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ABSTRACT. The multiple drugresistanceprotein 1 (MRP1 or ABCC1) transports anticancer drugs and
normal cell metabolites. Leucotrieng L. TC,) is one of the highest affinity substrates of MRPL1. In this
study, we have synthesized and characterized a novel photoreactive azido analogug RAITC ).

The specificity of AALTGC, binding to MRP1 was confirmed using an LF€pecific monoclonal antibody.
Moreover, binding with radioiodinated?PJAALTC 4 (or IAALTC 4) to MRP1 was dramatically competed

with unmodified LTG and to a lesser degree by glutathione (GSH). Oxidized glutathione (GSSG) slightly
increased IAALTG binding to MRP1, while MK571, verapamil, and vincristine inhibited IAALJK&nding

to MRP1. Using AALTG together with a panel of epitope-specific and LIspecific monoclonal
antibodies, we identified LTELbinding sites in MRP1. Western blotting of large tryptic fragments of
MRP1 with three well-characterized epitope-specific mAbs (MRPrl, QCRL1, and MRPmM6) showed LTC
binding in both the N- and C-terminal halves of MRP1. Furthermore, a peptide corresponding to the
N-terminal membrane-spanning domain of MRP1 (MSDO) was photoaffinity labeled by AAlifidicating

that MSDO contains an LT binding site. Higher resolution mapping of additional LiTkinding sites

was obtained using eight MRP1 variants with each containing hemaglutanin A (HA) epitopes at different
sites (at amino acid 4, 163, 271, 574, 653, 938, 1001, or 1222). MRP1 variants were photoaffinity labeled
with IAALTC 4 and digested with trypsin to isolate specific regions of MRP1 that interact withyLTC
These results confirmed that sequences in MSDO interact with IAALT®her regions that were
photoaffinity labeled by IAALTG include TM 10-11, TM 16-17, and TM 12, shown previously to
encode MRPL1 drug binding site(s). Together, our results show a high-resolution map blibitg
domains in MRP1 and provide the first direct evidence for Lb@ding within MSDO.

Chemotherapy is commonly used in the treatment of tidrug resistance-associated protein (MRP1 or ABCG)) (
malignant tumors in cancer patients. Unfortunately, treatment Both P-gpl and MRP1 function as broad-specificity drug
of patients with anticancer drugs often fails due to the rise pumps that bind and transport drugs against a concentration
of chemoresistant tumors. Using in vitro tumor model gradient using ATP hydrolysis7( 8). P-gpl and MRP1
systems, several proteins have been identified to causeconfer resistance to natural product drugs including epi-
resistance to multiple anticancer drugs. P-glycoprotein (P- podophyllotoxins, vinca alkaloids, and certain anthracyclines
gpl or ABCB1) was the first protein identified and shown (9—11). Unlike P-gp1, the substrates of MRP1 include a
to efflux anticancer drugslf. This transmembrane protein  range of amphiphilic organic anions. Many of its substrates
was shown to bind and transport a diverse group of are conjugated with glutathione (GSH), glucuronate, or
compounds, thereby conferring multidrug resistance (MDR) sulfate (L2). Moreover, several of the conjugated and
(2, 3). A decade after its discovery, several MDR cell lines nonconjugated compounds such as aflatoxjnaBd vinc-
were identified that did not overexpress P-ga13). These fistine display a dependence on GSH for their transp® (
cells expressed another membrane protein termed the mul-14). The clinically relevant nonconjugated antimetabolite,
methotrexate, is also directly transported by MREQ).(The
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by exogenously adding LT£18). These studies have proved
a valuable in situ tool to confirm that LTCs a natural
substrate of MRP1.
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(St. Louis, MO). All other chemicals were of the highest
possible quality.
Cell Culture and Plasma Membrane PreparatidieLa

MRP1 has 17 predicted transmembrane (TM) helices and cells were cultured im-MEM media containing 10% fetal

two nucleotide binding domains (NBD) that hydrolyze ATP
(19-21). The TM regions are divided into three core
membrane multiple spanning domains (MSD). The first
(MSDO0) encodes five TM helices, while the two others
(MSD1 and MSD?2) contain six TM helices each. Although
a region equivalent to MSDO does not exist in P-gp1, the
organization of MSD1 and MSD?2 is similar to the topology
of P-gpl. The third cytoplasmic loop (CL3) in MRP1
connects MSDO to the P-gp1l-like core of MSD1 and MSD2
and is termed linker domain 0 (LO). Two protease hyper-
sensitive sites exist in MRP1, one in LO and the other in the
NBD1/MSD?2 linker (L1). These sites can generate protein
fragments capable of associating to form a functional
transporter. The predicted topological organization of MRP1
from the NH terminus to the COOH terminus of the protein
proceeds as follows: MSDDO-MSD1-NBD1411-MSD2-
NBD2 (20, 21). Recently, we have examined the substrate
binding sites in MRP1 using radiolabeled photoreactive
substrates of MRP1. The compounds have widely differing
structures and interact with MRPL1 in functionally diverse
ways. These include two quinoline analogues (IAAQ and
IACI), a modified analogue of the fluorescent rhodamine 123
(IAARNh123), and an analogue of glutathione (IAAGSH).
Interestingly, each of these compounds reacts with TM 10
11 and TM 16-17 in MSD1 and MSD2, respectivel2?,

bovine serum (Hyclone). Hela cells transfected with MRP1-
HA variants had a stable expression of MRP1 containing
one or more copies of the hemagglutinin A (HA) epitope
(YPYDVPDYAS) inserted after amino acid 1, 163, 271, 574,
653, 938, 1001, or 1222 from the N-termin&¥,(38). For
plasma membrane preparations, cells were detached with
trypsin—EDTA and washed with phosphate-buffered saline,
pH 7.4 (PBS). The cell pellet was then resuspended in
hypotonic buffer (1 mM MgGJ, 10 mM KCI, 10 mM Tris-
HCI, pH 7.4) containing protease inhibitors. Cells were lysed
in a Dounce homogenizer and centrifuged at 1@Pfa0 5
min followed by a second centrifugation at 100g00r 1
h. The final pellet was resuspended in buffer M (5 mM Tris-
HCI, 250 mM sucrose, pH 7.4) and stored-at0 °C. Protein
concentrations were determined by the Lowry meti2#).(
Synthesis of AALTL The synthesis of a photoreactive
analogue of LTG, arylazido-LTG (AALTC,), was done as
previously described4Q) with some modifications. All
manipulation was preformed in dark-room conditions. Briefly,
200ug of LTC, (dissolved in methanol/ammonium acetate
buffer, 65:35, pH 5.6) was dried. The full amount was
dissolved in 20QcL of dimethylformamide (DMF), followed
by the addition of 0.02% (v/v) triethylamine. Finally, NHS-
ASA (dissolved in DMF) was added to produce a final
reaction containing 0.8 mM LT 3.2 mM NHS-ASA, and

23). Subsequent amino acid replacement studies have als®.01% triethylamine in 40QL, pH 8—9. The reactants were
identified these regions as potential substrate binding sitesallowed to incubate for 48 h at room temperature with

(24—28), in addition to other domains in MRP1 which appear
to affect primarily drug transport or MRP1-mediated MDR
(29—32). Indeed, studies usingH]LTC, have been shown
to photoaffinity label MRP113, 33—36); however, the low
labeling efficiency has limited its use. In this study, we
synthesized a radiolabeled photoreactive analogue of,LTC
([**S]iodoarylazidoleucotriene £or IAALTC,) in an effort

to obtain a high-resolution map of its binding domains in
MRPL1. Our findings revealed that IAALTGnteracts specif-
ically with MRP1 at physiologically relevant binding sites.
The location of LTG binding occurred within TM 1611
and TM 16-17, in addition to TM 12 of MRP1. Interest-
ingly, we found that IAALTGQ interacted with and photo-
labeled the MSDO domain of MRP1.

EXPERIMENTAL PROCEDURES

Materials. Protein A-Sepharose CL-4B and carrier-free
sodium [d]iodide (100 mCi/mL) were purchased from

rotation. The reaction was terminated, and the resulting
mixture was separated on high-performance liquid chroma-
tography using a reverse-phase C18 column from Grace
Vydac (Hesperia, CA). Separation was achieved using a 90
min gradient of 6-100% acetonitrile in 0.025 M ammonium
acetate buffer, pH 5.5. Purified AALTQwvas characterized
by mass spectrometry, then dried, and stored &d °C.
lodination of AALTG. AALTC,4 was dissolved in 1L
of methanol/ammonium acetate buffer, 65:35, pH 5.6, and
mixed with 100uL of 3 ug/uL chloramine T prepared in
sodium phosphate buffer (10 mM, pH 8.5) along with 5 mCi
of carrier-free N&3 (100 mCi/mL). The reaction proceeded
for 5 min at room temperature and was stopped with 100
uL of 5% sodium metabisulfite in sodium phosphate buffer.
The sample was then loaded on a C18 SepPak column that
was preequilibrated with 100% methanol, followed by
methanol/sodium phosphate buffer (10:90). After injection
of the reaction into the column, it was washed-RD times

Amersham Pharmacia Biotech (Baie d'Urfe, Quebec, Canada).with 5 mL aliquots of methanol/sodium phosphate buffer

ImmunoPure immobilized protein G, trypsin (sequencing

(10:90) to remove free iodine. IAALTL was eluted from

grade and TPKC treated), and NHS-ASA were purchasedthe column with 5 mL of 100% methanol and then dried.

from Pierce (Rockford, IL). Leukotriene ,QLTC,) was
purchased from Biomol (Cedarlane Laboratories, Ltd.,

Hornby, Ontario, Canada). The monoclonal anti-hemagglu-

tinin A monoclonal antibody (mAb) 16B12 (anti-HA) was

The iodinated sample was resuspended in—180 uL of

methanol/ammonium acetate buffer, 65:35, pH 5.6.
Plasma Membrane Vesicle PreparatioRlasma mem-

branes were prepared as follows. Cells were centrifuged for

purchased from Berkeley Antibody Co. (Richmond, CA). 45 min at 100000 at 4 °C. The pellet was resuspended in
Leukotriene C4/D4/E4 Ab-1 mAb was obtained from Neo- a hypotonic lysis buffer containing 10 mM KCI, 1.5 mM
Markers (Medicorp, Quebec, Canada). Anti-MRP1, clone MgCl,-6H,O, 10 mM Tris-HCIl, pH 7.4, and protease
MRPmM6, MRPrl, and QCRL1 mAbs were acquired from inhibitors. The cells were homogenized with 20 strokes using
Kamiya Biomedical Co. (Seattle, WA). Protease inhibitor a tight-fitting Dounce homogenizer and centrifuged for 10
cocktail for mammalian tissues was purchased from Sigmamin at 1000@ at 4 °C. The supernatant was removed and
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set aside while the pellet was resuspended in TS buffer (50 Ny

M Tris-HCI, 250 mM sucrose, pH 7.4) and homogenized OH
with another 20 strokes; the suspension was centrifuged for o o
10 min at 10009 at 4 °C. The supernatant was combined N

with the supernatant from the first centrifugation and

centrifuged for 45 min at 1000@0at 4 °C. The pellet was s Ny COOH
resuspended in TS buffer. For vesicle preparation, the final o O COOH
pellet was passed through a 27-gauge needle 30 times. The Z on COCH

protein concentration was determined using the Lowry = _ _
method 89). The plasma membranes and vesicles were snap-FIGURE 1: Chemical structure of arylazidoleucotrieng(8ALTC ).
frozen in liquid nitrogen and stored at70 °C.

Photoaffinity Labeling and SDSPAGE.For photoaffinity
labeling, IAALTC, (0.1-1 uM) was added to 2640 uL
aliquots of plasma membrane (2000ug) in TS buffer and
incubated at room temperature for 30 min, in the dark.
Samples were further incubated on ice for 10 min followed
by UV irradiation at 254 nm for 10 min, as previously
described40). Photolabeled samples underwent proteolytic
digestion and immunoprecipitatiodl), as described below.
Protein samples were resolved on SEFSAGE exclusively

Western BlottingFor immunodetection of MRP1, 24g
of enriched plasma membranes was resolved on-SBrSGE
and transferred to nitrocellulose membrane by using a wet
electroblotting technique as outlined in Towbin et dW)(
The nitrocellulose membrane was blocked in PBS with 5%
skim milk and incubated with MRPr1, QCRL1, MRPmM6,
and anti-LTG mAbs fa 2 h atroom temperature. After
incubation, membranes were washed and incubated for 2 h
with 1:3000 (v/v) goat anti-mouse or anti-rat antibodies
) . ; L conjugated to horseradish peroxidase. SuperSignal West Pico
using the Fairbanks systerﬂ?()._ Coomassie Blue staining or Fjer%]to chemoluminescent substrate (Pierce, Rockford, IL)
was used to detect all proteins in plasma membrane sampleswaS used to detect mAb binding.
Alternatively, gels with radlolabeleq proteins l/vere dried and Vesicle Transport of IAALTCand PH]LTC.. Transport
exposed on Kodak BIOMAX MS film at-70 °C. of IAALTC,4 and PH]LTC, into membrane vesicles was
Proteolytic Digestion and ImmunoprecipitatioRhotoaf-  determined by rapid filtration as described, with modifica-
finity-labeled plasma membrane samples (10§) were tions (L3). The membrane vesicles were diluted in TS buffer
digested with increasing concentrations of trypsin af@7  and passed through a 27-gauge needle five times. Transport
for 40 min. The digestion was stopped by placing the samplesassays were carried out at 2@ in a buffer containing 1
on ice and adding 8@L of IP buffer A (1% SDS, 50 mM mM ATP, 10 mM MgCh, 10 mM phosphocreatine, 0.1 unit/
Tris-HCI, pH 7.4) with protease inhibitors. Samples were yL creatine kinase, and 50 nMH]LTC, or IAALTC, in
left on ice for 15 min before the addition of 32 of IP TS buffer. At specific time intervals, aliquots were removed
buffer B (1.25% Triton X-100, 190 mM NacCl, 0.05 M Tris-  and added to 1 mL of ice-cold TS buffer. Each sample was
HCI, pH 7.4). The digested peptides were immunoprecipi- then filtered through 0.22:m nitrocellulose filters on a
tated as previously described1j. Briefly, samples were  vacuum manifold. The filters were washed three times with
incubated overnight with protein-ASepharose beads con- 3 mL of cold TS buffer and solubilized before quantifying
jugated to anti-HA mAb. After incubation, samples were the radioactivity. All data were corrected for the amount of
washed five times with IP buffer C (0.05% Triton X-100, [*H]LTC, or IAALTC, that bound nonspecifically to the
0.03% SDS, 150 mM NaCl, 5 mg/mL BSA, 0.05 M Tris- filters in the absence of membrane vesicles.
HCI, pH 7.4) and once with IP buffer D (150 M NacCl, 0.05
M Tris-HCI, pH 7.4). For immunoprecipitation with the ~RESULTS
MRPrl mAb, plasma membrane samples were precleared |, 4 effort to isolate LTG substrate binding sites in

with 50 4L of ImmunoPure immobilized protein G for 30 \rp1 we synthesized a photoreactive analogue of 4. TC
min. The protein G beads were removed, and the Samplesarylazido-LTQ (AALTC,) (Figure 1), and characterized its
were incubated overnight with 2g of the mAb. After — qification by mass spectrometry. Figure 2A shows
incubation, SQuL of ImmunoPure immobilized protein G aa| TC, photoaffinity-labeled plasma membranes from
was added to each sample and incubated for 30 min at ro0mMe| 3 and MRP1-transfected Hela cells immunoprecipitated
temperature ah2 h at 4°C. The samples were then washed i, an MRP1-specific mAb (MRP1r1) and then probed with
five times with IP buffer C and once with IP buffer D and LTCy-specific mAb (lanes 1 and 2, respectively). The
resolved by SDSPAGE. specificity of the photoreactive analogue (AALT)Goward
N-Glycosidase F (PNGase F) Digestion of MRP1 and MRPL1 is illustrated by the observation that the LiZpecific
PolypeptidesDeglycosylation of MRP1 or proteolytic frag- mAb reacted with a 190 kDa protein in plasma membranes
ments was performed as previously describ&g). (Briefly, from MRP1-transfected but not HeLa plasma membranes.
after the immunoprecipitation washes, purified MRP1 was The results of this Western blot also confirm the integrity
denatured by adding 16L of 0.1 M 2-ME/0.1% SDS to  of the photoreactive analogue (AALTas it is recognized
the immobilized protein A or G pellets and heating for 5 by an anti-LTG mAb which binds native LTE Indeed,
min at 65°C. The denatured MRP1 was transferred to a fresh previous efforts to identify LT¢binding domains usingif]-
tube, and the following components were added in order: 3 LTC,4 have been of limited success largely due to the low
uL of 0.5 M Tris-HCI (pH 8.6), 5uL of H,O, 2uL of 10% efficiency of photolabeling of MRP1 with LT£and the time
Triton X-100, and 5L of 1 unitmL PNGase F. The samples required to obtain a reasonably detectable signal. Thus,
were then incubated overnight at 3C in the presence of AALTC, was further iodinated (IAALT@ and used to
protease inhibitors and resolved by SBISAGE. photoaffinity label plasma membranes prepared from HelLa
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Ficure 2: Photolabeling of HeLa and HeLa-MRP1 with AALTC
and IAALTC,. Western blot analysis using an anti-LJ@Ab was
used to detect AALTE photolabeling in HeLa and HeLa-MRP1
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Ficure 3: Effect of several drugs on photolabeling of MRP1 by
IAALTC 4. Panel A shows the change in photolabeling of MRP1
with IAALTC 4 in the absence or presence of several endogenous
compounds: LTG reduced glutathione (GSH), and oxidized

membrane proteins (lanes 1 and 2, respectively). Lanes 3 and 4glutathione (GSSG). Panel B shows photolabeling with IAALTC
show photolabeled HeLa and HeLa-MRP1 membrane proteins with in the absence or presence of exogenous drugs: MK571, verapamil

MRP1-specific mAb (MRPrl). Lanes 5 and 6 show an immuno-
precipitation of IAALTC;-photolabeled HeLa and HelLa-MRP1
membrane proteins with MRP1-specific mAb (MRPrl). Lanes 7

(VRP), and vincristine (VCR). LT¢was added at a 0.1 and 0.5
molar concentration excess of IAALTCAIl other drugs were
added in 10 and 100 molar concentration excess of IAALTC

and 8 show the staining of membrane proteins from HelLa and Plasma membranes were immunoprecipitated with hemagglutinin

HelLa-MRP1 with Coomassie Blue. The graph in panel B demon-
strates the saturable photoaffinity labeling of MRP1 with increasing
amounts of IAALTG.

and MRP1-transfected Hela cells (Figure 2A, lanes 3 and

4, respectively). Specific photolabeling of @190 kDa

A (HA) mAb. The intensity of photolabeling is expressed relative
to MRP1 photolabeled with IAALT¢alone and measured using
the Bio-Rad Quantity One program. All samples were photolabeled
and immunoprecipitated with an MRP1-specific mAb. Each condi-
tion was repeated at least three times in duplicate.

MRP1 labeling: LTG, GSH, and GSSG. The addition of

protein can be seen in MRP1-transfected but not in untrans-very low concentrations of LT{showed significant binding
fected cells. Furthermore, the results in Figure 2A (lanes 5 competition of IAALTC, to MRPL1. In fact, a 0.1 molar

and 6) show samples immunoprecipitated with the MRP1-
specific mAb, MRPrl1. A radiolabeled polypeptide with a
molecular mass 0f190 kDa was found only in lane 6 of
Figure 2A, demonstrating that IAALTCspecifically pho-
toaffinity labeled MRP1. Membrane proteins from HeLa and
MRP1-transfected Hela cells were visualized with Coo-

excess (or 10% of the total IAALTLC concentration)
produced a small, yet significant, reduction in photolabeling.
Furthermore, at 0.5 molar excess (or 50%), L TT€duced
photolabeling by more than 60%. Interestingly, GSH pro-
duced a similar decrease as seen with L BGhough at a
significantly higher molar concentration (100M). In

massie Blue (Figure 2A, lanes 7 and 8, respectively). Since contrast, 1uM GSSG, also a substrate of MRP45], had
there was no detectable increase in expression of a 190 kDano effect, while 10«M GSSG caused a slight increase in

protein, it can be inferred that specific photolabeling of
MRP1 by IAALTC, is not exclusively caused by overex-
pression. The specificity of IAALT¢to MRP1 was further
confirmed when increasing concentrations of IAALMere

MRP1 photolabeling with IAALTG (~25%).

It was also of interest to examine the photolabeling of
MRP1 in the presence of several exogenous substrates of
MRP1: MK571, verapamil, and vincristine (Figure 3B).

used to saturate the binding site(s). Figure 2B shows thatEach of these compounds are transported or cotrans-

the intensity of photoaffinity labeling of MRP1 levels off as
the concentration of IAALTGis increased from 0.0625 to
1 uM. This saturation of photolabeling indicates that the
LTC, analogue interacted with a physiologically relevant site
within MRP1 and is consistent with the high affinity of LTC
toward MRP1.

To determine whether IAALTEinteracts with the same

ported by MRP146—49). All three drugs caused a moderate
decrease in the intensity of MRP1 labeling at a molar con-
centration of 1QuM. At 100 uM, MK571 reduced the pho-
tolabeling of MRP1 by more than 80%. This observation is
consistent with a previous finding that MK571 acts as a
competitor in the photolabeling of MRP1 bSHJLTC, (34).
Binding competition was less effective with both verapamil

binding sites as other MRP1 substrates, MRP1-enrichedand vincristine at 10@M, with each causing approximate
plasma membranes were photolabeled in the presence 0b0% competition. This is consistent with the higher affinity
various MRP1 substrates. Figure 3A shows the effect of of MRP1 for MK571 compared to verapamil or vincristine
increasing concentrations of three endogenous substrates ofd6—50). These findings show that IAALT{photolabels a
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125 0.17 £+ 0.053uM and aVpax of 13.7 £ 1.07 pmol mg?
B e
min~! (Figure 4D).

The primary goal of this study was to identify the
photolabeling sites of LTE€in MRP1. To do so, we made
use of the well-established MRP1 trypsin digestion profile
together with an anti-LTg&specific mAb to initially identify
L~ X the large fragments of MRP1 that interacted with LLTThe
t1ime (:ﬁn) ’ ' :ime(.z,,in) ) identity of MRP1 trypsin digestion patterns was confirmed

using MRP1 epitope-specific mAbs [e.g., the mAb MRPrl
epitope is between amino acids 2337 (1), QCRL1
recognizes amino acids 94824 (2), and MRPmM6 recog-
nizes amino acids 15311520 61)]. The most visible
product of digestion and immunoblotting with the MRPr1
mADb is a polypeptide of 120 kDa (Figure 5A). This fragment
has previously been identified under similar conditions and
corresponds to the Nproximal half of MRP1 21). The
[LTCd (M) [AALTC,] (uM) trypsin-sensitive site that generates this fragment is well

Ficure 4: Uptake of PHILTC4 and IAALTC, by membrane documented_ and found within the L1 cytqplasmic l06p)(
vesicles from MRP1-transfected and control HeLa cells. The uptake Although this fragment was detected in the absence of
of 50 nM PH]LTC, and IAALTC, into membrane vesicles is  trypsin, its intensity was dramatically increased as the
shown in panels A and B, respectively. The uptake of each concentration of trypsin was increased. The 120 kDa
compound was measured at several time points from 0 to 3 min. polypeptide has previously been labeled as R1).(In

Open symbols represent uptake in vesicles derived from HelLa cells; o S .
closed symbols show uptake in vesicles from MRP1-transfected @ddition to N1, a second polypeptide is visible with a broad
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HeLa cells. Panels C and D show uptake 8H]LTC, and molecular mass of 4555 kDa; this fragment has been named
IAALTC 4, respectively, into vesicles from MRP1-transfected HeLa N2 (21). N2 corresponds to a fragment that extends from
cells at various concentrations (0.0625xM) for 2 min at 23°C. the amino terminal to a digestion site within the LO

The kinetic parametersK,, and Vma, Were determined from
regression analysis of the Lineweav@&urk transformation of the
data (insets).

cytoplasmic linker region within CL3 20). Two other
antibodies, QCRL1 and MRPm®6, react with regions on the
COOH-proximal side of the L1 trypsin-sensitive site. QCRL1

binding site that overlaps or interacts with known substrates '€acts with an epitope in the L1 cytoplasmic loop of MRP1.
of MRP1. Digestion and Western blotting with QCRL1 produced a 111

To determine if IAALTG, is transported by MRP1 in an kDa fragment named C1. This fragment extends from the

. . L1 trypsin-sensitive site to the carboxyl terminal of MRP1
ATP-dependent manner, its transport was measured usmg(Figure 5B). In addition, two other polypeptides were

inside-out membrane vesicles prepared from HelLa and : : . .

/ generated at trypsin concentrations of 1:100 and 1:10
_I\/IRPl-transfected Hela cells: Since trgnsp.ort%f][_Tg (trypsin:protein). The larger one, at approximately 42 kDa,
into vesu_:les has been extensively studied, it was of interest,, = - med C2. A smaller 29 kDa band, C3, is also visible at
to investigate IAALTG transport and compare it t6H]- 1:100. Both C2 and C3 were not detected in a previous study
LTC,. Figure 4A shows the time-dependent uptake’sif{ using similar conditionsQ1); perhaps a greater amount of
LTC, into vesicles. This graph shows a correlgtlon between plasma membrane was used per sample in the current study.
LTC, transport and levels of MRP1 expression, whereby |, tact we could not detect either the C2 or C3 fragments
vesicles from MRF_’l—transfected cells show higher u_ptake with less than 2%g of plasma membrane (data not shown).
than the HeLa vesicles. The levels 8H]LTC, uptake did  The MRPm6 antibody reacts with an epitope in the cyto-
not exceed 6 pmol mg after 3 min, which is relatively low  pjasmic loop on the COOH-proximal side of MSD2. It was
compared to prev_ious studies using \_/esicles isolated fromgiso able to detect the C1 fragment with increasing trypsin
HE9/AR cells which have a very high level of MRP1  concentrations (Figure 5C). In addition, MRPmM6 detected a
expression %5). A similar difference due to the level of 35 \pa polypeptide at the highest trypsin concentration (1:
MRP1 expression was seen in the uptake of IAALTC 10) (named C4). An illustration of the various MRP1 tryptic
although the maximum uptake at 3 min did not exceed 10 fragments and their positions relative to MRP1 topology is
pmol mg* (Figure 4B). The lower uptake ofH]LTC, shown directly below Figure 5AC. Using the tryptic profile
compared to IAALTG indicated thatJH]LTC, may have a  of MRP1, we determined which peptides were photolabeled
lower transport rate than IAALTETo resolve this, the rates by noniodinated AALTG using an LTG-specific mAb.
of uptake for IAALTC, at several concentrations were Figure 5D shows MRP1-enriched membranes photolabeled
measured to compakg, andVmaxfor transport in membrane  and digested before immunoblotting with the LiF§pecific
vesicles (Figure 4C). It is apparent that vesicular uptake mAb. The N1 fragment was the most clearly visible
becomes saturated aboval¥l IAALTC 4. The Lineweaver polypeptide in the Western blot. This band indicates that
Burk double reciprocal plot of a single experiment produced AALTC, photolabeled the Niiterminal portion of MRP1.
an apparenKy, of 0.42uM and aVmay of 25.25 pmol mg? Additional polypeptides were visible at the highest concen-
min~! (inset of Figure 4C). The averad&, andVmax values tration of trypsin (1:10). These bands correspond to N2 and
for three experiments were 0.26 0.17 uM and 24.00+ C2. This further localizes the binding of AALT,Go the
4.78 pmol mg* min~!. As a comparison, we measured the regions encompassed by N2 and C2, namely, MSDO-L0 and
same kinetic parameters witPH]LTC,, obtaining aK, of MSD?2, respectively. Although these bands are less distinct
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Ficure 5: Western blot analyses of MRP1 peptides generated by limited trypsin proteolysis. MRP1 from transfected HelLa cells was
digested with increasing concentrations of trypsin (trypsin:protein). The proteolytic fragments were detected by Western blot using three
MRP1-specific monoclonal antibodies: MRPrl, QCRL1, and MRPm6 (panel€ Aespectively). MRP1 was also photolabeled with
AALTC, digested, and probed with an anti-LJ@ntibody (panel D). For clarification, the epitope for each antibody is indicated on a
topological illustration of MRP1. The size and location of each peptide are also shown.

C ~ D ‘:\5‘ E Pl

2 *Se S &S
> & 3%‘ < FIESE é“xﬁ’ Ky
< MRP1 4~ MRPI -“'I_L‘_MRPI
+« N1 N 7 = NI
18 .‘
« N2 N3 b |enNs
34 . -
28 — e -
«22kDa
20 T + 18kDa | T 4 18 kDa 7
™
64 . . . €0
N2 N3
N1
—_— —
*k
NH, MSD 0 Lo ST Y - s NN isp2 K eo2 3] COOH
4 163 271 574 653

Ficure 6: Photolabeling and digestion of N-terminal MRP1-HA variants. Five different MRP1-HA variants (4, 163, 271, 574, and 653)
were photolabeled with IAALTE; digested with trypsin (trypsin:protein), and immunoprecipitated with an anti-HA antibody. The location

of each HA epitope is indicated on a topological illustration of MRP1. The size and location of peptides are also shown; the asterisk
indicates the location of a localized photolabeling site.

than those seen in Figure 5&C, their resolution is impres-  results obtained using these eight different MRP1-HA
sive considering that very low amounts of AALT@ere variants photolabeled with IAALTEC and digested with
used to photolabel MRP1. increasing concentrations of trypsin. Proteolytic fragments
We have previously localized the binding sites of several containing the HA epitope were immunoprecipitated with
photoreactive drugs using MRP1 proteins with HA epitopes an HA-specific mAb, and IAALTG photolabeled fragments
inserted at eight different sites, after amino acid 4, 163, 271, were identified. Panels A and B of Figure 6 show two
574, 653, 938, 1001, or 1222%, 23). Figures 6 and 7 show  proteolytic peptides from MRP1 variants 4 and 163, whereby
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Ficure 7: Photoaffinity labeling and digestion of C-terminal MRP1-HA variants. Three different MRP1-HA variants (938, 1001, and
1222) were photolabeled with IAALTA digested with trypsin (trypsin:protein), and immunoprecipitated with an anti-HA antibody. The
location of each HA epitope is indicated on a topological illustration of MRP1. The size and location of the peptides are also shown; the
asterisks show localized photolabeling sites.

the largest fragment corresponds to the 111 kDa or N1 photolabels the N3 fragment because the size of the polypep-
fragment identified in Figure 5A. The other polypeptide that tide and the position of the HA epitope correlate with the
was photolabeled by IAALTEcorresponds to the 560 characteristics of N3. The N3-like fragment was also clearly
kDa or N2 fragment, visible at higher concentrations of photolabeled with IAALTG in MRP1 variant 653.

trypsin (1:100 and 1:10). The appearance of the N1 and N2 The results from MRP1 variants 938, 1001, and 1222 are
fragments indicates that a photolabeling site is found in the shown in panels A, B, and C of Figure 7, respectively. An
NH.-proximal portion of MRP1 as well as in MSDO. In 85 kDa polypeptide is visible in the digestion pattern of all
addition to the N1 and N2 fragments, an 18 kDa polypeptide three MRP1 variants in Figure 7. This band corresponds to
is visible in MRP1 variant 163 (Figure 6B). This further the C1 fragment that was characterized by Western blot
localizes the photolabeling site to the COOH-proximal side (Figure 5B,C). C1 is generated at a trypsin concentration of
of the N2 fragment. The N2 fragment was not visible in the 1:800 and 1:100 in these three MRP1 variants. This confirms
MRP1 variant 271 because the trypsin site is located on thethat IAALTC, photolabeled the COOH-proximal “half’ of
N-terminal side of this epitope. Only the N1 fragment was MRP1. In addition, a 38 kDa fragment was photolabeled in
produced at trypsin concentrations of 1:800 and 1:100 with MRP1 variants 938, 1001, and 1222. This corresponds to
MRP1 variant 271 (Figure 6C). MRP1 variant 574 yielded the mass of the smallest trypsin fragment that encompasses
a larger spectrum of photolabeled polypeptides in addition the MRP1 amino acid sequence between 938 and 1222
to the N1 fragment (Figure 6D). Digestion of this MRP1 (including the mass of HA epitopes). The size of this band
variant at the highest trypsin concentration (1:10) generatedcorresponds to the C2 fragment identified in Figure 5B.
three bands with the approximate sizes of 22, 18, and 6.5Moreover, the C3 fragment identified in Figure 5B was also
kDa. The appearance of these bands correlates with fragmentphotolabeled in MRP1 variants 938 and 1001 (Figure 7A,B).
identified with other photoreactive drugs: 1ACI, IAARh123, Interestingly, digestion of MRP1 variant 1001 produced three
and IAAGSH @2, 23). Consequently, the sequence of previously unidentified photolabeled polypeptides with mo-
the 6.5 kDa fragment has previously been determined aslecular masses of 15, 10, and 6 kDa. The following sequence
S42SAYLSAVGTFTWVCTPFLVALCTFAVYVTIDEN- is the smallest tryptic fragment that contains the HA epitope
[HAJ[HA] NILDAQTAFVSLALFENILR 5%, The underlined  at position 1001: °°AIGLFISFLSIFLFMCNHVSALAS-
portion of the linear amino acid sequence corresponds to theNYWLSLWT[HA][HA] DDPIVNGTQEHTK!3 The un-
proposed TM 10 and TM 11. The mass of this fragment is derlined portion represents the predicted TM 12. The
calculated to be 6.9 kDa, which is identical to the size of calculated molecular mass of this polypeptide is 7.4 kDa.
the peptide in Figure 6D. The position of the HA epitopes This is the first time a distinct photolabeling site has been
and the size of the smallest peptide limit the region of pho- identified in this region of MRP1. The results in Figure 7C
tolabeling to TM 16-11. A 52-55 kDa polypeptide was  show that IAALTC, photoaffinity labes a 7 kDa tryptic
also visible in the digested MRP1 variant 574. This polypep- peptide in the digested MRP1 variant 1222. As with MRP1
tide corresponds to a previously identified fragment named variant 574, this peptide has been previously identified with
N3 (21). The N3 fragment is a polypeptide bordered by the several other photoreactive drug®(23). On the basis of

LO and L1 trypsin-sensitive sites. We believe that IAALLTC  the molecular mass of the photoaffinity-labeled peptide and
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Ficure 8: Deglycosylation of the photolabeled N2 peptide. In each panel, lane 1 contains MRP1-enriched plasma membrane, lane 2 has
MRP1 deglycosylated with PNGase F, lane 3 shows MRP1 digested with trypsin (1:10 trypsin:protein), and lane 4 shows MRP1 digested
and deglycosylated. MRPr1 antibody was used for the Western blot (panel A). Parielst®w MRP1-HA variants (4, 163, and 271) that

were photoaffinity labeled (PAL) with IAALTE followed by immunoprecipitation with MRPrl (panel B) or anti-HA antibodies (panels
C-E).

the trypsin cleavage site in the vicinity of position 1222, on MRP1 variants 4 and 163 (Figure 8C,D). Both of these
photoaffinity labeling occurs within the following se- mutants have an HA epitope in MSDO that would allow us
quence: 2LECVGNCIVLFAALFAVIS [HA][HA] RHSL- to immunoprecipitate N2. The deglycosylated 28 kDa or N2
SAGLVGLSVSYSLQVTTYLNWLVR?'?4 The underlined  fragment was clearly photolabeled in MRP1 variants 4 and
regions represent the predicted location of TM 16 and TM 163. In contrast, the native and deglycosylated N2 fragments
17. The calculated molecular mass of this peptide, including were not detected in MRP1 variant 271 (Figure 8E).
the HA epitopes, is 7 kDa. The illustrations located below
Figures 6 and 7 show topological drawings of MRP1 with DISCUSSION
the relative position of each HA epitope and the polypeptides MRP1 has been shown to interact with and mediate the
that are produced by trypsin digestion. The asterisks indicatetransport of unconjugated anticancer drugs in addition to
the location of isolated IAALTE photolabeling sites. normal cell metabolites. Previously, we have mapped the
The photolabeling of the N2 polypeptide with IAALTC  binding domains of several unconjugated substrates that are
in MRP1 variants 4 and 163 was patrticularly interesting. This transported by MRP12@, 23). In this study, it was of interest
is the first time that a photolabeling site has been demon- to determine the binding sites of L@ MRP1. For this, a
strated within MSDO. Using®H]LTC,, a previous study  photoreactive analogue of LT, @as synthesized (IAALTG)
examining LTG binding sites in MRP1 concluded that and shown to specifically photoaffinity label MRP1. IAALTC
MSDO does not contain a photolabeling si8&); To further binding to MRP1 was saturable and was inhibited by a molar
confirm the photoaffinity labeling of the N2 fragment with excess of endogenous (LT@nd GSH) and exogenous
IAALTC 4, we made use of the glycosylation status of the (MK571, vincristine, and verapamil) substrates. Together,
N2 fragment. A previous study indicated that N2 could be these results show that IAALT(inds to physiologically
deglycosylated to produce a 25 kDa fragmeBi)( To relevant sites in MRP1.
confirm the results of the latter study, MRP1 was incubated The increase in photolabeling observed in the presence of
with and without PNGase F and digested with trypsin, and 100 uM GSSG was unexpected. Furthermore, we were
the resultant peptides were examined by Western blot usingunable to find any previous report that examined the effect
the MRPrl1 mAb. The first lane of Figure 8A shows that the of GSSG on LTG binding. Although this increase in
MRPrl mAb reacts with MRP1 and the trypsin-derived N1 photolabeling is not entirely clear, it is possible that the
fragment from MRP1-enriched plasma membranes. The cellular GSH/GSSG ratio influences the interaction between
second lane of Figure 8A shows the same sample treatedVIRP1 and LTG. In such a system, GSH reduces the affinity
with PNGase F; the sizes of both MRP1 and N1 were of LTC,for MRP1 while GSSG increases affinity. Thereby,
decreased due to deglycosylation. With trypsin digestion, the the redox state of a cell would affect the physiological release
45-55 kDa N2 fragment was detected (Figure 8A, lane 3). of LTC,. Interestingly, none of the MRP1 substrates com-
After deglycosylation with PNGase F, N2 was reduced to pletely inhibit IAALTC, labeling. To help to understand this,
25—30 kDa (Figure 8A, lane 4). On the basis of these results, we determined several kinetic parameters pertaining to
we surmised that the IAALTElabeled N2 fragment would ~ MRP1-IAALTC 4 interactions. TheK, value of 0.42uM
appear as a 2530 kDa band after deglycosylation. To test obtained for IAALTG, shows that it interacts with a high
this, MRP1 was photolabeled with IAALTCand then affinity relative to many MRP1 substrates. Thig value is
digested with trypsin (1:10). The peptides were immuno- within the high-affinity range that we (0.1/) and others
precipitated with the MRPr1 mAb followed by treatment with  (approximately 0.1&M) have measured foPH]LTC 4 (13).
PNGase F. Lanes 1 and 2 of Figure 8B show that the Taken together, it would appear as if MRP1 substrates are
photolabeled MRP1 band decreased in size after treatmenmnot able to completely inhibit IAALTE photolabeling due
with PNGase F. Trypsin digestion of MRP1 shows that N1 to the high affinity it shares with its parent compound LTC
and N2 were photolabeled by IAALT(lane 3). After the This is further illustrated by the observation that the most
digested sample was deglycosylated, a 28 kDa fragmenteffective inhibitors of photolabeling, LTand MK571, are
labeled with IAALTG, was generated. This band corresponds higher affinity substrates than the other compounds (GSH,
to the deglycosylated N2 fragment (lane 4). This demon- GSSG, verapamil, and vincristine}@—49).
strates that MRPrl can immunoprecipitate the photolabeled The present study demonstrates for the first time that a
MSDO. To confirm this result, we used the same approach photoreactive analogue of LT@hotolabels MSDO and TM
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Summary of the photolabelling intensity in various regions of MRP1 by different photoreactive compounds
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Ficure 9: Topological illustration of photolabeling sites in MRP1 for several compounds. The above diagram illustrates the predicted
topological organization of the transmembrane segments in MRP1. The regions that have been found to interact with photoreactive compounds
are shaded in gray: TMDO, LO, TM 10, TM 11, L1, TM 12, TM 16, and TM 17.

12 of MRP1, in addition to sequences in TM-101 and remains unclear. Earlier studies have shown Lfr@nsport
TM 16—17. Previously, we have reported the significance to drastically decrease when MSDO or TM1 is removad (
of TM 10—11 and TM 16-17 with several photoreactive  Other studies show that MRP1-mediated transport of L TC
compounds: IACI, IAARh123, and IAAGSHR, 23). Using was reduced when portions of MSDO are exchanged with
two different photoreactive drugs'ffl]LY475776 and an equivalent regions of MRP2 (or ABCC2),(58). Further-
analogue of agosterol A (AG-A)], it was also shown that more, two studies found that mutating specific Cys residues
sequences within TM 1617 are photoaffinity labeledbg). within MSDO dramatically reduces LTGransport 29, 32).
Furthermore, specific amino acid substitutions within TM Therefore, much of the work to date indicates that at least
10-11 and TM 16-17 have been shown to alter drug some portion of MSDO is critical for MRP1-mediated
binding and transporl@d—27). Together, these findings point  transport. Conversely, it was found that LT@ansport is
to the importance of these two regions in forming a substrate unaffected in a truncated MRP1 mutant lacking MSB9)(
binding site. In the current study we showed that the N2 fragment is
In addition to the above-mentioned TM helices, we photolabeled with IAALTG (Figure 5A,B). These findings
demonstrate that IAALTE photolabeled a polypeptide are supported by the deglycosylation of N2 whereby the
encompassing TM 12 and a portion of the extracellular loop native and deglycosylated N2 fragments were photolabeled
between TM 12 and TM 13. Interestingly, a previous by IAALTC.. The MRPrl mAb was used to isolate the
photolabeling study using murinexdrlb P-glycoprotein deglycosylated and photolabeled N2 fragment (Figure 8B).
identified a similar binding site5d). In that study, a - Furthermore, the same IAALTAabeled fragment was
benzoyldihydrocinnamol (7-BzDC) analogue of Taxol was purified from MRP1 variants 4 and 163 using the anti-HA
used. 7-BzDC-Taxol photolabels a region encompassed by mAb (Figure 8C,D). Taken together, our results show that
TM 7 and half of TM 8 plus the intervening extracellular MSDO was able to bind LTE A previous study found that
loop of mdrlb. This region ofmdrlb is topologically [®H]LTC4 does not photolabel MSD@6). This study also
equivalentto TM 12 of MRP1. In addition, mutations in TM  showed that photolabeling of the COOH-proximal half of
7 of P-gp1 have been found to decrease drug resist&ace ( MRP1 with BH]LTC, is limited to TM 14-17, thereby
56). These similarities are not surprising considering that excluding TM 12. These discrepancies may stem from our
other topologically equivalent regions in ABC transporters different experimental systems. While this report used HA
are important for substrate recognition (as indicated above).variants of MRP1 for IAALTG photolabeling, the previous
Given this, the present report is the first to implicate this study photolabeled coexpressed truncated fragments of
region in the MRP1 drug binding site. MRP1; neither study used unmodified full-length MRP1.
The results presented in this study indicate that a region Alternatively, the addition of the photoreactive moiety onto
within the boundary of the N2 peptide directly interacts with LTC, (i.e., IAALTC,) could extend beyond the immediate
IAALTC 4. Both MSDO and an Nkterminal portion of LO region of LTG binding domain(s) and photolabel a nearby
are found within the N2 peptide. Efficient photolabeling of domain such as TM 123]LTC, is a useful compound
MRP1 by PH]LTC, is dependent on part of the LO region because it is functionally and structurally identical to
between Cy¥® and Asi®® (57) but not MSDO £8). native LTGC,. Conversely, its UV cross-linking efficiency is
Interestingly, LO itself is not photolabeled BYH]LTC, (58). different from our rapid photoreactive analogue. It is con-
Furthermore, a portion of LO between amino acids-204 ceivable that photolabeling witfH]LTC 4 would not allow
280 is important for JH]LTC, transport. Given this, the for the detection of weakly photolabeled sequences, whereas
precise function of LO is still not completely defined. IAALTC, has a high specific activity which allowed us to
Similarly, the role of MSDO in substrate binding or transport see photolabeling of the N2 fragment. Taken together,



LTC, Interacts with Membrane-Spanning Domains of MRP1

Biochemistry, Vol. 44, No. 1, 2005349

although the results of this study show for the first time a REFERENCES

direct binding of IAALTC, to sequences in MRP1 that
encode MSDO, higher resolution drug binding studies are
required to better define the sequences of MSDO that directly
mediate LTG binding.

To understand the relevance of the regions photolabeled
by IAALTC,4, we examined the structures of ABC transport-
ers that are currently available. Two high-resolution structures
of ABC proteins have been solved. These are the lipid A
transporters, MsbA, fronkscherichia coli(EC-MsbA) and
from Vibrio cholera(VC-MsbA) (60, 61). Each transporter
is a dimer composed of two subunits, each containing six
transmembrane passes. The shape of the EC-MsbA dimer
resembles an upside down V. The arms of this structure are
separated by 40 A on the cytoplasmic side of the plasma
membrane. The VC-MsbA structure is similar although the
arms are closer together. A recent study used these structures
to model the MRP1 substrate binding site@3)( This work
proposes that specific amino acids in TM-101L and TM
16—17 make up an “aromatic basket” for substrate binding
and are located at the edges of the V-like gap. We have also
identified these same transmembrane domains as essential g
for substrate binding. As indicated in the table in Figure 9,
all of the photoreactive drugs that we have previously
examined interact directly with TM 1011 and TM 16-17,
including IAALTC,.

Interestingly, the MsbA structures predict that TM 1 in
each subunit is located adjacent to TM 5 and TM6®, (
61). This information sheds light on our finding that TM 12
was photolabeled by IAALTEC The MsbA TM 1 and TM
5—6 are topologically equivalentto TM 12 and TM1&7.
Therefore, TM 12 may be photolabeled because of its
proximity to the TM 16-17 binding region. TM 12 may
also contribute amino acids that directly interact with LLTC
In either case, this study demonstrates how photolabeling
studies in conjunction with the newly resolved ABC protein
structures will surely improve the understanding of all drug
binding studies.

In summary, our findings revealed several interesting

1.

4.

6.

7.

9

13.

attributes of LTG binding with MRP1. (i) Its binding sites 1
were found within TM 16-11 and TM 16-17, which are
topologically equivalent to TM 56 and TM 1112 15
in P-gp1. (ii) The photolabeling of TM 12 confirms struc-

tural data from other ABC transporters and places this TM
helix within close proximity to TM 16-17. TM 12 may also 16.
make up part of the multidrug binding site. Finally, (iii)
IAALTC 4 interacted with and photolabeled the MSDO

domain of MRP1. This observation was confirmed using
several mAbs to specifically isolate the N2 fragment in both
its native and deglycosylated form. These results demonstrate
two important characteristics of MRP1. First, the interaction ;g
of LTC, with TM 10—11 and TM 16-17 furthers the
possibility that ABC transporters share structural motifs to
make up a multidrug binding site. Second, the interactions
between LTG and TMDO indicate that MRP1 may contain
separate regions necessary for binding its endogenous
substrate.
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