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MRP1 is a 190-kDa membrane glycoprotein that confers
multidrug resistance to tumor cells. The accumulated ev-
idence has proved that GSH interacts with MRP1 and
stimulates drug transport. However, the mechanism of
GSH-dependent drug transport by MRP1 remains un-
clear. In this study, we used limited tryptic digestion of
MRP1 in isolated membrane vesicles, in the presence and
absence of GSH, to investigate the influence of GSH on
MRP1 conformation. We found that GSH inhibited the
generation of an �35-kDa C-terminal tryptic fragment (in-
cluding a C-terminal His tag) termed C2 from MRP1. This
effect of GSH was not because of direct inhibition of tryp-
sin activity, and agosterol A enhanced the inhibitory ef-
fect of GSH. The main cleavage site in MRP1 for the gen-
eration of the C2 fragment by trypsin resided between
TMD2 and NBD2 of MRP1. Limited tryptic digestion of
membrane vesicles expressing various truncated and co-
expressed MRP1 fragments in the presence and absence
of GSH revealed that GSH inhibited the production of the
C2 fragment only in the presence of the L0 region of
MRP1. Thus the L0 region is required for the inhibition of
trypsinization of the C-terminal half of MRP1 by GSH.
These findings, together with previous reports, suggest
that GSH induces a conformational change at a site
within the MRP1 that is indispensable for the interaction
of MRP1 with its substrates.

MDR1 is the major obstacle to successful cancer chemother-
apy and is mediated by membrane proteins whose mechanism
of action is not yet completely understood (1). MRP1 (multidrug

resistance protein 1) is a 190-kDa glycoprotein that belongs to
a family of membrane proteins referred to as ATP-binding
cassette (ABC) transporters that typically contain two trans-
membrane domains (TMD) and two nucleotide binding do-
mains (NBD) (4). In most ABC transporters, hydrolysis of ATP
by the NBDs is believed to provide energy for substrate trans-
port (4). MRP1 is distinguished from the other ABC trans-
porter, P-glycoprotein (P-gp), by an extra N-terminal TMD that
is connected to the core region (�MRP) by a cytoplasmic linker
region (L0) (5). The human MRP1 is frequently overexpressed
in cells whose MDR is not mediated by P-gp (2, 3). As an
organic anion transporter, MRP1 actively transports a wide
variety of diverse anionic compounds (6–8). It was also found
that although GSH is a poor substrate for MRP1, it can stim-
ulate the ATP-dependent transport of certain non-anionic or-
ganic drugs such as vincristine (VCR) (9), adriamycin (ADM)
(10, 11), and aflatoxin B1 (12) as well as certain endogenous
hydrophilic anionic conjugates such as estrone 3-sulfate (13)
and a tobacco-specific carcinogen, 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol (14).

Loe et al. (9) have shown that GSH is required for vesicular
transport of VCR by MRP1 and for inhibition by VCR of the
transport of organic anions by MRP1. ATP-dependent uptake
of [3H]GSH into membrane vesicles from MRP1-transfected
cells was stimulated by VCR in a dose-dependent manner (9).
This experiment, however, did not answer the question of
whether GSH is an activator or a co-transported substrate of
MRP1.

To clarify the role of GSH in MRP1 drug transport, we
synthesized a photoaffinity analog of AG-A (azido-AG-A) that
could reverse MRP1-mediated MDR (15). We reported recently
(16) that GSH was required for the binding of azido-AG-A to
the C-terminal half of MRP1. A similar conclusion was reached
in another study by using a drug known as LY475776 (17).
However, the mechanism of the stimulation of azido-AG-A
binding to MRP1 by GSH remains unclear. Recently, it has
been reported that a photoactive analog of GSH (azido-
phenacyl-[35S]GSH) photolabels MRP1 at two sites that reside
in the N- and C-terminal halves of the protein. No stimulation
of photolabeling of MRP1 with azidophenacyl-[35S]GSH could
be detected following treatment with varying concentrations of
LY475776 (18). These observations suggested that the first
event in GSH-dependent drug transport is the interaction of
GSH with MRP1. GSH may then induce a conformational
change in MRP1 that is required for drug binding.

Ligand-induced conformational change is a common mecha-
nism for the modulation of protein function (19). For example a
cyclic pentapeptide ligand can induce a conformational change
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in the extracellular segment of the integrin �v�3 as shown by
crystal structure analysis (20). Analyses of proteins by protease
digestion in the presence and absence of ligands have proved to
be extremely useful techniques for the detection of ligand-
induced protein conformational changes (21–24). In the present
study, we have performed limited tryptic digestion of MRP1 in
the presence or absence of GSH and found that GSH inhibited
tryptic digestion of the C-terminal half of the protein. Deletion
of the site in MRP1 that mediates GSH inhibition of tryptic
cleavage had important functional consequences for drug
transport and GSH-dependent drug binding.

EXPERIMENTAL PROCEDURES

Materials—Cellfectin® and competent DH10Bac Escherichia coli
cells were purchased from Invitrogen. Diphenylcarbamyl chloride-
treated trypsin was obtained from ICN Biomedicals (St. Laurent, Que-
bec, Canada). GSH was obtained from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). TALONTM metal affinity resin was purchased
from Clontech. Other drugs and chemicals were obtained from Sigma.

Cell Culture and Membrane Vesicle Preparation—KB/MRP cells, hu-
man KB cells transfected with MRP1 cDNA, were cultured in minimum
essential medium (Nissui Seiyaku co., Tokyo, Japan) containing 10%
newborn calf serum as described previously (15). Sf21 insect cells were
cultured in serum-free Sf-900 II SFM medium (Invitrogen). Membrane
vesicles were prepared from KB/MRP, KB/CV, and Sf21 insect cells
infected with various recombinant baculoviruses as described previ-
ously (26). Membrane vesicles were suspended in dilution buffer con-
taining 10 mM Tris-HCl (pH 7.5) and 250 mM sucrose. Protein concen-
trations were determined by the method of Bradford (27).

Generation of Constructs and Viral Infection—pFastBac MRP1-His
containing the MRP1 coding region was constructed as described pre-
viously (26). Constructs expressing various truncated and co-expressed
MRP1s have been described (16).

MRP1 constructs encoding the MRP1-(1264–1531) fragment with a
10xHis tag were generated by PCR using 5�-ATGCTCAAGGAGTATT-
CAGAGA-3� (forward) and 5�-CCCTAGTGATGGTGATGGTGATGGT-
GATGGTGATGCACCAAGCCGGCGTCTTTGGC-3� (reverse) primers
(boldface ATG encodes the start code for MRP1-(1264–1531); the und-
erlined sequence encodes the 10xHis tag). Baculoviruses expressing the
wild type and mutant MRP1s described above were generated using the
Bac-to-Bac expression system (Invitrogen) as described previously (26).

Trypsin Activity Assay—Trypsin activity was measured with the
N-(�-benzoyl)-L-arginine ethyl ester (BAEE) as the substrate. Briefly,
about 10–40 BAEE units of trypsin were incubated in the presence or
absence of various agents for 5 min at room temperature in dilution
buffer before mixing with substrate buffer (40 mM sodium phosphate
(pH 7.6) and 0.06 mM HCl) containing BAEE (final concentration 0.15
mM). Following mixing, the rate of increase in absorbance at 253 nm
(A253) was examined using a U-2001 spectrophotometer (Hitachi, To-
kyo, Japan). �A253/min is the rate of A253 change representing trypsin
activity. The residual trypsin activity in the presence of various re-
agents was calculated as a percentage of the activity of trypsin meas-
ured in the absence of reagents.

Limited Trypsin Treatment of MRP1 in Inside-out Membrane Vesicles
and Western Blotting—Trypsinization of membrane vesicles was car-
ried out as described previously (16). Membrane vesicles (50 �g) pre-
pared from KB/MRP or Sf21 insect cells infected with viruses encoding
various MRP1 mutants were digested with trypsin at the indicated
concentrations in the presence or absence of GSH alone or in combina-
tion with other agents at 37 °C. Soybean trypsin inhibitor at a final
concentration of 100 �g/ml was employed to terminate the trypsin
activity. The samples were then immediately subjected to 8.5 or 11%
SDS-PAGE. Immunoblotting was performed as described previously
(26). Anti-MRP1 monoclonal antibodies MRPr1 (epitope amino acids
229–281) and MRPm6 (epitope amino acids 1389–1351) (28, 29) were
obtained from Progen Biotechnick (Heidelberg, Germany). Anti-His
mAb was obtained from Qiagen (Hilden, Germany).

Purification of 10xHis-tagged C-terminal Fragments of MRP1 and
Protein Sequence of the Purified C2 Fragment—Membrane vesicles (2
mg, final concentration of the protein 2 mg/ml) prepared from Sf21
insect cells co-expressing N1–932 and C932–1531 of MRP1 were digested
with trypsin (50 �g/ml) for 1 h at 37 °C. Soybean trypsin inhibitor at a
final concentration of 50 �g/ml was employed to terminate the trypsin
activity. The samples were then solubilized in 10 ml of buffer A (50 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100) and incubated for 1 h
on ice. The solubilized membranes were centrifuged at 12,000 � g at

4 °C for 30 min. Sf21 insect cells (1 � 1010) infected with recombinant
baculovirus encoding MRP1-(1264–1531) were sonicated in 20 ml of
buffer A and centrifuged at 12,000 � g at 4 °C for 30 min. The super-
natants were then incubated at 4 °C for 2 h with 100 �l of TALON metal
affinity resin washed with phosphate-buffered saline. The bound resin
was washed three times with buffer A containing 1% Triton X-100,
washed one time with phosphate-buffered saline, and then solubilized
in SDS sample buffer and subjected to 11% SDS-PAGE. The samples
were then transferred to polyvinylidene difluoride membrane as de-
scribed above. C2 tryptic fragment was detected by staining with Pon-
ceau S. Bands were subjected to sequence analysis by automated Ed-
man degradation on a 492 procise CLC Protein Sequencer (Applied
Biosystems, Tokyo, Japan).

Photoaffinity Labeling of MRP1 with 125I-Azido-AG-A—125I-Azido-
AG-A (7.2 �Ci/nmol) was used for photolabeling studies that were
carried out as described previously (16). Autoradiograms were exposed
for 10 h.

[3H] LTC4 Uptake by Membrane Vesicles—The extent of [3H] LTC4

uptake was measured using a rapid filtration technique as described
previously (26). Briefly, isolated membrane vesicles (25 �g of protein)
were incubated in the presence or absence of 4 mM ATP in 50 �l of
transport buffer (0.25 M sucrose, 10 mM Tris-HCl (pH 7.5), 10 mM

MgCl2, 10 mM phosphocreatine, and 100 �g/ml creatine phosphokinase)
with 100 nM [3H]LTC4 for the indicated times at 37 °C. The reaction was
stopped at the indicated times with 3 ml of ice-cold stop solution (0.25
M sucrose, 0.1 M NaCl, and 10 mM Tris-HCl (pH 7.5)). The samples were
passed through Millipore filters (GVWP, 0.22 �m pore size) under a
light vacuum. Following three rinses with 3 ml of cold stop solution, the
filters were immersed in liquid scintillation fluid, and their radioactiv-
ity was measured.

RESULTS

GSH Inhibits the Generation of a C-terminal Tryptic Frag-
ment of MRP1—To use protease digestion as a tool to monitor
conformational changes induced by GSH in MRP1, we first
established the cleavage fragments generated by limited tryp-
tic digestion of MRP1. It has been shown, using N- and C-
terminal MRP1-specific monoclonal antibodies, that the most
accessible trypsin site on MRP1 lies within the cytoplasmic
linker region between NBD1 and TMD2 (16). Tryptic cleavage
at this site generates a 67-kDa fragment termed C1. When the
concentration of trypsin was increased, or the incubation time
with trypsin was extended, the C-terminal C1 band was further
degraded to an �35-kDa C2 fragment that could be detected
with the C-terminal m6 antibody (Fig. 1, A and B, left). We then
determined whether GSH-MRP1 interaction could induce a
conformational change in MRP1 detectable by the generation of
altered tryptic fragments. For this experiment KB/MRP mem-
brane vesicles (50 �g of protein) were digested with trypsin at
20 ng/ml over a 90-min period in the presence or absence of 10
mM GSH and immunoblotted with the C-terminal antibody m6.
As shown in Fig. 1B, the presence of GSH (right) suppressed
the generation of the C2 tryptic fragment. The addition of GSH
had no effect on the tryptic digestion pattern when assayed
with an N-terminal MRP1 antibody r1 (data not shown). The
inhibitory effect of GSH on the generation of the C2 fragment
by trypsin was dose-dependent with decreasing amounts of the
C2 fragment generated as the GSH concentration was in-
creased from 0.5 to 10 mM (Fig. 1C).

We next investigated whether the inhibitory effect of GSH on
trypsin digestion of MRP1 might be due to a decreased enzy-
matic activity of trypsin in the presence of GSH. We therefore
assayed the effect of GSH on trypsin activity by using BAEE as
a substrate. As controls, we also tested the effect of other
reducing agents such as cysteine and DTT, the nonreducing
GSH analogs methyl-GSH and ethyl-GSH, and glycine and
glutamic acids (the amino acids that constitute GSH) on tryp-
sin activity. The mean of three independent experiments was
analyzed. As shown in Table I, agents with reducing activities
do inhibit trypsin activity. GSH, cysteine, and DTT at a con-
centration of 10 mM decreased trypsin activity by 15.5, 16.8,
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and 65.4%, respectively. In contrast, methyl-GSH at a concen-
tration of 10 mM decreased trypsin activity by only 3.7%, and
ethyl-GSH at a concentration of 10 mM had no effect on trypsin
activity. We therefore determined whether 10 mM methyl-GSH
or 10 mM ethyl-GSH could also suppress the generation of the
C2 tryptic fragment of MRP1. As shown in Fig. 2A, both meth-

yl- and ethyl-GSH inhibited the generation of the C2 tryptic
fragment to a similar extent as GSH. In contrast, 10 mM DTT
had a lesser effect on the generation of the C2 fragment, even
though it inhibited trypsin activity to a greater extent than the
GSH derivatives. Similarly the addition of cysteine, glycine, or
glutamic acid, the amino acids that constitute GSH, had a
much weaker effect on the generation of the C2 fragment by
trypsin, even though cysteine could inhibit trypsin activity to a
similar extent as GSH (Fig. 2B).

These data are consistent with our previous observation that
GSH stimulates azido-AG-A photolabeling of MRP1 independ-
ently of its reducing activity (16). They also indicate that GSH
inhibition of the generation of the C2 tryptic fragment is not
due to the direct inhibition of trypsin activity. The most likely
explanation is that the binding of GSH to MRP1 may inhibit
access of trypsin to MRP1 and the consequent cleavage reaction
leading to generation of the C2 band.

We have found previously (30) that GSH was required for the
binding of a photoactive analog of AG-A to the C-terminal half
of MRP1, and that amino acids 1223–1295 of MRP1 were
required for GSH-dependent binding of AG-A to MRP1. Based
on the molecular size of the C2 fragment, the cleavage site that
leads to the generation of C2 must be close to this region.
Therefore, we investigated whether the VCR that is trans-
ported by MRP1 in the presence of GSH or AG-A might affect
the generation of the C2 fragment. Limited trypsinization of
MRP1 was conducted in the presence of the drugs alone or in
combination with GSH, and the generation of the C2 fragment
was monitored. As indicated in Fig. 3A, the addition of AG-A or
VCR alone had no effect on the generation of the C2 fragment
by trypsin. However, when AG-A was added in combination
with GSH, AG-A considerably attenuated the generation of the
C2 fragment (Fig. 3A). The effect of various concentrations of
AG-A, ranging from 10 �M to 1 mM, on the generation of the C2
band in the presence of 2 mM GSH was investigated (Fig. 3B).
Increasing AG-A concentrations enhanced the suppressive ef-
fect of 2 mM GSH on the tryptic generation of the C2 fragment.
Because AG-A does not inhibit trypsin activity as shown in
Table I, AG-A must enhance the suppressive effect of GSH by
a different mechanism.

The GSH-sensitive Tryptic Site Is Located in the Cytoplasmic
Region of MRP1 between TMD2 and NBD2—We next investi-
gated the location in MRP1 of the cleavage site that generates
the C2 fragment. Because C2 has a molecular mass of about 35
kDa in SDS-PAGE, the cleavage site that generates the C2
fragment should be located about 350 amino acids upstream of
the C-terminal end (1531) of MRP1. This would localize the C2
tryptic site within TMD2 of MRP1. If this is the case, then the
C2 fragment should be associated with the membrane fraction.
We therefore investigated the potential membrane association
of the cleaved C2 fragment. KB/MRP membrane vesicles were
digested with trypsin at 20 ng/ml for 30 min and then centri-

FIG. 1. GSH inhibits the generation of a C-terminal tryptic
fragment of MRP1. A, schematic diagram depicting the localization of
the TMD, NBD, and L subdomains of MRP1; the epitope recognized by
the m6 mAb, and the tryptic fragments of 67 (C1) and 35 kDa (C2). B,
KB/MRP membrane vesicles (50 �g of protein) were digested with
trypsin at 20 ng/ml for 0–90 min in the presence (�) or absence (�) of
10 mM GSH. Trypsinization was terminated by the addition of soybean
trypsin inhibitor at a final concentration of 100 �g/ml. Tryptic frag-
ments were separated on 8.5% SDS-PAGE and immunoblotted with the
C-terminal antibody m6. C, KB/MRP membrane vesicles (50 �g of
protein) were digested with trypsin at 20 ng/ml for 90 min in the
absence or presence of GSH concentrations ranging from 0.2 to 10 mM

and immunoblotted with m6. C1 indicates the 67-kDa C-terminal re-
gion of MRP1. C2 indicates the C-terminal tryptic fragment whose
generation is suppressed by GSH. Molecular weight markers are shown
at left.

TABLE I
Modulation of trypsin activity by GSH and other agents

Trypsin activity was assayed using BAEE as substrate, as described
under “Experimental Procedures,” in the absence (control) and in the
presence of various agents. Residual trypsin activity (mean of three
experiments � S.E.) was calculated as described under “Experimental
Procedures.”

Agents Residual activity

% control

Control 100
50 mM GSH 53.5 � 6.8
10 mM GSH 84.5 � 3.5
2 mM GSH 95.4 � 1.3
10 mM S-methyl GSH 96.3 � 3.9
10 mM S-ethyl GSH 100.7 � 4.9
10 mM glycine 98.1 � 0.9
10 mM glutamic acid 100.7 � 0.5
10 mM cysteine 83.2 � 0.3
10 mM DTT 34.6 � 5.6
1 mM AG-A 105.3 � 2.9
1 mM VCR 95.7 � 6.0

FIG. 2. Modulation of tryptic digestion of MRP1 by GSH and
other agents. KB/MRP membrane vesicles (50 �g of protein) were
digested with trypsin at 20 ng/ml for 60 min in the absence (control) or
presence of 10 mM GSH, 10 mM methyl-GSH, or 10 mM ethyl-GSH (A) or
10 mM DTT, 10 mM GSH � 10 mM DTT, 10 mM glycine, 10 mM cysteine,
or 10 mM glutamic acid (B) and immunoblotted with m6. The C2 tryptic
digestion fragment is indicated.

GSH-sensitive Tryptic Site on MRP1 6233



fuged to separate the membrane and soluble fractions. As in-
dicated in Fig. 4A, most of the C2 tryptic fragments were
detected in the soluble fraction, and the residual membrane-
bound C2 fragments were released from the membrane by
washing with the high concentration of NaCl, indicating that
the tryptic site suppressed by GSH must be located in the
cytoplasmic region of MRP1 between TMD2 and NBD2.

To localize more exactly the cleavage site that generates the
C2 fragment, we made use of a C-terminally His-tagged MRP1
expressed in Sf21 insect cells. This expression system allows
dissection of the functional domains of MRP1. We have shown
previously that a 10xHis tag inserted into the C terminus of
MRP1 has no effect on the function of the transporter (26). We
first determined the expression of the His-tagged MRP1 in
insect cells. Because MRP1 in Sf21 insect cells is less glycosyl-
ated than in KB/MRP cells, it migrates as an �170-kDa band
(26) (Fig. 4B). We then determined whether trypsin digestion of
insect-expressed MRP1 could generate a C2 fragment similar

to that generated in KB/MRP cells and, if so, whether this
digestion was GSH-sensitive. KB/MRP and Sf/MRP membrane
vesicles (50 �g of protein) were therefore digested with trypsin
at 20 ng/ml for 90 min in the presence or absence of 10 mM

GSH. Tryptic fragments were immunoblotted with either the
C-terminal antibody m6 or an anti-His tag mAb as appropriate.
As shown in Fig. 4C, the C2 fragment was detected with both of
these antibodies, although the size of the C2 band derived from
Sf/MRP membrane vesicles was slightly larger than that from
KB/MRP probably due to the presence of the 10xHis tag in the
C terminus of MRP1. The generation of the C2 fragment in
Sf/MRP membrane vesicles was also inhibited in the presence
of 10 mM GSH (Fig. 4C). Thus the His-tagged MRP1 expressed
in insect cells can be used as a model of GSH suppression of
MRP tryptic digestion. Because amino acid sequencing of the
C2 fragment was difficult (data not shown) and the C2 frag-
ment was not associated with membrane, the cleavage site
probably resides within the cytoplasmic region close to the C
terminus of TM17. We expressed a C-terminal fragment,
MRP1-(1264–1531), containing a His tag in Sf21 insect cells.
MRP1-(1264–1531) had an electrophoretic migration similar to
that of the C2 tryptic fragment generated from Sf/MRP mem-
brane vesicles (Fig. 4D). These data suggested that the main
cleavage site in MRP1 for the generation of the C2 fragment
resides between TMD2 and NBD2.

L0 Region of MRP1 Is Required for Attenuation of the C2
Generation by GSH—It has been reported that the cytoplasmic
region L0 between TMD0 and TMD1 of MRP1 is important for
MRP1 function (16, 31, 32). We have shown previously that L0

is required for GSH-dependent binding of a photoanalog of
AG-A to the C-terminal half of the protein, and we have sug-
gested that L0 is the interaction site of GSH on MRP1 (16). In
this study, we found that GSH inhibited the cleavage of MRP1
in a region between TMD2 and NBD2. To investigate whether
the L0 region is required for the GSH inhibition of generation of
the C2 fragment by trypsin, a series of truncated MRP1 con-
structs and co-expressed MRP1 fragments transfected into
Sf21 insect cells was examined. The construction and expres-
sion of these mutant proteins in insect cells was described in
detail in our previous study (16). A schematic diagram of the
constructs is shown in Fig. 5A, and the expression level of the
various constructs is shown in Fig. 5B. Under the conditions
used for the infection, the expression level of the various con-
structs was comparable either when they were expressed alone
or co-expressed from a dual vector. Membrane vesicles were
digested with trypsin in the presence and absence of GSH
and immunoblotted with the MRP1 m6 antibody for detection
of the C2 tryptic fragment. In membrane vesicles expressing
C932–1531 or �MRP alone, C2 bands were generated by trypsin
digestion, but their generation was not affected by GSH. In
contrast, when C932–1531 and �MRP constructs were co-ex-
pressed with N1–932 and TMD0L0 fragments, respectively, the
generation of the C2 fragment by trypsin was attenuated in the
presence of GSH (Fig. 5C). These data indicate that TMD0L0 is
required for GSH-mediated suppression of the generation of
the C2 fragment by trypsin. To investigate the role of TMD0 in
GSH-mediated suppression, we created a construct, L0�MRP
(amino acids 203–1531), that lacked the first transmembrane
domain of MRP1. Membrane vesicles expressing L0�MRP were
digested with trypsin in the presence and absence of GSH and
immunoblotted with the anti-MRP antibody m6. GSH could
only weakly inhibit the generation of the C2 fragment by tryp-
sin from this construct, and the inhibition was less than that
observed following incubation of GSH with wild type MRP1.
These results suggested that both the TMD0 and L0 regions of
MRP1 are required for GSH-induced suppression of the gener-

FIG. 3. AG-A enhances the GSH inhibition of the generation of
the C2 tryptic fragment. Limited trypsinization of KB/MRP mem-
brane vesicles was carried out as described in the legend to Fig. 1 in the
absence (�) or presence (�) of 10 mM GSH supplemented with VCR or
AG-A as indicated (A). The effect of 10 mM GSH or of 2 mM GSH
together with increasing concentrations of AG-A ranging from 10 �M to
1 mM on the generation of the C2 fragment are shown in B. C2 frag-
ments were detected by immunoblotting with the m6 mAb. Molecular
weight markers are shown at left.
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ation of the C2 fragment by trypsin. The accumulated evidence
indicates that the tryptic cleavage site that generates the C2
fragment must be located in the cytoplasmic region of MRP1
between TMD2 and NBD2.

DISCUSSION

GSH stimulates ATP-dependent transport of various agents
by MRP1 (9–14). The mechanism by which GSH enhances the
transport of these agents is still unknown. It has been sug-
gested that MRP1 co-transports these compounds with GSH or
that GSH in some way activates MRP1 thereby facilitating
substrate binding and/or transport. Elucidation of the mecha-
nism by which GSH facilitates drug transport would be useful
for the design of drug strategies for anti-tumor therapy. We
have synthesized previously a photoanalog of AG-A, and by
using this analog, we found that GSH stimulates AG-A binding
to the C-terminal half of MRP1 (16). LY475776, a photoanalog
structurally unrelated to AG-A, also binds to the C-terminal
half of MRP1 in a GSH-dependent manner (17, 18). However, the
mechanism by which GSH enhances drug binding by MRP1 re-
mains unclear. Azidophenacyl-[35S]GSH stimulated LY475776
binding to the C-terminal half of MRP1 and photolabeled MRP1 at
two sites that reside in the N- and C-terminal half of the protein.
However, LY475776 could not stimulate azidophenacyl-[35S]GSH
photolabeling of MRP1. These results suggested that GSH binding
to MRP1 precedes the drug binding (17, 18).

Induction of a conformational change in MRP1 by GSH has
been suggested as a mechanism by which GSH might modulate
MRP1 activity. Limited trypsin digestion is an approach that
has been successfully used to investigate nucleotide-induced
conformational changes of various transport ATPases (23, 33–
35). Manciu et al. (36) demonstrated that GSH had a marked

protective effect against the digestion of MRP1 by trypsin.
Manciu et al. (36) also observed a drastic modification of the
accessibility of MRP1 toward the external environment and/or
the stability of the conformational state of MRP1 in the pres-
ence of GSH by monitoring the amide hydrogen exchange. They
also suggested that this conformational change affected the
structural organization of the cytosolic domain of MRP1 (36).
However, it is still not known which region of the MRP1 is
directly altered by GSH.

In order to address this question, we used limited trypsiniza-
tion of MRP1 in inside-out membrane vesicles as an assay to
monitor potential GSH-induced conformational changes of MRP1
and to localize the region of MRP1 directly modulated by GSH.
The addition of GSH suppressed the generation of an �35-kDa
C-terminal fragment (C2) by trypsin, which could be detected by
an MRP1-specific C-terminal monoclonal antibody m6. Although
trypsin activity can be inhibited in the presence of agents with
reducing activity, GSH-induced inhibition of the generation of
the C2 fragment by trypsin did not appear to be due to a GSH-
induced decrease in trypsin activity for the following reasons.
First, GSH derivatives without reducing activity such as S-meth-
yl-GSH and S-ethyl-GSH had no effect on trypsin activity but did
inhibit the generation of the C2 fragment by trypsin. Second,
DTT, a reducing reagent that inhibited trypsin activity to a level
four times lower than did a similar concentration of GSH, had
little effect on the generation of the C2 fragment by trypsin.
Third, generation of the C2 fragment by trypsin was not altered
by the addition of GSH to membrane vesicles expressing the
�MRP and C932–1531 constructs.

To localize the site in MRP1 directly affected by GSH bind-
ing, we examined the generation of the C2 fragment by trypsin

FIG. 4. The GSH-sensitive tryptic
site is located in the cytoplasmic re-
gion between TMD2 and NBD2. A, KB/
MRP membrane vesicles were digested
with trypsin as described in the legend to
Fig. 1. The trypsin reaction was stopped
by the addition of soybean trypsin inhib-
itor at a final concentration of 100 �g/ml.
Membrane vesicles were then centrifuged
for 30 min at 20,000 � g at 4 °C. Soluble
(S) and pellet (P) fractions, or pellet
washed with 1 ml of cold stop solution
containing 2 M NaCl, were separated on
8.5% SDS-PAGE and immunoblotted
with the m6 antibody. B, MRP1 tagged
with 10xHis was expressed in Sf21 insect
cells. Membrane vesicles from KB/MRP
and Sf/MRP cells (5 and 10 �g protein, left
and right lanes, respectively, of each sam-
ple) were separated on 7.5% SDS-PAGE
and immunoblotted with the MRPr1
mAb. C, Sf/MRP and KB/MRP membrane
vesicles (50 �g of protein) were digested
with trypsin at 20 ng/ml for 60 min in the
absence and presence of 10 mM GSH. Soy-
bean trypsin inhibitor at a final concen-
tration of 100 �g/ml was employed to ter-
minate the trypsin activity. Tryptic
fragments were separated on 8.5% SDS-
PAGE and immunoblotted with the m6
(left) or an anti-His monoclonal antibody
(right). D, Sf/MRP membrane vesicles
were digested with trypsin in the pres-
ence or absence of GSH as described
above. The C2 tryptic fragment from Sf/
MRP membrane vesicles, as well as the
MRP1-(1264–1531) fragment purified
from Sf21 insect cells by metal chroma-
tography (1 �g, right lane, and 2 �g, left
lane for each fragment), were separated
on 11% SDS-PAGE and immunoblotted
with the m6 antibody.
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using MRP1 sub-domains expressed singly or together in an
insect expression system. We have reported previously that
neither the core P-gp-like region of MRP1 (�MRP) nor the
C-terminal half of MRP1 (MRP1-(932–1531)), when expressed
alone, could transport LTC4 or bind azido-AG-A in a GSH-de-
pendent manner (16). However, in membrane vesicles dually
expressing �MRP and TMD0L0 or N1–932 and C932–1531, GSH-
dependent binding of azido-AG-A to these reconstituted trans-
porters was observed. In this study, we found that limited
trypsinization of membrane vesicles expressing �MRP or
C932–1531 alone generated the C2 fragment. However, even high
concentrations of GSH were unable to inhibit the generation of
the C2 fragment by trypsin from these constructs. On the other
hand, in membrane vesicles co-expressing �MRP and TMD0L0

or N1–932 and C932–1531, C2 generation by trypsin was reduced
by GSH. In membrane vesicles expressing L0�MRP, GSH in-
hibition of the generation of the C2 fragment by trypsin was
much less than in membrane vesicles expressing wild type
MRP1. Taken together with the previous finding that GSH
might interact with the L0 region of MRP1, these data sug-
gested that the L0 region of MRP1 is required for the GSH
inhibition of generation of the C2 fragment by trypsin and that
the TMD0 region might enhance the function of L0 in mediating
this suppression (16).

GSH-induced suppression of tryptic cleavage is specific for
the generation of the C2 tryptic fragment. In this study we used
several approaches to determine exactly the localization of the
cleavage site in MRP1 leading to the generation of the C2
tryptic fragment. Immunoblotting with specific antibodies to
either the C-terminal end of MRP1 or the His tag of a C-
terminal 10xHis-tagged MRP1 indicated that the C2 peptide
represents the C-terminal tail of MRP1. Furthermore, the C2
fragment was not associated with the membrane fraction fol-
lowing limited trypsin treatment. These data suggested that
the C2 fragment was derived from the C-terminal cytoplasmic
region of MRP1. Based on the molecular size of the C2 frag-
ment, this region would include the NBD2 domain and would
suggest that the cleavage site probably lies within the cytoplas-
mic region close to the C terminus of TM17 of MRP1.

Amino acid sequencing of the purified C2 fragment was
difficult, probably because the C2 band in SDS-PAGE con-
tained several different tryptic fragments. In fact, there are
several basic amino acids, Arg1249, Arg1263, Lys1265, Lys1272,
and Arg 1292, in the cytoplasmic region adjacent to the C ter-
minus of the predicted TM17 that could serve as tryptic diges-
tion sites. We had previously mutated Arg1249 to Ala (32) and
therefore tested this mutant for the generation of the C2 frag-
ment following trypsin digestion. This mutation did not alter
the generation of the C2 fragment (data not shown), suggesting
that Arg1249 is not the cleavage site in the C-terminal half of
MRP1. The closest arginine to Arg1249 in the cytoplasmic region
between TM17 and NBD2 is Arg1263. We therefore expressed a
C-terminal fragment, MRP1-(1264–1531) containing a 10xHis
tag in Sf21 insect cells, and we determined its migration rate in
SDS-PAGE compared with the C2 tryptic fragment. The mi-
gration rates were similar suggesting that Arg1263 may be the
main cleavage site in MRP1 responsible for the generation of
the C2 fragment. The predicted molecular weight of the MRP1-
(1264–1531) fragment is 30,022.25, whereas predicted molec-
ular weight of the MRP1-(1264–1531) fragment containing the
10xHis tag is 31,393.66. This is in contrast to the molecular
weights observed for the C2 fragments generated from KB/
MRP, Sf/MRP, and for the MRP1-(1264–1531) fragment when
analyzed by SDS-PAGE in which they migrate as a 35-, 36-,
and 36-kDa band, respectively. The slower migration of these
peptides on SDS-PAGE compared with the predicted molecular
weight may perhaps be attributed to post-translational modi-
fications (25).

We have found previously that a GSH-dependent drug-bind-
ing site may be located within the region encompassed by
amino acids 1223–1295 in MRP1 (30). We therefore investi-
gated whether the drug AG-A might affect the generation of the
C2 fragment. We found that AG-A could inhibit the generation
of the C2 tryptic fragment in the presence of GSH. Thus GSH-
dependent binding of AG-A itself and/or a GSH-induced con-
formational change of the drug-binding site may have pre-
vented the access of trypsin to the cleavage site. In a previous
study by Manciu et al. (36), MRP1 was less efficiently digested
by trypsin in the presence of both GSH and ADM or GSH and
3�-(3-methoxymorpholino)doxorubicin, but the digestion profile

FIG. 5. The L0 region of MRP1 is required for the GSH-induced
attenuation of the generation of the C2 tryptic fragment. A,
schematic diagram indicating the N-terminal domain (TMD0) of MRP1
that is connected to the P-gp-like core by a cytoplasmic linker (L0).
Sf21-expressed MRP1 constructs are indicated. N1–932 � C932–1531 and
TMD0L0 � �MRP represent two fragments of MRP1 co-expressed by
the dual expression vector. B, membrane vesicles were prepared from
Sf21 insect cells infected with recombinant baculovirus encoding either
full-length MRP1 or the indicated truncated or co-expressed MRP1
fragments. Membrane proteins (10 �g) from each sample were sub-
jected to 8.5% SDS-PAGE and immunoblotted with the anti-N-terminal
antibody r1 to detect MRP1, N1–932, and TMD0L0 (left) or with the
anti-C-terminal antibody m6 to detect MRP1, C932–1531, and �MRP
(right). Molecular weight markers are shown at right. C, membrane
vesicles (50 �g of protein) expressing various truncated and co-ex-
pressed MRP1 constructs as indicated were digested with trypsin in the
absence or presence of 10 mM GSH, as described in the legend to Fig. 1,
and immunoblotted with the m6 antibody.
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was very similar to that obtained with GSH alone. They there-
fore concluded that only GSH affects the conformation of MRP1
(36). The discrepancy between their study and our data may
perhaps be attributed to the difference in the drugs used and/or
the systems used to detect the tryptic fragments. The previous
study used silver staining to detect tryptic fragments. However
in our study tryptic fragments were detected by the more
sensitive method of immunoblot analysis with a specific mono-
clonal antibody against the C terminus of MRP1.

We cannot completely rule out the possibility that GSH
might interact with the drug-binding site of MRP1 only in the
presence of TMD0L0 or L0, thereby inhibiting access of trypsin
to the trypsin-sensitive site without inducing any conforma-
tional change in MRP1. However, our findings, together with
the reports described previously, strongly suggest that GSH
binding to MRP1 induces a conformational change that affects
the structural organization of the drug-binding site and facili-
tates the binding of AG-A.
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