plasmid pHIL-MRP1cHA-His was CA). Each experiment was repeated at least twice.
carried out by a lithium chloride method, as suggested by For vanadate-induced trapping of nucleotides in MRP1,
the manufacturer of thé>. pastoris expression system membrane proteins (20g) were incubated for 10 min at 37
(InVitrogen). Prior to transformation, the plasmids were °C in Tris-EGTA buffer containing 3 mM MgGland 5uM
linearized by restriction cleavage witNotl to facilitate 8-azidop-32P]ATP in the presence or absence of 200
homologous recombination at th&OXL locus. MRP1- vanadate, unless otherwise indicated in the figure legends.
expressing clones in GS115 were identified by their'His Reactions were stopped by chilling the tubes in an ice-cold
and Mug growth phenotype as previously describéé, 60), TLAL0O0 rotor (Beckman), and the membranes were recov-
and confirmed by immunoblotting analysis using anti-HA ered by centrifugation at 24509t 4 °C for 30 min to
monoclonal antibody. Th®. pastorisstrain KM71 has a  remove unbound nucleotide. The pellets were washed once
Mut® growth phenotype due to the presence of duad:: with ice-cold Tris-EGTA buffer and resuspended in A2
AR& chromosomal fusion; thus, MRP1-expressing clones of the same buffer, followed by UV irradiation on ice for 5
in the KM71 strain were identified solely by immunoblotting min (1 = 260 nm) as described above. Eight microliters of
using the anti-HA monoclonal antibody. The vector plasmid, Laemmli buffer was then added to each tube, and the proteins
pHIL-D2, was also transformed into bokh pastorisstrains were resolved by SDSPAGE (7.5%). The specific labeling
under the same conditions, and individual clones were of the MRP1 was revealed by Phosphorimaging and auto-
randomly picked as negative controls. radiography, as described above.

Membrane PreparatiorSmall-scale and large-scale mem- Photoaffinity Labeling with P4]IAARh123. Total mem-
brane preparations and identification of MRP1-expressing branes (2Qug) were incubated with kM [*?9]IAARh123
P. pastorisclones by immunoblotting were carried out as (in a total volume of 2QiL) at room temperature for 30 min
previously described49, 50). To prepare membrane vesicles in the dark as previously describef4f. Membranes were
(MVs) for transport assays, the crude membrane pellets werethen incubated for an additional 10 min on ice followed by
resuspended in transport buffer [250 mM sucrose and 10 mM UV irradiation at 254 nm for 10 min while on ice (Stratagene
Tris-HCI (pH 7.4)], washed once with the same buffer by 1800 UV cross-linker, Stratagene, La Jolla, CA). For
centrifugation (200009 at 4 °C for 60 min). The resulting  competition assays, membranes were photoaffinity labeled
pellets were resuspended in 3 mL of transport buffer, passingwith 1 «M [*?3]IAARh123 in the absence or presence of a
20 times through a 27-gauge needle for MV formation. molar excess of VBL, VP-16, DOX, LT4 or MK571 as
Aliquots of the MVs were fast-frozen in a dry ice/ethanol previously described3g). Following photoaffinity labeling,
bath and stored at80 °C until they were used. The protein samples were mixed with 86L of buffer A [1% SDS and
concentration was determined using a commercially available 50 mM Tris (pH 7.4, 25C)] and 32QuL of buffer B [1.25%
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Triton X-100, 190 mM NacCl, and 50 mM Tris (pH 7.4, 25
°C)]. Immunoprecipitation was carried out as previously
described %5) using the anti-HA monoclonal antibody.
Immunoprecipitated proteins were resolved by SIPAGE
using the Fairbanks systesd). Gels were dried and exposed
to Kodak X-AR film at —80 °C.

Vesicle Transport offH]LTC,. ATP-dependent uptake of
[BH]LTC, into membrane vesicles was assessed by rapid
filtration, as described previousl$,(15), with the following

modifications. Standard transport assays were carried out a |

room temperature in a reaction mixture (20 per reaction)
containing 20ug of MVs, 4 mM ATP, 10 mM MgC}, an
ATP-regenerating system consisting of 10 mM creatine
phosphate and 1Q@y/mL creatine kinase, and 50 nNH]-
LTC,4 (14.6 nCi per 2QuL reaction) with MVs added last to
initiate the transport reaction (final volume of 14Q for

the time course assay). Modifications of the conditions are
described in the figure legends. Aliquots of 20 of reaction
mixture were removed after incubation for 30 s and 1, 2, 3,
and 5 min, diluted in 1 mL of ice-cold transport buffer, and
filtered immediately through a nitrocellulose filter (Qn,
Whatman International Ltd., Maidstone, England) on a
Millipore 25 mm glass microanalysis filtration manifold
(Fisher Scientific, Montreal, PQ) under vacuum. Filters were
rinsed twice with 5 mL of ice-cold transport buffer. The
amount of radioactivity on the filters was determined by
liquid scintillation counting. The level of MRP1-dependent
[BH]LTC, transport into MVs was calculated by subtracting
the amount of MVs-associated radioactivity obtained in the
presence of AMP from that obtained in the presence of ATP.
The concentration-dependent transport of LTE MRP1
MVs was analyzed by incubation in increasing concentrations
of [2BH]LTC, (from 6.25 to 100 nM) in the presence of ATP
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Ficure 1: Immunodetection of MRP1 by Western blotting analysis
with anti-HA (A) and QCRL-1 anti-MRP1 monoclonal antibodies
(B). Crude membrane proteins (20) were dissolved in 1aL of
Laemmli sample buffer53), separated by SDSPAGE (7.5%),

and transferred to nitrocellulose as described in Materials and
Methods: lane 1, crude plasma membranes from Hela/MRP1-HA
cells (containing one HA epitope tag at amino acid residue 1222
in MRP1) selected in VP16 (250 ng/mL]2) as a positive con-
trol; lane 2, GS115/MRP1cHA-Hjs lane 3, KM71/MRP1cHA-
Hisg; lane 4, GS115/pHIL-D2; and lane 5, KM71/pHIL-D2. The
molecular mass standards (in kilodaltons) are shown on the right
side. The open arrowheads identify MRP1 expressed in Hela cells,
and the closed arrowheads indicate MRP1 expressBdpastoris
cells.

by either GS115 or KM71 transformants was far greater than
that expressed by mutildrug-resistant HeLa/MRP1 transfec-
tants (Figure 1A,B). These results indicate that MRP1 can
be abundantly and stably expressed in two straing.of
pastoris For the rest of the experiments, the KM71/MRP1
clone shown in lanes 3 of Figure 1 and expressing high levels
of MRP1 was used throughout.

8-Azidofo-3?P]ATP Binding to MRP1 Expressed in. P
pastoris. MRP1 has two predicted NBDs, and has been

and an ATP-regenerating system at room temperature for 5shown to bind and hydrolyze ATP in mammalian cefi4,(

min. All the experiments were performed in triplicate.

RESULTS

Expression of MRPL1 in Ppastoris. Plasmid construct
pHIL-MRP1cHA-His was used to transform®. pastoris
strains GS115 and KM71. Hidgransformants were selected

42,44, 58). These two properties were investigated for MRP1
expressed in yeast cells. To examine whether the MRP1
expressed iR. pastoriscan bind ATP, a direct photolabeling
assay with 8-azidef-*?P]ATP was performed. Crude mem-
brane fractions from control and MRP1-expressing cells were
incubated on ice with 8-azidaf*?P]ATP in the presence of

and screened for expression of the HA epitope-tagged MRP1Mg?", followed by UV cross-linking and analysis of the

by immunoblotting with the mouse monoclonal anti-HA

photolabeled products by SB®AGE and autoradiography

antibody 16B12. Clones positive for MRP1 expression were (Figure 2A). A photolabeled species of 165 kDa is evident
identified at a frequency between 10 (KM71) and 20% in membranes from MRP1-expressing cells but is absent in
(GS115) of Hig transformants, and large differences in the membranes from plasmid vector-transformed cells. The size
levels of protein expression were noted in independent clonesof the photolabeled species corresponds to the size of the
(data not shown). In general, the level of MRP1 expression MRP1 detected by immunoblotting the same fractions with
was higher in KM71 than in GS115 transformants. In all anti-MRP1 and anti-HA antibodies (Figure 1). Moreover, the
cases, the MRP1 expressed in these clones was immunoreamount of photolabeling of MRP1 in these fractions in-
active with both anti-HA (Figure 1A) and anti-MRP1 creased with the amount of membrane protein introduced in
(QCRL-1) (Figure 1B) monoclonal antibodies, and migrated the photolabeling reactions (Figure 2A). These observations
with an apparent molecular mass of 165 kDa (lanes 2 andsuggest that the MRP1 expressedinpastoriscan bind to

3), a size compatible to that predicted from MBRP1cDNA 8-azidop-*?P]JATP. The requirement of Mg ions for
sequenceq7), but smaller than the 190 kDa MRP1 over- 8-azidop-*?P]JATP binding to MRP1 was investigated by
expressed in mammalian cell transfectants as previouslyvarying the concentration of Mg ions and EDTA in the
reported $1, 57), and as shown in panels A and B of Figure photolabeling reactions (Figure 2B). Under control conditions
1 (lanes 1). Treatment of MRP1-expressiRg pastoris (absence of added Mgand EDTA), MRP1 was only weakly
membrane fractions with PNGase F did not alter the size of photolabeled, and addition of 1 mM EDTA abolished this
the immunoreactive MRP1 (data not shown), suggesting thatreactivity. Increasing amounts of Mygions, in the presence
MRP1 expressed in yeast is underglycosylated by contrastof 1 mM EDTA, resulted in an increased level of photola-
to MRP1 expressed in mammalian ceB4,(57). Importantly, beling by 8-azidof-3?P]JATP in a concentration-dependent
the amount of recombinant immunoreactive MRP1 expressedfashion. Conversely, maintaining the fgconcentration at
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MRP1 ‘control ligands incorporated in the labeling reactions. Both ADP and
A 55 7 & ATP were able to inhibit MRP1 photolabeling by 8-azido-
—— ' ' [0-3?P]ATP, indicating that ADP and ATP can both be
accommodated in the nucleotide binding sites of MRP1
175 (Figure 2C). Fifty percent inhibition occurred at concentra-
B e W AN . tions ranging from 50 to 10@M, or from a 10 to 20-fold
molar excess of labeled ligand (kept aul). Finally, the
83 effect of known substrates of MRP1 such as chemothera-

peutic agents (VP16, VBL, and VCR), as well as glutathione

(GSH and GSSH) and glucuronide conjugates, on direct

photolabeling of MRP1 with 8-azidaf*?P]JATP was exam-

-47 ined. No significant increase or decrease in the level of
8-azidop-32P]JATP binding to MRP1 was seen over a broad
range of substrate concentrations (data not shown).

9 12 15 Vanadate-Induced 8-Azidaf*?P]ATP Trapping in MRP1

3 Expressed in Ppastoris.In the case of ABC transporters

such as P-gp and MRP1, ATP hydrolysis generates a high-

energy proteirr MgADP—P; intermediate proposed to un-
derlie a major structural change in the protein, including
modulation of the protein affinity for substrates. In the

presence of Panalogues such as;\R, is replaced with V

in the active site, leading to the formation of a stably inhibited

proteir-MgADP—V; complex £9). P-gp and MRP1 can

C ADP ATP both hydrolyze 8-azido-ATP, and thus, the vanadate-inhibited

) o B Q & state can be visualized by photo-cross-linking the azido group
SN 4 P RPN o v > P of 8-azidop-2P]JATP to the protein. Indeed, vanadate-
induced trapping of the nucleotide has been used as an

62
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175 indipator of ATPase activity by MRP1 expr_egsed in mam-
> B Eaass BAasee malian ceIIs_ 40, 44). Thus, the ATPase .aCIIVII.Y of MRP1
: 83 expressed irP. pastoriswas tested by its ability to trap
, 8-azidop-*?P]nucleotides in a vanadate-dependent fashion.
' Membranes from control and MRP1-expressihgpastoris
— 62 cells were incubated with 8-azido*?P]ATP (5uM) in the
— 47 presence or absence of orthovanadate at@7for 10 min
(hydrolysis conditions). The proteitMgADP—V; complexes
FiGURE 2: Direct photolabeling of MRP1 with 8-azidef32P]ATP. were then washed off unincorporated nucleotides by cen-
Membrane proteins (28g) were incubated in the labeling buffer  trifugation, followed by UV cross-linking and SDSPAGE
on ice for 10 min prior to the addition of M ice-cold 8-azido- (Figure 3). Results in Figure 3A show that under these

[a-32P]ATP and photolabeling. The photolabeled proteins were " s
separated by SDSPAGE (7.5%) and analyzed by autoradiography. conditions, the 165 kDa MRP1 can be specifically labeled

Radiolabeled MRP1s are indicated by arrowheads. (A) Increasing N meémbranes fror®. pastorigMRP1 cells, and this complex
amounts of membrane proteins from KM71/MRP1cHA¢islls is absent from membranes of control cells. The presence of
(lanes -4) and control KM71/pHIL-D2 cells (lanes-B) were both Mg* ions and orthovanadate is required for the
used in the photolabeling reactions: lanes 1 and %d;danes 2 azidonucleotide trapping in MRP1, and the level of MRP1

and 6, 20ug; lanes 3 and 7, 3fg; and lanes 4 and 8, 4y. (B) . s . .
Requirement of Mg in direct photolabeling of MRP1 with photolabeling increases with increasing concentrations of

8-azidop-32P]JATP. Membranes were incubated with EDTA (1 Orthovanadate (Figure 3B). Increasing the concentration of
mM) at room temperature (RT) for 10 min, and then increasing 8-azidop-32PJATP from 5 to 40uM results in an increased
concentrations of MgGiwere added to the mixture and incubated |evel of photolabeling of the MRP1 (Figure 3C). Therefore,
for an additional 10 min at RT. Tubes were transferred on ice for \1rp1 expressed irP. pastoris can form the inhibited

10 min prior to the addition of ice-cold radiolabeled nucleotide - . . -
and photolabeling. In the lanes where the Mgoncentration  Protein-MgADP—V; complex, a behavior consistent with

remains constant, the order of addition of EDTA and Mg@hs the presence of ATPase activity in the recombinant MRP1.
reversed. All concentrations of EDTA and Kfgare in millimolar. Previous studies in mammalian cells have shown that ATP
E)Cfi)ﬂllréCff?ajigg i%orrﬁf:?éﬁgcl):rs C\Jl\l;e'?\eDZ géé?ﬁ) (?ch:\ggldoqetggti?r? hydrolysis by MRP1 can be stimulated by certain transported
mixturesgprio’r to the addition)of 8-azidef*?P]ATP and photola- substrates, including several antl-canc.er drugs @2).
beling. All the reactions were carried out in 3 mM Rigexcept in Therefore, the effect of VBL, VCR, paclitaxel (TXL), and
lane 1 (no M@", 1 mM EDTA). VP16, as well as LT& on vanadate-induced nucleotide
trapping in MRP1 was examined. Moreover, the effect of
3 mM, while increasing the molar excess of EDTA, progres- the LTD, receptor antagonist MK571, previously shown to
sively abolished photolabeling of MRP1 (Figure 2B). These inhibit MRP1-mediated LTg transport {5 and MRP1
results suggest that Mg is required for the binding of  photoaffinity labeling by quinoline-based drugd7), was
8-azidop-*?P]JATP to MRP1. The nucleotide binding speci- also analyzed. Among the chemotherapeutic drugs that were
ficity of MRP1 expressed i. pastoriswas investigated in  tested, all but VP16 exhibited concentration-dependent
competition assays, using cold ATP and ADP as competing stimulation of vanadate-induced nucleotide trapping by



8312 Biochemistry, Vol. 40, No. 28, 2001 Cai et al.

A B C
1 2 3 4 Vi 200 0 200 400 800 8-azido-ATP
Vi + -+ Mg#0 3 3 3 3 1 5 10 20 40
175
: 175 -175
83 83 | 83
62
~62
47 -62

Ficure 3: Orthovanadate-induced nucleotide trapping by MRP1. (A) Membrane proteins from KM71/MRP1ckliflaHes 1 and 2) and
KM71/pHIL-D2 (lanes 3 and 4) cells were incubated witlx® 8-azidof-3?P]JATP and 3 mM M@+ at 37°C for 10 min, in the absence
(lanes 1 and 3) and presence (lanes 2 and 4) ofR00rthovanadate (3, followed by photo-cross-linking and SB$AGE. (B) Membrane
proteins from the KM71/MRP1cHA-Hiscells were incubated with 8-azidoff?P]JATP at 37°C for 10 min, in varying concentrations of

V; (in micromolar) and Mg" (in millimolar). (C) Membrane proteins from the KM71/MRP1cHA-ktzlls were photolabeled in increasing
concentrations of 8-azidaf*?P]ATP (in micromolar). In all cases, 26y of membrane proteins was used in each reaction, and radiolabeled
MRP1 is indicated by the arrowhead.
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Ficure 4: Stimulation of vanadate-induced nucleotide trapping in MRP1. Membrane proteing)Ztom the KM71/MRP1cHA-His

cells were incubated with increasing concentrations of VBL, VP16, VCR, TXL, 4, B@d MK571 (in micromolar) for 10 min at room
temperature prior to the addition ofi/ 8-azidoj-32P]ATP and photolabeling. The reactions were carried out under hydrolysis conditions

as described in Materials and Methods. The presence or absence of vanadate in the reactions is indicated. The radiolabeled MRP1 in
autoradiograms is indicated by the arrowhead.

MRP1 (Figure 4). Likewise, LT¢Cand to a lesser extent drug-resistant H69/AR cells and HeLa/MRP1 transfectants
MK571 also stimulated nucleotide trapping in MRP1 (Figure can be photolabeled by analogues of quinoline-based drugs
4). Quantitative analysis (using ImageQuaNT software) (37), as well as by a photoactive analogue of rhodamine 123,
indicated that the level of stimulation of photolabeling ranged [*?]IAARNh123 (38). To determine if MRP1 expressed in
from 1.5- to 3-fold (data not shown), a behavior similar to yeast retains its ability to interact with these compounds,
that reported for MRP1 expressed in mammalian cél®3. ( membranes from control and MRP1-expressing cells were
Conversely, doxorubicin (DOX) showed an inhibitory effect incubated with 723]IAARN123 followed by UV cross-linking
on the vanadate-induced nucleotide trapping by MRP1 (dataand analysis by SDSPAGE and autoradiography (Figure
not shown). These results indicate that MRP1 expressed in5). The probe was found to label a number of proteins in
yeast cells displays substrate-modulated ATPase activity. membrane fractions from both control and MRP1-expressing
Photoaffinity Labeling of MRP1 witH-{]IAARh123.We cells; however, a specific polypeptide of 165 kDa was
have previously shown that MRP1 overexpressed in multi- uniquely labeled in MRP1 membranes (Figure 5A, left
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Ficure 5: Photoaffinity labeling of MRP1 by*f9]IAARN123. (A) in the absence or presence of a molar excess of various MRP1

Autoradiogram of the photoaffinity labeling reaction of membrane substrates, VBL, VP16, DOX, MK571, and LT Gas described in
proteins (2Qug) from control KM71/pHIL-D2 (lane 1) or KM71/ the legend of Figure 5. (A) Autoradiogram of the total labeled
MRP1cHA-His (lane 2) cells with 1uM [*?3]IAARh123 as proteins. The first lane shows a reaction carried out with membrane
described in Materials and Methods. The reaction mixtures were proteins from the control KM71/pHIL-D2 cells, while all others
analyzed either directly by SDSPAGE (left panel) or after were from KM71/MRP1cHA-His cells. The photolabeled MRP1
immunoprecipitation of MRP1 with anti-HA monoclonal antibody is pointed out by an arrowhead. (B) Quantification of the MRP1
prior to SDS-PAGE (right panel). Photoaffinity-labeled MRP1is photolabeled by'P4]IAARN123 in panel A, using ImageQuaNT.
indicated by the arrowhead. (B) Quantitative representation of the The relative signal of MRP1 in the absence of competitors (control
photoaffinity labeling of MRP1 with increasing concentrations of in lane 2) was set at 100%, and the effect of competing ligands on
[129]IAARN123. Quantification of the labeled MRP1 band was MRP1 labeling is presented as a histogram (hatched boxes) showing
carried out with ImageQuaNT, and the results were plotted against the relative amount of remaining signal in MRP1.

the concentrations of ligand that were used.

to transport H]LTC4. LTC, has been shown to be a high-
panel). The identity of this photoaffinity-labeled protein as affinity substrate for MRP1, and has been used to monitor
MRP1 was confirmed by immunoprecipitation of labeled MRP1 transport activity in membrane vesicles prepared from
membranes using the anti-HA monoclonal antibody (Figure mammalian cellsg, 15). For this, MVs were prepared from
5A, right panel). Photolabeling of MRP1 bi#fi]JIAARN123 either control or MRP1-expressing. pastoriscells and
in these membranes was specific, concentration-dependentincubated with JH]JLTC, in the presence of either ATP or
and saturable at approximately.d (Figure 5B). Finally, AMP, and the level of MVs-associated radioactivity was
photolabeling by P4]IAARN123 could be competed by a  monitored over time by a rapid filtration assay (Figure 7A).
series of substrates and inhibitors of MRP1 such as VBL, MRP1 expression in MVs fron®. pastoriscells caused a
VP16, DOX, LTG, and MK571. Competition of photola-  robust, rapid, and ATP-dependent accumulatiorStéfi[TC,
beling of MRP1 was by a factor of 3675%, depending on  when compared to that in MVs from the control cells, which
the compound being tested (Figure 6A,B), a behavior typical remained low over time. Accumulation ofHJLTC, in
of that observed for MRP1 expressed in mammalian cell MRP1-positive MVs was specific, and the level increased
membranes37, 38). These results suggest that the MRP1 in a concentration-dependent fashion with respect to ligand
expressed irP. pastorisis able to interact with its drug  (Figure 7B), with a linear relationship observed over the

substrates and modulators. concentration range that was tested (estiméige: 85 nM).
ATP-Dependent Uptake oiH]LTC, by MRP1 Membrane  Finally, MRP1-stimulated accumulation ofH]LTC, into
VesiclesTo determine if MRP1 expressed ih pastorisis MVs was strictly temperature-dependent, suggesting that it

fully functional and transport-competent, we tested its ability was due to active transport as opposed to an increased level
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A cells @9). The protein is stable and expressed in the
4.3 membrane fraction of these yeast cells. Despite the apparent
4 underglycosylated status of MRP1 in yeast cells, the protein

3
3'5: shows biochemical properties that are undistinguishable from
2_2_ those of the protein expressed in mammalian cells. Studies
5 by photolabeling with 8-azido{->2P]ATP, with 8-azidoj-
151 = S2P1ATP (43, 44, 46), or with purified MRP1 reconstituted
14 in lipids (41, 42, 45) have shown that MRP1 can bind and
0.5 . hydrolyze ATP. MRP1 expressed in yeast membranes binds
04 ATP as shown by photolabeling studies with 8-azid&{P]-
50 100 150 200 250 30

035 ATP under binding conditions (incubation on ice). In
addition, this photolabeling can be further stimulated by

[*H]-LTC, uptake (pmol mg™")

0 0 350

tme e vanadate, upon incubation at 32, showing that MRP1 can
B 1.6 | also hydrolyze ATP. Using Mnduced trapping of 8-azido-
14| | [0-*2P]ATP into the protein, we further observed that ATP
T 124 hydrolysis by MRP1 can be further stimulated by MRP1
TE O substrates such as VBL, VCR, TXL, LTCand the LTQ
S,gs 0.8 | ¢ recepter antagonist MK571. Stimulation of MRP1-mediated
- 06 } ATP hydrolysis as measured by the level of vanadate-induced
gg 04- } nucleotide trapping by chemotherapeutic drugs, such as VBL,
o024 VCR, and TXL, is consistent with the results obtained by
0+ ‘ Taguchi et al.40) and Chang et al4(). Since neither VBL
20020 40 60 _,80 _1100 120 140 160 nor TXL is a transport substrate for MRP1, these results
[LTC4l" (M) suggest that they may nevertheless act at a common binding
C s site on MRP1 to stimulate ATP hydrolysis. This situation is
~ 45— T reminiscent of another ABC transporter, P-gp, where sub-
“'%o 4 - strates or inhibitors that are transported or not transported
% 35- by the protein appear to share both a common binding site
g 3 on the protein and an ability to stimulate its ATPase activity.
% 25 Interestingly, VP16 exhibited only a marginal effect on
o % MRP1-mediated nucleotide trapping in our study, differing
E’ 15 from the results obtained by Nagata et al., who observed a
J=— prominent 4-fold and, in the presence of glutathione, a 20-
T o5 fold stimulation on nucleotide trapping by VP166). The
0 source of this apparent discrepancy remains unknown but
30 60 e (123) 180 300 may be due to differences in the experimental systems that

o were used. In particular, MRP1 was tested in two different
Ficure 7: ATP-dependent LT€transport by MRP1-containing  membrane systems, one from multidrug-resistant human KB

membrane vesicles. (A) Time course &fJLTC, uptake by MVs ; ; ;
from KM71/MRP1cHA-His (®) and vector-transformed cellm}. carcinoma cells and the other frof pastoris which may

MVs were incubated with 50 nNBH]LTC 4 in the presence of ATP o_Iiffer in biochemical compositions, including lipid composi-

or AMP (4 mM each), 10 mM MgG| and an ATP regeneration  tion and cholesterol that may modulate ATPase activity. In
system as described in Materials and Methods. Each value isaddition, glutathione was not added in our assay, and
obtained by subtracting the amount of radioactivity associated with concentrations of VP16 analyzed in our study were lower

the presence of AMP from that associated with the presence of ; ; }
ATP. (B) Kinetic analysis on MRP1-containing MVs-mediated than that tested by Nagata et al6|. Stimulation of MRP1

LTC, uptake with the LTG concentration ranging from 6.25 to ~ mediated nucleotide trapping by L@ the yeast mem-
100 nM as described in Materials and Methods. Data transformation branes is a reported hallmark of MRP1 ATPase activity
to kinetic parameters was performed by Lineweav@urk regres- monitored both in mammalian and insect cell membranes
sion analysis. (C) Uptake of LT{by MRP1-containing MVS in ~ (42). The inhibitory effect of DOX on MRP1-mediated

the presence of 4 mM ATP at room temperature (open bars) or on . S .
ice (hatched bars) as described in Materials and Methods. All datanucleotlde trapping is in contrast to the observation made

represent mean values of triplicates in a single determination. Py Taguchi et al. 40). The reason for this discrepgncy is
Standard deviations (SD) are shown as error bars. currently unknown. Moreover, MRP1 expressed in yeast

. o . i retains its ability to bind the photoactivatable drug analogue
of ligand binding to MRP1-positive MVs (Figure 7C). [129)AARR123. Competition experiments with known MRP1
Together, these results indicate that MRP1 express@d in  gypstrates and inhibitors suggest very similar substrate
pastorisis transport-competent. binding properties of MRP1 expressedAn pastoriswhen

compared to those of MRP1 present in mammalian cells,
DISCUSSION and as previously established by our gro@8)( Finally,
We have successfully overexpressed a recombinant humammembrane vesicles from MRP1-overexpressing yeast are able
MRP1 in the methylotrophic yea#t. pastoris.The protein to transport LTG in an ATP-dependent fashion, withka,
is expressed as a 165 kDa polypeptide which does not appeavalue (85 nM) comparable to that for MRP1 expressed in
to be glycosylated, a phenomenon we have previously notedmammalian cells (97105 nM) 6, 15). Therefore, MRP1
for another ABC transporter, P-gp, expresse® impastoris expressed in yeast shows biochemical and functional char-
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acteristics with respect to substrate binding, ATP binding on detergent extraction of Mdr3 containing a polyhistidine
and hydrolysis, and ATP-dependent substrate transport verytail and a biotinylation domain, followed by successive
similar to those reported for the protein expressed in affinity chromatography on NiNTA and avidin columns.
mammalian cell membranes. The protein is highly pure and fully active, and it is currently
Of particular interest is the observation i pastorig used for structural studies by mass spectroscopy, infrared
MRP1 membranes that 8-azigef?P]ATP binding by MRP1 spectroscopy, and fluorescence spectroscopy. Preliminary
(onice) is dependent upon the presence of Mgns and is results indicate that MRP1 can be purified to homogeneity
inhibited by EDTA (Figure 2B). This result is highly using a modification of this protocol (data not shown).
reproducible, and suggests a behavior clearly different from Therefore, theP. pastorisexpression system may prove to
that of P-gp expressed in the same system, where ATPbe very advantageous for gaining information about the
binding by the protein is largely insensitive to the presence structure of MRP1 and other members of the MRP family.
of added M@" (60). However, this observation is consistent
with results recently reported by Hou et a4), who showed =~ ACKNOWLEDGMENT
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