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ABSTRACT

The ATP-binding cassette multidrug resistance protein 1 (MRP1) mediates ATP-dependent
cellular efflux of drugs and organic anions. We previously described a mutant, MRP1-
Pro1150Ala, which exhibits selectively increased estradiol glucuronide (E,178G) and meth-
otrexate transport as well as altered interactions with ATP. We have now further explored
the functional importance of MRP1-Pro***°
cytoplasmic loop 7 (CL7) by replacing it with Gly, Ile, Leu and Val. All four mutants exhibited

at the interface of transmembrane helix 15 and

a phenotype similar to MRP1-Pro1150Ala with respect to organic anion transport and
[Y*?P]8N3ATP photolabeling. They also displayed very low levels of substrate-independent
vanadate-induced trapping of [«**P]8NsADP. To better understand the relationship between
the altered nucleotide interactions and transport activity of these mutants, [«**P]8N3;ADP
trapping experiments were performed under different conditions. Unlike leukotriene C,,
E,17BG decreased [«*?P]8NsADP trapping by both wild-type and mutant MRP1. [«*?P]8NsADP
trapping by MRP1-Pro1150Ala could be increased by using Ni** instead of Mg?*, and by
decreasing temperature; however, the transport properties of the mutant remained
unchanged. We conclude that the reduced [«*?P]8NsADP trapping associated with loss of
1130 or the presence of E;178G, is due to enhanced ADP release following ATP hydrolysis
rather than a reduction in ATP hydrolysis itself. We hypothesize that loss of Pro***°
role of CL7 as a coupling helix that mediates signaling between the nucleotide binding
domains and some substrate binding sites in the membrane spanning domains of MRP1.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

selected in doxorubicin and, by enhancing efflux, MRP1 can
confer resistance to many anticancer agents including

Multidrug resistance protein 1 (MRP1, ABCC1) is a member
of the ATP-binding cassette (ABC) superfamily of
transmembrane proteins, subfamily C [1,2]. It was first
identified in a multidrug resistant lung cancer cell line

* Corresponding author. Fax: +1 613 533 6830.
E-mail address: spc.cole@queensu.ca (Susan P.C. Cole).

doxorubicin, vincristine, etoposide and mitoxantrone in
an ATP-dependent manner [3-5]. Other substrates of MRP1
include a large number of conjugated and unconjugated
organic anions, such as the GSH-conjugated leukotriene

Abbreviations: MRP, multidrug resistance protein; ABC, ATP-binding cassette; MSD, membrane spanning domain; NBD, nucleotide
binding domain; LTC,, leukotriene Cy4; E;17BG, 17B-estradiol 17B-p-glucuronide; CL, cytoplasmic loop; MTX, methotrexate; HEK, human
embryonic kidney; TM, transmembrane; TSB, Tris-sucrose buffer; MAb, monoclonal antibody.
0006-2952/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
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Cs (LTC,), the conjugated estrogen, estradiol 17B-glucur-
onide (E;178G) and the antifolate methotrexate (MTX)
[2,6-8].

MRP1 is composed of three membrane spanning
domains (MSDs) containing 5, 6 and 6 transmembrane
(TM) a-helices, respectively. In addition, two functionally
non-equivalent nucleotide binding domains (NBDs) are
responsible for the binding and hydrolysis of ATP which
power the transport process [9]. The transporter is
expressed ubiquitously throughout the body, except in the
liver where it is usually not detectable. In polarized
epithelial and endothelial cells, it is found mainly on
basolateral membranes [1]. The murine ortholog of MRP1
has been demonstrated to be an in vivo mediator of LTC,
efflux during inflammatory responses [10]. MRP1/Mrp1 also
has an important role in protecting some normal tissues
from the adverse effects of various toxicants and cytotoxic
drugs [1].

We previously described a phenotypically complex MRP1
mutant in which a conserved proline residue, predicted to be
at the beginning of cytoplasmic loop 7 (CL7) connecting TM15
to TM16, was replaced with alanine [11]. Compared to wild-
type MRP1, the Prol150Ala mutant displayed decreased
levels of LTC,, estrone sulfate, and GSH transport but
substantially increased levels of E,178G and methotrexate
(MTX) transport. The increased E,17BG transport by MRP1-
Pro1150Ala was associated with a 5-fold decrease in
apparent K(E»178G) and 4-fold decrease in K,(ATP) during
E,17BG transport. However, the apparent K,,(ATP) values for
wild-type MRP1 and MRP1-Pro1150Ala were the same during
LTC, transport.

The interaction of the MRP1-Prol1150Ala mutant with
nucleotide was further investigated using the 3?P-labeled
photoaffinity ligand 8N3;ATP. The ability of a protein to trap
[«*?P]8N3;ADP in the presence of sodium orthovanadate under
conditions that permit ATP hydrolysis is often measured as
an indicator of its ATPase activity, while [y*’P]8SN;ATP
photolabeling under non-hydrolytic conditions is an indica-
tor of its ATP-binding capacity [12]. In the case of MRP1-
Pro1150Ala, vanadate-induced trapping of [«*>?P]8N3;ADP was
greatly diminished relative to wild-type MRP1, while photo-
labeling of this mutant with [y*P]8N;ATP under non-
hydrolytic conditions was unchanged [11]. Taken together,
these data suggested that Ala substitution of the conserved
Pro***°in MRP1 caused a substrate-selective effect on both the
transport activity of MRP1 and its dependence on ATP, while
at the same time having a substrate-independent effect on
vanadate-induced trapping of ADP or ATPase activity. We
recently showed that mutation of the proline residues in the
MRP1 homologs MRP2 and MRP3 corresponding to MRP1-
Pro***° also resulted in changes in substrate specificity and
ADP trapping indicating the function of this residue is largely
conserved [13].

The objective of the present study was to explore further
the functional role of Pro***® in MRP1 by replacing it with four
additional amino acids (Gly, Leu, Ile and Val) with different
physicochemical properties. The resulting MRP1 mutants
were characterized with respect to their substrate specificities
and inhibitor sensitivities as well as their interactions with
ATP.

2. Materials and methods
2.1. Reagents

[14,15,19,20-*H]LTC, (158 Cimmol %) and [6,7-H]JE;17BG
(45 Ci mmol~?) were purchased from PerkinElmer Life Sciences
(Woodbridge, ON, Canada). [3,5,7-*H (n)]MTX sodium salt
(33.5 Ci mmol ') was from Moravek Inc. (Brea, CA). LTC, was
purchased from CalBiochem (San Diego, CA). AMP, ATP, E;17BG,
S-decyl-GSH, GSH, sodium orthovanadate, diphenylcarbamyl
chloride-treated trypsin and BAY u9773 were purchased from
Sigma Chemical Co. (St. Louis, MO). Creatine kinase and
creatine phosphate were obtained from Roche Diagnostic
(Laval, QC, Canada). MTX sodium salt was purchased from
Faulding (Vaudreuil, QC, Canada). [«*?P]8N3ATP (12 Ci mmol )
and [y*?P]8NsATP (10.6 Ci mmol ') were purchased from Affi-
nity Labeling Technologies Inc. (Lexington, KY). LY465803 was a
gift from Eli Lilly (Indianapolis, IN) [14], and MK571 was
purchased from Cayman Chemicals (Ann Arbor, MI). MAbs
MRPm6 and MRPrl were kind gifts from Drs. R.J. Scheper and
G.L. Scheffer (Amsterdam, Netherlands).

2.2.  Site-directed mutagenesis

The generation of the MRP1-Prol150Ala mutant expression
construct has been described previously [11]. Additional
substitutions of Pro’™*® in MRP1 were generated using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA), and a template generated by subcloning a 2-kb
Xmal fragment encoding amino acids 780-1440 from
pcDNA3.1(—)MRP1y into pGEM-3Z. Mutagenic oligonucleotide
primers were obtained from IDT Inc. (Coralville, IA). Mutagen-
esis was performed according to the manufacturer’s instruc-
tions with the following sense primers (the substituted
nucleotides causing the mutation are underlined; silent
nucleotide substitutions added to introduce or disrupt a
restriction site are in bold; other nucleotide substitutions are
in lowercase typeface; and diagnostic restriction enzymes are
indicated in parentheses): MRP1-Pro1150Gly (5'-G TCG GTC AGC
CGG TCg GGG GTC TAT TCC C-3') (BsrFI), MRP1-Pro1150Ile (5'-C
AGCCGCTCCATC GTCTACTCC CAT TTC AAC-3') (Accl), MRP1-
Pro1150Leu (5'-CG GTC AGC CGG TCC CTC GTC TAC TCC CAT
TTC-3') (Accl) and MRP1-Pro1150Val (5'-CG GTC AGC CGG TCC
GTG GTC TAT TCC C-3') (Rsrll). Following mutagenesis, the
desired fragment was subcloned back into pcDNA3.1(—)MRP1y
as a 1.3-kb Esp3l/EcoRI fragment, and the sequence fidelity
verified (ACGT Corp., Toronto, ON, Canada).

2.3.  Transfections in HEK293T cells and membrane vesicle
preparation

Mutant or wild-type pcDNA3.1(—)MRP1y vectors were trans-
fected into human embryonic kidney (HEK293T) cells seeded
at approximately 18 x 10° cells per 150 mm plate. After 24 h,
cells were transfected with 20 pg DNA using Lipofectamine™
2000 (Invitrogen, Carlsbad, CA) according to the manufac-
turer’'s instructions. After 48 h, the HEK293T cells were
collected and stored as cell pellets at —70 °C until needed.
Membrane vesicles were prepared as described previously and
stored at —70 °C until required [7].
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2.4. Determination of MRP1 levels in transfected cells

Levels of MRP1 in the membrane vesicles were determined by
immunoblot analysis using the human MRP1-specific murine
MADb QCRL-1 (1:10,000) and a chemiluminescence detection
system as described [15]. The films were analyzed by densito-
metry using Image J software (http://rsb.info.nih.gov/ij/).

2.5. Limited trypsin digestion of MRP1

Membrane vesicles (0.25 pg wl %) diluted in TSB were incubated
with trypsin at trypsin:protein ratios ranging from 1:5000 to 1:1
for 15 min at 37 °C. Reactions were stopped by adding Laemmli
buffer with protease inhibitors onice and the samples loaded on
a 4-20% gradient acrylamide gel (Pierce, Rockfort, IL) and
immunoblotted. Full-length and tryptic fragments of MRP1
were detected by chemiluminescence detection assays using
MAb MRPmS6 (1:1000) which recognizes an epitope at the COOH-
terminus and MAb MRPr1 (1:5000) which recognizes an epitope
in the NH,-proximal half of MRP1 [16].

2.6. MRP1-mediated transport of H-labeled organic
anions by membrane vesicles

ATP-dependent uptake of *H-labeled organic anion substrates
by the MRPl-enriched membrane vesicles was measured
using a rapid filtration technique in a 96-well plate format
[7,17,13]. Typical reactions were carried out in triplicate in TSB
in a final reaction volume of 30 pl and containing either MgCl,
(10 mM) and AMP (2mM) or MgCl, (10 mM), ATP (2mM),
creatine phosphate (10 mM) and creatine kinase (100 pg ml~?).
In some experiments, ATP was replaced by 8N;ATP.

Transport assays with modulators were carried out as
described above in a final volume of 50 pl. A stock solution of
MK571 was prepared in methanol, BAY u9773 and LY465803
were dissolved in DMSO, and S-decyl-GSH in 1N NH,OH. The
final concentration of vehicle never exceeded 1% of the final
reaction volume. Membrane vesicles were preincubated with
modulators for 15min on ice before proceeding with the
transport experiments.

Transport in the presence of AMP was subtracted from
transport in the presence of ATP to determine ATP-dependent
uptake and data were fitted to sigmoidal dose-response curves
by non-linear regression analysis. The log ICso values and ICsq
values for the modulators were determined using GraphPad
Prism 3.0 software. Statistical comparisons of the ICso values
for wild-type MRP1 and MRP1-Pro1150Ala were carried out
using a paired Student t-test and considered significant when
p < 0.05.

2.7.  Photolabeling of MRP1 with [PHJLTC, and
[/**P]8NATP

Membrane proteins were photolabeled with [PH]LTC, as
described previously [11]. Briefly, membrane vesicles (50 pg
protein) were incubated with [*H]LTC,4 (200 nM; 0.08-0.1 wCi)
and 10 mM MgCl, in a final volume of 50 pl for 30 min at room
temperature and then frozen in liquid nitrogen. When a
substrate was included in the experiment, membrane vesicle
proteins were incubated with the substrate for 30 min on ice

before adding [*H]LTC, and MgCl,. After irradiation at 302 nm,
radiolabeled proteins were resolved by SDS-PAGE. After
drying, the gel was exposed to Bioflex MSI film (InterScience,
Markham, ON, Canada) for 5 days at —70 °C. The films were
analyzed by densitometry using Image J software as described
above.

Membrane vesicle proteins were photolabeled with
[Y**P]8NATP also as described previously [11]. Briefly, mem-
brane vesicles (10 pg protein) were incubated with 5 mM MgCl,
and 5 uM [y*?P]8NATP (1 uCi) in a final volume of 20 pl. After
5 min onice, the samples were cross-linked at 302 nm, washed,
and then solubilized in Laemmli buffer and subjected to SDS-
PAGE. After drying, the gel was exposed to film for 2-12 h.

2.8.  Vanadate-induced trapping of [«>*?P]8NsADP by MRP1

MRP1-enriched membrane vesicles (10 ng protein) were
incubated in TSB (20 pl) containing MgCl, (5 mM) or NiCl,
(5 mM), with and without freshly prepared sodium orthova-
nadate (1 mM), [«*?P]8N3ATP (5 uM, 1 wCi) for 15 min at 37 °C
except where indicated. In some experiments, membrane
vesicles were incubated with E,178G for 10 min on ice before
adding the reaction mix containing the [«*?P]8N;ATP. Reac-
tions were terminated by the addition of ice-cold Tris-EGTA
buffer, centrifuged, and membrane proteins resuspended
before irradiating at 302 nm as before [11]. Membrane vesicles
were then solubilized in Laemmli buffer, subjected to SDS-
PAGE, and after drying, the gel was exposed to film for 12-24 h.

3. Results

3.1.  Mutation of Pro***° affects the trypsin sensitivity of
MRP1

To determine whether the functional impact of the MRP1-
Pro'**® mutation was associated with changes in MRP1
structure, limited trypsin digests of wild-type MRP1 and the
MRP1-Pro1150Ala mutant were performed side-by-side and
the fragments probed by immunoblotting with MAbs against
the NH,-proximal (N1, N3) (MAb MRPr1) and COOH-proximal
(C1, C2) (MAb MRPm6) halves of MRP1 (Fig. 1A). As shown in
Fig. 1B and C, the Pro1150Ala mutant was more resistant to
trypsin digestion than wild-type MRP1 as evident from the
persistence of the full-length protein at high trypsin:protein
ratios. On the other hand, no significant differences were
observed in the trypsin sensitivity of the initial COOH-
proximal (C1) and NH,-proximal (N1) fragments generated.
Similar observations were made when chymotrypsin was
used instead of trypsin (results not shown). Other mutants
described below were not tested by limited trypsin digests.

3.2.  Substitution of Pro’**° does not affect MRP1
expression in HEK293T cells

MRP1 was subjected to site-directed mutagenesis to create Gly,
Ile, Leu and Val substitutions of Pro''*°. Immunoblots of the
membrane vesicles prepared after transient expression in
HEK293T cells revealed that none of the four mutations
affected levels of MRP1 expression relative to wild-type MRP1
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Fig. 1 - Limited trypsin digestion of wild-type MRP1 and
Pro1150Ala mutant MRP1. (A) Shown is a schematic
representation of the MRP1 protein with the sites of initial
trypsin cleavage indicated, together with the approximate
sizes of the resulting tryptic fragments (N1, N2, N3, C1, G2
and C3), and the epitopes detected by the MAbs used for
immunoblotting [16]. (B and C) Membrane vesicle protein
(2 ng per lane) was incubated at 37 °C with increasing
concentrations of trypsin (trypsin:protein ratios 1:5000 to
1:1) as described in Section 2. Immunoblots were probed
with (B) MAb MRPr1 and (C) MAb MRPm6. Arrows denote
the position of the full-length MRP1; N1 and N3 denote the
long and short NH,-proximal tryptic fragments,
respectively, and C1 and C2 mark the long and short
COOH-proximal tryptic fragments, respectively. Similar
results were obtained in two additional independent
experiments.

as shown previously for the Pro1150Ala mutant (Fig. 2A)
[11,13].

3.3. Ala, Gly, Ile, Leu and Val-substituted mutants of
MRP1-Pro***° have similar transport properties

To determine if the different substitutions of Pro***° affected
MRP1 transport activity, ATP-dependent vesicular uptake
assays of *H-labeled LTC,, E,178G and MTX were performed.
As shown in Fig. 2B-D, the transport properties of all four
mutants were similar to that described previously for
MRP1-Pro1150Ala [11,13], viz., the mutants exhibited an

approximately 50% decrease in LTC, transport (Fig. 2B), a 2-
fold increase in E,178G transport (Fig. 2C), and a 3-fold increase
in MTX transport (Fig. 2D).

3.4.  Pro'™° mutations do not affect substrate binding to
MRP1

To determine whether the decrease in LTC, transport by the
Pro'"*° mutants was due to decreased binding of this substrate
to MRP1, membrane vesicles were photolabeled with [*H]LTC,.
As observed previously, [*H|LTC, photolabeling of the
Pro1150Ala mutant was similar to that of wild-type MRP1
(Fig. 3A) [11]. Levels of [PH]LTC, labeling of the Pro1150Gly,
Pro1150Ile, Pro1150Leu and Pro1150Val mutants were also
comparable to wild-type MRP1 (Fig. 3A).

We next examined whether the binding of other MRP1
substrates (e.g. E,178G and MTX) was affected by Ala
substitution of Pro'**°. Since photoactive analogs of E;178G
and MTX are not available for direct binding studies, the
relative binding affinity of wild-type and mutant MRP1 for
these substrates was estimated indirectly by measuring their
ability to compete for [*H|LTC, photolabeling. As shown in
Fig. 3B, E,17BG inhibited [*H]LTC, photolabeling of wild-type
MRP1 and the MRP1-Prol150Ala mutant in a comparable
concentration dependent fashion. [*H|JLTC, photolabeling of
wild-type and Prol150Ala mutant MRP1 was also similarly
inhibited by MTX (Fig. 3C). These results indicate that binding
of LTCy4, E;17BG and MTX to wild-type MRP1 and the MRP1-
Pro1150Ala mutant is similar, and thus suggest that the
changes observed in the transport of these substrates are not
due to changes in their initial binding to MRP1. Comparable
experiments were not carried out for the other Pro***° mutants
because their transport activities were so similar to those of
Prol1150Ala and accordingly, would be expected to exhibit a
similar pattern of substrate competition.

3.5.  Mutation of Pro***° does not affect MRP1 sensitivity to
chemical modulators

Because mutation of Pro***° differentially affected the trans-
port of different MRP1 substrates, it was of interest to
determine whether the interaction with various MRP1
modulators was also affected. To test this, E;17BG transport
by the MRP1-Proll50Ala mutant was examined in the
presence of MK571, S-decyl-GSH, BAY u9773 and LY465803.
These four modulators were chosen because of their diverse
chemical structures, specificities and modes of inhibitory
action. Thus, S-decyl-GSH is a S-alkyl GSH derivative that
competitively inhibits MRP1-mediated transport [7]; MK571
does not contain a GSH moiety but is a widely used, but
relatively non-specific, inhibitor of MRP1, originally developed
as a cysteinyl leukotriene 1 (cysLT1) receptor antagonist [18];
BAY 19773, an inhibitor of MRP1 originally developed as a dual
antagonist for cysLT1 and cysLT2 receptors, shares its fatty
acid backbone with LTC4 but is not a GSH conjugate [19]
(Nakajima et al., unpublished); and LY465803 is a tricyclic
isoxazole derivative which potently inhibits MRP1-mediated
transport in a highly specific GSH-dependent manner [14]. As
shown in Fig. 4, MK571, S-decyl-GSH, BAY u9773 and LY465803
inhibited MRP1-mediated E,17B8G transport with ICso values
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Fig. 2 - Expression and ATP-dependent vesicular transport
of *H-labeled organic anions by MRP1-Pro***® mutants. (A)
Membrane vesicles were prepared from HEK293T cells
transfected with pcDNA3.1(—)MRP1,, containing Pro**>°
mutations and protein expression levels were analyzed by
immunoblotting. For each sample, 0.5 and 1 pg of
membrane protein per lane were resolved by SDS-PAGE
and MRP1 detected with MAb QCRL-1. Relative levels of
MRP1 were determined by densitometry and are indicated
in italics below the blot. HEK refers to vesicles prepared
from untransfected HEK293T cells. Similar results were
obtained in at least three additional independent
experiments, (B) ’H]LTC, uptake was measured using 2 pg
vesicle protein, 50 nM/20 nCi [*H]LTC, for 1 min at 23 °C,
(C) PHJE,17BG uptake was measured using 2 pg vesicle
protein, 400 nM/40 nCi [*HJE,178G for 1 min at 37 °C and
(D) PHIMTX uptake was measured using 5 pg vesicle
protein, 100 £M/250 nCi [PH]MTX for 20 min at 37 °C.
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Fig. 3 - Photolabeling of wild-type and Pro***° mutant MRP1
by [PH]LTC,. (A) PH]LTC, photolabeling of MRP1-Pro**>°
mutants was carried out in the absence of organic anion
substrates as described in Section 2. Effect of (B) E;17pG
and (C) MTX on [PH|LTC, photolabeling of MRP1. Relative
levels of [PH]LTC, photolabeling are indicated in italics,
and where applicable, have been corrected for differences
in mutant protein expression compared to wild-type
MRP1. HEK refers to control membrane vesicles prepared
from untransfected HEK293T cells. Similar results were
obtained in one additional independent experiment.

which were similar for both wild-type MRP1 and the MRP1-
Pro1150Ala mutant (p > 0.05). The effect of the four modula-
tors on E,17BG transport of the other Pro***® mutants was not
tested because their transport activities were so similar to
those of Pro1150Ala that it would be reasonable to expect them
to exhibit similar patterns of inhibitor sensitivity.

3.6.  Pro'™° mutants interact similarly with >*P-labeled
nucleotide

We have reported previously that MRP1-Pro1150Ala and wild-
type MRP1 bind similar levels of 8N;ATP but vanadate-induced
trapping of 8N3;ADP by the mutant is greatly reduced [11]. To
determine if the other Pro'*® mutants exhibited the same
characteristics, photolabeling experiments with [*?P]8N;ATP
under binding (4 °C) and hydrolysis (37 °C) conditions were
carried out. As shown in Fig. 5A, the binding of [y*?P]8N;ATP

Results shown are expressed relative to the transport
activity of wild-type MRP1 and are corrected where
necessary to take into account differences in protein
expression levels of the mutants relative to wild-type
MRP1. Bars represent the means (+S.D.) of triplicate
determinations in a single experiment; similar results
were obtained in at least one additional independent
experiment.
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Fig. 4 - Effect of MRP1 modulators on E,17BG transport by
wild-type MRP1 and MRP1-Pro1150Ala. [*H]JE,17BG uptake
was measured with 2 pg protein and 400 nM/40 nCi
[PH]JE»17BG for 1 min at 37 °C in the presence of multiple
concentrations of the indicated modulators and ICso
values determined as described in Section 2. Shown on the
graphs are the mean ICso’s from three independent
experiments. Open symbols represent data obtained with
vesicles prepared from cells expressing wild-type MRP1
and filled symbols represent data obtained with vesicles
prepared from cells expressing the MRP1-Pro1150Ala
mutant. Modulators tested were MK571 ([1,H), S-decyl-
GSH (A,A), BAY u9773 (7, ¥) and LY465803 (O, ).

(5 uM) to MRP1 was not affected by mutation of Pro'**° to Gly,
Ile, Leu or Val. Even when photolabeling was carried out with a
broader range of [y*?P]8N;ATP concentrations, no differences
in photolabeling of the Pro1150Ala mutant and wild-type MRP1
were observed (results not shown).

When nucleotide binding was determined under hydro-
lysis conditions (37 °C) and in the presence of vanadate, the
Pro1150Ala mutant showed a substantial reduction (approxi-
mately 70%) in levels of trapped [«*?P]8NsADP as expected [11].
Under these conditions, the Prol150Gly, Pro1150Ile and
Pro1150Leu mutants exhibited similar levels of [«*?P]8N3ADP
trapping (50-70% reduction) (Fig. 5B), while trapping by the
Pro1150Val mutant was only slightly reduced (20%) relative to
wild-type MRP1 (Fig. 5B).

To exclude the possibility that the decreased vanadate-
induced [«*’P]8N3;ADP trapping by the MRP1-Pro'**° mutants
might simply be due to a marked difference in the ability of the
mutants to hydrolyze 8N3;ATP versus ATP, the ability of these
two nucleotides to support E,178G uptake into inside-out
membrane vesicles was compared. However, as observed
when ATP was used, E,178G uptake by MRP1-Pro1150Alain the
presence of 8N;ATP was still 2-fold higher than uptake by
wild-type MRP1 (results not shown).

To exclude the possibility that diminished interaction
between the mutant transporter and vanadate was respon-
sible for the decreased [«*?P]8N;ADP trapping observed, the
effect of different concentrations of vanadate on E,17BG
transport by the Pro1150Ala mutant was compared with wild-
type MRP1. The ICso for vanadate-mediated inhibition of

A Qg\‘?c‘?\\/\\
N8 S E S
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relative F?PJ8N, ATP
photolabeling

0.8 relative [a**PJ8N, ADP
trapping

Fig. 5 - Interactions of MRP1-Pro***® mutants with 32P-
labeled 8-azidoATP. (A) [y*?P]8N:ATP photolabeling of
wild-type and Pro'**® mutants of MRP1. Membrane vesicle
protein (10 pg) was incubated with 5 mM MgCl, and 5 pM
[v*2P]8NATP (1 uCi) on ice and then irradiated at 4 °C;
labeled proteins were resolved by SDS-PAGE and then
exposed to film and (B) vanadate-induced trapping of
[«*2P]8N;ADP by wild-type and Pro'**® mutants of MRP1.
Membrane vesicle protein (10 pg) was incubated with

5 mM MgCl, and 5 pM [o*?P]8NATP (1 pCi) in the presence
or absence of 1 mM sodium orthovanadate at 37 °C,
washed and irradiated on ice. Samples were then resolved
by SDS-PAGE and exposed to film. Films were analyzed by
densitometry. Relative levels of [y*?P]8N;ATP
photolabeling and vanadate-induced [«>?P]8N;ADP
trapping are indicated in italics and have been corrected,
where necessary, for any differences in protein expression
levels of the mutants relative to wild-type MRP1. HEK
refers to control membrane vesicles prepared from
untransfected HEK293T cells.

E,17BG transport was ~0.5 mM for wild-type MRP1 and ~1 mM
for the Pro1150Ala mutant (results not shown). This relatively
modest decrease in the inhibitory potency of vanadate seems
unlikely to contribute substantially to the lower level of
[«*?P]8N;ADP trapping observed in the MRP1-Pro'**® mutants.

3.7.  E,178G decreases vanadate-induced [«*?P]8N3;ADP
trapping by wild-type and Pro1150Ala mutant MRP1

It is generally believed that the presence of substrates can
stimulate the ATPase activity of ABC transporters and can
thereby enhance levels of vanadate-induced trapping of ADP.
Indeed, we and others have shown previously that LTC,4 can
stimulate the ATPase activity of purified MRP1 as well as
trapping of [«*?P]8N3;ADP by wild-type MRP1 although the
effect is modest [9,20-23]. Because E,17BG transport by the
MRP1-Pro1150Ala mutant was substantially increased, it was
of interest to determine if ADP trapping by the wild-type and
mutant proteins might be differentially influenced by this
substrate. Consequently, [«**P]8N;ADP trapping experiments
with the Pro1150Ala mutant were repeated in the presence of
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Fig. 6 - Effect of E;17BG on vanadate-induced trapping of
[«*2P]8N3;ADP by wild-type and Pro1150Ala mutant MRP1.
Membrane vesicle protein (10 pg) was preincubated at 4 °C
with E,178G (0, 50, 100 pM) before being processed for
vanadate-induced trapping by incubation with 5 mM
MgCl,, 5 pM [«*?P]8N;ATP (1 pCi) and sodium
orthovanadate (1 mM) at 37 °C as described in the legend
to Fig. 5. Relative levels of vanadate-induced [o«*?P]8N;ADP
trapping are indicated in italics and have been corrected
where necessary to take into account differences in
expression of the Pro1150Ala mutant relative to wild-type
MRP1. HEK refers to control membrane vesicles prepared
from untransfected HEK293T cells.

E,17BG. As shown in Fig. 6, E;17BG caused a concentration
dependent decrease in trapped [«*’P|SN;ADP by wild-type
MRP1 in contrast to the increase observed with LTC,. Trapping
of [«*?P]8N;ADP by the MRP1-Pro1150Ala mutant was also
decreased in the presence of E,178G. Thus both the Pro***°
mutation and the presence of E;178G reduce the vanadate-
induced dinucleotide trapping properties of MRP1.

3.8. Release of 8N3;ADP from MRP1-Pro1150Ala is
enhanced relative to wild-type MRP1

While the decreased trapping of 8N;ADP by MRP1-Pro1150Ala
could be due to reduced ATP hydrolysis, it might also be due to
enhanced release of the dinucleotide. To test this latter
possibility, trapping conditions were modified to determine if
the retention of 8N;ADP by the transporter (and hence levels of
vanadate-induced trapping) could be increased. Thus the
temperature at which ATP hydrolysis was carried out was
reduced from 37 °C (Fig. 7A, top panel) to 23 °C (Fig. 7A, middle
panel). At 23°C, lower levels of vanadate-trapped
[«3?P]8N5ADP by wild-type MRP1 were observed; however, at
37 °C, the amount of [«*?P|8N;ADP trapped by the Pro1150Ala
mutant was 40% that of wild-type MRP1 while at 23 °C, the
amount trapped increased to 90% of wild-type MRP1.

To determine if the increased trapping of [«*’P]8N;ADP at
23 °C by MRP1-Pro1150Ala was associated with any changes in
its transport activity relative to wild-type MRP1, vesicular
transport assays were performed at both 23 and 37°C. As
shown in Fig. 7B, E;17BG transport by the Pro1150Ala mutant
was 2- to 3-fold higher than wild-type MRP1 at both
temperatures. Thus, no differences in relative transport
activity were observed at 23 °C despite comparable levels of
[«*?P]8NADP trapping (and implied ATP hydrolysis) by wild-
type and Pro1150Ala mutant MRP1 at this lower temperature.

The possibility that reduced vanadate-induced trapping by
MRP1-Pro1150Ala at 37 °C was due to differences in the ability
of wild-type MRP1 and MRP1-Pro1150Ala mutant to interact

with divalent metal cations was also explored. Thus, Mn?*,
Co**, Ni**, Zn?* and Cd>* were tested for their ability to support
vanadate-induced trapping of [«*’P]8N5ADP by the wild-type
and MRP1-Pro1150Ala mutant proteins, and compared to the
physiological cation Mg?*. The signal observed with Co®* was
3- and 2.5-fold higher than when using Mn®** and Ni**,
respectively. The signal observed with Mg** was even lower
but could not be compared directly with the signal obtained
with Co?* because the Co®* signal was maximal after just 2-3 h
film exposure, well before a clear signal for Mg>* could be
detected. Zn** and Cd** did not support vanadate-induced
trapping of 8N;ADP by MRP1 at all (results not shown). With
most divalent cations that supported [«>?P]8N;ADP trapping,
the MRP1-Pro1150Ala mutant still trapped significantly less
dinucleotide than wild-type MRP1 (>65% decrease). Interest-
ingly, when Ni** was used, the difference in trapping levels
between the mutant and wild-type MRP1 proteins was
reduced, with the trapping signal for MRP1-Pro1150Ala
increasing from approximately 40% of wild-type MRP1 in
the presence of Mg”* to approximately 70% in the presence of
Ni®* (Fig. 7A, bottom panel). E;17BG vesicular uptake measured
under these conditions was approximately 20-fold lower in the
presence of Ni** compared to Mg?*, but the >2-fold difference
in E,17BG transport activity between wild-type MRP1 and the
MRP1-Pro1150Ala mutant was still observed (Fig. 7B).

4, Discussion

In the present study, we have further investigated how
substitution of Pro™**° alters both the transport and catalytic
activities of MRP1 by determining the functional conse-
quences of replacing this residue with a series of amino acids
with different physicochemical properties. As a secondary
amine, proline is structurally unique among naturally occur-
ring amino acids in that itis the only one with a side chain that
cycles back to its backbone. Because its amine group is
unavailable for H-bonding, the main-chain interactions that
can be crucial for a-helix formation are disrupted and thus
proline can cause a kink in an «-helix [24-26]. In addition, the
bulky pyrrolidine side chain of proline can introduce con-
formational constraints that can be important for protein
structure and function. Proline residues can also exist in a cis
or trans configuration, a property that may facilitate con-
formational changes which may take place upon stimulus of a
protein such as occurs on substrate or ligand binding, or
changes in membrane potential [25,27].

The physicochemical properties of proline can either be
conserved or eliminated to varying extents by substitutions
with the hydrophobic residues Ala, Leu, Gly, Ile and Val as we
have done here. Thus, replacement of Pro***° with alanine is a
non-conservative substitution since the small hydrophobic
side chain of alanine can support the formation of a-helices
although it does not necessarily result in the straightening of
the a-helix [26,28,29]. Because of the additional methylene
group in its side chain, replacing proline with the bulkier
leucine can result in a ‘straighter’ a-helix than if alanine was
present and thus is also a non-conservative substitution [30].
In contrast, substitution of Pro''*° with glycine may be
considered a conservative substitution because glycine, like
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Fig. 7 - Effects of temperature and divalent cations on vanadate-induced [«>?P]8N;ADP trapping and E,178G transport by
wild-type and Pro1150Ala mutant MRP1. (A) Vanadate-induced [o*?P|8N3ADP trapping was performed at 37 °C or 23 °C in
the presence of 5 mM MgCl, or at 37 °C in the presence of 5 mM NiCl, as indicated. Relative levels of vanadate-induced
[«*2P]8N;ADP trapping are indicated in italics and have been corrected where necessary for any differences in mutant
protein expression relative to wild-type MRP1. HEK refers to control membrane vesicles prepared from untransfected
HEK293T cells and (B) [’H]JE,17BG uptake was determined by incubating membrane vesicle protein (2 pg) with 400 nM
[HJE>17BG/40 nCi for 1 min. Uptake was measured at 37 °C or 23 °C and in the presence of 10 mM MgCl, or NiCl, as
indicated. HEK (black bars), wild-type-MRP1 (open bars) and MRP1-Pro1150Ala (grey bars). Each bar represents the mean
(£S.D.) of triplicate determinations from a single experiment; similar results were obtained in one additional independent

experiment. Note the different scales on the y-axes.

proline, can disrupt a-helices since its lack of side chain allows
it to readily adopt a variety of conformations [28,29].
Replacement of Pro’*° with the p-branched amino acids
isoleucine and valine may also be viewed as conservative
substitutions because like proline, these residues can intro-
duce conformational constraints on a-helices due to the larger
space occupied by their side chains [24,31]. Although the
tryptic digestion pattern of the Pro1150Ala mutant differed
from that of the wild-type protein, indicating that loss of
Pro’*° does introduce some change in the structure of MRP1,
we observed no differences in expression levels of the various
MRP1-Pro***® mutants. Thus, despite the differences in the
physicochemical properties of the substituting amino acids,
any conformational changes they might cause appear insuffi-
cient to adversely affect the stability of the transporter.

We also observed that the transport activities of both the
conservatively and non-conservatively substituted Pro'’*°
mutants differed from wild-type MRP1 in a similar way. Since

none of the hydrophobic amino acids could functionally
replace Pro**°, we can conclude that it is the loss of this
proline residue rather than the different properties of the
substituting amino acids that is responsible for the observed
changes in MRP1 function. The similarities of the transport
properties of the conservatively and non-conservatively
substituted mutants also suggests that it is not simply either
the a-helix breaking or the conformation constraining proper-
ties of Pro'™° that are responsible for the functional
importance of this residue.

The [PH]LTC, photolabeling studies indicated that the
reduced transport of this substrate by the Pro'**® mutants is
not associated with a substantial change in its binding to
MRP1. Similarly, inhibition of [*H|LTC, photolabeling by
E,178G and MTX was comparable for the wild-type and
MRP1-Pro1150Ala proteins. Therefore, it may be concluded
that the substrate selective increases in E,178G and MTX
transport activities are not due to substantial changes in initial
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binding of these substrates. Furthermore, despite the marked
differences in their chemical structures, specificity and mode
of inhibitory action, the unchanged ICs, values for the MRP1
modulators MK571, BAY u9773, S-decylGSH and LY465803 also
suggest that recognition of these compounds is unaffected by
the MRP1-Pro1150Ala mutation.

Although none of the amino acids could replace Pro
with respect to the substrate specificity of MRP1, it is
interesting that MRP1-Pro1150Val exhibited a substantially
smaller decrease in vanadate-induced [«*?P]8N3;ADP trapping
than the other mutants. Thus it appears that the chemical
properties of valine allow it to largely replace Pro***° with
respect to supporting trapping of [«*?P]8N;ADP by vanadate,
but they are unable to restore wild-type substrate specificity.
As mentioned earlier, it is well known that the B-branching of
the valine side chain, like proline, can introduce conforma-
tional constraints on the structure of a-helices [24]. If this is
true for the helix extending from TM15 of MRP1 into the
cytoplasm, it may be that the constraints caused by valine only
partially mimic those present in wild-type MRP1 with proline
at position 1150. Further information, which is likely only to be
obtained from atomic structures of the transporter, is needed
to resolve this issue. For now, it may only be concluded that
Pro'™™® is an important determinant of MRP1 substrate
specificity and is also required for efficient vanadate-induced
trapping of 8N;ADP.

Most of the vanadate-induced [o*’P|8N;ADP trapping
experiments in this study were performed in the absence of
substrate and thus the results obtained are assumed to reflect
the basal ATPase activity of MRP1. Previously, we and others
have reported that vanadate-induced [«*?P]8NsADP trapping
by MRP1 is modestly increased by LTC,, an observation
interpreted to indicate that this physiological substrate
stimulates the ATPase activity of the transporter [9,22,23]
which is in accordance with current models that presume that
substrate binding initiates the transport cycle of ABC proteins
[32]. In contrast to LTC4, however, we now find that E,17BG
decreases [«*?P|8N3ADP trapping by both wild-type MRP1 and
the Pro1150Ala mutant. This unexpected observation indi-
cates that somehow, the presence of E,17BG reduces the
number of Mg®"-ADP-Vi:MRP1 complexes formed and could
imply that unlike LTC,, E;17BG does not stimulate the ATPase
activity of MRP1. Trapping of [«*’P]8N;ADP by the MRP1-
Pro1150Ala mutant was also decreased in the presence of
E,17BG. Thus both the Pro***° mutation and the presence of
E,17BG reduce the dinucleotide trapping properties of MRP1,
but whether they do so by precisely the same mechanism
remains to be determined. Together these results are
consistent with the conclusion that the interactions of
E,»17BG and LTC, with the wild-type protein differ. They also
suggest that although both the K,,(E217BG) and K,,(ATP) during
E,17BG transport (but not LTC, transport) are altered by the
Pro***® mutation [11], indicating that the mutant does not
interact with E;17B8G, or ATP in the presence of E;178G, in the
same way the wild-type protein does, the different interac-
tions are not reflected in substantial differences in initial
binding of E,17BG (Fig. 3B).

To explain the decreased vanadate-induced [«*?P]8N;ADP
trapping by the MRP1-Pro1150Ala mutant, we hypothesized
that rather than decreasing ATP hydrolysis, the mutation was

1150

enhancing the release of ADP following ATP hydrolysis, most
of which is known to occur at NBD2 [9,33]. It is believed that
inorganic phosphate is released first from the NBD and that
subsequently, the exogenously added vanadate anion, which
structurally mimics the inorganic phosphate, can replace it to
form a stable Mg®"-ADP.Vi-MRP1 complex [12,32]. For this
to occur, however, the ADP must remain bound long enough to
allow the vanadate to move into position and trap it in the
transporter. We found that by carrying out the reactions at
23 °C instead of 37 °C (which would presumably increase the
occupancy time of 8N3ADP in NBD2), [«*?P]8N3ADP trapping by
MRP1-Pro1150Ala could be increased to levels comparable to
that of wild-type MRP1 (Fig. 7). This observation supports the
idea that at 37 °C, faster release of ADP from NBD2 of the
Pro'*® mutant reduces the efficiency with which it can be
trapped by vanadate, and hence the level of trapping appears
reduced.

To further confirm that the low vanadate-induced 8N;ADP
trapping was due to enhanced release of the dinucleotide, we
tried to prolong retention of the nucleotide analog in the NBD
by using different divalent metal cations. It has been shown
previously that the retention time of ADP in the drug
transporting P-glycoprotein differs depending on the cation
used [34] and our data suggest that this is also true for MRP1. It
is interesting to note that the order of potency with which the
bivalent cations support vanadate-induced trapping of
[«®?P]8N3ADP (Co?* > Mn?* = Ni** > Mg**) (Fig. 7 and results
not shown) is the inverse of that reported previously for
supporting MRP1 transport activity (Mg?* > Mn?* > Co?") [7].
This suggests that cations that increase the retention of ADP in
MRP1 (as detected by vanadate trapping) prevent the protein
from entering another transport cycle by keeping NBD2
occupied with the hydrolyzed nucleotide.

Although Co?** and Mn?* supported vanadate-induced
[«*?P]8N;ADP trapping by wild-type MRP1 to a similar or
higher level than Ni**, they were unable to increase
[«*?P]8N;ADP trapping by the MRP1-Prol150Ala mutant to
the same extent as Ni** (result not shown). It may be that
differences in the conformations of the mutant and wild-type
MRP1 proteins are responsible for the enhanced release of
8N3;ADP from NBD2, and that Ni?* is the cation that best fits the
conformation of the mutant transporter.

Overall, our data clearly indicate that the changes in the
transport activities of MRP1-Pro1150Ala and other Pro'*°
mutants are not tightly linked to the reduced vanadate-
induced 8N3;ADP trapping observed. Thus, even when trapping
was restored to wild-type or near wild-type levels (as in the
case of the valine substitution, or by reducing the temperature
or using Ni**), the transport activities of the MRP1-Pro***°
mutants remained significantly different from the wild-type
transporter. This is consistent with previously proposed
models where ATP-binding is required for substrate transport
while ATP hydrolysis and ADP release serves to reset the
protein to its native conformation thus allowing a new
transport cycle to begin [32,35,36]. This is also consistent
with earlier studies that have shown that the binding of ATP is
sufficient to decrease the affinity of MRP1 for LTC,4 and estrone
sulfate which presumably allows efflux to proceed [33,36,37].

Finally, vanadate-induced trapping experiments are typi-
cally carried out in the absence of substrate and therefore do
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not strictly represent the ATP hydrolysis occurring during an
actual transport cycle, but rather the basal ATPase activity of
the transporter. In addition, for reasons that are not yet clear,
ADP trapping by several ABC transporters cannot be detected
in the presence of the physiological Mg?*cation despite the fact
that ATP hydrolysis is clearly occurring [13,38-40]. Thus, while
reduced [«*?P|8N;ADP trapping is often interpreted to reflect a
decrease in the ability of the transporter to hydrolyze ATP, our
data and that of others indicate that such interpretations
should be made with some caution because, as demonstrated
in the present study, it may instead reflect an enhanced post-
hydrolysis release of ADP and reduced occupancy time of the
NBD [12].

Lastly, the recently solved high resolution crystal structure
of Sav1866, a homodimeric Staphylococcus aureus ABC exporter
with reasonable homology to MRP1, shows tight interactions
between its MSDs and NBDs [35]. There is also evidence that
the CLs between the TM helices (referred to as ‘coupling
helices’) are critical conduits for transducing the signals
between the NBDs and MSDs that occur during substrate
binding and transport [35]. If, as is presumed, MRP1 (and other
mammalian ABC exporters) have a structure similar to the
Sav1866 homodimer, CL7 where Pro'**° and several other
mutation-sensitive residues are located [41], could well serve
as a coupling helix for interdomain signaling. Nevertheless,
precisely how disruption of this loop via loss of Pro'**° as
shown here, or by mutations of other residues in this region
[41], affects both the substrate specificity and catalytic activity
of MRP1 (and related ABCC family members) is not known and
requires more experimental analysis including high resolution
crystal structures of the transporters in the nucleotide and
substrate bound states.
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