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ABSTRACT
Human multidrug resistance protein 1 (MRP1) is a membrane
ATP-binding cassette transporter that confers multidrug resis-
tance to tumor cells by effluxing intracellular drugs in an ATP-
dependent manner. The mechanisms by which transport oc-
curs and by which ATP hydrolysis is coupled to drug transport
are not fully elucidated. In particular, the function of the signa-
ture sequences in the nucleotide binding domains (NBDs) of
MRP1 is unknown. We therefore investigated the effect of
mutation of the signature sequences (G771D and G1433D) and
of the Walker A motifs (K684M and K1333M) in the NBDs on the
8-azido-[�-32P]ATP photolabeling and 8-azido-[�-32P]ADP
vanadate trapping of MRP1. Both mutations in the Walker A
motif almost completely inhibited the labeling of the mutated
NBD with 8-azido-[�-32P]ATP but not the labeling of the other
intact NBD. In contrast, the G771D mutation in the signature
sequence of NBD1 enhanced the labeling of NBD1 but slightly

decreased the labeling of NBD2. The G1433D mutation in the
signature motif of NBD2 enhanced the labeling of NBD2 but did
not affect the labeling of NBD1. These effects were all sub-
strate-independent. Photolabeling of NBD2 and a very slight
photolableing of NBD1 were detectable under vanadate trap-
ping conditions with 8-azido-[�-32P]ATP. Trapping at both
NBD1 and NBD2 was almost completely inhibited by K684M
and K1333M mutations and by the K684M/K1333M double
mutation. The G771D mutation completely inhibited trapping at
NBD2 and considerably inhibited trapping at NBD1. However,
whereas the G1433D mutation also considerably inhibited trap-
ping at NBD1, it only partially inhibited trapping of NBD2, and
the trapping could still be enhanced by leukotriene C4. Our
findings suggest that both signature sequences of MRP1 are
involved in ATP hydrolysis and must be intact for the ATP
hydrolysis and the transport by MRP1.

Multidrug resistance protein (MRP1), a member of the
ATP-binding cassette (ABC) transporter superfamily, has
two nucleotide binding domains (NBDs) that are involved in
binding and hydrolyzing ATP (Cole et al., 1992). The exact
mechanism by which the NBDs function has not been com-
pletely worked out and is important for the understanding of
MRP1 function and the design of drugs to modulate that
function in disease states.

Previous reports indicated that the two NBDs of MRP1 are
functionally distinct. Intact ATP is preferentially bound at
NBD1, whereas trapping of the ATP hydrolysis product,
ADP, occurs predominantly at NBD2 (Gao et al., 2000). ATP
interaction with NBD1 consistently increased ATP or ADP
binding at NBD2 (Hou et al., 2002). These findings suggested
that the role of NBD1 is to regulate the efficiency of ATP

binding and hydrolysis at NBD2. Functionally distinct NBDs
have also been reported for other receptors such as the cystic
fibrosis transmembrane conductance regulator (CFTR),
which regulates CFTR ion channel gating (Szabo et al., 1999;
Aleksandrov et al., 2001) and the sulfonylurea receptor
(SUR) (Matsuo et al., 1999, 2000).

NBDs in all ABC transporter proteins have three con-
served motifs: the Walker A, B, and C motifs (See Fig. 1). The
C motif is known as the signature sequence. Studies carried
out to determine the configuration of the two NBDs in ABC
transporter proteins suggest that the NBDs in all ABC pro-
teins adopt the same dimeric configuration. Thus, the NBDs
of the ABC-transporter for vitamin B12 dimerize in a confor-
mation that places the LSGGQ signature sequence motif of
one NBD domain near the Walker A motif of the second NBD
domain (Locher et al., 2002). A dimer interface between LS-
GGQ and Walker A motifs has also been implicated in that
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the nucleotide binding site in the nucleotide binding subunits
of both the maltose transporter complex of Escherichia coli
and of Rad 50 (Hopfner et al., 2000; Borths et al., 2002; Smith
et al., 2002; Verdon et al., 2003). Likewise, the signature
sequences (LSGGQ) of P-glycoprotein have been shown to be
localized adjacent to the apposing Walker A site. It was
suggested that this conformation participated in forming the
ATP-binding sites and that the conformation was disrupted
upon ATP hydrolysis (Loo et al., 2002).

To more fully understand the role of the signature se-
quence in NBD function, mutation experiments have been
carried out. Mutation of the signature sequence in bacterial
ABC proteins suggest that the signature sequence is not
involved in ATP binding, but rather in ATP hydrolysis (Shya-
mala et al., 1991; Koronakis et al., 1995; Schmees et al.,
1999). Likewise, mutation of the CFTR signature sequence at
G551D did not change the ATP-binding of purified NBD1 but
reduced the ATPase activity (Li et al., 1996; Qu et al., 1997).
Mutation of the MDR1 signature sequence at R538M also
showed greatly decreased ATPase activity, although some
amino acid replacements in the ABC signature region did not
affect the ATPase function of MDR1 (Bakos et al., 1997).

Although these reports suggest that the signature se-
quence of ABC proteins does not participate in ATP binding,
its role in ATPase activity and transduction is ambiguous. In
most previous studies, the effects of signature sequence mu-
tations on nucleotide binding were examined in isolated
NBDs. The structural and functional properties of isolated
NBDs may differ from those of NBDs in intact or reconsti-
tuted MRP1.

In this study, we have therefore investigated the role of the
signature sequences and Walker motifs in NBD function in
reconstituted MRP1. It has been previously shown that it is
possible to reconstitute an active transporter by infecting
Spodoptera frugiperda Sf21 cells with a virus with a dual-
expression cassette that allows the coexpression of the N and
C terminal fragments of MRP1. This model system has al-
ready proven its usefulness in analysis of NBD function in a
previous study which indicated that the two NBDs of MRP1
differ markedly with respect to their ability to bind 8-azido-
[32P]ATP and to trap 8-azido-[32P]ADP (Gao et al., 2000). In
this study, we examined the effect of mutations in the signa-
ture sequences or Walker motifs of the NBD domains on the
binding of 8-azido-[32P]ATP and trapping of 8-azido-
[32P]ADP by each NBD when they are expressed in combi-
nation. This is the first study of the effect of signature se-
quence mutations on NBD function in reconstituted MRP1.

Materials and Methods
Materials. [125I]NaI [3.7 GBq (100 �Ci)/ml] and [14,15,19,20-

3H(N)]leukotriene (LT) C4 (146 Ci/mmol) were purchased from
PerkinElmer Life and Analytical Sciences (Boston, MA). 8-Azido-[�-
32P]ATP (20 Ci/mmol) was from ICN Biomedicals (St. Laurent, PQ,
Canada). Unlabeled LTC4 was from Calbiochem (La Jolla, CA). The
synthesis and use of [125I]11-azidophenyl agosterol A ([125I]azido
AG-A) was described in our previous article (Ren et al., 2001). Cell-
fectamine and competent DH10Bac Escherichia coli cells were pur-
chased from Invitrogen (Carlsbad, CA). Anti-MRP1 monoclonal an-
tibodies, MRPr1 (epitope amino acids 229–281) and MRPm6 (epitope
amino acids 1389–1351) were obtained from Progen Biotechnick
(Heidelberg, Germany).

Cell Culture and Membrane Vesicle Preparation. Sf21 insect
cells were cultured in serum-free Sf-900 II SFM medium (Invitro-
gen). Membrane vesicles were prepared from Sf21 insect cells in-
fected with various recombinant baculoviruses as described previ-
ously (Ren et al., 2001, 2002). Membrane vesicles were suspended in
a buffer containing 10 mM Tris-HCl, pH 7.5, and 250 mM sucrose.
Protein concentrations were determined by the method of Bradford
(1976).

Generation of Constructs and Viral Infection. The construc-
tion of pFastBac1 for dual expression of both N- and C-terminal
halves of MRP1 and the strategy for mutagenesis have been de-
scribed previously (Ren et al., 2001). The MRP1 construct encoding
the K684M mutation was generated by site-directed mutagenesis
using the reverse primer 5�-GAGAGCAGGGACAGCATTCCG-
CAGCCC-3� (bold indicates a mismatched base encoding the K684M
mutation; underlining indicates a silent mutation). The MRP1
K1333M mutant was constructed using the oligonucleotide DNA 5�
CGGGAGCTGGGATGTCGTCCCTGAC3� (bold indicates a mis-
matched base) and the Gene Editor in vitro site-directed mutagene-
sis system (Promega, Madison, WI) according to the manufacturer’s
protocol. The MRP1 K684M/K1333M double mutant was generated
by exchanging DNA fragments from the single mutations.

The strategies employed for site-directed mutagenesis of G771D
and G1433D in MRP1 cDNA were described previously (Ren et al.,
2001). The primer used to generate G771D and G1433D mutations
were forward primers 5�-CTGGGGACCAGAAGCAGCGCGTGAG-3�
and 5�-AGTGTCGATCAGCGCCAGCTTGTG-3� (underlining indi-
cate mismatched bases encoding G771D and G1433D mutations,
respectively). Baculoviruses expressing the wild-type and mutant
MRP1s described above were generated using the Bac-to-Bac expres-
sion system (Invitrogen) as described previously (Gao et al., 2000;
Ren et al., 2001).

Immunoblotting of MRP1 Fragments. Immunoblotting was
performed as described previously (Ren et al., 2000). Anti-MRP1
monoclonal antibodies MRPr1 (epitope amino acids 229–281) and
MRPm6 (epitope amino acids 1389–1351) were used for the immu-
noblotting of the MRP1 fragments. We used the image analysis
software Quantity One, version 4.2.0 (Bio-Rad, Hercules, CA) to
quantify the densities of the bands and normalized the data in the
figures.

[3H]LTC4 Uptake by Membrane Vesicles. The extent of
[3H]LTC4 uptake was measured using a rapid filtration technique as
described previously (Ren et al., 2001). In brief, isolated membrane
vesicles (25 �g of protein) were incubated in the presence or absence
of 4 mM ATP in 50 �l of transport buffer [0.25 M sucrose, 10 mM
Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM phosphocreatine, and 100
�g/ml creatine phosphokinase] with 100 nM [3H]LTC4 for the indi-
cated times at 37°C. The reaction was stopped with 3 ml of ice-cold
stop solution (0.25 M sucrose, 0.1 M NaCl, and 10 mM Tris-HCl, pH
7.5). The samples were passed through Millipore filters (0.22-�m
pore size) under a light vacuum. After three rinses with 3 ml of
ice-cold stop solution, the filters were immersed in liquid scintilla-
tion fluid, and their radioactivity was measured.

Fig. 1. A schematic diagram depicting the membrane topology of MRP1
and the sequences of the conserved Walker A, B, and C (signature
sequence) motifs in NBD1 and NBD2. Residues in the Walker A and C
motifs that were mutated for this study are underlined.
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Photoaffinity Labeling of MRP1. [125I]Azido AG-A (7.2 �Ci/
nmol) was used for photolabeling studies that were carried out as
described previously (Ren et al., 2001). For photolabeling of NBD1
and NBD2 of MRP1 by 8-azido-[�-32P]ATP, membrane vesicles (50
�g of protein) were incubated for 5 min on ice with 5 �M of 8-azido-
[�-32P]ATP in the presence of 5 mM MgCl2 and 1 �M LTC4 as
indicated. After continuous irradiation of the samples with a short
wavelength (366 nm) UV lamp for 10 min on ice, the samples were
solubilized in SDS sample buffer as described by Debenham et al.
(1982) and subjected to SDS-PAGE. Autoradiograms were developed
after 6 to 24 h exposure at room temperature.

Orthovanadate Trapping of 8-Azido-[�-32P]ADP by MRP1.
Membrane vesicles (100 �g of protein) were incubated in 20 �l of
transport buffer containing 5 �M 8-azido-[�-32P]ATP, 5 mM MgCl2,
and 1 mM sodium orthovanadate at 37°C for 15 min in the presence
and absence of 1 �M LTC4. Trapping in the absence of orthovanadate
was used as a negative control. The reactions were stopped by the
addition of 1 ml of ice-cold Tris-EGTA buffer (50 mM Tris-HCl, pH
7.4, 0.1 mM EGTA, and 5 mM MgCl2). The membranes were col-
lected by centrifugation at 25,600g for 30 min at 4°C. The pellets
were washed again with the same buffer and resuspended in 20 �l of
transport buffer. The samples were then irradiated with UV and
subjected to SDS-PAGE as described above. Autoradiograms were
developed after 10 to 24 h of exposure at �70°C. Gel slices corre-
sponding to specific bands on the autoradiogram were cut and the
radioactivity (counts per minute) was measured with an Auto Well
�,� counter (Aloka, Tokyo, Japan). Background radioactivity in
equal areas of the gel in each lane was measured and subtracted
from the radioactivity of the band.

Results
Expression of Mutant N- and C-Terminal NBDs of

MRP1. To investigate the function of the NBD domains in
MRP1, we constructed a panel of mutants in the NBD signa-
ture sequence and Walker A motifs. The location and se-
quence of the mutations in the N- and C- terminal NBD1 and
NBD2 domains of MRP1 are summarized in Fig. 1. The N-
and C-terminal halves of MRP1 encoding wild-type or mu-
tant combinations as indicated were simultaneously ex-
pressed in insect cells using a dual expression vector and
expression levels of the N- and C-terminal halves were ex-
amined by immunoblot analysis (Fig. 2). The expression lev-
els of the N-terminal halves of the mutated dual N�C frag-
ments relative to that for wt N�C were 0.98, 0.55, 0.41, 1.58,

and 0.84 for N K684M�C, N�C K1333M, N K684M�C
K1333M, N G771D�C, and N�C G1433D, respectively. The
expression levels of the C-terminal halves of the mutated
dual N�C fragments relative to that for wt N�C were 0.85,
0.49, 0.37, 1.21, and 0.51 for N K684M�C, N�C K1333M, N
K684M�C K1333M, N G771D�C ,and N�C G1433D, respec-
tively. The expression levels of N and C halves of the wild
type dual N�C fragments were higher than those of the
mutated dual N�C fragments except for NG771D�C.

Effect of NBD Mutations on ATP-Dependent LTC4

Uptake. To determine the effect of the NBD mutations on
drug transport, membrane vesicles were prepared from in-
sect cells coexpressing N- and C-wild type or mutant halves
of MRP1, and ATP-dependent LTC4 uptake into the vesicles
was examined (Fig. 3). Although the expression levels of dual
NK684M�C and dual NG771D�C were very near and
higher, respectively, than that of the wild type N�C, the
LTC4 uptake activities of the membrane vesicles expressing
these two mutant N�C fragments were considerably de-
creased compared with that expressing nonmutated N�C
fragments. Furthermore, G771D mutation in signature se-
quence of NBD1 more effectively lowered LTC4 uptake activ-
ity than K684M in Walker A motif of the same NBD, sug-
gesting that the signature sequence has a more important
role than the Walker A motif in the transport of the sub-
strate.

Mechanism of Inhibition of Drug Transport by NBD
Mutations. Because mutations in the Walker A motifs, or
the signature sequence, inhibited drug transport, we deter-
mined whether these mutations were modulating drug trans-
port by affecting drug binding and/or ATP binding to MRP1.
Drug binding of the membrane vesicles was assayed by pho-
tolabeling of the vesicles with [125I]azido AG-A in the pres-

Fig. 2. Membrane vesicles (20 �g of protein) from insect cells infected
with recombinant baculovirus dual expression vectors encoding both N-
and C-termini of either wild-type or mutant MRP1 in the indicated
combinations, were separated by 8.5% SDS-PAGE and immunoblotted
with either the anti-N-terminal antibody r1 (A) or the anti-C-terminal
antibody m6 (B), respectively. Molecular size markers are shown in the
middle.

Fig. 3. Effect of NBD mutations on ATP-dependent uptake of [3H]LTC4
by membrane vesicles. Membrane vesicles (25 �g of protein) coexpressing
both N- and C-terminal wt or mutant fragments of MRP1 were incubated
with 50 nM [3H]LTC4 in 50 �l of transport buffer (0.25 M sucrose, 10 mM
Tris-HCl, pH 7.4, 10 mM MgCl2, 10 mM phosphocreatine, and 100 �g/ml
creatine phosphokinase) in the absence (�) or presence (f) of 4 mM ATP
at 37°C for 5 min. Uptake in 5 min was calculated and expressed as
picomoles per milligram of protein. The data represent the means � S.E.
from three separate experiments.
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ence of 10 mM GSH. As shown in Fig. 4, drug binding by the
wild-type or mutated MRP1 was comparable or increased,
indicating that mutation of the NBD domains in the N- or
C-halves of MRP1 did not abrogate drug binding.

ATP binding to the membrane vesicles was investigated by
photoaffinity labeling of the membrane vesicles on ice using
8-azido-[�-32P]ATP. Consistent with previous reports (Gao et
al., 2000), the NH2-proximal half of wild-type MRP1 was
intensely labeled with 8-azido-[�-32P]ATP, and weak labeling
of the COOH-proximal half of the protein was detected (Fig.
5). However, in contrast to previous reports, LTC4 enhanced
labeling of the C-terminal half with 8-azido-[�-32P]ATP but
not that of the N-terminal half (Gao et al., 2000). Mutation of
the Walker A motif in the N-terminal (K684M) NBD1 or the
C-terminal (K1333M) NBD2 almost completely inhibited the
labeling of the NBD in their respective fragments. However,
mutation of the Walker A motif in NBD1 also slightly atten-
uated the labeling of NBD2. In contrast, mutation of the
Walker A motif in NBD2 did not affect the labeling of NBD1.

Unlike the situation observed with the Walker A motifs,
mutation of the signature sequence in the N (G771D) or the
C (G1433D) - terminal half enhanced the labeling of the NBD
in their respective fragments. However, similar to the
Walker A motifs, mutation of the NBD1 signature sequence
slightly inhibited labeling of NBD2, whereas mutation of the
NBD2 signature sequence did not affect the labeling of
NBD1. These effects of the mutations were observed both in
the presence and absence of LTC4 indicating that they were
drug independent (Fig. 5).

In summary, mutations in either the Walker A motif or in
the signature sequence in NBD1 can modulate NBD2-ATP
binding function, whereas NBD2 mutations are unable to
modulate the function of NBD1. Furthermore, mutations in
the Walker A or the signature sequences seem to have
opposite effects on ATP binding that are unaffected by
LTC4 binding.

Effect of NBD Mutations on Vanadate Trapping of
8-Azido-[�-32P]ATP. Vanadate trapping is an indirect mea-
sure of the ATPase activity of ABC transporters. We therefore
wished to examine the effect of the NBD mutations on trapping
with 8-azido-[�-32P]ATP of MRP1 fragments at 37°C in the
presence of vanadate. We first characterized vanadate trapping
of the wild-type N � C coexpressed fragments. No trapping was
detected in the absence of vanadate from cells expressing both
half molecules (Fig. 6). Photolabeling of NBD2, and a weak
photolabeling of NBD1, were detectable under vanadate-trap-
ping conditions with 8-azido-[�-32P]ATP. The trapping at NBD2
was enhanced by LTC4, GSH, AG-A, GSH�AG-A, VCR, and
GSH�VCR, with GSH�AG-A showing the highest enhance-
ment of almost 3-fold.

Either single or double mutation of the Walker A motifs in
NBD1 and/or NBD2 (K684M, K1333M, or K684M/K1333M
double mutations) almost completely inhibited trapping by
both NBD1 and NBD2 domains (Fig. 7A). Single mutations of
the signature sequence in either NBD1 or NBD2 also consid-
erably decreased trapping at NBD1 (Fig. 7B). However,
whereas mutation of the signature sequence of NBD1 (G771D)
completely inhibited the trapping at NBD2, mutation of the
signature sequence of NBD2 (G1433D) only partially inhibited

Fig. 5. Effect of NBD mutations on MRP1-ATP binding activity. Mem-
brane vesicles (50 �g of protein) from insect cells coexpressing both N-
and C-terminal wt or mutant fragments of MRP1 were incubated on ice
with 5 �M 8-azido-[�-32P]ATP and 5 mM MgCl2 in the presence or
absence of 1 �M LTC4 as described under Materials and Methods.

Fig. 4. Effect of NBD mutations on MRP1 drug binding activity. Mem-
brane vesicles (50 �g of protein) coexpressing both N- and C-terminal wt
or mutant fragments of MRP1, as indicated at right, were incubated with
5 �M [125I]azido AG-A in the absence (�) or presence (�) of GSH (10 mM).
The samples were then separated by 8.5% SDS-PAGE. Autoradiograms
were developed after 8-h exposure at room temperature.
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the trapping at NBD2, and the trapping could still be enhanced
by LTC4 (Fig. 7C). This data indicates that Walker A and
signature sequence play different roles in NBD function.

Discussion
We investigated the role of signature sequences in the

NBDs of MRP1 in a system whereby the two NBDs could be
coexpressed in a reconstituted MRP1 molecule.

This system involved the coexpression of N and C terminal
fragments of MRP1 encoding various combinations of wild-
type or mutant NBDs using a virus with a dual expression
cassette. The dual expression vector used in this study has
been described previously and results in the reconstitution of
a functional receptor (Gao et al., 2000). This system has been
used to demonstrate the functionally distinct properties of
NBD1 and NBD2. Our data are consistent with the previous
findings that NBD1 is preferentially labeled with 8-azido-[�-
32P]ATP and that trapping of 8-azido-[32P]ADP occurs pre-
dominantly at NBD2. Mutation of the conserved Walker A
lysine 684 or 1333 eliminated binding by NBD1 or NBD2,
respectively, and all detectable trapping of 8-azido-ADP at
both NBD1 and NBD2.

For this study, the signature sequences were mutated to
alter the conserved glycine at G771 or G1433 to aspartic acid.
Although ATP-dependent LTC4 transport by G771D and
G1433D MRP1 mutants, as well as transport by the K684M
and K1333M mutants in the Walker A motifs, were consid-
erably decreased, GSH-dependent photolabeling with azido
AG-A of these MRP1 mutants was retained. These findings
suggest that the drug binding site (s) is (are) conserved and
that gross conformational changes were not produced by the
mutations, indicating that these mutations are suitable for
elucidation of the function of the signature sequences of
MRP1.

Based on studies of bacterial ABC proteins and some mam-
malian ABC transporters, the signature sequence is believed
to be involved not in ATP binding but in ATP hydrolysis or
transduction (Shyamala et al., 1991; Koronakis et al., 1995;
Li et al., 1996; Qu et al., 1997; Schmees et al., 1999). Our
studies provide supportive evidence for this hypothesis, in

that ATP binding to the NBDs with the mutated signature
sequence was not abolished.

Our results also support the hypothesis that the signature
sequences play a role in ATPase activity. However, whereas
previous studies suggested a preferential role for NBD2 in
ATP hydrolysis, our studies suggest that NBD1 may also
play a role, albeit a lesser one than NBD2. Thus NBD2 was
preferentially photolabeled with 8-azido-[�-32P]ATP under
vanadate-trapping conditions (Fig. 6) as previously reported
(Gao et al., 2000). However, NBD1 was also slightly photo-
labeled under the same conditions, and LTC4, GSH, AG-A,
and VCR enhanced the labeling. Furthermore, in the pres-
ence of both GSH and AG-A, considerably enhanced trapping
at NBD1 was observed. No labeling of either NBD with
8-azido-[�-32P]ATP under vanadate-trapping conditions was
observed when the G771D mutant half molecule was coex-
pressed with the wild-type COOH-proximal half-molecule.

Fig. 7. Effect of NBD mutations on vanadate trapping of MRP1. Mem-
brane vesicles (100 �g of protein) from insect cells coexpressing both N-
and C-terminal wt or mutant fragments of MRP1 were incubated with 5
�M 8-azido-[�-32P]ATP and 1 mM sodium orthovanadate in the absence
and presence of 1 �M LTC4, following trapping procedures as described
under Materials and Methods (Mg.Vi�) or without trapping (Mg.Vi-) (A
and B). Mutated Walker A motifs are shown in A; mutated signature
sequences are shown in B. Quantification of the effect of mutations in the
signature sequences on trapping is shown in C. Quantification was car-
ried out as in Fig. 6. The data represent the mean � S.E. from three
separate experiments.

Fig. 6. Characterization of vanadate trapping of wt N�C coexpressed
fragments of MRP1. Membrane vesicles (100 �g of protein) from insect
cells coexpressing wt MRP1 N- and C- terminal half molecules were
incubated with 5 �M 8-azido-[�-32P]ATP and 1 mM sodium orthovana-
date in the absence or presence of 1 �M LTC4, 10 mM GSH, 100 �M
AG-A, 10 mM GSH � 100 �M AG-A, 100 �M VCR, or 10 mM GSH � 100
�M VCR following trapping procedures as described under Materials and
Methods (�) or without trapping (�) (A). Trapping was quantified by
excision of the radioactive C-terminal halves of MRP1 and measurement
of the bound 32P (B).
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However, weak labeling of NBD2 and no trapping at NBD1
were observed when the G1433D mutant half molecule was
coexpressed with the wild-type NH2-proximal half-molecule.
These findings suggest that each signature sequence is in-
volved in the ATP hydrolysis of MRP1 and that mutation in
either signature sequence affects the ATPase activity of both
NBDs. It seems that mutants in the signature sequence have
a more pronounced effect on nucleotide hydrolysis at the
opposing NBD. This may suggest also that in MRP1, a dim-
mer interface between LSGGQ and Walker A motifs from the
opposite NBDs may be implicated as the nucleotide hydroly-
sis site.

Mutation of the signature sequence in NBD1 (G771D) con-
siderably inhibited the transport of LTC4 by the reconsti-
tuted MRP1. This result also suggests the possibility that
NBD1 has ATPase activity and that this activity is involved
in MRP1 substrate transport, although ATPase activity of
NBD2 seems to be more critical for the transport of LTC4

than that of NBD1.
Our findings suggest that the intact signature sequence of

NBD1 is indispensable for the ATPase function of NBD2,
because mutation of the conserved glycine to aspartic acid in
the signature sequence in NBD1 of MRP1 completely abol-
ished the trapping of 8-azido-ATP at NBD2 of MRP1. These
data are in contrast to data on SUR1, in which it was re-
ported that the NBD1 of SUR1 had no ATPase activity and
that mutation of the conserved serine to arginine of the
signature sequence in NBD1 of SUR1 did not abolish ATP
hydrolysis at NBD2 of SUR1 (Matsuo et al., 2002). It was
suggested that the mutation of SUR1 reduced MgATP acti-
vation by impairing the transduction of nucleotide binding
into channel activation. However, this study could not com-
pletely exclude the possibility that the mutation in SUR1
reduced hydrolysis at NBD2, because their method of detect-
ing ATP hydrolysis was not quantitative (Matsuo et al.,
2002). The dissimilarity between the data on SUR1 and our
data on MRP1 may perhaps be attributed to the different
nature of the two transporters. On the other hand, it may
occur because different amino acids in the signature se-
quence were mutated, leading to different functional effects
(Bakos et al., 1997).

The structural basis underlying the inhibition of ATPase
activity by mutations in the signature sequence has not been
completely elucidated, and various models have been pro-
posed. One model suggests that the LSGGQ motif might
contact the � phosphate of ATP (Manavalan et al., 1995). In
support of this model, mutations in the LSGGQ motif have
been shown to inhibit ATP hydrolysis (Schmees et al., 1999;
Loo et al., 2003). A second model proposes that dimerization
of His P, the well studied NBD of the bacterial histidine
permease, aligns the LSGGQ motif of one subunit with the
Walker A motif of the second subunit, thereby creating two
nucleotide-binding sites between these two sets of motifs
along the dimer interface (Jones and George, 2002). This
dimer architecture was observed in the structure of the cat-
alytic domain of Rad 50 that is an ABC protein but belongs to
a subfamily that functions in DNA repair rather than trans-
port (Hopfner et al., 2000). It has also been shown that the
signature sequences of P-glycoprotein are adjacent to the
opposing Walker A site, suggesting that these sites might
participate in forming the ATP-binding sites and are dis-
placed upon ATP hydrolysis. This might induce a conforma-

tional change that could be the signal responsible for cou-
pling ATP hydrolysis to drug transport by inducing
conformational changes in the transmembrane segments
(Loo et al., 2002). Our results are consistent with these mod-
els. However, we need to create some other mutations in
signature sequences of MRP1 and perform similar experi-
ments to confirm the important roles of the sequences in ATP
hydrolysis. Further study is also required to elucidate
whether the signature sequence has some role in the trans-
mission of conformational changes in NBDs to transmem-
brane domains of MRP1.

This is the first report in which the function of signature
sequences of MRP1 has been studied. Our data provide sup-
portive evidence for previous studies but also strongly sug-
gest that both signature sequences of MRP1 are involved in
ATP hydrolysis and must be intact for ATP hydrolysis and
substrate transport by MRP1.
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