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SUMMARY
The human multidrug resistance protein (MRP1)
contributes to drug resistance in cancer cells. In addition
to an MDR1-like core, MRP1 contains an N-terminal
membrane-bound (TMD0) region and a cytoplasmic linker
(L0), both characteristic of several members of the MRP
family. In order to study the role of the TMD0 and L0
regions, we constructed various truncated and mutated
MRP1, and chimeric MRP1-MDR1 molecules, which were
expressed in insect (Sf9) and polarized mammalian
(MDCKII) cells. The function of the various proteins was
examined in isolated membrane vesicles by measuring
the transport of leukotriene C4 and other glutathione
conjugates, and by vanadate-dependent nucleotide
occlusion. Cellular localization, and glutathione-conjugate
and drug transport, were also studied in MDCKII cells. We
found that chimeric proteins consisting of N-terminal
fragments of MRP1 fused to the N terminus of MDR1
preserved the transport, nucleotide occlusion and apical
membrane routing of wild-type MDR1. As shown before,

MRP1 without TMD0L0 (∆MRP1), was non-functional
and localized intracellularly, so we investigated the
coexpression of ∆MRP1 with the isolated L0 region.
Coexpression yielded a functional MRP1 molecule in Sf9
cells and routing to the lateral membrane in MDCKII cells.
Interestingly, the L0 peptide was found to be associated
with membranes in Sf9 cells and could only be solubilized
by urea or detergent. A 10-amino-acid deletion in a
predicted amphipathic region of L0 abolished its
attachment to the membrane and eliminated MRP1
transport function, but did not affect membrane routing.
Taken together, these experiments suggest that the L0
region forms a distinct domain within MRP1, which
interacts with hydrophobic membrane regions and with the
core region of MRP1.

INTRODUCTION

chemotherapy resistance in numerous forms of cancer,
although homologs of these two transporters, as well as
the recently identified breast cancer resistance protein
(BCRP/MXR/ABCP) may also be involved in this clinical
phenomenon (Doyle et al., 1998).
In connection with its hydrophobic drug transport activity,
MDR1 has been shown to possess a drug-stimulated
ATPase activity (Sarkadi et al., 1992; Scarborough, 1995).
Hydrophobic drug and glutathione-conjugate extrusion by
MRP1 is also dependent on the hydrolysis of ATP (Bakos et
al., 2000; Chang et al., 1998; Mao et al., 1999). The transport
and ATPase cycle of both proteins are inhibited by vanadate,
which stabilizes a transition state intermediate of the ATPase
cycle, with an occluded nucleotide in the catalytic site. Similar
to the ATPase, the rate of the vanadate-dependent nucleotide
occlusion is greatly accelerated by the transported substrates
(Szabó et al., 1998; Taguchi et al., 1997; Ueda et al., 1997).

MDR1 Pgp (multidrug transporter P-glycoprotein) and MRP1
(multidrug resistance protein 1) are members of the ABC
(ATP-Binding Cassette) transporter family that are able to
extrude chemotherapeutic drugs from tumor cells in an ATPdependent manner. Whereas MDR1 preferentially transports
hydrophobic, slightly positive molecules, MRP1 transports
glutathione (GS) conjugates (e.g. leukotriene C4, LTC4) and
other large hydrophobic molecules conjugated to negatively
charged ligands like sulfate and glucuronide (Gottesman and
Pastan, 1993; Jedlitschky et al., 1996; Jedlitschky et al., 1994;
Loe et al., 1996b; McGrath et al., 1989; Muller et al., 1994).
MRP1 also transports unmodified neutral and basic organic
compounds, probably by a cotransport mechanism together
with glutathione (Evers et al., 2000; Loe et al., 1996a; Loe et
al., 1998). MDR1 Pgp and MRP1 seem to be major players in
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MDR1 and MRP1 share a similar core structure, containing
a tandem repeat of transmembrane domains (TMDs) and
cytoplasmic ATP-binding cassette (ABC) regions. However,
MRP1 and several homologues form a subfamily of ABCtransporters, characterized by a triple membrane-bound
domain structure. These include an MDR1-like core region,
containing two ABC units and two membrane-bound domains
(TMD1 and TMD2), and an N-terminal polypeptide region of
about 280 amino acids, forming a cytoplasmic loop and a
membrane-bound domain (L0 and TMD0, respectively; see
Bakos et al., 1998; Tusnády et al., 1997; Fig. 1A). In polarized
cells MDR1 is targeted to the apical membrane, whereas MRP1
is routed to the basolateral membrane (Bakos et al., 1998;
Evers et al., 1996).
In our previous studies on the role of the N-terminal regions
of MRP1 in the function and plasma membrane targeting of
human MRP1, we showed that the MDR1-like core has
practically no transport and nucleotide occlusion activity
(Bakos et al., 1998). Transport function, however, could be
restored by coexpressing the full N-terminal TMD0L0 region
together with the MDR1-like core region (see also Gao et al.,
1998). We also found that extending the core with the Nterminal linker in the absence of the TMD0 region, resulted in
an active transporter that was properly routed to the plasma
membrane (Bakos et al., 1998).
Our previous studies indicated that the L0 region is sufficient
and essential for MRP1-mediated transport activity and routing
to the lateral membrane in polarized cells. We investigated in
this study whether fusing parts of TMD0L0 to the N terminus
of MDR1 would result in changes in substrate specificity
or plasma membrane routing of MRP1-MDR1 chimeras.
Furthermore, to investigate whether the L0 intracellular loop
specifically interacts with the core region of MRP1, we
coexpressed L0 with truncated forms of MRP1. Constructs
were expressed both in baculovirus infected Spodoptera
frugiperda ovarian (Sf9) cells and in Madin-Darby canine
kidney (MDCKII) cells. We show here that all MRP1-MDR1
chimeric proteins preserved the characteristics of MDR1.
However when the truncated MRP1 core was coexpressed with
the L0 peptide, a functional MRP1 molecule was obtained that
was localized in the lateral membrane. Our experiments
suggest that the intracellular loop L0 forms a domain that
interacts both with hydrophobic membrane regions and,
specifically, with the core region of MRP1.
MATERIALS AND METHODS
Generation of MRP1 variants and recombinant
baculoviruses
In order to generate the MRP1-MDR1 chimeric constructs, the fulllength MDR1 cDNA was cloned into the BamHI site of Bluescript SK.
The BamHI-EcoRI (nucleotides (nt) −8-1177) fragment was removed
from Bluescript-MDR1 and subcloned into M13mp18, and an XbaI site
was introduced by site-directed mutagenesis at nt 4 of MDR1. The
XbaI-EcoRI fragment from this construct and the EcoRI-NotI (NotI of
the polycloning site) fragment from Bluescript-MDR1 were ligated
together into the pVL1393 baculovirus transfer vector, yielding
pVL1393MDR1. Previously, an XbaI site was introduced at nt 606 of
the MRP1 cDNA in M13SBMRP1 (Bakos et al., 1998). To obtain
TMD0MDR1 chimeric cDNA, a DraIII-BamHI fragment (nt 87-840)
was removed from the pAcSG2MRP (Bakos et al., 1998) and replaced

by the DraIII-BamHI insert of M13SBMRP1. An XbaI-XbaI fragment
(nt −5-606) fragment was subcloned into the XbaI site of
pVL1393MDR1.
To
generate
the
TMD0L0MDR1
the
pAcSG2MRPlinkerI (Bakos et al., 1998) was digested with NheI within
the linker I preceeding the stop codon and the XbaI site at position –5.
The fragment was subcloned into the XbaI site of pVL1393MDR1. To
obtain L0MDR1, linker I (Bakos et al., 1998) was inserted into
the unique BamHI site of the pAcSG2MRPlinkerII. The
pAcSG2MRPlinkerII/linkerI was digested with NheI within linker I and
II. The fragment was subcloned into the XbaI site of pVL1393MDR1.
The MRP1∆(223-232) mutant was generated by overlap PCR using
pJ3Ω-MRP1 (Zaman et al., 1994) as the template. The following
primers were used: 5′gatgtcgacaccggcatggcgctccggggcttc3′ (primer 1;
SalI site underlined), 5′cactgccctccaggggctggcgccagaaggtgatcctcgacagg3′ (primer 2), 5′cctgtcgaggatcaccttctggcgccagcccctggagggcagtg3′
(primer 3, encoding amino acids (aa) 216-222 and 233-239, and
complementary to primer 2), 5′ctcctcattcgcatccaccttggaactctc3′ (primer
4, aa 287-297). The upstream fragment was generated using primers 1
and 2, the downstream fragment using primers 3 and 4. Both fragments
were gel purified, combined and a PCR reaction with primers 1 and 4
was performed. The amplified overlap product was digested with SalIBamHI and the fragment was substituted for the original SalI-BamHI
fragment in pJ3Ω-MRP1, resulting in pJ3Ω-MRP1(∆223-232).
To generate the isolated L0 the pAcSG2MRPlinkerII/linkerI
construct was partially digested with NheI in linker II and SpeI in
linker I. The fragment (encoding aa MAL+204-281+LLA+Stop) was
subcloned into the XbaI site of pVL1392. To obtain the L0∆(223-232)
fragment, the fragment encoding aa 204-281 was amplified by PCR
using pJ3ΩMRP1(∆223-232) as the template. The forward primer
used was 5′ taggctagccggcatggaccctaatccctgcccaga3′, the reverse
primer used was 5′ cggctagatctaatccttggaggagtacac3′. The primers
included NheI and BglII sites, respectively. The PCR fragment was
digested with NheI and BglII and the fragment was cloned into
pVL1393. All constructs were verified by sequence analysis.
Sf9 (Spodoptera frugiperda) cells were cultured and infected with
a baculovirus as described earlier (Sarkadi et al., 1992). Recombinant
baculoviruses were generated by using the BaculoGold Transfection
Kit (PharMingene).
Generation of MDCKII cells expressing MRP1 variants
For expression of MRP1 variants in MDCKII cells (kindly provided
by Dr G. van Meer, Amsterdam, The Netherlands), the L0MDR1
chimera, ∆MRP1 and MRP1∆(223-232) were inserted as blunt-end
fragments into the retroviral vector pCMV-neo as described (Bakos et
al., 1998). For coexpression experiments the L0 fragment was cloned
into the pBabe-Puro-CMV vector (kindly provided by Dr J.
Wijnholds, The Netherlands Cancer Institute, Amsterdam, The
Netherlands). This vector was generated by cloning the blunt-ended
HindIII fragment from pCMV-neo (containing the CMV early
promoter) into the blunt-ended BamHI site of the pBabe-puro vector
(Morgenstern and Land, 1990). Cells were retrovirally transduced as
described before (Evers et al., 1998). MDCKII cells stably transduced
with the pBabe-Puro or pCMV-neo vector were selected for 4-6 days
in medium containing puromycin (3 µg/ml) or for 7 days in medium
containing G-418 (800 µg/ml), respectively.
Membrane preparation and immunoblotting
The virus-infected Sf9 cells were harvested, their membranes isolated
and stored, and the membrane protein concentrations determined as
described (Sarkadi et al., 1992). Immunoblotting, detection of human
MRP1 with the R1 and M6 monoclonal antibodies, and detection of
protein-antibody interactions using the enhanced chemiluminescence
technique were as described previously (Bakos et al., 1996).
Tracer uptake in membrane vesicles and vanadatedependent nucleotide trapping
[3H]LTC4 (135 Ci/mmol; DuPont NEN); [3H]NEM-GS was
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prepared from [3H]NEM (60 Ci/mmol, DuPont NEN) by mixing
the isotope with reduced glutathione (GSH) as described (Bakos
et al., 1998). For [3H]NEM-GS and [3H]LTC4 transport
measurements and vanadate-dependent nucleotide trapping, see
Bakos et al., 1998.
Confocal laser scanning microscopy
For immunofluorescence experiments cells were grown on
microporous polycarbonate filters (3 µm pore size, 24.5 mm diameter,
TranswellTM 3414; Costar Corp., Cambridge, MA, USA) at a density
of 4×105 cells/well for 3 days. Antibody incubations with mAbs M6
and R1 were as described before (Bakos et al., 1998). Incubations with
the anti-MDR1 mAb MRK16 were performed as above with the
modification that cells were not permeabilized with Triton X-100.
FITC-labeled secondary antibodies were from Zymed Laboratories,
Inc. and from Roche diagnostics.

Transport assays with MDCKII cells
1-chloro-2,4-dinitro[14C]benzene (10 Ci/mol), and [3H]vinblastine
(9.4 Ci/mmol) were obtained from Amersham Pharmacia Biotech.
Transport experiments were carried out exactly as described (Bakos
et al., 1998; Evers et al., 1998).

RESULTS
Construction and expression of chimeric MRP1MDR1 variants
We inserted cDNAs into baculovirus and retroviral vectors to
obtain the following molecules: (1) L0 of MRP1 (aa 204-281),
covalently coupled to the N terminus of MDR1 (L0MDR1);
(2) TMD0 of MRP1 (aa 1-203), covalently coupled to the N

Fig. 1. Schematic representation (A) and immunoblot detection of the MRP1-MDR1 chimeric proteins expressed in Sf9 cells (B) and in
MDCKII cells (C,D) by MDR1 or MRP1-specific antibodies. (A) Schematic representation of the MRP1-MDR1 chimera proteins. (B) Western
blot analysis of Sf9 cell membranes containing MDR1, L0MDR1, TMD0MDR1, TMD0L0MDR1 or MRP1. Isolated membranes of Sf9 cells (5
µg) were subjected to electrophoresis in a 6% Laemmli-type gel, and immunoblotted as described in Materials and Methods. Lanes 1-5 were
stained with the polyclonal antibody 4077, specific for human MDR1, while lanes 6-10 were developed with mAb R1, specific for human
MRP1. Protein-antibody interactions were visualized using the enhanced chemiluminescence technique. (C) Western blot with lysates from
MDCKII wild-type cells and cells producing L0MDR1, MDR1 or MRP1. 20 µg of protein were size-fractionated in a denaturing 7.5%
polyacrylamide gel. After electroblotting blots were incubated with either C219, recognising human MDR1 (lanes 1-4) or mAb R1 for human
MRP1 (lanes 5-8). The identity of the cell lines is indicated over the lanes. (D) Western blots showing MDCKII-MDR1 cells (lanes 1-4) and
MDCKII-L0MDR1 cells (lanes 5-8) treated with tunicamycin (3 µg/ml) for 0, 12, 25 or 40 hours. MDR1 was visualized with mAb C219 and
L0MDR1 with mAb R1. The positions of marker proteins (Mr) are shown.
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terminus of MDR1 (TMD0MDR1); and (3) the full N-terminal
region of MRP1 (TMD0L0, aa 1-281), covalently coupled to
the N terminus of MDR1 (TMD0L0MDR1; see Fig. 1A). The
MRP1-MDR1 chimeras were expressed in baculovirusinfected Sf9 cells and in retrovirus-infected MDCKII cells. For
this latter system we only present the data for the L0MDR1
chimera, as the role of the L0 region is the focus of the present
studies.
The protein levels and the transport properties of the various
mutants were studied in intact cells and in isolated membrane
preparations. Fig. 1B and C,D presents the immunoblots of the
proteins detectable in membrane preparations of Sf9 cells and
in retrovirally transduced MDCKII cells, respectively. The
epitope for mAb R1 is within the L0 region (aa 238-247;
Hipfner et al., 1998), while those for the polyclonal Ab 4077
and mAb C219 are within MDR1 Pgp. We obtained significant
expression of the chimeric MRP1-MDR1 proteins,
commensurable to those of the wild-type molecules in the same
expression systems. A small amount of partial proteolytic
cleavage was apparent in proteins produced in the baculovirus
expression system (Fig. 1B), at sites close to the artificially
constructed joining regions. However, the majority of the
produced proteins was found at the molecular masses
corresponding to the full-length chimeras. In MDCKII cells the

L0MDR1 protein was detected at the expected molecular mass
(Fig. 1C) and, like MDR1, was glycosylated; treatment of the
cells with tunicamycin abolished this glycosylation (Fig. 1D).
In order to examine the functionality of the chimeric
proteins, we first measured ATP-dependent LTC4 and NEMGS transport in isolated Sf9 cell membrane vesicles (see Bakos
et al., 1998). Despite the appreciable amounts of protein
detectable in the vesicles, we did not find an MRP1-like GSconjugate transport activity exceeding that observed in the
control, β-galactosidase containing membrane vesicles (Fig.
2A).
In the absence of any MRP1-like transport activity it was
important to determine if the MRP1-MDR1 chimeras retained
MDR1-like hydrophobic drug transport capacity. Since direct
vesicular transport measurements with hydrophobic MDR1
substrates are difficult to perform, we examined the substratestimulated ATPase and nucleotide trapping activity of the
MRP1-MDR1 chimeric proteins in isolated Sf9 membranes.
Vanadate-dependent nucleotide trapping of MRP1 reflects a
partial reaction of the ATPase cycle of this protein, stimulated
by the transported substrates (Ueda et al., 1997). The occluded
nucleotide can be visualized by covalent photoaffinity labeling,
by using Mg-8-azido-[α-32P]ATP.
In all membranes containing the chimeric MRP1-MDR1
proteins we found a significant verapamil-stimulated ATPase
activity, characteristic for MDR1 (not shown). However, this
activity may be the consequence of a partial proteolysis of the
chimeras (see Fig. 1B), yielding full-length MDR1, therefore
nucleotide trapping was considered more informative in this
regard. Covalent photoaffinity labeling of the proteins was
performed with Mg-8-azido-[α-32P]ATP in the presence of
vanadate as a trapping agent (see Materials and Methods). We
have shown before that the MDR1 protein is capable of
nucleotide trapping when stimulated by a hydrophobic
compound (e.g. verapamil) and that it is not affected by LTC4.
This activity in MRP1 is significantly stimulated by LTC4, but
not by verapamil (see Bakos et al., 1998; Szabó et al., 1998).
As shown in Fig. 2B, the nucleotide trapping of the MRP1-

Fig. 2. LTC4 transport (A) and nucleotide trapping (B) in Sf9 cell membranes containing MRP1-MDR1 chimeric proteins. (A) Time-course of
ATP-dependent LTC4 uptake in Sf9 membrane vesicles, expressing MRP1 (◊), MDR1 (¡), TMD0MDR1 (l), TMD0L0MDR1 (o), L0MDR1
(∆) or β-galactosidase (䉲). Membrane preparations were incubated with 50 nM LTC4 at 23°C and ATP-dependent uptake was calculated by
subtracting the values obtained in the presence of 4 mM AMP from those in the presence of 4 mM ATP. Samples were taken at the time points
indicated. (B) Vanadate-dependent nucleotide trapping by MRP1-MDR1 chimeric proteins. Isolated membranes from Sf9 cells (50 µg)
expressing MRP1 (lanes 1-3), MDR1 (lanes 4-6), L0MDR1 (lanes 7-9), TMD0MDR1 (lanes 10-12) and TMD0L0MDR1 (lanes 13-15) were
labeled with Mg-8-azido-[α-32P]ATP in the presence of vanadate, as described in Materials and Methods. The reaction buffer contained 30 µM
verapamil in experiments documented in lanes 2, 5, 8, 11 and 14, and 600 nM LTC4 in lanes 3, 6, 9, 12 and 15.
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MDR1 chimeras was easily measurable and was vanadatedependent. This is in contrast to MDR1, which was not
stimulated by LTC4, but stimulated two- to fourfold in the
presence of verapamil. Stimulation by verapamil was observed
both in the protein bands representing the full-length MRP1MDR1 chimeras, as well as in the proteolytic fragments
representing the MDR1 core. In all cases a full inhibition of
nucleotide trapping was obtained by pretreatment with 1 mM
N-ethylmaleimide (data not shown). These functional assays
demonstrate that the MRP1-MDR1 chimeras retained their
MDR1-like nucleotide trapping function.
In the following experiments, we examined the membrane
localization and transport function of the L0MDR1 chimeric
protein in retrovirally transduced MDCKII cell monolayers
by CLSM. L0MDR1 was detected using mAb MRK16, an
antibody recognizing a conformational epitope on the
extracellular loops of MDR1 Pgp (Hamada and Tsuruo, 1986).

As shown in Fig. 3A, L0MDR1 was predominantly localized
in the apical membrane of MDCKII cell monolayers, although
some cells also contained a relatively low concentration of
protein in the lateral membrane. In accordance with an apical
localization, the MDCKII-L0MDR1 and MDCKII-MDR1 cells
showed an increased apical transport of vinblastine (Fig. 3B).
The vectorial transport activity of L0MDR1 correlated with its
protein levels as compared to that of MDR1 (Fig. 1C). We
found no increased transport of the organic anion DNP-GS by
the MDCKII-L0MDR1 cells (data not shown).
The combination of these results clearly indicates that the
MRP1-MDR1 chimeras were produced in both insect and
mammalian cells and that the chimeric proteins retained the
features of the MDR1 protein. The addition of the N-terminal
MRP1 regions to MDR1 did not result in any MRP1-like
transport function or a clear change in membrane localization.
Construction and expression of mutant MRP1
variants
In order to analyse the specific role of the N-terminal linker
region of MRP1 in more detail, we expressed the following
mutant MRP1 constructs in both Sf9 and MDCKII cells: (1)
an N-terminally truncated MRP1 (aa 281-1531), containing the
two ABC units and the 2× 6 TM helices (∆MRP1; Bakos et
al., 1998); (2) aa 204-281, representing the N-terminal linker
region of MRP1 (L0); (3) a deletion mutant of MRP1 lacking
aa 223-232 (MRP1∆(223-232)); (4) the L0 region alone, but
carrying the same deletion as in mutant (3) (L0∆(223-232))
(Fig. 4A).
Fig. 4B demonstrates the immunoblot detection of the
∆MRP1 and L0 variants in Sf9 cells by the anti-MRP1
monoclonal antibodies R1 and M6. The epitope for mAb M6
is at the C terminus of MRP1 (aa 1511-1520; Hipfner et al.,
1998). For all these molecules we obtained expression similar
to that of wild-type MRP1 (Fig. 4B). It is important to note
(see also below) that, like wild-type MRP1 and ∆MRP1, the
L0 polypeptide was found to be almost entirely present in the
membrane fraction of the cell lysates. The amount of this
membrane-bound L0 was independent of the presence or
absence of ∆MRP1 in the Sf9 cell membranes. Slight variations
in the expression levels of these mutant proteins between

Fig. 3. Localization and transport properties of the chimera L0MDR1 in MDCKII cells. (A) Immunolocalization of L0MDR1 in MDCKII
monolayers by confocal laser scanning microscopy. L0MDR1 was detected by indirect immunofluorescence with mAb MRK16 (green signal).
The upper part shows a top view of the monolayer, the lower part a vertical X/Z section. The arrowhead indicates the position where the section
was made. Nucleic acids were counterstained with Propidium Iodide (red signal). (B) Transport of [3H]vinblastine by MDCKII-derived
monolayers. Transport of vinblastine by MDCKII, MDCKII-MDR1 and MDCKII-L0MDR1 cells is shown. Transport is presented as the
fraction of total radioactivity added at the beginning of the experiment (t=0), appearing in the opposite compartment. PSC833 (0.1 µM) was
present in both compartments to inhibit the endogenous MDR1 Pgp present in these cells (Bakos et al., 1998). Squares, translocation from
apical to basolatera; circles, translocation from basolateral to apical. The experiments were performed in duplicate and repeated twice.
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Fig. 4. Detection and function of MRP1 variants in Sf9 cell membranes. (A) Schematic representation of the MRP1 variants. (B) Western blot
analysis of Sf9 cell membranes prepared from cells expressing MRP1 (lanes 1 and 5), ∆MRP1 (lanes 2 and 6), ∆MRP1 + L0 (lanes 3 and 7) or
L0 (lanes 4 and 8). Isolated membranes of Sf9 cells (5 µg) were subjected to electrophoresis in a 4%-20% Laemmli-type gel, and
immunoblotted. Blots were incubated with mAbs R1 (lanes 5-8) and M6 (lanes 1-4). (C,D) Time course of ATP-dependent LTC4 (C) and NEMGS (D) uptake in Sf9 cell membrane vesicles containing MRP1 (◊), ∆MRP1 (∆), ∆MRP1+L0 (¡) or β-galactosidase (䉲). (C) Membranes were
incubated with 50 nM LTC4 at 23°C; (D) Membranes were incubated with 50 µM NEM-GS at 37°C. ATP-dependent uptake was calculated by
subtracting the values obtained in the presence of 4 mM AMP from those in the presence of 4 mM ATP. Samples were taken at the time points
indicated.

various membrane preparations were still observed and
therefore the functional data were corrected for the specific
protein expression levels (see below).
In the following experiments we have examined the function
of MRP1, ∆MRP1 and ∆MRP1 coexpressed with the L0 region
by measuring the transport of the established MRP1 substrates
LTC4 and NEM-GS (Bakos et al., 1998; Muller et al., 1994).
In order to correctly determine the transport function of the
different MRP1 proteins, we estimated the relative amount of
transport-competent inside-out vesicles in the Sf9 membrane
preparations (see Bakos et al., 1998), and corrected the
transport rates according to the relative MRP1 expression
levels, as determined by immunoblotting.
Fig. 4C,D shows the time-dependent uptake of [3H]LTC4 (50
nM) and [3H]NEM-GS (50 µM) in Sf9 membrane vesicles
containing MRP1, ∆MRP1, or the coexpressed L0 and ∆MRP1.
Full-length MRP1 produced an ATP-dependent increase in the
vesicular radioactivity, which for LTC4 was linear for about 30
seconds at 23°C, and for NEM-GS was linear for about 3
minutes at 37°C. The initial rate of ATP-dependent LTC4
transport by the MRP1 containing membranes was about 60
pmol mg−1 min−1 while that of NEM-GS transport was about
250 pmol mg−1 min−1 under these conditions. As shown
previously (Bakos et al., 1998), rapid washing of the vesicles

with cold substrate-containing solutions did not alter the
vesicular LTC4 and NEM-GS levels, while the addition of
concentrated sucrose (1 M) or low concentrations of Triton X100 (0.02%) to the medium eliminated ATP-dependent tracer
accumulation.
As demonstrated in Fig. 4C,D, we found that the expression
of ∆MRP1 did not result in any transport activity (as compared
to transport measured in the control, β-galactosidase
containing vesicles). However, the coexpression of ∆MRP1
and the L0 region resulted in significant uptake of LTC4 (at 50
nM about 90% of MRP1) and NEM-GS (at 50 µM NEM-GS
about 40% of MRP1). Again, in all these cases intravesicular
tracer uptake was eliminated by the addition of Triton X-100
or 1 M sucrose.
Examination of the kinetic parameters for the transport of
LTC4 by the coexpressed ∆MRP1 and L0 showed that the Km
values were similar to those of wild-type MRP1 (about 140
nM). However, for transport of NEM-GS the Km of wild-type
MRP1 was 150 µM, while that of the coexpressed ∆MRP1+L0
was about 400 µM. The maximum transport rate in this latter
case was approaching the level observed for MRP1 (data not
shown).
Next, we examined substrate-stimulated, vanadate-sensitive
nucleotide trapping in Sf9 cell membranes containing the
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Fig. 5. Vanadate-dependent nucleotide trapping by MRP1 variants.
Isolated membranes from Sf9 cells expressing MRP1 (lanes 1-3),
∆MRP1 + L0 (lanes 4-6), or ∆MRP1 (lanes 7-9), were labeled with
Mg-8-azido-[α-32P]ATP in the presence of vanadate as described in
Materials and Methods. The reaction buffer contained 600 nM LTC4
(lanes 2, 5, 8), or 500 µM NEM (lanes 3, 6, 9).

various MRP1 variants (Fig. 5). As reported before (Bakos et
al., 1998), ∆MRP1 did not show any nucleotide trapping.
However, as shown in Fig. 5, when the L0 region was
coexpressed with the ∆MRP1 region, a full activity and
stimulation of the nucleotide trapping by LTC4 was observed,
similar to that found for wild-type MRP1. Again, in all cases
a full inhibition of nucleotide trapping was obtained by
pretreatment with 1 mM N-ethylmaleimide (not shown).
We have shown previously that ∆MRP1 in MDCKII cells is
localized in an intracellular compartment, probably the
endoplasmic reticulum (Bakos et al., 1998). To investigate
whether the L0 peptide could rescue ∆MRP1 to the plasma
membrane, we transduced MDCKII-∆MRP1 cells with
the pBabe-Puro-CMV-L0 construct. Upon selection with
puromycin, the localization of L0 was determined using mAb
R1. In a pool of puromycin resistant cells clear lateral plasma
membrane staining was observed in small groups of cells,
although some intracellular staining was also present in these
cells (Fig. 6). As only a low percentage of cells showed
staining with mAb R1, it was impossible to isolate single
clones. Therefore, immunoblotting and transepithelial
transport measurements could not be performed. No signal was
obtained after infection of wild-type cells with the L0
containing construct, probably due to rapid degradation of this
small protein in the absence of ∆MRP1.
The studies documented above strongly suggest that the
isolated L0 polypeptide is able to associate with ∆MRP1 and
that as a consequence the protein regains its function and routes
to the lateral membrane. In the following experiments we
examined the interaction of L0 with the membrane in Sf9 cells
and the possible regions within the L0 domain that are critical
for function.
As mentioned above (see Fig. 4B), a significant amount of
the L0 protein produced in Sf9 cells was found to be associated
with cellular membranes. Fig. 7A documents that in the Sf9
cell lysates, most of the L0 protein was found in the membrane
fraction and only a small fraction was in the cytoplasm.
Washing the Sf9 cell membranes with l M KCl did not change
this membrane-bound localization of the L0 peptide. However,
washing the membranes with 5 M urea or 1% Triton X-100
completely solubilized the L0 peptide (Fig. 7B). Coexpression

Fig. 6. Immunolocalization of L0 coexpressed with ∆MRP1 in
MDCKII monolayers by confocal laser scanning microscopy. L0 was
detected by indirect immunofluorescence with mAb R1 (green
signal). The upper part shows a top view of the monolayer, the lower
part a vertical X/Z section. The arrowheads indicate the positions
where the sections were made. Nucleic acids were counterstained
with Propidium Iodide (red signal).

of ∆MRP1 in the same cell did not affect the binding of L0 to
the membrane or sensitivity towards treatment with urea or
Triton X-100. Treatment of membranes with urea had no effect
on the membrane localization of MRP1 or ∆MRP1, and even
treatment with 1% Triton X-100 resulted only in a 20-40%
solubilization of these membrane-spanning proteins (data not
shown).
The salt-insensitive, but denaturing agent- or detergentsensitive membrane attachment of the L0 region raised the
possibility of the presence of a membrane-attaching
amphipathic region (e.g. helix) within L0. Indeed, as shown in
Fig. 7C, secondary structure predictions indicated the presence
of such a conserved amphipathic helix in all currently known
MRP homologs (such a helix is also present in the MRP-related
CFTR and SUR proteins; data not shown).
In order to examine the role of this amphipathic helix within
the L0 region, we constructed a 10-amino-acid deletion (∆223232) within this predicted helix, both in the context of the
isolated L0 fragment and in the full-length MRP1 molecule.
Fig. 8A demonstrates that MRP1∆(223-232) was produced in
Sf9 cells in similar quantities to the wild-type MRP1 protein.
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Fig. 7. Membrane attachment of the L0 region of MRP1 expressed in
Sf9 cells. (A) Detection of the L0 region of human MRP1, expressed
in Sf9 cells by western blotting. Samples were fractionated in a 20%
Laemmli-type gel, immunoblotted and incubated with mAb R1. C,
cell extract (5 µg); M, membrane fraction (5 µg); CP, cytoplasmic
fraction, representing equivalent volumes of the cytoplasm as
compared to membrane fractions. (B) Effects of KCl (1 M, lanes 2,
3), urea (5 M, lanes 4, 5), or Triton X-100 (1%, lanes 6, 7) on the
membrane attachment of the L0 region of MRP1. Membrane samples
were washed with the respective agents and then size-fractionated as
in A. Lane 1, isolated Sf9 cell membranes; lanes 2-7, membranes
washed with the respective agents. P, membrane pellet fraction; S,
supernatant fraction. Samples represent equivalent initial volumes of
each fraction. (C) Computer-predicted schematic representation of an
amphipathic helix within the L0 region of various MRP proteins.
Helical wheel plot of residues 221-233 in MRP1, 216-228 in MRP2,
220-232 in MRP3, 24-36 in MRP4, 112-124 in MRP5 and 216-228
in MRP6. Hydrophobic residues are circled.

Fig. 8B shows LTC4 transport experiments in isolated Sf9
vesicles containing MRP1∆(223-232). Fig. 8C shows the
membrane interaction of L0∆(223-232). In contrast to wild-

Fig. 8. Characterization of MRP1∆(223-232) and L0∆(223-232) in
Sf9 cells. (A) Western blot analysis of Sf9 cell membranes
containing MRP1 or MRP1∆(223-232). Isolated membranes of Sf9
cells (5 µg) were subjected to electrophoresis in a 6% Laemmli-type
gel, and immunoblotted as described in Materials and Methods, with
monoclonal antibody R1, specific for human MRP1. (B) Time course
of ATP-dependent LTC4 uptake in Sf9 cell membrane vesicles,
expressing MRP1 (◊), MRP1∆(223-232) (∆) or β-galactosidase (䉲).
Membrane preparations were incubated with 50 nM LTC4 at 23°C
and ATP-dependent uptake was calculated by subtracting the values
obtained in the presence of 4 mM AMP from those in the presence of
4 mM ATP. Samples were taken at the times indicated. (C) Detection
of the L0∆(223-232) mutant region of human MRP1, expressed in
Sf9 cells. Samples were fractionated on a 20% Laemmli-type gel,
and immunoblotted by R1 antibody as described in Materials and
Methods. C, cell extract (5 µg); M, membrane fraction (5 µg); CP,
cytoplasmic fraction, representing an equivalent initial volume
compared to the total membrane fraction.

type MRP1, MRP1∆(223-232) had no appreciable transport
activity and the L0∆(223-232) did not attach to the cell
membrane. When the L0∆(223-232) was coexpressed with
∆MRP1 or when a concentrated supernatant containing
L0∆(223-232) was added to isolated ∆MRP1 containingmembranes, no transport activity for LTC4 was observed (data
not shown).
Fig. 9 shows the expression, localization and function of the
MRP1∆(223-232) protein produced in MDCKII monolayers.
As shown in Fig. 9A, the MRP1∆(223-232) protein was
efficiently expressed and similar to MRP1, was almost
completely glycosylated in these cells. Tunicamycin treatment
resulted in the loss of glycosylation both in the MRP1 and the
MRP1∆(223-232) expressing cells (Fig. 9B). Similar to wildtype MRP1 (Bakos et al., 1998), MRP1∆(223-232) was
localized in the lateral membrane in MDCKII cells (Fig. 9C).
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Fig. 9. Characterization of
MRP1∆(223-232) in MDCKII cells.
(A) Western blot with lysates from
MDCKII wild-type, MDCKII-MRP1
and MDCKII-MRP1∆(223-232) cells. 4
or 20 µg of protein were sizefractionated. The blot was incubated
with mAb R1. The identity of the cell
lines is indicated over the lanes.
(B) Western blot with lysates from
MDCKII-MRP1 and MDCKIIMRP1∆(223-232) cells, treated with
tunicamycin (3 µg/ml) for 0, 12, 25 or
40 hours. The blots were incubated with
mAb R1. (C) Immunolocalization of
MRP1∆(223-232) in MDCKII
monolayers. MRP1∆(223-232) was
detected as in Fig. 6 with mAb R1.
(D) Transport of DNP-GS by MDCKII
derived monolayers. Cells were
incubated with [14C]CDNB (2 µM) in
both the apical and basal compartments.
This hydrophobic compound diffuses
over the plasma membrane and
intracellularly reacts to glutathione by
the mediation of glutathione Stransferases. Samples were taken at 0,
1, 3, 6 and 20 minutes from both
compartments and extracted with ethyl
acetate to separate free CDNB from
intracellularly formed DNP-GS.
Squares, transport to the basolateral
compartment; circles, transport to the
apical compartment. The experiments
were done in duplicate and repeated
twice.
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However, when the transport activities of MRP1 and
MRP1∆(223-232) were compared in polarised cell
monolayers, there was no detectable increase in the export of
DNP-GS by the MRP1∆(223-232) protein (Fig. 9D).
DISCUSSION
We analysed the functional properties of the approximately
280-amino-acid long N-terminal region of human MRP1. The
so-called TMD0 and L0 regions of MRP1 (see Fig. 1A) are
present in several members of the MRP family, including the
SUR proteins, and partially also in CFTR, but absent in the
proteins of the MDR family (MDR1, MDR3 and sPGP). By
fusing the N-terminal regions of MRP1 to the human MDR1
protein, and by performing various mutation and coexpression
studies, we examined the role of these regions in processing,
plasma membrane targeting and transport of the multidrug
resistance proteins. Proteins were expressed both in Sf9 insect
cells and MDCKII mammalian cells. In the first system, due to
the high levels of expression in a heterologous cell type,
functional studies and convenient biochemical assays could be
carried out on isolated membranes with less interference from

Time (min)

Time (min)

any unrelated proteins. These assays included measurements
of labeled glutathione-conjugate and leukotriene C4 transport,
as well as vanadate-dependent nucleotide occlusion on isolated
membrane vesicles. The polarised MDCKII cell monolayers
offered the possibility to efficiently study membrane routing
and transcellular transport properties of the overproduced
proteins.
In order to study the role of the N-terminal regions of MRP1,
we constructed chimeric MRP1-MDR1 proteins, in which
MDR1 was extended either with the full-length N-terminal
region of MRP1 (TMD0+L0), or with the two separate
subcomponents (TMD0 or L0) of this region. We found that all
of these proteins were properly expressed in both the Sf9 and
MDCKII cells, and essentially preserved the transport,
nucleotide occlusion and apical membrane routing features of
the wild-type MDR1. Most likely the MDR1 protein could not
be converted to MRP1 by these manipulations, as specific
interdomain interactions are required for the function of this
region within MRP1 (see below). It is interesting to note,
however, that these N-terminally extended MDR1 proteins
were properly folded and inserted into the membrane to retain
their transport function. Although we detected some lateral
staining of the L0MDR1 molecule in MDCKII cells (Fig. 3A),
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this was probably not due to the presence of a dominant lateral
routing signal in L0 as we observed the same in cells producing
TMD0MDR1 (data not shown). We therefore consider it more
likely that the apical routing signal present in MDR1 was
partially masked in these chimeric proteins.
As documented in our earlier studies (Bakos et al., 1998),
the N-terminally truncated MRP1 core (∆MRP1) could be
expressed in Sf9 and mammalian cells, but was non-functional.
Our previous studies also indicated that a truncated MRP1,
containing a covalently attached L0 but no TMD0 region,
resulted in a functional MRP1-like protein that was correctly
routed to the plasma membrane (Bakos et al., 1998). Here we
document that when the non-functional MRP1 core was
coexpressed with the isolated L0 molecule in Sf9 cells a
functional MRP1 protein was obtained, with essentially the
same transport and nucleotide-trapping characteristics as the
wild-type protein. Thus a covalent linkage between the MRP1
core and the L0 region is not required. As noted for the
L0MRP1 construct in our previous experiments (Bakos et al.,
1998), the coexpressed L0+∆MRP1 had a higher Km for GSconjugates than the wild-type MRP1, and thus some regulatory
role of the TMD0 region may be absent in these proteins.
When ∆MRP1 was coexpressed with the L0 region in
polarised MDCKII cells, we found that L0 was routed to the
lateral membrane (Fig. 6), most likely together with ∆MRP1.
Similar results were obtained in coexpression experiments
with the TMD0L0 region, in which we could show a partial
relocalization of ∆MRP1 and TMD0L0 to the plasma
membrane (data not shown). Although in MDCKII cells, for
technical reasons, transport by these coproduced proteins could
not be measured, these results suggest that the isolated
TMD0L0 and L0 peptides can properly fold, attach to the cell
membrane and associate with ∆MRP1. All coexpression
studies in Sf9 and MDCKII cells indicate that the L0 region is
a distinct protein domain within the MRP1 protein that works
in specific association with the core region of MRP1.
It is possible that the L0 region contains a routing signal
sufficient to induce lateral routing of the ∆MRP1 fragment.
However, we cannot exclude that ∆MRP1 alone is not properly
folded in MDCKII cells and therefore gets stuck in the
endoplasmic reticulum. Association with L0 may result in
proper folding and transport to the plasma membrane.
Experiments are in progress to discriminate between these
possibilities.
In the experiments with Sf9 membranes we found that the
isolated L0 peptide, which was predicted to be localized in the
cytoplasm, was attached to membranes and could be
solubilized only by treatment with urea or detergents. This
membrane interaction of L0 did not require the presence of
the ∆MRP1 protein. Computer-based secondary structure
predictions indicated that the L0 region has two alpha-helical
regions, one of which (aa 221-233) is a characteristic
amphipathic helix, conserved in all members of the MRP
family (Fig. 7C). Such an amphipathic helix may produce
hydrophobic interactions with the lipid phase of the cell
membrane or with hydrophobic regions of other membrane
proteins.
In order to analyse the role of the predicted amphipathic
alpha-helical region within L0, a mutant was generated in
which this region was deleted. When MRP1∆(223-232) was
expressed in both Sf9 and MDCKII cells, we found that this

deletion eliminated MRP1 transport function, but did not affect
glycosylation or membrane routing. Moreover, when the
isolated L0∆(223-232) was produced in Sf9 cells, the mutation
abolished the hydrophobic membrane attachment of the L0
region and eliminated any functional re-activation of the
∆MRP1 construct. These experiments suggest that the
hydrophobic alpha-helix within the L0 region participates in
membrane attachment and is absolutely required for the
function of MRP1.
As MRP1 may play a major role in clinical chemotherapy
resistance of human tumors (Hipfner et al., 1999), information
regarding its key functional domains and the identification of
small specific peptide regions should significantly help in the
design of efficient inhibitors for this drug pump. Further
investigation of the structural and functional features of the L0
domain should promote this work, with the possibility of
devising agents serving clinical applications.
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