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Background: The transport mechanism of organic cation transporter OCT1 is not understood.
Results: Voltage-dependent movements of transmembrane �-helices in OCT1 were identified that were blocked by mutations
of glycine in the substrate binding domain of �-helix 11.
Conclusion: A hinge domain pivotal for transport-related structural changes has been identified.
Significance: The hinge domain allows substrate occlusion during translocation.

Organic cation transporters are membrane potential-depen-
dent facilitative diffusion systems. Functional studies, extensive
mutagenesis, and homology modeling indicate the following
mechanism. A transporter conformation with a large outward-
open cleft binds extracellular substrate, passes a state in which
the substrate is occluded, turns to a conformation with an
inward-open cleft, releases substrate, and subsequently turns
back to the outward-open state. In the rat organic cation trans-
porter (rOct1), voltage- and ligand-dependent movements of
fluorescence-labeled cysteines were measured by voltage clamp
fluorometry. For fluorescence detection, cysteine residues were
introduced in extracellular parts of cleft-forming transmem-
brane�-helices (TMHs) 5, 8, and11. Following expressionof the
mutants in Xenopus laevis oocytes, cysteines were labeled with
tetramethylrhodamine-6-maleimide, and voltage-dependent
conformational changes were monitored by voltage clamp fluo-
rometry. One cysteine was introduced in the central domain of
TMH11 replacing glycine 478. This domain contains two amino
acids that are involved in substrate binding and two glycine res-
idues (Gly-477 andGly-478) allowing for helix bending.Cys-478
could be modified with the transported substrate analog
[2-(trimethylammonium)-ethyl]methanethiosulfonate but was
inaccessible to tetramethylrhodamine-6-maleimide. Voltage-
dependent movements at the indicator positions of TMHs 5, 8,
and 11 were altered by substrate applications indicating large
conformational changes during transport. TheG478Cexchange
decreased transporter turnover and blocked voltage-dependent
movements of TMHs 5 and 11. [2-(Trimethylammonium)-eth-
yl]methanethiosulfonate modification of Cys-478 blocked sub-
strate binding, transport activity, andmovement of TMH8. The
data suggest that Gly-478 is located within a mechanistically
important hinge domain of TMH 11 in which substrate binding
induces transport-related structural changes.

Polyspecific organic cation transporters (OCTs)2 of the
SLC22 transporter family play a pivotal role in absorption,
excretion, and tissue distribution of drugs and endogenous
compounds, including neurotransmitters (1). Polymorphisms
that change expression level, regulation, turnover, and/or sub-
strate affinity of these transporters can potentially influence
therapeutic efficiency and may cause toxic side effects of indi-
vidual drugs (2). For example, patients with mutations in
human organic cation transporter 1 (hOCT1) interfering with
its function are poor responders to metformin treatment of
type 2 diabetes because the uptake of the antidiabetic drug into
hepatocytes is impaired (3). Molecular understanding of ligand
recognition by OCTs and of the mechanism(s) how OCTs
mediate(s) substrate translocation is of high interest and has a
huge potential for biomedical use. The analysis of interaction
surfaces of the transporters and different ligands allows a ten-
tative prediction whether and how new ligands interact with
the transporters, thus providing a first basis for drug design. For
discrimination between transported substrates and nontrans-
ported inhibitors, the translocation process must be under-
stood. Substrate translocation involves a series of structural
changes, which include an outward-open conformation allow-
ing binding of extracellular substrates, a state during which the
substrate is occluded and passive diffusion of inorganic ions is
minimized, and an inward-open conformation during which
the substrate is released (4–6). Extracellular inhibitors may
block transport activity not only via competition or allosteric
blunting of substrate binding to the outward-open conforma-
tion(s) of the transporter(s), but also by preventing of trans-
port-related conformational changes.
Previous studies on organic cation transporters 1 and 2 from

rat (rOct1 and rOct2) showed that OCTs are facilitative diffu-
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sion systems mediating electrogenic cation uniport in both
directions across the plasma membrane (7, 8). The substrate
concentration gradient and the membrane potential provide
the driving force for cation translocation. At membrane poten-
tials between �50 and �100 mV, translocation of organic cat-
ions occurs without flux of inorganic ions (9). By employing
structural models derived from the structure of the lactose per-
mease of Escherichia coli (LacY) in combination with extensive
mutagenesis, we identified amino acids in substrate binding
regions of both the outward-open and inward-open conforma-
tion of rOct1 (4, 10–12).We provided evidence that five amino
acids interact with both extracellular and intracellular ligands.
In our models, these amino acids are located in the innermost
cavities of the outward-open and inward-open clefts of rOct1.
Little is known about structural changes taking place during

transition of the outward-open into the inward-open confor-
mation. This structural change is supposed to be initiated by
substrate binding to the outward-open conformation. The
membrane potential dependence of organic cation transport
suggests that the transport-related conformational changes are
partially identical to conformational changes that can be
induced by changes of themembrane potential. Most probably,
such changes are influenced by substrates. For modeling of the
outward-open conformation we assumed, in analogy to LacY,
that the structural change from the outward-open to the
inward-open conformations involves a rigid bodymovement of
the six N-terminal transmembrane �-helices (TMHs) against
the six C-terminal TMHs (13). The validity of the outward-
open cleft model was supported by mutagenesis experiments
indicating that amino acids lining the predicted outward-open
cleft are critical for interaction of the extracellular nontrans-
ported inhibitors tetrabutylammonium� (TBuA�) and corti-
costerone with the transporter (12). The models suggest that
the cleft-forming TMHs are straight with the exception of
TMH 4 that seems slightly bent. However, bending and/or
twisting of helices is required to form the proposed intermedi-
ate state in which the substrate is occluded. Employing voltage
clamp fluorometry, membrane potential-dependent and
ligand-induced movements of two amino acids in TMH 11
close to the extracellular surface of the plasmamembrane (Phe-
483 and Phe-486) were demonstrated (13). It remained unclear
whether the movements of these amino acids represent local
changes of TMH 11 because of substrate binding to this TMH
(14) or whether the movements are part of a major structural
change within the transporter.
In this study, we demonstrate membrane potential-depen-

dent and ligand-induced movements of amino acids in the
TMHs 5, 8, and 11 indicating that transport-related structural
changes of rOct1 include aminimum of three TMHs.We pres-
ent evidence for an important mechanistic role of amino acids
474–478 (Cys-Asp-Leu-Gly-Gly) in the middle of TMH 11.
WhereasCys-474 andAsp-475 are involved in binding ofTEA�

(14, 15), bending of TMH 11 at Gly-477 and/or Gly-478 (16) is
supposed to be important for transport-related structural
changes. After replacement of glycine 478 by cysteine or serine,
the turnover for MPP uptake slowed down, and membrane
potential-dependent movements of TMHs 5 and 11 were
blocked.

EXPERIMENTAL PROCEDURES

Materials—[3H]1-Methyl-4-phenylpyridinium� (MPP�)
(3.1 TBq/mmol), [14C]tetraethylammonium� (TEA�) (1.9
GBq/mmol), and [14C][2-(trimethylammonium) ethyl] meth-
anethiosulfonate bromide� (MTSET�) (3.9 GBq/mmol) were
obtained from American Radiolabeled Chemicals (St. Louis,
MO) and Toronto Research Chemicals Inc. (North York,
Canada), respectively. Tetramethylrhodamine-6-maleimide
(TMRM) was purchased from Invitrogen, and MTSET� was
from Toronto Research Chemicals Inc. (North York, Canada).
All other chemicals were obtained as described earlier (17).
Constructs for Expression of rOct1 Mutants—Mutants were

generated based on rOct1 or themutant rOct1(10�C) in which
10 cysteine residues were replaced by other amino acids (13,
18). Single point mutations were introduced by polymerase
chain reaction applying the overlap extensionmethod (19). The
mutations were verified by DNA sequencing. Rat Oct1 (rOct1)
and rOct1(G478C) variants with FLAG epitopes at the C ter-
mini were generated as described (20). For expression in
oocytes, the mutants were cloned into the vector pRSSP (21).
For expression of rOct1(10�C) and rOct1(10�C,G478C) in
human embryonic kidney (HEK) 293 cells, rOct1(10�C) and
rOct1(10�C,G478C) were recloned into EcoRV/NotI sites of
the vector pcDNA3.1.
Expression of rOCT1 Mutants in Oocytes—Purified pRSSP

plasmids were linearized with MluI. m7G(5�)ppp(5�)G-capped
cRNAs were prepared using the mMESSAGE mMACHINE
SP6 kit (Ambion, Huntingdon, UK). The cRNA concentrations
were estimated from ethidium bromide-stained agarose gels
using polynucleotide markers as standards (22). Stage V–VI
Xenopus laevis oocytes were obtained by partial ovariectomy,
defolliculated with collagenase A, and stored in Ori buffer (5
mMMOPS, 100mMNaCl, 3mMKCl, 2mMCaCl2, 1mMMgCl2,
adjusted to pH7.4 usingNaOH) supplementedwith 50mg/liter
gentamicin. The oocytes were injected with 50 nl of H2O/
oocyte containing 10 ng of cRNA encoding rOct1 or rOct1
mutants. For transporter expression, the oocytes were incu-
bated 2–5 days at 16 °C in Ori buffer containing 50 mg/liter
gentamicin.
Generation of Stably Transfected HEK293 Cells—HEK293

cells were stably transfected with rOct1(10�C) and
rOct1(10�C,G478C) and selected as described (23). The cells
were cultivated at 37 °C inDulbecco’smodified Eagle’smedium
containing 3.7 g/liter NaHCO3, 1.0 g/liter D-glucose, 2 mM

L-glutamine, 10% heat-inactivated fetal calf serum, 100,000
units/liter penicillin, 100mg/liter streptomycin, and 0.8 mg/ml
geneticin (G418).
Cysteine Labeling with Fluorescent Dye TMRM—Fluores-

cence labeling with the sulfhydryl reagent TMRM was per-
formedwith oocytes expressing rOct1(10�C)mutants inwhich
one or two amino acids was (were) replaced by cysteine(s). For
electrical measurements, five oocytes were incubated for 5 min
at room temperature in 0.5 ml of Ori buffer containing 10 �M

TMRM, and the oocytes were washed. Each oocyte contained
4–5 �g of protein in the plasma membrane (for plasma mem-
brane purification see below). Under this condition, only a frac-
tion of the expressed transporter molecules was labeled; how-
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ever, fluorescence due to nonspecifically bound TMRM was
minimized. To determine whether TMRM labeling changes
transport activity, oocytes expressing the respective mutants
were incubated for 5 min (at room temperature) in Ori buffer
containing 250 �M TMRM, and oocytes were subsequently
washed at least three times with Ori buffer, and tracer uptake
was measured.
Cysteine Labeling with Substrate Analog MTSET�—

MTSET� labeling was performed in oocytes and HEK293 cells
expressing rOct1(10�C) mutants in which one or two individ-
ual amino acids was (were) replaced by cysteine(s). For electri-
calmeasurements, voltage-clamped oocytes were incubated for
45 s at room temperature in Ori buffer containing different
concentrations of MTSET�. For tracer uptake measurements,
oocytes (five oocytes in 0.5 ml) were preincubated for 45 s with
50 �M MTSET� or for 10 min with 100 �M MTSET� at room
temperature and then washed at least three times with Ori
buffer. For tracer uptake measurements in HEK293 cells, con-
fluent cells were washed with Dulbecco’s phosphate-buffered
saline (D-PBS), suspended by shaking, collected by 10-min cen-
trifugation at 1,000 � g, resuspended for 1 min at 37 °C in
D-PBS (at 108 cells/ml) without or with 1 mM MTSET�, and
washed three times with D-PBS.
Two-electrode Voltage Clamp EpifluorescenceMeasurements—

Measurements were performed in a perfusion chamber that
was mounted on the stage of an epifluorescence microscope
(Leica DM LFS, Leica Microsystems, Wetzlar, Germany)
equipped with a �40 water immersion objective (24). Mem-
brane currents were measured using the two-electrode voltage
clamp amplifier TURBO tec-05X (NPI Electronic GmbH,
Tamm, Germany) and the AD/DA converter ITC-16
(Instrutech Corp., Port Washington, NY). Fluorescence was
excited by a mercury metal halide lamp (Leica EL6000, Leica
Microsystems, Wetzlar, Germany) using a filter system Y3 L
(Leica Microsystems, Wetzlar, Germany) (excitation filter 535
nm and emission filter 610 nm). Fluorescence was measured
with a PIN-20A photodiode (AMS Technologies AG,
München, Germany) and amplified via the low noise current
preamplifier model SR570 (Stanford Research Systems, Sunny-
vale, CA). Fluorescence and current signals were recorded
simultaneously by Patchmaster 2.32 (HEKA, Lambrecht, Ger-
many). Voltage-dependent fluorescence changes (�F) were
measured after changing the membrane potential from �60
mV to �160 mV in 20-mV steps. The fluorescence changes
were normalized according to the equation �F � (FV �
F(�160 mV))/F(�160 mV), where F(�160 mV) represents the fluores-
cence signal measured at �160 mV. All signals were averaged
from 3 to 5 measurements.
Current and Capacitance Measurements—Parallel measure-

ments of membrane currents (Im) and membrane capacitance
(Cm)were performedusing a previously described paired ramps
approach that allowed us to monitor Cm continuously (25, 26).
To determine cation-induced inward currents or cation-in-
duced capacitance changes, the X. laevis oocytes were super-
fused with Ori buffer containing choline�, TEA�, or MPP�.
Tracer Uptake Measurements in Oocytes—Oocytes with

rOct1 or rOct1mutants expressed by cRNA injection, andnon-
injected control oocytes were incubated for 15 or 30 min at

room temperature with Ori buffer containing [3H]MPP�,
[14C]TEA�, or [14C]MTSET� plus different concentrations of
nonradioactive substrates and/or inhibitors. Correction for
nonspecific uptake was performed by subtracting uptake rates
measured in noninjected oocytes from the same batch. After
incubation with radioactive compounds, the oocytes were
washed three times with ice-cold Ori buffer and solubilized
with 5% SDS in water, and the intracellular radioactivity was
analyzed by liquid scintillation counting using anLS 6500 coun-
ter from Beckman Coulter Inc. (Brea, CA).
Tracer Uptake Measurements in HEK293 Cells—Uptake

measurements in HEK293 cells were performed at 37 °C.
HEK293 cells suspended in D-PBS (at 107 cells/ml) were incu-
bated for 1 s (cells withoutMTSET�modification) or 10 s (cells
modified withMTSET�) with [3H]MPP�, [3H]MPP� plus var-
ious concentrations of nonradioactive MPP�, or [3H]MPP�

plus various concentrations of tetrabutylammonium� (TBuA�).
Uptake was quenched by addition of ice-cold PBS containing
100�Mquinine� (stop solution). Cells werewashed three times
with ice-cold stop solution, solubilizedwith 4 M guanidine thio-
cyanate, and analyzed for radioactivity.
Tracer Binding Measurements in HEK293 Cells—Binding

measurements in HEK293 cells were performed at 0 °C as
described (20). Aliquots of HEK293 cells in D-PBS were trans-
ferred to 1.5-ml tubes and incubated for 10min in icewater. For
binding measurements, cells (about 107 cells/ml) were incu-
bated 5 min at 0 °C with 12.5 nM [3H]MPP� in the absence and
presence of 10 nM to 500 �M nonradioactive MPP� and in the
presence of 5mM nonradioactiveMPP�. After 2min of centrif-
ugation at 1,000 � g, the supernatants were removed carefully.
Residual radioactivity on the tube walls was removed by wash-
ing with 1 ml of ice-cold D-PBS for 1 s. The pellets were solu-
bilized with 4 M guanidine thiocyanate and analyzed for radio-
activity. Nonsaturable [3H]MPP� binding measured in the
presence of 5mMMPP�was subtracted frombindingmeasure-
ments performed at lower MPP� concentrations.
Preparation of Plasma Membranes from Oocytes—For one

preparation of plasma membranes, 50 oocytes were
injected with 10 ng of cRNA per oocyte of rOct1-FLAG or
rOct1(G478C)-FLAG and incubated for 2 days at 16 °C for
expression. Plasma membranes of the oocytes were isolated by
differential centrifugation according to Kamsteeg and Deen
(27) as described earlier (28).
SDS-PAGE and Western Blotting—For SDS-PAGE, protein

samples were treated for 30min at 37 °C in 60mMTris-HCl, pH
6.8, 100mM dithiothreitol, 2% (w/v) SDS, and 7% (v/v) glycerol.
SDS-PAGE and staining with Coomassie Brilliant Blue were
performed as described (29). Proteins from polyacrylamide gels
were transferred to polyvinylidene difluoride membranes by
electroblotting and immunostaining was performed as
described (20). Anti-FLAG antibody (from Sigma), raised in
mice, diluted 1:20,000 was used as primary antibody. Anti-
mouse IgG coupled to HRP from Sigma (1:5,000) was used as
secondary antibody. Binding of HRP-coupled antibodies was
visualized using enhanced chemiluminescence (ECL system;
AmershamBiosciences). For determination of apparentmolec-
ular masses, prestained molecular weight markers (Bench-
Mark) from Invitrogen were employed. Staining of proteins in
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Western blots was quantified by densitometry as described
(30).
Calculations and Statistics—For measurements in oocytes,

at least three different batches of oocytes were used. For uptake
measurements with radioactive substrates, 8–10 oocytes were
analyzed per experimental condition and oocyte batch. Uptake
rates determined in HEK293 cells were performed in at least
three different experiments in which four individual measure-
ments were performed per experimental condition. The soft-
ware package GraphPad Prism Version 4.1 (GraphPad Soft-
ware, San Diego) was used to compute statistical parameters.
Apparent Km values and concentrations for half-maximal acti-
vation of currents (I0.5) were determined by fitting theMichae-
lis-Menten equation to the data. For inhibition of tracer cation
uptake by nonlabeled cations IC0.5 values were calculated by
fitting theHill equation to the data. Because theMPP� concen-
trations used for uptake measurements in inhibition studies
were at least 10 times smaller compared with the Km value for
MPP�, the IC50 values are basically identical to Ki values. The
time constants (�) of voltage-dependent fluorescence changes
were determined as described by fitting a biexponential func-
tion to the data using IgorPro Version 6.0 (13). Mean values �
S.E. are indicated. Analysis of variance test with post hoc Tukey
comparison was used to compare more than two different
groups. Two-sided Student’s t test was used to prove statistical
significance of differences between two groups. p values � 0.05
were considered as statistically significant. Fluorescence
recordings were corrected for photo-bleaching and analyzed
using IgorPro Version 6.0 (WaveMetrics Inc., Lake Oswego,
OR).

RESULTS

Potential- and Cation-dependentMovements of Amino Acids
in TMHs 5, 8, and 11 of rOct1—Previously, we identified two
amino acids (Phe-483 and Phe-486) in the 11th TMH, which
moved in response to changes of the membrane potential and
to interaction of organic cations with the transporter (13). The
movements were detected by voltage clamp fluorometry on X.
laevis oocytes expressing rOct1 mutants that were labeled with
a fluorescent dye. In the mutants, 10 endogenous cysteine res-
idues had been replaced (rOct1(10�C), Phe-483 or Phe-486
were then replaced by cysteine, and F483C or F486C were sub-
sequently covalently labeled with tetramethylrhodamine
maleimide (TMRM). Voltage-dependent and ligand-depend-
ent fluorescence changes were observed for both labeled
mutants. In this study, we could not distinguish whether the
observed movements represented a selective movement of
TMH11 that contains two amino acids that bindTEA� (14, 15)
or whether the observed movements are part of major confor-
mational changes involving several TMHs. To answer this
question, we individually replaced various amino acids of
rOct1(10�C) in the outer parts of TMH 5 (Val-255, Tyr-257,
Pro-260, Asp-261, Trp-262, and Arg-263) and TMH 8 (Tyr-
377, Asp-379, Phe-380, Phe-381, and Tyr-382) by cysteine res-
idues (supplemental Fig. 1), labeled the introduced cysteines
with TMRM, and tested the labeledmutants for voltage-depen-
dent fluorescence changes. All mutants could be functionally
expressed in oocytes; however, mutants Y257C, W262C,

P263C, and Y377C showed largely reduced transport activities
compared with rOct1(10�C) (supplemental Fig. 2). Voltage-
dependent fluorescence changes were only observed after
TMRM labeling of rOct1(10�C,C260) and rOct1(10�C,C380)
(Fig. 1, B and C, and supplemental Fig. 3). The fluorescence of
both mutants decreased with increasing membrane potential.
At variance, fluorescence increased with increasing membrane
potential after TMRM labeling of rOct1(10�C,C483)3 (Fig.
1D). The data indicate bulk conformational changes in
response to the changes in membrane potential.
Testing whether the observed conformational changes may

be relevant for translocation, we investigated whether the volt-
age-dependent fluorescence changes observed with TMRM-
labeled rOct1(10�C,C260) and rOct1(10�C,C380) were
affected by the presence of saturating concentrations of the
substrates choline� and MPP� and the nontransported inhib-
itor TBuA� as observed for rOct1(10�C,C483-TMRM) (13).
Also in these variants, the voltage-dependent fluorescence

3 In our previous experiments showing that the fluorescence of TMRM-la-
beled rOct1(10�C-F483C) decreased with increasing membrane potential
(13), the polarity was interchanged.

FIGURE 1. Voltage-dependent fluorescence changes of TMRM-labeled
amino acids in three TMHs. Mutants rOct1(10�C,P260C),
rOct1(10�C,F380C), and rOct1(10�C,F483C) were expressed in X. laevis
oocytes and labeled with TMRM. Starting from �50 mV, the oocytes were
clamped to 12 different potentials as indicated in A, and the fluorescence was
recorded. B–D, five representative original fluorescence recordings of each of
the three mutants are shown.
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changes were influenced by organic cations (Fig. 2). In contrast
to rOct1(10�C,C483-TMRM) where all three organic cations
reversed decrease of the voltage-dependent fluorescence in the
same way (Fig. 2C), choline�, MPP�, and TBuA� exhibited
different effects in rOct1(10�C,C260-TMRM) (Fig. 2A) and
rOct1(10�C,C380-TMRM) (Fig. 2B). Whereas choline�

reversed the voltage-dependent fluorescence changes in
rOct1(10�C,C260-TMRM) and rOct1(10�C,C380-TMRM),
MPP� reversed the voltage-dependent fluorescence of
rOct1(10�C,C260-TMRM) but only reduced the potential-de-
pendent fluorescence change of rOct1(10�C,C380-TMRM)
between �50 mV and �50 mV. TBuA� abolished the voltage-

dependent fluorescence changes in rOct1(10�C,C260-
TMRM) and rOct1(10�C,C380-TMRM) in a similar way. The
data suggest that the described conformational changes occur
during binding and/or translocation of organic cations. They
are consistent with the alternating access transport model that
predicts that membrane potential and ligand binding influence
the equilibrium between outward-open and inward-open
transporter conformations. The differential effects obtained
with two different substrates and the effects of the nontrans-
ported inhibitor TBuA� on bulk movements suggest a high
complexity of structural transitions during binding and
translocation.
Functional Characterization of the rOct1(10�C) Mutants

and TheirModification with TMRM—For interpretation of the
observed fluorescence changes, various controls were required.
Although Pro-260, Phe-380 and Phe-483 are located in the
outer part of the large binding cleft of rOct1 (4), replacement of
these amino acids by cysteine residues and/or their modifica-
tion by TMRMmay change functional properties of the trans-
porter. To characterize functions of the employed variants, we
compared the concentration dependences of choline�-in-
duced currents (I0.5), of [3H]MPP� uptake (Km) and of inhibi-
tion of [3H]MPP� uptake by TBuA� (IC50) between
rOct1(10�C,P260C), rOct1(10�C,F380C), rOct1(10�C,F483C),
and rOct1(10�C) (Table 1 and supplemental Fig. 4). All four
mutants exhibited similar I0.5 values of choline�-induced
currents at �50 mV. Similar Km values of MPP� uptake
were obtained for rOct1(10�C), rOct1(10�C,P260C),
and rOct1(10�C,F380C); however, the Km value for
rOct1(10�C,F483C) was 2-fold smaller. The IC50 values for
inhibition of MPP� uptake by TBuA� were comparable
between rOct1(10�C) and rOct1(10�C,P260C), 2-fold smaller
in rOct1(10�C,F380C) in comparison with rOct1(10�C), and
10-fold smaller in rOct1(10�C,F483C). The data suggest that
the observed MPP�-induced fluorescence changes in position
483 and the TBuA�-induced fluorescence changes in positions
380 and 483 are influenced by the mutations in these positions.
To determine whether the TMRM modifications of the

introduced cysteines influence functional properties, we incu-
bated the mutants for 5 min with 250 �M TMRM, washed the
oocytes, and measured MPP� uptake and inhibition of MPP�

uptake by TBuA�. To ensure completemodification of the cys-
teines, we used a 7.5-fold longer incubation time as has been
used for voltage clamp fluorometry and a 25-fold higher con-
centration of TMRM. After TMRMmodification, uptake rates
of 2.5 nM [3H]MPP�, Km values of MPP� uptake, and IC50 val-
ues for inhibition ofMPP� uptake by TBuA�were not changed
significantly (supplemental Fig. 5A and Table 1). The data indi-
cate that the attached fluorescent dye did not alter transporter
function and suggest that the observed fluorescence changes
represent movements of the unmodified transporter.
Exchange of Glycine 478 by Cysteine Renders rOCT1(10�C)

Susceptible to Irreversible Inhibition by a Transported Sulfhy-
dryl Reagent—To identify transport related conformational
changes, we generated a mutant with a cysteine residue in the
transport path that can be modified by the transported sulfhy-
dryl reagentMTSET� to block transport activity during voltage
clamp fluorescence experiments. Transport of MTSET� by

FIGURE 2. Effects of organic cations on voltage-dependent fluorescence
changes of rOct1(10�C,C260-TMRM), rOct1(10�C,C380-TMRM), and
rOct1(10�C,F483-TMRM). The rOct1 mutants were expressed in oocytes
and superfused with Ori buffer (without organic cations), Ori buffer contain-
ing 10 mM choline (choline�), 100 �M MPP� (MPP�), or 100 �M TBuA� (TBuA�).
Means � S.E. of 5– 8 oocytes from three different oocyte batches are
indicated.
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rOct1 wild type and rOct1(10�C) could be demonstrated (Fig.
3A). ForMTSET� uptake by rOct1(10�C), aKm value of 0.53�
0.05 mM (n � 3) was determined (Fig. 3B). We replaced the
amino acids Gly-478, Thr-481, Val-485, Phe-486, Arg-487,
Leu-488, Met-489, and Glu-490 in rOct1(10�C) by cysteine
residues and measured the irreversible inhibition of [14C]TEA
transport by MTSET� (supplemental Fig. 6). Significant inhi-
bition was observed with rOct1(10�C,G478C) and
rOct1(10�C,T481C). The data suggest that these cysteine res-
idues are located in the transport path and that their modifica-
tion inhibits or blocks transport.
Exchange of Glycine 478 by Cysteine Changed Turnover for

MPP� andAffinity for TBuA�—BecauseGly-478 is located one
�-helix turn above Cys-474 and Asp-475, which are supposed
to be directly involved in substrate binding (15, 16) and may
allow bending of TMH11, we wondered whether Gly-478 is
directly involved in the transport mechanism. We investigated
whether the G478C mutation altered the functional properties
of the transporter. After replacements of glycine 478 by cys-
teine in rOct1(10�C) and rOct1(10�C,P260C), the concentra-
tions for half-maximal inhibition (IC50) of the [3H]MPP� (2.5
nM) uptake by TBuA� were decreased by 62 and 50%, respec-
tively (Table 1 and supplemental Fig. 7B). In the mutants
rOct1(10�C,F380C) and rOct1(10�C,F483C), which exhibited
a decreased IC50 for inhibition of [3H]MPP� uptake by TBuA�

comparedwith rOct1(10�C), the replacement of glycine 478 by
cysteine did not lead to a further increase of the respective IC50

values for TBuA� (Table 1). We also compared Km values for
MPP� uptake and inhibition of MPP� (0.1 �M) uptake by
TBuA� in HEK293 cells that were stably transfected with
rOct1(10�C) or rOct1(10�C,G478C) (supplemental Figs. 7C
and 8A). Notably, after expression of rOct1 or rOct1mutants in
oocytes or HEK293 cells, similar Km values were obtained for
MPP� uptake, whereas the IC50 values of inhibition of MPP�

uptake by TBuA� were lower after expression in HEK293 cells
compared with oocytes (supplemental Fig. 8B). For example,
the IC50 value of inhibition of MPP� uptake by TBuA�

expressed by rOct1(10�C) was 15-fold lower in HEK293 cells
(0.44 � 0.06 �M, n � 3) compared with oocytes (22.9 � 0.9 �M,
n � 5, p � 0.001 for difference). The differences in affinity for
TBuA� observed in the different expression systems are prob-
ably due to different regulatory states of the transporter (31). As
observed in oocytes also in HEK293 cells, the Km value for
MPP� uptake expressed by rOct1(10�C)was not altered by the
G478C exchange (rOct1(10�C), 5.4 � 0.7 �M, n � 3;

TABLE 1
Functional characteristics of rOct1(10�C) after replacements of Gly-478 in the transport path and/or of Pro-260, Phe-380, and Phe-483 in
peripheral positions by cysteine residues and after TMRM modification of the peripheral cysteines
The indicatedmutants were expressed in oocytes, and part of themwere incubated for 5min with 250�MTMRM. In oocytes clamped to�50mV, currents weremeasured
that were induced by various concentrations of choline. The concentrations required for half-maximal activations (I0.5) were calculated by fitting theMichaelis equation to
the data. The number of analyzed oocytes are indicated in parentheses. For Km determinations, uptake of 10 nM [3H]MPP� was measured in the presence of different
concentrations of nonradioactive MPP� and corrected for uptake in oocytes in which no transporter was expressed. Km values were calculated by fitting the Michaelis-
Menten equation to the data. The number of independent experiments in which 8–10 oocytes were measured per MPP� concentration are indicated in parentheses. For
determinations of half-maximal concentrations (IC50) for inhibition of MPP� uptake by TBuA�, uptake of 2.5 nM [3H]MPP� was measured in the presence of different
concentrations of TBuA�. The IC50 values of individual experiments in which 8–10 oocytes were analyzed per TBuA� concentration were calculated by fitting the Hill
equation to the data. The numbers of independent experiments are indicated in parentheses. Mean values � S.E. are indicated. *, p � 0.05; **, p � 0.01; ***, p � 0.001
difference to rOct1(10�C) calculated by analysis of variance with post hoc Tukey comparison.

Variant
I0.5 of choline�-induced

current
Km of MPP�

uptake
IC50 for inhibition of

MPP� uptake by TBuA�

mM �M �M

rOct1(10�C) 1.28 � 0.10 (6) 8.64 � 1.05 (5) 22.94 � 0.86 (5)
rOct1(10�C,G478C) 0.92 � 0.05 (5) 7.48 � 0.84 (3) 8.71 � 1.86 (3)***
rOct1(10�C,P260C) 1.52 � 0.35 (5) 9.53 � 1.62 (3) 20.94 � 3.28 (3)
rOct1(10�C,P260C) TMRM 9.19 � 1.39 (3) 22.90 � 4.35 (3)
rOct1(10�C,P260C,G478C) 1.42 � 0.29 (5) 10.48 � 0.65 (3) NSa 10.39 � 0.35 (3)*** Sb
rOct1(10�C,F380C) 1.54 � 0.04 (5) 8.10 � 1.15 (3) 12.07 � 0.68 (3)**
rOct1(10�C,F380C) TMRM 8.82 � 1.29 (3) 11.54 � 1.01 (3)**
rOct1(10�C,F380C,G478C) 1.54 � 0.13 (5) 6.70 � 0.37 (3) NSa 8.72 � 1.35 (3)*** NSa
rOct1(10�C,F483C) 1.30 � 0.16 (10)c 4.07 � 0.80 (3)* 2.09 � 0.74 (3)***
rOct1(10�C,F483C)TMRM 4.33 � 0.61 (3)* 4.24 � 1.12 (3)***
rOct1(10�C,F483C,G478C) 1.45 � 0.16 (4) 4.17 � 0.67 (3)* NSa 2.82 � 1.00 (3)*** NSa

a NS means not significant as determined by Student’s t test compared to the respective nonlabeled variant without G478C mutation.
b S means p � 0.01 compared to rOct1(10�C, P260C) determined by Student’s t test.
c These data have been previously reported (13).

FIGURE 3. Sulfhydryl reagent MTSET� is transported by rOct1 and
rOct1(10�C). Noninjected oocytes, oocytes injected with rOct1 cRNA, or
oocytes injected with rOct1(10�C) cRNA were incubated for 3 days. For trans-
port measurements, the oocytes were incubated 15 min with [14C]MTSET�

plus different concentrations of nonradioactive MTSET� and washed, and the
MTSET� concentrations in the oocytes were measured. A, comparison of
MTSET� uptake in noninjected oocytes, oocytes expressing rOct1, and
oocytes expressing rOct1(10�C). B, substrate dependence of rOct1(10�C)-
mediated MTSET� uptake. MTSET� uptake into rOct1(10�C) expressing
oocytes was measured at different MTSET� concentrations and corrected for
uptake in noninjected oocytes. Mean values � S.E. of 24 –27 oocytes from
three independent experiments are indicated. ***, p � 0.001 for difference to
noninjected oocytes. ●●●, p � 0.001 for difference between the indicated
groups. The curve in B was obtained by fitting the Michaelis-Menten equation
to the data.
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rOct1(10�C,G478C), 3.8 � 1.1 �M, n � 3, differences not sig-
nificant), whereas the IC50 value for inhibition ofMPP� uptake
by TBuA� was decreased by a similar degree as in oocytes
(rOct1(10�C), 1.5 � 0.3 �M, n � 3; rOct1(10�C,G478C),
0.44 � 0.06 �M, n � 3, p � 0.01) (supplemental Fig. 8B). The
data suggest that the G478C exchange does not alter the mech-
anism of MPP� transport but increases the affinity for binding
of TBuA�.

Targeted modifications of cysteines with TMRM and
MTSET� had to be performed on the basis of rOct1(10�C) to
avoid nonselective modifications. Because rOct1-(10�C)
shows increased choline-induced currents and decreased affin-
ity for choline� (18) and TBuA� (supplemental Fig. 8B), we
investigated whether the effect of the mutation G478C in
rOct1(10�C) onTBuA� affinity was also observed in the rOct1
wild type background. Becausewe additionallywanted to deter-
mine the effects of the G478C mutation on membrane expres-
sion, we used rOct1 wild type containing a FLAG tag at the C
terminus for these experiments.We had verified that the FLAG
tag had no effect on the affinities of this variant to MPP� or
TBuA� (supplemental Fig. 8A). After exchanging glycine 478
with cysteine in rOct1-FLAG and expressing the variants in
oocytes, the same effects were observed as for rOct1(10�C).
Whereas theKm values forMPP� uptake were unaltered by the
G478C mutation, the IC50 value of inhibition of MPP� uptake
by TBuA� was decreased (rOct1-FLAG, 6.78 � 1.12 �M (n �
4); rOct1(G478C)-FLAG 0.43 � 0.06 �M, n � 4 both, p �
0.001).
To determinewhether themaximal rate ofMPP�uptakewas

changed by the G478C mutation, we expressed FLAG-tagged
rOct1 wild type and FLAG-tagged rOct1(G478C) in identical
batches of oocytes and measured the Vmax values for MPP�

uptake. In parallel, we purified plasma membranes by adsorp-
tion to colloidal silica (27), separated the plasma membrane
proteins by SDS-PAGE, and identified the transporter proteins
byWestern blotting using an anti-FLAG antibody. Quantifica-
tion of antibody staining revealed that the expression was unal-
tered by the G478Cmutation (Fig. 4A). Because the Vmax value
of MPP� uptake was reduced by 37% (Fig. 4B), the G478C
exchange reduces the turnover of rOct1 for MPP� transport.

The data suggest that glycine 478 is part of the TBuA� bind-
ing domain within the outward-open cleft, and it is critical for
velocity of transport.
Mutation of Glycine 478 Alters Membrane Potential- and/or

Cation-dependent Movements of Amino Acids in TMHs 5, 8,
and 11—Next, we determined whether the G478C exchange
causes changes in membrane potential- and cation-induced
structural changes of rOct1. Fig. 5 shows that the voltage-de-
pendent movements in positions 260 (TMH 5) and 483 (TMH
11) were largely reduced by the G478C mutation, whereas the
movement in position 380was unchanged. G478C replacement
changed cation effects in positions 260, 380, and 483 differently.
After G478C exchange in rOct1(10�C,P260C), the effects of
choline� and MPP� on the membrane potential-dependent
fluorescence changes observed in rOct1(10�C,P260C) were
abolished (compare Fig. 6A with Fig. 2A). The effect of TBuA�

could not be determined because binding of TBuA� toTMRM-
labeled rOct1(10�C,P260C,G478C)was not completely revers-

ible. In rOct1(10�C,F380C,G478C), the choline�-induced
reduction of the voltage-dependent fluorescence increase was
much smaller compared with rOct1(10�C,P380C) (compare
Fig. 6B with Fig. 2B). The effects of MPP� and TBuA�, how-
ever, were similar. In rOct1(10�C,F483C,G478C), which
exhibited a much smaller voltage-dependent fluorescence
change in the absence of organic cations, TBuA� did not alter
the voltage-dependent fluorescence change in contrast to
rOct1(10�C,F483C) (compare Fig. 6C with Fig. 2C).
Because a low concentration of the fluorescent sulfhydryl

reagent TMRM was employed for modification, which should
onlymodify a small fraction of the transportermolecules and as
cysteine 478 is located relatively deep within the outside open
transport cleft, it seemed unlikely that cysteine 478 would be
modified in addition to cysteines 260, 380, or 483 in
rOct1(10�C,P260C,G478C), rOct1(10�C,F380C,G478C), or
rOct1(10�C,F483C,G478C). However, we also wondered why
the replacement of glycine 478 by cysteine altered the voltage-
dependent fluorescence in rOct1(10�C,P260C,G478C) and
rOct1(10�C,F483C,G478C) to such a dramatic extent (Fig. 5,A
andC); nevertheless, the theoretical possibility of TMRMmod-
ification of cysteine 478 had to be excluded. Therefore, we gen-
erated the mutant rOct1(10�C,F483C,G478S), expressed it in
oocytes, labeled it with TMRM, and measured voltage-depen-
dent fluorescence changes (Fig. 7A). The data were very
similar to those obtained with rOct1(10�C,F483C,G478C).
The voltage-dependent decrease of fluorescence observed

FIGURE 4. Exchange of glycine 478 by cysteine in rOct1 decreases the
turnover for MPP�. FLAG-tagged rOct1 wild type (rOct1-FLAG) or mutant
(rOct1(G478C)-FLAG) were expressed in oocytes. A, plasma membranes of the
oocytes were isolated, and the proteins were separated by SDS-PAGE. The
gels were stained with Coomassie Brilliant Blue or analyzed in a Western blot
using an anti-FLAG antibody. The densities of the antibody-stained bands
were quantified by densitometry. Mean values � S.E. of three experiments
are indicated. B, comparison of Vmax values of MPP� uptake mediated by
rOct1-FLAG and rOct1(G478C)-FLAG. Uptake of 0.1 �M [3H]MPP� in oocytes
expressing rOct1-FLAG or rOct1(G478C)-FLAG or in noninjected oocytes
were measured, and the transporter expressed uptake rates were calculated.
The Vmax values were calculated according to the Michaelis-Menten equation
using the Km values that were determined in separate experiments (rOct1-
FLAG 7.75 � 1.17 �M and rOct1(G478C)-FLAG 5.23 � 0.61 �M (n � 3 each)).
Mean values � S.E. are indicated. The number of analyzed oocytes is indi-
cated in parentheses. Three independent experiments using different oocytes
batches were performed. The uptake rates were normalized to the mean val-
ues of MPP� uptake in rOct1-FLAG-expressing oocytes of the respective
experiment. ***, p � 0.001. n.s., not significant.
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with rOct1(10�C,F483C) was reversed to an increase of
fluorescence.
To determine whether the rate of the voltage-dependent flu-

orescence changes of TMRM-labeled cysteine 483 is altered by
the mutations at position 478, we measured the half-times of
voltage-dependent fluorescence changes (�) in rOct1(10�C,
F483C), rOct1(10�C,F483C,G478C), and rOct1(10�C,F483C,
G478S), as described previously (13). Similar time constants
were obtained for “on” and “off” rates. Fitting of the time
courses to biexponential curves provided distinguishable � val-
ues for relatively fast changes (	50 ms) and for more slow
changes (	120 ms) only for rOct1(10�C,F483C). For
rOct1(10�C,F483C,G478C) and rOct1(10�C,F483C, G478S),
only one constant for a fast voltage-dependent change of fluo-
rescence (� 	25ms) was determined. In Fig. 7B, the � values for
the relatively fast fluorescence changes observed for the three
mutants are compared. Significantly smaller � values were
obtained for rOct1(10�C,F483C,G478C) and rOct1(10�C,
F483C,G478S) compared with rOct1(10�C, F483C), indicating
that the voltage-dependent movement of the amino acid in
position 483 is more rapid if Gly-478 is exchanged by cysteine
or serine. The data indicate that glycine 478 is located at a posi-
tion that is critical for membrane potential-dependent and cat-
ion-dependent conformational changes, which are supposed to
occur during transport.

Irreversible Blockage of Organic Cation Transport by rOct1
after Covalent Modification of rOct1(10�C,G478C) by the
Transported Sulfhydryl Reagent MTSET�—When oocytes
expressing rOct1(10�C,G478C) were incubated for 10 min at
room temperaturewithOri buffer containing 100�MMTSET�

and washed extensively, organic cation transport uptake was
reduced by about 70%, whereas it was unaltered when
rOct1(10�C) was treated with MTSET� (Fig. 8, A, B, and D).
Cation transport expressed by rOct1 mutants was determined
bymeasuring uptake of 9 �M [14C]TEA� (Fig. 8A) and currents
that were induced by superfusion of the oocytes with 1 mM

TEA� (Fig. 8B) or 10 mM choline� (Fig. 8D). Because we could
not achieve 100% inhibition of transport after 10 min of incu-
bation with MTSET�, we wondered whether the remaining
activity is due to residual transport activity ofMTSET�-labeled
transporters or represents activity of nonlabeled transporter
molecules. Reasoning that residual activity of the MTSET�-
labeled transporter may exhibit altered affinities for substrates
and/or inhibitors in addition to reduced turnover, wemeasured
the effects of covalent MTSET� labeling of rOct1(10�C) or
rOct1(10�C,G478C) onto the Km values for MPP� uptake and
onto the IC50 values for inhibition of MPP� uptake by TBuA�.
Because thesemeasurements could not be determinedwith suf-
ficient accuracy in oocytes, they were performed in HEK293
cells that were stably transfected with rOct1(10�C) or

FIGURE 5. G478C mutation alters voltage-dependent movements of C260-TMRM and C483-TMRM in absence of organic cations, whereas MTSET�

modification of Cys-478 alters voltage-dependent movement of C380-TMRM. rOct1(10�C, P260C), rOct1(10�C, P260C,G478C), rOct1(10�C,F380C),
rOct1(10�C,F380C,G478C), rOct1(10�C,F483C), and rOct1(10�C,F483C,G478C) were expressed in oocytes. All oocytes were labeled with TMRM. In part of the
oocytes, voltage-dependent fluorescence changes were measured after TMRM labeling. The fluorescence measurements with rOct1(10�C,C260-TMRM),
rOct1(10�C,C380-TMRM), and rOct1(10�C,C483-TMRM) are indicated as lines (for individual measurements see Fig. 2). Part of the oocytes expressing
rOct1(10�C,P260C,G478C), rOct1(10�C,F380C,G478C), and rOct1(10�C,F483C,G478C) was additionally modified with MTSET�, and voltage-dependent fluo-
rescence changes were analyzed. Mean values � S.E. of 4 – 6 oocytes from three different oocyte batches are indicated.
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rOct1(10�C,G478C). For covalent modification, the cells were
incubated with 1 mM MTSET� for 1 min at room temperature
and subsequently washed. After this treatment, the Vmax of
MPP� uptake into HEK293 cells expressing rOct1(10�C) was
unaltered, although it was decreased by about 90% in HEK293
cells expressing rOct1(10�C,G478C) (supplemental Fig. 9A).
After MTSET� treatment, neither the Km values for MPP�

uptake nor the IC50 values for inhibition of MPP� uptake by
TBuA� were changed in both cell lines (supplemental Fig. 9, B
and C). The data suggest that the residual activity after
MTSET� labeling of cells expressing rOct1(10�C,G478C) was
due to unlabeled transporter molecules.
CovalentModification of rOct1(10�C,G478C) withMTSET�

Blocks MPP� Binding—To differentiate whether the covalent
modification of cysteine 478 by MTSET� prevents substrate
binding or blocks transport-related conformational changes,
we investigated whether the binding of MPP� to the outward-
open conformation was changed after MTSET� labeling of
rOct1(10�C,G478C). The measurements were performed at
0 °C with HEK293 cells that were stably transfected with
rOct1(10�C) or rOct1(10�C,G478C). Nonsaturable binding
of [3H]MPP� in the presence of 5 mM nonradioactive MPP�

was subtracted.4 Binding of [3H]MPP� to rOct1(10�C)
without and with MTSET� treatment was similar to
rOct1(10�C,G478C) without MTSET� treatment; however,
no binding of [3H]MPP� could be detected in HEK293 cells
expressing rOct1(10�C,G478C) that had been treated with
MTSET� (Fig. 9A). The data indicate that the modification
of Cys-478 by MTSET� blocks transport by preventing
MPP� binding to the outward-open conformation. For
MPP� binding to rOct1(10�C) and rOct1(10�C,G478C),KD
values of 3.52 � 0.33 (n � 4) and 2.93 � 0.27 (n � 4) �M were
determined (Fig. 9B). Because the KD values do not differ
significantly from the respectiveMichaelis-Menten constant
(Km) values for MPP� uptake, the Km values are mainly
determined by the binding affinity of MPP�.
CovalentModification of rOct1(10�C,G478C) withMTSET�

Alters Voltage-dependent Structural Changes and Blocks Cat-
ion-induced Structural Changes—Voltage clamp fluorometry
showed that MTSET� modification of Cys-478 did not alter
voltage-dependent fluorescence changes in positions 260
(TMH 5) and 483 (TMH 11) significantly (Fig. 6, A and C). In
contrast, MTSET� labeling of Cys-478 blunted the voltage-de-
pendent fluorescence increase of TMRM-labeled Cys-380
(TMH 8) (Fig. 6B). Consistent with the observation that
MTSET� modification of Cys-478 prevents MPP� binding, no
effects of MPP� on voltage-dependent fluorescence changes in
positions 260, 380, and 483 were observed when Cys-478 was
modified with MTSET� (Fig. 6). Similarly, no fluorescence
changes in the three positions could be induced by choline� or
TBuA�. Substrate effects on voltage-dependent conforma-
tional changes in organic cation transporters can also be regis-
tered by capacitance measurements (26). After modification of
Cys-478 with MTSET�, the capacitance changes also induced
by TEA� or choline� were abolished (Fig. 8, C and E).
Membrane Potential- and Substrate-dependent Accessibility

of Cysteine 478—The above described data indicate that Gly-
478 is critically involved in membrane potential-dependent
structural changes of rOct1. These structural changes probably
occur during transport because they are modified or blunted in
the presence of substrates. The critical role of Gly-478 during
the structural changes implies that the position of Gly-478
changes during the transport cycle.We thus tested whether the
accessibility of Cys-478 for modification with MTSET� is
dependent on themembrane potential and influenced by trans-
ported substrates that change the equilibrium of conforma-
tional states at a givenmembrane potential.We confirmed that
Gly-478 is accessible from the extracellular side as predicted by
the outward-open structural model of rOct1 (12, 18) by dem-
onstrating that modification of Cys-478 by MTSET� was pos-
sible at 0 °C atwhichmajor structural changes can be precluded
(see supplemental Fig. 10). To determine the accessibility of
cysteine 478 at differentmembrane potentials, oocytes express-
ing rOct1(10�C,G478C) were clamped to �50 mV, and cur-

4 The validity of this method to measure MPP� binding rather than slow
uptake was demonstrated by showing that, in contrast to MPP� binding at
0 °C, MPP� uptake measured within 1 s at 37 °C could not be removed
when the cells were cooled down to 0 °C and incubated for 5 min with 5 mM

nonradioactive MPP� (S. Rehman, N. Gottlieb, V. Gorboulev, and H. Koep-
sell, unpublished data).

FIGURE 6. Effects of organic cations on voltage-dependent movements of
TMRM-labeled C260-TMRM, C380-TMRM, and C483-TMRM in the
rOct1(10�C,G478C) mutant without and with modification of Cys-478
with MTSET�. rOct1(10�C,P260C,G478C), rOct1(10�C,F380C,G478C), and
rOct1(10�C,F483C,G478C) were expressed in oocytes, and Cys-260, Cys-380,
and Cys-483 were modified with TMRM. In part of the oocytes, additional
modification of Cys-478 with MTSET� was performed. The oocytes were
superfused with Ori buffer (without organic cations) or Ori buffer containing
10 mM choline (choline�), 100 �M MPP� (MPP�), or 100 �M TBuA� (TBuA�).
Measurements performed without organic cations are indicated by lines (for
individual values see Fig. 5). Means � S.E. of 4 – 6 oocytes from three different
oocyte batches are indicated. The data show that the effects of organic cat-
ions were reduced and partially abolished by the G478C mutation and totally
abolished after MTSET� labeling of Cys-478.
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rents induced by superfusion with 10 mM choline were meas-
ured. The oocytes were washed with Ori buffer, clamped to
different membrane potentials (0, �50, and �100 mV), and
incubated for 45 s with Ori buffer containing 50 �M MTSET�.
After washing, the oocytes were clamped again to�50mV, and
the inward currents induced by 10 mM choline were measured
(Fig. 10A). The irreversible inhibition of choline�-induced cur-
rents by MTSET� was significantly lower at 0 mV compared
with �50 or �100 mV indicating membrane potential-depen-
dent changes of Cys-478 accessibility. To determine whether
substrates change the accessibility of Cys-478, we clamped
oocytes expressing rOct1(10�C,G478C) to �50mV andmeas-
ured the current induced by superfusion with tetramethylam-
monium� (TMA�) or 10 mM choline�. We then washed the
oocytes withOri buffer, incubated them for 45 s withOri buffer
containing 50 �M MTSET�, 50 �M MTSET� plus 10 mM

TMA�, or 50 �M MTSET� plus 10 mM choline�. The oocytes
were then washed again with Ori buffer, and the inward cur-
rents induced by 10 mM TMA� or choline� were measured
(Fig. 10, B andC). The irreversible inhibition of cation-induced
currents byMTSET� was significantly reduced when the incu-
bation with MTSET� at �50 mV was performed in the pres-
ence of TMA� or choline� indicating substrate effects on the
accessibility of Cys-478. The data therefore indicates move-
ments of Gly-478 during transport.

DISCUSSION

Employing fluorescence labeling of amino acids located at
the extracellular plasma membrane surface of TMHs 5, 8, and
11 of rOct1, we observedmembrane potential-dependent fluo-
rescence changes indicatingmovements at these positions. The
fluorescence changes at these indicator positions were blocked,
blunted, or reversed in the presence of organic cation substrates
or with a cationic nontransported inhibitor. The voltage-de-

pendent fluorescence changes at the indicator positions in
TMHs 5 and 11 were blocked when Gly-478 in TMH 11 was
replaced by cysteine or serine, whereas modification of the
replaced cysteine by MTSET� was required to block the fluo-
rescence changes of TMH 8. Glycine 478 is located within the
outward-open cleft one helix turn above aspartate 475, which
interacts with TEA� during transport (14). Because rOct1
mediates membrane potential-dependent transport of organic
cations implicating potential- and cation-dependent structural
changes, the observed movements suggest that TMHs 5, 8, and
11 participate in the structural changes during transport. This
interpretation is supported by the observation that capacitance
changes of rOct1(10�C) and rOct1(10�C,G478C), which were
induced byTEA� and choline�, were abolishedwhen transport
was blocked by modification of Cys-478 with MTSET�.

By TMRM attached to external parts of TMHs 5, 8, and 11,
movements are indicated that are associated with mechanisti-
cally relevant structural changes during transport because they
were blunted or abolished when transport was reduced or
blocked by mutation or modification of Gly-478. However, the
movements at the indicator positions may not be linked tightly
to transport-related structural changes. This is probably true
for themovements observed at the indicator positions inTMHs
5 and 8 because mutations and TMRM modification at these
positions did not change Michaelis-Menten (Km) values for
MPP� nor the affinity for TBuA� (Table 1). At variance, the
movements of amino acid 483 in TMH 11 appear to be directly
linked to a transport-related structural change occurring after
ligand binding because the exchange F483C decreased the Km

values for MPP� by 50% and increased the affinity for TBuA�

10-fold (Table 1). A direct link of movements of Phe-483 to an
initial structural change during transport is also supported by
the observation that choline�, MPP�, and TBuA� exhibited

FIGURE 7. Exchange of glycine 478 by cysteine or serine reverses voltage-dependent fluorescence changes of C478-TMRM but also alters the velocity
of the voltage-dependent fluorescence changes. rOct1(10�C,F483C), rOct1(10�C,F483C,G478C), and rOct1(10�C,F483C,G478S) were expressed in oocytes
and modified by TMRM. A, comparison of voltage-dependent fluorescence changes. Measurements with rOct1(10�C,C483-TMRM) and rOct1(10�C,C483-
TMRM,G478C) are indicated by lines (for individual measurements see Figs. 2C and 5C, respectively). The measurements were performed and are presented as
in Fig. 2. B, onset of voltage-dependent fluorescence changes after switching the membrane potential from �50 to �60 mV (open columns) or from �50 to
�160 mV (closed columns). The half-times for the fluorescence changes (�) are indicated. Means � S.E. are shown. The numbers of measured oocytes are
indicated in parentheses. *, p � 0.05; ***, p � 0.001 difference to rOct1(10�C,C483-TMRM) measured under the respective conditions. With rOct1(10�C,C483-
TMRM), a slow phase of the potential-induced fluorescence changes � values of 135 � 10 ms (from �50 mV to �60 mV) and 118 � 13 ms (from �60 mV to �160
mV) (n � 10, each) could be distinguished.
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identical effects on the membrane potential-dependent struc-
tural changes (Fig. 2). In contrast, MPP� and TBuA� exhibited
differential effects on fluorescence changes at the indicator
positions in TMHs 5 and 8 (Fig. 2). This suggests a less tight and
more indirect coupling to transport-related structural changes,
which may allow varying allosteric effects of different ligands.
The observed effects of the mutations of Gly-478 and of the

modification of cysteine in this position indicate a mechanistic
role of TMH 11 for transport and suggest that Gly-478 is
located in a domain, which is critically involved in structural
changes during transport. The G478C mutation decreased the
turnover for MPP� transport by about 40%, reversed the volt-
age-dependent fluorescence change at indicator position 483 in
TMH 11, and increased the onset of the observed fluorescence
change. Identical effects on the fluorescence were observed
when glycine 478 was replaced by serine. The onset of the
observed fluorescence changes within 100 ms and the increase
of fluorescence onset seen forG478C, whichwas paralleled by a
decrease of MPP� turnover, indicate that the observed struc-
tural fluorescence change is not time-limiting for translocation.
In contrast to the mutations of Gly-478, the modification of

Cys-478 by MTSET� abrogated the transition from the out-
ward-open to the inward-open conformation because trans-
port activity was blocked. The remaining 10% activity of MPP�

transport after MTSET� modification is most probably due to
activity of unmodified transporter molecules as the functional
properties of the remaining activity were identical to trans-
porter properties without MTSET� treatment. The observed
membrane potential-dependent fluorescence change at indica-
tor position 483 that was reversed after exchange of glycine 478
by cysteine or serine probably represents an initial structural
change during transport following substrate binding. This

FIGURE 8. Inhibition of organic cation transport and cation-induced
capacitance changes by modification of rOct1(10�C,G478C) with
MTSET�. rOct1(10�C) and rOct1(10�C, G478C) were expressed in oocytes.
The oocytes were incubated for 10 min without or with 100 �M MTSET� and
washed. Uptake of 9 �M [14C]TEA� (A), currents induced by superfusion with
1 mM TEA� at �50 mV (B), or by superfusion with 10 mM choline� at �50 mV
(D), and capacitance changes by 1 mM TEA� (C), or 10 mM choline� (E) were
measured. Means � S.E. are shown. A, uptake measured in transporter-ex-
pressing oocytes was corrected for nonspecific uptake in noninjected
oocytes. 24 –30 oocytes from three independent experiments are presented.
The number of analyzed oocytes in B–E is indicated in parentheses. *, p � 0.05;
**, p � 0.01; ***, p � 0.001.

FIGURE 9. Inhibition of MPP� binding by modification of
rOct1(10�C,G478C) with MTSET�. HEK293 cells stably transfected with
rOct1(10�C) or rOct1(10�C,G478C) were suspended, incubated for 1 min at
37 °C without and with 1 mM MTSET�, washed, and cooled to 0 °C. Trans-
porter expressed binding of 12.5 nM [3H]MPP� that could be blocked by 5 mM

nonradioactive MPP� was measured at 0 °C in the presence of various con-
centrations (0.001–100 �M) of nonradioactive MPP�. A, maximally expressed
MPP� binding calculated by fitting one-site binding kinetics to the data.
Means � S.E. and number of independent experiments are shown. In each
experiment, four measurements per concentration of MPP� were performed.
*, p � 0.05. B, comparison of the affinity of MPP� binding. The replacement of
expressed binding of 12.5 nM [3H]MPP� by nonradioactive MPP� is indicated.
Means � S.E. of four experiments are indicated. In each experiment, four
measurements were performed per concentration of MPP�.

FIGURE 10. Accessibility of cysteine 478 in rOct1(10�C,G478C) to modifi-
cation by MTSET� is dependent on the membrane potential and on the
presence of transported cations. rOct1(10�C,G478C) was expressed in
oocytes clamped to �50 mV, and the maximal currents induced by 10 mM

choline (Imax(choline)) (A and C) or 10 mM tetramethylammonium� (Imax(TMA)) (B)
were measured. After washing, oocytes were clamped to 0 mV (open col-
umns), �50 mV (gray columns), or �100 mV (black columns), incubated for
45 s with Ori buffer containing 50 �M MTSET�, washed, and clamped to �50
mV. Thereafter, the currents induced by superfusion with 10 mM choline� (A
and C) or 10 mM TMA� (B) were measured again. Means � S.E. of inhibition of
currents induced by choline� or TMA� are presented. Numbers of analyzed
oocytes are given in parentheses. ***, p � 0.001.
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interpretation is supported by the observation that the fluores-
cence change was not only reversed by the transported cations
MPP� and choline� but also by the nontransported inhibitor
TBuA�.
According to homology structure models of rOct1, the out-

ward-open and inward-open clefts of rOct1 are formed by
TMHs 1, 2, 4, 5, 7, 8, 10, and 11 (10, 13). Extensive mutagenesis
data in rOct1 provided evidence that three amino acids in cen-
tral parts of TMH 2 (Phe-160), TMH 4 (Trp-218), and TMH 11
(Asp-475) are directly involved in binding of organic cations
during transport (4).5 Mutations of several other amino acids
that are located in more peripheral regions of TMH 4 (Y222F
and T226A) and TMH 10 (R440K, L447Y, and Q448E) also led
to changes in affinity and/or selectivity of substrates. It has not
been clarified whether the observed effects of these mutations
were due to direct or indirect effects on substrate binding, due
to effects on high affinity binding sites that modulate transport
(13, 32), or due to effects on transport-related structural
changes, which alter transport kinetics.
The observed one-to-one coupling between translocated

organic cations and translocated charges at negativemembrane
potential (9) in combinationwith the observation that outward-
open and inward-open conformations of rOct1 models com-
prising several identical amino acids within their innermost
parts of the clefts (4, 12) suggests that rOct1 undergoes an inter-
mediate structural state in which the substrate is occluded and
does not allow passage of small inorganic ions. In the structural
models of the outward-open and inward-open conformations,
cleft-forming TMHs 1, 2, 5, 7, 8, 10, and 11 are almost straight,
whereas TMH 4 is bent (4, 9–11, 33). Interestingly, Trp-218 is
located at the hinge angle of TMH 4 and occludes the transport
path together with Phe-160 and Asp-475, which are located in
the central parts of TMHs 2 and 11. OCTs seem not to contain
discontinuous TMHs like various other ion membrane trans-
porters (34) that enable different orientations of external and
internal parts of TMHs during transport and do contain amino
acids in the connecting loops involved in transportmechanism.
Because it seems likely that differential movements of external
and internal parts of TMHs also occur during transport by
OCTs, we looked for conserved glycine residues in central parts
of cleft-forming TMHs that may provide flexibility for such
movements (16). TMH 7 contains one conserved central gly-
cine residue, and TMH 4 has also one glycine that is conserved
in most OCTs. This glycine is located before Trp-218, which is
involved in substrate binding (35). TMHs 2, 5, 10, and 11 con-
tain two conserved glycine residues in the center (35).Whereas
the two glycine residues in TMHs 2, 5, and 10 are not consec-
utive, the two glycine residues in TMH 11 (Gly-477 and Gly-
478) are juxtaposed. This allows high flexibilities of the external
and internal parts of TMH 11 and supports our interpretation
thatGly-478 is locatedwithin a substrate binding hinge domain
allowing structural changes during transport. This hinge
domain (supplemental Fig. 1) may contain Cys-474, Asp-475,
Leu-476, Gly-477, and Gly-478 of rOct1.With the exception of
Leu-476, these amino acids are conserved in OCT1–3 from

different species but not in organic cation/zwitterion OCTN
transporters and organic anion transporters of the SLC22 fam-
ily. The proposedhinge domain appears to be critically involved
in the transportmechanism. Previousmutagenesis studies indi-
cated that Asp-475 binds TEA� and is critical for cation-spe-
cific turnover (4, 14). Recently Wright and co-workers (15)
reported that the exchange of Cys-474 in hOCT2 by alanine
increased the affinity for TEA�. This suggests that Cys-474 also
participates in TEA� binding. This study indicates that the
accessibility of cysteine introduced at position 478 is reduced by
substrates and altered by the membrane potential suggesting
substrate-induced movements of Gly-478.
The proposed role of TMH 11 containing the above-de-

scribed substrate binding hinge domain may help to under-
stand how modifications of cysteine 451 at the intracellular
loop between TMHs 10 and 11 and mutations of Cys-451 alter
cation-induced currents and affinities of substrates (18). The
model of the outward-open conformation of rOct1 predicts
that Cys-451 is tightly packed against residues Trp-218 in
TMH4, Leu-447 in TMH10 and Leu-465, Val-469, andAla-470
in TMH 11 and that replacement of Cys-451 by methionine as
also done in rOct1(10�C) might alter the position of the inter-
nal part of TMH 11 (supplemental Fig. 11). This may change
positioning of the functionally important hinge domain.
In summary, we identified a substrate binding domain in the

middle of TMH 11, which is conserved in OCTs. This domain
appears to bemechanistically important for a transport-related
structural change that includes bending to TMH11, whichmay
be required for substrate occlusion. It appears to be pivotal for
substrate translocation and could be a switch, which triggers
substrate occlusion following substrate binding.
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