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ABSTRACT

Multidrug resistance proteins MRP1 and MRP2 transport a
wide range of endo- and xenobiotics. However, with the ex-
ception of certain parts of the brain, MRP1 traffics to basolat-
eral membranes of polarized cells, whereas MRP2 is apical in
location and thus it is particularly important for systemic elim-
ination of such compounds. Different regions of MRP1 and
MRP2 seem to target them to their respective membrane loca-
tions. In addition to two “core” membrane spanning domains
(MSDs) characteristic of ATP-binding cassette transporters,
MRP1 and MRP2 have a third NH,-terminal MSD (MSDO),
which is not required for basolateral targeting of MRP1, or for
transport of at least some substrates. Here, we demonstrate
that all elements necessary for apical targeting of MRP2 reside
in MSDO and the adjacent cytoplasmic loop (CL) 3. Further-

more, we show that this region of MRP2 can target the core of
MRP1 to an exclusively apical location. Within MRP2 CL3, we
identified a lysine-rich element that is essential for apical tar-
geting. When introduced into MRP1, this element alone is suf-
ficient to result in partial apical localization. However, exclusive
targeting to the apical membrane seems to require the integrity
of the entire region encompassing MSDO and CL3 of MRP2.
Because CL3 of MRP1 is critical for binding, transport, or both
of several compounds, we also examined the function of hy-
brids containing all, or portions of MRP2 MSDO and CL3. Our
results indicate that CL3 is important for interaction with both
the glutathione and glucuronide conjugates tested, but that
different regions may be involved.

Multidrug resistance proteins MRP1(ABCC1) and MRP2
(ABCC2) are members of the “C” branch of the ATP-binding
cassette (ABC) transporter superfamily, which includes seven
additional MRPs (ABCC4—-6 and ABCC10-13), the cystic fibro-
sis transmembrane conductance regulator (ABCC7), and the
two sulfonylurea receptors (SURI/ABCC8 and SUR2/ABCC9)
(Deeley et al., 2006). MRP1 was discovered by virtue of its
overexpression in the multidrug-resistant human small cell
lung cancer cell line H69AR, and the presence of the protein in
many types of cancers has since been correlated with poor
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prognosis (Cole et al., 1992; Deeley et al., 2006). MRP2 was
initially identified by its similarity to MRP1 and subsequently
shown to be defective in Dubin-Johnson syndrome, a rare con-
genital form of mild hyperbilirubinemia, as well as in naturally
occurring strains of mutant rats that are defective in bile can-
alicular transport (Keppler et al., 1997; Paulusma et al., 1997).

MRP1 and MRP2 are 49% identical, and they have exten-
sively overlapping substrate specificities, although their rel-
ative affinities for a given substrate often differ significantly.
Both transport a wide range of glutathione- (GSH), gluc-
uronate-, and sulfate-conjugated organic anions, as well as
other unconjugated organic anions, such as methotrexate (Qian
et al., 2001b; Leslie et al., 2005; Deeley et al., 2006). They are
also capable of GSH-stimulated transport of various hydropho-
bic chemotherapeutic drugs, including anthracyclines and
Vinca alkaloids (Deeley et al., 2006). However, MRP1 and
MRP?2 differ markedly with respect to their tissue distribution

ABBREVIATIONS: MRP, multidrug resistance protein; ABC, ATP-binding cassette; SUR, sulfonylurea receptor; GSH, glutathione; MSD, mem-
brane spanning domain; LTC,, leukotriene C,; PDZ, postsynaptic density 95/disc-large/zona occludens; aa, amino acid(s); CL, cytoplasmic loop;
E,3S0,, estrone-3-sulfate; E,173G, 17p-estradiol 17-(B-p-glucuronide); mAb, monoclonal antibody; HRP, horseradish peroxidase; PCR, poly-
merase chain reaction; MDCK, Madin-Darby canine kidney; PAGE, polyacrylamide gel electrophoresis; ER, endoplasmic reticulum; PKC, protein

kinase C.
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and subcellular location. MRP1 is expressed in a wide range of
tissues and in general it traffics to basolateral membranes,
whereas MRP2 is found exclusively in the apical membranes of
secretory epithelia, primarily in the liver, gallbladder, kidney,
small intestine, colon, placenta, and lung (Keppler et al., 1997;
Van Aubel et al., 2000). Thus, although both proteins contribute
to cellular efflux of a wide range of phase II metabolites, as well
as unconjugated drugs and toxins, MRP2 is particularly impor-
tant for the elimination of these compounds.

In addition to two membrane spanning domains (MSDs)
and two cytoplasmic nucleotide binding domains character-
istic of ABC transporters, some ABCC proteins, including
MRPland MRP2, have an additional NH,-terminal MSD
(MSDO) (Hipfner et al., 1997; Tusnady et al., 1997). MSDO is
required for appropriate trafficking and targeting of MRP2,
as well as other ABCC proteins, such as SUR1 (Babenko and
Bryan, 2003) and the yeast MRP1 ortholog YCF1 (Mason and
Michaelis, 2002). In contrast, human MRP1 lacking MSDO
traffics to basolateral membranes, and it is capable of trans-
porting LTC, and certain other substrates (Bakos et al.,
1998; Westlake et al., 2003). This may be attributable to
redundant trafficking determinants present in both MSDO
and the COOH-terminal region of MRP1 (Westlake et al.,
2005). Unlike MSDO from MRP2, MRP1 MSDO traffics effi-
ciently to the plasma membrane in the absence of the “core”
of the protein (Bakos et al., 1998; Fernandez et al., 2002;
Westlake et al., 2005).

The COOH-terminal regions of both MRP1 and MRP2 have
been implicated in targeting these proteins to their respec-
tive locations in the plasma membrane (Westlake et al.,
2004). This region of MRP2 contains a putative PDZ binding
motif that could target the protein to the apical membrane
via interaction with scaffolding proteins such as radixin. In
support of this suggestion, localization of MRP2 to the hepa-
tocanalicular membrane is impaired in radixin knockout
mice (Kikuchi et al., 2002). However, the COOH-terminal 70-
to 75 aa of MRP1 and MRP2 can be exchanged without
affecting localization of either protein (Westlake et al., 2004).
Likewise, reciprocal exchange of MSDO between the two pro-
teins is not sufficient to alter polarized membrane targeting
of the two proteins (Konno et al., 2003; Westlake et al., 2005).
Thus, other regions of MRP1 and MRP2 must contribute to,
or be essential for, determining their different subcellular
localization.

Using hybrid proteins, we demonstrate that aa 1 to 319 of
MRP2, which includes MSDO and the cytoplasmic loop (CL) 3
connecting it to the remainder of the protein, contain all of
the targeting elements necessary to redirect the core region
of MRP1 from a basolateral location exclusively to the apical
membrane. Within CL3 of MRP2, we identify a lysine-rich
element between aa 294 and 303 that is unique among the
MRPs and that is essential for apical targeting of MRP2. This
element alone is sufficient to partially redirect MRP1 to an
apical location. However, the integrity of the region spanning
MSDO0 and CL3 seems to be essential for targeting the pro-
tein exclusively to the apical membrane.

Materials and Methods

ATP, AMP, Dulbecco’s SP modified Eagle’s medium, F-12 nutrient
supplement, Grace’s medium, kanamycin, LTC,, E;3SO,, S-methyl-
GSH, 4-azidophenacylbromide, glutathione reductase, and NADPH

tetrasodium salt were purchased from Sigma-Aldrich (St. Louis,
MO). [PHILTC, (167.5 Ci/mmol), [*H]E;3S0, (57.3 Ci/mmol), [*H]-
E,178G (53 Ci/mmol), and [**S]GSH (1498 Ci/mmol) were purchased
from PerkinElmer Life and Analytical Sciences (Waltham, MA).
MRP1-specific monoclonal antibodies (mAb) used for immunoblot-
ting or immunocytochemistry were as follows: MRPrl (rat) and
MRPm6 (mouse) (Alexis Laboratories, San Diego, CA) and QCRL-1
(mouse) (previously described in Hipfner et al., 1997, 1998), and a
polyclonal rabbit anti-calnexin antibody (Sigma-Aldrich). The MRP2-
specific mAb used was M2, , (mouse) (Alexis Laboratories). Conjugated
antibodies used for immunofluorescent detection were as follows: Alexa
488 goat anti-mouse/rat and Alexa 594 goat anti-rabbit (Invitrogen,
Carlsbad, CA). Hoechst 33342 nuclear stain was also obtained from
Invitrogen. Goat-anti-mouse/rat/rabbit IgG (H+L) conjugated with
horseradish peroxidase (HRP; Pierce Chemical, Rockford, IL) was used
as a secondary antibody. Immobilon-P membranes and chemilumines-
cence HRP substrate (Millipore Corporation, Billerica, MA) were used
for detection in immunoblotting. All restriction endonucleases were
purchased from New England Biolabs (Ipswich, MA).

Generation of MRP1/MRP2 Chimeric or Truncated Con-
structs. pcDNA3.1(—) vectors for expression of full-length MRP1
and MRP2 have been described previously (Ito et al., 2001; Westlake
et al., 2004). The strategy for constructing expression vectors for
MRP1/MRP2 hybrids is summarized in Table 1. In brief, fragments
corresponding to specific portions of MRP1 or MRP2 were generated
by PCR amplification using primers with “tails” complementary to
hybrid junctions listed in Table 1. Appropriate amplified DNA prod-
ucts were then mixed, denatured, reannealed, and used as a tem-
plate to generate the required hybrid fragment using ProofStart
enzyme (QIAGEN, Mississauga, ON, Canada). Each recombinant
DNA fragment was then amplified by PCR using primers indicated
in bold in Table 1 and inserted into the respective vector backbone
via restriction digests as indicated (Table 1).

MRP2, 3,4 was generated by PCR amplification of the correspond-
ing ¢cDNA from pcDNA3.1(—)-MRP2 with the forward primer
5'-GCTCTCTGGCTAACTAGAGAACC-3' in pcDNA3.1 and the re-
verse primer 5-CGGCCGCCTAGTAGAAAGTTTTGAACAG AGCC-
3’, which resulted in addition of a stop codon and a NotI site (under-
lined) following the codon for Tyr319. The PCR product was digested
with Nhel and Notl and cloned into pcDNA3.1(—). MRP1, 5,4/
MRP2,49.5:¢/MRP1355 155, was generated by ligation of the small
fragment from Sacl-digested pcDNA3.1(—)MRP1, 5,5/MRP2,49 1546
(Westlake et al., 2005) to the Sacl-digested hybrid construct
pcDNA3.1-MRP2,_3;/MRP13,5 155, (described in Table 1). The cDNAs
of hybrid molecules intended for viral infection of insect cells and
vesicular transport assays were cloned into pFastBac vector after
digestion with Xbal/Kpnl. The fidelity of all constructs was con-
firmed by DNA sequencing.

Generation of Mutants in the MRP2, ;,,/MRP1,,5 55, Hy-
brid Construct. The QuikChange XL site-directed mutagenesis kit
(Stratagene, La Jolla, CA) was used according the manufacturer’s
protocol to generate all mutant proteins. The codon for Lys296 in
pcDNA3.1(—)MRP2, _5,o/MRP1,,, 155, was mutated to arginine with
F:5'-GAAACGCAAGA AGTCTGGG-3'/R:5'-CCCAGACTTCTTGCG-
TTTC-3', to glutamine with F:5'-GAAA CAGAAGAAGTCTGGG-3'/
R:5'-CCCAGACTTCTTCTGTTTC or to glutamate with F:5'-GAAA-
GAGAAGAAGTCTGGG-3'/R:5'-CCCAGACTTCTTCTCTTTC. Resi-
dues 294 to 303 in the MRP1, 5,4 hybrid were also mutated to the
corresponding MRP1 sequence in the same manner, with the follow-
ing primers: F:5'-GATGTTGAAAAGGAGTGGAACCCCTCTCTG
TTTAAGGTGGATGTTCCA-3'/R:5'-TGGAACATCCACCTTAAACA-
GAGAGGGGTT CCACTCCTTTTCAACATC-3'. The fidelity of all
constructs was confirmed by DNA sequencing.

Expression and Localization of MRP1/2 Hybrid and/or Mu-
tated Proteins in Mammalian Cells. MRP1/MRP2 hybrids were
expressed in stably transfected MDCK-1 cells and transiently trans-
fected LLC-PK1 cells. Additional mutant-hybrid constructs were ex-
pressed in transiently transfected MDCK-1 cells. Cells were cultured



in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum
that was supplemented with F-12 nutrient mix when used for LLC-
PK1 cells. Transfections were performed using Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA) according the manufacturer’s
instructions. Stably transfected MDCK-1 cells were obtained by se-
lection in 800 pg/ml Geneticin (G-418; Invitrogen) for 2 weeks, fol-
lowed by limited dilution to isolate clonal populations that were then
maintained in G-418-supplemented medium. To assess MRP1 pro-
tein expression, cells were grown to confluence in 15-cm dishes, and
then they were harvested in ice-cold phosphate-buffered saline con-
taining Complete protease inhibitor (Roche Diagnostics, Missis-
sauga, ON, Canada) by scraping the dish with a rubber policeman.
Cells were washed and lysed by incubation on ice in buffer contain-
ing 10 mM Tris, pH 7.5, 10 mM KCI, 1.5 mM MgCl,, and protease
inhibitors for 10 min. Total cellular membranes were then isolated
by centrifugation. Membrane proteins were resolved by 7.5% SDS-
PAGE and blots were probed with mAb MRPm6 or mAb M2, ,. A
mouse or rat IgG secondary antibody conjugated to HRP was applied,
and antibody-protein interactions were detected using a chemilumi-
nescent substrate for HRP.

For protein localization studies, cells were seeded onto glass cov-
erslips and allowed to become confluent over 7 to 9 days at 37°C in
5% CO,. Cells were then fixed with 95% ethanol at 0—4°C, and
proteins were detected with mAb MRPrl or mAb M2;, and goat
anti-rat Alexa Fluor 488 or goat anti-mouse Alexa Fluor 488, respec-
tively. Cells were also stained with a rabbit polyclonal antibody to
the endoplasmic reticulum marker calnexin, which was detected
with goat anti-rabbit Alexa Fluor 594 as described previously (West-
lake et al., 2003). Cell nuclei were stained with Hoechst 33342.
Fluorescent antibodies were detected with a Leica TCS SP2 dual
photon confocal microscope.

Viral Infection, Membrane Vesicle Preparation, and Immu-
noblotting. Generation of baculovirus from recombinant bacmids and
methods for infection of Sf21 cells have been described previously (Gao
et al., 1996). Membrane vesicles were prepared from infected insect
cells by nitrogen cavitation at 200 psi for 5 min and followed by sucrose
density centrifugation (Gao et al., 1996). Membrane proteins were re-
solved by 7.5% SDS-PAGE, and MRP levels were determined by immu-

TABLE 1

Apical Targeting of Human MRP2 11

noblotting and densitometry. Slot blots were performed with Bio-Dot SF
microfiltration apparatus (Bio-Rad Laboratories, Hercules, CA) accord-
ing to the manufacturer’s instructions.

ATP-Dependent Uptake of LTC,, E,3S0,, and E,17BG
Transport by MRP1 and Hybrids across Sf21 Membranes.
MRP-mediated uptake of various substrates by membrane vesicles
from Sf21 cells was determined using a rapid filtration assay (Gao et
al., 1996) at 23°C as described previously. In brief, Sf21 membrane
vesicles (4 pg of total protein) were incubated at 23°C in transport
buffer (50 mM Tris and 250 mM sucrose, pH 7.4) containing 50 nM
[3H]LTC4 (10 nCi/reaction), 4 mM AMP or ATP, and 10 mM MgCl,,.
ATP-dependent transport was determined by subtracting the uptake
in the presence of AMP from the uptake in the presence of ATP.
ATP-dependent uptake of 300 nM [*H]E;3S0, (50 nCi/reaction) or
400 nM [PH]E;178G (25 nCi/reaction and 6 ug of protein) was mea-
sured at 37°C in a similar manner. For the transport of E;3S0,,
reactions were supplemented with 2 mM S-methyl-GSH (Qian et al.,
2001a).

Synthesis of Azidophenacyl-[>°SIGSH. Synthesis of azido-
phenacyl-[**S]GSH was carried out as described previously (Qian et
al., 2001a). In brief, 100 uCi of stock [**S]GSH (1498 Ci/mmol) was
extracted with ethyl acetate to remove dithiothreitol and diluted to
500 Ci/mmol with GSH (Sigma-Aldrich). This was added to a reac-
tion mixture containing N, saturated, degassed phosphate-buffered
saline, 4 mM 4-azidophenacylbromine, 125 mU GSH-reductase, and
1 mM NADPH for 1 h at room temperature. Products were separated
by silica-G thin layer chromatography using i-propanol/water/acetic
acid [12:5:1 (v/v/v)]. Spots exhibiting the appropriate mobility on the
thin layer chromatography plate (R; ~ 0.6) were confirmed to contain
azidophenacyl-[>*>S]GSH by autoradiography, and then they were
scrapped off the plate and extracted 6 times with 400 ul of water.
Extracts were concentrated under a stream of nitrogen.

Photolabeling of MRP1 and Hybrids with Azidophenacyl-
[3°SIGSH. Membranes (~75 ug of total protein) from Sf21 cells
expressing MRP1 and various hybrid proteins were incubated with
azidophenacyl-[*>S]GSH (0.5 uCi) at room temperature for 10 min in
transport buffer (50 mM Tris and 250 mM sucrose, pH 7.4) and then
UV-irradiated (312 nM) for 5 min on ice. Membrane proteins were

Hybrid cloning strategies for cDNAs used in membrane trafficking studies

Listed are the restriction endonucleases, MRP1 and MRP2 PCR templates, and primers used for generating the MRP1/MRP2 chimeric cDNAs. Where indicated, cDNAs were
prepared by recombinant PCR. Bold indicates primers used in recombinant PCR step. Underlined portion of primers corresponds to respective overlapping regions in DNA
fragments used in the recombinant PCR step to generate hybrid junctions. All cDNA templates used for PCR were in pcDNA3.1(—).

Amplified cDNA
Fragment

Insertion—Vector

Name (Corresponding Template Direction Primers Backbone
Amino Acids)
MRP2, 5,¢/ MRP2, 5,4 MRP2 Forward GCCGCCATGCTGGAGAAGTTCTGCAAC HindIII/PshAI-
MRP1595 1551 Reverse GTAGAAAGTTTTGAACAGAGC MRP1
MRP1,55 1531 MRP1 Forward GTTCAAAACTTTCTAGCCCTACTTCCTCATGAGCTTCTTC
Reverse GTAGGCAGACTTCTTCAGC
MRP2, g/ MRP2, 59 MRP2 Forward CACAAGCTTGCCGCCATGCTGGAGAAGTTCTGCAAC BsrGI/PshAI-
MRP1,4 155, Reverse CCAGGACAAGGGCATC MRP2, ,,¢/
MRP15g,.1551 MRP1 Forward GATGCCCTTGTCCTGGTGGATGCGAATGAGGAGG MRP195 1551
Reverse GTAGGCAGACTTCTTCAGC
MRP1, o/ MRP1, .4, MRP1 Forward GCTCTCTGGCTAACTAGAGAACC? Nhel/PshAI-
MRP2,46 514/ MRP2,44 5. MRP2, 5,4/ Reverse CCTTGGAACTCTCTTTCGG MRP2, 5,¢/
MRP1,3, 155, MRP1355 455, MRP1555 155, Forward CGAAAGAGAGTTCCAAGGCCCTTGTCCTGGAAGATGTT MRP1355 455,
Reverse GTAGGCAGACTTCTTCAGC
MRP2, ,5¢/ MRP2, 5o/ MRP2, 5o/ Forward GCCGCCATGCTGGAGAAGTTCTGCAAC BsrGI/Hpal-MRP2
MRP1,4; 500/ MRP1,9; 505 MRP159; 1551 Reverse GCACCATGGGCCCAAAGGTCTTGTA
MRP2,50 1545 MRP2,50 1545 MRP2 Forward CCTTTGGGCCCATGGTGCTCCTGAAATCATTCC
Reverse CTACAATCTCATCCACTTGAGG
MRP2, 4./ MRP2, 4./ MRP2, 4./ Forward GCTCTCTGGCTAACTAGAGAACC? Nhel/PshAI-
MRP1204-290/ MRP1204-290 MRP1204-1531 MRP21-319/
MRP2,4 5, (Westlake et.al., Reverse CCTTGGAACTCTCTTTCGG MRP1,95 1551
MRP1,,5 1551 2005)
MRP2,44 510/ MRP1, ,4/ Forward CGAAAGAGAGTTCCAAGGCCCTTGTCCTGGAAGATGTT
MRP1,55 1551 MRP2,46 514/ Reverse GTAGGCAGACTTCTTCAGC

MRP1232- 1531

“ Forward primer epitope is in pcDNA3.1(—) vector.
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analyzed by SDS-PAGE (10% acrylamide) after solubilization in
Laemmli’s buffer. Gels were treated with Amplify (GE Healthcare,
Chalfont St. Giles, Buckinghamshire, UK) and dried, and then au-
toradiography was performed at —70°C. Exposure times ranged from
1 to 3 days.

Results

Expression and Subcellular Localization of MRP1/
MRP2 Hybrid Proteins in Polarized Epithelial Cells.
We have shown that substitution of MSDO of MRP1 with
MSDO of MRP2 has no effect on trafficking of the protein to
its normal location in the basolateral membranes of polarized
MDCK-1 cells (Westlake et al., 2005). However, these studies
also demonstrated the importance of parts of the cytoplasmic
region (CL3) that links MSDO and MSD1, both with respect
to processing through the endoplasmic reticulum (ER) and
subsequent trafficking of MRP1 to the basolateral mem-
brane. Figure 1 shows an alignment of CL3 from human
MRPs 1, -2, and -6 and the yeast MRP1 ortholog YCF1, with
the cytoplasmic amino termini of human MRP4 and cystic
fibrosis transmembrane conductance regulator. It also illus-
trates the relatively conserved N-proximal region of CL3
referred to above and the divergence of the C-proximal por-
tions of the aligned regions (Westlake et al., 2005).

To investigate the possible importance of MRP2 CL3 for
apical targeting, we constructed various MRP1/MRP2 hy-
brids or truncated proteins and we expressed them in polar-
ized epithelial cells. The multiple sequence alignments of
CL3 (Fig. 1) were used to identify points for connecting var-
ious fragments in the hybrid proteins, taking care to main-
tain predicted conserved secondary structures shown and to
minimize loss or duplication of homologous sequences. The
hybrids generated are illustrated in Fig. 2. Two polarized
kidney epithelial cell lines that reportedly differ in their
sorting mechanisms were used to compare trafficking of the
hybrids with that of wild-type MRP1 and MRP2 (Roush et al.,
1998). Figure 3 shows confocal micrographs of the wild-type
proteins stably expressed in MDCK-1 (canine) and tran-
siently expressed in LLC-PK1 (porcine) cells. As expected
from previous studies, MRP1 and MRP2 localized exclusively
to the basolateral or apical plasma membranes of both cell
types, respectively. We next examined the polarized sorting
of several MRP1/MRP2 hybrid molecules (constructs A, B,

MRP1-204 DPNPC----- sspEFLERITHWTIrCL Y Re RQP. DLWSLNK DTSE&V \Y WK
MRP3-201 DPNPY----- 'BS| $FLEHLFHWAET] YGYRHP: DLWSLKEEDRSOQ] LE| WR|
MRP6-198 QSNPC----- 'BG| AFPFHAT GYRRP: DLWSLGRENSSERLVSRLE WMR
MRP2-188 ESSNN----- SIABFL SITS{ I LKG! KRPIILEDVWEVDEEMRTKYIIVY E MKR
YCF1-201 HQTLTRREPN BS| NIF 1IJ LI TGYERY DLYRLPRNFSSERL) E WE|
MRP4-007 EVRPN----- @D| NICSHVFHWALNPLFKIGHKRR DMYSVLPEDRSQHIGHELQ! WD
CFTR-001 ------ MQRS BK| AFELFmEPIt'KG&gﬁiDI!QIPSSDSAD [SEMLE: WD
MRP1-265 CAKTRRQPVRVVYSSKDPAQPKESSKVDANEEVEALIVESPQ

MRP3-262 ERQTARHRASAAPGRNASGE-------------] DEVLLGARP

MRP6-259 RSAARRHNKAIAFKRKGGSGMKAP--------- ETEPFLRQE

MRP2-249 LQKARRALQRRQEKSSQONSGARLPGLNRNQSQSQDALVLED
YCF1-267 LEQKSNPS -
MRP4-068 VLRAENDAQKPS -
CFTR-061 LATSKRNPR— --=======mmmmmmmmmmmmee oo

=
OOHH<HH

Fig. 1. Sequence alignment of CL3 and the cytoplasmic NH,-terminal
regions of various ABCC proteins. The alignment was performed with
Clustal W version 1.83 using a gap open penalty of 10 and a gap extension
penalty of 0.05. The entire sequence of each protein was used to generate
the initial alignment. Highly conserved aa are indicated with vertical
rectangles, and the positions of two previously identified, broadly con-
served a-helices are also shown (Westlake et al., 2003). A polybasic motif
unique to MRP2 is shown in bold within a horizontal rectangle. The
position of Lys296, which was subjected to site-directed mutagenesis (see
Results and Fig. 6) is indicated by an asterisk).

and C shown in Fig. 2) in stably transfected MDCK-1 cell
lines (Fig. 4). We have shown that exchange of the first 280
aa of MRP1 for those of MRP2 resulted in a protein that was
inactive when expressed in Sf21 insect cells and that failed to
exit the ER in mammalian cells (Gao et al., 1998). Conse-
quently, we initially extended the substituted region so that
aa 1 to 289 of MRP2 replaced aa 1 to 290 of MRP1 (MRP2, 5o/
MRP1,9,.1551) (Fig. 2B). However, this hybrid protein also
remained trapped in the ER, as evidenced by colocalization
with the ER marker calnexin (Fig. 4A, left). In contrast,
substitution of the first 319 residues of MRP2, which includes
essentially all of MSDO and CL3, for aa 1 to 322 of MRP1
(MRP2; 5,4/ MRP1455 155;) (Fig. 2A) resulted in apical sort-
ing of the hybrid (Fig. 4B, left). No evidence of the presence of
the hybrid in basolateral membranes could be detected by
confocal microscopy.

The results of studies with hybrids MRP2, ,5o/MRP1,9; 1541
and MRP2, 5,/ MRP1,,; ;-5; suggested that a crucial ele-
ment for apical sorting in MRP2 was located between aa 290
and 319. To test this possibility, a hybrid was constructed in
which 34 aa from CL3 (residues 286-319) of MRP2 was
substituted for the region in MRP1 corresponding to aa 291
to 322 (MRP1, 59/ MRP2,g4 51/MRP1,,5 1551; Fig. 2C). This
construct trafficked to the plasma membrane, and it was
readily detectable in the apical component. However, unlike
the construct containing MSDO and all of CL3 from MRP2,
this hybrid was also present in basolateral membranes (Fig.

A NRP2, 41/ MRP 555 154,

1531
19/323

B MRP2; 59/ MRP 1591 1531 1531

\
289/29'1

C MRP1 4 560/MRP 2556 310/
MRP1 323-1531

D VRP2i2s/MRP1ag1.020/
MRP2320—1546

E MRP1150/MRP2gq5:6/
MRP1 323-1531

F MRP2;_157/MRP1504.290/
MRP25g6.316/MRP 1323 1531

187/204

290/286

G MRP2; 31
319

Fig. 2. Structures of MRP1/MRP2 hybrid proteins. Cartoons of predicted
topologies of various MRP1/MRP2 hybrids referred to in the text are
shown with regions from MRP2 and MRP1 indicated in black and gray,
respectively. The amino acid positions of each protein that form the sites
used to connect various fragments of MRP1 and MRP2 are also indicated.



4C, left). Thus, its distribution was intermediate between
those of wild-type MRP1 and MRP2.

To determine whether similar behavior was observed in
LLC-PK1 cells, we generated transient transfectants using
the same set of hybrids (Fig. 4, A—C, right). All of the con-
structs displayed the same sorting profiles observed in the
MDCK-1 cells, including combined apical and basolateral
localization of the MRP2,44 3,9 hybrid. These findings indi-
cate that the region encompassing residues 286 to 319 in
MRP2 contains elements that are necessary for apical sorting
of the protein. These elements are also sufficient to target a
substantial fraction of MRP1 to the apical membrane, albeit
with reduced efficiency compared with a hybrid containing
all of MSDO and CL3 from MRP2.

Functional Interaction of COOH-Proximal End of
CL3 with Other Regions in CL3 or MSDO. To further
investigate the role of the COOH-proximal end of MRP2 CL3
in apical sorting, stable MDCK-1 cell lines were created
expressing one of four additional MRP1/MRP2 hybrids (Fig.
2, D-G). Polarized sorting was then examined as described
above. First, we determined whether the region between aa
286 and 319 was essential for apical targeting of MRP2 by
exchanging this region for aa 291 and 322 of MRP1 (MRP2, ,g4/
MRP159; 30o/MRP2554 1546) (Fig. 2D). Confocal microscopy
revealed that this substitution severely impaired apical traf-
ficking (Fig. 5A, left). However, this hybrid did not colocalize
with calnexin, indicating that it was able to exit the ER.
Instead, the protein was apparently retained in an intracel-
lular vesicular compartment. Thus, the results support the
importance of the region between aa 286 and 319 of MRP2 for
targeting to the apical plasma membrane.

In view of the results obtained with hybrid MRP2, 3,4/
MRP1,,5.153; and the previous observation that MSDO of
MRP?2 is required for trafficking to, and retention in, the
plasma membrane (Ferndndez et al., 2002), we generated a
hybrid (MRP2, ,5:/MRP1y04 500/ MRP2554.310/MRP1395 1531)

MDCK | LLC-PK1

A

XZ
MRP2

Fig. 3. Membrane localization of wild-type MRP1 and MRP2 expressed in
polarized MDCK-1 and LLC PK1 cell lines. MRP1 and MRP2 were
expressed in stable MDCK-1 and transient LLC-PK1 transfectants and
detected with mAb MRPrl (A) or mAb M2, , (B) (green), respectively.
Cells were also stained with an antibody to the endoplasmic reticulum
marker calnexin (red). Nuclei were counterstained with Hoechst 33342
(blue). Arrows indicate the location of xz-section shown below each panel.
Scale bar, 10 um. Magnification was 126-fold.
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that contained all of MRP2 MSDO (MRP2, ;5.) together with
MRP2,44.519. However, this hybrid had a plasma membrane
distribution that was indistinguishable from the hybrid con-
taining only MRP2,44 5, (Fig. 5B, left). Thus, despite the
requirement of MSDO for the trafficking of MRP2 to the
plasma membrane, its inclusion did not detectably increase
the apical location of the hybrid MRP1 protein compared
with MRP1, 56(/MRP2,g4 51o/MRP1,,5 155, (Fig. 4C, left). To
determine whether NH,-proximal regions of CL3 of MRP2
were also required for apical targeting, we constructed a
hybrid in which all of CL3 of MRP1 was replaced with CL3
from MRP2 (MRP1, ,,s/MRP2, 44 5:o/MRP1455 154,) (Fig. 5C,
left). Like the construct containing MSDO of MRP2 (Fig. 5B,
left), the plasma membrane distribution of this hybrid was
essentially unchanged from that of MRP1, 55(/MRP2554 514/
MRP1,,5 1551 (Fig. 4C, left).

We and others have previously shown that MSDO of MRP1
alone or connected to various segments of CL3 can traffic
independently to basolateral membranes. In contrast, Fer-
nandez et al. (2002) reported that MRP2, 5,5 was retained in
an intracellular compartment in MDCK-II cells and that it

LLC-PK1

MDCK |

MRP1 1—290/M RP2286—31 9/ MRP1 323-1531

Fig. 4. Expression and trafficking of MRP1/MRP2 hybrids in MDCK-1
and LLC-PK1 cells: confocal microscopy analysis of fixed cells was per-
formed on stable MDCK-1 transfectants and transient LLC-PK1 trans-
fectants after immunostaining with MRP2-specific mAb M2, (A and B)
or MRP1-specific mAb MRPr1 (C) (green). Cells were also stained with an
antibody to the endoplasmic reticulum marker calnexin (red). Nuclei
were counterstained with Hoechst 33342 (blue). A, construct MRP2, 4./
MRP1,,, 455, (Fig. 2B). B, construct MRP2, ,,o/MRP1,,, .., (Fig. 2A). C,
construct MRP1, ,4/MRP2,44 5,o/MRP1,,, 155, (Fig. 2C). Arrows indicate
the location of xz-sections below each panel. Scale bars, 10 um. Magnifi-
cation was 126-fold.
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failed to reach the plasma membrane. Having determined
that MRP2, ;5,4 contained all the information necessary to
direct MRP1 exclusively to the apical membrane, we deter-
mined whether MRP2, 5,4 was independently capable of api-
cal trafficking. However, this construct was found to colocal-
ize predominantly with calnexin, indicating that it was
retained in the ER (Fig. 5D, left). As with the initial set of
hybrids, trafficking of these four constructs was also examined
by transient expression in LLC-PK1 cells (Fig. 5, A-D, right).
The distribution in LLC-PK1 cells did not differ from that
observed in MDCK-1 cells, with the exception of MRP2, 54,
which had a punctate, intracellular, vesicular-like distribu-
tion, as opposed to being retained in the ER.

Overall, these results support the suggestion that a critical

MDCK LLC PK1

A

>

x2 L

MRP2 1 —289/M RP1 291 —322/ M RP2320—1 546

i

MRP2,_15,/MRP1,0, 590/
MRP2,45 319/ MRP1 355 4534

C .
v
xz Wl WECITTY

MRP1 1-203/MRP2189-319/ MRP1 323-1531

Fig. 5. Expression and trafficking of additional MRP1/MRP2 hybrids and
MRP2, ;5,4 in MDCK-1 and LLC-PK1 cells. Confocal microscopy and im-
munostaining of MDCK-1 and LLC-PK1 transient transfectants was
performed as described in Fig. 4. Hybrids were detected with MRP2-
specific mAb M2, , (A, C, and D) or the MRP1-specific mAb MRPr1 (B). A,
MRP2; 55/MRP159; 505/MRP2354, 1546 (Fig. 2D). B, MRP2, ;5,//MRP1,0, 500/
MRP2y56 5,o/MRP1555 155, (Fig. 2F). C, MRP1, 505/MRP2, 59 3,/ MRP1555 155,
(Fig. 2E). D, MRP2, ,,, (Fig. 2G).

region for apical trafficking lies between aa 286 and 319 in
MRP2, but they also indicate that additional interactions
involving both MSDO and the NH,-proximal half of CL3 may
be required for full localization to, or retention in, the apical
membrane. That MRP2, 5,4 does not traffic independently
also raises the possibility of a requirement for additional
processing and trafficking signals present in the core regions
of both MRP1 and MRP2 or that the presence of the core
regions of the proteins is required for the correct folding of
MRP2, 540.

Impact of Mutations in CL3 on the Apical Localiza-
tion of MRP2, ;,/MRP1,,, ,55; in Transiently Trans-
fected MDCK-1 Cells. Sequence alignments of CL3 from
several MRPs and related proteins (Fig. 1) reveal a unique
polybasic motif from residues 294 to 303 in MRP2. This motif
falls within the small region of MRP2 (MRP2,44 5,9) shown
above to be capable of causing partial redistribution of MRP1
to the apical membrane when introduced into that protein.
Polybasic motifs, such as the one present in MRP2 CL3, are
potential sites for membrane interaction (Heo et al., 2006).
Consequently, we performed a series of mutations within this
polybasic motif in the MRP2, 5,4 hybrid, which we showed
above contains all the necessary components to redirect
MRP1 exclusively to the apical membrane in polarized cells.
Lysine at position 296 of the hybrid protein was arbitrarily
selected because it is located in the middle of a stretch of five
lysine residues in the polybasic motif (KKKKKSGTKK; Fig.
1), and it was mutated to arginine, glutamine, or glutamate,
and transiently expressed in MDCK-1 cells. In addition, we
exchanged the whole basic motif (aa 294-303) for the most
closely corresponding region in MRP1 (aa 299-308).

Confocal micrographs shown in Fig. 6 demonstrate that
point mutations at Lys296 do not affect the apical trafficking
of this hybrid regardless of the level of conservation of the
mutation. In contrast, when the whole motif was mutated in
the hybrid, a large proportion of the protein was localized in

K296Q

K296R

K296E

Fig. 6. Impact of mutations in the basic motif in MRP2 CL3 on the apical
localization of MRP2,; ;;o/MRP1,,, .55, in transiently transfected
MDCK-1 cells. The Lys residue at position 296 in the middle of a stretch
of five Lys residues in the polybasic motif identified in MRP2 (Fig. 1) was
mutated to Arg (top left), Gln (top right), or Glu (bottom left) in the
MRP2,_3,/MRP1,,; 55, hybrid. The whole motif (aa 294-303) was also
exchanged in this hybrid for the corresponding MRP1 sequence (aa 299—
308) (bottom right). All mutants were transiently expressed in MDCK-1
cells. Cells were fixed 48 h after transfection and immunostained with
MRP2-specific mAb M2, , (green). Cells were also stained for calnexin
(red), and nuclei were counterstained (blue) as described in Fig. 4. White
arrows indicate location of xz-sections. Confocal microscopy was as de-
scribed in Fig. 4.



an (subapical) intracellular component. However, it was not
retained in the ER, because it did not colocalize with calnexin
(Fig. 6). Thus, the hybrid lacking the basic motif is able to
exit the ER but either fails to be targeted to, or retained in,
the apical membrane.

LTC, and E,;17BG Transport by MRP1/MRP2 Hybrid
Proteins. CL3 of MRP1 is important, not only for trafficking
of the protein but also for the binding, transport, or both of
substrates such as LTC, and azidophenacyl-GSH (Gao et al.,
1998; Qian et al., 2002). The region of CL3 required for
activity extends from amino acid 208 to 260, whereas that
necessary for efficient trafficking is somewhat longer and
extends an additional 9 aa to 269 (Westlake et al., 2003).
Given the functional importance of CL3 of MRP1 and the
relatively low sequence identity of this region between MRP1
and MRP2 (30%), we investigated whether those hybrids in
which various regions of CL3 had been exchanged retained
transport activity when expressed in insect Sf21 cells (Fig. 7).
Previous studies of mutant or hybrid forms of MRP1 have
revealed that efficient processing and the ability to traffic to
the plasma membrane does not necessarily indicate that the
proteins are functional. Conversely, an inability to traffic
appropriately in mammalian cells does not preclude the pos-
sibility that the protein may be capable of folding into an
active conformation when expressed in insect cells.

Expression levels of the hybrid proteins were assessed by
SDS-PAGE followed by immunoblotting, and the relative
levels of the proteins were determined by densitometry of
slot-blots of membrane vesicles prepared from infected cells
(Fig. 7, A and B). Expression levels of hybrid proteins ranged
from approximately 10 to 40% higher than that of wild-type
MRP1. The transport activity of the hybrids relative to wild-
type MRP1 was assessed by measuring ATP-dependent up-
take of LTC, or E,17BG by inside-out membrane vesicles
prepared from infected cells. The extent of uptake was then
normalized to compensate for minor differences in the level of
protein expression between the hybrids and wild-type MRP1.

Data in Fig. 7 (D and E) are combined from two separate
experiments, and they show time courses of LTC, uptake by
MRP1 and hybrid proteins at 23°C. Hybrids with MRP1
regions substituted for MRP2,45 5,9 or MRP2, 5,4, demon-
strated normalized transport levels that were approximately
60 and 30% of wild-type MRP1, respectively (Fig. 7D). Al-
though both MRP2,4, 5,4 and MRP2, 5,4 hybrids retained
some ability to transport LTC,, transport of E;178G could be
detected only with the MRP2,44 5,4 hybrid, but it was ap-
proximately 25% as active as wild-type MRP1 (Fig. 7C).
Taken together, these findings suggest that different regions
of CL3 may be important for the transport of these two
substrates.

Although both MRP1 and MRP2 transport LTC,, previous
kinetic analyses indicate that the apparent affinity of MRP2
for this substrate is approximately 10-fold lower than that of
MRP1 (Cui et al., 1999). Consequently, we determined how
the introduction of regions from MRP2 affected the kinetic
parameters of LTC, transport by the MRP2,4, 5,9 and
MRP2, 5,4 hybrids (Fig. 7E). The K., and V. values of
wild-type MRP1 for LTC, were determined to be 83 nM and
89 pmol/min/mg vesicle protein, respectively, and they were
similar to our previously published values (Gao et al., 1996).
Introduction of MRP2,44 5,9 increased the K, value to ap-
proximately 220 nM without a detectable change in V,

max’
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whereas K, value of the hybrid containing the MRP2; 5,4
substitution increased to approximately 710 nM. The nor-
malized V,,,, value of this construct was modestly increased
to 120 pmol/min. Thus, introduction of the limited MRP2,44 514
region decreased the apparent affinity for LTC, approxi-
mately 2.5-fold, whereas exchange of the entire MSDO0/CL3
region decreased the apparent affinity 8- to 9-fold.

GSH Binding and E,3S0, Transport by MRP1/MRP2
Hybrid Proteins. Because transport of the GSH-conjugated
LTC, was readily detectable with both hybrids, we evaluated
the ability of the hybrid proteins to transport the GSH-
dependent substrate E;3S0O,. We have shown that transport
of E;3S0, by MRP1 is stimulated 5- to 10-fold in the presence
of GSH or S-methyl GSH (Qian et al., 2001a). In contrast,
this conjugate is not a substrate for MRP2, either alone or in
the presence of GSH. ATP-dependent uptake of 300 nM
E;3S0, into Sf21 membrane vesicles was measured after
incubation at 37°C for 3 min in the presence of 2 mM S-methyl
GSH (Qian et al., 2001a). Figure 8A shows that uptake by the
hybrid containing MRP2,44 5,4 Was markedly reduced to ap-
proximately 10% that of wild-type MRP1 (8 pmol/mg/3 min),
whereas transport by the MRP2, 5,4 hybrid was not detectable.

We have shown previously that CL3 of MRP1 is required
for binding of the photoactivatable derivative of GSH, azido-
phenacyl-GSH, although no direct labeling of this region of
the protein could be detected (Qian et al., 2002). Nothing is
currently known of the elements in MRP2 that are required
for interaction with GSH, which has been reported to be a
low-affinity substrate for the protein (K, value of 19 mM)
(Paulusma et al., 1999). To determine whether the reduction
of E;3S0, transport by the hybrid proteins might be attrib-
utable to loss of GSH binding, we carried out a photolabeling
study with azidophenacyl-[**SIGSH (Ciaccio et al., 1996),
which has been established previously as a functional, non-
reducing substitute for GSH (Qian et al., 2002). As shown in
Fig. 8B, and as we have reported previously, wild-type MRP1
expressed in Sf21 membrane vesicles was clearly labeled
with azidophenacyl-[>*’S]GSH (Qian et al., 2002). Photolabel-
ing of the MRP1 hybrid containing MRP2, 5,4 was barely
detectable, whereas photolabeling of the MRP2,44 5,4 substi-
tuted protein was only modestly affected.

Discussion

MSDO and the COOH-terminal region of MRP1 contain at
least partially redundant processing/trafficking signal(s)
(Westlake et al., 2004, 2005). This redundancy explains, at
least in part, the ability of MRP1 to traffic to the basolateral
plasma membrane in the absence of MSDO. The regions
involved in targeting MRP2 to apical membranes have been
less well defined, but they clearly differ from those identified
in MRP1. MRP2 accumulates in intracellular vesicles when
expressed in the absence of MSDO, suggesting that this re-
gion may contain trafficking/targeting signals (Fernandez et
al., 2002). However, Konno et al. (2003) found that MRP1/
MRP2 hybrids containing the NH,-terminal 240 aa from
MRP1, which includes MSDO and 37 aa of CL3, trafficked
normally, whereas a hybrid in which the NH,-terminal 480
aa were exchanged failed to reach the apical membrane.
These results suggest that a signal(s) essential but not nec-
essarily sufficient for the apical location of MRP2 may be
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Fig. 7. Activity of MRP1/MRP2 hybrid proteins expressed in Sf21 insect
membrane vesicles. A, immunoblot of wild-type MRP1 and MRP1/MRP2
hybrid proteins (only MRP2 regions are indicated) after SDS-PAGE of

located between aa 240 and 480, which encompasses the
C-proximal 79 aa of CL3 and transmembranes 6 to 9 of
MSD1. The importance of the putative PDZ binding motif in
the COOH-terminal region of MRP2 remains controversial,
because this element can be deleted without altering the
apical localization of the protein (Nies et al., 2002). Likewise,
introduction of this region into MRP1 fails to change the
protein’s basolateral location (Westlake et al., 2005).

Rather than inferring the presence of targeting signals
from a loss of targeting specificity, we sought to identify
regions, elements, or both in MRP2 that were sufficient to
redirect the core region of MRP1 from the basolateral to the
apical membranes of two polarized kidney cell lines. We
began by investigating the importance of MSDO and CL3.
The primary sequence conservation of MSDO among the
ABCC proteins is low and MSDO of MRP2, unlike MSDO from
MRP1, is unable to traffic independently to the plasma mem-
brane, although it is processed through the ER (Fernandez et
al.,, 2002; Westlake et al., 2005). Sequence conservation
within CL is also relatively low. However, within CL3, sev-
eral secondary structure algorithms predict the presence of
two “helical motifs that are conserved even in distantly
related MRP orthologs and homologs (Fig. 1) (Bakos et al.,
2000; Westlake et al., 2003). In MRP1, residues 208 to 269 of
CL3, which include both conserved helices, are critical for ER
processing (Bakos et al., 2000; Westlake et al., 2003).

We have shown previously that exchange of the first 280 aa
of MRP1 for the comparable region of MRP2, results in a
protein that fails to exit the ER in mammalian cells and is
inactive when expressed in insect Sf21 cells (Gao et al., 1998).
Extending the exchanged region to residue 289 did not pre-
vent the hybrid from being trapped in the ER (Fig. 3), and
this hybrid was also inactive in Sf21 cells (data not shown).
In contrast, a MRP1 hybrid containing MRP2, 5,4 was able to
exit the ER and localized exclusively to the apical membrane
in both MDCK-1 cells and LLC-PK1 cells (Fig. 4). Thus,
MRP2, 5,9, which includes MSDO and the whole of CLS3,
contains all components necessary to efficiently redirect the
core of MRP1 to the apical membrane. Furthermore, inclu-
sion of the COOH-proximal region of MRP2 CL3 (aa 289—
319) seems to be required for appropriate folding and pro-
cessing of the hybrid protein through the ER.

The above-mentioned results suggested that aa 290 to 319
of MRP2 CL3 were involved in targeting the protein to the
apical membrane. Consistent with this possibility, a substan-

Sf21 membrane vesicles (1.0 pg of total protein) probed with mAb
MRPm6 as described under Materials and Methods. B, slot-blot of wild-
type MRP1, hybrids and B-glucuronidase (B-gus) (negative control) ex-
pressed in Sf21 membrane vesicles (1.5, 1.0, and 0.5 pg of total protein),
probed with mAb MRPm6. C, ATP-dependent uptake of 400 nM
[PHIE,178G after incubation at 37°C for 1 min (open bars) or 5 min
(closed bars) by Sf21 membranes vesicles expressing MRP1, MRP2, or
hybrids (6 ug of total protein). D, time course of ATP-dependent uptake of
[PHILTC, by Sf21 membrane vesicles expressing wild-type MRP1 (M) or
hybrids MRP2,44 5,9 (V) or MRP2, 5,4 (A) at 23°C. E, LTC, transport
kinetics were determined by incubating Sf21 vesicles at 23°C for 30 s in
the presence of different concentrations (25-600 nM) of [PH|LTC,. E,
inset, Hanes-Woolf transformation of the data from which kinetic param-
eters were determined. In all cases, ATP-dependent uptake of substrates
into inside-out vesicles was normalized to relative protein expression
levels in B. D and E show the pooled results of two experiments with the
same membrane preparations. Some error bars are contained within the
limits of the symbol.



tial fraction of a MRP1 hybrid containing only these 20 aa
localized to apical membranes (Fig. 4C). Although not suffi-
cient to redirect MRP1 exclusively to the apical membrane,
the reciprocal substitution of this region of MRP2 with the
corresponding region of MRP1 (Fig. 5A), indicated that it was
essential for apical targeting, either directly from the Golgi
or via transcytosis. The lack of apical localization of the
mutated MRP2 was not simply attributable to misfolding,
because the protein was able to exit the ER, but it accumu-
lated in an intracellular vesicular compartment rather than
the apical membrane. Furthermore, no trace of the MRP2
mutant was detectable on the basolateral membrane, sug-
gesting that a direct route is followed to the apical surface.
CL3 is critical not only for trafficking of MRP1 but also the
binding of substrates, such as LTC, and azidophenacyl-GSH
(Gao et al., 1998; Qian et al., 2001a; Konno et al., 2003).
Consequently, we determined how substitution of this region
by fragments from MRP2 affected the function of the hybrid
protein by examining transport of two well characterized
organic anion substrates of MRP1 and MRP2 (LTC, and
E;178G) and a third substrate (E;3S0,), which is trans-
ported only by MRP1. MRP2, ;;5/MRP1,,5 155, displayed a
V nax Value for LTC, transport very similar to that of MRP1,
whereas the K, value of the hybrid was similar to that of
MRP2 (i.e., ~10-fold higher than that of MRP1). Thus, the
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Fig. 8. Azidophenacyl-[>**S]GSH photolabeling and S-methyl GSH stim-
ulated E;3S0, transport by wild-type MRP1 and MRP1/MRP2 hybrids.
A, E,3S0, uptake was measured using Sf21 vesicles (4 ug of total protein)
expressing wild-type MRP1 or MRP1/MRP2 hybrids in the presence of 2
mM S-methyl GSH at 37°C for 3 min. B, autoradiograph of Sf21 mem-
brane vesicles containing wild-type MRP1 (75 ug) or equivalent amounts
of vesicles containing MRP1/MRP2 hybrids and B-gus after photolabeling
with azidophenacyl-[**SIGSH as described under Materials and Methods.
Membrane proteins were resolved by SDS-PAGE using a 6% gel. C,
immunoblot of equivalent aliquots of membrane preparations used for
photolabeling studies (B) resolved SDS-PAGE using a 7.5% gel.
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relatively low sequence conservation of CL3 between MRP1
and MRP2 may contribute to the substantial difference in
affinity that the two proteins display for this common sub-
strate. Photolabeling with °S-labeled azidophenacyl GSH
was also markedly diminished, consistent with studies indi-
cating that MRP1 CL3 is important for binding this GSH
derivative, as well as LTC, (Qian et al., 2001b, 2002).

We were unable to detect transport of either E,178G or
E;350, by MRP2, 5,5/MRP1,55 155, (Figs. 7C and 8A). Fur-
thermore, exchange of only the COOH-proximal region of
CL3 (aa 286-319) for the comparable region of MRP2 pro-
foundly decreased transport of both conjugated steroids (75—
90%) (Figs. 7C and 8A), but it had little effect on LTC,
transport (Fig. 7, D and E) or binding of ®*S-labeled azido-
phenacyl-GSH (Fig. 8B). Consequently, this region of MRP1
CL3 seems to be critical for binding of the two steroid conju-
gates but not for interaction with azidophenacyl-GSH or the
GSH conjugate LTC,. Both MRP1 and MRP2 display recip-
rocal competition between LTC, and E,17BG, suggesting
common or mutually exclusive binding sites for these sub-
strates. Our present findings suggest that CL3 is important
for interaction with both substrates but that the regions
involved are not identical.

Attempts to identify additional regions in MSDO or CL3
that contributed to apical targeting of MRP2, 5;o/MRP1555 124,
were unsuccessful (Fig. 5). MRP1 hybrids containing MSDO
and the COOH-terminal region of CL3 from MRP2, or just
MRP2 CL3 localized to both basolateral and apical mem-
branes, as observed with a construct containing only
MRP2,45 519 These and previous results using MRP1 hy-
brids in which MSDO and only parts of CL3 had been ex-
changed, strongly suggest that the integrity of the entire
region encompassing MSDO and CL3 of MRP2 is required for
efficient apical targeting. That neither MRP2, 3,4 nor
MRP1,,5 155; (data not shown) traffic to the plasma mem-
brane when expressed independently also suggests that in-
teractions between the two heterologous fragments are re-
quired for the processing of the hybrid protein through the
ER and for trafficking to the apical membrane.

One striking feature of the COOH-proximal region of
MRP2 CL3 is the presence of a polybasic 10 amino acid motif
containing seven lysine residues (five of which are consecu-
tive), that is not present in any other mammalian MRPs (Fig.
1). Although various point mutations of a single lysine
(Lys296) in this motif did not affect the apical distribution of
MRP2, 5,o/MRP1.,; ;55,, exchange of the entire motif for the
corresponding MRP1 sequence resulted in accumulation of
the protein in a subapical intracellular compartment (Fig. 6).
As observed when the more extended region of MRP2 from aa
290 to 319 was exchanged for the corresponding sequence
from MRP1, none of the mutant protein was detected in the
basolateral membrane.

Polybasic motifs have been implicated in membrane tar-
geting of a variety of proteins, in part, by virtue of their
ability to form electrostatic interactions with phospholipids,
notably phosphatidyl inositols (Heo et al., 2006). Such re-
gions have been implicated in the membrane association of
the small GTPases Rit and Rin (Fivaz and Meyer, 2003),
oncoproteins such as K-ras (Yeung et al., 2008), integral
membrane proteins such as CD43 and ICAM-2 (Yonemura et
al., 1998), and myristoylated alanine-rich C kinase substrate



18 Bandler et al.

and myristoylated alanine-rich C kinase substrate-related
protein (Sundaram et al., 2004). Consistent with the possi-
bility of such a role for the motif in MRP2, it is located in a
predicted cytoplasmic, juxtamembrane region immediately
NH,-proximal to transmembrane 6.

In some cases, regulation of the interaction of polybasic
regions with the membrane involves Ser/Thr phosphoryla-
tion by PKC, which is in turn is activated by phosphatidyl-
inositol hydrolysis (Sundaram et al., 2004; Yeung et al.,,
2008). MRP2 has been shown to be acutely regulated by PKC,
activation of which results in rapid loss of the apical local-
ization of MRP2 in liver and kidney (Kubitz et al., 2001).
Analysis of CL3 of MRP2 orthologs from higher eukaryotes
indicates that it contains a high-probability (>0.8), potential
PKC site located in the lysine-rich motif (KKKKKSGTKK)
that is conserved in all vertebrates analyzed, including: rhe-
sus monkey (KKKKKKSGTKK), dog (KKKKKKSGTT),
mouse (SKKKKKKSEAT), rat (KKKSEKTTK) and zebra
fish (SKKKKKKKQK). Polybasic regions are also found as-
sociated with binding sites for PDZ proteins. Although these
sites are often located in the COOH-terminal region of the
protein, this is not always the case (Hung and Sheng, 2002).
The sequence immediately preceding the polybasic motif in
the human protein contains two matches for class III PDZ
binding motifs (QDALVLEDVEKKKKKSGTKK) the NH,-
proximal of which is conserved in all available sequences of
MRP2 from mammals and zebra fish. Given that it is possible
to eliminate the PDZ binding motif in the COOH-tail of
MRP2 without affecting apical targeting of the protein, this
region of CL3 may be an alternative candidate for mediating
interaction with ERM proteins and PKC-regulated mem-
brane association.
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