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Abstract

Multidrug resistance-associated protein (MRP) and canalicular nmil i-

specific organic aniÃ³n transporter (cMOAT) are closely related mamma
lian ATP-binding cassette transporters that export organic anions from

cells. Transfection studies have established that MRP confers resistance to
natural product cytotoxic agents, and recent evidence suggests the possi
bility that cMOAT may contribute to cytotoxic drug resistance as well.
Based upon the potential importance of these transporters in clinical drug
resistance and their important physiological roles in the export of the
amphiphilic products of phase I and phase II metabolism, we sought to
identify other MRP-related transporters. Using a degenerate PCR ap
proach, we isolated a cDNA that encodes a novel ATP-binding cassette
transporter, which we designated MOAT-B. The MOAT-B gene was

mapped using fluorescence in situ hybridization to chromosome band
13q32. Comparison of the MOAT-B predicted protein with other trans

porters revealed that it is most closely related to MRP, cMOAT, and the
yeast organic aniÃ³n transporter YCF1. Although MOAT-B is closely
related to these transporters, it is distinguished by the absence of a â€”¿�200

amino acid NH2-terminal hydrophobic extension that is present in MRP

and cMOAT and which is predicted to encode several transmembrane
spanning segments. In addition, the MOAT-B tissue distribution is distinct

from MRP and cMOAT. In contrast to MRP, which is widely expressed in
tissues, including liver, and cMOAT, the expression of which is largely
restricted to liver, the MOAT-B transcript is widely expressed, with

particularly high levels in prostate, but is barely detectable in liver. These
data indicate that MOAT-B is a ubiquitously expressed transporter that is

closely related to MRP and cMOAT and raise the possibility that it may
be an organic aniÃ³n pump relevant to cellular detoxification.

Introduction

Pgp3, the product of the MDR1 gene, was the first ABC transporter

shown to confer resistance to cytotoxic agents. Pgp functions as an
ATP-dependent efflux pump that reduces the intracellular concentra

tion of a variety of chemotherapeutic agents by transporting them
across the plasma membrane ( 1). The multidrug resistance phenotype
associated with overexpression of Pgp is of considerable clinical
interest because natural product drugs are second only to alkylating
agents in clinical utility, and many effective chemotherapeutic regi
mens contain more than one natural product agent. More recently, we
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and others have reported transfection studies indicating that MRP,
another ABC family transporter (2), confers a multidrug resistance
phenotype that includes many natural product drugs, but is distinct
from the resistance phenotype associated with Pgp (3-7). MRP shares

only limited amino acid identity with Pgp, and this is reflected in the
different substrate specificities of the two transporters. In contrast to
Pgp, MRP can transport a wide range of anionic organic conjugates,
including glutathione 5-conjugates (8). In addition to Pgp and MRP,

there may be other transporters that are involved in cytotoxic drug
resistance. In the case of natural product drugs, resistant cell lines that
display a multidrug-resistant phenotype associated with a drug accu

mulation deficit, but do not overexpress Pgp or MRP, have been
described (9). ABC transporters have also been linked to cisplatin
resistance, and several lines of evidence suggest the possibility that
pumps specific for organic anions may be involved: (a) decreased
cisplatin accumulation is observed consistently in cisplatin-resistant

cell lines (10); (b) cisplatin is conjugated to glutathione in the cell, and
this anionic conjugate is toxic in an in vitro biochemical assay (11);
and (c) biochemical studies using membrane vesicle preparations have
shown that cisplatin-resistant cells lines have enhanced expression of
an ATP-dependent transporter of cisplatin-glutathione and other glu
tathione 5-conjugates, such as the cystinyl leukotriene C4 (12, 13).

Whereas MRP is an organic aniÃ³n transporter, the reported drug
resistance profile of MRP-transfected cells does not extend to this
agent (6, 7), and to date only one cisplatin-resistant cell line has been

reported to overexpress MRP (14). These observations suggest the
possibility that organic aniÃ³ntransporters other than MRP may con
tribute to cisplatin resistance. Consistent with this possibility,
cMOAT, an MRP-related transporter that functions as a major organic

aniÃ³n transporter in liver, has been reported to be overexpressed in
cisplatin-resistant cell lines (15, 16). A more direct link between

cMOAT and cytotoxic drug resistance is suggested by a recent report
in which transfection of a cMOAT antisense construct into a liver
cancer cell line resulted in sensitization to cisplatin, daunorubicin, and
other cytotoxic agents (17).

In view of the possibility that other MRP-related transporters may

be involved in cytotoxic drug resistance, we sought to identify novel,
related transporters. In this study, we report the isolation of MOAT-B
using a degenerative PCR approach. Analysis of the MOAT-B struc

ture indicates that it is closely related to MRP and cMOAT, suggest
ing that it may transport similar substrates. In addition, MOAT-B is

widely expressed in human tissues, with highest levels in the prostate.
These results indicate that MOAT-B is an MRP/cMOAT-related

transporter and raise the possibility that it may be an organic aniÃ³n
pump relevant to cellular detoxification in many human tissues.

Materials and Methods

Isolation of MOAT-B cDNA. Forward (CT(A/G/T) GT(A/G/T) GC(A/

G/T) GT(A/G/T) GT(A/G/T) GG(A/G/OT)] and reverse [(G/A)CT (A/G/C/
T)A(A/G/C) (A/G/C/T)GC (A/G/C/T)(G/C)(T/A) (A/G/C/T)A(A/G) (A/G/C/
T)GG (A/G/C/T)TC <A/G)TC] degenerate oligonucleotide primers were
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ISOLATION OF MOAT-B

designed based upon the first nucleotide binding folds of human MRP, CFTR,
and MDRI. Bacteriophage DNA isolated from a C200 cDNA library prepared
in the ApCEV27 phagemid vector (18) was used as template in PCR reactions
containing 250 ng of cDNA. 5 /AMprimers. 50 mM KCI, 10 mM Tris-HCI (pH

8.3), 3 mM MgCU 0.05% gelatin. 0.2 mM deoxynucleotide triphosphates. and
Taq polymerase (Perkin-Elmer Cetus). Five cycles of PCR were performed as
follows: 94Â°Cfor 1 min, 40Â°Cfor 2 min, and 72Â°Cfor 3 min. Twenty-five
cycles were then performed as follows: 94Â°Cfor 1 min, 55Â°Cfor I min. and
72Â°Cfor 1 min. The resulting reaction products were used as template in a

second round of PCR, as described above, with nested forward [CGGGATCC
AGIA/G) GA(A/G) AA(C/T) ATIA/CH") CTIA/G/C/T) TTT GGIA/G/C/T)]

and reverse [CGGAATTC (A/G/T/OTC (A/G)TC (A/C/T)AG (A/G/C/T)AG
(A/G)TA (A/T/G)AT <A/G)TC] degenerate oligonucleotide primers. PCR re
action products were isolated from an agarose gel and subcloned into the
Bam\\\ and Â£cÂ«RIsites of pBluescript (Stratagene). Nucleotide sequence
analysis was performed on plasmid DNA prepared from ampicillin-resistant

transformants. Additional cDNA clones were isolated from C200 (ovary) and
B5 (breast) cDNA libraries (a gift of Dr. Toru Miki. NIH, Bethesda, MD) by
plaque hybridization using the PCR product as the initial radiolabeled probe.

RNA Blot Analysis. Blots containing poly(A)+ RNA isolated from human
tissues (Clontech) were prehybridized at 45Â°Cfor 8 h in 50% formamide, 4X
SSC (0.6 M sodium chloride, 0.06 M sodium citrate). 4x Denhardt's solution,

0.04 M sodium phosphate monobasic (pH 6.5), 0.8% (w/v) glycine, and 0.1
mg/ml sheared denatured salmon sperm DNA. Hybridization was performed at
45Â°Cwith 32P-labeled MOAT-B or GAPDH probes in a solution containing

50% formamide, 3X SSC, 0.04 M sodium phosphate (pH 6.5), 10% dextran
sulfate, and O.I mg/ml sheared denatured salmon sperm DNA. Blots were
washed two times for 15 min at 65Â°Cin 2X SSC, 5 mM Tris-HCI (pH 7.4),

0.5% SDS, 2.5 mM EDTA, and 0.1% sodium PPÂ¡(pH 8.0) and subsequently
washed two times for 15 min in 0. IX SSC. Blots were then subjected to
autoradiography.

Chromosomal Localization. Preparation of metaphase spreads from phy-
tohemagglutinin-stimulated lymphocytes of a healthy female donor, and FISH
was carried out as described previously (19). A 2.2-kb cDNA clone of
MOAT-B inserted in pBluescript was biotinylated by nick translation in a

reaction containing 1 /u.gof DNA; 20 /Â¿Meach of dATP, dCTP. and dGTP; 1
/IM dTTP; 25 mM Tris-HCI (pH 7.5): 5 mM MgCU; 10 mM ÃŸ-mercaptoethanol;
10 IJLMbiotin-16-dUTP (Boehringer Mannheim); 2 units of DNA polymerase

1/DNase I (Life Technologies, Inc.); and water to a total volume of 50 /Â¿I.The
probe was denatured and hybridized to metaphase spreads overnight at 37Â°C.

Hybridization sites were detected with fluorescein-labeled avidin (Oncor) and
amplified by the addition of anti-avidin antibody (Oncor) and a second layer of
fluorescein-labeled avidin. The chromosome preparations were counterstained
with diamidino-2-phenylindole and observed with a Zeiss Axiophot epifluo-

rescence microscope equipped with a cooled charge coupled device camera
(Photometries. Tucson, AZ) operated by a Macintosh computer work station.
Digitized images of diamidino-2-phenylindole staining and fluorescein signals
were captured, pseudo-colored, and merged using Oncor Image version 1.6

software.

Results

Isolation of MOAT-B cDNA. We used a degenerate PCR ap
proach in an attempt to isolate MRP-related transporters. Degenerate
oligonucleotide primers were prepared based upon the NH2-terminal

nucleotide binding folds of MRP and other eukaryotic transporters
and used in conjunction with DNA prepared from an ovarian cancer
cell line bacteriophage library. Nucleotide sequence analysis of one of
the resulting PCR products indicated that it encoded a segment of a
novel nucleotide binding fold that was most closely related to MRP
and cMOAT. Overlapping cDNA clones were isolated from ovarian
and breast bacteriophage libraries by plaque hybridization using the
PCR product as the initial probe. A total of 5.9 kb of cDNA was
isolated. Nucleotide sequence analysis revealed two classes of cDNA
clones that were about equally represented among isolates from each
of the two bacteriophage libraries. The first class contained an open
reading frame of 3975 bp that was bordered by in-frame stop codons
located at positions â€”¿�76and â€”¿�42(relative to the putative initiation

codon) and 3976, and encoding a predicted protein of 1325 amino
acids, which we designated MOAT-B. The open reading frame was
followed by ~2 kb of 3' untranslated sequences. The most upstream

ATG in the open reading frame was located in the sequence context
~4CAAGATGC+4. The A at position -3 of the putative translation

initiation codon was in agreement with the major feature of the Kozak
consensus sequence, but the C at position +4 was divergent from the
more usual G. The second class of cDNA clones was identical to the
first, with the exception of a single nucleotide. These clones harbored
an additional T following nucleotide 3872 of the first class of clones,
close to the COOH terminus of the predicted protein. This additional
nucleotide resulted in a frame shift such that the predicted protein of
the second class of cDNA clones was 22 residues shorter than that of
the first class of cDNA clones, and in which the COOH-terminal 34

residues of the latter reading frame were replaced by 12 distinct
residues (Fig. 1).

Analysis of the MOAT-B Predicted Structure. Comparison of
the MOAT-B predicted protein with complete coding sequences in

protein data bases using the BLAST program indicated that it shared
significant similarity with several eukaryotic ABC transporters (Table
1). Typical features of eukaryotic ABC transporters were present in
the predicted MOAT-B protein (Fig. 1). Overall the protein was

composed of a tandem repeat of a nucleotide binding fold appended
COOH-terminal to a hydrophobic domain that contained several po
tential transmembrane-spanning helices. Conserved Walker A and B

ATP binding sites were present in each of the nucleotide binding folds
(Fig. 2A). In addition, a conserved C motif, the signature sequence of
ABC transporters, was present in each nucleotide binding fold. Anal
ysis of potential transmembrane motifs using the TMAP program (20)
and an input sequence alignment of MOAT-B and MOAT-C, a
transporter highly related to MOAT-B,4 predicted 12 transmembrane

helices with six transmembrane segments in each of the two hydro-

phobic domains. This 6 + 6 configuration of predicted transmem
brane helices is in agreement with topological models proposed for
MRP and other ABC transporters (21, 22) and is shown in Fig. 1.
However, alternative predictions of transmembrane segments were
obtained using different program parameters or input sequence align
ments. For example, when the TMAP program was used with an input
sequence alignment consisting of human MRP, rat cMOAT, rat SUR,
human CFTR, and human P-glycoprotein, a 6 + 5 configuration was

predicted. The only substantial difference between the latter predic
tion and the structure shown in Fig. 1 is that transmembrane segments
9 (829-853) and 10 (855-878) were replaced by a single predicted
transmembrane segment spanning amino acids 847-875.

Among ABC transporters, the degree of similarity of the nucleotide
binding folds is considered to be the best indicator of functional
conservation. Comparison of the nucleotide binding folds of
MOAT-B with other eukaryotic ABC transporters indicated that it

was most closely related to MRP, the yeast cadmium resistance
protein (YCF1), and cMOAT (Table 1), three transporters that have
organic anions as substrates. The MOAT-B NBF1 was 55.6, 56.0. and
53.3% identical, and the MOAT-B NBF2 was 61.6, 57.2, and 55.3%

identical to the first and second nucleotide binding folds of human
MRP, YCF1, and human cMOAT, respectively. Aside from the latter
transporters, the MOAT-B nucleotide binding folds were most closely
related to those of CFTR and SUR. The MOAT-B nucleotide binding

folds shared significantly less similarity with those of MDR1. Align
ment of the MOAT-B nucleotide binding folds with those of other

eukaryotic transporters is shown in Fig. 1A. Analysis of the overall
amino acid identity of MOAT-B with other ABC transporters also

" M. G. Belinsky and G. D. Kruh, unpublished data.
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ISOLATION OF MOAT B

Fig. I. Predicted structure of MOAT-B and com

parison with human MRP. Vertical lines, identical
amino acids; vertical dots, conserved amino acids.
Gaps are indicated by periods. Overbars, potential
transmembrane spanning segments as predicted by
the TMAP program. The first and second nucleotide
binding folds (NBFI and NBF2) are indicated by
horizontal arrows. The COOH-terminal 34 amino
acids (residues 1291-1325) are replaced in the sec
ond class of MOAT-B cDNA clones by the follow
ing amino acids: ILQKKLSTYWSH. The alignment
was performed using the GAP program (gap weight,
3.0; length weight, 0.1) in the Genetics Computer
Group Package.
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f '*â€¢ NBF2

1031 PPPAWPHEKVIIFDNVNFMYSPGGPLVLKHLTALIKSQEKVGIVGRTGAGKSSLISALP^^ 1129

1283 PPSSWPQVGRVEFRNYCLRYREDLDFVLRHINVTINGGEKVGIVGRTGAGKSSLTLGLFRINESAEGEIIIDGINIAKIGLHDLRFKITIIPQDPVLFSG 1382

NBF2 ^ i
1130 TMRKNLDPFKEHTDEELVWAIXJEVQLKETIEDLPGKMDTELAESGSNFSVGQRQLVCIA^ 1229

1363 SLRMNLDPFSQYSDEEVWTSLElJ^LKDFVSALPDIU>DHECAEGGENLSVGQROLVCLARALLRKTKILVLDEATAAVDLETDDLIQSTrRTQFEDCTVL 1482

1230 TIAHRLNTIIDSDKIKVLDSGRLKEYDEPYVLLQNKESLFYKMVQQLGKAEAAALTETAKOVYFKRNYHIGHTDHMVTNTSNGQPSTLTIFETAL 1325

1483 TIAHRLNTIMDYTRVIVLDKGEIQEYGAPSDLLQQR.GLFYSMAKDAGLV 1531

indicated that it was most closely related to MRP, YCF1, and cMOAT
(Table 1). Overall, MOAT-B was 39.2, 38.9, and 38% identical to

these transporters, respectively. Fig. 2B shows a comparison of the
hydropathy profiles of MOAT-B with those of other eukaryotic trans
porters. This comparison reveals that MOAT-B (1325 amino acids) is
-200 amino acids smaller than MRP (1531 residues), cMOAT (1545

residues), and YCF1 (1515 residues), and that this size difference is
largely accounted for by the absence in MOAT-B of an NH2-terminal

hydrophobic extension that is present in the latter three transporters
(23). This NH2-terminal hydrophobic segment is predicted to harbor

several transmembrane spanning segments and is also present in SUR.
Expression Pattern of MOAT-B in Human Tissues. To gain

insight into the possible function of MOAT-B, its expression pattern

in a variety of human tissues was examined by RNA blot analysis. As

shown in Fig. 3, a MOAT-B transcript of ~6 kB was readily detected.
The isolation of 5.9 kb of MOAT-B cDNA was consistent with this
size. MOAT-B expression was detected in each of the 16 tissues

analyzed. Transcript levels were highest in prostate and lowest in liver
and peripheral blood leukocytes, for which prolonged exposure of
film was required to detect expression. Intermediate levels of expres
sion were observed in other tissues.

Chromosomal Localization of the MOAT-B Gene. The MOAT-B

chromosomal localization was determined by FISH. As shown in Fig.
4, hybridization of the MOAT-B probe to metaphase spreads revealed

specific labeling at human chromosome band 13q32. Fluorescent
signals were detected on chromosome 13 in each of 19 metaphase
spreads scored. Of 135 signals observed, 62 (46%) were on 13q.
Among these signals, 61 localized at 13q32, near the boundary be-

Table 1 Comparison of MOAT-B peptide domains with those of other eukaryotic ABC transporters

MOAT-Bdomain"(peptide)MRP.

human
YCF1, yeast
MOAT, human
CFTR, human
SUR, rat
MDR1, humanTM1

(88-376)28.6

27.0
33.2
30.5
28.1
17.6NBFI

(428-576)55.6

56.053.3

48.0
41.3
39.2Linker

region
(577-705)27.9

27.9
32.8
27.9
28.2
21.1TM2

(706-992)Percent

identity33.3

34.0
31.437.7

30.0
17.3NBF2

(1058-1216)61.6

57.2
55.3
44.052.8

32.2COOH

terminus
(1217-1325)51.6

48.5
44.9
21.0
42.8
40.3Overall

identity39.2

38.9
38.0
36.3
32.9
23.3

"The indicated domains are: TM1, segment containing the transmembrane-spanning domain NH2-terminal to NBFI; NBFI and NBF2. nucleotide binding folds 1 and 2; linker

region, segment located between NBFI and TM2; TM2. segment containing the transmembrane-spanning domain located between the two NBFs; COOH terminus, segment between
NBF2 and the COOH terminus of the proteins. Sequence alignments were generated using the PILEUP program of the GCC package. The percentages of amino acid identity with
MOAT-B domains are shown.
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Nucleotide Binding Fold I

Fig. 2. Comparison of the nucleotide binding
folds and hydropathy profile of MOAT-B with
those of other eukaryotic ABC transporters. A, com
parison of the nucleotide binding folds of
MOAT-B. Amino acids that are identical to those of
MOAT-B are shaded, and gaps are indicated by
periods. Walker A and B motifs and the ABC
transporter family signature sequence C are under
lined. Righi, amino acid positions. Amino acid se
quences were aligned using the PILEUP program
(gap weight, 3.0; length weight. 0.1 ) in the Genetics
Computer Group Package. B. comparison of the
MOAT-B hydropathy profile. To facilitate compar
ison, the proteins are aligned so that the NH2-

terminal nucleotide binding folds are roughly in
register. Bars, nuclear binding folds. Values above
and below the horizontal lines indicate hydrophobic
and hydrophilic regions, respectively. Hydropho-
bicity plots were generated using the Kyte-Doolittle

algorithm with a window of seven residues. The
transporters shown are: H.MOAT-B. human
MOAT-B; H.MRP. human multidrug-associated
protein (P33529); H.cMOAT. human multispecific
organic aniÃ³n transporter (U63970); S.YCFI. Sac-

charomyces cerevisiae yeast cadmium factor 1
(P39109); R.SUR, rat sulfonylurea receptor
(Q09429); H.SUR. human sulfonylurea receptor
(Q09428); H.CFTR, human cystic fibrosis trans-

membrane conductance regulator (M28668I;
LPgpA. leishmania Pgp (P2144I); and H.MDR1.
human mdrl (P08I83). Accession numbers are
shown in parentheses.
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L.PgpA
H.SUR
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tween 13q31 and 13q32. Paired (on sister chromatids) signals were
only seen at band 13q32. In several metaphases, signals on a single
chromatid were observed at chromosome bands 6p21 or 4q21, sug
gesting hybridization to distantly related sequences.

Discussion

In this study, we examined the possibility that there are additional
MRP/cMOAT-related transporters by using a degenerative PCR clon

ing approach in which the conserved NH2 terminal ATP-binding

domain of known eukaryotic transporters was targeted. Using this
approach, we isolated the complete coding sequence of MOAT-B, a

protein whose predicted structure indicates that it is a member of the
ABC transporter family. Comparison of the MOAT-B predicted pro

tein with other transporters reveals that it is most closely related to
MRP, cMOAT, and yeast YCF1 and thus extends the number of
known full-length MRP-related transporters. The similarity of
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Fig. 3. Tissue distribution of MOAT-B tran
script. Membranes containing poly(A)* RNA pre

pared from human tissues were hybridi/.ed with a
radiolabeled MOAT-B or GAPDH probe. Top.
MOAT-B transcript: bottom, control GAPDH tran
script. Arrows, the position of the MOAT-B tran
script. Prolonged exposure of the film revealed a
low level signal in liver.
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Fig. 4. Chromosomal localization of the gene encoding MOAT-B. Human metaphase
spreads were hybridi/.ed with a biotin-labeled MOAT-B cDNA probe and detected by
FITC-conjugated avidin. Arrows, hybridization signals at chromosome 13q32 in two
metaphase spreads. Inset, paired hybridization signals at band q32 of chromosome 13
from three other metaphase spreads.

MOAT-B to these transporters raises the possibility that it may share

a similar substrate specificity. Transport assays using membrane ves
icle preparations indicate that MRP is capable of transporting diverse
organic anions, including glutathione S-conjugates such as leukotriene

C4, oxidized glutathione, and glucuronidated and sulfated conjugates
of steroid hormones and bile salts (8). Although membrane vesicle
transport assays of substrate specificity using cMOAT-transfected

cells have not yet been reported, genetic and biochemical studies
using TR- and EHBR rat strains, which are defective in the hepato-

biliary excretion of glutathione and glucuronate conjugates, indicate
that it is also an ATP-dependent transporter of organic anions.

cMOAT, which is primarily expressed in the canalicular membrane of
hepatocytes, has been reported to be absent in these rat strains, and
hepatocyte canalicular membranes prepared from the mutant rats are
deficient in the ATP-dependent transport of glutathione and glucur

onate conjugates (24, 25). In addition, cMOAT protein has also been
reported to be absent in the hepatocytes of patients with Dubin-

Johnson syndrome (26), a disorder manifested by chronic conjugated
hyperbilirubinemia. YCF1, a yeast transporter, has also been demon
strated to transport glutathione complexes (27). Thus, based upon the
similarity of MOAT-B to these three transporters, it is possible that it

also functions to transport organic anions, an activity critical to the
cellular detoxification of a wide range of xenobiotics.

However, differences in the MOAT-B structure compared with

MRP and cMOAT may reflect distinct functions and substrates.
Although MOAT-B is most closely related to MRP and cMOAT, its

overall amino acid identify with MRP (39%) and cMOAT (38%) is
somewhat less that the amino acid identity shared by MRP and
cMOAT (48%) but is comparable with the amino acid identity of
YCF1 with the latter two transporters (40 and 39%, respectively). In
addition, MOAT-B lacks an NH2-terminal hydrophobic extension of
â€”¿�200amino acids that is present in MRP and cMOAT. This hydro-

phobic domain is predicted to encode four to six transmembrane
segments and is also present in the yeast transporter YCF1, and the
SUR, a transporter involved in the regulation of ATP-sensitive potas
sium channels (23). Although the function of this NH-,-terminal seg

ment is presently unknown, its significance is indicated by the obser
vation that deletion of this domain in YCF1 destroys the biological
activity of the protein (28). The absence of this NH2 terminal exten
sion in MOAT-B is therefore likely to be of functional significance. In
addition to structural differences, the MOAT-B expression pattern is
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also distinct from MRP and cMOAT. In the present study, we show by
RNA blot analysis that MOAT-B transcript is widely expressed in

human tissues, with high levels in prostate. This expression pattern is
similar to that of MRP, which is also widely expressed (29). However,
in contrast to MRP, which is expressed in the liver, and cMOAT, the
expression of which is largely restricted to liver (24), MOAT-B was

expressed at barely detectable levels in liver. The isolation of the
MOAT-B cDNA will facilitate studies designed to determine whether

it is an organic aniÃ³ntransporter and to define its cellular function and
the significance of its distinct structure and expression pattern.

In addition to MRP, there are likely to be other mammalian MRP/
cMOAT-related transporters. ARA, a cDNA isolated from an anthra-
cycline-resistant T cell leukemia cell line in which a 2.2-kb transcript

is overexpressed and the gene is amplified, encodes a protein of only
453 amino acids that is most closely related to the COOH-terminal

domain of MRP (30). The ARA predicted protein consists of one
ATP-binding domain and one hydrophobic domain harboring trans-
membrane-spanning segments and is thus much smaller than MRP,
cMOAT, and MOAT-B, which are in the range of 1325-1545 amino
acids and are composed of a tandem repeat of an ATP-binding fold

appended to a hydrophobic domain. However, the COOH terminus of
a 1401-amino acid predicted protein deduced from a recently submit
ted GenBank genomic sequence is identical to ARA.5 This suggests

the possibility that the reported ARA cDNA is specific to the resistant
cell line from which it was isolated, and that a larger size transcript
and protein are expressed in other tissue sources. This possibility is
presently under investigation in our laboratory. Analysis of the ex
pressed sequence tag database indicates that, in addition to ARA,
there are likely to be other MRP/cMOAT-related transporters. Fol
lowing our isolation of the complete MOAT-B coding sequence,

Allikmets et al. (31) reported an analysis of human EST database
sequences in which they identified 21 short sequences potentially
representing ABC transporters, of which five had significant similar
ity to MRP. The possibility that the latter EST sequences represent
yet-to-be-isolated, MRP-related transporters was also suggested in a
subsequent report by Kool et al. (16). MOAT-B is the first of these
MRP-related transporters to be isolated. Comparison of the MOAT-B
amino acid sequence with the five MRP-related EST sequences indi

cates that two (170205 and 205858) contain small, nonoverlapping
segments of coding sequence that are identical to MOAT-B. Of the

1325 amino acid protein we report in this study, 65 amino acids and
123 amino acids, derived from EST205858 and encoding a segment of
the MOAT-B second nucleotide binding fold, were described, respec

tively, in the analyses of EST sequences reported by Allikmets et al.
(31) and Kool et al. (16). Isolation of the MOAT-B cDNA and

analysis of its encoded protein thus confirm the idea that sequences in
the EST database represent potential MRP/cMOAT-related transport

ers and indicate that presently there are three remaining MRP/
cMOAT-related EST sequences, the cognate proteins of which have

yet to be described.
The cytogenetic localization of the MOAT-B gene to chromosome

band 13q32 by FISH is in agreement with our assignment of
EST170205 and EST205858 to MOAT-B, because one of the two

EST clones (EST170205) was mapped to chromosome 13q31 using
somatic cell hybrid and yeast artificial chromosome panels (31). The
small difference in chromosome position is likely related to the
different techniques used for mapping. Reported alterations at 13q32
in human disease include deletions associated with major develop
mental malformations (32). Recurrent losses at 13q32-34 have also
been observed in multiple myeloma and plasma cell leukemia speci-

5 GenBank accession number U91318.

mens and cell lines using comparative genomic hybridization (33). In
addition, amplification of 13q32-q34 has been reported to be associ
ated with progression of gliomas (34). Knowledge of the MOAT-B

chromosomal localization may help to link it to these or other human
diseases.

The isolation of MOAT-B and other MRP/cMOAT-related proteins

will help to define the potential contribution of this group of trans
porters to cytotoxic drug resistance. Drugs of interest will include
natural product agents, because one member of this group (MRP) is
known to confer multidrug resistance. Cisplatin will be of particular
interest, in view of the consistent detection of reduced cellular accu
mulation of this agent in cisplatin-resistant cell lines (10), and reports
indicating that membrane vesicles prepared from cisplatin-resistant
cell lines exhibit enhanced ATP-dependent transport of glutathione
5-conjugates, including cisplatin-glutathione (12, 13). In addition,
cisplatin-resistant cell lines have been reported to display cross-

resistance to heavy metals, as well as decreased accumulation of these
compounds (35-37). This cross-resistance pattern is consistent with

the possible participation of organic aniÃ³npump(s) in that MRP and
YCF1 have been reported to confer resistance to heavy metals (7, 38).
Understanding the role of MOAT-B and other MRP/cMOAT-related

transporters in drug resistance will have significant clinical implica
tions, because this information will help to define the important
membrane targets for modulation strategies.
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