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Multidrug resistance protein 1 (MRP1) is an ATP-binding
cassette transporter that effluxes drugs and organic anions
across the plasma membrane. The 17 transmembrane helices
of MRP1 are linked by extracellular and cytoplasmic loops
(CLs), but their role in coupling the ATPase activity of MRP1
to the translocation of its substrates is poorly understood.
Here we have examined the importance of CL5 by mutating
eight conserved charged residues and the helix-disrupting
Gly511 in this region. Ala substitution of Lys513, Lys516, Glu521,
and Glu535 markedly reduced MRP1 levels. Because three of
these residues are predicted to lie at the interface of CL5 and
the second nucleotide binding domain (NBD2), a critical role
is indicated for this region in the plasma membrane expression
of MRP1. Further support for this idea was obtained by mutat-
ing NBD2 amino acids His1364 and Arg1367 at the CL5 inter-
face, which also resulted in reduced MRP1 levels. In contrast,
mutation of Arg501, Lys503, Glu507, Arg532, and Gly511 had no
effect on MRP1 levels. Except for K503A, however, transport
by these mutants was reduced by 50 to 75%, an effect largely
attributable to reduced substrate binding and affinity. Studies
with 32P-labeled azido-ATP also indicated that whereas ATP
binding by the G511I mutant was unchanged, vanadate-in-
duced trapping of azido-ADP was reduced, indicating changes
in the catalytic activity of MRP1. Together, these data demon-
strate the multiple roles for CL5 in the membrane expression
and function of MRP1.

Multidrug resistance protein 1 (MRP1/ABCC1) is an inte-
gral membrane protein belonging to the ATP-binding cas-
sette (ABC)2 superfamily of transport proteins (1, 2). When
overexpressed in tumor cells, MRP1 confers resistance to an-
ticancer drugs and other xenobiotics of remarkable structural
diversity, including oxyanions containing arsenic and anti-
mony (3–5). In addition to cytotoxic agents, MRP1 mediates
the ATP-dependent efflux of a variety of organic anions de-

rived from both endogenous metabolites and exogenous xe-
nobiotics, many of which are conjugated to glutathione (e.g.
the cysteinyl leukotriene (LTC4)) or glucuronide (e.g. estradiol
glucuronide (E217�G)) (4–6). In some instances, a role has
been established for MRP1 in influencing the in vivo disposi-
tion of these compounds (4, 7, 8).
Eukaryotic ABC proteins typically have a four-domain core

structure, composed of two hydrophobic membrane-span-
ning domains (MSDs), each with six transmembrane (TM)
�-helices, and two cytoplasmic nucleotide binding domains
(NBDs). Several ABCC subfamily members, including MRP1,
have an additional, third MSD (MSD0) that precedes the
four-domain core structure (Fig. 1A) (1, 8, 9). The two NBDs
of ABC proteins coordinate in a head-to-tail orientation to
form a “sandwich” dimer that comprises two composite nu-
cleotide binding sites, which bind and hydrolyze ATP to pro-
vide the energy necessary for the transport process (10). On
the other hand, the 12 intertwined TM �-helices of the core
MSD1 and MSD2 form the substrate translocation pathway
and are brought into close proximity to the NBDs through the
cytoplasmic loops (CLs) that connect the TMs (Fig. 1B) (10,
11). It is now widely accepted that the CLs mediate the cou-
pling of the ATPase (catalytic) activity at the nucleotide bind-
ing sites to substrate translocation through the MSDs (10, 12).
Although a number of amino acids in or proximal to the

TMs have been characterized as critical for the activity and/or
substrate specificity of MRP1 (6, 13–15), there are few com-
parable analyses of the CLs of this transporter. Studies of the
CLs of several other mammalian ABC proteins, however, have
identified a number of functionally important amino acids.
For example, Kwan and Gros (16) identified several CL1 mu-
tants of murine P-glycoprotein (Abcb1a) that exhibit a partial
or complete loss of drug transport activity. In addition, a re-
cent study on the transporter associated with antigen process-
ing (TAP; ABCB2/3) demonstrated that specific residues in
CL1 and CL2 of TAP1 were important for both peptide bind-
ing and translocation (17). Furthermore, many disease-associ-
ated mutations are located in the CLs of the cystic fibrosis
transmembrane conductance regulator (CFTR) (ABCC7),
which cause it to be retained in the endoplasmic reticulum
(18, 19). Finally, a naturally occurring mutant of CFTR in
which 19 amino acids are absent from the CL linking TM4 to
TM5 is very poorly expressed, suggesting a role for this region
in the proper folding and/or membrane trafficking of this
chloride channel (20).
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With respect to MRP1, we demonstrated previously the
functional importance of several amino acids in CL7, which
connects TM15 to TM16 in MSD2 (Fig. 1A). Thus, mutation
of the adjacent Tyr residues at positions 1189 and 1190 de-
creases MRP1 transport activity, especially with respect to the
transport of the tripeptide antioxidant glutathione (21). Fur-
thermore, substitutions of several charged amino acids in CL7
substantially reduce the plasma membrane expression of
MRP1 (i.e. Arg1166 and Asp1183), cause substrate-selective
changes in its transport activity (i.e. Asp1179 and Glu1144), or
do both (i.e. Lys1141) (22, 23).

Homology models of the nucleotide-bound core structure
of human MRP1 predict that a stretch of amino acids parallel
to the membrane at the bottom of CL7 of MSD2 is in close
proximity to the first NBD (NBD1), whereas the analogous
region in CL5 of MSD1 is in contact with the second NBD
(NBD2) (Fig. 1B) (11). Based on the apparent 2-fold symmetry
of the MRP1 core structure, it might reasonably be assumed
that CL5 and CL7 would serve similar coupling functions in
this and possibly related ABCC transporters. However, this
assumption may not be correct, as it is now well established
that the NBDs of MRP1 are functionally asymmetric, with
most of the catalytic (ATP-hydrolyzing) activity residing in
NBD2 (24, 25). The CLs of MSD2 also contain several con-
served Pro residues that are not present in the CLs of MSD1
(26). Because of the �-helical disrupting properties of Pro, this
difference may result in differences in the geometry and/or
mobility of CL4 and CL5 in MSD1 versus CL6 and CL7 in
MSD2. Finally, although both CL5 and CL7 contain a high
proportion of charged amino acids, these are more frequently
conserved in CL5 than in CL7.
The apparent asymmetries in the sequence and function of

the two halves of MRP1 have prompted us to extend our anal-
yses of the CLs of MRP1 by investigating the functional im-
portance of the eight most conserved charged amino acids in
CL5. We also investigated Gly511 because of its possible role
in influencing the geometry and/or mobility of CL5, and thus
its potential to affect the coupling interactions of this region
with NBD2.

EXPERIMENTAL PROCEDURES

Materials—[14,15,19,20-3H]LTC4 (158 Ci mmol�1) and
[6,7-3H]E217�G (45 Ci mmol�1) were purchased from
PerkinElmer Life Sciences, and 8-azido-[�-32P]ATP (12.6 Ci
mmol�1) was from Affinity Photoprobes (Lexington, KY).
LTC4 was purchased from Calbiochem, and E217�G, nucleo-
tides, phenylmethylsulfonyl fluoride, phosphate-buffered sa-
line, sodium orthovanadate, NaF, BeSO4, DAPI, dithiothre-
itol, and 2-mercaptoethanol were from Sigma.
Site-directed Mutagenesis—Site-directed mutagenesis was

performed using Pfu Turbo DNA polymerase (Stratagene)
according to the manufacturer’s instructions with mutagenic
primers (Integrated DNA Technologies, Inc., Coralville, IA).
The MRP1 expression vector pcDNA3.1(�)-MRP1k has been
described previously (27). To generate point mutations in
CL5, plasmid pBluescriptSK(�)BamHI/SpHI-MRP1 contain-
ing a 1.9-kb fragment from pcDNA3.1(�)-MRP1k was used as
the template with the following mutagenic primers (substi-

tuted nucleotides are underlined): R501A, 5�-GAG CAA AGA
CAA TGC GAT CAA GCT GAT G-3�; K503A, 5�-GAC AAT
CGG ATC GCG CTG ATG AAC G-3�; E507A, 5�-GCT GAT
GAA CGC AAT TCT CAA TGG G-3�; G511I, 5�-CTC AAT
ATT ATC AAA GTG CTA AAG CTT TAT GCC TGG GAG
CTG GC-3�; K513A, 5�-CTC AAT GGG ATC GCA GTG
CTA AAG C-3�; K513R, 5�-CTC AAT GGG ATC AGA GTG
CTA AAG C-3�; K516A, 5�-GAT CAA AGT GCT AGC GCT
TTA TGC CTG-3�; K516R, 5�-GAT CAA AGT GCT AAG
ACT TTA TGC CTG-3�; E521A, 5�-CTT TAT GCC TGG
GCG CTG GCA TTC-3�; E521D, 5�-CTT TAT GCC TGG
GAC CTG GCA TTC-3�; R532A, 5�-GTG CTG GCC ATT
GCG CAG GAG GAG CT-3�; E535A, 5�-CAT CAG GCA
GGA GGC CTT GAA GGT GCT GAA G-3�; and E535D, 5�-
CAG GCA GGA GGA TCT GAA GGT GCT GAA G-3�. Af-
ter confirmation of mutation by sequencing, a 657-bp PshAI/
Bsu36I fragment containing the desired mutation was
subcloned back into pcDNA3.1(�)-MRP1k, and the integrity
of the sequence was confirmed by sequencing.
To create the CL6 mutation H1049A, a 2-kb XmaI frag-

ment (containing nucleotides 2337–4322) in pGEM-3Z (Pro-
mega, Madison, WI) was used as the template with the muta-
genic primer 5�-CCG CTG TCT GGC CGT GGA CCT
GC-3�. After confirming the mutation by sequencing, a 0.4-kb
Eco47III/NcoI fragment containing the desired mutation was
subcloned into pGEM-3Z-XmaI/MRP1, and then a 1.5-kb
BsmBI/ClaI fragment containing the desired mutation was
subcloned back into pcDNA3.1(�)-MRP1k.
To engineer mutations of His1364 and Arg1367 in NBD2, a

0.8-kb EcoRI/KpnI fragment of MRP1 in pBluescriptSK(�)
was used as the template with the following mutagenic prim-
ers (substituted nucleotides are underlined): H1364A, 5�-GAT
CGG CCT GGC CGA CCT CCG C-3�; and R1367A, 5�-CTG
CAC GAC CTC GCC TTC AAG ATC AC-3�. After sequence
confirmation, the 0.8-kb EcoRI/KpnI fragment was moved
back into pcDNA3.1(�)-MRP1k and sequenced again to con-
firm the integrity of the sequence and the presence of the
mutations.
Transfection of MRP1 Expression Vectors and Preparation

of Membrane Vesicles—Wild-type andmutant pcDNA3.1(�)-
MRP1 expression vectors were transfected into SV40-trans-
formed human embryonic kidney cells (HEK293T) (27). Cells
(18 � 106) were seeded in 150-mm plates and transfected 24 h
later (at 90–95% confluency) with 20 �g of plasmid DNA us-
ing Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. After 48 h, the HEK293T cells were
harvested, and membrane vesicles were prepared as described
previously (27). The total protein content of the vesicles was
quantified using a Bio-Rad Bradford assay with bovine serum
albumin as a standard. Untransfected cells and cells trans-
fected with a wild-type MRP1 cDNA expression vector were
included as controls in all experiments.
Measurements of MRP1 Protein Levels in Transfected

Cells—The levels of wild-type and mutant MRP1 proteins
were determined by immunoblot analysis using the human
MRP1-specific murine mAb QCRL-1 (diluted 1:5,000–
1:10,000), which detects an epitope defined by amino acids
918–924 essentially as described (28). To confirm equal load-
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ing of protein in some experiments, blots were probed with a
murine mAb against �-tubulin (2 mg ml�1) (Sigma-Aldrich).
Densitometry of immunoblots was performed using ImageJ
software.
Confocal Microscopy—HEK293T cells were seeded at 5 �

105 cells/well in a 6-well plate on coverslips coated with 0.1%
gelatin in Dulbecco’s modified Eagle’s medium containing
7.5% fetal bovine serum. Twenty-four h later, cells were trans-
fected with the MRP1 constructs as before; and 48 h later, the
coverslips were washed with PBS, and cells were fixed with
95% ethanol, washed in PBS, and permeabilized by adding
0.2% Triton X-100 in PBS. Cells were blocked with three
changes over 45 min of blocking solution (0.1% Triton X-100
and 2% bovine serum albumin in PBS) and then incubated
with the human MRP1-specific rat mAb, MRPr1 (defined by
amino acids 238–247; diluted 1:1500), and a mouse mAb
against calnexin (diluted 1:75) in blocking solution for 60 min
at 37 °C (28, 29). The coverslips were washed in PBS and incu-
bated for 60 min at 37 °C with Alexa Fluor 546 goat anti-rat
IgG (H�L) (Fab�)2 fragment (diluted 1: 500) and Alexa Fluor
488 goat anti-mouse IgG (H�L) (Fab�)2 fragment (diluted 1:
500) in blocking solution, washed again, and then placed on
slides containing SlowFade� antifade solution (Molecular
Probes, Inc., Eugene, OR) and DAPI (2.5 mg ml�1, diluted
1:100 in antifade solution). Cells were examined using a Leica
TCS SP2 MS multiphoton system confocal microscope (Leica
Microsystems, Heidelberg, Germany).
MRP1-mediated Transport of 3H-Labeled Substrates by

Membrane Vesicles—ATP-dependent uptake of 3H-labeled
substrates by the membrane vesicles was measured using a
rapid filtration method (30) adapted to a 96-well microtiter
plate format (31). In brief, 2 �g of membrane vesicle protein
was incubated with 50 nM/10 nCi [3H]LTC4 for 1 min at 23 °C
or 400 nM/20 nCi [3H]E217�G for 1 min at 37 °C in a 30-�l
reaction mixture containing 10 mM MgCl2 and 2 mM AMP or
2 mM ATP in transport buffer (250 mM sucrose and 50 mM

Tris-HCl, pH 7.4) with an ATP-regenerating system consist-
ing of 100 �g ml�1 creatine kinase and 10 mM creatine phos-
phate. MRP1-mediated uptake was stopped after 1 min by
rapid dilution in ice-cold transport buffer, and reactions were
filtered through a Unifilter-96 GF/B plate (PerkinElmer Life
Sciences) using a Packard Filtermate Harvester. Tritium asso-
ciated with the vesicles was counted, and ATP-dependent
uptake was calculated by subtracting the uptake in the pres-
ence of AMP from the uptake measured in the presence of
ATP. Unless specified otherwise, all transport assays were
carried out in triplicate, and results were expressed as
means � S.D. and corrected for any differences in expression
of the mutant MRP1 proteins relative to wild-type MRP1.
In competition transport experiments, the same conditions

were used as described above, except that membrane vesicles
were preincubated for 15 min on ice with different concentra-
tions of unlabeled E217�G (0, 12.5, 25, and 50 �M) or LTC4 (0,
300, 600, and 900 nM) before proceeding with the transport
assays.
Kinetic Analysis of [3H]E217�G Transport—Km and Vmax

values for E217�G uptake by membrane vesicles (4 �g) were
determined by measuring ATP-dependent uptake at eight

different E217�G concentrations (0.25–25 �M) for 1 min at
37 °C in 50 �l of transport buffer containing components as
described above. Data were analyzed using GraphPad
PrismTM software, and kinetic parameters were calculated by
nonlinear regression and Michaelis-Menten analyses.
Photolabeling of MRP1 by [3H]LTC4—Wild-type and mu-

tant MRP1 membrane proteins were photolabeled with
[3H]LTC4 essentially as described (22). Briefly, membrane
vesicles prepared from HEK293T cells transfected with wild-
type and mutant MRP1 cDNAs (50 �g of protein in 50 �l
transport buffer) were incubated with [3H]LTC4 (120 nCi, 200
nM) and 10 mM MgCl2 at room temperature for 30 min and
then frozen in liquid nitrogen. Samples were then alternately
irradiated at 302 nm for 1 min and snap-frozen 10 times in
liquid N2. Radiolabeled proteins (50 �g) were resolved by
SDS-PAGE, and the gel was processed for fluorography. The
gel was exposed to Bioflex� MSI film (InterScience, Troy, NY)
for 3 days at �70 °C. Relative levels of photolabeling were es-
timated by densitometric analysis as described previously.
Photolabeling of MRP1 with 8-Azido-[�-32P]ATP—Wild-

type and mutant MRP1 proteins from transfected cells were
photolabeled with 8-azido-[�-32P]ATP essentially as de-
scribed previously (26). Membrane vesicles (20 �g of protein)
were dispersed in 20 �l of transport buffer containing 5 mM

MgCl2 and 5 �M 8-azido-[�-32P]ATP. After 5 min incubation
on ice, the samples were cross-linked at 302 nm for 8 min,
washed, and then solubilized in Laemmli buffer and subjected
to SDS-PAGE. After drying, the gel was exposed to film for
2–4 h.
Orthovanadate- and Beryllium Fluoride-induced Trapping

of 8-Azido-[�-32P]ADP—To measure orthovanadate-induced
trapping of 8-azido-[�-32P]ADP by MRP1, membrane pro-
teins (20 �g) were incubated in transport buffer (20 �l)
containing 5 mM MgCl2, 1 mM freshly prepared sodium or-
thovanadate, and 5 �M 8-azido-[�-32P]ATP at 37 °C for 15
min (26). To measure trapping induced by beryllium fluoride,
a mixture of 1 mM NaF and 200 �M BeSO4 in transport buffer
was added instead of sodium orthovanadate (32). The reac-
tions were stopped by the addition of ice-cold Tris-EGTA
buffer, and membrane proteins were washed and resuspended
before cross-linking at 302 nm as described previously (26).
Membrane vesicles were then solubilized in Laemmli buffer
and subjected to SDS-PAGE, and after drying, gels were ex-
posed to film for 12–24 h.

RESULTS

Sequence Alignment and Location of CL5 Residues Targeted
for Mutagenesis—Our recent homology models of the core
structure of MRP1 developed based on the crystal structure of
nucleotide-bound Sav1866 from Staphylococcus aureus indi-
cate that the �-helices containing TM9 and TM10 extend into
the cytoplasm to become what we have designated as CL5
(Fig. 1, A and B) (11). The model also indicates that CL5 in
MSD1 and CL6 in MSD2 come close together and form an
interface with NBD2. This configuration is conserved in the
recently reported crystal structure of nucleotide-free murine
P-glycoprotein (Abcb1) (33) and other Sav1866-based homol-

Role of Cytoplasmic Loop 5 in MRP1 Expression and Function

7204 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 9 • MARCH 4, 2011



ogy models of mammalian ABC proteins proposed to date
(10, 34–36).
The boundaries of CL5 vary to some degree depending on

the algorithm used to predict the secondary structure of
MRP1. For the purposes of this study, we defined CL5 as ex-
tending from Lys486 to Leu545 (Fig. 1A). This CL5 sequence is
identical in all reported mammalian orthologs (mouse, rat,
chicken, dog, cow, and monkey) of MRP1 and contains a high
abundance of ionizable amino acids. These residues do not
appear to be randomly distributed, but rather, many occur in
“clusters” creating ionic “patches” in this region of MRP1/

Mrp1. Among the eight CL5 residues initially targeted in this
study, four (Arg501, Lys516, Arg532, and Glu535) are identical in
all ABCC subfamily homologs (Fig. 1A), whereas Glu507 and
Glu521 are identical in 11 of 12 family members. The Lys resi-
dues at positions 503 and 513 are also highly conserved, al-
though Arg is often found in their place.
The �-helices extending from TM9 and TM10 into the cy-

toplasm are linked by a stretch of amino acids (residues 507–
521) that comprise the CL5 interface with NBD2 and also
contain the so-called “coupling helix,” which is presumably
initiated by Gly511 (Fig. 1A) (10, 11). Gly511 is moderately con-

FIGURE 1. MRP1 secondary structure, homology models and CL5 sequence alignments. A, top, a predicted secondary structure of MRP1 showing the
location of the CL5 (amino acids 486 –545). Bottom, sequence alignments of MRP1 CL5 and analogous regions in human ABCC homologs, bacterial Sav1866,
yeast Yor1p, and mouse P-glycoprotein generated using ClustalW. Amino acids that are identical in all human ABCC proteins are shown on a black back-
ground, whereas residues that are partially conserved are on a gray background. CL5 amino acids 507–521 predicted to form an interface with NBD2 in
MRP1 are indicated with a solid line above the alignment. SUR, sulfonylurea receptor. B, location of CL5 (green) in a three-dimensional homology model of
MRP1 (lacking MSD0) generated using the crystal structure of nucleotide-bound Sav1866 from S. aureus as template (11); MSD1 and NBD1 (cyan); and MSD2
and NBD2 (magenta). C, expanded CL5 region from the homology model showing the amino acids mutated in this study. The region of CL5 at the interface
with NBD2 is encircled. B and C were created using PyMOL.
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served and is present in the analogous positions of MRP1–4
and -7, ABCC8/SUR1, and ABCC9/SUR2 as well as the bacte-
rial Sav1866. However, Tyr is found in MRP5/ABCC5, Asn in
ABCC6/MRP6 and CFTR, and Cys in ABC11/MRP8 and
ABCC12/MRP9 (Fig. 1A).
Charged Amino Acids in CL5 are Critical for Membrane

Expression of MRP1—The role of the eight charged residues
in CL5 for the plasma membrane expression of MRP1 in
mammalian cells was initially investigated by comparing
MRP1 protein levels in lysates of HEK293T cells transfected
with cDNA expression vectors encoding Ala-substituted mu-
tants. Densitometric analysis of immunoblots showed that the
K516A, E521A, and E535A mutants were consistently ex-
pressed very poorly (levels �10% of wild-type MRP1),
whereas the levels of K513A were reduced by �70% (Fig. 2).
These observations indicate that substitution of Lys513, Lys516,
Glu521, and Glu535 with the neutral, cavity-creating Ala has a
deleterious effect on MRP1 levels, at least in mammalian cells.
On the other hand, levels of the four remaining CL5 Ala-sub-
stituted mutants (R501A, K503A, E507A, and R532A) were
comparable with wild-type MRP1 (see Fig. 6A).
Effect of Reduced Temperature on Levels and Localization of

Ala-substituted Lys513, Lys516, Glu521, and Glu535 Mutants—
Misfolded proteins are frequently targeted for degradation by
the endoplasmic reticulum-associated degradation (ERAD)
pathways (37, 38). However, levels of misfolded mutant pro-
teins can often be enhanced by diminishing the activity of
ERAD pathways by incubating cells expressing the mutants at
subphysiological temperatures (20, 39, 40). When HEK cells
containing the four poorly expressed Ala-substituted Lys513,
Lys516, Glu521, and Glu535 mutants were incubated at 28 °C
rather than 37 °C, immunoblots of cell lysates showed two
bands for wild-type MRP1, a band at 190 kDa (band A, fully
glycosylated mature MRP1) and a second band at 170 kDa
(band B, underglycosylated MRP1) (Fig. 3A). A marked in-

crease in the levels of the K513A, K516A, E521A, and E535A
mutants was observed in cells incubated at the lower temper-
ature; however, most of this increase was attributable to the
underglycosylated form of the MRP1. Furthermore, despite
the increase, the levels of K513A, K516A, E521A, and E535A

FIGURE 2. Levels of Ala-substituted MRP1 mutant proteins of Lys513,
Lys516, Glu521, and Glu535. Shown is a representative immunoblot of
whole cell lysates (WCL) (10 �g of protein/lane) prepared from HEK293T
cells transfected with wild-type (WT-MRP1) and mutant (K513A, K516A,
E521A, and E535A) cDNA expression vectors. Untransfected cells were used
as a negative control. MRP1 proteins were detected with mAb QCRL-1 (top),
and the relative levels, estimated by densitometry, are indicated below the
blot (after correction for loading based on �-tubulin levels detected using
an anti-�-tubulin mAb (bottom)). Similar values were obtained with cell ly-
sates prepared from three independent transfections.

FIGURE 3. Levels and localization of CL5 mutant MRP1 proteins. A, im-
munoblots of whole cell lysates (WCL) (10 �g of protein/lane) prepared
from HEK293T cells incubated at 28 °C for 60 h after transfection with mu-
tant (K513A, K516A, E521A, and E535A) and wild-type MRP1 cDNA expres-
sion vectors. Top, MRP1 was detected with mouse mAb QCRL-1. Band A rep-
resents the 190-kDa fully glycosylated mature form of MRP1 and band B
represents the 170-kDa underglycosylated immature form. Relative expres-
sion levels (mature and immature combined) before and after correction for
protein loading based on �-tubulin levels are shown below. B and C, confo-
cal microscopy of transfected HEK293T cells after incubation at 37 and
28 °C, respectively, for 48 h. Cells were analyzed by indirect immunofluores-
cence with MRP1-specific rat mAb MRPr1 (red) and mouse anti-calnexin
mAb (green) binding detected with Alexa Fluor 546- and Alexa Fluor 488-
conjugated secondary antibodies, respectively. Nuclei were stained with
DAPI (blue). Signals from the three channels were acquired independently,
and the merged images are presented. Co-localization of MRP1 and cal-
nexin is indicated by a yellow color. Control, untransfected HEK293T cells.
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remained substantially below those of the wild-type protein in
membrane vesicle preparations from cells incubated at 28 °C
(data not shown). The low levels of the mutant proteins pre-
cluded their functional characterization in vesicular transport
assays.
Cells incubated at 37 and 28 °C were also examined by con-

focal microscopy, and the images obtained were consistent
with the immunoblotting data of whole cell lysates (Figs. 2
and 3A). Thus, at 37 °C the MRP1 signals from cells express-
ing the K513A, E521A, and E535A mutants were very faint;
however, the signals were found mostly at the plasma mem-
brane as observed for wild-type MRP1 (Fig. 3B). This suggests
that even if these mutations result in misfolding of MRP1, at
least a minor portion is able to exit the endoplasmic reticulum
and traffic normally to the plasma membrane. In contrast,
K516A was not detectable at all in the HEK cells at 37 °C, sug-
gesting that the misfolding of this mutant is so severe that
none of this mutant protein escapes the ERAD pathways of
the cell. On the other hand, when cells were incubated at
28 °C, the amount of mutant proteins increased (more so for
K513A and K516A than for E521A and E535A) (Fig. 3, A and
C). However, the MRP1 signals of all four mutants co-local-
ized with calnexin, suggesting that at this temperature, the
mutants are retained in the endoplasmic reticulum but pre-
sumably not degraded because of the diminished activity of
the ERAD pathways at this subphysiological temperature.
Although the “rescue” of K516A and K513A was greater than
for E521A and E535A (Fig. 3A), the retention of K516A and
K513A in the endoplasmic reticulum was more pronounced,
whereas a small amount of E521A and E535A could be de-
tected at the plasma membrane (Fig. 3C).
Expression and Transport Activity of “Same Charge” Mu-

tants of Lys513, Lys516, Glu521, and Glu535—To determine
whether it was the charge or another property of the amino
acid at positions 513, 516, 521, and 535 that was critical for
efficient plasma membrane expression of MRP1, same charge
mutants (K513R, K516R, E521D, and E535D) were created
and again expressed in HEK cells. At 37 °C, levels of the
K513R mutant were comparable with wild-type MRP1 levels,
whereas levels of the K516R, E521D, and E535D mutants were
somewhat reduced (20–40%) (Fig. 4A). The transport proper-
ties of the same charge mutants were then examined using
membrane vesicles prepared from the transfected cells (Fig.
4B). As shown in Fig. 4, C and D, levels of LTC4 and E217�G
transport by all four mutants were comparable with those of
wild-type MRP1 (after correcting for relative MRP1 protein
expression levels). Thus, the maintenance of the charge at
amino acid positions 513, 516, 521, and 535 appears sufficient
to retain the expression and transport function of MRP1.
Mutagenesis Guided by Analysis of a Homology Model of

MRP1—For insight into how the above mutations might im-
pair MRP1 protein expression, we examined the atomic envi-
ronment of the expression-sensitive CL5 residues Lys513,
Lys516, Glu521, and Glu535 predicted by a homology model of

FIGURE 4. Levels and organic anion transport by same charge Lys513,
Lys516, Glu521, and Glu535 mutants of MRP1. A and B, representative
immunoblots of whole cell lysates (WCL) (10 �g of protein/lane) (A) and
membrane vesicles (1 �g of protein/lane) (B) prepared from HEK293T cells
transfected with wild-type (WT-MRP1) and mutant (K513R, K516R, E521D,
and E535D) MRP1 cDNA expression vectors. Untransfected cells were used
as a negative control. MRP1 levels were detected with mAb QCRL-1, and the
relative protein expression levels, estimated by densitometry, are shown
below the blots. Similar values were obtained with whole cell lysates from a
second independent transfection. C and D, ATP-dependent uptake of
[3H]LTC4 (C) and [3H]E217�G (D) by the membrane vesicles shown in B were
determined, and values were adjusted to take into account any differences
in MRP1 protein expression. The results shown are means � S.D. of

triplicate determinations in a single experiment. Similar results were ob-
tained in at least one additional experiment with vesicles prepared from
independently transfected cells.
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the core structure of MRP1 (11). Three of these residues
(Lys513, Lys516, and Glu521) cluster at the CL5 interface region
that is predicted to come in close proximity to two highly
conserved amino acids in NBD2 (His1364 and Arg1367) (Fig.
5A). In our model, the side chain of CL5-Glu521 is predicted
to be just 3.3 Å away from the side chain of NBD2-His1364, a
distance that would allow bonding interactions between these
two domains, which we speculated might contribute to the
correct folding and assembly of MRP1. Furthermore, Lys513
and Lys516 line up with Arg1367 at the CL5-NBD2 interface to
form a positive ionic patch, which might also promote proper
protein folding and hence membrane expression (11, 41). Our
homology model also suggests that the side chain of the
fourth expression-sensitive amino acid, Glu535 (which lies
outside the CL5/NBD2 interface region), could come in close
proximity with the side chains of CL5 Arg501 (at the jux-
tamembrane region of TM9) and His1049 (in CL6) to partici-
pate in interhelical interactions (based on estimated atomic
distances of 3.1 and 4.2 Å between the potential interacting
atoms) (Fig. 5B).
The above analyses prompted us to hypothesize that, based

on their proximity to an expression-sensitive residue of CL5,
NBD2 residues His1364 and Arg1367 and CL6 residue His1049
could be important for MRP1 expression. We reasoned that
bonding interactions between the different domains of MRP1
could aid in the proper folding and assembly of the trans-
porter. To test this hypothesis, mutants H1049A, H1364A,

and R1367A were generated, and the levels of the mutant pro-
teins in HEK293T cells determined as described above. As
observed for the CL5 mutant K516A, the NBD2 mutant
R1367A was not detectable by immunoblot analysis (Fig. 5C).
The levels of the NBD2 mutant H1364A and the CL6 mutant
H1049A were also reduced by �50%. Thus, our model-based
analysis of the atomic environment of the expression-sensitive
CL5 amino acids led us to identify additional expression-sen-
sitive residues in NBD2 (His1364 and Arg1367) and CL6
(His1049). Together, these findings lend support to the idea
that interactions between the ionizable residues at the CL5-
NBD2 interface and between CL5 and CL6 are critical for the
proper assembly and membrane expression of MRP1 in mam-
malian cells.
Effect of Ala substitution of Arg501, Lys503, Glu507, and

Arg532 on MRP1 Transport Activity—As mentioned earlier,
levels of the Ala-substituted mutants of Arg501, Lys503, Glu507,
and Arg532 were comparable with that of wild-type MRP1
(Fig. 6A), and the mutant proteins all routed correctly to the
plasma membrane (results not shown). When their transport
properties were examined, however, a 50–60% decrease in
the [3H]LTC4 and [3H]E217�G transport levels of the R501A,
E507A, and R532A mutants was observed (Fig. 6, B and C). In
contrast, the transport activity of K503A was comparable with
wild-type MRP1, and therefore this mutant was not investi-
gated further.
The reduced E217�G transport activity of the R501A,

E507A, and R532A mutants was analyzed further by deter-
mining the kinetic parameters of uptake; the results of these
experiments are summarized in Table 1. Comparable with
earlier reports (22), wild-type MRP1 transported [3H]E217�G
with a Km and Vmax of 5.4 �M and 1088 pmol mg�1 min�1,
respectively. In contrast, the Km (E217�G) values for the
R501A, E507A, and R532A mutants were increased 3–5-fold
(18–25 �M). The Vmax values of these mutants were similar to
wild-type MRP1. These results indicate that reduced E217�G
transport by these CL5 mutants can be attributed to a de-
creased apparent uptake affinity for this substrate.
Effect of Mutation G511I on MRP1 Expression and

Function—Analyses of our homology model of MRP1 also
suggested that substitution of the sterically unencumbered
Gly511 with a bulky �-branched amino acid like Ile could af-
fect the geometry and/or mobility of CL5. If true, then such a
mutation could also perturb interactions at the CL5/NBD2 inter-
face and thus affectMRP1 folding, expression, and/or function.
As shown in Fig. 7A, substitution of Gly511 with Ile had no effect
onMRP1 protein levels; however, transport of LTC4 and
E217�G by the G511I mutant was decreased by �60 and 75%,
respectively (Fig. 7, B andC). These observations support the
idea that Gly511 does not play a role in the proper assembly of
MRP1 but rather may affect its substrate interactions.
The reduced transport activity of the G511I mutant could

be caused by a reduction in substrate affinity or transport ca-
pacity. Because of the very low levels of E217�G transport by
G511I, the apparent affinity (Km) of this mutant for E217�G
could not be determined directly by kinetic analysis. There-
fore, the affinity for this conjugated estrogen was measured
indirectly by testing its ability to compete for [3H]LTC4 up-

FIGURE 5. Homology models and levels of MRP1 mutants H1049A,
H1364A, and R1367A. A and B, predicted location (relative to CL5) of
His1364 and Arg1367 in NBD2 (A) and His1049 in CL6 (B) according to a homol-
ogy model of the core region of MRP1 (11). A and B were created using
PyMOL. C, representative immunoblot of whole cell lysates (WCL) (10 �g of
protein/lane) prepared from HEK293T cells transfected with wild-type MRP1
and mutant cDNA expression vectors. Untransfected cells were used as a
negative control. MRP1 was detected with mAb QCRL-1 (top), and relative
levels before and after correction for protein loading based on �-tubulin
levels are shown below the blot.
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take into inside-out membrane vesicles. As shown in Fig. 7D,
E217�G inhibited [3H]LTC4 uptake by G511I and wild-type
MRP1 with IC50 values that differed by 5-fold (40 versus 8 �M,
respectively). The ability of LTC4 to inhibit [3H]E217�G up-
take by the G511I mutant relative to wild-type MRP1 was also
reduced, as reflected by an �3-fold difference in the IC50 val-
ues (Fig. 7E). These observations support the conclusion that
decreased transport by the G511I mutant is caused by a re-
duction in substrate affinity.

Photolabeling of MRP1 Mutants R501A, E507A, R532A, and
G511I with [3H]LTC4—To determine whether the decrease in
LTC4 uptake by the R501A, E507A, R532A, and G511I mu-
tants was associated with decreased binding of this substrate
to MRP1, membrane vesicles enriched for wild-type or mu-
tant MRP1 were photolabeled with [3H]LTC4. As shown in
Fig. 8A, [3H]LTC4 labeling of the R501A and E507A mutants
was decreased by 50%, whereas labeling of the R532A mutant
was decreased by 70%. Labeling of the G511I mutant by
[3H]LTC4 was also reduced by 40% (Fig. 8B) (after correcting
for differences in protein levels). These relative levels of pho-
tolabeling correlated well with the relative LTC4 transport
activities of these mutants and, in the case of G511I, with the
reduced affinity for this substrate suggested by the competi-
tion experiments (Fig. 7E).
Photolabeling of Mutants E507A and G511I with 8-Azido-

[�-32P]ATP and Orthovanadate- and BeF-induced Trapping
of 8-Azido-[�-32P]ADP—The precise role of the CLs in cou-
pling the ATPase activity of ABC transporters to the translo-
cation of their substrates is not yet fully understood (12, 42).
Of the four CL5 mutants that showed reduced transport ac-
tivity, two of them (Glu507 and Gly511) are expected to be part
of CL5 region that interfaces with NBD2; therefore, these res-
idues would be well positioned to be involved in mediating
signaling between the catalytic activity at the NBDs and the
substrate translocation through the MSDs. For this reason,
the interactions of the transport-deficient E507A and G511I
mutants with ATP were examined. First, ATP binding was
measured by photolabeling the mutant proteins with 8-azido-
[�-32P]ATP under conditions of minimal hydrolysis. As
shown in Fig. 9A, no significant differences between the pho-
tolabeling of the mutants and wild-type MRP1 were observed.
Next, the catalytic activity of the E507A and G511I mutants
was examined by measuring the amount of azido-[32P]ADP
trapped by orthovanadate under conditions permissive for
ATP hydrolysis (26). As shown in Fig. 9B, [32P]ADP trapping
by the G511I mutant was reduced by 40%, whereas trapping
by the E507A mutant was comparable to wild-type MRP1.
Similar results were observed when beryllium fluoride instead
of orthovanadate was used to trap azido-[32P]ADP (data not
shown).

FIGURE 6. Levels and organic anion transport activity of MRP1 mutant
proteins R501A, K503A, E507A, and R532A. A, shown is a representative
immunoblot of membrane vesicles (MV) (1 �g of protein/lane) prepared
from HEK293T cells transfected with wild-type (WT-MRP1) and mutant
(R501A, K503A, E507A, and R532A) cDNA expression vectors. Untransfected
cells were used as a negative control. MRP1 was detected with mAb
QCRL-1, and the relative protein expression levels were estimated by densi-
tometry and are shown below the blot. Similar values were obtained with
vesicles prepared from 2–3 additional independent transfections. B and C,
ATP-dependent uptake of [3H]LTC4 (B) and [3H]E217�G (C) by the mem-
brane vesicles shown in A were determined and values adjusted to take into
account any differences in MRP1 protein levels. The results shown are
means � S.D. of triplicate determinations in a single experiment. Similar
results were obtained in at least two additional experiments with vesicles
derived from independent transfections.

TABLE 1
Kinetic parameters of E217�G uptake by MRP1 mutants R501A,
E507A, and R532A
Km and Vmax values for E217�G uptake by membrane vesicles (4 �g of protein)
prepared from HEK293T cells transfected with wild-type or mutant proteins were
determined by measuring ATP-dependent uptake at eight different E217�G
concentrations (0.25–25 �M) for 1 min at 37 °C as described under “Experimental
Procedures.” Kinetic parameters were calculated by nonlinear regression and
Michaelis-Menten analyses. The values shown are means of triplicate
determinations in a single experiment and are representative of results obtained
in three independent experiments.

Transfectant Km Vmax
a (Vmax/Km) � 10�3

�M pmol/mg/min mg/liter/min
WT-MRP1 5.4 1088 0.20
R501A 22.9 1274 0.05
E507A 18.1 1150 0.06
R532A 24.5 1031 0.04

aVmax values have been corrected for differences in protein expression of the mu-
tants relative to WT-MRP1 (Fig. 7A).
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DISCUSSION

In the present study, mutational analyses of selected amino
acids in CL5 of MSD1 and NBD2 were conducted to investi-
gate the potential role of CL5 itself as well as the interface
between these two domains in determining both the expres-
sion and activity of MRP1. Initially, mutations of the eight
most conserved charged amino acids in CL5 as well as the
helix-disrupting Gly511 were generated, and the consequences
on MRP1 expression and transport activity were evaluated. Of
the charged amino acid mutants, only K503A exhibited prop-
erties comparable with those of wild-type MRP1, whereas the
seven remaining Ala-substituted mutants were either poorly
expressed (K513A, K516A, E521A, and E535A) or exhibited
significantly reduced transport activity (R501A, E507A, and

R532A). LTC4 and E217�G transport by the G511I mutant
was also reduced, although their expression levels were com-
parable with wild-type MRP1. Together, these results illus-
trate the remarkable sensitivity of CL5 to mutation and thus
establish its critical role in the expression and function of
MRP1. Amino acids that are important for expression or
function of a protein are usually well conserved (41, 43), and
based on the results presented here, it is clear that this holds
true for MRP1 as well.
The substantially reduced levels of the K513A, K516A,

E521A, and E535A mutants indicates that introducing a neu-
tral cavity-creating Ala residue at these positions is not com-
patible with some aspect(s) of MRP1 biosynthesis or assem-
bly, at least in HEK cells. When cells transfected with the

FIGURE 7. Protein expression, transport activity, and inhibition of [3H]LTC4 and[3H]E217�G uptake by wild-type MRP1 and mutant G511I. A, immu-
noblot of membrane vesicles (1 �g of protein/lane) prepared from HEK293T cells transfected with wild-type MRP1 and mutant G511I cDNA expression vec-
tors. MRP1 proteins were detected with mAb QCRL-1, and the relative expression levels are shown below the blot. Similar values were obtained with vesi-
cles from 2–3 additional independent transfections. B and C, ATP-dependent uptake of [3H]LTC4 and [3H]E217�G by the membrane vesicles shown in A
were determined, and values were corrected to take into account the difference in MRP1 protein expression. The results shown are means � S.D. of tripli-
cate determinations in a single experiment. Similar results were obtained in at least two additional experiments with vesicles derived from independent
transfections. D and E, membrane vesicles prepared from HEK293T cells transfected with wild-type (f, WT-MRP1) and mutant (Œ, G511I) MRP1 cDNA ex-
pression vectors were incubated for 1 min with either [3H]LTC4 at 23 °C in the presence of E217�G (0, 12.5, 25, and 50 �M) (D) or [3H]E217�G at 37 °C in the
presence of LTC4 (0, 300, 600, and 900 nM) (E). The results, expressed as a percentage of transport activity in the absence of competitive substrate, are
means � S.D. of triplicate determinations in a single experiment. Similar results were obtained in a second independent experiment.
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poorly expressed mutant MRP1 cDNA expression vectors
were incubated at a subphysiological temperature, marked
increases in the levels of the K513A, K516A, E521A, and
E535A mutants were observed, although they remained well
below those of wild-type MRP1 and consisted of both mature
and underglycosylated forms of the transporter. The mutant
proteins were also largely retained in the endoplasmic reticu-
lum at 28 °C, presumably reflecting a diminished activity of
the ERAD pathways. Underglycosylation of the mutants is not
responsible for the retention in the endoplasmic reticulum, as
both under- and fully glycosylated wild-type MRP1 trafficked
normally to the plasma membrane at 28 °C, consistent with
previous reports that this post-translational modification is
not critical for the trafficking or function of MRP1 (9, 44, 45).
The three expression-sensitive CL5 amino acids (Lys513,

Lys516, and Glu521) together with His1364 and Arg1367 in
NBD2 are predicted to form a cluster of charged residues
at the interface of the two domains, which led us to hypothesize
that these amino acids might play an important role in main-
taining the integrity of the interface between CL5 and NBD2
that is needed for normal expression of MRP1. This hypothe-
sis was supported by our observations that MRP1 expression
is retained when the three CL5 residues are replaced with
same charge amino acids but is lost or reduced when either
the NBD2 residue Arg1367 or His1364 is replaced with Ala. Of
relevance to our findings is a recent cross-linking study of
Cys-substituted mutants of the Abcc-related yeast transporter
Yor1p in which it was demonstrated that Tyr403 in CL2 (anal-
ogous to Leu517 in CL5 of MRP1) is within bonding distance
of multiple amino acids within NBD2; this was interpreted as
evidence that the interface between NBD2 and CL2 is robust
(46). If interdomain-stabilizing bonding interactions do in-
deed exist between CL5 and NBD2 of MRP1, the observation
that the decrease in MRP1 levels is more pronounced for the
Glu521 mutant than for the His1364 mutant suggests that they
are not exclusive. Indeed, homology models indicate the po-
tential existence of multiple intrahelical and interhelical inter-
actions for CL5 Glu521. In light of this finding, it is perhaps
not surprising that MRP1 levels remained low in the recipro-
cal double exchange mutant E521H/H1364E (data not
shown).

The fourth expression-sensitive CL5 amino acid, Glu535,
resides in the distal end of the loop close to the juxtamem-
brane region of TM10, where our model suggests it could par-
ticipate in bonding interactions with Lys498 and Arg501 in CL5
and the side chain of His1049 in CL6. If such interdomain in-
teractions exist and are important for the proper folding and
assembly of MRP1, it was reasonable to expect that, as we
observed for the Ala substitution of Glu535, replacing His1049
with Ala would also affect the levels of MRP1. Indeed, this
was the case, although the reduction in E535A protein lev-
els was significantly greater (�90%) than the reduction ob-
served for H1049A (60%). Ala substitutions of Arg501 also
resulted in reduced MRP1 levels, indicating that Glu535 is
likely involved in multiple bonding interactions, some or

FIGURE 8. [3H]LTC4 photolabeling of wild-type and MRP1 mutants
R501A, E507A, R532A, and G511I. A and B, membrane vesicles (50 �g of
protein/lane) prepared from transfected HEK293T cells were incubated with
[3H]LTC4 (200 nM, 120 nCi) at room temperature for 30 min, irradiated at 302
nm, and then resolved by SDS-PAGE and processed for fluorography. Band
intensities were determined by densitometry, and relative levels of photola-
beling were calculated after correction for differences in MRP1 levels as de-
tected with mAb QCRL-1 (bottom).

FIGURE 9. Azido-[32P]ATP labeling and vanadate-induced trapping of
azido-[32P]ADP by E507A and G511I mutant MRP1 proteins. A, mem-
brane vesicles (20 �g of protein) from transfected cells were incubated
with 5 �M 8-azido-[�-32P]ATP on ice for 5 min in transport buffer con-
taining 5 mM MgCl2. Samples were irradiated at 302 nm and, after re-
moval of unincorporated nucleotides, resolved by SDS-PAGE. The gel
was dried and then exposed to film. Relative band intensities were ana-
lyzed by densitometry and are indicated by the numbers below the
lanes, expressed before and after correction for differences in MRP1 pro-
tein levels (bottom). B, vanadate-induced trapping of azido-[32P]ADP was
measured by incubating membrane vesicles (20 �g of protein) at 37 °C
with 8-azido-[�-32P]ATP in the presence (�) or absence (�) of or-
thovanadate for 15 min in transport buffer. Samples were irradiated and
processed as described under “Experimental Procedures.” Similar results
were obtained in at least two additional independent experiments.

Role of Cytoplasmic Loop 5 in MRP1 Expression and Function

MARCH 4, 2011 • VOLUME 286 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 7211



all of which could contribute to the proper folding of
MRP1 protein.
The importance of maintaining the integrity of CL5 and its

interface with NBD2 as well as its interaction with CL6 for
proper expression and assembly of MRP1 appears likely to be
a conserved feature of several other mammalian ABCC trans-
porters. For example, mutations that cause the connective
tissue disorder known as pseudoxanthoma elasticum are
found throughout the ABCC6/MRP6 gene (47), but relevant
to the results presented here are the disease-associated muta-
tions of ABCC6-Lys502 (analogous to MRP1-Lys516) and
ABCC6-Arg1339 (analogous to MRP1-Arg1367). Similarly, a
deletion mutation (	E278) and two missense mutations
(R258G and E292K) in CFTR/ABCC7 that involve amino ac-
ids analogous to MRP1-Glu521, -Arg501, and -Glu535, respec-
tively, are associated with cystic fibrosis (48).
In contrast to the Ala substitutions of Lys513, Lys516,

Glu521, and Glu535, Ala substitutions of Arg501, Lys503,
Glu507, and Arg532 had no substantial effect on MRP1 lev-
els in HEK cells. Nevertheless, although the K503A mutant
exhibited properties similar to wild-type MRP1, the LTC4
and E217�G transport activities of R501A, E507A, and
R532A were significantly reduced. Kinetic analyses and
photolabeling studies indicated that the decreased trans-
port activity of these three mutants could be attributed
largely to a reduced affinity for their substrates. Because it
is widely held that the substrate binding sites of ABC trans-
porters are located in the TMs (12, 42), the possibility that
Arg501, Glu507, and Arg532 are not directly involved in the
binding of MRP1 substrates must be considered. However,
these amino acids reside in the cytoplasmic �-helical ex-
tensions of TM9 (Arg501 and Glu507) and TM10 (Arg532),
and consequently it is conceivable that replacing these resi-
dues with the cavity-creating Ala could perturb the geome-
try of the respective TM helices. This in turn could indi-
rectly affect the affinity with which MRP1 binds and
transports its substrates, E217�G and LTC4. Again, rele-
vant to our present work, Pagant et al. (46) recently re-
ported that although mutation of Arg387 in Yor1p (analo-
gous to Arg501 in MRP1) have no effect on plasma
membrane trafficking of this yeast transporter, the mutant
protein no longer confers resistance to oligomycin. In addi-
tion, unlike wild-type Yor1p, TM6 and TM12 of the Yor1p-
R387G mutant could no longer be cross-linked. Thus the
authors concluded that although the Arg387 mutation
clearly alters the conformation of Yor1p, the change is not
sufficient to activate the ERAD pathways.
With the flexibility afforded by the absence of a side chain,

Gly511 seems the most likely amino acid to initiate the first
turn in CL5 to facilitate the linking of TM9 with TM10. By
replacing the freely rotating Gly with a bulky Ile, we antici-
pated that the geometry and mobility of CL5 would be al-
tered, which could have an impact on the expression or func-
tion of MRP1. The fact that the G511I mutant was expressed
at levels comparable with that of wild-type MRP1 suggests
that even after the geometry of CL5 was altered, the integrity
of its interface with NBD2 was not significantly altered. Nev-
ertheless, the G511I mutant showed reduced transport activ-

ity, which was associated with an apparent decrease in sub-
strate binding, again implicating a direct or indirect role for
this region in substrate recognition by MRP1. However, it is
worth noting that unlike the other functionally important
residues identified in this study, Gly511 is only moderately
conserved, and although present in MRP1–4 and -7 and
SUR1 and -2 as well as Sav1866, it is not found in MRP5,
ABCC6, CFTR, or Yor1p.
Given the predicted location of Glu507 and Gly511 at the

interface of CL5 with NBD2, and thus their potential role in
mediating signaling between the NBDs and MSDs during the
transport process, it was of interest to determine whether the
reduced transport activity observed after mutation of these
two amino acids involved any changes in the interactions of
MRP1 with nucleotide. Although binding of azido-[32P]ATP
by the mutants was not affected, vanadate-induced trapping
of azido-[32P]ADP was moderately reduced for G511I but not
for E507A. This suggests that for the Glu507 mutant, changes
in substrate affinity appear to be solely accountable for its
reduced activity, whereas for the Gly511 mutant, changes in
the catalytic activity of the transporter may also be involved.
Thus, despite their close proximity to one another, these two
amino acids play different roles in the function of MRP1.
Relevant to our findings described here are the proper-

ties of a double MRP1 mutant containing a Leu substitu-
tion of Glu507 and a Pro substitution of Gly511 (E507L/
G511P) after expression in insect cells (reported by Ren
et al. (49)). Unfortunately, direct comparisons are not pos-
sible because single Glu507 and Gly511 mutants were not
investigated. Nevertheless, these authors reported that the
LTC4 transport activity of the double mutant was reduced
by �80%, a larger decrease than we observed for either of
the single E507A and G511I mutants. Thus the effects of
the two mutations may be additive, which is consistent
with our conclusion that the two amino acids play different
roles in MRP1 function.
In summary, the present studies have firmly established

that a cluster of charged residues (Lys513, Lys516, Glu521,
His1364, and Arg1367), which homology models predict to lie at
the interface of CL5 with NBD2, play a critical role in the
plasma membrane expression of human MRP1 in mammalian
cells. When compared with our earlier investigations of CL7
in MSD2, our present data also indicate that CL5 in MSD1
plays a more prominent role in ensuring the plasma mem-
brane expression of MRP1 than CL7. Furthermore, in con-
trast to transport-deficient CL7 mutants, the transport-defi-
cient CL5 mutants described here show no apparent substrate
selectivity, suggesting that more global conformational
changes may be involved. Together, these observations point
to a differential role for CL5 and CL7 in determining the
membrane levels and function of MRP1 and provide further
evidence of the structural and functional asymmetry of this
transporter. Ongoing studies are focused on the exploration
of different experimental strategies, including the use of
chemical chaperones, to restore levels of the poorly express-
ing CL mutants as a means of understanding the molecular
features that regulate the proper assembly and trafficking of
MRP1 to the plasma membrane.
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