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The organic anion transporter molecules acting at the
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We identified three novel transporters structurally
elonging to the organic anion transporting polypep-
ide (OATP) family in humans. Since previously
nown rat oatp1 to 3 do not necessarily correspond to
he human OATPs in terms of either tissue distribu-
ion or function, here we designate the newly identi-
ed human OATPs as OATP-B, -D and -E, and we re-
ame the previously known human OATP as OATP-A.
ATP-C proved to be identical with the recently re-
orted LST1/OATP-2. Expression profiles of the five
ATPs and the prostaglandin transporter PGT (a
ember of OATP family) in human tissues showed

hat OATP-C is exclusively localized in liver, OATP-A
nd PGT are expressed in restricted ranges of tissues,
nd OATP-B, -D and -E show broad expression profiles.
ATP-B, -C, -D and -E exhibited transport activity for

3H]estrone-3-sulfate as a common substrate. OATP-C
as a high transport activity with broad substrate
pecificity. © 2000 Academic Press

Metabolic products and xenobiotics are mainly ex-
reted via the kidney and liver, and the membrane
ransport processes in each tissue are important in
etermining the precise pathways. Various anionic
ompounds, including bile acids, bilirubin, anionic me-
abolites of endogenous compounds, and xenobiotics,
re taken up by the liver via specialized mechanisms
cross the hepatic parenchymal cell membranes (1).
e have previously studied renal and hepatic mem-

rane transport mechanisms of anionic drugs (b-
actam antibiotics) in order to elucidate the determi-
ant process for elimination of the antibiotics (2–5).

1 To whom correspondence should be addressed at Faculty of Phar-
aceutical Sciences, Kanazawa University, 13-1 Takara-machi,
anazawa 920-0934, Japan. Fax: 181-76-234-4477. E-mail: tsuji@
enroku.kanazawa-u.ac.jp.
251
ile canalicular membrane include ATP-dependent
RP and BSEP (spgp) (1, 6). Hepatic basolateral mem-

rane transporters include sodium-dependent ntcp and
odium-independent Npt1 and oatp (1, 7, 8). However,
t is still not clear which transporter molecules operate
n the biliary excretion of organic anions such as en-
ogenous and xenobiotic organic anions, especially in
umans.
Organic anion transporting polypeptide (oatp1) was

rst molecularly identified in rats as a multispecific
nd sodium ion-independent transporter for various
rganic anions, including bile acids, conjugated metab-
lites and xenobiotics (9). Subsequently, rat oatp2 and
were isolated as homologues of oatp1 and were shown

o be present in various tissues and to transport an-
onic and neutral compounds (10, 11). As they are
tructurally very closely related, they are considered to
orm a single protein family—the OATP family. In
umans, OATP was cloned from a human liver-derived
DNA library as a homologue of rat oatp1 (12). How-
ver, subsequent analysis showed that human OATP is
ocalized mainly in the brain and not functional in the
epatic membranes (13, 14). Recently, a novel homo-

ogue of human OATP termed LST-1 was identified
14). LST-1 is exclusively expressed in liver and has a
rucial role in the sinusoidal uptake of anionic drugs
nd metabolites. Subsequently, it was demonstrated
hat LST1 is localized at the basolateral membrane of
epatic parenchymal cells (15). In addition, a prosta-
landin transporter PGT, which was cloned as the
ransporter for various prostaglandins in a sodium ion
ndependent manner in rat, human and mouse, is also
onsidered to belong to the OATP family (16–18). Pre-
iously observed sodium ion-independent transport
rocess in various tissue cell membranes may be at
east partially ascribed to these already identified
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



OATP family members. However, for a clearer under-
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tanding of the membrane transport of endogenous
nd xenobiotic organic anions in humans, it is essential
o identify all the members of the human OATP family.

In the present study, we report the molecular iden-
ification of three novel transporters termed OATP-B,
D and -E and we describe their characteristics in
omparison with those of known members of the OATP
amily, here designated as OATP-A, -C and PGT.

ATERIALS AND METHODS

Materials. [14C] Benzylpenicillin potassium (2.07 GBq/mmol) was
urchased from Amersham Pharmacia Biotech (Buckinghamshire,
.K.). [3H]Estradiol-17b-D-glucuronide (2035 GBq/mmol), [3H]estrone-
-sulfate, ammonium salt (1961 GBq/mmol) and [14C]inulin (185
Bq/g) were from NEN Life Science Products, Inc. (Boston, MA).

cDNA3 vector was obtained from Invitrogen (Carlsbad, CA). All other
nzymes and reagents for molecular biology and functional studies were
urchased from Takara (Otsu, Japan), Toyobo (Osaka, Japan), Sigma
St. Louis, MO), Life Technologies Inc. (Tokyo, Japan) and Wako Pure
hemical Industries (Osaka).

cDNA cloning. A data base search with the TBLASTN program
sing the amino acid sequence of human OATP (12)/OATP-A as the
uery identified over 40 kinds of human ESTs (Expression Sequence
ags) and genomic sequences with significant similarities to the
uery sequence. From those sequences, the following primers were
esigned and used to clone cDNAs for members of the human OATP
amily, which we designated OATP-B, -C, -D, and -E in the present
aper. Corresponding EST and PAC clone numbers are shown in
arenthesis. OATP-B: A cDNA encoding a full open reading frame of
ATP-B was amplified by polymerase chain reaction (PCR) from
uman adult brain poly A1 RNA (Clontech, Palo Alto, CA)-derived
DNA using following primers: 59-GATAAGCTTCTGTGTGGC-
CAAGAAGAACTGAC-39 (W19504) and 59-GATAAGCTTTACTG-
TGTGGCTGCTACTCTTGG-39 (AI052501). OATP-C: The 59 and 39
nds of OATP-C were amplified by RACE (Rapid Amplification
f cDNA Ends) from human fetal liver-derived Marathon-Ready-
DNA (Clonetech) using following primers: 59-AAGCTTCCGT-
AATAAAACC-AACA-39 (H62893) and 59-TTGGTGCTTTTAC-
TATGTCTTCA-39 (T73863). The central region of OATP-C was
mplified by PCR from human adult liver poly A1 RNA (Clone-
ech)-derived cDNA using following primers: 59-CTTCTC-TTGT-
GGTTTTATTGACG-39 (H62893) and 59-TGTAAGTTATTCCAT-
GTTTCCAC-39 (R29414). OATP-D: A cDNA fragment was am-
lified by PCR from human adult brain poly A1 RNA-derived
DNA using following primers: 59-CGCCCTCGTGGTTTTTGATGT-
GC-39 (AA280224) and 59-GCGGTGCCTTACTCTTCTTCTCTT-39

pDJ430i19). Using this cDNA fragment as a probe, a human adult
idney-derived 59-STRETCH PLUS cDNA library (Clonetech) was
creened by a standard plaque hybridization method. Several posi-
ive clones were obtained and sequenced. The whole sequence of
ATP-D was determined by assembling these sequences. OATP-E: A

DNA fragment was amplified by PCR from human adult lung
oly A1 RNA (Clonetech)-derived cDNA using following primers:
9-TGTACAAGG-TGCTGGGCGTCCTCT-39 (AI347130) and 59-CGA-
CGGGTATAAAA-CACATTCTA-39 (AI347130). By screening of a
uman adult kidney-derived cDNA library using this cDNA frag-
ent as a probe, overlapping clones were obtained and the whole

equence of OATP-E was obtained as in the case of OATP-D. For
onstruction of expression plasmid, cDNA fragments covering the
ull open reading frame of each OATP were reamplified by PCR and
loned into pcDNA3 vector (Invitrogen). Sequence-verified clones
ere selected and used for expression experiments. The regions
here each cDNA fragments cover are as follows: OATP-B, nucleo-

ide number 1-2354 of the sequence of GenBank Accession No.
252
B031050; OATP-E, 50-2320; AB031051. A direct sequencing of
T-PCR products of OATP-B and -C identified some mixed se-
uences which are considered to represent a single nucleotide poly-
orphism. The mixed sequences were confirmed to be not sequenc-

ng error by sequencing opposite strand of RT-PCR product.

Expression profile of human OATPs. The expression profiles of
ATPs in multiple human tissues were examined by RT-PCR.
ember-specific primers were designed as follows and used for PCR:
ATP-A, OAA-1 primer, 59-AAGAAGAGGTCAAGAAGGAAAAAT-
9; and OAA-2 primer, 59-GGAGCATCAAGGAACAGTCAGGTC-39;
ATP-B, 4742-1 primer, 59-CGTGCGGCCAAGTGTGTTCCATAA-39;
nd 4742-2 primer, 59-GAAGGAGTAGCCCCATAGCCAATC-39;
ATP-C: 9414-1 primer, 59-TGTCATTGTCCTTTT-ACCTATTAT-39;
nd 9414-2 primer, 59-TGTAAGTTATTCCATTGTTTCCAC-39;
ATP-D: 0224-2 primer, 59-CTCAAATCCTTCGCCTTCATCCTG-39;
nd 0224-4 primer, 59-AGGGTCAGAGTAGAGGCAAAGAAC-39;
ATP-E: 7130-2 primer, 59-CACGGCGGGCACTCAGCATTTCCT-39;
nd 7130-4 primer, 59-CGATCGGGTATAAAACACATTCTA-39; and
GT: HPGT-1 primer, 59-CCATCTTATTTGCCATCTCTGTAT-39;
nd HPGT-3 primer, 59-GAGGCCAGCAATGACGGAGGAGAA-39.
or detection of the control gene G3PDH, upstream primer, 59-
GAAGGTCGGAGTCAACGGATTTGGT-39, and downstream primer,
9-CATGTGGGCCATGAGGTCCACCAC-39 were used. By using ap-
ropriate amounts of cDNA of a multiple tissue cDNA (MTC) panel
Clontech) derived from various human tissues and cancer cell lines
s templates, each gene was amplified and the expression level was
valuated.

Transport experiments. To perform functional analysis, the con-
tructs pcDNA3/OATP-B, C, D and E were used to transfect HEK293
ccording to the calcium phosphate precipitation method (19).
EK293 cells were routinely grown in Dulbecco’s modified Eagle’s
edium containing 10% fetal calf serum, penicillin, and streptomy-

in in a humidified incubator at 37°C and 5% CO2. After 24 h
ultivation of HEK293 cells in 10-cm dishes, each pcDNA3/OATP or
cDNA3 vector alone was transfected by adding 10 mg of the plasmid
NA per dish. At 48 h after transfection, the cells were harvested
nd suspended in transport medium containing 125 mM NaCl, 4.8
M KCl, 5.6 mM D-glucose, 1.2 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
gSO4 and 25 mM Hepes (pH 7.4). This suspension and a solution of
radiolabeled test compound in the transport medium were each

ncubated at 37°C for 10 min, then transport was initiated by mixing
hem. At appropriate times, 200 mL aliquots of the mixture were
ithdrawn and the cells were separated from the transport medium
y centrifugal filtration through a layer of a mixture of silicon oil and
iquid paraffin with a density of 1.03. Each cell pellet was solubilized
n 3 N KOH, and neutralized with HCl, and the associated radioac-
ivity was measured by means of a liquid scintillation counter.
EK293 cells transfected with pcDNA3 vector alone were used to

btain the background activity and are shown as Mock cells in the
ollowing. Correction for extracellular adhesion was done based on
he apparent uptake of [14C]inulin. Cellular protein content was
etermined according to the method of Bradford by using a BioRad
Hercules, CA) protein assay kit with bovine serum albumin as the
tandard (20).

Chromosomal mapping. By database searching, UniGene EST
lusters corresponding to OATP-B, -C, -D and PGT were identified.
hese clusters have been mapped by The International RH Mapping
onsortium by the radiation hybrid method and the locations ca be
ccessed at GeneMap ’98 (http://www.ncbi.nlm.nih.gov/genemap98/
age.cgi? F5Home.html). Chromosomal locations of OATP-A and -E,
hose corresponding UniGene clusters have not been mapped, were
etermined by PCR analysis of the Genebridge 4 Radiation Hybrid
anel (Research Genetics). The following gene-specific primers were
sed for PCR. OATP-A, OAA-6 primer, 59-GGACATCAATAACAGC-
CCCTAAA-39; and OAA-8 primer, 59-ATGCCTAGAATGAATAA-
AAGAGT-39; OATP-E, OAE-24 primer, 59-TGA-TGCAATCA-



CACGGGAACTTCT-39; and OAE-25 primer, 59-GGATTCAC-
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GCCCCT-GCGGAGTTT-39.

ESULTS

dentification of Novel Members of the Human OATP
Transporter Family

In order to identify unknown members belonging to
he OATP transporter family in humans, we tried da-
abase searching with the TBLASTN program (http://
ww.ncbi.nlm.nih.gov/blast/blast.cgi) using the amino
cid sequence of previously identified human OATP
12) as the query. We searched the public database as
ell as our in-house constructed database (CMM seq),
nd found over 40 kinds of ESTs and some unanno-
ated genomic sequences to encode amino acid se-
uences with significant similarity to OATP. Some of
hem turned out to be sequences apparently derived
rom PGT, which is been already known to belong
tructurally to the OATP family, or from OATP. How-
ver, around four-fifths of them did not correspond
xactly to either OATP or PGT, suggesting that they
ere unidentified OATP-related gene(s)-derived se-
uences. We then tried to classify them into groups
hat represent distinct transcripts by clustering the
equences and examining whether each of the clusters
as derived from the same transcript by RT-PCR
ridging. Finally we concluded that those novel se-
uences came from four independent transcripts.
hen, we cloned cDNAs with full open reading frames

or all of them by PCR and conventional library screen-
ng. Since the entire deduced amino acid sequences of
hese four cDNAs showed significant similarity to
ATP and PGT, they are considered to be members of

he OATP family in humans. Thus we designated them
s OATP-B, -C, -D, and -E, taking the previously
nown human OATP as OATP-A. The sequences of
ATP-B, -C, -D and -E were deposited in GenBank
ith Accession Nos. of AB026256, AB026257,
B031050, and AB031051, respectively. During the
reparation of this manuscript, cloning of a cDNA
dentical to OATP-C was reported by two groups, who
esignated it as LST-1 (14) or OATP-2 (21). OATP-B,
C, -D, -E consist of 709, 691, 710, and 722 amino acids,
espectively. Multiple alignment of the amino acid se-
uences of the newly identified OATP members with
reviously known members is shown in Fig. 1a. The
hylogenetic relationship among OATP family proteins
as analyzed and it was suggested that there are three
hylogenetic subgroups consisting of OATP-A/C, -B/
GT and -D/E, respectively (Fig. 1b). Based on hydrop-
thy analysis according to TopPred II (22), it was pre-
icted that all of the OATP members, including
ATP-A and PGT, as previously suggested (10, 17),
ave twelve potential transmembrane regions (Fig.
c). Several phosphorylation sites for protein kinases A
nd C, and N-glycosylation sites are also predicted.
253
y the radiation hybrid method is shown in Table 1.
In the course of cloning cDNAs, we found some single

ucleotide polymorphisms (SNPs) in the normal popu-
ation. In OATP-B one SNP (codon 486 tct/Ser and
tt/Phe) and in OATP-C two SNPs (codon 130 aat/Asn
nd gat/Asp, and codon 174 gtg/Val and gcg/Ala), which
lter the coded amino acids, were detected, although
heir influence on the functional properties is not yet
lear.

xpression Profiles of Human OATPs

The expression profiles of human OATPs in adult
nd fetal tissues as well as cancer cell lines were ex-
mined by RT-PCR. OATP-A, -C and PGT were found
o be expressed in restricted ranges of tissues, whereas
ATP-B, -D and -E showed much broader expression
rofiles (Figs. 2a and 2b). Strong expression of OATP-A
as observed in both adult and fetal brain, with lower

evels of expression in fetal lung and adult liver, testis
nd prostate. PGT was expressed in several tissues,
ncluding pancreas, lung, gut, and prostate in accor-
ance with results obtained by Northern analysis (17).
he tissue distribution of OATP-C was characteristic,

n that it was exclusive to the liver (both fetal and
dult) and is also consistent with a previous study on
ST-1 expression in adult tissues examined by North-
rn analysis (14). Compared with OATP-A, -C and
GT, the expression profiles of OATP-B, -D, and E
ere much broader, with slight differences from each
ther. These three genes were expressed in all of the
etal tissues examined. In adults, OATP-B was ex-
ressed in a more restricted range of tissues compared
ith -D or -E, these include pancreas, liver, lung, gut,
vary, testes, and spleen. OATP-D and OATP-E were
xpressed rather ubiquitously with the exception that
ATP-D was expressed strongly in leukocytes and

pleen, but -E was not. In skeletal muscle, OATP-E
as the only transporter detected, although the level
as low. In cancer cell lines, OATP-D and -E were
roadly expressed. OATP-C was not detected in any of
he cell lines, suggesting liver specific expression.
ATP-A and OATP-B were specifically detected in co-

on adenocarcinoma GI-112 and CX-1 cells, respec-
ively. Accordingly, both in normal tissues and tumor
ell lines, expressions of OATP-A, -B, -C and PGT were
issue-specific, while OATP-D and -E were distributed
ather ubiquitously.

ransport Functions of Human OATPs Expressed
in HEK293 Cells

By transfecting HEK293 cells with human OATP-B,
C, -D, or -E cDNAs subcloned into pcDNA3 vector,
ransport activity was studied by taking the activity of
ells transfected with pcDNA3 vector alone (Mock) as
he background. Figure 3 shows the time courses for
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he uptake of [3H]estrone-3-sulfate, which is a good
ubstrate for rat and human organic anion transport-
ng polypeptides, oatps, and OATP or LST-1, at the
oncentration of 5 nM. All of OATP-B, -C, -D, and -E
howed transport activity for estrone-3-sulfate. High
ptake activities were observed with OATP-B and -C
nd low activities with OATP-D and -E. Thus, although
here are differences in the uptake activities, human
ATP-B, -C, -D, and -E all exhibited transport activity

or estrone-3-sulfate as a common substrate. In addi-
ion, the transport activity of OATP-B, -C, -D, and -E
or prostaglandin E2 and another steroid hormone-
etabolite, estradiol-17b-glucuronide as endogenous

ompounds and benzylpenicillin as a xenobiotic, was
xamined (Fig. 4). With estradiol-17b-glucuronide, and
enzylpenicillin, OATP-C exhibited very clear trans-

FIG. 1. (a) Multiple alignment of amino acid sequences of huma
ighlighted. Gaps are introduced to optimize the alignment. (b) Phylo
volutionery tree was calculated by the Neighbor-Joining Method usin
hylogenetic distances are indicated by the numbers written in itali
redicted by TopPred II are indicated by numbers based on the
-glycosylation sites are indicated by asterisks and triangles, respe
254
ort activity, while the other members showed mini-
al activity. In the case of prostaglandin E2, all of
ATPs showed slight but significant transport activ-

ty. These results show that OATP-C accepts various
ompounds. Further studies are needed to establish
he patterns of specificity with a broader range of sub-
trates.

ISCUSSION

In the present study, we have isolated novel mem-
ers of the human OATP transporter family, and ana-
yzed their expression profiles and transport functions
n comparison with those previously identified mem-
ers.

ATP-A, -B, -C, -D, -E and PGT. Identical amino acids residues are
etic relationships among human members of the OATP family. The
ENETYX-WIN Version 4.0.2 (Software Development Co., Ltd.). The

c) Hydrophobicity plot of human OATPs. Transmembrane domains
thod of Kyte and Doolittle. Potential phosphorylation sites and
ely.
n O
gen
g G
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All of the transporters, including OATP-A and PGT
re structurally related to each other. This suggests
hat these six proteins are all bonafide members of the
ATP transporter protein family. From hydropathy
nalysis, all of these proteins are predicted to have a
welve-transmembrane domain structure, which is
ommonly observed in transporter proteins. As shown
n Table 1, chromosomal localization for all the genes

FIG. 1—
255
ave been assigned. The localizations of OATP-C and
GT were consistent with those assigned on the basis
f cytogenetic studies, 12p12 and 3q21, respectively
23, 24). In the present study the localizations were
efined more precisely with the radiation hybrid
ethod, and this will be useful for future studies of

heir involvement in human inherited diseases.
ATP-C, which is identical to the recently identified

ntinued
Co
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ST-1/OATP-2 is considered to be a physiologically and
harmacologically important hepatic transporter in
umans (14, 21). We have found SNPs which alter
oded amino acids in OATP-B and -C. Although their
ffect on the transport properties is not presently clear,
t would be of interest to explore whether these poly-

orphisms contribute to the differences in hepatic ex-
retion ability of drugs observed among individuals.

Expression profiles were assessed for all members of
he OATP family by RT-PCR. Although the tissue dis-
ributions of some members have been studied by
orthern analysis (14), the number of tissues exam-

ned was limited and the signals were not clear, prob-
bly due to the problem of cross hybridization with
elated genes. Here we used gene-specific primers,
hich allowed precise determination of the expression

evel for each gene. In addition, we examined a large
ariety of tissues, including fetal tissues, and cancer
ell lines. As mentioned above, it was clearly demon-
trated that OATP-A, -C, and PGT are expressed in a
estricted range of tissues. These expression patterns
rovide useful clues to the physiological roles in vivo.
n particular, OATP-C is strongly and exclusively ex-
ressed in liver, suggesting a crucial role in this tissue.
n contrast, OATP-B, -D, and -E were expressed at
ignificant levels in a wide range of tissues. They were
xpressed ubiquitously in fetal tissues, whereas the
xpression in adult tissues was variable. This may
ndicate that they have distinct roles from OATP-A or
C, transporting compounds essential for development
nd/or differentiation in the fetus. Among cancer cell
ines, OATP-C was not found in any of those examined.
imilarly, the expression of OATP-A, B and PGT was
ery limited, which may reflect the restricted distribu-
ions of these genes in adult tissues. In contrast,
ATP-D and -E were expressed in most cell lines.

nterestingly, OATP-E was found in all the cancer cell
ines examined, but not in normal blood cells. Such an
xpression profile might be useful for transporter-
ediated delivery of anticancer agents to tumors with-

ut accumulation in blood cells, which often causes
evere side effects.

Chromosomal Localization of Hu

Gene Chromosome RH map (

OATP-A 12 WI-9881–W
OATP-B 11 D11S916–D
OATP-C 12 D12S358–D
OATP-D 15 D15S202–D
OATP-E 20 D20S173–q
PGT 3 D3S3606–D

Note. Chromosomal mapping of OATP-A to -E was performed by
ybrid panel (Research Genetics, Inc.). The UniGene clusters belong
onsortium and the localizations are accessible in GeneMap 98. * M
man Members of the OATP Family

interval) UniGene* Gene symbol

I-3881 SLC21A3
11S911 Hs. 7884 OATP-B
12S1596 Hs. 137425 SLC21A6
15S157 Hs. 14805 N.D.
Telomere N.D.
3S3554 Hs. 83974 SLC21A2

the radiation hybrid (RH) method using the Genebridge 4 Radiation
ing to other members were mapped by The International RH Mapping
apped UniGene cluster numbers are shown. N.D., not designated.
256
FIG. 2. The expression profiles of human members of the OATP
amily analyzed by RT-PCR. Member-specific primers were used to
etect each gene as described under Materials and Methods. (a)
ultiple human normal adult and fetal tissues. 1, fetal brain; 2, fetal

eart; 3, fetal kidney; 4, fetal liver; 5, fetal lung; 6, fetal skeletal
uscle; 7, fetal spleen; 8, fetal thymus; 9, pancreas; 10, kidney; 11,

keletal muscle; 12, liver; 13, lung; 14, placenta; 15, brain; 16, heart;
7, peripheral blood leukocyte; 18, colon; 19, small intestine; 20,
vary; 21, testis; 22, prostate; 23, thymus; 24, spleen. (b) Human
ancer cell lines. 1, breast carcinoma (GI-101); 2, lung carcinoma
LX-1); 3, colon adenocarcinoma (CX-1); 4, lung carcinoma (GI-117);
, prostatic adenocarcinoma (PC3); 6, colon adenocarcinoma (GI-
12); 7, ovarian carcinoma (GI-102); and 8, pancreatic adenocarci-
oma (GI-103).
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For the study of functionality, we used transient
xpression of the genes in the mammalian cell line
EK293. A recent study on OATP-C (OATP-2) dem-

nstrated that the transporter protein is sorted into
lasma membrane in the glycosylated form, and no
orrespondingly sized protein was detected in the
arental cells by immunocytochemical studies (15).
o, the cell line used in the present study should be
dequate to examine the transport function of OATP.
ATP-A and -C have already been reported to accept
arious organic anions, including conjugated metab-
lites of steroid hormones, prostaglandins, bile acids,
nd anionic drugs. We chose estrone-3-sulfate,
stradiol-17b-glucuronide, prostaglandin E2 and
enzylpenicillin as test compounds for OATP-B, -C,
D, and -E. Although the extent of expressed activity
f the four members was variable, they all trans-
orted the conjugated steroid hormone, estrone-3-
ulfate. Apparently higher activity was observed
ith OATP-B and -C, intermediate activity with
ATP-E and low activity with OATP-D. The values

FIG. 3. Time course of uptake of estrone-3-sulfate by OATP-B (a)
xpressing each OATP (closed symbols) and Mock cells transfect
oncentration of 5 nM and at 37°C, and the uptake was expressed as
p in the cells by the substrate concentration in the uptake medium
257
f uptake of estrone-3-sulfate at 30 min, which is
early at the steady state, were more than 300 and
00 mL/mg protein for OATP-C and OATP-B, respec-
ively. Since the water-space of HEK293 cells exam-
ned in our laboratory was about 10 mL/mg protein
19), estrone-3-sulfate was apparently accumulated
gainst a concentration gradient in the cells express-
ng OATPs, especially high accumulation by the cells
xpressing OATP-B and -C. The results may suggest
hat OATPs are active transporters, although intra-
ellular binding and/or metabolism may play a role
nd should be studied. We examined preliminary the
ffects of sodium and chloride ions on OATP-C trans-
ort activity by replacing them with N-methyl-
lucamine and gluconate ions, respectively; however,
o significant alteration in the uptake activity was
bserved (data not shown). When OATP-C (LST-1)
as expressed in Xenopus laevis oocytes, no sodium

on dependence was observed in the uptakes of thy-
oxine and triiodothyronine (14). In addition, when it
as expressed in HEK293 cells, the uptake of

(b), -D (c) or -E (d). Uptake of [3H]estrone-3-sulfate by HEK293 cells
with pcDNA3 vector alone (open symbols) was measured at the
-to-medium ratio, which was obtained by dividing the amount taken
ach result is the mean and SEM (n 5 3 or 4).
, -C
ed
cell
. E



e
d
t
a
a
w
(
l
n
d
a
t
t
t
a
f
v
r
b
e
o
O

h
s
g
O
t
w
p
n
g

c
[
z
v
b
z
b
p
b
t
e
s

-
4
w
f
w
a

Vol. 273, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
stradiol-17b-glucuronide was not affected by so-
ium ion (15). On the other hand, the prostaglandin
ransporter PGT1 may exhibit active transport via
nion exchange (25). In rat oatp1, anion exchange
nd/or exchange with glutathione and organic anions
ere suggested as mechanisms of active transport

26, 27). At present, the reason for the high accumu-
ation of estrone-3-sulfate via OATP-B and -C has
ot been clarified. There may be differences in the
riving forces among OATP members, which may be
scribed to different physiological roles of OATP
ransporters. Since OATP-B and -C showed high
ransport activities for estrone-3-sulfate, we studied
he difference between them by comparing apparent
ffinity for estrone-3-sulfate. The affinity of OATP-C
or estrone-3-sulfate was higher, with apparent Km
alues about 0.2 and 5 mM for OATP-C and OATP-B,
espectively (data not shown). OATP-A has already
een shown to have much lower affinity (59 mM) to
stron-3-sulfate (8), while rat oatp1 (4.5 mM) and
atp2 (11 mM) showed comparable affinity to
ATP-B (8). So, at least OATP-A, -B and -C seem to

FIG. 4. Uptakes of estradiol-17b-glucuronide (a), benzylpenicillin
D, or -E. Uptakes of [3H]estradiol-17b-glucuronide, [14C]benzylpenic
.5 nM, 4.5 mM, and 1.3 mM for 30 min, respectively, after subtractin
ith pcDNA3 vector alone. The uptake values by Mock cells were 27

or estradiol-17b-glucuronide, benzylpenicillin and prostaglandin E2,
as obtained by dividing the amount taken up in the cells by the su
nd SEM (n 5 3 or 4). Significantly increased uptake compared wit
258
ave differential affinity to transport estrone-3-
ulfate. Another steroid conjugate, estradiol-17b-
lucuronide, was transported with high activity by
ATP-C, while other members showed negligible ac-

ivity. Since OATP-B showed the highest homology
ith PGT, we expected that OATP-B transports
rostaglandins as good substrates. However, it did
ot show high activity for the transport of prosta-
landin E2.
As a xenobiotic, the b-lactam antibiotic benzylpeni-

illin was studied. OATP-C clearly transported
14C]benzylpenicillin, whereas the uptake of [14C]ben-
ylpenicillin by the other members was negligible. Pre-
iously, to determine the transporter responsible for
iliary excretion of b-lactam antibiotics, we used ben-
ylpenicillin and related derivatives and found contri-
utions of sodium ion-independent and membrane
otential-dependent transporters across the hepatic
asolateral and bile canalicular membranes, respec-
ively, in rats (2–5). Basolateral membrane transport-
rs for the antibiotics also transported organic anions
uch as bromosulfophthalein (2, 3), and later MRP

) and prostaglandin E2 (c) by HEK293 cells expressing OATP-B, -C,
n and [3H]prostaglandin E2 were measured at the concentrations of
e uptake by Mock cells obtained by using HEK293 cells transfected

2.62, 17.9 6 1.22 and 25.7 6 2.45 ml/mg protein (mean 6 S.E.M.)
pectively. The uptake was expressed as cell-to-medium ratio, which
rate concentration in the uptake medium. Each result is the mean
hat by Mock cells was observed (*) by t-test (P , 0.05).
(b
illi
g th
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bst
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ar membrane transport of some b-lactam antibiotics
28). Since OATP-C is located at the hepatic basolat-
ral membrane exclusively (15), it may determine the
iliary excretion of the antibiotics. b-Lactam antibiot-
cs are classified to two types in terms of elimination
athways, namely urinary and biliary excretion types
28, 29), and it has not been established what is the
etermining factor, we suggest that differences of af-
nity for OATP-C may determine, at least in part, the

evel of biliary excretion. More precise studies on the
ransport of b-lactam antibiotics via OATP-C should
elp to clarify the pharmacological relevance of OATP
ransporters.

The first identified member of the OATP family
as oatp1, which is present at the sinusoidal mem-
rane of the liver in rat (9). Subsequently, oatp2
brain-specific transporter), oatp3, oat-K1 and
at-K2 were isolated, also from rat (10, 11, 30, 31).
GT was found to be responsible for physiological
rostaglandin transport for clearance, and structur-
lly belongs to the same family. Oatp1, 2, 3 and
at-K1 and K2 are closely related to each other,
onstituting a subgroup in the family. In humans,
ATP was first cloned from human liver as a homo-

ogue of rat oatp1 (12). Although there are many
unctional similarities between rat oatp1 and human
ATP, it was suggested that human OATP is not a

unctional counterpart of rat oatp1 due to obvious
ifferences in substrate specificity, affinity and tis-
ue distribution (13, 32). Human OATP also shows
igh similarity to rat oatp2, oatp3, oat-K1, and oat-
2, but it is not clear whether it is the human

ounterpart of any of these. Although all the human
roteins identified in this study have sufficiently
igh similarity to be considered members of the
ATP family, their similarities are not high enough

o judge them as counterparts of the rat oatp1, 2, 3,
at-K1 or oat-K2 grouping.
All human ESTs and genomic sequences identified

y our database search were found to be derived from
ATP genes known at present, including those identi-
ed here. Furthermore, no related genes cross-
ybridized during several rounds of cDNA library
creening and PCR-based cloning. Whilst the immi-
ent completion of the human genome sequencing pro-
ram will provide the final answer, it seems very un-
ikely that any further members of the human OATP
amily remain to be found, particularly counterparts to
at oatp1, 2, 3, oat-K1 and oat-K2. Thus, we speculate
hat the composition of the OATP family in humans is
ifferent from that of rat and, probably, mouse. Con-
equently, the one-to-one correspondence generally
ound between rat and human gene counterparts is not
vident in the OATP family. For this reason, and also
n order to avoid unnecessary confusion, we propose to
pply novel nomenclature as used in this paper for
259
hat is, OATP is renamed OATP-A, and the newly
dentified members are called OATP-B, -C, -D, and -E.
urther functional analysis to clarify transport prop-
rties such as substrate preference and kinetics will be
ecessary to understand how these proteins share
oles in different species.
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