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ABSTRACT A novel multispecific organic anion trans-
porting polypeptide (oatp2) has been isolated from rat brain.
The cloned cDNA contains 3,640 bp. The coding region
extends over 1,983 nucleotides, thus encoding a polypeptide of
661 amino acids. Oatp2 is homologous to other members of the
oatp gene family of membrane transporters with 12 predicted
transmembrane domains, five potential glycosylation, and six
potential protein kinase C phosphorylation sites. In func-
tional expression studies in Xenopus laevis oocytes, oatp2
mediated uptake of the bile acids taurocholate (K,, ~ 35 uM)
and cholate (K,, ~ 46 pM), the estrogen conjugates 17[-
estradiol-glucuronide (K, ~ 3 uM) and estrone-3-sulfate (K,
~ 11 uM), and the cardiac gylcosides ouabain (K, ~ 470 uM)
and digoxin (K,, ~ 0.24 puM). Although most of the tested
compounds are common substrates of several oatp-related
transporters, high-affinity uptake of digoxin is a unique
feature of the newly cloned oatp2. On the basis of Northern
blot analysis under high-stringency conditions, oatp2 is highly
expressed in brain, liver, and kidney but not in heart, spleen,
lung, skeletal muscle, and testes. These results provide further
support for the overall significance of oatps as a new family
of multispecific organic anion transporters. They indicate that
oatp2 may play an especially important role in the brain
accumulation and toxicity of digoxin and in the hepatobiliary
and renal excretion of cardiac glycosides from the body.

Recently, sodium-independent organic anion transporting
polypeptides have been cloned from rat (oatp) and human
(OATP) livers (1, 2). Oatp, which now is called oatpl, repre-
sents an 80-kDa basolateral (sinusoidal) transporter (3) that
can mediate hepatocellular uptake of a wide range of amphi-
pathic substrates including bromosulfophthalein, bile acids,
estrogen conjugates, neutral steroids, certain organic cations
(e.g., N-propylajmalinium), peptidomimetic drugs, and the
mycotoxin ochratoxin A (4-6). On Northern blots, the oatpl
cDNA reacted with different mRNAs in various organs (1). By
using sequence specific antibodies, oatpl could be localized
also at the apical portion of the S3 segment of the proximal
tubule of rat kidney (3) and at the apical surface of the choroid
plexus of rat brain (7). In addition, oatpl-related transporters
have been isolated and include the basolateral methotrexate
transporter OAT-K1 of the rat kidney (8) and the prostaglan-
din transporter (9).

The human OATP exhibits a 67% amino acid sequence
identity with the rat oatpl (2). Furthermore, in comparative
functional expression studies the affinities and transport ac-
tivities for selected substrates were partly different between
OATP and oatpl (10). The most distinct feature of OATP as
compared with oatpl, however, was its markedly higher reac-
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tivity with total brain mRNA, suggesting additional high-level
expression of OATP (or closely related polypeptides) in
human brain regions other than just the choroid plexus (2).
These observations indicated that OATP is not encoded by the
homologous oatpl gene in humans but actually represents a
new member of the oatp gene family of membrane transport-
ers. On the basis of this hypothesis, we used a specific OATP
cDNA oligonucleotide to identify, isolate, and characterize a
new oatpl-related transporter from rat brain. A unique feature
of this so called oatp2 is its high affinity and transport activity
for the cardiovascular drug digoxin, suggesting that it may play
a role in the pathogenesis of toxic central nervous system
effects in cardiac glycoside overdose.

MATERIALS AND METHODS

Materials.[>H] Taurocholic acid (3.47 Ci/mmol; 1 Ci = 37
GBq), [*H]cholic acid (27.5 Ci/mmol), [*H]estrone-3-sulfate
(50.9 Ci/mmol), 17B-[*H]-estradiol-D-glucuronide (49 Ci/
mmol), [*HJouabain (20.5 Ci/mmol), and [*H]digoxin (15
Ci/mmol) were obtained from Du Pont-New England Nuclear.

Animals. Mature Xenopus laevis females were purchased
from the University of Konstanz (Konstanz, Germany) and
kept under standard conditions as described (11). Male Spra-
gue-Dawley rats (SUT:SDT) were obtained from the Institut
fir Labortierkunde, University of Ziirich (Ziirich, Switzer-
land).

Isolation of mRNA.Total rat brain and rat liver RNA was
prepared as described (12). The mRNA was isolated with the
PolyATtract mRNA isolation system (Promega).

Human OATP Oligonucleotide Probe. A 60-bp OATP oli-
gonucleotide probe (called HOT 584) was used to screen a rat
brain cDNA library. The antisense probe included nucleotides
584-525 of OATP cDNA and had the following sequence
5'-AGGCAGGATGGGAGTTTCACCCATTCCACGTAC-
AATATTGCCTACTAGGACGTACACCCA-3'.

Construction and Screening of a Rat Brain cDNA Library.
Rat brain mRNA was size-fractionated in a linear sucrose
gradient (13). cDNA was synthesized from the 3.5- to 4.5-kb
size class mRNA fraction by using the ZAP cDNA Gigapack
IIT Gold cloning kit (Stratagene). The cDNA was ligated
unidirectionally (EcoRI-Xhol) into the Uni-ZAP XR vector
resulting in a library of 10° plaque-forming units/ml. Aliquots
of the library were plated out at a density of 2.5 X 10*
plaque-forming units per master plate. Replica filters (Hy-
bond-N; Amersham) were screened with the specific HOT 584
probe (see above). The oligonucleotide was labeled with
[a-*?P]deoxycytidine 5'-triphosphate (Amersham; 3,000 Ci/

Abbreviations: OATP, human organic anion transporting polypeptide;
oatpl, original rat liver organic anion transporting polypeptide; oatp2,
organic anion transporting polypeptide, as cloned from rat brain in this
study; OAT-K1, organic anion transporter of rat kidney.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. U88036).

*To whom reprint requests should be addressed. e-mail: meier-

abt@kpt.unizh.ch.
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mmol) by using terminal deoxynucleotidyltransferase (Pro-
mega). Prehybridization and hybridization were performed in
standard hybridization solution (hybridization buffer tablets,
Amersham). After 2 h of prehybridization at 60°C, the filters
were transferred into fresh hybridization solution containing
the radiolabeled oligonucleotide and hybridized for 12 h at
60°C. Thereafter, the filters were washed for two 15-min
periods in 6X standard saline citrate (SSC)/0.1% SDS at 55°C.
They were exposed to autoradiography film for several hours.
After several rounds of screening, a single clone was isolated.
The new rat brain oatp clone (called oatp2) was functionally
tested in X. laevis oocytes (see below). After demonstration of
its functional competence, oatp2 was sequenced with the help
of the T7 sequencing kit (Pharmacia P-L Biochemicals) in both
directions by using custom synthesized oligonucleotide prim-
ers. Sequence analysis was performed as described (1).

Transport Assays in Oocytes. cRNA (derived from the cloned
cDNA) was transcribed in vitro from rat oatp2 cDNA by using T3
RNA polymerase (Promega). X. laevis oocytes were prepared as
described (13). After an overnight incubation at 18°C, healthy
oocytes were microinjected with 5 ng of oatp2 cRNA and cultured
for 3 days to allow the expression of oatp2 in the oocyte plasma
membrane. Tracer uptake studies were performed in an Na*-free
medium that consisted of 100 mM choline chloride, 2 mM KCI,
1 mM CaCl,, 1 mM MgCl,, and 10 mM Hepes, adjusted to pH
7.5 with Tris. Ten to fifteen oocytes were prewashed in the
incubation medium and then incubated at 25°C in 100 ul of the
same medium containing different radiolabeled substrates. After
the indicated time intervals, uptake of tracer was stopped, and
oocytes were washed with 3 ml of ice-cold incubation buffer. Each
oocyte was dissolved in 10% SDS. After addition of 5 ml of
scintillation fluid (Ultima Gold; Canberra Packard, Ziirich, Swit-
zerland), the oocyte-associated radioactivity was measured in a
Packard Tri-Carb 2200 CA liquid scintillation analyzer (Cran-
berra Packard).

Northern Blot Analysis. High-stringency Northern blot
analysis was performed as described in the corresponding
figure legends.

RESULTS

Because of the high expression of OATP in human brain (2),
we first investigated whether an OATP analogue is also
expressed in rat brain. As illustrated in Fig. 1, the specific
OATP oligonucleotide HOT 584 reacted predominantly with
a rat brain mRNA of ~4 kb, whereas in rat liver three
transcripts of ~1.4 kb, ~2.8 kb, and ~4 kb were detected. On
the basis of these results, a rat brain cDNA library was
constructed from a 3.5- to 4.5-kb size class mRNA fraction.
Repeated screenings of the library finally resulted in the
isolation of the new rat brain oatp2 clone. Its total cDNA insert
contained 3,640 nucleotides including 1,539 untranslated nu-
cleotides at the 3’ end. Based on the Kosak consensus sequence
(14), the initiation site was assigned to the first ATG codon at
position 119. Consequently, the coding region of the cloned
oatp2 cDNA extends over 1,983 nucleotides, thus predicting a
polypeptide of 661 amino acids with a calculated molecular
mass of ~73 kDa. In Fig. 2, the deduced amino acid sequence
of oatp2 is compared with previously cloned members of the
oatp family of membrane transporters. Overall oatp2 exhibits
an amino acid sequence identity of 77% to oatpl and OAT-K1
and of 73% to the human OATP. The corresponding identity
of oatp2 to the prostaglandin transporter (9) is 35%. On the
basis of the Kyte—Doolittle hydropathy analysis (15), oatp2 has
also 12 transmembrane spanning domains, thus indicating five
potential N-linked glycosylation sites in the extracellular loops
(Fig. 2). In addition, there are six potential protein kinase C
phosphorylation sites (16) at positions 4, 383, 580, 596, 634,
and 645 on intracellular protein domains. And finally, two
overlapping putative Cys—Cys zinc-finger motifs, which first
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Fic.1. Northern blot analysis of rat brain and rat liver mRNA with
the human-OATP-specific oligonucleotide HOT 584. mRNA (2 ug)
was isolated, denatured, and electrophoresed in a 1% agarose/
formaldehyde gel. After transfer to a nylon membrane (Hybond N,
Amersham), prehybridization was performed for 2 h at 60°C. The
radiolabeled oligonucleotide HOT 584 was added and hybridization
was performed overnight in standard hybridization solution. The blot
was washed for two 15-min periods in 6X SSC/0.1% SDS at 55°C. The
blot was exposed to autoradiography film for 3 days.

have been described in the assumed DNA-binding protein
matrin F/G (17), the cloned precursor portion of the prosta-
glandin transporter (9), are still conserved in all oafp gene
products between amino acids 438 and 487 (Fig. 2).

The transport function of oatp2 was investigated in cRNA-
injected oocytes. The various candidate transport substrates were
selected on the basis of the broad substrate specificity of oatpl
and OATP (1, 2, 4, 18, 19). As illustrated in Fig. 3, sodium-
independent uptake of taurocholate increased linearly with time
and was approximately 10-fold higher after 60 min in oatp2-
cRNA-injected as compared with water-injected oocytes (Fig.
34). In addition, oatp2-mediated taurocholate uptake exhibited
saturation kinetics with an apparent Ky, of ~35 uM (Fig. 3B and
Table 1). Saturable oatp2-mediated uptake was also found for the
characteristic oatpl and OATP substrates cholate (Ky, ~ 46 uM),
17B-estradiol-glucuronide (K, =~ 3 uM), estrone-3-sulfate (Ky, ~
11 uM), and ouabain (K, ~ 470 uM) (Table 1). In addition, and
most importantly, oatp2 mediated unique high-affinity uptake of
the cardiac glycoside digoxin. This oatp2-dependent digoxin
uptake increased linearly during the initial 45 min and resulted in
an ~11-fold higher maximal digoxin accumulation in oatp2-
cRNA-injected as compared with water-injected oocytes (Fig.
3C). Furthermore, saturation kinetics revealed an apparent K., of
~0.24 uM for oatp2-mediated digoxin uptake (Fig. 3D). Hence,
among all substrates tested, digoxin was taken up by oatp2 with
the highest affinity (=~2,000-fold higher than ouabain; Table 1).
Parenthetically, the oatp2-mediated digoxin uptake activity was
~45-fold higher than the digoxin uptake signal observed in
oocytes injected with total brain RNA (data not shown). Parallel
experiments in the presence of NaCl (instead of choline chloride)
revealed no Na*-dependent uptake portion for any of the oatp2
substrates tested. No oatp2-mediated transport was found for
p-aminohippurate, pyruvate, glutamate, norepinephrine, epi-
nephrine, serotonin, dopamine, corticosterone, and leukotriene
C4 (data not shown).
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1 m M2 50
oatp2 MGKEEKRVAT HGVRCFAKIK MFLLALTCAY VSKSLSGTYM NSMLTQIERQ FGIPTSIVGL INGSFEIGNL LLIIFVSYFG TKLHRPIMIG
ocatpl MEETEKKIAT QEGRLFSKMK VFLLSLTCAC LTKSLSGVYM NSMLTQIERQ FDISTSVAGL INGSFEIGNL FFIVFVSYFG TKLHRPVVIG

OATP MGETEKRIET HRIRCLSKLK MFLLAITCAF VSKTLSGSYM NSMLTQIERQ FNIPTSLVGF INGSFEIGNL LLIIFVSYFG TKLHRPIMIG
OAT-K1 MGDLEKGAAT HGAGCFAKIK VFLMALTCAY VSKSLSGTFM SSMLTQIERQ FGIPTAIVGF INGSFEIGNL LLIIFVSYFG MKLHRPIVIG
Consensus M-~--EK---T ----- F-K-K -FLL--TCAY --K-LSG-YM -SMLTQIERQ F-I-T---G- INGSFEIGNL LLIIFVSYFG -KLHRPI-IG

91 M3 * % 4 180
oatp2 VGCAVMGLGC FLISLPHFLM GQYEYE.TIL PTSNVSSNSF FCVENRSQTL NPTQDPSECV KEMKSLMWIY VLVGNIIRGI GETPIMPLGI
oatpl IGCVIMGLGC LLMSLPHFFM GRYEYETTIS PTGNLSSNSF LCMENRTQTL KPTQDPAECV KEMKSLMWIC VMVGNIIRGI GETPIVPLGI

OATP IGCVVMGLGC FLKSLPHFLM NQYEYESTVS VSGNLSSNSF LCMENGTQIL RPTQDPSECT KEVKSLMWVY VLVGNIVRGM GETPILPLGI
OAT-K1 VGCAVMGLGC FIISLPHFLM GRYEYETTIL PTSNLSSNSF LCMENQTQTL NPAQDPAECV KEVKSLMWIY VLVGNIIRGI GETPIMPLGV
Consensus -GC-VMGLGC F--SLPHFLM --YEYE-TI- ---N-SSNSF LC-EN--Q-L -P-QDP-EC- KE-KSLMWIY VLVGNIIRG- GETPI-PLGI
181 M e 270
oatp2 SYIEDFAKSE NSPLYIGILE TGMTIGPLIG LLLASSCANI YVDIESVNTD DLTITPTDTR WVGAWWIGFL VCAGVNILTS FPFFFFPKTL
oatpl SYIEDFAKSE NSPLYIGILE MGKVAGPIFG LLLGSYCAQI YVDIGSVNTD DLTITPSDTR WVGAWWIGFL VCAGVNILTS IPFFFLPKAL
OATP SYIEDFAKFE NSPLYIGLVE TGAIIGPLIG LLLASFCANV YVDTGFVNTD DLIITPTDTR WVGAWWFGFL ICAGVNVLTA IPFFFLPNTL
OAT-K1 SYIENFAKSE NSPLYIGILE TGKMIGPIFG LLLGSFCASI YVDTGSVNTD DLTITPTDIR WVGAWWIGFL VCAGVNILIS IPFFFFPKTL
Consensus SYIE-FAK-E NSPLYIG--E -G---GP--G LLL-S-CA-I YVD---VNTD DL-ITP-D-R WVGAWW-GFL VCAGVNIL-- -PFFF-P--L

271 M7 360
ocatp2 PKEGLQENVD GTENAKEKKH RKKAKEEKRG ITKDFFVFMK SLSCNPIYML FILISVLQFN AFINSFTFMP KYLEQQYGKS TAEVVFLMGL
ocatpl PKKGQQENVA VTKDGKVEKY GGQAREENLG ITKDFLTFMK RLFCNPIYML FILTSVLQVN GFINKFTFLP KYLEQQYGKS TAEAIFLIGV

OATP PKEGLETNAD ITIKNENEDKQ KEEVKKEKYG ITKDFLPFMK SLSCNPIYML FILVSVIQFN AFVNMISFMP KYLEQQYGIS SSDAIFLMGI
OAT-K1 PKEGLQENVD GTENAKEEST EKRPRKKNRG ITKDFFPFLK SPVLQPDLHA VHPYKVLQVN AFNIYFSFLP KYLENQYGKS TAEVIFLMGV
Consensus PK-G---N-- --o-m-ooon —oooomoon G ITKDF--FMK ----- Po-en —--e- V-Q-N -F----- F-P KYLE-QYG-S --E-IFL-G-

361 M8 . M9 450
oatp2 YMLPPICLGY LIGGLIMKKF KVTVKKAAHL AFWLCLSEYL LSFLSYVMTC DNFPVAGLTT SYEGVQHQLY VENKVLADCN TRENCSTNTW
ocatpl YSLPPICLGY LIGGFIMKKF KITVKKAAYL AFCLSVFEYL LFLCHFMLTC DNAAVAGLTT SYKGVQHQLH VESKVLADCN TRICSCSTNTW

OATP YNLPPICIGY IIGGLIMKKF KITVKQAAHI GCWLSLLEYL LYFLSFLMTC ENSSVVGINT SYEGIPQDLY VENDIFADCN VDICNCPSKIW
OAT-K1 YNLPAICIGY LIAGFMMKKF KITVKTAAFL RFCLSLSEYS FGFCNFLITC DNVPVAGLTN SYERDQKPLY LENNVLADC] TRCSCLTKTW
Consensus Y-LP-IC-GY -I-G--MKKF KITVK-AA-- ---L---EY- L-F--F--TC DN--V-G--- SY------ L- -E--VLADC ——CFC————W

451 * M10 540
ocatp2 DPVCGDNGLA YMSAEhAGC KSVGTGTNMV FQN QSS GNSSAVLGLC NKGPDCANKL QYFLITIAIFG CFIYSLAGIP GYMVLLRCIK
oatpl DPVCGDNGVA YMSAbLAqC KFVGTGTNMV FQD| QSL GNSSAVLGLC KKGPECANRL QYFLILTIII SFIYSLTAIP GYMVFLRCVK

OATP DPVCGNNGLS YLSACLAGICE TSIGTGINMV FQN chQTs GNSSAVLGLC DKGPDCSLML QYFLILSAMS SFIYSLAAIP GYMVLLRCMK
OAT-K1 DPVCGDNGLA YMSACLAGICE KSVGTGTNMV FHNC QSP GNSSAVLGLC NKGPECTNKL QYLLILSGFL SILYSFAAIP GYMVFLRCIK
Consensus DPVCG-NG- - YMSAbLAQC‘ --VGTG-NMV F--t‘ Q—— GNSSAVLGLC -KGP-C---L QYFLI----- ---YSL--IP GYMV-LRC-K

541 M1 . . M2 630
catp2 SEEKSLGVGL HAFCIRILAG IPAPIYFGAL IDRTCLHWGT LKCGEPGACR MYDINSFRRL YLGLPAALRG ASFVPAFFIL RLTRTFQFPG
catpl SEEKSLGVGL HTFCIRVFAG IPAPVYFGAL IDRTCLHWGT LKCGQRGACR MYDINSFRHI YLGLPIALRG SSYLPAFFIL ILMRKFQFPG

OATP SEEKSLGVGL HTFCTRVFAG IPAPIYFGAL MDSTCLHWGT LKCGESGACR IYDSTTFRYI YLGLPAALRG SSFVPALIIL ILLRKCHLPG
OAT-K1 SEEKSLGIGI HAFCIRVFAG IPAPIYFGAL IDRTCLHWGT QKCGAPG.RR MYDINSFRRI YLGMSAALRG SSYLPAFVIV ILTRKFSLPG
Consensus SEEKSLGVG- H-FC-RVFAG IPAPIYFGAL -D-TCLHWGT -KCG--G--R -YD---FR-- YLGL--ALRG -$--PAF-I- -L-R----PG

631 . 670
ocatp2 DIESSKTDHA EMKLTLKESE CTEVLRSKVT ED........
catpl DIDSSATDHT EMMLGEKESE HTDVHGSPQV ENDGELKTKL

OATP ENASSGTELI ETKVKGKENE CKDIYQKSTV LKDDELKTKL
OAT-K1 KINSSEMEIA EMKLTEKESQ CTDVHRNPKF KNDGELKTKL
Consensus ---88---~- E----- KE-- --DV------ —veeeeno—-

F1G. 2. Comparison of the deduced amino acid sequences between oatp2, oatpl, OATP, and OAT-KI1. Putative membrane-spanning domains
are indicated by lines and numbered M1 to M12. », Putative N-linked glycosylation sites of oatp2; m, potential protein kinase C phosphorylation
sites of oatp2. Overlapping putative Cys—Cys zinc-finger motifs conserved in all oatps are boxed.

Finally, the tissue distribution of oatp2 mRNA was investi-
gated by Northern blot analysis under high-stringency condi-
tions. As illustrated in Fig. 4, the 5’ oatp2 cDNA probe
(nucleotides 1-360) reacted predominantly with a ~4-kb size
class mRNA of rat brain, which most probably corresponds to
the original brain mRNA detected with the human OATP
oligonucleotide HOT 584 (Fig. 1). Two highly reactive mRNAs
of ~4 kb and ~2.8 kb were also found in liver and kidney,
whereas no hybridization signals were found in heart, spleen,
lung, skeletal muscle, and testes (Fig. 4). Whereas the 4-kb
mRNA in liver and kidney most probably corresponds to the
full-length transcript of oatp2, the 2.8-kb mRNA may contain
a shorter untranslated region at the 3’ end. Hence, both
reactive liver and kidney mRNAs could still encode the same
protein, indicating that oatp2 is even higher expressed in liver
and kidney than in brain. In separate Northern blots, the

species distribution of oatp2 was investigated under low-
stringency conditions (i.e., overnight hybridization at 37°C,
30% formamide; washing with 2X SSC/0.1% SDS at 50°C for
30 min). Positive reactions were only obtained with mRNA of
rat and mouse livers but not with mRNA of skate, frog, and
turtle liver (data not shown), suggesting that oatp2 is probably
not present in the liver of low vertebrate animals.

DISCUSSION

We have isolated a new member of the oafp gene family of
membrane transporters from rat brain. Although the isolated
oatp2 cDNA is larger (3,640 bp) than the previously cloned oatp
gene products oatpl (2,759 bp) (1), OATP (2,737 bp) (2), and
OAT-K1 (2,788 bp) (8), the ORFs are of similar size and encode
proteins with 661, 670, 670, and 669 amino acids, respectively.
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FiG. 3. Oatp2-mediated taurocholate and digoxin transport in Xenopus laevis oocytes. (4) Time course of sodium-independent uptake of
[*H]taurocholate (10 uM) in oatp2 cRNA (5 ng)-injected (®) and in water-injected (O) oocytes. (B) Saturation kinetics of initial (15 min)
sodium-independent [*H]taurocholate uptake in oatp2 cRNA (5 ng)-injected oocytes. (C) Time course of sodium-independent uptake of
[*H]digoxin (0.57 uM) in oatp2 cRNA (5 ng)-injected (®) and in water-injected (O) oocytes. (D) Saturation kinetics of initial (15 min)
sodium-independent [?H]digoxin uptake in oatp2 cRNA (5 ng)-injected oocytes. In the kinetic uptake curves (B and D), nonspecific taurocholate
and digoxin uptakes into water-injected oocytes were subtracted from total uptake values. Individual data points represent the mean = SD of 10-15
oocyte uptake measurements. The curves were fitted by computerized nonlinear regression analysis (SYSTAT).

These results indicate that the previously observed heterogenous
reaction patterns of oatpl and OATP cDNAs with differently
sized mRNAs from various organs (1, 2) resulted from variable
sizes of the 3" untranslated regions rather than from different
lengths of the ORFs. However, it cannot be excluded at present
that differently sized additional members of the oafp gene family
still remain to be characterized in various organs. All oatps cloned
so far are homologous proteins with 12 putative membrane-
spanning domains and similar potential extracellular glycosyla-
tion and intracellular phosphorylation sites (Fig. 2). The presence
of an overlapping putative DNA-binding Cys—Cys zinc-finger
motif (Fig. 2) is unique and certainly not characteristic for a
membrane transporting polypeptide. Its functional significance, if
any, remains to be elucidated. Interestingly, however, similar
Cys—Cys zinc-finger motifs have been described for steroid re-
ceptors (20). Furthermore, some plasma-membrane-associated
proteins have recently been shown to reside also within the cell

nucleus (21), raising the possibility of a similar dual residence of
oatp2 or oatp2-related proteins as well.

Functionally, the isolated oatp2 mediates multispecific sub-
strate transport as previously described for oatp1 (1, 4, 22) and
OATP (2, 19). However, although the K, values of oatp2 for
the tested bile acids and estrogen conjugates are similar to
oatpl, the affinity for ouabain is approximately 4- and 12-fold
higher than with oatpl and OATP, respectively (Fig. 3 and
Table 1). This higher ouabain affinity of oatp2 is closer to the
Km values of 127-348 uM reported for ouabain uptake into rat
hepatocytes (for review see ref. 10). Since oatp2 is also highly
expressed in rat liver (Fig. 4), these results suggest that oatp2
may play a more important role than oatp1 in the uptake and
clearance of ouabain by rat liver. A unique high-affinity
substrate of oatp2 is digoxin (Fig. 3 and Table 1), which
represents a traditional and still important cardiovascular
drug. Its elimination from the body occurs by the following
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Table 1. Comparison of substrate Ky, values for various members
of the oatp gene family of membrane transporters, as determined in
cRNA-injected Xenopus laevis oocytes

oatp2*, oatplT, OATP%, OAT-KI1§,

Substrate uM uM uM uM
Taurocholate 35+9 50 60 NT
Cholate 46 * 16 54 93
17B-Estradiol-glucuronide 3+1 3 ND
Estrone-3-sulfate 11+3 4.5 59
Ouabain 470 =91 1,700 5,500
Digoxin 02401 NT NT
Methotrexate NT ND NT 1.0

NT, not transported; ND, not determined.
*Results were determined in this study (mean = SD).
TValues are from refs. 1, 4, 10, and 18.
£Values are from refs. 2 and 19.
$Values are from ref. 8.

pathways: approximately 25% by hepatobiliary excretion into
bile, 15% via the gut mucosa, and about 60% via the urine (23).
Furthermore, digoxin overdose is well known to induce central
nervous system symptoms including fatigue, anorexia, vomit-
ing, visual disturbances, headache, and confusion (24). Inter-
estingly, it has also been shown that digoxin markedly accu-
mulates in the brain of mdrlia knock-out mice even in the
presence of very low digoxin concentrations in plasma, sug-
gesting the presence of active (i.e., concentrative) digoxin
uptake mechanisms in certain brain cells (23). The present
observations indicate that oatp2, in conjunction with the
mdrla efflux pump (25), might also be involved in the brain
accumulation and central nervous system toxicity of digoxin.
This assumption, however, requires more definite studies in
regard to the driving force for oatp2-mediated transmembrane
substrate transport and the exact topical and cellular localiza-
tion of oatp2 in rat brain. In addition, the major endogenous
substrate of oatp2 remains unknown. Obviously, endogenous
digoxin- and ouabain-like factors (26, 27) would be logical
candidates once their exact chemical identity and physiological
functions has been more definitely characterized.

4.4kb —

2.4kb —

3 - Actin

1.35kb —

FiG. 4. Northern blot analysis for oatp2 mRNA in various rat
tissues. The multiple tissue Northern blot containing 2 ug from various
rat tissues was purchased from CLONTECH. The blot was prehybrid-
ized for 2 h at 42°C in 50% formamide/5X SSPE (SSPE = 0.18 M
NaCl/10 mM sodium phosphate, pH 7.4/1 mM EDTA)/5X Den-
hardt’s solution/0.2% SDS/denatured salmon sperm DNA (100 ug/
ml). After overnight hybridization with a PCR-amplified 3?P-labeled
oatp2 cDNA probe (nucleotides 1-360), the blot was washed for two
5-min periods in 2X SSC/0.1% SDS at room temperature and for 30
min in 0.1X SSC/0.1% SDS at 65°C. Subsequently, the blot was
exposed to autoradiography film for 1 day. A human B-actin probe
served as a control. The different sizes of B-actin transcripts are due
to the detection of various isoforms of B-actin mRNAs, as specified by
the supplier of the multiple tissue Northern blot.

Proc. Natl. Acad. Sci. USA 94 (1997)

In conclusion, the present study adds a new member to the
growing list of the oatp gene family of membrane transporters.
Besides the close structural and functional similarities to the
previously isolated oatps, the cloned oatp2 mediates unique
high-affinity transport of the cardiac glycoside digoxin. Its
high-level expression in brain, liver, and possibly kidney (Fig.
4) indicate that oatp2 may play an important role in the
accumulation of digoxin in brain tissue and in the hepatobiliary
and renal excretion of digoxin from the body.
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