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ABSTRACT: Human multidrug resistance protein (MRP) 3 is the most closely related homologue of MRP1.
Like MRP1, MRP3 confers resistance to etoposide (VP-16) and actively transports 17â-estradiol 17-(â-
D-glucuronide) (E217âG), cysteinyl leukotriene 4 (LTC4), and methotrexate, although with generally lower
affinity. Unlike MRP1, MRP3 also transports monovalent bile salts. We have previously demonstrated
that hydrogen-bonding residues predicted to be in the inner-leaflet spanning segment of transmembrane
(TM) 17 of MRP1 are important for drug resistance and E217âG transport. We have now examined the
importance of the hydrogen-bonding potential of residues in TM17 of MRP3 on both substrate specificity
and overall activity. Mutation S1229A reduced only methotrexate transport. Mutations S1231A and N1241A
decreased resistance to VP-16 and transport of E217âG and methotrexate but not taurocholate. Mutation
Q1235A also reduced resistance to VP-16 and transport of E217âG but increased taurocholate transport
without affecting transport of methotrexate. Mutations Y1232F and S1233A reduced resistance to VP-16
and the transport of all three substrates tested. In contrast, mutation T1237A markedly increased VP-16
resistance and transport of all substrates. On the basis of the substrates analyzed, residues Ser1229, Ser1231,
Gln1235, and Asn1241 play an important role in determining the specificity of MRP3, while mutation of
Tyr1232, Ser1233, and Thr1237 affects overall activity. Unlike MRP1, the involvement of polar residues in
determining substrate specificity extends throughout the TM helix. Furthermore, elimination of the
hydrogen-bonding potential of a single amino acid, Thr1237, markedly enhanced the ability of the protein
to confer drug resistance and to transport all substrates examined.

The frequent occurrence of resistance to a wide variety
of structurally and functionally unrelated anticancer drugs
is a significant barrier to successful treatment of cancer
patients. Experimentally and in some cases clinically, mul-
tidrug resistance (MDR)1 is often associated with overex-
pression of ATP-dependent drug-efflux pumps, such as
multidrug resistance protein 1 (MRP1), P-glycoprotein (P-
gp), and breast cancer resistance protein (BCRP/MXR), all
of which belong to the ATP binding cassette (ABC)
superfamily of transporters (1-10). MRP1, or ABCC1, is a
member of the ABCC branch of the superfamily and can
confer resistance to many commonly used, structurally

diverse natural product chemotherapeutic agents, including
anthracyclines,Vinca alkaloids, and epipodophyllotoxins
(11-14). The protein is also a primary active transporter of
many glutathione-, glucuronate-, and sulfate-conjugated
organic anions (15-19).

Since the identification of MRP1, several MRP1-related
proteins have been cloned, including MRP2 to -7 and
ABCC11 and -12 (20-29). Among the MRP family mem-
bers, MRP3 shares the highest degree of structural resem-
blance to MRP1 (58% amino acid identity). MRP3, which
is composed of 1527 amino acid residues, is predicted to
contain a typical ABC transporter core structure, consisting
of two membrane-spanning domains (MSDs) and two
nucleotide binding domains, plus an additional NH2-terminal
MSD (MSD1) that is comprised of five transmembrane (TM)
helices (24). Thus, the predicted topology of MRP3 is similar
to that of MRP1 (30-33), containing a total of 17 TM helices
with an extracellular NH2 terminus.
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Several studies using transfected cells have demonstrated
that, when overexpressed, MRP3 increases resistance to
etoposide (VP-16) (34, 35). MRP3 is also capable of
transporting methotrexate in an ATP-dependent manner and
conferring a high level of resistance to short-term exposure
to this drug (36-38). Increased expression of MRP3 has also
been observed in some solid tumors (39-43). One study
reported that plasma membrane expression of MRP2 and
MRP3, but not MRP1, could contribute to the MDR
phenotype in human hepatocellular carcinoma (41). In
addition, membrane vesicles prepared from MRP3-trans-
fected cells transport the MRP1 and MRP2 substrates 17â-
estradiol 17-(â-D-glucuronide) (E217âG), cysteinyl leukot-
riene 4 (LTC4), and dinitrophenyl-S-glutathione (35, 37, 38,
44). However, LTC4 is a low-affinity substrate of MRP3 (Km

∼5.0 µM), in comparison to MRP1 (Km ∼0.1 µM) and
MRP2 (Km ∼1.0 µM). In addition to methotrexate, MRP3
also actively transports folic acid and leucovorin (36). Among
the substrate specificity differences from MRP1, one of the
most striking is MRP3’s ability to transport conjugated
monoanionic bile acids such as taurocholic and glycocholic
acids (38, 45-48).

The physiological functions of MRP3 remain largely
unknown. The protein is present in adrenal gland, kidney,
ileum, colon, pancreas, and gall bladder and at relatively low
levels in normal liver (42, 49-51). Like MRP1, MRP3 is
localized in basolateral membranes (49, 51-53). It has been
reported that expression of MRP3 in human enterocytes was
increased by bile salts (54), suggesting a role for MRP3 in
the enterohepatic circulation of bile salts by transporting them
from enterocytes into the circulation and so preventing the
accumulation of intracellular bile salts. The hepatic expres-
sion of MRP3 was also significantly enhanced in rats made
cholestatic by bile duct ligation and in humans suffering from
cholestasis (52, 55-57). These findings suggest a role for
MRP3 in the removal of organic anions from the liver into
the blood under cholestatic conditions.

In the present study, we initially characterized the drug
resistance and transport profiles of wild-type MRP3 in human
embryonic kidney (HEK293) cells stably overexpressing the
protein. These studies confirmed that MRP3 was capable of
increasing resistance to VP-16 but not to doxorubicin,
cisplatin, and vincristine and of transporting E217âG and
methotrexate. We also found that human MRP3 transported
taurocholate in an ATP-dependent manner. How MRP3
recognizes these structurally diverse substrates is unclear.
Identification of specific amino acid residues in MRP3
involved in overall function and/or substrate specificity is
at a very early stage (48, 58). We previously demonstrated
that mutations of certain amino acid residues with side chains
capable of hydrogen bonding within TM17 of MRP1 can
modulate substrate specificity of the protein (59-61). In
addition, we have recently shown that mutations of a highly
conserved tryptophan predicted to be at or close to the
cytoplasmic membrane interface of TM17 in both MRP1 and
MRP3 have different effects on the substrate specificities of
the two proteins (48, 61). The whole of TM17 is exception-
ally well conserved between MRP3 (residues 1224-1244)
and MRP1 (residues 1228-1248) with 19 of 21 amino acids
being identical. Given the overlapping but nevertheless
distinct substrate specificities of MRP1 and MRP3, we have
now investigated the role of all other polar residues within

TM17 in determining the substrate specificity of MRP3. The
mutant proteins have been stably expressed in HEK293 cells
and the transfectants characterized with respect to their ability
to confer VP-16 resistance and to transport methotrexate,
E217âG, and taurocholate. The results of these studies
demonstrated that all polar residues, predicted to be in TM17
of MRP3, affected the substrate specificity and/or overall
activity of the protein to varying extents. The data also
indicate that despite the highly conserved structure of TM17,
MRP1 and MRP3 display major differences with respect to
the interaction of both conserved and nonconserved amino
acid residues in TM17 with common substrates.

EXPERIMENTAL PROCEDURES

Materials. Culture medium and fetal bovine serum were
obtained from Invitrogen. [3H]E217âG (44 Ci/mmol) and
[3H]taurocholate (2 Ci/mmol) were from Perkin-Elmer Life
Sciences, and [3H]methotrexate (29 Ci/mmol) was from
Moravek Biochemicals, Inc. (Brea, CA). Doxorubicin hy-
drochloride, etoposide (VP-16), and vincristine sulfate were
obtained from Sigma.

Site-Directed Mutagenesis. Full-length MRP3 cDNA with
an optimized Kozak sequence was generated by reverse
transcriptase PCR using mRNA from the human non small
cell lung cancer cell line A549. The MRP3 cDNA was
introduced into pBluescript II KS+ (Stratagene, La Jolla, CA)
and sequenced. The sequence obtained was identical to that
published previously (accession no. CAA76658; gi 3087794).
All mutations were generated using the Transformer site-
directed mutagenesis kit (CLONTECH). Templates were
prepared by cloning∼1.6 kb restriction fragments of human
MRP3 nucleotides into pGEM-3Zf (Promega). Mutagenesis
was then performed according to the manufacturer’s instruc-
tions using a selection primer 5′-GAG AGT GCA CGA TAT
CCG GTG TG-3′ that mutates a uniqueNdeI site in the
vector to anEcoRV restriction site. Oligonucleotides bearing
mismatched bases at the residues to be mutated (underlined)
were synthesized by ACGT Corp. (Toronto, Canada). They
are as follows: S1229A (5′-GGG CTG GTG GGG CTA
GCT GTG TCC TAC TCC-3′), S1231A (5′-GC CTT TCT
GTG GCC TAC TCC CTG CAG GTG ACA-3′), Y1232F
(5′-T TCT GTG TCC TTC TCC TTA CAG GTG ACA TTT
G-3′), S1233A (5′-CT GTG TCC TAC GCC CTG CAG
GTG ACA TTT G-3′), Q1235A (5′-G TCC TAC TCC TTG
GCG GTG ACA TTT GCT C-3′), T1237A (5′-CC TTG
CAG GTG GCA TTC GCT CTG AAC TGG-3′), T1237S
(5′-CC TTG CAG GTG TCC TTC GCT CTG AAC TGG-
3′), T1237G (5′-CC TTG CAG GTG GGA TTC GCT CTG
AAC TGG-3′), T1237L (5′-CC TTG CAG GTG CTA TTC
GCT CTG AAC TGG-3′), and N1241A (5′-GTG ACA TTT
GCG CTA GCC TGG ATG ATA C-3′).

All mutations were confirmed by sequencing using DNA
thermo sequenase and Cy5.5 and Cy5.0 dye terminator/
primer (Amersham Biosciences). DNA fragments containing
the desired mutations were transferred into pCEBV7-MRP3,
after which the entire mutated inserts and the cloning sites
were verified by DNA sequencing (ACGT Corp., Toronto,
Canada).

Cell Lines and Tissue Culture. All of the wild-type and
mutated MRP3 constructs were analyzed as stably transfected
HEK293 cells grown in DMEM supplemented with 10%
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fatal bovine serum and 100µg/mL hygromycin B (Roche)
as described previously (13, 62). Briefly, HEK293 cells were
transfected with pCEBV7 vectors containing wild-type or
mutant MRP3 using Fugene6 (Roche Molecular Biochemi-
cals) according to the manufacturer’s instructions. After∼48
h, the transfected cells were supplemented with fresh medium
containing 100µg/mL hygromycin B. Approximately 3
weeks posttransfection, the hygromycin B-resistant cells were
cloned by limiting dilution, and the resulting cell lines were
tested for expression of the wild-type and mutant proteins.

Determination of Protein LeVels in Transfected Cells.
Plasma membrane vesicles were prepared by centrifugation
through sucrose, as described previously (15, 16). After
determination of protein levels by Bradford assay (Bio-Rad),
total membrane protein (0.5, 1.0, and 1.25µg) from
transfectants expressing wild-type MRP3 and various mutant
proteins were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis using a 7.5% gel. Proteins
were subsequently transferred to Immobilon-P poly(vi-
nylidene difluoride) membranes (Millipore, Bedford, MA)
by electroblotting. The proteins were detected with mono-
clonal antibody (mAb), M3II-9 (Kamiya Biomedical Co.,
Seattle, WA). Antibody binding was detected with horserad-
ish peroxidase-conjugated goat anti-mouse IgG (Pierce),
followed by enhanced chemiluminescence detection and
X-Omat Blue XB-1 films (Perkin-Elmer Life Sciences).
Densitometry of the film images was performed using a
ChemiImager 4000 (Alpha Innotech Corp., San Leandro,
CA). The relative protein expression levels were calculated
by dividing the integrated densitometry values obtained for
0.5, 1.0, and 1.25µg of total membrane protein from
transfectants expressing the mutant proteins by the integrated
densitometry values obtained for the comparable amounts
of total membrane proteins from transfectants expressing the
wild-type protein. Each comparison was performed at least
three times in independent experiments. The results were then
pooled, and the mean values were used for normalization
purposes.

ChemosensitiVity Testing. Drug resistance was determined
using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay as described previously
(11, 13, 59, 60, 62). Briefly, cells were seeded at 7× 103

cells/well in 100µL of culture medium in 96-well tissue
culture plates. The following day, various concentrations of
drug diluted in culture medium were added to cells (100µL/
well). After incubation for an additional 96 h, 100µL of
medium was removed from each well, and the MTT reagent
[25 µL/well, 2 mg/mL phosphate-buffered saline (PBS)]
(Sigma) was added. After 3 h, the formazan was solubilized
by mixing with 1 N HCl/isopropyl alcohol (1:24) (100µL/
well). Color density was determined using the ELX 800 UV
spectrophotometer (570 nm). Mean values of quadruplicate
determinations( SD were plotted using GraphPad software.
IC50 values were obtained from the best fit of the data to a
sigmoidal curve. Relative resistance is expressed as the ratio
of the IC50 value of cells transfected with MRP3 expression
vectors to that of cells transfected with empty vector.
Resistance factors were determined in three or more inde-
pendent experiments. The significance of the difference
between relative resistance factors of wild-type and mutant
MRP3 transfectants was determined using an unpaired
Student’st test.

E217âG, Taurocholate, and Methotrexate Transport by
Membrane Vesicles. Plasma membrane vesicles were pre-
pared as described previously, and ATP-dependent transport
of [3H]E217âG into the inside-out membrane vesicles was
measured by a rapid filtration technique (15, 16). Briefly,
vesicles (20µg of total proteins) were incubated at 37°C in
100 µL of transport buffer (50 mM Tris-HCl, 250 mM
sucrose, 0.02% sodium azide, pH 7.4) containing ATP or
AMP (4 mM), 10 mM MgCl2, and [3H]E217âG (400 nM,
100 nCi). At the indicated times, 20µL aliquots were
removed and added to 1 mL of ice-cold transport buffer,
followed by filtration under vacuum through glass fiber filters
(Type A/E, Gelman Sciences, Dorval, Quebec, Canada).
Filters were immediately washed twice with 4 mL of cold
transport buffer, and the bound radioactivity was determined
by scintillation counting. All data were corrected for the
amount of [3H]E217âG that remained bound to the filter in
the absence of vesicle protein (usually<5% of the total
radioactivity). [3H]E217âG uptake was expressed relative to
the total protein concentration in each reaction. ATP-
dependent uptake of [3H]taurocholate (4µM) and [3H]-
methotrexate (1µM) was measured as described for [3H]E2-
17âG. Glass fiber filters used for examining [3H]taurocholate
uptake were soaked in transport buffer containing methylated
bovine albumin (Sigma, 1 mg/mL) overnight at 4°C.

Km and Vmax values of ATP-dependent [3H]taurocholate
uptake by membrane vesicles (5µg of total proteins) were
measured at various taurocholate concentrations (1-32µM)
for 5 min at 37°C in 25 µL of transport buffer containing
4 mM ATP and 10 mM MgCl2, followed by nonlinear
regression analyses. Kinetic parameters of ATP-dependent
[3H]E217âG (0.1-135 µM) uptake were determined as
described for [3H]taurocholate except that the reaction was
carried out for 1 min at 37°C.

RESULTS

Characterization of Wild-Type MRP3 in Stably Transfected
HEK293 Cells. The episomal expression vector, pCEBV7,
containing the wild-type form of MRP3 cDNA was used to
stably transfect HEK293 cells, and populations of transfected
cells were selected in hygromycin B. The resultant stably
transfected cell populations were cloned by limiting dilution,
and subpopulations expressing high levels of MRP3 were
used in subsequent studies. Immunoblot analysis of plasma
membrane vesicles isolated from MRP3 stably transfected
HEK293 cells revealed an intensely immunoreactiveMr

190000 band after reaction with mAb, M3II-9 (Figure 1A).
The expression level of MRP3 proteins was comparable to
that of wild-type MRP1 in previously characterized HEK
stable transfectants (13), as determined by normalization of
the levels of both proteins using MRP1/MRP3 hybrids as
standards for immunoblotting (data not shown). Endogenous
MRP3 in HEK293 cells transfected with the empty vector
was undetectable under the conditions used (Figure 1A). The
relative resistance of transfectants expressing wild-type
MRP3 was determined by MTT assays following exposure
to various concentrations of vincristine, doxorubicin, cispl-
atin, and VP-16 (Figure 1). We could not detect any
significant resistance to cisplatin, doxorubicin, and vincristine
in MRP3 stably transfected HEK293 cells (Figure 1B-D).
In contrast, cells stably expressing MRP3 showed significant
resistance to VP-16 when compared with cells transfected
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with empty vector (Figure 1E), consistent with previous
studies (34, 35). Under the same conditions, we examined
the drug resistance profile of previously described HEK
transfectants expressing wild-type MRP1 (data not shown)
(13). As previously reported, MRP1 conferred significant
resistance to VP-16 but not to cisplatin. However, unlike
MRP3 transfectants, cells stably expressing MRP1 also
showed high and moderate levels of resistance to both
vincristine and doxorubicin. The relative levels of resistance
to vincrinstine and doxorubicin conferred by MRP1 were
approximately 20- and 6-fold, respectively, when compared
with the control transfectants, consistent with previous studies
(13, 59, 60, 62).

Membrane vesicles enriched in MRP3 have been demon-
strated to transport E217âG and LTC4, as well as methotr-
exate and conjugated monoanionic bile acid glycocholate (35,
37, 38, 44). Using a transient transfection system, we found
previously that human MRP3 also transported another
monovalent bile salt, taurocholate (48). In this study, we have
confirmed the observation using stable HEK293 transfectants
(Figure 2A) and defined the kinetic parameters of taurocho-
late transport (Figure 2B). Nonlinear regression analysis of
the data yielded apparentKm andVmax values of 30( 9 µM
and 464( 84 pmol mg-1 (5 min)-1. Moreover, transport of
the common MRP1, MRP2, and MRP3 substrate, E217âG,
was inhibited by taurocholate with an IC50 value of ap-
proximately 40µM (Figure 2C). Under the same conditions,
membrane vesicles prepared from MRP1 stably transfected
HEK293 cells did not showed any ATP-dependent [3H]-
taurocholate uptake when compared with membrane vesicles
isolated from the control cells transfected with the empty
vector (data not shown).

Effect of Mutations on MRP3-Mediated [3H]E217âG, [ 3H]-
Methotrexate, and [3H]Taurocholate Transport. We have
previously shown that several polar residues within TM17
of MRP1, as well as the highly conserved Trp1242 in TM17
of MRP3, play important roles in the overall activity and/or
substrate specificity of these proteins (48, 59-60). To
examine the functional importance of all remaining polar
residues in TM17 of MRP3, we generated a series of seven
mutant proteins in which Ser1229, Ser1231, Ser1233, Gln1235,
Thr1237, or Asn1241 was replaced with Ala and Tyr1232 was
substituted with Phe (Figure 3). These mutant proteins were
then stably expressed in HEK293 cells so that the effects of
the mutations on both the transport of known substrates and
the ability of the protein to confer drug resistance could be
determined.

Stably transfected cell populations expressing high levels
of MRP3 mutant proteins were isolated as described for wild-
type MRP3, and the levels of mutant proteins relative to that
of wild-type MRP3 were determined by immunoblotting and
densitometry, as described. The expression levels of the
mutant proteins in stably transfected HEK293 cells were
similar to that of wild-type MRP3 (Figure 4A). The effects
of the mutations on the transport of E217âG were then
determined by transport assays (Figure 4B-E). Replacement
of Ser1229 with Ala had no significant effect on MRP3-
mediated E217âG uptake, whereas mutations S1231A,
Y1232F, S1233A, Q1235A, and N1241A all decreased the
transport activity. In contrast, conversion of Thr1237 to Ala
resulted in a significant (∼2.0-fold) increase in transport
activity.

We next examined the effect of mutations on methotrexate
transport (Figure 5). Replacement of Gln1235 by Ala had no

FIGURE 1: Resistance of stably transfected HEK293 cells to cisplatin (B), doxorubicin (C), vincristine (D), and VP-16 (E). Expression
levels of MRP3 protein in stably transfected HEK293 cells used for MTT assays were determined by immunoblotting of membrane vesicle
preparations as described. Blots (panel A) were probed with the MRP3-specific mAb M3II-9. The relative resistance of cells expressing
wild-type human MRP3 (HEK293MRP3, 2) and cells transfected with the empty expression vector (HEK293pC7, 9) was determined as
described.
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detectable effect. However, mutations S1229A, S1231A,
Y1232F, S1233A, and N1241A all reduced methotrexate
transport activity. Similar to the results obtained with E2-
17âG as a substrate, substitution of Thr1237with Ala resulted
in a mutant protein that displayed an enhanced transport
activity of the drug.

Having confirmed that human MRP3 transports taurocho-
late, we also determined the effects of TM17 mutations on
transport of this substrate (Figure 6). Mutations S1229A,
S1231A, and N1241A did not significantly influence trans-
port activity. However, mutations Y1232F and S1233A both
decreased taurocholate transport activity by approximately
30-50%. In contrast, mutations Q1235A and T1237A
increased the ability of MRP3 to transport the bile salt
approximately 1.5- and 3-fold, respectively. Thus, polar
amino acid residues Ser1229, Ser1231, Gln1235, and Asn1241

influenced the substrate specificity of MRP3, whereas
residues Tyr1232, Ser1233, and Thr1237 affected the ability of
MRP1 to transport all three substrates tested.

Kinetic Parameters of [3H]Taurocholate and [3H]E217âG
Transport by Wild-Type MRP3 and Mutants MRP3Q1235Aand
MRP3T1237A. We have shown that mutation T1237A increased
the ability of MRP3 to transport both E217âG and tauro-
cholate. Like mutation T1237A, replacement of Gln1235with
Ala also increased taurocholate uptake. However, this
mutation decreased E217âG transport. Thus, to determine
the influences of the two mutations on E217âG and tauro-
cholate transport more precisely, we comparedKm andVmax

values for the wild-type protein with mutants MRP3Q1235A

and MRP3T1237A (Figure 7). For wild-type and mutant MRP3,
the Km values for taurocholate transport were essentially
identical (30.4( 9.3 µM for wild-type MRP3; 37.2( 3.4
and 32.8 ( 4.2 µM for MRP3Q1235A and MRP3T1237A,
respectively) (Figure 7A, Table 1). In contrast, theVmax

values for mutants MRP3Q1235Aand MRP3T1237A [1417( 109
and 1669( 134 pmol mg-1 (5 min)-1 for MRP3Q1235A and
MRP3T1237A, respectively] were approximately 3-4-fold
higher than that for the wild-type protein [464( 84 pmol
mg-1 (5 min)-1]. The results suggest that mutations Q1235A
and T1237A affect a step in the transport process after initial
binding of this substrate.

The effects of mutations Q1235A and T1237A on kinetic
parameters of E217âG transport were also examined (Figure
7B, Table 1). Mutation Q1235A had no significant effect
on theKm values (29 and 32µM for wild-type MRP3 and
mutant MRP1Q1235A, respectively) but decreased theVmax

FIGURE 2: Transport of taurocholate by MRP3. Panel A: Time
course of ATP-dependent [3H]taurocholate uptake by membrane
vesicles prepared from HEK293 stable transfectant expressing wild-
type MRP3. Membrane vesicles were incubated at 37°C with 4
µM [3H]taurocholate in transport buffer for the time indicated, as
described. Panel B: Kinetics of ATP-dependent [3H]taurocholate
uptake by MRP3. The initial rate of ATP-dependent [3H]taurocho-
late uptake by MRP3 was measured at various taurocholate
concentrations (1-32 µM) for 5 min at 37°C. Data were plotted
asV0 versus [S] to confirm that the concentration range selected
was appropriate to observe both zero-order and first-order rate
kinetics. Kinetic parameters for taurocholate transport were deter-
mined from nonlinear regression analysis of the combined data and
are provided in Results. Panel C: Effect of taurocholate on ATP-
dependent [3H]E217âG transport by MRP3. Membrane vesicles (5
µg of total proteins) were incubated at 37°C in 25µL of transport
buffer containing 4 mM ATP, 10 mM MgCl2 and [3H]E217âG (400
nM, 100 nCi) for 1 min in the presence of various concentrations
of taurocholate (1-1000 µM). IC50 values for the inhibition of
[3H]E217âG uptake by taurocholate were obtained from the best
fit of the data to a sigmoidal curve. Details of IC50 values are
provided in Results. The transport assays were performed as
described. Values shown are the mean( SD of three independent
experiments. The transfectants tested were HEKpC7(0, 9), HEKMRP3
(4, 2). Closed symbols represent uptake in the presence of 4 mM
ATP; open symbols represent uptake in the presence of 4 mM AMP.

FIGURE 3: Topology of human MRP3. Panel A: Predicted topology
of human MRP3 with 17 transmembrane (TM) helices. The putative
TM17 is indicated by a lighter shading. Panel B: Expanded view
of TM17. Residues with a side chain capable of hydrogen bonding
are indicated by shaded circles. Panel C: Sequence alignment of
the predicted TM17 of human and rat MRP3 and human MRP1,
-2, -4, -5, -6, and -7. The alignment is obtained using Dnaman
Multiple Sequence Fast Alignment II.
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value approximately 3-fold [Vmax ) 2204 and 728 pmol mg-1

min-1 for wild-type MRP3 and MRP1Q1235A, respectively].
Thus, similar to the results obtained with taurocholate as a
substrate, mutation Q1235A appeared not to influence the
initial binding of the conjugated estrogen to the protein.
Interestingly, converting Thr1237 to Ala decreasedKm values
for E217âG transport by approximately 5-fold (Km ) 6 µM
for MRP1T1237A). The mutation also resulted in an ap-
proximately 2-fold reduction inVmax (1147 pmol mg-1 min-1)
value for E217âG transport (Table 1). Thus, in contrast to
the results obtained with taurocholate, these findings dem-
onstrated that the increase in E217âG transport observed with
the T1237A mutation at subsaturating concentrations was
attributable to increased affinity of the protein for this
substrate, which is associated with a decrease inVmax.

Effect of Mutations on Resistance to VP-16 Conferred by
MRP3. The effect of the mutant proteins on resistance to
VP-16 was also examined (Table 2). As observed with the
effects of the mutations on E217âG transport, substitution
of Ser1229 with Ala did not influence the ability of MRP3 to

confer VP-16 resistance. However, mutation of five hydro-
philic amino acid residues (S1231A, Y1232F, S1233A,
Q1235A, and N1241A) caused approximately a 2-3-fold
reduction of resistance to VP-16. Interestingly, conversion
of Thr1237 to Ala resulted in a mutant protein with enhanced
resistance to VP-16 (3-fold). Thus, on the basis of the
substrates tested in this study, mutations S1229A, S1231A,
Q1235A, and N1241A affected substrate specificity of
MRP3, whereas mutations Y1232F, S1233A, and T1237A
influenced the overall activity of the protein.

Effect of Mutations T1237G, T1237S, and T1237L on VP-
16 Resistance. Since replacement of Thr1237with Ala resulted
in a mutant protein with an enhanced capacity to confer VP-
16 resistance, we also mutated this residue to Gly, Ser, and
Leu. These mutations were stably expressed in HEK293 cells,
and the expression levels of the mutant proteins in stably
transfected HEK293 cells were similar to that of wild-type
MRP3 (Figure 8A). Resistance to VP-16 conferred by these
mutants was then determined by MTT assay. As shown in
Table 2, mutation T1237G, like T1237A, significantly

FIGURE 4: ATP-dependent [3H]E217âG uptake by membrane vesicles prepared from HEK293 cells stably transfected with wild-type or
mutant MRP3. Panel A: Relative protein expression levels of wild-type and mutant MRP3 proteins in stably transfected HEK293 cells.
Expression levels were determined by immunoblotting and densitometry as described. The numbers above the bar refer to the levels of the
mutant MRP3 proteins relative to wild-type MRP3 proteins in membrane vesicles prepared from the stably transfected HEK293 cells.
Values shown are the mean( SD of nine independent experiments. Panels B-D: ATP-dependent [3H]E217âG uptake. Briefly, membrane
vesicles were incubated at 37°C with E217âG (400 nM, 100 nCi) in transport buffer for the time indicated, as described. Transfectants
tested were HEKpC7 (9), HEKMRP3 (2), HEKMRP3S1229A(1), HEKMRP3S1231A([), HEKMRP3Y1232F(b), HEKMRP3S1233A(0), HEKMRP3Q1235A
(4), HEKMRP3T1237A(3), and HEKMRP3N1241A(]). The uptake of E217âG by membrane vesicles prepared from control and wild-type MRP3-
transfected HEK293 cells in transport buffer containing 4 mM AMP was also examined and shown in panel B [HEKpC7 (O) and HEKMRP3
(+)]. Panel E: Relative levels of [3H]E217âG uptake at 1 min after subtracting uptake by membrane vesicles prepared from cells transfected
with the control pCEBC7 vector and normalizing mutant MRP3 protein levels to wild-type MRP3 protein levels. Data shown in panels
B-D have not been normalized to compensate for differences in expression levels. Values are the mean( SD of three independent
experiments.
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increased the ability of MRP3 to confer VP-16 resistance.
Substitution of Thr1237 with Leu only moderately enhanced
resistance to VP-16. However, conversion of Thr1237 to a

FIGURE 5: ATP-dependent [3H]methotrexate uptake by membrane
vesicles prepared from HEK293 cells stably transfected with wild-
type or mutant MRP3. Membrane vesicles were incubated at 37
°C with 1 µM methotrexate in transport buffer as described in the
legend to Figure 4. Transfectants tested were HEKpC7 (9), HEKMRP3
(2), HEKMRP3S1229A(1), HEKMRP3S1231A([), HEKMRP3Y1232F(b),
HEKMRP3S1233A(0), HEKMRP3Q1235A(4), HEKMRP3T1237A (3), and
HEKMRP3N1241A (]). The uptake of methotrexate by membrane
vesicles prepared from control and wild-type MRP3-transfected
HEK293 cells in transport buffer containing 4 mM AMP was also
examined and shown in panel A [HEKpC7 (O) and HEKMRP3 (+)].
Panel D: Relative levels of [3H]methotrexate uptake at 3 min after
subtracting uptake by membrane vesicles prepared from cells
transfected with the control pCEBC7 vector and normalizing mutant
MRP3 protein levels to wild-type MRP3 protein levels. Data shown
in panels A-C have not been normalized to compensate for
differences in expression levels. Values are the mean( SD of three
independent experiments.

FIGURE 6: ATP-dependent [3H]taurocholate uptake by membrane
vesicles prepared from HEK293 cells stably transfected with wild-
type or mutant MRP3. Membrane vesicles were incubated at 37
°C with 4 µM taurocholate in transport buffer as described in the
legend to Figure 4. Transfectants tested were HEKpC7 (9), HEKMRP3
(2), HEKMRP3S1229A(1), HEKMRP3S1231A([), HEKMRP3Y1232F(b),
HEKMRP3S1233A(0), HEKMRP3Q1235A(4), HEKMRP3T1237A (3), and
HEKMRP3N1241A (]). The uptake of taurocholate by membrane
vesicles prepared from control and wild-type MRP3-transfected
HEK293 cells in transport buffer containing 4 mM AMP was also
examined and shown in panel A [HEKpC7 (O) and HEKMRP3 (+)].
Panel D: Relative levels of [3H]taurocholate uptake at 5 min after
subtracting uptake by membrane vesicles prepared from cells
transfected with the control pCEBC7 vector and normalizing mutant
MRP3 protein levels to wild-type MRP3 protein levels. Data shown
in panels A-C have not been normalized to compensate for
differences in expression levels. Values are the mean( SD of three
independent experiments.
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conserved residue, Ser, decreased resistance to the chemo-
therapeutic by approximately 50%. These findings suggest
that the size together with the hydrophobicity of the side
chain of the residue at position 1237 plays an important role
in determining the ability of MRP3 to confer VP-16
resistance.

Effects of Mutations T1237G, T1237S, and T1237L on the
Transport Profile of MRP3. In addition to the effect on VP-
16 resistance, substitution of Thr1237 with Ala increased the
capacity of MRP3 to transport methotrexate, E217âG, and
taurocholate. Thus, the effects of the mutations T1237G,
T1237S, and T1237L on the ability of MRP3 to transport
these three substrates were also examined by in vitro
transport assays (Figure 8B-D). Replacement of Thr1237with
Gly, like mutation T1237A, dramatically increased the ability
of MRP3 to transport methotrexate (Figure 8B), E217âG
(Figure 8C), and taurocholate (Figure 8D). Converting Thr1237

to a conserved residue, Ser, had no significant effect on the
transport of E217âG (Figure 8C) but dramatically reduced
methotrexate transport activity (Figure 8B) while increasing
taurocholate transport activity by approximately 50% (Figure
8D). Substitution of Thr1237with a hydrophobic residue, Leu,
moderately increased the transport activity of all three
substrates tested (Figure 8B-D). These results further

demonstrate that the size and hydrophobicity of the side chain
of the residue at position 1237 are important for the function
of MRP3.

DISCUSSION

Prior to examining the effects of various mutations on the
substrate specificity of MRP3, we characterized the func-
tional properties of the wild-type protein in stable HEK293
transfectants. Overexpression of MRP3 resulted in an
increase in resistance to VP-16 quantitatively similar to that
observed previously in HEK293 MRP1 transfectants (13).
Using MRP1/MRP3 hybrid proteins as standards for immu-
noblotting, we were able to confirm that the level of
expression of the two proteins was comparable. Thus MRP1
and MRP3 confer resistance to VP-16 with similar efficiency.
Zeng et al. (34) reported that MRP3 also conferred a low
level of resistance to vincristine. However, despite the
relatively high level of VP-16 resistance obtained with our
MRP3 transfectants when compared with other published
reports (34, 37), we did not detect resistance to other
commonly used chemotherapeutic agents such as vincristine,
doxorubicin, and cisplatin. This resistance profile is consis-
tent with that obtained when MRP3 was expressed in Madin-
Darby canine kidney II cells and in fibroblasts derived from
mouse kidney (35, 37). We also confirmed that MRP3
actively transports methotrexate and E217âG (Km ) 29.7(
6.2 µM), consistent with previous estimates (35, 38).

Human MRP3 expressed in insect Sf21 cells or stably
transfected HEK293 cells, unlike the rat orthologue, has been
reported to be incapable of transporting taurocholate (38, 46).
However, we found previously, using short-term transfectants
of HEK293 cells, that taurocholate transport by the human
protein was readily detectable (48). The more extensive
analyses reported here using vesicles prepared from the
HEK293 stable transfectants indicate that human MRP3
transports taurocholate with an apparent affinity only ap-
proximately 2-fold lower (Km for 30.4µM) than that reported
for the rat orthologue (Km for 15.9µM) (45). These values
are similar to those reported recently using membrane
vesicles isolated from insect cells expressing human MRP3
(48).

MRP1 and MRP3 are structurally the most similar
members of the MRP family. However, although they share
several common substrates, such as E217âG, methotrexate,
and VP-16, their overall substrate specificity profiles differ
substantially. Previously, we demonstrated that amino acids
with hydrogen-bonding side chains that are clustered in the
predicted inner-leaflet region of TM17 of MRP1 are impor-
tant determinants of substrate specificity, including the ability
to transport the common MRP1/MRP3 substrates E217âG
and VP-16 (59) (Figure 9B). TM17 is strikingly conserved
between MRP1 and MRP3 and is exceptionally rich in polar
amino acids (Figure 9). Consequently, we examined to what
extent the functions of comparable polar residues in this helix
are conserved between the two proteins with respect to
determining either substrate specificity or overall transport
activity.

Crystallographic studies of independently evolved multi-
drug binding proteins, such as QacR and PXR, have revealed
that polar residues are crucial for interaction of the proteins
with their substrates (63, 64). In the QacR-rhodamine 6G

FIGURE 7: Kinetics of ATP-dependent [3H]taurocholate (panel A)
and [3H]E217âG (panel B) uptake by wild-type and mutant proteins.
The initial rate of ATP-dependent [3H]taurocholate uptake (panel
A) by membrane vesicles prepared from HEK293 cells transfected
with wild-type or mutant proteins was measured at various
taurocholate concentrations (1-32 µM) for 5 min at 37 °C as
described. [3H]E217âG uptake (panel B) was determined as
described for [3H]taurocholate except that the reactions were carried
out with various concentrations of E217âG (0.1-135 µM) for 1
min. Values are the mean( SD of triplicate determinations in a
single experiment. Similar results were obtained from one more
experiment. Data were plotted asV0 versus [S] to confirm that the
concentration range selected was appropriate to observe both zero-
order and first-order rate kinetics. The transfectants tested were
HEKMRP3 (9), HEKMRP3Q1235A(2), and HEKMRP3T1237A(1). Kinetic
parameters for E217âG and taurocholate transport were determined
from nonlinear regression analysis of the combined data and shown
in Table 1.
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complex, hydrophilic residues Gln64, Thr89, and Gln96, located
in the ligand binding cavity, provide versatility for contacting
polar moieties of the drug (63). It has also been demonstrated
that polar residues Asn, Gln, Asp, and Glu, located in
transmembraneR-helices of multispanning TM proteins, play
an important role in the stabilization of helix-helix interac-
tions through participating in interhelical hydrogen bonds
(65-67). In addition, the hydroxyl groups of Ser and Thr in
transmembraneR-helices have been shown to participate in
shared hydrogen bonds to carbonyl oxygens in the preceding
turn of the helix, stabilizing the transmembrane domains (68,
69). Thus mutations that eliminate side chain hydrogen-
bonding potential may influence the function of the protein,
not only by directly altering interactions with substrate but
also by decreasing H-bonding between and within TM
helices.

Mutations that selectively affect certain compounds and
not others appear more likely candidates for direct interaction
with specific substrates, while those with pleiotropic effects
on activity may play a more general role in defining the
conformation and stability of the protein in the vicinity of a
substrate binding pocket. We initially assessed whether
residues that affected overall activity were conserved between
the two proteins. In MRP3, elimination of the hydrogen-
bonding capability of Tyr1232and Ser1233negatively affected

all functions, while mutation of Thr1237 to Ala had a positive
effect. In contrast to the pleiotropic effects of these mutations,
the comparable residues, Tyr1236 and Thr1241, in MRP1
selectively and negatively affected only resistance to vinc-
ristine, while Ser1237 had no discernible effect on either
substrate specificity or overall activity. Similarly, mutation
of Ser1233 and Ser1235 of MRP1 also had no effect on any
function tested. In contrast, mutation of Ser1229 in MRP3
decreased methotrexate transport, and mutation of Ser1231

decreased both methotrexate and E217âG transport, as well
as resistance to VP-16. Thus, despite the very high level of
sequence identity, there appears to be little functional
conservation between the two proteins with respect to specific
residues predicted to be in the outer-leaflet region of TM17.

In MRP1, we found that mutation of polar residues
predicted to be proximal to the membrane/cytoplasm inter-
face affected either the overall activity or substrate specificity
of the protein (59) (Figure 9B). However, Tyr1243or Thr1242,
both of which appear to be important for the overall activity
of MRP1, are not conserved in MRP3. The only conserved
residue identified in the inner-leaflet region of TM17 that
appears to share some functional characteristics is Asn1241

in MRP3 and Asn1245 in MRP1. Mutation of these residues
to Ala decreased the ability of both proteins to confer
resistance to VP-16 and to transport E217âG.

It is particularly apparent in the case of MRP3 that all of
the polar residues in TM17 which affect substrate specificity
or overall activity cannot be located on the same side of a
typical amphipathicR-helix (Figure 9A). Thus it appears
extremely unlikely that all polar residues can be exposed
simultaneously to an aqueous pore that might serve as a
pathway through the membrane for some hydrophilic sub-
strates, as recently proposed for the bacterial transporter,
Lmra (70). However, the three polar amino acids in TM17
of MRP3 that affect overall activity are predicted to be on
one side of the helix (Ser1232, Ser1233, and Thr1237), while those
that have a more selective effect on substrate specificity, with
the exception of Ser1229, are on the opposing side (Figure
9A). Based on known structures of ABC proteins, it is
difficult to predict whether those residues affecting specificity
are exposed while those that affect overall activity are
involved in inter- or intrahelical interactions. Cross-linking
studies in P-gp have shown that TM12 of P-gp, which is
comparable to TM17 of MRP3, due to the five additional
NH2-proximal transmembrane helices, and may form part
of a potential drug binding pocket in P-gp, is close to TM6,
which is comparable to TM11 of MRP3 (71). Crystal
structures of the half-ABC transporter MsbA show that TM6
of MsbA is close to TM5 (75), which corresponds to TM16
of MRP3. Studies of MRP1 with photoactivatable ligands

Table 1: Kinetic Parameters of Taurocholate and E217âG Uptake by Vesicles from HEK Cells Transfected with Vectors Encoding Wild-Type
and Mutant Proteinsa

Vmax

Km (µM) normalizedVmax Vmax/Km

transfectant TC E217âG
TC [pmol

mg-1 (5 min)-1]
E217âG [pmol

mg-1 (5 min)-1] TC E217âG TC E217âG

HEKMRP3 30 29 464 2204 464 2204 15 76
HEKMRP3Q1235A 37 32 1417 728 1417 728 38 23
HEKMRP3T1237A 33 6 1669 1147 1517 1043 46 174
a The kinetic parameters of taurocholate (TC) and E217âG uptake were determined as described in the legend to Figure 7. The normalized

Vmax values were obtained by adjusting determinedVmax values to compensate for differences in the relative levels of the wild-type and mutant
proteins.

Table 2: Resistance to VP-16 Conferred by Wild-Type and Mutant
MRP3a

drug (VP-16)

transfectant IC50 (µM) RRF
RRFmutantMRP3/
RRFMRP3 (%)

HEKpC7 0.171( 0.033 1
HEKMRP3 0.937( 0.152 5.4( 0.9 (5.4) 100
HEKS1229A 0.809( 0.119 4.7( 0.7 (5.2) 96
HEKS1231A 0.456( 0.089 2.7( 0.5 (2.5) 46
HEKY1232F 0.383( 0.087 2.2( 0.5 (1.7) 31
HEKS1233A 0.579( 0.090 3.4( 0.5 (3.4) 62
HEKQ1235A 0.551( 0.075 3.2( 0.4 (3.2) 59
HEKT1237A 2.915( 0.591 17.1( 3.4 (17.1) 317
HEKN1241A 0.577( 0.125 3.4( 0.7 (2.6) 48
HEKT1237G 2.230( 0.297 13.0( 1.8 (16.3) 302
HEKT1237L 1.433( 0.152 8.4( 0.9 (9.4) 174
HEKT1237S 0.589( 0.120 3.4( 0.7 (3.1) 57

a The resistance of HEK293 cells transfected with expression vectors
encoding wild-type and mutant MRP3 relative to that of cells transfected
with empty vector was determined using a tetrazolium salt-based
microtiter plate assay. Data were analyzed as described. The relative
resistance factor (RRF) was obtained by dividing the IC50 values for
wild-type/mutant MRP3-transfected cells by the IC50 value for control
transfectants. The values shown represent the mean( SD of IC50’s
determined from three to six independent experiments. Resistance
factors normalized for differences in the levels of mutant proteins
expressed in the transfectant populations used are shown in parentheses.
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have implicated TMs 10 and 11 and TMs 16 and 17 in
substrate binding (72). Consequently, the polar residues in

TM17 of MRP3 might participate in inter- or intrahelical
hydrogen bonds that are important for the overall topography
of a substrate binding pocket. The only available crystal
structures of the membrane-spanning domains of ABC
transporters are limited to prokaryotic members of the
superfamily, and their sequence similarity to MRP1 is at the
lower limit of modeling algorithms. As a result, it is difficult
to predict with any reliability which of the polar residues in
TM17 might project into a hydrophilic pore. Furthermore,
it is known that ATP binding or hydrolysis by proteins such
as P-gp and MRP1 induces a conformational change that
markedly decreases the affinity for substrate (73). It is
commonly assumed that this conformational change influ-
ences the spatial organization of TM helices. If this involves
rotation of helices such as TM17, polar residues exposed in
an aqueous pore may change during transport of substrate.
Consequently, some residues that affect specificity may
influence interactions with substrate after the initial binding
step, during or after the transition from a high- to low-affinity
conformation. Consistent with this possibility, mutation
Q1235A increased and decreased theVmax for transport of
taurocholate and E217âG, respectively, without affecting the
Km for either substrate.

Although the majority of mutations that eliminated hy-
drogen-bonding potential had a negative effect on the activity

FIGURE 8: Effect of mutations T1237S, T1237L, and T1237G on
ATP-dependent [3H]methotrexate (panel B), [3H]E217âG (panel C),
and [3H]taurocholate (panel D) uptake by wild-type MRP3. Relative
protein expression levels of wild-type and mutant MRP3 proteins
in stably transfected HEK293 cells were determined (panel A) as
described in the legend to Figure 4. The numbers above the bar
refer to the levels of the mutant MRP3 proteins relative to wild-
type MRP3 proteins in membrane vesicles prepared from the stably
transfected HEK293 cells. Values shown are the mean( SD of
nine independent experiments. Panels B-D: Relative levels of [3H]-
methotrexate (panel B, at 3 min), [3H]E217âG (panel C, at 1 min),
and [3H]taurocholate (panel D, at 5 min) uptake after subtracting
uptake by membrane vesicles prepared from cells transfected with
the control pCEBC7 vector and normalizing mutant MRP3 protein
levels to wild-type MRP3 protein levels. Values are the mean(
SD of three independent experiments.

FIGURE 9: Models of TM17 of MRP3 and MRP1 and a helical
wheel projection of TM17 of MRP3. Panels A and B: The figures
illustrate the predicted three-dimensional structures for TM17 of
MRP3 and MRP1 obtained using Sybyl and WebLab ViewerPro.
The qualitative effects of mutating each of the residues with respect
to drug resistance and transport activities are also shown.
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of the protein, there were two exceptions. Mutation Q1235A
caused a decrease in VP-16 resistance and E217âG transport,
consistent with the involvement of hydrogen bonding in the
interaction with these substrates, but the mutation increased
taurocholate transport. Previous studies in MRP1 and P-gp
suggest that the size of the amino acid side chain also affects
substrate specificity, with small side chains favoring interac-
tion with larger substrates (59, 74). Consistent with this
suggestion, among the three hydrophilic substrates tested in
this study (E217âG, methotrexate, and taurocholate), tauro-
cholate is the largest. In addition, conversion of polar residue
Thr1237 to either Ala or Gly markedly increased the ability
to confer VP-16 resistance and to transport E217âG, tauro-
cholate, and methotrexate, while mutation to a bulkier and
more hydrophobic Leu residue resulted in only a moderate
increase in transport of all three substrates. The effect of
replacement of Thr1237 with Ser was more complex. This
mutation dramatically decreased methotrexate transport and
VP-16 resistance but had no significant effect on the transport
of E217âG, while moderately increasing taurocholate trans-
port. These results demonstrate that the size together with
the hydrophobicity of the residue side chain at position 1237
is crucial for determining the substrate specificity of MRP3.
Interestingly, although mutation T1237A increased the ability
of MRP3 to transport both taurocholate and E217âG, the
mutation resulted in a major increase inVmax for taurocholate
uptake, without significantly affectingKm values. In contrast,
this mutation decreased bothKm andVmax values for E217âG
transport, suggesting that the mutation increased the affinity
of MRP3 for the conjugated estrogen. One possible explana-
tion for these observations is that Thr1237 may be involved
in the binding of taurocholate to a low-affinity site and that
elimination of its hydrogen-bonding capacity may facilitate
substrate release. If so, the fact that the T1237A mutations
increase the affinity of the protein for E217âG suggests that
a single amino acid may contribute both to the high-affinity
binding of one substrate and the low-affinity binding of
another.

In summary, we found that polar residues in the putative
TM17 of MRP3 are involved in overall function and/or
substrate specificity of MRP3. Some of these residues are
highly conserved among different MRPs (Figure 3). How-
ever, as shown in Figure 9, conserved amino acid residues
such as Ser1231, Tyr1232, Thr1237, and Trp1242 in MRP3 and
the comparable residues Ser1235, Tyr1236, Thr1241, and Trp1246

in MRP1 do not make similar contributions to their ability
to transport common substrates. Overall, these studies
demonstrate that the conservation of overlapping substrate
specificities by these two transporters is evolutionarily
complex and cannot be predicted from the conservation of
primary structure, even in highly conserved regions that are
clearly critical for substrate recognition and transport.
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