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Purpose. Multidrug resistance-associated protein 3 (MRP3) was ini-
tially cloned as a hepatic transporter induced under cholestatic/
hyperbilirubinemic conditions. In the present study, transport prop-
erty of human MRP3 (hMRP3) was compared with that of rat MRP3
(rMRP3).
Methods. Adenosine 5� triphosphate (ATP)-dependent uptake of
several organic anions into the membrane vesicles isolated from the
Sf9 cells expressing hMRP3 and rMRP3 was measured by rapid fil-
tration technique.
Results. ATP-dependent uptake of glucuronide conjugates, glutathi-
one conjugates, and [3H]methotrexate (MTX) was stimulated by in-
fection of cDNAs for hMRP3 and rMRP3. The mean (± SE) Km

values for the uptake of 17� estradiol 17�-D-glucuronide ([3H]E217
�G) by hMRP3 and rMRP3 were 42.9 ± 4.3 �M and 33.4 ± 2.2 �M,
respectively. Although the Ki values of glucuronides on the uptake of
E217�G were similar in humans and rats, hMRP3 exhibited higher Ki

values toward MTX. In addition, although glycocholate and tauro-
lithocholate 3-sulfate (TLC-S) were transported by both hMRP3 and
rMRP3, taurocholate was only transported to a significant degree by
rMRP3. Moreover, the inhibitory effect of taurocholate and glyco-
cholate on the transport of E217�G was much more potent in rMRP3
compared to hMRP3.
Conclusion. Collectively, the substrate specificity of hMRP3 re-
sembles that of rMRP3 although differences were observed, particu-
larly in bile acid transport.
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INTRODUCTION

Following the initial molecular cloning of multidrug re-
sistance-associated protein (MRP) 1, an additional six MRP
proteins referred to as MRP2–7 have been cloned from hu-
mans and experimental animals (1,2). Of all the MRP family
proteins, the function of MRP1 and canalicular multispecific

organic anion transporter (cMOAT)/MRP2 has been well
characterized. Previous studies have shown that the substrate
specificity of MRP1 and cMOAT/MRP2 are similar and that
the substrates for these transporters include glutathione con-
jugates (such as leukotriene C4 [LTC4] and 2,4-dinitrophenyl-
S-glutathione [DNP-SG]), glucuronide conjugates (such as
17� estradiol 17�-D-glucuronide [[3H]E217 �G]), sulfated
bile acids (such as taurolithocholate 3-sulfate [TLC-S]), and
nonconjugated organic anions (such as methotrexate [MTX])
(3–7).

Previously, we have cloned rat MRP3 (rMRP3) as an
inducible transporter under cholestatic/hyperbilirubinemic
conditions; rMRP3 was induced in Eisai hyperbilirubinemic
rats whose cMOAT/MRP2 function is hereditarily defective
and in SD rats subjected to common bile duct ligation (8–10).
Moreover, we found that the expression of human MRP3
(hMRP3) was induced by phenobarbital in HepG2 cells in
culture (11). Based on immunohistochemical studies, König et
al. (12) showed that hMRP3 is expressed on the basolateral
membrane of hepatocytes and is overexpressed in patients
with Dubin-Johnson syndrome, suggesting that hMRP3 is
also induced under hyperbilirubinemic conditions. The baso-
lateral expression of hMRP3 on hepatocytes and cholangio-
cytes was also reported by Kool et al. (13). It is possible that
MRP3 functions as efflux transporter from hepatocytes to
circulating blood to switch the excretion route for organic
anions from bile to urine under the pathologic conditions.
Indeed, using membrane vesicles prepared from LLC-PK1
cells and HeLa cells transfected with rMRP3 cDNA, we have
shown that MRP3 transports some organic anions, including
glucuronide conjugates (e.g., E217�G) and MTX (14). More
recently, it has been demonstrated that rMRP3 transports
several kinds of bile acids (15). To examine the function of
hMRP3, Kool et al. (13) infected Madin-Darby canine kidney
(MDCK) II cells with its cDNA. They found that the cDNA
product is expressed on the basolateral membrane and is re-
sponsible for the basal efflux of DNP-SG, after preloading the
cells with its precursor (13). The hMRP3-expressing MDCK
II cells also acquired resistance to anticancer agents (13,16).
In the present study, we prepared membrane vesicle from Sf9
cells infected with recombinant baculovirus containing
hMRP3 and rMRP3 cDNA to characterize the species differ-
ences for the function of MRP3.

MATERIALS AND METHODS

Materials

[3H]E217�G (44 Ci/mmol), [3H]taurocholate (TC; 2.0 Ci/
mmol) and [3H]LTC4 (146.0 Ci/mmol) were purchased from
NEN Life Science Products (Boston, MA). [14C]Glycocholate
(GC; 55 mCi/mmol) and [3H]MTX (30 Ci/mmol) were pur-
chased from American Radiolabeled Chemicals, Inc (Bowing,
MO). Unlabeled and 3H-labeled DNP-SG (22.5 Ci/mmol)
were synthesized enzymatical ly using [glycine-2-
3H]glutathione (NEN Life Science Products) and 1-chloro-
2,4-dinitrobenzene and glutathione S-transferase (Sigma
Chemical Co., St.Louis, MO) as described previously (17).
[14C] 6-Hydroxy-5,7-dimethyl-2-methylamino-4-(3-
pyridylmethyl) benzothiazole (E3040) glucuronide (84.5 mCi/
mmol) and unlabeled E3040 glucuronide and sulfate were
prepared from E3040 (supplied by Eisai Co., Ltd., Tsukuba,
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Japan) as described previously (18). [3H]TLC-S was synthe-
sized from lithocholate-3-sulfate using [2-3H]taurine (30.3 Ci/
mmol) (NEN Life Science Products) as described previously
(19). 4-Methyl-umbelliferone (4-MU) glucuronide, 4-MU sul-
fate, LTC4, MTX, estrone sulfate, TC, GC, and TLC-S were
purchased from Sigma Chemical Co (St. Louis, MO).

Preparation of Membrane Vesicles from Sf9 Cells
Expressing hMRP3 and rMRP3

The Bac-to-Bac system (Life Technologies Inc., Gai-
thersburg, MD) was used to establish the recombinant bacu-
lovirus. Xba I-Kpn I fragment containing the full length of
hMRP3 (11) and BamH I-Kpn I fragment containing the full
length of rMRP3 (8) were inserted into pFastBact (Life Tech-
nologies Inc.) downstream of the polyhedrin promoter. As a
negative control, green fluorescence protein (GFP), a cytoso-
lic protein was used to allow monitoring of the infection ef-
ficiency. Sf9 cells were infected with the virus at 27°C for 72
h. For the preparation of membrane vesicle, Sf9 cells were
scraped from culture dishes, centrifuged at 1,500 × g, and
suspended in hypotonic buffer (1 mM Tris-HCl, pH 7.0) and
gently stirred for 1.5 h. Then, the solution was centrifuged at
10,000 × g and diluted with isotonic buffer (10 mM Tris-HCl,
pH 7.4; and 250 mM sucrose). Disrupted cells were homog-
enized with a glass/glass homogenizer and applied to a 38%
sucrose solution (Tris/Hepes, pH 7.4). After centrifugation at
280,000 × g for 45 min, the turbid layer was recovered and
centrifuged at 100,000 × g. The pellet was diluted with the
transport buffer (10 mM Tris, 250 mM sucrose, and 10 mM
MgCl2, pH 7.4) and passed through a 25-gauge needle. These
membrane vesicle preparations were rapidly frozen in liquid
N2 and were kept at −80 0C until required.

Preparation of Antibody

The polyclonal antibodies to hMRP3 and rMRP3 were
obtained by immunizing rabbits with a maltose-binding pro-
tein fusion protein containing the 147 and 136 amino acids
corresponding to 836-983 and 838-973 of the deduced amino
acid sequence, respectively. The pMAL-c2 expression vector
(New England Biolabs, Inc., Beverly, MA) was used for the
expression of the fusion protein. After purification using amy-
lose resin, rabbits were immunized with 250 �g fusion protein
mixed with Freund’s complete adjuvant (Sigma Chemical
Co.).

Western Blot Analysis

Membrane vesicles (25 �g) prepared as described above
were solubilized in sample buffer consisting of 2% SDS, 30%
glycerol, and 0.01% bromophenol blue (pH 6.8). The suspen-
sion was subjected to electrophoresis on 8.5% polyacrylamide
gel with 0.1% SDS and electrotransferred to a polyvinylidene
difluoride membrane (Millipore, Bedford, MA). The filter
was blocked with Tris-buffer/saline solution containing 0.05%
Tween 20% and 5% bovine serum albumin for 1 h at room
temperature and was probed overnight at 4°C with polyclonal
antibody (dilution 1:1000) that was prepared as described
above. Antibody was visualized with [125I] anti-rabbit anti-
body (Amersham Corp., Buckinghamshire, England), fol-
lowed by exposure to Fuji imaging plates (Fuji Photo Film
Co., Ltd., Kanagawa, Japan) for 3 h at room temperature, and
was analyzed with an imaging analyzer (BSA 2000, Fuji Photo
Film Co., Ltd.).

Transport Studies with Sf9-Membrane Vesicles

Transport studies were performed using the rapid filtra-
tion technique reported previously (20). The transport me-
dium contained the isotopically labeled ligand, 5 mM adeno-
sine 5� triphosphate (ATP) or 5 mM adenosine monophos-
phate (AMP), and an ATP-regenerating system (10 mM
creatine phosphate, 10 mM MgCl2 � 6H2O, and 100 �g/ml cre-
atine phosphokinase, pH 7.4). A 16-�l aliquot of transport
medium was mixed rapidly with 4 �l vesicle suspension (5–10
�g protein). In the inhibition study, several compounds were
dissolved in transport buffer at the indicated concentrations.

The transport reaction was stopped by the addition of 1
ml ice-cold buffer containing 250 mM sucrose, 0.1 M NaCl,
and 10 mM Tris-HCl (pH 7.4). The stopped reaction mixture
was filtered through a 0.45-�m HA filter (Millipore Corp.,
Bedford, MA) and then was washed twice with a 10-ml stop
solution. The radioactivity retained on the filter and in the
reaction mixture was measured in a liquid scintillation
counter (LS 6000SE, Beckman Instruments, Fullerton, CA)
following the addition of scintillation cocktail (Clear-sol I,
Nacalai Tesque, Tokyo, Japan). Radioactivity retained on the
filter was the same when a 0.22-�m HA filter was used for the
uptake study of E217�G, suggesting that the loss of mem-
brane vesicles by filtration through the 0.45-�m HA filter is
negligible (data not shown). Ligand uptake activity is given by
normalizing the amount associated with the membrane
vesicles (pmol/mg protein) by the ligand concentration in the
medium (�M � pmol/�l).

Fig. 1. Western blot analysis of hMRP3 and rMRP3 proteins in mem-
brane vesicles isolated from infected Sf9 cells. Membrane vesicles (25
�g) prepared from hMRP3-, rMRP3-, and GFP-expressing Sf9 cells
(25 �g) were separated on an 8.5% polyacrylamide gel containing
0.1 % SDS. The proteins transferred to the polyvinylidene difluoride
membrane by electroblotting were detected by polyclonal anti-
hMRP3 (lanes 1 and 2) and anti-rMRP3 (lanes 3 and 4) antiserum.
Lane 1 and 3, GFP expressing Sf9; lane 2, hMRP3 expressing Sf9 (25
�g); lane 4, rMRP3 expressing Sf9 (25 �g).
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The ATP-dependent uptake was determined by subtract-
ing the uptake in the absence of ATP from that in the pres-
ence of ATP. The kinetic parameters were estimated as de-
scribed previously (20).

RESULTS

Uptake of Organic Anions into Membrane Vesicles

The expression of human and rat MRP3 in infected cells
was detected by Western blot analysis (Fig. 1). The antibodies
recognized bands of approximately 170 kDa for both hMRP3
and rMRP3 (Fig. 1), which is shorter than that observed in
mammalian cells presumably due to the lower degree of gly-
cosylation. In addition, no bands were observed in negative
control cell lines, which express only GFP, a cytosolic protein.

Time-profiles for the uptake of conjugates ([3H]DNP-
SG, [3H]LTC4, [3H]E217�G, and [14C]E3040-glu) by mem-
brane vesicles from Sf9 cells are shown in Fig. 2. ATP-
dependent uptake of glucuronide-conjugates ([3H]E217�G
and [14C]E3040-glu) was stimulated in hMRP3- and rMRP3-
expressing Sf9 cells (Fig. 2). Although significant ATP-
dependent uptake of glutathione conjugates ([3H]DNP-SG
and [3H]LTC4) was observed even in the control membrane
vesicles, the expression of hMRP3 and rMRP3 increased the
uptake (Fig. 2), suggesting that these glutathione conjugates
are also transported by both hMRP3 and rMRP3.

A kinetics analysis revealed that the ATP-dependent up-
take of [3H]E217 �G into membrane vesicles from hMRP3-
and rMRP3-infected Sf9 cells can be described by a single
saturable component with Km � 42.9 ± 4.3 �M and Vmax �

553 ± 29 pmol/min/mg protein for the former, and Km � 33.4
± 2.2 �M and Vmax � 1.47 ± 0.08 nmol/min/mg protein for the
latter (Fig. 3). ATP-dependent uptake of DNP-SG and LTC4

via hMRP3 and rMRP3 was not enough to demonstrate the
kinetics analysis for these compounds.

Figure 4 shows the time-profile for the uptake of
[3H]MTX into membrane vesicles expressing human and rat
MRP3. ATP-dependent uptake of [3H]MTX was stimulated
by infection of hMRP3 and rMRP3 cDNAs. In addition,
ATP-dependent uptake of [3H]MTX was inhibited by
E217�G and E3040-glu in a concentration-dependent manner
(Fig. 4). Moreover, the uptake of [3H]MTX was inhibited by
1 mM unlabeled MTX for rMRP3, whereas only slight inhi-
bition was observed for hMRP3 (Fig. 4).

Figure 5 shows the time-profiles for uptake of monova-
lent bile acids ([3H]TC and [3H]GC) and sulfate-conjugated
bile acid ([3H]TLC-S) into membrane vesicles isolated from
hMRP3- and rMRP3-expressing Sf9 cells. For rMRP3, the
uptake of [3H]TC and [3H]GC was stimulated by baculovirus
infection. In contrast, no ATP-dependent uptake of [3H]TC
was detected for hMRP3, although that of [3H]GC was sig-
nificant (Fig. 5). Moreover, the ATP-dependent uptake of
[3H]TLC-S was stimulated to 236% and 197% of that of the
GFP control by the expression of hMRP3 and rMRP3, sug-

Fig. 2. Time-profiles for the uptake of conjugated compounds. Membrane vesicles (10 �g protein) from human (upper) and rat (lower)
MRP3-expressing (circles) or GFP-expressing (squares) Sf9 cells were incubated at 37°C with 5 mM ATP (closed symbols) or AMP
(opened symbols) and ATP-regenerating system in medium containing 100 nM [3H]DNP-SG (panels a and e), 5 nM [3H]LTC4 (panels
b and f), 50 nM [3H]E217 �G (panels c and g), and 10 �M [14C]E3040-glu (panels d and h). Uptake amount (pmol/mg protein) was
normalized by the ligand concentration (pmol/�l). Each point and vertical bar represent the mean ± SE of triplicate determinations
(closed symbols) or the mean of two determinations (open symbols).
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Fig. 3. Eadie-Hofstee plot for the uptake of E217 �G by membrane vesicles. Membrane vesicles isolated from hMRP3-expressing
(a) and rMRP3-expressing (b) Sf9 cells were incubated at 37°C for 2 min with 5 mM ATP or AMP and ATP-regenerating system
in medium containing 100 nM [3H]E217 �G and different concentration of E217 �G (2 – 100 �M). The ATP-dependent uptake
was obtained by subtracting the values in the absence of 5 mM ATP from those in the presence of ATP. Each point and
vertical/horizontal bar represent the mean ± SE of triplicate determinations (closed symbols).

Fig. 4. Time-profiles for the uptake of [3H] MTX (a and b) and inhibitory effect of several organic anions for the uptake of [3H]
MTX (panel c and d). Membrane vesicles (10 �g protein) from human (a) and rat (b) MRP3-expressing (circle) or GFP-
expressing (square) Sf9 cells were incubated at 37°C with 5 mM ATP (closed symbols) or AMP (open symbols) and ATP-
regenerating system in medium containing 120 nM [3H]MTX. Uptake amount (pmol/mg protein) was normalized by the ligand
concentration (pmol/�l). Each point and vertical bar represent the mean ± SE of triplicate determinations (closed symbols) or
the mean of two determinations (open symbols). ATP-dependent uptake of [3H] MTX for 10 min via hMRP3 (c) and rMRP3
(d) was calculated by subtracting values in the absence of 5 mM ATP from those in the absence of ATP. Transport was
expressed as percent of control uptake. Each bar and horizontal bar represent the mean ± SE of triplicate determinations.
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gesting that hMRP3 and rMRP3 accept sulfate-conjugated
bile acids along with the monovalent bile acids (Fig. 5).

To compare the transport activity between hMRP3 and
rMRP3, the relationship between the values for the initial
ATP-dependent uptake of a series of organic anions was ex-
amined in the two mammalian species. The values for the
enhanced ATP-dependent uptake rate by hMRP3 and
rMRP3 expression to that of GFP control calculated from
Figs. 2, 4, and 5 were plotted in Fig. 6. The initial ATP-
dependent uptake rate for several compounds was well cor-
related between hMRP3 and rMRP3 (r � 0.99), suggesting
that substrate specificity of hMRP3 was similar to that of
rMRP3 (Fig. 6). The only exception involved TC; rMRP3
accepted TC in preference to hMRP3 (Fig. 6).

Effect of Organic Anions on ATP-Dependent Uptake of
[3H]E217 �G

Table 1 shows the effect of organic anions on the
hMRP3-mediated uptake of [3H]E217 �G. Ki values for
hMRP3 estimated from this study and those for rMRP3 cal-
culated from Hirohashi et al. (14) were also included in Table
1. Glucuronide conjugates (E3040-glu and 4-MU glucuro-
nide) significantly inhibited the uptake of [3H]E217 �G via
hMRP3 and rMRP3 with comparable Ki values of 5.6 ± 1.0
�M and 105 ± 21 �M, and 2.6 ± 0.2 �M and 77 ± 12 �M,
respectively (Table 1). Moreover, the inhibitory effect of

MTX was much less potent for hMRP3 than that for rMRP3
(Table 1). Ki values of MTX against hMRP3 and rMRP3 were
>1 mM and 90.0 ± 23.7 �M, respectively (Table 1). In addi-
tion, a stimulatory effect by sulfate conjugates (E3040 sulfate
and 4-MU sulfate) was observed (see Fig. 8). The inhibitory
effect of TC and GC on the uptake of [3H]E217 �G is shown
in Fig. 7. The Ki values of TC and GC on hMRP3 function
(538 ± 41 �M and 847 ± 256 �M, respectively) were much
larger than those on rMRP3 (74.2 ± 17.6 �M and 46.8 ± 7.0
�M, respectively) (Fig. 7).

DISCUSSION

In the present study, we compared the substrate speci-
ficity between hMRP3 and rMRP3 using membrane vesicles
from Sf9 cells infected with baculoviruses containing these
cDNAs. Western blot analysis indicated the expression of
both hMRP3 and rMRP3 at approximately 170 kDa (Fig. 1),
which was similar to the reported values for MRP family
members (3,4,6).

We found a nice correlation in the initial velocity for the
uptake of a series of organic anions between hMRP3 and
rMRP3, with monovalent bile acids being the only exception
(Fig. 6). This suggests that transport ability for several organic
anions is similar between hMRP3 and rMRP3. Indeed, both
hMRP3 and rMRP3 can accept both glucuronide and gluta-
thione conjugates (Fig. 2) (14). Moreover, like rMRP3, the

Fig. 5. Time-profiles for the uptake of bile acids. Membrane vesicles (10 �g protein) from human (upper) and rat (below) MRP3-
expressing (circle) or GFP-expressing (square) Sf9 cells were incubated at 37°C with 5 mM ATP (closed symbols) or AMP (open
symbols) and ATP-regenerating system in medium containing 1.2 nM [3H]TC (a and d), 25 �M [14C] GC (b and e), and 25 nM
[3H]TLC-S (c and f). Uptake amount (pmol/mg protein) was normalized by the ligand concentration (pmol/�l). Each point and vertical
bar represent the mean ± SE of triplicate determinations (closed symbols) or the mean of two determinations (open symbols)
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transport activity of hMRP3 for E217�G was much higher
than that for DNP-SG (Fig. 6), which is different from that of
human MRP2 (21). Our data are also consistent with the
recent study showing that the transport activity of hMRP3 for
DNP-SG and MTX, defined as Vmax/Km, was lower than that
for E217�G (22). The fact that hMRP3 transports DNP-SG
(Fig. 2) is consistent with the previous observations (13), in
which there was accelerated export of DNP-SG from hMRP3-
transfected MDCK II cells after preloading the cells with pre-
cursor (1-chloro-2,4-dinitrobenzene). In addition, hMRP3-
transfected mammalian cells acquired resistance to MTX
(13,16). Their results are also consistent with our present re-
sults showing that hMRP3 can also transport MTX (Fig. 4).
Furthermore, the kinetics parameters for the transport of or-
ganic anions by hMRP3 were similar to that by rMRP3. For
example, Km values for E217�G were similar in the two ani-
mal species (42.9 ± 4.3 and 33.4 ± 2.2 �M for hMRP3 and
rMRP3, respectively; Fig. 3). The Km value for E217�G via
hMRP3 was also comparable with that reported recently (22).
The inhibitory effect of glucuronide conjugates was similar
for both hMRP3 and rMRP3; the Ki values of E3040-glu and
4-MU glucuronide were less than 5 �M and approximately 50
�M, respectively, for both hMRP3 and rMRP3 (Table 1) (14).
These results are consistent with the findings in the inhibition
studies for the uptake of [3H]MTX (Fig. 4). The ATP-
dependent transport of [3H]MTX by hMRP3 and rMRP3 was
inhibited by 40 �M E217�G and 5 �M E3040-glu to 40–60%
of the control, which is accounted for by considering the Km

Fig. 6. Comparison of the initial ATP-dependent uptake of several
organic anions by membrane vesicles prepared from hMRP3- and
rMRP3-expressing Sf9 cells. ATP-dependent uptake rate (pmol/min/
mg protein) was normalized by the medium concentration (pmol/�l).
Mean values for ATP-dependent uptake in hMRP3 and rMRP3 for 2
min were cited from Figs. 2, 4, and 5.

Table I. Effects of Compounds on the ATP-Dependent Uptake of [3H]E217�G by Membrane Vesicles
from Human MRP3-Expressing Sf9 Cellsa

Inhibitor
Concentration

(�M) % Control

Ki

Human Rat

Control 100
E3040 glucuronide 2 69.5 ± 4.8

10 35.3 ± 4.7
50 18.1 ± 1.3 5.6 ± 1.0 �M 2.6 ± 0.2 �M

100 10.8 ± 1.8
500 2.2 ± 1.0

4-Methylumbelliferone glucuronide 2 83.9 ± 5.8
10 82.5 ± 1.8
30 68.2 ± 5.5 105 ± 21 �M 77.0 ± 11 �M

125 35.1 ± 0.9
500 23.0 ± 2.2

MTX 10 80.4 ± 6.8
50 78.3 ± 0.9

200 70.0 ± 3.7 1.2 ± 0.2 mM 90.0 ± 23 �M
500 63.3 ± 3.8

1000 64.2 ± 3.5
DNP-SG 5 82.2 ± 2.7

20 83.0 ± 5.9
50 76.0 ± 1.9

337 ± 41 �M 83.8 ± 2.7 �M
150 71.5 ± 2.6
500 42.8 ± 2.4

1000 24.1 ± 1.4
LTC4 0.1 92.8 ± 5.4

0.5 93.9 ± 4.2
>10 �M ∼2.5 �M

2.5 99.3 ± 2.7
10 86.4 ± 5.8

a Inhibitory effect is given as the mean ± SE whereas ki values are given as the mean ± SD.
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and Ki values of these glucuronide conjugates (Fig.4). In the
present study, it was demonstrated that sulfate conjugates,
such as E3040 sulfate and 4-MU sulfate, stimulated the
hMRP3-mediated transport of E217�G (Fig. 8). These results

are consistent with previous observations for mammalian
MRP family proteins. We have indicated that E3040 sulfate
and 4-MU sulfate stimulate the uptake of DNP-SG and
E217�G into isolated rat canalicular membrane vesicles ex-
pressing MRP2 and into membrane vesicles from rMRP3-
expressing LLC-PK1 cells, respectively (14,20). In addition,
Bakos et al. (23) recently reported the stimulatory effect of
indomethacin, sulfinpyrazone, and benzylpenicillin on MRP1-
and MRP2-mediated transport of N-ethylmaleimide-
glutathione. Although the mechanism for these stimulation
remains to be clarified, it is possible that MRP family proteins
may have an allosteric site as has been suggested for MDR1
(24).

A marked difference was observed between hMRP3 and
rMRP3 in terms of the kinetic parameters for the transport of
MTX and bile acids. The affinity of hMRP3 for MTX (Ki �

1.2 mM; Table 1) was much lower than that of rMRP3 (Ki �

90 �M; Table 1). This is in good agreement with the finding
that the ATP-dependent uptake of [3H]MTX was reduced by
70% by 200 �M unlabeled MTX in rMRP3 (Fig. 4), whereas
only a 30% reduction was observed in hMRP3 even in the
presence of 1 mM MTX (Fig. 4). In the same manner, the
inhibitory effect of TC and GC on rMRP3 was approximately
10–20 times more potent than that on hMRP3 (Fig. 7).

Moreover, TC was significantly transported by rMRP3,
but not by hMRP3 (Fig. 5). For hMRP3, GC was a better
substrate than TC, whereas TC was preferentially transported
by rMRP3 rather than GC (Fig. 5). Similar to hMRP3, human
ileal Na+-bile acid cotransporter has higher transport activity
for GC than that for TC (25). It has been reported that ap-
proximately 70% of bile acids are present as glycine conju-
gates in humans, whereas >90% are present as taurine con-
jugates in rats under physiologic conditions (26,27). Consid-
ering this species difference in endogenous bile acid
composition, preferential transport of GC compared with TC

Fig. 7. Effect of TC and GC on the ATP-dependent uptake of [3H]E217�G by membrane vesicles isolated from hMRP3- and rMRP3-
expressing Sf9 cells. Membrane vesicles isolated from human (closed circle) and rat (open circle) MRP3-expressing Sf9 cells were incubated
at 37°C for 2 min, with 5 mM ATP or AMP and ATP-regenerating system in medium containing 50 nM [3H] E217 �G and different
concentrations of TC (a) and GC (b) at the indicated concentrations. The ATP-dependent uptake was obtained by subtracting the values in
the absence of ATP from those in the presence of ATP. Transport was expressed as percentage of the control uptake. Each point and vertical
bar represent the mean ± SE of three different experiments

Fig. 8. Effect of E3040 sulfate and 4-MU sulfate on the ATP-
dependent uptake of [3H]E217�G by membrane vesicles isolated
from hMRP3-expressing Sf9 cells. Membrane vesicles isolated from
hMRP3-expressing Sf9 cells were incubated at 37°C for 2 min, with 5
mM ATP or AMP and ATP-regenerating system in medium contain-
ing 50 nM [3H] E217 �G, and different concentrations of E3040 sul-
fate (circle) and 4-MU sulfate (square) at the indicated concentra-
tions. The ATP-dependent uptake was obtained by subtracting the
values in the absence of ATP from those in the presence of ATP.
Transport was expressed as percentage of the control uptake. Each
point and vertical bar represent the mean ± SE of three different
experiments

Akita et al.40



by human transporters may have some physiologic signifi-
cance.

Collectively, these results indicate that the substrate
specificity of hMRP3 resembles that of rMRP3, although
some major differences were observed, particularly in the
transport of bile acids and inhibitory effect of MTX and
monovalent bile acids.
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