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Introduction expressed [5]. After the cloning of the first organic cat-
ion transporterOCT1 from a rat kidney library [29], an

The homeostasis of endogenous organic cations, such J¥reasing number of homologous cation transporters
choline and N P-methyInicotinamide, monoamine neu- have been identified and it has been shown that the renal

rotransmitters, cationic drugs, such as cimetidine, mor&nion transporters also belong to this new protein family.
phine, quinine and amantadine, and of cationic xenobi-l "€ functional characterization of the expressed trans-
otics is controlled by reabsorption and excretion in thePOrters and their immunohistochemical localization in
small intestine, by metabolic conversion and excretion inth€ kidney has begun [30-35]. This review describes the
the liver, and by reabsorption and excretion in the kidney‘nolecular structure of renal organic cation transporters
[1-6]. In the kidney organic cations may be ultrafiltrated 21d homologous gene products. The transport properties
in the glomeruli and reabsorbed or secreted in renal w&nd renal localization of the cloned cation transporters
bules. Hydrophilic cations are readily ultrafiltrated, &€ Summarized and their presumed role in renal cation
however, more hydrophobic cations are bound to plasm&andling of endogenous and exogenous cations is dis-
membrane proteins that may not permeate the filtratiorfUSS€d-

barrier. Secretion and reabsorption of organic cations

have been described in renal proximal tubules but may- ,,tional Characterization of Organic Cation

also occur in distal tubules or collecting ducts [7_11]'Transport in Kidney

These processes have been functionally characterized by

measurements using intact kidneys or tissue slices [1qgeng) cation transport in proximal tubules, distal tubules
12-14], by microperfusion experiments using proximalyng collecting ducts has been investigated in various spe-
tubules [7, 9, 15], by uptake measurements using isolated;qg [3-5, 11, 36, 37]. In the nephron organic cations
tubules or cells [8, 11, 16, 17], and by uptake measurep,y he secreted or reabsorbed depending on the catior
ments using membrane vesicles from proximal tubuleg,qncentration in the plasma. Both processes may occur
[18-28]. In Iummal and basolateral membranes of proxi-i, the same nephron segment or in different parts of the
mal tubules different transport processes have been de”ﬁ'ephron. Most knowledge regarding cation uptake is
onstrated, although all the involved transport system$,aged upon information obtained from renal proximal
may not have been identified by these measurementg,,jes from the rat or rabbit employing microperfusion
because a variety of different polyspecific organic cationgyperiments, uptake measurements using isolated tubule:
transporters with overlapping substrate specificity arey,q uptake measurements using membrane vesicles
These methods allowed separate uptake measurement
over the luminal or basolateral membrane. Heterogeneity
in cation transport has been observed in the different
segments of the proximal tubules [8, 9]. In the S1 seg-
Key words: Cation excretion — Cation reabsorption — Kidney — Mments, where the highest cation secretion was observed
Polyspecific transporters — OCT-family three main cation transport systems have been function-
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nium (TEA), N-methylnicotineamide (NMN), choline,
procainamide, cimetidine, amantadine and morphine is
mediated by polyspecific uptake systems which are po-
tential dependent but independent of sodium and proton
gradients [8, 9, 15, 21-23, 38-41]. The translocated cat-
ions are relatively small and may be identical to the
substrates of a type 1 transport system in the liver [42—
cat 44]. Studies with isolated rat hepatocytes suggested the
existence of two uptake systems with different substrate

(mdr1a, mdrib) (0CT1, 0CT2) e s .
specificities. A type 1 system which translocates small
CQT more hydrophilic cations such as procainamide ethobro-
catEm mide and TEA, and a type 2 system which transports
7 larger, more hydrophobic cations such as vecuronium,

foap) quinine and d-tubocurarine. The type 1 system was in-

hibited by type 2 cations but not by taurocholate and

k-strophantoside, whereas the type 2 system was inhib-
Fig. 1. Organic cation transport systems in plasma membranes of rendf€d by taurocholate arktstrophantoside but not by type
proximal tubules. Different transport activities (Nos. 1-6) and an im- 1 cations. Similar to the liver, transport of small hydro-
munologically localized transporter (No. 7) are shown. The best charphilic cations across the basolateral membrane of the
acterized systems are indicated in black. Cloned transporters Whidﬁ)roximal tubules was inhibited by type 2 cations [45].
probably mediate the respective activities are indicated in parenthesisi._-or the inhibition of basolateral cation uptake in proxi-

In the basolateral membrane a potential dependent, polyspecific or- | tubule b .. lectivity h b
ganic cation uptake system has been described (No. 1) which mediatdd'& tubule by quinine, some stereoselectivity has been

the first step in cation secretion. Two homologous transporters thad€monstrated in rat, rabbit and man [36, 41, 46—
mediate electrogenic transport of small organic catio®CT1and  48]. Distinct species differences in substrate affinity and
rOCT2) have been localized to the basolateral membrane of rat proxidifferent kinetic constants were determined with intact
mal tubules. The "ilr“ShébZ’)deL,mﬁmbra”e Con,fli”? t"‘t’g proton gattio'ﬂubules and membrane vesicles. For example, in the rat
antiport activities 0S. 2, whnich are responsipie 1or the second stef. . .
in tf?e secretion o§ many small organic cat[i)ons. The secretion of Iargclehlgher K_m Values,for TEA u_ptake were obtained Com_
hydrophobic cations may be mediated by multidrug resistance protein?ared with those in the rabbit, and the values determined
in the brush-border membrane (No. 5) which are primary active exporith membrane vesicles voltage-clamped to zero mV
pumps. The two indicated subtypes of the multidrug resistance proteinvere higher than those determined with intact tubules
(mdrla, mdrlb have been cloned from mouse. Three different uptake(rat: intact tubule 0.16 m [15], vesicles 2.5 m [38];
systems in the brugh-border membraqe may be involved 'in he first Ste?abbit: intact tubule 0.07 m[8], vesicles 0.37 m [22]).
of catlon reabsorption. An electrqgenlc uptake system with pljeferencel_he different values obtained with intact tubules and
for choline (No. 3), the polyspecific transporteatp which mediates . . .
the translocation for several organic anions and cations (No. 7), and a¥e€sicles may result from differences in membrane poten-
ATP-dependent cation uptake system (No. 6). tial (the K,,, of the cloned basolateral cation transporter
rOCTL1is potential dependent [32]), from different intra-
cellular concentrations of interacting endogenous sub-
ally distinguishedgeeFig. 1,activities1-3). Functional strates or from different regulatory states of the trans-
studies performed in vivo or with expressed transportergorter [49]. Basolateral uptake of type 2 cations or car-
that have been localized to the proximal tubule indicatediac glycosides in the proximal tubule has not been
the existence of four further cation transport systemdirectly demonstrated, however, such transport systems
(Fig. 1, activities4—7). The physiological importance of may be postulated since renal secretion of quinine has
these systems has not been established. Recent clonibgen observed [48] and proteins that translocate type 2
of transporters revealed that polyspecific cation transportations have been identified in the brush border mem-
systems defined by in vivo measurements may comprisgrane éee beloyw The postulated basolateral type 2 cat-
more than one transporter. ion transporter in the kidney may also translocate di-
goxin [50]. It may be identical or homologous to the
functionally identified hepatic type 2 cation transporter
CATION SECRETION in sinusoidal membranes [2]. Type 2 cation transporters
may belong to the same family as the type 1 cation
Cation uptake across the basolateral membrane of tubtransporters and renal transporters for organic anions
lar epithelial cells is the first step in cation secretion.which can both be inhibited by type 2 cations [51]. Fol-
Measurements with intact tubules and membrandowing transport across the basolateral membrane or-
vesicles from the proximal tubule showed that the basoganic cations diffuse throughout the cytosol. They may
lateral uptake of many cations, such as tetraethylammaoreach the luminal membrane or become sequesterec
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within intracellular compartments. For example theydine/proton antiport activity has been described which
may be transported by a cation/proton antiporter intocould not be inhibited with TEA and NMN [64—-66]. The
acidic intracellular organelles. This cation transporterefflux of large hydrophobic type 2 cations over the
may be identical to the cation/proton antiporter in thebrush-border membrane of renal proximal tubules may
luminal membrane (Fig. Jactivity 2). It may be driven be small and partially mediated by the drug transporting
by an outwardly directed proton gradient which is gen-P-glycoproteins. These are ATP-dependent pumps that
erated by an ATP-dependent proton pump [52]. mediate the cellular efflux of various drugs and may be
The second transmembrane step in secretion, catiofgsponsible for the resistance of cells to antibiotics [67].
transport over the brush-border membrane, may bén mouse the two transporter subtypesirlaandmdrb
mainly performed by the above-mentioned electroneutrahave been described [68]. Employing immunohisto-
cation/proton antiporter (Fig. Bctivity 2). In additiona  chemistry and transport measurements P-glycoproteins
more specific cation/proton antiporter which translocated'ave been localized to the brush-border membranes of
guanidine (Fig. 1activity 4), and multidrug resistance renal proximal tubules [69-73]. Originally the P-
proteins (Fig. 1activity 5) may be also involved. Poly- 9lycoproteins were described as ATP-dependent trans-
specific cation/proton antiport activity has been demon-POrters for hydrophobic neutral or anionic drugs, how-
strated by tracer uptake artdansstimulation experi- €Ver, later experiments showed that they may be also
ments with membrane vesicles employing the organi€@Pable of translocating type 2 cations. For example,
cations TEA, tetramethylammonium (TMA), NMN, cho- after transfection of insect cells wittndrlb the cells _
line, mepiperphenidol, procainamide, cimetidine, Were capable of translocating the monoquaternary cation

L . N-(4',4'-azon-pentyl)-21-deoxyajmalinium [74]. Fur-
1-methyl-4-phenylpyridinium (MPP), and amphoteric . : . .
aminocephalosporines [8, 9, 18, 21-23, 25, 53_ther the cytotoxicity ofVinca alkaloids, the typical sub-

59]. Cross-inhibition experiments showed that thisStrates of_P—egcoprotei_ns, was increased in the presence
transport activity is mediated by one transport system of fthe cation verapramil [75].

by transport systems with closely overlapping specific-

ity. The substrate specificity and affinity for cation/ cation REABSORPTION

proton antiport across the brush-border membrane was

S|m|la:jr to that fordb?solaterﬁl catlor! upta_ke. Transportg;girectional transport of organic cations in the nephron
was demonstrated for small organic cations (type 1)yaqpneen demonstrated. For example, choline is secrete

whereas larger, more hydrophobic cations were identiy; high plasma concentrations, whereas it is reabsorbed a
fied as h|gh affinity _|n_h|b|_tors [45, 58, 60]. For TEA/ normal plasma concentrations below g% [10, 39].
proton antiport activity in brush-border membrane i jow plasma concentrations the reabsorption may help
vesicles from rat and rabbik,, values of 0.8 and 0.15 {4 prevent the loss of ultrafiltered organic cations, such
mm were estimated [22, 38]. Such systems operate in agg choline and monoamine neurotransmitters. In the case
electroneutral fashion and are linked to the intracellulargf cationic drugs and xenobiotics such reabsorption may
pH which is regulated by the sodium/proton exchangerynderlie nephrotoxicity. The first step in cation reab-
[38, 61, 62]. Studies with right-side out oriented mem- sorption is the uptake across the brush-border membrane
brane vesicles [63] suggested low substrate specificityn the proximal tubule this transport step may be medi-
and some functional symmetry of the cation/proton an-ated by a potential-dependent transport system (Fig. 1,
tiport. They showed that protons could be replaced byactivity 3 [20, 45, 76]). However, a cation translocating
small organic cations. A tight coupling between the ecto-ATPase which has been described in rabbit renal
translocated organic cations and protons was assuméstush-border membrane vesicles may be also involved.
because during cation uptake in the presence of an initiglFig. 1, activity 6 [77]). The multivalent amphiphilic
outwardly directed proton gradient, the intravesicularsubstrate transporteatpwhich has been localized to the
concentration of transported cations transiently increase83 segment of proximal tubules may also participate in
over the equilibrium concentration [18, 54, 57, 58]. Forthe reabsorption of cations (Fig. 1, system 7 [78, 79]).
cation/proton antiport a stoichiometry of 1:1 was deter-The potential dependent transport system in the luminal
mined [57]. Some structural similarity between cation/ membrane was primarily designated as choline trans-
proton antiport and anion transport systems within theporter because in rabbit the affinity of this system for
brush-border membrane was suggested because the cla$oline is relatively high [20]. Later experiments in rat
sical inhibitor of anion transport, probenecid competi- suggested polyspecificity of this transporter because it
tively inhibited cation/proton antiport, albeit with a lower was cis-inhibited by a variety of different cations [45].
affinity [59]. There may be additional cation/proton an- Significantly different affinities to that for the basolateral
tiport systems in the brush-border membrane. For exeation transporter have been estimated for some cations
ample, in brush-border membranes from rabbit and hufor example for TEA inhibition of luminal choline up-
man proximal tubules and from rabbit intestine guani-take an apparenk; value of 15.6 mu and for TEA
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Fig. 2. Amino acid sequence afOCT1 and a tentative model of its membrane topology. The amino acids which are conserved between tl
OCT1/OCT2 subfamilyfOCT1, rOCT2 hOCT1, hOCT2, pOCTINOCT1, mOCT2bOCT1) and rOCT3 are indicated by black letters in bold
or by white letters. The white letters, in particular, indicate amino acids which are conserved in all cation transporters (OCT1/OCT2 subfamily |
rOCT3 hOCTN1, hOCTN2 andOCTN2 but not in the anion transporters. Consensus sequences for protein kinase C dependent phosphoryla
sites (P) and for N-glycosylation siteg)(in rOCT1 are also indicated.

inhibition of basolateral NMN uptake K; value of 70 tially identical to the potential-dependent basolateral cat-
pM was estimated. On the other hand the appakent ion transporter(s) which are able to transport cations in
values determined focis-inhibition of luminal choline  both directions gee below

and basolateral NMN uptake by 4-(4-dimethylamino-

styryl)-N-methyl-pyridinium (4-Di-1-ASP) were 14Mm

and 0.28 nu respectively. In brush-border membrane e :

vesicles from rabbit kidney ATP-dependent transport Ofldentlﬁcatlon of the OCT Transporter Family

TEA was demonstrated which was not activated by non-

hydrolyzable ATP analogues and could be inhibited byUsing expression cloning we identified in 1994 a poly-
NMN, cimetidine, verapramil and amiloride [77]. This specific organic cation transporter from rat kidney
suggests that a primary active, polyspecific cation trans{rOCT1) [29] that proved to be the first identified mem-
porter in the brush-border membrane may also be inber of a new transporter family. This family was also
volved in the first step in organic cation reabsorption.named SCL22 which stands for solute carrier family 22
The functional properties and physiological significance[80]. rOCT1belongs to the major facilitator superfamily
of this transporter, which may utilize ATP from the ul- (MFS) which contain twelve transmembrane spanning
trafiltrate, is yet to be elucidated. Since the specificity a-helix motifs and include bacterial drug resistance pro-
and activity ofoatp for cation transport in the S3 seg- teins, proton solute symporters and facilitative diffusion
ment has not been determined the physiological functiorsystems for sugars and Krebs cycle intermediates [81].
of this transporter for cation reabsorption is unclear. TheFigure 2 shows the primary structure ®CT1 and a
transporters involved in the second step of cation reabtentative model of its membrane topology. Twelve
sorption, the cellular cation efflux across the basolateratransmembrane domains are proposed, although hy-
membrane, have not been identified. They may be pardropathy analysis indicated eleven transmembrahe-
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Table 1. Cation transport family members

Abbreviation Chromos. Organism  Size Identity Function Tissue distributidn Reference and accession #
to rOCT1

rOCT1 1g11-12 Rat 556 100% Cation transp.  Liv., kid., intest. [29,85] X78855

rOCT1A Rat 430 92% Cation transp. Not quant. determined [34] U76379

rOCT2 Rat 593 67% Cation transp.  Kid. [32,33] D83044, X98334

rOCT3 Rat 551 48% Cation transp.  Plac., intest., heart, brain, kid. ~ [83] AF055286

mOCT1, Lx1 17 Mouse 556 95% Not identified Not determined [84] U38652, U38913

mOCT2 Mouse 553 69% Not identified Not determined Unpublished, AJO06036

rbOCT1 Rabbit 554 81% Cation transp. Liv., kid., intest. [107] AFO15958

hOCT1 6025-26  Man 554  78% Cation transp.  Liv. [31,35,80] X98332, U77086

hOCT2 6025-26  Man 555 68% Cation transp.  Kid., brain [31,80] X98333

pOCT2 Pig 554 67% Cation transp. Not quant. determined [30] Y09400

hOCTN1 Man 551 33% Cation transp. Kid., trachea, b. marrow, etc. [86] AB0O07448

hOCTN2 5031 Man 557 34% Cation transp. Heart, plac., s. musc., kid., etc. [87,88] AF057164

rOCTN2, UST2 Rat 557 33% Not identified Not quant. determined [89] AJ 001933

rOAT1 Rat 551 33% Anion transp.  Kid., brain [90,91] AB004559, AF008221

mOAT1, NKT 19 Mouse 546 34% Not identified Kid., brain [93] U52842

flIOAT1 Flounder 562 32% Anion transp.  Not determined [92] 297028

rOAT2, NLT Rat 535 30% Anion transp.  Liv., kid. [94,95] L27651

MRST Mouse 553 30% Not identified  Kid. [128] AB005451

UST1 Rat 552 33% Not identified Not quant. determined [89] L27651

drOCT, Orct Drosophila 548 35% Not identified Not determined [129] Y12400

ceOCT C.elegans 576  32% Not identified Not determined Unpublished, 283228

1 The indicated tissue distribution has been determined by Northern blaittirsitu hybridization and/or Western blotting. By polymerase chain
reactions with reversely transcribed mRNAs the transcriptiorO&T1, rOCT1A, rOCT2pOCT2, hOCT1, hOCT2, rOCTN2 and UST1 could be
detected in variety of different localizations ([30,31,34,89] amch unpublished daja

lices (TMs 1-3, 5-12). However, in most members ofproducts with high homology ttOCT1andrOCT2have
the OCT family TM4 was also predicted. The extracel-been cloned but not characterized functionath©OCT1
lular localization of the large hydrophilic loop between which was first named.x1 [84] andmOCT2(Genbank
the first and second predicted transmembrane domaiaccession number AJO06036). The human genes of
and the intracellular localization of the C-terminus washOCT1 and hOCT2 (also named SLC22A1 and
determined with specific peptide antibodies using per-SLC22A2) have been localized on chromosome 6026
meabilized and nonpermeabilized stably transfected huwhere they lie in close physical proximity (less than 500
man embryonic kidney (HEK) 293 cells [82]. The ex- kb) [80]. The genes ofOCT1andmOCT1(Lx1) have
tracellular localization of the large hydrophilic loop that been mapped to the syntenic regions on rat chromosome
contains three potential glycosylation sites of the typelgll —» ql2 and mouse chromosome 17 respectively
NXT/S is also suggested by the demonstration tha{84, 85]. The functional characterization of expressed
rOCTL1is glycosylated guthors’ unpublished daja OCT transporters from different specieseé below
Since 1994 nineteen different gene products withstrongly suggests that the OCT1, OCT2 and OCT3 trans-
homology torOCT1and a splice variant tctOCT1have porters are polyspecific facilitative diffusion systems for
been identified (Table 1). A sequence alignment of thesmall organic cations which operate in an electrogenic
different gene products is shown in Fig. 3 and an un-fashion and differ in respect to substrate specificity and
rooted phylogenetic tree in Fig. 4. Using hybridization localization. In kidneys of rat and man OCT2 is strongly
techniques the twoOCT1subtypesOCT2andrOCT3  expressed. In kidneys of rat and rabbit also a significant
were identified [32, 33, 83]rOCT2is also expressed in expression of OCT1 was observed. At variance OCT1
rat kidney and contains 67% identical amino acids towas not expressed in the human kidney. Since in all
rOCT1. rOCT3contains 48% identical amino acids to tested species OCT1 was strongly expressed in the liver
rOCT1and is most abundantly expressed in placenta buivhereas OCT2 mRNA could not be detected in Northern
also in intestine, heart, brain, lung and kidney. Mean-blots, OCT1 may be the most important electrogenic cat-
while homologous cation transporters to OCT1 andion transporter in the liver. AlsobOCT3 may also par-
OCT2 have been cloned from several species: a splicicipate in renal cation transport because in Northern
variant ofrOCT1, rOCT1Afrom rat [34], hOCT1 from blots of rat kidneyrOCT3mRNA could be detected.
man [31, 35], hOCT2 from man [31], pOCT2 from pig Eleven other gene products with twelve putative
[30] and rbOCT1 from rabbit [107]. From mouse gene membrane-spanning-helices have been identified
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1 1 37

rOCTI vuvvennnn. .MPTYDDV LEQVGEFGWE OK.QAFLLIC LISASLAPIY  VGIV.E PGHY.CQNPG V.AELSQORCG P . .GLGPS
rOCT2 viiinnnnn. ...MSTVDDI LEHIGEFHLF QK.QTFFLLA LLSGAFTPIY  VGIV. PDHH.CWSPG A.AKLSQRCG W P..GLGTS
hOCT1 .......... LEQVGESGWE QK.QAFLILC LLSAAFAPIC  VGIV.FLGET PDHH.CQSPG V.AELSQRCG WS . .GLGPA
hOCT2 .......... LEHGGEFHFF QK.QMFFLLA LLSATFAPIY  VGIV.FLGFT PDHR.CRSPG V.AELSLRCG WS P..GPGPA
pOCT2 .......... LEHTGEFNFF QK.QTFFLLA LLSAAFTPIY  VGIV.FLGFI PDHR.CRSPG V.AELSQRCG W [P .GPGPA
ilolok o N LEHVGEFGWE QK.QAFLLLY LISASLAPIY  VGIV.FLGET PDHH.CRSEG V.AELSQRCG P..GLGSA
mOCT2  wuvnnnnn.n LEHIGEFHLF QK.QTFFLLA LLSGAFTPIY VGIV.FLGET PNHH.CRSPG V.AELSQRCG Wi . .GLGSA
rbOCT1 .......... LEQVGEFGWF QK.RTFLFLC LISAILAPIY  LGIV.FLGFT PDHR.CRSPG V.DELSQRCG J P. .GLGAT
rOCT3 ..o.onnnn. LRKAGEFGRF QR.RVFLLLC LTGVTFAFLF  VGVV.FLGSQ PDYYWCRGPR A.TALAERCA . .ELHVP
IAFLGEWGPF QRL.IFFLLS ASIIPNGFNG  MSVV.ELAGT PEHR.CRVPD A.ANLSSA.. WRNNSVPLRL .. .RDGREV.

TAFLGEWGPF QRL.IFFLLS ASIIPNGFTG  LSSV.FLIAT PEHR.CRVPD A.ANLSSA.. WRNHTVPLRL ...RDGREV.

TAFLGEWGPF QRL.IFFLLS ASIIPNGFNG  MSIV.FLAGT PEHR.CLVPH T.VNLSSA.. WRNHSIPLET - . .KDGRQV.

LKQVGGVGRE QLIQ.VTMVV APLLLMASHN  TLQN.FTAAI PPHH.CRPP. ANANLSKDGG WLP....LDK

LDKVGGFGPF QLRN.LVLMA LPRMLLPMHF  LLPV.EMAAV PAHH.CALPG APANLSHQDL HLP. .RETDG

LKQVGGVGRF QLIQ.VTMVV APLLLMASHN  TLQN.FTAAI PAHH.CRPP. ANANLSKDGG RLE....LDK

LEQVGSTGRE QVLH.VTLLC IPVLMMASHN  LLON.EVATV PSHY.CN... AHANLSQARL SLLITVPLDG

LDRVGGLGRE QLFQT.VALV TPILWVTTQON MLEN.ESAAV PHHR.CWVPL LDNSTSQASI PGDLG.PDVL LAVSIPPGPD
LNQVGSLGRF QILQM.TFIL IFNIIISPHS LLEN.FTAVI PNHR.CWVPI LDNDTVSGND NGNLS.QDDL LRVSIPLDSD
ITHLGEFGPY QK.RIYYLLC LPAIVCAFHK LAGV.FLLAK PDFR.CALPY ..ENGSIY.. ..... ELSPH LWNLSYPENE

ceOCT MTNIKSNMLQ LEQVGNYGTY QIV.FFFIIC LPTSLPSAFS AFNIPFVVGN PPHT.CHIP. ..EGKEYL.. ..... RPLTN DTQILS....
81 ® 127 _ oe 2

rOCT1 DEASFLSQCM TLDCYDPLSS LVANRSQLPL G...PCEHGW VYD..TPGSS IVTEFNLVCG DAWKVDLFQS CVNLGFFLGS LVVGYIADRE
rOCT2 DEASFLSQCM S| TLDCVDPLSS LAADRNQLPL G...PCEHGW VYN..TPGSS IVTEENLVCA HSWMLDLFQS VVNVGFEIGA MMIGYLADRF
hOCT1 GEA.FLGQCR ALSCVDPLAS LATNRSHLPL G...PCODGW VYD..TPGSS IVIEFNLVCA DSWKLDLEQS CLNAGEFFGS LGVGYFADRF
hOCT2 GEAS.PRQCR 3| TFDCVDPLAS LDTNRSRLPL G...PCRDGW VYE..TPGSS IVIEFNLVCA NSWMLDLFQS SVNVGFFIGS MSIGYIADRE
pOCT2 GQA.FPRQCR S| TLGCVDPLAG LAANSSHLPL G...PCRYGW VYD..TPGSS IVTEFDLVCA NSWLLDLFQS AVNVGFFIGS VGIGYIADRF
mOCT1 GEASFLSQCM TLDCVDPLSS LAANRSHLPL S...PCEHGW VYD..TPGSS IVTEENLVCV DAWKVDLFQS CVNLGEFFLGS LVVGYIADRF
mOCT2 GEVSFLSQEM TLDCVDPLSS LAANRSHLPL S...PCEHGW VYD..TPGSS IVTEFNLVCA HSWMLDLFQS LVNVGFFIGA VGIGYLADRF
rbOCT1 DGA.FVRQCM SLGCVDPLAS LAPNRSHLPL G...PCQHGW VYD..TPGSS IVTEFNLVCA DAWKVDLEQS CVNLGFFLGS LGVGYIADRE
rOCT3 AERRGQGHCH SELSCDRLAA F.PNRS.APL V...PCSGDW RYV.ETH.ST IVSQFDLVCG NAWMLDLTQA ILNLGELAGA FTLGYAADRY
hOCTNL ..... PHSCS RYRLATIANF SALGLEPGRD VDLGQLE... - QESCLDGH EFSQDVYLST VVTEWNLVCE DNWKVPLTTS LFFVGVLLGS FVSGQLSDRF
hOCTN2 ..... PHSCR RYRLATIANF SALGLEBGRD VDLGQLE... ..QESCLDGH EFSQDVYLST IVTEWNLVCE DDWKAPLTIS LFFVGVLLGS FISGQLSDRE
rOCTN2 ..... PQSCR RYRLATIANF SALGLEPGRD VDLEQLE... - . QENCLDGW EYNKDVFLST IVIEWDLVCK DDWKAPLTTS LFFVGVLMGS FISGQLSDRF
rOAT1 QGQ..PESCL RFTSPQWGPP FYNGTEANGT RVTE...... ....PCIDGW VYDNSTFPST IVIEWNLVCS HRAFRQLAQS LYMVGVLLGA MVFGYLADRL
rOAT2 S....FSSCL RFAYPQTVPN VTLGTEVSNS GEPEGEPLT. ...VPCSQGW EYDRSEFSST IATEWDLVCQ QRGLNKITST CFFIGVLVGA VVYGYLSDRE
mOAT1 QGR..PESCL RFPFPH.... ..NGTEANGT GVTE...... ....PCLDGW VYDNSTFPST IVTEWNLVCS HRAFRQLAQS LFMVGVLLGA MMFGYLADRL
f10AT1 AGK..PQRCQ RYAAPOWHLL GKNGTSGSGD LADATESMDA ALQE.CSDGW SYNSTVRSST IISEWHLVCD MHSFKOMGQT IYMGGVLVGA LLFGGLSDRY

mRST QQ...PHQCL RFRQPQWQLT ESNATATNWS DAATE..... ....PCEDGW VYDHSTFRST IVITWDLVCN SQALRPMAQS IFLAGILVGA AVCGHASDRE

USTI LR...PEKGR RFVQPOWDLL HLNGTFSSVT EPDTE..... .. .PCVDGW VYDQSTFLST IITEWDLVCE SQSLDSIAKF LFLTGILVGN ILYGPLTDRE
droCT R....... CS YYDVDYTEEY LNGSIPRSSN ETKT...... €ss.Y VYDRSKYLNS AVTEWNLVCS RSLLSATSDS LFMLGVLLGS LIFGQMSDKL
CeOCT  vvvvnnnn CK QYNETQINVF RAFTSAPVDT YS.DRISL.. ...VBCQNGW DYDNSTYLDS LVTEENLVCD QQAWIEISTT SFYVGSFIGN CLEGYVADKE

175 3 4 2?5 5 6

rOCT] GRKLETLVET LVISVSGVLT AVAPDYTSML LFRLLQGMVS KGSWVSGYTL  ITEEVGSGYR RT.TATLYQM AFTVGLVGLA GVAYAIPDWR WLQLAVSLET
RKFCI LINAISGALM AISENYAWML VFRFLOGLVS KAGWLIGYIL ITEFVGLGYR RM.VGICYQI AFTVGLLILA GVAYVIPNWR WLQFAVTLEN
LVNAVSGVLM AFSPNYMSML LFRLLQGLVS KGNWMAGYTL  ITEFVGSGSR RT.VAIMYQOM AFTVGLVALT GLAYALPHWR WLQLAVSLET
LINAAAGVLM AISPTYTWML IFRLIQGLVS KAGWLIGYIL  ITEFVGRRYR RT.VGIFYQV AYTVGLLVLA GVAYALPHWR WLOFTVALPN
LINAVSGVIM AISPTYTWML VFRLIQGLVS KAGWMIGYIL  ITEFVGLSYR RT.VGIFYQV AFTFGLLVLA GVAYALPHWR WLOFTVTLEN
mOCT] GRKLELLVIT LVTSLSGVLT AVAPDYTSML LFRLLQGMVS KGSWVSGYTL  ITEFVGSGYR RT.TAILYQV AFTVGLVGLA GVAYAIRDWR WLOLAVSLET
mOCT2 GRKFCLLVTI LINAISGVLM AISPNYAWML VFRFLQGLVS KAGWLIGYIL  ITEFVGLGYR RT.VGICYQI AFTVGLLILA GVAYALPNWR WLOFAVTLEN
rbOCT1 GRKLCLLLTT LINAVSGVLT AVAPDYTSML LFRLLOGLVS KGSWMSGYTL  ITEFVGSGYR RT.VAILYQU AFSVGLVALS GVAYAIPNWR WLOLTVSLET
rOCT3 GRLIVYLISC FGVGITGVVV AFAPNFSVEFV IFRFLOGVFG KGAWMTCFVI VTEIVGSKQR RI.VGIVIQM FFTLGIIILP GIAYFTPSWQ GIQLAISLPS
hOCTN1 GRKNVLFATM AVQTGFSFLQ IFSISWEMFT VLFVIVGMGQ ISNYVVAFIL  GTEILGKSVR IIFSTLGVCT FFAVGYMLLP LFAYFIRDWR MLLLALTVEG
hOCTN2 GRENVLFVTM GMQTGFSFLQ IFSKNFEMEV VLEVLVGMGQ ISNYVAAFVL ~ GTEILGKSVR ITFSTLGVCI FYAFGYMVLP LFAYFIRDWR MLLVALTMPG
rOCTN2 GRENVLFLTM GMQTGFSFLQ LFSVNFEMFT VLEVLVGMGQ ISNYVAAFVL  GIEILSKSIR IIFATLGVCI FYAFGFMVLP LFAYFTRDWR MLLLALTVEG
rOAT1 GRRKVLILNY LOTAVSGTCA AYABNYTVYC VFRLLSGMSL ASIAINCMTL  NVEWMPIHTR .AYVGTLIGY VYSLGQFLLA GIAYAVPHWR HLQLVVSVEF
rOAT2? GRRRLLLVAY VSSLVLGLMS BASINYIMFV VTRTLTGSAL AGFTIIVLPL  ELEWLDVEHR .TVAGVISTV FWSGGVLLLA LVGYLIRSWR WLLLAATLEC
mOAT] GRRKVLILNY LQTAVSGTCA AYAPNYTVYC IFRLLSGMSL ASIAINCMTL  NMEWMPIHTR .AYVGTLIGY VYSLGQFLLA GIAYAVPHWR HLQLAVSVPF
£1OAT1 GRRILLLISN LLMAVSGTCA AFSSSFSLFC VERFGCGLAL SGLGLNTFSL ~ IVEWIPTRIR .TAVGTTTGY CYTLGQLILV LLAYFIRDWR WLTLAVSLPF
mRST GRRRVLTWSY LLVSVSGTAA AFMPTFPLYC LFRFLLASAV AGVMMNTASL  LMEWTSAQGS .PLVMTLNAL GFSFGQVLTG SVAYGVRSWR MLOLAVSAPF
USTI GRRLILICAS LOMAVTETCA AFAPTFLIYC SLRFLAGISF STVLTNSALL  IIEWTRPKFQ .ALATGLLLC AGAIGQTVLA GLAFTVRNWH HLHLAMSVPI
drOCT GRKPTFFASL VLQLIFGVLA AVAPEYFSYT ISRMIVGATT SGVFLVAYVI ~ ALEMVGSSYR .LFAGVAMQM FFSVGFMLTA GFAYFIHDWR WLQIAITLEG
ceOCT GRRRSFFVIL TVLIVCGTAS SFAKDIESFI ILRFFTGLAF PALFQIPFII CMEFMGNSGR .IFSGLMTSL FFGAAMALLG VVAMFIRRWR QLTFFCNABF

Fig. 3. Sequence alignment sOCT1 and the nineteen homologues identified to date. The amino acid residu€Cafl are numbered. The
alignment was performed with the GCG programs PileUp and LineUP [130]. The abbreviations for the different genes are described in Tab
Amino acid residues which are conserved between all sequences of the OCT family or within the OCT1/OCT2-subfamily are shadowed. Ac
amino acids that are conserved in the OCT1/OCT2-subfamily n@@&T 3 but not in the cation transporters hOCTN1/hOCT2 a®@€TN2or the

anion transportersOAT1, mOAT1, rOATand fIOAT1 are indicated by closed circles. Threonine and tryptophane residues which are conservi
in all cation transporters but not in the anion transporters are marked by open triangles or an open circle, respectively. Two NXT/S |
N-glycosylation sites that are conserved in the OCT1/OCT2 subfamily iahT3 are boxed. A consensus sequences for protein kinase C-
dependent phosphorylation which is conserved between the whole OCT-family is indicated by an asterisk. The predicted membrane-spa
a-helices are overlined.

which reveal between 30 and 35% identical amino aciddinding [86]. A homologous gene product from rat
with rOCT1 (Table 1, Fig. 4). Transport activities have (USTJ with 74% identical amino acids also has been
been determined for hOCTN1, hOCTNEDAT1 and isolated [89]. BecausdST2belongs to the OCT family
flOAT1. hOCTN1 and hOCTN2 from man were identi- and has a high homology to hOCTNZ2eg Fig. 4) it

fied by their homology to OCT transporters [86—88]. should be renamedOCTN2 hOCTN2 is strongly ex-
hOCTNL1 is transcribed in kidney, trachea, bone marrowpressed in heart, placenta, skeletal muscle, kidney, pan-
and many other organs. It mediates pH-sensitive transereas and more moderately in liver, brain and lung.
port of TEA and contains a sequence motif for nucleotidemay mediate some minor uptake of TEA [8However,
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319
rocrl E 50 KRTTR;WRIM . .KMLCLEED ASEKRSE&.. .
rocT2 . .ONLTPDED
hOCT1 . .KMLSLEED
hocT2 S0 NKNAEQMRiI . .QRLRLEEE
pOCT2 LIS0 NKNAKAMSIT . .QSLRPDEE
moCTl E ¢ KRTTQAVRIM . . KMMCLEED
mOCT2 KX . .QSLTADED
rbOCT1 . .KMLSLDED
rOCT3 ELFLLYYWV LSSNY.... .SEITVTDEE gz
hOCTN1 VLCVPLWWET VPAVIFD...  ..... SVEE. . LNPLKQOKA IAIM‘S‘IMSLL
hOCTN2 VLCVALWWFI VBSTIFD...  ..... PSELQ DLSSKKQQSH TRMVEIMSIM
rOCTN2 VLCGALWWFI & ) y APSTIFD...  ..... PSELQ DLNSKKRQSH IRIITIMSII
rOATI FIAFI¥SWFF ] GRLDLTLRAL EEGAKLSIEV LRTSLQKELT LSKGQAS... . LRHLFLCLSM
rOAT2 } GRVEEAKKYL VGEGSLSQEA LNNVVTMERA LQRPS..... . LRHISLCCMM
mOATI BVAFIYSHFF IES GRLDLTLRAL JGKQ EEGAKLSIEV LQTSLQKELT LNKGQAS... . LRRLFLCESM Lﬁ;‘ATsng
£10AT1 YVFFLIAWWF SR NRTEHALKNL EEAEKLDIKM LHESMKKEMS CTQGSYS... . MRKRTLCLSA VWLSTSFAYY
mRST ELFEVYSWWL PES GKLDQGLQEL QRVAAVNRRK AEGDTLTMEV LR..SAMEEE PSRDKAGAS. . LRHRTIESML CWEAFGFTFY
UST1 EFLE VPTRWL SE; NKLQKGLKEL IKVAHINGMK NSTDVLTIEV VR..TIMKEE LEASQTKSS. LRKRICLLSL VREVVWLSVI
drOCT LLFLCYYWII | GRKDEAFVII EKABKENKVE VENEIYEQLV DEVAEKKKQD EMAASQPAA. LRRKTLLIFF DWEVNSGVYY
ceOCT AE‘YII’?YFFL : GKWADAKKQL KKIAKMNGKS NVDVDELVDS MKNHQNAAREE KETKRSHN. . LRRKTLIVTY IWVMNAIIYN
9414 } 10V
rocrl &L TGARCLLMIF IPHELHWLNYV TGEMGA 1
roCcT2 GLI AGAACLASVE IPDDLOWLKI c e
hoCT1 AGAACLVMIF ISPDLHWINI IIMEVG TIAIQMICLYV N
hOCT2 AGAACLASVE IPGDLOWLKI IISCLE TMAYEIVELYV N2
pOCT2 AGAACLASVE IPEDPHWLRI
mOCT1 AGAACLLMIE IPHELHWLNV
mOCT2 AGAACLASVE IPDDLOWLKI
rbOCT1 AGVASVILIF VPQDLHWLTI
roCT3 AGVSCLVTAE LPEGIPWLRT 63
hOCTN1 ALIEIPAYIT AWLLLRTLPR RYIIBAVLEW GGGVLLFIQL VPVDYYFLSI GLVMLGKFGI TSAFSMLYVF
hOCTN2 GDIFVNCFL& AMVEVPAYVL AWLLLQYLPR RYSMATALFL GGSVLLFMQL VPPDLYYZAT VLVMVGKFGV TAAFSMVYVY
rOCTN2 GDI¥VNCFLL AAVEVPAYVL AWLLLQHLPR RYSISAALFL GGSVLLFIQL VPSELFYLST ALVMVGKFGI TSAYSMVYVY
rOATI ¢ VSMYLIQVIF GAVDLPAKFV CFLVINSMGR RPAQMASLLL AGICILVNGI IPKSHTIIRT SLAVLGKGCL ASSFNCIFLY
rOAT2 BL LNV?QTQLLF GAVELPSKIM VYFLVRRLGR RLTEAGMLLG AALTFGTSLL VSLETKSWIT ALVVVGKAFS EAAFTTAYLF
mOATI @:GVMDLQGFG ,IQVIF GAVDLPAKFV CFLVENSMGR RPAQLASLLL AGICILVNGI IPRGHTIIRT SLAVLEKGCL ASSFNCIFLY
f10AT1 GLAMDLDKFG VD 'LIQVIF GAVDIPAKVV VVVSMSLIGR RRSQCAVLVV AGITILLNLL VPYDKQTIRT CLAVLGKGCL AASFNCCYLY
mRST GLALDLQALG SNIFLLQALI GIVDFPVKTG SLLLISRLGR RLCQUSFLVL PGLCILSNIL VPHGMGVLRS ALAVLGELGCL GGAFTCITIF
USsT1 ﬁ&i.‘LINFQHLR INVFLLQCLL GIITIPANLV GIFLVNHLER RISQLFIISL FGISILAIIE VPQEMQILRM VLATFGGVFS FVSVSSALVH
drOCT GLSWNTNNLG GNQLVNE Is GPVEIPGYTL LFFTLNRWGR RSILCGTMMV AGISLLATIF VPSDMNWLIV ACAMIGKLAI FSSYGTIYIF
ceOCT GLTLNVSNLP VDD¥WSEIIN GAVELBGYFV VWPLLQCAGR RWTLEATMIV CGIGCVSAME MPDGYPWLVA SASFIGKFGV GSGFAVIYIF
556
rocT1 IEEBENLG RRKSKAKENT IYLOVQTGKS SST
roCT2 IEDAENM. ORPRK.KERK ENLPPSQASR PSAKLKRKGI
hoCT1 KDBENLG .RKAKPKENT IYLKVQTSEP SGT
hOCT2 FTEEAENM. QRPRENKEKM IYLOVQKLDI PLN
pOCT2 TEEAETM. RRPRKNKEKI IYLOVKKLDI PPN
moCT1 PTEEAENLG RRKSKAKENT IYLQVOTGKS PHT
moCT2 M 4 L P ETIEDAEKM. Q& XKKEKR IYLQVKKAEL S
rbOCT1 NLGVMV % ; X L LAGGMTEL \LP ETIEDAENL. KPKESK IYLQVQTSEL KGP
rocT3 i;FGVSL@ﬁGL CDFGGIIAPE EL?;JL?GIL ASVCGGLVME. ® ETVEDVEKLG SSQLHQCGRK KKTQVSTSNV
hOCTN1 NMAVGVTSTA SRvﬁsiIAﬁy MLPYIVMGSL TVLIGIFTLF ETLEQMOKVK WFRSGKKTRD SMETEENP.. ..KVLITAF
hOCTN2 NMGVGVSSTA SRLGSILSPY FVY.LGAYDR FLBYILMGSL TILTAILTLF P DTIDQMLRVK GMKHRKTPSH TRMLKDGQER PTILKSTAF
rOCTN2 GVGVSSTA SRLGSILSPY FVY.LGAYDR FLPYILMGSL TILTAILTELF ;8 DTIDQMLRVK GIKQWQIQSQ TRTQKDGGES PTVLKSTAF
rOATI QTGLGMGSTM ARVESIVSPL VSMT.AEFYP SMPLFIFGAV PVVASAVTAL P DPVODLKSRS RGKONQQOOE QQKQMMPLQA STQEKNGL
rOAT2 QTGLGLTALM GRLGASLAPL AAL.LDGVWL LLPKVAYGGI ALVAACTALL B BTIODVERK. ..vvvvvenr cnvennnnn. STQEEDV
mOAT1 QTGLGMGSTM ARW;S&:VS:?L ISMT.AEFYP SIBEFIFGAV PVAASAVTAL QP;;& DIVQDLKSRS RGKQKQQQLE QQKQMIPLQV STQEKNGL
£1O0AT1 ONGMGWVSMM AR G%x VLLT.RDYIP WLEGLIYGGA PILSGLAAIF > DPIQDVEESG SGRKSKMSTK ETITLQDKQA NLLKQSA
mRST MTAVGLEQVA LGEL VRL.LGVYGS WMBLLVYG¥V PVLSGLAAL P DFIQDIQKQS VKKVTHDTPD GSILMSTRL
UST1 ATALGVIGIA GsT%AALspL SLEWIIYGYL SFLGGLV LP ? DSIODVENEG RASRQGKQOND TLIKVTQF
drOCT NVGLGASSMV ARVBGILA] PLPLIICGAL SLTAGLLSRL P LNKPM? MIEDG;NEG KKPAPQETAE EGGTQELSGM LNGKSG
ceOCT AIGMGMSSMV AGS?.iLLL H IVN. ‘;{;GKIVK ILPLLIMGLM ALSAGILTFF LPETLGAPLP MIIEDAENFG KKPEPDSGMF TQAAKKRESQ PLLEPHTPMD
rOCT2 IAAGADFALS EARDGASLSP PPKPTQTNLT YP
ceOCT RRRRSSRLMN I

Fig. 3. Continued.

the physiological relevant function of hOCTN2 ready cloned in 1994 but was not functionally identified
appears to be sodium-dependent, high affinity transporf94], is another polyspecific anion transporter which may
of carnitine [88]. be renamedOAT2[95]. mRSTirom mouse [128]UST1
rOAT1 and fIOAT1 are renal polyspecific anion from rat [89], drOCT from Drosophila melanogaster
transporters from rat and flounder which have been idenf129], and ceOCT from Caenoraphditis elegasseg
tified by expression cloning in 1997 [90-92]. In the Table 1) are other OCT homologous gene products that
same year a kidney-specific gene produsK{) has have not been functionally characterized. The functional
been cloned from mouse that has 95% identical amingole of the renal proteinsnRST, USTland the OCT
acids with the rat anion transport€dAT1[93]. NKT is  homologous proteins from drosophila (drOCT) and the
probably the mouse homologue of this transporter anchematode Caenorhabditis elegans (ceOCT) cannot be
should be renamechOAT1. Recently it has been shown predicted. drOCT and ceOCT may be evolutionary pre-
that the gene produdiLT from rat which has been al- cursors of the mammalian cation and anion transporters.
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gon ranspore ates electrogenic cation uptake. Only 91 of these 196
m amino acid residues are also conserved in the cation
% }59 ' transporters hOCTN1, hOCTN2 am®CTN2 which
may belong to a less related cation transporter subfamily
(seeFig. 4). This subfamily may contain sodium-
dependent cotransporters [88]. The OCT1/OCT2 sub-
family of cation transporters may be identified by the
signatureRCGWSX(A/E)EELNYTVPG which repre-
sents amino acid residues 61 to 760fCT1.The amino
acids in this signature which are identicalf@CT3 are
printed in bold face. In the OCT1/OCT2 subfamily plus
rOCT3three more cysteine residues are conserved than
in the whole family: one cysteine residue is also local-
. s ized in the large extracellular loop and two in TM11.
The large extracellular loop ofOCT1 contains three
NXT/S-type consensus sequences for N-glycosylation
[29]. Two of them may be functional since they are con-
served in the OCT1/OCT2 subfamily andri@CT3 and
glycosylation offOCT1has been demonstrateslithors’

Fig. 4. Unrooted phylogenetic tree sDCT1 homologues. The Fel- unpublished data). rOCTtontains four potential pro-
senstein program Drawtree of the PHYLIP package [131] was used téein kinase C-dependent phosphorylation sites on the
represent the phylogenetic distances in arbitrary units as calculate;hrge intracellular |OOp between TM6 and TM7 (Fig. 2)_
from t:e Seduence a"g”tme“_t Pzrfof;med as in Fig. :;’-t:“”“io”at', activipne of these sites is conserved in the whole OCT-family.
ties whic ave peen aetermined after expression o e respective ge . . . . H
products or in a subtype from anotherpspecieﬁ:)CTl, mpOCTZ,g Fhis potentlgl phospharylation site may be functlonql
rOCTN1, mOAT}are indicated. The electrogenic uptake of small cat- because catlon_transport eXpreSjseq by rOCT1 was in-
ions over the basolateral membrane of renal proximal tubules ( Creased after stimulation of proteinkinase C [102].
activity 1 in Fig. 1) is mediated by the OCT1/OCT2 subfamily. The The identification of cation bindings sites would
localization ofrOCT3, rOCTNland rOCTN2in the kidney has not  represent a first step in the elucidation of the molecular
been determined. mechanism of cation transport by OCT transport-
ers. Since the involvement of electrostatic interactions is
probable, conserved negatively charged, aromatic and
Conserved Amino Acids in the OCT-Family polar amino acids within transmembraméhelices or on
extracellular loops may participate in binding domains
In Fig. 3 the amino acid sequences of the 20 OCT family[103, 104]. Therefore acidic amino acid residues or
members are compared. Forty-one amino acid residuesmino acid residues with negative partial charge that are
are conserved between all family members including 7conserved in the cation transporters but not in the anion
proline, 7 glycine, 4 cysteine, 4 glutamate and 4 arginineransporters should be identified. There are seven acidic
residues. Only 10 of these conserved amino acid resiamino acids that are conserved in the electrogenic cation
dues are localized in the presumed membrane spanningansporters of the OCT1/OCT2 subfamily ar@CT3
a-helices, and 9 conserved amino acid residues belong tiout not in the anion transporters and the OCTN1/OCTN2
the intracellular transporter signatures which are typicakation transporter subfamily: two glutamate and three
for the major facilitator superfamily [81, 96]. The 4 cys- aspartate residues in the large extracellular loop, one as-
teine residues conserved in the OCT family are localizegartate residue in TM 8 and another one in TM &€
in the large extracellular loop. This suggests the funcclosed circles in Fig. 3). In the cation transporters,
tional importance of this loop which may contain a di- hOCTN1, hOCTN2 andOCTN2and in the anion trans-
sulfide bridge and may protrude into the membrane agorters this latter aspartate residue (residue 475 of
has been described for the (NK")ATPase [97, 98]. rOCTI) is replaced by an arginine residue. Theslec-
Inhibition of renal cation and anion transport by sulfhy- trons of tryptophan, as well as partial negative charges on
dryl reagents could be due to the reaction with theseserine and threonine residues, may participate in electro-
cysteine residues [99-101]. Figure 4 shows that thestatic cation binding, it is therefore relevant that five
OCT1 and OCT2 proteins represent a subfamily to whichthreonine, three tryptophan and four serine residues are
rOCT3is rather homologous. The OCT1/OCT2 subfam-conserved in the OCT1/OCT2/OCT3 transporter sub-
ily contains 284 conserved amino acid residues andyroup but not in the anion transporters. Two of the
shares very similar functional propertieseé beloy  threonine residues (residues 226 and 4440 T1) and
rOCT3is closely related to the OCT1/OCT2 subfamily one of the tryptophan residues (residue 1471@€T1)
since it shares 196 identical amino acids and also mediare also conserved in hOCTN1, hOCTN2 a@CTN2.
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Mutagenesis experiments may elucidate which of theand pOCT2 was inhibited by the transported cations and
negatively charged or polarized domains on the largéy quinine and quinidine. The high affinity inhibitors
extracellular loop and in the transmembrasdelices  d-tubocurarine, cyanine 863 and decynium 22 probably
are involved in cation binding and transport. also belong to the group of nontransported cations. In

general the transported cations are smaller and more hy-

drophilic. They may be identical to substrates of a type
Functional Properties of Expressed 1 cation transporter which has been described in sinusoi-
Cation Transporters dal membranes of rat hepatocytes. This type 1 trans-
porter has been distinguished from a type 2 cation trans-
porter in the same membrane that transports more hy-
drophobic cations such as quinine and d-tubocurarine [2,
] ] 42-44]. For cation transport by OCT1 and OCT2 trans-
Cation transport mediated by OCT transporters has beeﬁ‘orters appareri,, values between 1m (MPP uptake
investigated after expression Kenopusoocytes [29, by rOCT1) and 600um (choline uptake byOCT1) were
31-35, 83, 105-107], human embryonic kidney cells [30,¢gtimated.

86, 88, 105, 108], HgLa cells [83, 87, 109] and ingect rOCT1, rOCT2and hOCT2 expressed denopus
cells @uthors’ unpublished daja Tracer uptake experi- oocytes have been further characterized using electro-

ments in these systems showed that uptake of small Oshvsioloaical measurements. When oocvtes expressin
ganic cations like TEA and 1-methyl-4-phenylpyridinium pysiofogt su S yIes expressing

. these transporters were superfused with transported cat
(EJ/I(I;I?% Wgé_ll_gdtﬁlc:c?ngyogThlécr%CTlﬁ rbolgl'{)l,. ions their membrane potential decreased in contrast to
ros p > and t < and could be n- water-injected control oocytes [31, 32, 106, 110]. With
hibited by a variety of organic cations with different g o

. ; . ...~ = voltage-clamped cRNA-injected oocytes positive inward

molecular structures, including the high affinity inhibi- ) : )
tors quinine. quinidine. cvanine 863 and decvnium 22 Surrents were induced after superfusion with transported
The ?:iata st'roqngly sug’ge)ét that OCT1 and (%/CTZ typ'cations. Currents induced by saturating cation concen-
transporters from different species operate in a simila rations increased with the membrane potgnual. Wwe con-
fashion: they all appear to be electrogenic faciIitativeC|Uded therefore that the expressed cation transport is

diffusion systems for small organic cations that work electrogenic. The_cation_bi_nding site inyolvgd in trans-
independent of sodium and proton gradients. The ocTfort may be Iocalllzed within the electrical field of the
and OCT2 subtypes exhibit differential substrate speciMémbrane potential because the appalGpualues for
ficities that are species specific. After expression of | EA and choline decreased with increasing potential
OCT1 and OCT?2 transporters Xenopuocytes or hu-  (Shown forrOCT1 [32]). _ _
man embryonic kidney cells we obtained the same func-  Preliminary experiments were performed to investi-
tional characteristics for the initial uptake of cations into 9ate cation transport byOCT1and hOCT2 for symme-
both cell types ([105] ancuthors’ unpublished daja  try. If rOCT1- or hOCT2-expressing oocytes were pre-
In the oocytes the expressed cation uptake is linear for 10aded with 1 mM choline the membrane potential in-
hr whereas uptake into transfected HEK 293 cells is onlycreased by 20 to 30 mV, whereas the membrane potentia
linear for about one second [105, 110]. It is difficult to Of water-injected control oocytes was not altered. This
interpret the measurements that have been performegtggests that the transporters mediate electrogenic efflux
with monolayers grown on petri dishes [30, 108]. Theyof choline or other cations. Efflux of organic cations by
probably represent transport through the monolayefOCT1 and hOCT2 could be demonstrated directly by
rather than transport into the cells becau®€T1 ex- measuring the release ofH]MPP from oocytes and
pressed cation uptake measured in such monolayetdEK 293 cells [32, 110]. Transporter-mediated MPP ef-
showed an apparent linearity over a time period of min-flux was observed even when no cations were in the bath
utes, however, they did for example not exhibit the well (trans-zero). This showed that the OCT1 and OCT2
documented potential dependence of cation uptake btransporters may function as uniporters. The MPP efflux
rOCT1([32, 105] andunpublished data was inhibited when the bath contained the non-
Some detailed functional analyses have been pertransported cations quinine or quinidine. Such effects
formed with rOCT1 [29, 32, 105, 106],OCT2 (own  should be considered when electrical measurements are
unpublished dafa hOCT1 [31, 35, 109], pOCT2 [30], interpreted. For example in voltage clamp experiments
and hOCT2 [31, 110]. ForOCT1, rOCT2andhOCT2 transinhibition of electrogenic cation efflux by non-
tracer uptake of TEA, MPP, NMN, choline, dopamine, transported cations may be confused with electrogenic
serotonine and histamine was demonstrated. At varianceation uptake if the potential dependence is not deter-
quinine and quinidine were not transportedr®CT1or  mined [32, 106]. When transported organic cations such
rOCT2([106] andown unpublished daja The uptake of as TEA, choline or MPP were added to the bath of oo-
TEA and/or MPP byrOCT1, rOCT2 hOCT1, hOCT2 cytes expressingOCT1 or hOCT2 the initial rate of

OCT1AND OCT2 TYPE TRANSPORTERS
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Table 2. Comparison of the inhibitor sensitivity 6fC labeled uptake

binding site ofrOCT1as the transported organic cations
of TEA by rOCT1, rOCT2,hOCT1 and hOCT2

we measuredOCT1 mediated f*CJTEA influx at dif-
ferent TEA concentrations in the presence of various

inhibiter Apparents; values L] concentrations of NMN (transported cation) and quinine
rOCT1 rOCT2 hocTi hocT2 (hontransported inhibitor). A competitive inhibition was
observed for NMN whereas quinine proved to be a non-
Cyanine-863 0.71 043 - 0.21  competitive inhibitor &uthors’ unpublished dajathus
?eet‘g;g:t‘);i‘zm — 06323 0i5§ 27'75 01'15? we propose thatOCT1 contains an allosteric cation
Desipramine 16 10 54 16 _binding site. T_his site_ may be localized close to the cat-
Quinine 35¢ 12 23 3.4 iontransport site but is not protected by transported cat-
Quinidine 125 13 18 ions. Recently we also observed that cation transport by
Mepiperphenidol 52 245 48 rOCT1orrOCT2can be inhibited by 1 m of the organic
Procainamide o 30 1752 74 50 anjon probenecid which is a classical high affinity in-
gm?;)c[jénggﬂ;ﬂdmmm fé ) 457";1 12 5720'4 hibitor of the renal anion transporter [3]. Since the poly-
Corticosterone 160* 58 70 20* specific organic anion gnd organic cation transporters
Tetramethylammonium 1000 771 180 belong to the same familygOCT1 andrOCT2 may ex-
N-methylnicotinamide 384 255 7700 266 press a type of “degenerated” probenecid binding site.

The data are consistent with the previous observations
! that probenecid inhibits cation uptake in renal tissue sec-

TEA expressed irkenopusoocytes byrOCTL, rOCT2,hOCT2 was g and plasma membrane vesicles [59, 111] and that a

measured and the apparé&qwvalues calculated. Most values f®CT1 . . . .

and hOCT2 were taken from refs. [29] and [31] whereas our valuesva”ety of _SUbStanceS 'merac_t with both Contralummal

determined forOCT2 have not yet been published. Own unpublished Organic anion and organic cation transport systems in rat

data fromrOCT1and hOCT?2 are indicated by asterisks. Fyevalues ~ proximal tubules [51, 112].

for hOCT1 were taken from Zhang et al. [109]. These data were ob- To distinguish OCT1and OCT2 transporters, appar-

tained with transfected Hel.a cells. entK; values for organic cation uptake inhibitors may be

[®*H]MPP efflux was increased. Recent experiments Withcompared (Table 2). .ThKi yalues for transported gnd
hOCT2 showed that thigansstimulation in polarized nontr_an.sporte_d organic cations may reflect organic cat-
cells is due to a membrane depolarization by inwardly!On b!nd!ng afflnmes of two allosterlpally mterqctmg_ cqt-
transported cations. If hOCT2 expressing oocytes werd®n binding sites, thus when modelling the catlc_)n binding
depolarized to —10 mV by replacing sodium in the bathsites of 'Fhese transporters each group of catlons should
with potassium, the MPP efflux undemnszero condi- be considered separately. For such a comparison care
tions was significantly increased. In these depolarizedust be taken that thi; values of the different trans-
oocytes notransstimulation of MPP efflux was ob- Porters are determined under identical conditions; in-
served when transported cations were added to the baffuding the experimental setup, the membrane potential,
which did not induce a significant depolarization underthe concentrations of interacting cations and anions, the
these conditions [110]. To understand the physiologicaregulatory state of the transporters, and the presence of
role of OCT1 and OCT?2 transporters it has to be knowninteracting proteins [37, 59, 113, 114]. Measurements in
when these transporters may mediate significant catioifivo and with expressed organic cation transporters dif-
efflux in vivo. Recent data with depolarized oocytes andfer in many of these parameters. For example in per-
HEK 293 cells expressing hOCT2 revealed tenfoldfused tubules normally transepithelial fluxes are present

The effect of different inhibitor concentrations on the uptake6f

higher rates for the influx than for the efflux of Olm
[*HIMPP. Whereas in depolarized cells tnans stimulation
could be observed for the efflux ofHIMPP, for the
influx of [*HIMPP a significanttrans-stimulation by

so that the intracellular substrate concentrations might be
lower than in expression systems. Differences in the pa-
rameters between measurements in vivo and expresse
organic cation transporters may explain why many of the

choline and MPP was detected which could not be exXK; values determined by Ullrich and coworkers [15, 45,

plained by potential effects of theanscations [110].
At variance with other transported cations trans
stimulation was detected for the influx ofHJMPP.

115, 116] for the basolateral cation uptake in rat kidney
proximal tubules differ by orders of magnitude from the
K; values that we have determined for express@GT1

This indicates asymmetry of hOCT2. Experiments withand rOCT2 transporters localized in the basolateral
macropatches or cut-open oocytes which allow bettemembrane of rat renal proximal tubuleeé belolw We
control of the cation concentrations on both plasmahave determined, for example, values of 0.3Gum and
membrane sides are necessary to investigate this topi&.58 wm, for the inhibition ofrOCT1 andrOCT2 medi-

guantitatively.

ated TEA uptake by decynium 22, respectively, whereas

To elucidate whether nontransported inhibitors, suchUllrich and coworkers reported i; value of 420um.
as quinine and d-tubocurarine, interact at the same catioRor the transported cations TEA, NMN and choline, less
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disparateK; values were determined, however, tke  surements have been performed with the human subtype:
values of transported cations may also differ by a factohOCTN1 and hOCTN2 [86-88]. TEA transport by
of 10. hOCTN1 was analyzed in suspended HEK 293 cells that
TheK; values for several expressed members of thevere transiently transfected with this transporter [86].
OCT1/OCT2 subfamily are compared in Table 2. TheAt variance to cellular cation uptake lyDCT1 and
affinity patterns of the two basolateral rat transportershOCT2 which was only linear for seconds [105, 110],
rOCT1 and rOCT2 are different.rOCT1 has a much TEA uptake by hOCTN1 was linear for one or two min-
higher affinity for some cations (for example mepiper- utes. This suggests a different transport mechanism.
phenidol and procainamide), a similar affinity for others Since the TEA uptake by hOCTN1 decreased when the
(for example, decynium 22 and quinidine), and a loweroutside pH was reduced and when the cells were de-
affinity for corticosterone. The cation specificity pat- pleted from ATP it was speculated that hOCTN1 may be
terns of the human subtypes hOCT1 and hOCT2 arédentical to the luminal cation/proton antiporter or to the
distinctly different from those ofOCT1 and rOCT2 luminal ATP dependent cation transporter. After expres-
We could not detect a systematic difference between theion of hOCTN2 in HelLa cells some pH sensitive trans-
specificity patterns of the OCT1 and OCT2 subtypesport of TEA uptake was detected which could be inhib-
from the human and the rat. At variance to the rat,ited by several different cations [87]. While this sug-
hOCT1 has a higher affinity for corticosterone thangests polyspecific and pH-sensitive cation transport, it
hOCT?2, a similar affinity for procainamide, a lower af- was shown recently that hOCTN2 expresses highly ac-
finity for tetrapentylammonium, and a much lower af- tive carnitine transport with an appardft, value of 4.3
finity for NMN. Trying to summarize the species differ- pm [88]. Notably, the uptake of carnitine was sodium-
ence between the human and the rat, it may be stated thatn dependent. Future experiments will clarify whether
for several ligands hOCT1 has a lower affinity than hOCTN1 and hOCTN2 are sodium cotransporters or
rOCT1 (corticosterone and desipramine are exceptionsgontain sodium activation sites.
whereas hOCT2 often has a higher affinity th@CT2
Stereospecificity for quinine and quinidine was deter-
mined forrOCT1 but not forrOCT2 and hOCT1. The fatrib i
data indicate distinct differences in the substrate speciDIStrIbUtlon Of- OC-Tl and OCT2 Type
T ; Transporters in Kidney
ficities of OCT1- and OCT2-type transporters which are
species specific and cannot be predicted from the overall

homology of these transporters. To understand the physiological function of the cloned
cation transporters their nephron and plasma membrane
rOCT3 localization must be known. Although renal cation

transport systems in the basolateral and luminal mem-
Transport activity byrOCT3 has been characterized in branes of proximal tubules have been characterized in
HeLa cells andKenopusocytes [83]. It has been shown great detail, a localization of the cloned transporters on
that rOCT3is an electrogenic transporter for TEA and the basis of functional in vivo data remains speculative.
guanidine and is inhibited by a variety of organic cations.In situ hybridizations with specific probes, RT-PCR ex-
For the [“C]TEA uptake mediated byOCT3an appar- periments with dissected tubuli and immunohistochemi-
entK,, value of 2.5 mM was determined. This is about cal experiments with specific antibodies are required to
20-fold higher than th&,,, values off OCT1andrOCT2  localize the cloned transporters. RT-PCR experiments
Cation inhibition experiments suggest th@CT3is a  with dissected rat tubuli showed th&@CT1andrOCT2
polyspecific transporter which has a lower affinity for are transcribed in renal proximal tubules and @€ T2
small organic cations that®CT1andrOCT2 It may be is additionally transcribed in the pars convolutae of distal
able to translocate more bulky organic cations. pH eftubules &uthors’ unpublished daja Employing immu-
fects on cation transport byDCT3 were investigated in  nohistochemistry with subtype specific peptide antibod-
detail [83]. It was shown elegantly that an apparent pHies on well preserved kidney sections we detec@dT1
dependence ofDCT3that was determined by tracer flux in the basolateral membranes of S1 and S2 segments o
measurements could not be confirmed in voltage+enal proximal tubules, wherea®CT2was found in the
clamped oocytes. This is a good example how misinterbasolateral membranes of S2 and S3 segments (U.
pretations of pH-effects on transport measurements oKarbach and H. Koepselunpublished data In these

electrogenic transporters can be avoided. experimentsOCT2protein was not detected in the distal
tubules. The data suggest that both transporters are en

hOCTN1AND hOCTN2 gaged in the first step in cation secretion in proximal
tubules.

The characterization of cation transport mediated by the  There are distinct species differences concerning the
OCTN-subfamily is rather incomplete. Transport mea-tissue distribution and histochemical localization of the
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OCT1 and OCT2 transporters. For exam@€T1from  be determined whether they operate in the luminal or
rat is expressed in kidney and liver, whereas humarbasolateral plasma membranes and how their activity and
hOCT1 is only expressed in the liver [29, 31]. The tu- membrane distribution is regulated. The functional char-
bular localization and membrane localization of hOCT2acterization should be performed under conditions of
and pOCT2 have not been unequivocally determinedcontrolled buffer composition on both plasma membrane
In situ hybridization and immunohistochemistry revealed sides and the transporters should be investigated for sym-
that hOCT2 is mainly expressed in distal convoluted tu-metry and electrical properties. Factors responsible for
bules and our immunohistochemical data suggested thaifferent cation affinities measured in intact tubules and
hOCT?2 is localized at the luminal membrane [31]. To after expression of the cloned transporters are yet to be
confirm the luminal localization of hOCT2 and pOCT2 determined. Because polyspecific transporters for cat-
further experiments are required because the luminal loions, anions and noncharged solutes have overlapping
calization of hOCT2 was determined with human kidneysubstrate specificities, the different types of polyspecific
sections of relatively poor quality, the detection of weaktransporters in the kidney must be considered when the
hybridization and immunohistochemical signals wasinteraction of drugs and their renal toxicity is discussed.
therefore not possible. Gndemann and coworkers [30] For example it is known from clinical studies that the
compared the affinities of several inhibitors on the lumi- renal excretion of digoxin is inhibited by quinidine [118,
nal TEA uptake into monolayers of LLCPK1 cells and of 119]. To date three polyspecific transporters have been
pOCT2 expressing HEK 293 cells. Their interpretationidentified in the kidney which translocate or bind digoxin
that pOCT2 represents the luminal cation transporter ofind interact with quinidine: P-glycoproteins (MDR), the
the LLCPK1 cells is not convincing because the apparenpolyspecific anion transporteatp,and the polyspecific
K; values of decynium 22 and cyanine 863 differed bycation transporters OCT1/OCT2; however, our knowl-
factors of 8 and 5 respectively, the functional characteredge on the human transporters is not sufficient to ex-
ization of pOCT2 was incomplete and ambiguous, andplain the clinical observations [120-127].
immunohistochemistry with specific antibodies was not It is a demanding challenge for the future to eluci-
performed. date the molecular mechanisms of polyspecific electro-
genic cation transport and polyspecific cation/proton an-
_ tiport. Therefore these proteins must be crystallized,
Conclusions their tertiary structure determined by X-ray analysis and
the cation binding sites characterized by affinity labeling
With the identification of the OCT family a new age in and site-directed mutagenesis. Because organic catior
the elucidation of renal cation excretion and reabsorptionransporters exhibit marked species differences it is of
has begun. The available data suggest that the OCT faniigh biomedical importance to identify, clone, character-
ily contains subfamilies of different polyspecific trans- ize and localize all the human cation transporters. Ex-
porters that may translocate cations and anions. Theression systems with these transporters may identify
OCT1/OCT2 subfamily contains polyspecific facilitated new drugs with optimized secretion properties. Knowl-
diffusion systems for small organic cations which oper-edge regarding the structure of cation binding sites and
ate in a rheogenic fashion. There are two or more othetransport mechanisms may help to design such drugs anc
subfamilies of organic cation transporters. One subfamto modulate transporter activities.
ily may be related tdOCT3. It may also mediate poly-
specific and electrogenic cation transport but may shows work was supported by the Deutsche Forschungsgemeinschaft
a different membrane localization and substrate specificerant 174/22. We thank Prof. K.J. Ullrich, Frankfurt for valuable sug-
ity as the OCT1/OCT2 subfamily. A third subfamily in- gestions and Michael Christof, Waburg for preparing the figures.
cludes the OCTN1/OCTN2 transporters which may be
high affinity sodium cotransporters of zwitterionic sol-
utes. The polyspecific proton cation antiporter at the lu-Note Added in Proof
minal brush-border membrane which mediates the sec-
ond step in renal cation secretion does probably not beRecently a paper by Gndemann and coworkers was
long to the OCT family. A recent report suggests thatpublished Nature neuroscl:349-352) where cloning of
this transporter is identical t©ORCTL2which is homolo-  a gene with 89% amino acid identity t©@CT3and 57%
gous to drug efflux pumps in bacteri@RCT2was lo- amino acid identity to hOCT1 was reported which was
calized to the brush border membrane of rat renal proxilocalized very close to the gene locus of hOCT1 and
mal tubules and it was shown to confer chloroquine anchOCT2 on chromosome 6. Based on the findings (i) that
quinidine resistance to bacteria [117]. this gene is also transcribed in brain, (ii) that the gene
To understand cation transport in the kidney all product mediates cation uptake with a similar substrate
members of renal cation transporters must be identifiedspecificity as cation uptake in Caki-1 cells, and (iii) that
localized and functionally characterized. Thus it has tothe uptake in Caki-1 cells has a similar specificity as the
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previously functionally defined “noradrenaline uptake 30. Grindemann, D., Babin-Ebell, J., Martel, F. rding, N.,
extraneuronal monoamine transporter. Since this n0_31. Gorboulev, V., Ulzheimer, J.C., Akhoundova, A., Ulzheimer-

. . Teuber, |., Karbach, U., Quester, S., Baumann, C., Lang, F.,
menclature does not consider the relation to the OCT

. . Busch, A.E., Koepsell, H. 199DNA and Cell Biology16:871—
family and the close homology to the earlier reported 881 P

rOCT3gene we recommend to rename the gene hOCT3.32.

Busch, A.E., Quester, S., Ulzheimer, J.C., Waldegger, S., Gor-
boulev, V., Arndt, P., Lang, F., Koepsell, H. 1996 Biol. Chem.
271:32599-32604
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