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ABSTRACT: The rat organic cation transporter rOCT1 with six histidine residues added to the C-terminus
was expressed in Sf9 insect cells, and expression of organic cation transport was demonstrated. To purify
rOCT1 protein, Sf9 cells were lysed with 1% (w/v) CHAPS [3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate], centrifuged, and subjected to sequential affinity chromatography usinddetitil
Sepharose and nickel(ll)-charged nitrilotriacetic acgarose. This procedure yielded 0 ug of purified

rOCT1 protein from 10 standard culture plates. Using a fre¢ézaw procedure, purified rOCT1 was
reconstituted into proteoliposomes formed from phosphatidylcholine, phosphatidylserine, and cholesterol.
Proteoliposomes exhibited uptake &fi[-1-Methyl-4-phenylpyridinium H]JMPP) that was inhibited by
quinine and stimulated by an inside-negative membrane potential. MPP uptake was saturable with an
apparentKm, of 30 +£ 17 uM. MPP uptake (0.1«M) was inhibited by tetraethylammonium, tetrabuty-
lammonium, and tetrapentylammonium withsfGralues of 1974+ 11, 19+ 1, and 1.8+ 0.03 uM,
respectively. With membrane potential clamped to 0 mV using valinomycin in the presence of 100 mM
potassium on both sides of the membrane, uptake il MPP wastrans stimulated 3-fold by 2.5 mM
intracellular choline, and efflux of 0.4M MPP wastrans stimulated 4-fold by 9.5 mM extracellular
choline. The data show that rOCT1 is capable and sufficient to mediate transport of organic cations. The
observedrans stimulation under voltage-clamp conditions shows that rOCT1 operates as a transporter
rather than a channel. Purification and reconstitution of functional active rOCT1 protein is an important
step toward the biophysical characterization and crystallization.

The SLC22 transporter family comprises polyspecific 7, 8). Moreover, it was shown that the OCTs contain binding
transporters with a pivotal role in the absorption, excretion, regions with partially overlapping binding sites for different
and tissue distribution of drugs and endogenous compoundssubstrates that are accessible from both sides of the plasma
such as choline, carnitine, and monoamine neurotransmitterasmembraneX2). Mutagenesis experiments identified several
(1—3). To understand the physiological role of these amino acids in rOCT1 that are critical for affinity and
transporters, their tissue distribution, subcellular localization, selectivity of substrates and inhibitord3-15). The 3D
regulation, substrate specificity, and transport mechanismstructure of rOCT1 was modeled by homology to the 3D
must be known. A mechanistic understanding of how they structure of lactose permease fré&scherichia colihat was
operate will help to design drugs that are distributed by these determined by X-ray crystallograph$%). In this model, the
transporters or modulate their function. The rat organic cation amino acids involved in substrate binding were localized
transporter rOCT1 was the first cloned member of$h€22 within one region of a large cleft that is formed by various
family (4). rOCT1, its human orthologue hOCT1, and the transmembrane-helices. In the present work we were able
two other subtypes, OCT2 and OCT3 from rat and human, to express rOCT1 in insect cells, to purify and reconstitute
have been characterized in detail after expression in oocyteghe transporter in artificial liposomes, and to measure rOCT1-
of Xenopus laeis and in cultured mammalian celld-{11). mediated uptake of organic cations. Our data provide direct
Because OCTZ3 translocate net electric charge, they can evidence that rOCTL1 is sufficient to mediate voltage-
be studied using electricophysiological approaches, in ad-dependent organic cation uptaKeans stimulation experi-
dition to isotope uptake assays. Previous studies in intactments performed under voltage-clamp conditions strongly
oocytes and in giant patches from oocytes expressing ratsuggest that rOCT1 is a typical transporter rather than a
OCT?2 indicated that the OCTs facilitate diffusion of organic channel.
cations in both directions across the plasma membrane (

MATERIALS AND METHODS

T This work was supported by Deutsche Forschungsgemeinschaft . Lo
Grant SFB 487/A4. Materials.[*H]-1-Methyl-4-phenylpyridinium (H]MPP !

* Corresponding author. Phonet:+49-(0)931 312700. Fax++49- 3.1 TBg/mmol) was obtained from Biotrend (Ko Ger-
(0)931 312087. E-mail: Hermann@Koepsell.de.

A , many), 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
E ,\Uﬂgfgf;ﬁ/cﬁnm{ﬁ&g%f Biophysics. panesulfonate (CHAPS) from AppliChem (Darmstadt, Ger-
I'H.R. passed away on February 2, 2005. many), nickel(ll)-charged nitrilotriacetic acichgarose (Ni*-
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NTA-agarose) from QIAGEN (Hilden, Germany), lentil by shaking overnight at room temperature in the presence
lectin Sepharose from Amersham Biosciences Europe of 4 M guanidine thiocyanate. Scintillation coctail was added,
(Freiburg, Germany)N-glycosidase F (PNGase F) from and samples were counted on a Beckman Coulter LS 6500
Roche Diagnostics GmbH (Penzberg, Germany), proteaseliquid scintillation counter. MPP uptake afté s incubation
inhibitors from Calbiochem (Bad Soden, Germany), and was measured by adding first ice-cold stop solution to cells
polyvinylidene difluoride membranes from Millipore (Es- and then PBS with®H]MPP. The protein concentration was
chborn, Germany). Tetrapentylammonium (TPeA) hydroxide, determined according to Bradford using bovine serum
tetrabutylammonium (TBUA) hydroxide, tetraethylammo- albumin as a standard 9).

nium (TEA) hydroxide, phosphatidylcholine (PC), phos- Preparation of Membrane Fractions and Deglycosylation.
phatidylserine (PS), cholesterol, lithium hydroxide, cesium Pelleted Sf9 cells were disrupted by hypotonic lysis in a 10-
hydroxide, and valinomycin were purchased from Sigma- fold volume of ice-cold HO and homogenized by repeated
Aldrich (Taufkirchen, Germany). All other materials were aspiration through a 27-gauge needle. After addition of 2
obtained as describe®,(16). volumes of ice-cold hypotonic EDTA buffer [5 mM Tris-

DNA Constructs for Expression of rOCT1 in Sf9 Cells. HCI, pH 7.4, 2 mM EDTA(Na) containing protease
The coding region of rOCT1 was previously cloned into the inhibitors [1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride
vector pET22b{) (Novagen, Madison, WI). rOCT1 was hydrochloride, 0.8«M aprotinin, 50uM bestatin, 15«M
excised with restriction endonucleadédsd andBanHI and N-(trans-epoxysuccinyl)--leucine-4-guanidinobutylamide, 20
ligated to the baculovirus transfer vector pAc360MycHi#) ( uM leupeptin, and 1M pepstatin A] the suspension was
that was digested witlEcdRl, filled in using the Klenow centrifuged at 5009and at 4°C for 30 min. The supernatant
fragment ofE. coli DNA polymerase, and cut witBanH]I. was removed, and a crude membrane fraction was isolated
The resulting vector (pAc360Myc-rOCT1-His) contained as a pellet after 60 min centrifugation at 45¢0@ °C).
rOCT1 with an N-terminal myc epitope and a C-terminal Enriched plasma membranes were isolated by fractionation
His tag. Sf9 insect cells were cotransfected with the of crude membranes on a step gradient with sucr@sg (
pAc360Myc-rOCT1-His DNA and with linearized baculovi- For enzymatic deglycosylation, /A of crude membranes
rus DNA (BaculoGold; BD Pharmingen, San Diego, CA). or enriched plasma membranes containing:0f protein
Selection of plaques for recombinant virus was performed was pretreated for 10 min at 9£€ with 0.2% (w/v) SDS
according to the manufacturer's recommendations. The and then incubated with PNGase F for 18 h af372 units
presence of the rOCT1 coding sequence in the recombinantin 20 uL of 30 mM N&PQ,, pH 7.5, 20 mM EDTA, 1%
virus was confirmed by Southern blot analysis. Recombinant (v/v) Triton X-100, and the above indicated cocktail of
virus was grown to a titer of (46) x 10’ pfu/mL and used  protease inhibitors]. Controls were treated similarly but
to transfect insect cells for rOCT1 expression. without PNGase F.

Culturing, Transfection, and Haesting of Sf9 CellsSf9 SDS-Polyacrylamide Gel Electrophoresis (SBBAGE)
cells were cultured at 27C in Grace’s insect medium and Western BlottingFor SDS-PAGE, protein samples
containing 10% (v/v) fetal calf serum and 50 mg/L gen- were pretreated for 30 min at 3T in 60 mM Tris-HCI, pH
tamicin. A suspension of & 10 Sf9 cells (Invitrogen, 6.8, 100 mM dithiothreitol, 2% (w/v) SDS, and 7% (v/v)
Karlsruhe, Germany) was transfected with recombinant glycerol and then separated by SBIBAGE as described
baculovirus [MOI= 1 (18)] and incubated at 27C in 75 (16). Separated proteins were transferred by electroblotting
cn¥ flasks. After 3, 4, or 5 days the cells were harvested by to a polyvinylidene difluoride membrane and stained for
scraping them off the surface of the flasks and collected by rOCT1 protein as described earli€1f using an affinity-

10 min centrifugation at 3@ The cells were washed twice purified polyclonal antibody raised against the large extra-
by suspension in 25 mL of 1.9 mM NaPQ;, 8.1 mM Na- cellular loop of rOCT1. Bound peroxidase-conjugated sec-
HPQ,, and 154 mM NaCl, pH 7.4 (PBS), followed by ondary antibody (goat anti-rabbit IgG) was visualized by

centrifugation at 30§, and suspended in PBS containing 1 enhanced chemiluminescence (ECL system; Amersham Bio-

mM CaClk and 0.5 mM MgCJ (Ca-PBS). sciences Europe, Freiburg, Germany). Prestained molecular
Transport Measurements in Sf9 Celljptake of fHIMPP weight markers (BenchMark; Life Technologies, Karlsruhe,
was measured by incubating suspended cells &tC3@or Germany) were used to determine apparent molecular

the indicated time intervals with various concentrations of masses.
MPP in Ca-PBS in the absence and presence ofVI5 Lysis of Sf9 Cells with Detergent and Purification of

cyanine863, an inhibitor of the rOCT#,(9). For measure-  rOCT1. For lysis, cells from ten 14.5 cm diameter culture
ments in the presence of cyanine863, cells were preincubatedlates were suspended in 20 mL of lysis buffer [20 mM Tris-
for 5 min at 30°C with the inhibitor. Uptake was stopped HCI, pH 7.9, 500 mM NaCl, 100 mM choline chloride, 1%
with 9 volumes of ice-cold PBS containing 18 quinine, (w/v) CHAPS] containing the protease inhibitors described
another inhibitor of rOCT14, 9). Cells were spun down by  above and shaken for 1 h. Lysis and the subsequent steps of
centrifugation at 800f) washed two times with 100 volumes  purification were carried out atC. Insoluble material was
of ice-cold PBS containing 10@M quinine, and solubilized ~ spun down by centrifugation fol h at 10000@. The
supernatant was mixed with 2 mL of lentilectin Sepharose

1 Abbreviations: HJMPP, [HJ-1-methyl-4-phenylpyridinium; peads suspended in lysis buffer_with prot.ease. inhibitors and
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; incubated for 2 h. The suspension was filled into an empty
Ni2*-NTA—agarose, nickel(ll)-charged nitrilotriacetic acidgarose; column and the resin washed with 20 mL of lysis buffer.

PNGaseFN-glycosidase F; HEK, human embryonic kidney; TPeA, ; ; ;
tetrapentylammonium; TBUA, tetrabutylammonium; TEA, tetraethy- Bound proteins were eluted with 20 mL of lysis buffer

lammonium; SDS-PAGE, sodium dodecyl sulfatgoolyacrylamide gel containing 300 mM methyi-D-mgnnopyranoside_. Imidazole
electrophoresis; PBS, phosphate-buffered saline. was added to the eluate to a final concentration of 5 mM.
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The mixture was incubatedif@ h with 1 mL of NP*-NTA—
agarose. After the suspension was filled into a column, the
resin was washed with 8 5 mL of lysis buffer containing

5 mM imidazole and 20 mM imidazole, respectively. Bound
proteins were eluted by 50 mM imidazole in 5 mL of lysis
buffer. Fractions (30@L) were collected and either stored
at 4°C or snap-frozen in liquid nitrogen and stored-80

°C.

Reconstitution of Purified rOCT1 in Artificial Liposomes.
Reconstitution was performed by a previously described
freeze-thaw procedure for small amounts of protei@&)(
Protein—lipid aggregatesconsisting of purified rOCT1
protein plus added lipids were formed by detergent removal
and mixed with multilamellar liposomesthat had been
formed by shaking of dried lipids with buffer. This mixture
was frozen and thawed. Generationti@nsporting proteo-
liposomesvas promoted by diluting, pelleting, resuspending,
and homogenizing of the thawed sample.

To form protein—lipid aggregateswe dissolved 1 mg of
cholesterol, 1 mg of phosphatidylcholine, and 1 mg of
phosphatidylserine in 1 mL of a chloroform/methanol mixture
(1/1 viv) and dried this solution at room temperature under
a stream of nitrogen in a 25 mL round-bottom flask. We
then added 7@g of purified rOCT1 protein in 60QL elution
buffer and shook the mixture fd h at 4°C. Subsequently,
the detergent was removed by dialysis against 200 mL of
20 mM Tris-HCI, pH 7.9, 500 mM NaCl, and 100 mM
choline chloride for 12 h at 4C. The obtained suspension
was centrifuged for 30 min at 2000904 °C) and the
sediment resuspended in 2 mL of ice-cold KC buffer (100
mM potassium cyclamate, 20 mM imidazole, pH 7.4, 0.1
mM magnesium cyclamate). After another 30 min centrifu-
gation at 200000, the protein-lipid aggregates were sus-
pended in 15Q:L of KC buffer and stored at 4C.

To preparemultilamellar liposomes4 mg of phosphati-
dylserine and 2 mg of cholesterol were dissolved in 1 mL
of chloroform/methanol (1/1 v/v) and dried under a stream
of nitrogen in a rotating 50 mL round-bottom flask. KC
buffer (1 mL) and some glass beads were added, and th
flask was shaken fa3 h atroom temperature under nitrogen.
Aggregates were pelleted by 10 min centrifugation at 16000
(room temperature), and multilamellar liposomes in the
supernatant were concentrated by centrifugation at 2000
for 15 min and resuspension of the pellet in 2B0of KC
buffer (room temperature).

To form transporting proteoliposomesl50 uL of the
protein-lipid aggregates was mixed with 15€ of the
multilamellar liposomes and incubated for 15 min at’€l1
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Uptake and Efflux Measurements in Proteoliposorfies.
uptake measurements, proteoliposomes filled with KC buffer
were preincubated for 10 min at 3T in the absence or
presence of 2Q«M valinomycin. The preincubation was
performed with 10Q:M quinine, an inhibitor of rOCT1, or
without quinine. Uptake was initiated by mixing 10 of
prewarmed proteoliposomes (3T) with 90 uL of pre-
warmed (37°C) transport medium consisting of (i) KC
buffer, (ii) NaC buffer (20 mM imidazole, pH 7.4, 0.1 mM
magnesium cyclamate, 100 mM sodium cyclamate), (iii)
mixtures of KC and NaC buffer, or (iv) 20 mM imidazole,
pH 7.4, and 0.1 mM magnesium cyclamate plus either 100
mM lithium cyclamate, 100 mM cesium cyclamate, or 100
mM lysine cyclamate. The transport media contained 12 nM
[BH]MPP plus the indicated concentrations of unlabeled MPP.
Uptake was stopped by adding 1 mL of ice-cold stop solution
(KC buffer containing 10Q«M quinine). For measurement
of radioactivity within proteoliposomes, the proteoliposomes
suspended in stop solution were applied to Q«@2cellulose
acetate filters (Millipore GSWP) and washed with 10 mL
of ice-cold stop solution. The filters were dissolved in
LUMASAFE PLUS cocktail (Lumac LSC, Groningen, The
Netherlands) and assayed for radioactivity. The data were
corrected for nonspecific binding ofH]MPP to the filters.

To measuretrans stimulation of MPP uptake, 150L
proteoliposomes were mixed with 150 of KC buffer
containing either 5 or 0.2 mM choline cyclamate. Samples
were preincubated for 60 min at 28 in the presence of 20
uM valinomycin. Uptake at 37C was started by mixing 20
uL of prewarmed proteoliposomes with 480 of pre-
warmed transport medium consisting of KC buffer supple-
mented with 0.1 mM choline cyclamate, QM [*H]MPP,
and 20uM valinomycin. For measurements in the presence
of quinine, 10Q«M quinine was added to the transport media.
Uptake was stopped afté s incubation by adding ice-cold
stop solution, and radioactivity in the proteoliposomes was
determined.

To measurdrans stimulation of MPP efflux by extracel-
lular choline, 30QuL of proteoliposomes was preincubated

Sith 0.1 4M [3H]MPP and 20uM valinomycin for 15 min

at 37°C. Quinine was added to a part of the proteoliposomes

to a final concentration of 100M and incubated for another

5 min at 37°C. Efflux was started by mixing 10L of the

proteoliposomes with 190L of KC buffer prewarmed to

37 °C with or without 10 mM choline, and each with or

without 100uM quinine. Efflux was stopped after 1 s, and

radioactivity in the proteoliposomes was measured.
Calculation and StatisticsData are presented as mean

values + standard deviations (SD) from three to five

This mixture was snap-frozen in liquid nitrogen. Shortly ndividual measurements (Figures 2a, 3, and 5) or from three
before transport measurements were started, the sample wag five measurements, each, performed in the absence or
thawed by 5 min incubation at 3T in a water bath. After presence of quinine (Figures 2b, 6, 7, 8, and 9) In Figures
addition of 1.7 mL of KC buffer (room temperature) the 2 3 5 and 7 typical experiments out of three are presented.
proteoliposomes were spun down by centrifugation at The experiments shown in Figures 6 and 10 were reproduced
20000@ for 15 min (room temperature). The pellet was once. Michaelis- Menten constantq,) values and maximal
suspended in 300L of KC buffer (room temperature), and  transport velocities \(na) Were calculated by fitting the
formation of monolamellar proteoliposomes was induced by Michaelis-Menten equation to the quinine-sensitive uptake
repeated suction of the suspension into and forced extrusionyates measured at eight different substrate concentrations.
out of a 100uL pipet tip. ICso values were calculated by fitting the Hill equation for
For control measurements liposomes were formed by the multisite inhibition to uptake rates measured in the presence
same procedure as the proteoliposomes with the onlyof seven to ten different inhibitor concentrations. Linear
difference that no rOCT1 protein was added. regression was employed to fit the potential dependence of
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Ficure 1: Detection of glycosylated rOCT1 protein in plasma
membranes of Sf9 cells. (a) Detection of rOCT1 protein in crude
membranes isolated from Sf9 cells transfected with rOCTL1.

Transfected (lanes 1 and 3) and nontransfected Sf9 cells (lanes 2

and 4) were homogenized and the proteins separated by-SDS
PAGE. Coomassie Brilliant Blue staining (lanes 1 and 2) and
Western blot for rOCT1 (lanes 3 and 4) are shown. (b) N-
Glycosylation of rOCT1 in the plasma membrane of Sf9 cells in

transfected Sf9 cells. Crude membranes (lanes 5 and 6) or enriched
plasma membranes (lanes 7 and 8) of transfected Sf9 cells were

incubated without or with PNGase F, separated by SBAGE,
and analyzed for rOCT1 by Western blotting. Per lang,g5of
protein was applied.

MPP uptake by rOCT1. For comparison of mean values,

unpaired two-sided Studentstest was used. Statistical

Keller et al.
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Ficure 2: MPP uptake by Sf9 cells expressing rOCT1. (a) Time
course of HIMPP (10uM) uptake in the absenc®) and presence
(®) of 75 uM cyanine863. (b) Concentration dependence of
cyanine863-inhibited MPP uptake. Cells were incubated.fe in

the absence and presence of /B! cyanine863 with various
concentrations ofH]MPP, and cyanine863-inhibited uptake rates
were calculated. The MichaetidMenten equation was fitted to the

20

calculations and curve fitting were done with GraphPad 4.0 data. A typical experiment is shown. The data indicate expression

(San Diego, CA).
RESULTS
Expression of rOCT1 in Sf9 Celllsect Sf9 cells were

transfected with recombinant baculovirus expressing rOCT1.

of functionally active rOCT1 in insect cells.

The data show that rOCT1 is expressed in Sf9 cells, targeted
to the plasma membrane, and N-glycosylated.

Functional Characterization of Organic Cation Transport
in Sf9 Cells Expressing rOCTEour days after transfection

Four days after transfection, the cells were harvested andof Sf9 cells with pAc360Myc-rOCT1-His, uptake of 10/

analyzed for expression of rOCT1 by Western blotting or
by measuring the uptake ofH]MPP. In Figure 1a, crude
membranes isolated from Sf9 cells without and with trans-
fection of rOCT1 were separated by SBPBAGE and either
stained with Coomassie Brilliant Blue (lanes 1 and 2) or
blotted to polyvinylidene difluoride membrane and stained
with an antibody against the extracellular loop of rOCT1
(lanes 3 and 4)21). In the Coomassie staining of crude

[®*H]MPP was measured at 3C in the absence and presence
75 uM cyanine863 4) and compared with uptake of
nontransfected control cells. After 1 s, cyanine863-inhibited
uptake rates of 4.6t 0.6 and 1.2+ 0.2 pmol (mg of
protein)* s~ were obtained for cells expressing rOCT1 and
nontransfected cells, respectively (mearsD, n = 6 each
group,P < 0.001 for difference). The data indicate significant
expression of organic cation uptake by rOCT1. They also

membranes no difference between nontransfected controlshow some endogeneous cyanine863-inhibitable MPP uptake
cells and rOCT1-transfected cells could be seen. However,in the Sf9 cells, apparently mediated by an organic cation
in Western blots of the transfected cells, a broad band attransporter that is not detected by our antibody against

~55 Da was stained by an affinity-purifed antibody against

rOCTL1. Figure 2a shows the time course of MPP £\0)

rOCTL1. To investigate whether the rOCT1 protein expressed uptake in cells expressing rOCT1 in the absence and presence

in Sf9 cells was glycosylated, we compared the migration

of 75 uM cyanine863. The data show that the cyanine863-

of rOCT1 from crude membranes versus enriched plasmainhibited MPP uptake was linear for about 2 s. Using 1 s
membranes and performed N-deglycosylation with PNGaseincubation in Sf9 cells expressing rOCT1, cyanine863-
F (Figure 1b). rOCT1 from enriched plasma membranes inhibited uptake of H]MPP had aK, of 25 + 7 uM MPP

migrated slower in SDSPAGE than rOCT1 from crude

and aVmax of 12.1+ 3.7 pmol mg? s™! (mean+ SD,n =

membranes. This suggests that the crude membrane fractior8). A typical experiment is shown in Figure 2b. Thg,
contains a relatively large amount of endoplasmic reticulum values for MPP uptake measured after expression of rOCT1

with unglycosylated or incompletely glycosylated rOCT1.

in other cell types were in the same range, namelyl3

After deglycosylation, the migration of rOCT1 was faster. uM in oocytes ofX. laevis (9) and 14+ 4 uM in human

With enriched plasma membranes, this shift of molecular

embryonic kidney (HEK) 293 cells (H. Koepsell and I.

mass was more pronounced than with the crude membranesSchatz, unpublished data).
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£ Ficure 4: Purification of histidine-tagged rOCT1 expressed in Sf9
— 0.21 cells. rOCT1 was purified by affinity purification on lentilectin
% Sepharose and KNi-NTA—agarose. Samples from various purifica-
2 0.1 tion steps were separated by SEFSAGE and silver-stained (upper
o panel) or analyzed by Western blotting with an antibody against
% ol rOCT1 (lower panel). Lane 1: supernatant (20 mL) obtained after
001 o1 1 0 100 1 h centrifugation at 1000@Qof Sf9 cells that were solubilized
TPeA [uM] with CHAPS (lysis buffer). Lentit-lectin Sepharose beads were

Ficure 3: Inhibition of MPP uptake in rOCT1 expressing Sf9 cells

added to this supernatant. Lane 2: flow-through (20 mL) obtained
after the suspended lentilectin Sepharose beads were filled into

by TEA (upper panes!) and TPeA (lower panel). Cells were incubated 5 column. Lane 3: eluate (20 mL) obtained after the column was
for 1 s with 0.1uM [*H]JMPP in the absence of inhibitors orin the  \yashed with lysis buffer. Lane 4: eluate (20 mL) obtained after
presence Qf _the indicated inhibitor concentrations, ano_l the uptakehe column was washed with lysis buffer containing 300 mM methyl
of radioactivity was measured. The Hill equation was fitted to the ,.p-mannopyranoside to elute glycosylated proteins. To this eluate
data. Typical experiments are shown. The data indicate that rOCT1yere added Ni*-NTA—agarose beads to bind histidine-tagged
expressed in Sf9 cells has similar affinities for TEA and TPeA (ocT1. Lane 5: flow-through (20 mL) that was obtained after the

compared to rOCT1 expressedXenopusocytes or mammalian
cells.

To determine the affinity of tetraethylammonium (TEA)
and tetrapentylammonium (TPeA) to rOCT1 expressed in
Sf9 cells, we measured the uptake of @Ml [3H]MPP in
the presence of various concentrations of TEA or TPeA
(Figure 3). TEA (1 mM) or 10uM TPeA inhibited the
uptake of 0.1uM [3H]MPP by 72% and 89%, respectively.
The half-maximal inhibitor concentrations @&values) were
44 + 15uM for TEA and 0.23+ 0.01uM for TPeA (mean
+ SD,n = 3). Since the concentration of MPP used for these
measurements was more than 100-fold below Khefor
MPP, the obtained I§ values are identical with thé;
values. After expression of rOCT1 in oocytesXf laevis
or in HEK 293 cells, we obtained similar {gvalues for
TEA [oocytes: 115:uM (14)] and TPeA [HEK 293 cells:
0.18uM (13)].

Purification of rOCT1 from Sf9 CellsThree days after
transfection of Sf9 cells with recombinant baculovirus, cells

suspended Ri-NTA—agarose beads were filled into a column.
Lane 6: eluate (5 mL) obtained after theNNTA—agarose beads
were washed with lysis buffer containing 5 mM imidazole. Lane
7: eluate (5 mL) obtained with lysis buffer containing 20 mM
imidazole. Lane 8: eluate (one of three 0.3 mL fractions with
protein) obtained with 50 mM imidazole. Per lane, 20 of the
above-described samples was applied. The data indicate purification
of rOCT1.

rOCT1 was performed by affinity chromatography orf'Ni
NTA—agarose beads (Figure 4, lanesd). Bound rOCT1
was eluted with 50 mM imidazole. A single protein band
was detectable in a silver-stained SB®lyacrylamide gel

of the eluate. It was identified as rOCT1 by Western blotting.
The ~40 mg of protein in the 1000@0supernatant of the
CHAPS-lysated Sf9 cells yielded # 4 ug (mean+ SD

of the three independent experiments) of purified rOCT1
protein, corresponding to 0.17% of the protein in the 109000
supernatant.

Demonstration of Organic Cation Transport in Proteoli-
posomes Containing Purified rOCTRurified rOCT1 was

from ten 14.5 cm diameter culture plates were lysed and reconstituted into proteoliposomes that contained 100 mM

membrane proteins solubilized/d h incubation at £C
with 1% (w/v) CHAPS. Nonsolubilized material was re-
moved ly 1 h centrifugation at 1000@Q(protein content of
supernatant: 4 7 mg, meant SD of three independent
experiments). Next, glycosylated rOCT1 protein was en-
riched by absorption on lentillectin Sepharose beads and
elution with 300 mM methybi-pD-mannopyranoside (Figure
4, lanes 3 and 4). The eluate contained £@.3 mg of
glycosylated proteins. The final purification of His-tagged

potassium cyclamate. Uptake of MPP was measured after
incubation of the proteoliposomes at 37 with 0.1uM [3H]-

MPP in the presence of 10 mM potassium cyclamate and
90 mM sodium cyclamate. The uptake measurements were
performed in the absence and presence of/Ad0quinine,

an inhibitor of rOCT1 (Figure 5). Significant quinine-
inhibited uptake of MPP was obtained when the measure-
ments were performed in the presence of the potassium
ionophore valinomycin. This uptake was linear for about 1
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without inhibitor (0), quinine (@) were performed in the absence of chloride, phosphate, and
— sulfate and of organic anions such as succinate-&eto-
an 4 @ valinomycin glutarate, yvhich are countertransported sybstrates_of the
5,_" ] organic anion transporters of tf&l C22family (3). This
s 2 shows that these ions are not required for organic cation
a x » ] transport by rOCT1.
= g 1¥ 0= Potential Dependence of MPP Transport in Proteolipo-
— 04 : T T T T e somesWe characterized the potential dependence of organic

cation uptake by purified and reconstituted rOCT1, measur-
ing initial rates for the quinine-inhibited uptake of M
4 i ) [BH]MPP into proteoliposomes at various membrane poten-
+ valinomycin tials. Inside negative potassium diffusion potentials were
6- generated by applying various initial outwardly directed
potassium gradients in the presence of the potassium iono-
phore valinomycin and the impermeant anion cyclamate. For
uptake measurements proteoliposomes containing KC buffer
1 with 100 mM potassium cyclamate were incubated with 0.1
24 4M [H]MPP in KC buffer or various mixtures of NaC buffer
. and KC buffer. The membrane potential was calculated using
the Nernst equation. Figure 6a shows that quinine-inhibited
b 2 A 5 10 MPP uptake rate increased about 10-fold when the membrane
time [s] potential was changed from 0 t6100 mV. No significant
Ficure 5: Time course of MPP uptake by proteoliposomes guinine-inhibited uptake of MPP was resolved at 0 mV.
containing purified rOCT1 protein, inhibition by quinine, and Figure 6b shows an experiment where we investigated
stimulation by membrane potential. Purified rOCT1 was reconsti- whether the quinine-inhibited uptake of MPP-a61 mV
tuted in proteoliposomes containing 20 mM imidazole cyclamate, \y 45 dependent on inorganic cations on ¢feside. Proteo-

pH 7.4, 0.1 mM magnesium cyclamate, and 100 mM potassium . . .
cyclamate (KC buffer) (circles). In addition, liposomes were formed liposomes containing 100 mM potassium cyclamate were

without addition of rOCT1 protein (squares). Transport measure- Preincubated with valinomycin, and quinine-inhibited uptake
ments were performed in the absence of valinomycin (upper panel)of 0.1 uM [*H]MPP uptake was measured in the presence
or in the presence of valinomycin (lower panel). Uptake of MPP  of 10 mM potassium cyclamate plus either 90 mM sodium
was measured in the absence [J) or presence®, M) of 100uM cyclamate, 90 mM lithium cyclamate, 90 mM cesium
quinine. Proteoliposomes or liposomes were incubated &C37 . .
with 20 mM imidazole cyclamate, pH 7.4, 1 mM magnesium cyqlamatg, Qr 90 _mM I_ysmg cyclamate. With these four
cyclamate, 90 mM sodium cyclamate, and 10 mM potassium cations, similar quinine-inhibited uptake rates of MPP were
cyclamate containing 04M [3H]MPP. After various time intervals, ~ obtained. In Figure 6¢ we measured quinine-inhibited uptake
upta!<e was stopped, the_ prot_e(_)liposomes or liposomes were washegf 0.1 uM [SH]Mpp in the presence of different sodium
O e e e o ot e concenirations n the ncubation buffer eplacing sodium by
presence of an inside negative potassium diffusion potential.  1YSine. Measurements were performed at a calculated initial
membrane potential 661 mV (100 mM potassium in the
s. Valinomycin allowed the efflux of potassium and induced liposomes, 10 mM potassium in the incubation buffer,
an inside negative diffusion potential that could not be presence of valinomycin). No effect of sodium on MPP
compromised by the impermeant anion cyclamate used inuptake was observed. The data in Figure 6b,c indicate that
this system. In control experiments we measured the uptakeMPP uptake by rOCT1 is independent from sodium, lithium,
of 0.1 uM [*H]MPP into liposomes that were generated or cesium on theis side.
without addition of rOCT1 protein. With these liposomes  To determine whether the uptake of MPP by rOCT1 is
no significant quinine-inhibited uptake of MPP could be pH dependent, we measured quinine-inhibited uptake after
detected in the absence or presence of valinomycin (see, forl s incubation of proteoliposomes with QM [3H]MPP at
example, Figure 5). We also measured the initial uptake of pH 7.4 (standard condition), pH 6.4, or pH 8.4. The
20 uM [*“C]TEA in the presence of valinomycin into measurements were performed at an initial calculated
proteoliposomes that were reconstituted with purified rOCT1 membrane potential of~-61 mV (100 mM potassium
protein. With 200 mM potassium cyclamate in the incubation cyclamate in the liposomes, 10 mM potassium cyclamate
medium (symmetric potassium) and with 90 mM sodium plus 90 mM sodium cyclamate in the incubation buffer,
cyclamate plus 10 mM potassium cyclamate in the incubation presence of valinomycin). The obtained MPP uptake rates
medium (outwardly directed 9-fold potassium gradient) were not significantly different at different pH [pH 7.4, 100
uptake rates of 6& 3 and 68+ 4 nmol mg?! s were + 20%; pH 6.4, 94+ 6%; pH 8.4, 96+ 2% (h = 3)].
obtained, respectively (mean SD from five measurements Substrate Dependence and Inhibitor Sengitiof MPP
each,P < 0.01 for difference). The data show that purified Transport in ProteoliposomesSubstrate dependence of
rOCT1 mediates potential dependent uptake of MPP andquinine-inhibited MPP uptake was measured at a calculated
TEA and does not require additional proteins for this potassium diffusion potential 6f61 mV. Figure 7 shows a
function. Previous demonstrations of cation uptake after typical experiment. A hyperbolic dependence of MPP uptake
expression of OCT transporters in oocytesXoflaevis and on MPP concentration was observed, with an appafaent
in cultured cells 4—11, 23) did not exclude this possibility. ~ of 30 + 17 uM and aVmax of 324 + 68 nmol mg?! s
Note that the uptake measurements in the proteoliposomegmean+ SD of three independent experiments). TKe

time [s]

MPP uptake
[ nmol x mg! xs71]
e
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FiGure 6: MPP uptake by reconstituted rOCT1 at various

membrane potentials, in the presence of various monovalent cations
and in the presence of different sodium concentrations. Purified
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Ficure 7: Concentration dependence of quinine-inhibited MPP
uptake by proteoliposomes containing purified rOCT1-6&f mV.
Purified rOCT1 was reconstituted in proteoliposomes as in Figure
5. Quinine-inhibited uptake ofiH]MPP in the presence of various
concentrations of unlabeled MPP was measured &fsenubation
at 37 °C. The measurements were performed in the presence of
valinomycin with 100 mM potassium cyclamate inside the proteo-
liposomes and 10 mM potassium cyclamate plus 90 mM sodium
cyclamate in the incubation buffer. The Michaelldenten equation
was fitted to the data. A typical experiment is shown. Kpevalue
calculated for this experiment was 325 uM. The data indicate
substrate saturation of MPP uptake by reconstituted rOCTL1.

200

value is similar to theK, value measured in intact insect
cells, indicating functional integrity of rOCT1 after purifica-
tion and reconstitution. The relatively large variation of the
Km value observed between individual experiments is not
understood. We have previously observed a large variation
of the Ky, values for MPP after expression of rOCT1 in
different batches of oocytes frok laevis (9). Remarkably,

the Vmax Value related to protein measured for MPP uptake
in proteoliposomes was more than 20000 times higher than
the Vmax value measured in the insect cells. This value

rOCT1 was reconstituted in proteoliposomes which contained 100 probably overestimates the degree of purification because
mM potassium cyclamate as in Figure 5. Uptake of MPP was uptake measurements in intact cells reflect the activity of

measured in the presence of valinomycin at’87in the absence
(O) and presence of 1Q&M quinine @), and the quinine-inhibited
uptake rates were calculated [dotted line in (a), columns in (b) an

rOCT1 protein within the plasma membrane whereas recon-

d stituted rOCT1 protein was derived from plasma membrane

(). (a) Potential dependence of MPP uptake. Proteoliposomes@nd intracellular compartments. From g, value for MPP

containing KC buffer with 100 mM potassium cyclamate were
incubated fo 1 s with 0.1uM [3H]MPP dissolved in 20 mM

imidazole cyclamate, pH 7.4, and 0.1 mM magnesium cyclamate

plus either (i) 98 mM sodium cyclamate and 2 mM potassium
cyclamate, (ii) 90 mM sodium cyclamate and 10 mM potassium
cyclamate, (iii) 75 mM sodium cyclamate and 25 mM potassium
cyclamate, or (iv) 100 mM potassium cyclamate. The equilibrium
potassium diffusion potential&€g) were calculated by the Nernst
equation E, = —61 log [KM]insigd[K T]ousiad V]). For MPP uptake

in the presence of quinine no signifcant potential dependence was
observed. (b) Quinine-inhibited MPP uptake in the presence of a
fixed potassium diffusion potential and different monovalent cations.

Proteoliposomes containing KC buffer with 100 mM potassium
cyclamate were incubatedrfa s with 0.1uM [3H]MPP dissolved
in 20 mM imidazole cyclamate, pH 7.4, 0.1 mM magnesium

cyclamate, and 10 mM potassium cyclamate plus either 90 mM

sodium cyclamate (N3, 90 mM lithium cyclamate (L), 90 mM
cesium cyclamate (C3, or 90 mM lysine cyclamate (Ly3. (c)

uptake in proteoliposomes a minimum turnover of 20 s
can be calculated. The actual turnover is supposed to be much
higher because our preparation probably contains a large
fraction of denatured rOCT1 protein and/or of rOCT1 that
is not reconstituted properly. In addition, part of the
proteoliposomes may be multilamellar or leaky and may not
contribute to measured transport activity. Finally, the orienta-
tion of rOCT1 in the proteoliposomes is not known, and the
turnover for rOCT1-mediated organic cation transport across
the membrane may be different depending on the direction
of transport 12).

To estimate the affinity of another substrate and of two
inhibitors of rOCT1, we measured the inhibition &H]JMPP
uptake (0.1«M) by various concentrations of TEA, tetrabu-
tylammonium (TBuA), and TPeA. The concentration inhibi-

Quinine-inhibited MPP uptake in the presence of a fixed potassium tion curves in Figure 8 show that 88% of MPP uptake was

diffusion potential and different concentrations of extracellular

sodium. Proteoliposomes containing KC buffer were incubated for

1 s with 0.1uM [3H]MPP dissolved in 20 mM imidazole cyclamate,
pH 7.4, and 0.1 mM magnesium cyclamate containing 10 mM

inhibited by 10 mM TEA, 83% by 0.1 mM TBUA, and 85%
by 0.1 mM TPeA. The calculated gvalues were 197
11 uM for TEA, 19 £ 1 uM for TBuA, and 1.75+ 0.03

potassium cyclamate plus either 90 mM sodium cyclamate, 68 mM «M for TPeA. Because the concentration of .1 MPP

sodium cyclamate plus 22 mM lysine cyclamate, 45 mM sodium

cyclamate plus 45 mM lysine cyclamate, or 23 mM sodium halow the K
cyclamate plus 67 mM lysine cyclamate. The data indicate that m
MPP uptake by rOCT1 is strongly dependent on the membrane

used for the uptake measurements was more than 100 times
value for MPP, the Ig values are ap-
proximately identical to the; values. The Ig value for

potential, independent from inorganic monovalent cations and TEA inhibition of MPP uptake was similar in proteolipo-

independent from the extracellular sodium concentration.

somes and in oocytes of. laevis expressing rOCT1 (115
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Ficure 8: Concentration dependence for inhibition of MPP uptake
into proteoliposomes by TEA, TBUA, or TPeA. Purified rOCT1
was reconstituted in proteoliposomes, and uptake ofiM13H]-
MPP was measuredifd s at 37°C in the presence of valinomycin.
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Proteoliposomes were filled with 100 mM potassium cyclamate,
and the incubation buffer contained 10 mM potassium cyclamate
plus 90 mM sodium cyclamate. Uptake was measured in the
presence of the indicated concentrations of TEA (upper panel),
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Ficure 9: Models describing OCT1 as the alternating access
transporter or channel that is gated by organic cations. Both models
were consistent with previous observations such as (i) symmetric
flux of organic cationsY), (ii) substrate saturation for transport in
both directions 1), (iii) ligand-inducable conformational changes
(24), (iv) potential dependence of cation transpdjt (v) binding
of organic cations from the extracellular and intracellular side of
the plasma membran&2), and (vi) a channel-like selectivity filter
(24). For both models the presumed effects of choline (open circles)
on the uptake of MPP (closed circles) are depicted. frhas
stimulation of rOCT1-mediated MPP uptake by choline observed
in the present paper is consistent with the alternating access
transporter model but difficult to reconcile with the channel model.

access” transporter model (Figure 9, upper panel) and a
channel that is gated by the binding of organic cations (Figure
9, lower panel). In the alternating access transporter model,
a trans stimulation of cation uptake is expected if the

TBUA (middle panel), or TPeA (lower panel). In the presence of reorientation of the empty transporter from tiansto the

100 uM quinine 93% of MPP uptake was inhibited. The Hill

cis side is slower compared to theans—cis reorientation

equation was fitted to the data. The data indicate reduced affinity of the substrate-loaded transporter. Stroags stimulation

of TEA and TPeA to purified and reconstituted rOCT1 as compared

with Sf9 cells expressing rOCT1. At variance, the affinity of TEA
to reconstituted rOCT1 was similar, compared to rOCT1 expresse
in Xenopusoocytes or mammalian cells.

uM; see Table 2 in refLld); however, they were 4.5 times
higher than in intact Sf9 cells expressing rOCT1. Similarly,
the 1G, value for TPeA inhibition of MPP uptake in

is also expected for an antiporter but is difficult to reconcile

gWwith passive diffusion through a channel (Figure 9, lower

panel).

To obtain information on the transport mechanism of
rOCT1, we investigated thérans effects of choline on
quinine-inhibitable uptake offH]MPP in proteoliposomes
as well as theranseffects of choline on quinine-inhibitable

proteoliposomes was 7.6 times higher compared with intact efflux of [2H]MPP. The measurements were performed with

Sf9 cells.
Trans Stimulation of MPP Uptake in ProteoliposoniBse

clamped membrane potential to avoid indirect effects that
may be induced by changes of membrane potential after

OCTs have been described as facilitative diffusion systemsaddition of cationic substrate to theansside. Voltage was
that translocate a variety of different organic cations in either clamped to 0 mV by performing the measurements with 100
direction and utilize substrate concentration gradients andmM potassium on both sides of the membrane in the presence

membrane potential as driving forces, (7, 8). Substrate
binding regions with overlapping binding sites for different

of the potassium ionophore valinomycin. For uptake mea-
surements, proteoliposomes containing KC buffer were

substrates and/or inhibitors have been identified that arepreloaded with 0.1 mM or 2.5 mM choline and incubated

accessible from the extracellular and intracellular siti2 (

15). It was shown that TBuA, a competitive inhibitor, has
different affinities to rOCT2 at the extracellular versus the
intracellular side 12). On the other hand, we recently

for 1 s in KC buffer containing 0.1uM [*H]MPP plus 0.1

mM choline. The incubation was performed in the absence
or presence of 10@M quinine, and the quinine-inhibited
uptake was determined. In two experiments we observed a

detected that rOCT2 has channel-like properties in addition 2.5-fold (P < 0.05 for difference) and 3-fold stimulation of

to substrate binding site24). Thus, the functional data with

MPP uptake (Figure 10& < 0.01 for difference) by 2.5

OCTs obtained so far are consistent with an “alternating versus 0.1 mM choline inside the proteoliposomes.
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ae A for cellular organic cation release, or for organic cation
2 _ i :: translocation in either direction.
5 L]
g g s DISCUSSION
E ey In this work, we report procedures to purify glycosylated
% E 24 rOCT1 protein expressed in insect cells, to reconstitute the
£3 . purified protein into proteoliposomes, and to measure
6 = |[4q4 rOCT1-mediated transport of organic cations into proteoli-
E i posomes. Although the yield of purified rOCT1 protein was
= 0 relatively low (70ug from 10 standard culture plates), in

trans-choline: 0.1 mM 2.5 mM line with previous reports of purification of transporters and
receptors 26—28), we were able to reconstitute functional
r protein into proteoliposomes and to measure transport activity
xe by rOCT1. Our reconstitution procedure was optimized for
. 1 the reconstitution of small amounts of a transport).(
Protein-lipid aggregates were formed by detergent removal
from a mixture of purified rOCT1 plus lipids, and the
aggregated material was reconstituted by mixing it with
5] multilamellar liposomes formed from phosphatidylserine and
. cholesterol and by freezing and thawing. In addition to
T FI—| allowing the handling of small amounts of protein, this
procedure leads to the formation of large proteoliposomes
trans-choline: OmM 9.5 mM that are rich in cholesterol and highly impermeant for ions
Ficure 10: Transstimulation of MPP uptake by purified rOCT1  (22). In such proteoliposomes, cation gradients persist for a
reconstituted into proteoliposomes measured with a clamped relatively long time provided that a highly impermeant anion
membrane potential. Purified rOCT1 was reconstituted in proteo- |;xa cyclamate is used. For example, for the'Naglucose

liposomes, and uptake or efflux MPP was measured at 37 . !
8 and at 0 mv (\?a"nomycm witr?ﬂilc])o mM potassium cyclamate Cotransporter SGLT1 reconstituted into these type of pro-

inside the proteoliposomes as well as in the incubation media). teoliposomes, sodium-gradient-driven glucose uptake was
Quinine- (1004M) inhibited MPP uptake is shown (mean SD measured that was linear for minut@®). The present work

from five measurements, each). fagnsstimulation of MPP uptake  shows that these proteoliposomes can also be used to measure
by 2.5 mM choline (in) versus 0.1 mM choline (out). Proteolipo- 1 onsnart activities of electrogenic transport systems that are
somes containing KC buffer were preincubated for 60 min at 25 - L .
°C with KC buffer containing either 0.1 or 2.5 mM choline driven by membrane potential. With initial outward gradients
cyclamate. Uptake of MPP was measuredrafte incubation with of potassium in the presence of the potassium ionophore
KC buffer containing 0.JuM [3HIMPP plus 0.1 mM choline. (b)  valinomycin, potassium diffusion potentials were generated,

Transstimulation of MPP efflux by 9.5 mM choline. Proteolipo-  reyealing a potential dependent cation uptake of rOCT1 that
somes containing KC buffer were preincubated for 15 min°@y was linear for about 1 s

with KC buffer containing 0. M [3H]MPP. The proteoliposomes . o .
were incubated fiol s in KCbuffer without choline or in KC buffer The transport measurements with purified and reconstituted

containing 9.5 mM choline, and efflux was analyzed by measuring rOCT1 protein reported in the present work increase the
[*HIMPP in the proteoliposomes. Key: *f < 0.01 for the understanding of the function of organic cation transporters.
difference between choline concentrations on ttaes side; *, P First, the measurements indicate that rOCT1 is sufficient to
< 0.05;*, P < 0.01;*, P < 0.001 for the difference between ; - . - .
uptake in the absence and presence of ARDquInine. mediate transport _of organic cations. This has been tacitly
assumed for organic cation transporters (OCTSs) but has never
Because the observé@nsstimulation might theoretically ~ been proven k). Previously, organic cation transport by
be due to inhibition of JH]MPP back-flux by a high OCTs was characterized after expression of the transporters
concentration of choline in the proteoliposom2s)( we also in various cell types. In these measurements, the theoretical
tested whether efflux ofSH]MPP from proteoliposomes  possibility was not excluded that a widely expressed endo-
could betrans stimulated by choline. In this experimental geneous protein, for example, an intracellular organic cation
setting, back-flux offH]MPP can be neglected becaudd]f binding protein or a transporter subunit, is required for
MPP leaving the proteoliposomes is diluted in a large organic cation transport. Second, we showed that rOCT1
volume. For efflux measurements, proteoliposomes were translocates organic cations in the absence of physiological
preloaded with 0.1M [*H]MPP and incubated in KC buffer  anions such as chloride, phosphate, sulfatketoglutarate,
or KC buffer containing 9.5 mM choline. Quinine-inhibitable or succinate because cyclamate was the only anion in our
efflux of [3H]MPP was measured aftd s incubation. In assay system. A similar result was previously reported for
one experiment, a 3-foldrans stimulation by choline rOCT2 measuring organic cation-induced currents in voltage-
stimulation of MPP efflux by choline R < 0.05 for clamped giant patches8)( In these measurements, rOCT2-
difference) and in a second experiment (Figure 10b) a 4-fold mediated currents were induced by choline or TEA using
trans stimulation was observed®(< 0.01 for difference). chloride as the only anion. Note that the observation that
The trans stimulation experiments suggest that rOCT1 rOCT1 mediates organic cation transport in the absence of
operates as an alternating access transporter. Because thghysiological anions does not exclude the possibility that
orientation of rOCT1 in the proteoliposomes has not been organic anions causss inhibition and/ortrans stimulation
defined, we do not know whether the observedns of organic cation transport in vivo. For example, the organic
stimulation is valid for uptake of organic cations into cells, anionso-ketoglutarate p-aminohippurate, and probenecid

o

quinine inhibited MPP efflux
[nmol xmg™' x s
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have been shown to be low-affinitys inhibitors of organic between an outwardly and an inwardly directed conformation
cation transport by rOCT1 and rOCT®){and some organic  and the reorientation of the loaded binding site is more rapid
anion transporters of th8LC22family function as anion compared to reorientation of the empty site. In principle,
exchangers3, 29). Third, we showed that organic cation trans stimulation is also consistent with an organic cation
uptake by rOCT1 was independent from inorganic cations antiporter that would have to be electrogenic in the case of
on thecis side. Quinine-inhibitable uptake of MPP &a60 rOCT1, for example, this could be achieved by exchanging
mV was not significantly different whether 90 mM sodium, two monovalent cations against one monovalent cation. This
90 mM lithium, 90 mM cesium, or 90 mM lysine was present model may be excluded on the basis of previous data with
on thecis side. Fourth, we demonstrate that organic cation giant patches from oocytes expressing rOCBR With
uptake by rOCT1 is independent of proton gradients. Fifth, identical concentrations of choline on both sides, symmetrical
the present paper presents the first direct measurement ofurrents were induced when the membrane potential was
potential dependence of cation uptake by an organic cationchanged in opposite directions. So far, we cannot exclude
transporter employing tracer flux experiments. In previous the possibility that rOCT1 and rOCT2 employ different
experiments performed with voltage-clamped oocytes, po- tfransport mechanisms. In addition, it is p053|_ble thgt rOCT2
tential dependence of cation-induced currents rather than@nd the other OCTs operate as electrogenic antiporters in
potential dependence of cation transport was demonstrated/iVO by exchanging different extracellular and intracellular
for rOCT1 (7), rOCT2 @, 9), rOCT3 (L0), or hOCT2 @0). cations Using our reconstituted system_, such quest_lons
These measurements did not distinguish between effects off@nNnot be answered because the orientation of rOCT1 in the
the membrane potential on organic cation translocation from Proteoliposomes has not been defined. For this reason we
effects on leakage of inorganic cations or countertransport 40 N0t know whether the observeansstimulation of MPP

of anions. In proteoliposomes containing rOCT1, quinine- INflux and MPP efflux in proteoliposomes reflects roCT1-
inhibitable uptake of 0.1:M [3H]MPP measured at 100 med|a_ted cation up_take mto_cell_s, cation efflux from cells,
mV was about 10 times higher than uptake measured at 0°f €ation transport in both directions. _
mV. This pronounced potential dependence is supposed to The est.abllshment of procedures to purify ar_1d reconstitute
be due to two additive effects: an acceleration of transporter @1 Organic cation transporter of tt§ C22family and to
reorientation and a hyperpolarization-induced decrease of thg€asure potential dependent organic cation transport in
K value. In oocytes expressing rOCTL, the inward currents Proteoliposomes is an important step toward biophysical
induced by superfusion of a saturating concentration of Characterization and crystallization. Because the yield of
choline (10 mM) were two times higher at100 mV purified rOCT1 protel_n.from insect cells obtam_ed so far is
compared to 0 mV {) whereas the apparent affinity for too low to prepare ”.“"'g_fam amounts of protein economi-
choline decreased with more positive membrane potential.ca”y' a further optimization of the expression conditions in

The half-maximal concentration for choline-induced current mse;gt qells IS reqU|req3q, 32). Using the descrlbed.
at —90 mV was 4-fold lower compared t610 mV (5). purification and reconstitution procedures, other expression

Assuming that theKn for MPP has the same potential systems will be explored to obtain a higher yield of purified

dependence as tlig, value for choline, and taking the effects and functional active transporte3y, 34).
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