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ATP-dependent para-aminohippurate transport by apical
multidrug resistance protein MRP2
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ATP-dependent para-aminohippurate transport by the apical
multidrug resistance protein MRP2.

Background. Para-aminohippurate (PAH), a widely used
model substrate for organic anion transport in proximal tubule
epithelia, was investigated as a substrate for the apical multi-
drug resistance protein MRP2 (symbol ABCC2). This ATP-
dependent export pump for anionic conjugates and additional
amphiphilic anions was cloned recently and localized to the
apical membrane of proximal tubules in human and rat kidney.

Methods. Membrane vesicles from HEK-MRP2 cells con-
taining recombinant human MRP2 and from control vector-
transfected HEK-Co cells were incubated with various concen-
trations of [PHJPAH, and the net ATP-dependent transport
into inside-out vesicles was determined. Comparative studies
were performed with membrane vesicles containing recombi-
nant human MRPI.

Results. Transport rates at 10 wmol/L. PAH were 21.9 = 1.9
and 1.6 = 0.4 pmol X mg protein~! X min~! (means = SEM,
N = 10) with membrane vesicles from HEK-MRP2 and HEK-Co
cells, respectively. The K,, value for PAH was 880 wmol/L.
The high-affinity substrate leukotriene C, and the inhibitor of
MRP-mediated transport, MK571, inhibited MRP2-mediated
transport of PAH (100 nmol/L) with ICj, values of 3.3 and 4.0
pmol/L, respectively. The nephrotoxic mycotoxin ochratoxin
A inhibited MRP2-mediated PAH transport with an ICs, value
of 58 wmol/L. Ochratoxin A was itself a substrate for MRP2.

Conclusions. PAH is a good substrate for the ATP-depen-
dent export pump MRP2. The localization and function of
MRP2 indicate that this unidirectional transport protein con-
tributes to the secretion of PAH and other amphiphilic anions
into the lumen of kidney proximal tubules.

In the kidney, active transport predominates in the
proximal tubules, and separate transport systems exist
for the secretion of organic anions and cations into the
tubular lumen [1-3]. Uptake across the basolateral mem-
brane is followed by active transport across the apical (or
luminal) membrane. Both processes are characterized
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by a high transport capacity and by a broad substrate
specificity [1-3]. Whereas the uptake of organic anions
has been defined relatively well, the mechanisms respon-
sible for transport of compounds through the tubular
cells and the secretion into the tubular lumen are less well
understood. Among the secreted amphiphilic organic
anions are drugs such as penicillins, cephalosporins, and
diuretics, conjugated toxic agents, and the prototypic
anion para-aminohippurate (PAH) [1, 3]. PAH secretion
also involves a two-step process, starting with its uptake
across the basolateral membrane of proximal tubule
cells. In all species studied so far, extracellular PAH is
exchanged for intracellular 2-oxoglutarate by the baso-
lateral PAH/2-oxoglutarate antiporter cloned recently
[4-8]. For the second step, the exit of PAH across the
apical membrane into the tubular lumen, several differ-
ent mechanisms have been discussed on the basis of
studies with isolated renal brush border membrane vesi-
cles, suggesting an antiporter for PAH secretion [9, 10].
Fluorescence imaging experiments characterized the
transport of amphiphilic anions from tubular cells to the
tubular lumen as a carrier-mediated uphill process [11, 12].
Cross-inhibition experiments suggested that in moving
from cell to tubular lumen fluorescein, carboxyfluores-
cein diacetate, probenecid, PAH, and bimane conjugates
all compete for a common transporter [11, 12].
Recently, MRP2, the multidrug resistance protein iso-
form characterized by its apical localization in polarized
cells such as hepatocytes [13-16], has been identified in
rat [17] and human [18] kidney, and localized to the
apical membrane of proximal tubule epithelia. In earlier
investigations, MRP2 was designated as the canalicular
multidrug resistance protein [14] or as the canalicular
multispecific organic anion transporter of hepatocytes
[15]. MRP2 and the human multidrug resistance protein
MRP1 [19] are presently the best characterized members
of this family of adenosine 5’-triphosphate (ATP)-depen-
dent exporter proteins. Human MRP1 is sorted to the
basolateral membrane of transfected polarized cells [20]
and is detected in many different cell types [21]. MRP2
and MRP1 share a similar and broad substrate specificity,
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which comprises the glutathione S-conjugate leukotriene
C, (LTC,) and many endogenous and xenobiotic lipo-
philic compounds conjugated to glutathione, glucuronate,
or sulfate [22-28].

Of special interest for the overall handling of xenobiot-
ics by the kidney in the intact organism is the interaction
of the different transporters during secretion and reab-
sorption. The resulting intracellular concentrations of the
xenobiotics play a pivotal role for their potential nephro-
toxicity. Contamination of cereals and grains with Asper-
gillus and Penicillium fungi may lead to formation of the
mycotoxin ochratoxin A (OTA) [29], which has been
associated with the induction of Balkan nephropathy in
humans and porcine nephropathy, as well as carcinogen-
esis [reviewed in 30]. The proximal tubule of the kidney
is a primary site targeted in OTA-induced nephrotoxic-
ity, and OTA was shown to interact with PAH and or-
ganic anion transporters both in the basolateral and the
brush border membrane [31]. Moreover, acute OTA ex-
posure impairs postproximal nephron function [30].

For the apical secretion of amphiphilic anions, includ-
ing PAH and OTA, into the lumen of proximal tubules,
MRP2 is a suitable candidate transporter because of its
localization in the luminal membrane [17, 18] and be-
cause of its broad substrate specificity [26-28]. However,
direct information on the role of MRP2 in the renal excre-
tion of these xenobiotics has been lacking. Therefore, we
used in the present study isolated membrane vesicles from
HEK cells expressing recombinant human MRP2 for di-
rect measurements of ATP-dependent transport of PAH
and OTA. For comparison, transport mediated by the
basolateral transporter MRP1 was determined. Potent in-
hibitors and substrates of ATP-dependent MRP-mediated
transport, such as the anionic quinoline derivative MK571,
cyclosporine A (CsA), and LTC, [14, 22, 23], served to
characterize this transport process in further detail. Our
studies demonstrate that MRP2 can function as a luminal
PAH transporter in kidney proximal tubules and thus
mediate, at least in part, the step in PAH transport identi-
fied earlier on the basis of functional studies [32].

METHODS
Materials

Para-amino[2-*H-glycyl]hippurate (0.18 or 1.48 TB/
mmol) was obtained from American Radiolabeled Chem-
icals (St. Louis, MO, USA). PAH, CsA, and OTA were
from Sigma Chemical Co. (St. Louis, MO, USA). MK571
(3-[{3-(2-[7-chloro-2-quinolinyl]ethenyl)phenyl}-{(3-di-
methylamino-3-oxopropyl)-thio}-methyl]-thio)-propa-
noic acid was from Cayman Chemical (Ann Arbor, MI,
USA). LTC, was purchased from Reatec GmbH (Weit-
erstadt, Germany). NICK-spin columns and Sephadex
G50 fine were from Pharmacia Biotech (Freiburg, Ger-
many). G418 (Geneticin®) was from Life Technologies
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(Eggenstein, Germany). Culture media and supplements
were from Sigma-Aldrich Chemie (Deisenhofen, Ger-
many).

Cells

Human embryonic kidney (HEK293) cells permanently

expressing high levels of MRP2 (HEK-MRP2) were gen-
erated in our laboratory using the cDNA encoding hu-
man MRP2, as defined by the EMBL/GenBank acces-
sion X96395 [28]. Control HEK?293 cells were transfected
with the parental pcDNA3.1 vector (HEK-Co). AIlHEK
cells were cultured in minimum essential medium (MEM)
containing 10% fetal calf serum (FCS) supplemented
with I-glutamine (2 mmol/L), penicillin (100 U/mL), and
streptomycin (100 pg/mL, 0.17 mmol/L). All cell lines
were kept in a humidified incubator (5% CO,, 37°C).
HeLa TS5 cells transfected with a vector containing the
MRP1-coding sequence and control HeLa C1 cells trans-
fected with the pRc/CMV vector [33] were kindly pro-
vided by Drs. R.G. Deeley and S.P.C. Cole (Cancer
Research Laboratories, Queen’s University, Kingston,
Ontario, Canada). HeLa cell lines were grown in RPMI
medium with 10% FCS under the selection pressure of
G418 (Geneticin®).

Membrane vesicle preparation

Plasma membrane vesicles from HEK-MRP2, HEK-Co,
HeLa TS5, and HeLa Cl1 cells were prepared from hypo-
tonically lyzed cells as described previously [22, 23, 26, 28].
In the case of HEK cell lines, butyrate (final concentra-
tion 5 or 10 mmol/L) was added to the culture medium 24
hours before membrane preparation to enhance MRP2
expression [28]. Membrane vesicles were frozen and
stored in liquid nitrogen until use.

Vesicle transport measurements

Adenosine 5'-triphosphate-dependent transport of
[FH]JPAH or of the fluorescent OTA was measured by
centrifugation of the vesicles through a gel matrix using
NICK-spin columns [26]. Membrane vesicles (20 pg pro-
tein) were incubated in the presence of 4 mmol/LL ATP,
10 mmol/L MgCl,, 10 mmol/L creatine phosphate, 100
pg/mL creatine kinase, and the substrate, in an incubation
buffer containing 250 mmol/L sucrose and 10 mmol/L
Tris/HCL, pH 7.4. The final incubation volume was 55
pL. The substrate and inhibitor concentrations are given
in the respective figure legends. NICK-spin columns
(0.17 g Sephadex G-50 per 3.3 mL) were prepared by
rinsing with 250 mmol/L sucrose and 10 mmol/L Tris/
HCI (pH 7.4) and centrifuged at 400 X g for four minutes
at 4°C immediately before use. Aliquots (15 or 20 nL)
of the incubations were taken at the indicated time points
and immediately loaded onto Sephadex G-50 columns.
The columns were rinsed with 180 wL of incubation
buffer and centrifuged at 400 X g for four minutes at
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4°C. The effluents of the ['H]PAH transport incubations
were collected and assayed for vesicle-associated radio-
activity. In control experiments, ATP was replaced by
an equal concentration of the nonhydrolyzable ATP ana-
logue AMP-PCP. Rates of net ATP-dependent transport
were calculated by subtracting the blank values obtained
in the presence of AMP-PCP from those measured in the
presence of ATP. For determination of kinetic constants,
ATP-dependent ['H|PAH transport was measured in the
concentration range from 50 to 1600 wmol/L.

The effluents of the incubations with the fluorescent
OTA were collected into vials containing 20 p.L of solubi-
lization buffer (1% Triton X-100 in Tris/HCIl, pH 7.4;
final concentration 0.1% Triton X-100) to release the
intravesicularly trapped fluorescent substrate by the de-
tergent [34]. Subsequently, the samples were diluted with
600 L 0.1% Triton X-100, 225 mmol/L sucrose, and 20
mmol/L Tris/HCI (pH 7.4). An aliquot of 800 p.L of each
sample was measured fluorometrically (RF-510 fluores-
cence spectrophotometer; Shimadzu, Duisburg, Ger-
many) at an excitation wavelength of 375 nm and an
emission wavelength of 440 nm [35] at a gain setting of
50 and an averaging time of one second. A calibration
curve (0 to 0.5 nmol/LL. OTA) was prepared in triplicate
to calculate the amount of OTA transported into the
HEK-MRP2 membrane vesicles.
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Fig. 1. Adenosine 5'-triphosphate (ATP)-dependent
transport of [*H] para-aminohippurate (PAH) medi-
ated by the multidrug resistance proteins MRP2 and
MRP1. Membrane vesicles (20 pg protein) from
MRP2-transfected HEK-MRP2 cells and control vec-
tor-transfected HEK-Co cells (A and B), as well as
membrane vesicles from MRPI-transfected HeLaT5
cells and control vector-transfected HeLaCl cells (C
and D), were incubated with 10 umol/L [*H]PAH in
the presence of 4 mmol/L ATP (A). In the control
incubations, ATP was replaced by 4 mmol/L AMP-
PCP (V). The net ATP-dependent transport was cal-
culated by subtracting values obtained in the presence
of AMP-PCP from those obtained in the presence
of ATP (M in B and D). Control vector-transfected
cell membrane vesicles exhibit a low rate of ATP-
dependent transport (CJ in B and D). Mean values +
SEM (N = 10) from two separate transport experi-
ments with five separate transport incubations each
are shown.

urejoud buwyjowd
vodsuel Hyd[Hg] uspuadep-d 1y

RESULTS

ATP-dependent PAH transport mediated by MRP2
and MRP1

Toidentify PAH as a substrate for the apical multidrug
resistance protein, MRP2, membrane vesicles from cells
expressing recombinant MRP2 were incubated with 10
pmol/L [PH]PAH in the presence of ATP or, for control
measurements, in the presence of the nonhydrolyzable
ATP analogue AMP-PCP (Fig. 1A). For comparison,
corresponding assays were performed with membrane
vesicles from HeLa T5 cells expressing recombinant
MRP1 (Fig. 1C). The ATP-dependent transport rates
(Fig. 1 B, D) demonstrate that [*H]PAH is transported
by MRP2 (Fig. 1C), as well as by MRP1 (Fig. 1D). In
addition, transport of 10 wmol/L [*H]PAH was measured
under the same conditions with membrane vesicles from
the respective vector-transfected control cells, which ex-
press a low level of endogenous MRP isoforms [28, 33].
The respective rates for ATP transport were 21.9 = 1.9,
1.6 £0.4,17.4 £1.9,and 7.9 = 1.8 pmol X mg protein—! X
min~! (means = SEM, N = 10) for HEK-MRP2, HEK-Co,
HeLa T35, and HeLa C1 membrane vesicles, respectively.
Similar transport assays were performed at 10 wmol/L
[FH]PAH with membrane vesicle suspensions from MRP2
(Fig. 2) as well as from MRP1 transfectants in order to
study the effect of medium osmolarity. Transport rates
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Fig. 2. Osmolarity dependence of ATP-dependent MRP2-mediated
[FH]PAH transport. Membrane vesicles (20 pg protein) from MRP2-
transfected HEK-MRP?2 cells were incubated with 10 pmol/L ['H|JPAH
in the presence of 4 mmol/L ATP, or in control incubations with 4
mmol/L AMP-PCP, in suspensions containing sucrose concentrations
ranging from 250 mmol/L (isotonic condition) to 1500 mmol/L. Net
ATP-dependent transport, calculated as described in the legend to
Figure 1, is plotted against the reciprocal sucrose concentration in the
transport incubation. Mean values = SEM (N = 8) from two separate
experiments with four separate transport incubations each are shown.

obtained with both vesicle suspensions decreased with
increasing concentrations of sucrose, indicating transport
into an osmotically sensitive space and not binding to
the vesicle surface.

Kinetic constants for MRP2- and MRP1-mediated
ATP-dependent PAH transport

For determination of K,, and V,,, values for PAH
transport mediated by MRP2 and MRP1, transport was
measured in the concentration range of 50 to 1600 wmol/L
(Fig. 3). The K,, value for MRP2 was 880 wmol/L and
the one for MRP1 was 372 pmol/L, and the correspond-
ing V., values were 2.3 and 0.54 nmol X mg protein—! X
min ! for MRP2 and MRP1, respectively.

Inhibition of MRP-mediated ATP-dependent
PAH transport

Membrane vesicles from HEK-MRP2 and HeLa T5
cells were incubated with 100 nmol/L [*HJPAH in the
presence of the high-affinity MRP substrate LTC,, the
MRP inhibitor MK571, and CsA at the concentrations
indicated in Figure 4. LTC, and MK571 inhibited the
MRP2- and the MRP1-mediated [*H]JPAH transport
markedly, with ICs, values between 3.3 and 4.9 pmol/L
(Fig. 4). CsA inhibited MRP1-mediated transport with
an ICs, value of 3.3 pmol/L, whereas the 1Cs, value for
MRP2 was above 10 pwmol/L, in a concentration range
in which CsA solubility becomes limiting.

o Ta &

1/V, nmol~". mg protein - min
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1/[3H]PAH, (mmolL)~!

Fig. 3. Determination of the kinetic constants for MRP2- and MRP1-
mediated [*H]JPAH transport. Membrane vesicles from HEK-MRP2
and HeLa TS5 cells expressing recombinant MRP2 and MRP1, respec-
tively, were incubated with PAH in the concentration range from 50
to 1600 wmol/L. The net ATP-dependent transport rates were calculated,
and the kinetic constants were determined according to Lineweaver and
Burk. (A) Mean values from four separate experiments, each performed
with duplicate determinations. (B) Mean values from two separate
experiments, each with duplicate determinations.

Effect of OTA on MRP-mediated PAH transport

The nephrotoxic mycotoxin OTA was tested as a pos-
sible inhibitor of ATP-dependent [*H|PAH transport.
Membrane vesicles from HEK-MRP2 and HeLa T5 cells
were incubated with 100 nmol/L ['H]PAH in the pres-
ence of OTA at concentrations between 10 and 100
pmol/L. The ICs, values were about 58 wmol/L for MRP2
and 53 pmol/L for MRP1, as shown in Figure 5.

Identification of OTA as a substrate for
MRP2-mediated transport

Membrane vesicles from HEK-MRP2 were incubated
with OTA to test whether this fluorescent compound is
a substrate for MRP2. As shown in Figure 6, OTA was
transported by MRP2. The net ATP-dependent transport
for OTA, at a concentration of 200 pwmol/L, was 1.2 = 0.1
nmol X mg protein~! X min~! (mean = SD, N = 4).

DISCUSSION

Our results indicate that MRP2, the multidrug resis-
tance protein isoform localized to the apical membrane
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Fig. 4. Inhibition of ATP-dependent FH]PAH
transport, mediated by recombinant MRP2
(W) or MRP1 (O), by (A) LTC,, (B) MK 571,
and (C) CsA. Transport of 100 nmol/L [’'H|PAH
was measured in membrane vesicles from
HEK-MRP2 and HeLa TS5 cells, expressing
recombinant MRP2 and MRP1, respectively,
in the presence or absence of inhibitors, as
indicated. The net ATP-dependent transport

100 F T T 1O T T ] [

Inhibition of ATP-dependent
[3H]PAH transport, %
(o))
o

and percentage of inhibition were calculated
for each inhibitor concentration in compari-
son to control incubations without inhibitor.
Transport rates for MRP2- and MRP1-medi-
ated transport in the absence of inhibitor were
0.68 = 0.03 pmol X mg protein~' X min~' and
0.40 = 0.02 pmol X mg protein~! X min~},
respectively. In A, the ICs, for LTC, is 3.3
pmol/L for MRP2 and 4.9 pmol/L for MRPI;
in B, the ICy, for MKS571 is 4.0 pmol/L for
MRP2 and 3.3 pmol/L for MRP1; in C, the
1Cy, for CsA is >10.0 wmol/L for MRP2 and
3.3 pmol/L for MRP1. Mean values + SEM
from eight different experiments, each with

0 5 10 15

Inhibitor, umol/L

of polarized cells, is part of the PAH transport systems
in proximal tubule epithelia of the kidney. Measure-
ments of ATP-dependent transport into membrane vesi-
cles from HEK cells expressing recombinant MRP2 [28]
demonstrate that PAH is a good substrate for this apical
export pump (Figs. 1 and 3). The V,/K,, ratio for PAH
as a substrate for MRP2 was 2.6 pL X mg™! X min~!
(Fig. 3), as compared with 20 and 351 L X mg~! X min~!
for the prototypic substrates 173-glucuronosyl estradiol
and LTC,, respectively [28]. In addition, PAH was trans-
ported by recombinant human MRP1 (Figs. 1 and 3).
This is in line with the observations indicating that MRP2
and MRP1 have a similar substrate specificity [26, 28].
PAH transport was inhibited by similar concentrations
of LTC, and of the LTD, analogue MK571, as well as by
CsA, which is a known inhibitor for several ATP-depen-
dent export pumps [36] (Fig. 4). CsA and LTC, were also
shown to inhibit organic anion secretion into the lumen
of intact kidney proximal tubules, suggesting the pres-
ence of an MRP2-like apical transporter [12, 37]. Al-
though additional MRP isoforms (for example, MRP3-6)
have been identified recently [38], MRP2 is the only
isoform detected in the apical membrane domain of po-
larized cells [27, 28, 39]. No information is currently
available on the localization of endogenous MRP1 in
kidney, although transfection studies have indicated that
recombinant MRP1 is sorted to the lateral membrane
of porcine kidney cells [20]. Another basolateral isoform
of the MRP family, MRP3, is expressed in human kidney
only at a very low level [39]. Thus, there is no evidence
at present suggesting a functionally important role of
MRP isoforms other than MRP2 in proximal tubules

five duplicate determinations, are shown.
Each inhibitor concentration was tested in two
separate incubations, with five duplicate de-
terminations each.
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Fig. 5. Inhibition of ATP-dependent MRP2- and MRP1-mediated
PAH transport by ochratoxin A (OTA). Transport of 100 nmol/L
[’H]JPAH was measured in membrane vesicles containing recombinant
MRP2 (H) or MRP1 (0), in the presence of the OTA concentrations
indicated. The net ATP-dependent transport and percentage of inhibi-
tion were calculated for each inhibitor concentration in comparison to
control incubations without inhibitor. Transport rates for MRP2- and
MRP1-mediated transport in the absence of OTA are given in the
legend to Figure 4. The ICy; is 53 pmol/L for MRP1 and 58 pmol/L
for MRP1. Each inhibitor concentration was tested in two separate
incubations with five duplicate determinations each.
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Fig. 6. ATP-dependent transport of ochratoxin A (OTA) mediated by
the apical multidrug resistance protein MRP2. Membrane vesicles (20 g
protein) from MRP2-expressing HEK-MRP2 were incubated with 200
pmol/L OTA in the presence of 4 mmol/L ATP (A). Control incubations
were performed in the presence of 4 mmol/L AMP-PCP (V). Vesicle-
associated OTA fluorescence was determined as described in the Meth-
ods section, and the net ATP-dependent transport was calculated by
subtracting the values obtained in the presence of AMP-PCP from
those obtained in the presence of ATP (M). Mean values = SD from
four separate incubations are shown.

of the kidney. In analogy to the role of MRP2 in the
hepatobiliary elimination of amphiphilic organic anions
[16], we conclude that it is MRP2 that decisively contrib-
utes to the secretion of these substances by proximal
tubule epithelia into the tubular lumen. If basolaterally
localized MRP isoforms are expressed in kidney proximal
tubules at a low level, they should not affect the overall
direction of secretion of PAH by proximal tubules.

The inhibition of MRP2- and MRP1-mediated PAH
transport by the mycotoxin OTA (Fig. 5) is in line with
previous investigations showing that OTA interferes
with organic anion transport in brush border membrane
vesicles [31], as well as with organic anion efflux across
the apical membrane in proximal tubule-derived opos-
sum kidney cells [40]. Vice versa, a reduction of OTA
secretion in primary cultures of rabbit proximal tubules
by PAH has been shown [35].

MRP2 is the first cloned ATP-dependent export pump
for amphiphilic organic anions identified in human and
rat kidney, and is localized to the apical membrane of
proximal tubule epithelia [17, 18]. Further to MDRI1
P-glycoprotein [41], MRP2 is the second ATP-binding
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cassette transporter localized to the proximal tubule api-
cal membrane. MDR1 P-glycoprotein markedly differs
in its function and amino acid sequence from MRP1 and
MRP2 [16, 19]. MDR1 P-glycoprotein functions in the
ATP-dependent export of a broad spectrum of lipophilic,
mostly cationic, substances [41, 42], whereas MRP2 and
MRP1 mediate the transport of amphiphilic anions such
as leukotriene LTC, and several other endogenously
formed glutathione, glucuronate, and sulfate conjugates
[22-28]. Moreover, MRP1 and MRP2 also transport cer-
tain unconjugated compounds, such as the amphiphilic
penta-anion Fluo-3 [34] and, as shown in this study, the
amphiphilic anions PAH and OTA (Figs. 1 and 6).
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APPENDIX

Abbreviations used in this article are: CsA, cyclosporin A; HEK293,
human embryonic kidney cell line; HEK-Co, HEK cells transfected
with the parental pcDNA3.1 vector; HEK-MRP2, HEK cells stably
transfected with cDNA encoding human MRP2; HeLa C1, HeLa cells
transfected with the pRc/CMYV vector; HeLa TS cells, HeLa cells trans-
fected with a vector containing the MRP1-coding sequence; LTC,,
leukotriene Cy;; MEM, minimum essential medium; MK571 (3-[{3-(2-
[7-chloro-2-quinolinyl]ethenyl)phenyl}-{(3-dimethylamino-3-oxopro-
pyl)-thio}-methyl]-thio)-propanoic acid; MRP1, multiple drug resis-
tance protein 1 (also multidrug resistance-associated protein; symbol
ABCC1); MRP2, apical isoform of MRP family (also cMRP, for canali-
cular multidrug resistance protein, or cMOAT for canalicular multispe-
cific organic anion transporter; symbol ABCC2); OTA, ochratoxin A;
PAH, para-aminohippurate.

REFERENCES

1. PritcHARD JB, MILLER DS: Mechanisms mediating renal secretion
of organic anions and cations. Physiol Rev 73:765-796, 1993

2. UrrricH KJ: Specificity of transporters for “organic anions” and
“organic cations” in the kidney. Biochim Biophys Acta 1197:45-62,
1994

3. UrrricH KJ: Renal transporters for organic anions and organic
cations: Structural requirements for substrates. J Membr Biol
158:95-107, 1997

4. Sweer DH, WoLrr NA, PritcHARD JB: Expression cloning and
characterization of ROATTI: The basolateral organic anion trans-
porter in rat kidney. J Biol Chem 272:30088-30095, 1997

5. SEkINE T, WATANABE N, Hosovamapa M, Kanar Y, ENxpou H:
Expression cloning and characterization of a novel multispecific
organic anion transporter. J Biol Chem 272:18526-18529, 1997

6. WoLFF NA, WERNER A, BURCKHARDT S, BURCKHARDT G: Expres-
sion cloning and characterization of a renal organic anion trans-
porter from winter flounder. FEBS Lett 417:287-291, 1997

7. Lu R, CHAN BS, ScHUsTER VL: Cloning of the human kidney PAH



1642

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

transporter: Narrow substrate specificity and regulation by protein
kinase C. Am J Physiol 276:F295-F303, 1999

. Hosovamapa M, SExINE T, Kanar Y, ENpou H: Molecular cloning

and functional expression of a multispecific organic anion trans-
porter from human kidney. Am J Physiol 276:F122-F128, 1999

. Scamrrt C, BURCKHARDT G: p-Aminohippurate/2-oxoglutarate ex-

change in bovine renal brush-border and basolateral membrane
vesicles. Pfliigers Arch 423:280-290, 1993

RocH-RAMEL F, GuisaN B, ScHiLD L: Indirect coupling of urate
and p-aminohippurate transport to sodium in human brush-border
membrane vesicles. Am J Physiol 270:F61-F68, 1996

MiLLER DS, LETCHER S, BARNES DM: Fluorescence imaging study
of organic anion transport from renal proximal tubule cell to lumen.
Am J Physiol 271:F508-F520, 1996

MASEREEUW R, Moons MM, TooMeEy BH, RusseL FGM, MILLER
DS: Active lucifer yellow secretion in renal proximal tubule: Evi-
dence for organic anion transport system crossover. J Pharmacol
Exp Ther 289:1104-1111, 1999

MAYER R, KARTENBECK J, BUCHLER M, JEDLITSCHKY G, LEIER I,
KEeppLER D: Expression of the MRP gene-encoded conjugate export
pump in liver and its selective absence from the canalicular mem-
brane in transport-deficient mutant hepatocytes. J Cell Biol 131:
137-150, 1995

BucHLER M, KONIG J, BRoMm M, KARTENBECK J, SPRING H, HORIE
T, KeppLER D: cDNA cloning of the hepatocyte canalicular isoform
of the multidrug resistance protein, cMrp, reveals a novel conjugate
export pump deficient in hyperbilirubinemic mutant rats. J Biol
Chem 271:15091-15098, 1996

PaurLusma CC, Bosma PJ, ZaMAN GJR, BAKKER CTM, OTTER M,
ScHEFFER GL, SCHEPER RJ, BorsT P, OUDE ELFERINK RPJ: Congeni-
tal jaundice in rats with a mutation in a multidrug resistance-
associated protein gene. Science 271:1126-1128, 1996

KEeppLER D, KARTENBECK J: The canalicular conjugate export pump
encoded by the cmrp/cmoat gene, in Progress in Liver Diseases
(vol 14), edited by Boyer JL, OcknNer RK, Philadelphia, W.B.
Saunders, 1996, pp 55-67

ScHAUB TP, KARTENBECK J, KONIG J, VoGEL O, WitzGALL R, Kri1z
W, KEeppLER D: Expression of the conjugate export pump encoded
by the mrp2 gene in the apical membrane of kidney proximal
tubules. J Am Soc Nephrol 8:1213-1221, 1997

ScHAUB TP, KARTENBECK J, KONIG J, SPRING H, DORSAM J, STAEHLER
G, StorkEL S, THON WF, KeppLER D: Expression of the MRP2
gene-encoded conjugate export pump in human kidney proximal
tubules and in renal cell carcinoma. J Am Soc Nephrol 10:1159—
1169, 1999

CoLE SPC, Buarpwal G, GerrLAcH JH, MAckIE JE, GranT CE,
Armquist KC, StTEwarT AJ, Kurz EU, DuNcAN AMYV, DEELEY
RG: Overexpression of a transporter gene in a multidrug-resistant
human lung cancer cell line. Science 258:1650-1654, 1992

Evers R, ZamaN GJR, vaN DEEMTER L, JANSEN H, CALAFAT J,
OoMEN LCJM, OupE ELFERINK RPJ, Borst P, ScHINKEL AH: Baso-
lateral localization and export activity of the human multidrug
resistance-associated protein in polarized pig kidney cells. J Clin
Invest 97:1211-1218, 1996

FLENS MJ, ZAMAN GJR, VAN DER VALK P, [ZQUIERDO M A, SCHROED-
ERS AB, ScHEFFER GL, vAN DER GROEP P, DE Haas M, MEUER
CJLM, ScHEPER RJ: Tissue distribution of the multidrug resistance
protein. Am J Pathol 148:1237-1247, 1996

JEDLITSCHKY G, LEIER I, BucHHOLZ U, CENTER M, KEPPLER D: ATP-
dependent transport of glutathione S-conjugates by the multidrug
resistance-associated protein. Cancer Res 54:4833-4836, 1994
Leier I, JEpLitscHKY G, Bucnnorz U, CoLE SPC, DEeLEY RG,
KEeppLER D: The MRP gene encodes an ATP-dependent export
pump for leukotriene C, and structurally related conjugates. J Biol
Chem 269:27807-27810, 1994

JEpLITsScHKY G, LEIeEr I, Bucanorz U, BarnouiN K, Kurz G,
KEeppLER D: Transport of glutathione, glucuronate, and sulfate con-
jugates by the MRP gene-encoded conjugate export pump. Cancer
Res 56:988-994, 1996

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Leier et al: MRP2-mediated ATP-dependent PAH transport

Loe DW, Armquist KC, DEeLeY RG, CoLe SPC: Multidrug resis-
tance protein (MRP)-mediated transport of leukotriene C, and
chemotherapeutic agents in membrane vesicles: Demonstration of
glutathione-dependent vincristine transport. J Biol Chem 271:
9675-9682, 1996

KEPPLER D, JEDLITSCHKY G, LEIER I: Transport function and sub-
strate specificity of multidrug resistance protein. Methods Enzymol
292:607-616, 1998

Evers R, KooL M, vaAN DEEMTER L, JANSSEN H, CALAFAT J, OOMEN
LC, PaurLusma CC, Oupe ELFERINK RP, Baas F, ScHINKEL AH,
Borst P: Drug export activity of the human canalicular multispe-
cific organic anion transporter in polarized kidney MDCK cells
expressing cMOAT (MRP2) ¢cDNA. J Clin Invest 101:1310-1319,
1998

Cur Y, KoniGg J, Bucanorz U, SpriNG H, LEIER I, KEPPLER D:
Drug resistance and ATP-dependent conjugate transport mediated
by the apical multidrug resistance protein, MRP2, permanently
expressed in human and canine cells. Mol Pharmacol 55:929-937,
1999

VaN DER MERVE KJ, STEYN PS, Fourie L, Scort DB, THERON JJ:
Ochratoxin A, a toxic metabolite produced by Aspergillus ochra-
ceus Wilh. Nature 205:1112-1113, 1965

GEKLE M, SILBERNAGL S: Renal toxicodynamics of ochratoxin A: A
pathophysiological approach. Kidney Blood Press Res 19:225-235,
1996

SokoL PP, RiricH G, HoLoHAN PD, Ross CR: Mechanism of ochra-
toxin A transport in kidney. J Pharmacol Exp Ther 246:460-465,
1988

ULLricH KJ, RumricH G: Luminal transport step of para-aminohip-
purate (PAH): Transport from PAH-loaded proximal tubular cells
into the tubular lumen of the rat kidney in vivo. Pfliigers Arch
433:735-743, 1997

GRANT CE, VALDIMARSSON G, HiPFNER DR, ALmquist KC, CoLE
SPC, DeeLEY RG: Overexpression of multidrug resistance-associ-
ated protein (MRP) increases resistance to natural product drugs.
Cancer Res 54:357-361, 1994

Nies AT, Cantz T, BRom M, LEIER I, KEPPLER D: Expression of
the apical conjugate export pump, Mrp2, in the polarized hepatoma
cell line, WIF-B. Hepatology 28:1332-1340, 1998

Groves CE, Novak G, MoraLES M: Ochratoxin A secretion in
primary cultures of rabbit renal proximal tubule cells. / Am Soc
Nephrol 10:13-20, 1999

BoOHME M, BUcHLER M, MULLER M, KEpPLER D: Differential inhibi-
tion by cyclosporins of primary-active ATP-dependent transport-
ers in the hepatocyte canalicular membrane. FEBS Lett 333:193—
196, 1993

MiLLER DS, MAsSereeuw R, HENsON J, KarNaky KJ Jr: Excretory
transport of xenobiotics by dogfish shark rectal gland tubules. Am
J Physiol 275:R697-R705, 1998

KoorL M, pe Haas M, ScHEFFER GL, ScHEPER RJ, vaN Euk MJ,
JuunN JA, Baas F, Borst P: Analysis of expression of cMOAT
(MRP2), MRP3, MRP4, and MRP5, homologues of the multidrug
resistance-associated protein gene (MRPI), in human cancer cell
lines. Cancer Res 57:3537-3547, 1997

KoniG J, Rost D, Cur Y, KeppLER D: Characterization of the
human multidrug resistance protein isoform MRP3 localized to
the basolateral hepatocyte membrane. Hepatology 29:1156-1163,
1999

Sauvant C, SILBERNAGL S, GEKLE M: Exposure to ochratoxin A
impairs organic anion transport in proximal-tubule-derived opos-
sum kidney cells. / Pharmacol Exp Ther 287:13-20, 1998
TuieBaut F, Tsuruo T, HamMaDpA H, GOTTESMAN MM, PAsTAN 1,
WiLLINGHAM MC: Cellular localization of the multidrug-resistance
gene product P-glycoprotein in normal human tissues. Proc Natl
Acad Sci USA 84:7735-7738, 1987

vAN HELvoorT A, SmiTH AJ, SPRONG H, FrITZSCHE I, SCHINKEL
AH, Borst P, vaN MEER G: MDRI1 P-glycoprotein is a lipid translo-
case of broad specificity, while MDR3 P-glycoprotein specifically
translocates phosphatidylcholine. Cell 87:507-517, 1996





