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Anion Transporter, rOATSB

Bo Feng’ € Mark J. Dresset$! Yan Shué Susan Jean JohAsand Kathleen M. Giacomini®

Department of Biopharmaceutical Sciences and Department of Pharmaceutical Chemistry, School of Pharmacy,
University of California, San Francisco, San Francisco, California 94143

Receied December 14, 2000; Rsed Manuscript Receeéd February 28, 2001

ABSTRACT. Organic anion transporters (OATS) and organic cation transporters (OCTs) mediate the flux
of xenobiotics across the plasma membranes of epithelia. Substrates of OATs generally carry negative
charge(s) whereas substrates of OCTs are cations. The goal of this study was to determine the domains
and amino acid residues essential for recognition and transport of organic anions by the rat organic anion
transporter, rOAT3. An rOAT3/rOCT1 chimera containing transmembrane domaif®oflrOAT3 and

6—12 of rOCT1 retained the specificity of rOCT1, suggesting that residues involved in substrate recognition
reside within the carboxyl-terminal half of these transporters. Mutagenesis of a conserved basic amino
acid residue, arginine 454 to aspartic acid (R454D), revealed that this amino acid is required for organic
anion transport. The uptakes pfaminohippurate (PAH), estrone sulfate, and ochratoxin A wete-,

~48-, and~32-fold enhanced in oocytes expressing rOAT3 and were o8l ~6-, and~5-fold enhanced

for R454D. Similarly, mutagenesis of the conserved lysine 370 to alanine (K370A) suggested that K370
is important for organic anion transport. Interestingly, the charge specificity of the double mutant,
R454DK370A, was reversed in comparison to rOAT454DK370A preferentially transported the organic
cation, MPP, in comparison to PAH (MPPuptake/PAH uptake= 3.21 for the double mutant vs 0.037

for rOAT3). These data indicate that arginine 454 and lysine 370 are essential for the anion specificity of
rOATS3. The studies provide the first insights into the molecular determinants that are critical for recognition
and translocation of organic anions by a member of the organic anion transporter family.

Many therapeutic agents and toxic substances carry a net Three OCT isoforms (OCT1-3)5(-15) and four OAT
charge under physiological conditions, which hinders their isoforms (OAT1-4) 2, 16—23) have been cloned from
simple diffusion across biological membranes. Organisms several mammalian species. Hydropathy analyses of these
have evolved transporter proteins, which are involved in the transporters suggest that all share a common secondary
absorption and disposition of charged organic compounds. structure composed of 12 membrane spannitfigglices, and
Organic cation transporters (OC¥sand organic anion  all have two large loops: an extracellular loop between TMD
transporters (OATSs) are major protein families which appear 1 and TMD 2 and an intracellular loop between TMD 6 and
to have evolved from a common ancestral proteliy ut TMD 7. Although evolutionary analyses suggest that OCTs
have different substrate and, in particular, charge selectivities.and OATs evolved from the same ancestral prot8in@CTs
In general, OCTSs transport positively charged organic mole- share only about 30%40% sequence identity with OATS,
cules whereas OATSs transport negatively charged organicand their substrate specificities are distinct. When overex-
ions 2—4). During the past decade a number of mammalian pressed in eithexenopus lagis oocytes or mammalian cells,
OCT and OAT isoforms have been cloned and subsequentlyOCTs mediate the electrogenic uptake of organic cations such
characterized in heterologous expression systems. as 1-methyl-4-phenylpyridinium (MP®, tetraethylammo-
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known, it is possible to obtain critical information about Indianapolis, IN) in a calcium-free ORII solution as previ-
residues responsible for substrate selectivity. ously describedf). Oocytes were maintained at 28 in
The goal of this study was to identify structural domains modified Barth’s medium. Healthy stage V and VI oocytes
and amino acid residues involved in determining the substratewere injected with capped cRNA (Lg/ul) that was
specificity of rOAT3. Our studies indicate that (a) the transcribed in vitro with T3 polymerase (MCAP RNA
substrate recognition site resides in the carboxyl-terminal half Capping kit; Stratagene) fronNotl linearized plasmids
of the transporters; (b) two conserved basic amino acid containing transporter cDNA inserts.
residues within this region, arginine 454 and lysine 370, Tracer Uptake Measurement§ransport of radiolabeled
contribute to the substrate specificity of rOAT3; and (c) in compounds in oocytes was measuretd3lays after CRNA
contrast to the wild-type rOAT3, the double mutant, injection as described previousl§)( The compounds were
R454DK370A (arginine 454 to aspartic acid and lysine 370 used at the following concentrationSH|MPP* (1 uM) (82
to alanine), preferentially transports the organic cation, Ci/mmol), PH]cimetidine (1«M) (15 Ci/mmol), EH]PAH
MPP*, in comparison to the organic anion, PAH. This is (10uM) (4 Ci/mmol), PH]estrone sulfate (150 nM) (53 Ci/
the first study to delineate molecular determinants involved mmol), and fH]ochratoxin A (550 nM) (18 Ci/mmol).
in substrate and charge specificity of a member of the OAT Uptake experiments were carried out as follows: groups of

family. seven to nine oocytes were incubated in Z0®f Nat buffer
(200 mM NaCl, 2 mM KCI, 1 mM CaGl| 1 mM MgCl, 10
EXPERIMENTAL PROCEDURES mM HEPES/Tris, pH 7.2) containing a radiolabeled com-

pound at 25C for 1 h. Uptake was stopped by washing the
oocytes five times with 3 mL of ice-cold Nébuffer. Then

the oocytes were lysed with 10Q of 10% sodium dodecyl
sulfate (SDS) individually, and the amount of radiolabeled
substrates associated with each oocyte was determined by
liquid scintillation counting. For inhibition studies, unlabeled
compounds (1 mM) were added to the reaction solutions as
needed.

Partition Coefficient Determinationslo study the lipo-
philicity of the organic anion substrates, the partition

rOAT3 was B-gaattcctigectggtgccatgaccteticcg@ense) and coefficient (logP) values were determined using the similar
5'-ggatccgggtcctatccaccagtcttcagcgggaBtisense). The cD- methods as reported befor2( 30).

NAs were subcloned into pOX vectd7?) under the control Data Analysis Values are expressed as meaistandard
of a T3 promoter. error (SE) or meant standard deviation (SD) as indicated

Genetics Computer Group software (Wisconsin Package,in the Igge'nds. Six to ni'ne oocytes were .”S‘?d tp generga_te a
data point in each experiment. Due to the intrinsic variability

version 10.1) was used to align the nucleotides and the. X
deduced amino acid sequences of rOCT1 and rOAT3. in the expression levels of t_he transporters between batches
Secondary structure models were generated using the TOPCS’]c oocytes, thg data sh.own in the flgures_ are generally from
program (S. J. Johns and R. C. Speth) based on output fronf 'epresentative experiment performed in the same batch of
HMMTOP, an automatic server for predicting transmem- oocytes. Howe\_/er, replicate experiments performgd .using
brane helices and topology of proteins (http://www.enzim.hu/ oocytes from different donor frogs produced qualitatively

hmmtop/) 8). ArOAT3/rOCT1 chimera consisting of TMD similar results. The kinetic parameters (apparnandVis)
1 to TMD 5 of rOAT3 and TMD 6 to TMD 12 of rOCT1  Were determined by nonlinear least-squares fits of substrate/

was obtained by equivalent exchange at an intekiesdl| veIO(_:ity profiles to Fhe MichaelisMenten equation us.ing
site (position 704 in rOAT3 and position 787 in rOCTL). Kaleidagraph (version 3.0, Synergy Software). Statistical

That is, the fragment betweétael and the C-terminus of analysis of the data was parried Qut.t.)y the unpairéebt
rOAT3 was switched with the same fragment of rOCT1. The WhereP. < 0.05 was considered 5'9“'T'C?”F-
sequence of rOAT3/rOCT1 chimera was confirmed by Materials All unlabeled compounds (inhibitors) and buffer
automated DNA sequencing in the Biochemical Resource cOmponents were purchased from Sigma (St. Louis, MO).
Center at the University of California at San Francisco. Rad'?'?bmelﬁ E:ompj)undsl)v(vere from the fOI:OWcling S:JIOIO“'
: : : - L#ers: PHJMPP* (82 Ci/mmol) (Dupont-New England Nuclear,
The Stratagene Quikchange site-directed mutagenesis kitt"> T . ;
(La Jolla, CA) was used to construct mutant cDNA following Eoston, M':)’I.FH]C'mHet'q'Ee (}E Ci mmgl})a\ﬁ\rzecrg/ham Il_n‘e
the manufacturer’s protocols. Mutants with single amino acid 3C|ences, r|n|?ton €9 _/ts, )I, and] h( |.mmo),
substitutions R454D (arginine 454 to aspartic acid), R454N E:Ij]estr?neSENat(EéSS Ci mmo ),Pangi-ﬂoc rgtoxm A (,\1/&
(arginine 454 to asparagine), K370A (lysine 370 to alanine), /Mmol) (NI ife Science Products, Boston, MA).
and double mutant R454DK370A were prepared using the O||g_onucleot|de primers were synthesized by Gibco-BRL
cDNA of wild-type rOAT3 as the template. The sequences (Gaithersburg, MD).
of R454D, R454N, K370A, and R454DK370A mutants were
confirmed by directed DNA sequencing.
cRNA Transcription and Expression in X. la@Oocytes. Substrate Specificity of Wild-Type rOAT2 characterize
Oocytes were harvested from oocyte posit¥e laevis the substrate selectivity of the wild-type organic anion
(Nasco, Fort Atkinson, WI) and were dissected and treated transporter, rOAT3, we studied the uptake of cimetidine,
with collagenase D (Boehringer-Mannheim Biochemicals, MPP", and PAH. In oocytes expressing rOAT3, cimetidine

Construction of Chimeric Transporters and Site-Directed
MutagenesisThe cDNAs of wild-type rOCT1 and rOAT3
(GenBank accession numbers X78855 and AB017446) were
amplified by RT-PCR using an oligo(dT) primer (Gibcol-
BRL, Gaithersburg, MD) with total RNA isolated from rat
kidney and rat brain (Clontech, Palo Alto, CA), respectively.
The primers for PCR were designed from the published
sequences. The pair of primers for rOCT1 was&gcttc-
cagccatgcccaccgtggatgatgé8ense) and'sggatcctcaggtact-
tgaggacttgcctgtttggac-8antisense); the pair of primers for

RESULTS



Molecular Basis for Substrate Specificity of rOAT3
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Ficure 1: (A) Substrate selectivity of wild-type rOAT3. The uptake
of [®H]cimetidine (1uM) (striped bar), MPP (1 uM) (dark bar),
and PAH (1QuM) (open bar) was measured in uninjected (control)
oocytes and in oocytes injected with 50 ng of rOAT3 cRNA. Data
are mean valueg SD for seven to nineoocytes. (B) Inhibitory
effect of PAH on rOAT3-mediated cimetidine transport. The rate
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mM cimetidine, and cimetidine uptake was inhibited by 1
mM PAH (data not shown). Further kinetics studies (Figure
1B) showed that PAH (500M) significantly increased the
apparent MichaelisMenten constant,) of cimetidine for
rOAT3, from 40+ 6 uM to 289 + 92 uM (P < 0.05),
whereas the maximum uptake raté,{) did not change
significantly (49+ 2 pmol oocyte! h™* to 63 + 8 pmol
oocyter h™%). Also, cimetidine (250uM) significantly
increased th&, of PAH for rOAT3, from 278+ 48 uM to
1240+ 186uM (P < 0.05), whereas th€maxdid not change
significantly (724 5 pmol oocyte! h™! to 78 + 7 pmol
oocyte! h™1). These data indicate that PAH inhibits cime-
tidine uptake by rOAT3 in a competitive manner and vice
versa, suggesting that the two compounds share a common
substrate recognition site in rOAT3.

Substrate Selecility of a rOAT3/rOCT1 ChimeraTo
determine the domains of rOAT3 and rOCT1 involved in
substrate recognition and permeation, chimeric transporters
of rOAT3 and rOCT1 were constructed, and their substrate
and charge selectivities were examined. A chimera rQAs'3
rOCT1-1, corresponding to the TMD segments-3 of
rOAT3 and 6-12 of rOCT1 was constructed from the wild-
type transporters (Figure 2). The chimera rOATs3
rOCT1s-12 maintained functional characteristics similar to
that of wild-type rOCT1 (Figure 3). In particular, this chimera
transported MPP, a model organic cation, but not PAH, a
model organic anion. These results suggest that the domains
responsible for substrate recognition and translocation largely
reside in the carboxyl-terminal half of rOCT1. The data
indicate that the carboxyl-terminal half of rOCT1 is sufficient
for recognition and translocation of organic cations by rOCT1
and that critical amino acids required for substrate recognition
reside in this half of rOCT1. However, since reverse chimeras
did not function, it is difficult to interpret the data with
respect to domains responsible for recognition and translo-
cation of organic anions by rOAT3. Larger domains may be
necessary for substrate recognition and translocation by
rOATS3. Because OCTs and OATs are homologous, the data
are consistent with the hypothesis that the domains respon-
sible for substrate recognition may largely reside within the
carboxyl-terminal half of both transporter families.

Functional Characteristics of Arginine 454 Mutants of
rOAT3. Alignments of OAT and OCT sequences were

of [3H]cimetidine uptake at various concentrations was measured Performed to identify candidate amino acid residues in TMD

without (O) or with (a) PAH (500 uM). Oocytes were injected
with 50 ng of rOAT3 cRNA. In the absence of PAH, the apparent
Km and Vmax values for cimetidine were 4@ 6 uM and 49+ 2
pmol oocyte! h™1. In the presence of 500M PAH, the apparent
Km andVnmax values for cimetidine were 288 92 uM and 63+ 8
pmol oocyte! h~1. The change oK., was significant P < 0.05).
Kinetic parameters were determined by fitting the data to the

segments 612 that could be responsible for the substrate
selectivity of rOAT3. For anion selectivity, we looked for
conserved basic amino acids in OATSs in these alignments.
Sequence alignments showed that there are three conserved
basic amino acids in the OAT family: histidine 34, lysine
370, and arginine 454. We hypothesized that arginine 454

Michaelis-Menten equation using a nonlinear least-squares regres-may be critical in substrate discrimination between anions

sion-fitting program. rOAT3-mediated transport was obtained by
subtracting the transport velocity in uninjected oocytes from that
in rOAT3 expressing oocytes. Data are meaSE for six to eight
oocytes.

and PAH uptakes were-15-fold and~10-fold enhanced,

and cations because all OCTs have a conserved negatively
charged aspartic acid residue at the corresponding position
(Figure 4A). According to the predicted secondary structure
of OATS, arginine 454 resides in the middle of TMD 11 of
rOAT3 (Figure 4B). To investigate the functional significance

respectively, over the uninjected oocytes (Figure 1A), similar of this residue, the mutants R454D and R454N, in which

to the previous report from Kusuhara's groupl), In
contrast, MPP uptake was only-2-fold enhanced in oocytes

the positively charged arginine was replaced by the nega-
tively charged aspartic acid or the uncharged polar amino

expressing rOAT3. We examined the nature of the interaction acid, asparagine, respectively, were constructed. The uptakes

between cimetidine and PAH with rOAT3. Preliminary

of [*H]cimetidine, PHJMPP*, and PH]PAH in oocytes

experiments showed that PAH uptake was inhibited by 1 injected with rOAT3, R454D, or R454N cRNA and unin-
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FiGure 2: Secondary structure of wild-type and chimeric transporters. Wild-type rOAT3 (A) has 536 amino acids and wild-type rOCT1
(B) has 556 amino acids. Both wild-type transporters are predicted to have 12 transmembrane domains. The chimera (C) contains the first
235 amino acids of rOAT3, which correspond to the first five transmembrane domains, and amino acBS&68rOCT1, which correspond

to transmembrane domains-&2.

3, 5B). The uptakes of estrone sulfate and ochratoxin A were
1 ~48 and~32-fold enhanced in oocytes expressing wild-type
. rOAT3 and were only~6- (~12%) and~5- (~16%) fold
enhanced in oocytes expressing R454D, although the uptake
2]

of cimetidine was similar in both wild-type rOAT3 and the
R454D mutant.

Interestingly, estrone sulfate, ochratoxin A, and the
hydrophobic organic anions probenecid, indomethacin, and
furosemide, as well as the hydrophobic organic cation,
quinidine, potently inhibited®H]cimetidine uptake mediated
by either wild-type rOAT3 or the R454D mutant (Figure 6),
indicating that, for inhibition, these compounds do not require
arginine 454. In contrast, the finding that PAH was not able

FiIGURE 3: Substrate selectivity of wild-type and chimeric transport- to '.n.hlblt Clmetldme. transpprt bY. R454D.S.u9963t.s .that
ers. The uptake ofH]MPP* (1 «M) (dark bar) and JH]PAH (10 arginine 4_54 is required for its ab|I|t_y to inhibit cimetidine
uM) (open bar) was measured in uninjected (control) oocytes and translocation. Further kinetic studies of estrone sulfate
in oocytes injected with 50 ng of rOAT3, rOCT1, or chimera transport demonstrated that tl&, of estrone sulfate is
(rOAT3, 5rOCTIs-12) CRNA. Data are mean values SD for  gimjlar for the R454N mutant (3 9 «M) and the wild-
seven to nine oocytes. type rOAT3 transporter (34 3 uM) (Figure 7), although
jected (control) oocytes are shown in Figure 53H]PAH the Vimax value for wild-type rOATS3 is higher+4-fold) than

uptake was dramatically reduced in oocytes expressing thefor the R454N mutant. These data indicate that the R454N
R454D and R454N mutants, which suggests that arginine Mmutation does not alter the binding affinity of estrone sulfate

Substrate Uptake
(pmol/oocyte/h)

o-__D_,_— .

Control rOAT3 rOCT1 Chimera

454 is essential for PAH transport by rOAT3. In contrast,
both wild-type rOAT3 and the mutants R454D and R454N
maintained similar cimetidine uptake activities (more than
10-fold). Further kinetic studies of cimetidine transport
demonstrated that th€., of cimetidine is slightly increased
in oocytes expressing R454N and R454D 690uM and
103+ 12 uM) compared to 48t 8 uM in oocytes expressing

for rOAT3 but does alter it¥max

Functional Characteristics of Lysine 370 Mutants of
rOATS3. Lysine 370, located in TMD 8 of rOATS3, is also
conserved among the OATs and may be critical to the charge
selectivity of the transporter. To investigate the functional
significance of this residue, the mutant K370A, in which the
positively charged lysine was replaced by alanine, the amino

the wild-type transporter. Therefore, arginine 454 appearsacid found at the corresponding site in OCTs, was con-

to be essential for PAH but not for cimetidine transport by
rOAT3.

structed. The uptakes oH]cimetidine, PH]MPP", and PH]-
PAH in oocytes expressing the wild-type rOAT3, R454D,

Estrone sulfate and ochratoxin A are also substrates ofor K370A and in uninjected (control) oocytes are shown in

rOAT3 (21), and our studies showed that arginine 454 is

Figure 8A. PH]PAH was dramatically reduced in oocytes

also important in the transport of these two substrates (Figureexpressing the K370A mutant, which suggests that, like
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A rOAT3 MGISNVWARVGSMIAPL-VK
rOAT2 LGLTALMGRLGASLARLAAL
rOAT1 LGMGSTMARVGSIVSPL-VS
mOAT1 LGMGSTMARVGSIVSPL-VS

hOAT1 RVGSIVSPL~-VS
hOAT3 VGSMVSPL-VK
hOAT4 QALPLLPPLLY
rOCT1 LGGIFTPFMVFE
rOCT2 IGGIITPFLVY
rOCT3 FGGIIAPFLLF
hOCT1 IGGIITPFIVFE
hOCT2 IGGIITPFLVY
hOCT3 FGGIIAPFLLF
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Ficure 4: (A) Multiple alignments of transmembrane domain 11 of the OCTs and OATs. The conserved arginine in the OATs and the
conserved aspartic acid in the OCTs are highlighted. (B) Model of the secondary structure of rOAT3 with arginine 454 highlighted.

arginine 454, lysine 370 is essential f8H]PAH transport 370, were mutated. The uptakes 8HJcimetidine, PH]-
by rOAT3 but not for cimetidine transport. Hence, both MPP*, and PH]PAH in oocytes expressing the wild-type
arginine 454 and lysine 370 appear to be important in the rOAT3, R454D, K370A, or R454DK370A and in uninjected
transport of PAH. Transport of estrone sulfate and ochratoxin (control) oocytes are shown in Figure 8A. For the double
A was dramatically reduced in oocytes expressing K370A, mutant R454DK370A, PAH uptake was also decreased,
indicating that lysine 370 is also important in the transport whereas the uptake of cimetidine was similar to that observed
of these two substrates (Figure 8B). in oocytes expressing K370A and R454D, which further
For the inhibition studies, hydrophobic organic anion confirms that both arginine 454 and lysine 370 are important
substrates, estrone sulfate and ochratoxin A, as well as thefor PAH transport by rOAT3. Transport of estrone sulfate
hydrophobic organic cation, quinidine, potently inhibited and ochratoxin A was reduced in oocytes expressing
cimetidine uptake mediated by K370A (Figure 9A), indicat- R454DK370A, indicating that both arginine 454 and lysine
ing that, for inhibition, these compounds do not require lysine 370 are important in the transport of these two substrates,
370. Furthermore, PAH inhibited cimetidine transport by the too (Figure 8B). Interestingly, the uptake of the model
K370A mutant. These data suggest that, unlike arginine 454,organic cation substrate, MPRwas considerably enhanced
lysine 370 is not required for PAH binding to rOAT3 to in oocytes expressing the double mutant, R454DK370A, in
inhibit cimetidine translocation. comparison to uninjected oocytesg§-fold). The cation/anion
Functional Characteristics of Arginine 454 and Lysine 370 charge selectivity of R454DK370A was reversed in com-
Double Mutants of rOAT3The double mutant R454DK370A  parison to the wild-type transporter rOAT3 (ratio of MPP
was constructed to study the function of rOAT3 when the uptake/PAH uptake= 3.21 for the double mutant vs 0.037
two conserved basic amino acids, arginine 454 and lysine for the wild type) (Figure 8A inset), suggesting that replace-
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Ficure 5: (A) Substrate selectivity of wild-type rOAT3 and the
R454D and R454N mutants. The uptake ®f]cimetidine (1uM)
(striped bar), MPP (1 uM) (dark bar), and PAH (1&M) (open 0+
bar) was measured in uninjected (control) oocytes and in oocytes - 2 < c
injected with 50 ng of the cRNA of rOAT3, R454D, or R454N. o 8 S o % @
(B) Substrate selectivity of wild-type rOAT3 and the R454D and = 5 £ 8 « = c
R454N mutants. The uptake dfH]cimetidine (1uM) (striped bar), S T 0 g c < g < T
estrone sulfate (150 nM) (dark bar), and ochratoxin A (550 nM) -E < o = o 9 L, W =
(open bar) was measured in uninjected (control) oocytes and in S a g = -g g o - =
oocytes injected with 50 ng of the cRNA of rOAT3 or R454D. (] Pt ﬁ -~ g5 3 (o]
Data are mean values SD for seven to nine oocytes. c ® O o c uw
w -

ment of the amino acid residues at positions 454 and 370Fgure 6: Inhibition of (A) rOAT3-mediated 3H]cimetidine (1
with the corresponding residues of the OCTs allows the mM) uptake by various compounds or (B) R454D-mediafied-|
transporter to accept and, furthermore, to transport the ﬁiﬂ;g&dén\?v Igﬁ rgg/')nUpé?ﬁebiéﬂfgsoﬁg%%ngf- &%CAE/E)GSTWthe
organic cationic, MPP. Further kinetic studies of MPP ch)ncentration of inﬁibitors was 1 mM. The values are expressed
transport by the R454DK370A double mutant demonstrated a5 5 percentage of rOAT3- or R454D-mediatedlabeled cime-
that theKy, of MPP* is 32+ 7 uM and theVyax value is 17 tidine uptake in the absence of the inhibitor. The open bar indicates
+ 1 pmol oocyte! h™! (Figure 10). cimetidine uptake in uninjected (control) oocytes. Data are mean
Hydrophobic organic anion substrates, estrone sulfate andvalues+ SD for five to seven oocytes.
ochratoxin A, as well as the hydrophobic organic cation, ) ) ) ) ) )
quinidine, potently inhibited cimetidine uptake in oocytes th_at the interaction of hydrqphoplc organic cations or anions
expressing the R454DK370A double mutant (Figure 9B), with rOAT3 does not require either arginine 454 or lysine
indicating that, for inhibition, these compounds do not require 370.
arginine 454 and lysine 370. However, unlike the K370A
mutant, PAH was not able to inhibit cimetidine transport by DISCUSSION
R454DK370A. The first aim of this study was to determine the structural
Since R454DK370A can transport the model organic regions involved in substrate recognition by rOAT3 and
cation, MPP, we performed inhibition studies of MPP ~ rOCTL1. Since all members of the OAT/OCT gene family
uptake in oocytes expressing the double mutant (Figure 11).share a common secondary structure and appear to have
The hydrophobic organic cations, TPrA, TBA, quinidine, evolved from the same ancestral sequerggifformation
verapamil, and vinblastine, and anions, estrone sulfate andregarding the large structural domains responsible for
ochratoxin A, inhibited MPP uptake mediated by the double substrate recognition of one isoform might provide insights
mutant, whereas the hydrophilic organic cations, TMA, TEA, into the binding domains of other members of this gene
choline, guanidine, and NMN, did not. These data suggestfamily as well. To this end a number of rOAT3/rOCT1
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Ficure 7: Kinetic studies of estrone sulfate transport mediated by
wild-type rOAT3 and the R454N mutant. The rate éfiJestrone
sulfate uptake by wild-type rOAT3 and the R454N mutant at various
concentrations was measured. The appakentnd Vmax values

for estrone sulfate by wild-type rOAT3 were 333 uM and 102

=+ 4 pmol oocyte® h1. The apparer,, andVmaxvalues for estrone
sulfate by the R454N mutant were 329 M and 24+ 3 pmol
oocyte! h~1. Kinetic parameters were determined by fitting the
data to the MichaelisMenten equation using a nonlinear least-
squares regression-fitting program. rOAT3- and R454N-mediated
transport was obtained by subtracting the transport velocity in
uninjected oocytes from that in rOAT3 expressing oocytes. Data
are mean values SE for six to eight oocytes.
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chimeras were constructed and their transport properties 0.2
assessed. Our results demonstrate that the substrate recogni-

tion site for these transporters resides primarily in the TMD M
6—12 region (Figure 3). Our attempts to construct a func- 0 T T T T
tional reciprocal chimera with regions containing TM B2

of rOAT3 transplanted into rOCT1 and to construct func-
tional OAT/OCT chimeras with smaller OCT domains to
identify more specific regions important in substrate recogni-
tion were unsuccessful. These chimeras were nonfunctional,
possibly because they were not expressed in the plasma mem-

. . P 'R454D, K370A, and R454DK370A mutants. The uptake3f]{
further chimera studies were unsuccessful, site-directed muta cimetidine (1uM) (striped bar), MPP (1 xM) (dark bar), and PAH

genesis studies of rOAT3 were performed to determine if (10 ,M) (open bar) was measured in uninjected (control) oocytes
conserved, basic amino acids are involved in rOAT3 transport and in oocytes injected with 50 ng of the cRNA of rOAT3, R454D,
function. K370A, or R454DK370A. The inset shows the ratio of M#PAH

: ; : ; i suptake by rOAT3, R454D, K370A, or R454DK370A. (B) Substrate
We hypothesized that basic amino acids, such as argmmeselectivity of wild-type rOAT3 and the R454D, K370A, and

and lysine, which carry a positive charge, in the TMBX R454DK370A mutants. The uptake ofH]cimetidine (1 xM)
region are important in rOAT3 transport function. In (striped bar), estrone sulfate (150 nM) (dark bar), and ochratoxin
particular, basic residues may be important for interactions A (550 nM) (open bar) was measured in uninjected (control) oocytes
between rOAT3 and Charged anionic Compounds_ Of the and in oocytes injeCted with 50 ng of the cRNA of rOAT3, K370A,
three conserved basic residues in the OATs (histidine 34,gggy$ei54DK370A' Data are mean valugsSD for seven to nine
lysine 370, and arginine 454), only arginine 454 aligned with '
a conserved negatively charged residue (aspartic acid) at thexf organic anions and that the basic compound, cimetidine,
corresponding position in the OCTs (Figure 4A). Recently, does not require arginine 454 for the interaction with the
aspartic acid 475 in rOCT1 has been suggested to play atransporter.
role in the transport function of rOCTB3J). Hydrophobic organic anions and cations such as probenecid,
In this study, we observed that the mutants, R454D and indomethacin, furosemide, and quinidine as well as organic
R454N, did not interact with or transport the organic anion, anion substrates, estrone sulfate and ochratoxin A, still
PAH, and only weakly transported the organic anions, estronepotently inhibited cimetidine transport by the R454D mutant,
sulfate and ochratoxin A (Figure 5, Table 1). In contrast, suggesting that these compounds interact with a shared site
the mutants retained the ability to transport the weak base,which is distinct from arginine 454. In contrast, PAH, which
cimetidine (Figure 5A). These data suggest that arginine is considerably more hydrophilic than estrone sulfate or
454 represents an important site for binding and translocationochratoxin A (logPpan = —2.18; 109 Pestrone sulfate— 0.04;

T

control
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FiIGURE 9: Inhibition of (A) K370A mutant-mediatedificimetidine 0 I : II
(1 uM) uptake by various compounds or (B) R454DK370A double =<
mutant-mediated3H]cimetidine (1uM) uptake by various com- 8 2 o= 20 o =c
pounds. Oocytes were injected with 50 ng of the cRNAs of K370A _E T £ g v % ZzET ‘3 %
or R454DK370A. The concentration of inhibitors was 1 mM. The = T=uw 4 m g 0O G ES % < g o
values are expressed as a percentage of K370A- or R454DK370A- £ geFFRFRF3 g .g sz £ acg
mediated 3H-labeled cimetidine uptake in the absence of the °5 C>350 © g 5
inhibitor. The open bar indicates cimetidine uptake in uninjected £ o o

(control) oocytes. Data are mean valuesSD for five to seven
oocytes. Ficure 11: Inhibition of the R454DK370A double mutant-mediated

[BHIMPP* (1 uM) uptake by various compounds. Oocytes were
109 Pochratoxina = 0.06), did not inhibit cimetidine transport injected with 50 ng of the cRNA of R454DK370A. The concentra-

by R454D. Clearly, arginine 454 is essential for the interac- tion of inhibitors was 1 mM, except for vinblastine (101). The

; ; ; ; v values are expressed as a percentage of R454DK370A-mediated
tion of organic anion substrates with rOAT3. However, it 3H-labeled MPP uptake in the absence of the inhibitor. The open

appears that other domains or residues are involved in thepr ingicates MPP uptake in uninjected (control) oocytes. Data
transport of cimetidine and interaction of hydrophobic com- are mean values SD for five to seven oocytes.
pounds with the transporter.

Our data also indicate that lysine 370 is important for the in contrast to arginine 454, lysine 370 is not important for
transport of the organic anion substrates, PAH, estrone sul-inhibition of cimetidine uptake by PAH. Hence, arginine 454
fate, and ochratoxin A, but not for the weak base cimetidine and lysine 370 play important but not identical roles in
(Figure 8, Table 1). In addition, similar to arginine 454, lysine determining the specificity of rOAT3. These results suggest
370 is not essential for the inhibitory effects of hydrophobic that K370 is involved in the transport and recognition of
organic anions and cations on cimetidine transport. However, PAH, however, not in its ability to inhibit transport. One
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Table 1: Summary of the Substrate and Inhibitor Specificity Data for Wild-Type, Chimeric, and Mutant Organic Anion Transporters
substrate uptakes|? and inhibition ()° data

rOAT3 rOCT1 chimera R454D R454N K370A R454DK370A
S | S | S I S I S I S | S I
organic cations
cimetidiné +++ ND ND ND ND ND +++ ND +++ ND +++ ND +++ ND
MPP* ¢ - —e +++ ND +++ ND + +++e - ND - +++  ++ +++

organic anions

estronesulfate +++ +++ ND ND ND ND + +++ ++ ND 4+  +++ - ——
ochratoxin A +++ +++ ND ND ND ND + +++ ++ ND 4+ +H+ - ++
PAHC - ND - ND - - - ND - ++ - —

a Substrate uptake mediated by wild-type, chimeric, and mutant transpdrtehsbition of [*H]cimetidine mediated by wild-type and mutant
transporters by various compounds (1 mM). The maximal inhibition (100%) was defined as complete inhibition of uptake on the model compound
in the presence of an inhibitor. Key:, 0%—15% inhibition;+, 15%—35% inhibition;++, 35%—65% inhibition; +++, 65%—100% inhibition.
¢Key: +++, =10-fold over uninjected oocytes (controls:+, 5—9-fold over controls;+, 3—5-fold over controls;—, <2-fold over controls.
dKey: +++, =30-fold over controls:++, 11—-29-fold over controls:+, 3—10-fold over controls:—, <2-fold over controls® Data not shown;

ND, not determined.

possibility is that distinct sites are involved in transport and changing these two amino acid residues switches the spe-
inhibition. cificity of the transporter from preferential transport of the

The R454DK370A double mutant had characteristics organic anion, PAH, to the organic cation, MPPrhese
similar to those of R454D. However, in contrast to the single Studies suggest how charge selectivity of transporters can
mutant, the double mutant could transport MRPigure 8A).  evolve by mutations of charged amino acid residues.
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