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Background: The five-domain MRP1 mediates ATP-dependent efflux of drugs and organic anions.
Results: Chemically rescued cytoplasmic loop 5 (CL5) processing mutants of MRP1 exhibit distinct phenotypes characterized
by differences in transport activity and protein conformation.
Conclusion: Glu521 and Glu535 are important for folding of their resident domain as well as more COOH-proximal domains.
Significance:MRP1 folding processes differ from those of its homologs including CFTR.

The polytopic 5-domain multidrug resistance protein 1
(MRP1/ABCC1) extrudes a variety of drugs and organic anions
across the plasmamembrane. Four charged residues in the fifth
cytoplasmic loop (CL5) connecting transmembrane helix 9
(TM9) to TM10 are critical for stable expression ofMRP1 at the
plasma membrane. Thus Ala substitution of Lys513, Lys516,
Glu521, and Glu535 all cause misfolding of MRP1 and target the
protein for proteasome-mediated degradation. Of four chemi-
cal chaperones tested, 4-phenylbutyric acid (4-PBA) was the
most effective at restoring expression ofMRP1mutants K513A,
K516A, E521A, and E535A. However, although 4-PBA treat-
ment of K513A resulted in wild-type protein levels (and activ-
ity), the same treatment had little or no effect on the expression
of K516A. On the other hand, 4-PBA treatment allowed both
E521A and E535A to exit the endoplasmic reticulum and be
stably expressed at the plasmamembrane.However, the 4-PBA-
rescued E535A mutant exhibited decreased transport activity
associated with reduced substrate affinity and conformational
changes in both halves of the transporter. By contrast, E521A
exhibited reduced transport activity associated with alterations in
the mutant interactions with ATP as well as a distinct conforma-
tional change in theCOOH-proximalhalfofMRP1.These findings
illustrate the critical and complex role of CL5 for stable expression
of MRP1 at the plasmamembrane andmore specifically show the
differential importance of Glu521 andGlu535 in interdomain inter-
actions required for proper folding and assembly of MRP1 into a
fully transport competent native structure.

Multidrug resistance protein 1 (MRP1)2 (gene symbol
ABCC1), originally cloned from a doxorubicin-selected multi-

drug resistant lung cancer cell line, is an integral membrane
protein that functions as an ATP-dependent drug efflux pump
(1). When overexpressed in various cell types, MRP1 confers
resistance to anticancer drugs and other xenobiotics of remark-
able structural diversity, including oxyanions containing
arsenic and antimony (2–4). Physiological and exogenous sub-
strates ofMRP1 also include organic anions conjugated toGSH
(e.g. the cysteinyl leukotriene, LTC4) or glucuronide (e.g. estra-
diol glucuronide, E217�G). Furthermore, MRP1 mediates
ATP-dependent, GSH-stimulated transport of drug substrates
such as the anti-neoplastic agent vincristine (5–7). Thus far,
three pharmacologically distinct substrate binding sites have
been identified in MRP1 (8).
Mammalian ABC transporters are typically characterized by

a four-domain architecture that consists of two membrane
spanning domains (MSDs) and two nucleotide binding
domains (NBDs). In the case ofMRP1 (and its homologsMRP2,
-3, -6, and -7), the four-domain core structure is preceded by a
third MSD (MSD0) comprised of five transmembrane (TM)
helices (9) (Fig. 1A). Structural studies of bacterial ABC trans-
porters indicate that the two cytoplasmic NBDs interact with
each other in a head-to-tail orientation to create two composite
nucleotide binding sites. Together these sites bind and hydro-
lyze ATP to provide the energy necessary for the transport
process (10).
The bacterial structures also indicate that the TMs of MSD1

and MSD2 interact to form a pore structure through which
substrates are translocated across the membrane. The 12 �-
helical TMs that form this transmembrane pathway extend
well into the cytoplasm where they are connected by short
sequences, portions of which come in close proximity to one or
both of the NBDs (10, 11). Thus, rather than serving simply to
connect the TM helices to one another, a growing body of evi-
dence now supports a far greater role for the participation of the
cytoplasmic loops (CLs) in interdomain interactions that con-
tribute to the expression and function of ABC transporters
including MRP1. In some instances, naturally occurring muta-
tions in these loops are associated with human genetic diseases
or have pharmacogenetic consequences. For example, cystic
fibrosis-associated mutations have been localized to the CLs of
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the cystic fibrosis transmembrane conductance regulator
(CFTR/ABCC7), whereas mutations in the comparable regions
of MRP2/ABCC2 and ABCC6 have been associated with
Dubin-Johnson syndrome and Pseudoxanthoma elasticum,
respectively (12–15).
We have demonstrated previously that CL7, which links

TM15 to TM16 inMSD2, plays multiple roles inMRP1 expres-
sion and function. Thus, mutation of one or other of two adja-
cent tyrosine residues (Tyr1189, Tyr1190) or two acidic residues
(Asp1179, Glu1144) in CL7 cause substrate-selective changes in
MRP1 transport activity (16–18). In addition, two basic resi-
dues (Lys1144, Lys1181) were shown to play a role in coupling of
substrate binding in the MSDs with the ATP binding and
hydrolysis activities of the NBDs (17). Finally, substitutions of
two charged amino acids (Arg1166, Asp1183) in CL7 abrogate
expression of MRP1 in mammalian cells by disrupting the
proper folding and assembly of MRP1 (17).
More recently, we have begun to examine CL5 in MSD1, the

CL in MRP1 that is analogous to CL7 in MSD2 and connects
TM9 to TM10 (see Fig. 1, A and B) (19). Our earlier studies
showed that CL5, which is more highly conserved than CL7,
plays a greater role in supporting proper membrane expression
and function of MRP1. Thus, mutational analysis of eight con-
served charged amino acids in CL5 revealed that four of them
(Arg501, Glu507, Arg532, Gly511) are important for MRP1 trans-
port activity, whereas the other four (Lys513, Lys516, Glu521,
Glu535) are essential for plasma membrane expression of the
fully glycosylated MRP1 protein in human embryonic kidney
(HEK) cells (19). Inspection of homology models of MRP1
showed that three of the four latter charged residues are pre-
dicted to lie at the interface of CL5 with NBD2 (see Fig. 1B) (11,
19), and selected mutations in NBD2 allowed us to conclude
that bonding interactions between CL5 and NBD2 play a piv-
otal role in the proper folding and assembly and, hence, expres-
sion ofMRP1 at the plasmamembrane. Our findings also dem-
onstrated that interactions of the fourth amino acid, Glu535,
with certain amino acids in CL5 and CL6 were important for
efficient expression of MRP1 in mammalian cells.
In this study we have extended our analyses of Lys513, Lys516,

Glu521, andGlu535 to gain a better understanding of their role in
the proper folding and expression ofMRP1. Thus, the ability of
proteasome inhibition and a variety of chemical chaperones to
“rescue” the expression and/or trafficking of these MRP1 CL5-
processing mutants was examined. We then investigated
whether the rescue mutants exhibited any differences in their
transport activities or protein conformation.
In contrast to our expectations, the chemical chaperones

could rescue only three of four mutants, and of these,
one exhibited properties comparable with wild-type MRP1,
whereas the other two exhibited mechanistically distinct defi-
cits in transport activity that were associated with distinct dif-
ferences in protein conformation. Thus we show that expres-
sion of a fully transport-competent MRP1 at the plasma
membrane is critically dependent on several charged CL5 resi-
dues for proper folding ofMSD1 aswell asMSD2, both ofwhich
are necessary to achieve a native structure of MRP1.

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. 8-Azido-[�-32P]ATP (12.6 Ci
mmol�1) was from Affinity Photoprobes (Lexington, KY).
MG-132 was from Cayman Chemicals (Ann Arbor, MI), and
bortezomib was obtained from LC Laboratories (Woburn,
MA). LTC4 was purchased from Calbiochem, and E217�G,
nucleotides, DMSO, phenylmethylsulfonyl fluoride, polyethyl-
ene glycol (400), 4-phenylbutyric acid (4-PBA), diphenylcar-
bamyl chloride-treated trypsin, sodium orthovanadate, and
DAPI were purchased from Sigma. The MRP1-specific mAbs
897.2 and 42.4 were kind gifts from Dr. X. B. Chang (Mayo
Clinic College of Medicine, Scottsdale, AZ); murine mAbs
MRPm5 andMRPm6 and rat mAbMRPr1 were kind gifts from
Drs. R. J. Scheper and G. L. Scheffer (VU University Medical
Center, Amsterdam, NL); murine mAbQCRL-1 was generated
in this laboratory (20). Antibodies against calnexin (murine
mAb IgG) and Na�/K�-ATPase (rabbit polyclonal) were from
Santa Cruz Biotechnology, and antibody against �-tubulin
(murine mAb IgG) was from Sigma.
Transfections, Preparation of Membrane Vesicles, and Mea-

surements of MRP1 Protein Levels in Transfected HEK Cells—
The generation of wild-type, K513A, K516A, E521A, and
E535A mutant MRP1 pcDNA3.1 expression vectors has been
described previously (19, 21). The expression vectors (20 �g of
DNA) were transfected into 90–95% confluent SV40-trans-
formed human embryonic kidney cells (HEK293T) using Lipo-
fectamine 2000 (Invitrogen). In most experiments the cells
were collected after 48 h, andmembrane vesicleswere prepared
as before (21). Total protein in the vesicles was quantified using
a Bradford assay (Bio-Rad). Untransfected cells and cells trans-
fected with a wild-type MRP1 cDNA expression vector were
included as controls in all experiments.
Levels of wild-type and mutant MRP1 proteins were deter-

mined by immunoblot analysis using mAb QCRL-1 (diluted
1:5,000–1:10,000), which detects an epitope in the linker region
between NBD1 and MSD2 (20). To confirm equal loading of
protein, blots were stained with Amido Black and/or probed
with anti-�-tubulin (diluted 1:20,000) (for whole cell lysates) or
anti-Na�/K�-ATPase (diluted 1:1000) (formembrane vesicles)
antibodies. Densitometry of immunoblotswas performedusing
ImageJ software (rsb.info.nih.gov).
Confocal Microscopy—Proteins in intact cells were detected

by indirect immunofluorescence as follows. HEK293T cells
were seeded at 5 � 105 cells per well in a 6-well plate on cover-
slips coated with 0.1% gelatin in Dulbecco’s modified Eagle’s
medium containing 7.5% fetal bovine serum. Twenty-four
hours later cells were transfected with MRP1 expression vec-
tors as before and incubated for 48 h at 37 °C. For bortezomib or
4-PBA treatments, chemicals were added for the final 16 or 24 h
of incubation, respectively. The cells were then fixed with 95%
ethanol, permeabilized with 0.2% Triton X-100 in phosphate-
buffered saline, and blockedwith 0.1%Triton X-100, 2% bovine
serum albumin in phosphate-buffered saline. The cells were
then incubated with rat mAb MRPr1 (22) (diluted 1:1500) and
mousemAb against calnexin (diluted 1:50) in blocking solution
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for 60 min (19) followed by 60 min 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). The coverslips were then placed on slides containing
SlowFade� antifade solution (Molecular Probes, Inc., Eugene,
OR) and DAPI (diluted in antifade solution). Cells were exam-
ined using a Leica TCS SP2 MS multiphoton system confocal
microscope (Leica Microsystems, Heidelberg, Germany).
MRP1-mediated Uptake of 3H-Labeled Substrates intoMem-

brane Vesicles—ATP-dependent uptake of 3H-labeled sub-
strates by the membrane vesicles was measured using a 96-well
plate rapid filtration method (19, 23). In brief, 2 �g of mem-
brane vesicle protein were incubated with 50 nM/10 nCi of
[3H]LTC4 for 1 min at 23 °C or 400 nM/20 nCi of [3H]E217�G
for 1min at 37 °C with 10mMMgCl2, 2mMAMP, or 2mMATP
in transport buffer (250 mM sucrose, 50 mM Tris-HCl, pH 7.4).
Uptake was stopped by rapid dilution and reactions were fil-
tered, and then tritium associated with the vesicles was
counted. ATP-dependent uptake was calculated by subtracting
the uptake in the presence ofAMP from the uptakemeasured in
the presence of ATP. Unless specified otherwise, all transport
assayswere carried out in triplicate, and results are expressed as
the means (�S.D.) and corrected for any differences in the lev-
els of the mutant MRP1 proteins relative to wild-type MRP1.
Kinetic Analyses—Km and Vmax values for LTC4 uptake were

determined by measuring ATP-dependent uptake at eight dif-
ferent LTC4 concentrations (10–1000 nM) for 1 min at 23 °C,
whereas theKm andVmax values for E217�Guptake were deter-
mined as described (19). In addition, the apparentKm andVmax
values for ATP were determined by measuring initial rates of
[3H]LTC4 and [3H]E217�Guptake in the presence of 8 different
concentrations of nucleotide (2.5–2000 �M) (24). Data were
analyzed using GraphPad PrismTM software, and kinetic
parameters were calculated by non-linear regression and
Michaelis-Menten analyses.
Photolabeling of MRP1 by [3H]LTC4—Wild-type andmutant

MRP1 membrane proteins were photolabeled with [3H]LTC4
essentially as described (18). Briefly, membrane vesicles (50�g)
were incubated with [3H]LTC4 (120 nCi; 200 nM) and 10 mM

MgCl2 at room temperature for 30 min and then frozen in liq-
uid nitrogen. Samples were then alternately irradiated at 302
nm for 1 min and snap-frozen 10 times, and the radiolabeled
proteins were resolved by SDS-PAGE. After fixing and treating
the gel with Amplify (GE Healthcare), the gel was dried and
then exposed to film for 3 days at �70 °C. Relative levels of
photolabeling were estimated by densitometric analysis as
before.
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 described
(24). Briefly, membrane vesicles were dispersed in transport
buffer containing 5 mM MgCl2 and 5 �M 8-azido-[�-32P]ATP.
After 5 min of incubation on ice, the samples were cross-linked
at 302 nm, washed, and then subjected to SDS-PAGE. After
drying, the gel was exposed to film for 2–4 h.
To measure orthovanadate-induced trapping of 8-azido-[�-

32P]ADP by MRP1, membrane proteins were incubated in
transport buffer containing 5mMMgCl2, 1mM freshly prepared

sodium orthovanadate, and 5 �M 8-azido-[�-32P]ATP for 15
min at 37 °C (24). The reactions were stopped, and membrane
proteins were washed and resuspended before cross-linking at
302 nm (24). Membrane vesicles were then subjected to SDS-
PAGE, and after drying gels were exposed to film for 12–24 h.
Limited Trypsin Digestions—Membrane vesicles (0.25 �g

�l�1) enriched for wild-type or mutant MRP1 proteins were
diluted in hypotonic buffer (50 mM HEPES, pH 7.4) and then
incubated with diphenylcarbamyl chloride-treated trypsin at
trypsin:protein ratios of 1:5000 to 2.5:1 (w/w) for 15 min at
37 °C. Reactions were stopped by the addition of Laemmli sam-
ple buffer containing leupeptin (16.7 �g ml�1) and phenyl-
methylsulfonyl fluoride (10 mM). Samples (3 �g protein) were
resolved on a 7% acrylamide gel and immunoblotted. Full-
length and tryptic fragments of MRP1 were detected using
mAbs MRPr1 (1:5000), 42.4 (1:5000), MRPm6 (1:1000), 897.2
(1:5000), and MRPm5 (1:250) whose epitopes have been
mapped to amino acids 238–247, 723–732, 1511–1520, 1318–
1388, and 1063–1072, respectively (22, 25–27) (see Fig. 1A).

RESULTS

Proteasome Inhibition Restores Expression Levels of K513A,
K516A, E521A, andE535AMutants—Tobetter understand the
molecular mechanisms responsible for the poor expression of
CL5 mutants K513A, K516A, E521A, and E535A in HEK cells,
we first investigated whether proteasome-mediated degrada-
tion of the mutants might be involved. Thus, MRP1 protein
levels were compared in lysates prepared from transfected
HEK293T cells treated with or without the general proteasome
inhibitor, MG-132. As shown in Fig. 1C, mutants K513A,
K516A, E521A, and E535A were present at very low or non-
detectable levels in HEK cells in the absence of MG-132, but
after exposure to this proteasome inhibitor (2.5 �M for 16 h),
levels of the mutants were substantially increased, in some
cases to levels comparable with wild-type MRP1. It was noted
that a significant portion of the MRP1 protein in the MG-132-
treated cells failed to migrate from the stacking gel into the
resolving gel, suggesting the formation of higher molecular
weight aggregates.
To confirm the involvement of proteasome-mediated degra-

dation of the four CL5 mutants, we next examined the effect of
the highly specific tripeptide proteasome inhibitor, bortezomib
(28). Again, comparison of MRP1 protein levels in lysates pre-
pared from treated and untreated transfected HEK293T cells
showed that bortezomib (100 nM for 16 h) substantially
increased the levels of all four mutants (Fig. 2A). Similar to
MG-132-treated cells, a significant proportion of MRP1 pro-
teins from bortezomib-treated cells formed higher molecular
weight aggregates which failed to enter into the resolving gel.
However, in the presence of 6 M urea, these aggregates mostly
disappeared (Fig. 2B). Moreover, under these conditions a sig-
nificant portion of three of the bortezomib-rescued mutant
proteins (K513A, E521A, and E535A) migrated as the fully gly-
cosylatedmature formofMRP1. In contrast, only the undergly-
cosylated form of the fourth mutant, K516A, was detected (Fig.
2B). Together, these observations indicate that Ala substitution
of Lys513, Lys516, Glu521, or Glu535 causes misfolding of MRP1,
which in turn targets the transporter for degradation by the
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proteasome. In addition, the properties of the misfolded
mutants, particularly in the case of K516A, appear distinct from
one another.
We next investigated the localization of the mutant MRP1

proteins after bortezomib treatment by immunoconfocal

microscopy. As shown in Fig. 2C, signals corresponding to the
K516A, E521A, and E535A mutants at the plasma membrane
remained substantially lower than for wild-type MRP1. The
four mutants also showed some (but not exclusive) co-localiza-
tion with calnexin, indicating that a significant fraction of the

FIGURE 1. Effect of proteasome inhibition by MG-132 on levels of MRP1 CL5 mutant proteins K513A, K516A, E521A, and E535A. A, shown is a predicted
secondary structure of MRP1 indicating the sites of N-glycosylation, the location of CL5, and the epitopes detected by the mAbs used in this study. B, left, shown
is the location of CL5 (green) in a three-dimensional homology model of MRP1 (lacking MSD0) generated using the crystal structure of nucleotide-bound
Sav1866 from Staphylococcus aureus as template and created using PyMOL (11); cyan, MSD1 and NBD1; magenta, MSD2 and NBD2. Right, shown is the
expanded CL5 region from the homology model showing the four amino acids examined in this study., Magenta, CL6; gray, NBD2. C, representative immuno-
blots of whole cell lysates (WCL) prepared from HEK293T cells transfected with wild-type (WT-MRP1) and mutant (K513A, K516A, E521A, and E535A) MRP1
cDNA expression vectors after exposure to MG-132 (2.5 �M for 16 h). Untransfected cells were used as a negative control, and MRP1 proteins were detected with
mAb QCRL-1. Equal protein loading was confirmed by blotting for �-tubulin. Similar results were observed for at least two independent transfections.
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bortezomib-rescued mutants was retained in the ER. This was
particularly evident for K516A where co-localization with cal-
nexin was the most pronounced and is consistent with the
absence of any detectable glycosylated form of this mutant.
Chemical Chaperones Differentially Enhance Levels of CL5

Mutants—Previously we showed that incubation of cells at
28 °C partially restored levels of all four mutant proteins,
although the rescued mutants were largely retained in the ER
(19). We have now investigated the effect of several commonly
used low molecular weight chemical chaperones on the levels
and trafficking of K513A, K516A, E521A, and E535A. Thus,
transfected HEK293T cells were treated with glycerol (3%),
DMSO (1.5%), PEG (0.5%), or 4-PBA (5 mM) for 48 h, and the
levels of the MRP1 proteins were compared by immunoblot
analysis of whole cell lysates. As shown in Fig. 3, exposure of
cells to the different chemical treatments had little or no effect
onwild-typeMRP1 levels. In contrast, the chemical chaperones
significantly but differentially increased levels of the four
mutants. Thus, K513A levels were increased by all four chemi-
cals to levels comparable with untreated wild-type MRP1,
whereas the same chemical treatments only slightly increased
K516A levels. Furthermore, the K516A protein detected after
the chemical treatments was again predominantly the under-

glycosylated form (170 kDa) of the transporter. Levels of E521A
and E535A were most effectively restored by 4-PBA treatment
with only modest increases observed after treatment with glyc-
erol, DMSO, or PEG. Because mutant MRP1 levels were most
effectively enhanced by 4-PBA overall, subsequent studies were
focused on characterizing the MRP1 mutants obtained with
this chemical chaperone.
Effect of 4-PBA on Levels and Localization of K513A, K516A,

E521A, and E535A—The effect of 4-PBA was further explored
by determining the concentration and time dependence of its
ability to increase levels of the four CL5 mutants. First,
HEK293T cells expressing wild-type and mutant MRP1 were
treated with different concentrations of 4-PBA (1, 2.5, or 5mM)
for 48 h, lysates were prepared, and levels of MRP1 were com-
pared by immunoblot analysis. As shown in Fig. 4A, maximal
levels of the mutant proteins were observed at 5 mM 4-PBA. To
determine the time dependence of the 4-PBA effect, cells were
exposed to 4-PBA (5 mM) for 12, 36, or 48 h, and again levels of
MRP1were compared in the lysates. A 12-h treatment had little
or no effect on mutant protein levels, whereas a 36-h exposure
of cells to 5 mM 4-PBA moderately increased (30–60%) the
levels of all four mutants (Fig. 4B). As observed with other
chemical treatments, the mutant K516A protein was mostly

FIGURE 2. Effect of bortezomib on the levels and localization of MRP1 CL5-processing mutants K513A, K516A, E521A, and E535A. A and B, shown are
representative immunoblots of whole cell lysates (WCL) prepared from HEK293T cells transfected with wild-type (WT-MRP1) and mutant (K513A, K516A, E521A,
and E535A) MRP1 cDNA expression vectors and exposed to bortezomib (100 nM for 24 h). MRP1 proteins were detected with mAb QCRL-1. Equal loading was
confirmed by blotting for �-tubulin and/or by Amido Black staining. Similar results were obtained from at least two independent transfections. A, shown is an
immunoblot of lysates from cells before and after exposure to bortezomib (100 nM for 24 h). B, shown is an immunoblot of lysates from bortezomib-treated cells
with 6 M urea included in the protein loading buffer as well as the stacking and resolving gels. C, confocal microscopy of HEK293T cells 48 h after transfection
and exposed to 100 nM bortezomib during last 24 h of incubation is shown. Cells were analyzed by indirect immunofluorescence with MRP1-specific rat mAb
MRPr1 (red), and mouse anti-calnexin mAb (green) binding was detected with Alexa Fluor 546 and Alexa Fluor 488-conjugated secondary antibodies, respec-
tively. Nuclei were stained with DAPI (blue). Signals from the three channels were acquired independently, and the merged images are presented. Control,
untransfected HEK293T cells.
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detected as a 170-kDa underglycosylated form (Fig. 4B) of
MRP1. After 48 h of 4-PBA treatment, levels of K513A, E521A,
and E535A were further increased, whereas K516A levels
remained unchanged. Based on these observations, all subse-
quent experimentswere carried out using cells exposed to 5mM

4-PBA for 48 h.
Cells expressing the CL5 processing mutants after exposure

to 4-PBA (5 mM, 48 h) were also examined by confocal micros-
copy. As shown in Fig. 4C, MRP1 signals from three of four
4-PBA-rescued mutants (K513A, E521A, and E535A) were
mostly at the plasma membrane as observed for wild-type
MRP1. In marked contrast, the 4-PBA-rescued K516A mutant
co-localized primarily with the ER marker calnexin. Because of
the limited rescue of this mutant, it could not be characterized
further.
Functional Characterization of CL5 Mutants Rescued by

4-PBA—To determine if the 4-PBA-rescued K513A, E521A,
and E535A mutants were functional, their vesicular transport
activities were measured using the prototypical MRP1 sub-
strates LTC4 and E217�G. Thus, uptake of these organic anions
into membrane vesicles prepared from transfected HEK cells
after 4-PBA treatment (5 mM, 48 h) was determined. Immuno-
blots showed that, consistent with results in cell lysates (Fig. 4,
A and B), levels of the 4-PBA-rescued K513A mutant in mem-
brane vesicles were comparable with wild-type MRP1 levels in
vesicles from untreated cells, whereas levels of the rescued
E521A and E535A mutants were moderately reduced (�40%)
(Fig. 5A).
When [3H]E217�G and [3H]LTC4 uptake levels by wild-type

MRP1 membrane vesicles prepared from cells with or without
4-PBA treatment were determined, no significant differences
were observed (Fig. 5, B and C). Uptake levels by the 4-PBA-

rescued K513A mutant vesicles were also comparable with
wild-type MRP1. By contrast, the E521A and E535A mutants
showed a 45–55% decrease in [3H]E217�G and [3H]LTC4
uptake (even after differences in MRP1 levels were taken into
account). These results indicate that although the 4-PBA-res-
cuedK513Amutant appears fully functional, this is not the case
for the E521A and E535A mutants.
The reduced transport activity of the 4-PBA-rescued E521A

and E535A mutants was further investigated by determining
the kinetic parameters of E217�G and LTC4 vesicular uptake.
As expected based on previous studies (18, 19), wild-typeMRP1
transported [3H]E217�Gwith a Km andVmax of 4.0 �M and 791
pmol mg�1 min�1, respectively, whereas the Km and Vmax for
[3H]LTC4 uptake were 134 nM and 302 pmol mg�1 min�1,
respectively (Table 1). The E521A mutant exhibited Km values
for E217�G and LTC4 that were similar to those for wild-type
MRP1, whereas theVmax values for this mutant were decreased
2–3-fold (251 and 122 pmolmg�1min�1 for E217�GandLTC4,
respectively). In contrast, the E535A mutant exhibited a 3–6-
fold increase in itsKm values (22 �M for E217�G and 478 nM for
LTC4) relative to wild-type MRP1, whereas the Vmax values

FIGURE 3. Effect of chemical chaperones on levels of wild-type and
K513A, K516A, E521A, and E535A mutant proteins. Shown are represent-
ative immunoblots of whole cell lysates (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. Cells were incubated for
48 h with the indicated chemical supplements. In the first lane of each blot is
lysate from untreated cells expressing wild-type MRP1. Untransfected cells
were used as a negative control (control). MRP1 proteins were detected with
mAb QCRL-1. Equal loading was confirmed by immunoblotting for �-tubulin
and/or protein staining with Amido Black (not shown). �-Tubulin levels in the
4-PBA treated samples are shown at the bottom. Similar results were obtained
with cell lysates prepared from at least two independent transfections.

FIGURE 4. Levels and localization of CL5 mutant MRP1 proteins after
exposure of cells to 4-PBA. A and B, representative immunoblots of whole
cell lysates (10 �g of protein per lane) prepared from transfected HEK293T
cells (A) cells were incubated for 48 h after transfection in the presence of the
indicated concentrations of 4-PBA. and (B) cells were incubated for 48 h after
transfection in the presence of 5 mM 4-PBA for the indicated times before
preparing lysates. Untransfected cells were used as a negative control (con-
trol). MRP1 proteins were detected with mAb QCRL-1. Equal loading was con-
firmed by immunoblotting for �-tubulin and/or protein staining with Amido
Black. Similar results were obtained with cell lysates prepared from at least
two independent transfections. C, shown is confocal microscopy of trans-
fected HEK293T cells after incubation for 48 h in the presence of 5 mM 4-PBA.
Cells were analyzed by indirect immunofluorescence with MRP1-specific rat
mAb MRPr1 (red) and an anti-calnexin murine 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 pre-
sented. Control, untransfected HEK293T cells.
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were similar to wild-type MRP1 (Table 1). These differences in
kinetic parameters indicate that the mechanisms responsible
for the reduced transport activities of the 4-PBA-rescued
E521A and E535A mutants differ.
Decreased Transport of E535A Mutant Is Associated with

Diminished Photolabeling by [3H]LTC4—To further examine
the interaction of the 4-PBA-rescued E521A and E535A
mutants with LTC4, membrane vesicles enriched for the wild-
type or mutant MRP1 proteins were photolabeled with
[3H]LTC4. As shown in Fig. 6A, [3H]LTC4 labeling of the E521A
mutant was comparable with labeling of wild-type MRP1,
whereas labeling of the E535A mutant was decreased by 40%
(after correcting for differences in protein levels). These results
are consistent with the relative differences in Km (LTC4) values
exhibited by the mutants versus wild-type MRP1 (Table 1).
Nucleotide Interactions of Mutants E521A and E535A—Be-

cause its apparent affinity (Km) for LTC4 and E217�G and its
photolabeling by [3H]LTC4 were not significantly different
from wild-type MRP1, the possibility that the transport defect
of the 4-PBA-rescued E521A mutant could involve altered
nucleotide interactions was explored. In these experiments, in
addition to wild-typeMRP1, the Glu535mutant was included as
a “control” because (a) Glu535 is predicted to lie outside the
CL5/NBD2 interface region and thus is unlikely to be involved
in the catalytic activity of the transporter (11, 19), and (b) the
reduced transport activity of the E535A mutant appears to be
accounted for by changes in Km rather than Vmax (Table 1).
Thus, the ability of E521A, E535A, and wild-typeMRP1 to bind
ATP was first assessed by photolabeling the proteins with
8-azido-[�-32P]ATP under conditions of minimal hydrolysis
(4 °C). As shown in Fig. 6B, photolabeling of the rescued E535A
mutant and wild-typeMRP1 were comparable, whereas photo-
labeling of the rescued E521A mutant was �30% less.
The so-called “catalytic” activity of the rescued mutants was

next examined by measuring vanadate-induced trapping of
8-azido-[�-32P]ADPunderconditionspermissive forATPhydrol-
ysis (24). As shown in Fig. 6C, [32P]ADP trapping by the 4-PBA-
rescued E521Amutant was reduced by 40%, whereas trapping by
the E535Amutant was comparable with wild-typeMRP1.
Further evidence that the nucleotide interactions of 4-PBA-

rescued E521A differs from E535A and wild-type MRP1 was
obtained by determining the relative Km(ATP) values of the two

FIGURE 5. Effect of 4-PBA on the levels and vesicular transport activities
of the K513A, E521A, and E535A mutant MRP1 proteins. A, shown is a
representative immunoblot of membrane vesicles (1 �g of protein/lane) pre-
pared from HEK293T cells incubated for 48 h in the presence of 5 mM 4-PBA
after transfection with wild-type (WT-MRP1) and mutant (K513A, E521A, and
E535A) cDNA expression vectors. In the first lane membrane vesicles were
prepared from untreated cells expressing wild-type MRP1 (WT). Untrans-
fected cells were used as a negative control (control). MRP1 levels were
detected with mAb QCRL-1, and the relative protein expression levels were
estimated by densitometry and corrected for differences in Na�/K� ATPase
levels (loading control) (bottom panel). Similar values were obtained with ves-
icles prepared from two-three additional independent transfections. B and C,
vesicular transport activity of the membrane vesicles shown in A was meas-
ured as ATP-dependent uptake of [3H]E217�G (B) and [3H]LTC4 (C). The values
shown have been adjusted to take into account differences in MRP1 protein
levels as shown in panel A. The results shown are the 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.

TABLE 1
Kinetic parameters of E217�G and LTC4 uptake by 4-PBA-rescued
MRP1 mutants E521A and E535A
Km and Vmax values for E217�G and LTC4 uptake by membrane vesicles prepared
from HEK293T cells transfected with wild-type or mutant proteins were deter-
mined by measuring ATP-dependent uptake of the indicated 3H-labeled organic
anion at eight different concentrations as described under “Experimental Proce-
dures.” Kinetic parameters were calculated by non-linear regression andMichaelis-
Menten analyses. The values shown are the means of results from two independent
experiments.

Transfectant
Km Vmax

a

E217�G LTC4 E217�G LTC4

�M nM pmol�1mg�1 min�1

WT-MRP1 4.0 134 791 302
E521A 5.5 131 251 122
E535A 22.0 483 920 289

aVmax values have been corrected to take into account differences in levels of the
mutant proteins relative to wild-type MRP1 (WT-MRP1).
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mutants during E217�G and LTC4 vesicular uptake. As sum-
marized in Table 2, the Km(ATP) values of E521A for both
E217�G and LTC4 uptake were �2.5-fold lower than those for
both wild-type MRP1 and E535A. However, both mutants
exhibited similarly reduced (2–2.5-fold) Vmax(ATP) values rela-
tive to wild-type MRP1.
Mutations E521AandE535ACauseDistinct Conformational

Changes in MRP1—Because the mechanisms responsible for
the reduced transport activities of the 4-PBA-rescued E521A

and E535A mutants differed, it was of interest to determine
whether differences in the conformation of the two mutant
proteins were involved. Changes in protein conformation are
often reflected in alterations in proteolytic susceptibility (29).
Consequently, membrane vesicles containing wild-type MRP1
and 4-PBA-rescued E521A and E535A were subjected to lim-
ited trypsinolysis, and tryptic fragments were detected by serial
immunoblotting with MRP1-specific antibodies directed
against epitopes in both the NH2-proximal half (mAbs MRPr1
and 42.4) (MSD0-MSD1-NBD1) (Fig. 7A) and the COOH-
proximal half (mAbs MRPm6, 897.2 and MRPm5) (MSD2-
NBD2) (Fig. 8A) of the transporter.
As shown in Fig. 7B, when probed with mAbMRPr1, a large

115-kDa NH2-proximal fragment (N1, corresponding to
MSD0-MSD1-NBD1) was first detected followed by a smaller
and broader 30–45-kDa NH2-terminal fragment (N3, corre-
sponding to MSD0) as the trypsin:protein ratio was
increased (9, 30). Furthermore, the disappearance (and thus
trypsin sensitivity) of the full-length wild-type and mutant
proteins was comparable. However, at the lower trypsin:pro-
tein ratios, levels of the N1 fragment for both mutants were
substantially less than those for wild-type MRP1, reflecting
differences in the accessibility of the trypsin cleavage sites in
this fragment (Fig. 7B). In contrast, the levels of the N3 frag-
ment (MSD0) for the two mutants and wild-type MRP1 were
similar.
WhenprobedwithmAb42.4 (which recognizes an epitope in

NBD1), limited trypsin digests of wild-type MRP1 first pro-
duced the larger 115-kDa N1 fragment as expected and then at
higher trypsin:protein ratios, produced an �60-kDa fragment
(N2, corresponding to MSD1-NBD1). Further cleavage of the
N2 fragment generated a set of smaller 25–40-kDa fragments
(collectively referred to as N4) (corresponding to NBD1) (Fig.
7C). When immunoblots of the E521A and E535A mutants
were probed with mAb 42.4, reduced levels of the N1 fragment
were detected relative to wild-type MRP1, as observed with
mAb MRPr1. Levels of the N2 fragment (containing MSD1-
NBD1) from the two mutants relative to wild-type MRP1 were
even lower (Fig. 7C, lanes 4–9). Moreover, the N4 fragments of
the two mutants also first appeared at a much lower trypsin:
protein ratio (lanes 2–11) than for wild-type MRP1 (lanes
7–11). Together, these results indicate that the trypsin suscep-
tibility and thus the conformation of theMSD1-NBD1 region of

FIGURE 6. [3H]LTC4 and azido-[�32P]ATP photolabeling of wild-type and
E521A and E535A mutant MRP1 proteins. A, membrane vesicles (50 �g of
protein/lane) prepared from transfected HEK293T cells (untreated or treated
with 5 mM 4-PBA for 48 h) 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 photolabeling were calculated after
correction for differences in MRP1 levels as detected with mAb QCRL-1 (bot-
tom). B, membrane vesicles (20 �g protein) from untreated transfected cells
or cells treated with 5 mM 4-PBA for 48 h were incubated with 5 �M 8-azido-
[�-32P]ATP on ice for 5 min in transport buffer containing 5 mM MgCl2. Sam-
ples were irradiated at 302 nm and, after removal of unincorporated nucleo-
tides, resolved by SDS-PAGE. The gel was dried and then exposed to film.
Relative band intensities were analyzed by densitometry and are indicated by
the numbers below the figures, expressed before and after correcting for dif-
ferences in MRP1 protein levels (Fig. 5, bottom). C, vanadate-induced trapping
of azido-[32P]ADP was measured by incubating membrane vesicles (20 �g
protein) at 37 °C with 8-azido-[�-32P]ATP in the presence (�) or absence (�)
of freshly prepared sodium orthovanadate for 15 min in transport buffer.
Samples were irradiated and processed as before. Similar results were
obtained in at least two additional independent experiments.

TABLE 2
ATP dependence of [3H]E217�G and [3H]LTC4 uptake by 4-PBA-res-
cued MRP1 mutants E521A and E535A
Initial rates of [3H]E217�G and [3H]LTC4 uptake by wild-type and 4-PBA-rescued
K521A and K535Amutant MRP1 were measured for 1 min in the presence of eight
different concentrations of ATP (2.5–2000�M). Kinetic parameters were calculated
by non-linear regression and Michaelis-Menten analyses. The values shown are
means of two independent experiments.

Transfectant
[3H]E217�G uptake [3H]LTC4 uptake

Km(ATP) Vmax
a Km(ATP) Vmax

a

�M pmol mg�1 min�1 �M pmol mg�1 min�1

WT-MRP1 350 48 71 53
E521A 823 20 185 25
E535A 350 22 76 26

aVmax values have been corrected for differences in protein levels of the 4-PBA-
rescued mutants relative to WT-MRP1.
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the 4-PBA-rescuedE521AandE535Amutants differs from that
of the same region of the wild-type protein.
Trypsin digests of the E521A and E535A mutants and wild-

typeMRP1were then probedwithmAbs that detect epitopes in
the COOH-proximal half of MRP1. As shown in Fig. 8B, when
probed with mAb MRPm6 (amino acids 1511–1520), limited
trypsin digests of wild-type MRP1 produced first a larger
75-kDa COOH-proximal fragment (C1, corresponding to
MSD2-NBD2), which was then cleaved to generate a smaller
36–40-kDa COOH-terminal fragment (C2, corresponding to
NBD2) as expected. Immunoblots of the 4-PBA-rescued E521A
and E535A mutants with the same mAb showed a very similar
pattern of disappearance of full-length protein, indicating that
accessibility of the cleavage site in the linker region betweenN1
and C1 of wild-type MRP1 and the 4-PBA-rescued E521A and
E535A mutants is the same (Fig. 8B). The comparable patterns
of disappearance of the full-length wild-type and mutant pro-

teins observed in immunoblots probed with mAb 897.2 (which
recognizes an epitope in NBD2) (Fig. 8C) and mAb MRPm5
(cytoplasmic loop in MSD2) (Fig. 8D) support this conclusion.
In contrast, levels of C1 fragment (containing MSD2-NBD2)
were substantially lower for both the E521A and E535A
mutants when probed with mAbsMRPm6 (Fig. 8B), 897.2 (Fig.
8C), or MRPm5 (Fig. 8D), indicating conformational differ-
ences in this protein fragment. These observations provide
strong evidence that the E521A and E535A mutations in the
NH2-proximal MSD1 cause conformational changes in the
COOH-proximal half of MRP1.
At higher trypsin:protein ratios, the C2 fragment (corre-

sponding to NBD2) of wild-type MRP1 could be detected with
mAbsMRPm6 and 897.2 (Fig. 8,B andC, lanes 8–9). Low levels
of the C2 fragment of wild-type MRP1 appeared when most of
the full-length as well as C1 fragment had disappeared (lanes
8–9). Similar levels of the C2 fragment were also observed for

FIGURE 7. Detection of NH2-proximal tryptic fragments of E521A and E535A mutant and wild-type MRP1. A, shown is a schematic representation of MRP1
with its sites of initial trypsin cleavage indicated together with the approximate sizes of the resulting NH2-proximal tryptic fragments (N1, N2, N3, and N4), and
the epitopes were detected by mAbs MRPr1 and 42.4. B and C, membrane vesicle protein (2 �g/lane) was incubated at 37 °C for 15 min with increasing
concentrations of trypsin (trypsin:protein ratios ranging from 1:5000 to 2.5:1) and then immunoblotted with mAbs MRPr1 (B) and 42.4 (C), respectively. Arrows
denote the position of the full-length MRP1; N1, N2, N3, and N4 denote the NH2-proximal tryptic fragments depicted in panel A. Similar results were obtained
in a second independent experiment.
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the E535A mutant but not for the E521A mutant. The C2 frag-
ment of the E535A mutant appeared at lower trypsin:protein
ratios than did the corresponding fragment of wild-type MRP1
(Fig. 8, B and C, lanes 6–9 for E535A versus lanes 8–9 for wild-
type), suggesting an altered conformation of the C1 fragment of
E535A. Together, these results provide additional support for
concluding that CL5 residues Glu521 and Glu535 have distinct
roles in the folding and assembly of MRP1.

DISCUSSION

We recently established the critical importance of certain
amino acids in CL5 in MSD1 for expression of MRP1 by dem-
onstrating that Ala substitution of the highly conserved Lys513,
Lys516, Glu521, and Glu535 in this loop causes a substantial
decrease in protein expression in HEK cells (19). The levels of
these CL5 processing mutants K513A, K516A, E521A, and
E535A could be increased by incubating cells at subphysiologi-
cal temperatures, but these increases were relatively modest
(particularly for E521A and E535A) and could be largely attrib-
uted to increased amounts of the underglycosylated form(s) of
MRP1, which was retained in the ER (19). Because tempera-
ture-sensitive expression and ER retention frequently results
from defects in protein folding, assembly, and/or processing, it
seemed probable that these CL5 mutations caused misfolding

ofMRP1, thus targeting themutant proteins for degradation by
ER-associated degradation pathways. In this study the involve-
ment of proteasome-mediated degradation of the K513A,
K516A, E521A, and E535A mutants was confirmed by demon-
strating that exposure of HEK cells expressing thesemutants to
proteasome inhibitors markedly increased the levels of all four
mutant proteins. However, except for K513A, trafficking of the
mutants to the plasmamembrane remained impaired, and sub-
stantial retention in the ER, particularly for the underglycosy-
lated K516A, was observed.
The synthesis and folding of polytopic membrane proteins

involves complex processes that are subject to error or in some
cases may have inherent inefficiencies. A well studied example
of an inefficiently folded ABC protein is the cAMP-regulated
CFTR (ABCC7) chloride channel. Depending on the cell type in
which it is expressed, up to 60% of wild-type CFTR protein is
retained in the ER anddegraded (31–33). The commondisease-
causing mutant �F508-CFTR is even less efficiently folded,
with almost all of the newly synthesized mutant protein tar-
geted for degradation. There aremany other examples ofmam-
malian ABC proteins where mutation of a single residue can
significantly shift the folding equilibrium of the protein toward
a misfolded state. Because it is now evident that the multido-

FIGURE 8. Detection of COOH-proximal tryptic fragments of E521A and E535A mutant and wild-type MRP1. A, shown is a schematic representation of
MRP1 with its sites of initial trypsin cleavage indicated together with the approximate sizes of the resulting COOH-proximal tryptic fragments (C1, C2), and the
epitopes were detected by mAbs MRPm6, 897.2 and MRPm5. B--D, the membrane vesicle protein (2 �g/lane) was incubated at 37 °C for 15 min with increasing
concentrations of trypsin (trypsin:protein ratios ranging from 1:5000 to 2.5:1) and then immunoblotted with mAbs MRPm6 (B), 897.2 (C), and MRPm5 (D).
Arrows denote the position of the full-length MRP1; C1 and C2 denote the long and short COOH-proximal tryptic fragments, respectively, as depicted in panel
A. Similar results were obtained in a second independent experiment.
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mainABCproteins require cooperative posttranslational inter-
actions between their different domains to yield a native stable
conformation, it is not surprising that such processingmutants
involve amino acids in more than one domain (19, 34–36).
A variety of experimental approaches have been employed in

attempts to correct misfolded mutant ABC proteins (and the
associated defects in processing and subsequent membrane
trafficking). However, the success of these approaches appears
to depend not only on the ABC protein in question but also the
location of the mutation within a given protein (37, 38). For
example, several processing mutants of P-glycoprotein
(ABCB1) have been reported to be rescued by incubation of
cells in medium containing one or more drug substrates of this
efflux pump (37). However, this pharmacological approach has
not always been successful. Thus, the P-glycoprotein process-
ing mutant G251V/T55R is not rescued by any drug substrates,
whereas anothermutantG251V/H61R can be rescued by only a
single substrate (cyclosporine A) (39). To date, our attempts to
rescue the expression ofMRP1processingmutants by exposure
of cells to any of its organic anion or drug substrates have
failed.3 This may be related, at least in part, to the fact that
sufficient intracellular concentrations are difficult to achieve
because of the hydrophilic nature ofmanyMRP1 substrates and
their consequent difficulty in entering the cell across the plasma
membrane.
Exposure of cells to low molecular mass compounds (so-

called “chemical chaperones” or “correctors”) is another com-
mon approach to rescuing expression and membrane traffick-
ing of processing mutants such as �F508-CFTR (40–42), and
the four chemical chaperones used in this study are among the
most frequently used in experimental systems. Somewhat sur-
prisingly, the MRP1 processing mutants K513A, K516A,
E521A, and E535A varied substantially in their response to the
different chemicals despite the relatively close proximity of the
affected amino acids in the linear MRP1 sequence. On the one
hand, the K513Amutant was restored towild-typeMRP1 levels
(and transport activity) by all four treatments. This indicates
that if the conformation of the 4-PBA-rescued K513A mutant
differs from wild-type MRP1, the differences are subtle and do
not constitute a significant kinetic energy barrier to shift the
folding equilibrium of the K513A protein toward a more native
transport-competent state. On the other hand, the K516A
mutant was very resistant to rescue by the chemical chaperones
andwas the only one among the rescuedmutantswheremature
glycosylated MRP1 was not detected. Rescue of the E521A and
E535A mutants was achieved only with 4-PBA, but unlike
K516A, these mutants were fully glycosylated. Together these
observations suggest that the four CL5 residues have distinct
roles in the biosynthesis and assembly of MRP1, with the fold-
ing defects caused by substitution of Lys516 being the most
severe and those caused by substitution of Lys513 being the
least. It is interesting to note that among ABCC family mem-
bers, Lys516, Glu521, and Glu535 are highly conserved, whereas
Lys513 is much less so.

As mentioned, the low molecular mass fatty acid derivative
4-PBA was the most effective rescue agent and markedly

enhanced levels of three of four CL5 processing mutants in
their fully glycosylated forms (Fig. 3). Unlike other rescue
approaches tested thus far, the 4-PBA-rescued mutants cor-
rectly trafficked to the plasmamembrane (Fig. 4C).Why 4-PBA
was the most effective rescue agent is not known. Papp and
Csermely (43) have suggested that the chaperone-like activity
of 4-PBA can be explained by its ability to bind and mask sur-
face-exposed hydrophobic segments, which in turn prevents
aggregation and thus promotes proper folding of membrane
proteins. However, 4-PBA as well as sodium butyrate are also
well known histone deacetylase inhibitors, and both agents
have been reported to modulate the expression of heat shock
proteins (through transcriptional regulation) that act as cellular
chaperones to facilitate the folding process. Indeed, both 4-PBA
and butyrate have been shown to promote expression and
membrane trafficking of �F508-CFTR by regulating the
expression of molecular chaperones, which allow the mutant
CFTR to escape from the ER quality control (33, 44). However,
treatment with sodium butyrate, in contrast to 4-PBA, caused
little or no increase in levels of K513A, K516A, E521A, and
E535A (results not shown). This suggests that, in contrast to
�F508-CFTR, it is the chaperone-like activity of 4-PBA that
underlies its ability to rescue these MRP1 processing mutants.
Similarly, 4-PBA has been reported to rescue expression of
other membrane proteins, such as the Parkin-associated endo-
thelin receptor-like receptor, independent of its histone
deacetylase activity (45).
In contrast to K513A, the LTC4 and E217�G transport activ-

ities of the 4-PBA-rescued E521A and E535A mutants were
significantly reduced to a similar degree. Unexpectedly, kinetic
analyses revealed that the mechanisms underlying the dimin-
ished transport activities of these two mutants were quite dis-
tinct. Thus, the decreased transport activity of the E535A
mutant could be largely, if not completely, attributed to a
reduced affinity for its organic anion substrates. On the other
hand, the E521Amutant showed no significant changes in sub-
strate affinity or binding but, rather, exhibited changes in its
interactionswith azido-[32P]ATP and its apparentKm(ATP) dur-
ing organic anion transport, indicative of alterations in its ATP
binding and/or hydrolysis properties.
In seeking an explanation for the mechanistic differences

underlying the transport deficiencies of E521A and E535A, we
explored the possibility that differences in protein conforma-
tionmight be involved by using limited proteolysis with a panel
ofmAbs able to detect tryptic fragments both close and distal to
CL5. Our data (Figs. 7 and 8) indicate that whereas both Glu521
and Glu535 are important for the proper folding of MSD1, they
are involved in different interactions with the COOH-proximal
domains of MRP1 (as predicted by our homology model of
MRP1) (19). Thus, the MSD1-NBD1 region (N1 fragment) of
the E521A and E535A mutants was relatively more sensitive to
trypsin than wild-type MRP1 (Fig. 7), but given that N1 con-
tains CL5where themutations reside, a conformational change
in this region is not surprising. On the other hand, differences
in trypsin sensitivity were also detected in the MSD2-NBD2
region (C1 fragment) of themutants quite distal to CL5 (Fig. 8),
indicative of a longer range influence of the Glu521 and Glu535
mutations on the conformation of the COOH-proximal half of3 S. P. C. Cole, unpublished results.
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MRP1. Differences between the two mutants were also
observed in the C2 fragment (containing NBD2), with the
E521A fragment being more sensitive to trypsin than the same
fragment in E535A and wild-type MRP1. It seems likely that
this conformational change in C2 (NBD2) found only in E521A
contributes, at least in part, to the differences in its interactions
with ATP as reflected by changes in vanadate-induced trapping
of 8-azido-[32P]ADP and Km(ATP). Our present observations
provide further support for our earlier hypothesis based on our
homology model and mutagenesis studies that residues at the
interface between CL5 (Glu521) and NBD2 (Arg1367, His1364)
are critical for stable expression of MRP1 (19). Our findings
with MRP1 contrast with those with CFTR where the absence
of NBD2 (as in a �NBD2-CFTR truncation mutant) does not
affect the maturation and trafficking of this chloride channel
(46). Thus, despite the high homology of CFTR andMRP1, the
folding processes for the two ABCC proteins appear distinct.
In summary, despite the fact that the affected amino acids in

all four processing mutants reside in the same CL ofMRP1, the
effectiveness of rescue by 4-PBA and other chemical chaper-
ones was mutant-specific. Thus, although exposure to 4-PBA
was able to fully overcome the folding defect of the K513A
mutant, it had little or no effect on the K516Amutant. Between
these two extremes was the partial and differential rescue of the
E521A and E535Amutants. For the latter twomutants, correc-
tion by 4-PBA treatment was sufficient to allow the mutants to
escape the ER-associated degradation pathways and traffic to
the plasma membrane, but nonetheless, it did not fully restore
either their transport functions or promote folding to precisely
the same conformation as wild-type MRP1. In addition, the
functional deficits of these two mutants were mechanistically
distinct, which appears to be explained by differences in their
conformation. Taken together our data provide convincing evi-
dence that MRP1 follows its own “co-operative folding mecha-
nism” whereby Glu521 and Glu535 in CL5 are involved in differ-
ent interdomain interactions that ensure its proper folding and
assembly. Knowledge of the mechanisms that drive the quater-
nary assembly of theMRP1 drug and organic anion efflux pump
are important for better understanding the pharmacological
and physiological roles of this 5-domain transporter in human
health and disease.
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