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I. INTRODUCTION 

A. Background 

Biological membranes prevent transmembrane diffusion of the majority of 

organic molecules bearing net charges. A wide range of endogenous metabolites (e.g., 

serotonin, dopamine, norepinephrine, choline, guanidine, and histamine) and xenobiotics 

(e.g., tetraethylammonium, procainamide, and cimetidine) are positively charged at 

physiological pH (Fig. 1). Specific membrane-bound transport systems have been 

described to be responsible for the influx of organic cations into the cells as well as their 

efflux out of the cells (Koepsell, 1998; Pritchard and Miller, 1993; Zhang.et al., 1998). 

Unlike many other transport systems that have narrow specificity with structurally similar 

substrates, organic cation transport systems are capable of mediating the transport of a 

.broad range of structurally diverse compounds, requiring only an organic backbone and 

one or more positive charges. To be secreted by polarized cells, substrates for the organic 

cation transport systems, which are charged hydrophilic molecules, must cross two 

hydrophobic membranes, namely the basolateral membrane and the brush border 

membrane. Functional studies have led to the identification of two distinct classes of 

organic cation transport systems (Fig. 2.), one driven by the transmembrane potential 

difference and the other driven by the transmembrane W gradient (Pritchard and Miller, 

1993). The potential-sensitive transport system is likely to participate in the influx of 

organic cations into the cells across the basolateral membrane whereas the W 



Fig. I. Cltemical structures of common organic cations and camitine. 
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Fig. 2. Organic cation transport systems in polarized cells. System I, po/yspecific 

membrane potential-dependent organic cation transporter in basolateral membrane; 

system 2, polyspecific organic cation/proton antiporter !n brush border membrane; 

system 3, putative organic cation transporter in intracellular vesicles; system 4, 

membrane potential-dependent organic cation transporter in brush border membrane; 

system 5, P-glycoprotein (ATP-dependent, polyspecific export pump) in brush border 

membrane. 
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gradient-dependent transport system is likely to participate in the efflux of organic 

cations out of the cells across the brush border membrane. Most of the previous studies 

on organic cation transport·have focused on the kidney and the liver, the two organs that 

are believed to play a major role in the elimination of circulating, potentially toxic, 

organic cationic compounds. Organic cation transport activities, however, are also found 

in the intestine, brain, choroid plexus, and placenta (Ganapathy et al., 1988; Koepsell, 

1998; Zhang et al., 1998). 

B. Organic Cation Transport Systems in Different Tissues 

(a) Organic Cation Transport in the Kidney 

A variety of potentially toxic, cationic compounds can be actively transported 

from blood to lumen by the renal proximal tubule (Rennick, 1981). The proximal tubule 

and more distal nephron segments also control the renal clearance of ultrafiltrated 

endogenous cations such as choline, NMN, or monoamine neurotransmitters by 

reabsorption (Acara et al., 1979). Isolated renal tubules, basolateral and brush border 

membrane vesicles, and cultured epithelial cells derived from the kidney have been used 

to study the mechanisms of these transport systerus. It has been demonstrated that 

multiple polyspecific, membrane-bound carrier protceins mediate the transport of organic 

cations across both the basolateral and brush border membranes of the tubular epithelial 

cells (Pritchard and Miller, 1993). 

Chemical modification approaches have indicated that sulfhydryl groups (Sokol et 

al., 1986), carboxyl groups (Sokol et al., 1987), and histidine residues (Hori et al., 1989) 

are essential for the organic cation transport in renal brush border membrane vesicles. In 
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contrast, carboxyl groups, arginine residues and sulfhydryl groups, but not histidine 

residues, are essential for the organic cation transport in renal basolateral membrane 

vesicles (Katsura eta!., 1993). These findings suggest that the characteristics of organic 

. cation transport systems in renal basolateral and brush border membranes are different at 

the structural level of the proteins that mediate these transport processes. 

Functional studies with BLM vesicles from rat and rabbit renal cortex (Ullrich et 

a!., 1991; Wright and Wunz, 1987) have shown that organic cation uptake is a carrier

mediated, electrogenic -phenomenon. It is energized by the inside-negative 

transmembrane electrical potential difference, which averages -60 to -80 m V in proximal 

tubular cells (Pritchard and Miller, 1993). Moreover, this process was found to be 

independent ofNa+ and pH. Data from isolated BBM vesicles of dog, rat, rabbit, human, 

and snake kidneys (Dantzler et a!., 1991; David et a!., 1995; Ott et a!., 1991; Sokol et a!., 

1985; Wright, 1985), as well as from cultured tubular epithelial cell lines (Yuan et a!., 

1991) have indicated that the luminal organic cation efflux is mediated by ·an 

electroneutral organic cation/proton antiporter. The antiporter can use potential energy 

stored in a pH gradient to drive uphill movement of the cationic compounds (Pritchard 

and Miller, 1993). Na+m+ exchange on the BBM is responsible for the generation of the 

inwardly directed W gradient (about 0.5 pH units) (Holohan and Ross, 1981). 

Ultimately, increased ATP hydrolysis is needed to maintain the out> in Na+ gradient. 

About two decades ago, a two step model (Kinsella et a!., 1979) was proposed 

according to which two different polyspecific carriers, one present in the BBM and the 

other present in the BLM, mediate the renal secretion of organic cations (Fig. 2). Cationic 

xenobiotics first enter the cell from blood across the basolateral membrane by facilitated 
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diffusion, followed by active elimination into the tubular fluid across the brush border 

membrane. However, it was surprising that extremely high cellular accumulation of TEA 

was found in proximal tubules from rabbit and snake, where tissue-to-medium 

concentration ratios (TIM) can exceed 100 (Hawk and Dantzler, 1984; Schali et al., 

1983). If facilitated diffusion were the only mechanism contributing to cellular 

accumulation, one would not expect TIM value greater than about 10 to 15 for 

monovalent organic cation TEA based on the magnitude of the membrane potential. 

Since no additional concentrative uptake mechanism has yet been identified, it has been 

suggested that organic cations may be sequestered intracellularly (Fig. 2) and, therefore, 

the average cellular concentration may overestimate the actual concentration of "free" 

substrate within the cytoplasm (Pritchard and Miller, 1993). Two types of mechanisms 

may be responsible for the intracellular sequestration: (a) intracellular ·binding to 

cytosolic proteins, and (b) accumulation within acidic intracellular organelles, such as 

endosomes, lysosomes, and golgi vesicles. However, the hypothesis is yet to be 

confirmed by further studies. 

Even the modified three-step organic cation elimination system has been proven 

to be too simplified. A guanidine/proton antiporter has been described in brush border 

membrane vesicles of rabbit and human kidney (Chun et ill., 1997; Miyamoto et al., 

1989). This antiporter is different from the well-known polyspecific organic 

cation/proton antiporter, because it doesn't interact with TEA and NMN. An electrogenic 

transporter (Fig. 2) has also been characterized in renal brush border membrane vesicles, 

mediating the reabsorption of organic cations (Wright et al., 1992). In addition, p

glycoprotein may also be involved in organic cation secretion across the brush border 
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membrane. It is an ATP-dependent, polyspecific export pump that eliminates 

hydrophobic organic cations. 

(b) Organic Cation Transport in the Liver 

Similar to.the kidney, the liver also plays an essential role in the homeostasis of a 

wide range of cationic drugs and endogenous organic cations. A variety of· cation 

transport systems have been functionally characterized in hepatocytes (Muller and 

Jansen, 1997). Like the kidney tubular epithelial cells, the hepatocytes are also polarized 

cells consisting of two types of membranes: sinusoidal membrane and canalicular 

membrane. Organic cations are absorbed from the blood across the sinusoidal membrane, 

whereas organic cations and their metabolites are secreted into the bile across the 

canalicular membrane. Recent studies in isolated liver plasma membrane vesicles have 

begun to characterize both the mechanism for sinusoidal organic cation uptake and the 

driving force for canalicular organic cation excretion. These studies have indicated that 

transport of the exogenous organic cations across the sinusoidal membrane is a carrier

mediated process driven by an inside-negative transmembrane electrical potential, 

whereas an organic cation/It exchanger mediates the ~analicular transport (Mol et al., 

1988; Moseley et al., 1992; Steen et al., 1991). However, the simple two-step model 

cannot explain several recent fmdings. First, the TIM ratio of tributylmethylarnmonium 

(TBuMA) had earlier been shown to exceed values expected if hepatic accumulation was 

due solely to membrane potential effects (Neef et al., 1984). Second, as the Na+IH" 

exchanger is not located on the canalicular mem~rane (Moseley et al., 1986), the driving 

force for organic cation/It antiport and the mechanism(s) by which TEA and related 
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low-molecular-weight organic cations are ·concentrated in bile are still uncertain. 

Recently, organic cationlli' exchange has been demonstrated in both purified rat liver 

prelysosomal endocytic vesicles and lysosomes (Moseley and Van Dyke, 1995), where 

an W-ATPase exists to provide the transmembrane W gradient as the driving force. 

Therefore, canali«ular organic cationlli' antiport may reflect, at feast in part, the exocytic 

insertion of this transporter from an acidified intracellular compartment into the 

canalicular membrane. Same as in the kidney, the intracellular sequestration of organic 

cations into acidified compartments may reduce the free cytoplasmic concentration of 

organic cations to values at or below their Nernst potentials. It may account for the 

absence of active transport system for certain organic cations at the sinusoidal membrane 

domain. 

(c) Organic Cation Transport in the Small Intestine 

The small intestine plays a major role in the absorption or secretion of many 

clinically important cationic drugs. Intestinal organic cation transport has been studied by 

using isolated membrane vesicles (Miyamoto et a!., 1988), and also by using other 

techniques which were developed specifically to study intestinal transport, such as 

everted intestinal sacs and Ussing chambers mounted with isolated intestinal mucosa 

(Acra and Ghishan, 1991; Lennemiis eta!., 1997). 

Similar to the kidney and the liver, multiple mechanisms of organic cation 

transport have been characterized in the intestine. 

1. A polyspecific, electrogenic facilitative diffusion system for organic cation, which is 

analogous to those in the kidney and the liver, is suggested to be located on the 
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basolateral membrane of the epithelium of the intestine (Zhang et a!., 1998), although 

only limited functional data are available. 

2. An organic cation-proton antiporter has been described in isolated rabbit intestinal 

brush border membrane vesicles (Miyamoto et a!., 1988). Interestingly, unlike the 

antiporters in. the kidney and the liver, the intestinal antiporter is specific for 

guanidine and neither TEA nor NMN can interact with it. 

3. The intestinal brush border membrane also contains a polyspecific, potential

dependent, organic cation transport system (Iseki et a!., 1993). The system can 

mediate the transport of disopyramide and tyramine, and therefore may be responsible 

for the absorption of those compounds. 

4. Finally, a choline transport system has been characterized in rat intestinal brush 

border membrane, although its driving force has not been identified. 

(d) Organic Cation Transport in the Nervous System 

Many important endogenous metabolites, neurotransmitters, neurotoxins, and 

therapeutic drugs are organic cations. Different organic cation transport mechanisms have 

been described in the nervous system, which are believed to play a role in the handling of 

these cationic drugs and metabolites. 

High affinity, sodium-dependent transporters have been localized on neuronal and 

glial plasma membranes, where they mediate the reabsorption of released monoamine 

neurotransmitters, such as dopamine, norepinephrine, glutamate, etc. Re-uptake of the 

neurotransmitters is important for the process of neurotransmission, because: 

1) It can recycle the molecules to be utilized again to save metabolic energy; 



10 

2) It can terminate_neurotransmission rapidly by removing the transmitters from 

the synapses; 

3) It can prevent diffusion of neurotransmitters away_ from the synapses 

following their release, thus minimizing chemical crosstalk between adjacent 

synapses. 

In addition, the extracellular fluid of the central nervous system is physically 

isolated from the plasma by the blood-brain barrier (i.e., the cerebral capillary endothelial 

layer) and by the cerebrospinal fluid (CSF)-blood barrier (Le., the choroid plexus 

epithelial cells)- Effective elimination systems must exist in these barriers to prevent the 

accumulation of potential toxic cationic compounds within the brain. In the blood-brain 

barrier, several organic cation transport systems have been described, like the sodium

independent, high-affinity thiamine transporter (Greenwood et al., 1982); sodium

independent, high-affinity choline transporter (Galea and Es.trada, 1992), and low-affinity 

choline transporter (Kang et al., 1990). Some basic information about organic cation 

transport in the choroid plexus has been obtained using in situ ventriculocisternal 

perfusion, isolated choroid plexus, primary cultures of choroid plexus epithelial cells, and 

apical membrane vesicles (Pritchard and Miller, 1993; Villalobos et al., 1997). 

Sodium-independent, low-affinity monoamine transporter has also been shown in 

glial cells, as well as some other extraneuronal tissues, such as myocardium and smooth 

muscle. The transport system has also be called the extraneuronal monoamine uptake 

system 2 (uptakez). The distinguishing characteristics of uptake2 include the ability to 

transport catecholamines in a sodium- and chloride-independent manner, interaction with 

a variety of-organic cations, dependence on the membrane potential as the driving force, 
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and high sensitivity to steroids such as corticosterone. The uptak~ system is of 

.physiological and pharmacological relevance to the metabolism of catecholamines 

(Bonisch, 1980). The molecular identity of this transport syste)Il has not yet been 

established. 

(e) Organic Cation Transport in the Placenta 

• The placenta, which provides the sole link between the mother and the developing 

fetus, functions as a protective barrier for the fetus by participating in the clearance of 

xenobiotics from the fetal circulation. The syncytiotrophoblast, which is the functional 

unit of the placenta, is a polarized cell layer consisting of a basal membrane in contact 

with the fetal circulation and a brush border membrane in contact with the maternal 

blood. As has been shown in the renal proximal tubule, it is likely that two classes of 

organic cation transport system operate in the placental syncytiotrophoblast in the 

elimination of cationic xenobiotics from the fetus. Our lab has shown previously, using 

purified human placental brush border membrane vesicles, that a II'" gradient-dependent 

organic cation transport system is present in the placenta and that the system is likely to 

be responsible for the removal of cationic xenobiotics from the syncytiotrophoblast 

(Ganapathy eta!., 1988; Prasad eta!., 1992). The presence of a potential-sensitive organic 

cation transport system has not been demonstrated in normal placenta but such a system 

is expressed in the JAR human placental choriocarcinoma ce111ine (Zevin eta!., 1997). 

C. Molecular Aspects of Organic Cation Transporters 

(a) OCT! 
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In recent years, several organic cation transporters h!!ve been cloned and 

characterized, providing insight into the molecular mechanisms of organic cation 

transport systems. Structural analysis indicates that they belong to a single gene family. 

The first member of the rapidly growing family, OCT,l, was cloned from a rat kidney 

eDNA library using functional expression cloning in Xenopus laevis oocytes 

(Griindemann eta!., 1994). This eDNA codes for a 62-kDa protein with 556 amino acids. 

Rat OCT! is expressed primarily in the kidney and liver and, at a lower level, in the 

intestine. Hydropathy plot predicts the presence of 11 transmembrane domains. However, 

an additional transmembrane domain may be present. The first hydrophilic loop is 

assumed to be located on the extracellular membrane side because -three putative 

glycosylation sites are present in this loop. The second large hydrophilic loop is located 

intracellularly. This loop contains several potential PKC-dependent phosphorylation sites. 

After expression in Xenopus laevis oocytes, rOCTl induces highly active uptake of 

radioactively labeled TEA which could be inhibited by organic cations with different 

structures such as cyanine 863, quinine, procainamide, 1-methyl-4-phenylpyridinium 

(MPP"), 0-methyllisoprenaline, - dopamine, norepinephrine, serotonin, 

tetramethylarumonium, and choline (Busch et a!., 1996a; Busch et a!., 1996b; 

Griindemann eta!., 1994). With rOCTl-cRNA injected oocytes, the ehictrophysiological 

aspects of the transporter have been investigated. When different cations are added to the 

bath, the membrane potential is decreased, indicating electrogenic transport by rOCTI. It 

has also been determined that organic cation transport by rOCTl is not dependeJ?.t on pH 

or Na+, since the currents induced by TEA and choline are not altered by pH changes in 

the bath or by replacing extracellular NaCl with D-glucose. rOCTl has been localized to 
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the basolateral membrane of renal proximal tubules and intestinal enterocytes and to the 

sinusoidal membrane of hepatocytes by immunohistochemical studies. Thus, OCTI has 

the functional characteristics of the basolateral organic cation transporter and is 

responsible for mediating the entry of organic cations into ~e cells, the first step in the 

elimination of many organic cations in the kidney, small intestine, and liver. 

Subsequently, the human homologue of rOCTI was cloned from human liver by 

homology screening (Gorboulev et al., 1997). hOCTl encodes a 553-amino-acid protein, 

with 78% amino acid identity to rOCTl. The human gene has been localized to 

chromosome 6q26 (Koehler et al., 1997). Northern blot analysis indicates that hOCTl is 

mainly expressed in the liver, suggesting species differences in the distribution and 

perhaps the function of rOCTI and hOCTl. The more sensitive RT-PCR approach has 

detected transcription of hOCTlin all tissues tested, suggesting a housekeeping function 

of hOCTl. Once expressed in Xenopus laevis oocytes, hOCTI can mediate tracer influx 

ofNMN, TEA, and MPP+ (Gorboulev et al., 1997). 

(b) OCTIA 

An isoform of rOCTl, called rOCTIA, has been identified and cloned from the 

rat kidney by RT-PCR using rOCTI-specific primers (Zhang et al., 1997a). The isoform 

eDNA sequence is identical to that of rOCTI, except for a deletion between bp 451 and 

556 of the rOCTl eDNA because of alternative splicing. The deletion results in a 

frameshift and leads to an. earlier stop codon in the open reading frame of rOCT 1. 

However, another reading frame is present in rOCTIA eDNA, encoding a protein of 430 

amino acids. The amino acid sequence of the protein is 92% identical to that of rOCTI, 
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and the only different region lies at the amino terminus. rOCTlA lacks the first two 

transmembrane domains as well as the three potential glycosylation sites in the first 

extracellular loop of rOCTl. Nevertheless, after expression in Xenopus laevis oocytes, 

rOCTlA mediates the cimetidine-inhibitable TEA uptake. Consistent with the 

characteristics of'polyspecillc organic cation transporters, TEA, guanidine, cimetidine, 

choline, N1-methylnicotinamide (NMN), and procainamide all significantly inhibit the 

uptake of TEA. These data suggest that the first two transmembrane domains and the 

three potential glycosylation sites are not necessary for the transport function. RNase 

protection assays indicate that the RNA transcript of rOCTlA is present in detectable 

quantities in the rat kidney and RT-PCR shows that rOCTlA mRNA transcripts are also 

present in the intestine and liver. 

(c) OCT2 

Subsequently, a second member of the OCT gene family, rOCT2, was cloned by 

homology screening from a rat kidney eDNA library (Okuda et al., 1996). The eDNA has 

an open reading frame encoding a 593-amino acid protein that shows 67% identity with 

the rOCTI. Hydropathy analysis indicates that r0CT2 has twelve putative 

transmembrane domains. Northern blot and RT-PCR analyses show that r0CT2 is 

expressed primarily in the kidney, and at a higher level in the medulla than in the cortex. 

When expressed in Xenopus oocytes, r0CT2 mediates cimetidine-inhibitable TEA 

uptake. Functional studies have shown that rOCT2 activity is potential-sensitive, and 

independent of a proton gradient. The human homologue of r0CT2 has also been 

subsequently cloned from human kidney by homology screening (Gorboulev et a!., 
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1997). liOCT2 encodes a 555-amino-acid protein, with 81% amino acid identity to 

rOCT2. Northern blot analysis suggests that hOCT2 is mainly expressed in kidney. The 

more sensitive RT-PCR approach has shown that expression of hOCT2 is detectable in 

spleen, placenta, small intestine, and brain. In voltage-clamped oocytes, organic cation 

transport by hOCT2 is also pH independent, electrogenic, and polyspecific. OCT2 is also 

located in the basolateral membrane of the kidney tubular cells (Urakami et a!., 1998). 

(d) NLT 

Monoclonal antibodies that specifically recognize a. sinusoidal membrane 

component of hepatocyte have been used to screen a rat liver eDNA expression library. A 

clone encoding a novel livc;:r transporter (NL T) protein has been identified by this 

approach (Simonson et a!., 1994). Analysis of the deduced 535 amino acid sequence 

indicates that it is about 31% identical to rOCT! and rOCT2. Northern blot analysis 

indicates that NLT is preferentially expressed in liver and at lower levels in kidney. 

However, no functional characterization has been done with this clone. 

(e) RST 

Using the signal sequence trap method, Mori et a!. have recently cloned a eDNA 

from a mouse kidney library (Mori et a!., 1997). It encodes a novel 12-membrane

spanning transporter-like protein, termed renal-specific transporter (RST). RST is a 553-

amino-acid protein highly homologous to the previously cloned organic cation 

transporters, e.g. OCT!, OCT2, and NLT. Northern blot analysis has shown that the RST 

gene is expressed abundantly and specifically in the kidney. In situ hybridization analysis 
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has shown that RST gene expression is restricted to the renal proximal tubule. But no 

functional data are available on this clone. 

(f) OC1Nl 

Most recently, an additional member of the gene family, hOC1Nl, has been 

cloned from a human fetal liver eDNA library (Tarnai et al., 1997). The eDNA encodes a 

protein of 551 amino acids, with 33% identity with hOCTl and hOCT2. Hydropathy 

analysis predicts that hOC1Nl has 11 transmembrane domains. Interestingly, hOCTNl 

has a nucleotide binding site sequence motif which is absent from other cloned organic 

cation transporters. Northern blot analysis indicates that hOC1Nl is expressed at high 

levels in fetal liver, and at lower levels in fetal kidney and lung. In adults, strong signals 

are present in kidney, trachea, and bone marrow and weak signals in skeletal muscle, 

prostate, lung, pancreas, placenta, heart, uterus, spleen, and spinal cord. Moreover, 

several human cancer cell lines, including A459, SW480, K562 and HeLa, also express 

hOCTNl. When transiently transfected in HEK293 cells, hOC1Nl mediates the transport 

of the prototypical organic cation TEA in a pH-sensitive manner, suggesting that it may 

be an organic cation/proton antiporter. However, the mechanism of the pH dependence is 

yet to be elucidated by further studies. 

(g) OCT3 

Using rOCTl eDNA as a probe, our lab has recently cloned r0CT3, a new 

member of the potential-sensitive organic cation transporter gene family, from a rat 

placental eDNA library by homology screening (Kekuda et al., 1998). The eDNA 
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encodes a protein of 551 amino acids with 12 transmembrane domains. Northern analysis 

shows that r0CT3 is expressed most abundantly in placenta, followed by intestine, heart, 

and brain. The expression is comparatively low in the kidney and lung and is 

undetectable in the liver. The fact that rOCT3 is expressed in the brain as assessed by 

Northern analysis is interesting since several neurotoxins and neurotransmitters are 

organic cations in nature. But it is not known at present whether r0CT3 is involved in the 

handling of neurotoxins and neurotransmitters in the brain. When expressed in HeLa 

cells, the r0C'I:3 eDNA induces the transport of TEA and guanidine. Competition 

experiments indicate that this transport process recognizes a large number of organic 

cations, suggesting its polyspecific property. The eDNA-induced transport is markedly 

influenced by extracellular pH. However, when expressed in Xenopus laevis oocytes, the 

eDNA-induced transport is electrogenic, associated with the transfer of positive charge 

into the oocytes. Under voltage-clamp conditions, TEA evokes inward currents, which 

are concentration- and potential-dependent. 

D. Specific Aims of the Current Project 

(a) Investigate the relevance of OCT3 to the handling of the cationic neurotoxins 

and neurotransmitters in the brain. 

It is interesting that r0CT3 is expressed in the brain as assessed by Northern blot 

analysis since several of the neurotoxins and neurotransmitters are organic cations in 

nature. But it is still not known whether rOCT3 is involved in the handling of the 

neurotoxins and neurotransmitters in the brain. Whether or not cationic neurotoxins and 

neurotransmitters are substrates of rOCT3 was investigated. In these studies, MPP+ was 
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used as the prototypical cationic neurotoxin. Special emphasis is given to this organic 

cation because MPP+ is known to produce Parkinson's disease in humans and in 

laboratory animals. These studies have the potential to discover any possible relevance of 

OCT3 in the brain in the pathogenesis of idiopathic Parkinson's disease. 

(b) Clone and functionally characterize the human and mouse homologues of rat 

OCT3. 

The need for the elucidation of the structure and function of human OCT3 is 

readily apparent because of the potential relevance of OCT3 in the human brain to the 

handling of neurotoxins and neurotransmitters. Isolation of the human OCT3 eDNA is 

also necessary to determine the chromosomal location of the human gene coding for this 

transporter. Cloning of the murine OCT3 eDNA may pave the·way for the generation of 

knockout animal models in the future to elucidate the function of this interesting 

transporter. 

(c) Investigate the functional characteristics of human OCTNl, with special 

emphasis on the role of W gradient versus membrane potential. 

Functional studies have led to the identification of two distinct classes of organic 

cation transport systems, one driven by the transmembrane potential difference and the 

other driven by the transmembrane W gradient. OCTl, OCT2, and OCT3 all belong to 

the group of potential-sensitive organic cation transporters. An alkaline extracellular pH 

can increase hOCTNI-mediated TEA transport, suggesting that it may be an organic 

cation/proton ·antiporter. But we have observed a similar phenomenon with r0CT3. The 
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r0CT3 eDNA-induced transport is markedly influenced by extracellular pH. However, 

when r0CT3 is expressed in Xenopus laevis oocytes, the eDNA-induced transport is 

electrogenic, and potential-dependent. It has been shown that extracellular pH can change 

the membrane potential, which in turn will influence the activity of potentiaf-dependent 

transporter. When studied in rOCT3 -expressing oocytes under voltage clamp conditions, 

r0CT3 is independent of extracellular pH. Therefore, it is premature to conclude that 

hOCTNl is an organic catiollf.H" antipo*r simply based on the obseryation that 

hOCTNl is influenced by extracellular pH in mammalian cells expressing the transporter 

heterologously (Tarnai et a!., 1997). These studies were not done under voltage-clamp 

conditions. Therefore, a systematic investigation of the influence of extracellular pH and 

membrane potential on hOCTNl was undertaken. 

(d) Clone and characterize the function of OCTN2. 

Comparison of the nucleotide sequence of hOCTNl with the nucleotide data base 

in the GenBank indicates that there is another human gene that has sequence homo.Jogy to 

hOCTNl. This gene could potentially code for a new member of the OCT family. There 

is no information available on the product of this homologous gene. This putative organic 

cation transporter (OCTN2) was cloned by homology screening a human placental cell 

line eDNA library using the hOCTNl eDNA as a probe. Rat and mouse homologues of 

hOCTN2 were also isolated from a rat placental eDNA library and a mouse kidney 

eDNA library. Functional characteristics of OCTN2s were investigated using vaccinia 

virus expression system. 
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(e) Investigate the transport of MPTP in human placental brush border membrane 

vesicles. 

It has been shown that the human placental choriocarcinoma cell line JAR and 

brain endothelial cells have a highly active MPTP!H' antiport system. MPTP is the 

precursor of MPP+, which is a neurotoxin that can induce Parkinson's syndrome. The 

MPTPIH' antiport system may play an important role in protecting the fetus from the 

toxin. Whether normal placental tissue has the MPTPIH' antiport system was 

investigated in the present study. Theoretically, the MPTPIH' antiport system should be 

located at the brush border membrane of human placenta where it can function in the 

elimination of the toxin from the syncytiotrophoblast. Therefore, human placental brush 

border membrane vesicles were used to assess the characteristics of MPTP transport to 

determine ifMPTPIH' antiport system is present in this membrane. 

(t) Characterize the MPTPt'lr antiport in Xenopus oocytes. 

We are planning to clone the MPTPIH' antiporter in the future. Xenopus oocyte is 

one of the important systems used widely in functional expression studies. However, to 

use it as an expression system, we have to find out first if the oocytes have any 

endogenous MPTP transport activity. Our initial studies have indeed shown that these 

oocytes have marked MPTP transport activity suggesting the possible expression of an 

endogenous MPTPM antiport system. Functional studies were expanded to characterize 

fully the oocyte MPTP transport system. 



II. MATERIALS AND METHODS 

Materials 

Materials were obtained from the following sources: restriction enzymes, 

Promega (Madison, WI) and NEB (Beverly, MA); plasmid isolation mini-prep kits, 

Promega (Madison, WI); midi-prep plasmid kits, QIAGEN (Chatsworth, CA); trizol, 

Oligo(dT), SuperScript'™ plasmid system, Lipofectin, and cell culture media, Life 

Technologies (Gaithersburg, MD); multiple tissue Northern blots and RNA Master blot, 

Clontech (Palo Alto, CA); PCR and RT-PCR kits, Perkin Elmer (Branchburg,, NJ); 

mMESSAGE mMACHINE'™ capped RNA transcription kits, Ambion (Austin, TX); 

QuickChange'™ site-directed mutagenesis kit, Stratagene (La Jolla, CA); Transformer'™ 

site-directed mutagenesis kit, Clontech (Palo Alto, CA); [14C]TEA, [3H]MPP+, and 

eH]MPTP, American Radiolabeled Chemicals (St. Louis, MO); eHJcarnitine, 

eHJacetyl-carnitine, and [~propionyl-carnitine, Moravek Biochemicals (Brea, CA); 

e 2P]dCTP, Amersham Pharmacia Biotech (Arlington Heights, IL); all other chemicals, 

Sigma (St. Louis, MO) or Research Biochemicals (Natick, MA). 

21 



Methods 

A. Construction and screening of eDNA libraries 

(a) Preparation of total RNA from tissues and cells 

22 

RNA from tissue samples like rat brain, mouse kidney, human placenta, rat 

placenta, and cultured cells (human placental trophoblast cell lines JAR and BeWo, 

human intestinal cell lines HT29 and Caco-2, human kidney cell line HKPT, Madin

Darby canine kidney cell line MOCK, human cervical cancer cell line HeLa; and human 

breast cancer cell line MCF7) was prepared with the use of Trizol reagent (Life 

Technologies, Gaithersburg, MD) according to the protocol supplied by the 

manufacturer. Tissue samples were homogenized in Trizol Reagent (1 ml I 50- 100 mg 

tissue) using a Polytron homogenizer. The homogenate was stored for 5 minutes at room 

temperature. Cultured cells grown· in 150 cm2 flasks were washed twice with ice-cold 

phosphate-buffered saline prepared in DEPC-treated water before lysis with 15 ml Trizol 

Reagent (1 ml per 10 cm2
). The lysate was homogenized using a Polytron homogenizer 

and the homogenized samples were incubated at room temperature for 5 minutes to 

permit the complete dissociation of nucleoprotein complexes. 

Next, the homogenate was mixed with 0.2 ml of chloroform per 1 ml of Trizol 

Reagent, and shaken vigorously for 15 seconds. The mixture was stored at room 

temperature for 15 minutes an~ centrifuged at 12,000 x g for 15 minutes at 4°C. The 

upper aqueous phase was transferred to a fresh tube and the RNA was precipitated with 

0.5 ml of isopropanol per 1 ml of Trizol Reagent. The sample was stored at room 

temperature for 10 minutes and then centrifuged at 12,000 x g for 8 minutes at 4°C. The 

RNA pellefwas washed once with 75% ethanol (at least 1 ml of 75% ethanol per I ml of 
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Trizol Reagent) by vortexing and centrifuged at 7,500 x g for 5 minutes at 4°C. Finally, 

the RNA pellet was air-dried and resuspended in 10 mM Tris-Cl, pH 7.5. 

(b) Isolation of Poly( At RNA 

Poly(At ·RNA was isolated from total RNA by subjecting the RNA samples 

twice to oligo( d'l;-)-cellulose affinity chromatography. 

(c) Construction of the eDNA libraries 

eDNA libraries were constructed with the SuperScript™ plasmid system (Life 

Technologies) using poly(At RNA. In the eDNA first-strand synth~sis reaction, a 

modified oligo( dT) primer adapter containing a Not I site was used. After second-strand 

synthesis and addition of a Sal I adapter, the cDNAs were digested with Not I to generate 

cDNAs with Not I and Sal I termini for unidirectional cloning. Before ligation to Not 

I!Sal !-digested pSPORT vector, double-stranded cDNAs were size-fractionated by 

sephacryl chromatography (Sephacryl S-500 HR). Only the fractions containing cDNAs 

larger than 1 kb were used for library construction. Ligated cDNAs were introduced into 

ElectroMAX™ DH10B competent cells by electroporation. 

(d) Screening ofthe eDNA libraries 

Screening was done by colony hybridization of the plasmid eDNA libraries grown 

on nylon or nitrocellulose transfer membranes (MSI, Westboro, MA). The eDNA probes 

were labeled with [a.-32P]dCTP using the Ready-to-Go™ oligolabeling kit from 

Amersham Pharmacia (Piscataway, NJ). Purification of the labeled probe was performed 
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with ProbeQuant1M G-50 microcolumns from Amersham Phannacia (Piscataway, NJ). 

The resin in the G-50 microcolumn was first resuspended by vortexing. After loosening 

the cap, the bottom closure was snapped off and the column was placed in a 1.5 ml 

microcentrifuge tube and spun for 1 minute at 735 x g. The column was then placed in a 

new 1.5 ml micr<icentrifuge tube and the labeled sample was applied slowly to the top

center of the resin and spin for 2 minutes at 735 x g. The purified sample was collected in 

the microcentrifuge tube. Hybridization was carried out at 55 - 65°C in a solution 

containing 5 x SSPE (1 x SSPE is 0.15 M NaCl, 10 mM NaH2P04, and 1 mM EDT A, pH 

7.4), 5 x Denhardt's solution, 0.5% sodium dodecyl sulfate (SDS), and 100 !!g/ml of 

denatured salmon sperm DNA for 24 hours. Posthybridization washing was done under 

low stringency conditions, 3 x SSPE, 0.5% SDS at room temperature for 20 - 30 minutes. 

Positive clones were identified and colonies purified by secondary screening. 

(e) DNA sequencing 

Both sense and antisense strands of the cDNAs were sequenced by pruner 

walking. Sequencing by the dideoxynucleotide chain termination method was Pt:<rformed 

by Taq DyeDeoxy terminator cycle sequencing with an automated Perkin-Elmer Applied 

Biosystems 377 Prism DNA Sequencer. The sequences were analyzed using the GCG 

sequence analysis software package GCG version 7.B (Genetics Computer Group, Inc. 

Madison, WI). Database searches were done using the GenBank program BLAST. 
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(f) Northern blot analysis 

Poly(At RNA samples isolated from various rat tissues (liver, kidney, intestine, 

placenta, lung, heart, and brain) and human cell lines (MOCK, Caco-2, HT-29, JAR, 

BeWo, HeLa, MCF?)were used in Northern blot analysis. Several commercial human 

multiple tissue Northern blots were obtained from Clontech to assess tissue distribution 

of hybridization signals in humans. 

Five J.lg of poly(At RNA was size-fractionated by electrophoresis in a 1% 

formaldehyde-agarose gel and subsequently capillary transferred onto a Hybond nylon 

membrane (Amersham) for 24 hours. After the RNA was UV-crosslinked to the nylon 

membrane, prehybridization was done for at least 6 hours at 42°C and hybridization for at 

least 16 hours at 42°C. The composition of the prehybridization and hybridization 

solutions was 50% fomtarnide, 5 x Denhard~'s solution, 2% SDS, 5 x SSPE, and 100 

J.lg/ml of salmon sperm DNA. The membranes were probed with specific organic cation 

transporter cDNAs and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 

human P-actin eDNA by sequential hybridizatio.n. The probes were labeled with [a:-

32P]dCTP using the Ready-to-GoTM oligolabeling kit from Pharmacia. Washing was done 

twice in 3 x SSPE I 0.5% SDS at room temperature for 15 minutes and twice in 0.5 x 

SSPE I 0.5% SDS at 65°C for 30 minutes. For the GAPDH or P-actin probes, the last 

washing was done in 0.1 x SSPE I 0.1% SDS at 65°C. 

ExpressHyb solution was used for the hybridization of the commercial Northern 

blots. Prehybridization of the membrane was carried out in a minimum of 5 ml of the 

ExpressHyb solution with continuous shaking at 68°C for 30 minutes. The denatured 

radiolabeled probe was added to 5 ml of fresh ExpressHyb solution and mixed well. 
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Hybridization of the membrane was done at 68°e for 1 hour with continuous shaking. 

The membrane was washed with wash solution 1 (2 x sse, 0.05% SDS) at room 

temperature for 40 minutes. The wash solution was replaced several times. The Northern 

blot was rinsed in wash solution 2 (0.1 X sse, 0.1% SDS) at 50°e for 40 minutes with 

COI).tinuous shaking. 

The blot was removed and excess wash solution was drained. The blot was then 

covered with plastic wrap immediately and exposed to x-ray film at -70°e. 

B. Functional expression of organic cation transporter cDNAs using vaccinia virus 

expression system in HeLa and HRPE cells 

cDNAs were cloned into pSPORT vector in such an orientation that the cDNAs 

were under the control of the T7 promoter in the plasmid (Fig. 3). Sub confluent HeLa or 

HRPE cells in 24-well culture plates were first infected with a recombinant vaccinia virus 

(VTF7.3) encoding T7 RNA polymerase and then transfected with the pSPORT-cDNA 

construct in the presence of Lipofectin (Gibco-BRL). After 12 ·hours following 

t~ansfection, transport activity was measured at room temperature using 20 1-l.M 

e4e]TEA, 10 nM eH]MPP+, 5 nM [3H]MPTP, 20 nM eH]carnitine, 20 nM eH]acety1-

camitine, or 20 nM eH] propionyl-carnitine as a substrate. The transport buffer in most 

cases was composed of 25 mM Tris!Hepes (pH 8.5), supplemented with 280 mM 

mannitol, 5.4 mM Ke1, 1.8 mM eaeh, 0.8 mM MgS04, and 5 mM glucose. Sometimes, 

mannitol was substituted by 140 mM Nael or 140 mM NMDGCI. When the influence of 

pH on transport was investigated, transport buffers of different pH were prepared by 

varying the concentrations of Tris, Hepes, and Mes. The usual incubation time for 



Fig. 3. Strategy for vaccinia virus expression system in mammalian cells. Subconfluent 

mammalian cells in 24-wel/ culture plates were first infected with a recombinant vaccinia 

virus (VTF7-3) encoding T7 RNA polymerase and then transfected with the pSPORT

cDNA· construct in the presence of Lipofectin. After 8-12 hours following transfection, 

transport activity was measured. 
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transport measurement was 30 minutes. Transport was terminated by aspiration of the 

uptake buffer followed by two washes with 2 ml of ice-cold transport buffer. Following 

this, the cells were solubilized with 0.5 ml of 1% SDS in 0.2 N NaOH and transferred to 

vials for quantitation of the radioactivity associated with the cells. HeLa or HRPE cells 

transfected with empty vector under similar conditions served as control. In experiments 

dealing with saturation kinetics, data were analyzed by nonlinear regression and 

confirmed by linear regression. 

· C. Functional expression of organic cation transporter cDNAs in Xenopus laevis 

oocytes 

(a) cRNA synthesis 

Double-strand DNA templates were digested to completion with a suitable 

restriction enzyme, usually Not I, that cleaved at the 3 '-end of the cD~A. To yield the 

maximum level of transcription, restriction enzymes with 5' overhanging ends were 

selected because it was reported that non-specific (i.e., non-promoter dependent) 

transcription can initiate at 3' protruding ends. After restriction enzyme digestion, the 

·templates were purified by phenol/chloroform extraction and ethanol precipitation, and 

dissolved in water at a final concentration of 0.5 IJ.g/IJ.L 

The eDNA inserts were transcribed in vitro using T7 RNA polymerase in the 

presence of RNase inhibitor and RNA cap analog. The Ambion mMESSAGE 

mMACHINE1M kit was employed for this purpose. Linearized templates were mixed 

with transcription buffer, ribonucleotide mix, and polymerase enzyme mix in a 1.5 ml 

microfuge fube at room temperature. Mter mixing contents with a pipet and brief spin, 
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the mixture was incubated at 37°C for three hours in a 37°C cabinet incubator. Then 1 !!1 

ofRNase-free DNase I (2 U/!!1) was added to the reaction, mixed thoroughly, microfuged 

momentarily, and incubated at 37°C for 15 minutes. 

The reaction was stopped by adding 115 !!1 of Nuclease-free deionized HzO and 

15 !ll of ammonium acetate stop solution and mixed thoroughly. The mixture was 

extracted once with an equal volume of buffer-saturated phenol/chloroform, and once 

with an equal volume of chloroform. The RNA was precipitated by adding 1 volume of 

isopropyl alcohol followed by mixing. The mixture wa8 chilled for at least 15 minutes at-

20°C prior to centrifugation at 4°C for 15 minutes at maximum speed to pellet the RNA. 

The supernatant solution was removed carefully. The RNA pellet was dried and 

resuspended in RNase-fre~ deionized H20. Concentration of RNAs was determined by 

' 
UV spectrophotometry and integrity of RNAs was verified by denaturing I% 

formaldehyde-agarose gel electrophoresis and visualization using ethidium bromide 

florescence. The cRNAs were aliquoted and stored at -80°C. 

(b) Oocyte preparation and injection 

A small piece of ovarian lobe was dissected from Xenopus laevis under anesthesia 

and incubated in a Ca2•-free medium (82.5 mM NaCI, 2mM KCl, 1 mM MgCh, 5 mM 

Hepes/Tris, pH 7.5) containing 1.6 mg/ml collagenase type 1A for 30 minutes at room 

temperature. Healthy oocytes in stages V-VI were manually defolliculated. After 

allowing 1 day for recovery, oocytes were injected with 50 ng cRNA. Uninjected 

oocytes were used as controls. Oocytes were maintained at 19°C for the desired number 

of days in sterile modified Barth's saline (88 mM NaCI, 1 mM KCl, 0.82 mM MgS04, 2.4 
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mM NaHC03, 0.41 mM CaCh, 0.33 mM Ca(N03)2, 10 mM Hepes/Tris, pH 7.4) 

supplemented with 50 j.!g/ml gentamicin. 

(c) Uptake measurements in oocytes 

Uptake of [14C]TEA, eHJMPP+ or [3H]MPTP into oocytes was measured ina 

24-well microtiter plate. Five to ten oocytes were incubated at room temperature for 60 

minutes in the uptake buffer, composed of 100 mM NaCl, 2 mM KCl, 1 mM MgCh, and 

1 mM CaCh, buffered with 3 mM Hepes and 3 mM Mes. The buffer was adjusted to the 

desired pH by varying the concentration of Tris. Uptake was terminated by washing the 

oocytes with ice-cold uptake buffer four times. Each oocyte was dissolved in 0.2 ml of 

1 0% SDS, and radioactivity associated with the oocyte was determined by liquid 

scintillation spectrometry. The influence of membrane potential on the uptake was 

studied by changing the concentration of K+ in the uptake buffer or by adding Ba2+, a K+ 

channel blocker, to the uptake buffer. 

D. Site-directed mutagenesis and protein expression estimation 

(a) Site-directed mutagenesis 

The QuickChange site-directed mutagenesis kit (Stratagene) was used to generate 

the hOCTN2 mutants according to the manufacturer's protocol. The procedure uses Pfo 

DNA polymerase which replicates both strands of DNA with high fidelity and without 

displacing the mutant primers .. Two synthetic oligonucleotide primers (sense and antisense) 

specific for the hOCTN2 eDNA and containing the desired mutation in the middle were 

used. Following PCR with the wildtype hOCTN2 eDNA as the template, the product was 
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digested with Dpni to digest the parental DNA template, leaving behind the nicked dsDNA 

containing the mutation introduced in the primers. E coli w~ then transformed by the 

resultant product for repair of the nicks and amplification. The entil:e coding region of the 

mutant cDNAs was sequenced to confirm the presence of the introduced mutations and the 

absence of any unwanted mutations arising from PCR. Two mutant hOCTN2 cDNAs were 

made: Met352Arg and Pro478Leu. The sense and antisense primers for the generation of 

the Met352Arg mutant were 5' -accatcatgtccataatgctgtggAGGaccatatcagtgg-3' and 5'

ccactgatatggtCCTccacagcattatggacatgatgg-3' (mutated codon is given in uppercase letters). 

The sense and antisense primers for the generation of the Pro478Leu mutant were 5'

gcatcctgtctCTCtacttcgtttaccttg-3' and 5' -caaggtaaacgaagtaGAGagacaggatgc-3' (mutated 

codon is given in uppercase letters). 

(b) Addition of c-myc epitope tag at the N-termin\IS of wild type hOCTN2 

The Transformer site-directed mutagenesis kit (Clontech) was used to add the c-myc 

epitope tag at theN-terminus of the wild type hOCTN2. The primers used were 

5' -CGCGTTGGTGCGGAATTCTCGGTAGTGGGA-3' (selection primer) and 

5' -TCTGAGGGCGGCATGGAACAGAAACTGATCTCCGAAGAAGACCTGCGGGAC 

TACGAC-3' (epitope tag mutagenic primer). The underlined portion of the mutagenic 

primer indicates the codons for the c-myc epitope sequence (EQKLISEEDL) which is added 

to the N-terminus of the wild type hOCTN2 between the first (Met) and second (Arg) amino 

acid residues. The primers were phosphorylated by incubation with T4 polynucleotide 

kinase. The selection primer converted a unique restriction site for EcoRV in the pSPORT

hOCTN2 eDNA to a restriction site for EcoRI. The plasmid was denatured and the 
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selection primer and the mutagenic primer were annealed to the denatured plasmid DNA 

The second strand was synthesized with T4 DNA polymerase and circularized with T4 

DNA ligase. The product, containing the wild type and the mutant strands, was digested 

with EcoRV which linearized only the wild type strand. MutS E. coli competent cells were 

transformed with the mixture. Plasmid DNA was isolated from the transformed cells and 

digested once again with EcoRV to linearize· the wild type DNA This digest was 

transformed into E. coli DH5a competent cells. Plasmid DNA was isolated from individual 

transformants and the mutant clones were identified by restriction analysis. The addition of 

the epitope tag to theN-terminus was confirmed by sequencing. 

(c) Addition of c-myc epitope tag to mutants . 

Since the Met352Arg and Pro478Leu mutations are in the C-terminal half of the 

hOCTN2 protein, we were able to add the c-myc epitope tag to the mutants by exchanging a 

1.2 kbp 5'-fragment in the mutant cDNAs with the corresponding 5'-fragment from the 

epitope-tagged wild type eDNA. This was possible because of the presence of a unique 

restriction site for BstBI in the 5' -half of the wild type and mutant cDNAs 5' to the mutation 

sites. The fragment containing the tag was released by digestion of the epitope-tagged wild 

type clone with EcoRI!BstBI and ligated to the EcoRI/BstBI-digested mutant clones. 

(d) Immunolocalization of c-myc epitope-tagged hOCTN2 

HRPE cells were cultured in chamber slides and tagged and non-tagged hOCTN2 

cDNAs (wild type and mutants) were expressed in these cells heterologously using the 

vaccinia virus expression technique. Twelve hours following transfection, medium was 
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removed and cells were washed with phosphate-buffered saline. Cells were then fixed with 

2.5% paraformaldehyde for 20 minutes. The fixative was removed and the cells were 

permeabilized with 0.1% Triton X-100 for 5 minutes.· Cells were subsequently washed 

three times with phosphate-buffered saline for 5 minutes each and then exposed to 4% goat 

serum for I 0 minutes at room temperature. Following this, cells were incubated with anti-c-

myc monoclonal antibody (Invitrogen) for 3 h at room temperature and overnight at 4°C. 

Cells were subsequently washed with phosphate-buffered saline three times for 5 minutes 

each and then incubated overnight at 4°C with FITC-coupled anti-mouse IgG. Cells were 

again washed, ·covered with vectashield and coverslip and analyzed under a fluorescent 

microscope. 

E. Studies with human placental brush-border membrane vesicles 

(a) Membrane vesicle preparation 

Maternal-facing brush-border membrane vesicles were prepared from normal 

term human placentas by the Mg2+-aggregation method. The placenta was obtained 
. 

within 30 minutes of delivery and processed immediately. After removing the maternal 

decidual layer using a sharp blade, the exposed placental villous tissue (central portions 

of the placenta) was removed from the chorionic plate with scissors. The tissue was cut 

into small pieces so as to expose the syncytiotrophoblast brush-border membrane and 

placed in a 500-ml beaker. All the subsequent steps were performed at 4°C. The tissue 

was rinsed three times with wash buffer (200 ml of 10 mM Hepes/Tris, pH 7.0, 

containing 300 mM mannitol) to remove blood. The washed tissue was placed in 300 ml 

of the same buffer and agitated on a magnetic stirrer for 30 minutes at the maximum 
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speed. This procedure loosened the brush-border membrane from ·the 

syncytiotrophoblast. After agitating, the placental slurry was filtered with six layers of 

cheesecloth and the filtrate was centrifuged at 8,000 g for 15 minutes to remove any 

remaining blood cells. The resulting supernatant was centrifuged at 60,000 g for 30 

minutes. The pellets representing crude brush-border membranes were collected in 50 ml 

of the previously described buffer and homogenized in a loose-fitting Dounce glass 

homogenizer using 10 strokes. A stock solution of MgC12 (1 M) was added to the 

homogenate so as to give a final concentration of 12 mM MgCh. The mixture was stirred 

for I minute and let stand for 10 minutes. It was then centrifuged at 3,000 g for 15 

minutes to remove the Mg2+-aggregated, non-brush-border membranes. The supernatant 

containing the brush-border membranes was centrifuged at 60,000 g for 30 minutes. The 

membrane pellets were suspended in the preloading buffer and centrifuged again. In our 

experiments, we used two preloading buffers with different pH. One preloading buffer 

consisted of 25 mM Mes and 300 mM mannitol, and was adjusted to pH 6.0 with Tris. 

The other preloading buffer consisted of 25 mM Tris and 300 mM mannitol, and was 

adjusted to pH 8.0 with Hepes. This washing procedure was repeated twice, and the fmal 

pellets were suspended in a small volume of the preloading buffer by passing through a 

25-gauge needle. It is assumed that this procedure resulted in effective equilibration of 

the intravesicular space with the pre!oading buffer. The protein concentration of the 

membrane suspension was adjusted to 5 mg/ml. The final preparation was distributed in 

small aliquots in plastic tubes and stored frozen in liquid nitrogen until use. The purity of 

the brush-border membrane was monitored by assaying alkaline phosphatase~ a marker 

enzyme for the brush-border membrane of human placenta. The enzyme was assayed 
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using p-nitrophenyl ·phosphate as the substrate. The specific activity of alkaline 

phosphatase in the purified brush-border membrane was compared with that of the 

washed placental tissue homogenate. 

(b) Uptake studies in membrane vesicles 

Uptake studies were performed by a rapid filtration method routinely employed in 

our laboratory. Uptake was initiated by mixing 40 ).11 of the membrane suspension (0.20 

mg protein) with 160 ).11 of uptake buffer containing 20 nM eH]MPTP. The composition 

of the uptake buffer was 300 mM mannitol, and 25 mM Tris/Hepes, pH 8.0. Following 

the incubation, the uptake was terminated by adding 3 ml of ice~cold stop buffer (300 

mM mannitol, and 10 mM Hepes, pH 7.0). Membrane vesicles were filtered through a 

Millipore filter (DA WP, 0.65 Jlm pore size) which was washed twice with 5 ml of the 

ice-cold buffer. Radioactivity associated with the filter was determined by liquid 

scintillation spectrometry. 

F. Statistics 

Each experimental point was determined in duplicate or triplicate and each 

experiment was repeated two or three times. The results are expressed as means ± SE 

from these replicate determinations. Statistical significance was determined by the 

Student's t test and AN OVA. A p value< 0.05 was considered significant. 



III. RESULTS 

A. Role of OCT3 in the Handling of the Cationic Neurotoxins and 

Neurotransmitters in the Brain. 

(a) Functional Characterization of OCT3-mediated Transport of Cationic Neurotoxins 

and Neurotransmitters 

I. OCT3-mediated MPP+ Uptake in HeLa Cells Versus HRPE Cells 

HeLa cells are widely used for heterologous expression of a variety of cloned 

transporters. Analysis of the function Of cloned transporters is facilitated if the cells used 

in heterologous expression possess little or no endogenous transport activity that could be 

ascribed to the cloned transporter. This eliminates the need to differentiate between the 

endogenous activity and the eDNA-mediated activity in cells expressing heterologously 

the cloned transporter. Our lab has shown previously that transfection of HeLa cells with 

rat OCT3 eDNA led to a several-fold increase in the uptake of the organic cation TEA 

(Kekuda et a!., 1998). However, under the same conditions, the increase in the uptake of 

the organic cation guanidine was much smaller. This was primarily because of the 

presence of relatively high endogenous guanidine uptake in HeLa cells compared with 

TEA uptake. Because the purpose of the present investigation was to characterize the 

r0CT3-mediated transport of the cationic neurotoxin MPP+, it was necessary first to 

assess the suitability of HeLa cells for this purpose by determining the relative 

contribution of endogenous MPP+ uptake activity to the total MPP+ uptake meal?ured in 

' 
r0CT3 cDNA-transfected cells (Fig. 4A). OCT3 eDNA did induce MPP+ uptake in these 

36 



Fig. 4. Comparison of rOCT3-induced l HJMPP+ uptake in HeLa cells (A) and HRPE 

cells (B). Cells were transfected with either pSPORT vector alone (•) or pSPORT

rOCT3 eDNA (0). Uptake oftHJMPP+ (I p.M) was studied at pH 8.5with a 30-min 

incubation in the presence of increasing concentrations of unlabeled MPP+. 
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cells, but the increase was small (-50%). Thus, the endogenous activity was found to 

contribute 60-70% to the activity measured in cDNA-transfected cells. Furthermore, the 

endogenous MPP+ uptake was saturable as evidenced from the inhibition of eHJMPP+ 

uptake by uniabeled MPP+. Interestingly, the potency of unlabeled MPP+ to inhibit the 

uptake of eHJMPP+ was markedly different between control cells and rOCT3-expressing 

cells. These data indi"cate that the endogenous MPP+ uptake activity in HeLa cells is not 

mediated by constitutively expressed OCT3. Alternatively, human and rat OCT3 may 

differ in their affmlty for MPP+. Whatever may be the molecular basis for the observed 

endogenous MPP+ uptake activity in HeLa cells, the relatively high endogenous MPP+ 

uptake activity made these cells less suitable for detailed characterization of OCT3-

mediated MPP+ uptake. 

A human retinal pigment epithelial cell line (HR.PE) was then tested for 

heterologous expression of r0CT3. In contrast to the results from HeLa cells, transfection 

of HRPE cells with r0CT3 eDNA led to a 3-fold increase in MPP+ uptake (Fig. 4B). In 

addition, the endogenous MPP+ uptake activity was not saturable with respect to MPP+ 

because unlabeled MPP+ failed to inhibit eHJMPP+ uptake in control cells. The uptake in 

cDNA-transfected cells was however saturable. When the eDNA-specific [3H]MPP+ 

uptake was considered, unlabeled MPP+ inhibited rOCT3-mediated eHJMPP+ uptake 

with an IC50 value of 138 ± 11 J.!M. These results show that HR.PE cells are more suitable 

than HeLa cells for the investigation of rOCT3-mediated MPP+ uptake. Subsequent 

experiments were therefore carried out with HR.PE cells. 

2. pH Dependence of OCT3-mediated MPP+ Uptake in HRPE Cells 
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The influence of extracellular pH on the uptake ofMPP+ was evaluated in control 

cells and in rOCT3-expressing cells. The MPP+ uptake activity in both groups of cells 
' 

was influenced by extracellular pH. The endogenous MPP+ uptake activity increased 2.5-

fold when the pH of the extracellular medium was changed from 5.5 to 8.5. When 

rOCT3-specific uptake was considered alone, the uptake increased almost 15-fold at pH 

8.5 compared with pH 5.5 (Fig. 5A). 

3. Saturation Kinetics of OCT3-mediated MPP+ Uptake in HRPE Cells 

The rOCT3-specific uptake measured at pH 8.5 was saturable, mediated by a 

single transport system with an apparent Michaelis-Menten constant (K1) of 91 ± 10 1-lM 

and a maximal velocity (Vmax) of 5.3 ± 0.3 nmol/106 cells/30 min (Fig. 5B). This apparent 

K1 value was found to be a reasonable approximation of the IC50 value calculated from 

the dose-response relationship of the inhibition of rOCT3-specifc uptake of [3H]MPP+ by 

unlabeled MPP+ (Fig. 4B). 

4. Inhibition of OCT3-mediated Uptake of MPP+ by Cationic Neurotoxins and 

Neurotransmitters 

The interaction of various cationic neurotoxins and neurotransmitters with rOCT3 

was investigated .in HRPE cells. The uptake of eHJMPP+ was measured in control cells 

as well as in r0CT3-expressing cells in the presence of increasing concentrations of 

cationic compounds (range, I IJ.M-10 mM). The cations tested were MPP+, desipramine, 

amphetamine, methamphetamine, dopamine, and serotonin. The rOCTI-specific uptake 

was calculated by subtracting the uptake in control cells from the corresponding uptake in 

r0CT3-expressing cells. It was therefore possible to compare the influence of the cationic 



Fig. 5. pH-dependence (,4) and saturation kinetics (B) of rOCT3-specijic MPP'" uptake 

in HRPE cells. A, cells were transfected with either pSPORTvector alone or pSPORT

rOCT3 eDNA. Uptake ofMPP+ (1 pM) was measured at different pH levels with a 30-

min incubation. rOCT3-specjic uptake was calculated by subtracting the uptake 

measured in vector-transjected cells from the uptake measured in cDNA-transfected 

cells. B, uptake ofMPP+ was measured in vector-transfected cells and in cDNA

transfected cells at pH 8.5 with a 30-min incubation. MPP+ concentration was varied 

over the range of25-500 pM the eDNA-specific uptake, calculated by subtracting the 

uptake in vector-transfected cells from the uptake in cDNA-transfected cells was used in 

kinetic analysis. Inset, Eadie-Hojstee plot. 
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compounds on the endogenous MPP+ uptake activity and the rOCT3-specific MPP+ 

uptake activity. The endogenous activity was inhibited by the compounds in the 

following order: desipramine > amphetamine > methamphetamine > serotonin > 

dopamine (Fig. 6A). Unlabeled MPP+ had little or no effect on eHJMPP+ uptake. The 

IC50 values for these cationic compounds are given in Table I. When rOCT3-specific 

uptake alone was considered, all six compounds tested inhibited the uptake. The order of 

inhibitory potency was amphetamine > desipramine > MPP+ > methamphetamine > 

dopamine > serotonin (Fig. 6B). The IC50 values are given in Table I. The order of 

inhibitory potency was clearly different between endogenous uptake activity and r0CT3-

specific uptake activity. The most striking difference was in the case ofMPP+. Unlabeled 

MPP+ failed to inhibit endogenous uptake activity. In contrast, the rOCTI-specific 

eH]MPP+ uptake was inhibited by unlabeled MPP+ potently with an ICso value of 143 ± 

10 J.!M. Obviously, the endogenous uptake activity is carrier-mediated, exhibits substrate 

specificity, but has very low affinity for MPP+. Among the neurotoxins and 

neurotransmitters tested, amphetamine was the most potent inhibiting r0CT3-mediated 

uptake with an ICso value of 42 ± 7 !lM. 

The ability of various additional organic cations to inhibit MPP+ uptake mediated 

by rOCT3 was also evaluated (Table II). These organic cations were found to inhibit 

differentially the endogenous MPP+ uptake activity and the rOCT3-specific MPP+ uptake 

activity. The potent inhibitors of OCT3-specific MPP+ uptake included 

dimethylamiloride, clonidine, guanidine, and TEA. 

5. OCTI-mediated Uptake of Dopamine 



Fig. 6. Influence of cationic neurotoxins and neurotransmitters on endogenous 

fHJMPP'" uptake (A) and rOCT3-specific fH]MPP'" uptake (B) in HRPE cells. Cells 

were transfected with either pSPORT vector alone or pSPORT-rOCT3 eDNA. Uptake of 

MPP+ (I plviJ was measured at pH 8.5 with a 30-min incubation in the presence or 

absence of increaSing concentrations of various cationic neurotoxins and 

neurotransmitters in vector-transfected cells as well as in cDNA-transfected cells. Uptake 

measured in vector-transfected cells was taken as endogenous uptake activity (A). Results 

are given as the percent of control endogenous fH]MPP+ uptake. rOCT3-specific 

fHJMPP+ uptake was calculated at each concentration of the inhibitory neurotoxins and 

neurotransmitters as the difference between the uptake in rOCT3-transfected cells and 

the corresponding uptake in vector-transfected cells (B). Results·are given as the percent 

ofrOCT3-specific fHJMPP+ uptake. •, amphetamine; 'll desipramine; e, MPP+; 0, 

methamphetamine; 0, dopamine; 'If• serotonin. 
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TABLE I. Relativ~ potency of cationic R.~!lrotoxins and neurotransmitters to inhibit 

endogenous and r0CT3-mediated e~)~pp+ uptake activities in HRPE cells. ICso 

values were calculated from the dose-reffi9J1Se relationship described in Fig. 6A and Fig. 

6B. ND, not determinable. 
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ICso (mM) 
Inhibitor Endogenous uptake OCT3-specific uptake 

Amphetamine 0.060 ± 0.008 0.042 ± 0~007 

Desipramine 0.013 ± 0.004 0.068 ± 0.002 

MPP+ ND 0.143 ± 0.010 

Methamphetamine 0.128 ± 0.025 0.247 ± 0.026 

Dopamine 11.3 ± 2.0 0.62± 0.04 

Serotonin 4.5 ± 1.7 0.97 ± 0.18 



TABLE II. Inhibition of r0CT3-mediated MPP+ uptake by various organic cations. 

HRPE cells were transfected with either pSPORT-OCT3 eDNA or pSPORT alone. 

Uptake of eHJMPP+ (1 ~M) was measured in these cells in mannitol medium (pH 8.5) 

with a 30 min incubation. Uptake was measured in the absence or presence of5 mM 

organic cations (pH of the medium was adjusted to 8.5 in each case). Values in 

parentheses are percent of corresponding control uptake. TMA, tetramethylammonium; 

TEA, tetraethylammo-nium; NMN, N1-methylnicotinamide. 
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eH]MPP+ Uptake 
(pmol I 106 cells I 3.0 min) 

Inhibitor pSPORT pSPORT-cDNA eDNA-specific 

None 17.2 ± 1.3 (100) 54.7 ± 2.3 (1 00) 37.5 (100) 

Dimethylamiloride 2.1 ±0.1 (15) 1.9 ± 0.1 (15) -0.2 (-1) 
.. 

Clonidine 3.4 ± 0.1 (18) 11.2 ± 0.2 (19) 7.8 (19) 

TEA 10.8 ± 0.2 (75) 18;8 ± 0.2 (38) 8.0 (23) 

Guanidine 15.9 ± 0.6 (84) 27.9 ± 0.4 (47) 12.0 (25) 

NMN 16.7 ± 0.5 (88) 31.8 ± 0.4 (54) 15.1 (37) 

Choline 16.1 ± 0.2 (85) 34.3 ± 0.7 (58) 18.2 (45) 

TMA 17.3± 0.4 (91) 37.8 ± 1.1 (64) 20.5 (51) 

Cimetidine 14.2 ± 0.2 (98) 38.8 ± 1.2 (77) 24.6 (69) 
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The results sh~wing the inhibition of rOCTI-mediated MPP+ uptake by dopwine 

suggest but do not prove that this neurotransmitter is actually a transportable substrate for 

r0CT3. To provide direct evidence for the transport of dopamine by rOCT3, the uptake 

of dopamine between vector-transfected and r0CT3 cDNA-transfected HRPE cells was 

compared (Fig. 7 A). When the uptake was measured in mannitol medium, transfection of 

the cells with rOCT3 eDNA led to an 85% increase in the uptake of dopamine. The 

rOCT3-inducible uptake was demonstrable even when mannitol in the medium was 

isoosmotically replaced with N-methyl-D-glucamine chloride, sodium gluconate, or 

NaCI. Thus, the rOCTI-specific uptake of dopamine was not dependent on Na+ and cr 

(Fig. 7B). This clearly differentiates the r0CT3-mediated uptake of dopamine from the 

uptake processes mediated by the (Na +, Cr)-dependent dopamine and norepinephrine 

transporters (Rudnick and Clark, 1993). 

6. Characteristics ofMPP+ Uptake in Xenopus laevis Oocytes Expressing OCT3 

. The characteristics of rOCT3-mediated uptake of MPP+ were also studied using 

the Xenopus /aevis oocyte expression system. Uptake of MPP+ was compared between 

uninjected oocytes and OCT3 cRNA-injected oocytes at different pH (Fig. SA). The 

uptake activity was severalfold higher in cRNA-injected oocytes than in control oocytes. 

The uptake was influenced by pH in both groups of oocytes. The endogenous uptake 

activity in control oocytes as well as the total uptake activity in OCT3-expressing oocytes 

increased significantly when the pH of the uptake medium was changed from 5.5 to 8.5 

(Fig. SA). When OCT3-specific activity alone was considered, the pH-dependent changes 

were small in the pH range 5.5-7.5. However, a change of pH from 7.5 to 8.5 led to a 2-

fold increase in the uptake activity (Fig. SB). 



Fig. 7. rOCT3-mediated uptake of dopamine in HRPE cells in the presence or absence 

of Na +or cr. Cells were transfected with either pSPORT vector alone or pSPORT-

OCT3 eDNA. Uptake ofl H) dopamine (0.15 pM) was measured at pH 8.5 with a 30 min 

incubation. Uptake buffers of different ionic composition were used: mannitol (-Na •• -

Cr), N-methyl D-glucamine chloride (-Na +, +Cl), sodium gluconate (+Na +, -Cl) and 

sodium chloride (+Na +. -'-Cr). Substitutions with these salts were made isoosmotically. 

(A) Upl~tke in vector-tran.~kcted cells and in c DNA-trans.fected cells. (B) rOCT3-specific 

up1ake. calculated·as I he difference bftween the uptake in vector-transfected cells and the 
' 
J 

upwke in cDNA-transfecled cells, measured under identical conditions. 
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Fig. 8. Influence oi pH on rOCT3-imluced MPP+ uptake in Xenopus laevis oocytes. A, 

uptake of [3 H) MP p+ 0 0 nA;f) was measured for I hour at different pH in uninjected or 

rOCTJ cRNA-injeded oocytes. All uptake buffers contained 100 mM NaCl, 2 mM KCI, 1 

mM MgCh and 3 mM Mes/Hepes/Tris of desired pH B, the rOCT3 specific uptake of 

MP p+ was calculqted by subtracting the uptake in uninjected oocytes from the uptake in 

cRNA-injected oocytes. 
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(b) Evidence for the Identity ·of OCT3 as the Extraneuronal Monoamine Transporter 

(Uptak~) 

The studies described thus far have established the following: OCT3 is a 

potential-sensitive organic cation transporter (Kelruda et al., 1998), it transports the 

cationic neurotoxin MPP+ effectively and it is capable of transporting the catecholamine 

dopamine in a Na +- and cr -independent manner. These characteristics are very similar to 

those described for the extraneuronal monoamine transporter, also called uptak~ 

(Bonisch, 1980). However, the molecular identity of this transporter has not yet been 

established. The extraneuronal monoamine transporter has been shown to be responsible 

for t_he Na+- and Cl"-independent uptake of the monoamines (epinephrine, 

norepinephrine, dopamine, serotonin, and histamine) in several extraneuronal tissues. It is 

driven by the inside-negative membrane potential and it interacts with a variety of 

organic cations, including MPP+. This raises the possibility that OCT3 may be identical 

to the extraneuronal monoamine transporter. Even though OCT! and OCT2 possess some 

of the characteristics of the extraneuronal monoamine transporter, they are unlikely 

candidates because their expression is not widespread in mammalian tissues but is limited 

to kidney, intestine, and liver. 

Therefore, the possibility that OCT3 may be identical to the extraneuronal 

monoamine transporter was investigated. A distinguishing characteristic of the 

extraneuronal monoamine transporter is its sensitivity to steroids (Iverson and Salt, 1970; 

Salt, 1972). To assess whether OCT3 possesses this characteristic, the ability of steroids 

to inhibit rOCT3-mediated uptake of TEA, a prototypical organic cation, was studied in 

. _HRPE cells transfected with r0CT3 eDNA (Fig. 9A). The endogenous TEA uptake 



Fig. 9. Inlrihition of r0CT3 activity by steroids and cateclwlamines (A) and 

correlation of ICso values hehveen OCT3 and uptake2 (B). rOCT3 activity was 

determined in HRPE cells by measuring the uptake of ( 4C]TEA (20 jiM) in the presence 

of increasing concentrations of various steroids or catecholamines. The results are 

expressed as percent of control uptake (I 00%) which was determined in the absence of 

inhibitors. Key:t:,., f3-estradiol; •. corticosterone; 0, deoxycorticosterone;<:> , 

testosterone;.&, progesterone;•, papaverine; •. dopamine; D, norepinephrine. IC50 

values calculated from the dose-response relationship data are correlated with IC50 

values for uptake2 obtained from the published reports. 
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activity in vector-transfected cells was <5% of 1EA uptake in cDNA-transfected cells. 

All steroids tested (P-estradiol, corticosterone, deoxycorticosterone, papaverine, 

testosterone, and progesterone) were found to inhibit 1EA uptake markedly in cDNA

transfected cells. The catecholamines dopamine and norepinephrine also inhibited 

r0CT3-mediated TEA uptake, but their inhibitory potency was much less compared to 

that of the steroids. The ICso values for the inhibition of OCT3 activity were then 

compared with the ICso values available in the literature (Grohmann and Trendelenburg, 

1984; Iverson and Salt, 1970; Salt, 1972) for the same steroids and catecholamines for the 

inhibition of the extraneuronal monoamine transporter activity (Table III). There was a 

significant correlation between the two sets ofiCso values (r = +0.88) (Fig. 9B). 

For comparison, similar experiments were carried out to assess the steroid 

sensitivity of the other two potential-sensitive organic cation transporters OCT! and 

OCT2 in HRPE cells expressing the transporters heterologously. Transfection of the cells 

with rOCTI eDNA or r0CT2 eDNA led to a 15- to 20-fold increase in TEA uptake. The 

rOCTl-mediated 1EA uptake was not found to be inhibited by steroids (Fig. lOA). Even 

at a concentration of 100 JlM, the steroids P-estradiol, corticosterone, 

deoxycorticosterone and testosterone failed to inhibit rOCTI activity. Progesterone 

however inhibited rOCT1 activity to a significant extent at this concentration. In contrast 

to rOCTI, the transport activity ofrOCT2 was inhibited by all steroids tested (Fig. lOB). 

However, the order of inhibitory potency for rOCT2 (progesterone > deoxycorticosterone 

> corticosterone > P-estradiol) was markedly different from that for rOCT3 and 

extraneuronal monoamine transporter (P-estradiol > corticosterone > deoxycorticosterone 

> progesterone) (Table Ill). In particular, the ICso value for P-estradiol for the inhibition 



TABLE Ill. Relative·affinities of steroids and catecholamines for interaction with 

rOCT2, r0CT3 and uptake2. The IC;o values for the inhibition ofrOCT2- and rOCTI

mediated uptake of [14C]TEA in HRPE cells were calculated from the dose-response 

relationship described in Fig. 9A and Fig. lOB. The ICso values for the inhibition of 

rOCT2-mediated [14C]TEA uptake by catecholamines were also calculated in HRPE cells 

under similar conditions. The ICso values for the inhibition of uptakermediated transport 

of eHJnorepinephrine or eHJisoprenaline were taken from the published reports. 
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ICso(~ 

Inhibitor rOCT3 Uptakez rOCT2 

13-Estradiol 1.1 1.8 84.8 

Corticosterone 4.9 2.6 4.2 

Deoxycorticosterone 8.4 5.3 1.9 

Progesterone 10.5 . 34.9 1.6 

Norepinephrine 434 245 11000 

Dopamine 384 500 2300 



Fig. 10. Steroid sensitivity ofrOCTl (A) andrOCT2 (B). The activity ofrOCTl and 

r0CT2 was determined in HRP E cells by measuring the uptake of [14C]TEA (20 pM) in 

the presence or absence of various steroids. 100 pM of each steroid :was u_sed tq assess 

the sensitivity of rOCT ]-mediated TEA uptake. A range of 0.1-100 pM of each steroid 

was used to assess the sensitivity of r0CT2-mediated TEA uptake. •. progesterone; 0, 

deoxycorticosterone; •. corticosterone; D, e-estradiol. 
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of rOCT2 activity was 40 to 80 times greater than for the inhibition of rOCT3 or 

extraneuronal monoamine transporter. 13-~tradiol was the most potent inhibitor of 

r0CT3 and extraneuronal monoamine transporter. In contrast, this. steroid was the least 

potent inhibitor of rOCT2. We also studied the interaction of norepinephrine and 

dopamine with r0CT2 by assessing their ability to inhibit rOCT2-mediated [14C]TEA 

uptake. The ICso values for the inhibition were 11.0 ± 0.3 mM for norepinephrine and 

2.3 ± 0.2 mM for dopamine (Table III). Thus rOCT2 possesses severalfold lower afftnity 

than rOCT3 for catecholamines. 

Since steroids have been shown to inhibit the activity of the extraneuronal 

monoamine transporter competitively (Bonisch, 1978), we· studied the kinetic nature of 

the inhibition of OCT3 activity by steroids. The saturation kinetics of TEA uptake was 

examined in rOCT3 cDNA-transfected HRPE cells in the absence and in the presence of 

13-estradiol (Fig. 11 ). The presence of f3-estradiol (2 J!M) increased "the K1 value for TEA 

uptake 2.5-fold (1.20 ± 0.15 mM versus 3.18 ± 0.69mM). There was no significant 

change in Vrmx (12.7 ± 0.8 versus 12.6 ± 1.8 pmoV 106 cells/5 min). These data show that 

13-estradiol is a competitive inhibitor of OCT3-mediated TEA uptake. 

The inhibition of the extraneuronal monoamine transporter by steroids has been 

routinely studied using a catecholamine as the substrate for the transporter. Therefore, the 

ability of corticosterone to inhibit r0CT3-mediated dopamine uptake was assessed 

(Fig. 12A). The uptake of dopamine in control cells was not inhibited by the steroid. In 

contrast, the uptake in rOCTI cDNA-transfected cells was inhibited. The inhibition of 

OCT3-mediated dopamine uptake was 60% at 10 J!M corticosterone and 95% at 100 J!M 

corticosterone (Fig .. 12B). This inhibitory potency of r0CT3-mediated catecholamine 



Fig. 11. Kinetics ofil!llihition ofrOCT3 by ~estradioL rOCT3 activity was determined 

in HRP E cell by measuring TEA uptake (5-min incubation) over the concentration range 

of0.25- 7.5 mM in the presence (•) or absence (0) of2 pM ~estradiol. Results are 

given as Eadie-Hofttee plots. V. TEA uptake in pmol/1 06 cells/5 min; S, TEA 

concentration in mM 
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Fig. 12. lnltibition ofrOCT3-mediated dopamine uptake by corticosterone. A, uptake 

of [3 H) dopamine (150. nMJ was measured in HRPE cells transfected with vector alone or 

vector-rOCT3 eDNA. Uptake was measured in the absence or presence of indicated 

concentrations of corticosterone. B, rOCT3-specijic dopamine uptake was calculated by 

subtracting uptake in vector-transfected cells from uptake in cDNA-transfected cells. 
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uptake was similar to that of rOCT3-mediated TEA uptake as well as to that of 

catecholamine uptake mediated by the extraneuronal monoamine transporter. 

(c) Evidence for Expression of OCT3 in the Brain 

Since these studies have clearly shown that OCT3 interacts with various cationic 

neurotoxins and neurotransmitters, a possibility arises that this transporter may play a 

significant role in the handling of these cationic compounds in the brain. Therefore, 

evidence was sought for the expression of OCT3 in the brain. Northern blot analysis of 

poly(At RNA isolated from various rat tissues showed that rOCT3-specific transcripts 

are present in a number of tissues including brain (Fig. 13). This indicates that OCT3 is 

expressed in the central nervous system. It is to be noted however that OCT3 is not the 

only cloned organic cation transporter which interacts with cationic neurotoxins and 

neurotransmitters. OCT! and OCT2 are also known to transport MPP+ and other 

neuroactive organic cations (Busch et al., 1996a; Busch et al., 1996b; Gorboulev et al., 

1997; Martel et al., 1996; Zhang et al., 1997b). Therefore, the possible expression of 

these organic cation transporters was assessed by sequentially hybridizing the same 

membrane blot used in the analysis of rOCT3 expression with rOCTI and rOCT2 eDNA 

probes (Fig. 13). rOCTI-specific transcripts were detectable primarily in kidney and liver 

and, to a much smaller extent, in intestine. In contrast, rOCT2-specific transcripts· were 

detectable only in kidney. But, neither rOCTl-specific transcripts nor r0CT2-specific 

transcripts were seen in brain. The same membrane blot was also probed with 

glyceraldehyde 3-phosphate dehydrogenase eDNA to provide evidence for the presence 



.• 

Fig. 13. Northern blot analysis ofrOCT3-, rOCTl-, and r0CT2-specijic mRNA 

transcripts in rat tissues. Poly(A;+ RNA (5 pg/lane), prepared from different tissues, was 

size fractionated, and probed sequentially with rOCT3 eDNA, rOCT~ eDNA, rOCT2 

eDNA, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) eDNA. The sizes of 

hybridizing bands were determined using RNA standards run in parallel in an adjacent 

lane. 
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of RNA in each lane (Fig. 13). Thus, among the three potential-sensitive organic cation 

transporters cloned to date, only OCT3 is expressed in brain. 

To confirm the identity of the mRNA species hybridizing_to the rOCTI eDNA 

probe, RT-PCR was performed using rOCT3-specific primers and rat brain poly(At 

mRNA. Rat placental poly(At mRNA was used as a positive control. The rOCT3-

specific primers used in the analysis were 5'-CCA CCA TCG TCA GCC AGT TT-3' 

(upstream) and 5'-ACA CGA CAC CCC TGC CAC TA-3' (downstream). These primers 

correspond to the nucleotide positions 789-808 and 1~20-1639 in the full-length rOCT3 

eDNA. Both RNA samples yielded a similar size RT-PCR product (0.85 kbp) expected 

from the positions of the primers in r0CT3 eDNA (Fig. 14). These two RT-PCR products 

were gene-cleaned and subjected to restriction site analysis using three different enzymes 

(Pvuii, Sac!, and Taqf). The expected sizes of the digestion products were 385 and 466 

bp for Pvuii, 770 and 81 bp for Sac!, and 294 and 557 bp for Taql. The restriction pattern 

with all three enzymes was identical for the RT-PCR products from placenta and brain 

and was exactly as expected from the known restriction map ofrOCTI eDNA (Fig. 14). 

These data confirm that the RT -PCR product from rat brain is indeed identical to rOCTI. 

To provide further evidence for the expression of OCTI in brain, a rat brain 

eDNA library was screened with a 1.4 kbp fragment of rOCT3 eDNA as the probe. This 

screening resulted in a single positive clone. Sequencing of this clone showed that it was 

identical to rOCT3. Taken collectively, these data provide unequivocal evidence for the 

expression of OCTI in rat brain. 



Fig. 14. rOCT3-specific RT-PCR product from rat brain. Rat placental mRNA was used 

as the positive control Three different enzymes (Pvull, SacL and Taql) were used to 

analyze the identity of the RT-PCRproducts. 
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B. Cloning and Functional Characterization of Mouse OCT3. 

(a) Isolation of Mouse OCT3 from a Mouse Kidney eDNA Library 

60 

A 1.4 kb fragment (Nco !-Sac ll) of the rat OCT3 eDNA was used as the probe to 

screen a mouse kidney eDNA library. Several positive clones were identified and 

sequence analysis" indicated that one of them had the full-length eDNA. The mouse OCT3 

eDNA (GenBankTM accession. number AJ001417) is 3,391 base pairs long with an open 

reading frame of 1,656 base pairs (including termination codon), encoding a protein of 

551 amino acids. The putative amino acid sequence of m0CT3 is given in Fig. 15. The 

predicted molecular mass of the protein is 61 kDa. Hydrophobicity analysis using the 

algorithm of Kyte and Doolittle and with 20-21 amino acid residues per membrane 

spanning domain indicated that the protein possesses 12 putative transmembrane 

domains. Both the amino terminus and the carboxyl terminus lie on the cytoplasmic side 

of the membrane by modeling based on the inside-positive rule. This model predicts a 

large extracellular loop (1 06 amino acids), between transmembrane domains 1 and 2, 

which contain three potential sites for N-linked glycosylation at positions 72, 99, and 114. 

There is also an additional putative N-linked glycosylation site at position 199 in the short 

extracellular loop between the transmembrane domains 3 and 4. The predicted protein 

also contains three potential sites for protein kinase C-dependent phosphorylation (Ser-

286, Thr-292, and Thr-459) and two potential sites for protein kinase A-dependent 

phosphorylation {Thr-343, and Thr-541) in putative intracellular domains. A comparison 

of the amino acid sequence of mOCT3 with rat OCT3 revealed that they have 98.7% 

identity. In addition, the mOCT3 amino acid sequence bears significant homology to the 



Fig. 15. Nucleotide sequence and predicted amino acid sequence ofmOCT3 eDNA. 

Putative transmembrane domains are underlined. 



CCCACGCGTCCGGGGCAGGCTACAGGTCAGGGCCCTTGGTGCACAGTGACACTACTGTGA 
AACCACCCCAATCCGCTCTCCGGGTTTACTCCGGTCCCGGGCGCGCACGGGCAGGAGGCC 
GGGAGCTTGGAACGGGAGGAGCAGCCCGGGGCGGGCTGCCAGGGCGAGCAAGCGAGCGAG 
GCGGGGGCGGCGGGTGCAGAGCTACGGGCGGCGGCGCCCGCGGGTCACTCTCAGGCCGGG 
CAGCAGCGACAGGGCGCAGGGTAGCAGGGCGCACCATGCCCACGTTCGACCAGGCACTGA 

H P T F D a A L R 
GGAAGGCGGGCGAGTTCGGGCGCTTCCAGCGGCGCGTGTTCCTGCTGCTGTGCCTGACGG 

K A G E F G R F Q R R V F L L L C L T G 
GTGTCACCTTCGCCTTCCTCTTCGTCGGTGTGGTCTTCCTGGGCAGCCAGCCCGACTACT 

V T F A F L F V G V V F L G S a P D Y Y 
ATTGGTGTCGCGGGCCGCGCGCCACCGCGCTGGCCGAGCGCTGCGCCTGGAGCCCCGAGG 

W C R G P R A T A L A E R C A W S P E E 
AGGAGTGGAACCTCACCACACCGGAGCTCCACGTCCCAGCTGAGCGCCGCGGCCAAGGCC 

E W N L T T P E L H V P A E R R G Q G H 
ACTGCCACCGCTACCTGCTGGAAGCCACTAATACCAGCTCAGAGCTCAGCTGCGACCCAC 

C H R Y L L E A T N T S S E L S C D P L 
TCACTGCCTTCCCCAACCGCTCCGCGCCTCTGGTGTCCTGCAGCGGTGACTGGCGCTATG 

T A F P N R S A P L V S C S G D W R Y V 
TGGAGACCCACTCTACCATCGTCAGCCAGTTTGACCTTGTCTGCAGCAATGCCTGGATGT 

E T H S T I V S 0 F D L V C S N A W M L 
TGGACCTCACCCAAGCCATCCTGAACCTTGGCTTCCTGGCTGGGGCTTTTACCTTGGGCT 

D L T 0 A I L N L G F L A G A F T L G Y 
ATGCAGCGGACAGATATGGCAGGCTCATCATTTACTTAATATCCTGTTTCGGCGTTGGCA 

A A D R Y G R L I I Y L I S C F G V G I 
TCACAGGAGTCGTGGTGGCATTTGCGCCAAATTTTTCTGTGTTTGTGATTTTCCGCTTCC 

T G V V V A F A P N F S V F V I F R F L 
TACAAGGAGTGTTTGGAAAGGGGGCCTGGATGACTTGCTTCGTGATCGTGACAGAAATAG 

0 G V F G K G A W H T C F V I V T E I V 
TTGGTTCAAAACAAAGGAGGATTGTGGGAATCGTGATCCAGATGTTCTTCACCCTCGGGA 

G S K 0 R R I V G I V 1 a M F F T L G I 
TCAiTATTCTTCCTGGGATTGCCTACTTCACGCCCAGCTGGCAGGGCATCCAGCTAGCCA 

I I L P G I A Y F T P S W 0 G I a L A I 
TCTCTCTGCCCAGCTTTCTCTTCCTCCTCTATTACTGGGTGGTCCCTGAGTCTCCCCGCT 

S L P S F L F L L Y Y W V V P E S P R W 
GGCTGATCACCCGGAAGCAAGGAGAGAAAGCCTTGCAGATCCTGAGGCGCGTGGCTAAGT 

L I T R K Q G E K A L 0 I L R R V A K C 
GCAATGGAAAACACCTCTCATCAAATTACTCAGAGATCACAGTTACAGATGAAGAAGTCA 

N G K H L· S S N Y S E I T V T D E E V S 
GTAACC6ATCCTGTTTAGACCTTGTGAGAACTCCCCAAATGAGGAAATGCACGCTCATCC 

N P S C L D L V R T P a M R K C T L I L 
TTATGTTTGCTTGGTTCACGAGCGCCGTGGTGTAC~CTTGTCATGCGCCTGGGAC 

M F A W F T S A V V Y 0 G L V M R L G t 
TTATCGGAGGCAACCTCTACATAGACTTCTTTATCTCTGGGCTCGTGGAGCTGCCCGGAG 

I G G N L Y I D F F I S G L V E L P. G A 
CTCTCTTAATCCTTCTGACCATTGAGCGCCTTGGACGACGCCTTCCCTTTGCGGCAAGCA 

L L I L L T I E R L G R R L P F A A S N 
ATATAGTGGCAGGGGTGTCGTGTCTGGTCACTGCATTTTTACCAGAAGGGATACCGTGGC 

I V A G V S C L V T A F L P E G I P W L 
TGAGGACCACAGTCGCTACCCTGGGAAGACTAGGAATAACCATGGCCTTCGAAATTGTTT 

R T T V A T L G R L G I T M A F E I V Y 
ATTTGGTAAATTCAGAGTTGTACCCAACGACATTACGGAACTTTGGGGTTTCACTCTGCT 

L V N S E L Y P T T L R N F G V S L C S 
CAGGCTTGTGTGACTTTGGGGGGATTATAGCCCCGTTTCTGCTCTTTCGGCTGGCAGCTA 

G L C D F G G I I A P F L L F R L A A I 

TATGGTTAGAACTGCCTCTGATCATCTTTGGGATCCTGGCGTCTGTCTGTGGTGGCCTCG 
WLELPLII FGI LASVCGGLV 

TGATGCTTTTGCCTGAAACGAAGGGCATTGCCTTGCCGGAGACGGTGGAAGACGTAGAAA 
M L L P E T K G ·I A L P E T V E D V E K 

AGCTTGGCAGTTCACAGTTGCATCAGTGTGGCAGAAAAAAGAAAACCCAGGTTTCTACTT 
L G S S 0 L H Q C G R K K K T Q V S T S 

CTGATGTCTGAGGCCCCTGTGTTGCCTGGAGGACCAGAGAAGACTGGAATATGCCTGTGC 
D V • 

AGTGTGCTTCGCCTCCTCTAGGTGGCGCCCTTCCAAGGAACCGTAAAGATTTCGGAGTAT 
TTTATAAGGTATAAGATGAAGATTTATCATGCTGCCCAAGCTTCGGGGAACACATAATCT 
TGGACCTGTTTCATGAAGACCCAGTAGGTACCCGGATTCTGGCTAGGTTCTCATTCAGCA 
AGTCTCTCACCCATTAGGTAAGGAGAGATGAAAAGGCCCCAACCAGTTCTCCAGTTCTCA 
GGACAAGACAGTACCATCCAGGAAGCAGGATGAACAAACCAAGGCCTGGCACGTGTCCAG 
AAGTGCGCTCAGCTGATCTGATCAACACACCGCAGTGAAGAGTGTTCTGAAGAGTCTGAG 
AACTGCTATTTCTTCCCTTGAGCTCCGAATACAAGCCTTCGCAGGGCCGACATGTCCGGC 
GCTGCTCCCCTCCTGTCTCCTGCAGGTGCTGAGGTCCCAGATCCCAGGTTAGGCACAGCT 
CCTTAAATGCAACACAACAGAGGACCTGGCTGTGGTATTGTGAAGTCATGCTGCAGTCCC 
CAGGCCCCAGATATTTCACCACCTCCTTCAGAGGACCACTGTAATCACAGGCTCTTTATT 
GAGGAAGAAAA~CGGATTTGGATTTCCCAGGTCTTAGAATTT~GTAAAGG 

GATAATTATGTCATATTTGTGAATTCCGTTCCAGGGGTGCCTGTGACTGAGAGTCCAAAG 
CACAGACTTTTTTCATTCCATCTTCGCATTTTTGACTTGTCTTGGGAGGAAAAACAAAAC 
~CAAAACCAAATACATTTGTTGCCACTTAATGATAAAAGTCAATTGTATTCAAAC 
TTAAAAGAATTAGCAGCCAATTTGACTTGTAAGTGTTGGAGGAGATACTAATGAGGAACT 
GGACTTTTTCTTTCTTTCTTTTTTTTTTTTTAATCAAGCCTTCTGGAGCAGAGACTCAAA 
TGTAAACACAGTATTCTATATGGTGTGCAGTTCTTGGTTTATTTTCAAACTCGGTATGTA 
TGTTAGGCTGACTGTGTCTTAAACTTCAAACTCAGTGTGGACAGGCAAAATTAGCATCAA 
AGAGAAACCTTGCCAATGTGTGTGGGGGGGTGGGGGGAGGAACTATTTCACTTGTGGAGA 
GCATACTATGTTTGCAACACTGGAGAAGATGTGTGTGACTGTTAGACAGATGTTTAATCA 
TAAAGCACAGGAGAACGGAGTGTGATGCTCAGTTCCCCAACAGCCTTTGGGGTATTCATT 
GCCACACCCACTGTGTACACAGGCGTTTGTGGCCCGGCTGCCTGCGTGTTTCGTGGCTGT 
AGCACGGCTCTTGTCCACCCTGCTGCCTTTGGATTGCATTTCAAGTTGGTAGTTCTGTTT 
CATAACAATAAACGATTTTTAAACTGTTAAAAAAAAAAAMAA 

0> -
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other members of the organic cation transporter gene family. At the amino acid sequence, 

mOCT3 has 47% identity and 70% similarity with mouse OCT! or mouse OCT2. 

(b) Functional Characterization of Mouse OCT3 Following Expression in HeLa Cells 

In order to establish· the functional identity of m0CT3 as an organic cation 

transporter, the vaccinia virus expression system was employed to express the mOCT3 in 

HeLa cells. Cells transfected with empty vector served as the control. Time courses of the 

transport of the prototypical organic cation TEA by the empty vector and m0CT3 eDNA 

were studied first (Fig. 16). Endogenous TEA uptake activity in HeLa cells was found to 

be very low. m0CT3 cDNA-transfected cells possessed severalfold higher TEA uptake 

activity. Fig. 17A describes the uptake of TEA in mannitol medium at varying pH. When 

the mOCT3 eDNA-induced uptake alone was analyzed (Fig. 17B), there was a marked 

pH dependence of the uptake activity. The uptake was enhanced about 3-fold when the 

pH of the uptake medium was changed from 5.5 to 8.5. 

The substrate specificity of the m0CT3 eDNA-induced uptake activity was 

investigated by assessing the effect of various organic cations on the uptake of e4C]TEA 

in control and mOCT3 cDNA-transfected cells.·The mOCT3 eDNA-specific TEA uptake 

was inhibited by all organic cations tested (Fig. 18). The most potent inhibitors were 

dimethylamiloride, 1-methyl-4-phenylpyridinium (MPP+), 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), clonidine, and cimetidine. Moderate inhibition was observed 

with N -methy!nicotinamide and guanidine. 

. Fig. 19 describes the saturation kinetics of TEA uptake in HeLa cells mediated by 

mOCT3. Uptake was measured in control cells and in m0CT3 cDNA-transfected cells 

with varying concentration of TEA (0.5-20 mM). The uptake in control cells was only a 



Fig. 16. 1ime courses of the TEA transport by mOCT3 eDNA in HeLa cells. HeLa cells 

were trans[ectedwith either empty pSPORTvector alone (0) or vector-mOCT3 eDNA 

(• ). Uptake of [14C]TEA (20 pM} in these cells was measured after various incubation 

time at room temperature. 
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Fig. 18. Substrate specificity ofmOCT3 eDNA-mediated uptake. HeLa cells were 

transfected with pSiORT-mOCT3 eDNA. Uptake of [14C]TEA (20 pM) in these cells was 

measured for 30 min at pH 8.5 with a 30-min incubation. Uptake was measured in the 

absence or presence of 5 mM unlabeled organic cations (pH of the medium was adjusted 

to 8.5 in each case). 
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Fig.l9. Saturation kinetics ofm0CT3 eDNA-induced TEA uptake in HeLa cells. 

Uptake ofTEA was measured in control cells and cDNA-transfected cells at pH 8.5 over 

a TEA concentration range o/0.5-15 mM The eDNA-specific uptake, calculated by 

subtracting the uptake in control cells from the uptake in cDNA-transftcted cells, was 

used for kinetic a.nalysis. Inset, Eadie-Hofstee plot. 
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fraction (<10%) of the uptake in m0CT3 cDNA-transfected cells. This uptake value was 

subtracted from the uptake in m0CT3 cDNA-transfected cells to determine the mOCT3 

eDNA-specific uptake which was then used in kinetic analysis. '!Jte m0CT3-mediated 

TEA uptake was saturable with a Michaelis-Menten constant of 1.87 ± 0.15 mM. 

(c) Functional Characterization of Mouse OCT3 following Expression in Xenopus laevis 

Oocytes 

The transport function of m0CT3 was also investigated using Xenopus laevis 

oocytes expression system following microinjection of m0CT3 cRNA. As shown in Fig. 

20, the uptake of radiolabeled TEA, guanidine, and J1.1Pp+ at pH 8.5 was several-fold 

higher in mOCT3 cRNA-injected oocytes than in uninjected oocytes. The endogenous 

transport activity for TEA, guanidine, and J1.1Pp+ was very low. 

To assess the influence of membrane potential on mOCT3 transport activity, TEA 

uptake in mOCT3 cRNA-i~ected oocytes and uninjected oocytes was measured under 

altered K+ permeability conditions. The oocyte membrane potential was depolarized 

either by increasing the concentration of K+ in the uptake buffer (i.e. by decreasing the 

outwardly directed K+ gradient across the membrane) or by adding Ba2+ (an inhibitor of 

K+ channel) to the uptake buffer. It was found that the m0CT3 cRNA-induced uptake 

was drastically reduced in the presence ofK+ (102 mM) in the uptake buffer (Fig. 21). 

Addition of Ba2+ also decreased the cRNA-induced TEA uptake dramatically. These 

experiments provided strong evidence that the transport activity of m0CT3 is membrane 

potential-sensitive. 



Fig. 20. m0CT3-induced uptake of TEA, Guanidine, and MPP+ in Xenopus laevis 

oocytes. Uptake of[14C]TEA (35 jM), [ 14C]guanidine (65 jM), and fH]MPP+ (25 nM) 

was measured for 1 hour at pH 7.5 in uninjected or mOCT3 cRNA-injected oocytes. 
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Fig. 21. Influence of membrane potential on m0CT3-mediated TEA uptake in 

Xenopus laevis oocytes. Uptake of [14C]TEA (35 pM) was measured at pH 7.5 for 1 hour 

in uninjected oocytes and in mOCT3 cRNA-injected oocytes with indicated ionic 

composition of the uptake buffers. 
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C. Cloning and Functional Characterization of Human OCT3. 

(a) Isolation of a partial Human OCT3 from a Human Placental eDNA Library 

A 1.4 kb fragment (Nco !-Sac II) of the rat OCT3 eDNA was used as the probe to 

screen a human placental eDNA library. Several positive clones were identified and 

sequence analysis indicated that none of them contained full-length eDNA. The longest 

clone had ·a 2.8 kb eDNA which showed significant homology to the rat and mouse 

OCT3. By comparison with the sequences of rOCT3 and mOCTI, it was concluded that 

the partial eDNA lacked -500 bp at the 5'-end. 5'-RACE experiments were performed 

using human placental mRNA, HeLa cell mRNA, and human myometrial cell line 

mRNA, but no distinct product was obtained. 

(b) RT-PCR of the Missing Part of Human OCT3 and Construction of the Full-length 

HumanOCT3 

Griindemann et a!. (Griindemann et a!., 1998b) recently cloned a corticosterone

sensitive extraneuromil monoamine transporter (EM1) from Caki-1 cells, a human kidney 

carcinoma cell line. Amino acid sequence analysis indicated that EMT is the human 

homologue of the rat and mouse OCT3, with identity scores of about 86% and 87%, 

respectively. Nucleotide sequence alignment between EMT and our longest partial clone 

of hOCT3 showed that they were 100% identical, with the partial cion~ starting at 

position 566 of the EMT sequence. A pair of primers was designed using the EMT 

sequence as the template: 

Forward primer (EMT position 16-39): 

5'- GGC GGG CGC ACC ATG CCC TCC TTC -3' 
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. . 
Reverse primer (EMT position 730-753): 

5' -CAC AAT CCT CCTTTGTTTCGAACC-3' 

RT-PCR was performed using human kidney .mRNA, the 738 bp PCR product 

was ligated into the pGEM-T Easy Vector (Promega), and the insert sequence was 

confirmed. A fullclength hOCT3 was consequently assembled from the partial clone and 

the subcloned PCR fragment using restriction enzymes EcoRI and BstBI. The nucleotide 

and amino acid sequences of hOCT3 are shown in Fig. 22, with 12 putative 

transmembrane domains underlined. Fig. 23 demonstrates the high similarity between 

human, rat, and mouse OCT3. 

(c) Tissue distribution of the human OCT3 

Tissue distribution of the hOCT3 was investigated by Northern blot analysis using 

a commercially available human 12-lane multiple tissue Northern (MTN)TM blot from 

Clontech (Fig. 24). The hOCT3 eDNA-specific hybridization signals were strong in 

several tissues including liver, placenta, kidney, and skeletal muscle. The signals were 

comparatively weak but easily detectable in lung, heart, and brain. We also investigated 

the expression of h0CT3 in several human cell lines. hOCT3 cDNA-specillc 

hybridization signals can only be detected in a cervical carcinoma cell line (HeLa) and a 

kidney proximal tubular cell line (HKPT). The hOCT3 eDNA-specific signal was not 

detectable in two placental trophoblast cell lines (JAR and BeWo), two intestinal cell 

lines (Caco-2 and HT-29), and one breast cancer cell line (MCF-7). 

Since human OCTl is absent in the kidney, human OCT2 is the only organic 

cation transporter cloned so far which has been shown. to be expressed in the kidney. 



Fig. 22. Nucleotide sequence and predicted amino acid sequence of hOCT3 eDNA. 

Putative transmembrane domains are underlined 
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Fig. 23. Comparison of amino acid sequences of /Iuman, rat and mouse OCT3. Regions 

of identity (dark shading) and similarity (light shading) are indicated. 
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Fig. 24. Northern blot analysis of the hOCT3-specific transcripts in various human 

tissues. 1, brain; 2, lieart; 3, skeletal muscle; 4, colon; 5, thymus; 6, spleen; 7, kidney; 8, 

liver; 9, small intestine; 10, placenta; 11, lung; 12, peripheral blood leukocytes. 
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Northern blot analysis showed a hOCT3 eDNA-specific signal in the kidney, suggesting 

that hOCT3 might be involved in the renal handling of cationic metabolites and drugs. To 

confirm the identity of the mRNA species hybridizing to the hOCT3 probe, RT -PCR was 

performed using hOCT3-specific primers and human kidney rnRNA or human kidney 

proximal tubular· cell line (HKPT) mRNA. Human placental mRNA was used as a 

positive control. The hOCT3-specific primers used in the analysis were 5'-TGT AAA 

TGT GGC AGG AAT AA-3' (upstream) and 5'-GTG AAT AAA GGG TGA ATG TA-

3' (downstream). These primers corresponded to the nucleotide position 1648-3097 in the 

published sequence of the human EMT eDNA. All RNA samples yielded a similar size 

RT-PCR product (1.45 kbp) expected from the positions of the primers in hOCTI eDNA 

(Fig: 25). These three RT -PCR products were gene-cleaned and subjected to restriction 

site analysis using three different enzymes (Hindlll, Nco!, and Pvuii). The expected sizes 

of the digestion products were 1007 and 443 bp for Hindill, 855 and 595 bp for Nco!, and 

778 and 672 bp for Pvull. The restriction pattern with all three enzymes was identical for 

the RT-PCR products from human placenta, human kidney, and HKPT cells, and was 

exactly as expected from the known restriction map of hOCTI eDNA (Fig. 25). These 

data confirm that the RT -PCR product from human kidney and HKPT cells is hOCTI. 

(d) Functional Characterization of Human OCTI Following Expression in HRPE Cells 

In order to establish the functional identity of hOCTI as an organic cation 

transporter, the vaccinia virus expression system was employed to express the hOCT.3 in 

HRPE cells. Cells transfected with empty vector served as the control. hOCT3 



Fig. 25. hOCT3-speE;ific RT-PCR product from human kidney and human kidney 

proximal tubular ceil line HKPT. Human placental mRNA was used as the positive 

control. Three different enzymes (Hind//!, Nco], and Pvu/1) were used to analyze the 

identity of the RT-PCR products. 
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cDNA-transfected celis showed significantly. higher uptake of TEA and MPP+ than the 

control cells (Fig. 26). However, it has been reported that EMT does not accept TEA, the 

prototypical substrate for the organic catioD: transporters, as a substrate ( Griindemann et 

a!., 1998b ). Our studies clearly show that TEA is a transportable substrate for hOCTI. To 

determine the specificity of hOCTI, the effect of various positively charged compounds 

on the uptake of radiolabeled MPP+ was examined in hOCT3 cDNA-transfected HRPE 

cells. The uptake of MPP+ was significantly inhibited by a number of organic cations, 

including procaiti.amide, clonidine, cimetidine, and guanidine (Fig. 27). 

D. Cloning and Functional Characterization o(Human and Rat OCTNl. 

(a) Isolation of Human OC1N1 from a Human Placental Trophoblast Cell Line (JAR) 

eDNA Library 

A 1.0 kbp fragment of human OC1N1 eDNA was obtained by RT-PCR using 

JAR cell mRNA. The primers used were 5'-CAC CAC CTC CCT GTT CTT-3' 

(upstream) and 5'-ATG ATG CTG CCC ACT CTG-3' (downstream). The RT-PCR 

product was sub cloned into pGEM-T vector ood sequenced for conimnation of its 

identity. This probe corresponded to the nucleotide position 577-1567 in the published 

sequenc~ of the hOC1Nl eDNA (Tarnai et al., 1997). A JAR cell (a human placental 

trophoblast cell line) eDNA library was screened using radio labeled 1. 0 kbp fragment as 

a probe. Initial screening yielded a positive clone with a eDNA insert of 2.2 kbp. 

Sequencing of the clone indicated that it was a partial clone of hOCTN1. Screening of 

additional JAR cell eDNA library fmally isolated a full-length clone. Both sense and 

antisense strands of the clone were sequenced and confmned to be 100% identical to 



Fig. 26. hOCT3 eDNA-induced uptake of TEA andMPP+ in HRPE cells. 
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Fig. 27. Substrate specificity of hOCT3 eDNA-mediated uptake. HRP E cells were 

transfected with empty pSPORT vector or pSPORT-hOCT3 eDNA. Uptake of [HJMPP+ 

(20 nM) in these cells was measured at pH 8.5 with a 15-min incubation at 37't:'. Uptake 

was measured in the absence or presence of2 mM unlabeled organic cations (pH of the 

medium was adjusted to 8.5 in each case). 
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the hOC1Nl, except our clone had an additional 92 nucleotides on the 5'-end and an 

additionall9 nucleotides on the 3'-end of the eDNA. 

(b) Isolation of Rat OC1Nl from a Rat Placental eDNA Library 

A rat placental eDNA library was screened at low stringency using a 1.0 kbp 

fragment of hOClNI eDNA obtained by RT -PCR as the probe. Several positive clones 

were isolated with different sizes of eDNA insert. Sequencing of the clones indicated that 

one of the clones was a full-length rat homologue of hOClNI. The nucleotide and amino 

acid sequence of rat OC1Nl is given in Fig. 28. 

(c) Functional Characterization ofOC1Nl Following Expression in HRPE Cells 

Since it has been reported that hOC1Nl is a pH-dependent organic cation 

transporter (Tarnai .et al., 1997), the pH effect on the TEA uptake in hOC1Nl cDNA

transfected HeLa cells was investigated using the vaccinia virus expression system. Fig. 

29A describes the uptake of TEA by hOClNI cDNA-transfected HeLa cell$ in mannitol 

medium at varying pH. Empty pSPORT "vector-transfected HeLa cells were used as 

control. When the eDNA-induced uptake alone was analyzed (Fig. 29B), there was a 

marked pH dependence of the uptake activity. The uptake was found to be enhanced 

about 2-fold when the pH of the uptake medium was changed from 5.5 to 8.5. These 

results are consistent with the previous observations that hOClNI is a pH-sensitive 

transporter. 

However, the pH-dependent nature of TEA transport by hOC1Nl does not 

necessarily ·indicate that W is involved in the transport activity mediated by hOC1Nl. 



Fig. 28. Nucleotide sequence and predicted amino acid sequence of rOCTNI eDNA. 

Putative transmembrane domains are underlined 
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F V S G Q L S D R F G R K K V L F A T H 
TGGCTGTGCAGACTGGATTCAGCTTCGTG~GATTTTCTCAACCAACTGGGAGATGTTTA 

A V a T G F S F V Q I F S T N W E M F T 
CTGTGTTATTTGCCATCGTGGGCATGGGCCAAATCTCCAACTATGTGGTGGCCTTCATAC 

V L F A I V G M G Q I S N Y V V A F I L 
TCGGGACCGAAATCCTGAGCAAGTCGGTTCGCATCCTCTTCTCCACGTTGGGAGTCTGTA 

G T E I L S K S V R I L F S T L G V C T 
CATTTTTTGCCATCGGCTACATGGTGCTGCCGCTGTTTGCATACTTCATCCGAGACTGGA 

F F A I G Y H V L P L F A Y F I R 0 W R 
GGATGCTGCTGCTGGCACTGACACTGCCTGGGCTGTTCTGTGTCCCCCTGTGGTGGTTTA 

M L L L A L T L P G L F C V P L W W F I 
TTCCAGAGTCTCCCCGGTGGCTGATATCC~TTTGAAGAGGCAGAACAGATCA 

P E S P R W L I S a R R F E E A E Q I I 
TC~GCCGCAAAGATGAATGGCATCATGGCACCAGCAGTGATATTTGATCCTCTGG 

Q K A A K M N G I M A P A V I F 0 P L E 
AGCTACAGGAGCTAAACTCCTTGAAGCAGCAGAAAGTCTTCATTCTGGACCTGTTCAAGA 

L Q E L N S L K a a K V F I L D L F K T 
CTCGGAACATTGCCACAATAACAGTGATGTCTGTGATGCTGTGGATGCTAACCTCAGTGG 

R N I A T I T V M S V M L W M L T S V G 
GTTACTTTGCTCTGTCTCTCAATGTTCCTAATTTGCACGGAGATGTCTACCTGAACTGCT 

Y F A L S L N V "p N L H G D V Y L N C F 
TCCiCTCTGGCCTGATTGAAGTTCCAGCTTATTTCACAGCCTGGCTGCTACTT~ 

L S G L I E V P A Y F T A W L L L R T L 
TGCCTCGGAGATATATTATAGCTGGGGTGCTGTTCTGGGGAGGAGGTGTGCTTCTCTTGG 

P R R Y I I A G V L F W G G G V L L L V 
TCCAAGTGGTACCTGAAGATTACAACTTTGTGTCCATTGGCCTGGTGATGCTGGGGAAAT 

Q V V P E 0 Y N F V S I G L V M L G K F 
TTGGGGTCACCTCTGCCTTCTCCATGCTGTACGTCTTCACAGCGGAGCTCTACCCAACCC 

G V T S A F S H L Y V F T A E L Y P T L 
TGGTCAGGAACATGGCTGTGGGCATCACCTCCATGGCCTCGAGGGTGGGCAGCATCATTG 

V R N M A V G I T S H A S R V G S I I A 
CCCCCTATTTCGTGTACCTGGGTGCTTATAACCGACTCCTGCCCTACATCCTCATGGGCA 

P Y F V Y L G A Y N R L L P ~ I L M G S 
GTCTGACTGTCCTCATTGGAATCATCACACTTTTTTTCCCTGAGAGTTTTGGAGTGACTC 

L T V L I G I I T L F F P E S F G V T L 

TAC~CTTGGAGCAGATGCAGAAAGTCAGAGGGTTCAGATGTGG~TCAA 

P E N L E Q M Q K V R G F R C G K K S T 
CAGTCTCCATGGACAGAGAAGAAAACCCCAAGGTTCTAATAACTGCATTCTGACAAGGTT 
VSMDREEN~KVLITAF* 

TCCAAGGCACGTGGCAAACTGAAAAACAGGTGGGGTACAATGAGCAGGGTGTGCTGGAGC 
CAGCCTGAAAGCCTGCCCTCTTGGTATGGGGACAGGAGGATCGAGAAGTCAAGGTCATCA 
TTGACTATGTCAGGAGTGTGAGACCAGCCTGTCTCACCACAAGCAGCCCTGTCTGAACAA 
AACAAAACAAAACAAAACAAAACJl..AAACAAAACAAAACAAAAGCCTTTCCGCTGAAAGGT 
ACTAATAGAAACAATGAGCACCAAACTGGACTTGTGGAGAAATACACAATATCTCATAAA 
TTCTGGGCCACTCTTCCAGATGGTCTTGTTTTTAAGAACCAACGTTTCTAAACAGTCTTG 
ACTGCTAACTATTCCATGAAATAGATTTGTAAGAATTTTTTTTTTGAAAATGTGTTAGTC 
AAGGACTGGCAAAATCCATATGAAGATGATCACACATTTTCAAACGTATAAATGCTGTCC 
AAATAAAATTCATTGTATTATGACAAAAAAAAAAAAAA 

00 -



Fig 29. Influence ofpH on hOCTNl eDNA-induced TEA uptake in HeLd cells. Hela 

cells were transfected with either empty pSPORT vector alone (control) or vector

hOCTNI eDNA. A, Uptake of [14C]TEA (20 pM) in these cells was measured for 30 min 

at different pH (5.5-8.5) at the room temperature. B. eDNA-specific uptake was 

calculated by subtracting the uptake in control cells from the uptake in cDNA-transfected 

cells. 
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Kekuda et al. have reported that r0CT3-mediated 1EA transport was dramatically 

influenced by extracellular pH in HeLa cell even though it has been confirmed to be a 

membrane potential-dependent transporter (Kekuda et al., 1998). Tbis phenomenon could 

be explained by the change in membrane potential due to the change in extracellular pH. 

Since it was important to fmd out the driving force for the transport process mediated by 

. . 
hOCTNl to understand its functional mechanism, the effect of.extracellular pH on 1EA 

efflux from cells by hOCTNl was studied. The hOCTNl cDNA-transfected HeLa cells 

and the control cells (empty pSPORT vector-transfected) were preincubated with 20 J.1M 

e4C]1EA for 1 hour at ~oom temperature. After aspiration and one-time washing with 

ice-cold pH 8.5 uptake medium, the cells were incubated in the fresh medium at two 

different pH, 6.5 and 8.5. The efflux was evaluated from the amount of e4C]1EA coming 

out of the cells into the medium. No significant difference in the efflux of radiolabeled 

TEA with the change of extracellular pH was observed (Fig. 30), demonstrating that the 

hOCTNl-mediated TEA transport does not involve simultaneous W movement. 

To determine the specificity of OCTNl, the. effect of various positively charged 

compounds on the uptake of radiolabeled 1EA by hOCTNl cDNA-transfected HeLa 

cells was examined. The uptake of 1EA was significantly inhibited by a number of 

organic cations ( cimetidine, DMA, MPP+ , MPTP, nicotine, procainamide, 

methamphetamine, and chloroquine) whereas certain organic cations, purines, and 

nucleotides (choline, guanidine, amphetamine, adenine, cytidine, guanosine, inosine, 

thymidine, and uridine) had no inhibitory effect (Fig. 31). These data suggest that 

OCTNI is a polyspecific organic cation transporter and that it may play an important 

pharmacoiogical role in the cationic drug transport. 



Fig. 30. Effect of pH' on the efflux of[14C]TEAfrom hOCTNl cDNA-transfected HeLa 

cells. Efflux of [14C]TEA was measured after preloading hOCTNJ cDNA-transfocted 

HeLa cells with [14C]TEA (20 f.JM) for I hour at room temperature. The fresh buffirs for 

efflux were prepared at two different pH, 6.5 and 8.5. 
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Fig. 31. Substrate specificity of hOCTNI eDNA-mediated uptake. HeLa cells were 

transfectedwithpSPORT-hOCTNJ eDNA. Uptake of[14C]TEA (20 f.JM) in these cells 

was measured for 30 min at pH 8.5 with a 30-min incubation. Uptake was measured in 

the absence or presence of unlabeled organic cations (concentration of each compound is 

given in the figure). pH of the medium was adjusted to 8.5 in each case. 
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The potent inhibitory effect of chloroquine on TEA transport (1 mM choloroquine 

can inhibit 94% of the TEA transport) is interesting._ The human octnl gene has been 

mapped to chromosome 5q31-32, very close to the location of the human octn2 gene. A 

gene controlling Plasmodium falciparum malaria blood infection levels is located on 

chromosome 5q31-q33 (Rihet et al., 1998). Therefore, the interaction of hOCTN1 with 

the antimalarial drugs chloroquine and quinine was studied. This was done by assessing 

the inhibition of hOCTN1-mediated TEA uptake by increasing concentrations of these 

two drugs (Fig. 32). The data show that both chloroquine and quinine are potent 

inhibitors of hOCTN1-mediated TEA transport. The IC50 values for chloroquine and 

quinine are 0.06 ± 0.02 mM and 0.12 ± 0.02 mM, respectively. Recently, quinidine has 

been shown to be a transportable substrate of OCTNl by direct uptake assay using 

radiolabeled quinidine (Yabuuchi et al., 1999). Further studies are needed to address the 

potential involvement of the human octnl gene in the infection level of malaria. 

E. Cloning and Functional Characterization of Human, Rat, and Mouse OCTN2. 

(a) Isolation of Human OCTN2 from a Human Placental Trophoblast Cell Line (JAR) 

eDNA Library 

Initial screening of - 2 x 105 colonies of the JAR cell (a human placental 

trophoblast cell line) eDNA library with the hOCTNl eDNA probe yielded two positive 

clones with eDNA inserts of 2.2 and 2.6 kbp in size. Sequencing of the clones indicated 

that the 2.2 kbp clone was identical to the already reported hOCTNl eDNA. The 2.6 kbp 

clone had a sequence that was different from, but highly similar to the hOCTNl eDNA. It 

was also similar to, but distinct from the known sequences of OCTl, OCT2, and OCT3. 



Fig. 32. Influence of chloroquine and quinine on hOCTNl-specijic [14C]TEA uptake 

in HeLa cells. Cells were transfected with pSPORT-hOCTNJ eDNA. Uptake of[14C]TEA 

(25 pM} was measured at pH 7. 5 with a 30-min incubation in the presence or absence of 

increasing concentrations of chloroquine and quinine. Results are given as the percent of 

hOCTNl-specific fHJMPP+ uptake. •. Chloroquine; 0, quinine. 
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Comparison of the sequences of the 2.6 kbp eDNA and the hOCTNI eDNA suggested 

that the former was likely to be a partial clone of a new, hitherto unreported, organic 

cation transporter that is closely related to OCTNI at the amino aci~ sequence level. This 

clone was not functional as assessed by TEA uptake in HeLa cells· following 

heterologous expression of the eDNA using the vaccinia virus expression system. 

This partial clone was then used to re-screen the eDNA library under high 

stringency conditions in an attempt to isolate .the full-length clone. Screening of an 

additional - 4 x I 05 colonies yielded four positive clones with eDNA inserts of 1.9, 2.3, 

2. 6, and 3 .2 kbp in size. Sequencing of the clones showed that all four clones were related 

and the differences in their size were due to truncation to a variable degree at the 5'-end. 

The 3 .2 kbp eDNA, designated as human OCTN2, was found to be the full-length clone. 

The nucleotide sequence (GenBank accession no. AF057I64) and the deduced 

amino acid sequence of hOCTN2 are given in Fig. 33. The eDNA is 3252 bp long with a 

I674 bp long open reading frame (including termination codon). The eDNA codes for a 

protein of 557 amino acids. Hydropathy analysis of the predicted amino acid sequence of 

the protein according to the method of K yte and Doolittle (K yte and Doolittle, I982) with 

a window of 20 amino acids predicts that the protein possesses I2 putative 

transmembrane domains. When modeled similar to the other known mammalian 

transporters with I2 transmembrane domains, the amino terminus and the carboxy 

terminus of the hOCTN2 protein face the cytoplasmic side of the membrane. There is a 

long extracellular loop consisting of I 07 amino acids between · the ftrst two 

transmembrane domains. This loop contains three potential sites for N-glycosylation 

(Asn-57, Asn-64, and Asn-9I). There are also five potential sites for protein kinase C-



Fig. 33. Nucleotide sequence and predicted amino aCid sequence of hOCTN2 eDNA. 

Putative transmembrane domains are underlined. 



GCGGCCCAGGCCCGGAACCTTCCCTGGTCGTGCGCCCTATGTAAGGCCAGCCGCGGCAGG 
ACCAAGGCGGCGGTGTCAGCTCGCGAGCCTACCCTCCGCGGACGGTCTTGGGTCGCCTGC 
TGCCTGGCTTGCCTGGTCGGCGGCGGGTGCCCCGCGCGCACGCGCAAAGCCCGCCGCGTT 
CCCCGACCCCAGGCCGCGCTCTGTGGGCCTCTGAGGGCGGCATGCGGGACTACGACGAGG 

M R D Y D E V 
TGACCGCCTTCCTGGGCGAGTGGGGGCCCTTCCAGCGCCTCATCTTCTTCCTGCTCAGCG 

T A F L G E W G P F 0 R L I F F L L S A 
CCAGCATCATCCCCAATGGCTTCACCGGCCTGTCCTCCGTGTTCCTGATAGCGACCCCGG 

S I I P N G F T G L S S V F L I A T P E 
AGCACCGCTGCCGGGTGCCGGACGCCGCGAACCTGAGCAGCGCCTGGCGCAACCACACTG 

H R C R V P D A A N L S S A W R N H T V 
TCCCACTGCGGCTGCGGGACGGCCGCGAGGTGCCCCACAGCTGCCGCCGCTACCGGCTCG 

P L R L R 0 G R E V P H S C R R Y R L A 
CCACCATCGCCAACTTCTCGGCGCTCGGGCTGGAGCCGGGGCGCGACGTGGACCTGGGGC 

T I A N F S A L G L E P G R D V 0 L G Q 
AGCTGGAGCAGGAGAGCTGTCTGGATGGCTGGGAGTTCAGTCAGGACGTCTACCTGTCCA 

L E Q E S C L D G W E F S ·o D V Y L S T 
CCATTGTGACCGAGTGGAACCTGGTGTGTGAGGACGACTGGAAGGCCCCACTCACAATCT 

I V T E W N L V C E D 0 W K A P L T I S 
CCTTGTTCTTCGTGGGTGTGCTGTTGGGCTCCTTCATTTCAGGGCAGCTGTCAGACAGGT 

L F F V G V L L G S F I S G Q L S D R F 
TTGGCCGGAAGAATGTGCTGTTCGTGACCATGGGCATGCAGACAGGCTTCAGCTTCCTGC 

G R K N V L F V T M G M Q T G F S F L Q 
AGATCTTCTCGAAGAATTTTGAGATGTTTGTCGTGCTGTTTGTCCTTGTAGGCATGGGCC 

I F S K N F E M F V V L F V L V G M G Q 
AGATCTCCAACTATGTGGCAGCATTTGTCCTGGGGACAGAAATTCTTGGCAAGTCAGTTC 

I S N Y V A A F V L G T E I L G K S V R 
GTATAATATTCTCTACGTTAGGAGTGTGCATATTTTATGCATTTGGCTACATGGTGCTGC 

I I F S T L G V C I F Y A F G Y M V L P 
CACTGTTTGCTTACTTCATCCGAGACTGGCGGATGCTGCTGGTGGCGCTGACGATGCCGG 

L F A Y F I R 0 W R M L L V A L T H P G 
GGGTGCTGTGCGTGGCACTCTGGTGGTTCATCCCTGAGTCCCCCCGATGGCTCATCTCTC 

V L C V A L W W F I P E S P R W L I S Q 
AGGGACGATTTGAAGAGGCAGAGGTGATCATCCGCAAGGCTGCCAAAGCCAATGGGATTG 

G R F E E A E V I I R K A A K A N G I V 
TTGTGCCTTCCACTATCTTTGACCCGAGTGAGTTACAAGACCTAAGTTCCAAGAAGCAAC 

V P S T I F 0 ·P S E L 0 D L S S K K Q Q 
AGTCCCACAACATTCTGGATCTGCTTCGAACCTGGAATATCCGGATGGTCACCATCATGT 

S H N I L D L L R T W N I R M V T I M S 
CCATAATGCTGTGGATGACCATATCAGTGGGCTATTTTGGGCTTTCGCTTGATACTCCTA 

I M L W M T I S V G Y F G L S L 0 T P N 
ACTTGCATGGGGACATCTTTGTGAACTGCTTCCTTTCAGCGATGGTTGAAGTCCCAGCAT 

L H G 0 I F V N C F L S A M V E V P A Y 
ATGTGTTGGCCTGGCTGCTGCTGCAATATTTGCCCCGGCGCTATTCCATGGCCACTGCCC 

V L A W L L L Q Y L P R R Y S M A T A L 
TCTTCCTGGGTGGCAGTGTCCTTCTCTTCATGCAGCTGGTACCCCCAGACTTGTATTATT 

F L G G S V L L F M 0 L V P P D L Y Y L 
TGGCTACAGTCCTGGTGATGGT~TTTGGAGTCACGGCTGCCTTTTCCATGGTCT 

A T V L V M V G K F G V T A A F S M V Y 
ACGTGTACACAGCCGAGCTGTATCCCACAGTGGTGAGAAACATGGGTGTGGGAGTCAGCT 

V Y T A E L Y P T V V R N M G V G V S S 
CCACAGCATCCCGCCTGGGCAGCATCCTGTCTCCCTACTTCGTTTACCTTGGTGCCTACG 

T A S R L G S I L S P Y F V Y L G A Y 0 

ACCGCTTCCTGCCCTACATTCTCATGGGAAGTCTGACCATCCTGACAGCCATCCTCACCT 
RFLPYILMGSLTILTAILTL 

TGTTTCTCCCAGAGAGCTTCGGTACCCCACTCCCAGACACCATTGACCAGATGCTAAGAG 
F L P E S F G T P L P D T I 0 0 M L R V 

Tc:MAGGAATGAAACACAGAAAAACTCCAAGTCACACAAGGATGTT.AAAAGATGGTCAAG 
K G M K H R K T P S H T R M L K 0 G 0 E 

AAAGGCCCACAATCCTTAAAAGCACAGCCTTCTAACATCGCTTCCAGTAAGGGAGAAACT 
R P T I L K S T A F • 

GAAGAGGAAAGACTGTCTTGCTAGAAATGGCCAGCTTGTGCAGACTCCGAGTCCTTCAGT 
GACAAAGGCCTTTGCTGTTTGTCCTCTTGACCTGTGTCTGACTTGCTCCTGGATGGGCAC 
CCACACTCAGAGGCTACATATGGCCCTAGAGCACCACCT~CCTCTAGGGACACTGGGGCT 

ACCTACAGACAACTTCATCTAAGTCCTAACTATTACAATGATGGACTCAGCACCTCCAAA 
GCAGTTAATTTTTCACTAGAACCAGTGAGATCTGGAGGAATGTGAGAAGCATATGCTAAA 
TGTACATTTTAATTTTAGACTACTTGAAAAGGCCCCTAATAAGGCTAGAGGTCTAAGTCC 
CCCACCCCTTTCCCCACTCCCCTCTAGTGGTGAACTTTAGAGGAAAAGGAAGTAATTGCA 
CAAGGAGTTTGATTCTTACCTTTTCTCAGTTACAGAGGACATTAACTGGATCATTGCTTC 
CCCAGGGCAGGAGAGCGCAGAGCTAGGGAAAGTGAAAGGTAATGAAGATGGAGCAGAATG 
AGCAGATGCAGATCACCAGCAAAGTGCACTGATGTGTGAGCTCTTAAGACCACTCAGCAT 
GACGACTGAGTAGACTTGTTTACATCTGATCAAAGCACTGGGCTTGTCCAGGCTCATAAT 
AAATGCTCCATTGAATCTACTATTCTTGTTTTCCACTGCTGTGGAAACCTCCTTGCTACT 
ATAGCGTCTTATGTATGGTTTAAAGGAAATTTATCAGGTGAGAGAGATGAGCAACGTTGT 
CTTTTCTCTCAAAGCTGTAATGTGGGTTTTGTTTTACTGTTTATTTGTTTGTTGTTGTAT' 
CCTTTTCTCCTTGTTATTTGCCCTTCAGAATGCACTTGGGAAAGGCTGGTTCCTTAGCCT 
CCTGGTTTGTGTCTTTTTTTTTTTTTTTTTAAACACAGAATCACTCTGGCAATTGTCTGC 
AGCTGCCACTGGTGCAAGGCCTTACCAGCCCTAGCCTCTAGCACTTCTCTAAGTGCCAAA 
AACAGTGTCATTGTGTGTGTTCCTTTCTTGATACTTAGTCATGGGAGGATATTACAAAAA 
AGAAATTTAAATTGTGTTCATAGTCTTTCAGAGTAGCTCACTTTAGTCCTGTAACTTTAT 
TGGGTGATATTTTGTGTTCAGTGTAATTGTCTTCTCTTTGCTGATTATGTTACCATGGTA 
CTCCT~TATGCCTCACCTGGTT~GAACAAACATGTTTTTGTGAAAGCTAC 
TGAAGTGCCTTGGGAAATGAGAAAGTTTTAATAAGTAAAATGATTTTTTAAATATCAAAA 
AlWJW\l\!\AAA 

&3 
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dependent phosphoryiation (Ser-164, Ser-22S, Ser-280, Ser-322, and Ser-323) and one 

potential site for protein kinase A-dependent phosphorylation (Ser-402) in putative 

intracellular domains. In addition, the protein contains an ATP/GTP binding motif 

(GTEILGKS) (Saraste eta!., 1990; Walker eta!., 1982) in the intracellular loop between 

the fourth and fifth transmembrane domains. The predicted molecular mass of the protein 

is 63 kDa. 

At the level of amino acid sequence, hOCTN2 is most closely related to hOCTNl 

(Tarnai et a!., 1997) with 77% identity and 88% similarity (Fig. 34). With the other 

known members of the organic cation transporter family (human OCT!, OCT2, and 

' . 
OCT3), hOCTN2 exhibits 34-37% identity and 57-58% similarity. Interestingly, 

hOCTN1 also possesses an ATP/GTP binding motif. In addition, hOCTNl is more 

closely related to hOCTN2 than to other members of the family. Thus, OCTN1 and 

OCTN2 apparently constitute a distinct subfamily of organic cation transporters. 

A homology search of the GenBank database indicates that the human gene 

coding for OCTN2 has been sequenced in its entirety as a part of the Human Genome 

Project. The gene(- 30 kb) maps to chromosome 5q31. A comparison of the nucleotide 

sequences of the octn2 gene and OCTN2 eDNA has revealed the exon-intron 

organization of the gene (Fig. 35). The gene consists of 10 exons and 9 introns. All exon-

intron boundaries conform to consensus donor-acceptor sequences (gt!ag) for RNA 

splicing (Table IV). 

The expression of OCTN2 in human tissues was investigated by Northern blot 

analysis using a commercially available hybridization-ready multiple human tissue 

Northern blot (Fig. 36A). The hOCTN2 eDNA-specific hybridization signals were strong 



Fig. 34. Comparison ·~f the amino acid sequences of hOCTNl and hOCTN2. 



1 MRDYDEVTAFLGEWGPFQRLIFFLLSASIIPNGFTGLSSVFLIATPEHRC 50 
I I I I I I I o I I I I I I I I I I I I I I I I I I I I I I I I I I o I : I I I I : I I I I I I 

1 MRDYDEVIAFLGEWGPFQRLIFFLLSASIIPNGFNGMSVVFLAGTPEHRC 50 

51 RVPDAANLSSAWRNHTVPLRLRDGREVPHSCRRYRLATIANFSALGLEPG 100 
11111111111111: 0 111111111111111 ° 111111111 111111111 

51 RVPDAANLSSAWRNNSVPLRLRDGREVPHSCSRYRLATIANFSALGLEPG 100 

101 RDVDLGQLEQESCLDGWEFSQDVYLSTIVTEWNLVCEDDWKAPLTISLFF 150 
I I I I I I I I I I I I I I I I I I I I I I I I I I I : I I I I I I I I I I : I I o I I I o I I I I 

101 RDVDLGQLEQESCLDGWEFSQDVYLSTVVTEWNLVCEDNWKVPLTTSLFF 150 

151 VGVLLGSFISGQLSDRFGRKNVLFVTMGMQTGFSFLQIFSKNFEMFVVLF 200 
111111 I I: 111111111111111 o II:: 11111111 11·1 o: I II o Ill 

151 VGVLLGSFVSGQLSDRFGRKNVLFATMAVQTGFSFLQIF~ISWEMFTVLF 200 

201 VLVGMGQISNYVAAFVLGTEILGKSVRIIFSTLGVCIFYAFGYMVLPLFA 250 
I : I I I I I I I I I I o I I : I I I I I I I I I I I I I 1·1 I I I I I o I : I o I I I : I I I I I 

201 VIVGMGQISNYVVAFILGTEILGKSVRIIFSTLGVCTFFAVGYMLLPLFA 250 

251 YFIRDWRMLLVALTMPGVLCVALWWFIPESPRWLISQGRFEEAEVIIRKA 300 
I I I I I I I I I I : I I I : I I I I I I : I I I I I I I I I I I I I I I I I I I I I I o I I 

251 YFIRDWRMLLLALTVPGVLCVPLWWFIPESPRWLISQRRFREAEDIIQKA 300 

301 AKANGIVVPSTIFDPSELQDLSSKKQQSHNILDLLRTWNIRMVTIMSIML 350 
II looolloolllo :::loo lllo llii:JJ:II ::1111::1 

301 AKMNNTAVPAVIFDSooVEELNPLKQQKAFILDLFRTRNIAIMTIMSLLL 348 

351 WMTISVGYFGLSLDTPNLHGDIFVNCFLSAMVEVPAYVLAWLLLQYLPRR 400 
I I o I I I I I : I I I I o I I I I I I : : I I I I I I : : I : I I I : I I I I I o I I I I 

349 WMLTSVGYFALSLDAPNLHGDAYLNCFLSALIEIPAYITAWLLLRTLPRR 398 

401 YSMATALFLGGSVLLFMQLVPPDLYYLATVLVMVGKFGVTAAFSMVYVYT 450 
I : I o o I I : I I : I I I I : I I I I o I o I : I o o o I I I : I I I I : I o I I I I : I I : I 

399 YIIAAVLFWGGGVLLFIQLVPVDYYFLSIGLVMLGKFGITSAFSMLYVFT 448 

451 AELYPTVVRNMGVGVSSTASRLGSILSPYFVYLGAYDRFLPYILMGSLTI 500 
I I I I I I : I I I I : I I I o I I I I I : I I I : o I I I I I I I I I : I : I I I I : I I I I I : 

449 AELYPTLVRNMAVGVTSTASRVGSIIAPYFVYLGAYNRMLPYIVMGSLTV 498 

501 LTAILTLFLPESFGTPLPDTIDQMLRVKGMKHRKTPSHTRMLKDGQERPT 550 
lo:l:JJJ:JJI:J oll:J::JI :II:: lo II o:o:lolo 

499 LIGIFTLFFPESLGMTLPETLEQMQKVKWFRSGKKoooTRDSMETEENPK 545 

551 ILKSTAF 557 hOCTN2 
:I Ill 

54 6 VL o ITAF 551 hOCTN1 

91 



Fig. 35. Exon-intron organization of the human octn2 gene and its organizational 

relationship to the hOCTN2 eDNA. Black boxes represent the protein coding regions of 

the exons, and stippled boxes represent 5' untranslated region in exon 1 and 3' 

untranslated region in exon 10. 
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TABLE IV. Exon-intron organization of the human octn2 gene. 



5'Exon Intron 3'Exon 

Number Size (bp) Sequence Donor Number Size (bp) Acceptor Sequence Number 

1 614 TGTGACCGAG g!gggtg 1 8022 cttgc_!!g TG GAA CCT GGT 2 
2 

. 
104 TGTCAGACAG g!aaggt 2 5668 ttCCC.!!,g GT TTG GCC GGA 3 

3 155 TTTGTCCTGG g!atggc 3 2364 tgaac_!!g GG ACA GAA ATT 4 
4 172 CACTCTGGTG g!gagtg 4 1520 ctgcc_!!g GT TCA TCC CTG 5 
5 127 CCCGAGTGAG g!aagca 5 1769 cctgc_!!g TT ACA AGA CCT 6 
6 101 TAA TGCTGTG g!atgta 6 1668 gtttc_!!g GA TGA CCA TAT 7 

7 215 GTACCCCCAG g!aggga 7 1529 tctCC.!!,g · ACTTGTATTAT 8 

8 183 GTTTACCTTG g!aagtc 8 1061 gccat.!!,g GT GCC TAC GAC 9 
9 136 GAGTCAAAGG g!aagaa 9 373 tttat_!!g AA TGA AAC ACA 10 

10 1429 

~ 



Fig. 36. Northern blot analysis of the hOCTN2-specijic transcripts in various human 

tissue (A) and in cell lines of human origin (B). 
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in several tissues including heart, placenta, skeletal muscle, kidney, and pancreas. The 

signals were comparatively weak but easily detectable in brain, lung, and liver. 

Interestingly, while all of the tissues that were positive for 0CrN2 transcript gave a 

single hybridization signal of 3. 5 kb in size, kidney possessed two distinct hybridization 

signals, 3.5 and 4:0 kb in size. The expression of OCTN2 in several human cell lines was 

also investigated (Fig. 36B). Two placental trophoblast cell lines (JAR and BeWo), two 

intestinal cell lines (Caco-2 and HT -29), one cervical carcinoma cell line (HeLa), one 

breast cancer cell line (MCF-7), and one kidney proximal tubular cell line (HKPT) were 

used in this analysis. The hOCTN2 eDNA-specific hybridization signal (3.5 kb in size) 

was detectable in all of these cell lines. It is of interest to note that while the kidney 

possessed two distinct OCTN2 transcripts, the kidney proximal tubular cell line 

possessed a single OCTN2 transcript. 

It is obvious that the occurrence of the OCTN2 transcript is widespread in human 

tissues and in human cell lines. In this regard, there is a significant similarity between 

OCTN2 and OCTNI. One notable difference however is that OCTNl is not expressed in 

adult liver (Tarnai et al., 1997) whereas OCTN2 is expressed in this tissue. Clearly, the 

tissue distribution of OCTN2 differs from that of OCTI and OCT2 because the latter are 

expressed only in liver and/or kidney and, to a small extent, in intestine. 

(b) Isolation of Rat OCTN2 from a Rat Placental eDNA Library 

A rat placental eDNA library was screened with low stringency using a 1.0 kbp fragment 

of human OCTNl eDNA obtained by RT-PCR as the probe. Several positive clones were 

isolated with different sizes of eDNA insert. Sequencing of the clones indicated that one 
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of the clones was a full-length rat homologue of hOClNl and another one was a full

length rat homologue of hOC1N2. The nucleotide sequence (GenBank accession no. 

AF110416) and the deduced amino acid sequence ofrOC1N2 are given in Fig. 37. The 

eDNA is 3037 bp long with a 1674 bp long open reading frame (including termination 

codon). The eDNA codes for a protein of 557 amino acids. 

(c) Isolation of Mouse OC1N2 from a Mouse Kidney eDNA Library 

A mouse kidney eDNA library was screened with moderate stringency using 

radiolabeled 1.7 kb rat OC1N2 eDNA fragment (Apal-Hincll) as the probe. Several 

positive clones were isolated with different sizes of eDNA insert Seq~encing of the 

clones indicated that one of the clones was a full-length mouse homologue of hOClNl 

and another one was a full-length mouse homologue of hOC1N2. The GenBank 

accession number for the nucleotide sequence of mouse OC1N2 eDNA (Fig. 38) is 

AF110417. Fig. 39 demonstrates the high similarity between human, rat, and mouse 

OC1N2 (83% identity in amino acid sequence). 

(d) Functional Characterization of OC1N2 Following Expression in Mammalian Cells 

1. OC1N2 is a Polyspecific Organic Cation Transporter 

To demonstrate that hOC1N2 eDNA codes for a functionally active organic 

cation transporter, the eDNA was expressed in HeLa cells using the vaccinia virus 

expression technique and the transport of TEA (20 j.LM) was compared in cDNA

transfected cells and in cells transfected with vector alone. Transport was measured at 

two different pH, 6.5 and 8.5. As can be seen in Fig. 40, the transport of TEA was 

significantly increased in cDNA-transfected cells than in control cells at both pH values. 



Fig. 37. Nucleotide sequence and predicted amino acid sequence ofr0CTN2 eDNA. 

Putative transmembrane domains are underlined. 



GAACTCACGAGCCTCGCACGCAGAGGCCCTCAGCGCCCCGTTTCCCGCTCTGCGGTATCC 
CCAGATCCCCGGACGGGTGCTGTGGGAGGCTGAGGACGGCATGCGGGACTACGACGAGGT 

MRDYDEV 
GACCGCCTTCCTGGGCGAGTGGGGGCCCTTCCAGCGCCTCATTTTCTTCCTGCTCAGCGC 

T A F L G E W G P F 0 R L I F F L L S A 
CAGCATCATCCCCAATGGCTTCAATGGTATGTCTATCGTGTTCCTGGCGGGGACCCCGGA 

. S I I P N G F N G M S I V F L A G T P E 
GCACCGTTGCCTTGTGCCTCACACCGTGAACTTGAGCAGCGCGTGGCGCAACCACAGTAT 
HRCLVPHTVNLS SAWR NH S I 

CCCGTTGGAGACGAAGGACGGACGACAGGTGCCTCAGAGCTGCCGCCGCTACCGACTGGC 
P L E T K D G R Q V P Q S c·~ R Y R L A 

CACCATCGCCAACTTCTCTGCGCTGGGGCTGGAGCCGGGACGGGACGTGGACCTGGAGCA 
T I A N F S A L G L E P G R D .V D L E Q 

GCTGGAGCAAGAGAACTGCCTGGATGGCTGGGAGTACAACAAGGACGTCTTCCTGTCCAC 
L E Q E N c· L D G W E Y N K D V F L S T 

CATCGTGACAGAGTGGGACCTGGTGTGTAAGGATGACTGGAAAGCCCCACTCACCACCTC 
I V T E W D L V C K D D W K A P L T T S 

CTTGTTTTTCGTGGGTGTGCTGATGGGCTCCTTCATTTCGGGACAGCTCTCAGACAGGTT 
L F F V G V L M G S F I S· G Q L S D R F 

TGGTCGCAAGAATGTGCTGTTTTTGACCATGGGCATGCAGACTGGCTTCAGCTTCCTGCA 
G R K N V L F L T M G M 0 T G F S F L 0 

GCTCTTCTCTGTGAACTTCGAGATGTTTACAGTGCTTTTTGTCCTTGTTGGCATGGGTCA 
L F S V N F E M F T V L F V L V G M G Q 

GATCTCCAACTACGTGGCAGCATTTGTCCTGGGAACAGAAATTCTTTCCAAGTCAATTCG 
I S N Y V A A F V L G T E I L S K S I R 

. AATTATATTCGCCACCTTAGGAGTTTGCATATTTTATGCATTTGGCTTCATGGTGCTGCC 
I I F A T L G V C I F Y A F G ·F M V L P 

TCTGTTTGCATACTTCATCAGAGACTG~GGATGCTGCTGCTTGCGCTCACTGTACCAGG 

L F A Y F I R D W R M L L L A L T V P G 
GGTGCTGTGTGGGGCTCTCTGGTGGTTCATCCCTGAGTCCCCCCGATGGCTCATCTCTCA 

V L C G A L W W F I P E S P R W L I S Q 
AGGCCGAGTTAAAGAGGCAGAGGTGATCATCCGCAAAGCTGCCAAATTCAATGGGATTGT 

G R V K E A E. V I I R K A A K F N G I V 
TGCGCCTTCCACTATCTTCGATCCCAGTGAGTTACAAGACTTAAATTCCAAGAAGCCTCA 
A P S T I F D P S E L 0 D L .N S K K P Q 

GTCGCACCACATTTATGATCTGGTCCGAACACGAAATATCAGGATCATCACCATCATGTC 
S H H I Y D L V R T R N I R I I T I M S 

CATAATCCTGTGGCTGACCATATCAGTGGGCTACTTCGGACTTTCTCTTGACACTCCTAA 
I I L W L T I S V G Y F G L S L D T P N 

CTTGCATGGGGACATCTATGTGAACTGCTTCCTACTGGCAGCTGTTGAAGTCCCCGCCTA 
L H G D I Y V N C F L L A A V E V P A Y 

TGTGTTGGCCTGGCTGTTGCTACAGCACCTGCCCCGGCGGTATTCTATCTCTGCTGCCCT 
V L A W L L L Q H L P R R Y S I S A A L 

CTTCCTGGGTGGCAGTGTCCTTCTCTTCATACAGCTGGTGCCTTCAGAATTGTTTTACTT 
FLGGSVLLFIQLVPSEL~ 

GTCCACTGCCCTGGTGATGGTGGGCAAGTTTGGAATCACCTCTGCCTATTCCATGGTCTA 
S TAL V M"V G K F G I T SA Y S M V Y 

TGTGTACACGGCCGAGCTGTACCCCACTGTGGTCAGAAACATGGGTGTGGGGGTCAGCTC 
V Y T A E L Y P T V V R N" H G V G V S S 

CACAGCATCCCGCCTTGGCAGCATCCTGTCTCCCTACTTTGTCTACCTTGGTGCCTATGA 
TASRLGSILSPYFVYLGAYD 

TCGCTTCCTGCCTTATATCCTCATGGGAAGTCTGACCATCCTGACAGCTATCCTCACCTT 
R F L P 'i I L H G S L T I L T A I L T L 

GrTCTTCCCAGAGAGCTTTGGTGCCCCTCTCCCCGACACCATTGACCAGATGCTCAGGGT 

F F P E S F G A P L P D T I D Q H L R V 
CAAAGGAATMAACAATGGCAAATCCAAAGCCAAACAAGGACGCAAAAAGATGGTGGAGA 

K G I K Q W Q I Q S Q T R T 0 K D G G E 
AAGCCCAACGGTCCTAAAGAGCACAGCCTTCTAACACCCTGTCCAGAAGGTGAAAAACTG 

S P T V L K S T A F * 
AAAGGAAACCTGCGTGTAGTCAGAAATGCTCTCAATCACTGAGGGCTTTCTGTTCTGTTG 
ACCTTGTGTCTCACATGCTCACGGATGGGGCATCTGTCCTGAAGAGCCACCTTCCTCCAG 
GGCCACCAAGGCTAACCACACACAGCTTGCACATCCCATCACAGTGTGGACTGGGGCCTC 
CCAGAGAAGTTACTGAGTCTCTTGAAGCAGTGGGACTTGGAAGACTGAGAAACATCTGCT 
AGACATGCTTTGTTATCCTGTAAGACCTGATAGTCACAGACAGAACAGCAGGTCTGTTTC 
CCCTCCTTTCCCTAACTGAAGAACTTACAGGAAAGGAATAAAAGTGACTCAGTGGTGGTG 
TGCTTGTCTAGGATGCACCAGAAGGAAACAAAAATTTCTTTTCAGAAAATAAGTGATTCC 
ATGGGGAGTTTGATTTCTCATCTTACCTAAGTTAACCAAAATCCTGTGATCATTTTAACC 
CACAACAGAAGAACACAAGACCAAGGGAACCCTAAAGGAAACTGAGGTGAGGCTGGTACA . 
TAAAGCAGACAGTGTGTGGACTGTGGCTGCTCTGCCCCTCAGCCAGCTGTACTGTGTGTG 
TCTGGTCAGGGTCCTGCCTTGCCCAGACCCTGTGAGAAACCTACTGTTGAGGCCAGGCTT 
GGCCTCCACTGCTGTGTAAATCAGAACTCAGGCTGCCAGACACTTGGCTGTGTCTTGAGG 
GAAATGTATGGATAACAGAGTGTTCCTTCCTTCTTCCAGCACTGTCATGGGAGTTTGTCA 
TCTGCTGTTGTATCTCAAGCTATTTGTCCTTTAGCAGAAACTTGGGAACTGCCTGTGTTT 
CCCAGCTCAGGGTTACCCTGGCTGGTGTGCAGTTGCCAATATAAATGGCCTTCACAGTCT 
TAGCCACTAGAGCGGCTCTGAGTGCCAAAAATACTAACACCATGCTTCTTCCTTTTACGA 
TGTGTAATCATGAGGAAAATCACAAGAAAGAAATGTAAATTGTGTTCACAGTCTCTCAGA 
GTCGCTGGCTGCAGTCACATCGGTGGGGATTTCGTGTTcAGTGATTGTCTTCTCTTCTGA 
TTATGTTGCCATGGTGCTCCGAAAGCACACGCTTCACGCTCTTAAAATGCAAAACAAACA 
CAGAAACCCGTATTTTGTGAAAGCTACTGAAGTGCCTTGGGCAAGGATATGGTTTTAATA 
AACTGATTTTTTTTTTTAAATAAAAAAAAAAAAAAA 

"' ..., 



Fig. 38. Nucleotide sequence and predicted amino acid sequence ofm0CTN2 eDNA. 

Putative transmembrane domains are underlined 



1 CGGACGCGTGGGGAACTCACGAGCCTTGCACGCAGAGGCTCTCAGCGCCCCGTCTCCCGC 
61 GCCACGGTGTCCCCTTATTCCCATACGGGCGCTGTGGGAGGCTGAGGACGGCATGCGGGA 

M R 0 
121 CTACGACGAGGTGACCGCCTTCCTAGGCGAGTGGGGGCCCTTCCAGCGCCTCATCTTCTT 

Y D E V T A F L G E W G P F 0 R L I F F 
181 CCTGCTCAGCGCCAGCATCATCCCCAATGGCTTCAATGGTATGTCCATCGTGTTCCTGGC 

L L S A S I I P N G F N G H S I V F L A 
241 GGGGACCCCGGAGCACCGTTGCCTTGTGCCTCACACCGTGAACCTGAGCAGCGCGTGGCG 

G T P E H R C ~ V P H T V N L S S A W R 
301 CAACCACAGTATCCCGTTGGAGACGAAGGACGGACGACAGGTGCCTCAGAAATGCCGCCG 

N H S I P L· E T K D G R Q V P 0 K C R R 
361 CTACCGACTGGCCACCATCGCCAACTTCTCTGAGCTAGGGCTGGAGCCGGGGCGGGACGT 

Y a· L A T I A N F S E L G L E P G R D V 
421 GGACCTGGAGCAGCTGGAGCAAGAGAGCTGCCTGGATGGCTGGGAGTACGACAAGGACGT 

D L E Q L E 0 E S C ~ D G W E Y D K D V 
481 CTTCCTGTCCACCATCGTGACAGAGTGGGACCTGGTGTGTAAGGATGACTGGAAAGCCCC 

F L S T I V T E W D L V C K D D W K A P 
541 ACTCACCACCTCCTTGTTTTTCGTGGGTGTGCTGATGGGCTCCTTCATTTCAGGACAGCT 

LTTSLFFVGVLMGSFISGQL 
601 CTCAGACAGGTTTGGTCGCAAGAATGTGCTGTTTTTGACCATGGGCATGCAGACTGGCTT 

S D R F G R K N V L F L T M G M Q T G F 
661 CAGCTTCCTGCAGGTCTTCTCTGTGAACTTCGAGATGTTTACAGTGCTTTTTGTCCTTGT 

S F L Q V F ·S V N F E M F T V L F V L V 
721 TGGCATGGGTCAGATCTCCAACTACGTGGCAGCATTTGTCCTGGGAACAGAAATTCTTTC 

G M G 0 I S N Y V A A F V L G T E I L S 
781 CAAGTCAATTCGAATTATATTCGCCACCTTAGGAGTTTGCATATTTTATGCGTTTGGCTT 

K S I R I I F A T L G V C I F Y A F G F 
841 CATGGTGCTGCCACTGTTTGCATACTTCATCAGAGACTGGAGGATGCTGCTGCTGGCGCT 

M V L P L F A Y F I R D W R M L L L A L 
901 cACTGTGCCAGGGGTGCTATGTGGGGCTCTCTGGTGGTTCATCCCTGAGTCCCCACGATG 

T V P G V L C G A L W W F I P E S P R W 
961 GCTCATCTCTCAAGGCCGAATTAAAGAGGCAGAGGTGATCATCCGCAAAGCTGCCAAAAT 

LISQGRIKEAEVIIRKAAKI 
1021 CAATGGGATTGTTGCACCTTCCACTATCTTCGATCCAAGTGAGTTACAAGACTTAAATTC 

N G I. V A P S T I F D P S E L Q D L N S 
1081 TACGAAGCCTCAGTTGCACCACATTTATGATCTGATCCGAACACGGAATATCAGGGTCAT 

T K P 0 L H H I Y D L I R T R N I R V I 
1141 CACCATCATGTCTATAATCCTGTGGCTGACCATATCAGTGGGCTATTTTGGACTATCTCT 

TIMSIILWLTISVGYFGLSL 
1201 TGACACTCCTAACTTGCATGGGGACATCTATGTGAACTGCTTCCTACTGGCGGCTGTTGA 

D T P N L H G D I Y V N C F L L A A V E 
1261 AGTCCCAGCCTATGTGCTGGCCTGGCTGTTGTTGCAGTACTTGCCCCGGCGATATTCTAT 

V P A Y V L A W L L L Q Y L P R R Y S I 
1321 CTCGGCTGCCCTTTTCCTGGGTGGCAGTGTCCTTCTCTTCATGCAGCTGGTGCCTTCAGA 

S A A L F i G G S V L L F M Q L V P S E 
1381 ATTGTTTTACTTGTCCACTGCCCTGGTGATGGT~GTTTGGAATCACCTCTGCCTA 

L F Y L S T A L V M V G K F G I T S A y 
1441 CTCCATGGTCTATGTGTACACAGCTGAGCTGTACCCCACTGTGGTCAGAAACATGGGTGT 

S M V Y V y T A E L Y P T V V R N M G V 
1501 GGGGGTCAGCTCCACAGCATCCCGCCTTGGCAGCATCCTGTCTCCCTACTTTGTTTA0CT 

GVSSTASRLGSILSPYFVYL 
1561 AGGTGCCTATGATCGCTTCCTGCCTTATATTCTCATGGGAAGTCTGACCATCCTGACAGC 

G A Y 0 R F L P Y I L M G S L T I L T A 

/ 
-·~ - /- / 

1621 

1681 

1741 

1801 
1861 
1921 
1981 
2041 
2101 
2161 
2221 
2281 
2341 
2401 
2461 
2521 
2581 

TATCCTCACCTTGTTCTTCCCTGAGAGCTTTGGTGTCCCTCTCCCAGATACCATTGACCA 
I L T L F F P E S F G V P L P D T I D Q 

GATGCTAAGGGTCAAAGGAATAAAACAGTGGCAAATCCAAAGCCAGACAAGAATGCAAAA 
H L R V K G I K Q W Q I Q S Q T R M 0 K 

AGATGGTGAAGAAAGCCCAACAGTCCTAAAGAGCACAGCCTTCTAACACCCTGTCCAGAA 
D .G E E S P T V L K S T A F 
GG~CTGATTGGAAACCTTCATGTTGTCAGAAATGCTCTCCATGACTGAGGGCT 

TTTCTGTTCTGTTAACCTTGTGTCTAACATGCTCATGGATTGGGGCATCTGTCCTGGAGA 
GTCACCTTCCTCTAGGGCCACCAAGGCTAACCAAACAGCTTGCACGTCCCATCACAGTGG 
TGGATGTGGGCCTTCCAAAGAAATGAATGAGTCTCTTGAACAAGCAGGACTTGGAAGACT 
ATGAGAAACATCCTGCTAGACATGCTTTGTTATTTTTTAAGACCTGATAAGGGTGCACAT 
AGAACAGCAGGTCTTTTTCCCTCTCCTTTCCCTAACTGCAGAACTTACAGGAAAGGAATA 
AGTGTCCCTCAGGGGCAGTGTGCTTGTCTAGGATGCACCGGAAGGAAA~TTTCTT 

TTCAGAAAATAAGTGATTCCATTGATAGTTTGATTTCTCGTCTTTTCTCAGTTAAAAAGT ' 
TTTAACTGCAACACTCTTAACTCGTGACATAACAAAGACTGAGGGAGCCCAAAGGAGACT 
AAGGTGGAGGCTGGTCCATAAAGCAGACAATGTGTTGACTGTGACTGCTCAGTCCCACAG 
CCAGGTACTGTGTGTGTGGTCAGGGTCCTGGGCTTGTCCAGGCCCTGTGAGAAATCTACT 
GTTGAGGCCAAGGCTTGTCTTCCACTGCTGTGTAAATCAAAATTCTGGCTGCCAGCCACT 
TATCTGTGTCTTGAAGGAAATGTATGGATAACAGAGTGTCCCTTCCCTCTCC~ 

"' 00 
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Fig. 39. Comparison· of amino acid sequences of human, rat and mouse OCTN2. 

Regions ofid(mtity (dark shading) and similarity (light shading) are indicated 
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RDYDEVTAFLGEWGPFQRLIFFLLSASIIPNGFl,IG!iS FL ~TPEHRC~VPII 
RDYDEVTAFLGEWGPFQRLIFFLLSASIIPNGFNGMSIVFLAGTPEHRCLVPHT 

MRDYDEVTAFLGEWGPFQRLIFFLLSASIIPNGFNGMSIVFLAGTPEHRCLVPHT 

•NLSSAWRNH~PL" RDGR§VP~SCRRYRLATIANFSALGLEPGRDVDL~QLEQ 

LSSAWRNHSIPLETKDGRQVPQSCRRYRLATIANFSALGLEPGRDVDLEQLEQ 
NLSSAWRNHSIPLETKDGRQVPQ~CRRYRLATIANFS LGLEPGRDVDLEQLEQ 

ESCLDGWE~ ~D~LSTIVTEW~LVC~DDWKAPLT SLFFVGVL~GSFISGQLSD 
E~CLDGWEYI KDVFLSTIVTEWDLVCKDDWKAPLTTSLFFVGVLMGSFISGQLSD 
ESCLDGWEYioKDVFLSTIVTEWDLVCKDDWKAPLTTSLFFVGVLMGSFISGQLSD 

RFGRKNVLFMTMGMQTGFSFLQIFS •NFEMF~VLFVLVGMGQISNYVAAFVLGTE 
RFGRKNVLFLTMGMQTGFSFLQ~FSVNFEMFTVLFVLVGMGQISNYVAAFVLGTE 

RFGRKNVLFLTMGMQTGFSFLQVFSVNFEMFTVLFVLVGMGQISNYVAAFVLGTE 

IL~KSMRIIF§TLGVCIFYAFGXMVLPLFAYFIRDWRMLLgALT~PGVLC~LWW 

ILSKSIRIIFATLGVCIFYAFGFMVLPLFAYFIRDWRMLLLALTVPGVLCGALWW 
ILSKSIRIIFATLGVCIFYAFGFMVLPLFAYFIRDWRMLLLALTVPGVLCGALWW 

FIPESPRWLISQGR EAEVIIRKAAK·NGIV~PSTIFDPSELQDL SK~QSHI 

FIPESPRWLISQGRMKEAEVIIRKAAK NGIVAPSTIFDPSELQDLNSKKPQSHH 
FIPESPRWLISQGR~KEAEVIIRKAAK NGIVAPSTIFDPSELQDLNS-KPQ~HH 

I DL~RT~NIRM~TIMSI~LW~TISVGYFGLSLDTPNLHGDI~NCFL ~ EVP 
IYDL~RTRNIRMITIMSIILWLTISVGYFGLSLDTPNLHGDIYVNCFLLAAVEVP 
IYDL~RTRNIRMITIMSIILWLTISVGYFGLSLDTPNLHGDIYVNCFLLAAVEVP 

YVLAWLLLQYLPRRYS ALFLGGSVLLFMQLVP gL~YL~T~LVMVGKFGMT 
YVLAWLLLQ~LPRRYSISAALFLGGSVLLF~QLVPSELFYLSTALVMVGKFGIT 
YVLAWLLLQYLPRR~SISAALFLGGSVLLFMQLVPSELFYLSTALVMVGKFGIT 

~ ~SMVYVYTAELYPTVVRNMGVGVSSTASRLGSILSPYFVYLGAYDRFLPYILM 

SAYSMVYVYTAELYPTVVRNMGVGVSSTASRLGSILSPYFVYLGAYDRFLPYILM 
SAYSMVYVYTAELYPTVVRNMGVGVSSTASRLGSILSPYFVYLGAYDRFLPYI~M 

GSLTILTAILTLF .PESFG!,IPLPDTIDQMLRVKGM • S~TRMI KDGoE~PT 

GSLTILTAILTLFFPESFG~PLPDTIDQMLRVKGIKQWQIQSQTRUQKDG~ESPT 
GSLTILTAILTLFFPESFGffiPLPDTIDQMLRVKGIKQWQIQSQTRMQKDG ESPT 



Fig. 40. hOCTN2-induced [14C}TEA transport activity in HeLa cells. HeLa cells were 

transftcted either with pSPORT vector alone or pSPORT-hOCTN2 eDNA. Functional 

expre~sion of the eDNA was carried out using the vaccinia virus expression technique. 

Transport of [14C]TEA (20 J1M) was measured for 30 min in these cells either at pH 6.5 

or at pH 8.5. eDNA-specific uptake was calculated by subtracting the uptake in control 

cells from the uptake in cDNA-transfected cells. 
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The increase was - 70% at pH 6.5 and - 120% at pH 8.5. When the eDNA-specific 

transport alone was considered, the value was 2.8 ± 0.2 pmol/106 cells/30 min at pH 6.5. 

This value increased significantly to 4.5 ± 0.2 pmol/106 cells/30 min at pH 8.5. These 

data show that hOCTN2 codes for a transporter which mediates the transport of TEA, a 

prototypical organic cation, in a pH-dependent manner. 

We also investigated the substrate specificity of hOCTN2 by assessing the ability 

of various organic cations to compete with radiolabeled TEA for the hOCTN2-mediated 

transport process (Table V). These experiments were done at pH 8.5 and the influence of 

organic cations on [14C]TEA transport was studied ill control cells transfected with vector 

alone and in cells transfected with hOCTN2 eDNA. The substrate specificity ofhOCTN2 

was deduced from the ability of the cations (5 mM) to inhibit the eDNA-specific 

transport of [14C]TEA (20 J.!M). Several organic cations including TEA, MPP+, MPTP, 

cimetidine, procainamide, and ni~otine were found to be potent inhibitors. 

Methamphetamine and choline showed moderate inhibition whereas amphetamine and 

guanidine showed little or no inhibition. These substrate specificity experiments show 

that hOCTN2 is a polyspecific organic cation transporter. 

The specificity for organic cations for the transport process mediated by rat 

OCTN2 was then studied by competition experiments in which the ability of various 

unlabeled organic cations (2 mM) to compete with [14C]TEA for the uptake process was 

assessed (Fig. 41). TEA, THA, desipramine, dimethylamiloride and clonidine were found 

to be the most potent inhibitors of rOCTN2-mediated [14C]TEA uptake, causing 90-95% 

inhibition. Cimetidine, procainamide, nicotine, choline, MPP+ and MPTP were found to 

have moderate inhibitory potency, the inhibition being in the range of 50-75%. TMA, 



TABLE V. Substrate specificity ofhOCTN2 eDNA-induced transport process. HeLa 

cells were transfected with either pSPORT vector alone or pSPORT-hOCTN2 eDNA. 

Functional expression was done using the vaccinia virus expression system. Transport of 

[
14C]TEA (20 JJM) was measured in these cells at pH 8.5 with a 30 min incubation in the 

absence or presence of 5 mM organic cations (pH of the medium was adjusted to 8.5 in 

each case). Values in parentheses are percent of corresponding control uptake. 
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eDNA-specific [14C]-TEA uptake 
Inhibitor 

(pmol I 106 cells I 30 min) % 

Control 5.42±0.47 100. 
TEA 0.89 ± 0.11 16 
Choline 3.95±0.12 73 
MPP+ 0.83 ± 0.14 15 
MPTP 1.49 ± 0.37 27 
Guanidine 4.83 ± 0.28 89 
Cimetidine 0.32 ± 0.11 6 
Procainamide 0.78±0.30 14 
Amphetamine 5.58 ± 0.36 103 
Methamphetamie 3.34 ± 0.33 62 
Nicotine 1.28 ± 0.43 24• 

[
14C-TEA], 20 !JM 

[Inhibitor], 5 mM 

' 



Fig. 41. Substrate specificity of the organic cation transport process mediated by 

r0CTN2. rOCTN2 eDNA was fUnctionally expressed in HRP E cells. Cells transfected 

with pSPORTvector alone served as control. Uptake of { 4C]TEA (20 pM) was 

measured at pH 7.5 in a medium in which NaCI was replaced by N-methyi-D-glucamine 

chloride isoosmotically. Final concentration of the inhibitors was 2.5 mM The pH of 

the uptake medium was adjusted to 7.5 in the presence of each inhibitor. Uptake 

measured in vector-transfected cells was subtracted from uptake in cDNA-transfected 

cells to calculate rOCTN2-mediated uptake. 
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amphetamine, methamphetamine, dopamine, and thiamine were able to cause a low-level 

inhibition (20-30%). Guanidine, serotonin, ·and norepinephrine were without any 

noticeable effect. These results show that the r0CTN2-mediated iJ"ansport process also 

has a broad specificity for organic cations. 

2. OCTN2 can Mediate the Transport of Both Organic Cations and Cari!itine 

After our initial report on the cloning of OCTN2 indicated that it is an organic cation 

transporter (y{u et al., 1998c), a recent study by Tarnai et al (Tarnai et al., 1998) has shown 

that OCTN2 is aNa+ -coupled high~affmity carnitine transporter. The function of OCTN2 as 

a carnitine transporter is further supported by the recentfindings that the octn2 gene and the 

gene for the genetic disorder primary systemic carnitine deficiency map to the same 

chromosomal location 5q3I.I-32 (Shoji et al., 1998; Wu et al., 1998c) and that mutations in 

the octn2 gene are responsible for the disorder (Tang et al., 1999; Wang et al., 1999). 

Thus, OCTN2 is the first member of this family of transporters that can function as a 

Na+-coupled transporter. To investigate the transport function ofOCTN2 in more detail, the 

vaccinia virus expression system was employed. Human, rat, and mouse OCTN2 cDNAs 

were expressed heterologously in HRPE cells and their function with respect to the 

transport of the organic ca~ion TEA and of the zwitterion carnitine was studied under 

identical conditions (Fig. 42). Uptake of TEA was severalfold higher in cells expressing 

human, rat, and mouse OCTN2 (4.3, 16.8, andl3.5-fold, respectively) compared with 

control cells transfected with vector alone. Similarly, the uptake of carnitine was also 

increased severalfold in cells expressing these three OCTN2s. The increase was 27.4, 9.0, 

and 16.1-fold for hOCTN2, r0CTN2, and mOCTN2 respectively. Even though all three 

OCTN2s had the ability to transport TEA as well as carnitine, the relative activity with 



Fig. 42. Transport of TEA and carnitine by human, rat, and mouse OCTN2s. The 

cDNAs were functionally expressed in HRP E cells using the vaccinia virus expression 

technique. Cells transfected with pSPORT vector alone served as control. Uptake of 

[
14C]TEA (20 pM) was measured at pH 8.5 in a medium in which NaCl was replaced 

isoosmotically by mannitol. Uptake off H]carnitine (25 nM) was meas~red at pH 7.5 in 

a medium containing NaCl. 



Camitine Uptake 

(pmol I 106 cells I 30 min) 

- N VJ 

...0& 

"Po<?.,~ 

qQ 
0~ r ,•-,.r·---·· • •• -·-·1 . . . ~ ;• ". .. . . . :. . . 

. . 
l 
.. ,"'. . . 
-·---- ---------- ·--· 

~0~ r-~------ i 
I ' 
' I 

'· I L.L __ _j 

~~ 
[

----.=zj' ., -~ ·. ·;.,·: 
• 

· .. - ·~"' ~:; 
_,. r~,. ,··~· 

~ 

TEA Uptake 

(pmol I 106 cells-/ 30 min) 

~ 
0 

m ,__ ___ .J 

00 
0 

-N 
0 

-0\ 
0 

-5: 



106 

respect to the two substrates varied markedly among them. hOCTN2 showed a much 

higher capacity to transport carnitine than TEA whereas rOCTN2 showed a much higher 

capacity to transport TEA than camitine. The relative ability of IJ10CTN2 to transport 

TEA and carnitine was intermediate compared to that of hOCTN2 and r0CTN2. 

Fig. 43 describes the Na+-dependence of rOCTN2-mediated uptake of TEA and 

carnitine in HRPE cells. The uptake of TEA mediated by rOCTN2 was not dependent on 

the presence ofNa+. The uptake was comparable in the presence ofNaCl or when NaCl 

was replaced isoosmotically by ·mannitol. The uptake was indeed significantly higher in 

the presence of N-methyl-D-glucamine chloride than in the presence of NaCl. Clearly, 

the rOCTN2-mediated. TEA uptake was independent ofNa +. In contrast, ~amitine uptake 

via rOCTN2 was obligatorily dependent on the presence of Na+. In uptake buffers 

containing mannitol or N-methyl-D-glucamine chloride instead ofNaCl, carnitine uptake 

was markedly reduced in rOCTN2-expressing cells. 

Since OCTN2 mediates the uptake of TEA as well as carnitine, the ability of 

various organic cations and carnitine and its analogs to inhibit the uptake of [3H]carnitine 

via r0CTN2 was investigate~ (Table VI). The uptake was found to be inhibited by the 

organic cations TEA, cimetidine, MPTP, and choline. Similarly, unlabeled carnitine (D

as well as L-isomer), its fatty acid esters (acetyl-L-carnitine, propionyl-L-carnitine, and 

palmitoyl-DL-camitine) and the structural analog betaine were also found to inhibit the 

uptake. 

Since OCTN2 mediates the transport of organic cations in a Na+-independent 

manner and the transport of camitine in a Na+-dependent manner, we studied the Na+

dependence for the inhibition of rOCTN2-mediated [14C]TEA uptake by camitine and 



Fig. 43. Influence of Na + on rOCTN2-mediated transport of TEA and carnitine. HRP E 

cells were transfectedwith either pSPORTvector alone or rOCTN2 eDNA. Functional 

expression was carried out using the vaccinia virus technique. Uptake of [14C]TEA (20 

pM) and fH]carnitine (25 nM) was measured at pH 8.5 and 7.5 respectively. Uptake 

medium contained 140 mM NaCl, 140 mM N-methyl-D-glucamine chloride (NMDG-Cl), 

or 280 mM mannitol. Uptake_ in vector-transjected cells wds subtracted from 

corresponding uptake in cDNA-transfected cells to calculate r0CTN2-mediated uptake. 
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TABLE VI. Inhibition ofrOCTN2-mediated camitine uptake by organic cations 

and camitine and _its acyl esters. HRPE cells were transfected with rOCTN2 eDNA and 

expression was accomplished by the vaccinia virus expression system. Cells transfected 

with vector alone under similar conditions served for measurement of endogenous 

carnitine uptake in these cells. Only eDNA-specific carnitine uptake was used in data 

analysis. Uptake of eH]carnitine (25 nM) was measured for 30 min in the presence of 

NaCl (pH 7 .5). When present, the concentration of organic cations was 2 mM and that of 

carnitine, its acyl esters and betaine was 0.5 mM. Values are means± S.E. 



Inhibitor 

Control 

Organic cations (2 mM) 
TEA 
Cimetidine 
MPTP 
Choline 
Guanidine 

Carnitine analogs (500 JlM) 
D-Carnitine 
L-Carnitine 
Acetyl-L-camitine 
Propionyl-L-carnitine 
Palmitoyl-DL-carnitine 
Betaine 

[Carnitine], 25 nM 

r0CTN2-mediated 
eH]-L-carnitine uptake 

(pmol/106 cells /30 min) % 

1.21 ± 0.01 

0.05 ± 0.01 
0.35 ±0.05 
0.05 ±0.02 
0.29 ±0.01 
0.51 ±0.05 

0.12 ± 0.01 
·o.o4 ±om 
O.ot ± 0.01 
0 
0 
0.62 ±0.02 

100 

4 
29 
4 
24 
42 

10 
3 
1 
0 
0 
51 

108 
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organic cations (Fig. 44). As described previously, rOC1N2-mediated [14C]TEA uptake 

was greater in N-methyl-D-glucamine chloride-containing medium (i.e., absence ofNa"') 

than in NaCl-containing medium. When studied in the absence of Na+, carnitine and 

acetyl-L-carnitine at a concentration of2 mM inhibited [14C]TEA uptake only by 50%. In 

contrast, unlabeled TEA and desipramine at a concentration of2 mM inhibited the uptake 

85-90% under similar Na+-free conditions. When studied in the presence of Na+, the 

inhibitory potency of carnitine and acetyi-L-carnitine increased markedly (50% inhibition 

in the absence of Na+ versuS 90% inhibition in the presence of Na"'), whereas the 

inhibitory potency of organic cations remained unaltered. Thus, Na+ enhances the 

interacti~n of carnitine with the substrate-binding site of the transporter,- increasing the 

ability of carnitine to compete with [14C]TEA. In contrast, Na+ does not play any role in 

the interaction of organic cations with the substrate binding site and has no influence on 

the ability of these compounds to compete with [14C]TEA. This conclusion is further 

supported by the findings that the presence ofNa+ decreased the ICso value for carnitine 

(i.e., concentration causing 50% inhibition) to inhibit [14C]'rEA uptake by 50-fold (15.5 ± 

2.5 f1M versus 787 ± 29 f1M in the presence and absence ofNa +, respectively), but had no 

influence on the ICso value for unlabeled TEA to inhibit [14C]TEA uptake (106 ±17 f1M 

versus 107 ± 13 J.lM in the presence and absence ofNa+, respectively) (Fig. 45). 

The transport of TEA and carnitine via rOC1N2 was saturable, conforming to a 

Michaelis-Menten kinetics model describing a single transport system (Fig. 46). These 

kinetic s~dies were done in the presence ofNa+ for TEA as well as carnitine. For TEA, 

the Kt was 63 ± 7 f1M and the Vmax was 1.48 ± 0.04 nmol/106 cells/30 min. For 

carnitine, the corresponding values were 14.8 ± 1.8 f!M and 1.11 ± 0.06 nmol/1 06 



Fig. 44. Influence ofNa+ on the inhibition ofrOCTN2-mediated f 4CJTEA uptake by 

carnitine and organic cations. Uptake of [14C]TEA (20 fJM) was measured in HRPE 

cells expressing rOCTN2. Uptake measured in cells transfected with vector alone was . . 

subtracted from uptake in rOCTN2-expressing cells to calculate rOCTN2-mediated 

uptake. Uptake measurements were made at pH.7.5 in a medium containing either 140 

mM N-methyl-D-glucamine chloride (-Na +) or 140 mM NaCl (+Na +). Final 

concentration of the inhibitors was 500 pM. Uptake measured in the absence of 

inhibitors was taken as control. 
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Fig. 45. Influence of Na +on the potency of unlabeled TEA and carnitine to inhibit 

rOCTN2-mediated [i4C]TEA uptake. Uptake of f 4C]TEA (25 pM) was measured in 

HRPE cells expressing rOCTN2. Uptake measured in vector-transfected cells was 

subtracted from uptake in rOCTN2-expressing cells to calculate rOCTN2-mediated 

uptake. Uptake measurements were made at pH 7.5 in a medium containing either 140 

mM N-methyl-D-glucamine chloride (0) or 140 mM NaCl (• ). Concentration of 

unlabeled TEA and carnitine was varied over the range of0.1 pM-1 mM and 1 pM-10 

mM, respectively. 
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Fig. 46. Saturation kinetics of rOCTN2-mediated transport of TEA (A) and carnitine 

(B). Uptake was measured in rOCTN2-expressing HRPE cells. ·uptake in vector

transfocted cells was subtracted to calculate rOCTN2-mediated uptake. Uptake ofTEA 

was measured at pH 7. 5 in a medium containing 140 mM N-methyl-D-glucamine 

chloride in place. of 140 mM NaCl. Uptake of carnitine was measured at pH 7. 5 in a 

medium containing 140 mM NaCl. Concentration of carnitine was varied over the range 

of 1-50 J.!M. Inset: Eadie-Hofstee plot. V. uptake in pmol/106 cells/30 min; S. substrate 

concentration in J.!M. 
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cells/30min. These K1 values for TEA and camitine calculated from uptake measurements 

are comparable to the Ki values for unlabeled TEA and camitine to inhibit rOCTN2-

mediated [14C]TEA uptake in the presence ofNa+. The Ki values for TEA and camitine, 

calculated from respective ICso values according to the method of Cheng and Prusoff 

(Cheng and Prusciff, 1973) were 80 ± 13 !JM and 11.8 ±1.9 !JM, respectively. 

The ability of hOCTN2 to interact with organic cations was also investigated by 

studying the ability of organic cations to inhibit hOCTN2-mediated camitine transport 

(Table VII). Several organic cations were found to inhibit the transport to a marked 

extent. Desipramine and verapamil were the most potent inhibitors. TEA, ,cimetidine, and 

MPTP showed moderate inhibition. Choline had a small inhibitory effect. In contrast, 

guanidine showed no detectable inhibition. 

Since OCTN2 mediates the uptake of TEA as well as carnitine, whether the two 

substrates of OCTN2 with distinct molecular structures are competitive inhibitors of each 

other was investigated. Radiolabeled camitine transport was studied with r0CTN2 

cDNA-transfected HeLa cells in the presence or absence of TEA The presence of 120 

!JM TEA increased the K1 value for camitine uptake 1.5 fold (24.03 ± 1.59 versus 36.61 ± 

2.15 IJM). There was no significant change in Vmax (1.53 ± 0.05 versus 1.40 ± 0.04 

nmol/106 cells/30 ,min). The Eadie-Hofstee plots (Fig. 47) suggested that TEA inhibited 

the OCTN2-mediated camitine transpoJ:1 competitively. 

The ability of this Na +-coupled transporter to interact with a variety of organic 

cations is very surprising and may have significant physiological and pharmacological 

implications in humans. This is particularly relevant because of the occurrence of loss-of

function mutations in this gene in humans and the association of these mutations with 



TABLE Vll. Inhibition ofhOCTN2-mediated carnitine uptake by organic cations. 

HRPE cells were transfected with hOC1N2 eDNA and expression was accomplished by 

the vaccinia virus expression system. Cells transfected with vector alone were used as 

control for measurement of endogenous carnitine uptake in these cells. Only eDNA

specific uptake \Vas wed in data analysis. Uptake of eH]carnitine (25 nM) was measured 

for 30 min in the presence ofNaCl (pH 7.5). Organic cations were used at indicated 

concentrations. Values are means± S.E. 



Inhibitor 

Control 
TEA(2mM) 
Cimetidine (2 mM) 
MPTP(2mM) 
Choline (2 mM) 
Guanidine (2 mM) 
Imipramine (0.05 mM) 
Imipramine (0.5 mM) 
Verapami1 (0.05 mM) 
Verapamil (0.5 mM) 

[Camitine], 25 nM 

hOCTN2-mediated 
eHJ-L-Camitine Uptake 

(pmol I 106 cells I 30 min) %" 

3.02±0.08 
1.26 ± 0.01 
0.95 ±0.02 
1.43 ±0.02 
2.46 ±0.04 
2.95 ±0.05 
1.60 ± 0.30 

0 
. 0'.99 ± 0.12 . 
0.02±0.01 

100 
42 
32 
47 
82 
98 
53 
0 
33 
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Fig. 47. Kinetics of competitive inhibition of rOCTN2-mediated carnitine uptake by 

TEA. rOCTN2 activity was determined in HRPE cell by measuring carnitine uptake (30-

min incubation) over the concentration range of2.5- 75 pM in the presence (0) or 

absence (•) of 120 pM TEA. Results are given as Eadie-Hofstee plots. V, carnitine 

uptake in pmol/1 06 cells/30 min; S, carnitine concentration in pM. 



115 

1500 

1200 

900 

-TEA 
600 

+TEA 
300 • 

0 10 20 30 40 50 60 70 

V /S 



116 

serious, and often fatal, clinical consequences such as cardiac myopathy and skeletal 

myopathy. 

3. Transport of Acetyl-L-Camitine and Propionyl-L-Camitine by Human OC1N2 and 

RatOCTN2 

The short :chain acyl esters of L-camitine are currently used as therapeutic agents 

in the treatment of a wide range of disorders (Brevetti et al., 1992; Hagen et al., 1998; 

Lowitt et al., 1995; Spagnoli et al., 1991; Wiseman and Brogden, 1998). Therefore, it is 

of interest to detel"!lline if the cloned OC1N2s are capable of transporting the acyl esters 

acetyl-L-camitine and propionyl-L-camitine. Fig. 48 show's that hOCTN2 as well as 

rOC1N2 are able to transport these acyl esters of camitine. The transport of acetyl-L

camitine. in hOCTN2-expressing cells was 10-fold greater than in vector-transfected 

cells. Similarly, expression ofrOCTN2 also led to a 10-fold increase in acetyl-L-camitine 

transport. In both cases, the OC1N2-mediated transport of acetyl-L-camitine was 

completely inhibited by 5 mM L-camitine or TEA (Fig. 48A&B). Similar results were 

obtained with propionyl-L-camitine (Fig. 48C&D). Human OC1N2 and rat OC1N2 were 

able to transport propionyl-L-camitine and this transport was abolished by 5 mM L

camitine or TEA. 

4. Transport Function of Human OC1N2 Mutants 

We recently identified two mutations, Trp132Stop and Pro478Leu, in the octn2 

gene in a patient with primary systemic camitine d~ficiency (Tang et al., 1999). The 

effects of the two mutations on the transport function of OCTN2 were evaluated. The 

mutants were generated by site-directed mutagenesis and the transport function of the 

mutants and _the wild-type OCTN2 was measured by vaccinia virus expression system in 



Fig. 48. Transport of acetyl-IA:amitine and propionyl-L-carnitine by OCTN2 and tlleir 

inllibition by carnitine and TEA. HRP E cells were transfected with either hOCTN2 

eDNA (A&C) or r0CTN2 eDNA (B&D). Cells transfected with pSPORT vector alone 

were used to measure endogenous 'transport activity. Uptake of acetyl-L-f H]camitine 

(50 nM) and propionyl-L-fH]carnitine (50 nM) was measured at pH 7.5 in a medium 

containing 140 mM NaCl. Uptake in OCTN2-expressing cells was measured in the 

absence (control) or presence of 5 mM carnltine or TEA. 
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mammalian cells. Cells transfected with the vector (pSPORT) alone were used to 

measure endogenous carnitine transport activitY. With a carnitine concentration of 25 

nM, Trpl32Stop and Pro478Leu mutants had less than 5% of the carnitine transport 

activity of the wild-type OCTN2 (Tang et al., 1999). Similar resu)ts were obtained at 

· higher concentrations of carnitine, 5 and 25 ~ (Fig. 49). However, whether the 

observed loss of transport activity was due to loss of function: or due to alterations in the 

stability of the protein was not determined. Another mutation, Leu352Arg, was recently 

identified in the mouse OCTN2 in thejvs mouse that is genetically defective in the Na+

coupled high-affinity carnitine transport system (Lu et al., 1998). The transport function 

of this mutant was however not investigated. To analyze the possible effects of these two 

mutations, Pro478Leu and Leu352Arg, on the transport function and protein expression, 

these mutations were introduced in hOCTN2 by site-directed mutagenesis.and measured 

the transport function of the resultant mutants. The amino acid at position 352 in the 

human OCTN2 is Met instead of Leu. Therefore, the corresponding mutation in hOCTN2 

is Met352Arg. Since anti-hOCTN2 antibodies are not currently available for the 

assessment of protein expression, the c-myc epitope tag was added to the N-terminus of 

the wild type and mutant hOCTN2s. Fig. 50 describes the transport function of these wild 

type and mutant hOCTN2s. In the absence of the c-myc tag, the expression of the wild 

type OCTN2 in HRPE cells increased carnitine transport 23-fold compared with vector

transfected cells. The OCTN2-specific transport was 3.77 ± 0.19 pmol/106 cells/30 min at 

20 nM carnitine. Compared with the activity of the wild type OCTN2, the activity of the 

two mutants was reduced >95%. The OCTN2-specific transport was 0.13 ± 0.06 



Fig. 49. Carnitine uptake function of the wild-type, Trp132Stop andPro478Leu 

mutants of hOCTN2. The cDNAs were expressed in HRP E cells and transport activity 

was measured at three different concentrations of carnitine (25 nM and 5 and 25 plvf). 

Cells transfected with pSPORT vector alone were used to measure endogenous transport 

activity. This value was subtracted from the values obtained in cells transfected with 

cDNAs to calculate the specific transport activity induced by wild-type and mutant 

cDNAs. 
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Fig, 50. Carnitine transport activity of wild type and mutant hOCTN2s without (A) or 

with (B) the c-myc epitope tag. HRPE cells were transfected with pSPORT vector, 

tagged/nontagged wild type (WT) hOCTN2 cDNAs or taggedlnontagged mutant hOCTN2 

cDNAs. The mutants used were Pro478Leu (P-7L) and Met352Arg (M-7R). Uptake of 

[
3Hjcarnitine (2Q nM) was measured at pH 7.5 in a medium containing 140 mM NaCI. 
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. . . 
pmoV106 cells/30 min in the case of the Pro478Leu mutant and 0.02 ± O.oi pmoV106 

cells/30 min in the case of the Met3S2Arg mutant. The addition of the c-myc tag to the 

wild type OCTN2 reduced the transport activity significantly, but. the transport activity 

could still be measured. The expression of the c-myc-tagged wild type OCTN2 in HRPE 

cells increased ciunitine transport 7-fold compared with vector-transfected cells. The 

value for carnitine transport that was specific to the tagged wild type OCTN2 was 1.02 ± 

O.QJ pmoVl 06 cells/30 min at 20 nM carnitine. The tagged mutants exhibited less than 

S% of this control activity (O.o3 ± O.oi and 0.02 ± O.oi pmol/106 cell~/30 min for the 

Pro478Leu and Met3S2Arg mutants, respectively). 

To analyze the protein expression of the wild type and mutant OCTN2s, the 

HRPE cells were transfected with c-myc-tagged wild type and mutant"h0CTN2 cDNAs 

and detected the proteins by immunofluorescence using a monoclonal antibody specific 
. ' 

for the c-myc epitope tag. Immunofluorescence was positive for the epitope-tagged wild 

type hOCTN2 (Fig. SIB) as well as for the epitope-tagged Met3S2Arg mutant (Fig. SIC) 

and the epitope-tagged Pro478Leu mutant (Fig. SID). Cells transfected with non-tagged 

wild type hOCTN2 eDNA were used as a negative control. As expected, there was no 

immunofluorescence with these cells (Fig. SlA). These results show that the Met3S2Arg 

and Pro478Leu mutants are expressed at levels comparable to that of the wild type clone. 

Therefore, the observed lack of transport activity of these mutants is not due to lack of 

protein expression. 

F. Investigation of MPTP Transport in Human Placental Brush-border Membrane 

VesicleS. 



Fig. 51. Analysis of protein expression of the wild type and mutant hOCTN2s. HRPE 

cells were used to express heterologously the c-myc-tagged wild type hOCTN2 (B), c

myc-tagged Met352Arg mutant hOCTN2 (C), or c-myc-tagged Pro478Leu mutant 

hOCTN2 (D). Cells expressing the non-tagged wild type hOCTN2 were used as the 

negative control (A). Expression of the c-myc epitope-tagged proteins was detected using 

a monoclonal antibody specific for the epitope and FITC-labeled secondary antibody. 
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Human placental brush border membrane vesicles were prepared and preloaded 

with either 25 mM Mes/Tris, 300 mM mannitol, pH 6.0, or 25 mM Tris/Hepes, 300 mM 

mannitol, pH 8.0. The effect of an outward-directed proton gradient. ([H11 > [It].) on the 

uptake ofMPTP in the membrane vesicles was investigated. Uptake was measured using 

the uptake buffer whose composition was the same as that. of the pH 8.0 preloading 

buffer. Therefore, in the case of the membrane vesicles preloaded with the pH 6.0 buffer, 

there was an outward-directed proton gradient (pHin = 6.0; pHout = 8.0). In the case of the 

membrane vesicles preloaded with the pH 8.0 buffer, there was no proton gradient across 

the membrane (pllj;, = pHout = 8.0). Fig. 52 shows that the radioactivity of eHJMPTP 

associated with the placental brush border membrane vesicles increased gradually with 

time whether or not there was a proton gradient. In fact, radiolabeled MPTP associated 

with the membrane vesicles was greater in the absence than in the presence of a proton 

gradient. In both cases, there was no transient accumulation of MPTP inside the vesicles 

above the equilibrium value, indicating the absence of an MPTP!H'" exchange process in 

placental brush border membrane vesicles. The radioactivity associated with the vesicles 

was probably due to the binding of the radiolabeled MPTP to the membrane. 

G. Characterization of MPTP Transport in Xenopus Oocytes. 

The xenopus oocyte is one of the important systems used widely in functional 

expression studies. While we were studying MPTP transport that was associated with rat 

OCT3 and mouse OCT3, we discovered a marked endogenous MPTP transport activity in 

xenopus oocytes. Previous studies have indicated that the human placental 

choriocarcinoma cell line JAR and brain endothelial cells have a highly specific and 



Fig. 52. Influence of pH on MPTP uptake by the human placental brush border 

membrane vesicles. Human placental brush border membrane vesicles were prepared 

and pre loaded with buffers of either pH 6. 0 or pH 8. 0. Uptake off H]MPTP (20 nM) was 

measured at pH 8. 0 for certain period of time (I 0 seconds to 1 hour). 
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active MPTP/proton antiport system, suggesting the possible expression of an 

endogenous MPTP/proton antiport system in Xenopus oocytes. Functional studies were 

performed to characterize this transport system in detail. Time courses of MPTP transport 

by the uninjected oocytes were studied at pH 6.0 and pH 8.0 (Fig. 53). It was clear that 

the uptake was linear up to 30 minutes and that the uptake at pH 8.0 was much higher 

than the uptake at pH 6.0. There was a marked pH dependence of the uptake activity (Fig. 

54). The uptake was enhanced about 6-fold (23.72 ± 0.86 versus 122.55 ± 3.40 

fmol/oocyte/60 min) when the pH of the uptake medium was changed from 5.5 to 8.5. 

The substrate specificity of the endogenous oocyte MPTP uptake activity was 

investigated by assessing the inhibitory effect of various organic cations on the uptake of 

[
3H]MPTP. None of the organic cations tested, except for MPTP, can inhibit the 

radiolabeled MPTP uptake by more than 25% (Fig. 55). In contrast, MPTP itself has a 

marked inhibition on the radio labeled MPTP uptake in Xenopus oocytes. It indicated that 

the MPTP transport system in xenopus oocytes is extremely specific, unlike other known 

polyspecific organic cation transporters. 

To assess the influence of membrane potential on oocyte MPTP transport activity, 

MPTP uptake in oocytes was measured under altered K+ permeability conditions. The 

oocyte membrane potential was depolarized by increasing the concentration of K+ in the 

uptake buffer (i.e. by decreasing the outwardly directed K+ gradient across the 

membrane). It was found that the MPTP uptake was the same in the high K+ (102 mM) 

uptake buffer as in the high Na+ (100 mM) uptake.buffer at both pH 6.5 and pH 8.5(Fig. 

56). With both uptake buffers, similar pH dependence of the MPTP transport activity can 

be found iii the Xenopus oocytes. These experiments provided strong evidence that the 



Fig. 53. Time courses of MPTP transport by the Xenopus laevis oocytes at pH 6.0 (•) 

and pH 8.0 (0). Uptake off H]MPTP (5 nM) was measured at pH 6. 0 or pH 8.0 for 

certain period of time (15 - 90 min). 
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Fig. 54. Influence of pH on the MPTP transport in the Xenopus laevis oocytes. Uptake 

off H]MPTP (5 nM) was measured at various pH (5.5- 8.5) for 1 hour. 
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Fig. 55. Substrate specificity of the MPTP transport process mediated by the Xenopus 

laevis oocytes. Uptake off H]MPTP (5 nM) was measured at pH 8.5 for 1 hour in the 

presence or absence of5 mM unlabeled organic cations. 
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Fig. 56. Influence of membrane potential on endogenous MPTP uptake activity in 

Xenopus laevis oocytes. Uptake off H]MPTP (5 nM) was measured at pH 6.5 or pH 8.5 

for 1 hour with indicated ionic composition of the uptake buffirs. 
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endogenous transport activity of Xenopus oocyte is membrane potential-independent and 

pH-sensitive. This suggests that the transport process may operate as an MPTP!H'" 

anti port. 

To confirm that Xenopus oocyte has an MPTPIH'" antiport system, the effiux of 

MPTP in oocytes· was studied. If the transport system is indeed an MPTPIH'" anti porter, 

the efflux ofMPTP in oocytes should pe stimulated by an acidic pH. To study the oocyte 

efflux, Xenopus oocytes were incubated with radiolabeled-MPTP at pH 7.5 for I hour, 

following which the medium was removed and replaced with fresh medium (with no 

radiolabeled MPTP) at pH 7.5 or 5.5. The time-dependent effiux of MPTP from the 

oocytes was then measured. The results of the experiment, shown in Fig. 57, 

demonstrated that the transport system in Xenopus oocytes is an MPTPIH' anti porter. 



Fig. 57. Influence of pH on the efflux of MPTP from the Xenopus laevis oocytes. 

Xe~opus laevis oocytes were preloaded with f H]MPTP (5 nM) for 1 hour at room 

temperature. Oocytes were washed with the buffer (pH 7. 5) and incubated with buffers of 

pH 7.5 (•) or pH 5.5 (O)for different times. Following the incubation, the amount of 

f H]MPTP in the buffer (efflux) and in the oocytes was determined Data are presented 

as the percent of total [3H]MPTP that was present in the oocytes prior to initiation of the 

efflux. 
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IV. DISCUSSION 

A. Electrogenic Characteristics and Membrane Localization of Organic Cation 

Transporters 

Organic cation transport systems play an important role in cationic drug 

absorption and elimination. As expected, they are expressed most abundantly in the 

kidney, liver, intestine, and placenta, the key tissues ~esponsible for drug absorption and 

disposition. Interestingly, these tissues share a fundamental structural characteristic in 

that the absorptive cells of these tissues are polarized cells. To be secreted by polarized 

cells, organic cations must cross two layers of hydrophobic membranes, namely the 

basolateral membrane and the brush border membrane. Functional studies have led to the 

identification of two distinct classes of organic cation transport systems, one driven by 

the transmembrane potential difference and the other driven by the transmembrane W 

gradient (Pritchard and Miller, 1993). The potential-sensitive transport system is 

expressed in the basolateral membrane, participating in the influx of organic cations into 

the cells, whereas the W gradient-dependent transport system is likely to participate. in 

the efflux of organic cations out of the cells across the brush border membrane. 

So far, five functional organic cation transporters have been cloned at the 

molecular level (Griindemann eta!., 1994; Kekuda eta!., 1998; Okuda eta!., 1996; Tarnai 

eta!., 1997; Wu eta!., 1998c). During-the functional studies of the cloned transporters, 

the electrogenicity and membrane localization of the transporters was extensively 

132 
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investigated, because such characteristics are important to understand the physiological 

function and transport mechanisms of the transporters. 

TEA uptake by rOCTl cRNA-injected oocytes was not st~ulated significantly 

by an increase in the medium pH (Griindemann et al., 1994), suggesting that OCTI is 

independent of a transmembrane proton gradient or of medium pH. More convincing data 

of the pH-independence of OCTI came from the efflux studies. Acidification of 

extracellular medium from pH 7.4 to 6.0 did not stimulate the efflux of radiolabeled TEA 

from rOCTl-expressing oocytes (Gorboulev eta!., 1997). Replacing Na+ with K+ in the 

uptake buffer, which decreases the membrane potential, was found to reduce the OCTI

mediated TEA transport drastically in the Xenopus oocyte expression system 

(Griindemann et al., 1994). In contrast, the function of theW-dependent organic cation 

transport system is not expected to be affected by such membrane potential changes 

because of the electroneutral nature of the organic cation!II' antiport system. 

Electrogenicity of OCTI was further confirmed by electrophysiology. When rOCTl 

cRNA-injected oocytes were superfused with transported cations, the membrane potential 

decreased in contrast to water-injected control oocytes. Positive inward currents were 

induced after superfusion with transported cations in voltage-clamped cRNA-injected 

oocytes (Busch et a!., 1996b; Nagel et al., 1997). Immunological studies using specific 

anti-peptide antibodies have revealed that rOCTl . is localized to the basolateral 

membranes of S 1 and S2 segments of renal proximal tubules (Koepsell et al., 1999). In 

addition, Western blotting analysis of the isolated basolateral and brush border 

membranes purified from either rat kidney cortex or medulla has been carried out with 

anti-serum for rOCTl. The immunoreaction was detected at high levels in the basolateral 
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membranes of the rat kidney cortex and at low levels in those of the kidney medulla, but 

no immunoreactive band was detected in the brush border membranes from either kidney 

cortex or medulla (Urakami et al., 1998). Membrane localization of rOCTl in rat liver. 

was also investigated. Immunohistochemistry with rat liver and Western blotting analysis 

with isolated sinusoidal and canalicular membranes have indicated that rOCT! is 

localized within the sinusoidal membranes of hepatocytes around the central veins of the 

hepatic lobules (Meyer-Wentrup et al., 1998). 

Independent studies on the electrogenicity and membrane localization of OCT2 

by three laboratories have produced conflicting results. The rOCT2-specific TEA uptake 

by cRNA-injected oocytes was not stimulated significantly by an increase-in the medium 

pH (Okuda et al., 1996), suggesting that OCT2 is independent of a transmembrane proton 

gradient or of medium pH. More convincing data in support of the pH-independence of 

OCT2 came from the efflux studies. Acidification of extracellular-medium from pH 7.4 

to 6.0 did not stimulate the efflux of radiolabeled TEA from rOCT2 cRNA-injected 

oocytes (Okuda et al., 1999). In addition, depolarization of the membrane potential with 

high extracellular K+ reduced r0CT2-mediated TEA transport drastically in the Xenopus 

oocyte expression system (Okuda et al., 1999). Electrogenicity of OCT2 was further 

confirmed by electrophysiology. When hOCT2 cRNA-injected oocytes were superfused 

with transported cations, the membrane potential decreased in contrast to Water-injected 

control oocytes. Positive inward currents were induced after superfusion with transported 

cations in voltage-clamped cRNA-injected oocytes (Busch et al., 1998; Gorboulev et al., 

1997). However, OCT2 is also thought by some investigators (Griindemann et al., 1999) 

to be an organic cation/proton antiporter expressed in the renal brush border membrane. 
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These investigators studied the transport function of porcine OCT2 cloned from the pig 

kidney epithelial cell line LLC-PK,. By comparing the order of inhibitory potencies of 

several organic compounds on cellular accumulation of TEA across the apical membrane 

of LLC-PK, cells and in porcine OCT2 cDNA-transfected HEK 293 cells, Griindemann 

et al. speculated that OCT2 is an apical organic cation transporter expressed in LLC-PK1 

cells (Griindemann et al., 1997). However, this speculation is not convincing because the 

apparent Ki values of decynium 22 and cyanine 863 differed by factors of 8 and 5 

respectively between the two systems. Furthermore, the functional characterization of 

' porcine OCT2 was incomplete and ambiguous, and immunohistochemistry with specific 

antibodies was not performed. Later, human OCT2 was found to be localized to the 

brush-border membrane of distal tubules in the kidney by immunological staining 

(Gorboulev et al., 1997). However, further experiments are required to confirm the 

luminal localization of hOCT2, because the aforementioned immunolocalization studies 

were done with human kidney sections of relatively poor quality, and the detection of 

weak immunohistochemical siguals was therefore not possible (Koepsell et a!., 1999). In 

addition, these studies employed anti-rOCTl antibodies, raised against a partial rOCTl 

amino acid sequence, to detect hOCT2 protein in the kidney. As the corresponding amino 

acid sequence of hOCT2 is not identical to that of rOCTl, these results may merely 

indicate the presence of immunoreactive material in the brush border membrane of 

human kidney distal tubules which may not be OCT2. Recently, Urakami et al. analyzed 

the inhibitory potencies of several organic cations on TEA uptake by rOCT2. The order 

of inhibitory potencies of various organic cations was comparable to that on NMN uptake 

across the basolateral membrane, rather than that on MPP+ uptake across the brush border 
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membranes of rat renal tubules (Urakami et al., 1998). Moreover, when rOCT2 eDNA 

was expressed heterologously in MDCK cells, TEA accumulation by the cells was 

markedly elevated compared to the control cells if TEA was added to the basolateral 

medium. When TEA was added to the apical medium, its accumulation by MDCK

rOCT2 cells was-not changed, compared to the control cells, suggesting that rOCT2 gets 

targeted preferentially to the basolateral membrane of MDCK cells (Urakami et al., 

1998). 

rOCT3-mediated TEA uptake was markedly influenced by extracellular pH in 

HeLa cells and in Xenopus oocytes. However, depolarization of the membrane potential 

by replacing Na+ with K+ in the uptake buffer reduced rOCT3-mediated TEA transport 

drastically in the Xenopus oocyte expression system (K.ekuda et al., 1998). Therefore, the 

rOCT3-induced TEA transport is electrogenic. The pH effect could be explained by the 

changes in membrane potential due to the changes in extracellular pH. Electrogenicity of 

rOCT3 was further confirmed by electrophysiology. When cRNA-injected oocytes were 

superfused with transported cations, the membrane potential decreased in contrast to 

water-injected control oocytes. Positive inward currents were induced after superfusion 

with transported cations in voltage-clamped cRNA-injected oocytes (Kekuda et al., 

1998). The membrane localization ofOC:T3 is not known, because specific antibodies for 

OCT3 are not available. However, since it is potential-sensitive, OCT3 is likely to 

mediate the entry of cationic drugs from the fetal circulation into .the placental 

trophoblast in the fetal-facing basal membrane of the placenta (K.ekuda et al., 1998). It is 

unlikely that OCT3 is expressed in the maternal-facing brush border membrane, where 

organic cation/proton antiport systems have been described. A similar situation might 
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exist in the intestinal·and renal epithelial cells which express OCT3. We speculate that 

OCT3 is localized to the basolateral membrane of these epithelial cells where the 

transporter mediates the entry· of organic cations from the blood into the cells as a first 

step in the elimination of organic cations. 

The hOClN1-induced TEA uptake in HEK 293 cells and Xenopus oocytes was 

pH dependent and the apparent Km was nearly identical with that of pH-dependent TEA 

uptake in rat renal brush border membrane vesicles (Tarnai et al., 1997; Yabuuchi et al., 

1999). Therefore, although its subcellular localization has not yet been established, 

OClN1 is thought to be responsible for the efflux of organic cations across the renal 

epithelial brush border meiJlbrane. However, Kekuda et al. reported that the apparent pH-

dependence of rOCT3-med.iated TEA uptake was due to the alterations of membrane 

potential induced by changes in extracellular pH (Kekuda et al., 1998). Accordingly, the 

observed pH-dependence ofh0ClN1 transport function does not mean that the transport 

process occurs via an organic cation!H'" antiport mechanism. The apparent pH 

dependence might be affected by the experimental conditions. Recently, Yabuuchi et al. 

reported that the TEA uptake by hOClN1 cRNA-injected oocytes was not significantly 

altered upon replacement ofNa+ with K+ (Yabuuchi et al., 1999), suggesting a lack of 

influence ofme~brane potential on transport of TEA by hOClNl. Moreover, in contrast 

to our TEA efflux data, these investigators have reported that the radiolabeled TEA efflux 

from OClN1-transfected HEK 293 cells was stimulated by an increase in the proton 

concentration in the external medium (Yabuuchi et al., 1999): Our efflux data (Fig. 30) . . 

clearly showed that extracellular pH does not affect the rate of rad.iolabeled TEA efflux 
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from the X~nopus oocytes expressing hOC1Nl. The reason for this discrepancy is not 

known at present 

Since carnitine is a zwitterion at physiological pH, the N~+ -coupled transport of 

carnitine mediated by rOC1N2 and hOC1N2 is expected to be electrogenic. The 

electrogenic nature of the transport process was investigated by assessing the influence of 

K+-induced depolarization of the cells on the Na+ -coupled transport ofcarnitine mediated by 

rOC1N2 and hOC1N2. This approach has been used successfully in our earlier studies to 

demonstrate the electrogenicity of the transport process mediated by the Na +-coupled 

dicarboxylate transporter (Kekuda et a!., 1999). A similar method was used recently by 

Scaglia et al. to demonstrate the electrogenicity of the constitutively expressed carnitine 

transport system in human fibroblasts (Scaglia et al., 1999). In rOC1N2-expressing cells, the 

transport of carnitine (40 nM) in cells exposed to a physiological concentration ofK+ (5.6 

rnM) was 0.20 ± O.Ql pmol/106 cells/2 min, whereas this transport was reduced 30% to 0.14 

± 0.01 pmol/106 cells/2 min in cells ~xposed to 70 mM K+. Under similar conditions, the 

inhibition ofhOC1N2-mediated carnitine transport was 24% (0.75 ± 0.02 pmol/106 cells/2 

min in cells exposed to 5.6 mM K+ versus 0.57 ± 0.01 pmol/106 cells/2 min in cells exposed. 

to 70 mM K'). Thus, the Na+-coupled carnitine transport mediated by rOC1N2 and 

hOC1N2 is electrogenic. The inhibition of transport by depolarization suggests that the 

transport process is associated with the transport of positive charge into the cells. Several 

studies have confirmed that the Na+-coupled high-affinity carnitine transporter is present in 

the brush border membrane of the kidney (Rebouche and Mack, 1984; Roque et al., 1996; 

Stieger et al., 1995). Even though the localization ofOC1N2 to the brush border membrane 

in the kidney has not yet been demonstrated, it is almost certain thatOC1N2 is responsible 
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for carnitine reabsorption across the brush border membrane of renal tubular cells based on 

the Na +-coupled high-affinity carnitine transport function of OCTN2 and the association of 

loss-of-function mutations in OCTN2 with primary systemic carnitine deficiency. 

B. Organic Cation Transporter and Extraneuronal Monoamine Transporter 

Termination of monoamine neurotransmission is affected by rapid removal of the 

monoamine neurotransmitters from the synaptic cleft. The process involves two different 

transport systems: sodium-driven, high-affinity transporters in the plasma membrane of 

the releasing neurons, and potential-driven, low-affinity, high-capacity extraneuronal 

transport system (uptake2). The uptake2 system has been found in central. nervous system 

glia and in sympathetically innervated tissues. Its functional properties have been 

extensively studied in perfused hearts and glioma cells. First of all, it has been found that 

the extraneuronal uptake of monoamines is a saturable transport process obeying 

Michaelis-Menten kinetics. The Km values for noradrenaline and dopamine are around 

300-500 f!M. Extraneuronal uptake ofmonoamines is driven by the membrane potential 

and ~he process is sodium- and chloride-independent. The uptake2 system. is steroid

sensitive. The most potent· steroid inhibitors are 17-p-estradiol and corticosterone. 

Corticosterone inhibits the extraneuronal uptake ofmonoamines in a competitive manner. 

Extraneuronal uptake is also inhibited by a variety of organic cations. 

The molecular identity of the uptake2 system has not yet been established. 

However, the overlap in the tissue distribution, antagonist sensitivity, and driving force 

between extraneuronal monoamine uptake and organic cation transport raised the 
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possibility that the extraneuronal monoamine transporter might belong to the organic 

cation transporter f~y. 

OCT! and OCT2 possess some of the characteristics of the extraneuronal 

monoamine transporter, such as membrane potential-dependence, sodium-independence, 

and interaction with organic cations. In addition, OCTl and OCT2 are known to transport 

MPP+ and monoamines (Busch et al., 1998; Busch et al., 1996a; Busch et al., 1996b; 

Gorboulev et al., 1997; Griindemann et al.; 1998a; Martel et al., 1996; Zhang et al., 

1997b). Sensitive RT-PCR studies have indicated that OCTl- and OCT2-specific 

transcripts are expressed in the brain (Gorboulev et al., 1997; Griindemann et al.,.1997), 

even though the transcripts are not detectable by Northern blot analysis (Gorboulev et al., 

1997; Griindemann et al., 1994; Okuda et al., 1996; Wu et al., 1998b; Zhang et al., 

1997b ). In comparison, OCT3-specific transcripts are easily detectable in the brain by 

Northern blot analysis (Wu et al., 1998b). OCTl is unlikely to be the candidate for the 

extraneuronal monoamine transporter because its expression i~ not widespread in 

mammalian tissues but is rather limited 'to kidney, liver, and intestine. Moreover, OCTl

mediated TEA uptake was not found to be sensitive to steroids (Wu et al., 1998b). A 

recent study has provided convincing evidence for the expression of OCT2 in human 

neurons of various brain areas by RT-PCR, in situ hybridization, and 

immunohistochemistry (Busch et al., 1998; Griindemann et al., 1998a), although it was 

originally considered as a kidney-specific organic cation transporter. There is evidence 

that hOCT2 is also capable of transporting monoamine neurotransmitters (Busch et al., 

1998). However, OCT2 is not identical to the uptake2 transporter because rOCT2 and 

hOCT2 have a markedly different steroid inhibitory pattern from that for uptak~ 
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transporter (Busch et al., 1998; Wu et al., 1998b). In addition, OCT2 is not expressed in 

the human glioma cell line SK-MG-1 where. expression of extraneuronal monoamine 

transporter has been demonstrated (Busch et al., 1998). 

Evidence for the expression of OCT3 in the brain has been obtained in the present 

study by different experimental approaches which include Northern blot analysis, RT

PCR and in situ hybridization f:Nu et al., 1998b). Unequivocal evidence for the identity 

of the mRNA transcript detected by these approaches comes from successful cloning of · 

the OCT3 eDNA from a brain eDNA library. The present study also demonstrates that 

OCT3 is capable of transporting various cationic neurotoxins and neurotransmitters. The 

neurotoxin MPP+ is an excellent substrate for OCT3 with a Kt value in the micromolar 

range. The ability of OCT3 to tranSport MPP+ in heterologous expression systems is 

demonstrable by direct uptake of radiolabeled MPP+ as well as by membrane 

depolarization induced in the presence of unlabeled MPP+ (Wu et al., 1998b). The Kt 

value for OCT3-mediated uptake ofMPP+ is 91 ± 10 11M in HRPE cells heterologously 

expressing OCT3. However, when studied in OCT3-expressing Xenopus laevis oocytes, 

the K1 value is considerably lower. W~th the membrane potential clamped at -50 mV, the 

Kt value in oocytes is 24 ± 2 11M f:Nu et al., 1998b ). This value decreases significantly if 

the membrane potential js hyperpolarized relative to -50 m V, but increases if the 

membrane potential is depolarized relative to -50 mV. Uptake measurements in HRPE 

cells were done without clamping the membrane potential and this might be the most 

likely reason for the difference in the Kt values between the two expression systems .. 

Competition experiments show that the abusable drugs amphetamine and 

methamphetamine and the neurotransmitters dopamine and serotonin also interact with 
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OCT3 with appreciable affinity. In addition, the actual transport of dopamine via OCT3 

is demonstrable in OCT3-expressing cells by measuring the uptake of radiolabeled 

dopamine. The ability of OCT3 to interact with cationic neurotoxins and 

neurotransmitters and the expression of OCT3 in the brain suggest that OCT3 is likely to 

play a significant-role in the handling of these neuroactive compounds in the brain. In situ 

hybridization studies show that ·OCT3 is widely expressed in different regions of the 

brain including cerebral cortex, cerebellum, and hippocampus (Wu et al., 1998b). The 

monoamine neurotransmitters (dopamine, serotonin, and norepinephrine) do not appear 

to be the common denominator for these OCT3-expressing brain regions. Therefore, the 

physiological function of OCT3 in the brain remains to be identified. Ori the other hand, 

OCT3 is likely to play a role in the disposition of MPP+, amphetamines, and other 

cationic neurotoxins in OCT3-positive regions of the brain. OCT3 is driven by membrane 

potential and therefore this transporter potentially mediates the membrane potential

dependent concentrative accumulation of these neurotoxins into the cells. This may have 

relevance to the pharmacological actions of these neuroactive agents. 

An important finding in the present study which is of significant pharmacological 

and physiological relevance is the identification of OCT3 as the extraneuronal 

monoamine transporter. Even though the extraneuronal monoamine transporter is known 

to transport its physiological substrates such as norepinephrine and dopamine with low 

affinity, the relevance of this transporter to the disposition and metabolism of these 

monoamines has been well established (Eisenhofer et al., 1996; Friedgen et a!., 1996; 

Graefe et a!., 1998). The establishment of the molecular identity of this transporter as 

OCT3 strongly suggests that this transporter is likely to play a significant role in the 
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disposition and metabolism of monoamines in the brain. Most of the functional studies 

involving this transporter have been done in peripheral tissues. However, recent studies 

have provided evidence for the expression of the extraneuronal monoamine transporter in 

the central nervous system (Noe et a!., 1996; Russ et al., 1996; Schiimig et a!., 1998; 

Streich et a!., 1996). The present study demonstrating the widespread expression of 

OCT3 in the brain corroborates these findings. In addition to the physiological function 

of OCT3 in brain and in peripheral tissues in the uptake and metabolism of monoamines, 

this transporter may also have therapeutic potential in the treatment of malignant brain 

tumors. Noe et a!. have recently shown that the extraneuronal monoamine transporter 

expressed in a human glioma cell line mediates the accumulation of the cytotoxic drug 

(2-chloroethyl)-3-sarcosinamide-1-nitrosurea (Noe et a!., 1996). This drug is one of the 

most active agents for the treatment of malignant astrocytomas (Kaye and Laidlaw, 1992; 

Lesser and Grossman, 1994). The importance of the extraneuronal monoamine 

transporter to the therapeutic action of this drug is evident from the observations that the 

sensitivity of the target cell lines to the drug correlates with the expression levels of the 

transporter (Noe et a!., 1994; Noe et al., 1996; Skalski eta!., 1988). Therefore, OCT3 in 

the brain has therapeutic potential for facilitating the accumulation of this and other 

structurally related cytotoxic drugs in malignant tumors of the central nervous system. 

Independently, Griindemann et a!. also have identified a corticosterone-sensitive 

extraneuronal catecholamine transporter (EMT) by RT-PCR using degenerate 

oligonucleotides (Griindemann et al., 1998b). Amino acid sequence analysis indicated 

that EMT is the human homologue of our rat OCT3 and mouse OCT3, with 86 % identity 

and 90 % similarity, respectively. When stably transfected into HEK 293 cells, human 
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OCT3 eDNA induced the uptake of known substrates of the extraneuronal catecholamine 

transporter, such as tyramine, adrenaline, and. noradrenaline (Griindemann et al., 1998b). 

Interestingly, Griindemann et al. reported that although hum~ OCT3 can transport 

organic cation ~p+, it does not accept TEA, a prototypical organic cation substrate for 

the OCT proteins, as its substrate (Griindemann et al., 1998b). However, in our studies, 

hOCT3 can induce a 6-fold increase in TEA transport in the mammalian expression 

system. In contrast, under the same conditions, rOCT3 and m0CT3 can mediate 17-fold 

and 15-fold increase of TEA transport, respectively. Apparently there are species 

differences among human, rat and mouse OCT3s. It may be possible to identify the 

essential amino acid residues in the substrate binding sites by constructing chimeric 

transporters between human and rat OCT3s or human and mouse OCT3s and by using the 

differential substrate selectivity as a diagnostic criterion to map the substrate binding site. 

Human oct3 gene has been mapped to 6q26-q27 by fluorescence in situ 

hybridization or PCR analysis on a human monochromosomal somatic cell hybrid DNA 

panel (Griindemann et al., 1998b). Interestingly, the other two organic cation transporters, 

OCT! and OCT2, have also been localized on chromosome 6q26 by PCR analysis using 

a human/rodent somatic cell hybrid mapping panel and FISH experiments (Koehler et al., 

1997). This locus of human chromosome 6 is syntenic with the proximal part of mouse 

chromosome 17, where mouse Oct], Oct2, and Oct3 genes are localized (Mooslehner and 

Allen, 1999; Schweifer and Barlow, 1996; Verhaagh et al., 1999). Furthermore, mapping 

of the rat OCT! gene Roctl to a syntenic region on rat chromosome 1q11-q12 has been 

previously reported (Yamada et al., 1994). Taken together, it seems that a syntenic 

chromosome location of OCT genes is retained in different animal species. Given the 



145 

closeness of the three genes on the chromosome, it appears that OCTl, OCT2, and OCT3 

evolved from a common ancestor by gene duplication. 

C. Organic Cation Transporter and Carnitine Transporter 

Carnitine plays an important role in the ~-oxidation of fatty acids by facilitating 

· the entry of long-chain fatty acids across the mitochondrial inner membrane as their acyl 

carnitine esters (Bieber, 1988; Bremer, 1983). Cardiac muscle and skeletal muscle 

depend heavily on oxidation of fatty acids for their energy needs. For example, under 

normal conditions, fatty acid oxidation accounts for about 60-70% of total oxidative 

metabolism in the heart (Lopaschuk et al., 1994). Other organs also depend on this 

metabolic process to meet their energy needs. The obligatory nature of carnitine for the 

maintenance of the energy status of the heart, skeletal muscle and other organs is 

evidenced from the findings that patients with severe carnitine deficiency suffer from 

cardiomyopathy, progressive muscle weakness, hepatopathy, hypoglycemia and 

hyperammonemia. Carnitine is supplied by both diet and endogenous synthesis. In 

humans, the enzymatic machinery for carnitine biosynthesis is present primarily in the 

liver and, to a much lesser extent, also in the kidney and brain (Englard, 1979; Rebouche 

and Engel, 1980). Intracellular carnitine levels are maintained 20-50 times greater than 

those in the plasma via a Na +-coupled high-affinity carnitine transport system in the 

plasma membrane. This transport system is expressed in various tissues including the 

heart, skeletal muscle, kidney, intestine and placenta. Liver does not express this 

transport system, agreeing with_ the function of this organ in carnitine biosynthesis and in 

the supply . of synthesized carnitine to other organs of the body. Instead, a distinct 
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transport system for carnitine efflux has been demonstrated in the liver and this system is 

energy-independent and of a low-affinity t)rpe. This efflux transporter is also expressed in 

the skeletal muscle. Under physiological conditions, plasma carnitine levels are 

maintained within a narrow range ( 40-60 J.1M). Kidney plays a crucial role in the 

maintenance of plasma carnitine levels due to its ability to reabsorb or excrete carnitine. 

Carnitine transporters in the plasma membrane are central to the maintenance of 

intracellular carnitine levels in tissues and to the function of the kidneys in the 

reabsorption of carnitine. Genetic defects in the Na +-dependent high-affinity carnitine 

transporter and Na +-independent low-affinity carnitine efflux transporter are responsible 

for the two types of primary carnitine deficiency, namely systemic carnitine deficiency 

and muscle carnitine deficiency, respectively. The clinical symptoms of these disorders 

are severe, particularly in the case of systemic carnitine deficiency, and even fatal if not 

diagnosed· early and treated appropriately. Early diagnosis and treatment with high doses 

of oral carnitine may be beneficial and life-saving in these disorders. Oral carnitine 

supplementation reverses or attenuates the clinical symptoms despite the fact that these 

disorders are associated with defects in carnitine transporters. During high doses of oral 

carnitine, sufficient quantities of carnitine enter the blood via diffusion, thus increasing 

the plasma levels transiently and the intracellular carnitine levels in the heart and skeletal 

muscle increase via eqnilibration with plasma carnitine in sufficient quantities to restore 

the organ function (Angelini et al., 1992). The severity of the clinical outcome of defects 

in plasma membrane carnitine transport is further supported by a mouse model that is 

genetically defective in the Na +-dependent high-affinity carnitine transporter (Horiuchi et 

al., 1994; Koizumi et al., 1988; Kuwajima et al., 1998). This mouse strain, named the 
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juvenile visceral steatosis (jvs) mouse, features microvesicular fatty infiltration of the 

viscera and develops marked cardiac hypertrophy. Nearly alljvs mice die at an early age 

if left untreated. Effective treatment to prevent the early death in this mouse strain is to· 

administer carnitine by subcutaneous injection. 

Unequivocal evidence has been presented to support the conclusion that OCTN2 is 

an organic cation transporter as well as· a carnitine transporter. OCTN2 mediates the 

transport of organic cations without involving Na + in the transport process whereas it 

mediates the transport of carnitine only in the presence of Na +. Thus, OCTN2 is a Na +

independent organic cation transporter and a Na+-dependent carnitine transporter. To our 

knowledge, this is a unique finding among the various Na+-coupled organic solute 

transporters thus far cloned. No other transporter has been shown to transport some 

substrates in a Na+-dependent manner and other substrates in a Na+-independent manner. 

Even within the family of the organic cation transporters to which OCTN2 belongs, no other 

member of the family exhibits this interesting and intriguing characteristic. We have 

demonstrated this unique property using OCTN2 cDNAs cloned from three different 

species. However, there may be significant differences between rOCTN2 and h0CTN2 in 

their affinities for various organic cations as evidenced from the relative effectiveness of 

organic cations to inhibit OCTN2-mediated camitine transport. Our data differ from that 

reported by Tarnai eta!. (Tarnai eta!., 1998) and Sekine eta!. (Sekine eta!., 1998) in that the 

latter studies failed to detect the organic cation transport function of human and rat 

OCTN2s. The reasons for this discrepancy are not readily apparent at present. 

The significance of the camitine transport function of OCTN2 is readily 

recognizable, especially in the light of the recent findings, that loss-of-function mutations in 
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h0C1N2 are the cause of the genetic disease primary systemic carnitine deficiency (Tang et 

a!., 1999; Wang eta!., 1999). OC1N2 is expressed in several tissues includiilg the heart, 

skeletal muscle, kidney, intestine, and placenta, but not in the liver. Defects in the function 

of OC1N2 result in a marked urinary loss of carnitine (due to the inability of the kidneys to 

reabsorb carnitine ), a drastic decrease in plasma levels of carnitine (due to the failure of the 

endogenous biosyntl).etic process to compensate for the urinary loss), and a severe decrease 

in intracellular levels of carnitine in tissues such as the heart and skeletal muscle (due to 

decreased blood carnitine levels as well as due to the impairment in the concentrative uptake 

of carnitine from the blood into the tissues). Consequently, the clinical symptoms of primary 

systemic carnitine deficiency include progressive cardiomyopathy and skeletal myopathy. In 

situ hybridization study has clearly shown the expression of OC1N2 rnRNA in the 

myocardium and in the cortical region of the kidney where Na +-coupled high-affinity 

carnitine transport has been described using cultured cells or isolated plasma membrane 

vesicles (Angelini eta!., 1992; Kerner and Hoppel, 1998). 

The significance of the organic cation transport function of OC1N2 is not known. 

Many of the organic cations recognized as substrates by OC1N2 are pharmacologically 

active and are currently used as therapeutic agents. It is likely that OC1N2 plays a 

significant role in the disposition and pharmacokinetics of these drugs in the body. The 

expression of OC1N2 in the kidney may be particularly relevant to this potential function. 

In the kidney, the Na +-coupled high-affinity carnitine transporter is present in the brush 

border membrane (Rebouche and Mack, 1984; Roque et al., 1996; Stieger et a!., 1995). It is 

this transport system that is defective in primary systemic carnitine deficiency. Even though 

the localization of OC1N2 to the brush border membrane in the kidney has not yet been 
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demonstrated, it is almost certain that OC1N2 is responsible for carnitine reabsorption 

across the brush border membrane of renal tubular cells based on the Na+-coupled high

affinity carnitine transport function of OC1N2 and the association of loss-of-function 

mutations in OC1N2 with primary systemic carnitine deficiency. This localization of 

OC1N2 would suggest that this transporter has the potential to mediate the reabsorption of 

organic c~tions in the kidney. Such a function is significant because OCT! and OCT2, 

which are organic cation transporters and are expressed in the kidney, are most likely 

located in the basolateral membrane of the renal tubular cells and are likely to be involved in 

the renal elimination of organic cations rather than in the reabsorption (Meyer-Wentrup et 

a!., 1998; Urakarni et a!., 1998). OCT3, another organic cation transporter, is also expressed 

in the kidney (Wu eta!., 1998a), but the location of this transporter in the renal tubular cells 

is not known. Therefore, in addition to the readily recognizable physiological function of 

OC1N2 in the transport of carnitine, this transporter may have hitherto unrecognized 

functions of significant pharmacological and therapeutic relevance. Since functional defects 

in OC1N2 are the cause of primary systemic carnitine deficiency, questions arise as to the 

possible consequences of the loss of the organic cation transport function in these patients. 

In situ hybridization study also shows that OC1N2 mRNA is expressed in the 

labyrinthine zone of the rat placenta (Wu et a!., 1999). This region of the rodent placenta is 

responsible for the exchange of nutrients and metabolic waste products between mother and 

fetus. The expression ·of OC1N2 mRNA is clearly evident in the cells lining the lacuna 

filled with maternal blood. This location agrees with the potential function of OC1N2 in the 

placental transfer of carnitine from the maternal blood into the developing fetus. Available 

. evidence indicates that developing fetuses and neonates are not capable of synthesizing 
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adequate amounts ofcarnitine (Hahn, 1981; Penn et al., 1980; Schiffet al., 1979; Shenai and 

Borum, 1984). However, carnitine levels in neonatal and cord blood are much higher than 

those in maternal blood (Hahn et al., 1977; Novak et al., 1979). The inability of the 

developing fetus to synthesize carnitine and the higher concentration of carnitine in the fetal 

circulation than in the maternal circulation suggest that the placenta is capable of active 

transfer of carnitine from mother to fetus. Our present study shows that OC1N2 expressed 

in the placenta is likely to be responsible for this active transfer of carnitine across the 

placenta. Earlier studies have shown that aNa+ -coupled high-affinity. carnitine transporter is 

present in. the human placental brush border membrane. (Roque et al., 1996) and in human 

placental choriocarcinoma cells (Prasad et al., 1996). 

Many of the mu~tions in OC1N2 so far identified in primary systemic carnitine 

deficiency result in premature stop codons in the mRNA and consequently produce 

truncated proteins (Lamhonwah and Tein, 1998; Tang et al., 1999; Wang et al., 1999). Until 

now, there are only two mutations that cause amino acid substitution in OC1N2 and they are 

the Pro478Leu mutation in hOC1N2 (Tang et al., 1999) and Leu352Arg mutation in 

m0C1N2 (Lu et al., 1998). Even. though we have showp. previously that the Pro478Leu 

mutant does not transport carnitine, it was not known whether the absence of transport 

activity was due to mutation-induced loss of transport function or due to mutation-induced 

alteration in the stability of the protein. Similarly, even though the Leu352Arg mutation was 

identified in the jvs mouse which is an animal model for primary systemic carnitine 

deficiency (Horiuchi et al., 1994; Koizumi et al., 1988), the transport function of this mutant 

has not been studied. In present study, we introduced these two mutations in hOC1N2 by 

site-directed. mutagenesis and have clearly shown that the mutants have only <5% of 
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camitine transport activity compared with the wild type transporter. Furthermore, w~ have 

demonstrated that the loss. of transport activity of these two mutants is not due to a decrease 

in the protein expression. Interestingly, certain mutations in OCTN2 produce differential 

effects on the camitine transport function and the organic cation transport function. The two 

mutations in h0CTN2 described in the ,present study, Pro478Leu and Met352Arg, cause 

complete loss of the camitine transport function. However, when the organic cation 

transport function was studied, only the Met352Arg mutant was found to be associated with 

a complete loss of transport function while the Pro478Leu mutant had in fact higher organic 

cation transport activity than the wild type transporter (Seth et al., 1999). Detailed structure

function studies have shown that the binding site for camitine and the binding site for 

·organic cations in OCTN2 exhibit significant overlap but are not identical (Seth eta!., 1999). 

The differential influence of certain mutations in OCTN2 on the camitine transport function 

versus the organic cation transport function is of significant clinical relevance to patients 

with primary carnitine deficiency because there may be considerable differences in the 

ability of the mutant OCTN2s to trarisport organic cations in different patients depending on 

the individual mutation. 

Another finding of potential significance in the present studies is the ability of 

OCTN2 to transport the acetyl and propionyl esters of camitine. These camitine esters 

have been shown to possess therapeutic potential in the treatment of a wide variety of 

neurological disorders (Brevetti eta!., 1992; Hagen eta!., 1998; Lowitt et al., 1995; 

Spagnoli et a!., 1991; Wiseman and Brogden, 1998). The ability of OCTN2 to transport 

acety1camitine and propionylcamitine and the widespread expression of this transporter 
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potential of these carnitine esters. 
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The discovery that the carnitine transporter is also capable of transporting a broad 

spectrum of drugs makes this transporter an excellent target for drug delivery. It is 

feasible to ·design drugs with appropriate structural features such that they can be 

recognized as substrates for the carnitine transporter. The transporter can be utilized to 

enhance the absorption of such drugs in the intestine. following oral administration, and to 

prevent their urinary clearance in the kidney. The bioavailability and the therapeutic 

efficacy of these drugs can thus be increased. Information on the chemical nature of the 

substrate-binding site of the transporter will be pertinent to the design of potential 

therapeutic agents that can be absorbed in the intestine and kidney via the carnitine 

transporter. 

In summary, we have demonstrated in the present study that OCTN2 is not only a 

carnitine transporter but also an organic cation transporter. While it is easy to understand the 

physiological relevance of the carnitine transport function of OCTN2, the potential 

implications of the organic cation transport function of OCTN2 to the pharmacological and 

therapeutic relevance of this transporter remain to be assessed.· 
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SUMMARY 

Evidence for the expression of OCT3 in the brain has been obtained in the present 

study by different experimental approaches which include Northern blot analysis, RT

PCR, and direct screening of a brain eDNA library. The present study also demonstrates 

that OCT3 is capable of transporting various cationic neurotoxins and neurotransmitters. 

The ability of OCT3 to transport the neurotoxin MPP+ is demonstrable by direct uptake 

of radiolabeled MPP+. ·Competition experiments show that the apusable drugs 

amphetamine and methamphetamine and the neurotransmitters dopamine and serotonin 

also interact with OCT3 with appreciable affinity. In addition, the actual transport of 

dopamine via oc-r:3 is demonstrable in OCT3-expressing cells by measuring the uptake 

of radio labeled dopamine. The ability of OCT3 to interact with cationic neurotoxins and 

neurotransmitters and the expression of OCT3 in the brain suggest that OCT3 is likely to 

play a significant role in the handling of these neuroactive compounds in the brain. An 

important finding in the present study which is of sigruficant pharmacological and 

physiological relevance is the identification of OCT3 as the extraneuronal mol).oarnine 

transporter. This was achieved by comparing the steroid sensitivity, a distinguishing 

characteristic of the extraneuronal monoamine transporter, of OCT3 and extraneuronal 

monoamine transporter. 

By screening appropriate eDNA libraries and by RT-PCR, mouse and human 

homologues of rat OCT3 were isolated. Their transport function has been studied in 

heterologous expression systems using the vaccinia virus expression system in 

153 
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mammalian cells or the Xenopus oocyte expression system. Similar to rOCT3, mOCT3 

and hOCT3 also function as polyspecific, potential-dependent organic cation transporters. 

By screening appropriate eDNA libraries and by RT-PCR, human and rat 

OC1Nls were isolated. Efflux studies indicated that OC1Nl-mediated transport was not 

coupled to the trllllSmembrane proton gradient, although its transport activity can be 

stimulated by an outward-directed W gradient in mammalian cells. However, since these 

experiments were not done under voltage-clamp conditions, we hypothesize that 

observed stimulation is likely to be due to pH gradient-dependent change in membrane 

potential. Our conclusion is that OC1Nl is not an organic cationJir antiporter. 

Confirmatory evidence to support this conclusion needs to be obtained in future studies 

using the Xenopus oocyte expression system where the OC1Nl ~mediated transport 

activity can be monitored electrophysiologically under voltage-clamp conditions. 

We have also isolated the human, rat, and mouse OC1N2s in the present study 

and elucidated their functional characteristics. Unequivocal evidence has been obtained to 

show that OC1N2 is an organic cation transporter as well as a carnitine transporter. OC1N2 

mediates the transport of organic cations without involving Na+ in the transport process 

whereas it mediates the transport of carnitine only in the presence ofNa+. The significance 

of the carnitine transport function of OC1N2 is readily recognizable, especially in the light 

of the recent findings, that loss-of-function mutations in hOC1N2 are the cause of the 

genetic disease primary systemic carnitine deficiency. The significance of the organic cation 

transport function of OC1N2 is not known. Many of the organic cations recognized as 

substrates by OC1N2 are pharmacologically active and are currently used as therapeutic 

agents. It is likely that OC1N2 plays a significant role in the disposition and 
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pharmacokinetics of these drugs in the body. Another finding of potential significance in 

the present studies is the ability of OC1N2 to transport the acetyl and propionyl esters of 

carnitine. These carnitine esters have been shown to possess therapeutic potential in the 

treatment of a wide variety of neurological disorders. 

MPTP transport systems in the human placental brush border membrane vesicles 

and in the Xenopus oocytes were also investigated. These studies indicated that the 

human placental brush border membrane does not possess a specific if-coupled MPTP 

transport system. In contrast, supportive evidence has been obtained for the presence of 

an MPTP!Ir antiport system in Xenopus" oocytes. 
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