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ABSTRACT
After site-directed mutagenesis, the organic cation transporter
rOCT1 was expressed in Xenopus laevis oocytes or human
embryonic kidney cells and functionally characterized. rOCT1
belongs to a new family of polyspecific transporters that in-
cludes transporters for organic cations and anions and the
Na1-carnitine cotransporter. When glutamate was substituted
for Asp475 (middle of the proposed 11th transmembrane a-he-
lix), the Vmax values for choline, tetraethylammonium (TEA),
N1-methylnicotinamide, and 1-methyl-4-phenylpyridinium were
reduced by 89 to 98%. The apparent Km values were also
decreased (choline by 15-fold, TEA by 8-fold, N1-methylnicoti-
namide by 4-fold) or remained constant (1-methyl-4-phe-
nylpyridinium). After the mutation, the membrane potential de-
pendence of the Km value for [3H]choline uptake was abolished.

The affinity of n-tetraalkyl ammonium compounds to inhibit TEA
uptake was increased. This affinity and its increase by the
D475E mutation were increased with the length of the n-alkyl
chains. After expression in X. laevis oocytes, the IC50 ratios of
wild-type and D475E mutant were 1.7 (tetramethylammonium),
4.3 (TEA), 5.0 (tetrapropylammonium), 5.0 (tetrabutylammo-
nium), and 65 (tetrapentylammonium). Cationic inhibitors with
ring structures were differentially affected: the IC50 value for
TEA inhibition by cyanine 863 remained unchanged, whereas it
was increased for quinine. The data suggest that rOCT1 con-
tains a large cation-binding pocket with several interaction
domains that may be responsible for high-affinity binding of
structurally different cations and that Asp475 is located close to
one of these interaction domains.

A variety of polyspecific transporters responsible for excre-
tion and reabsorption of drugs have been identified in eu-
karyotic plasma membranes. In addition to the P-glycopro-
teins (multidrug resistant) and multidrug resistance proteins,
which are primary active export pumps (Fykse and Fonnum,
1991; Leier et al., 1994; Müller and Jansen, 1997), three
families of polyspecific import transporters have been iden-
tified: the proton-peptide symporters (Meredith and Boyd,
1995), a family containing different organic anion transport-
ers and the prostaglandin transporter (Kanai et al., 1995;
Saito et al., 1996; Müller and Jansen, 1997), and the OCT1
family, which contains polyspecific cation and anion trans-
porters (Koepsell, 1998; Koepsell et al., 1999). In 1994, we
cloned rOCT1 (Gründemann et al., 1994), a transporter ex-
pressed in the basolateral membrane of hepatocytes (Meyer-
Wentrup et al., 1998) and renal proximal tubules (unpub-
lished data), which is responsible for the first step in hepatic
and renal cation excretion. This transporter mediates the
electrogenic uptake of a variety of small organic cations,

including many cationic drugs, choline, and monoamine neu-
rotransmitters, and operates independently of sodium ions
and proton gradients (Busch et al., 1996a,b). rOCT1 may
translocate small cations in both directions, whereas large
organic cations, such as quinine and cyanine 863, are high-
affinity transport inhibitors but are themselves not trans-
ported (Nagel et al., 1997). OCT2 and OCT3 transporters are
highly homologous subtypes of rOCT1 that operate in a sim-
ilar fashion (Koepsell et al., 1999); these transporters are also
electrogenic transporters of small cations, including the
monoamine neurotransmitters, but they exhibit differences
in substrate specificity (Koepsell et al., 1999). Another sub-
group of the OCT1 family are the transporters OCTN1 and
OCTN2, which translocate cations and zwitterions (Tamai et
al., 1997; Wu et al., 1998). OCTN2 mediates Na1-dependent,
high-affinity uptake of carnitine (Tamai et al., 1998), and
gene defects in this transporter result in a systemic carnitine
deficiency in mice and humans (Nezu et al., 1999).

It is of high medical significance that the molecular mech-
anism by which polyspecific transporters translocate a vari-
ety of structurally different substrates without losing sub-
strate selectivity is elucidated. The tertiary structure of
polyspecific transporters is unlikely to be resolved in the near
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future, so we attempted to mutate amino acid residues in
rOCT1 that may be involved in cation transport. rOCT1
represents an ideal model because more than 20 members of
the OCT1 family have been cloned, including subfamilies
that transport zwitterionic or negatively charged substrates.
This provides a good basis to select amino acid residues for
site-directed mutagenesis. Previously cloned members of the
OCT1 family share a common predicted topology of 12 trans-
membrane a-helices (TM) and one large extracellular loop
between TM1 and TM2 (Koepsell et al., 1999). We decided to
start our mutagenesis program by mutating glutamate and
aspartate residues because the involvement of acidic amino
acids in the translocation of cationic substrates has been
demonstrated for bacterial and mammalian transporters
(Wilson and Wilson, 1992; Yamaguchi et al., 1992; Pourcher
et al., 1993). The mammalian transporters include the vesic-
ular monoamine transporters (Merickel et al., 1995; Steiner-
Mordoch et al., 1996), the vesicular acetylcholine transporter
(Song et al., 1997; Kim et al., 1999), and the dopamine trans-
porter (Kitayama et al., 1992). An amino acid sequence com-
parison demonstrated that the electrogenic cation transport-
ers (OCT1, OCT2, and OCT3) contain six acidic amino acids
that are conserved in neither the OCTN-type transporters
nor the anion transporters: two glutamate (Glu68, Glu69)
and two aspartate (Asp95, Asp150) residues in the large
extracellular loop, one aspartate (Asp379) in TM8, and an-
other (Asp475) in TM11. We began with the mutation of
Asp475, located in the middle of TM11. Replacement of
Asp475 by arginine, asparagine, and glutamate resulted in a
significant reduction in the transport rate. Interestingly, af-
ter the mutation of Asp475 to glutamate, the affinity for
specific cations was dramatically increased.

Experimental Procedures
Site-Directed Mutagenesis. Mutants of rOCT 1 were con-

structed using the polymerase chain reaction approach either accord-
ing to Chen and Przybyla (1994) or by use of the overlap extension
method (Ho et al., 1989). The mutagenic primers were 59-T GCC CTG
TGT CGA CTG GGT GGG AT-39 (forward) for D475R, 59-T GCC CTG
TGT AAC CTG GTG GG-39 (forward) and 59-C ACC CAG GTT ACA
CAG GGC AG-39 (reverse) for D475N, and 59-CC CTG TGT GAG
CTC GGT GGG ATC TT-39 (forward) and 59-A GAT CCC ACC GAG
CTC ACA CAG GGC-39 (reverse) for D475E. Nucleotides correspond-
ing to the mutated amino acid are underlined. The flanking primers
were 59-AGA CTG GCG CTG GCT CCA-39 (forward, position 817–
834 of rOCT1) and 59-GGT ACT TGA GGA CTT GCC-39 (reverse,
position 1688–1705 of rOCT1). The polymerase chain reaction prod-
ucts were digested with SauI and StyI, and a 520-bp fragment was
cloned into plasmid rOCT1/pRSSP (Busch et al., 1996b) cut with the
same enzymes. The sequences of the cloned fragments were verified
by DNA sequencing.

Expression of rOCT1 in Oocytes of Xenopus laevis and
Transport Measurements. The experiments with X. laevis oocytes
were performed as described previously (Gründemann et al., 1994;
Busch et al., 1996b). Briefly, the oocytes were stored in 5 mM 3-(N-
morpholino)propanesulfonic acid-NaOH, pH 7.4, 100 mM NaCl, 1
mM MgCl2, 3 mM KCl, and 2 mM CaCl2 (Ori buffer) containing 50
mg/liter gentamicin. Oocytes were injected with 10 ng of cRNA and
incubated for 2 or 3 days at 19°C in Ori buffer. For tracer uptake
measurements, oocytes were incubated for 60 min at 19°C in Ori
buffer containing radioactively labeled cations. The incubation was
performed in the absence and presence of 50 mM cyanine 863, and
the cyanine-inhibited uptake was calculated. The uptake of the an-
alyzed cations into the oocytes was linear during this time period. In

some measurements, sodium in the Ori buffer was replaced by po-
tassium or different concentrations of nonradioactive substrates or
inhibitors were added. The transport was stopped with ice-cold Ori
buffer, and the oocytes were washed four times with ice-cold Ori
buffer, solubilized with 100 ml of 5% (w/v) SDS, and analyzed for
radioactivity. Membrane potential measurements or two-electrode
voltage-clamp recordings in X. laevis oocytes were performed as
described previously (Nagel et al., 1997). The oocytes were perma-
nently superfused with fresh Ori buffer at room temperature (3
ml/min). In some experiments, NaCl was replaced by KCl to change
the membrane potential.

Preparation of Plasma Membranes from X. laevis Oocytes
and Western Blot Analysis. X. laevis oocytes were injected with
water (controls) or with 10 ng of cRNA of rOCT1, D475R, D475N, or
D475E and incubated for 3 days at 19°C. Half of the oocytes were
used for uptake measurements. The plasma membranes of the other
half of the oocytes (;60) were isolated through differential centrifu-
gations at 1,000g and 10,000g according to Geering et al. (1989). For
Western blot analysis, 3 to 6 mg of isolated plasma membranes were
incubated for 30 min at 37°C in 60 mM Tris z HCl, pH 6.8, 100 mM
dithiothreitol, 2% (w/v) SDS, and 7% (v/v) glycerol; resolved by SDS-
polyacrylamide gel electrophoresis; transferred to nitrocellulose; and
incubated with antibody raised against the large extracellular loop of
rOCT1 as described previously (Meyer-Wentrup et al., 1998). Reac-
tion with the peroxidase-conjugated secondary antibody (goat anti-
rabbit IgG) was visualized by enhanced chemiluminescence (ECL
system; Amersham Buchler; Braunschweig, Germany). Prestained
molecular weight marker BenchMark (Life Technologies, Karlsruhe,
Germany) was used to determine apparent molecular masses.

Transient Expression in Human Embryonic Kidney (HEK)
293 Cells. HEK 293 cells were grown in Dulbecco’s modified Eagle’s
medium with 10% FCS, and the cells were transfected with the
empty vector pRcCMV (InVitrogen, Groningen, the Netherlands) or
with pRcCMV containing rOCT1, D475R, D475N, or D475E using
the FuGENE 6 reagent from Boehringer-Mannheim Biochemica
(Mannheim, Germany). When the cells became confluent 2 days after
transfection, they were washed with PBS, suspended by shaking,
collected by 10-min centrifugation at 1000g, and suspended at 37°C
in PBS. For uptake measurements, the cells were suspended for 1 to
20 s with PBS (37°C) that contained either different concentrations
of 1-[3H]methyl-4-phenylpyridinium ([3H]MPP) without and with 50
mM cyanine 863 or 0.1 mM [3H]MPP without and with different
concentrations of tetrapentylammonium (TPeA). The uptake reac-
tions were stopped with ice-cold PBS containing 100 mM quinine
(stop solution), and the cells were washed three times by 5-min
centrifugation with the ice-cold stop solution. In the stop solution, no
significant cation efflux from the cells could be observed.

Calculations and Statistics. Indicated uptake rates from X.
laevis oocytes represent medians from pairs of 8 to 10 oocytes 6S.E.
values. The uptake rates determined in HEK 293 cells represent
mean values from pairs of three or four determinations 6S.D. Ap-
parent Km values were calculated by fitting the Michaelis-Menten
equation to uptake measurements at different substrate concentra-
tions. For calculation of IC50 values, the Hill equation for multisite
inhibition was fitted to the data.

Materials. [3H]MPP (2.2 TBq/mmol) was provided by Biotrend
(Köln, Germany). The other materials were obtained as described
previously (Busch et al., 1996b)

Results
To elucidate the role of Asp475 in rOCT1 for the transport

of organic cations, we changed this residue to arginine
(D475R), asparagine (D475N), or glutamate (D475E) and
expressed the mutants in X. laevis oocytes and HEK 293
cells. Oocytes were injected with 10 ng of cRNA, and the
uptake rates of 10 mM [14C]TEA and 0.1 mM [3H]MPP were
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determined in the absence and presence of 50 mM cyanine
863. In one batch of oocytes, the cyanine-inhibited uptake
rates of TEA were 30.1 6 3.8 (wild type), 0.06 6 0.08
(D475R), 0.32 6 0.14 (D475N), 7.1 6 2.8 (D475E), and 0.31 6
0.05 (H2O) pmol z oocyte21 z h21. The uptake rates in the
presence of 50 mM cyanine were 0.03 6 0.01 (wild type),
0.09 6 0.03 (D475R), 0.09 6 0.06 (D475N), 0.06 6 0.03
(D475E), and 0.01 6 0.01 (H2O) pmol z oocyte21 z h21. After
transfection in HEK 293 cells, cyanine-inhibitable [3H]MPP
uptake could be expressed with all three D475 mutants (Fig.
1). At variance with wild-type rOCT1, cyanine-inhibited
[3H]MPP uptake in the mutants was linear for about 10 s.
For 0.1 mM [3H]MPP, cyanine-inhibited initial uptake rates
of 280 6 10 (wild type), 15 6 2 (D475R), 20 6 1 (D475N),
22 6 1 (D475E), and 4 6 1 (empty pRcCMV plasmid)
fmol z mg21 z s21 were determined. In the presence of 50 mM
cyanine 863, the uptake rates were 25 6 11 (wild type), 2.9 6
0.9 (D475R), 8.8 6 1.0 (D475N), and 3.0 6 0.4 (D475E)
fmol z mg21 z s21. To investigate whether the mutations dis-
turb the insertion of rOCT1 into the plasma membrane, we
probed Western blots with plasma membranes isolated from
X. laevis oocytes and reacted nonpermeabilized HEK 293
cells with an affinity-purified antibody against the large ex-
tracellular loop of rOCT1 (Meyer-Wentrup et al., 1998). Dif-
ferent results were obtained with the two expression sys-
tems. Figure 2 shows Western blots of plasma membrane
fractions from oocytes that were developed with a specific
antibody against rOCT1. With wild-type rOCT1 and the
D475R mutant, two immunoreactive polypeptide bands with
apparent molecular masses of 52 and 60 to 70 kDa were
observed, which represent differentially glycosylated trans-
porter proteins (unpublished data). After expression of the
D475R and D475E mutants, greater protein amounts were
observed in the plasma membrane fraction than in the wild
type, and the 60- to 70-kDa polypeptide was not detected in
the D475E mutant (Fig. 2). In three independent experi-
ments with different mRNA preparations and oocyte batches,
the D475N mutant could not be detected in the plasma mem-
brane fraction, although the cRNA of the D475N mutant was

shown to display a similar stability in the oocytes as wild-
type cRNA. In contrast to the oocyte experiments, immuno-
histochemistry with HEK 293 cells indicated that all three
mutants were inserted into the plasma membrane because
the antibody against the large extracellular loop of rOCT1
showed a significant reaction with nonpermeabilized cells
expressing the D475R, D475E, and D475N mutants (Fig. 3).
No immunoreaction was observed with vector-transfected
control cells. On visual inspection of three experiments, we
did not distinguish differences in the immunoreaction of
transfected wild-type rOCT1 and the mutants.

To elucidate the functional role of Asp475, we compared
functional properties and substrate specificity of the D475E
mutant with those of the wild-type rOCT1. Because the Km

values are potential dependent (Busch et al., 1996b) and the
membrane potential varies with different batches of X. laevis
oocytes, the functional characteristics of the D475E mutant
and wild type were compared within the same batches of
oocytes. Figure 4 shows the substrate dependence of the
cyanine 863-inhibited uptake of TEA, N1-methylnicoti-
namide (NMN), choline, and MPP. Fitting the Michaelis-
Menten equation to the data, the following Km values were
obtained for the wild type and mutant, respectively: TEA,
129 6 17 versus 16 6 4 mM; NMN, 126 6 20 versus 35 6 5
mM; choline, 370 6 120 versus 25 6 7 mM; and MPP, 2.7 6
1.1 mM versus 2.2 6 0.9 mM. The data indicate that the
mutation of Asp475 to glutamate leads to a significant de-
crease in Km values of several small organic cations. How-
ever, the Km value of the more bulky cation MPP was not
changed. In the D475E mutant, the Vmax values for transport
were drastically reduced compared with that of the wild type:
to 2.3% for TEA, 3.2% for NMN, 3.5% for choline, and 11.4%
for MPP. The data show that the D475E mutation alters the
affinity for some of the transported cations.

Most bulky cations, such as quinine, d-tubocurarine, and
cyanine 863, are high-affinity inhibitors of rOCT1-mediated
cation uptake but are not transported (Nagel et al., 1997).
Recently, we found that TPeA belongs to this group of non-
transported inhibitors and that quinine, cyanine 863, and
TPeA inhibited the uptake of [14C]TEA in a noncompetitive
manner (unpublished data). Because the D475E mutation
apparently altered the structure of the substrate binding

Fig. 1. Expression of MPP uptake in HEK 293 cells by wild-type rOCT1
and mutants of Asp475. HEK 293 cells were transiently transfected with
the pRcCMV vector containing wild-type rOCT1 or the mutant D475E,
D475N, or D475R. As control, the cells were transfected with the empty
vector. At 2 days after the transfection, the uptake of 0.1 mM [3H] MPP
was measured in the absence and presence of 50 mM cyanine 863. The
cyanine-inhibited uptake is presented. Mean 6 S.D. values from three
parallel measurements are shown.

Fig. 2. Targeting of rOCT1 mutants to plasma membrane in X. laevis
oocytes. X. laevis oocytes were injected with water, cRNA of wild-type
rOCT1, or cRNAs of the indicated mutants. After a 3-day incubation,
plasma membranes were isolated, and the indicated amounts of mem-
brane protein were separated by SDS-polyacrylamide gel electrophoresis.
Western blots are shown that were developed with a polyclonal antibody
raised against the large extracellular loop of rOCT1. Antibody reaction
with rOCT1 was mainly observed at about 52 kDa and between 60 and 70
kDa.
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site, we performed inhibition experiments with transported
cations and noncompetitive cationic inhibitors to determine
whether the D475E mutation has an effect on both types of
cationic interactions. To systematically investigate the cation
interaction, we measured the transport inhibition by n-tet-
raalkyl ammonium compounds with increasing chain length
(Wright et al., 1995). In Fig. 5, we sought to determine the
quaternary ammonium compounds that were transported.
When X. laevis oocytes expressing wild-type rOCT1 clamped
at 250 mV were superfused with saturating concentrations
(Fig. 6) of tetramethylammonium (TMA), TEA, tetrapro-

pylammonium (TPA), tetrabutylammonium (TBA), or TPeA,
significant rOCT1-mediated inward currents were detected
only with TMA and TEA. Because the TMA-induced current
by rOCT1 increased with increasing membrane potential
(data not shown), we conclude that TMA is also transported
by rOCT1. The small inward currents observed with TPA,
TBA, and TPeA were similar to those observed with nonin-
jected control oocytes (Fig. 5). Thus, TPA, TBA, and TPeA do
not mediate a significant charge transport. These cations
may be transported very slowly, without netto translocation
of electric charge, or they may be nontransported inhibitors.
Dose-response curves for inhibition of TEA transport ex-
pressed by wild-type rOCT1 and the D475E mutant are
shown in Fig. 6. The affinity of the n-tetraalkyl ammonium
compounds increased with increasing alkyl chain length. In
the wild type, the IC50 values for inhibition decreased from
1.3 6 0.4 mM (TMA), 81 6 9 mM (TEA), 12 6 5 mM (TPA),

Fig. 3. Targeting of rOCT1 mutants to plasma membrane in HEK 293
cells, which were transiently transfected with the empty pRcCMV vector
(a and b) or with the pRcCMV vector containing rOCT1 (c and d), D475R
(e and f), D475N (g and h), or D475E (i and k), seeded onto glass slides
and grown for 2 days. The cells were fixed with 4% (v/v) paraformalde-
hyde and washed with PBS. The immunoreaction was performed with the
affinity-purified antibody against the large extracellular loop of rOCT1.
Under these conditions, the cells were nonpermeabilized, and no antibody
reaction could be observed with an antibody against the intracellular
carboxyl terminus (data not shown). Identical areas are presented that
were visualized by phase contrast microscopy (left) and immunofluores-
cence (right). Some immunoreactive cells are indicated by arrowheads.
Bar, 25 mM.

Fig. 4. The substrate dependence for some cations after expression of
rOCT1 and the D475E mutant in X. laevis oocytes. rOCT1 cRNA or cRNA
from D475E mutant was injected into identical batches of X. laevis
oocytes, and parallel transport measurements for each of the indicated
substrates were performed with the wild type and mutant. Uptake of
different concentrations of [14C]TEA, [3H]NMN, [3H]choline, and
[3H]MPP was measured in the absence and presence of 50 mM cyanine
863, and the cyanine-inhibitable uptake rates were calculated. Median 6
S.E. values from pairs of 8 to 10 individual oocytes are presented, and the
Michaelis-Menten equation was fitted to the data. The Km values are
indicated. For the wild type and mutant, the following Vmax values were
obtained (in pmol z oocyte21 z h21): TEA, 569 6 27 and 13 6 0.7; NMN,
94 6 4 and 3.0 6 0.2; choline, 150 6 12 and 5.3 6 0.4; and MPP, 41 6 3
and 4.6 6 0.5.
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and 3.0 6 2.0 mM (TBA) to 0.53 6 0.04 mM (TPeA), and in the
D475E mutant, the IC50 values decreased from 0.78 6 0.12
mM (TMA), 19 6 5 mM (TEA), 2.4 6 0.3 mM (TPA), and 0.6 6
0.2 mM (TBA) to 0.008 6 0.002 mM (TPeA). The n-tetraalkyl
ammonium compounds had a higher affinity for the D475E
mutant than for the wild type, and the effect of the mutation
increased with increasing alkyl chain length: the ratios be-
tween the IC50 values of the wild type and D475E mutant
were 1.7 (TMA), 4.3 (TEA), 5.0 (TPA), 5.0 (TBA), and 65
(TPeA). Next, we compared the rOCT1 wild type and D475E
mutant for inhibition of TEA uptake by the noncompetitive
inhibitors cyanine 863, quinine, and quinidine, which contain
bulky ring structures. Although the affinity of cyanine 863
was not changed by the D475E mutation (Fig. 6; IC50 5 1.8 6
0.6 mM for wild type and 2.0 6 0.4 mM for D475E mutant),
the affinity of quinidine may be increased slightly (IC50 5
4.2 6 0.7 mM for wild type and 2.8 6 0.5 mM for D475E
mutant, difference not significant), and the affinity of qui-
nine was decreased (IC50 5 0.57 6 0.04 mM for wild type and
1.3 6 0.3 mM for D475E mutant, P , .05). Thus, the D475E
mutation impairs the stereoselective interaction of quinine
and quinindine with rOCT1 (Busch et al., 1996b).

Through measurement of choline-induced currents in
rOCT1 expressing voltage-clamped X. laevis oocytes, we pre-
viously observed that the choline concentrations required to
induce half-maximal currents decreased at higher membrane
potentials (Busch et al., 1996b). Because the low transport
activity of the D475E mutant did not allow an electrical
analysis, we measured the substrate dependence of [3H]cho-
line uptake with 100 mM Na1 in the bath and after replace-
ment of Na1 with K1; the membrane potential decreased
from 234 6 3.9 mV (n 5 5) to 213.6 6 1.0 mV (n 5 5). The
apparent Km value for cyanine-inhibitable choline transport
by rOCT1 increased from 0.23 6 0.04 mM with sodium to
1.14 6 0.23 mM after the replacement of sodium with potas-

sium, whereas the Vmax value was not changed (Fig. 7a). In
the D475E mutant, the effect of the membrane potential on
the Km value was abolished: the apparent Km values with
sodium and potassium in the bath were 15 6 3 and 17 6 6
mM, respectively (Fig. 7b). At variance to wild-type rOCT1,
the Vmax value of choline transport expressed by the D475E
mutant was reduced in the presence of K1. The data show
that the potential dependence of choline binding to rOCT1 is
changed by the D475E mutation.

Next, we investigated whether specific effects of the D475E
mutation on cation affinity observed in the oocyte expression
system could be also detected when the transporter was
expressed in mammalian epithelial cells. In Fig. 8, we com-
pared the substrate dependence of [3H]MPP uptake into
HEK 293 cells that were either transfected with wild-type
rOCT1 or with the D475E mutant. For cyanine-inhibited
MPP uptake by wild-type rOCT1 and by the D475E mutant,
nearly identical Km values of 9.4 6 0.1 (wild type) and 9.3 6
1.1 mM (D475E) were obtained as has been observed in X.
laevis oocytes. The Km value for cyanine-inhibited MPP up-
take also was not changed significantly when Asp475 was
replaced by arginine or asparagine. For these mutants, Km

Fig. 5. Induction of current changes by transported quaternary n-alkyl
ammonium salts in X. laevis oocytes expressing wild-type rOCT1. After
injection of water or wild-type rOCT1 cRNA, X. laevis oocytes were
voltage-clamped to 250 mV and superfused with Ori buffer containing
the indicated concentrations of n-tetraalkyl ammonium compounds. The
induced currents are shown.

Fig. 6. Inhibition of TEA uptake expressed in X. laevis oocytes by trans-
ported and nontransported inhibitory cations. Different batches of X.
laevis oocytes (a–f) were injected with cRNA of rOCT1 or the D475E
mutant. After a 3-day incubation, the uptake of 10 mM [14C]TEA was
measured in the presence of the different concentrations of TMA, TEA,
TPA, TBA, TPeA, or cyanine 863. E, uptake measurements with wild-
type rOCT1. F, parallel measurements with the D475E mutant. The
median and S.E. values of 8 to 10 oocytes are shown. The indicated IC50
values were obtained by fitting the Hill equation to the data. The differ-
ences between the IC50 values obtained for the inhibition of wild type and
mutant were significantly different, with the exception of TMA and
cyanine 863.
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values of 5.8 6 2.4 mM (D475R) and 10.6 6 3.2 mM (D475N)
were determined. The differences between the Km values
after the expression of rOCT1 in X. laevis oocytes or HEK 293
cells may be due to differences in intracellular concentrations
of endogenous cations or to different degrees of post-transla-
tional modifications. The Vmax values of cyanine-inhibited
MPP uptake expressed by rOCT1 wild type and D475E mu-
tant were 12.1 6 0.5 and 0.075 6 0.003 pmol z mg
protein21 z s21, respectively. This suggests that the turnover
number for MPP transport by rOCT1 is reduced by the
D475E mutation.

We determined whether the affinity change for n-alkyl
ammonium compounds by the D475E mutation that was
observed after expression of the transporter in X. laevis oo-
cytes could be also detected in HEK 293 cells. Figure 9 shows
rOCT1-mediated dose-response curves for the inhibition of
[3H]MPP transport by TPeA in these cells. For the initial
cyanine-inhibited uptake rates of [3H]MPP expressed by
wild-type rOCT1 or by the D475E mutant, IC50 values of
0.18 6 0.04 and 0.018 6 0.001 mM were determined, respec-
tively. The data show that the affinity increase by the D475E
mutation can be observed in different expression systems.

Discussion
The data indicate that Asp475 in the presumed 11th mem-

brane spanning a-helix of rOCT1 is important for cation
selectivity. After the expression of rOCT1 in HEK 293 cells,
cation transport was largely reduced when Asp475 was re-

placed by arginine, asparagine, or glutamate, although sim-
ilar amounts of transporter proteins were targeted to the
plasma membrane and a proper membrane insertion can be
assumed because the extracellular localization of the large
loop between the first and second presumed transmembranes
was verified (Fig. 3). After expression of the mutants in X.
laevis oocytes, transport activity was detected only with the
D475E mutant. In the oocytes, the D475N mutant was not
targeted to the oocyte plasma membrane, whereas the D475R

Fig. 7. Test of choline uptake by rOCT1 or by the D475E mutant for
potential dependence. X. laevis oocytes were injected with cRNA of
rOCT1 (a) with cRNA of the D475E mutant (b) or with water, and uptake
of different [3H]choline concentrations in the absence and presence of 50
mM cyanine 863 was measured in Ori buffer containing 100 mM Na1 (F)
or in Ori buffer where Na1 was replaced by K1 (E). The cyanine-inhib-
itable uptake rates were calculated from pairs of 8 to 10 oocytes, and
median and S.E. values are presented. In the water-injected control
oocytes, the cyanine-inhibitable choline uptake measured at choline con-
centrations of 1 and 5 mM was less than 0.9 pmol z oocyte21 z h21. The
presented curves were obtained by fitting the Michaelis-Menten equation
to the data. The following Km values (in mM) and Vmax values (in
pmol z oocyte21 z h21) were calculated: wild-type Km (Na), 0.23 6 0.04;
wild-type Km(K), 1.14 6 0.23; wild-type Vmax (Na), 318 6 23; wild-type Vmax
(K), 303 6 23; D475E Km (Na), 0.015 6 0.003; D475E Km(K), 0.017 6 0.006;
D475E Vmax(Na), 6.0 6 0.4; and D475E Vmax (K), 3.7 6 0.5.

Fig. 8. Concentration dependence of MPP uptake after expression of
rOCT1 and the D475E mutant in HEK 293 cells, which were transfected
with the empty pRcCMV vector (M), with pRcCMV containing rOCT1 (F),
or with pRcCMV containing the D475E mutant (E). After a 2-day incu-
bation, initial uptake rates of [3H]MPP were measured by incubating the
cells for 1 s (F) or 10 s (M, E) with the indicated concentrations of MPP.
The incubation was performed in the absence and presence of 50 mM
cyanine 863, and the cyanine-inhibited uptake rates were calculated.
Mean 6 S.D. values from pairs of three parallel measurements are
presented. The Michaelis-Menten equation plus a linear uptake compo-
nent was fitted to the uptake rates obtained after expression of wild-type
rOCT1 (F) or of the D475E mutant (E). The straight line for the uptake
after transfection with the empty vector (M) was calculated by linear
regression (r2 . 0.99). The dotted line was obtained when the Michaelis-
Menten equation (without linear uptake component) was fitted to uptake
rates that were measured after expression of the D475E mutant and
corrected for uptake in vector-transfected control cells.

Fig. 9. Inhibition of MPP uptake by TPeA after expression of rOCT1 (E)
and the D475E mutant (F) in HEK 293 cells. Two days after transfection
of HEK 293 cells with the empty pRcCMV vector, wild-type rOCT1, or the
D475E mutant, initial cyanine-inhibited uptake rates of 0.1 mM [3H]MPP
were measured in the presence of the indicated concentrations of TPeA.
Mean 6 S.D. values of cyanine-inhibited uptake rates are shown. The
values were calculated from pairs of three determinations and corrected
for the cyanine-inhibited uptake rates in cells that had been transfected
with the empty vector. The calculated IC50 values are indicated on the
graph.
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mutation may not be folded properly. The differences ob-
served with the two expression systems are supposed to
depend on differential post-translational modifications or on
different regulatory states of the transporter. For example,
the degree of glycosylation in the Golgi complex may by
influenced by the conformation of the transporter, which may
be stabilized by the binding of endogenous cations. Mutations
in the substrate binding site may abolish this effect and may
be one reason for changes in glycosylation. Recently, it was
demonstrated that the glycosylation of the human multidrug
resistance P-glycoprotein is highly dependent on the pres-
ence of intracellular substrates (Loo and Clarke, 1999).

Independent from the expression system, we observed that
the functional properties of rOCT1 were significantly
changed when Asp475 was replaced by glutamate, leading to
an approximately 3 Å displacement of the negatively charged
carboxyl group from the a-helical backbone. This mutation
resulted in a significant affinity increase for some trans-
ported cations (shown for TEA, NMN, and choline in oocytes),
whereas the affinity of other transported cations (shown for
MPP in oocytes and HEK 293 cells) remained unchanged. For
wild-type rOCT1, the rank order of apparent Km values was
MPP ,, NMN 5 TEA , choline , TMA, whereas it was
MPP , TEA , choline , NMN , TMA for the D475E
mutant. Thus, the selectivity of transported cations was
changed. By the D475E mutation, the Vmax value of MPP
uptake expressed in HEK 293 cells was reduced by 94%.
Because our immunohistochemical data revealed similar
amounts of wild-type rOCT1 and D475E mutant in the
plasma membrane and the Km value for MPP was not
changed, the turnover for MPP is probably reduced in this
mutant. By the D475E mutation, a similar reduction of the
Vmax for MPP uptake was observed in oocytes (by 89%) as in
HEK 293 cells (by 94%). This suggests that the D475E mu-
tant is properly targeted and folded in the oocytes. Interest-
ingly, in the oocytes, the Vmax values for uptake of TEA,
NMN, and choline by the D475E mutant were reduced by 97
to 98%, which is significantly more than the Vmax of MPP
uptake. This suggests that the increased affinity of these
cations leads to an impaired intracellular cation release that
slows down the transport rate.

The organic cation transporter is a facilitated diffusion
system for cations that may operate in both directions and
can be driven by chemical cation gradient and/or the mem-
brane potential (Busch et al., 1996b, 1998). According to
current transporter models, substrate binding to an out-
wardly directed site may induce a conformational change in
the transporter that makes the cation binding site accessible
to the cytosol. Our data show that the mutation of Asp475 to
glutamate alters the structure of the cation binding site and
impairs the translocation step. This can be concluded from
the observation that the Vmax value for MPP transport was
reduced, although the Km value was not changed. We cannot
distinguish whether Asp475 is localized within the cation
binding site and transport pathway or whether Asp475 helps
to shape these functional important transporter regions by
stabilizing their tertiary structures. The observations that
the affinity of rOCT1 for a variety of cations is increased by
the D475E mutation and that the affinity increases with the
alkyl chain length strongly suggest that Asp475 is localized
close to the cation binding site because it is very unlikely that
such distinct effects result from a long-range conformational

effect induced by a conservative point mutation. Thus, our
data suggest either that Asp475 is located within the trans-
port pathway at the cation binding site or that Asp475 is
located at a nearby protein domain and stabilizes the confor-
mation of the cation binding site through an ionic interaction
with another intramembraneous protein domain. The finding
that the mutation of Asp475 to glutamate impairs the poten-
tial dependence of the Km value for choline transport further
strengthens the functional importance of this amino acid
residue. Further investigations are required to elucidate
whether cation binding or cation release is potential depen-
dent and which step during cation translocation is influenced
by the membrane potential.

The organic cation transporters rOCT1, rOCT2, and
rOCT3 translocate a variety of small cations and are inhib-
ited by larger, more hydrophobic cations, such as quinine,
cyanine 863, decynium, and TPeA (Nagel et al., 1997; Ko-
epsell et al., 1999; present article). Recently, we showed that
quinine, cyanine 863, decynium 22, and TPeA inhibit
[14C]TEA uptake expressed by rOCT1 or rOCT2 in a noncom-
petitive manner (unpublished data). The observation that
the D475E mutation in rOCT1 not only increases the affinity
of transported cations but also increases the affinity of the
noncompetitive inhibitor TPeA strongly suggests that trans-
ported and inhibitory cations interact at the same binding
site because a point mutation should not alter the cation
affinity of two different binding sites in the same way. The
noncompetitive type of inhibition observed with the high-
affinity inhibitors may be explained by a tight interaction of
the hydrophobic high-affinity cations with several attach-
ment domains at a polyvalent cation binding pocket. Such a
type of polyvalent interaction may not allow the replacement
of large cations by smaller cations, which may interact with
only part of the attachment domains. This hypothesis may
also explain why the affinity of the low-affinity cation TMA
and of the high-affinity cations MPP and cyanine 863 are not
changed by the D475E mutation. These cations may interact
with attachment domains of the cation binding pocket that
are not affected by the D475E mutation. It is a challenge to
determine the amino acid residues that contribute to the
cation binding site of rOCT1 and to detect mutations in
humans by which the excretion of organic cations is impaired
and/or the selectivity of excreted drugs is changed.
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