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Abstract

The molecular mechanisms of organic cation transport by rat OCT2 was examined in the Xenopus oocyte expression
system. When extracellular Na� ions were replaced with K� ions, uptake of tetraethylammonium (TEA) by OCT2-
expressing oocytes was decreased, suggesting that TEA uptake by OCT2 is dependent on membrane potential. Kinetic
analysis revealed that the decreased TEA uptake by ion substitution was caused at least in part by decreased substrate
affinity. Acidification of extracellular buffer resulted in decreased uptake of TEA, whereas TEA efflux from OCT1- and
OCT2-expressing oocytes was not stimulated by inward proton gradient, in consistent with basolateral organic cation
transport in the kidney. Inhibition of TEA uptake by various organic cations revealed that apparent substrate spectrum of
OCT2 was similar with that of OCT1. However, the affinity of procainamide to OCT1 was higher than that to OCT2.
Uptake of 1-methyl-4-phenylpyridinium was stimulated by OCT2 as well as OCT1, but uptake of levofloxacin, a zwitterion,
was not stimulated by both OCTs. These results suggest that OCT2 is a multispecific organic cation transporter with the
characteristics comparable to those of the basolateral organic cation transporter in the kidney. ß 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Organic cation transport in the renal tubules is an
important physiological function for the maintenance
of body £uid homeostasis and detoxi¢cation of
harmful organic cations [1,2]. In general, transport
of organic cations in brush-border membranes is
mediated by the H�/organic cation antiporter [3^7],
whereas transport of organic cations in basolateral
membranes is stimulated by the inside-negative mem-

brane potential [4,8,9]. Studies using kidney epithelial
cells, cultured on porous membrane ¢lters demon-
strated that transcellular transport of tetraethylam-
monium was regulated by apical pH [10]. By the
expression cloning method, the organic cation trans-
porter OCT1 which is expressed in rat liver and kid-
ney was isolated [11]. In 1996, we isolated another
organic cation transporter, OCT2, which is localized
exclusively in the renal medulla and cortex [12].
OCT2 was deduced to be a glycoprotein comprised
of 593 amino acid residues with 12 putative trans-
membrane domains. Although OCT2 stimulated
transport of tetraethylammonium, a prototype or-
ganic cation, its detailed functional characteristics
were still unclear. In this study, we utilized the Xeno-
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pus oocyte expression system for analyses of the
functional characteristics of OCT2.

2. Materials and methods

2.1. Materials

[1-14C]Tetraethylammonium bromide (185 MBq/
mmol) and N-[methyl-3H]1-methyl-4-phenylpyridi-
nium acetate (3.11 TBq/mmol) were obtained from
Du Pont^New England Nuclear Research Products
(Boston, MA). [14C]Levo£oxacin (1.07 GBq/mmol)
and unlabeled levo£oxacin were kindly supplied by
Daiichi Seiyaku Co. (Tokyo, Japan). Quinidine sul-
fate, cimetidine, tetraethylammonium bromide, chol-
ine chloride, p-aminohippuric acid, Hepes (2-(4-(2-
hydroxyethyl)-1-piperazinyl)ethanesulfonic acid) and
MES (2-(N-morpholino)ethanesulfonic acid) were
purchased from Nacalai Tesque (Kyoto, Japan),
and valinomycin, (3)-nicotine hydrogen tartrate,
procainamide hydrochloride and N1-methylnicotin-
amide iodide were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). 1-Methyl-4-phenylpyridi-
nium iodide was from Research Biochemicals Incor-
porated (Natick, MA, USA). 1,1P-Diethyl-2,2P-cya-
nine iodide (decynium22) was from Aldrich
Chemical Co. (Tokyo, Japan). Cephalexin was a
gift from Shionogi (Osaka, Japan). All other chem-
icals were of the highest purity available.

2.2. Functional expression of organic cation
transporter in Xenopus laevis oocytes

Aliquots of 25 ng of capped RNAs transcribed in
vitro from NotI-linearized OCT1 and OCT2 cDNA
with T3 and SP6 RNA polymerase, respectively,
were injected into Xenopus oocytes [12]. Injected
oocytes were maintained in modi¢ed Barth's medi-
um at 18³C for 1^5 days. Functional expression of
OCT2 was analyzed by measuring uptake of
[14C]tetraethylammonium bromide in groups of
oocytes injected with 50 nl of water or RNA as de-
scribed previously [13]. Oocytes were preincubated
for 15 min at 25³C in uptake bu¡er (in mM: 100
NaCl, 2 KCl, 1 MgCl2, 1 CaCl2, 10 Hepes (pH
7.4)), followed by a 1- or 2-h incubation with
[14C]tetraethylammonium bromide in the same up-

take bu¡er (25³C) except where otherwise noted. In
most experiments, uptake bu¡er with the following
composition (low K� bu¡er) was used (in mM:
101 NaCl, 1 KCl, 1 MgCl2, 1 CaCl2, 10 Hepes (pH
7.4)). In the pH experiments, Hepes was adjusted to
pH 6.4 and 8.0, and MES (pH 5.4 and 6.0) was used
instead of Hepes. High K� bu¡er (in mM: 2 NaCl,
100 KCl, 1 MgCl2, 1 CaCl2, 10 Hepes (pH 7.4)) was
used in some experiments. In the inhibition studies,
various organic molecules were dissolved in the low
K� bu¡er, and then uptake of [14C]tetraethyl-
ammonium was measured. At the end of the uptake
periods, oocytes were washed three times in 1.5 ml of
ice-cold uptake bu¡er (pH 7.4), solubilized in 10%
SDS solution, and then the radioactivity was deter-
mined in 5 ml of ACSII (Amersham) by liquid scin-
tillation counting.

2.3. Statistical analyses

Statistical analyses were performed by one-way
analysis of variance followed by Fisher's t-test or
Dunnett's test. P values of less than 0.05 were con-
sidered to be signi¢cant.

3. Results

3.1. E¡ects of ion composition on
tetraethylammonium uptake by Xenopus oocytes
expressing rat OCT2

In physiological bu¡er, Xenopus oocytes form a
transmembrane electrical potential, which can be de-
creased by replacing Na� ions with K� ions. To
characterize the molecular mechanisms responsible
for the transport of organic cations by OCT2, we
examined the e¡ects of ion composition of uptake
bu¡er on tetraethylammonium uptake by OCT2-ex-
pressing oocytes. As shown in Fig. 1, when low K�

bu¡er (containing 101 mM Na� and 1 mM K�) was
replaced with high K� bu¡er (containing 2 mM Na�

and 100 mM K�), tetraethylammonium uptake by
OCT2-expressing oocytes was moderately decreased
(69% of that in low K� bu¡er). When 7 WM valino-
mycin, a K� ionophore, was added to the high K�

bu¡er, tetraethylammonium uptake by the OCT2-ex-
pressing oocytes decreased further (56% of that in

BBAMEM 77565 23-2-99

M. Okuda et al. / Biochimica et Biophysica Acta 1417 (1999) 224^231 225



low K� bu¡er). On the other hand, tetraethylammo-
nium uptake by water-injected oocytes was not af-
fected by the change in bu¡er composition.

3.2. Concentration dependence of
tetraethylammonium uptake by OCT2-expressing
oocytes in low and high K� bu¡ers

To analyze the characteristics of organic cation
transport by OCT2, the concentration dependence
of tetraethylammonium uptake was measured in
low K� (Fig. 2) and high K� (Fig. 3) bu¡ers. In
both experiments, tetraethylammonium uptake by
OCT2-expressing oocytes was saturated at high con-
centrations. Evaluation of kinetic constants by non-
linear least-squares regression analysis [14] according
to the Michaelis^Menten equation revealed that ap-
parent Michaelis constants (Km) were 33.8 WM for
low K� bu¡er and 140 WM for high K� bu¡er, re-
spectively. In addition, maximal transport activities

Fig. 1. E¡ects of bu¡er ion compositions on tetraethylammo-
nium uptake by oocytes injected with water or OCT2 RNA.
Uptake by oocytes was assayed for 2 h at 25³C in low K�

(101 mM Na� and 1 mM K�) and high K� (2 mM Na� and
100 mM K�) bu¡ers containing 250 WM [14C]tetraethylammo-
nium in the absence or presence of 7 WM valinomycin 1 day
after injection of 50 nl of water (open column) or 25 ng of
OCT2 RNA (closed column). Each column represents the
mean þ S.E. of four experiments. Four oocytes were used for
each uptake experiment. *P6 0.05, signi¢cant di¡erences from
each water-injected control. 2P6 0.05, signi¢cant di¡erences
from tetraethylammonium uptake by OCT2-expressing oocytes
in low K� bu¡er.

Fig. 2. Concentration dependence of tetraethylammonium up-
take by Xenopus oocytes injected with OCT2 RNA in low K�

bu¡er. Uptake by oocytes was assayed for 2 h at 25³C in low
K� bu¡er containing various concentrations of [14C]tetraethyl-
ammonium 2 days after injection of 25 ng of OCT2 RNA. In-
set shows Eadie^Hofstee plots for the experiment. Broken line
indicates the simple di¡usion component calculated. Each point
represents the mean þ S.E. of four experiments. Four oocytes
were used for each uptake experiment.

Fig. 3. Concentration dependence of tetraethylammonium up-
take by Xenopus oocytes injected with OCT2 RNA in high K�

bu¡er. Uptake by oocytes was assayed for 2 h at 25³C in high
K� bu¡er containing various concentrations of [14C]tetraethyl-
ammonium 2 days after injection of 25 ng of OCT2 RNA. In-
set shows Eadie^Hofstee plots for the experiment. Broken line
indicates the simple di¡usion component calculated. Each point
represents the mean þ S.E. of four experiments. Four oocytes
were used for each uptake experiment.
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(Vmax) were obtained as 55.5 and 66.6 pmol/oocyte
per 2 h for low K� and high K� bu¡ers, respectively.
The coe¤cients of simple di¡usion (Kd) were 82.2
and 48.1 pmol/oocyte/2 h per mM for low K� and
high K� bu¡ers, respectively.

3.3. E¡ects of extracellular pH on
tetraethylammonium uptake by Xenopus oocytes
expressing rat OCT2

Next, we examined the e¡ects of pH on tetraethyl-
ammonium uptake by Xenopus oocytes expressing
rat OCT2 (Fig. 4). Tetraethylammonium uptake by
OCT2-expressing oocytes decreased according to the
acidi¢cation of the uptake bu¡ers, although tetra-
ethylammonium uptake by water-injected controls
was not a¡ected by extracellular pH. To further clar-
ify the pH dependence of OCT1 and OCT2, the ef-
fects of pH on e¥ux of [14C]tetraethylammonium
from OCT1- and OCT2-expressing oocytes were ex-
amined. As shown in Table 1, acidi¢cation of extra-
cellular media from 7.4 to 6.0 did not stimulate the
e¥ux of [14C]tetraethylammonium.

3.4. E¡ects of various organic ions on
tetraethylammonium uptake by rat OCT1 and
OCT2

To clarify the substrate spectrum of OCT2, we
examined the e¡ects of various organic ions on tet-
raethylammonium uptake by OCT2-expressing oo-
cytes. In the presence of 5 mM quinidine, unlabeled
tetraethylammonium, nicotine, or levo£oxacin,
[14C]tetraethylammonium uptake by OCT2 was de-
creased compared to that in control oocytes (Fig. 5).
In addition, cephalexin, which is known to be trans-
ported by the H�/organic cation antiporter in the
brush-border membranes but not by basolateral or-
ganic cation transporter [15], did not inhibit tetra-
ethylammonium uptake by OCT2.

To compare the substrate spectrum of OCT1 and
OCT2, inhibitory e¡ects of various organic ions on

Fig. 5. E¡ects of various organic ions on tetraethylammonium
uptake by Xenopus oocytes injected with water or OCT2 RNA.
Uptake by oocytes was assayed for 2 h at 25³C in low K� bu¡-
ers containing 250 WM [14C]tetraethylammonium with and
without 5 mM quinidine, unlabeled tetraethylammonium, nico-
tine, levo£oxacin, and cephalexin 2 days after injection of water
and 50 nl of water (open column) or 25 ng of OCT2 RNA
(closed column). Each point represents the mean þ S.E. of four
experiments. Four oocytes were used for each uptake experi-
ment. *P6 0.05, signi¢cant di¡erences from control.

Fig. 4. E¡ects of bu¡er pH on tetraethylammonium uptake by
oocytes injected with water or OCT2 RNA. Uptake by oocytes
was assayed for 2 h at 25³C in low K� bu¡er at various pHs
containing 250 WM [14C]tetraethylammonium 1 day after injec-
tion of 50 nl of water (a) or 25 ng of OCT2 RNA (b). Each
point represents the mean þ S.E. of four experiments. Four oo-
cytes were used for each uptake experiment. *P6 0.05, signi¢-
cant di¡erences from each water-injected control. 2P6 0.05, sig-
ni¢cant di¡erences from tetraethylammonium uptake by OCT2-
expressing oocytes at pH 5.4.
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[14C]tetraethylammonium transport by both OCT1
and OCT2 were examined, and then concentrations
for half-maximal inhibition (IC50) were evaluated
(Fig. 6). Inhibitory potencies of organic cations ex-
cept procainamide on tetraethylammonium uptake
by OCT2-expressing oocytes were comparable to
those obtained for OCT1-expressing oocytes (Table
2). IC50 of procainamide for tetraethylammonium
transport by OCT2 was about 6-fold that by OCT1.

3.5. Uptake of ionic drugs by Xenopus oocytes
expressing OCT1 and OCT2

As shown in Fig. 7, uptake of [14C]tetraethyl-
ammonium and [3H]1-methyl-4-pheylpyridinium,
organic cations, were markedly elevated compared
to water-injected controls. However, uptake of
[14C]levo£oxacin, a zwitterion, was not stimulated
by either OCT1 or OCT2.

Fig. 6. E¡ects of various organic cations and p-aminohippurate on tetraethylammonium uptake by Xenopus oocytes injected with
OCT1 or OCT2 RNA. Uptake by oocytes was assayed for 1 h at 25³C in low K� bu¡er containing 100 WM [14C]tetraethylammonium
in the presence of decynium22 (b), 1-methyl-4-phenylpyridinium (a), procainamide (F), tetraethylammonium (E), cimetidine (R), chol-
ine (O), N1-methylnicotinamide (S) and p-aminohippurate (P), 3 days after injection of 25 ng of OCT1 (left) or OCT2 (right)
RNAs. Uptake values of [14C]tetraethylammonium for OCT1 and OCT2 in the absence of various organic ions were 14.9 þ 0.8 and
16.5 þ 0.8 pmol/oocyte per h, respectively. Each point represents the mean þ S.E. of four experiments. Four oocytes were used for each
uptake experiment.

Table 1
E¡ect of pH on e¥ux of [14C]tetraethylammonium from OCT1- and OCT2-expressing oocytes

Remaining radioactivity (%)

OCT1 OCT2

pH 6.0 pH 7.4 pH 6.0 pH 7.4

30 min 104.3 þ 8.9 90.9 þ 8.9 96.8 þ 6.2 106.3 þ 5.5
180 min 95.6 þ 4.9 93.7 þ 5.7 100.0 þ 5.2 89.5 þ 5.8

Two days after injection of 25 ng of OCT RNAs, oocytes were incubated with 100 WM [14C]tetraethylammonium for 16 h at 18³C in
modi¢ed Barth's medium, and then incubated in low K� bu¡er without [14C]tetraethylammonium (pH 6.0 or 7.4) for 30 or 180 min
at 25³C. Uptake values of control oocytes (without e¥ux) were 70.4 þ 8.4 and 80.3 þ 15.6 pmol/oocyte, for OCT1 and OCT2, respec-
tively. Data were expressed as the percentages of remaining radioactivity in the oocytes. Data represent the mean þ S.E. of four experi-
ments. Three oocytes were used for each uptake experiment.
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4. Discussion

Organic cation transporters in the brush-border
and basolateral membranes are clearly distinguished
by the driving forces, i.e., organic cation transport

in the brush-border membranes is stimulated by an
oppositeward proton gradient, whereas basolateral
organic cation transport is stimulated by inside-
negative membrane potential. These mechanisms
contribute to the e¤cient secretion of cationic drugs
and xenobiotics in the kidney. In the present study,
we examined the molecular characteristics of the or-
ganic cation transporter OCT2 by tracer uptake
study using the Xenopus oocyte expression system.
The driving force of OCT2 was comparable to that
in the basolateral membranes of renal tubules. In
addition, a¤nities of organic cations, except proca-
inamide, for OCT1 and OCT2 were similar.

Uptake of tetraethylammonium by OCT2-express-
ing oocytes was decreased by replacing Na� ions
with K� ions, suggesting that tetraethylammonium
transport by OCT2 is dependent on membrane po-
tential (Fig. 1). A similar phenomenon was also dem-
onstrated for tetraethylammonium uptake by OCT1-
expressing oocytes [11] and electrogenicity of organic
cation transport by OCT1 was con¢rmed in a study
using voltage-clamped Xenopus oocytes [16]. In the
present study, the apparent Km value for tetraethyl-
ammonium uptake by OCT2-expressing oocytes was
increased by elevating extracellular K� concentration
(Figs. 2 and 3), suggesting that the decrease of tet-
raethylammonium uptake by OCT2-expressing oo-
cytes is at least in part due to a decrease in the sub-
strate a¤nity. Kim and Dantzler [17] reported that
elevation of K� concentration in incubation bu¡er
decreased a¤nity of basolateral organic cation trans-
porter for tetraethylammonium, but not altered max-
imal transport activity in isolated snake renal prox-
imal tubules. Our present results seems to be
consistent with their report.

Fig. 7. Uptake of tetraethylammonium, 1-methyl-4-phenylpyri-
dinium, and levo£oxacin by Xenopus oocytes injected with
water, OCT1 or OCT2 RNA. Uptake by oocytes was assayed
for 1 h at 25³C in low K� bu¡er containing 250 WM
[14C]tetraethylammonium, 10 WM [3H]1-methyl-4-phenylpyridi-
nium, or 5 WM [14C]levo£oxacin 5 days after injection of 50 nl
of water (open column), 25 ng of OCT1 (dotted column) or
OCT2 (closed column) RNAs. Each column represents the
mean þ S.E. of four experiments. Four oocytes were used for
each uptake experiment. *P6 0.05, signi¢cant di¡erences from
each water-injected control.

Table 2
IC50 values for organic cations to compete with the [14C]tetraethylammonium uptake by OCT1- and OCT2-expressing oocytes

Compounds IC50 values for tetraethylammonium uptakea

OCT1 (WM) OCT2 (WM)

Decynium22 21.9 13.8
1-Methyl-4-phenylpyridinium 64.1 44.2
Procainamide 44.4 257
Tetraethylammonium 167 142
Choline 398 159
Cimetidine 329 373
N1-Methylnicotinamide 2420 1560
aIC50 values were calculated by nonlinear regression analyses using the data in Fig. 6.
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As shown in Fig. 4, acidi¢cation of extracellular
bu¡er inhibited tetraethylammonium uptake by
OCT2-expressing oocytes, suggesting that the trans-
port of tetraethylammonium by OCT2 is pH-depend-
ent. In our previous study, accumulation of tetra-
ethylammonium from basolateral side of LLC-PK1

cells was markedly decreased by acidi¢cation of in-
cubation bu¡er [18]. Kim and Dantzler [19] also re-
ported that, in the isolated snake proximal tubules,
tetraethylammonium transport across basolateral
membranes was decreased with lowering extracellular
pH. Therefore, apparent pH-dependence of tetra-
ethylammonium uptake by OCT2-expressing oocytes
could be comparable with basolateral uptake of tet-
raethylammonium in the renal tubules. In addition,
acidi¢cation of extracellular medium did not stimu-
late the e¥ux of tetraethylammonium from OCT1-
and OCT2-expressing oocytes (Table 1), suggesting
that neither OCT1 nor OCT2 was driven by inward
proton gradient.

Gru«ndemann et al. [20] reported cDNA cloning of
the organic cation transporter OCT2p from LLC-
PK1 cells, which is homologous to rat OCT2. They
demonstrated that transport of tetraethylammonium
by OCT2p was `pH-dependent', and OCT2p was re-
sponsible for apical-type organic cation transporter
in LLC-PK1 cells. However, similar pH-dependence
was observed in basolateral organic cation transport
as shown by us [18] and Kim and Dantzler [19].
Membrane localization of rat OCT2 and OCT2p
should be clari¢ed further by immunological study.

It is well established that organic cation transport
systems accept a wide variety of cationic molecules.
In this study, levo£oxacin, a zwitterionic molecule,
moderately inhibited tetraethylammonium uptake by
OCT2-expressing oocytes. Previously, we reported
that levo£oxacin strongly inhibited apical organic
cation transport, and moderately interacted with ba-
solateral organic cation transport in renal epithelial
cells [21,22]. Inhibitory e¡ect of levo£oxacin on tet-
raethylammonium transport by OCT2 could be com-
parable to that described in our previous reports. As
levo£oxacin uptake by OCT2-expressing oocytes was
not speci¢cally stimulated, we concluded that levo-
£oxacin was recognized by OCT2, but was not trans-
located.

In conclusion, OCT2 recognizes a wide variety of
organic cations, showing characteristics comparable

to the basolateral organic cation transport system in
the kidney. Thus, OCT2 may play important physio-
logical roles in the elimination of cationic drugs and
xenobiotics in the kidney.
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