Biochemistry2003,42, 14099-14113 14099

Articles

Identification of the Structural and Functional Boundaries of the Multidrug
Resistance Protein 1 Cytoplasmic Loop 3

Christopher J. Westlake Yue-Ming Qian$' Mian Gao$ Monika Vasa$ Susan P. C. Col& and
Roger G. Deeley?®!

Departments of Biochemistry and Pathology and Molecular Medicine and Cancer Research Institute,
Queen’s Uniersity, Kingston, Ontario, Canada K7L 3N6, and Department of Medicine, The Upstate Medicar&ityi,
The State Uniersity of New York, Syracuse, New York 13210

Receied July 25, 2003; Résed Manuscript Receéd September 26, 2003

ABSTRACT: Multidrug resistance protein (MRP) 1 is a member of the ABCC branch of the ATP binding
cassette (ABC) transporter superfamily that can confer resistance to natural product chemotherapeutic
drugs and transport a variety of conjugated organic anions, as well as some unconjugated compounds in
a glutathione- (GSH-) dependent manner. In addition to the two tandemly repeated polytopic membrane-
spanning domains (MSDs) typical of ABC transporters, MRP1 and its homologues MRP2, -3, -6, and -7
contain a third NH-terminal MSD. The cytoplasmic loop (CL3) connecting this MSD, but apparently not

the MSD itself, is required for MRP1 leukotrienes LTC,) transport activity, substrate binding and
appropriate trafficking of the protein to the basolateral membrane. We have used a baculovirus dual-
expression system to produce various functionally complementing fragments of MRP1 in insect Sf21
cells to precisely define the region in CL3 that is required for activity and substrate binding. Using a
parallel approach in polarized MDCK-I cells, we have also defined the region of CL3 that is required for
basolateral trafficking. The CL3 NiH and COOH-proximal functional boundaries have been identified

as Cy3d% and Asi® respectively. Cy®8 also corresponds to the N#proximal boundary of the region
required for basolateral trafficking in MDCK-I cells. However, additional residues downstream of the
CL3 COOH-proximal functional boundary extending to E¥?svere found to be important for basolateral
localization. Finally, we show that regions in CL3 necessary for Lbdding and transport are also
required for binding of the photoactivatable GSH derivative azidophenacyl-GSH.

Multidrug resistance (MDR)is a frequent cause of (MRP) 1 have been frequently implicated in MDR in vitro
chemotherapy failure in cancer patients. The drug efflux (1-3) and clinically in some forms of canced)( Both
pumps P-glycoprotein (P-gp) and multidrug resistance protein proteins are members of the ATP binding cassette (ABC)

po— . o b o the National G transporter superfamily. P-gp (ABCB1) and MRP1 (ABCC1)
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1 Abbreviations: MDR, multidrug resistance; MRP, multidrug ; Si@d!l ; ;
resistance protein; P-gp, P-glycoprotein; CFTR, cystic fibrosis trans- drug conjugates, such as etopo curonide ), while

membrane conductance regulator; MSD, membrane-spanning domain;(_BSH anjUgateS of doxorubicin and daunowbicm are effec-
TM, transmembrane; NBD, nucleotide binding domain; CL3, cyto- tive inhibitors of LTGC, transport {2). In addition to being

plasmic loop 3; MAb, monoclonal antibody; AG-A, agosterol-A; LlTC - ;
leukotriene G; GSH, glutathione; NADPH, reduced nicotinamide ATP dependent, transport of some MRP1 substrates is

adenine dinucleotide phosphate; EDTA, ethylenediaminetetraacetic acid;Stimulated by GSH and a number of its n_onreducing
PBS, phosphate-buffered saline; RT, room temperature;-SB&E, analogues, such as methyl-GS and ophthalmic at8t(

sodium dodecyl sulfatepolyacrylamide gel electrophoresis; MDCK, _ i i
Madin-Darby canine kidney: HEK. human embryonic kidngygus, 15). GSH-dependent substrates include some unconjugated

p-glucuronidase; MCS, multicloning site; PCR, polymerase chain drugs to which MRP1 confers resistance, such as vincristine
reaction; pFB, pFastBac; SUR, sulfonylurea receptor. and daunorubicin1@, 16—18), as well as certain anionic
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conjugates, including estrone sulfate and the tobacco smokeS-(4-azidophenacyl)glutathione, which can substitute func-
carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol tionally for free GSH in supporting the transport of estrone
(NNAL) O-glucuronide 14, 15). sulfate @8). As found with LTG, azidophenacyl-GSH
Six human homologues of MRP1 have been described, labeled both MSD2 and MSD3 of MRP1. In addition,
MRPs 2-7, (19—-21), and two additional, more distantly  photoaffinity labeling was dependent on the presence of the
related proteins have been identified in EST databa&®s (  NH-terminal 280 amino acids, but as observed with L TC
23). Together with CFTR and the sulfonylurea receptors, this fragment was not a site of photolabelir3). To further
these proteins comprise the ABCC branch of the superfamily. define the region of CL3 required for substrate binding and
Unlike the majority of ABC transporters, MRPs 1, 2, 3, 6, transport, and to examine its possible role in protein folding
and 7 have a third Njtterminal membrane-spanning domain and trafficking, we have mapped both kHand COOH-
(MSD) that appears to contain five TM helicesl(25). Thus proximal functional boundaries by coexpression of MRP1
these proteins have three tandemly arranged MSDs predictedragments in insect cells. We have also determined whether
to contain five, six, and six TM helices, respectiveR4,( the functional boundaries defined by loss of transport activity
26, 27). The function of MSD1 in MRPs 1, 2, 3, 6, and 7 is in insect cells coincide with boundaries that define the ability
currently unknown, and sequence conservation in this regionof the protein to traffic appropriately in polarized mammalian
is relatively low when compared with the level of homology cells.
of the core MSDs of the ABCC family memberg§j. In
MRP1, the NH-proximal end of cytoplasmic loop (CL)3 MATERIALS AND METHODS
connecting MSD1 to MSD2, is encoded by thieebd of Materials [14,15(n)H,]-LTC,4 (38 Ci mmol?) and fluo-
exon 6 @9). This small region of the loop is relatively rographic reagent Amplify were purchased from Amersham
conserved among ABCC proteins with three MSDs and it Pharmacia Biotech (Oakville, Ontario, Canada). [14,15,19,20-
aligns with the NH-termini of ABCC proteins that lack such  3H,]-LTC,4 (182 Ci mmot™?) and B°S]-GSH were from NEN
a domain (e.g., MRP4, MRP5, and CFTR)). Life Science Products (Boston, MA). LT,C4-azidophen-
Previously, we have shown that MRP1 proteins lacking acylbromide, GSH reductase, NADPH, and digitonin were
the NH-proximal 228 or 280 amino acids, which includes purchased from Calbiochem (La Jolla, CA); nucleotides,
MSD1 and parts of CL3, were unable to transport LTC propidium iodide, RNaseA, and anti-calnexin MAb were
Transport could be rescued by coexpression of a polypeptidefrom Sigma Chemical Co. (St. Louis, MO); and paraform-
containing the first 280 amino acids of MRP1 with either aldehyde was from JBS Supplies (Dorval, Quebec, Canada).
truncated form of the protein but not by a fragment MAb MRPrl was obtained from Alexis (San Diego, CA),
containing amino acids-1227 30). Internal deletions within ~ and 7-aminoactinomycin D and fluorescent labeled secondary
CL3 have also been shown to inactivate MRBQ, 31). In antibodies Alexa 488 and Alexa 546 were purchased from
contrast, MRP1 truncated to amino acid 204, which leaves Molecular Probes (Eugene, OR). Canine™N&a-ATPase
almost all of CL3 intact but eliminates MSD1, can birg®) polyclonal antibody was purchased from ABCAM (abcam.
and transport LT¢(33, 34) and traffics appropriately to the  com). Hygromycin B, Fugene6, and Complete EDTA-free
basolateral membrane in polarized ceBS8)( Furthermore, protease inhibitors were purchased from Roche (Indianapolis,
coexpression of a peptide containing CL3 amino acids204 IN). Geneticin was obtained from Invitrogen Corporation
280 with an MRP1 fragment lacking the first 280 amino acids (Burlington, Ontario, Canada).
has been reported to reconstitute LT€ansport and to Generation of MRP1 Construct§ull-length MRP1 in
restore trafficking to the basolateral membra8g) ( the pFastBac (pFB) vector (pFB-MRP1) and pBluescript
The high-affinity MRP1 substrate LT(hotolabels sites = KS+ vector (b BSMRP-fc-ATG) and MRP1 fragments pFB-
in MSD2 and, to a lesser extent, MSD3. Although CL3 is MRP1;_,3; and pFB-MRP1g:-1531 have been previously
not a site of labeling, it is required for photolabeling of sites described §, 30, 40). PCR was used to generate constructs
in both MSDs 82). MRP1 can also be labeled by the lacking the NH-proximal region of MRP1 (Figure 1B) with
structurally unrelated photoreactive azidoderivatized quino- pFB-MRP1 as a template. Forward primers designecfor
line N-(hydrocinchonidin-8yl)-4-azido-2-hydroxybenzam  CL3 MRP1 constructs contained &agd site followed by
(IACI) and the rhodamine 123 analogue iodoaryl azido- an initiator methionine codon within axcd site upstream
rhodamine 123 (IAARh12336—37). Both compounds label  from the coding sequence for MRP1. dkerminally trun-
sites in the COOH-proximal two TM helices of MSD2 and cated constructs were designed to start translation at MRP1
MSD3, and labeling can be competed by LT®leither amino acids 204, 208, 210, and 213. An additional codon
compound photolabels CL3, although more recent studies(valine) was incorporated after the initiator methionine in
indicate that CL3 is required for binding of IAARh1237). the aa 208 truncation construct to retain Med site. The
CL3 has also been found to be essential for the binding andreverse primer was located immediately downstream of a
photolabeling of MRP1 by the azido derivative of agosterol uniqueBanH]I site in the MRP1 coding sequence (nucleic
A (AG-A) and LY475776, agents that can reverse resistance acids 883-864). The NH-terminal coding region up to the
mediated by MRP134, 38). Both azido-AG-A and LY475776  BanHlI site was excised from the pPBSMRP-fc-ATG vector
display very strong dependence on GSH for binding, and by Eag—BanHI digestion and the approximately 200 bp
both compounds selectively label sites in the COOH- MRP1 NH-truncation PCR fragments were inserted. The
proximal half of the protein34, 38, 39). fidelity of the PCR reaction was confirmed by sequencing.
The lack of photolabeling of the Niproximal half of the The AN-CL3 MRP1 constructs were then excised®sd —
protein by AG-A has prompted the suggestion that CL3 may Kpnl digestion and transferred into the pFB vector. In
be involved in GSH binding34). Recently, we demonstrated addition, theAN-CL3 MRP1 constructs in pFB, including
that MRP1 can be photolabeled with the GSH derivative pFB-MRP L1531, were moved into the mammalian expres-



MRP1 CL3 Structural and Functional Boundaries Biochemistry, Vol. 42, No. 48, 20034101

A MSD1 MSD2 MSD3

H,N

Membrane

COOH
@ MAD epitope
NBD2
M
630-)
B AN-CL3 MRP1 A
C wMsD1-CL3AC
20426025,
D cu3 S
o
SN o
S &
E  A@261-279) p vy A
P\
Q0 o>
A(271-279) h PP A

Ficure 1: lllustration of MRP1 constructs generated. (A) Schematic representation of MRR531) in the plasma membrane based on
computer-assisted hydropathy analysis. Locations of mapped antibody epitopes are indicaE§dV@P1 constructs engineered by PCR.

sion vector pCDNA3.1f) via anEad —Kpnl digest of the Mammalian dual expression of MSD1 CL/8S constructs
pFB DNA andNot —Kpnl digestion of the vector. with MRP 111531 was achieved with the pMG-H2 vector
A second mammalian expression vector, pPCEBV7NL, that (InvivoGen, San Diego, CA). The MRR:L-1531 fragment
replicates episomally was modified to facilitate cloning of in pCEBV7NL was excised b¥fad (made blunt)-Nhel
MRP constructs by introduction of a new expanded multi- digestion and ligated into MCS1 of the vector \Band—
cloning site (MCS). Briefly, the MCS from pCEBV7 vector Xbd. To facilitate cloning into MCS2 of pMG-H2, MSD1
(41) was excised b¥Xpnl—BanHlI digestion and the vector  CL3-AC MRPL1 fragments were first excised from pFB by
backbone was rendered blunt-ended. Sense and antisensan Ead —Kpnl digestion and ligated intdNotl —Kpnl sites
oligonucleotides synthesized to create the new MCS werein pCEBV7NL. These fragments were then excised from
annealed and ligated into the vector backbone. The fidelity pCEBV7NL by Eag (made blunt}-Nhd and inserted into
of the new MCS was confirmed by DNA sequencing. The SgiAl —Nhd-digested MCS2.
AN-CL3 MRP1 constructs were then cloned into pCEBV7NL  For constructs containing CL3 fragments alone (Figure

as described for pcDNA3.1). 1D), the AN-CL3 MRP1 constructs in pFB were first
MSD1 CL3-AC constructs (Figure 1C) were generated by digested withPfIMI —Awrll to remove the COOH-proximal
PCR with a forward primer upstream of tiRull site in MRP1 nucleotides and a portion of the downstream vector

MSD1 and reverse primers that added a stop codon and arsequence. The COOH-terminal sequence from MSD1 CL3-
SpH site after MRP1 codons for aa 255, 256, 257, 259, 260, AC constructs cloned into pFBP{IMI—Aurll fragments)
270, and 280Puvull —Sph-digested PCR products were then were then added back to the appropriate vector to make

inserted into Puull —Sph-digested pFB-MRPi g1 All MRP1 204-260, 204-270, and 204-280. The completed
constructs were confirmed by sequencing. Finally, MSD1 CL3 constructs were also subcloned into the pFB DUAL
CL3-AC constructs were subcloned, along with MRR24 531, expression vectors along with the MRE1;53; construct as

into the pFB DUAL expression vector. The pFB-MRR1;531 previously described for MSD1 CLAC constructs. In
construct was digested witBal (made blunt}-Kpnl, and addition, to determine the subcellular localization of the CL3
this 3.9 kb MRP1 fragment was ligated into the MCS2 of peptides, pFB DUAL expression vectors containing the CL3

the dual-expression vector, which had been digesiith constructs and thg-glucuronidase geng{gus) (Invitrogen,
Smd—Kpnl. MSD1 CL3-AC constructs in pFB were then San Diego, CA) were constructed.

inserted into MSC1 aftedindlll (made blunt)-Sad diges- MRP1 deletion construct&(261—279) andA(271-279)
tion of the pFB constructs andba (made blunt)-Sal were engineered with the T7 primer from the pBS-fc ATG

digestion of the pFB DUAL MRPz;-153; Vector. MRP1 vector and reverse primers that contained sequence
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up to and including codons for CL3 amino acids ASror [®H]-LTC,4 (0.25 «Ci) in a final volume of 20uL for 10
Lys?, respectively, followed by &anHl site. Amplified min at room temperature. Samples were frozen in liquid
fragments were cloned int&ag —BanHI-digested pFB- nitrogen and immediately UV-irradiated at 312 nm for 30 s
MRP1 vector. The assembled MRP1 CL3 deletion constructsand repeated 10 times. Tritium-labeled vesicle proteins were
were further subcloned into pcDNA3:1J as described for  then resolved by SDSPAGE before being subjected to
AN-CL3 MRPL1. fluorography.

Recombinant Bacul@rus Production and Viral Infection Photoaffinity Labeling of MRP1 Constructs witF°$]-

Transformation of donor pFB and pFB DUAL plasmid Azidophenacyl-GSH35S]-Azidophenacyl-GSH was synthe-
constructs, isolation of recombinant bacmids, and subsequentized as previously describe88 46, 47). Briefly, 125uCi
transfection into Sf21 cells were as described previouly.( of dithiothreitol- (DTT-) extracted®S]-GSH, 4-azidophen-
High-titer virus preparations were then used to infect Sf21 acylbromide (10 mM), GSH reductase (120 milliunits), and
cells, which were harvested for membrane vesicle prepara-NADPH (1 mM) in 50 mM PBS (pH 7.4) was allowed to
tions. _ _ _ react fo 1 h atroom temperature. Reaction products were
Membrane Vesicle Prep_aratlon and Immunoblottlng_ MRP1 Separated by Silica G thin-]ayer Chromatography, éF@H
Proteins Membrane vesicles were prepared by nitrogen azidophenacyl-GSH was extracted. Photoaffinity labeling of
cavitation (L6) and protein concentrations were determined MRP1 fragments was carried out as described previously
by Bradford assay (Bio-Rad, Hercules, CAN-CL3 MRP1  (38). Briefly, vesicle protein (7&g) was incubated witt?}S]-
and_ MRP1 CL3 internal deletion me_mbrane proteins were azidophenacyl-GSH at room temperature for 10 min and UV-
subjected to SDS7.5% PAGE and immunoblottedi@). irradiated for 5 min at 312 nm on ice. Labeled protein was
MSD1 CL3AC fragments along with MRRBd;-153: Were run on an SDS5-20% gradient polyacrylamide gel and
resolved on SDS5-18% gradient polyacrylamide gels, subjected to fluorography.
while smalle'r CL3 fragments were analyzed'ohn _SEB% Expression and Localization of MRP1 in MDCK-I Cells.
polyacrylamide gels. MRP1 was detected wit %'t er MAD £ ,5ene6 was used to transfect cells with constructs cloned
QCRL-1 @2, 43) and/or MAb MRPr1 44, 45), andf-gus 15 the pCDNA 3.1¢) vector or pMG-H2 dual vector.
was detected with rabbit ellr‘;ﬁ—glucur.on!dase (Molecular Transfected cells were selected with Geneticin (860nL)
Probes, Eugene, OR)._ Annbodproteln interactions were hygromycin (10Qug/mL) for 6-10 days. Stably trans-
detgcteq by .h'o'r seradish per0X|dase-cgnJugated secondar¥ected cell lines were maintained in antibiotic-supplemented
antibodies utilizing an enhanced chemiluminescence tech- i \m For localization of MRP1 proteins in MDCK-I cells
nigue and subsequent exposure_to film. Relat_lve expression.q s were seeded on glass coverslips and polycarbonate
of MRP1 fragments was determlneq by densitometry. filters and grown for 2 weeks to allow polarization. Cells
For cell fractionation experiments, infected Sf21 cells were were fixed with cold 95% ethanol or 2% paraformaldehyde/
harvested and washed once with TB (50 mM Tris-HCI, pH ¢, pgg pH 7.4 (10 min, RT): permeablized with 2§/mL
7.4, and 250 mM sucrose) and the cell pellet was snap-frozendigitonin/1>< PBS, pH 7.4 (10 min, RT); and blocked with

at —70 °C. Crude membrane and cytosolic fractions were 1% bovine serum albumin (BSA)4 PBS, pH 7.4 (block
isolated as previously describe@)( Briefly, cells were o5 iony (10 min, RT). Cells were then incubated with MRP1
thawed on ice, swelled in TB buffer containing 10 mM KClI, MAb QCRL-3 (42) and/or MAb MRPr1 in block solution
200 ug/mL ED.TA.’ .1'5 mM MgClz_, and Complete_: EDTA- containing 1ug/mL RNase A (1 h, RT) and subsequently
free protease inhibitors for 10 min, and lysed with-80 . washed once with block solution (10 min, RT). Alexa 488
stokes in a Tenbroeck homogenizer. The lysate was centri-; (4 alexa 546 goat anti-mouse and goat anti-rat secondary

fuged. at 90g and the pellet was discarded.. Supernatant ,niinqdies were used to detect proteémtibody interactions
containing crude membranes and the cytosolic fraction Was(1 h, RT). Cells were then washed twice with block solution

centrifuged at 1000@for 20 min at 4°C. The supernatant (10 min, RT). In some cases, MRP1 antibodies were used
(cytosolic fraction) was collected and the pellet (membrane ;, comBination with either é\n anti-calnexin Mab or a
fraction) was washed with TB_and recentrifuged. Crude olyclonal antiserum raised against canine Ia-ATPase.
membranes were resuspended in TB by use of a 27.5 gaug&\jexa 546 goat anti-rabbit or goat anti-chicken immunoglo-
needle. Proteins were quantified and detected as describegyins \yere used to detect antibody interactions with calnexin
above. _ _ and Na/K*-ATPase, respectively. Nuclei were stained either
LTC, Transport into Sf21 Membrane Vesiclétptake of iy propidium iodide, when only Alexa 488 secondary
[®H]-LTC, into me.mbrane vgsmles prepqred from Sf21 cells antibody was used, or with 7-aminoactinomycin D (7AAD),
has been described previouslg0). Briefly, 4 ug of when cells were immunodetected with both Alexa 488 and
membrane vesicle protein was incubated with 50 "M LTC  pjex5 546 labeled secondary antibodies. The fluorescent

?n the presence of 4 mM ATP or A.MP and 10 mM ng secondary antibodies and nuclear stain were excited by use
in TB. Uptake was monitored over time, stopped by dilution ¢ - | aica TCS SP2 dual photon confocal microscope.
in ice-cold TB, and filtered through glass fiber filters. Filters

were washed twice with 4 mL of TB and bound radioactivity ResyLTS
was determined by scintillation counting. ATP-dependent

transport was determined by subtracting LyT@take in the Identification of the NB-Proximal Functional Boundary
presence of ATP from uptake in the presence of AMP. of CL3.Figure 1A shows a topology of MRP1 generated by
Photoaffinity Labeling of MRP1 Constructs wiffH]- computer-assisted hydropathy analysis using the Eisenberg

LTC,. Labeling of MRP fragments byifi]-LTC, was carried algorithm @8), which predicts that CL3 begins at amino acid
out as described previousi33). Briefly, Sf21 membrane 193 and ends at amino acid 301. On the basis of previous
vesicles (75ug of protein) were incubated with 200 nM  studies, the Nkproximal boundary of the functionally
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Ficure 2: Characterization oAN-CL3 MRP1 construct LT¢transport and LT¢and azidophenacyl-GSH binding. (A) Immunoblot of
wild-type MRP1 andAN-CL3 MRP1 constructs expressed in Sf21 insect cells detected with MAb QCRL-1. (B) Time course (inset) of
ATP-dependent transport determined for MRRLis31 (A), MRPLog-1531 (¥), MRPL10-153; (B), MRP13;13 1531 (@), andf- gus @).LTC,
uptake observed fg#-gus was subtracted fromN-CL3 MRP1 transport and rates were normalized for protein expression (shown in panel
A) by densitometry. Fluorographs of MRP1 andN-CL3 MRP1 labeled with (C)3H]-LTC, and (D) P°Slazidophenacyl-GSH.

essential region of CL3 is predicted to lie between aa 204 appeared to bind LTCsimilarly. LTC, photolabeling of
and 227 80, 33). To define the boundary precisely, we MRP1;;0-1531and MRP2%;3-153:Was significantly decreased
generated finely spaced N#proximal truncations between  when compared to MRBds-1531 (Figure 2C), consistent with
amino acids 204 and 213, referred to here collectively as their reduced ability to transport LT®eing a consequence
AN-CL3 MRP1 (Figure 1B), and expressed these in insect of impaired LTG binding. Recently, we demonstrated that
Sf21 cells. Comparison & N-CL3 MRP1 protein expression the GSH analogue azidophenacyl-GSH can substitute for
in Sf21 vesicles by densitometry showed that MRB 1531, GSH in enhancing the transport of estrone 3-sulfate and that
MRP1;;0-1531, and MRP %3153 Were detected at 2.0-, 2.9-, the compound photolabels full-length MRP1 in a manner
and 1.9-fold higher levels, respectively, than MRRLsz1 similar to that obtained with LT¢(38). The data illustrated
(Figure 2A). LTG uptake observed for MRBds-1531 was in Figure 2D indicate that MRB44-1531 binds azidophenacyl-
similar to that for wild-type MRP1 (not shown), as reported GSH as efficiently as wild-type MRP1 and that, like LF,C
previously @3). After normalization to compensate for NH,-proximal truncation to aa 213 severely impairs binding
differences in protein expression levels and subtraction of of the GSH analogue, as observed with L,TC
control-gus, the relative levels of ATP-dependent transport  NH,-Proximal Truncation of MRP1 to Amino Acid 210
by MRP Log-1531, MRP110-1531, and MRP 331531 Wwere 67%, Disrupts Plasma Membrane Localization in MDCK-| Cells.
23%, and 4%, respectively, when compared to Mi3P1s31 Mutated forms of ABC transporters, such as CFTR, that fail
(Figure 2B). to traffic appropriately in mammalian cells and are rapidly
To investigate whether decreased transport activity of the degraded have been successfully expressed in insect cells
AN-CL3 MRP1 proteins reflected changes in their ability where they are stable and activ&9). To determine if the
to bind substrate, we carried out photoaffinity labeling NH,-proximal CL3 functional boundary identified by LT,C
experiments using LTL We have shown that removal of transport studies in insect cells also defined a region essential
MSD1 by truncation to amino acid 204 does not affect LTC for the protein to traffic correctly in polarized cells, we
binding compared to full-length MRPB2). Photolabeling prepared stable MDCK-I transfectants expressing the various
of MRP1p0s-1531 by [*H]-LTC, was ~2-fold higher than AN-CL3 MRP1 mutants. It has been demonstrated that
observed for MRP4,4 153, and after the differences in MRP1y4 1531, like the full-length protein, localizes to the
expression levels were taken into account, these proteinsbasolateral membrane when expressed in a polarized mono-
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layer of MDCK-II cells and that MRPs,-;53; fails to traffic functional boundary defined by LT,Gransport in Sf21 cells
and accumulates in intracellular membranag, (33). As coincided with the boundary of the region in CL3 required
observed previously, we found that MRRBL1s3; localized for membrane localization in MDCK-I cells. To determine
to the cell-surface membranes of MDCK-I cells, as did whether this was also true of the COOH-proximal boundary,
MRP2105-1531 (Figure 3 panels AE and B,F). In contrast, MSD1-CL3AC proteins were expressed with MRiL1531
MRP110-1531 and MRP%13-153; Were both retained predomi-  in MDCK-I cells via the pMG-H2 mammalian dual-expres-
nantly in cytoplasmic membranes (Figure 3 panels C,G and sion vector. MSD1-CLAC and MRP1g;-153; proteins could
D,H). Furthermore, using markers for the basolateral be detected in the same cells by use of MAb MRPrl and
membrane (NaK*-ATPase) (Figure 3AD) and endoplas-  MAb QCRL-3, respectively, with appropriate red and green
mic reticulum (calnexin) (Figure 3EH), we found that  fluorescent secondary antibodies. However, we found that
MRP104-1531 and MRP%0s-1531 Were detected primarily on  MRPrl staining was weak when cells were fixed with

basolateral membranes, while MRR1;53; and MRP%3-1531 paraformaldehyde, while immunofluorescent detection of
were detected primarily in the endoplasmic reticulum (ER). QCRL-3 was lower after ethanol fixation. Consequently,
Thus the decrease in LTQransport activity and LT¢ immunofluorescence studies were carried out with both

binding observed when these constructs were expressed irfixation protocols. MRP1 ;55 (not shown) and MRP1,60
insect cells is also associated with impaired trafficking in (red signal) when dual-expressed with MR&1;53: (green

MDCK-I cells. signal) were unable to rescue trafficking of the larger MRP1
Identification of the COOH-Proximal Functional Boundary fragment (Figure 5, left panels). MRR1 1531 was detected
of CL3.We have shown that the coexpression of MRBg predominantly in intracellular membranes (Figure 5, upper

with two inactive NH-terminal truncated polypeptides, left panel), possibly the endoplasmic reticulum since when
MRP1p81-15310r MRPLo9-1533, restores the ability to transport  expressed alone this fragment colocalized with calnexin (not
and bind LTG, while coexpression of MRR1,,; with shown). However, MRP12s5 (not shown) and MRP12s9
MRP 1,9-1531 does not 80). This suggests that the physical were detected predominately in large intracellular bodies that
integrity of a region between amino acids 2@B0, spanning  did not colocalize with the ER-like staining observed for the
amino acids 227229, is important for MRP1 transport remainder of the protein (Figure 5, middle and lower left
activity. To define the CL3 functional boundary between aa panels). Previous studies have reported that MRigd
229 and 280, constructs were engineered to truncate theexpressed alone in MDCK-II cells was detected in large
COOH-proximal end of MRP{L,g;. Fragments were created intracellular vesicles rather than on the plasma membrane
terminating at amino acids 255, 260, 270, and 280, referred(33). We observed similar results after transient expression
to collectively as MSD1-CL\C (Figure 1C). These NH of MRP1;-2s5, MRP1L_260, MRP11_570, and MRP1 250 in
proximal fragments were then coexpressed in Sf21 cells with ethanol-fixed MDCK-I cells (not shown). When MRP1so
MRP1s;-153:. Similar expression levels of the various was coexpressed with MRR1 1531, both fragments were
MSD1-CL3AC fragments and MRR43-153; were obtained detected on basolateral membranes in MDCK-I cells (not
in the pFastBac DUAL expression vector. The only exception shown). Similarly, MRR-,7o rescued the basolateral traf-
was MRP1_,g0, Which for unknown reasons was expressed ficking of the larger coexpressed MRP1 fragment (Figure
at levels somewhat lower than the other fragments (Figure 5, right panels), although slightly less efficiently than
4A). Transport studies showed that MRPsk, (22 4= 3 pmol observed in the presence of MRPZ%, Vertical sections
mg* after 3 min) and MRP 6 (23 + 2 pmol mg* after through the monolayer of cells expressing MSD1-CL3
3 min) both restored LT uptake when expressed with AC fragments and the remainder of MRP1 showed that
MRP1g;-153;, While MRP1_»s55 did not increase transport rescued MRPZ;-1531 and MRP1-,70 were concentrated
(3 &£ 1 pmol mg? after 3 min) (Figure 4B) above that in or near the basolateral membranes between adjacent cells
observed for the large fragment alone (not shown). Similarly, (Figure 5, lower right panel). Thus, although MRP,
the ability to photolabel MRP31-1531 with LTC, (Figure like MRP1; 250 and MRP1 ,70, rescued the function of
4C) or azidophenacyl-GSH (Figure 4D) was low upon MRPlLgi-1531 in insect cells, it failed to support correct
coexpression with MRR1,s5 compared with coexpression trafficking in polarized MDCK-l cells. Furthermore,
with MRP1;_,60. As reported previously3g), the MSD1- MRP1;_560 and MRPZ%s;-153; did not colocalize when
CL3 AC fragments themselves were not photolabeled with coexpressed.
LTC,4 (not shown) or azidophenacyl-GSH (Figure 4D). MRP 04270 Expressed with MRRB4;—1531 Reconstitutes
To further define the COOH-proximal functional boundary LTC, Uptake and BindingAlthough CL3 is predicted by
of CL3, additional MSD1-CLAC constructs were generated most topology programs to be cytoplasmic, a fragment
between aa 255 and 260. These were coexpressed witttomprised of aa 204280 appears to associate with cellular
MRP1s:-1531 (Figure 4E) and analyzed for the ability to membranes independently of the presence of a MSD or
reconstitute LTGtransport (Figure 4F). After vesicle uptake predicted TM helix 81). In addition, MRP 394280 has been
was normalized to protein levels of the common, larger reported to reconstitute the LECtransport activity of
MRP1 fragment, MRPil 25 and MRP1 ,57 were able to MRPL1-153:and partially restore this fragment’s localization
reconstitute 75% and 43% of LT,Ctransport activity, to basolateral membranes in MDCK-II cel&lj. To explore
respectively, when compared to uptake observed in thethe possibility that the presence of MSD1 might influence
presence of MRR1,60 MRP1L_;s6did not reconstitute LTE the location of the COOH-proximal functional boundary of
transport to a level that was demonstrably higher than thatCL3, we repeated the studies above with MRRLso,
observed for MRPil ;55 (Figure 4F). MRP104-270, and MRP3o4-260 (Figure 1D). Analysis of
CL3 Amino Acids 263280 Are Important for Plasma  membrane vesicle proteins by immunoblotting showed that
Membrane Targeting in MDCK-I Cell§.he NH-proximal MRPL04-270 and MRP 204250 Were present at similar levels.
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Ficure 3: Colocalization ofAN-CL3 MRP1 constructs with cellular markers in MDCK-I cells. MRR1;531 (A and E), MRP%os-1531 (B

and F), MRP3;0-1531 (C and G), and MRP:5-1531 (D and H) stably expressed in MDCK-I cells were detected by indirect immunofluorescence

by use of confocal scanning microscopy after ethanol fixation with MAb MRPr1 and goat anti-rat Alexa 488 (green). Middle panels show
overlay of cells in the top panels stained with either the basolateral membrane marki€rAlPase polyclonal antibody immunodetected

with goat anti-chicken Alexa 546 (AD; red) or the endoplasmic reticulum marker MAb anti-calnexin detected with goat anti-rabbit Alexa
546 (E-H; red). Nuclei were counterstained with 7-AAD (blue). White arrows mark the position of the vedticsdctions made through

the cells shown in the lower panels. White areas in triple-stained images indicate areas of colocalization of the cellular protein marker with

AN-CL3 MRP1 proteins.
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Ficure 4: Characterization of MSD1 CLAC reconstitution of MRPZ1-1531 LTC,4 transport and LT@and azidophenacyl-GSH binding.

(A, E) Immunoblot of MSD1 CL3AC fragments dual-expressed with MRE1;s31 (4 g of vesicle protein/lane) in the pFastBac DUAL
system. MAb QCRL-1 (upper panel) and MAb MRPrl (lower panel) were used to detect MRP1 fragments. (B) ATP-dependent LTC
transport observed for dual-expressed MRP1 fragments: MREH MRP g 1531 (A), MRPL 260 + MRP 1511531 (@), and MRP1 555

+ MRP15;-153; (M). (C, D) Fluorographs offH]-LTC,- (C) and 5S]-azidophenacyl-GSH- (D) labeled MRR4 153; dual-expressed with
MSD1-CL3 AC fragments. (F) ATP-dependent LT @ptake observed for dual-expressed MRP1 fragments. Transport rates (inset) were
normalized for MRPZs;-1531 €xpression in panel E by densitometry.

However, very little MRP1y4-260 could be detected (Figure epitope (amino acids 23847) to the COOH-terminus of
6A). ATP-dependent LTE uptake for MRP14270 Or this fragment44). However, this appears unlikely given that
MRP 104280 cOEXpressed with MRBd;—153; was 27+ 2 and no difficulty was encountered detecting MRPZ, (Figure
384 2 pmol mg’, respectively, after vesicles were incubated 4A). As an alternative, we investigated whether removal of
with substrate for 3 min, while only 5 1 pmol mg? of amino acids 266269 had abolished plasma membrane
transport activity was observed after the same time period association. To determine if plasma membrane association
in vesicles coexpressing MRR1 260 and MRP2g1-1531 was disrupted, CL3 peptides were coexpressed with the
(Figure 6B). As expected from the transport assays, coex-cytosolic proteins-gus, and their subcellular localization was
pression of MRPZ4-270 with MRP1p51-153; restored LTG compared in Sf21 cells. The CL3 peptides were almost
labeling of the larger MRP1 fragment (Figure 6C). entirely detected in crude membranes including MR,

To explain the apparently low levels of MRRBZ 260, We while, as expectegi-gus was found mainly in the cytosolic
considered the possibility that its immunodetection may have fractions (Figure 6D). Although MRRds 260 appeared to
been diminished because of the proximity of the MRPrl associate with membranes, expression levels of the peptide
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Ficure 5: Reconstitution of basolateral trafficking of MRRB1L 1531

by MSD1-CL3AC fragments in MDCK-I cells. MSD1-CLAC
fragments MRP4 ,¢0 and MRP1_,70 were dual-expressed with
MRPLg;-1531in MDCK-I cells with the pMG-H2 vector. Polarized
cells were fixed in 95% ethanol and MSD1-CI&C fragments
were detected with MAb MRPr1 and goat anti-rat Alexa 546 (red),
while MRPZg;-153; was immunostained with MAb QCRL-3 and
goat anti-mouse Alexa 488 (green). White arrows in the triple-
stained overlays denote the position of the vertix@al section

Biochemistry, Vol. 42, No. 48, 20034107

amino acids 261279 in the intact protein (Figure 1F).
Densitometry of immunoblots of Sf21 vesicles showed that
MRP1A(261—-279) and MRPIA(271—-279) were expressed

at 2.3- and 1.5-fold higher levels, respectively, than wild type
(Figure 7A). ATP-dependent uptake observed for the wild-
type protein and CL3 internal deletions were similar after
subtraction of contrgB-gus transport and normalization for
relative protein expression levels (Figure 7B). Thus the
protein is able to adopt an active conformation in insect cells
despite the possible topographical distortion introduced by
internal deletion of 19 amino acids from CL3. In addition,
internal deletion of amino acids 27279 had little effect

on basolateral localization compared with wild-type MRP1
in polarized MDCK-I cells, as evident by colocalization with
the basolateral membrane marker (Figure 7C, left and center
panels). In contrast, deletion of amino acids 2@¥9
resulted in most of the mutant protein being localized in
membranes surrounding large vesicles, with only a minor
fraction being detected on or near the basolateral membrane
(Figure 7C, right panels). Thus the results obtained with these
internal deletion mutants support data from coexpression
studies indicating that amino acids 26269 are critical for
trafficking but not for the protein to adopt a functional
configuration in insect cells.

DISCUSSION

Several lines of evidence indicate that the region of CL3
between amino acids 204 and 280 is essential for substrate
binding, as well as appropriate trafficking of MRP1 in
mammalian cells. This region also appears to be capable of
forming stable interactions with the remainder of the protein
based on its ability to rescue the trafficking of an MRP1
fragment truncated to amino acid 281. A number of second-
ary structure algorithms predict that the region of CL3
between amino acids 204 and 280 contains two helical motifs
(Figure 8A). Previous reports have speculated that a helix
predicted to be located between amino acids 221 and 233 is
required for membrane association and MRP1 functgii. (

The secondary structure predicted by the program PhD
Predict is most similar to that proposed previously, while
most programs predict that the Mgdroximal helical region

of CL3 begins between amino acids 211 and 216 and ends
with a highly conserved glycine at position 231 (Figure 8A).

through the cells shown in the lower panels. White areas indicate These a”awses a]so identified a second helical element
areas of colocalization of the coexpressed MRP1 fragments. Nucleibetween amino acids 247 and 267, the secondary structure

were counterstained with 7-AAD (blue).

determined by immunoblotting with MAb MRPr-1 were
consistently 16-20-fold lower than observed for other CL3

of which appears to be conserved among evolutionarily
diverse ABCC family members frorfSaccharomyces cere-
visiag, Caenorhabditis elegan&nd plants (Figure 8A).

We have now defined the boundaries of the region in CL3

peptides, suggesting a possible problem in the folding andthat are required for substrate binding and transport in Sf21

maturation of the fragment and its rapid degradation.

A COOH-Proximal Internal Deletion in CL3 Does Not
Affect Transport in Insect Vesicles but Impairs Trafficking
in MDCK-I Cells.Previously, it has been shown that internal
deletion of CL3 residues 22332 rendered MRP1 inactive
for LTC, transport 81). Despite its lack of activity, this
mutant appeared to traffic normally to the basolateral
membranes of MDCK-II cells31). The MSD1-CL3AC
fragment ending at AZf displayed the opposite behavior.
It was able to reconstitute transport of MRB1;s3;in Sf21
cells but failed to rescue trafficking in MDCK-I cells.

insect cells and determined whether they coincide with the
boundaries of the region required for correct protein folding
and efficient trafficking in polarized mammalian cells. Insect
cells are able to express mutant proteins that are recognized
as misfolded and are retained and degraded in the endo-
plasmic reticulum of mammalian cells. This may be due to
differences in the stringency of the protein processing
machinery. Alternatively, the lower growth temperatures
(28 °C) typically used for growing insect cells may reduce
the free energy requirements for protein foldid@)( These
differences between insect and mammalian cells offer the

Consequently, we also ascertained the effects of deletingopportunity to distinguish between regions of a protein that
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Ficure 6: CL3-mediated LT transport reconstitution and plasma membrane association. (A) Immunoblot of MRP1 CL3 fragments,
resolved on an SDS18% polyacrylamide gel (lower panel), coexpressed with MBP 31, separated on an SBS.5% polyacrylamide

gel (upper panel), in the pFastBac expression system. (B) ATP-dependentrafi€port was measured for coexpressed MiPko +
MRP15g1-1531 (@), MRP 104270 + MRPlpg1-1531 (M), and MRP%os-260 + MRP Logi-1531 (4). (C) Immunoblot (upper panel) of MRR-1531
fragment detected with MAb MRPr-1 expressed alone and dual-expressed with,MRRin the pFastBac DUAL vector, and fluorograph

(lower panel) of H]-LTC4-labeled MRP1g;-1531. (D) Detection of dual-expressed CL3 fragments (S008% PAGE, MAb MRPr1, upper

panel) ands-gus (SDS-10% PAGE, antj3-gus, lower panel) in cytoplasmic fractions (lanes marked C) and membrane fractions (lanes
marked M). To immunodetect approximately equivalent molar amounts of the CL3 fragments, lanes marked with asterisks in the CL3 MAb
MRPr-1 immunoblot had 2@g of protein loaded, while all others containegd of protein/lane. Samples run on the gptiyus immunoblot

had 1ug of protein/lane.

are intrinsically important for function, as opposed to regions supported by studies in which we have shown that the steady-
that are required for efficient maturation and trafficking.  state levels of MRPsLo-153:and MRP2%;3-153;:in membrane

In Sf21 cells, NH-proximal truncations of MRP1 to vesicles of stably transfected HEK293 cells were less than
Cyg%, GIuw?% and Al&'® decreased LT transport by 10% of those obtained with MRBgk-1531 (not shown).
approximately 30%, 75%, and more than 90%, respectively, Among the ABCC proteins, the identity of amino acids
relative to MRP 104151 (Figure 2B). These analyses indicate corresponding to MRP1 C¥8 is not highly conserved,
that the NH-terminal boundary of the essential region of although all residues found at the corresponding positions
CL3 is located at the beginning of the predicted helix are polar (Figure 8A). In contrast, PPis highly conserved
between aa 211 and 231. Photolabeling studies demonstrateamong MRP1-related proteins. On the basis of the data
that inefficient transport by NiHproximal CL3 truncations ~ obtained, it is possible that amino acids 208 and 209 could
is associated with a reduced ability to bind LT Eigure be involved directly in substrate binding or alternatively
2C). Parallel studies with the photoactivable GSH analogue could be required for correct folding of the protein. However,
azidophenacyl-GSH also demonstrated that MSD1 is not this seems unlikely since, we have recently found that alanine
required for glutathione binding, while CL3 residues between substitution at either of these positions did not affect MRP1
amino acids 204 and 213 are essential (Figure 2D). Further-expression or transport activity in stably transfected HelLa
more, in polarized MDCK-I cells, trafficking of MRBds-1531 cells B0, 51). Alternatively, it is possible that in the absence
was comparable to that of MRR1 153;, while that of of MSD1, removal of Cy®® and Pré® may affect the
MRP110-1531 and MRP2;3 1531 was severely impaired and  structural integrity of CL3 by decreasing the stability of the
both truncated proteins colocalized with the ER chaperone NH,-proximal part of helix 1. The TMHMM algorithm52)
calnexin (Figure 3). These data suggest that removal dP€ys identified helix 1 in CL3 as a low probability (20%) TM
and Pré® impairs the maturation and sorting of the mutant helix and predicts that truncation of MRRB1 1531 to GIU?1°
protein in the ER, resulting in rapid degradation. This is or Ala?* would decrease the probability of a helix forming
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FIGURE 7: LTC, transport and membrane trafficking of MRP1 CL3 internal deletions. (A) Immunoblot of wild-type and CL3 internal
deletion proteins expressed in Sf21 membrane vesiclgg/{ane) immunodetected with MAb QCRL-1. (B) Time course (inset) of ATP-
dependent LT¢transport in Sf21 membrane vesicles for MRP1-1531) @), MRP1 A(271-279) (a), and MRP1A(261—-279) (v).

Uptake was normalized for protein expression by densitometry (A) and cghgjos was subtracted. (C) Indirect immunofluorescence of
wild-type and MRP1 CL3 internal deletion constructs stably expressed in polarized MDCK-I cells grown on polycarbonate filters. Cells
were fixed with ethanol and immunodetected with MAb MRPrl and goat anti-rat Alexa 488 (green) andtfKkeAN#@ase polyclonal

antibody and goat anti-chicken Alexa 546 (red). Arrows indicate the position of the veffisaiction (lower panels) through the monolayer.

White areas indicate areas of colocalization of the basolateral membrane marker and MRP1 proteins. Nuclei were counterstained with

7-AAD (blue).
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YCFl S.cervisiae 206 RRKPNPYD SANIFSRITF SWMSGLMKTG YEKYLVEADL YKLPRNFSSE ELSQKLEKNW ENELKQKSNF SLSWAICRTE 283
AR 3_drosphila 220 GENEIPEL SASFLSRITY QOWFDEMALKG YRNFLEEKDL WDLRPODSCS EVMPIFAHHW NONVRENYKN ......... K 288
213 ARNPSPET TSSFLNRITM WWENSLCSLG VKKFLEVSDL YSLNEADTSN LLVPKWYNLW DEQSKKFEET AARRRIGSNA 250
223 GEHICPER HASIFSRIYF GWITPLMOLG YRKFITEKDV WQLDKWDQTE TLI RCW TEESRRPEPW LLRALNNSLG 300

267

Ficure 8: Secondary structure prediction of CL3. (A) Alignment of MRP1 CL3 with the corresponding cytoplasmic regions of related
proteins. Computer-assisted secondary structure prediction algorithms [highlighted residues, B3)Jpbbettface residues, SOMPA&J);
underlined residues, Ph®4)] were used to identify structural elements within the aligned sequences. (B) Helical wheel projection of
PSipred-predicted CL3 helices. Shaded circles indicate charged residues.

at this location to below 5%. Studies of the topology of
MRP1 essentially preclude the possibility that helix 1 in CL3
traverses the membrane. However, the,;Miétminal region
of the recently crystallized bacterial vitamin D transporter
subunit, BtuC, contains a TM helix (residues 22) that

was reported34). However, the stoichiometry of labeling
of CL3 compared with predominantly labeled sites in MSD2
and MSD3 is not known. Studies on the sulfonylurea receptor
SUR1 (ABCCS8) also indicate that regions of CL3 are
necessary for the binding of glibenclamide, but as with most

appears to be laterally associated with or embedded in thestudies of MRP1, direct photolabeling of these regions has

inner leaflet of the lipid bilayer3). Although there is no

not been demonstrateds). Taken together with earlier

discernible primary structure homology between this region photolabeling studies with gliburide analogues, these studies
of BtuC and CL3 in MRP1, when the region between amino suggest that MSD1 of SURL interacts directly with the ligand
acids 204 and 260 is expressed independently of therather than MSD2 and MSD3 as found during studies of
remainder of the protein, it can be recovered predominantly MRP1 (6).

associated with membranes (Figure 6D). Thus the ability of

the NH-proximal helical region of CL3 to interact with the

Further COOH-proximal truncation of MRR:soto Lys®
and Led®caused a 25% and 75% reduction in its ability to

membrane in a manner analogous to that observed in BtuCreconstitute LTG transport, respectively, while fragments

may be a requirement for correct folding and trafficking of
the protein.

COOH-proximal truncation of MRR1,g0 to Asr?® did
not affect the ability of this fragment to rescue Liénd
azidophenacyl-GSH binding and LEQransport when
expressed with MRR3,-153; in Sf21 cells (Figure 4B,C).
Recently, it has been suggested that®¥rand Ly<®” form
part of a binding site for 11-azidoagosterol 84f. While

ending at Val®® or Pr&®® completely failed to stimulate
transport in the presence of MRRBil 531 (Figure 4B,F).
Substrate photolabeling studies indicated that MRR1
failed to restore LT and azidophenacyl-GSH binding by
the larger MRP1 fragment (Figure 4C,D). Truncation to
Pro®® eliminates the hydrophobic tripeptide V& Leu?>"-
Val?®® and is predicted to disrupt the COOH-proximal helix
of CL3. Thus the COOH-proximal boundary is within helix

regions of CL3 appear essential for binding of substrate, most2 near a cluster of hydrophobic amino acids predicted to be

studies with photoactivatable substrates (L) @hibitors
(AG-A, LY475776), and GSH derivatives (azidophenacyl-
GSH) have failed to detect cross-linking to sites in CB3, (
34, 38). The exception is a recent study with the GSH
analogue arylazido-GSH (IAAGSH), in which very weak
labeling of a tryptic fragment believed to correspond to CL3

critical for maintaining stability of the remainder of the helix.
Complete loss of the COOH-proximal helix of CL3 may
eliminate the ability of the fragment to interact with the
remainder of the protein. Whereas the Nptoximal func-

tional and trafficking boundaries of CL3 coincide, the
locations of the COOH-proximal boundaries differ. The
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region between amino acids 261 and 269 is not required for promote proper protein folding and trafficking or are involved
function in insect cells but it is necessary for trafficking and in interactions with other proteins important for appropriate

appropriate membrane localization in MDCK-I cells. Dual trafficking of MRP1 is currently under investigation.

expression of MRP1,,owas only slightly less effective than

MRP1;_,g0 (N0t shown) at restoring trafficking of the MRP1  ACKNOWLEDGMENT

core to the basolateral plasma membrane, while MRigd
was completely ineffective, consistent with a loss of interac-
tion between the two fragments (Figure 5). In support of

We thank Derek Schulze for expert advice on confocal
microscopy.

this suggestion, the immunofluorescent signal observed for REFERENCES

MRP1;_,s0was found in large intracellular bodies, potentially
in vesicles of the Golgi apparatus and/or endosomes or
undergoing degradation by the proteosome, while the core
was observed in distinctly different regions of the cell, likely

the ER (Figure 5, left panels). Recently, it has been reported 2.

that MRP1 MSD1 lacking all of CL3, could be detected at
the cell surface when expresseddenopuocytes, although
what percentage of the fragment remained cytoplasmic was

not assessed(). At present, it is not known whether this 3.

might be attributable to differences in protein processing
betweenXenopusocytes and the mammalian cell lines used
here. However, it appears possible that the presence of parts
of CL3 in the NH-terminal fragments we have used impairs
the ability of MSD1 to traffic to or be retained in the plasma g
membrane in the absence of the MRP1 core. We have also
established that amino acids 26869 are not simply required

for membrane association. Although the peptide comprising
amino acids 204260 failed to rescue transport of
MRP15,-1531 and was expressed at relatively low levels, it
was nevertheless recovered exclusively in a membrane-
associated fraction (Figure 6A,B,D). Similarly, internal
deletion of Trgé*Sef”®from full-length MRP1 had no effect

on LTC, transport activity in insect cells (Figure 7B) but 8.

caused significant defects in basolateral membrane trafficking
(Figure 7C, right panels) and resulted in accumulation of
the mutant protein in large vesicles, similar to the distribution g
observed for MRP{L ¢ In contrast, deletion of GHSef™
had no effect on trafficking. Since amino acids 2657
comprise the COOH-proximal half of helix 2, the structural
integrity of this domain may be required for correct protein
folding and/or trafficking in mammalian cells (Figure 8A).
The nature of the interactions between the critical region
of CL3 and the remainder of the protein is not yet known.
Recent reports have suggested that CFTR containshaatix
between Al&° and Sef® (58). This location aligns with MRP1
CL3 helix 2 (Figure 8A), and it has been proposed that acidic
residues in this helical region of CFTR contribute to
regulation of channel activity by interacting with the regula-
tory R domain of the proteirb@, 59). In addition, syntaxin
1A has been shown to interact with the Ntérminal region
of CFTR, which aligns with MRP1 CL3, and to potentially
regulate trafficking of the protein to and from cellular
membranes@0, 61). One unusual feature of the region of
CL3 containing helix 2 is its exceptionally high content of
charged amino acids. There are a total of 13 positively
charged and four negatively charged residues in the region
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