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ABSTRACT: Human multidrug resistance protein 1 (MRP1) is an ATP binding cassette (ABC) transporter
that confers resistance to many natural product chemotherapeutic agents and can transport structurally
diverse conjugated organic anions. MRP1 has three polytopic transmembrane domains (TMDs) and a
total of 17 TM helices. Photolabeling and mutagenesis studies of MRP1 indicate that TM11, the last
helix in the second TMD, may form part of the protein’s substrate binding pocket. We have demonstrated
that certain polar residues within a number of TM helices, including Arg593 in TM11, are determinants of
MRP1 substrate specificity or overall activity. We have now extended these analyses to assess the functional
consequences of mutating the remaining seven polar residues within and near TM11. Mutations Q580A,
T581A, and S585A in the predicted outer leaflet region of the helix had no detectable effect on function,
while mutation of three residues close to the membrane/cytoplasm interface altered substrate specificity.
Two of these mutations affected only drug resistance. N597A increased and decreased resistance to
vincristine and VP-16, respectively, while S605A decreased resistance to vincristine, VP-16 and doxorubicin.
The third, S604A, selectively increased 17â-estradiol 17-(â-D-glucuronide) (E217âG) transport. In contrast,
elimination of the polar character of the residue at position 590 (Asn in the wild-type protein) uniformly
impaired the ability of MRP1 to transport potential physiological substrates and to confer resistance to
three different classes of natural product drugs. Kinetic and photolabeling studies revealed that mutation
N590A not only decreased the affinity of MRP1 for cysteinyl leukotriene 4 (LTC4) but also substantially
reduced the binding of ATP to nucleotide binding domain 1 (NBD1). Thus, polar interactions involving
residues in TM11 influence not only the substrate specificity of MRP1 but also an early step in the proposed
catalytic cycle of the protein.

Multidrug resistance protein 1 (MRP1/ABCC1)1 belongs
to the C branch of the ATP binding cassette (ABC)
superfamily. The human C branch includes MRP1-6 (ABCC1-
6) and MRP7-9 (ABCC10-12), as well as the sulfonylurea
receptors SUR1 (ABCC8) and SUR2 (ABCC9) and the
cystic fibrosis transmembrane conductance regulator CFTR
(ABCC7) (1-5). The predicted topology of MRP1 and
several related ABCC proteins differs from that of most
eukaryotic ABC transporters, which are composed of two

membrane spanning domains (MSDs), each containing six
transmembrane (TM)R-helices and connected at their
COOH-proximal ends to a cytoplasmic nucleotide binding
domain (NBDs) (6). MRP1 has an additional NH2-terminal
domain, MSD1, with five TMs and an extracellular NH2-
terminus (7, 8). Thus, MRP1 is predicted to contain three
MSDs with 5+ 6 + 6 TM helices (Figure 1) (7-10).

MRP1 confers resistance to many commonly used, struc-
turally diverse, natural product chemotherapeutic agents,
including anthracyclines, epipodophylotoxins, and vinca
alkaloids, as well as methotrexate and certain heavy metal
oxyanions (11-15). Like P-gp, MRP1-mediated resistance
is usually associated with an energy-dependent decrease in
steady-state cellular accumulation of drugs as a consequence
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of increased drug efflux (5, 16). However, considerable
evidence indicates that MRP1 mediated transport of unmodi-
fied drugs, such as vincristine and doxorubicin, requires the
presence of not only ATP but also reduced glutathione (GSH)
(17-21). GSH appears to be cotransported with these
unmodified drugs, although the stoichiometry of transport
is not well-established (20-22).

In addition to conferring drug resistance, MRP1 transports
a wide range of relatively hydrophilic glutathione-, glucur-
onate-, and sulfate-conjugated organic anions (20, 23-29).
Extensive in vitro transport studies using MRP1-enriched
inside-out membrane vesicles have established that the
protein is capable of direct, ATP-dependent transport of many
organic anion conjugates, such as the glutathione conjugate
cysteinyl leukotriene 4 (LTC4) and the glucuronate conjugate
17â-estradiol 17-(â-D-glucuronide) (E217âG) (20, 23-25).
In contrast, MRP1-mediated transport of other organic
anionic conjugates, such as the sulfate conjugate, estrogen-
3-sulfate, and the glucuronate conjugate, 4-(methylnitros-
amino)-1-(3-pyridyl)-1-butanol (NNAL)-O-glucuronide, is
markedly stimulated by GSH (28, 29). Unlike unmodified
drugs such as vincristine and daunorubicin, neither estrogen-
3-sulfate nor NNAL-O-glucuronide detectably stimulate GSH
transport (28, 29). What determines whether transport of a
particular substrate is GSH dependent is not known.

How MRP1 binds and transports such a large number of
structurally unrelated substrates remains an active area of
study. We have shown that certain charged and polar
aromatic amino acids, as well as a relatively large number
of polar, nonaromatic amino acid residues appear to be
important determinants of substrate specificity, suggesting
that hydrogen bonding is an important contributor to substrate
binding and possibly release (30-33, 50). More recently,
some amino acids predicted to be in extracellular or
cytoplasmic regions have also been found to be important
for the function of MRP1 (34, 35).

In addition to the effects of mutations in various TM
helices on substrate specificity, photoaffinity labeling studies
of wild-type MRP1 with substrates and other ligands indicate
that TMs10, -11 and -16, -17 may be major sites of cross-
linking between bound ligand and protein (36-39). In ABC
transporters with a more typical MSD structure, such as P-gp
and CFTR, these helices correspond to TM’s 5, 6 and 11,
12. In P-gp, TM6 has been shown to be particularly critical
for substrate recognition (40, 41). Mutational studies of

CFTR have also demonstrated that certain residues, particu-
larly polar residues such as Arg334, Lys335, Thr338, Ser341, and
Arg347, predicted to be located within TM6, are involved in
forming the CFTR channel pore and determining the
permeation properties of the protein (42-44). We have now
investigated the role of polar residues within and near TM11
of MRP1 in determining the substrate specificity and/or
overall activity of the protein. Amino acid residues Gln580,
Thr581, Ser585, Asn597, and Ser605 were replaced individually
by Ala. Ser604 was converted to Ala and Thr, and Asn590

was mutated to Ala, Gln, and Asp. These mutant proteins
were then stably expressed in human embryonic kidney
(HEK293) cells, and the transfectants were characterized with
respect to their drug resistance profiles and ability to transport
GSH, LTC4, and E217âG. These studies demonstrate the
importance of Asn597, Ser604, and Ser605 in defining the
substrate specificity of MRP1 and of Asn590 in determining
the overall activity of the protein. In addition, we show that
the presence of an amino acid with side-chain hydrogen-
bonding potential at position 590 in TM11 is required for
efficient binding of ATP to NBD1 of the protein, thus
providing a possible explanation for the pleiotropic effect
of mutating this residue to nonpolar Ala.

EXPERIMENTAL PROCEDURES

Materials.Culture medium and fetal bovine serum were
obtained from Life Technologies, Inc. [3H]LTC4 (38
Ci/mmol) and [3H]GSH (52 Ci/mmol) were purchased from
Amersham Pharmacia Biotech, [3H]E217âG (44 Ci/mmol)
from PerkinElmer Life Sciences, and 8-azido-[R32P]ATP
(11.8 Ci/mmol) from Affinity Labeling Technologies, Inc.
(Lexington, KY). Doxorubicin HCl, etoposide (VP-16), and
vincristine sulfate were obtained from Sigma.

Site-Directed Mutagenesis.Mutations Q580A, T581A,
S604T, and S605A were generated using the Transformer-
Site-Directed Mutagenesis kit (CLONTECH, Palo Alto, CA).
Templates were prepared by cloning∼1.5-1.7 kilobase (kb)
restriction fragments of MRP1 cDNAs into pGEM-3Zf
(Promega). Mutagenesis was then performed according to
the manufacturer’s instructions using a selection primer 5′-
GAG AGT GCA CGA TAT CCG GTG TG-3′ that mutates
a unique NdeI site in the vector to an EcoRV restriction site.
Oligonucleotides bearing mismatched bases at the residues
to be mutated (underlined) were synthesized by ACGT Corp.
(Toronto, Canada). They are as follows: Q580A (5′-C ATC
CTG GAT GCC GCG ACG GCC TTC GTG TC-3′), T581A
(5′-CTG GAT GCC CAG GCG GCC TTC GTG TCT TTG-
3′), S605A (5′-C ATG GTC ATC AGC GCG ATC GTG
CAG GCG-3′), and S604T (5′-CCC ATG GTC ATC ACT
AGT ATC GTG CAG GCG-3′).

Mutations S585A, N590A, N590Q, N590D, N597A, and
S604A were generated using the QuikchangeSite-Directed
Mutagenesis kit (STRATAGENE, La Jolla, CA). Templates
were prepared as described previously. Mutagenesis was then
performed according to the manufacturer’s instructions.
Oligonucleotides bearing mismatched bases at the residues
to be mutated (underlined) were synthesized by ACGT Corp.
(Toronto, Canada). They are as follows: S585A (5′-C CAG
ACA GCC TTC GTG GCT TTG GCC TTG-3), N590A (5′-
CT TTG GCC TTG TTC GCC ATC CTC CGG TTT CCC-
3′), N590Q (5′-CT TTG GCC TTG TTC CAG ATC CTC

FIGURE 1: Topology of human MRP1. Panel A: the predicted
topology of human MRP1 with 17 transmembrane (TM) helices.
The putative TM11 is indicated by a lighter shading. Panel B: The
amino acid sequence of MRP1 Ala579 to Val607 indicating polar
amino acids subjected to mutation.
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CGG TTT CCC-3′), N590D (5′-CT TTG GCC TTG TTC
GAT ATC CTC CGG TTT CCC-3′), N597A (5′-CTC CGG
TTT CCC CTG GCC ATT CTC CCC ATG GT-3′), and
S604A (5′-CTC CCC ATG GTC ATC GCC AGC ATC
GTG CAG GC-3′)

After confirming all mutations by DNA Thermo Sequenase
Cy5.5 and Cy5.0 dye terminator cycle sequencing (Amer-
sham Biosciences) according to the manufacturer’s instruc-
tions, DNA fragments containing the desired mutations were
transferred into pCEBV7-MRP1. After the mutations were
reconstructed into the full-length clones, the integrity of the
entire mutated inserts and cloning sites was verified by DNA
sequencing (ACGT Corp., Toronto, Canada).

Cell Lines and Tissue Culture.Stable transfection of
HEK293 cells with the pCEBV7 vector containing the wild-
type and mutant MRP1 cDNAs has been described previ-
ously (14, 30, 31, 45). Briefly, HEK293 cells were trans-
fected with pCEBV7 vectors containing mutant MRP1 using
Fugene6 (Roche Molecular Biochemicals) according to the
manufacturer’s instructions. After∼48 h, the transfected cells
were supplemented with fresh medium containing 100µg/
mL hygromycin B. Approximately 3 weeks after transfection,
the hygromycin B-resistant cells were cloned by limiting
dilution, and the resulting cell lines were tested for high-
level expression of the mutant proteins.

Determination of Protein LeVels in Transfected Cells.
Plasma membrane vesicles were prepared by centrifugation
through sucrose, as described previously (14, 19). After
determination of protein levels by Bradford assay (Bio-Rad),
total membrane protein (0.5, 1.0, and 1.25µg) from
transfectants expressing wild-type MRP1 and various mutant
proteins were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) using a 7.5%
gel. Proteins were subsequently transferred to Immobilon-P
poly(vinylidene difluoride) membranes (Millipore, Bedford,
MA) by electroblotting. The proteins were detected with
mAb, MRPm6 (Alexis Biochemicals, San Diego, CA).
Antibody binding was detected with horseredish peroxidase-
conjugated goat anti-rat IgG (Pierce), followed by enhanced
chemiluminescence detection and X-Omat Blue XB-1 films
(PerkinElmer Life Sciences). Densitometry of the film
images was performed using a ChemiImager 4000 (Alpha
Innotech Corporation, San Leandro, CA). The relative protein
expression levels were calculated by dividing the integrated
densitometry values obtained for 0.5, 1.0, and 1.25µg of
total membrane proteins from transfectants expressing the
mutant proteins by the integrated densitometry values
obtained for the comparable amounts of total membrane
proteins from transfectants expressing the wild-type protein.
Each comparison was performed at least three times in
independent experiments. The results were then pooled, and
the mean values were used for normalization purposes.

Confocal Microscopy.Confocal microscopy was carried
out as described previously (30, 31, 45). Briefly, ∼5 × 105

stably transfected HEK293 cells were seeded in each well
of a 6-well tissue culture dish on coverslips. When the cells
had grown to confluence, they were washed once in
phosphate-buffered saline (PBS) and then fixed with 2%
paraformaldehyde in PBS, followed by permeabilization
using digitonin (0.25 mg/mL in PBS). MRP1 proteins were
detected with the monoclonal antibody MRPm6. Antibody
binding was detected with Alexa Fluor 488 anti-mouse IgG

(H + L) (Fab′)2 fragment. Nuclei were stained with pro-
pidium iodide. Localization of MRP1 in the transfected cells
was determined using a Meridian Insight confocal micro-
scope (filter, 620/40 nm for propidium iodide; 530/30 nm
for Fluor 488).

Expression of the NH2- and COOH-Proximal Half-
Molecules of MRP1 in SF21 Cells.The construction of the
dual expression vector pFASTBAC Dual (Life Technologies
Inc.) encoding the NH2- and the COOH-proximal half-
molecules of MRP1 has been described previously (46). To
generate the MRP1N590A-pFASTBAC dual vector, pCEBV7-
MRP1 containing mutation N590A was digested with BamHI
and SphI, and an approximately 1.8 kb fragment comprised
of nucleotides 840-2699 of MRP1N590A was isolated. This
fragment was then ligated to an approximately 8.2 kb
fragment isolated from BamHI and SphI digested MRP1-
pFASTBAC dual vector.

Recombinant bacmids and baculoviruses were generated
as described previously (46). The conditions used for viral
infection were also similar to those described previously (46).
Plasma membrane vesicles were prepared, and the expression
levels of wild-type and mutant protein in infected cells were
determined, as described previously. The NH2-proximal
proteins were detected with mAb, MRPr1 (Alexis Biochemi-
cals, San Diego, CA), and the COOH-proximal proteins were
detected with mAb, MRPm6 (Alexis Biochemicals, San
Diego, CA).

LTC4, E217âG, and GSH Transport by Membrane Vesicles.
Plasma membrane vesicles were prepared as described
previously, and ATP-dependent transport of [3H]LTC4 into
the inside-out membrane vesicles was measured by a rapid
filtration technique (19, 23, 47). Briefly, vesicles (10µg of
total proteins) were incubated at 23°C in 100µL of transport
buffer (50 mM Tris-HCl, 250 mM sucrose, 0.02% sodium
azide, pH 7.4) containing ATP or AMP (4 mM), 10 mM
MgCl2, and [3H]LTC4 (50 nM, 200 nCi). At the indicated
times, 20µL aliquots were removed and added to 1 mL of
ice-cold transport buffer, followed by filtration under vacuum
through glass fiber filters (type A/E, Gelman Sciences,
Dorval, Quebec, Canada). Filters were immediately washed
twice with 4 mL of cold transport buffer. The bound
radioactivity was determined by scintillation counting. All
data were corrected for the amount of [3H]LTC4 that
remained bound to the filter in the absence of vesicle protein
(usually <5% of the total radioactivity). [3H]LTC4 uptake
was expressed relative to the total protein concentration in
each reaction. ATP-dependent uptake of [3H]E217âG (400
nM, 120 nCi) was measured as described for [3H]LTC4

except that the reaction was carried out at 37°C.
Km andVmax values of ATP-dependent [3H]LTC4 uptake

by membrane vesicles (2.5µg of total proteins) were
measured at various LTC4 concentrations (0.01-1 µM) for
1 min at 23°C in 25 µL of transport buffer containing 4
mM ATP and 10 mM MgCl2, followed by nonlinear
regression analyses. Kinetic parameters of ATP-dependent
[3H]E217âG (0.1-16 µM) uptake were determined as
described for [3H]LTC4 except that the reaction was carried
out at 37°C.

GSH uptake was also measured by rapid filtration with
membrane vesicles (20µg of total proteins) incubated at 37
°C for 20 min in a 60µL reaction volume with [3H]GSH
(100 µM, 300 nCi). To minimize GSH catabolism by
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γ-glutamyltranspeptidase during transport, membranes were
preincubated in 0.5 mM acivicin for 10 min at 37°C prior
to measuring [3H]GSH uptake in the presence of verapamil
(100 µM).

Photoaffinity Labeling of the Wild-Type and Mutant
Proteins with [3H]LTC4. Wild-type and mutant MRP1
membrane proteins were photolabeled with [3H]LTC4 es-
sentially as described previously (19, 36). Briefly, membrane
vesicles (50µg of total proteins in 35µL of transport buffer)
were incubated with [3H]LTC4 (0.3 µCi, 200 nM) at room
temperature for 30 min, frozen in liquid nitrogen, and UV-
irradiated. Proteins were analyzed on a 5-15% gradient gel
by SDS-PAGE. The gel was then fixed treated with Amplify
(Amersham Biosciences), dried, and exposed to film for 1
week at-70 °C.

ChemosensitiVity Testing.Drug resistance was determined
using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) assay as described previously
(11, 12, 14). Mean values of quadruplicate determinations
(×b1SD) were plotted using GraphPad software. IC50 values
were obtained from the best fit of the data to a sigmoidal
curve. Relative resistance is expressed as the ratio of the
IC50 value of cells transfected with MRP1 expression vectors
as compared with cells transfected with empty vector.
Resistance was determined in three or more independent
experiments.

Photolabeling of MRP1 with 8-Azido-[R32P]ATP and
OrthoVanadate-Induced Trapping of 8-Azido-[R32P]ATP by
MRP1. Wild-type and mutant MRP1 membrane proteins
were photolabeled with 8-azido-[R32P]ATP essentially as
described previously (46). Briefly, membrane vesicles (20
µg of total proteins in 10µL of transport buffer containing
5 mM MgCl2) were incubated with 8-azido-[R32P]ATP (1
µCi) on ice for 5 min and UV-irradiated. The reactions were
stopped by the addition of 400µL of ice-cold stop buffer
(50 mM Tris-Cl, pH 7.2, 0.1 mM EGTA, 5 mM MgCl2),
and the membranes were centrifuged at 14 000 rpm for 15
min at 4°C. The pellets were resuspended in 20µL of stop
buffer and were then analyzed on a 5-15% gradient gel by
SDS-PAGE. The gel was then dried and exposed to film
for 2 h atroom temperature.

Orthovanadate-induced trapping of 8-azido-[R32P]ATP by
MRP1 was determined as described previously (46). Briefly,
membrane proteins (20µg of total proteins) were incubated
in transport buffer (10µL) containing 5 mM MgCl2, 1 mM
sodium orthovanadate, and 8-azido-[R32P]ATP (1µCi) in the
presence and absence of 1µM LTC4 at 37 °C for 15 min.
The reactions were stopped by the addition of 400µL of
ice-cold stop buffer, and the membranes were centrifuged
at 14 000 rpm for 15 min at 4°C. The pellets were washed
again and resuspended in 20µL of stop buffer. The samples
were transferred to a 96-well plate and UV-irradiated.
Proteins were analyzed on a 5-15% gradient gel by SDS-
PAGE. The gel was then dried and exposed to film for 6 h
at room temperature.

RESULTS

Expression of Mutant MRP1 in Stably Transfected HEK293
Cells. We have previously shown that mutations of amino
acid residues with side-chain hydrogen-bonding potential in
several TM helices in MRP1 can drastically affect the

substrate specificity of the protein (30-32). The most
extensively analyzed helix to date is TM17, which photo-
affinity labeling studies indicate may be a major site of cross-
linking between bound ligand and protein. Such studies have
also implicated TM11 as part of a major drug-binding site
(36, 39). Most recently, a possible MRP1 structure, based
on homology modeling with a predicted structure of P-gp
and the crystal structure of VC-MsbA, led to the identifica-
tion of a Phe residue (Phe594) in TM11 that was important
for the overall activity of the protein. Nonconservative
mutation of Phe594 to Ala resulted in decreased transport of
all substrates tested and loss of photolabeling with LTC4. In
contrast, conservative mutation to Tyr and Trp resulted in
residue-dependent changes in substrate specificity (48). Like
the F594A mutation, nonconservative substitution of the two
adjacent residues Arg593 and Pro595 also decreased transport
of all organic anion substrates tested (35, 49). TM 11 of
MRP1 contains a relatively high proportion of polar residues.
To examine their possible importance in determining the
overall activity and substrate specificity of MRP1, we
generated a series of seven mutant proteins in which Gln580,
Thr581, Ser585, Asn597, Ser604, Ser605, and Asn590 were replaced
individually by Ala (Figure 1).

The episomal expression vector, pCEBV7, containing
mutated forms of MRP1 cDNAs was used to stably transfect
HEK293 cells, and populations of transfected cells were
selected in hygromycin B. The resultant stably transfected
cell populations were cloned by limiting dilution, and
subpopulations expressing high levels of MRP1 mutant
proteins were used in subsequent studies. The levels of
mutant proteins relative to wild-type MRP1 in previously
characterized HEK transfectants were determined by immu-
noblotting and densitometry (Figure 2A). Endogenous MRP1
in HEK293 cells transfected with the empty vector was
undetectable under the conditions used (data not shown). The
expression levels of seven of the mutant proteins in stably
transfected HEK293 cells were similar to that of wild-type
MRP1.

To determine whether these mutations influenced traf-
ficking of the protein, we compared the subcellular localiza-
tion of wild-type and mutant MRP1 by confocal microscopy.
As shown in Figure 2B, the subcellular distribution of the
mutated proteins assessed by immunoreactivity with the
MRP1 specific mAb MRPm6 was indistinguishable from that
of cells expressing wild-type protein. In all cases, strong
plasma membrane staining was observed, indicating that
trafficking was unaffected.

Transport of [3H]LTC4 and [3H]E217âG by Wild-Type and
Mutant MRP1.To determine whether any of the mutations
altered the efficiency with which the protein transported
LTC4 and E217âG, we examined ATP-dependent uptake of
these compounds by membrane vesicles prepared from HEK
transfectants expressing each of these mutant proteins (Figure
3). The levels of LTC4 uptake by vesicles prepared from
HEK transfectants expressing either wild-type MRP1 or
mutations Q580A, T581A, S585A, N597A, S604A, and
S605A were proportional to the relative expression levels
of the wild-type and mutant proteins. The only mutation that
affected LTC4 transport was replacement of Asn590 by Ala,
which decreased the ability of MRP1 to transport LTC4 by
approximately 50-60% (Figure 3A-D).
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ATP-dependent transport of [3H]E217âG was also exam-
ined (Figure 3E-H). Mutations Q580A, T581A, S585A,
N597A, and S605A had no detectable effect on transport.
However, substitution of Ser604 with Ala (S604A) increased
the transport efficiency by approximately 2-fold. On the other
hand, replacement of Asn590 with Ala (N590A) substantially
decreased the levels of E217âG transport. Thus, mutation
S604A altered only the ability of MRP1 to transport the
glucuronidated estrogen, whereas mutation N590A influ-
enced the transport of both LTC4 and E217âG.

Effect of Mutations S604T, N590Q, and N590D on
Transport of [3H]LTC4 and [3H]E217âG by Wild-Type
MRP1.Replacement of Ser604 and Asn590 with nonpolar Ala
increased the levels of E217âG transport or decreased the
transport of both LTC4 and E217âG, respectively. Conse-
quently, we examined the effect of more conservative
substitution of these residues with other polar amino acids.
Ser604 was mutated to Thr, and Asn590 was converted to Asp
and Gln. The mutant proteins were then stably expressed in
HEK293 cells. Their expression levels were similar to that
of wild-type MRP1 (Figure 4A). The effects of all of the
mutations on the ability of MRP1 to transport LTC4 and E2-
17âG are shown in Figure 4B,C. Mutations N590Q, N590D,
and S604T had no effect on transport of the two substrates.
These results suggest that the polar character of the residue
side chain at positions 590 and 604 but not their size is
important in defining the efficiency with which wild-type
MRP1 transports both LTC4 and E217âG.

Kinetic Parameters of [3H]LTC4 and [3H]E217âG Trans-
port by Wild-Type and Mutant MRP1.To examine the

influence of the N590A and S604A mutations more quan-
titatively, we compared their effect on the kinetic parameters
of transport of both substrates (Figure 5). Mutation S604A
had no effect on either the apparentKm or Vmax values for
LTC4 uptake (Km 150 and 145 nM, andVmax 89 and 84 pmol/
mg/min for wild-type MRP1 and mutation S604A, respec-
tively) (Figure 5B and Table 1). In contrast, the N590A
mutation decreased theVmax and increased the apparentKm

value for LTC4 transport (56 pmol/mg/min and 277 nM for
mutation N590A) (Figure 5B and Table 1). Thus, mutation
N590A decreased theVmax/Km ratio for LTC4 approximately
3-fold.

For E217âG transport, theVmax value for mutation S604A
was increased by 20-25% relative to wild-type MRP1 (197
pmol/mg/min for wild-type MRP1 vs 241 pmol/mg/min for
the mutation), while the apparentKm was decreased∼2.5-
fold (1.7 and 0.7µM for wild-type MRP1 and mutation
S604A, respectively) (Figure 5C and Table 1). In contrast,
substitution of Asn590 with Ala increased theKm value by
approximately 65% (2.8µM) and decreased theVmax value
by approximately 2-fold (93 pmol/mg/min) (Figure 5C and
Table 1). Thus, as observed with LTC4 as a substrate,
mutation N590A decreased theVmax/Km ratio for E217âG
approximately 3-fold, whereas the S604A mutation increased
the Vmax/Km ratio for this substrate approximately 3-fold.
These changes in transport efficiency were mediated pre-
dominantly by a decrease in apparent affinity for both LTC4

and E217âG as a result of the S604A mutation, while the
N590A mutation increased the apparentKm and decreased
the Vmax for E217âG.

Photolabeling of the Wild-Type and Mutant Proteins with
[ 3H]LTC4. Since transport studies indicated that mutation
N590A increased the apparentKm for LTC4, we directly
examined the ability of the mutant protein to bind and be
photolabeled by [3H]LTC4. The N590A mutation decreased
photolabeling, consistent with the results obtained with
kinetic analysis of LTC4 uptake (Figure 6B). We have shown
previously that a decrease in affinity for substrate occurs
when NBD2 is occupied by either ATP or ADP. Although
photolabeling of the N590A mutant protein was decreased
relative to wild type in the absence of ATP, a further decrease
was observed in the presence of nucleotide, indicating that
the protein retains the ability to shift from a higher to lower
affinity state. To investigate the effect of mutation N590A
on photolabeling of LTC4 more precisely, we took advantage
of a pFASTBAC dual vector, in which the NH2-proximal
MRP1 fragment (amino acids 1-932) was modified to
contain mutation N590A and coexpressed with a wild-type
COOH-proximal fragment (amino acids 932-1531). The
wild-type and mutant MRP1-pFASTBAC dual vectors were

FIGURE 2: Expression of mutant MRP1 in stably transfected
HEK293 cells. Panel A: expression levels of wild-type and mutant
MRP1 proteins in membrane vesicles isolated from stably trans-
fected HEK293 cells were determined by immunobloting of
membrane vesicle preparations and densitometry as described. Blots
were probed with the MRP1-specific mAb MRPm6. The numbers
below the blot refer to the levels of the mutant MRP1 proteins
relative to the levels of wild-type MRP1 proteins in membrane
vesicles prepared from the stably transfected HEK293 cells. Similar
results were obtained from eight more experiments. Panel B:
subcellular localization of wild-type and mutant MRP1 was
determined by confocal microscopy as described. MRP1 was
detected using mAb MRPm6. Location of MRP1 is indicated in
green. Nuclei were stained with propidium iodide and are shown
in red. Transfectants tested were expressing wild-type or mutant
MRP1 as indicated in the figure. Anx-y optical section of the
cells is shown to illustrate the distribution of the wild-type and
mutant proteins between plasma and intracellular membranes.

Table 1: Kinetic Parameters of LTC4 and E217âG Uptake by
Vesicles from HEK Cells Transfected with Vectors Encoding
Wild-Type and Mutant Proteinsa

Km (µM) Vmax (pmol/ mg/min) Vmax/Km

transfectant LTC4 E217âG LTC4 E217âG LTC4 E217âG

HEKMRP1 0.150 1.7 89 197 593 116
HEKMRP1N590A 0.277 2.8 56 93 202 33
HEKMRP1S604A 0.145 0.7 84 241 579 344

a The kinetic parameters of LTC4 and E217âG uptake were deter-
mined as described in the legend to Figure 5.
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then used to infect SF21 cells. The expression levels of both
NH2- and COOH-proximal fragments encoded by the mutant
MRP1N590A pFASTBACK dual vector were slightly lower
that those of the wild-type half-molecules (Figure 6C). The
ATP-dependent LTC4 uptake by reconstituted mutant and
wild-type proteins was then determined by transport assays
(Figure 6D). As observed with results obtained from analyses
of membrane vesicles prepared from HEK293 cells stably
transfected with full-length mutant MRP1N590A, replacement
of Asn590 by Ala decreased the transport activity by ap-
proximately 50%. Photolabeling of mutant dual-half proteins
with [3H]LTC4 was then carried out. As shown in Figure
6E, the N590A mutation resulted in a significant reduction
of the labeling of LTC4 at both the NH2- and the COOH-
proximal halves of MRP1. In addition, we observed that ATP
could significantly decrease the labeling of the NH2-proximal
half of wild-type MRP1, consistent with previous studies
(46).

Resistance Profiles of Wild-Type and Mutant Human
Proteins. The drug resistance profiles of transfectants
expressing mutant proteins were also determined using MTT
assays. The results are presented as relative drug resistance
factors in Table 2. Mutations Q580A, T581A, S585A,
S604A, and S604T had no significant effect on the ability
of MRP1 to confer resistance to any drug tested. In contrast,
conversion of Asn597 to Ala resulted in a mutant protein with
enhanced resistance to vincristine (3-4-fold) but an ap-
proximately 3-fold decrease in the ability to confer resistance
to VP-16 without any significant effect on doxorubicin
resistance. On the other hand, despite the fact that converting
Asn590 to either Gln or Asp had no effect on the drug
resistance profile of MRP1, substitution of the residue with
Ala significantly decreased resistance to vincristine, doxo-
rubicin, and VP-16. Replacement of Ser605 by Ala also
resulted in approximately a 2-3-fold reduction of resistance
to all three drugs tested. Thus, Asn597 affects the drug

FIGURE 3: ATP-dependent [3H]LTC4 and [3H]E217âG uptake by membrane vesicles prepared from HEK293 cells stably transfected with
wild type or mutant MRP1. Panels A-D: LTC4 uptake. Membrane vesicles were incubated at 23°C with 50 nM LTC4 (200 nCi) in
transport buffer for the time indicated, as described. Panel E-H: ATP-dependent uptake of [3H]E217âG (400 nM, 120 nCi) was measured
as described for [3H]LTC4 except that the reaction was carried out at 37°C. Transfectants tested were HEKpc7(9), HEKMRP1(2), HEKMRP1Q580A-
(1), HEKMRP1T581A([), HEKMRP1S585A(b), HEKMRP1N590A(0), HEKMRP1N597A(4), HEKMRP1S604A(3), and HEKMRPS605A(]). The uptake of
LTC4 and E217âG by membrane vesicles prepared from control and wild-type MRP1-transfected HEK293 cells in transport buffer containing
4 mM AMP was also examined and shown in panels A and D [HEKpc7(O), and HEKMRP1(+)]. The normalized transport values were
obtained by adjusting experimentally determined values (1 min time point) to compensate for differences in the relative levels of the
wild-type and mutant proteins and are shown in panels D and H as gray bars. Data shown in panels A-F have not been normalized to
compensate for differences in expression levels. Values are mean( SD of g3 independent experiments.
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specificity of MRP1, while Asn590 and Ser605 influence the
level of resistance to all three classes of drugs tested.

Transport of [3H]GSH by Wild-Type and Mutant MRP1.
The studies described previously showed that the N590A
mutation modulated the ability of MRP1 to confer drug
resistance and to transport conjugated organic anions. In
contrast, mutations N597A and S605A influenced only the
drug resistance profile of MRP1, and mutation S604A
affected the transport of only E217âG. One major distinction
between MRP1-mediated transport of conjugated substrates,
such as LTC4 and E217âG, and drugs, such as vincristine
and daunorubicin, is a requirement for GSH (17-20), which
may be cotransported with the unmodified drug. This
suggested that the mutations might have affected the interac-
tion of GSH with the protein (19, 22). To examine this
possibility, we took advantage of our previous demonstration
that MRP1 exhibits low levels of ATP-dependent GSH
transport in the absence of a second substrate and that GSH
transport can be dramatically stimulated by verapamil (51).
As observed with the effects of the mutations on LTC4

transport, only replacement of Asn590 with Ala significantly

decreased the ability of MRP1 to transport GSH (Figure 7).
Other mutations, including N597A and S605A, which
influenced MRP1-mediated drug resistance, had no effect,
suggesting that they modify interactions between MRP1 and
the drug rather than altering the ability to bind and transport
GSH.

Effect of Mutation N590A on Photolabeling of MRP1 with
8-Azido-[R32P]ATP. On the basis of all substrates tested,
mutation N590A affected the overall activity of MRP1. Most
recently, we reported that conversion of Asp1084, predicted
to be at/ near the cytoplasm/membrane interface of TM14,
both decreased the overall transport activity of MRP1 and
markedly reduced the hydrolysis of ATP at NBD2 of MRP1
(33). To investigate whether the N590A mutation influenced
the binding and/or hydrolysis of ATP at NBD1 and/or NBD2

FIGURE 4: ATP-dependent [3H]LTC4 and [3H]E217âG uptake by
membrane vesicles prepared from HEK293 cells transfected with
wild-type or mutant MRP1. Panel A: expression levels of wild-
type and mutant MRP1 proteins in membrane vesicles isolated from
stably transfected HEK293 cells were determined by immunobloting
of membrane vesicle preparations and densitometry as described
in the legend to Figure 2A. [3H]LTC4 (B) and [3H]E217âG (C)
uptake by wild-type and mutant proteins was determined as
described in the legend to Figure 3. The normalized transport values
were obtained by adjusting experimentally determined values
(1 min time point) to compensate for differences in the relative
levels of the wild-type and mutant proteins. Values are mean(
SD of g3 independent experiments.

FIGURE 5: Kinetics of ATP-dependent [3H]LTC4 and [3H]E217âG
uptake. Panel A: Expression levels of wild-type and mutant MRP1
proteins in membrane vesicles isolated from transiently transfected
HEK293 cells were determined by immunobloting of membrane
vesicle preparations and densitometry as described in the legend
to Figure 2A. The expression levels of the mutant proteins were
similar to that of wild-type MRP1. Panel B: The initial rate of
ATP-dependent [3H]LTC4 uptake by membrane vesicles prepared
from HEK293 cells transfected with wild-type or mutant proteins
was measured at various LTC4 concentrations (0.01-1 µM) for 1
min at 23 °C as described. Panel C: [3H]E217âG uptake was
determined as described for [3H]LTC4 except that the reactions were
carried out at 37°C with various concentrations of E217âG (0.1-
16 µM). Values are mean( SD of triplicate determinations in a
single experiment. Similar results were obtained from two more
experiments. Data were plotted asV0 vs [S] to confirm that the
concentration range selected was appropriate to observe both
zero- and first-order rate kinetics. The transfectants tested were
HEKMRP1(9), HEKMRP1N590A(2), and HEKMRP1S604A(1). Kinetics
parameters for LTC4 and E217âG transport were determined from
nonlinear regression analysis of the combined data and are shown
in Table 1.
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of MRP1, we used the baculovirus dual expression system
to examine the effect of the mutation on photolabeling of
MRP1 by 8-azido-[R32P]ATP. The protein was photolabeled
at both 4°C to minimize hydrolysis of the 8-azido-[R32P]-
ATP and 37°C in the presence of vanadate to trap 8-azido-
[R32P]ADP. We and others have shown previously that, at
4°C, ATP binds primarily to NBD1 while under trapping
conditions, the majority of ADP is found associated with
NBD2 (46, 52). As shown in Figure 8B, substitution of
Asn590 with Ala dramatically decreased the binding of the
ATP analogue at NBD1. Binding was also decreased at
NBD2, which is consistent with previous observations that
binding of ATP to NBD1 is a prerequisite for efficient
binding at NBD2 (46, 59). In contrast, the mutation only
modestly decreased vanadate-dependent trapping of 8-azido-
[R32P]ADP by NBD2 (Figure 8C).

Previously, we have shown that the vanadate-dependent
trapping of 8-azido-[R32P]ADP predominantly by NBD2 of

MRP1 was enhanced in the presence of LTC4, consistent
with a substrate dependent stimulation of ATP hydrolysis at
NBD2 (46). Consequently, we investigated the possibility
that the general decrease in transport activity of the protein
might be attributable to loss of substrate-dependent stimula-
tion of the basal ATPase activity of the protein. However,
as shown in Figure 8C, no significant difference could be
detected between wild-type and N590A mutant proteins with
respect to the ability of the LTC4 to enhance ADP trapping
at NBD2 (compare lanes 5 and 6 and lanes 2 and 3 in Figure
8C) (46).

DISCUSSION

Photolabeling studies have implicated TM11 of MRP1 in
substrate binding, and we have shown previously that
nonconservative substitution of any of three amino acids
predicted to be near the middle of the helix causes an overall
decrease in transport activity (35, 48, 49). To further define
the role of amino acids in TM11 in determining substrate
specificity and overall activity, we have extended our
mutational studies to seven previously uninvestigated polar
residues that span from the cytoplasmic to extracellular
interfaces of the helix. On the basis of the substrates tested,
we found that mutations of three polar residues Gln580, Thr581,
and Ser585, predicted to be in the outer leaflet region of TM11
and the immediately adjacent segment of the extracellular
loop, had no detectable effect on protein function. On the
other hand, Ala substitution of three polar residues, Asn597,
Ser604, and Ser605, predicted to be in the inner leaflet of the
membrane and near the cytoplasmic/ membrane interface,
clearly influenced substrate specificity (Figure 9). In contrast,
rather than altering substrate specificity, replacement of
Asn590 with Ala uniformly decreased the overall activity of
MRP1, both with respect to transport of organic anion
conjugates and resistance to three different classes of drugs.
Thus, the consequences of the N590A mutation are similar
to those of nonconservative mutations of other amino acids
(Arg593, Phe594, and Pro595) predicted to be near the middle
of TM11 (35, 48, 49).

Studies of the distantly related bacterial drug transporter,
LmrA, suggest that TM6 of the protein, which as in the case
of P-gp and CFTR corresponds topologically to TM11 of
MRP1, has one face of the helix exposed to an aqueous
cavity that might form a pathway through which substrates
cross the membrane (53). Similarly, studies of CFTR indicate
a number of residues in TM 6 have side chains that are
accessible from the aqueous pore of the channel and that
are important for anion binding, as well as in some cases,
anion selectivity (42-44). These residues tend to cluster in
the middle section of the predicted helix, similar to the cluster
of Asn590 to Pro595 in TM11 of MRP1 (43). In P-gp, residues
in TM6 that have been implicated in the binding of verapamil
and certain derivatives are located predominantly in the
cytoplasmic proximal half of the helix and thus also align
closely with those we have identified in the inner leaflet
region of TM11 (40). Examination of the predicted three-
dimensional structures for TM11 of MRP1 indicates that all
mutation-sensitive polar residues (Asn590, Arg593, Asn597,
Ser604, Ser605) and the mutation-sensitive Phe594 are located
within an approximate 90° arc on one side of the helix
(Figure 9) (48). Consequently, depending on the rotational
orientation of the helix, these residues could be exposed to

FIGURE 6: Photolabeling of wild-type and mutant MRP1 with [3H]-
LTC4. Panel A: expression levels of wild-type and mutant MRP1
proteins in membrane vesicles isolated from stably transfected
HEK293 cells used for photolabeling experiments were determined
by immunobloting of membrane vesicle preparations and densito-
metry as described in the legend to Figure 2A. Panel B: [3H]LTC4
photolabeling was determined as described. Membrane vesicles (40
µg of total proteins in 40µL of transport buffer) were incubated
with [3H]LTC4 (0.3 µCi, 200 nM) at room temperature for 30 min
in the presence and absence of ATP (1 mM), following the binding
procedure as described. Similar results were obtained from three
more experiments. Panel C: Expression levels of the wild-type and
mutant dual-half MRP1 proteins in membrane vesicles prepared
from infected SF21 cells were determined by immunobloting and
densitometry as described. Panel D: [3H]LTC4 uptake by the wild-
type and mutant dual-half proteins was determined as described in
the legend to Figure 3. Transfectants tested wereâ-gus(9), MRP1-
dual half (2), and MRP1N590A-dual half(1). Panel E: Photolabeling
of the wild-type and mutant dual-half proteins with [3H]LTC4 was
determined as described. Similar results were obtained from three
more experiments.
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an aqueous pore serving as a pathway through the membrane
for MRP1 substrates. The exception is Pro595, which is
predicted to cause a kink in the backbone of TM11 and is
oriented toward the opposite side of the helix from the other
residues. Neither P-gp nor CFTR contain a comparable Pro
residue in TM6. It appears likely that mutation of Pro595

would perturb the relative positions of a number of other
critical residues in TM11 that may account, at least in part,
for its effect on the overall activity of the protein (35).

How each residue interacts with different substrates is not
yet known. Previous studies in MRP1, MRP3, and P-gp
suggest that the size of amino acid side chain affects substrate
specificity with small side chains favoring interaction with
larger substrates (30, 33, 54, 55). Consistently, we found
that replacement of Asn597 with Ala increased resistance to
larger drugs such as vincristine and decreased resistance to
smaller substrates such as VP-16. In addition, although
mutation S604T had no effect on any of the MRP1 functions
tested, converting Ser604 to Ala decreased the apparentKm

values and increasedVmax for E217âG uptake. These findings
suggest that elimination of the polar character of the residue
side chain at position 604 may facilitate the interaction of
the protein with the conjugated estrogen, thereby enhancing
transport activity. On the other hand, mutation of Ser605 to
Ala decreased the ability of MRP1 to confer resistance to
vincristine, VP-16, and doxorubicin, consistent with our
previous proposal that hydrogen bonding may be a common
form of interaction between MRP1 and its substrates (30-
33, 45, 55, 60). In addition, mutations N597A and S605A
affected only the drug-resistance profile of MRP1. Since at
least some unmodified drugs are cotransported by MRP1
together with GSH, this observation raised the possibility
that Asn597 and Ser605 residues might be involved in the
cotransport mechanism (19, 22). However, the two mutations
had no effect on the verapamil-stimulated transport of GSH,
suggesting that they are more likely to participate in the
interaction of MRP1 with the drug substrate rather than GSH.

The conversion of Asn590 to Ala substantially decreased
the ability to confer drug resistance and to transport E217âG,
LTC4, and GSH. It also decreased the binding of LTC4, as
assessed by photolabeling experiments. Consistent with
requirement for a hydrogen-bonding side chain at this
location, mutation to either Asp or Gln had no effect on any

Table 2: Relative Drug Resistance of HEK293 Cells Transfected with Wild-Type and Mutant MRP1a

drug (relative resistance factor)

transfectant vincristine VP-16 doxorubicin

HEKMRP1 36.0( 7.5 (36.0) 12.5( 2.7 (12.5) 9.6( 0.9 (9.6)
HEKMRP1Q580A 32.5( 7.8 (32.5) 10.6( 1.1 (10.7) 11.7( 2.8 (11.7)
HEKMRP1T581A 41.2( 8.8 (39.2) 14.6( 2.7 (13.9) 12.1( 0.9 (11.1)
HEKMRP1S585A 37.6( 7.7 (35.8) 12.7( 2.4 (12.1) 9.4( 0.9 (9.0)
HEKMRP1N590A 10.5( 2.9 (10.5) 2.4( 0.6 (2.4) 2.7( 0.7 (2.7)
HEKMRP1N590Q 28.9( 6.0 (32.1) 9.5( 2.0 (10.5) 10.5( 3.8 (11.6)
HEKMRP1N590D 38.9( 2.3 (32.4) 13.6( 0.2 (11.3) 10.2( 2.2 (8.5)
HEKMRP1N597A 131.2( 27.1 (109.3) 6.8( 2.8 (5.7) 10.4( 4.5 (8.7)
HEKMRP1S604A 38.0( 8.6 (38.0) 12.1( 5.6 (12.1) 10.6( 1.7 (10.6)
HEKMRP1S604T 36.9( 6.6 (33.5) 12.1( 0.6 (11.0) 8.9( 1.5 (8.1)
HEKMRP1S605A 12.4( 2.2 (11.3) 7.8( 0.1 (7.1) 3.8( 0.2 (3.5)

a The resistance of HEK293 cells transfected with expression vectors encoding wild-type and mutant MRP1 relative to that of cells transfected
with empty vector were determined using a tetrazolium salt-based microtiter plate assay. The relative resistance factor was obtained by dividing the
IC50 values for wild-type/mutant MRP1-transfected cells by the IC50 value for control transfectants. The values shown represent the mean standard
deviation ((SD) of relative resistance values determined from three independent experiments. Resistance factors normalized for differences in the
levels of mutant proteins expressed in the transfectant populations used are shown in parentheses.

FIGURE 7: ATP-dependent verapamil-stimulated [3H]GSH uptake
by membrane vesicles prepared from HEK293 cells stably trans-
fected with wild-type or mutant MRP1. Membrane vesicles were
incubated at 37°C with 100µM GSH (300 nCi) in transport buffer
in the presence of verapamil (100µM) as described. Transfectants
tested were expressing wild-type or mutant MRP1 as indicated in
the figures. The normalized transport values were obtained by
adjusting experimentally determined values (20 min time point) to
compensate for differences in the relative levels of the wild-type
and mutant proteins and are shown in panel B. Data shown in panel
A have not been normalized to compensate for differences in
expression levels. Values are mean( SD of three independent
experiments.
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function tested. Mutation of Phe594 also markedly diminished
photolabeling with LTC4. However, unlike Asn590, conserva-
tive substitution of Phe594 with Tyr or Trp altered the
substrate specificity of the protein, suggesting that the latter
residue may interact directly with substrate (35). Polar
residues such as Asn, Gln, Asp, and Glu, located in
transmembraneR-helices of multispanning TM proteins, have
been shown to stabilize helix-helix interactions via inter-
helical hydrogen bonds (56-58). Given the pleiotropic effect
of substitution of Asn590 with Ala and the lack of an effect
of replacement with Asp or Gln, it appears likely that the
hydrogen-bonding capacity of the side chain of the residue
at position 590 may play a role in defining the conformation
of the protein in the vicinity of the substrate binding pocket,
possibly by interacting with residues in another helix. On
the basis of our recently developed model of the tertiary
structure of MSD2 and MSD3 of MRP1, such an interaction
appears most likely to involve residues in TM6 and TM10
(48). The side chains of Lys332 and Asp336 in TM6 are
predicted to be within 2-3 and 4-5 Å of the side chain of
Asn590, respectively. Interestingly, mutation of either of these
two residues has a major effect on substrate specificity or
overall activity (50). Nonconservative and conservative
mutation of Lys332 selectively decreases the ability of the
protein to bind and transport LTC4, while both conservative
and nonconservative mutations of Asp336 markedly decrease
the overall activity of the protein (49, 50).

The uniform effect of the N590A mutation on the relative
efficiency of transport of several structurally diverse conju-
gated anions, as well as resistance to three different classes
of drugs, suggested that it may have altered a common
function, such as the coupling of transport to ATP hydrolysis
or nucleotide binding and hydrolysis itself. In wild-type
MRP, NBD1 binds ATP with relatively high affinity that,
in turn, stimulates binding of ATP by NBD2 (46, 52, 59).
We have also established that the binding of ATP by NBD2,
rather than NBD1, actually drives the transition of the protein
from a high- to low-affinity substrate binding state (36, 59).
Most recently, we reported that mutation of Asp1084, predicted
to be at/near the cytoplasm/membrane interface of TM14 of
MRP1, dramatically decreased the binding and hydrolysis

FIGURE 8: Photolabeling of wild-type and mutant MRP1 with
8-azido-[R32P]ATP and orthovanadate-induced trapping of 8-azido-
[R32P]ATP by wild-type and mutant MRP1. Panel A: expression
levels of the wild-type and mutant dual-half MRP1 proteins in
membrane vesicles prepared from infected SF21 cells were
determined by immunobloting and densitometry as described. Panel
B: photolabeling of the wild-type and mutant dual-half proteins
with 8-azido-[R32P]ATP. Membrane proteins (20µg) were incu-
bated on ice with 1µCi 8-azido-[R32P]ATP, following the binding
procedure as described. Similar results were obtained from two more
experiments. Panel C: orthovanadate-induced trapping of 8-azido-
[R32P]ATP by wild-type and mutant MRP1. Membrane proteins
(20 µg) were incubated with 1µCi 8-azido-[R32P]ATP, in the
presence and absence of 1µM LTC4 at 37°C for 15 min, following
the trapping procedure as described. Similar results were obtained
from two more experiments. An endogenous protein labeled is
indicated by a star.

FIGURE 9: Predicted three-demensional structure for a segment of
MRP1 from amino acids 579-606 derived from the model of
MRP1 described by Campbell et al. (48). The views shown were
generated using PyMol. Panel A shows two different views of
TM11 with possible membrane interfaces indicated in yellow. The
view on the right illustrates the kink in the helix introduced by
Pro595. Residues that affect the overall activity of the protein when
nonconservatively mutated are shown in italics. Those that alter
substrate specificity following nonconservative mutation are shown
in normal font. Panel B represents a view from the extracellular
side of the membrane down the axis of TM11. Amino acid residues
are color-coded according to the scheme in panel A. The two yellow
lines subtend an angle of 85° and bracket all mutation sensitive
residues identified with the exception of Pro595, which projects on
the opposite face of the helix.
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of ATP at NBD2 without significant effect on the binding
of ATP at NBD1. The D1084N mutation essentially elimi-
nated the transport of LTC4 and prevented the transition of
the protein from a high- to low-affinity substrate binding
state in the presence of ATP (33). The effect of the N590A
mutation is less severe, and the mutant protein retains 30-
40% of the transport activity of wild-type MRP1. Using dual
expressed halves of the mutant protein, we were able to
establish that in contrast to the Asp1084mutation, the binding
of ATP by NBD1 was markedly decreased, while the
vanadate-dependent trapping of ADP by NBD2 was only
weakly affected and remained responsive to the presence of
the substrate, LTC4. Thus, it appears likely that the reduction
in transport in the N590A mutation is attributable to a
decrease in the binding of ATP by NBD1 and a consequential
reduction in ATP binding and hydrolysis at NBD2. A
nonconservative mutation in CFTR, R347D, that results in
a mild form of disease was recently found to affect the
ATPase activity of the protein by decreasing itsVmax for ATP
3-5-fold (44). R347D is predicted to be in the aqueous pore
of the channel in the inner leaflet region of TM6. Arg347 of
CFTR aligns with Arg593 in MRP1 mutation of which also
decreases overall activity (49). Since there are many func-
tional similarities between the cooperative interactions of the
NBDs of MRP1 and CFTR, it is possible that the CFTR
R347D mutation may be affecting the same step in the
catalytic cycle as the N590A mutation.

There is now considerable experimental evidence that
conformational changes of the NBDs both within and
between the two domains upon nucleotide binding and
hydrolysis result in significant reorientation of at least some
of the TM helices in their associated MSDs. Similarly,
changes in the orientation of certain TM helices may be
capable of influencing the functional interactions between
the NBDs that are required for ATP hydrolysis (36, 46, 60-
64). It has been suggested based on the crystal structures of
bacterial transporters such as MsbA and BtuCD that intra-
cellular domains (ICDs) in contact with or connected to both
TM helices and the NBDs may serve as bridges that
transduce signals between NBD and TMDs (65-67). The
predicted TM11 of MRP1 is directly connected to NBD1
by an intracellular domain corresponding to ICD3 of MsbA
(Figure 1). Thus, changes in the position or orientation of
TM11 caused by mutations, such as N590A, may be
transmitted through the ICD causing a conformational or
positional change in NBD1 that alters cooperativity between
the two NBDs and results in diminished binding of ATP.
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