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ABSTRACT: Polyspecific organic cation and anion transporters of the SLC22 protein family are critically
involved in absorption and excretion of drugs. To elucidate transport mechanisms, functional and biophysical
characterization of purified transporters is required and tertiary structures must be determined. Here, we
synthesized rat organic cation transporters OCT1 and OCT2 and rat organic anion transporter OAT1 in
a cell free system in the absence of detergent. We solubilized the precipitates with 2% 1-myristoyl-2-
hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LMPG), purified the transporters in the presence of 1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) or octyl glucoside, and recon-
stituted them into proteoliposomes. From 1 mL reaction vessels 0.13–0.36 mg of transporter proteins was
purified. Thus, from five to ten 1 mL reaction vessels sufficient protein for crystallization was obtained.
In the presence of 1% LMPG and 0.5% CHAPS, OCT1 and OAT1 formed homo-oligomers but no hetero-
oligomers. After reconstitution of OCT1, OCT2, and OAT1 into proteoliposomes, similar Michaelis-Menten
Km values were measured for uptake of 1-methyl-4-phenylpyridinium and p-aminohippurate (PAH–) by
the organic cation and anion transporters, respectively, as after expression of the transporters in cells.
Using the reconstituted system, evidence was obtained that OAT1 operates as obligatory and electroneutral
PAH–/dicarboxylate antiporter and contains a low-affinity chloride binding site that stimulates turnover.
PAH– uptake was observed only with R-ketoglutarate (KG2-) on the trans side, and trans-KG2- increased
the PAH– concentration in voltage-clamped proteoliposomes transiently above equilibrium. The Vmax of
PAH–/KG2- antiport was increased by Cl– in a manner independent of gradients, and PAH–/KG2- antiport
was independent of membrane potential in the absence or presence of Cl–.

Polyspecific transporters of the SLC22 transporter family
play a pivotal role in the elimination and distribution of
drugs, toxins, and endogenous compounds such as carnitine,
choline, acetylcholine, and monoamine neurotransmitters (1–3).
The family contains organic cation transporters (OCTs),1

organic anion antiporters (OATs), and Na+-carnitine cotrans-
porters (OCTNs). The biomedical importance of these
transporters is hallmarked by the findings that (a) primary

systemic carnitine deficiency is caused by defect mutations
of the carnitine transporter OCTN2 (4, 5), (b) several
autoimmune diseases are associated with mutations in
transporters OCTN1 and OCTN2 (6–8), (c) OCT1 is criti-
cally involved in uptake of the antidiabetic drug metformin
into liver and patients with loss-of function mutations in
OCT1 do not respond to metformin treatment (9), and (d)
OCT1 mediates uptake of the cytostatic drug imantinib into
chronic myeloid leukemia cells and treatment with imantinib
becomes ineffective when expression of OCT1 is down-
regulated during therapy (10).

Cloning, localization, and functional characterization of
recombinant transporters provided new insights into the
functionofpolyspecifictransportersoftheSLC22family(11–17).
With the exception of electrical measurements performed in
giant patches of Xenopus laeVis oocytes expressing the highly
active electrogenic organic cation transporter 2 from rat
(rOct2, Slc22a2) (12), possibilities for functional character-
ization were restricted because the compositions of ions and
substrates could not be controlled on both sides of the plasma
membrane.

After the crystal structures of lactose permease and the
glycerol 3-phosphate transporter from Escherichia coli that
belong to the same superfamily as the OCTs had been
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determined (18), structural models of OCTs and OATs could
be constructed that were employed to interpret mutagenesis
experiments (19, 20). Several features of these models could
be confirmed by mutagenesis (19–22); however, they did not
provide detailed molecular information that allowed elucida-
tion of transport mechanisms. Therefore, the tertiary structure
must be known. Recently, we succeeded in expressing the
rat organic cation transporter rOct1 (Slc22a1) in insect cells,
purifiying the transporter, and reconstituting transport activity
in proteoliposomes (23). However, from insect cells only
small amounts of purified protein were obtained that did not
allow us to start crystallization attempts.

This paper describes cell free (CF) expression and
functional reconstitution of the rat organic cation transporters
rOct1 and rOct2 and of the rat organic anion transporter
rOat1 (Slc22a6). By CF expression, milligram amounts of
purified transporters can be obtained within 3 days. Func-
tional characterization of purified and reconstituted rOat1
provided evidence that rOat1 is an obligate electroneutral
p-aminohippurate (PAH–)/R-ketoglutarate (KG2-) exchanger
which is modulated by a low-affinity chloride binding site.

MATERIALS AND METHODS

Materials. [3H]-1-Methyl-4-phenylpyridinium (MPP+) (3.1
TBq/mmol) and [14C]-p-aminohippuriate (PAH–) (2.0 GBq/
mmol) were obtained from Biotrend (Köln, Germany).
Agarose coupled with anti-FLAG antibody, anti-FLAG
antibody from mice, horseradish peroxidase-anti-mouse
IgG conjugate, and FLAG peptide were purchased from
Sigma-Aldrich (Taufkirchen, Germany). 3-[(3-Cholamido-
propyl)dimethylammonio]-1-propanesulfonate (CHAPS) was
obtained from AppliChem (Darmstadt, Germany) and 1-myris-
toyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)](LMPG)
from Avanti Polar Lipids (Alabaster, AL). All other chemi-
cals were obtained as described previously (23).

DNA Constructs of Tagged Transporters. Constructs for
CF expression of transporters were cloned into vector
pET21a (Novagen, Darmstadt, Germany). BamHI and XhoI
restriction sites were used retaining an open reading frame
with an NH2-terminal T7 tag.

(i) Cloning of Plasmids (T7)rOct1(His)/pET21a and (T7)-
rOct2(His)/pET21a. Polymerase chain reactions (PCRs) were
performed with forward primers corresponding to the NH2

terminus of rOct1 (11) or rOct2 (24) and reverse primers
corresponding to the COOH termini of the respective
transporters. The forward and reverse primers contained
BamHI and XhoI sites, respectively. PCR amplificates
covering the complete open reading frame of rOct1 and rOct2
were cut with BamHI and XhoI, gel-purified, and ligated into
vector pET21a.

(ii) Cloning of Plasmid (T7)rOct1(FLAG)/pET21a. In
plasmid rOct1(His)/pET21a, the EcoRI/XhoI fragment com-
prising the His-tagged COOH-terminal part of rOct1 was
replaced with the respective FLAG-tagged EcoRI/XhoI
fragment obtained from FLAG-tagged rOct1 in vector pRSSP
(19).

(iii) Cloning of Plasmid (T7)rOat1(FLAG)/pET21a. On the
basis of the pSRORT1 plasmid that contained rOat1 (25, 26)
with COOH-terminal FLAG tag kindly provided by N. A.
Wolff (Witten/Herdecke, Germany), a PCR amplificate
comprising the complete open reading frame of FLAG-

tagged rOat1 was prepared using forward and reverse primers
with BamHI and XhoI sites, respectively. After digestion with
BamHI and XhoI, the amplificate was gel-purified and ligated
into plasmid pET21a.

(iV) Cloning of Plasmid (T7)rOat1(His)/pET21a. The 3′-
part of rOat1 was PCR-amplified from rat kidney using a
forward primer corresponding to nucleotides 871–888 (num-
bering from GenBank accession number AB004559) and a
reverse primer that covered the last COOH-terminal amino
acids of rOat1 and contained a XhoI site. The PCR product
was cut with XmaI and XhoI, and the obtained 260 bp
fragment was isolated and substituted for the respective
fragment encoding rOat1(FLAG) in the (T7)rOat1(FLAG)/
pET21a plasmid. All constructs were sequenced to rule out
PCR errors.

Cell Free Expression of Transport Proteins. Bacterial CF
extracts were prepared from E. coli strain A19 (E. coli
Genetic Stock Center, New Haven, CT) and frozen in liquid
nitrogen (27). CF expression was performed in the continuous
exchange mode using a membrane with a cutoff of 25 kDa
to separate the reaction mixture with ribosomes and enzymes
from the feeding mixture. The reaction mixture and feeding
mixture were created as described previously (27). Dispo-
dialysers (1 mL reaction volume) from Spectrum Labora-
tories Inc. (Breda, The Netherlands) in glass tubes containing
15 mL of feeding mixture were used. Incubation for protein
synthesis was performed for 20 h at 30 °C on a shaker.
Precipitated proteins were spun down by 10 min centrifuga-
tion at 10000g (4 °C). For affinity purification on Ni2+-NTA-
agarose, pellets were washed with Tris buffer [20 mM Tris-
HCl (pH 8) and 500 mM NaCl] containing 10 mM imidazole.
For immunoaffinity purification using anti-FLAG antibody
coupled to agarose, washing was performed with Hepes
buffer [20 mM Hepes-NaOH (pH 7.5) and 150 mM NaCl].
The washed precipitates were solubilized by incubation for
1 h at 30 °C with 1 mL of 2% (w/v) 1-myristoyl-2-hydroxy-
sn-glycero-3-[phospho-rac-(1-glycerol)] (LMPG) dissolved
in Tris buffer containing 10 mM imidazole (His-tagged
transporters) or in Hepes buffer (FLAG-tagged transporters).
The suspensions were centrifuged for 10 min at 10000g (4
°C), and the supernatants (LMPG supernatants) were used
for purification.

Affinity Purification of Transporters. For affinity purifica-
tion on Ni2+-NTA-agarose, to 1 mL of LMPG supernatant
were added (a) 10 mL of Tris buffer containing 10 mM
imidazole and 1% (w/v) CHAPS and (b) 1 mL of Ni2+-NTA-
agarose that was equilibrated with the respective detergent
in Tris buffer containing 10 mM imidazole. After incubation
for 1 h at 4 °C, the suspension was poured into a column
and washed with 10 mL of Tris buffer containing 1%
CHAPS and 10 mM imidazole. After additional washing with
Tris buffer (10 mL) containing 1% CHAPS and 20 mM
imidazole, proteins were eluted with 5 mL of Tris buffer
containing 1% CHAPS and 100 mM imidazole. During
elution, 250 µL fractions were collected.

For immunoaffinity purification, 0.5 mL of agarose beads
coupled to an anti-FLAG antibody that had been equilibrated
with Hepes buffer containing 1% CHAPS (Hepes-CHAPS)
or 1% ocytyl glucoside (Hepes-OG) was mixed with 10 mL
of Hepes-CHAPS or Hepes-OG, respectively, and 1 mL of
LMPG supernatant was added. The suspension was incubated
overnight at 4 °C. The beads were separated via centrifuga-
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tion for 10 min at 500g and washed with Hepes-CHAPS or
Hepes-OG, and transport proteins were eluted by overnight
incubation at 4 °C with 1 mL of Hepes-CHAPS or Hepes-
OG containing 0.2 mg/mL antigenic FLAG peptide. Beads
were removed via centrifugation for 10 min at 500g.

Gel Filtration of Purified Transporters. For each analysis,
purified rOat1 protein dissolved in 50 µL of Hepes-CHAPS
or Hepes-OG was applied to a Superdex 200 PC 3.2/30
column in a SMART system (GE Healthcare, München,
Germany). The column was equilibrated with Hepes-CHAPS
or Hepes-OG, and gel filtration was performed with a flow
rate of 50 µL/min. It was calibrated using aldolase (158 kDa),
bovine serum albumin (67 kDa), and ribonuclease A (13.7
kDa) supplied by GE Healthcare.

Coprecipitation of His-Tagged and FLAG-Tagged Trans-
porters. To investigate interactions between rOct1, rOct2,
and/or rOat1, LMPG supernatant (100 µL with 20 µg of
protein) containing one in vitro-expressed transporter with
a His tag was mixed with LMPG supernatant (100 µL with
20 µg of protein) containing an in vitro-expressed FLAG-
tagged transporter and diluted with 200 µL of Tris buffer
containing 1% CHAPS and 10 mM imidazole (final detergent
concentrations, 1% LMPG and 0.5% CHAPS) and incubated
for 1 h at 4 °C; 100 µL of Ni2+-NTA-agarose equilibrated
with Tris buffer containing 1% LMPG, 0.5% CHAPS,
and 10 mM imidazole was added and the suspension
incubated for an additional 1 h at 4 °C, and the beads were
separated via centrifugation for 10 min at 500g (room
temperature). The beads were washed five times at room
temperature with 1 mL of Tris buffer containing 1% CHAPS
and 10 mM imidazole-CHAPS and five times with Tris
buffer containing 1% CHAPS and 20 mM imidazole. For
protein elution, pelleted beads were suspended for 10 min
at room temperature in 400 µL of Tris buffer containing 1%
CHAPS and 100 mM imidazole, and the suspension was
centrifuged for 10 min at 500g. The supernatants were
collected, and FLAG-tagged transporters were analyzed by
Western blots.

Circular Dichroism Spectroscopy. Circular dichroism (CD)
spectroscopy of purified FLAG-tagged rOat1 was performed
with a Jasco J-810 spectropolarimeter (Jasco Labortechnik,
Gross-Umstadt, Germany). The monomeric fraction of
rOAT1 obtained after gel filtration was dialyzed against a
10 mM sodium phosphate buffer (pH 8.0) containing 1%
octyl glucoside. Assays were carried out at standard sensitiv-
ity with a bandwidth of 3 nm and a response of 1 s. The
data pitch was 0.2 nm and the scanning rate 50 nm/min. The
R-helical content of rOAT1 was calculated as described by
Rohl and Baldwin (28). The theoretical R-helical content
according to primary structure was calculated with the
PREDICT PROTEIN server at http://cubic.bioc.columbi-
a.edu/pp (29).

Reconstitution of Purified Transporters by a Detergent-
RemoVal Freeze–Thaw Procedure. Reconstitution into pro-
teoliposomes was performed in three steps as described
previously (23, 30). First, small proteoliposomes and pro-
tein–lipid aggregates were formed by detergent removal.
Second, large multilamellar liposomes were added, and the
mixture was frozen and thawed. Third, transporting large
proteoliposomes were generated by mixing the small pro-
teoliposomes and protein–lipid aggregates with the large
multilamellar liposomes, freezing and thawing, pelleting, and

homogenizing. For formation of small proteoliposomes and
protein–lipid aggregates, cholesterol (1 mg), phosphatidyl-
choline (1 mg), and phosphatidylserine (1 mg) were dissolved
in 1 mL of a chloroform/methanol mixture (1/1, v/v) and
dried in a round-bottom flask under a stream of nitrogen,
and 500 µL of purified transporter proteins was added. The
added transporter proteins were solubilized in (a) Tris buffer
containing 1% CHAPS and 100 mM imidazole, (b) Tris
buffer containing 1% octyl glucoside and 100 mM imidazole,
or (c) Hepes buffer containing 1% CHAPS and antigenic
peptides. The round-bottom flasks were shaken for 1 h at 4
°C, and the respective detergent and the antigenic peptide
used for immunoaffinity purification were removed by
dialysis at 4 °C against 20 mM Tris-HCl (pH 7.9), 500 mM
NaCl, and 100 mM choline chloride. The obtained suspen-
sions of small proteoliposomes and protein–lipid aggregates
were centrifuged for 30 min at 200000g (4 °C). The
sediments were resuspended in 2 mL of ice-cold vesicle
loading buffers that contained 20 mM imidazole (pH 7.4),
0.1 mM Mg2+, and various concentrations of cyclamate–, Cl–,
R-ketoglutarate (KG2-), K+, and/or Na+. After another 30
min centrifugation at 200000g, the sediments were suspended
in 150 µL of the respective loading buffer and stored at 4
°C. To prepare large multilamellar liposomes, 4 mg of
phosphatidylserine and 2 mg of cholesterol were dissolved
in 1 mL of a chloroform/methanol mixture (1/1, v/v) and
dried in a round-bottom flask under a stream of nitrogen.
One milliliter of loading buffer was added, and the flask was
shaken for 3 h at room temperature under nitrogen. Large
aggregates were pelleted via centrifugation for 10 min at
10000g (room temperature), and multilamellar liposomes in
the supernatant were concentrated by centrifugation at
200000g for 15 min and resuspension of the pellet in 150
µL of loading buffer (room temperature). To form transport-
ing large proteoliposomes, 150 µL of the protein–lipid
aggregates was mixed with 150 µL of the multilamellar
liposomes and incubated for 15 min at 41 °C. This mixture
was snap-frozen in liquid nitrogen. Shortly before transport
measurements were started, the sample was thawed via
incubation for 5 min at 37 °C in a water bath. After addition
of 1.7 mL of loading buffer (room temperature), the
proteoliposomes were spun down by centrifugation at
200000g for 15 min (room temperature). The pellet was
suspended in 300 µL of loading buffer (room temperature),
and formation of monolamellar proteoliposomes was induced
by repeated suction of the suspension into and forced
extrusion out of a 100 µL pipet tip.

Uptake Measurements in Proteoliposomes. For measure-
ments of the rates of MPP+ or PAH– uptake, proteoliposomes
filled with various loading buffers were preincubated for 10
min at 37 °C in the absence or presence of 20 µM
valinomycin. For measurements of MPP+ uptake, the pre-
incubation was performed without or with 100 µM quinine,
an inhibitor of rOct1 and rOct2 (3). Uptake of MPP+ was
performed in the absence of quinine using proteoliposomes
that were preincubated without quinine, or in the presence
100 µM quinine using the quinine preincubated proteolipo-
somes. Uptake of PAH– was performed in the absence or
presence of 2 mM probenecid, an inhibitor of rOat1 (25, 26).
Uptake was initiated by mixing 10 µL of prewarmed
proteoliposomes (37 °C) with 90 µL (rOct1 or rOct2) or 490
µL (rOat1) of prewarmed (37 °C) transport medium consist-
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ing of 20 mM imidazole (pH 7.4), 0.1 mM Mg2+, and various
concentrations of cyclamate–, Cl–, Na+, K+, and/or 0.5 mM
R-ketoglutarate. For MPP+ uptake measurements, the trans-
port medium contained 12 nM [3H]MPP+ without or with
nonradioactive MPP+, tetraethylammonium (TEA+), tetrabu-
tylammomium (TBuA+), or tetrapentylammomium (TPeA+).
For PAH– uptake measurements, the transport medium
contained 5 µM [14C]PAH– without or with nonradioactive
PAH–. After incubation for 1 s or longer time periods, uptake
was stopped by adding 1 mL of ice-cold stop solution [for
MPP+ uptake, 20 mM imidazole (pH 7.4), 0.1 mM magne-
sium cyclamate, and 100 mM potassium cyclamate (KC
buffer) containing 100 µM quinine; for PAH– uptake, KC
buffer containing 2 mM probenecid].

For measurement of the radioactivity within proteolipo-
somes, the proteoliposomes suspended in stop solution were
applied to 0.22 µm cellulose acetate filters (Millipore GSWP)
and washed with 10 mL of the respective ice-cold stop
solution. The filters were dissolved in LUMASAFE PLUS
cocktail (Lumac LSC, Groningen, The Netherlands) and
assayed for radioactivity.

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and Western Blotting. For SDS-PAGE, protein samples
were pretreated for 30 min at 37 °C in 60 mM Tris-HCl
(pH 6.8), 100 mM dithiothreitol, 2% (w/v) SDS, and 7%
(v/v) glycerol and then separated by SDS-PAGE as
described previously (31). Separated proteins were transferred
by electroblotting to a polyvinylidene difluoride membrane.
For immunostaining of transporters, either an antibody
against the T7 tag coupled to horseradish peroxidase (HRP)
diluted 1/10000 (Novagen) or an anti-FLAG antibody raised
in mice diluted 1/20000 (Sigma-Aldrich) and successively
anti-mouse IgG coupled to HRP diluted 1/5000 (Sigma-
Aldrich) were used. Binding of HRP-coupled antibodies was
visualized using enhanced chemiluminescence (ECL system;
Amersham Buchler, Braunschweig, Germany). Prestained
molecular weight markers (BenchMark; Life Technologies,
Karlsruhe, Germany) were used to determine apparent
molecular masses.

Quantification and Statistics. Staining of proteins in
Western blots was quantified by densitometry as described
previously (32). GraphPad Prism version 4.1 (GraphPad
Software, San Diego, CA) was used to compute statistical
parameters. Apparent Km values ( the standard error (SE)
of individual experiments were determined by fitting the
Michaelis-Menten equation to the data. For inhibition of
tracer cation uptake by nonlabeled cations, IC0.5 values (
SE of individual experiments were calculated by fitting the
Hill equation to the data. Mean Km, Vmax, and IC0.5 values (
the standard deviation (SD) of independent experiments are
presented. An unpaired, two-sided Student’s t test was used
to prove statistical significance of differences between two
groups. For comparison of three or more groups, an ANOVA
test with post hoc Tukey comparison was employed. In the
figures, typical experiments are presented.

RESULTS

Cell Free Expression and Purification of Oct1, Oct2, and
Oat1 from Rat. rOct1, rOct2, and rOat1 containing NH2-
terminal T7 tags and either a COOH-terminal His tag or a
COOH-terminal FLAG tag were expressed in vitro using E.

coli extracts. The produced transporters precipitated in the
detergent free reaction buffer. The precipitates were spun
down at 10000g, washed, and solubilized with 2% LMPG.
After removal of aggregates, transporters were purified in
the presence of 1% CHAPS or 1% octyl glucoside. His-
tagged transporters were affinity-purified on Ni2+-NTA-
agarose beads, whereas FLAG-tagged transporters were
immunopurified on anti-FLAG antibodies coupled to agarose
beads using antigenic peptide for elution. In Coomassie- and
silver-stained SDS-polyacrylamide gels, single protein bands
with apparent molecular masses of ∼55 kDa (rOct1 and
rOct2) or ∼60 kDa (rOat1) were obtained (Figure 1). The
transporters were identified in Western blots with antibodies
against the T7 or FLAG tag. From 1 mL of transcription/
translation mixture, 120 ( 17 µg of rOct1 (n ) 3), 138 (
18 µg of rOct2 (n ) 3), and 134 ( 13 µg of rOat1 (n ) 3)
were purified in the presence of CHAPS using Ni2+-NTA-
agarose. The efficiency of CF expression of FLAG-tagged
rOct1 and rOat1 was higher compared to that of the His-
tagged transporters. From 1 mL of in vitro transcription/
translation mixture, 240 µg of rOct1 protein (one experiment)
and 359 ( 38 µg of rOat1 protein (n ) 3) were obtained
after purification in the presence of CHAPS. After purifica-
tion in the presence of octyl glucoside, 337 ( 19 µg of rOat1
protein (n ) 3) was isolated.

To investigate purified FLAG-tagged rOat1 protein for
homogeneity, we subjected rOat1 purified in presence of 1%
CHAPS or 1% octyl glucoside to size exclusion gel chro-
matography on an analytical Superdex 200 column in the
presence of 1% CHAPS or 1% octyl glucoside, repectively
(Figure 2A,B). Symmetric main elution peaks with apparent
molecular masses similar to that of bovine serum albumin
(68 kDa) were obtained, suggesting that most transporter
molecules were present as monomers with some bound
detergent. In addition, side peaks corresponding to 2-3-fold
higher molecular masses were observed. SDS-PAGE indi-
cated that all peaks consisted exclusively of rOat1. The data
show that a fraction of the transporter forms aggregates or
homo-oligomers in the presence of 1% CHAPS or 1% octyl
glucoside, yet the monomer fraction in the presence of octyl
glucoside appeared to be stable. When the sample was
rechromatographed in the presence of 1% octyl glucoside
directly after the first chromatography, no high-molecular
weight peak was observed (Figure 2C). The secondary
structure of the rechromatographed monomeric peak rOat1
was analyzed by CD spectroscopy at 25 °C in the presence
of 1% octyl glucoside (Figure 3). The spectrum showed
minima at 208 and 222 nm and a large peak of positive
ellipticity centered at 193 nm, representing characteristic
features of an R-helical protein. The analysis of the spectra
yielded an estimate of 54% R-helical content. The theoretical
R-helical content predicted from the primary structure was
57% (29). The data suggest that purified FLAG-tagged rOat1
monomers are folded properly in the presence of 1% octyl
glucoside.

Interaction of Separately Synthesized Transporters. We
tested whether transporters form homo- and heteromers in
the presence of detergent. His-tagged rOat1 and FLAG-
tagged rOat1 were synthesized separately and solubilized
with 2% LMPG. After removal of large aggregates, the two
LMPG supernatants were mixed, diluted with an equal
volume of buffer containing 1% CHAPS, and incubated for
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1 h at 4 °C. Thereafter, Ni2+-NTA-agarose beads were added,
and the mixture was incubated for an additional 1 h at 4 °C.
After the beads had been pelleted, less than 2% of FLAG-
tagged rOat1 (one experiment) was detected in the super-
natant (Figure 4, top right panel, lane 2). After extensive
washing, His-tagged rOat1 was detached from the Ni2+-NTA-
agarose beads by incubation with 100 mM imidazole and
1% CHAPS. Together with His-tagged rOat1, at least 98%
of FLAG-tagged rOat1 was detached from the beads. The
data indicate that FLAG-tagged rOat1 associates nearly
quantitatively with His-tagged rOat1 in the presence of 1%
LMPG and 0.5% CHAPS.2 A very similar result was
obtained with rOct1 (Figure 4, top left panel). When
solubilized FLAG-tagged rOct1 was mixed with solubilized
His-tagged rOct1 and incubated with Ni2+-NTA-agarose
beads, 4.7 ( 2.1% of FLAG-tagged rOct1 remained in the
supernatant and 93 ( 2.1% of FLAG-tagged rOct1 could
be eluted from washed beads (n ) 3). To evaluate whether
the observed association of separately synthesized transport-
ers represents specific oligomerization versus nonspecific
protein association, we also investigated association between
rOct1 and rOat1 and between rOct1 and rOct2 (Figure 4,
bottom panel). After solubilized His-tagged rOct1 had been

mixed with solubilized FLAG-tagged rOat1 and the mixture
had been incubated with Ni2+-NTA-agarose beads, 87 ( 5%
of FLAG-tagged rOat1 remained in the supernatant and 12
( 2.5% of FLAG-tagged rOat1 could be eluted from washed
beads (n ) 3 each). The fraction of FLAG-tagged rOat1
which associated with His-tagged rOct1 was much smaller
compared to the fraction of FLAG-tagged rOct1 which
associated with His-tagged rOct1 (P < 0.001). Finally, we
tested the association between His-tagged rOct2 and FLAG-
tagged rOct1. After LMPG-solubilized His-tagged rOct2,
FLAG-tagged rOct1, and Ni2+-NTA-agarose beads had been
mixed, 54 ( 8.7% of FLAG-tagged rOct1 remained in the
supernatant and 40 ( 9.7% of FLAG-tagged rOct1 could
be removed from the washed beads (n ) 3 each). The
association between FLAG-tagged rOct1 and His-tagged
rOct2 was weaker compared to that between FLAG-tagged
and His-tagged rOct1 (P < 0.001); however, a significantly
stronger association between rOct1 and rOct2 was observed
compared to association between rOct1 and rOat1 (P <
0.001). Since the observed strength of association between
transporter monomers (rOat1/rOat1 ) rOct1/rOct1 > rOct1/
rOct2 > rOct1/rOat1) follows the order of primary structure
identity (identical amino acids, 67% for rOct1 and rOct2,
33% for rOct1 and rOat1), the observed associations between
rOat1 monomers and between rOct1 monomers may have
functional implications.

Uptake of Cations by in Vitro Synthesized, Purified, and
Reconstituted OCTs. We investigated whether in vitro
synthesized and purified rOct1 and rOct2 were functional

2 Note that during gel chromatography of purified rOat1 in the
presence of 1% CHAPS only a relatively small degree of oligomer-
ization was observed (Figure 2A). This is explained by differential
effects of 1% CHAPS (gel chromatography in Figure 2A) vs 1% LMPG
and 0.5% CHAPS (coprecipitation in Figure 4) on oligomerization (T.
Keller and H. Koepsell, unpublished data).

FIGURE 1: In vitro expression and purification of rOct1, rOct2, and rOat1. rOct1, rOct2, and rOat1 with C-terminal His tags (rOct1-His,
rOct2-His, and rOat1-His, respectively) and rOat1 with a C-terminal FLAG tag (rOat-FLAG) were expressed in vitro using a reaction
volume of 1 mL. The precipitated transport proteins were pelleted, washed, and solubilized in 1 mL of 2% LMPG. The supernatants
obtained after centrifugation for 10 min at 10000g (LMPG supernatants) are shown in lanes 1 and 8. For Ni2+ affinity purification (top two
panels and bottom left panel), the LMPG supernatants of the His-tagged transporters were diluted with 10 mL of Tris buffer containing 1%
CHAPS and 10 mM imidazole (lane 1) and incubated with Ni2+-NTA-agarose beads. The beads were poured into columns and the effluents
collected (lane 2). The columns were washed with 10 mL of Tris buffer containing 1% CHAPS with either 10 mM imidazole (lane 3) or
20 mM imidazole (lane 4). Finally, the transporters were eluted with 5 mL of Tris buffer containing 1% CHAPS with 100 mM imidazole,
and six 250 µL elution fractions containing the purified transporters were combined (lane 5). For immunoaffinity purification of FLAG-
tagged rOat1 (bottom right panel), the LMPG supernatant was diluted with 10 mL of Hepes-CHAPS buffer (lane 8), 500 µL of agarose
beads coupled to anti-FLAG antibody was added, and the suspension was incubated overnight. After centrifugation, the supernatant was
analyzed (lane 9). The beads were washed, and rOat1 was eluted by incubating the beads in 1 mL of Hepes-CHAPS containing antigenic
FLAG peptide. After centrifugation, the supernatant was analyzed (lane 10). The SDS-polyacrylamide gels were stained with Coomassie
brilliant blue or silver. For Coomassie and silver staining of gels, 7.5 µL was applied per lane, whereas for Western blotting, 1 µL was
applied per lane. Western blots with rOct1, rOct2, and His-tagged rOat1 were stained with a HRP conjugate with an antibody against the
T7 tag. The Western blot with FLAG-tagged rOat1 was stained with mouse anti-FLAG antibody and the HRP conjugate with anti-mouse
IgG. The figure indicates in vitro expression and purification of rOct1, rOct2, and rOat1.
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after reconstitution. Purified His-tagged rOct1 was reconsti-
tuted into large proteoliposomes using a detergent-removal,

freeze–thaw procedure. The proteoliposomes loaded with 100
mM potassium cyclamate were preincubated with the potas-
sium ionophore valinomycin. For assessment of MPP+

uptake, proteoliposomes were incubated with 12 nM
[3H]MPP+ in the presence of 90 mM sodium cyclamate and
10 mM potassium cyclamate. Due to valinomycin and the
outwardly directed K+ gradient, an initial K+ diffusion
potential of approximately -60 mV was generated. MPP+

uptake was assessed in the absence and presence of 100 µM
quinine, and quinine-inhibited uptake was assessed. Figure
5A shows time courses of quinine-inhibited MPP+ uptake
into proteoliposomes which were formed with different
amounts of purified rOct1 from the same batch. In proteo-
liposomes formed after addition of 20 µg of protein, the
initial quinine-inhibited MPP+ uptake rate was linear for 2
s, whereas in proteoliposomes formed after addition of 120
µg of rOct1 protein, initial uptake rates could not be resolved.
Organic cation transporters mediate electrogenic organic
cation transport that is mainly driven by the membrane
potential when small initial gradients of organic cations are
applied (1). Rapid uptake of MPP+ into proteoliposomes
containing relatively many transporter molecules is supposed
to lead to a more rapid dissipation of the K+ diffusion
potential compared to proteoliposomes with fewer transport-
ers, explaining the observed differences in initial MPP+

uptake rates. To compromise between sufficiently high
transport activity in the proteoliposomes and the requirement
for measurements of initial linear uptake rates, we routinely
performed functional studies with rOct1 and rOct2 using

FIGURE 2: Gel chromatography of purified rOat1. Purified FLAG-
tagged rOat1 (50 µg) in the presence of 1% CHAPS (A) or 1%
octyl glucoside (B) was applied to a Superdex 200 PC 3.2/30
column. The column was equilibrated with Hepes-CHAPS (A) or
Hepes-OG (B) and operated at a flow rate of 50 µL/min. Calibration
of the column was performed with ribonuclease A (13.7 kDa),
bovine serum albumin (67 kDa), and aldolase (158 kDa) (see
arrows). In panel C, elution fraction 11 from the chromatography
in panel B was rechromatographed. Coomassie-stained SDS-
polyacrylamide gels of various elution fractions are shown in the
insets. The data suggest purification of rOat1 monomers.

FIGURE 3: CD spectroscopy of purified rOat1. Purified monomeric
FLAG-tagged rOat1 (4.8 µmol/L) in 300 µL of sodium phosphate
buffer (pH 8) containing 1% octyl glucoside was analyzed by CD
spectroscopy. rOat1 was purified as shown in Figure 2C.

FIGURE 4: Interaction of separately synthesized transporters. In vitro
synthesized His-tagged rOat1 (100 µL of LMPG supernatant) was
mixed with separately synthesized FLAG-tagged rOat1 (100 µL
of LMPG supernatant), His-tagged rOct1 with FLAG-tagged rOct1,
His-tagged rOct1 with FLAG-tagged rOat1, and His-tagged rOct2
with FLAG-tagged rOct1. The samples were diluted with an equal
volume of Tris buffer containing 1% CHAPS and 10 mM imidazole
(lane 1). After incubation for 1 h at 4 °C, 100 µL of a suspension
containing Ni2+-NTA-agarose beads was added. The suspension
was incubated for 1 h and centrifuged, and the supernatant (lane
2) was removed. The beads were washed and incubated with 1 mL
of Hepes-CHAPS containing 20 mM imidazole and pelleted
(supernatants, lane 3). His-tagged proteins were eluted by incubating
the beads with 400 µL of Hepes-CHAPS containing 100 mM
imidazole (lane 4). Proteins were separated by SDS-PAGE,
transferred to a blotting membrane, and stained with an antibody
against the FLAG tag. Per lane 5 µL was applied.
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proteoliposomes that were formed after addition of 60 µg
of purified protein and measured uptake after a 1 s incubation,
a time period showing linear uptake under these conditions
(data not shown; see also Figure 2 in ref 23).

We measured the rate of uptake of [3H]MPP+ into
proteoliposomes containing in vitro synthesized and purified
His-tagged rOct1 in the absence and presence of quinine
using various concentrations of MPP+ and calculated the rate

of quinine-inhibited MPP+ uptake (Figure 5B). For quinine-
inhibited MPP+ uptake, hyperbolic saturation curves were
obtained that could be fitted with the Michaelis-Menten
equation. From three independent experiments, a Km value
of 35 ( 1.5 µM and a Vmax value of 325 ( 16 nmol mg-1

s-1 were obtained. These values are not significantly different
from the values obtained after reconstitution of purified His-
tagged rOct1 that was expressed in Sf9 insect cells (23).

To compare cation selectivity of in vitro synthesized rOct1
with rOct1 expressed in Sf9 insect cells, we assessed
inhibition of [3H]MPP+ (12 nM) uptake in the presence of
various concentrations of the transported cation TEA+ or the
nontransported inhibitors TBuA+ and TPeA+. From the
experiments shown in Figure 6, IC50 values of 159 ( 12
µM (TEA+), 20 ( 1 µM (TBuA+), and 2.9 ( 0.2 µM
(TPeA+) were calculated. These values were similar to the
values measured under the same experimental conditions in
proteoliposomes containing His-tagged rOct1 that was
expressed in Sf9 cells (196 µM TEA+, 19 µM TBuA+, and
1.8 µM TPeA+) (23).

FIGURE 5: Uptake of MPP+ into proteoliposomes containing purified
rOct1 or rOct2. His-tagged rOct1 or rOct2 was expressed in vitro,
purified, and reconstituted into proteoliposomes containing 100 mM
potassium cyclamate. After preincubation with valinomycin, pro-
teoliposomes were incubated for different time periods with 12 nM
[3H]MPP+ (A) or for 1 s with 12 nM [3H]MPP+ and various
concentrations of nonlabeled MPP+ (B and C). The incubation
buffer contained 90 mM Na+, 10 mM K+, and 100 mM cyclamate–.
Measurements were performed in the absence and presence of 100
µM quinine, and quinine-inhibited uptake was assessed. (A) Time
courses of quinine-inhibited MPP+ uptake into proteoliposomes
containing different amounts of rOct1. Reconstitution was per-
formed with addition of 20 (9) or 120 µg (b) of purified rOct1
protein. (B) Substrate concentration dependence of uptake of MPP+

into proteoliposomes formed after addition of 60 µg of purified
rOct1 protein. Data for MPP+ uptake in the absence of inhibitors
(4), MPP+ uptake in the presence of quinine (0), and quinine-
inhibited MPP+ uptake (O) are shown. (C) Substrate concentration
dependence of quinine-inhibited MPP+ uptake into proteoliposomes
formed with 60 µg of purified rOct2 protein. The Michaelis-Menten
equation was fitted to quinine-inhibited MPP+ uptake in panels B
and C.

FIGURE 6: Inhibition of uptake of MPP+ into proteoliposomes
containing purified rOct1 by TEA+, TBuA+, and TPeA+. In vitro
expressed and purified His-tagged rOCT1 protein (60 µg) was
reconstituted into proteoliposomes containing 100 mM potassium
cyclamate. After preincubation with valinomycin in the absence
or presence of 100 µM quinine, proteoliposomes were incubated
for 1 s with 12 nM [3H]MPP+ in the presence of 90 mM Na+, 10
mM K+, and 100 mM cyclamate–. Incubations were performed in
the presence of the indicated concentrations of TEA+, TBuA+, or
TPeA+. Nonspecific uptake measured in the presence of 100 µM
quinine was subtracted. Means ( SD of three measurements from
individual experiments are shown. Curves were obtained by fitting
the Hill equation to the data.
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We also reconstituted 60 µg of the in vitro expressed and
purified His-tagged rOct2 into proteoliposomes and measured
the quinine (100 µM)-inhibited uptake of [3H]MPP+ in the
presence of various concentrations of nonradioactive MPP+

using the same experimental conditions that were used for
rOct1. Quinine-inhibited uptake of MPP+ by rOct2 exhibited
a hyperbolic substrate dependence (Figure 5C). A Km value
of 66 ( 8 µM (n ) 3) was calculated which was significantly
higher compared to that of rOct1 (P < 0.01). The Vmax value
obtained after reconstitution of rOct2 (194 ( 9 µmol mg-1

s-1) was significantly lower compared to that of rOct1 (P <
0.001).

Characterization of Anion Uptake by in Vitro Synthesized
rOat1. We expressed FLAG-tagged rOat1 in vitro, purified
the protein using immobilized anti-FLAG antibodies, and
reconstituted 60 µg of transporter protein into proteolipo-
somes. In the first series of experiments, the proteoliposomes
were loaded with 100 mM K+, 90 mM cyclamate–, 10 mM
Cl–, and 0.5 mM R-ketoglutarate (KG2-) and incubated with
5 µM [14C]PAH– in the presence of 100 mM KCl (Figure
7). To correct for nonspecific uptake, the measurements were
performed in the absence and presence of 2 mM probenecid,
an inhibitor of OATs. Under these conditions, with initial
gradients of 90 mM Cl– (out > in) and 0.5 mM KG2- (in >
out), we expected optimal transport activity according to
previously reported PAH– uptake measurements in OAT1-
transfected cells (25, 26, 33, 34). Measuring the time course
of PAH– uptake, we observed that probenecid-inhibited PAH–

uptake was linear for 90 s (Figure 7A). Using the same
experimental conditions with an incubation time of 90 s, we
measured the substrate dependence of uptake of [14C]PAH–

in the absence (4) and presence (0) of probenecid (Figure
7B) and calculated the probenecid-inhibited [14C]PAH–

uptake (Figure 7C). Fitting the Michaelis-Menten equation
to probenecid-inhibited [14C]PAH– uptake in this experiment
yielded an estimated apparent Km value of 73 ( 10 µM (SE).
Using slightly different experimental conditions [initial
gradients of 100 mM Cl– (out > in) and 0.5 mM KG2- (in
> out), clamped membrane potential], a Km value of 74 (
1.2 µM (SD; n ) 3) was obtained (see below). These Km

values are similar to the Km value of 70 µM determined after
expression of rOat1 in oocytes of X. laeVis (25).

In Figure 8A, we investigated whether the initial outwardly
directed gradient of 0.5 mM KG2- is necessary to observe
rOat1-mediated PAH– uptake in proteoliposomes, which has
been reported for rOat1-mediated uptake of PAH– in X. laeVis
oocytes (25, 26). This was the case; the rate of probenecid-
inhibited uptake of 5 µM PAH– into the proteoliposomes
measured in the presence of an outwardly directed, initial
gradient of 0.5 mM KG2- was 15 times higher compared to
the rate of PAH– uptake measured with 0.5 mM KG2- on
both sides of the membrane (P < 0.001). To exclude the
possibility that KG2- efflux generates an outside negative
diffusion potential because it is electrogenic and thereby
stimulates electrogenic PAH– uptake, we performed the same
experiment under voltage clamp conditions. This was
achieved by preincubating the proteoliposomes (100 mM K+

inside and outside) with the potassium ionophore valinomy-
cin. Since valinomycin had no effect on the trans stimulation
of PAH– uptake by KG2- (Figure 8A), an indirect stimulation
of PAH– uptake via the membrane potential can be ruled
out.

Next we investigated whether rOAT1-mediated PAH–

uptake in proteoliposomes is stimulated by chloride as
described previously for hOat1 expressed in cells (33–35).
Purified His-tagged rOat1 was reconstituted into proteoli-
posomes that contained 100 mM K+, 0.5 mM KG2-, and
either 100 mM cyclamate– or 100 mM Cl–, or mixtures of
cyclamate– and Cl–. After preincubation with valinomycin,
the rate of uptake of 5 µM [14C]PAH– was measured in the
presence of 100 mM K+ and either 100 mM cyclamate–, 100
mM Cl–, or various mixtures of both anions (Figure 8B,C).
In the absence of Cl–, PAH– uptake was 50% slower than
PAH– uptake measured in the presence of 100 mM Cl– in
transport buffer. With 10 mM Cl– on both sides of the
membrane, PAH– uptake was similar to that in the absence
of Cl– (Figure 8B). So far, the data are consistent with
activation at a low-affinity chloride activation site as well
as with cotransport of PAH– and Cl– in exchange for KG2-.

FIGURE 7: Time course and substrate dependence of uptake of PAH–

into proteoliposomes containing purified rOat1. In vitro expressed
and purified His-tagged rOat1 protein (60 µg) was incorporated
into proteoliposomes containing 100 mM K+, 90 mM cyclamate–,
10 mM Cl–, and 0.5 mM R-ketoglutarate (KG2-). Proteoliposomes
were incubated with 100 mM KCl containing [14C]PAH– in the
absence and presence of 2 mM probenecid. (A) Probenecid-inhibited
uptake of 5 µM [14C]PAH– measured after different incubation
times. (B) [14C]PAH– uptake after a 90 s incubation measured in
the presence of different PAH– concentrations in the absence (4)
and presence (0) of probenecid. The inset shows a larger
magnification of uptake rates at low PAH– concentrations. (C)
Probenecid-inhibited [14C]PAH– uptake calculated from the mea-
surements in Figure 7B. The Michaelis-Menten equation was fitted
to these data.
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However, the observation that PAH– uptake measured in the
presence of an initial outwardly directed gradient of 100 mM
Cl– was significantly higher compared to PAH– uptake
measured in the absence of Cl– (Figure 8B) is in contradiction
with the latter interpretation. In Figure 8C, [14C]PAH– uptake
was measured in the presence of different concentrations of
Cl– in incubation buffer, trying to evaluate the affinity of
the observed effect of Cl– on PAH– transport. PAH– uptake
increased with increasing chloride concentrations; however,
it did not reach saturation within the employed concentration
range between 0 and 100 mM. The data are consistent with
binding of chloride to a low-affinity activation site of rOat1.

Additional experiments were performed trying to validate
our interpretation that Cl– interacts with a modifier site rather
than being cotransported with PAH–. Since direct low-affinity
uptake of Cl– into proteoliposomes cannot be resolved for
technical reasons, we reasoned that cotransport of Cl– with
PAH– should be detectable via a Cl–-induced change in the
potential dependence of PAH– uptake. Proteoliposomes
containing 100 mM potassium cyclamate and 0.5 mM KG2-

were preincubated without or with valinomycin, and uptake
of [14C]PAH into proteoliposomes was measured in the
presence of 100 mM sodium cyclamate or 100 mM NaCl
(Figure 8D). Regardless of whether uptake was measured

without or with an inwardly directed Cl– gradient, no
significant effects of valinomycin were observed. Since the
potassium diffusion potential did not alter PAH uptake under
either condition, the data strongly suggest that Cl– is not
cotransported with PAH– and that PAH– uptake in the
presence of a trans gradient of KG2- is electroneutral.

We also compared substrate activation of PAH– uptake
trans-stimulated by KG2- in the absence of chloride and in
the presence of an inwardly directed Cl– gradient of initially
100 mM. With the Cl– gradient, the Vmax was significantly
higher than that without a chloride gradient [22.9 ( 2.9 and
14.7 ( 2.3 pmol mg-1 s-1, respectively (n ) 3 each, P <
0.05)]. At variance, the apparent Km was not changed (73.5
( 1.1 µM with the Cl– gradient vs 73.0 ( 4.6 µM without
the Cl– gradient).

To distinguish whether the observed trans stimulation of
PAH– uptake by KG2- is due to activation of rOat1 via a
modifier site or whether rOat1 is a PAH–/KG2- antiporter,
we investigated whether an outwardly directed KG2- gradient
is able to induce an “overshoot”, i.e., whether it increases
the intravesicular PAH– concentration transiently above the
equilibrium concentration of PAH–; 300 µg of in vitro
expressed and purified FLAG-tagged rOat1 was reconstituted
into proteoliposomes containing 100 mM potassium cycla-

FIGURE 8: Functional characterization of PAH– uptake by rOat1 in proteoliposomes. Purified His-tagged rOat1 protein (60 µg) expressed
in vitro was reconstituted into proteoliposomes in the presence of different anions. Before uptake measurements were started, proteoliposomes
were preincubated without (white columns) and with valinomycin (gray columns). For uptake measurements, they were incubated for 90 s
with 5 µM [14C]PAH– in the absence and presence of 2 mM probenecid. The incubation buffer contained different concentrations of anions
and cations. Probenecid-inhibited uptake was calculated. (A) trans stimulation of PAH– uptake by 0.5 mM R-ketoglutarate (KG2-). The
proteoliposomes contained 100 mM K+, 90 mM cyclamate–, 10 mM Cl–, and 0.5 mM KG2-. They were incubated with [14C]PAH– in the
presence of 100 mM KCl or 100 mM KCl with 0.5 mM KG2-. (B) Stimulation of rOat1-mediated PAH– uptake by chloride. Proteoliposomes
contained 100 mM K+, 0.5 mM KG2-, and 100 mM anions (cyclamate– and Cl–). For uptake measurements, proteoliposomes were incubated
with [14C]PAH– in the presence of 100 mM K+ and 100 mM anions (cyclamate– and Cl–). The concentrations of Cl– (in millimolar) are
indicated. (C) Effect of chloride concentration on PAH– uptake. The experiment was performed, and the data are presented as in panel B.
(D) No effect of membrane potential on PAH– uptake in the absence and presence of chloride. The proteoliposomes contained 100 mM K+,
100 mM cyclamate–, and 0.5 mM KG2-. For uptake measurement, proteoliposomes were incubated with PAH– in the presence of 100 mM
Na+ and either 100 mM cyclamate– (Cyc–) or 100 mM Cl–. Concentrations of KG2-, Cl–, and Cyc– are given in millimolar. One asterisk
indicates a P of <0.05, two asterisks indicate a P of <0.01, and three a P of <0.001. n.s. means not significant. The data indicate potential-
independent trans stimultation of rOat1-mediated PAH– uptake by KG2- that is stimulated by low-affinity interaction of Cl– with a modifier
site.
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mate and 0.5 mM KG2-. Proteoliposomes were preincubated
with valinomycin. For uptake measurements, proteolipo-
somes were incubated for various time intervals with 5 µM
[14C]PAH– in the presence of 100 mM potassium chloride
(Figure 9, top panel) or 100 mM potassium cyclamate (Figure
9, bottom panel). Between 2 and 10 min after incubation
with [14C]PAH–, the concentration of [14C]PAH– within the
proteoliposomes was significantly higher than the concentra-
tion after incubation for 30 min (P < 0.001). The data
indicate that rOat1 is an obligatory-coupled PAH–/KG2-

antiporter.

DISCUSSION

In this paper, we describe CF expression and functional
active reconstitution of three polyspecific drug transporters
from the SLC22 transporter family that belongs to the major
facilitator superfamily (36). From 1 mL reaction vessels,
0.16–0.36 mg of pure functional active transporter proteins
was obtained. Using 5–10 reaction vessels, sufficient amounts
of the transporter proteins for crystallization attempts and
for biophysical characterizations can be obtained at relatively
low cost within 3 days. Freeze–thaw reconstitution of purified
proteins into large cholesterol-rich proteoliposomes allowed
functional characterization of electrogenic organic cation
transporters and an electroneutral organic anion exchanger.
Since in proteoliposomes ion and substrate composition can
be controlled on both sides of the membrane, more unam-
biguous functional characterization can be performed than
after expression of the transporters in cells. For example, in
this study we provide experimental evidence that rOat1 is
an obligatory electroneutral PAH–/dicarboxylic antiporter that
is stimulated by Cl– binding to a low-affinity activation site.

Cell Free Expression. Since 2003, CF expression with
similar yields has been reported for various integral mem-
brane proteins. The synthesized integral membrane proteins
include transporters and channels from E. coli with 2–10
transmembrane R-helices (TMHs) (27, 37, 38), the �-barrel
nucleoside transporter Tsx from E. coli (39), and several
G-protein-coupled receptors (GPCRs) with seven TMHs from
human (40, 41). CF synthesis has been performed in the
absence of detergent like in this study, but also in the
presence of detergent or in the presence of liposomes that
may allow oriented protein insertion (42). The yields of
synthesized proteins varied between 10 µg and 4 mg of
protein per 1 mL reaction volume, showing a reverse
correlation between the molecular weight of the synthesized
protein and yield (39, 43). rOct1, rOct2, and rOat1 are the
first eukaryotic transporters that have been synthesized in a
CF system. The monomers of rOct1, rOct2, and rOat1 belong
to the largest proteins of CF-expressed integral membrane
proteins. They are the first proteins with 12 TMHs that were
obtained in high yield.

Reconstitution. Functional activity of CF-expressed integral
membrane proteins has been only demonstrated in the
following cases: (a) channel activity of the mechanosensitive
channel MscL from E. coli (136 aa long, two TMHs) using
patch-clamp of giant proteoliposomes (38, 44), (b) channel
activity of the �-barrel nucleoside transporter Tsx from E.
coli (272 aa long) observed in black lipid membranes (39),
(c) uptake of fluorescent or radioactively labeled substrate
into proteoliposomes containing the small (100 aa long, four
TMHs) multidrug transporter EmrE from E. coli (27, 37),
(d) ligand binding of immobilized human GPCR receptors
�2 adrenergic receptor (40) and endothelin B (41), and (e)
photocycle activity of bacteriorhodopsin that was inserted
into liposomes during CF synthesis and attached to a black
lipid membrane (42).

To measure organic cation uptake by transporters rOct1
and rOct2 that are driven by substrate gradient and membrane
potential (3, 11, 45) and uptake of PAH– by rOat1 that was
only observed in the presence of a trans-KG2- gradient
(2, 25, 26), we reconstituted the transporters into large
cholesterol-rich proteoliposomes with diameters between 0.5
and 2 µm (30, 46). The employed reconstitution protocol
had been optimized to analyze transport activities of elec-
trogenic Na+ cotransporters (46, 47). Because of their
relatively large size and low passive permeability, these
proteoliposomes are well suited to measurement of initial
uptake rates of transporters that are driven by ion gradients,
i.e., cotransporters or antiporters. With the help of K+

gradients and valinomycin, potassium diffusion potentials can
be generated that provide the driving force for electrogenic
transporters. After reconstitution of rOct1 expressed in insect
cells, we previously showed that these proteoliposomes can
be used to measure organic cation uptake driven by a
valinomycin-induced inside negative diffusion potential (23).
For such measurements, the amount of transporter molecules
per proteoliposome must be kept small to prevent the
possibility that the outside positive diffusion potential
generated by valinomycin-mediated potassium efflux is
compromised by transporter-mediated uptake of positive
charge and to ensure that the potential-driven uptake of
organic cation substrate is slow enough to allow detection
of an initial linear concentration increase in organic cations

FIGURE 9: Demonstration of PAH–/KG2- antiport by rOat1 in
proteoliposomes containing purified rOat1. Purified FLAG-tagged
rOat1 protein (300 µg) expressed in vitro was reconstituted into
proteoliposomes containing 100 mM potassium cyclamate and 0.5
mM KG2-. After preincubation with valinomycin, probenecid-
inhibited uptake of 5 µM [14C]PAH– into proteoliposomes was
measured after incubation for various time periods in the presence
of either 100 mM potassium chloride (top panel) or 100 mM
potassium cyclamate (bottom panel). Three asterisks indicate a P
of <0.001 for the difference from PAH– uptake after incubation
for 2–10 min. The obtained overshoot indicates that rOat1 is a
PAH–/KG2- antiporter.
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in the proteoliposomes. Figure 5A shows that the time period
of linear MPP+ uptake by rOct1 was decreased dramatically
when the amount of reconstituted transporter was increased.
So far, the orientations of rOct1, rOct2, and rOat1 in the
proteoliposmes have not been determined. Since rOct1 and
rOct2 mediate electrogenic organic cation transport in both
directions across the plasma membrane showing similar Km

values (1, 12) and also rOat1 is supposed to operate similarly
in both directions (2), the orientation of the transporters in
the proteoliposomes is not supposed to influence the func-
tional properties described in this paper.

Functional Properties of CF-Expressed Organic Cation
Transporters. After reconstitution of CF-expressed rOct1 or
rOct2, quinine inhibitable uptake of MPP+ was demonstrated
showing saturation kinetics. The data show that glycosylation
at the large extracellular loop (3) is not required for transport
activity. Fitting the Michaelis-Menten equation to the data
yielded Km values that show less variation compared to
uptake measurements with overexpressing cell lines. This
allowed detection of a significantly lower Km value for MPP+

uptake by rOct1 versus rOct2. Comparing properties of
reconstituted rOct1 purified from Sf9 insect cells versus rOct1
purified after CF expression, we found virtually the same
Km values and the same Vmax values per milligram for MPP+

uptake. We also observed identical affinities for inhibition
of MPP+ uptake by substrate TEA+ and the two nontrans-
ported inhibitors TBuA+ and TPeA+. This indicates that a
similar native tertiary structure of rOct1 is obtained after CF
synthesis in the absence of detergent compared to purification
of rOct1 from insect cells.

Comparing functional properties of rOct1 observed after
expression in human embryonic kidney (HEK) 293 cells or
oocytes with those obtained in proteoliposomes, similar
affinities for the organic cation substrates MPP+ and TEA+

were obtained, however, we observed significantly different
affinities for the nontransported inhibitors TBuA+ and
TPeA+. The Km values determined for MPP+ uptake in
proteoliposomes and HEK293 cells were 33 ( 11 µM (n )
6) and 14 ( 4 µM (n ) 3), respectively. The IC50 values
determined for inhibition of MPP+ uptake by TEA+ mea-
sured in proteoliposomes and HEK293 cells were 66 ( 8
µM (n ) 3) and 58 ( 21 µM (n ) 4; H. Koepsell et al.,
unpublished data), respectively. At variance, in proteolipo-
somes containing rOct1 or HEK293 cells expressing rOct1,
17- or 10-fold lower affinities, respectively, for inhibition
of MPP+ uptake by TBuA and TPeA were obtained [TBuA,
19 ( 0.5 µM (n ) 2) vs 1.1 ( 0.1 µM (n ) 3); TPeA, 2.8
( 0.1 µM (n ) 2) vs 0.28 ( 0.06 µM (n ) 5) (this study,
ref 23, and unpublished data of H. Koepsell)]. The differ-
ences in affinity for TBuA+ and TPeA+ in proteoliposomes
versus HEK293 cells indicate differences in configuration
of the substrate binding region. These differences may have
various causes. For example, they could be due to different
lipid environments, to different regulatory states, or to
binding of additional unidentified ligands in cells. The
differences in affinity cannot be explained by a differentially
oriented incorporation of rOct1 into the liposomal bilayer
compared to the plasma membrane of HEK293 cells. A
reverse orientation of rOct1 in proteoliposomes compared
to HEK293 cells may contribute to the decrease in affinity
for TBuA+ but not for TPeA+ since TBuA+ has a 4-fold
higher and TPeA a 2-fold lower affinity for the outward-

facing substrate binding pocket compared to the inward-
facing pocket (14) (H. Koepsell, unpublished data). The
unchanged affinity for transported cations and decreased
affinity for nontransported inhibitors support the concept that
rOct1 contains a complex substrate binding region with
partially overlapping and allosterically interacting binding
sites for different cations (19, 22).

Functional Properties of rOat1. Functional reconstitution
of CF-expressed rOat1 into proteoliposomes showed that
glycosylation of the large extracellular loop is not required
for functional activity and does not change the Km value for
PAH– uptake. Importantly, it provided new insight into the
functional mechanism of rOat1. Previous experiments with
oocytes showed that PAH– uptake by rOat1 is trans
stimulated by KG2-, and it was proposed that rOat1 is a
PAH–/KG2- antiporter (25, 26). Pioneering studies with
membrane vesicles from basolateral membranes of renal
proximal tubules had indicated that PAH– uptake is indirectly
coupled to a secondary active sodium dicarboxylate cotrans-
porter (48, 49). It was shown that PAH– uptake into vesicles
was trans stimulated by KG2- and that the intravesicular
PAH– concentration increased above the equilibrium value
(overshoot phenomenon) when an inwardly directed sodium
gradient was applied and KG2- was present in the medium,
or when the vesicles were preloaded with KG2-. With regard
to the stoichiometry and voltage dependence of PAH–/KG2-

exchange in vesicles, contradictory results were re-
ported (49–51). In addition, it remained unclear whether the
data obtained from vesicle studies had to be attributed to
OAT1 or to organic anion transporter OAT3 that is located
in the same membrane. Measurements of the electrical
properties or of the PAH–/KG2- stoichiometry of OAT1
expressed in cells were handicapped by high membrane
conductances for chloride and potential effects of additional
intracellular substrates.

Using proteoliposomes, we provided evidence that rOat1
is an electroneutral obligatory PAH–/KG2- exchanger rather
than an electrogenic facilitative diffusion system that is trans
stimulated by intracellular dicarboxylates. Excluding indirect
coupling via the membrane potential, we observed that an
in > out gradient of KG2- was able to increase the PAH–

concentration within proteoliposomes above equilibrium in
a manner independent of chloride (Figure 9). Since the
“PAH– overshoot” measured under voltage clamp conditions
cannot be obtained by the two-step molecular mechanism,
PAH– uptake followed by KG2- efflux, it provides evidence
for an obligatory PAH–/KG2- antiporter. We also investigated
the role of chloride. Stimulation of PAH– uptake by chloride
was first demonstrated in membrane vesicles (52, 53). Using
oocytes expressing hOAT1, HEK293 cells expressing hOAT1,
or HEK293 cells expressing hOAT3, stimulation of anion
transport by chloride was observed (17, 33–35). Whereas
Cl– increased the Vmax of hOAT1 without altering the amount
of transporter within the membrane, it decreased the Km of
hOAT3 (17, 35). In these studies, it could not be distin-
guished whether Cl– is cotransported with PAH– or whether
Cl– modifies transport activity or affinity without being
translocated itself. Using proteoliposomes, we answered this
question for rOat1, providing evidence that Cl– acts as a
nontransported modifier. We observed that the Vmax of rOat1-
mediated PAH–/KG2- antiport is stimulated in the presence
of 100 mM extracellular Cl– versus cyclamate–. Cotransport

4562 Biochemistry, Vol. 47, No. 15, 2008 Keller et al.



of Cl– was ruled out by showing that (a) the stimulation by
Cl– was independent of Cl– gradients and (b) neither PAH–/
KG2- antiport in the absence of Cl– nor PAH–/KG2- antiport
in the presence of an inwardly directed Cl– gradient was
stimulated by an outwardly directed potassium diffusion
potential. Missing stimulation by an inward negative mem-
brane potential in the absence of anions other than cyclamate–

strongly suggests electroneutral exchange of two PAH–

against one KG2-.
In summary, we reported CF expression of functionally

active rOct1, rOct2, and rOat1 that allows biophysical
characterization and crystallization of these transporters.
Using reconstituted rOat1, we provided evidence that rOat1
is an electroneutral obligatory PAH–/KG2- antiporter that is
stimulated by low-affinity binding of chloride to an extra-
cellular modifier site.
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