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Multidrug resistance-associated protein 1 (MRP1) is a
member of the ATP-binding cassette membrane trans-
port superfamily and is responsible for multidrug resist-
ance in cancer cells. Currently, there are nine known
human MRPs. Distinct from many other members of the
ATP-binding cassette superfamily, human MRP1 and
four other MRPs have an additional membrane-span-
ning domain (MSD) with a putative extracellular amino
terminus. The functional significance of this additional
MSD (MSD1) is currently unknown. To understand the
role of MSD1 in human MRP1 structure and function, we
studied the amino-terminal 33 amino acids. We found
that the amino terminus of human MRP1 has two cys-
teine residues (Cys7 and Cys32) that are conserved
among the five human MRPs that have MSD1. Mutation
analyses of the two cysteines in human MRP1 revealed
that the Cys7 residue is critical for the MRP1-mediated
drug resistance and leukotriene C4 transport activity.
On the other hand, mutation of Cys32 reduced only mod-
erately the MRP1 function. The effect of Cys7 mutation
on MRP1 activity appears to be due to the 5–7-fold de-
crease in the maximal transport rate Vmax. We also
found that mutation of Cys7 changed the amino-termi-
nal conformation of MRP1. This conformational change
is likely responsible for the decrease in Vmax of LTC4
transport mediated by the mutant MRP1. Based on these
studies, we conclude that the amino terminus of human
MRP1 is important and that the Cys7 residue plays a
critical role in maintaining the proper structure and
function of human MRP1.

Human multidrug resistance-associated protein 1 (MRP1),1

also named ABCC1 (refer to www.gene.ucl.ac.uk/nomencla-
ture/genefamily/abc.html for complete nomenclature) is a mul-
tiple-drug membrane efflux pump that causes multidrug resist-
ance in human cancer chemotherapy (1). It belongs to the

ATP-binding cassette membrane transport superfamily, which
includes various transporters with a wide variety of substrates
(2–5). Currently, there are nine known human MRP transport-
ers (1, 4, 6–11), and human MRP1 has been shown to have
clinical relevance to the multidrug resistance of human cancers
(12).

Of the nine human MRPs, MRP1, MRP2, MRP3, MRP6, and
MRP7 have different membrane organization from the other
human MRPs and from most of other known human ATP-
binding cassette transporters such as P-glycoprotein (ABCB1)
and CFTR (ABCC7). They have an extra membrane-spanning
domain (MSD) in addition to the traditional core structure
consisting of two nucleotide-binding domains and two MSDs
(see Fig. 1A). This additional MSD (MSD1) shows a low overall
amino acid identity among the members that have this domain,
but it may be structurally conserved (13). It consists of five
putative transmembrane segments with an amino terminus
that has been suggested to be extracellular by determining
glycosylation status (14, 15), by epitope insertion (16), and by
cell-free expression in microsomal membranes (17). However,
the extracellular location of the amino terminus of MSD1 has
recently been questioned using a monoclonal antibody gener-
ated against the amino terminus of human MRP1 (18) (see Fig.
1B).

It is currently unknown whether MSD1 is functionally im-
portant. Gao et al. (19) showed that partial deletion of MSD1
(as little as the amino-terminal 66 amino acids including the
first transmembrane segment) reduced 90% of the LTC4 trans-
port activity of human MRP1. On the other hand, Bakos et al.
(20) found that human MRP1 lacking the entire MSD1 is still
functional in transporting substrates such as LTC4. However,
both groups found that the loop (L0) linking MSD1 and MSD2
is functionally important (19–21). Together with these results,
the novel finding that the amino terminus of human MRP1
may be intracellular (18) makes it interesting to investigate the
importance of the amino terminus in both the structural and
functional integrity of human MRP1.

To this end, we investigated the importance of the amino-
terminal 33 amino acids in the structure and function relation-
ship of human MRP1. Examination of the amino termini of
human MRP1, 2, 3, 6, and 7 revealed that there are two
cysteine residues (Cys7 and Cys32 in human MRP1) at the
amino terminus that are conserved among the five human
MRPs and mouse mrp1 (see Fig. 1A). In this study, we mutated
these two cysteines of human MRP1 to alanine individually or
in combination and investigated the effect of these mutations
on MRP1 function and conformation. We found that mutation
of Cys7 reduced �80% of MRP1-mediated drug resistance and
LTC4 transport, whereas mutation of Cys32 reduced only �20–
40% of MRP1 function. The effect of Cys7 mutation on drug
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transport appears to be due to a 5–7-fold decrease in the max-
imal transport rate Vmax. This change is likely due to the
conformational alteration of the amino terminus caused by the
mutation of Cys7. Based on these results, we conclude that the
amino terminus of human MRP1 is important and that the
Cys7 residue plays a critical role in maintaining the proper
structure and function of human MRP1.

EXPERIMENTAL PROCEDURES

Materials—[3H]LTC4 was purchased from PerkinElmer Life Sci-
ences. LTC4, L-1-tosylamido-2-phenyethyl chloromethyl ketone-treated
trypsin, peroxidase- and FITC-conjugated goat anti-mouse IgG, perox-
idase-conjugated rabbit anti-rat IgG, doxorubicin, colchicine, vincris-
tine, and VP16 (etoposide) were purchased from Sigma. LipofectAMINE
and G418 were purchased from Invitrogen. Cell culture media, fetal
bovine serum, penicillin, and streptomycin were from BioWhittaker.
ECL reagent and polyvinylidene difluoride membranes were purchased
from Amersham Biosciences and Bio-Rad, respectively. Monoclonal an-
tibodies QCRL-1 and MRPr1 were obtained from Centocor and Kamiya
Biomedical Company, respectively. All other chemicals were from
Fisher or Sigma.

Engineering Human MRP1 Constructs—Mutations of Cys7 and Cys32

to Ala were generated using the TransformerTM site-directed mutagen-
esis kit (Clontech, Palo Alto, CA). The cDNA template was prepared by
cloning the BamHI fragment encoding the first 281 amino acids of
MRP1 from pRc/RSV-MRP (a gift from Dr. Piet Borst, Netherlands
Cancer Institute, Amsterdam, The Netherlands) into the BamHI site of
pGEM-4Z. Mutagenesis was then performed according to the manufac-
turer’s instructions using the selection primer 5�-pGTGCTCATCATT-
GGGAAACGTTCTTCGGG and the mutagenic primers 5�-pCCGGGG-
CTTCGCCAGCGCCGATG (Cys7 3 Ala) and 5�-pCCGACTTCACCAA-
GGCCTTTCAGAACACGG (Cys32 3 Ala). The underlined nucleotides
represent mutations. The NheI-BamHI fragments containing the wild
type or desired mutations from pGEM-4Z together with a BamHI-NotI
fragment from pRc/RSV-MRP were ligated into pcDNA3.1(�) vector
linearized with NheI and NotI to create pcDNA3.1(�)-MRP1WT,
pcDNA3.1(�)-MRP1C7A, pcDNA3.1(�)-MRP1C32A, and pcDNA3.1(�)-
MRP1C7A/C32A.

To generate wild type and mutant pCEP4-MRP1281N constructs, the
plasmids pcDNA3.1(�)-MRP1WT, -MRP1C7A, -MRP1C32A, and
-MRP1C7A/C32A were digested with BamHI and blunted with Klenow
followed by digestion with NheI. The NheI-BamHI fragment encoding
the first 281 amino acids of MRP1 were ligated to linearized pCEP4
vector with a cohesive NheI end and a blunted NotI end. Translation of
the inserted fragment terminates at a stop codon in the vector, resulting
in the addition of 16 amino acids (RPLEAGKAGSRHDKIH) following
the amino acid residue Asp281 of human MRP1, similar to what was
described in Refs. 19 and 20.

The human MRP1CORE construct was engineered by amplifying a
464-bp fragment of MRP1 using a forward primer with a NheI site
(underlined) 5�-CTAGCTAGCGCCGCCATGGATCCTGCCCAGCCG-3�
and a reverse primer 5�-CACAGACATGAGGTTGAC-3�. The PCR prod-
uct was then digested with NheI and PshAI to generate a 365-bp
fragment from nucleotides 976 to 1327 of MRP1, which was subcloned
into pcDNA3.1(�)-MRP1WT digested with NheI and PshAI, resulting in
pcDNA3.1(�)-MRP1CORE. To generate pCEP4-MRP1CORE, the cDNA
encoding amino acid residues 281–1531 of MRP1 was released from the
pcDNA3.1(�)-MRP1CORE by NheI and NotI digestion and inserted into
the pCEP4 vector, which was digested with NheI and NotI. All of the
constructs and mutations described above were confirmed by auto-
mated DNA sequencing.

Cell Culture and Transfection of HEK293 Cells—HEK293 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum in the presence of 100 units/ml penicillin and 100
�g/ml of streptomycin. For stable transfection, 5 �g of pcDNA3.1(�)-
MRP1WT, -MRP1C7A, -MRP1C32A, or -MRP1C7A/C32A were transfected
into HEK293 cells using LipofectAMINE according to the manufactur-
er’s instructions. Two days following transfection, 10% of the trans-
fected cells were selected with 400 �g/ml of G418 for 2 weeks. The
G418-resistant cells were cloned using cloning cylinders and propa-
gated for testing expression of wild type and mutant human MRP1.

For transient transfection, pCEP4-MRP1281N and/or pCEP4-
MRP1CORE were transfected into HEK293 cells using LipofectAMINE
according to the manufacturer’s instructions. On the following day,
tunicamycin was added to a final concentration of 2.5 �g/ml, and the
cells were treated for 2 additional days before the cells were harvested
for membrane preparations. Tunicamycin was used to eliminate heter-

ogeneous glycosylation for convenience of detecting MRP1281N as a
single sharp band rather than as a smear because of glycosylation on
Western blot.

Membrane Preparation—The membrane vesicles were prepared as
described previously with modifications (22, 23). Briefly, the cells were
washed with ice-cold PBS and resuspended in hypotonic lysis buffer (10
mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl, pH 7.4, 1 mM PMSF) at 1 � 106

cells/ml followed by homogenization and centrifugation at 4,000 � g for
10 min. Crude membranes were obtained by centrifugation of the
4,000 � g supernatant at 100,000 � g for 1 h. The crude membrane
pellet was then resuspended in STBS (250 mM sucrose, 10 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1 mM PMSF), passed through a 26-gauge needle
for 20 times, aliquoted, and stored at �80 °C. The plasma membrane
fractions were prepared by layering the 4,000 � g supernatant on top of
a 35% sucrose cushion containing 10 mM Tris-HCl, pH 7.4, 1 mM EDTA,
1 mM PMSF followed by centrifugation at 100,000 � g for 1 h. The
membranes at the interface between the supernatant and the sucrose
cushion were collected and pelleted by centrifugation. The membrane
pellet was washed with STBS, and then the vesicles were prepared as
described above.

[3H]LTC4 Transport and Kinetic Parameter Measurement—The ATP-
dependent transport of [3H]LTC4 into the inside-out plasma membrane
vesicles was measured using a rapid filtration method as previously
described (23). Briefly, 10-�g membrane vesicles were incubated at
23 °C in 120 �l of transport buffer (50 mM Tris-HCl, 250 mM sucrose,
0.02% sodium azide, pH 7.4) containing 4 mM ATP or AMP, 10 mM

MgCl2, 100 �g/ml of creatine kinase, 10 mM creatine phosphate, and 50
nM [3H]LTC4 (0.05 �Ci). At each desired time point, a 20-�l aliquot was
removed and mixed with 1 ml of ice-cold transport buffer, followed by
filtration under vacuum through a glass fiber filter (Type GF/B, What-
man). The filters were immediately washed twice with 5 ml of ice-cold
transport buffer and then dried before measurement of radioactivity by
scintillation counting. The Km and Vmax values of ATP-dependent
[3H]LTC4 transport by membrane vesicles were measured at various
[3H]LTC4 concentrations (12.5–1600 nM) for 1 min at 23 °C in 25 �l of
transport buffer followed by nonlinear regression analysis. The
[3H]LTC4 uptake and the Vmax value were corrected for the MRP1
expression level in each sample as previously described (20, 24–26).

Limited Trypsin Digestion—Limited trypsin digestion was per-
formed as previously described (14, 15, 27–29). Briefly, 10-�g mem-
branes were washed once with PBS. The pellets were resuspended in 30
�l of PBS with 1.5-�g of L-1-tosylamido-2-phenyethyl chloromethyl
ketone-treated trypsin and incubated at 37 °C for 2 h. PMSF was then
added to a final concentration of 10 mM to stop the reaction. The
membrane proteins were collected by centrifugation at 12,000 � g for 15
min at 4 °C. The pellets were immediately solubilized in SDS-PAGE
sample buffer (50 mM Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 10%
glycerol, and 0.1% bromphenol blue) and subjected to SDS-PAGE for
Western blot analysis as described below.

Deglycosylation and Western Blot—Western blot was performed as
previously described (22). Briefly, isolated membranes or membranes
treated with Peptide N-glycosidase F (22) were solubilized in SDS-
PAGE sample buffer at room temperature for 30 min and then sub-
jected to SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes. For nonreducing SDS-PAGE, the samples were treated with
SDS-PAGE sample buffer without DTT. The blots were then blocked
with 10% milk and probed with monoclonal antibodies QCRL-1 (2.2
�g/ml) or MRPr1 (0.25 �g/ml) followed by horseradish peroxidase-con-
jugated goat anti-mouse IgG or horseradish peroxidase-conjugated rab-
bit anti-rat IgG (for MRPr1). The signal was detected using ECL.

Confocal Microscope Imaging—1 � 105 stably transfected HEK293
cells were seeded on a glass coverslip in a six-well tissue culture plate.
After the culture reaches confluency, the cells were washed twice with
ice-cold PBS and fixed with acetone/methanol (1:1) at room temperature
for 10 min and incubated at 4 °C for 30 min with blocking solution (1%
bovine serum albumin, 1% horse serum in PBS). The cells were then
probed with primary antibody QCRL-1 (11 �g/ml) for 30 min at 4 °C
followed by incubation with FITC-conjugated goat anti-mouse IgG
F(ab�)2 fragment (Sigma) (1:100 dilution) at 4 °C for another 30 min.
After being washed twice with blocking solution, the cell nucleus was
counterstained with propidium iodide (25 �g/ml) for 10 min. The cov-
erslips were then mounted on the slides before viewing with a confocal
microscope.

Cytoxicity Assay—Cells were seeded in 96-well plates at 4 � 103

cells/well. After incubation at 37 °C overnight, the medium containing
different concentrations of drugs was added to a final volume of 100 �l.
The cells were then incubated for 3 days in the absence or presence of
drugs followed by the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
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nyltetrazolium bromide (5 mg/ml) to a final concentration of 0.5 mg/ml
and incubation of the plates at 37 °C for 2 h. An equal volume (100 �l)
of solubilization solution (10% SDS in 0.01 M HCl) was then added, and
the plates were incubated at 37 °C overnight. The A570 nm was measured
using an automated plate reader. IC50 is defined as the concentration of
drugs required to kill 50% of the cells in the control condition and was
corrected for the MRP1 expression level as previously described (20,
24–26).

FACS Analysis—FACS analysis was performed at 4 °C as previously
described (18). Briefly, the cells were aliquoted into a microtiter plate at
the density of 0.5 � 106/well and were washed twice with wash buffer
(1% bovine serum albumin in PBS). The cells were then blocked in
blocking solution for 30 min followed by incubation with IU2H10 and
QCRL-1 for 30 min in the presence of 0.2% saponin. The cells were then
washed twice with wash buffer and incubated with FITC-conjugated
goat anti-mouse IgG F(ab�)2 fragment in blocking solution for 30 min
and then washed twice again with wash buffer. Finally, the cells were
resuspended in 1% paraformaldehyde in PBS for 30 min and analyzed
by FACS.

RESULTS

Expression of Wild Type and Mutant MRP1 in HEK293 Cells
—Fig. 1A shows that the two cysteine residues (Cys7 and Cys32)
in the amino terminus are conserved among human MRP1, 2,
3, 6, and 7 and mouse mrp1. To investigate whether these two
cysteine residues are functionally important, we mutated them
to alanine in human MRP1 and created MRP1C7A, MRP1C32A,
and MRP1C7A/C32A. These mutant and wild type human MRP1
cDNAs were cloned into the expression vector pcDNA3.1(�)
and transfected into HEK293 cells. HEK293 cells were chosen
because they have been used successfully in previous studies to

express wild type and mutant human MRP1 for functional
studies, and no detectable endogenous MRP1 were found in
these cells (24–26, 30–33). The G418-resistant cells were
cloned and tested for their expression of human MRP1 by
Western blot. As shown in Fig. 2A, both wild type and mutant
MRP1 were efficiently produced in MRP1-transfected HEK293
cells but at different levels as determined using MRP1-specific
monoclonal antibody QCRL-1. However, the vector-transfected
cells did not have detectable endogenous MRP1. Fig. 2B shows
that both the wild type and mutant MRP1 were glycosylated to
the same extent, suggesting that both wild type and mutant
human MRP1 are properly routed and modified post-transla-
tionally. To further determine whether the mutant proteins
were properly routed to the cell surface, we performed an
indirect immunofluorescence staining of these cells with
QCRL-1. As shown in Fig. 3, the cells expressing MRP1WT,
MRP1C7A, MRP1C32A, and MRP1C7A/C32A all showed plasma
membrane staining. Based on the above observation, we con-
clude that mutations of cysteine residues in the amino termi-
nus of human MRP1 do not affect the proper routing and
trafficking of these proteins to the plasma membrane and their
glycosylation in HEK293 cells.

Effect of Mutations of Cys7 and Cys32 on Human MRP1-
mediated [3H]LTC4 Transport—To determine whether the
above mutations affect the function of human MRP1, we per-
formed ATP-dependent [3H]LTC4 transport analysis using
plasma membrane vesicles isolated from the cells expressing
wild type and mutant human MRP1. As shown in Fig. 4, the

FIG. 1. Sequence alignment of the amino termini of human MRP1, 2, 3, 6, and 7 and mouse mrp1 and the putative topology of
human MRP1 with the predicted secondary structure of the amino terminus. A, sequence alignment. The first 33 amino acids of human
MRP1, 2, 3, 6, and 7 and mouse mrp1 are aligned using CLUSTALW at European Bioinformatic Institute (www.expasy.ch/tools/#sequence). The
two conserved cysteine residues are shaded. The predicted topology of human MRP1 is shown schematically. The filled boxes are putative
transmembrane segments, whereas the open circles are nucleotide-binding domains (NBD). The arrows indicate the putative trypsin digestion
sites, and the arrowheads show the approximate epitope position for monoclonal antibodies used in this study (IU2H10, Ser8–Asp17; MRPr1,
Gly238–Glu247; QCRL-1, Tyr918–Arg924). Asp281 is indicated by a solid circle. B, alternative folding of the amino terminus. The position of amino
terminus in the putative channel is arbitrary. The boxed sequence is the IU2H10 epitope. C, predicted secondary structure of the amino terminus
of human MRP1. It consists of mostly coiled structure with a stretch of �-strand as indicated.

Role of Amino Terminus in MRP1 Structure and Function44270



[3H]LTC4 uptake profiles are very different between the wild
type and mutant MRP1. The calculated initial transport rates
for MRP1WT, MRP1C7A, MRP1C32A, and MRP1C7A/C32A after
correction for protein expression level were 35.9 � 4.9, 6.0 �
1.5, 26.5 � 1.0, and 6.9 � 1.5 pmol/mg/min, respectively. The
corrected initial [3H]LTC4 transport rates of the mutant
MRP1C7A, MRP1C32A, and MRP1C7A/C32A were about 17, 74,
and 19% of that of MRP1WT, respectively. This observation
suggests that the Cys7 residue is critical for the function of
human MRP1 to transport LTC4.

We next measured the [3H]LTC4 transport Km and Vmax of
MRP1WT, MRP1C7A, MRP1C32A, and MRP1C7A/C32A. As shown
in Table I, the Km values of wild type and all of the mutant
MRP1s were similar. However, the Vmax of MRP1C7A and
MRP1C7A/C32A corrected for MRP1 expression level was 5–7-
fold less than that of MRP1WT and MRP1C32A. This observation
suggests that mutation of Cys7 residue decreased the Vmax but
had no effect on Km of the LTC4 transport by human MRP1.

Effect of Cys7 and Cys32 Mutations on Human MRP1-medi-
ated Multidrug Resistance—The above studies showed that the
Cys7 residue is critical for human MRP1-mediated LTC4 trans-
port. We next examined the drug resistance profile of transfec-
tants expressing MRP1WT, MRP1C7A, MRP1C32A, and
MRP1C7A/C32A to colchicine, doxorubicin, vincristine, and VP16
as described under “Experimental Procedures.” The results are
summarized as normalized relative resistance in Fig. 5. It
appears that mutation of Cys7 reduced the MRP1-mediated
drug resistance to about 20% of the wild type MRP1 for all four
drugs tested. On the other hand, mutation of Cys32 reduced the

MRP1-mediated drug resistance to only 60–80% of the wild
type MRP1 for three of the four drugs tested (colchicine, doxo-
rubicin, and VP16). These results are similar to the [3H]LTC4

transport studies discussed above.
Effect of Mutations of Cys7 and Cys32 on Human MRP1

Conformation—To determine how the mutations of Cys7 and
Cys32 affect the function of human MRP1, we determined
whether the conformation of human MRP1 has been altered by
the mutations using FACS analysis. Previously, FACS analysis
with monoclonal antibody as a probe has been used to deter-
mine conformational changes of P-glycoprotein (34). Recently,
we developed a monoclonal antibody, IU2H10, directed against
the amino terminus of human MRP1 (18). The epitope of this
antibody has been mapped to S8ADGSDPLWD17. If the confor-
mation of human MRP1 at the amino terminus is changed by
mutations of Cys7 and Cys32, the reaction of IU2H10 to human
MRP1 may be different between the wild type and mutant
proteins. We thus tested the reactivity of IU2H10 to cells ex-
pressing wild type and mutant human MRP1 in comparison
with the monoclonal antibody QCRL-1. As shown in Fig. 6, the
IU2H10 staining profile of MRP1C7A and MRP1C7A/C32A ap-
pears to superimpose with QCRL-1 staining, whereas the
IU2H10 and QCRL-1 staining traces of MRP1WT have a 10-fold
difference in intensity. The IU2H10 and QCRL-1 staining
traces of MRP1C32A are also separated but to a much lesser
degree than that of MRP1WT. The difference in the extent of
exposure of the IU2H10 and QCRL-1 epitope between wild type
and mutant MRP1 indicates that the amino terminus of
MRP1C7A may have a significantly different conformation from
that of MRP1WT.

To confirm the above observation, we took another approach
using a combination of limited trypsin digestion and Western
blot probed with MRP1-specific monoclonal antibodies with
known epitopes. Previously, it has been shown that there are
two trypsin hypersensitive cleavage sites in human MRP1. One
site is located between amino acids 920 and 930, the linker
domain between MSD2 and MSD3, and the other is located
around amino acid residue 250 (Fig. 1). The cleavage at the site
between amino acids 920 and 930 will produce two major
fragments of MRP1 (14, 15, 28, 29). The 120-kDa amino-termi-
nal half fragment including MSD1, MSD2, and nucleotide-
binding domain 1 can be detected by mAb MRPr1, and the
75–80-kDa carboxyl-terminal half fragments including MSD3
and nucleotide-binding domain 2 can be detected by mAb
QCRL-1. Further cleavage of the 120-kDa amino-terminal half
fragments around amino acid residue 250 will generate 40–60-
kDa polypeptides detected by MRPr1. As shown in Fig. 7,

FIG. 2. Expression and deglycosyla-
tion analysis of wild type and mutant
human MRP1. A, membrane proteins (2,
1, and 0.5 �g) from stable HEK293 cells
transfected with vector (V), human
MRP1WT, MRP1C7A, MRP1C32A, and
MRP1C7A/C32A were subjected to SDS-
PAGE and Western blot analysis probed
with monoclonal antibody QCRL-1. Inte-
grin �1 (Int.) was used as a loading con-
trol. The numbers below the blot show the
relative amounts of human MRP1 ex-
pressed and were used for corrections in
the functional studies. B, membrane pro-
teins of human MRP1WT, MRP1C7A,
MRP1C32A, and MRP1C7A/C32A were
treated with or without Peptide N-glyco-
sidase F and then subjected to SDS-PAGE
and Western blot analysis as in A. The
protein molecular mass markers are indi-
cated on the left in kDa.

FIG. 3. Indirect immunofluorescence staining of HEK293 cells
expressing wild type and mutant human MRP1. HEK293 cells
expressing human MRP1WT, MRP1C7A, MRP1C32A, and MRP1C7A/C32A

grown on glass coverslips were stained with MRP1-specific monoclonal
antibody QCRL-1 followed by incubation with a FITC-conjugated goat
anti-mouse IgG F(ab�)2 fragment. The nuclei were counterstained with
propidium iodide.
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limited trypsin digestion of membrane vesicles containing wild
type and mutant MRP1 produced the amino-terminal half frag-
ment (�120 kDa) and its further degradation products (40–60
kDa) detected by antibody MRPr1 (Fig. 7, top panel) together
with the carboxyl-terminal half fragment (�75–80 kDa) de-
tected by antibody QCRL-1 (Fig. 7, bottom panel). These results
are consistent with previous observations (14, 15, 28, 29). How-
ever, MRP1C7A and MRP1C7A/C32A mutants generated addi-
tional peptide fragments (�23 and 97 kDa) detected by MRPr1
that were not observed with MRP1WT (see the peptides indi-
cated by arrowheads in the top panel of Fig. 7). This observa-
tion suggests that the conformation of human MRP1 at the

amino terminus may be altered by the mutation of Cys7 resi-
due. A relatively minute quantity of the 23- and 97-kDa pep-
tides were also produced from MRP1C32A, suggesting that the
conformation at the amino terminus of human MRP1C32A has
also been changed but to a much less degree as compared with
MRP1C7A and MRP1C7A/C32A. These results are consistent with
the FACS analysis shown above and suggest that the dramatic
effect of Cys7 mutations on human MRP1 function is likely due
to the change in protein conformation possibly at the amino
terminus of the protein.

Effect of Cys7 and Cys32 Mutations on Disulfide Bond For-
mation—The effect of Cys7 and Cys32 mutations on MRP1
conformation at amino terminus observed above may be due to
the effect of the mutations on the formation of disulfide bonds
involving these cysteine residues. To determine whether the
Cys73 Ala mutation causes any changes in the disulfide bond
formation, we first transiently expressed the wild type and
mutant amino-terminal 281 amino acids representing MSD1
(MRP1281N) in HEK293 cells, and crude membranes were pre-
pared from these cells. The crude membranes were then
treated with SDS-PAGE sample buffer with or without 100 mM

FIG. 4. [3H]LTC4 uptake in membrane vesicles containing wild type and mutant human MRP1. Membrane vesicles from cells
expressing human MRP1WT, MRP1C7A, MRP1C32A, and MRP1C7A/C32A were incubated with [3H]LTC4 in the presence of ATP (closed symbols) or
AMP (open symbols) for the time indicated. The results shown are the means � S.D. of triplicate determinations in a representative experiment
and were corrected for the protein expression level as shown in Fig. 2.

TABLE I
Kinetics parameters of LTC4 transport by vesicles from transfectants

expressing MRP1WT, MRP1C7A, MRP1C32A, and MRP1C7A/C32A

Km Vmax Vmax (corrected)

MRP1WT 194 � 20 89 � 9 89
MRP1C7A 175 � 20 67 � 13 13
MRP1C32A 175 � 48 116 � 23 83
MRP1C7A/C32A 176 � 12 137 � 26 16
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DTT at room temperature for 30 min and then subjected to
SDS-PAGE and Western blot analysis. As shown in Fig. 8A, the
MRP1281N-WT formed dimers under nonreducing conditions
(Fig 8A, lane 1) that disappeared in the presence of DTT (Fig.
8A, lane 2), suggesting that intermolecular disulfide bonds may
be formed between MRP1281N-WT molecules. However, the full-

length MRP1 does not have intermolecular disulfide bonds
(Fig. 9). Thus, formation of the intermolecular disulfide bond in
the truncated MRP1281N-WT must be due to the change in the
folding of the MSD1 domain in the absence of the carboxyl-
terminal core domain (see below).

Interestingly, mutation of Cys7 (MRP1281N-C7A and

FIG. 5. Relative drug resistance of
cells expressing wild type and mu-
tant human MRP1. Stable HEK293
transfectants expressing human
MRP1WT, MRP1C7A, MRP1C32A, and
MRP1C7A/C32A were tested for their resist-
ance to colchicine, doxorubicin, vincris-
tine, and VP16 at different concentrations
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay. The
relative resistance level was obtained us-
ing IC50 corrected for MRP expression
level and was normalized to that of
MRP1WT. The p values are for the
MRP1C32A mutant only.

FIG. 6. FACS analysis of wild type and mutant human MRP1-transfected HEK293 cells. Stable HEK293 transfectants expressing
human MRP1WT, MRP1C7A, MRP1C32A, and MRP1C7A/C32A were probed with irrelevant antibody IU15H6 (thin solid line), MRP1-specific antibody
IU2H10 (thick solid line), and QCRL-1 (dotted line) in the presence of 0.2% saponin followed by incubation with FITC-conjugated anti-mouse IgG
for FACS analysis.
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MRP1281N-C7A/C32A) significantly reduced the dimer formation
(Fig. 8, A, lanes 3 and 7 and B), whereas mutation of Cys32

(MRP1281N-C32A) did not (Fig. 8, A, lane 5, and B) under non-
reducing conditions. These results indicate that Cys7 either is
responsible for the formation of the intermolecular disulfide
bond of MSD1 (MRP1281N) or plays an important role in the
folding of the MSD1, and its mutation causes the change in
conformation that reduces the formation of intermolecular di-
sulfide bonds.

It has been reported previously that co-expression of the
MSD1 (MRP1281N) and the carboxyl-terminal core domain mol-
ecule of MRP1 can generate functional molecules, whereas the
core domain alone is not functional (19, 20). The results in Fig.
8 suggest that MSD1 (MRP1281N-WT) may not fold correctly
when expressed alone. To test this possibility, we determined
the effect of co-expressing the carboxyl-terminal core domain
on the formation of the intermolecular disulfide bonds in
MRP1281N-WT molecules. The constructs encoding the
MRP1281N-WT and the core domain (MRP1CORE) were co-trans-
fected transiently into HEK293 cells. Crude membranes were
prepared from the cells expressing both MRP1281N-WT and
MRP1CORE and were used for nonreducing gel analysis in com-
parison with cells expressing only MRP1281N-WT or MRP1CORE.
As shown in Fig. 9, expression of MRP1281N-WT was detected by
monoclonal antibody MRPr1 in the cells transfected with
MRP1281N-WT or both MRP1281N-WT and MRP1CORE but not in

cells transfected with MRP1CORE alone (Fig. 9A, compare lanes
3–8). On the other hand, expression of MRP1CORE was detected
by monoclonal antibody QCRL-1 in the cells transfected with
MRP1CORE or both MRP1281N-WT and MRP1CORE but not in
cells transfected with MRP1281N-WT alone (Fig. 9B, compare
lanes 3–8). Interestingly, the dimer formed by MRP1281N-WT

under nonreducing conditions (Fig. 9A, lane 3) disappeared in
the presence of MRP1CORE (Fig. 9A, lane 5). Thus, the folding
of the MRP1281N-WT is different in the presence and absence of
the core domain. Furthermore, no apparent full-length mole-
cules consisting of MRP1281N-WT and MRP1CORE were detected
under nonreducing conditions (Fig. 9, A and B, lanes 5 and 6).
Thus, no disulfide bonds may be formed between the amino-
terminal MSD1 (MRP1281N-WT) and the carboxyl-terminal core
domain (MRP1CORE). It is also noteworthy that no apparent
dimers between the full-length human MRP1 are observed
under nonreducing conditions (Fig. 9, A and B, lanes 1 and 2),
suggesting that there are no intermolecular disulfide bonds in
the full-length human MRP1.

DISCUSSION

In this study, we found that the two cysteine residues in the
putative extracellular amino terminus (Cys7 and Cys32 in hu-
man MRP1) are conserved among the five human MRPs
(MRP1, 2, 3, 6, and 7) that have the additional membrane
spanning domain (MSD1) compared with the other human
MRPs, which do not have MSD1. We examined whether these
two cysteine residues are structurally and functionally impor-
tant by site-directed mutagenesis and found that mutation of
the Cys7 residue reduced more than 80% of MRP1-mediated
LTC4 transport and drug resistance to colchicine, doxorubicin,
vincristine, and VP16. On the other hand, mutation of the
Cys32 residue reduced only about 20% of MRP1-mediated LTC4

transport and 20–40% of resistance to colchicine, doxorubicin,
and VP16. It had no effect on resistance to vincristine. We also
found that Cys7 is essential for maintaining the structural
integrity of human MRP1 and that its mutation affects the
folding and conformation of the MSD1 domain.

The observation that the mutation of the Cys7 residue re-
duced significantly the Vmax of [3H]LTC4 transport but did not
affect the Km suggests that the Cys7 mutation likely influences
the substrate turnover rate but not the [3H]LTC4 binding af-
finity to MRP1. The loss of resistance activity of MRP1C7A to
colchicine, doxorubicin, vincristine, and VP16 may also be due
to the effect on the substrate turnover rate. This effect on
function by Cys7 mutation is likely due to the influence of the
mutation on the structural integrity at the amino terminus of
human MRP1 as discussed below. Possibly, the Cys7 3 Ala
mutation results in a conformation at the amino terminus that
crippled the substrate turnover rate of the protein, although
the protein may still bind the drug substrates.

It has been shown previously that MRP1 has at least two
drug-binding sites (35) and that these putative drug-binding
sites are likely located in the transmembrane segments 10 and
11 in MSD2 and segments 16 and 17 in MSD3 (29, 36), similar
to that found in P-glycoprotein (37–39). The MSD1 domain
including the putative amino terminus is not labeled by photo
affinity substrates, and its absence does not affect LTC4 label-
ing of MRP1 (36). Thus, it was thought that MSD1 including
the amino terminus does not involve drug binding. These ob-
servations are consistent with our conclusion that Cys7 3 Ala
mutation may not affect drug binding. However, in this study
we also found that Cys323 Ala mutation did not affect MRP1-
mediated resistance to vincristine, whereas the resistance ac-
tivity of MRP1C32A to colchicine, doxorubicin, and VP16 was
reduced about 20–40%, suggesting that Cys32 in the amino
terminus of human MRP1 may participate in substrate recog-

FIG. 7. Limited trypsin digestion of wild type and mutant hu-
man MRP1. 10 �g of membrane proteins from cells expressing human
MRP1WT, MRP1C7A, MRP1C32A, and MRP1C7A/C32A were digested with
trypsin, and the membrane-associated fragments were then pelleted for
SDS-PAGE and Western blot analysis using monoclonal antibody
MRPr1 (top panel) and QCRL-1 (bottom panel). Undigested full-length
(F) and the digested amino-terminal half (N) and carboxyl-terminal half
(C) fragments are indicated by arrows. Note that the half molecules
were also produced prior trypsin digestions caused by degradation in
the absence of protease inhibitors in the assay. The arrowheads indicate
the fragments produced only from the mutant human MRP1.

Role of Amino Terminus in MRP1 Structure and Function44274



nition. Clearly, further experiments are needed to clarify these
differences and to determine whether MSD1 including the
amino terminus is involved in substrate recognition and
binding.

In a previous study, Gao et al. (19) found that deletion of as
few as 66 amino acids of the amino terminus of human MRP1
reduced 90% of LTC4 transport activity of MRP1. This obser-
vation is consistent with the results of the Cys7 mutation in
this study. However, it has also been concluded from previous
domain deletion studies that MSD1 with the amino terminus is
not necessary for the LTC4 transport activity of MRP1 (20).
Therefore, it remains to be answered why MRP1 has the MSD1
if this domain does not contribute to the function of MRP1. It is
possible that the amino terminus of the MSD1 contains positive
elements for MRP1 function and deletion or mutation of these
elements will significantly reduce MRP1 activity. On the other
hand, deletion of the entire MSD1 may delete other negative
elements in the MSD1 together with the positive element at the
amino terminus for LTC4 transport activity. Interestingly, it
was also found that the loop (L0) linking MSD1 and MSD2
appears to be essential for LTC4 transport activity. Therefore,
further manipulations of MSD1 with mutagenesis may help
dissect the functional role and the crucial elements in the

MSD1 for MRP1 activity.
Limited trypsin digestion of both wild type and mutant hu-

man MRP1 generated a 120-kDa amino-terminal half fragment
detected by a monoclonal antibody MRPr1 and a �75–80-kDa
carboxyl-terminal half fragment detected by monoclonal anti-
body QCRL-1. Fragments of 40–60 kDa were also produced
from both wild type and mutant human MRP1. These observa-
tions are consistent with previous studies (14, 15, 28, 29).
However, digestion of MRP1C7A mutant also generated addi-
tional fragments of 23 and 97 kDa detected by MRPr1. A
relatively minute quantity of these two fragments was also
produced from digestion of MRP1C32A but not from MRP1WT.
Generation of these two fragments is possibly due to digestion
at Arg62 and/or Lys72 (Fig. 1A, trypsin site 3) in the first
cytoplasmic loop. Likely, the 23- and 97-kDa fragments span
from trypsin site 3 to trypsin site 2 (near amino acid residue
250) and from trypsin site 3 to trypsin site 1 (between amino
acids 920 and 930), which carry the MRPr1 epitope (Fig. 1A for
trypsin sites). Generation of these additional fragments by
digestion of mutant MRP1 suggests that the conformation of
human MRP1 at the amino terminus has been altered by the
Cys7 3 Ala mutation and to a significantly less degree by the
Cys32 3 Ala mutation. These results are consistent with the

FIG. 8. Effect of cysteine muta-
tions on disulfide bond formation.
Crude membranes from transiently
transfected HEK293 cells expressing
human MRP1281N-WT, MRP1281N-C7A,
MRP1281N-C32A, and MRP1281N-C7A/C32A

were treated with SDS-PAGE sample
buffer in the absence or presence of 100
mM DTT before being subjected to SDS-
PAGE and Western blot analysis using
monoclonal antibody MRPr1 as a probe
(A). B shows the relative quantity of
dimers generated from four independent
experiments. The intensity of the dimer
product (DTT �) and the total protein
(DTT �) was determined using Scion im-
age software. The relative quantities of
the dimer are presented as fractions gen-
erated by dividing the intensity of the
dimers with the intensity of the total pro-
tein and normalized to that of the
MRP1281N-WT.
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cell staining data using monoclonal antibody, IU2H10, which
generated different profiles of staining for wild type and mu-
tant human MRP1.

We also found that the correct folding of MSD1 (MRP1281N)
requires the presence of the carboxyl-terminal core domain
(MRP1CORE). Without the core domain, MSD1 forms intermo-
lecular disulfide bond. In the presence of the core domain, no
such disulfide bond is formed. These observations suggest that
the folding of MSD1 is different in the absence and presence of
the core domain. It has been shown previously that functional
MRP1 was produced when the MSD1 and the core domain were
co-expressed (19). We thus conclude that the folding of the
MSD1 in the presence of the core domain is likely correct and
that the folding of MSD1 in the absence of the core domain is
incorrect, which results in the formation of intermolecular di-
sulfide bonds. Mutation of the Cys7 residue inhibited the for-
mation of these intermolecular disulfide bonds of MSD1 in the
absence of the core domain. Thus, it is possible that the con-
formation of the MSD1 is changed by the Cys7 mutation in such
a way that the intermolecular disulfide bond cannot be formed
any more. This notion supports the conclusion that the Cys7

mutation changes the conformation of the amino terminus as
discussed above.

However, it is also possible that the Cys7 residue directly
contributes to the formation of the intermolecular disulfide
bonds of MSD1 in the absence of the core domain and that its
mutation eliminated the intermolecular disulfide bond forma-
tion. If this were the case, it would be possible that the Cys7

residue may be an active Cys and that it may normally form a
disulfide bond with another Cys residue in the full-length
MRP1. Upon deletion of the core domain, the Cys partner for
Cys7 would be deleted. However, we found no apparent forma-
tion of intermolecular disulfide bond between MSD1
(MRP1281N-WT) and the carboxyl-terminal core domain
(MRP1CORE) when the two domains were co-expressed. Thus,
in the full-length MRP1 molecule, Cys7 may stay with a free SH
group, or it may form a disulfide bond with a Cys residue in the
MSD1 or in other proteins. Formation of a disulfide bond be-
tween Cys7 and other proteins is unlikely because the mobility
of full-length human MRP1 on SDS-PAGE was not decreased
in the absence of DTT (Fig. 9). Furthermore, although the Cys7

3 Ala mutation reduced 80% of MRP1-mediated LTC4 trans-
port and drug resistance activity, Cys32 3 Ala mutation re-
duced only 20% of MRP1-mediated LTC4 transport and resist-
ance to some drug substrates. Thus, it appears that the effect of
mutations on MRP1 function is not simply due to the disrup-

tion of the potential Cys7–Cys32 disulfide bond. However, the
MSD1 domain has seven additional Cys residues, and one of
these residues may be a potential partner of Cys7. Thus, it is
possible that MSD1 misfolds in the absence of the core domain.
Because of this misfolding, Cys7 cannot form disulfide bond
with its normal partner, which resulted in misoxidation possi-
bly with itself in another MSD1 molecule.

The extracellular location of the amino terminus of human
MRP1 has been inferred by determining the glycosylation sta-
tus and epitope insertion (14–17). However, using a mono-
clonal antibody, IU2H10, which has the epitope 8SADGSD-
PLWD17 in the amino terminus of human MRP1, we found that
at least part of the amino terminus (IU2H10 epitope) of human
MRP1 may be exposed cytoplasmically (18) (Fig. 1B). In this
new model, Cys7 may be located in a channel formed by the
transmembrane segments of the protein. We also found that
the cytoplasmic retraction of the amino terminus of human
MRP1 depends on the presence of the carboxyl-terminal core
domain (18). As discussed above, the finding that the intermo-
lecular disulfide bond formation between MSD1 is inhibited by
the presence of the carboxyl-terminal core domain suggests
that the correct folding of the amino terminus requires the
presence of the carboxyl-terminal core domain. This observa-
tion is consistent with the observation that the cytoplasmic
retraction of Cys7 also requires the presence of the carboxyl-
terminal core domain (18).

Previously, Cys-less mutant P-glycoprotein (Cys 3 Ala mu-
tations) has been used successfully for identification of residues
in drug-binding domain (40, 41), determination of the drug-
binding domain dimension (42), functional analysis of nucleoti-
de-binding domain (43), and topology mapping (44). These suc-
cessful studies demonstrate that cysteine-scanning
mutagenesis is a powerful tool to examine the structure and
function of membrane transport proteins. However, these stud-
ies depended on the fact that mutation of all Cys residues to
Ala did not affect the function of human P-glycoprotein (44).
Based on the present study, it is conceivable that such a cys-
teine-scanning mutagenesis approach is unlikely to work for
the full-length human MRP1 unless mutations of other Cys
residues restore the effects of the Cys7 and Cys32 mutations.

Site-directed mutagenesis has been used to examine the
functional domains of human MRP1. Glu1089 in the transmem-
brane segment 14 of human MRP1 was found to be an essential
residue for anthracycline resistance (25). Mutation of Glu1089

to neutral amino acids reduced the anthracycline resistance of
MRP1, whereas mutation to positively charged amino acids
completely eliminated anthracycline resistance. Yet, these mu-
tations had no effect on transport of conjugated organic anions
such as LTC4. Thr1242 in the transmembrane segment 17 of
human MRP1 was also found to be important for MRP1 func-
tion (26). Mutation of Thr1242 reduced MRP1-mediated trans-
port of LTC4 and E217�G and drug resistance. Interestingly,
double mutations of Glu1089 and Thr1242 restored the effect of
Thr1242 mutation alone, suggesting that there may be an inter-
action between transmembrane segments 14 and 17. Muta-
tions of Trp1246 in the transmembrane segment 17, which is
conserved between human and mouse MRP1, also generated
proteins that do not confer resistance to anticancer drugs as the
wild type protein, notwithstanding that they still transport
LTC4 (32). Although these studies collectively demonstrated
that some amino acid residues in the transmembrane segments
are important for drug specificity and transport function of
human MRP1, it is not known whether these mutations affect
the folding and conformation of MRP1. However, we demon-
strated in this study that mutations of Cys7 reduced MRP1-
mediated LTC4 transport and resistance to anticancer drugs

FIG. 9. Co-expression of human MRP1281N-WT and MRP1CORE.
2.5-�g membranes from HEK293 cells transiently transfected with
MRP1281N-WT, MRP1CORE, or both were treated with SDS-PAGE sample
buffer in the presence or absence of 100 mM DTT and then subjected to
SDS-PAGE and Western blot analysis with monoclonal antibody
MRPr1 (A) and QCRL-1 (B). F, full-length human MRP1WT; N, human
MRP1281N-WT; C, human MRP1CORE. The arrows indicate MRP1281N-WT

(A) and MRP1CORE (B) products. The oligomers of MRP1281N formed in
the absence of DTT are shown by arrowheads.
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likely because of the change in conformation of MRP1. Based on
these previous studies, it will be interesting in the future to
determine whether mutation of other Cys residues in MSD1
can compensate the effect of the Cys7 mutation.

Currently, we cannot rule out the possibility that the effect of
mutation of Cys residues to Ala on the conformation and func-
tion of MRP1 in this study is due to the presence of Ala resi-
dues. Additional substitutions of Cys with other residues such
as Ser and Met may help address this issue. However, analysis
of the amino-terminal sequence of human MRP1 using several
programs (www.expasy.ch/tools/#secondary) predicts that it
mainly consists of coiled structures with a short stretch of �
strand (Fig. 1B). Both Cys7 and Cys32 are located in the domain
consisting of coiled structures. Replacing both Cys residues
with Ala does not change the overall coil structure of the amino
terminus as predicted using the same program discussed
above. Thus, it is unlikely that the effect of a Cys 3 Ala
mutation on the structure and function of human MRP1 was
simply due to the presence of Ala residues.
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