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Abstract

Multidrug resistance-associated protein 2 (MRP2; ABCC2) mediates the biliary excretion of

glutathione, glucuronide and sulfate conjugates of endo- and xenobiotics. Single nucleotide

polymorphisms (SNPs) of MRP2 contribute to interindividual variability in drug disposition and

ultimately in drug response. The transport function of human MRP2 (WT) and four SNP variants,

S789F, A1450T, V417I and T1477M, was characterized following their expression in Sf9 cells

using recombinant baculovirus infection. The kinetic parameters [Km, (µM); Vmax,

(pmol·mg−1·min−1); Hill coefficient (HC)] of ATP-dependent transport of leukotriene C4 (LTC4),

estradiol-3-glucuronide (E23G), estradiol-17β-glucuronide (E217G) and tauroursodeoxycholic

acid (TUDC) were determined in Sf9-derived plasma membrane vesicles. Transport activity,

normalized for expression level, was decreased for all substrates for S789F and A1450T, except

for unchanged E217G transport by A1450T. V417I showed decreased apparent affinity for LTC4,

E23G and E217G, while transport was similar between WT and T1477M, except for a modest

increase in TUDC transport. Examination of substrate-stimulated MRP2-dependent ATPase

activity of S789F and A1450T, SNPs located in MRP2 nucleotide binding domains (NBDs),

demonstrated significantly decreased ATPase activity and only modestly decreased affinity for

ATP compared to WT. In conclusion, SNPs in the NBDs (S789F in the D loop of NBD1, or

A1450T near the ABC signature motif of NBD2) variably decreased the transport of all substrates.

V417I in membrane spanning domain 1 selectively decreased the apparent affinity for the

glutathione and glucuronide conjugated substrates, while the T1477M SNP in the carboxyl

terminus altered only TUDC transport.
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INTRODUCTION

MRP2 (ABCC2) is a 190-kDa multidrug resistance protein that belongs to subfamily C of

the ABC transporter superfamily [1, 2]. It is composed of 17 transmembrane helices forming

three membrane-spanning domains (MSD0, MSD1 and MSD2) and two highly conserved

nucleotide binding domains (NBD1 and NBD2). MSD0 and the adjacent linker region are

essential for apical targeting of the protein [3]. MSD1 and MSD2 are important in substrate

recognition and specificity, while the NBDs catalyze ATP hydrolysis, the energy from

which drives the efflux of substrates. MRP2 is expressed in the canalicular membrane of the

hepatocyte, the apical luminal membrane of epithelial cells of the small intestine and kidney,

in endothelial cells of the blood-brain barrier and in the apical syncytiotrophoblast

membrane of the placenta. MRP2 is a major efflux transporter of various endo- and

exogenous organic anionic substrates such as glucuronide, glutathione and sulfate

conjugates. It also efficiently transports unconjugated drugs, such as statins, angiotensin II

receptor antagonists and methotrexate. MRP2 substrates also include carcinogens, anticancer

drugs, immunosuppression drugs, antibiotics and toxins, resulting in their efflux and

contributing to their detoxification [4–6].

Inter-individual variability of drug response is a widely recognized determinant of drug

toxicities, especially for those drugs with narrow therapeutic windows. Genetic

polymorphisms are a major cause of such variability, often resulting in altered

pharmacokinetics and subsequent pharmacological and toxicological effects of drugs [7].

We now know that in addition to well-studied metabolic pathways, such as those of the

cytochrome P450 enzymes, single nucleotide polymorphisms (SNPs) in membrane

transporters can play a key role in variable drug responsiveness [8–11]. Owing to its

expression in major clearance organs, i.e., liver and kidney, and its broad substrate

specificity that includes drugs and toxicants, MRP2 polymorphisms can critically affect the

pharmacological response and toxicity of its substrate drugs. Early studies identified SNPs

in the MSDs and NBDs of MRP2 that caused a rare autosomal recessive disorder, termed

the Dubin-Johnson syndrome in humans, characterized by mild conjugated

hyperbilirubinemia and deposition of dark pigment in liver. These variants resulted in rapid

degradation of mRNA, impaired protein maturation or inappropriate protein trafficking,

leading to non-functional MRP2 [12–14]. A number of less damaging SNPs have been

described more recently. The MRP2 SNP 3972C>T is reported to be associated with a

higher risk of developing intrahepatic cholestasis of pregnancy, which can cause increased

fetal risks [15]. Several studies have reported a strong association between MRP2 SNPs and

altered disposition of substrate drugs. The −24C>T SNP in the 5-untranslated region of

MRP2 has been associated with altered pharmacokinetics for various drugs, including

methotrexate [16], irinotecan and its active metabolite SN-38 [17, 18] and mycophenolic

acid [19]. The variant 1446C>G is associated with decreased exposure to pravastatin,

possibly due to increased MRP2 expression that could be in linkage with other

polymorphisms [20]. The 1271A>G SNP, located in MSD1 of MRP2, altered methotrexate

transport and thus impaired its elimination, resulting in renal toxicity [21]. These studies

document the importance and need for more detailed analysis of MRP2 SNPs. However, to

date, there is no comprehensive study of the functional relevance of SNPs located in various

regions of MRP2 protein.

In this study, we systematically characterized the effects of four nonsynonymous

polymorphisms on MRP2 transport function. The SNPs were selected based on their

location in different regions of human MRP2, i.e., MSD1, NBD1, NBD2 and the carboxy

terminal region, as shown in Table 1. Because the effect of SNPs on transport activity could

depend on the substrate tested, we compared the transport kinetics for each of four substrates

between WT MRP2 and each of the four SNPs using vesicular uptake studies in Sf9 plasma
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membranes. We further examined the effect of SNPs in the NBDs on substrate-stimulated

ATPase activity and the Km for ATP in Sf9 plasma membranes. An understanding of the

influence of SNPs on intrinsic transport function of MRP2 would significantly add to our

knowledge of structural features of MRP2 that are critical for differential substrate binding

and transport. Our results indicated that the SNPs altered MRP2 protein expression and

significantly affected its function in a substrate-specific manner.

Methods

Materials

[3H]E217G (40–45 Ci/mmol), [3H] E23G (53–57 Ci/mmol), and [3H] LTC4 (190 Ci/mmol)

were obtained from PerkinElmer Life and Analytical Sciences (Boston, MA), and [3H]

TUDC (9 Ci/mmol) was obtained from Dr. Alan F. Hofmann (University of California, San

Diego). All radiolabels were used at radiochemical purity ≥97%; purity of 3H-TUDC (99%)

was verified by high performance liquid chromatography [22]. Unlabeled estrogen

conjugates, TUDC, LTC4, ATP, AMP, creatine phosphate, and creatine phosphokinase were

obtained from Sigma-Aldrich (St. Louis, MO) or Calbiochem (La Jolla, CA). All restriction

enzymes were obtained from Invitrogen (Carlsbad, CA). Sf9 insect cells were obtained from

Invitrogen (Cat. No. 11496-015) and were adapted to serum-free suspension culture in

Sf-900 II SFM (Invitrogen, Cat. No.10902-104). All other chemicals used were

commercially available and of analytical grade.

Construction of recombinant baculovirus containing MRP2

The plasmid (pEF6/V5-His-TOPO; Invitrogen) containing the wild type MRP2 (WT)

(NM_000392) or its SNP variants S789F, A1450T, V417I, and T1477M, was used to create

the MRP2 baculovirus expression vector. The pENTR™4 vector (Invitrogen) was mutated

to generate a Hind III site using Quik Change II site-directed Mutagenesis Kit (Stratagene;

La Jolla, CA) using primers Hind IIIF and Hind IIIR (Hind IIIF:

AGGCTCCACCATGGGAAGCTTCAGTCGACTGGATC; Hind IIIR:

GATCCAGTCGACTGAAGCTTCCCATGGTGGAGCCT). The mutated pENTR™4 was

named pENTR™4M. The plasmid pEF6/V5-His-TOP containing MRP2 and MRP2 SNP

variants was digested with HindIII and NotI to release the 4.7 kb fragment of MRP2 or its

SNP variants. The 4.7 Kb fragment was gel purified with Gel Purification kit according to

the manufacturer’s instructions (Qiagen; Valencia, CA). The purified fragment was inserted

into the corresponding sites of the pENTR™4M vector. The pENTR4M containing the WT,

S789F, A1450T, V417I, and T1477M SNPs were sequenced (MWG Biotech, Inc.,

Huntsville, AL). Recombinant baculovirus expressing the variant forms of MRP2 were

generated with the Baculodirect expression system (Invitrogen) according to the

manufacturer’s instructions. The recombinant baculovirus preparations were amplified and

transfected using Cell-Fectin (Invitrogen) into Sf9 insect cells. The supernatant containing

the recombinant baculovirus was harvested, amplified, and titered by a viral plaque assay.

The titered virus was stored at 4°C for short durations (< 3 mos) and at −80°C for long term

storage (> 6 mos) and titered again before use.

Baculovirus infection of Sf9 insect cells and preparation of the plasma membrane vesicles

Recombinant baculovirus infection conditions in Sf9 cells were optimized with respect to

MRP2 protein expression and transport activity. Sf9 cells (1 × 106 cells/ml) were infected

with the recombinant baculovirus in the presence of 5% fetal bovine serum using a

multiplicity of infection (MOI) of six and cultured in Sf-900 II SFM (Invitrogen Cat No.

10902-104). Two days after the infection, cells were harvested by centrifugation. Plasma

membrane vesicles were isolated by layering on 38% sucrose and collecting the layer at the

buffer-sucrose interface [23]. Membranes were vesiculated, snap frozen in liquid nitrogen,
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and stored at −80°C. Protein concentrations were determined by a modification of the

method described using bovine serum albumin as a standard [24].

SDS-PAGE, immunoblotting and quantification of MRP2 in plasma membranes

Expression of human MRP2 and its variants was determined by immunoblot as described

[25] using 2 µg of sucrose-fractionated membrane protein. Proteins were pretreated with

mercaptoethanol before loading onto an 8–12% Tris/glycine polyacrylamide Novex precast

gel (Invitrogen), separated by standard electrophoresis, and transferred onto Polynitran

nitrocellulose membranes (Schleicher & Schuell, Keene, NH). Membranes were blocked

using 5% nonfat milk at room temperature for 1 h. Immunoblotting was performed by using

1: 4000 dilution of primary antibody [mouse anti-human MRP2 (M2III-6 or M2 I-4; Alexis

Biochemicals, San Diego, CA) and 1:5000 dilution of secondary antibody (sheep anti-

mouse, horseradish peroxidase-conjugated; Amersham Biosciences Inc., Piscataway, NJ) in

5% nonfat milk at room temperature for 1 h. Chemiluminescence detection was done using

ECL-Plus (Amersham Biosciences Inc.) and exposure to Biomax MR film (Kodak,

Rochester, NY) [27]. Protein expression of each variant was determined relative to WT

MRP2 and transport activity was normalized to that of WT MRP2 expression.

Vesicle transport studies

ATP-dependent transport into inside–out membrane vesicles was measured as described

[25]. All saturation kinetics studies were performed under conditions of linearity with

respect to time and protein concentration (data not shown). LTC4 saturation kinetics

transport assays were performed using eight LTC4 concentrations (0.1 to 20 µM) for 2 min

at 23°C and 5 µg of plasma membrane vesicle protein, while transport of [3H]E217G and

[3H]TUDC was measured at 37°C using 10 µg of plasma membrane vesicle protein over a

substrate concentration range of 1 to 300 µM. [3H]E23G saturation kinetic studies were

performed at 37oC using substrate concentrations from 10 to 1000 µM. Km and Vmax values

for ATP-dependent transport were calculated by subtracting uptake in the presence of AMP

from that in the presence of ATP. The final transport activity was also corrected for that

detected in Sf9 membranes expressing only the empty vector (EV). Experiments to study the

effect of SNPs in the NBDs on the ATP-dependence of transport were measured in the

presence of ATP concentrations ranging from 50 µM to 7 mM at a fixed concentration of

300 µM [3H]E217G for 2 min at 37°C.

Kinetic analysis

Vesicular transport data were fitted by nonlinear regression analysis with the computer

program GraphPad Prism version 4 (GraphPad Software, San Diego, CA). The results are

expressed as mean and the 95% Confidence Limits (shown in brackets) obtained from two

independent assays, each determined in triplicate. Non-overlapping 95% Confidence Limits

were considered indicative of a significant difference at p<0.05. To determine allostery, data

from concentration-dependent transport assays were analyzed according to the Hill equation

where v = rate, Vmax = maximum velocity, [S] = initial substrate concentration, Km is the

substrate concentration at half-maximum velocity, and n = Hill coefficient. The data were

then compared with a fit to a one-binding site version of Equation 1, the Michaelis-Menten

equation. To decide which of the two models best fit the data, the extra sum-of-squares F-

test was used.
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Membrane ATPase measurements

ATPase activity of WT, S789F and A1450T was measured as the level of sodium vanadate-

sensitive release of inorganic phosphate from ATP [26]. Membrane proteins (20 µg) were

first incubated at 37°C in buffer containing 50 mM Tris-Mes (pH 6.8), 2 mM EGTA, 2 mM

dithiothreitol, 50 mM KCl, and 5 mM sodium azide, the ATPase reaction was started by the

addition of 5 mM MgATP, and the mixtures incubated for 60 min at 37°C. Vanadate-

sensitive ATPase activity was calculated as the difference between activities obtained in the

absence and presence of 300 µM vanadate. Substrate-induced ATPase activity was measured

in the absence and presence of 300 µM of E217G, which was added in dimethyl sulfoxide

(1% final concentration). Control experiments indicated that dimethyl sulfoxide at this

concentration had no appreciable effect on ATPase activity. The reactions were stopped by

the addition of 0.1 ml 5% SDS and the amount of inorganic phosphate determined

immediately as described [26]. The results were obtained from the means of triplicate

determinations.

RESULTS

The non-synonymous SNPs characterized in this study are shown in Table 1, and are

distributed in MSD1, NBDs 1 and 2 and in the carboxy-terminal region of MRP2. Although

the SNPs S789F and A1405T are reported to have low allelic frequencies, they were of

interest for inclusion in this study due to their predicted functional relevance when analyzed

using the Polyphen Database [5], likely due to their location in the catalytic NBD domains

of MRP2. V417I located in MSD1 is reported to have a much higher allelic frequency in

several different populations and is frequently associated with adverse drug reactions in

human subjects [27–28]. There are no reports on the effects of SNP T1477M in the carboxy-

terminal on MRP2 function or expression; despite its low allelic frequency, the location of

this SNP was of interest because the function of this portion of MRP2 is rarely studied [29].

Protein expression of WT MRP2 and SNP variants in Sf9 cells

WT MRP2 and the SNP variants S789F, A1450T, V417I and T1477M were expressed in

Sf9 cells using recombinant baculovirus. Quantitative immunoblotting of WT and the four

MRP2 SNPs in the Sf9 plasma membranes was performed; a representative example of an

immunoblot of WT and four MRP2 SNPs is shown in Fig. 1A. Human MRP2 antibody

detected the bands corresponding to the underglycosylated human MRP2 protein (<190

kDa) as reported previously [30]. MRP2 was undetectable in EV membrane vesicles.

Statistical analysis of triplicate experiments showed that MRP2 expression was significantly

reduced about 40% for S789F and T1477M variants, located in NBD1 and carboxy terminal

region, respectively. However there was no significant difference in the expression of V417I

in MSD1 or of A1450T in NBD2 compared to WT MRP2 (Fig. 1B).

Transport activity of WT MRP2 and SNP variants in Sf9 membrane vesicles

Vesicular transport studies were performed in Sf9 plasma membrane vesicles expressing

WT and MRP2 SNP variants in order to characterize transport of typical endogenous

substrates of MRP2, such as LTC4, E23G, E217G and TUDC. To ensure that the kinetic

parameters obtained were attributable to MRP2, transport was corrected for that in

membranes from Sf9 cells transfected with EV. Initial studies showed that Sf9 cells possess

endogenous transporters for LTC4, E23G and E217G, hence it was necessary to correct for

this endogenous transport activity to obtain accurate kinetic parameters. All transport studies

were carried out in freshly prepared membrane vesicles that were less than 2 months old,

since aged membranes showed decreased transport that was substrate specific (data not

shown). WT MRP2 clearly transported all substrates tested in an ATP-dependent and

saturable manner. LTC4 and E23G were transported with classic Michaelis-Menten kinetics
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by WT MRP2; however E217G and TUDC demonstrated positive cooperativity, as indicated

by Hill Coefficients of 2.2 and 2.0, respectively. This is consistent with our previous

findings [25, 31] and considered to be evidence of allosteric activation of substrate transport

[32, 33]. In order to identify the intrinsic transport activity of MRP2 SNP variants, we

normalized the expression of each SNP variant to that of WT MRP2 and the corrected

protein levels were used for transport studies. The S789F variant located in the D loop of

NBD1 showed markedly reduced transport capacity of all substrates tested compared to WT;

Vmax values were decreased by 40 – 60% relative to WT MRP2 (Fig 2A–D, Table 2). The

apparent affinity for substrates LTC4, E217G and TUDC were unchanged, however the Km

for E23G was increased two-fold compared to WT MRP2 for the S789F SNP (Fig 2B, Table

2). The A1450T variant, which is located immediately following the ABC signature motif of

NBD2, showed a 30–55% decrease in the Vmax for transport of LTC4, E23G and TUDC, but

not for E217G, while the apparent affinity for all of the substrates tested was not different

from that of WT MRP2 (Fig 2A–D, Table 2). The V417I SNP, located in MSD1 between

the seventh and eighth transmembrane helices, showed a 2–3-fold increased Km for LTC4

and E217G. While the Km for E23G was increased, this was not statistically significant, as

indicated by the overlapping 95% Confidence Limits; the apparent affinity for the bile acid

TUDC was also unchanged (Fig 2, Table 2). Interestingly, the V417I SNP also abolished the

positive cooperativity in E217G transport, decreasing the Hill Coefficient from 2.2 to 1.1.

The T1477M SNP located in the carboxyl terminal region induced modest but significant

changes, and showed both increased Km (50%) and Vmax (13%) for TUDC, but a decrease

in the Vmax for E23G (20%), while it did not influence the transport of other substrates (Fig

2A–D, Table 2).

Substrate-stimulated ATPase activity of MRP2 and SNP variants

To identify the mechanism of reduced transport activity of the SNP variants S789F and

A1450T, located in the ATP-binding domains, we determined their vanadate-sensitive

ATPase activity in the presence of E217G (300 µM). Isolated plasma membrane preparations

of Sf9 cells expressing WT MRP2 showed a high-capacity, drug-stimulated ATPase activity

(Fig 3A), as reported previously [26]. EV membranes exhibited a vanadate-sensitive basal

activity of <7 nmol of Pi /min/mg protein and demonstrated no E217G-stimulated ATPase

activity (data not shown). S789F and A1450T exhibited vanadate-sensitive ATPase activity

that was stimulated by E217G, however, the ATPase activity of S789F and A1450T was

significantly decreased by 37% and 20%, respectively, compared to WT MRP2 (Fig 3A).

To determine whether the maximal rates of ATP hydrolysis or affinity for the nucleotide

were altered by the mutation seen in SNP variants S789F and A1450T, we compared their

Km for ATP with that of WT MRP2 (Fig 3B; Table 3). Vesicular transport studies over a

wide range of concentrations of ATP and a fixed E217G concentration (300 µM) showed

that the apparent Km values for ATP were increased modestly but not significantly in both

S789F (125 µM) and A1450T (101 µM), compared to WT MRP2 (79 µM) (Fig 3B; Table 3).

The Vmax values were significantly decreased in to 68% S789F and to 85% in A1450T

(Table 3), consistent with the decreased E217G Vmax values seen in the saturation kinetics

study (Table 2).

DISCUSSION

The major objective of the present study was to characterize the effects of selective MRP2

SNPs on the kinetics of transport of four distinct MRP2 substrates, two regioisomeric

glucuronide conjugates of estradiol, E23G and E217G, a glutathione conjugate, LTC4, and a

bile acid, TUDC, all MRP2 substrates that are well suited for vesicular transport studies.

Four SNPs were selected for characterization, one in each of the two NBDs (S789F in

NBD1 and A1450T in NBD2), one in MSD1 (V417I), and one in the carboxy terminal
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(T1477M), in order to probe how changes in these portions of MRP2 protein might impact

its transport properties. Transport activity was normalized for the level of expression, so that

the intrinsic transport properties of WT MRP2 and each SNP could be compared directly.

The MRP2 variant S789F, located in the D-loop of NBD1, consistently decreased the Vmax

for transport of all four substrates, while A1450T, located immediately following the ABC

signature motif in NBD2, decreased the Vmax for all substrates except E217G. The NBDs

are highly conserved among all of the ABC transporters, and contain the characteristic

motifs essential for ATP binding and hydrolysis, the energy from which is used to efflux

substrates. These motifs include the Walker A and B sequences, the ABC signature motif

(LSGGQ), and the D-, H-, A-, and Q-loops. The two NBDs are arranged in a “head-to-tail”

conformation that forms two nucleotide binding sites (NBS1 and NBS2) [34, 35]. NBS1

binds one molecule of ATP between the Walker A and B sequences, the A-, Q-, and H-loops

of NBD1 and the ABC signature motif and D-loop of NBD2, while NBS2 binds the second

molecule of ATP to the Walker A and B sequences, the A-, Q-, and H-loops of NBD2 and

the ABC signature motif and D-loop of NBD1. In MDR1 (ABCB1), the two NBSs are

functionally equivalent, while in MRP1 (ABCC1), NBS1 preferentially binds ATP, while

NBS2 preferentially hydrolyzes ATP [36, 37]. While MRP1 and MRP2 are highly similar,

the relative functions of NBS1 and NBS2 are not known for MRP2. We therefore questioned

whether S789F, most likely located in NBS2, and A1450T, likely located in NBS1, might

have differential effects on ATP binding and hydrolysis. ATPase activity was significantly

inhibited in both S789F and A1450T (Figure 3A); while inhibition of ATPase activity was

greater for S789F (37%) than A1450T (20%), the data did not permit unequivocal

determination of the differential roles of NBS1 and NBS2 in ATP hydrolysis. The Km

values for ATP were also equally but only modestly increased in both SNPs (Fig 3B; Table

3). These data imply that irrespective of their locations in NBS1 or NBS2, neither variant

S789F nor A1450T is directly involved in ATP binding, but rather both variants impact

transport by decreasing ATP hydrolysis.

The V417I SNP, located in MSD1, was found to have decreased apparent affinity for LTC4,

E23G and E217G, but not for TUDC. These data imply that valine 417 plays a critical and

selective role in binding of glutathione and glucuronide conjugates, but not the bile acid,

TUDC. Numerous studies have shown that the binding sites for any two substrates are not

identical in the MRP transporters, and substitutions of single amino acids can eliminate or

reduce the transport of one substrate while leaving another intact [38–41]. Further, several

studies have shown that charged amino acids, especially basic amino acids, in the MSDs

play an important role in the substrate specificity of MRP proteins [42–44]. The present

studies show for the first time that a nonpolar amino acid in MSD1 can also play an

important role in substrate specificity and recognition. V417I also significantly reduced the

Hill coefficient for E217G from 2.2 in WT MRP2 to 1.1 (Fig 2C and Table 2). MRP2 has

been postulated to contain two binding sites for E217G, one of which is involved in the

stimulation of E217G transport while the other is involved in its actual transport [25, 33, 45].

Replacing valine with isoleucine eliminated positive cooperativity in E217G transport,

implying that this valine contributes to the modulatory site. Our data showing increased

apparent Km values for three glucuronide or glutathione conjugate substrates by V417I

could be of clinical relevance since this is a common SNP in the population, and has been

detected at frequencies of more than 20% in Caucasians and somewhat less in Japanese

subjects (Table 1) [16]. In fact, this SNP has been reported to be associated with various

drug-induced pathological conditions, such as proximal tubulopathy induced by tenofovir

[27], neurological adverse drug reactions caused by carbamazepine [28], and a suggested

increased susceptibility to colorectal adenocarcinoma [46]. The V417I SNP was also

suggested to play a role in altered pharmacokinetics of talinolol, resulting in its lowered oral

bioavailability and increased clearance following intravenous administration [47]. However,

in population studies of MRP2 haplotypes, V417I was not found to associate with
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cholestatic or toxic hepatitis [48], and there was no effect on MRP2 protein expression in

liver ([49] or on serum conjugated bilirubin levels in individuals with this SNP [16].

Interestingly, the T1477M SNP located in the carboxy terminal region caused a selective

decrease in the apparent affinity for TUDC but had no effect on the transport properties of

other substrates. These data suggest that the amino acid residue at 1477 is involved in

discriminating between glucuronide/glutathione conjugates and bile acid substrates, and

implies that even this portion of the protein also participates in recognition and transport of

MRP2 substrates.

Quantitative immunoblot analysis demonstrated a decreased expression of about 40% for

two of the SNPs, S789F and T1477M, relative to WT MRP2. To ensure that the reduced

expression was not antibody-dependent, we performed immunoblots using two antibodies,

M2 III-6 and M2 I-4, which target epitopes located at different regions of the MRP2 protein,

amino acids 1339–1541 and 215–310, respectively. The expression levels of the variants

yielded similar results with both antibodies (data not shown), indicating that the reduced

expression was a characteristic of the SNPs. Expression of S789F (located in NBD1) was

decreased to 59% of that of WT MRP2; a nearby but different mutation in NBD1 (R768W)

of MRP2 was shown to be localized in the cytoplasm with an endoplasmic reticulum-like

distribution [50]. These data suggest that mutations in the NBD1 can induce a

conformational change, resulting in a misfolded protein and/or defective sorting to the

plasma membrane. Similarly, expression of T1477M, where the SNP is located 68 amino

acid residues from the C-terminal of MRP2, was decreased to 62% of WT MRP2. A 15 C-

terminal amino acid truncation of a GFP-MRP2 fusion protein impaired its apical

localization in polarized HepG2 cells, either because part of a motif required for apical

sorting is lost or because of a conformational change in the protein, impairing its maturation

and leading to its retention in endoplasmic reticulum [29]. A significant contribution of a

single leucine amino acid has been demonstrated for the apical expression of type IIb NaPi

cotransporters [51]. While the amino acid change in T1477M could contribute to the

localization signal, it is located a good distance from the C-terminal, suggesting an

alternative mechanism for its decreased expression. From our studies, the data suggest that

subjects with S789F and T1477M polymorphisms may have a lower expression level of

MRP2 protein in the apical membrane of cells, and consequently, a reduced ability to export

substrates.

Hirouchi et al [52] also characterized the expression and transport activity of several MRP2

variants (V417I, S789F, A1450T) using a Tet-off recombinant adenovirus system in LLC-

PK1 cells. However, these authors did not detect any change in transport of E217G, LTC4 or

2,4-dinitrophenyl-S-glutathione by SNP V417I following normalization for expression

levels, and further found that transport of these substrates was increased by S789F. These

discrepancies are likely due to their characterization of transport at a single substrate

concentration across various time points. Further analysis of the kinetic parameters showed

that the Vmax for transport of 2,4-dinitrophenyl-S-glutathione by S789F was 1.3-fold greater

than that of WT MRP2. Finally, these authors also showed a marked reduction in the

expression of both S789F and A1450T to 24% and 18% of WT MRP2, respectively, such

that transport of E217G by A1450T was too low to be normalized by its expression level

[52]. The use of the Tet-off adenoviral system in mammalian cells by these authors [52]

versus our use of baculovirus infection of Sf9 cells likely account for some of the observed

differences in expression levels. These discrepancies, particularly in A1450T expression,

indicate that the results of in vitro transporter expression should be extrapolated to in vivo

situations with caution. Recent studies have shown that it is possible to quantify the absolute

protein amount of transporter expression in tissue samples from these polymorphic subjects

by LC/MS [53] and thus would better link the SNPs’ influence to transporter expression.
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In conclusion, we compared the expression level and transport function of MRP2 SNP

variants. V417I selectively inhibited the transport of glutathione and glucuronide conjugated

substrates, while T1477M only altered the transport of TUDC, a hydrophilic bile acid. Even

though the SNPs S789F and A1450T exist with low allelic frequency, the decreased

expression and transport function of S789F and decreased transport activity of A1450T

shown here could impact drug disposition in polymorphic subjects. Due most likely to the

relative rarity of these SNPs, there are no reports of an association between S789F or

A1450T and altered pharmacokinetics of MRP2 substrates. However, the clinical relevance

of MRP2 polymorphisms in the disposition of drugs such as pravastatin [20] and anticancer

drugs such as irinotecan [54], and recently, the response to tamoxifen that is widely used as

adjuvant therapy for breast cancer, is well established [55]. These SNPs may also prove to

be of toxicological and clinical relevance since MRP2 is an important component of the

detoxification of environmental carcinogens, e.g., 2-amino-1-methyl-6-phenylimidazo[4,5-

b]pyridine (PhIP) [56] and arsenite glutathione complexes [57]. These data indicate that

closer evaluation of the role of these MRP2 SNPs in haplotype analyses or genome wide

association studies of adverse drug reactions and/or disease is warranted, as is careful

monitoring of patients with the relatively frequent MRP2 SNP, V417I.
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Figure 1.
Expression of WT MRP2 and its variants in Sf9 plasma membranes. A. Immunoblot

analysis of wild-type and MRP2 SNP variants in plasma membranes. Membranes (1 µg

protein) were isolated from Sf9 cells and MRP2 detected using M2 III-6 monoclonal

antibody. EV, Empty Vector; WT, wild-type MRP2; S, serine; F, phenyalanine; A, alanine;

T, threonine; V, valine; I, isoleucine; M, methionine. B. Densitometric analysis of western

blots of WT and MRP2 SNP variants. Data represent mean ± SE from 3 independent
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experiments. Comparisons were made by Dunnett’s test following one-way analysis of

variance. * p < 0.05, versus WT
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Figure 2.
ATP-dependent transport of wild-type and MRP2 SNP variants in Sf9 plasma membrane

vesicles. Saturation kinetics are shown for (A) [3H]LTC4; (B) [3H]E23G; (C) [3H]TUDC;

and [(D) 3H]E217G. Nonlinear regression was performed on saturation data (mean ± SEM

from two independent experiments each determined in triplicate) by fitting the data to the

Michaelis-Menten or Hill equation and choosing the best fit using Prism version 4.
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Figure 3.
A. ATPase activity of Sf9 membranes expressing wild-type MRP2 and the SNP variants

S789F and A1450T. The membrane fractions were incubated with 5 mM ATP in the

presence of 300 µM E217G and inorganic phosphate liberation determined [26]. Data

represent mean ± SE from 3 independent experiments. Comparisons were made by

Dunnett’s test following one-way analysis of variance. *, ** indicate p < 0.05, 0.01,

respectively, versus WT. B. Determination of the effect of the MRP2 SNP variants on ATP

dependence of E217G transport. Transport in the Sf9 membrane vesicles expressing WT, or

variants S789F and A1450T was measured in the presence of various concentrations of ATP
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ranging from 50 µM to 7 mM at a fixed concentration of 3H-E217G (300 µM) for 2 min at

37°C. Each data point represents mean ± S.D. of triplicate determinations from

representative experiments. Nonlinear regression was performed on saturation data (mean ±

S.D.) by fitting the data to the Michaelis-Menten or Hill equation and choosing the best fit

using Prism version 4.
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Table 3

Kinetic parameters for ATP in wild-type MRP2 and variants S789F and A1450T

Kinetic parameters WT S789F A1450T

Km 79
(43–114)

125
(96–155)

101
(57–146)

Vmax 2630
(2433–2927)

1796

(1721–1870)*
2242

(2071–2413)*

Nonlinear regression results [Km, (µM); Vmax (pmol·mg−1·min−1)] were obtained from data in Figure 3B. Values in brackets are the 95%

Confidence Limits.

*
Significantly different from WT, as determined by non- overlapping 95% Confidence Limits.
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