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ABSTRACT

Molecular Mechanisms of Organic Cation and Anion Transporters

Mark Jason Dresser

Organic cation transporters and organic anion transporters in the kidney are

important determinants of drug elimination. Based on pharmacokinetic studies and

transport studies using renal tissue, these transporters have been shown to interact with

and transport structurally and pharmacologically diverse clinical agents. The overall goal

of this dissertation was to elucidate the molecular characteristics of renal organic cation

and anion transporters. This research contributed to the cloning of these transporters,

elucidating their substrate selectivities and intracellular localization, and determining the

molecular domains and amino acid residues involved in substrate recognition.

In the first section of this dissertation, I describe the cloning of a rabbit renal

organic cation transporter (rbOCT1) and the determination of the substrate selectivities of

cloned organic cation transporters. rbOCT1 was cloned using a PCR-based cloning

strategy. Initial studies indicated that rbOCT1 interacts with cationic drugs. The cloned

transporters were then used to test my hypothesis that intrinsic differences in the

functions of OCT1 orthologs may explain observed interspecies differences in the

elimination of organic cations. Using tracer uptake, trans-stimulation, and voltage-clamp

assays, the functional characteristics of four mammalian OCT1 isoforms were studied;

significant interspecies differences were found among these isoforms. Similarly,

differences in the selectivities of two human organic cation transporters, h0CT1 and

hCCT2, were found, although some organic cations were transported by both isoforms.

Using a stably transfected cell line expressing GFP-tagged rCCT1, I determined that

viii



rOCT1 is localized to the lateral membrane of polarized epithelial cells. To identify the

molecular determinants involved in substrate recognition of organic cation and organic

anion transporters, I used a chimera approach and site-directed mutagenesis. These

studies revealed that the substrate recognition site resides in the final 7 transmembrane

domains of these proteins, and that a conserved charged residue, arginine 454, in rCAT3

acts as an anionic recognition site, but that it is not important for transporting cimetidine.

These results suggest that multiple structural domains within transmembrane domains 7

12 of rCAT3 are differentially involved in substrate binding and transport.

A 24, 22.2%---.”
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CHAPTER 1

INTRODUCTION

Background

Renal excretion is a major pathway of elimination from the systemic circulation

for numerous xenobiotics, including clinically used agents and environmental toxins.

Hence, renal excretion can greatly affect the pharmacokinetics and toxicokinetics of

many drugs. The plasma levels of many drugs are determined by one or more of the

processes of renal excretion: glomerular filtration, passive or active reabsorption, and

active secretion [1]. Glomerular filtration is a passive unidirectional process by which

unbound small molecules are filtered from the plasma. Reabsorption is either a passive

or active process. Passive reabsorption occurs for many drugs, whereas active carrier

mediated reabsorption is particularly important for maintaining the homeostasis of

essential nutrients, such as glucose and vitamins. However, some drugs also undergo

active reabsorption in the kidney. Finally, the kidney has the ability to actively secrete

many different types of compounds, including clinically used drugs, via tubular transport

systems. Two of the major xenobiotic transport systems in the kidney are the organic

cation transport system and the organic anion transport system [2, 3]. Many organic



-

- -

cations and organic anions have been shown to undergo net secretion in the kidney

(Tables 1 & 2) [1, 4, 5].

Organic cations are a structurally and pharmacologically diverse group of

molecules that contain one or more positively charged moieties at physiological pH.

Organic cations are estimated to account for approximately fifty percent of clinically used

drugs including antiarrhythmics (e.g. quinidine, procainamide, disopyramide, lidocaine),

antihistamines (e.g. promethazine, diphenhydramine), opioid analgesics (e.g. morphine,

codeine, methadone), 3-adrenergic blocking agents (e.g. propranolol, timolol, pindolol,

acebutolol) and skeletal muscle relaxants (e.g. tubocurarine, pancuronium, vecuronium).

In addition, many organic cations are currently at various stages of drug development

(e.g. ropinirole, pramipexole, cabergoline) [6]. Many toxic substances {e.g. paraquat and

1-methyl-4-phenylpyridinium (MPP")} as well as endogenous substances {e.g.

dopamine, serotonin, noradrenaline, histamine, acetylcholine, choline and N'-

methylnicotinamide (NMN)} are organic cations, too. Due to their positive charge,

organic cations diffuse poorly across biological membranes and instead rely upon

membrane transporters to attain movement across membranes [7,8].

Organic anions are molecules that contain one or more negatively charged

moieties. Examples of organic anions include diuretics (furosemide and bumetanide),

antibiotics (penicillin G, cephaloridine, and cefazolin), anti-inflammatory agents

zº
**
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Table 1. Examples of xenobiotics that are secreted by

the renal organic cation transport system.

Amiloride

Amantadine

Cimetidine

Isoproterenol

Mepiperphenidol

Metformin

Pindolol

Procainamide

Tetraethylammonium



Table 2. Examples of xenobiotics that are secreted by

the renal organic anion transport system.

Carbenecillin

Cephaloridine

Ethacrynic acid

Furosemide

Indomethacin

Methotrexate

p-Aminohippurate (PAH)

Penicillin

Phenol red

Phenylbutazone

Probenecid



(indomethacin and naproxen), and the anticancer agent methotrexate. All of these

compounds are substrates of the renal organic anion transport system [1, 4, 5].

Renal secretion is the major pathway of elimination for many clinically used

organic cations and anions, and therefore has important clinical implications. It can

greatly influence drug plasma levels, affecting half-life, dosing frequency, therapeutic

efficacy, and toxicity. As a carrier-mediated process, tubular secretion is susceptible to

both saturation and competition. Although a rare clinical occurrence, saturable tubular

secretion can result in nonlinear kinetics. For example, dicloxacillin undergoes

substantial tubular secretion; its renal clearance is 2600 mL/min, compared to 120

mL/min for GFR [9]. High dicloxacillin doses saturate its secretory transporter(s),

resulting in concentration-dependent renal elimination [9]. Drug-drug interactions due to

competition for tubular secretion have also been reported [1, 10]. In some instances, such

interactions are beneficial -- the coadministration of a transporter inhibitor allows for a

lower dose, and hence a cost savings, of transporter substrate. For example, probenecid

has been used to reduce the rapid tubular secretion of antibiotics, allowing for lower

doses of antibiotics to be administered [11]. However, most drug-drug interactions due

to competition between substrates for tubular secretion are unpredictable and undesirable

[1, 10]. For example, toxicities associated with elevated methotrexate levels have been

reported when coadministered drugs blocked the renal secretion of methotrexate;

--~
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examples of such drugs include naproxen, indomethacin, probenecid, and penicillins [12

14]. Hence, an understanding of the mechanisms and characteristics of renal organic

cation and organic anion transport systems should ultimately lead to the development of

therapeutic agents with optimized pharmacokinetic properties and lower incidences of

toxicities.

Organic Cation and Organic Anion Renal Transport: Cellular Events Involved in

Transepithelial Flux in the Kidney

During the past five decades, a variety of in vivo and in vitro methodologies have

been developed to investigate the renal transport of organic cations and organic anions.

These methodologies include renal clearance methods, the Sperber chicken preparation,

renal cortical slices, stop flow, micropuncture techniques, isolated perfused and

nonperfused tubules, isolated brush border and basolateral membrane vesicles, renal cell

culture, and, more recently, molecular methodologies such as cloning [15]. Each of these

methods allows for the investigation of one or more aspects of renal drug transport. For

example, renal clearance methods and the Sperber technique can be used to determine

whether a compound undergoes net secretion -- drugs that have renal clearances greater

than fu • GFR estimates are actively secreted. Stop flow and micropuncture techniques

can be used to determine the site of transport along the nephron. Renal cortical slices and
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nonperfused tubules allow one to examine transport processes in the basolateral

membrane, whereas with perfused tubules, both the basolateral and brush border

membranes are functional, allowing for the determination of both secretion and

reabsorption. Isolated brush border and basolateral membrane vesicles have been and

continue to be used to investigate the mechanisms of transport (i.e. driving forces, kinetic

properties, and substrate selectivities). Finally, renal cell culture has also been used to

investigate the transport processes in the basolateral and brush border membranes of

continuous renal epithelial cell lines, such as MDCK and LLC-PK1.

The mechanisms and characteristics of the organic cation and organic anion

transport systems have been largely defined using prototypical model compounds, which

are commercially available in radiolabeled form. The most frequently used model

compounds that are employed to study the renal organic cation transport system include

tetraethylammonium (TEA), 1-methyl-4-phenylpyridinium (MPP"),

N'-methylnicotinamide (NMN), and guanidine (Fig. 1). The most common model

compounds used to investigate the renal organic anion transport system include p

aminohippuric acid (PAH), probenecid, and sulfobromophthalein (BPS) (Fig. 2).

Using these methodologies and prototypical model substrates, significant progress

has been made in the characterization of the renal organic cation and organic anion

transport systems. It has been found that the tubular secretion of organic cations involves
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at least two distinct steps (Fig. 3) [2]. In the first step, organic cations move from the

blood into the intracellular space via a potential sensitive or an electroneutral exchange

mechanism in the basolateral membrane. In the second step, organic cations are

transported across the apical membrane ma into the tubule lumen by an electroneutral

organic cation-proton exchange mechanism(s) (Fig. 3). Collectively, results from many

studies suggest that multiple organic cation transporters are present in both membranes of

the renal proximal tubule [3]. For example, there is evidence that TEA and NMN are

transported across the basolateral membrane by distinct transporters. In nonperfused

tubules the relative accumulation of TEA is equal in all three proximal tubule segments,

termed S1, S2, and S3 [16], whereas the relative accumulation of NMN is highest in S2

and S3 segments and much lower in the S1 segment [17, 18]. Both an electroneutral

organic cation-organic cation exchange mechanism and a potential sensitive organic

cation transport mechanism have been characterized in rabbit renal basolateral membrane

vesicles. It has been hypothesized that these two transport mechanisms are the result of a

single transporter operating in two modes [19].

As with the organic cation transport system in the kidney, renal organic anion

secretion involves at least two transporter-mediated events: transport across the

basolateral membrane, followed by transport from the tubule cell across the brush border

membrane (Fig. 4) [2]. The renal organic anion transport systems have been investigated,
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Figure 3. Mechanisms of organic cation transport in the kidney. Organic cations are

transported across the BLM down the electrochemical gradient by potential-sensitive

transport system(s). At the BBM, intracellular organic cations are exchanged for a

lumenal proton by one or more transport systems.
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Figure 4. Mechanisms of organic anion transport in the kidney. Organic anions are

transported across the BLM in exchange for O-ketoglutarate (O-KG), a divalent

endogenous organic anion. The BBM transport mechanisms of organic anions are not

well understood - it has been suggested that organic anions are transported across the

BBM by facilitated diffusion.
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for the most part, using PAH as a model substrate. It has been reported that PAH is

transported across the BLM indirectly coupled to the sodium gradient by a tertiary active

organic anion-dicarboxylate exchanger [2, 3, 20). Additional, less well defined transport

systems in the BLM of the kidney are also reported [3, 21]. In the BBM, several putative

transport systems have been described, but their driving forces and substrate specificities

are poorly understood [3, 21]. As with the renal organic cation transport system, multiple

overlapping transporters for organic anions are thought to reside in both the basolateral

and brush border membranes of renal tubule cells.

Expression Cloning of rCCT1 and rCAT1

To fully characterize these overlapping and multiple transport mechanisms for

organic cations and organic anions, it is critical to clone and study the individual

transporters in isolation. In this way, the individual components may be characterized

and then related back to the system as a whole. During the 1980s, a powerful expression

cloning system was developed to clone membrane protein cDNAs -- the Xenopus laevis

oocyte expression system [22, 23].

The Xenopus laevis expression cloning technique has facilitated the cloning of

numerous transporters cDNAs and has greatly impacted the transporter field [24–26].

Due to the difficulties in isolating membrane proteins such as transporters, primary

13



peptide sequence for DNA probe design has not been available for conventional cloning

strategies. The Xenopus laevis expression system has provided a novel approach for

screening a cDNA library by a transport activity assay (Fig. 5). It has been used

extensively and successfully as a functional assay to isolate the cDNAs encoding

transporters. Moreover, it remains the cloning method of choice for transporter cDNAs

when little or no sequence or homology information is available.

The Xenopus laevis oocyte expression strategy was used successfully to clone the

first organic cation transporter, rCCT1, in 1994 and the first organic anion transporter,

rOAT1, in 1997 [27-29). The cloning of these transporters represents a major milestone

in the drug transport field, paving the way to an enhanced understanding of the multiple

mechanisms involved in the transport of organic cations and organic anions. With the

availability of the cloned transporters, it is now possible to delineate the functional roles

of these transporters. More importantly, using the sequence information of the clones, it

is now possible to isolate related genes using homology-based cloning methods. From

these studies, a more complete understanding of the mechanisms of organic cation and

organic anion transport in the body can be established.

14
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Figure 5. Flow chart of the steps involved in expression cloning.

15

%.--~~-º
ºº

*º
.



Initial Molecular Characterization of rCCT1 and rCAT1

Along with the cloning of rCCT1 and rCAT1, initial characterization studies of

the transporters were carried out, providing clues to their roles in the renal elimination of

due [27-29). Using Northern blot analysis, the tissue distribution of the transporters

was determined. In addition, the functional properties of rCCT1 and rCAT1 were

examined using the Xenopus laevis oocyte expression system. The major steps involved

in utilizing this system are shown in Fig. 6. Detailed reviews regarding the Xenopus

laevis expression system are available [24–26].

rOCT1 was cloned by Grundemann and co-workers in 1994 from a rat kidney

cDNA library [27]. rCCT1 is 554 amino acids in length and is predicted to have 12

TMDS (Fig. 7). Northern blot analysis and in situ hybridization studies demonstrated that

mRNA transcripts of rCCT1 are primarily expressed in the liver (hepatocytes) and kidney

(in the proximal tubules) and are expressed at lower levels in the small intestine

(enterocytes) [27]. The expression of rCCT1 in the proximal tubules is consistent with

the previous intra-nephron localization results from stop flow and micropuncture studies.

Although the membrane localization of rCCT1 was not determined in the original cloning

study, rCCT1 function was influenced by membrane potential, the hallmark characteristic

of a basolateral membrane organic cation transporter, rCCT1 accepts the model organic

cation, TEA, as a substrate with an estimated Km value of 95 puM, which is similar to the

16



in ºº \ \ \ microinjection ofInto C

| \ \ cRNA into oocytes
—“*—- Sº +->

CRNA

uptake assay

—- —-
expression in oocytes
(dark circles represent
transporter proteins

-

oocyte injection º: : the oocyte expressing
cell surface). transporters(indicated by

dark circles)
Oocyte uptake assay.
Oocytes are incubated
with reaction solutions.
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, but differ in their charged aminocommon structure of twelve transmembrane domains

acid residues. Arrows indicate negatively charged amino acid residues in rCCT1 and

Adapted from G. Burckhardt et al. [31].positively charged residues in rCAT1.
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value of 160 puM found for the basolateral membrane organic cation transport system in

rat renal proximal tubules [30]. In their report, Grundemann and co-workers [27]

demonstrated that rCCT1 interacts with numerous structurally diverse organic cations,

including quinine, desipramine, mepiperphenidol and procainamide. Together, these

results strongly suggest that rCCT1 is the protein responsible, at least in part, for the

organic cation transport in the basolateral membrane of renal epithelial cells.

rOAT1 was cloned independently by two groups from rat kidney cDNA libraries

using the Xenopus laevis oocyte expression cloning strategy [28, 29]. The rCAT1

cDNAs are predicted to encode proteins of 551-amino acid residues, and hydropathy

analyses suggest that rCAT1 has 12 TMDS (Fig. 7). rCAT1 accepts the prototypical

organic anion PAH as a substrate (Km = 14 puM). Specific antibodies to rCAT1 were not

available for localization studies when the transporter was originally cloned, but rCAT1

activity was shown to be stimulated by an outwardly directed dicarboxylate gradient [28,

29]. This characteristic suggests that rCAT1 is the tertiary active PAH:dicarboxlate

exchange system present in the basolateral membrane of the kidney [2, 3]. Northern blot

analyses and in situ hybridization studies demonstrated that rCAT1 was expressed only in

the kidney, and its expression was restricted to the proximal tubule. Proximal tubule

expression of rCAT1 is consistent with early studies on the PAH:dicarboxylate

exchanger using tissue and tubule preparations [2, 3]. In addition to PAH, rCAT1
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mediated the uptake of other compounds including methotrexate, cAMP, com/P, PGE,

urate, and o-ketoglutarate [28]. Furthermore, numerous structurally diverse compounds,

such as cephaloridine, furosemide, ethacrynic acid, indomethacin, and probenecid

potently inhibited rCAT1 activity [28]. Together, these results suggest that rCAT1 is a

basolateral membrane organic anion transporter. The broad substrate and inhibitor

specificities of rCAT1 suggest that this transporter interacts with numerous compounds

and could be a major determinant of the renal secretion of clinically used organic anions.

Since the cloning of rCCT1 and rCAT1, twelve new members of the organic cation and

organic anion transporter family have been cloned; a comprehensive review of the

molecular characteristics and function of these transporters is provided in the final

chapter of this dissertation.

Summary of Dissertation Studies

The cloning and initial molecular characterization of rCCT1 and rCAT1 represent

major advancements, which set the stage for a complete understanding of the molecular

functions and in vivo roles of organic cation and anion transporters. However, many

questions remain to be addressed regarding the molecular characteristics of these cloned

transporters and the importance of other transporters to the organic cation and anion renal

transport systems. The overall goal of this dissertation was to clone additional organic
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cation transporters from other species and to characterize renal organic cation

transporters and organic anion transporters. In particular, a major focus of this work was

to elucidate the substrate selectivities of the cloned transporters, in order to gain a better

understanding of the types of compounds that the transporters interact with. A secondary

goal of this work was to determine the molecular domains and critical amino acid

residues responsible for the substrate selectivity of organic cation and organic anion

transporters.

Chapter 2. Molecular Cloning and Functional Expression of a Rabbit Renal

Organic Cation Transporter

The goal of this study was to clone organic cation transporters from rabbit kidney

using a homology-based cloning strategy. A full-length cDNA encoding an organic

cation transporter (rbOCT1) was isolated from rabbit kidney. The cDNA is 2732 bp and

contains a 55 bp 5'-untranslated region (UTR), a 1665 bp open reading frame (ORF), and

a 1012 bp 3'UTR. The 1665 bp ORF is predicted to encode a 554-amino acid protein.

Based upon Kyte-Doolittle hydropathy analysis, the protein is predicted to have 12

transmembrane domains. Furthermore, rbOCT1 shares high sequence identity with other

mammalian organic cation transporters. When expressed in Xenopus laevis oocytes,

rbOCT1 mediated 3H-1-methyl-4-phenylpyridinium (3H-MPP+) transport was saturable
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(Km value of 23 + 6 puM), sensitive to membrane potential, and inhibited by various

organic cations, rbOCT1 mRNA transcripts are expressed in the kidney, liver, and

intestine.

Chapter 3. Kinetic and Selectivity Differences Among Rodent, Rabbit and

Human Organic Cation Transporters (OCT1)

Organic cation transporters play an important role in the absorption, distribution,

and elimination of clinical agents, toxic substances, and endogenous compounds. In

kidney preparations, significant differences in functional characteristics of organic cation

transport among various species have been reported. However, the underlying molecular

mechanisms responsible for these interspecies differences are not known. The goal of

this study was to determine the kinetics and substrate selectivities of organic cation

transporter (OCT1) homologs from mouse, rat, rabbit and human, which may contribute

to interspecies differences in the renal and hepatic handling of organic cations. Using a

series of n-tetraalkylammonium compounds (nTAAS), a correlation between increasing

alkyl chain length and affinity for the four OCT1 homologs was observed. However, the

apparent affinity constants (K) differed among the species homologs. For the mouse

homolog, mOCT1, apparent K, values ranged from 7 p.M for tetrabutylammonium (TBA)

to 2000 puM for tetramethylammonium (TMA). In contrast, hCCT1 exhibited weaker
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interactions with the nTAA compounds. Trans-stimulation studies and current

measurements in voltage-clamped oocytes demonstrated that larger nTAA compounds

were transported at greater rates in oocytes expressing hCCT1, whereas smaller nTAAS

were transported at greater rates in oocytes expressing moCT1 or rCCT1. The rabbit

homolog, rbOCT1, exhibited intermediate properties in its interactions with nTAAs

compared to its rodent and human counterparts. This chapter demonstrates that the

human OCT1 homolog has functional properties distinct from those of the rodent and

rabbit OCT1 homologs. The study underscores potential difficulties in extrapolating data

from pre-clinical studies in animal models to humans.

Chapter 4. The Interaction and Transport of n-Tetraalkylammonium

Compounds and Biguanides with a Human Renal Organic Cation Transporter,

hC)CT2

The goal of this study was to compare the substrate and inhibition profiles of

hCCT2 and hCCT1 to determine whether these transporters are functionally distinct.

hOCT1 and hCCT2 share 70% sequence identity and their predicted secondary

structures, based on hydropathy analysis, are similar. This might suggest that hCCT1 and

hOCT2 have similar functional characteristics and are functionally redundant. However,

recent chimeric and mutagenesis studies of transporters have shown that even single
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amino acid changes in a transporter can dramatically alter its substrate Selectivity.

Therefore, it is also reasonable to propose that h()CT1 and hCCT2 serve different

functions in vivo. We examined the interactions of n-tetraalkylammonium (nTAA)

compounds and biguanides with hCCT2, an organic cation transporter cloned from the

kidney, and compared our results for hCCT1 (Chapter 3). Substantial differences

between hCCT2 and hCCT1 in their interactions with n'TAAS were found. We then

compared the interactions of biguanides with hCCT1 and hCCT2. In contrast to the

nTAA compounds, the biguanides appear to interact in a similar manner with hCCT1 and

hOCT2. Based on the data reported in this chapter and other recent reports in the

literature, it appears that substantial differences, but also similarities, exist in the

specificities of hCCT1 and hCCT2.

Chapter 5. Stable Expression of a GFP-rOCT1 Fusion Protein in a Polarized

Epithelial Cell Line (MDCK): Intracellular Localization and Functional

Characterization

The primary goal of this study was to develop a cell culture model of rCCT1 for

use in investigations of its intracellular localization, sorting, and post-transcriptional

regulation. rCCT1 is one of the major organic cation transporters in liver and kidney

cells, and thus functions as a first step in the elimination pathway of a number of
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structurally diverse organic cations. In this study, a polarized epithelial cell line stably

transfected with a green fluorescent protein (GFP)-rOCT1 fusion protein was established,

and the localization of the fusion protein was investigated via confocal microscopy and

functional studies. A secondary goal of this study was to begin to determine structural

domains involved in signaling the BLM-sorting of rCCT1. In particular, we determined

whether a BLM-sorting signal found in the rCCT1 carboxyl-terminus is required for the

basolateral targeting of this transporter. Results from these studies suggest that GFP

rOCT1 is localized to the lateral membrane of polarized MDCK cells, and that amino

acids 545 to 556 are not included in the basolateral sorting of rCCT1.

Chapter 6. Arginine 454 of the Organic Anion Transporter, r()AT3, is

Essential for para-Aminohippurate Transport

Organic anion transporters (OATs) and organic cation transporters (OCTs)

mediate the transmembrane flux of numerous xenobiotics across the plasma membrane of

epithelial cells. These two gene families differ markedly in their functional

characteristics. Substrates of OATs generally carry negative charge(s), whereas

Substrates of OCTs are cations. In addition to transporting organic anions such as para

aminohippurate (PAH), rCAT3 also transports the weak base cimetidine. The goals of

this study were to determine the structural domains and amino acid residues essential for
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recognition and translocation of PAH by rCAT3. A rCAT3/rOCT1 chimera that encoded

a transporter containing transmembrane domains (TMDs) 1-5 of rCAT3 and 6-12 of

rOCT1 retained the specificity of rCCT1, suggesting that the critical residues involved in

substrate recognition reside within the carboxyl-terminal half of these transporters.

Mutagenesis of arginine 454, a conserved amino acid in TMD 11 of rCAT3, revealed that

this amino acid is required for organic anion transport (e.g. PAH, estrone sulfate and

ochratoxin A) but not for cimetidine transport. Furthermore, inhibition studies

demonstrated that arginine 454 is also not required for inhibition of rCAT3-mediated

cimetidine transport by hydrophobic anions and cations, such as indomethacin and

quinidine. These studies provide the first insights of molecular determinants in the OAT

family that are critical for recognition and translocation of organic anions.
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CHAPTER 2

MOLECULAR CLONING AND FUNCTIONAL EXPRESSION OF A RABBIT

RENAL ORGANIC CATION TRANSPORTER*

Introduction

Active secretion in the renal proximal tubule is a major route of elimination of many

organic cations from the systemic circulation. Tubule secretion of organic cations in the

rabbit involves at least two distinct steps [1]. In the first step, organic cations move from the

blood into the intracellular space via a potential sensitive or an electroneutral exchange

mechanism in the basolateral membrane. In the second step, organic cations are transported

across the apical membrane and into the tubule lumen by an electroneutral organic cation

proton exchange mechanism(s).

The mechanisms of renal organic cation transport have been studied extensively in

various experimental preparations from rabbit kidney including perfused [2, 3] and

nonperfused [3-7] tubules, apical [8–10] and basolateral [6, 11] membrane vesicles, and

isolated tissue slices [12]. Collectively, results from many studies suggest that multiple

organic cation transporters are present in both membranes of the renal proximal tubule. For

example, there is evidence that tetraethylammonium (TEA) and N'-methylnicotinamide

(NMN) are transported across the basolateral membrane by distinct transporters. Namely,

in nonperfused tubules, the relative accumulation of TEA is equal in all three proximal

tubule segments whereas the relative accumulation of NMN is highest in S2 and S3

segments and is much lower in the S1 segment [3,5]. Both an electroneutral organic

*This work was published in Biochimica et Biophysica Acta 1369: 1-6, 1998. Permission
from the publisher is included in the “Acknowledgments”.
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cation-organic cation exchange mechanism and a potential sensitive organic cation transport

mechanism have been characterized in rabbit renal basolateral membrane vesicles. It has

been hypothesized that these two transport mechanisms are the result of a single transporter

operating in two modes [11].

The first organic cation transporter was cloned from a rat kidney cDNA library by

expression cloning [13]. Subsequently other organic cation transporters have been cloned

from rat [14], human [15], and pig [16]. The overall two-step model of renal organic cation

transport appears to be conserved among various species based on reports in the literature

[1]. However, notable interspecies differences have been reported at the mechanistic and

molecular level [4, 15]. For example, a recent study showed a significant species difference

between rat and rabbit in the interaction of n-tetraalkylammonium compounds with renal

organic cation transport systems [4].

To understand the multiple transport mechanisms present in the rabbit kidney and to

investigate the underlying cause(s) of the observed interspecies differences in organic cation

transport the molecular cloning of rabbit renal organic cation transporters is essential. Here

we report the cloning and functional expression of the first organic cation transporter from

rabbit kidney.

Materials and Methods

cDNA Cloning and Analysis. Homology based PCR and Rapid Amplification of

cDNA Ends (RACE) PCR methods were used to obtain a full-length cDNA from rabbit

kidney. Total RNA was extracted from tissues of adult male New Zealand White rabbits

using TrizCL reagent (GIBCO BRL, Rockville, MD). Poly(A)* RNA was purified by

oligo(dT) cellulose affinity column chromatography. The cDNA template for PCR was

synthesized from isolated kidney mRNA with the oligo (dT) primer using the

SuperScript■ M Preamplification System (GIBCO BRL, Rockville, MD). Primers 1 and 2

(Table 1) were designed from conserved regions of other mammalian organic cation

2
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transporters. The PCR was performed in a thermal cycler (PE Applied Biosystems, Foster

City, CA) according to the following program: 949C for 1 min, 489C for 1 min 50 sec, and

72°C for 3 min for 40 cycles followed by a final 15 min incubation at 720C. PCR products

were subcloned and analyzed by restriction enzyme analysis and/or sequencing. To obtain

the remaining 5'-portion of rabbit kidney OCT1 cDNA, a PCR-based method, 5 RACE,

was utilized. Three gene specific antisense primers (GSP), designated 5'-GSP-1, 5'-GSP

-2 and 5'-GSP-3 (Table 1), were designed from the partial rbOCT1 sequence. First

strand cDNA synthesis for 5'-RACE was primed with 5'-GSP-1 (Table 1) using the 5'

RACE System (GIBCO BRL, Rockville, MD) from isolated rabbit kidney total RNA.

Homopolymeric tails were added to the 3'-ends of the cDNA which was then amplified by

PCR using the anchor primer 1 (Table 1) and nested 5'-GSP-2 primer (Table 1) for 40

cycles according to the following program: 940C for 1 min, 550C for 2 min, 720C for 2

min. A nested PCR was performed with the anchor primer 2 (Table 1) and nested 5’- GSP

- 3 primer (Table 1) with a different annealing temperature (500C) to assess the specificity

of the PCR product. 3'-RACE was used to obtain the remaining 3'-portion of rabbit

kidney OCT1 cDNA. Two gene specific sense primers, designated 3'- GSP-1 and 3'-

GSP-2 (Table 1), were designed from the partial rabbit kidney OCT1 sequence (the

sequenced PCR fragment). First strand cDNA synthesis was initiated at the poly (A)* tail

of isolated rabbit kidney mRNA using the adapter primer (Table 1) in the 3’-RACE kit

(GIBCO BRL, Rockville, MD). PCR was performed on this first - strand cDNA using the

3'- GSP - 1 primer (Table 1) and the nested amplification primer (Table 1) with an

annealing temperature of 500C. The resulting amplified products from the nested PCR

using the 3'-GSP-2 primer and the amplification primer (Table 1) under the same

conditions were then subcloned as described above. The entire rabbit kidney OCT1 cDNA

coding region was obtained with the 5'- End primer and 3'- End primer (Table 1) which

were designed from the beginning and the end regions of the open reading frame according
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to the following PCR protocol: 940C for 1 min, 550C for 2 min, 720C for 2 min for 35

cycles followed by a final 30 minute incubation at 720C. rbOCT1 cDNA was subcloned

into a pGEM-T vector (Promega, Madison, WI) and was then transformed into DH5alpha

competent cells.

cDNAs isolated from multiple reverse-transcription and PCR reactions were

sequenced by the Biochemical Resource Center DNA Sequence Facility at the University of

California, San Francisco with an automated sequencer (Applied Biosystems, Model 373A).

Gap and Bestfit programs in the Genetics Computer Group (Wisconsin Package, Version

8) software package as well as the SeqVu program (Version 1.0.1, James Gardner, The

Garvan Institute of Medical Research, Australia) were used for multiple sequence

alignments. To determine potential protein kinase C phosphorylation and N-glycosylation

sites, the Motifs program in the Genetics Computer Group (GCG) package was used. The

transmembrane domains of rbCCT1 were predicted based on hydropathy analysis using the

Kyte-Doolittle algorithm [17], using a window of 11, in the GCG's Pepplot program.

Expression in Xenopus laevis oocytes and tracer uptake assays. rbOCT1 was

expressed in Xenopus laevis oocytes for functional characterization as described previously

[15]. Stage V and VI oocytes were injected with 25 ng of capped cRNA transcribed in vitro

with T7 RNA polymerase (mCAP RNA Capping Kit; Strategene) from linearized plasmid

DNA. The injected oocytes were maintained in modified Barth's solution at 189C until use.

The uptake of 3H-MPP+ (79.9 Ci/mmol, DuPont-New England Nuclear, Boston, MA) in

oocytes was measured as described previously [15]. Briefly, groups of six to nine oocytes

were incubated in uptake buffer containing MPP" (0.2 pm 3H-MPP+ and 0.8 pM

unlabeled MPP+) at 250C. The incubation time for uptake measurements was 90 minutes;

3H-MPP+ uptake was linear up to 120 minutes (data not shown). Unlabeled compounds

were added to the reaction mixture for inhibition studies. For the Michaelis-Menten study,
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Table 1. Primers used for PCR cloning of rboCT1 clNA.

Primer designation Primer sequence

Primer 1 5'-AGCCATGCCCACCGTGGATGATGATGTC-3'

Primer 2 5'-GAATTCCACCAGAGAAGAATAAAAGAAGTCC-3'

5'-GSP-1 5'-AGCCGGGCGTGTCATACACCCA-3'

5'-GSP-2 5'-AGCGGCAGGTGGCTCCTGTTGG-3'

5'-GSP-3 5'-CACTGTATAGTTCAGCTCCTCC-3'

Anchor primer 18 5'-CUACUACUACUAGGCCACGCGTCGACTAGTAC

(5'-RACE) GGGIIGGGIIGGGIIG-3'

Anchor Primer 28 5'-CUACUACUACUAGGCCACGCGTCGACTAGTAC-3'

(5'-RACE)

3'-GSP-1 5'-TACTACTGGTGTGTGCCGGAG-3'

3'GSP-2 5'-TCGCTGGCAGACCTGTTCCG-3'

Adapter primerb 5'-AGATGAATTCAAGCTTAGGTACCAGTTTTTTTTTTTTT

(3'-RACE) TTTT-3'

Amplification primerb 5'-AGATGAATTCAAGCTTAGGTACCAGT-3'

(3'-RACE)

5'-End primer 5'-TTAGCCCAGAGCAGGCCGGCCGAG-3'

3'-End primer 5'-AAGCGCCGTGTTCCAAAAAAGTTCCT-3'

"These primers were provided with the 5’- and 3'-RACE system (GIBCO BRL).

* These primers were modified from Ref. [18].
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3H-MPP+ (0.15 HM) with various amounts of unlabeled MPP+ were included in the

reaction mixture. The resting membrane potentials of water and cRNA injected oocytes in

depolarizing and physiologic buffers were determined as described previously [15].

RT-PCR. RT-PCR with total RNA isolated from various tissues of adult male New

Zealand White rabbits was used to assess tissue distribution of the mRNA transcript of

rbOCT1. Briefly, total RNA was isolated from the tissues and subjected to RT-PCR with

the 5'-End primer and 3'-End primer (Table 1) as described above. The PCR products were

electrophoresed through a 1% agarose gel.

Results and Discussion

Nucleotide and deduced amino acid sequence of rbCCT1. An amplification

product of about 1.2 kb in length was obtained when the PCR was performed with Primers

1 and 2 and with rabbit kidney first - strand cDNA as the template. DNA sequencing

revealed that the PCR product was 1165 bp in length and was 91% identical to rCCT1

cDNA suggesting that a partial cDNA encoding a rabbit organic cation transporter had been

obtained. To clone the full-length cDNA a PCR - based cloning strategy involving 5’- and

3'-RACE protocols was pursued. The resulting 5'-(~300 bp) and 3'-(~1700 bp) RACE

products showed overlap with the 1165 bp cDNA isolated above as indicated by sequence

analysis. The full-length cDNA was obtained by RT-PCR using primers flanking the 5'-

and 3'- ends and rabbit kidney mRNA as the initial template and designated rbOCT1.

The full length cDNA is 2732 bp and contains a 55 bp 5'-untranslated region

(UTR), a 1665 bp open reading frame (ORF), and a 1012 bp 3'UTR (Fig. 1). The 1665 bp

ORF is predicted to encode a 554 amino acid protein, whose initiation codon is in a Kozak

Consensus sequence, A/GXXAUG [19]. Based upon Kyte-Doolittle hydropathy analysis

[17], 12 transmembrane domains are predicted. The protein sequence contains three

potential N-linked glycosylation sites (N-X-T/S) at positions 71,96, and 112. In addition,
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1 CCACTGCAGCCCAGAGCAGGCCGGCCGAGGCGGCGCAGGTGCACGGGCCGCCACCATGCCCACCGTGGACGATGTTCTGGAGCAGGTCGGGGAGTTCGGC
1 M P T V D D V L E Q W G E F G

101 TGGTTCCAGAAGCGAAccTTCCTCTTCCTATGTCTGATCTCGGCCATccTAGCCCCCATCTAccTGGGCATCGTCTTCCTGGGCTTCAccoctoaccAcc
16 W. F. Q K R T F. L. F L C L I S. A. I. L. A P I Y L. G. I. V. F L G F T P D H R

201 GCTGCCGGAGCCCTGGCGTGGACGAGCTGAGCCAGCGCTGTGGCTGGAGCCCCGAGGAGGAGCTGAACTACACGGTGCCGGGCCTGGGCGCCaCTGACGG
50 C R S P G W D E L S Q R C G W S P E E E L N Y T V P G L G A T D G

301 GGCCTTCGTCCGCCAGTGCATGCGCTACGAGGTGGACTGGAACCAGAGCTCCCTGGGCTGTGTGGACCCGCTGGCCAGCCTGGCCCCCAACAGGAGCCAC
83. A F v R. Q c M R Y E v. D. W. N. Q S S L G c v D P L A S L A P N R S H

- -

401 CTGCCGCTGGGCCCCTGTCAGCACGGCTGGGTGTATGACACGCCCGGCTCCTCCATCGTCACCGAGTTCAACCTGGTGTGCGCTGACGCCTGGAAGGTGG
116 L P L G P C Q H G W V Y D T P G S S I W T E F N L V C A D A W. K. V. D.

501. AccTGTTCCAGTccTGcGTGAAccTGGGCTTCTTCCTCCCCTcco TGGGTGTCGGCTACATCGCAGACAGGTTTGGCCGCAAGCTGTGTCTGCTGCTGAC
150 L. F. Q S_C V_N_L_G._F_F_L_G._S_L_G._V_G._Y_I_A D R F G R K L_C_L_L_L_T

601 CACCCTGATCAACGCGGTGTCGGGGGTGCTCACGGCCGTGGCGCCGGACTACACGTCCATGCTGCTCTTCCGCCTGCTGCAGGGCCTGGTCAGCAAGGGC
183 T L I n_A v. S. G. v. L. T. A v. A. P. D Y T S M L L F. R L L Q G L V S K G

701 AGCTGGATGTCCGGCTACACCCTGATCACAGAGTTCGTGGGCTCAGGCTACAGGAGGACGGTGGCCATCCTGTACCAGGTGGCCTTCTCTGTGGGGCTGG
216 s W M S G Y T L I T E F W G s G Y R R T W A I L Y v. A F S v G L v.

801 TCGCCCTCTCGGGCGTCGCCTACGCCATccCGAACTGGCGCTGGCTGCAGCTCACTGTGTcco TGcccAccTTCCTCTGccTCTTCTACTACTGGTGTGT

250 A L S. G. V. A. Y. A I P N W R W L Q L T V S L. P. T. F. L. C. L. F. Y. Y. W. C. V.

901 GCCGGAGTCCCCTCGATGGCTGTTGTCGCAGAAGAGAAACACGGACGCCGTTAAGATCATGGACAACATCGCTCAGAAGAATGGGAAGCTGCCTCCCGCT
283 P E S P R W L L S Q. K R N T D A V K I M D n I A Q K N G K L P P A

- e

1001 GACCTCAAGATGCTCTCCCTCGACGAGGACGTCACGGAGAAGCTGAGCCCATCGCTGGCAGACCTGTTCCGCACGCCCAAccTCAGGAAGCACACCTTCA
316 D L K M L S L D E D v T E K L s P s L A D L. F R T P N L R K H T F I

-

1101 TccTCATGTTCCTATGGTTCAccTGCTCCCTGCTCTAccAAGGCCTCATCTTGCACATGGGGGCCACTGGCGGGAAcGTGTAccTGGATTTCTTCTACTc
350 L. M. F. L. W. F. T C S v L. Y. & G L I L H M G A T G G N V Y L. D F F. Y. S

1201 ctetctgo'TCGAATTCCCCGCAGCCTTCGTCATCCTGGTCAccATCGAccoccTCGGCCGCATCTATccoa TCGccGCGTCCAATCTGGCGGCGGGGGTG
383 S L V E F P A A F W I L V T I D R v G R I. Y. P. M. A. A S N L A A G v

1301 GCCTCCGTCATCCTGATCTTCGTCCCCCAAGAccTGCACTGGCTGAccATCGTCCTGTCCTGcGTCGGCCGCATGGGGGCCACCATTGTGCTGCAGATGA
416 A S v I L I F W P 2 P L H W L T I V L S C v G R M G A T L V L Q M I

1401 TCTGCCTGGTGAACGCTGAACTGTAccocacGTTCGTCAGGAAccTTGGGGTGATGGTGTGTTCTGcGCTATGcGAcGTCGGCGGCATCATCAccoccTT
450 C L V N A. E. L. Y. P. t. F W R n L G v M. v. C. S. A. L. C. D. v. G. G. I. I. T P F

1501 CATGGTCTTCCGGCTGATGGAGGTCTGGCAGCCTTTAccoctoat"IcTTTTCGGAGTGCTGGGGCTGcTTGcGGGGGGAATGAcco'Toctocºt TccAGAG
483 M_v F. R L. M. E. v. W. Q. P L P_L_I_v_F G_w_L G L L A G G M T L L L P E

1601 ACCAAGGGCGTGGCGCTGCCGGAGACCATCGAGGACGCCGAGAACCTCCGGAGGAAAGCAAAGCCCAAAGAAAGCAAGATTTACCTCCAGGTGCAAAccT
516 T K G v A L P E T I E D A E N L R R K A K P K E S K I Y L Q v Q T s

1701 CGGAACTCAAAGGCCCCTAAGACAGCAGAGAGAAGAGAGAGAAGACCCCGGAGCTGTCGGCTGGGGAACTGGGGCTCCCTTTCCTGTCTCCTCCGCGCTC
550 e L r G P

1801. AccTGcccoacATTCAGCAAATccTAcGGCATTCTCTCTCTCTCTTTCTTTCTTTTTCTTTTTCTTTTTTCTTTCTTTCTTTTTTTGGTGGGGGCTTGGC
1901 CTTATTTTGTTTTATTTTGCTCAAGTCCTCCAGCGTGTGGCTGTCTTTGATCTGCTTCCTGTTCCAGTGGGACTGTTGGcGTGCAGTTAccocaggg.TTC
2001 TGAAGACACAGTAGAACTCACCCACTGGCCTCTGTGAGCTGGTTTTCTGGAACGATGATTTTATTCACTCACTGGGCAAAACGCTCTTACGACTGGAGGC
2101 ACCTGTGTTGGCAAAAGCGTTCCACCGTGGAGATTCCTTGGGTTTTAAAGACGGCGGCTCTGTCAGCGGATGGCCTCCCAGTCATGTTCAAATATGAGTG
2201 CAAGTGGCAGGAAAGATGTGGTCCTTTCCCGAAGGCCCAAGGCACCGTGGCCGCTTTAGACAAGAACTTTCTGCCTGCTGTGTcccCGGCAccTCTCTCT

Figure 1. Nucleotide and deduced amino acid sequence of rbCCT1. The start (ATG) and

stop (TAA) codons are indicated in bold. The 12 putative transmembrane domains are

underlined. Potential N-glycosylation sites of the type N-X-T/S are indicated with

asterisks, and potential protein kinase C phosphorylation sites are indicated with points.

The sequence was submitted to Genbank with the accession number AF015958.
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three potential protein kinase C(PKC) phosphorylation sites were identified at residues

285,291, and 327, which may be important in the regulation of rbCCT1. There has been

one report in the literature which suggests that protein kinase C plays a role in the regulation

of organic cation transporter(s) in the S2 segment of the rabbit nephron [20]. With the

cloning of rbCCT1, the role of PKC in the regulation of this transporter can now be

ascertained. Multiple sequence alignment of the rbOCT1 protein with other members of the

gene family showed that the overall positions of secondary structure elements (e.g.

transmembrane domains and loops) are well conserved; however, differences in N-linked

glycosylation and protein kinase C sites were observed. BLAST searches of the protein and

gene databases indicated that the rbOCT1 protein belongs to a growing number of related

transporters found in mammals and other organisms. rbOCT1 is most homologous to

other mammalian organic cation transporters: rCCT1 [13] (91% similarity and 81%

identity), Lx 1 [21] (the putative murine homolog of rCCT1) (85% similarity and 8.1%

identity), h0CT1 [15] (83% similarity and 80% identity), rCCT2 [14] (72% similarity and

65% identity), and OCT2p [16] (75% similarity and 69% identity). In addition, it shares

significant homology with recently cloned genes from the nematode C. elegans (42%

similarity and 32% identity; GenBank accession number Z83228) and from the fruit fly

Drosophila (46% similarity and 36% identity; GenBank accession number Y12400).

Functional expression and characterization of rbCCT1. In Xenopus laevis oocytes

injected with the cKNA of rbCCT1, the uptake of the model organic cation, 3H-MPP+, was

enhanced 25-fold over that in water-injected oocytes four days post injection (Fig.2). The

rate of MPP+ uptake was saturable (Fig. 3) with a Km value of 23 + 6 p.M and a Vmax of

9.25 + 0.66 pmol/oocyte/90min. The organic cations, cimetidine, TEA, and NMN,

significantly inhibited the uptake of 3H-MPP+ (Fig. 4). However, TEA appears to be a

more potent inhibitor than NMN. Uptake in cKNA-injected oocytes was dramatically

influenced by the membrane potential of the oocytes. In depolarizing buffer (2 mM NaCl,
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Figure 2. ‘H-MPP" uptake in oocytes injected with rbOCT1 cKNA. Uptake of 'H-MPP"

(1 piM) was measured in cRNA and water-injected oocytes in the presence (gray bars) or

absence (dark bars) of 5 mM cimetidine three and four days post injection. Data are mean

values + S.D. from 7–9 oocytes.
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Figure 3. Kinetics of 'H-MPP transport in rbOCT1 cRNA-injected oocytes. Each point

represents the mean + S.D. from 7–9 oocytes. Apparent Km (23 + 6 puM) and Vmax

(9.25 + 0.66 pmol/oocyte/90 min) values were determined by fitting to the Michaelis

Menten equation by non-linear regression analysis (Kaleidgraph, Abelbeck Software).
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Figure 4. Inhibition of 'H-MPP" uptake in rbCCT1 cKNA injected oocytes by model

organic cations. Uptake of 'H-MPP" (1 piM) was measured in cRNA- (dark bars) and

water-injected (gray bars) oocytes in the presence or absence (control) of the indicated

organic cations (5 mM). Data are mean values + S.D. from 7-9 oocytes
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100 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES/Tris, pH 74), in which the

membrane potential was -6.4 + 0.6 mV, the uptake of 3H-MPP+ in cKNA-injected oocytes

was 60% lower compared to uptake in oocytes in a physiologic buffer (100 mM NaCl, 2

mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES/Tris, pH 74), in which the

membrane potential was -38.7 ± 2.2 mV (Fig. 5). This result suggests that rbOCT1 may

be localized to the basolateral membrane. As stated earlier, potential sensitive organic cation

transport occurs at the basolateral membrane of the rabbit proximal tubule.

Tissue distribution of rbCCT1 mRNA. RT-PCR and Northern blot analysis were

used to determine the tissue distribution of rbCCT1 mRNA transcripts. rbOCT1 was

cloned from rabbit kidney, and RT-PCR analysis showed that its expression is confined to

the cortex in the kidney (Fig. 6). In addition, rbOCT1 transcripts were detected in the liver

and intestine (Fig. 6). Based on band intensities, it appears that rbOCT1 is expressed at

highest levels in the liver and to a lesser extent in the kidney cortex and intestine. Northern

analysis of mRNA derived from various rabbit tissues (including brain, heart, lung, kidney

cortex, kidney medulla, intestine, and liver) with a full-length rbOCT1 antisense cKNA

probe only detected transcripts in the liver. Two transcripts produced signals of equal

intensities at ~2.7-kb and ~4.4-kb (data not shown). Hence, the results of Northern

analysis are consistent with the RT-PCR analysis, namely, that rbOCT1 transcripts are

expressed most abundantly in the liver and at lower levels in other tissues. The low level of

rbOCT1 expression in the kidney is somewhat surprising. This may indicate that other

transporters play a greater role in organic cation transport in the rabbit kidney.

Alternatively, rbOCT1 may be expressed in only a specific segment of the nephron where it

would mediate site specific transport of organic cations. It should be noted that other renal

transporters (e.g. the human PEPT2) have been reported to be expressed at low levels and

were also undetectable by Northern blot analysis [22].
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Figure 5. Effect of membrane potential on 'H-MPP" uptake in rbCCT1 cRNA-injected

oocytes. Uptake of 'H-MPP" (1 piM) was measured in cRNA- (dark bars) and water

injected (gray bars) oocytes in either sodium uptake buffer (Vn = - 39 mV) or potassium

uptake buffer (Vn = - 6 mV). Data are mean values + S.D. from 7–9 oocytes.
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Figure 6. RT-PCR analysis of rbCCT1 mRNA transcript expression. Total RNA from

rabbit kidney medulla (lane 1), kidney cortex (lane 2), small intestine (lane 3), heart (lane 4),

lung (lane 5), and liver (lane 6) was subjected to RT-PCR using primers 5'-End primer and

3'-End primer (Table 1). The RT-PCR products were analyzed by agarose gel

electrophoresis. A molecular weight standard was used to determine the band size.



In summary, we have cloned and functionally expressed the first organic cation

transporter from rabbit kidney (rbOCT1). Because much of our understanding of the

mechanisms of renal organic cation transport is based primarily upon studies performed in

rabbit kidney, the cloning of rbCCT1 represents an essential step in elucidating the

mechanisms of organic cation transport in the kidney at a molecular level. In addition,

notable interspecies differences in the interaction of bulkier organic cations with the

respective transporters in rat and rabbit kidney have been observed [4]. With the availability

of rbCCT1 and rCCT1, we can now carry out detailed kinetic studies to elucidate possible

interspecies differences in the function of the two transporters.
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CHAPTER 3

KINETIC AND SELECTIVITY DIFFERENCES AMONG RODENT, RABBIT

AND HUMAN ORGANIC CATION TRANSPORTERS (OCT1)*

Introduction

Renal and hepatic secretion of organic cations is a major pathway of xenobiotic

elimination from the systemic circulation. It is now known that numerous clinically used

drugs as well as toxic and endogenous compounds are substrates for secretory

transporters in the kidney and liver [1,2]. These transport mechanisms have been studied

in detail over the past two decades in a variety of tissue and membrane preparations and

in cell culture models as well [3-6). Electrogenic transport systems have been

characterized in kidney and liver basolateral membranes (BLM), which move organic

cations down the electrochemical gradient from the blood into tubular cells and

hepatocytes.

*This work was published in The Journal of Pharmacology and Experimental
Therapeutics 292: 1146-1152, 2000. Permission from the publisher is included in the
“Acknowledgments”.
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In contrast, in kidney and liver brush border membranes (BBM) several organic

cation/proton exchange mechanisms have been described which are distinct from the

BLM transport systems [1, 7–10]. Together the BLM and the BBM transporters are

responsible for the transcellular flux of organic cations from the blood to the tubule fluid

or bile and hence play an important role in removing many compounds from the systemic

circulation.

Although this two step model of transcellular flux of organic cations is similar

among species, several interspecies variations in the characteristics of renal organic

cation transport have been reported. For example, recent studies of the effects of n

tetraalkylammonium (nTAA) compounds on organic cation transport in the rabbit and rat

kidney suggest a marked interspecies variation in the renal handling of organic cations

[11,12].

The goal of the current study was to compare the functional characteristics of the

OCT1 transporters from mouse, rat, rabbit and human. Using a series of nTAA

compounds with varying alkyl chain lengths, we found a correlation between increasing

alkyl chain length and affinity for OCT1 regardless of the species. However, notable

differences in the nTAA affinities and turnover rates were found among species. In

particular, the rodent transporters had a higher affinity for the nTAAs compared to the

human transporter and the human transporter had comparatively higher turnover rates for
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larger nTAAs than the rodent homologues. This is the first report of kinetic and

selectivity differences among organic cation transporter homologues. Such differences

may have important consequences for species comparisons of in vivo disposition of

organic cations.

Materials and Methods

cRNA transcription and Xenopus oocyte expression. Oocytes were harvested

from oocyte positive Xenopus laevis (Nasco, Fort Atkinson, WI) and were dissected and

treated with collagenase D (Boehringer-Mannheim Biochemicals, Indianapolis, IN) in a

calcium-free ORII solution as previously described [13]. Oocytes were maintained at

18°C in modified Barth's medium. Healthy stage V and VI oocytes were injected with

capped cKNA (1 pg/ul). Capped cKNA was transcribed in vitro with T7 polymerase

(mCAP RNA Capping kit; Stratagene) from Spe I linearized plasmids containing mouse

(mCCT1), rat (rCCT1), rabbit (rbOCT1) or human (hCCT1) transporter cDNAs [13-16].

Tracer uptake measurements. Transport of 'H-MPP" (82 Ci/mmol, Dupont-New

England Nuclear, Boston, MA) in oocytes was measured 2–7 days after injection as

described previously [13, 16). MPP" uptakes were carried out as follows: groups of

seven to nine oocytes were incubated in Na' buffer (100 mM. NaCl, 2 mM KCl, 1 mM

CaCl2, 1 mM MgCl2, 10 mM HEPES/Tris, pH 7.2) containing 'H-MPP" (1 mM: 0.1 p.M
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*H-MPP" and 0.9 pm unlabeled MPP") for 1 h. Uptake was stopped by washing the

oocytes 5 times with 3 ml of ice-cold Na' buffer. The radioactivity associated with each

oocyte was then determined by scintillation counting. For inhibition studies, unlabeled

nTAA compounds were added to the reaction solutions as needed.

In trans-stimulation studies, groups of 5 – 7 OCT1 cKNA- or uninjected oocytes

were washed three times with K" buffer (2 mM NaCl, 100 mM KCl, 1 mM CaCl2, 1 mM

MgCl2, 10 mM HEPES/Tris, pH 7.2). The oocytes were then rapidly injected with 50 nl

of a K” solution containing an unlabeled nTAA compound. The nTAA concentrations

(TMA: 100 mM; TEA: 20 mM; TPrA: 10 mM; TBA: 5 mM, TPeA: 2 mM) and injection

volume (50 nl) were chosen based upon an average oocyte intracellular volume of 500 nl

to produce intracellular nTAA concentrations (shown in Fig. 3) that would be at

saturating levels (i.e. > 10-fold the Km or Ki value). Oocytes injected with 50 nl of K”

buffer were used for controls in the trans-stimulation studies. After injections, the

oocytes were quickly transferred to a small disposable borosilicate glass culture tube; any

remaining K’ was aspirated off, and 85 pil of MPP" (1 HM: 0.1 p.M 'H-MPP" and 0.9 pM

unlabeled MPP") in K’ buffer was added. MPP" uptake was stopped after 10 min by

washing the oocytes 5 times with 3 ml of ice-cold K’ buffer. The radioactivity associated

with each oocyte was then determined by scintillation counting.
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Electrophysiology studies. Electrophysiology experiments were performed at

room temperature (21 – 23°C) 5-10 d post injection. Steady-state ligand-induced

currents were measured with a two-electrode voltage clamp. Oocytes were voltage

clamped at —50 mV and superfused with Na' buffer 2 min before and after 30 sligand

superfusions. Recordings were obtained in a 25 pil recording chamber at flow rates of ~ 3

ml/min. The nTAA-induced current was the difference between the values measured in

the presence of nTAA and the average of values recorded in Na' buffer alone before and

after nTAA superfusion. Uninjected oocytes were used as controls. In addition, the

nontransported inhibitor, quinidine (100 piM), was used as a negative control to ensure

that the observed inwardly directed currents were not due to inhibition of cation efflux

from the oocyte [17].

Data analysis. Values are expressed as mean + standard error (S.E.) or mean it

standard deviation (S.D.) as indicated in the legends. Six to nine oocytes were used to

generate a data point in each experiment. All experiments were repeated at least once

using different batches of oocytes, unless indicated otherwise in the legends. Apparent K,

values were determined as described previously [18, 19].

Materials. The nTAA compounds were purchased from Sigma (St. Louis, MO):

tetramethylammonium (5 M solution) (TMA), tetraethylammonium (TEA),

tetrapropylammonium (TPrA), tetrabutylammonium (TBA) and tetrapentylammonium
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(TPeA). All other reagents were purchased from either Sigma (St. Louis, MO) or Fisher

(Pittsburgh, PA) or as indicated. 'H-MPP" (82 Ci/mmol) was purchased from Dupont

New England Nuclear (Boston, MA).

Results

Inhibition of OCTI mediated uptake by n'TAA compounds. Inhibition studies

with n'TAA compounds of increasing chain length were carried out in order to determine

the relationship between alkyl chain length and inhibition potency. The inhibition

potency of the nTAA compounds (50 piM) for the OCT1 transporters from mouse, rat,

rabbit, and human increased with alkyl chain length (Fig. 1). The concentration

dependence of the nTAA compounds in inhibiting 'H-MPP" (1 mM) uptake was

determined. The data were fit as described previously to determine the apparent Ki values

[18, 19]. Representative inhibition curves for TMA, TEA, TPrA and TBA are shown in

Fig. 2 for mGCT1. The apparent Ki values decreased with increasing chain length from

>2000 puM for TMA to ~7 pm for TBA (Table 1). Similar trends between increasing

chain length and inhibition potency were found for all species. However, notable

potency differences were found among species (Table 1). Most apparent were potency

differences between the human and rodent transporters. The rabbit OCT1 homologue

exhibited intermediate sensitivity to the nTAA compounds. One interesting and notable
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exception was TEA; TEA appeared to have a similar affinity for all four OCT1

homologues.

Efflux of nTAAs from oocytes expressing OCT1. Trans-stimulation studies are

often used to test whether a compound is an actual substrate (permeant) for a transporter

[19–22]. Trans-stimulation studies were carried out under depolarized conditions (i.e. in

K’ containing buffer) to minimize the effects of membrane potential on 'H-MPP" (1 pm)

uptake. In oocytes expressing hocT1, 'H-MPP influx was trans-stimulated the most by

TEA and TPrA. TMA, TBA or TPeA neither trans-inhibited nor -stimulated hCCT1

mediated 'H-MPP influx (Fig. 3). In marked contrast, in oocytes expressing moCT1 or

r0CT1, the smaller nTAA compounds, TMA and TEA, trans-stimulated *H-MPP” influx,

whereas the larger nTAA compounds trans-inhibited 'H-MPP influx (Fig. 3). The rabbit

homologue appeared to have a somewhat intermediate function between its rodent and

human counterparts. The influx of 'H-MPP" was trans-stimulated the most by TEA,

weakly by TPrA, but not by TMA in oocytes expressing rbOCT1. The larger nTAA

compounds TBA and TPeA weakly trans-inhibited 'H-MPP influx (Fig. 3). It is possible

that apparent trans-inhibition may result from cis-inhibition due to rapid efflux of

compounds from the oocytes. This possibility may not be excluded; however, it is

unlikely because of the large volume into which the compounds would efflux (i.e., 100

|il), which would substantially reduce their concentrations on the cis side.
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Figure 1. Effect of nTAA compounds (50 pm) of increasing chain length on 'H-MPP"

(1 mM) uptake (1 h) by OCT1-expressing oocytes. The uptake of 'H-MPP" (1 h

incubation) in Na’ uptake buffer was measured in oocytes expressing moCT1 (O),

rOCT1 (E), rbOCT1 (O) or hCCT1 (D). Each data point represents the mean rate of

uptake as percent of control in which no inhibitor was present. Data represent mean +

S.E. (n = 6-9) obtained from two to four experiments in separate batches of oocytes.
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Figure 2. Inhibition of 'H-MPP" uptake (1 h) by n'TAA compounds in oocytes expressing

mOCT1. Mean values of the uptake relative to control (no inhibitor present) are shown.

Data normalized to control (no inhibitor) represent mean values from 7–9 oocytes in a

representative experiment and were fit by non-linear regression as described previously

[19]. The K values for TMA (O), TEA (E), TPrA (O), TBA (D) are listed in Table 1.
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Table 1. Apparent Ki values (HM) of n-tetraalkylammonium (nTAA) compounds.

The inhibition of 'H-MPP" (1 mM) uptake by increasing concentrations of nTAA

compounds was carried out in OCT1 expressing oocytes. The apparent Ki values were

determined by fitting representative data from single inhibition studies using nonlinear

regression analysis as described in the Methods section. Studies were repeated in at least

two batches of oocytes except for TMA (rbOCT1) and TBA (rDCT1), where only one

batch of oocytes was used.

Compound mC)CT1 rOCT1 rbOCT1 hCCT1

TMA 2075 + 75 905 + 63 5780 + 1070 12400 + 1280

TEA 128 + 17.1 100 + 10.7 93.6 + 6.0 158 + 40.5

TPTA 19.8 + 2.1 21.0 + 7.8 35.5 + 6.0 102 + 13.0

TBA 7.3 + 0.2 16.9 + 6.0 25.1 + 7.3 29.6 + 3.6
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Figure 3. Effect of trans nTAA compounds on the influx (10 min) of 'H-MPP” in

oocytes expressing OCT1. Groups of depolarized oocytes in Kº uptake buffer

(containing 100 mM K' and 2 mM Na") were injected with 50 nl of an unlabeled nTAA

in K’ buffer (control oocytes were injected with 50 ni of K’ buffer). The 10-min uptake

of 'H-MPP" (1 HM) in K’ buffer was then measured. The mean control uptake (trans

zero) was taken as 100%. Data represent mean + S.E. from three to seven separate

experiments; 5–9 oocytes were used per compound per experiment. The bars represent

the different OCT1 clones as follows: moCT1 (dark bars), rCCT1 (diagonal-striped

bars), rbOCT1 (vertical-striped bars), h0CT1 (open bars).
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nTAA-dependent currents in voltage clamped oocytes. The translocation of the

nTAA compounds was further studied by measuring nTAA-dependent currents under

voltage clamped conditions in oocytes expressing OCT1. Fig. 4 shows representative

current traces in oocytes superfused with saturating concentrations of nTAA compounds

for 30 s (gray bars at the top). Saturating concentrations were used to achieve maximal

uptake rates (i.e. maximal currents). Fig. 5 shows the nTAA-dependent currents

normalized with the currents from 1 mM TEA superfusion. TEA was chosen because it

has a similar affinity for the four OCT1 homologues. In oocytes expressing hoCT1,

TEA and TPrA induced the largest currents, followed by the larger nTAA compound

TBA, and then the smallest nTAA compound TMA. In rbCCT1 cKNA-injected oocytes

TEA induced the largest currents followed by TMA, TPrA, and finally TBA. In contrast,

in the rodent OCT1-expressing oocytes, the small nTAA compounds TMA and TEA

induced the largest currents and the larger nTAA compounds induced very small

CurrentS.
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Figure 4. Representative recordings of nTAA-induced inward currents in OCT1 cKNA

or uninjected oocytes under voltage clamp conditions (–50 mV). The oocytes were

superfused with nTAA compounds (TMA (5 mM), TEA (1 mM), TPrA (0.5 mM), TBA

(0.5 mM)) for 30 s followed by a 2 min Na' buffer washout before the application of

another ligand. The gray bars at the top indicate the time of nTAA application.
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TMA TEA TPTA TBA TMA TEA TPTA TBA

rbOCT1 hoCT1

TMA TEA TPTA TBA TMA TEA TPTA TBA

Figure 5. nTAA-induced currents under voltage clamp conditions (-50 mV.) in OCT1

cRNA- and uninjected oocytes. The currents (like the ones shown in Fig. 4.) were

individually normalized to the TEA-induced currents within one set of recordings. Data

represent mean + S.D. (n = 5-6).
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Discussion

Organic cation transporters in the kidney and liver play an important role in the

removal of potentially toxic drugs and their metabolites from the systemic circulation [2].

The fundamental mechanisms involved in the sequential flux of organic cations across

renal and hepatic epithelia are reported to be similar among mammalian species [2, 9,

10]. However, the extent of interspecies differences in kinetic characteristics and

selectivities of organic cation transporters is not well understood. Our understanding of

organic cation transport mechanisms is largely based on studies performed using tissue

preparations from the rabbit kidney and rat liver [3, 8, 20, 21, 23–25). Relatively few

studies have examined renal or hepatic transport mechanisms in humans [1, 26, 27].

There have been several reports of species differences in the substrate selectivity of renal

organic cation transport systems [11,12]. This suggests that there could be kinetic and

selectivity differences in organic cation transporters among species, which could result in

substantial differences in the in vivo handling of drugs and toxins.

Marked species differences in the substrate selectivity of the renal organic cation

transport system were found when studying the interactions of nTAA compounds with

the BLM organic cation transport system in rabbit and rat kidneys [11,12]. A correlation

between alkyl chain length (from methyl to pentyl) and increasing affinity for the rabbit

renal OC transport systems in the basolateral membrane was found [12]. In contrast
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increasing the alkyl chain length beyond two (ethyl) did not improve the affinity for the

BLM transport system in the rat [11]. These data can be rationalized in several ways.

For example, it is possible that different OCT isoforms with different affinities for nTAA

compounds are expressed in the rabbit and rat kidney. In fact, marked differences in the

tissue distribution of OCT mRNA isoforms have been reported [13, 16, 28].

Alternatively, the same OCT isoform could be expressed in rat and rabbit kidney, but the

rat and rabbit isoforms might differ in their kinetic properties and selectivities.

The goal of this study was to compare the kinetics and selectivities of nTAA

compounds with the OCT1 transporter isoforms from mouse, rat, rabbit, and human.

OCT1 is expressed in the livers and kidneys of these species. Therefore, intrinsic

functional differences between OCT1 species homologues may explain the observed

interspecies differences in the transport of nTAA compounds across the basolateral

membrane of the nephron.

Cis-inhibition of 'H-MPP" (1 piM) uptake in OCT1-expressing oocytes by nTAAs

(at 50 pm) demonstrated a correlation between increasing alkyl chain length and

increasing affinity for OCT1 regardless of the species. The finding that the nTAAs did

not alter current in water injected oocytes (Fig. 4) suggests that the nTAAs were not

affecting MPP" uptake via indirect effects on membrane potential; rather, these

compounds were directly inhibiting MPP" transport. This relationship was found in
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studies of organic cation transport in isolated rabbit renal tissue preparations and

previously for the cloned human transporter, h0CT1, expressed in HeLa cells [4, 19].

This result does not explain the previous finding that the inhibitory potency of nTAAs

decreased with increasing alkyl chain length in rat kidney for nTAA compounds with

side chains greater than ethyl [11]. It is possible that another transporter, such as rCCT2,

plays a greater role in the BLM transport of organic cations in the rat kidney [29]. The

inhibition potencies of the nTAA compounds with the OCT1 transporters from mouse,

rat, rabbit, and human differed considerably. In general, the nTAA compounds interacted

less potently with the human transporter compared with its rodent and rabbit counterparts

(Table 1).

The substrate selectivities of the transporters were investigated using both trans

stimulation studies and ligand-induced current measurements in voltage clamped oocytes.

The findings generally support the following conclusions: (1) The smallest nTAA, TMA,

is transported by mCCT1 and rCCT1, but to a lesser extent by rbOCT1 and hCCT1. (2)

TEA is transported well (is a substrate) by all four species homologues. (3) TPrA

exhibits striking interspecies differences in its transport characteristics. That is, TPrA

trans-stimulated hCCT1 'H-MPP" influx greatly and rbOCT1 weakly, whereas it potently

trans-inhibited mOCT1 and rCCT1 'H-MPP influx. In fact, of the nTAA compounds

tested, TPrA was the most potent trans-inhibitor of the rodent transporters. Voltage
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clamp studies showed that the rodent transporters were able to translocate TPrA, albeit at

much slower rates than TMA and TEA. In contrast, h0CT1 and to a lesser extent

rbOCT1 took up TPrA at comparatively faster rates relative to TEA. (4) hCCT1 and

rbOCT1 transported TBA at a slightly slower rate than TPrA. As saturating

concentrations of TPrA and TBA were used in these experiments, the marked

interspecies differences in transport are most likely a result of differences in the turnover

rateS.

The molecular mechanism responsible for the observed interspecies differences in

OCT1 function is unknown. It is possible that the permeability pathway in the mouse and

rat OCT1 transporters has a smaller diameter and hence is more restrictive in the size of

the substrates. Another explanation is that the rodent transporters have a more

hydrophobic binding pocket, making subsequent debinding steps slower. At the present

time very little is known about the OCT1 molecular structure involved in substrate

binding and translocation. Sequence analysis suggests that the OCT1 homologues share

a very similar secondary structure consisting of twelve membrane spanning helices.

However, as hCCT1 is 80%, 78%, and 81% identical to the mouse, rat, and rabbit

homologues respectively there have been numerous amino acid changes during the

evolution of the OCT1 transporter (Fig. 6). Changes in tertiary structure of the

permeation pathway due to amino acid residue(s) changes must account for the functional
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differences described in this study. 109 amino acid differences are found between the

human and rodent OCT1 proteins. Of those, 68 are unique to hCCT1 (i.e. only found in

hOCT1). Many of these residues (57%) have different chemical properties from

corresponding residues of the other OCT1s (e.g., polar versus nonpolar), which could

potentially have dramatic effects on function. Recently, it has been shown that even a

single amino acid change in a transporter protein can lead to substantial changes in the

transporter's function [30]. Chimera and mutation studies could provide insight into the

amino acids involved in substrate binding and translocation of OCT1.

In summary, our results show that the human OCT1 is functionally distinct from

other mammalian OCT1 homologues. In general, h0CT1 interacts with nTAA

compounds with a lower affinity compared to the rodent and rabbit homologues. hCCT1

is also able to translocate larger nTAAs at comparatively greater rates. Based on these

results, it is reasonable to expect that kinetic and selectivity differences exist among the

OCT1 species homologues in their interactions with drugs and toxins. Currently, assays

to study organic cation and other xenobiotic transporters are being developed to screen

for drug-drug interactions. These assays can potentially be used to estimate

pharmacokinetic parameters based on in vitro data. The results reported in this study

underscore the importance of using the human clones for pre-clinical drug evaluation.
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Figure 6. Multiple sequence alignment of four OCT1 homologues from mouse (mCCT1), rat
(rCCT1), rabbit (rbOCT1), and human (hCCT1). The alignment was generated with the PILEUP
program in the GCG software package. Amino acids conserved in at least three of the four
transporters are shaded. 109 amino acid differences are found between the human and rodent
transporters. Of these, 68 residues are only found in hCCT1. These amino acid residue differences
are distributed throughout the sequence and are not clustered in any obvious regions.
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CHAPTER 4

THE INTERACTION AND TRANSPORT OF n-TETRAALKYLAMMONIUM

COMPOUNDS AND BIGUANIDES WITH A HUMAN RENAL ORGANIC

CATION TRANSPORTER, h0CT2

Introduction

Many clinically used drugs are actively secreted by the kidney in humans [1-3].

Of the transport systems present in the kidney, the organic cation transport system

appears to be one of the major systems involved in the renal secretion of drugs. To date,

five organic cation transporters have been cloned and all are expressed to some degree in

the human kidney [4, 5). With the availability of the cloned transporters, it is now

possible to begin to investigate their roles in renal drug elimination.

There are two families of organic cation transporters: the OCT gene family

(OCT1, OCT2, OCT3) and the OCTN gene family (OCTN1, OCTN2). There is

considerable sequence and secondary structure similarity among members of the same

family [4,5]. For example, h0CT1 and hCCT2 share 70% sequence identity and their

predicted secondary structures, based on hydropathy analysis, are essentially the same.

This might suggest that paralogous organic cation transporters such as hCCT1 and
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hCCT2 have similar functional characteristics and are functionally redundant. However,

recent chimeric and mutagenesis studies of transporters have shown that even single

amino acid changes in a transporter can dramatically alter its substrate selectivity [6].

Therefore, it is reasonable to propose that the five different organic cation transporters

serve different functions in vivo.

The goal of this study was to compare the substrate and inhibition profiles of

hOCT2 and hCCT1 to determine whether these transporters are functionally distinct. We

examined the interactions of n-tetraalkylammonium (nTAA) compounds and biguanides

with hCCT2, an organic cation transporter cloned from kidney, and compared our results

with our previous results for hCCT1 [7, 8, Chapter 3]. nTAA compounds have been used

extensively to study the functional characteristics of organic cation transporters in tissue

preparations such as vesicles and isolated tubules [9-13]. Substantial differences between

hOCT2 and hCCT1 in their interactions with nTAAs were found. We then compared the

interactions of biguanides with hCCT1 and hCCT2. Based on its high renal clearance,

metformin, a biguanide, is suspected to be a substrate of renal organic cation transporters

[14, 15]. In this study, we found that both hCCT1 and hCCT2 interact with the

biguanides, indicating that they might be involved in the elimination of these compounds.

In contrast to the nTAA compounds, the biguanides appear to interact in a similar fashion

with hCCT1 and hCCT2. Based on the data reported in this study and other recent
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reports in the literature, it appears that there are substantial differences in the specificities

of hCCT1 and hCCT2.

Materials and Methods

cRNA transcription and Xenopus oocyte expression. Oocytes were harvested

from oocyte positive Xenopus laevis (Nasco, Fort Atkinson, WI) and were dissected and

treated with collagenase D (Boehringer-Mannheim Biochemicals, Indianapolis, IN) in a

calcium-free ORII solution as previously described [16]. Oocytes were maintained at

18°C in modified Barth's medium. Healthy stage V and VI oocytes were injected with

capped cRNA (1 pg/ul). Capped cRNA was transcribed in vitro with T3 polymerase

using the mGAP RNA Capping kit (Stratagene, La Jolla, CA) from Not I linearized

plasmids (pCX) containing hCCT2 or hCCT1 transporter cDNAs.

Tracer uptake measurements. Transport of 'H-1-methyl-4-phenylpyridinium

(MPP) (82 Ci/mmol, Dupont-New England Nuclear, Boston, MA) or *H-cimetidine (15

Ci/mmol, Amersham Life Sciences, Arlington Heights, IL) in oocytes was measured 2 –

7 days after injection as described previously [16, 17]. Tracer uptakes were carried out as

follows: groups of seven to nine oocytes were incubated in Na' buffer (100 mM NaCl, 2

mM KCl, 1 mM CaCl, 1 mM MgCl2, 10 mM HEPES/Tris, pH 7.2) containing 'H-MPP"

(1 mM: 0.1 pM 'H-MPP" and 0.9 p.M unlabeled MPP") or "H-cimetidine (1 mM) for 1 h.
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For inhibition and kinetic studies, unlabeled compounds were added to the reaction

solutions as needed. To stop the uptake experiments, oocytes were washed 5 times with 3

ml of ice-cold Na' buffer. The radioactivity associated with each oocyte was then

determined by scintillation counting.

In trans-stimulation studies, groups of 5–7 hoCT2-expressing or uninjected

oocytes were washed three times with K’ buffer (2 mM NaCl, 100 mM KCl, 1 mM

CaCl2, 1 mM MgCl2, 10 mM HEPES/Tris, pH 7.2). The oocytes were then rapidly

injected with 50 nl of a K’ solution containing an unlabeled compound. Oocytes injected

with 50 ni of K’ buffer without compound were used for controls. After injections, the

oocytes were quickly transferred to a small disposable borosilicate glass culture tube; any

remaining K’ was aspirated off, and 85 pil of MPP" (1 mM: 0.1 pM 'H-MPP" and 0.9 pM

unlabeled MPP") in K’ buffer was added. 'H-MPP" uptake was arrested after 10 min by

washing the oocytes 5 times with 3 ml of ice-cold K’ buffer. The radioactivity associated

with each oocyte was then determined by scintillation counting.

Electrophysiology studies. Electrophysiology experiments were performed at

room temperature (21–23°C) 5-10 d post injection. Steady-state ligand-induced

currents were measured with a two-electrode voltage clamp. Oocytes were voltage

clamped at —50 mV and superfused with Na' buffer 2 min before and after 30 sligand

Superfusions. Recordings were obtained in a 25 pil recording chamber at flow rates of ~ 3
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ml/min. Uninjected oocytes were used as controls, undergoing the same treatments as

hOCT2-expresing oocytes.

Data analysis. Values are expressed as mean it standard error (S.E.) or mean +

standard deviation (S.D.) as indicated in the legends. Six to nine oocytes were used to

generate a data point in each experiment. All experiments were repeated at least once

using different batches of oocytes, unless indicated otherwise in the legends. Apparent K,

values were determined as described previously [7, 18]. The unpaired t test was used to

test for statistically significant differences between hCCT1 and hCCT2 data where P :

0.05 was considered significant. Other data, involving multiple comparisons, were

analyzed by analysis of variance where P × 0.05 was considered significant.

Materials. The nTAA compounds and biguanides were purchased from Sigma

(St. Louis, MO). All other reagents were purchased from either Sigma (St. Louis, MO)

or Fisher (Pittsburgh, PA) or as indicated. 'H-MPP" (82 Ci/mmol) was purchased from

Dupont-New England Nuclear (Boston, MA), and 'H-cimetidine (15 Ci/mmol) was

purchased from Amersham Life Sciences (Arlington Heights, IL)

Results

Inhibition of hCCT2 mediated uptake by nTAA compounds. Inhibition studies

with nTAA compounds of increasing chain length were carried out in order to determine

*a*

78



the relationship between alkyl chain length and inhibition potency for hoCT2. The

inhibition potency of the nTAA compounds (50 pm) for hCCT2 appeared highest for

tetrapentylammonium (TPeA) and lowest for tetramethylammonium (TMA) (Fig. 1).

However, the apparent Ki values of the four nTAA compounds, TMA,

tetraethylammonium (TEA), tetrapropylammonium (TPrA), and tetrabutylammonium

(TBA), for hCCT2 were not statistically different from one another, suggesting that these

compounds have essentially the same affinity for hCCT2 (Table 1). There were notable

differences between h()CT1 and hCCT2 in their affinities for several nTAAS: TMA, the

smallest nTAA compound, had a 82-fold higher affinity for hCCT2 compared to hCCT1,

and TBA, the largest nTAA, had a 4-fold higher affinity for hCCT1 compared to hCCT2

(Table 1). TEA and TPrA had essentially the same affinities for hCCT1 and hCCT2.

Efflux of nTAAs from oocytes expressing hocT2. Trans-stimulation studies, also

known as counterflux studies, are often used to test whether a compound is a bona fide

substrate of a transporter [7, 13, 19, 20). If the test compound trans-stimulates the uptake

of a tracer ligand, the test compound is most likely a substrate of the transporter. Trans

stimulation studies were carried out under depolarized conditions (i.e. in K” containing

buffer) to minimize the effects of membrane potential on 'H-MPP" (1 mM) uptake.

Marked differences in the function of hCCT2 and hCCT1 were revealed by these studies

(Fig. 2). In oocytes expressing hCCT2, "H-MPP influx was trans-stimulated only by
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Figure 1. Effect of nTAA compounds (50 pm) of increasing chain length on "H-MPP"

(1 mM) uptake by hCCT2-expressing oocytes. The uptake of 'H-MPP" (1 h) in Na’

uptake buffer was measured in oocytes expressing hCCT2 (O) or hCCT1 (U). Each data

point represents the mean rate of uptake as percent of control in which no inhibitor was

present. Data represent mean of two to four determinations + S.E. using separate batches

of oocytes. 7–9 oocytes were used per compound per experiment. Data for hCCT1

from our laboratory has been previously published [8, Chapter 3].

80



Table 1. Apparent Ki values (uM) of n-tetraalkylammonium (nTAA) compounds in

inhibiting 'H-MPP" uptake mediated by hocT2. The inhibition of 'H-MPP" (1 mM)

uptake by increasing concentrations of nTAA compounds was carried out in hCCT2

expressing oocytes. The apparent K, values were determined by fitting representative

data from single inhibition studies using nonlinear regression. Data represent mean E

S.E. values of two determinations. *P º 0.05 versus hCCT1 (unpaired ttest). The

apparent K, values of the nTAA compounds for hCCT2 were not statistically different

(analysis of variance).

Compound hC)CT2 hC)CT1*

TMA 150 + 37+ 12400 + 1280

TEA 156 + 78 158 + 40.5

TPTA 128 + 32 102 + 13.0

TBA 120 + 52* 29.6 + 3.6

"Data previously published from our laboratory [8, Chapter 3].
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Figure 2. Effect of trans nTAA compounds on the influx of 'H-MPP" in Xenopus laevis

oocytes expressing hCCT2 or hCCT1. Depolarized oocytes, expressing either hoCT2

(dark bars) or hCCT1 (open bars) were injected with 50 nl of an unlabeled nTAA

compound dissolved in K’ buffer to give the final intracellular nTAA concentrations

indicated in the figure. The 10-min uptake of 'H-MPP" (1 mM) in K’ buffer was then

measured. The mean control uptake (trans-zero) was taken as 100% (control oocytes

were injected with 50 ni of K’ buffer). Data represent mean + S.E. from three separate

experiments; 5–9 oocytes were used per compound per experiment. *P* 0.05 versus

hOCT1 (unpaired t test). hCCT1 data are were previously published [8, Chapter 3].
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TMA, a compound that neither trans-stimulated nor trans-inhibited hCCT1-mediated 'H-

MPP' influx (Fig. 2). TEA had essentially no effect on hCCT2 activity, but it greatly

stimulated hCCT1 activity. Furthermore, whereas TPrA potently trans-inhibited hCCT2,

it trans-stimulated hCCT1-mediated 'H-MPP influx. Finally, TBA and

tetrapentylammonium (TPeA) trans-inhibited hCCT2, and had little effect on hCCT1

activity.

Interactions and transport of biguanides with hCCT2 and hCCT1. Cis-inhibition

studies were carried out in order to determine whether hCCT2 and hCCT1 interact with

the biguanides metformin and phenformin. Metformin and phenformin were found to

inhibit 'H-cimetidine transport mediated by hCCT1 and hCCT2 (Fig. 3). TEA, a known

substrate of both transporters was used as a positive control. Both of the biguanides

interact with hCCT2 and hCCT1 with similar potencies: the apparent K, values of

metformin are 1700+ 960 HM (hCCT2) and 2010 + 220 puM (hCCT1), and the values of

phenformin are 65 + 11 puM (hCCT2) and 10+ 7 p.M (hCCT1) (Table 2).

To determine whether metformin and phenformin are substrates of the

transporters, trans-stimulation studies were carried out. Both of these compounds trans

stimulated 'H-MPP influx mediated by hCCT1 and hCCT2, suggesting that they are

substrates of these transporters (Fig. 4). For this assay, TMA was used as a positive

control for hCCT2, and TEA was used as a positive control for hCCT1.
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Electrophysiological-based studies have recently been used to study the substrate

selectivities of organic cation transporters. Using this assay, we found that TEA (1 mM)

and metformin (0.5 mM) induced significant currents in hCCT2-expressing oocytes (Fig.

5). In contrast, quinidine (200 piM), a potent inhibitor of organic cation transporters, did

not induce a current. These results provide further evidence that metformin is a substrate

Of hCCT2. º
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Figure 3. Cis inhibition of 'H-cimetidine uptake in Xenopus laevis oocytes expressing

hCCT2 or hCCT1. The 60 min uptake of 'H-cimetidine was determined in the absence

(control) or presence of the indicated compounds (2.5 mM) in oocytes injected with

hOCT2 cKNA (dark bars) or hCCT1 cKNA (open bars) or uninjected oocytes (striped

bars). Data represent mean + S.D. from a single representative experiment; 5–9 oocytes

were used for each experimental condition. Replica experiments using oocytes from

different donor frogs gave qualitatively similar results to those shown.
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Table 2. Apparent Ki values (uM) of metformin and phenformin in inhibiting 'H-

MPP” uptake mediated by hCGT2 and hCGT1. The inhibition of 'H-MPP" (1 piM)

uptake by increasing concentrations of metformin and phenformin was carried out in

hCCT2- and hCCT1-expressing oocytes. The apparent K, values were determined by

fitting representative data from single inhibition studies using nonlinear regression

analysis. Data represent mean E S.E. values of two determinations. *P × 0.05 versus

hOCT1 (unpaired t test).

Compound hC)CT2 hC)CT1

Metformin 1700 + 960 2010 + 220

Phenformin 65 + 1.1% 10 + 7
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Figure 4. Effect of trans compounds on the influx of 'H-MPP" in Xenopus laevis oocytes

expressing hCCT2 and hCCT1. Depolarized oocytes, expressing either hCCT2 (dark

bars) or hCCT1 (open bars) were injected with 50 nl of an unlabeled nTAA compound

dissolved in K’ buffer to give the final intracellular concentrations indicated in the figure.

The 10-min uptake of 'H-MPP" (1 piM) in K’ buffer was then measured. The mean

control uptake (trans-zero) was taken as 100% (control oocytes were injected with 50 nl

of K’ buffer). Data represent mean + S.E. from two to three separate experiments; 5–9

oocytes were used per compound per experiment. *P* 0.05 versus hCCT1 (unpaired t

test).
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Figure 5. Representative recordings of ligand-induced inward currents in hCCT2

expressing oocytes. An hoCT2-expressing oocyte was voltage-clamped at — 50 mV in

sodium buffer. The dark bars above the traces indicate 30-s applications of ligands: TEA

(1 mM), metformin (0.5 mM), and quinidine (100 puM). Between applications, the

ligands were removed by washing in sodium buffer; the original baseline current was

restored before applying a different ligand. Similar results were obtained in other

hOCT2-expressing oocytes (n = 2). Ligand-induced currents were not observed in

control (i.e., uninjected) oocytes (n = 2).
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Discussion

Organic cation transporters in the kidney, which play critical roles in the secretory

transport of numerous drugs, are important determinants of plasma drug concentrations

[3, 5, 21]. To date, five organic cation transporters have been cloned, making it possible

to design experiments to investigate their roles in renal drug transport. With the

availability of in vitro assay systems such as Xenopus laevis oocytes and transfected cell

lines, drug-transporter interactions can be determined. It is still unclear what the

differences and similarities are among the cloned organic cation transporters regarding

their substrate and inhibitor selectivities. Members of the OCT gene family (OCT1,

OCT2, OCT3) share a high degree of sequence identity and are predicted to have very

similar secondary structures [22]. It therefore seems reasonable to predict that these

transporters will be functionally similar. However, it has been shown that minor

alterations in the amino acid sequences of some transporters can affect their function

considerably [6]. The question remains unanswered: are paralogous organic cation

transporters functionally redundant or distinct?

A number of recent studies have begun to address this question. For example, in

two studies, inhibition constants for ten organic cations interacting with rCCT1 and

rOCT2 were determined [23, 24]. Only one compound, procainamide, showed a notable

preference for one transporter over the other — its inhibition constant was ~ 6-fold greater

:
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for rCCT2 compared to rCCT1. In another study, significant differences in the substrate

selectivities of rCCT1 and rCCT2 were reported; rCCT1 was shown to transport several

nucleosides whereas rCCT2 did not [25]. Finally, a fourth study also reported

differences in the substrate selectivities of rCCT1, rCCT2, and hCCT3 [26]. Together,

these studies suggest that there are similarities as well as differences in the specificities of

paralogous OCTs.

The goal of this study was to compare the substrate selectivities of hCCT2 and

hOCT1 using nTAA compounds and biguanides. nTAA compounds, a class of organic

cations, have been used extensively to study the functional characteristics of organic

cation transporters, first in tissue and membrane preparations, and recently with the

cloned OCT1 [7–13]. The interactions of the biguanides metformin and phenformin with

hOCT1 and hCCT2 were also determined. Metformin is secreted by the kidney in

humans, suggesting that a transporter(s) is involved in its elimination, but so far this

transporter(s) has not been identified [14, 15].

In this study, we observed that the larger nTAA compounds (50 puM) inhibited

hCCT2 more than the smaller nTAA compounds (Fig. 1), similar to what had been

observed previously for hoCT1 [7, 8, Chapter 3]. However, kinetic studies revealed

substantial differences in their potencies of interaction with the two organic cation

transporters. For example, the smallest nTAA, TMA, inhibited hCCT2 80-fold more

:
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potently than hoCT1. Interestingly, TBA, a larger compound, was a 4-fold more potent

inhibitor of hCCT1 compared to hCCT2. These differences in inhibition constants

suggest that there are significant differences in the binding sites of these transporters.

The trans-stimulation profiles for hCCT1 and hCCT2 differ considerably (Fig. 2), further

suggesting that the binding sites for the two transporter isoforms differ. The rank order

of trans-inhibition by TPrA, TBA, and TPeA for hCCT2 was strikingly similar to what

we previously found for the mouse and rat OCT1 isoforms [8, Chapter 3]. Hence, it is

possible that the elements involved in the binding or translocation of these compounds at

the trans-side of the transporters might be conserved among hCCT2, mOCT1, and

rOCT1, but not hCCT1.

Metformin, a biguanide used in the treatment of non-insulin-dependent diabetes

mellitus (NIDDM), is eliminated by active secretion in the kidney, and it is likely that

one or more of the organic cation transporters are involved in this process [14, 15, 27-29].

We observed that both metformin and phenformin interact with hCCT1 and hCCT2

(Figs. 3 & 4), but that both transporters had a much higher affinity for phenformin

compared to metformin. Cis-inhibition studies revealed that metformin and phenformin

inhibited the 'H-cimetidine uptake mediated by hCCT1 and hCCT2, suggesting that

hOCT1 and hCCT2 may be the molecular site of the previously characterized metformin

cimetidine drug-drug interaction [29]. The data demonstrating that both metformin and

.
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phenformin trans-stimulated 'H-MPP influx mediated by the transporters suggest that

the compounds are substrates of both hCCT1 and hCCT2. Furthermore, metformin

induced a current in voltage-clamped oocytes expressing hCCT2, providing more

evidence that metformin is a substrate of hCCT2. Although the apparent K, value of

metformin seems large relative to its estimated therapeutic concentrations (~ 2–8 HM)

[27, 28], h0CT2 may act as a low affinity, high capacity transporter for metformin.

There are a number of transporters that function in this manner [30, 31].

In summary, the substrate specificities of hCCT1 and hCCT2 were studied using

nTAA compounds and biguanides. The biguanides have similar affinities for hCCT1 and

hOCT2 (Table 2), whereas significant differences were found between hoCT1 and

hCCT2 in their interaction with nTAA compounds. These results suggest that there are

significant differences in the binding sites of these paralogous transporters. Studies

ascertaining the critical domains and amino acid residues required for substrate

recognition and translocation will shed light on the molecular mechanisms responsible

for the distinct substrate Selectivities of the hOCT isoforms.
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CHAPTER 5

STABLE EXPRESSION OF A GFP-rCCT1 FUSION PROTEIN IN A

POLARIZED EPITHELIAL CELL LINE (MDCK): INTRACELLULAR

LOCALIZATION AND FUNCTIONAL CHARACTERIZATION

Introduction

Organic cations, in general, undergo net secretion in the kidney. To ensure that

the net transport of organic cations occurs in the secretory direction, renal organic cation

transporters are asymmetrically distributed within the tubule epithelium to the appropriate

plasma membrane. Renal epithelial cells have two distinct types of plasma membranes:

the basolateral membrane (BLM) and the brush border membrane (BBM). The BLM is

attached to a basement membrane and is in contact with the blood, whereas the BBM

faces the tubule lumen. These two membranes, separated by tight junctions, differ in

their protein contents as well as their physiological functions.

Using a number of kidney tissue preparations such as membrane vesicles and

kidney slices, as well as renal cell lines, distinct transport systems for organic cations

have been identified in the BLM and BBM [1-4]. In the BLM, organic cations are

transported from the blood into the epithelial cells down the electrochemical gradient by
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several potential sensitive organic cation transporters. Organic cation transport across the

BBM is mediated by organic cation:proton antiporters, which exchange an intracellular

organic cation for a luminal proton.

To date, five organic cation transporters have been cloned and functionally

characterized [1,4]. With the availability of the cloned transporters it is now possible to

develop transfected polarized cell lines to address questions related to the in vivo roles of

membrane transporters in drug elimination. Such transfected cell lines can be used to (a)

determine and confirm the intracellular localization of membrane transporters; (b) study

the functional characteristics of the transporters; (c) investigate the sorting pathways

involved in membrane targeting; and (d) study the post-transcriptional regulation of

transporters.

The primary goal of this study was to develop a cell culture model of rCCT1, to

use in investigations of its intracellular localization, sorting, and post-transcriptional

regulation. rCCT1 appears to be one of the major organic cation transporters in liver and

kidney cells, and thus functions as a first step in the elimination pathway of a number of

structurally diverse organic cations. In this study, a polarized epithelial cell line stably

transfected with a green fluorescent protein (GFP)-rOCT1 fusion protein was established,

and the localization of the fusion protein was investigated via confocal microscopy and

functional studies. Recently, similar strategies have been successfully used in studies of
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other transporters [5-8]. A secondary goal of this study was to begin to determine

structural domains involved in signaling the BLM-sorting of rCCT1. In particular, we

determined if a BLM-sorting signal found in the rCCT1 carboxy-terminus is required for

the basolateral targeting of this transporter.

Materials and Methods

DNA constructs. cDNAs of full-length rCCT1 and a truncated rCCT1, termed

rOCT1A, in which part of the carboxyl-terminus – amino acids 545 to 556 - was

truncated, were amplified by PCR using an rCCT1 containing plasmid as the template.

Restriction enzyme sites required for subcloning into the peGFP-C1 vector (Clontech,

Palo Alto, CA) were incorporated into the cDNAs during PCR amplification. The sense

primer used in the PCR for both the full-length rCCT1 and rCCT1A was 5’-

AGATCTATGCCCACCGTGGACGATGTTCTGGAG-3’; the flanking Bgl II site

needed for subcloning is underlined. The antisense primers used in the PCRs for full

length rCCT1 and rCCT1A contained a flanking Bamh I site (underlined). The antisense

primer sequence used to amplify full-length rCCT1 was 5'GGATCCTCAGGTAC

TTGAGGACTTGCCTGTTTGGAC-3, and the antisense primer used to amplify

rOCT1A was 5’-GGATCCTCACGTGTTTTCTTTGGCCTTTGATTTCCT-3’. PCR was

performed in a thermal cycler (PE Applied Biosystems, Foster City, CA) according to the
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following program: 5 min 94°C incubation; 94°C for 1 min, 55°C for 1.5 min, and 72°C

for 2 min (25 cycles); 15 min 72°C incubation. PCR products were initially subcloned

into the pGEM-T vector (Promega, Madison, WI). pCEM-T plasmids containing full

length rCCT1 and rCCT1A were digested with Bgl II and Bamh I (GIBCO BRL,

Rockville, MD). The digested rCCT1 and rCCT1A inserts were then subcloned into

pEGFP-C1 vector, which had also been digested with Bgl II and Bamh I to give the

plasmids rCCT1-pEGFP and rCCT1A-pEGFP. The plasmids were analyzed by

restriction enzyme analyses to confirm the orientation and integrity of the inserts. For

transporter expression in Xenopus laevis oocytes, the GFP-rOCT1 insert was amplified

by PCR from the rCCT1-pBGFP plasmid using the same antisense primer listed above

and the sense primer: 5’-AAGCTTGCTACCGGTCGCCACCATGGTGAGC-3°. This

new sense primer incorporated a Hind III site (underlined) at the 5’-end of the PCR

products. The GFP-rOCT1 DNA was subcloned into pCEM-T, digested with Hind III

and Bamh I, and then subcloned into pCX, a Xenopus laevis oocyte expression vector

[9].

cRNA transcription and expression in Xenopus laevis oocytes. Oocytes were

harvested from oocyte positive Xenopus laevis (Nasco, Fort Atkinson, WI) and were

dissected and treated with 2 mg/ml collagenase D (Boehringer-Mannheim Biochemicals,

Indianapolis, IN) in a calcium-free ORII solution as previously described [10]. Oocytes
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were maintained at 18°C in modified Barth’s medium. Healthy stage V and VI oocytes

were injected with capped cKNA (1 pg/ul) that was transcribed in vitro with T3

polymerase (mCAP RNA Capping kit; Stratagene, La Jolla, CA) from Not I linearized

plasmids containing transporter cDNA inserts.

Tracer uptake measurements in Xenopus laevis oocytes. Transport of MPP" in

oocytes was measured 3–4 days after cRNA injection as described previously [10].

Uptake experiments were carried out as follows: groups of seven to nine oocytes were

incubated in 100 pil Na' buffer (100 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl,

10 mM HEPES/Tris, pH 7.2) containing MPP" (1 HM: 0.1 mM 'H-MPP" (82 Ci/mmol)

and 0.9 p.m. unlabeled MPP") at 25°C for 1 h. The uptake experiment was stopped by

washing the oocytes 5 times with 3 ml of ice-cold Na' buffer. Then the oocytes were

lysed with 100 pil 10% sodium dodecyl sulfate (SDS) individually, and the amount of

radiolabeled substrates associated with each oocyte was determined by liquid scintillation

counting. For inhibition studies, unlabeled nTAA compounds (50 puM) were added to the

reaction solutions.

In trans-stimulation studies, groups of 5–7 GFP-rOCT1 cKNA-injected or

uninjected oocytes were washed three times with K" buffer (2 mM NaCl, 100 mM KCl, 1

mM CaCl2, 1 mM MgCl2, 10 mM HEPES/Tris, pH 7.2). The oocytes were then rapidly

injected with 50 nl of a K’ solution containing an unlabeled nTAA compound. The
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concentration and injection volume were chosen based upon an average oocyte

intracellular volume of 500 nl to produce intracellular nTAA concentrations that would

be at saturating levels (i.e. > 10-fold the Kn, or Ki value). Oocytes injected with 50 nl of

K’ buffer were used for controls in the trans-stimulation studies. After injections, the

oocytes were quickly transferred to a small disposable borosilicate glass culture tube; any

remaining K’ was aspirated off, and 85 pil of MPP" (1 mM: 0.1 mM 'H-MPP" and 0.9 pm

unlabeled MPP") in K’ buffer was added. MPP" uptake was stopped after 10 min by

washing the oocytes 5 times with 3 ml of ice-cold K’ buffer. The radioactivity associated

with each oocyte was then determined by scintillation counting.

Statistical analysis of the inhibition and trans-stimulation data was carried out by

unpaired t test where P × 0.05 was considered significant.

MDCK transfection. The EMBL MDCK II strain was a generous gift from Dr.

Karl Matlin. The cells were maintained at 37°C in a 95% air-5% CO, atmosphere in 10

cm dishes and fed with MEM Eagle's Media with Earle's BSS containing glucose (1.0

g/L) supplemented with 5% heat inactivated FBS, 100 units/ml penicillin, and 100 pg/ml

streptomycin. Cells were transfected with pEGFPC1-rCCT1, pEGFPC1-rCCT1A, or

pEGFPC1 by the calcium phosphate method as described previously [11]. Briefly,

subconfluent cells were exposed to a DNA-Ca” solution for 6–8 hours prior to glycerol

shock. Cells were then allowed to recover in media at 37°C for three days. Then stable
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clones were selected in media containing 0.7 mg/ml G418 (Calbiochem, La Jolla, CA).

After 10 – 14 days, individual stable clones were isolated and positive clones further

selected by immunohistochemistry and functional assays. A single clone was selected

and used for all subsequent experiments.

Transport studies using MDCK cell lines. For transport studies, MDCK cells

were polarized by growth on Transwell(B) filters (Costar, Cambridge, MA) with a 0.4 pm

pore size at a confluent density for 7 days with regular media changes. Immediately

before the transport experiments, cells were washed once with PBS (room temperature)

on both the apical and basolateral sides. The transport experiment, carried out at room

temperature, was commenced by adding "C-TEA (50 puM) in the presence or absence of

200 puM quinidine, an organic cation transporter inhibitor, to either the basolateral (0.5

ml) or apical (0.2 ml) compartments; substrate-free PBS was left on the opposite side.

Uptake was stopped at 10 min by aspirating off the uptake solution and washing the wells

three times in ice-cold PBS buffer. The filters were then allowed to dry at room

temperature, after which they were carefully cut from the plastic supports, and placed in

scintillation vials. Three ml of scintillation fluid (EcoLite(+)", ICN Biochemicals, Inc.,

Aurora, OH) was added to each vial and the radioactivity associated with each filter was

determined by liquid scintillation counting on a Beckman counter. To determine protein

levels, the cells were solubilized in 0.5 ml of 1 M NaOH for 2 h, neutralized by the
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addition of 0.5 ml 1 M HCl, and protein levels determined using the Bio-Rad DC Protein

Assay (BioFad, Hercules, CA) with a BSA standard (Pierce, Rockford, IL). Statistical

analysis was carried out by unpaired ttest where P × 0.05 was considered significant.

Confocal microscopy studies. For microscopy studies, cells were polarized by

growth on filters for 7 days as described above. Polarized cells were fixed with 4%

paraformaldehyde, permeablized with 0.025% (w/v) saponin in PBS, stained with Texas

red conjugated phalloidin (Molecular Probes, Eugene, OR) to visualize actin and

mounted on slides in Vectashield mounting medium (Vector Laboratories, Inc.,

Burlingame, CA). Samples were analyzed using a Bio-Rad MRC-1024 confocal

microscope. Images were processed with Adobe Photoshop 5.0.

Chemicals. "C-TEA (55mCi/mmol) was obtained from American Radiolabeled

Chemicals Inc. (St. Louis, MO). Cell culture media, serum, and antibiotics were

purchased from the UCSF Cell Culture Facility. All other unlabeled compounds and

buffer components were purchased from Sigma (St. Louis, MO). All plastic cell culture

supplies were from Corning Costar Corp (Corning, NY).

Results

Functional characterization of GFP-tagged rCCT1 expressed in Xenopus laevis

oocytes. To determine whether the N-terminal GFP tag altered the function of rCCT1,
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functional studies of GFP-rOCT1 were carried out in Xenopus laevis oocytes. Two types

of functional studies using nTAA compounds were carried out: cis-inhibition and trans

stimulation. The cis-inhibition studies were performed to determine whether the GFP tag

affected the binding of inhibitors to rCCT1. In the cis-inhibition studies, the potencies of

the nTAA compounds (50 puM) for both GFP-rOCT1 and rCCT1 increased with alkyl

chain length, and were not statistically different from each other for the two transporters

(P<0.05) (Fig. 1). Trans-stimulation studies were undertaken to determine if the GFP

tag altered the countertransport function of rCCT1. These studies were carried out under

depolarized conditions (i.e. in high potassium buffer) to minimize the effects of

membrane potential on 'H-MPP influx or efflux of the unlabeled nTAA compounds.

Comparable to rCCT1, ‘H-MPP influx in oocytes expressing GFP-rOCT1 was trans

stimulated by TEA and trans-inhibited by TPrA, TBA, and TPeA (Fig. 2). TMA, the

Smallest nTAA compound, trans-stimulated both the tagged and untagged transporters;

however, the degree of TMA trans-stimulation was significantly different for GFP

rOCT1 (P<0.05), suggesting that the GFP tag might alter the countertransport function

of roCT1 for TMA (Fig. 2).

Functional localization of GFP-rOCTI in polarized MDCK. The intracellular

localization of GFP-rCCT1 was first determined functionally by measuring "C-TEA

uptake from the basolateral or apical membrane compartments of MDCK cells stably
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expressing GFP-rOCT1. Membrane-specific uptake of “C-TEA should reflect the

intracellular localization of GFP-rCCT1. "C-TEA uptake at the basolateral membrane of

rOCT1-pEGFP-C1 transfected cells was significantly enhanced over empty vector

transfected cells (P<0.05) (Fig. 3). Enhanced uptake of "C-TEA across the apical

membrane was also significantly greater in GFP-rOCT1 cells compared to GFP

expressing cells (P<0.05) (Fig. 3). But relative to the enhancement of "C-TEA uptake

in the BLM, the enhanced uptake in the apical membrane was minor. Empty vector

transfected cells did not exhibit significant differences in "C-TEA uptake compared to

untransfected controls (Fig. 3). In addition, "C-TEA uptake mediated by GFP-rOCT1

was blocked by 200 puM quinidine, a potent organic cation transporter inhibitor. Both the

parental MDCK cell line and the cell line stably transfected with GFP apparently express

an endogenous organic cation transporter in the BLM, as quinidine significantly reduced

the basolateral uptake of "C-TEA in these cell lines (Fig. 3).
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Figure 1. Effect of nTAA compounds (50 pm) of increasing chain length on "H-MPP"

(1 mM) uptake mediated by wildtype rCCT1 and GFP-rCCT1 expressed in Xenopus

laevis oocytes. The uptake of 'H-MPP" (1 h) in Na’ uptake buffer was measured in

oocytes expressing wildtype rCCT1 (O) or GFP-rOCT1 (O). Each data point represents

the mean rate of uptake as percent of control in which no inhibitor was present. Data

represent mean values + SE of three experiments in separate batches of oocytes. Six to

nine oocytes were used for each uptake experiment. Wildtype rCCT1 data has been

previously published by our laboratory [12, Chapter 3].
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Figure. 2. Effect of trans nTAA compounds on the influx of 'H-MPP" in Xenopus laevis

oocytes expressing wildtype or GFP-tagged rCCT1. Oocytes, depolarized using K’

uptake buffer (100 mM K' and 2 mM Na"), expressing either wildtype rCCT1 (open bars)

or GFP-rOCT1 (dark bars) were injected with 50 ni of an unlabeled nTAA compound

dissolved in K’ buffer to give the final intracellular nTAA concentrations indicated in the

figure (control oocytes were injected with 50 nl of K’ buffer). The 10-min uptake of ‘H-

MPP' (1 piM) in K’ buffer was then measured. The mean control uptake (trans-zero) was

taken as 100%. Data represent mean + S.E. from three separate experiments; 5–9

oocytes were used per compound per experiment. (* significantly different from the

untagged transporter, P × 0.05).
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Figure 3. Functional localization of GFP-rCCT1 stably transfected in MDCK. Antibiotic

(G418)-resistant MDCK cell clones stably transfected with the parent vector, pFGFP

(GFP), or the rCCT1-containing vector, roCT1-pEGFP (GFP-rCCT1), were isolated.

Cells were polarized by growth on 0.4 pm filters (Costar) for seven days. Uptake of "C-

TEA (50 puM) at either the apical or basolateral membrane was examined in the absence

(open bar) or presence (dark bars) of 200 puM quinidine, a potent OCT-inhibitor. Data are

mean values + S.E. for 4 to 6 filters from two separate experiments. (* significantly

different from pEGFP (empty vector) transfected cells, P : 0.05).
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Localization of GFP-rCCT1 and GFP-rOCTIA in stably transfected MDCK cell

lines. GFP-rOCT1 and GFP-rOCT1A transfected MDCK cells were grown as polarized

monolayers on permeable supports and examined by confocal microscopy to examine

intracellular localization. Vertical optical sections of both clones at 488 nm show

basolateral membrane staining patterns (Figs. 4 and 5). In contrast, empty vector

transfected cells, containing GFP, display diffuse cytosolic staining and untransfected

cells display no GFP staining (Fig. 4). These results suggest that both GFP-rOCT1 and

GFP-rOCT1A are localized to the lateral membrane of polarized MDCK cells.
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Figure 4. Vertical optical sections of MDCK cell lines visualized by confocal

microscopy. MDCK cell lines stably transfected with GFP-rCCT1 (A), GFP-rOCT1A

(B), GFP (C), or untransfected MDCK cells (D) were polarized by growth on filters for 7

days. Cells were fixed, permeablized, and stained for actin with Texas red conjugated-X

phalloidin (red). GFP fluorescence (green) is present only in the lateral membranes in the

cell lines expressing GFP-rCCT1 (A) and GFP-rCCT1A (B). In contrast, the signal is

evenly distributed throughout the cytoplasm of cells expressing GFP (C) and is not

present in untransfected cells (D). Sections are shown with apical membrane on top.

Bar, 10 um

()
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Figure 5. Cellular localization of GFP-10CT1 in polarized MDCK cells determined by yº
confocal microscopy. Successive images from the apical to the basolateral membrane are s

>

shown in the five en face images (A - E): A and B correspond to the apical membrane, A.

Jºy"
and C - E correspond to the lateral membrane. Texas red conjugated-X phalloidin was !

used to stain actin (red). GFP fluorescence is present only in the lateral membranes. º
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Discussion

During the past decade, five organic cation transporter isoforms have been cloned

and functionally characterized. To better understand their physiological roles in renal

transport, their cell biology and function need to be investigated. In particular, studies of

the intracellular localization patterns, sorting and regulation mechanisms of these

transporters should lead to a better understanding of their roles in renal organic cation

transport. Model systems, such as stably transfected polarized cell lines, are powerful

systems to study these aspects of transporter biology and function. In addition, it is

possible to use GFP-tagged transporters in such model systems, which expands the

experimental possibilities to include visualizing GFP-tagged transporters dynamically

within living cells.

The primary goal of this study was to establish a polarized cell culture model of

OCT1 that could be used to study the cell biology and function of this transporter. To

this end, we stably transfected a GFP-tagged rCCT1 construct in MDCK cells. This

model system was used to determine the intracellular localization of rCCT1 in polarized

cells. A secondary goal of this study was to determine whether a BLM-sorting sequence

found in rCCT1 is required for its membrane targeting.

Originally established from distal tubules of adult female cocker spaniel, the

MDCK cell line has several properties that make it a good model of a polarized epithelial
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º
ºcell for use in studying protein trafficking and function. First, it forms tight junctions,

which definitively segregate the basolateral and apical membranes. Second, the MDCK

cell line fully polarizes by growth on permeable support. Third, its protein trafficking

patterns appear to mimic those of native tissue for membrane proteins [13-15]. In order

to visualize rCCT1 within MDCK, stable transfections of GFP-tagged rCCT1 fusion

proteins were generated. GFP is a 27 kDa autofluorescent protein originally derived from

the jelly fish, Aequorea victoria, which has been applied to investigate diverse problems

in biology [16–19]. In the membrane protein fields, GFP-tagged transporters, channels,

and receptors have been used to study the intracellular targeting, sorting mechanisms and

pathways, and regulation of these proteins [5-8, 20–26].

One potential drawback of using GFP-transporter chimeras for these types of O

studies is that the GFP tag may affect the function of the protein being studied. In order * {

~y

to determine whether the GFP-tag altered the function of rCCT1, we expressed GFP- yº,
º

1

rOCT1 in Xenopus laevis oocytes and carried out cis-inhibition and trans-stimulation o

"…

studies. Our data indicate that the GFP tag does not alter the function of rCCT1 (Figs. 1 º

& 2). s
- - - - -

A.
Our results clearly demonstrate that GFP-rOCT1 is localized within the lateral

--

º

membranes of polarized MDCK cells (Figs. 4 & 5). Our results are in agreement with

two recent studies in intact tissue demonstrating that rCCT1 is localized to the BLM [27, º
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28]. rCCT1 has been shown previously to function as a potential sensitive organic cation

transporter; it transports organic cations down the electrochemical gradient, which is also

consistent with a BLM organic cation transporter [29]. These two pieces of information

— lateral localization and potential sensitive transport — provide compelling evidence that

rOCT1 functions in the secretory transport of drugs, transporting organic cations from the

blood, across the BLM, and into tubule cells. As the basolateral membrane is generally

considered to be a homogeneous membrane, it is interesting that GFP-rOCT1 appears to

be localized only to the lateral membrane. The significance of this result is currently

unclear; however, similar localization patterns have been found for other membrane

transporters including MRP6 [30]. Although it is possible that GFP altered the

localization of rCCT1, previous studies of GFP-tagged transporters, receptors, and

channels, suggest that GFP does not alter localization of membrane proteins [5-7, 20, 31,

32].

Results from the functional studies in stably transfected MDCK cells confirm that

GFP-rOCT1 is localized to the basolateral membrane (Fig. 3). “C-TEA uptake across the

BLM was greatly enhanced in MDCK cells expressing GFP-rOCT1 compared to GFP

expressing cells or untransfected cells (Fig. 3). Furthermore, the potent organic cation

transporter inhibitor quinidine potently blocked GFP-rOCT1 mediated uptake of "C-
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TEA. In contrast, the apical uptake rates of "C-TEA were similar in all three cell lines

(Fig. 3).

Tyrosine-based sorting sequences, such as YXXA (where Y is tyrosine, X is any

amino acid, and A is any aliphatic amino acid), are thought to play a role in the targeting

of membrane proteins to the BLM of polarized epithelial cells [15, 33-35]. rCCT1 has

such a sequence, YLQV, in its carboxyl-terminus at amino acids 545 - 548. To

investigate whether this sequence is required for the sorting of GFP-rOCT1 to the BLM

of MDCK cells, a truncated protein termed GFP-rOCT1A, which lacks amino acids 545 -

556, was stably expressed in MDCK cells. The results of the localization studies of GFP

rOCT1A suggest that the YLQV sequence is not required for the BLM targeting of

rOCT1 (Fig. 4B). This raises the interesting possibility that other targeting sequences are

responsible for the BLM localization of rCCT1.

In summary, we created a stable transfection in MDCK of GFP-tagged rCCT1

and determined that GFP does not affect the function of rCCT1. GFP-rOCT1 was

localized to the BLM of polarized MDCK cells by confocal microscopy and functional

studies. A truncated form of GFP-rOCT1, GFP-rOCT1A, which lacks a BLM-sorting

sequence, also sorted to the BLM, suggesting that other sorting sequences are responsible

for the membrane targeting of rCCT1. The cell culture model established in this study
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can be further used to investigate the sorting pathways, post-transcriptional regulation, º

and function of rCCT1.
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CHAPTER 6

ARGININE 454 OF THE ORGANIC ANION TRANSPORTER, rCAT3, IS

ESSENTIAL FOR PARA-AMINOHIPPURATE TRANSPORT

Introduction

Many therapeutic agents and toxic substances carry a net charge under

physiological conditions, which hinders their simple diffusion across biological

membranes. Organisms have evolved transporter proteins, which are involved in the

absorption and disposition of charged organic compounds. Organic cation transporters

(OCTs) and organic anion transporters (OATs) are major protein families which appear

to have evolved from a common ancestral protein [1], but have different substrate and in

particular charge selectivities. In general, OCTs transport positively charged organic

molecules whereas OATs transport negatively charged organic ions [2–4]. During the

past decade a number of mammalian OCT and OAT isoforms have been cloned and

subsequently characterized in heterologous expression systems.

Three OCT isoforms (OCT1-3) [5-15] and four OAT isoforms (OAT1-4) [2, 16

23] have been cloned from several mammalian species. Hydropathy analyses of these

transporters suggest that all share a common secondary structure composed of twelve

membrane spanning alpha-helices, and all have two large loops: an extracellular loop
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between TMD 1 and TMD 2, and an intracellular loop between TMD 6 and TMD 7.

Although evolutionary analyses suggest that OCTs and OATs evolved from the same

ancestral protein [1], OCTs share only about 30-40% sequence identity with OATs, and

their substrate specificities are distinct. When overexpressed in either Xenopus laevis

oocytes or mammalian cells, OCTs mediate the uptake of small, hydrophilic organic

cations such as 1-methyl-4-phenylpyridinium (MPP”), tetraethylammonium (TEA), and

guanidine, but do not interact with substrates of organic anion transporters such as para

aminohippurate (PAH) [3, 24–26]. Likewise, OATs have been shown to transport several

organic anions, but do not, in general, interact with organic cations [2]. One notable

exception to this charge specificity is rat organic anion transporter 3, rCAT3, an organic

anion transporter cloned from rat brain [21], which transports the weak base cimetidine as

well as the organic anions PAH, estrone sulfate, and ochratoxin A.

The goal of this study was to identify structural domains and amino acid residues

involved in determining the substrate specificity of rCAT3. Our studies indicate that (a)

the substrate recognition site resides in the carboxyl-terminal half of the transporters and

that (b) arginine 454 of roAT3 is an “anionic recognition site” essential for PAH but not

for cimetidine transport. This is the first study to delineate molecular determinants

involved in substrate and charge specificity of a member of the OAT family.
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Materials and Methods

Construction of chimeric transporters and site-directed mutagenesis. The cDNAs

of wildtype rCCT1 and rCAT3 (GenBankTM accession numbers X78855 and AB017446)

were amplified by RT-PCR using an oligo (dT) primer (GIBCO BRL, Rockville, MD)

with total RNA isolated from rat kidney and rat brain (Clontech, Palo Alto, CA),

respectively. The primers for PCR were designed from the published sequences. The

pair of primers for rCCT1 were 5’-aagcttccagccatgcccaccgtggatgatg-3’ (sense), 5'-

ggat.cctcaggtacttgaggacttgcctgtttggac-3’ (antisense); the pair of primers for rCAT3 were

5'-gaattccttgcctggtgccatgacctettccg-3’ (sense), 5'-ggatccgggtc.ctatocaccagtcttcagcggg-3'

(antisense). The cDNAs were subcloned into a pCX vector [27] under the control of a T3

promoter.

Genetics Computer Group software (Wisconsin Package, version 10.1) was used

to align the nucleotides and the deduced amino acid sequences of rCCT1 and rCAT3.

Secondary structure models were generated using the TOPO program (Johns, S.J. and

Speth, R. C.) based on output from HMMTOP, an automatic server for predicting

transmembrane helices and topology of proteins (http://www.enzim.hu/hmmtop■ ) [28]. A

rOAT3/rOCT1 chimera consisting of TMD 1 to TMD 5 of rCAT3 and TMD 6 to TMD

12 of rCCT1 was obtained by equivalent exchange at an internal Hae II site (position 704

in rCAT3, and position 787 in rCCT1). That is, the fragment between Hae II and C

terminal of rCAT3 was switched with the same fragment of rCCT1. The sequence of the
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rOAT3/rCCT1 chimera was confirmed by automated DNA sequencing in the

Biochemical Resource Center at the University of California at San Francisco.

The Stratagene Quikchange" site-directed mutagenesis kit (La Jolla, CA) was

used to construct mutant cDNA following the manufacturer's protocols. Mutants with

single amino acid substitutions R454D (arginine 454 to aspartic acid) and R454N

(arginine 454 to asparagine), were prepared using the cDNA of wildtype rCAT3 as the

template. The sequences of R454D and R454N mutants were confirmed by directed

DNA sequencing.

cRNA transcription and expression in Xenopus laevis oocytes. Oocytes were

harvested from oocyte positive Xenopus laevis (Nasco, Fort Atkinson, WI) and were

dissected and treated with collagenase D (Boehringer-Mannheim Biochemicals,

Indianapolis, IN) in a calcium-free ORII solution as previously described [6]. Oocytes

were maintained at 18 °C in modified Barth's medium. Healthy stage V and VI oocytes

were injected with capped cKNA (1 pg/ul) that was transcribed in vitro with T3

polymerase (mCAP RNA Capping kit; Stratagene) from Not I linearized plasmids

containing transporter cDNA inserts.

Tracer uptake measurements. Transport of radiolabeled compounds in oocytes

was measured 3–4 days after cRNA injection as described previously [6]. The

compounds were used at the following concentrations: 'H-MPP" (1 puM) (82 Ci/mmol),

*H-cimetidine (1 mM) (15 Ci/mmol), 'H-PAH (10 plM) (4 Ci/mmol), 'H-estrone sulfate
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(150 nM) (53 Ci/mmol) and 'H-ochratoxin A (550 nM) (18 Ci/mmol). Uptake

experiments were carried out as follows: groups of seven to nine oocytes were incubated

in 100 pil Na' buffer (100 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM

HEPES/Tris, pH 7.2) containing a radiolabeled compound at 25°C for 1 h. Uptake was

stopped by washing the oocytes 5 times with 3 ml of ice-cold Na' buffer. Then the

oocytes were lysed with 100 pil 10% sodium dodecyl sulfate (SDS) individually, and the

amounts of radiolabeled substrates associated with each oocyte were determined by

liquid scintillation counting. For inhibition studies, unlabeled compounds (1 mM) were

added to the reaction solutions as needed.

Partition coefficient determinations. In order to study the lipophilicity of the

organic anion substrates, the partition coefficient (log P) values were determined from an

n-octanol and water system at pH 7.4 using methods similar to those previously reported

[29, 30]. Briefly, 500 pil of radiolabeled PAH, ochratoxin A, and estrone sulfate water

solutions were prepared. Then each organic anion aqueous solution was mixed with 500

|ll n-octanol by vortexing. The aqueous and organic layers were then separated by

centrifugation, and the concentrations of the organic anions in the two layers were

determined by scintillation counting.

Data analysis. Values are expressed as mean it standard error (S.E.) or mean +

standard deviation (S.D.) as indicated in the legends. Six to nine oocytes were used to
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generate a data point in each experiment. Due to the intrinsic variability in the expression

levels of the transporters between batches of oocytes, the data shown in the figures are

generally from a representative experiment performed in the same batch of oocytes.

However, replicate experiments performed using oocytes from different donor frogs

produced qualitatively similar results. The kinetic parameters (apparent Km and Vmax)

were determined by nonlinear least squares fits of substrate/velocity profiles to the

Michaelis-Menten equation using Kaleidagraph (Version 3.0, Synergy Software).

Materials. All unlabeled compounds (inhibitors) and buffer components were

purchased from Sigma (St. Louis, MO). Radiolabeled compounds were from the

following suppliers: 'H-MPP" (82 Ci/mmol) (Dupont-New England Nuclear, Boston,

MA), 'H-cimetidine (15 Ci/mmol) (Amersham Life Sciences, Arlington Heights, IL), *H-

PAH (4 Ci/mmol), 'H-estrone sulfate (53 Ci/mmol) and ‘H-ochratoxin A (18 Ci/mmol)

(NEN Life Science Products, Boston, MA). Oligonucleotide primers were synthesized

by GIBCO BRL (Rockville, MD).

Results

Substrate specificity of wildtype rCAT3. To characterize the substrate selectivity

of the wildtype organic anion transporter, rCAT3, we studied the uptake of cimetidine,

MPP" and PAH. In oocytes expressing rCAT3, cimetidine and PAH uptakes were ~15

fold and ~10-fold enhanced respectively, over the uninjected oocytes (Fig. 1), similar to
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the previous report from Kusuhara and co-workers [21]. In contrast, MPP" uptake was

only ~2-fold enhanced in oocytes expressing rCAT3. We examined the nature of the

interaction between cimetidine and PAH with rCAT3. Preliminary experiments showed

that PAH uptake was inhibited by 1 mM cimetidine, and cimetidine uptake was inhibited

by 1 mM PAH (data not shown). Further kinetics studies (Fig. 2) showed that PAH (500

puM) significantly increased the apparent Michaelis-Menten constant (Km) of cimetidine

for rCAT3, from 40 + 6 plM to 289 + 92 puM, whereas the maximum uptake rate (Vmax)

did not change significantly (49 + 2 pmol/oocyte/h to 63 + 8 pmol/oocyte/h). A high

concentration, 500 puM, of PAH was used to ensure significant inhibition of cimetidine

transport; the Km value of PAH for rCAT3 is 65 puM. Cimetidine (250 puM) also

significantly increased the Km of PAH for rCAT3, from 278 + 48 HM to 1240+ 186 puM,

whereas the Vm, did not change significantly (72 + 5 pmol/oocyte/h to 78 + 7

pmol/oocyte/h) (data not shown). These data indicate that PAH inhibits cimetidine

uptake by rCAT3 in a competitive manner and vice versa, suggesting that the two

compounds share a common recognition site in rCAT3.

Substrate selectivity of a rCAT3/rOCT1 chimera. To determine the domains of

rOAT3 and rCCT1 involved in substrate recognition and permeation, chimeric

transporters of rCAT3 and rCCT1 were constructed and their substrate and charge

selectivities were examined. A chimera rCAT3, s: rCCT16-12 corresponding to the TMD
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segments 1-5 of rCAT3 and 6-12 of rCCT1 was constructed from the wildtype

transporters (Fig. 3). The splice site between rCAT3 and rCCT1 within the putative

extracellular loop between TMD 5 and TMD 6 was selected to minimize the disruption of

the TMDs. Functional studies (Fig. 4) indicated that rCAT3, s : rCCT16.12 maintained

similar functional characteristics as wildtype rCCT1. In particular, this chimera

transported MPP", a model organic cation, but not PAH, a model organic anion. These

results suggest that the domains responsible for substrate recognition largely reside

within the carboxyl-terminal half of the transporter. Chimeras with smaller regions of

TMD 6-12 from rCCT1 were nonfunctional (data not shown). Therefore, to further

delineate the molecular basis for substrate recognition and translocation by rCAT3, site

directed mutagenesis studies were undertaken.
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Figure 1. Substrate selectivity of wildtype rCAT3. The uptake of 'H-cimetidine (1 piM)

(striped bar), MPP" (1 puM) (dark bar), and PAH (10 puM) (open bar) was measured in

uninjected (control) oocytes and in oocytes injected with 50 ng of rCAT3 cRNA. Data

are mean values + S.D. for 7-9 oocytes.
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Figure 2. The inhibitory effect of PAH on rCAT3-mediated cimetidine transport. The

rate of 'H-cimetidine uptake at various concentrations was measured without (O) or with

(A) PAH (500 puM). Oocytes were injected with 50 ng of rCAT3 cRNA. In the absence

of PAH, the apparent Km and Vmax values for cimetidine were 40 + 6 puM and 49 + 2

pmol/oocyte/h. In the presence of 500 puM PAH, the apparent Km and Vmax values for

cimetidine were 289 + 92 puM and 63 + 8 pmol/oocyte/h. Kinetic parameters were

determined by fitting the data to the Michaelis-Menten equation using a nonlinear least

squares regression-fitting program. rCAT3-mediated transport was obtained by

subtracting the transport velocity in uninjected oocytes from that in rCAT3 expressing

oocytes. Data are mean + S.E. for 6-8 oocytes.
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Figure 3. Secondary structure of wildtype and chimeric transporters. Wildtype rCAT3

(A) has 536 amino acids and wildtype rCCT1 (B) has 556 amino acids. Both wildtype

transporters are predicted to have twelve transmembrane domains. The chimera (C)

contains the first 235 amino acids of rCAT3, which corresponds to the first five

transmembrane domains, and amino acids 263-556 of rCCT1, which corresponds to

transmembrane domains six through twelve.
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Figure 4. Substrate selectivity of wildtype and chimeric transporters. The uptake of H

MPP' (1 mM) (dark bar) and 'H-PAH (10 puM) (open bar) was measured in uninjected

(control) oocytes and in oocytes injected with 50 ng of rCAT3, rCCT1, or chimera

(rOAT3).s; rCCT1:...) cRNA. Data are mean values + S.D. for 7-9 oocytes.
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Functional characteristics of arginine 454 mutants of rCAT3. Alignments of

OAT and OCT sequences were performed to identify candidate amino acid residues in

TMD segments 6-12 that could be responsible for the substrate selectivity of rCAT3. For

anion selectivity, we looked for conserved basic amino acids in OATs in these

alignments. Sequence alignments showed that there are three conserved basic amino

acids in the OAT family: histidine 34, lysine 370 and arginine 454. We hypothesized that

arginine 454 may be critical in substrate discrimination between anions and cations

because all OCTs have a conserved negatively charged aspartic acid residue at the

corresponding position (Fig. 5). According to the predicted secondary structure of OATs,

arginine 454 resides in the middle of TMD 11 of rCAT3 (Fig. 6). In order to investigate

the functional significance of this residue, the mutants R454D and R454N, in which the

positively charged arginine was replaced by the negatively charged aspartic acid or the

uncharged polar amino acid, asparagine, respectively, were constructed. The uptakes of

*H-cimetidine, 'H-MPP" and 'H-PAH in oocytes injected with rCAT3, R454D or R454N

cRNA and uninjected (control) oocytes are shown in Fig. 7. ‘H-PAH uptake was

dramatically reduced in oocytes expressing the R454D and R454N mutants, which

suggests arginine 454 is essential for PAH transport by rCAT3. In contrast, both

wildtype rCAT3 and the mutants R454D and R454N maintained similar cimetidine

uptake activities (more than 10-fold). Further kinetics studies of cimetidine transport

demonstrated that the Km of cimetidine is slightly changed in oocytes expressing R454N
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and R454D (69 + 10 p.M and 103 + 12 puM, respectively) compared to 48 + 8 plM in

oocytes expressing the wildtype transporter. Therefore, arginine 454 appears to be

essential for PAH but not for cimetidine transport by rCAT3.

Estrone sulfate and ochratoxin A are also substrates of rCAT3 [21], and our

studies showed that arginine 454 is also important in the transport of these two substrates

(Fig. 8). The uptakes of estrone sulfate and ochratoxin A were ~48 and ~32-fold

enhanced in oocytes expressing wildtype rCAT3, and were only ~6 and ~5-fold enhanced

in oocytes expressing R454D. Interestingly, estrone sulfate, ochratoxin A, the

hydrophobic organic anions probenecid, indomethacin, and furosemide, as well as the

hydrophobic organic cation, quinidine, potently inhibited 'H-cimetidine uptake mediated

by wildtype rCAT3 or R454D mutant (Fig. 9), indicating that for inhibition, these

compounds do not require arginine 454. In contrast, the findings that PAH was not able

to inhibit cimetidine transport by R454D suggest that arginine 454 is required for both

recognition and translocation of PAH as well as its ability to inhibit cimetidine

translocation.
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Figure 5. Multiple alignments of transmembrane domain 11 of the OCTs and OATs. The

conserved arginine in the OATs and the conserved aspartic acid in the OCTs are

highlighted.
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Figure 6. A model of the secondary structure of rCAT3 with arginine 454 in

transmembrane domain 11 highlighted.
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Figure 7. Substrate selectivity of wildtype rCAT3, and R454D and R454N mutants. The

uptake of 'H-cimetidine (1 mM) (striped bar), MPP" (1 puM) (dark bar), and PAH (10 puM)

(open bar) was measured in uninjected (control) oocytes and in oocytes injected with 50

ng of the cRNA of rCAT3, R454D or R454N.
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Figure 8. Substrate selectivity of wildtype rCAT3, and R454D and R454N mutants. The

uptake of 'H-cimetidine (1 MM) (striped bar), estrone sulfate (150 nM) (dark bar), and

ochratoxin A (550 nM) (open bar) was measured in uninjected (control) oocytes and in

oocytes injected with 50 ng of the cRNA of rCAT3, R454D, or R454N. Data are mean

values + S.D. for 7-9 oocytes.
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Figure 9. A) Inhibition of rCAT3 mediated 'H-cimetidine (1 piM) uptake by various

compounds or B) R454D mediated 'H-cimetidine (1 mM) uptake by various compounds.

Oocytes were injected with 50 ng of the cRNAs of rCAT3 or R454D. The concentration

of inhibitors was 1 mM. The values are expressed as a percentage of rCAT3 or R454D

mediated 'H-labeled cimetidine uptake in the absence of inhibitor. Open bar indicates

cimetidine uptake in water-injected control. Data are mean values + S.D. for 5-7 oocytes.
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Discussion

Although the functional properties of OAT and OCT isoforms have been

characterized, very little information regarding the molecular determinants of substrate

recognition for these transporters is available [31, 32]. Standard chimera and

mutagenesis studies have proven to be difficult when applied to OCTs because there is a

considerable overlap in the substrate specificities of OCT isoforms and the same has been

found for OAT isoforms. In this study we constructed novel chimeras of rCAT3 and

rOCT1 to identify large structural domains of the transporters which are critical in

substrate recognition. These studies were followed by site-directed mutagenesis to

identify specific residues responsible for substrate recognition in the OAT family.

The first aim of this study was to determine the structural regions involved in

substrate recognition by rCAT3 and rCCT1. Since all members of the OAT/OCT gene

family share a common secondary structure and appear to have evolved from the same

ancestral sequence [1], information regarding the large structural domains responsible for

substrate recognition of one isoform might provide insights on the binding domains for

other members of this gene family as well. To this end a number of rCAT3/rCCT1

chimeras were constructed and their transport properties assessed. Our results

demonstrate that the substrate recognition site for these transporters resides primarily in

the TMD 6-12 region (Fig. 4). Our attempts to construct a functional reciprocal chimera

with regions containing TM 6-12 of rCAT3 transplanted into rCCT1, and construct
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functional OAT/OCT chimeras with smaller OCT domains to identify more specific

regions important in substrate recognition were unsuccessful. These chimeras were

nonfunctional, possibly because they were not expressed in the plasma membrane due to

trafficking or stability problems [33, 34]. Since further chimera studies were

unsuccessful, site-directed mutagenesis studies of rCAT3 were performed to determine if

conserved, basic amino acids are involved in rCAT3 transport function.

We hypothesized that basic amino acids, such as arginine, lysine, and histidine,

which carry a positive charge, in the TMD 6-12 region could be important in rCAT3

transport function. In particular, basic residues may be important for interactions

between rCAT3 and charged anionic compounds. Of the three conserved basic residues

in the OATs (histidine 34, lysine 370 and arginine 454), only arginine 454 aligned with a

conserved negatively charged residue (aspartic acid) at the corresponding position in the

OCTs (Fig. 5). Recently, aspartate 475 of rCCT1, which is analogous in position to 454

in rCCT3 (Fig. 5), has been suggested to play a role in the transport function of rCCT1

[35]. Furthermore, arginine 454, located in TMD 11, is in the region (TMD 6-12) we

observed to be important in substrate recognition (Fig. 4). Therefore, we hypothesized

that this residue may be essential for the transport function of rCAT3.

In this study, we observed that the mutants, R454D and R454N, did not interact

with or transport the organic anion PAH. In addition, transport of the organic anion

substrates, estrone sulfate and ochratoxin A, was substantially reduced in oocytes
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expressing the mutant transporters in comparison to the wildtype rCAT3 (Figs. 7 & 8).

In contrast, the mutants retained the ability to transport the weak base, cimetidine (Fig.

7). Hydrophobic organic anions and cations inhibited cimetidine transport by both

R454D and wildtype rCAT3, whereas the hydrophilic organic anion PAH, which

competitively inhibited cimetidine transport by the wildtype rCAT3, did not inhibit

cimetidine transport by the mutant. Collectively, the mutagenesis studies support the

following major conclusions. First, arginine 454 plays a critical role in the recognition

and translocation of the organic anion substrates, PAH, estrone sulfate and ochratoxin A

by rCAT3. Second, arginine 454 is not essential for the transport of cimetidine by

rOAT3. Third, arginine 454 is not essential for the inhibitory effects of hydrophobic

organic anions and cations on cimetidine transport.

In the absence of three-dimensional information about the structure of organic

cation and anion transporters, it is difficult to develop a detailed molecular model

explaining these results. However, our data suggest that there is a distinct anion

recognition site (i.e., arginine 454) for PAH and other organic anion substrates. When

arginine 454 is replaced by aspartic acid, PAH does not interact with the mutant

transporter since it requires this site. The transport of estrone sulfate and ochratoxin A by

the mutant transporters is also severely impaired since these two anionic substrates

require arginine 454 for optimal translocation. In contrast, the basic compound,

cimetidine, does not require arginine 454 for interaction with the transporter and its
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translocation is not impaired in oocytes expressing the mutant transporters, R454D and

R454N. Hydrophobic organic anions and cations such as probenecid, indomethacin,

furosemide and quinidine as well as organic anion substrates, estrone sulfate and

ochratoxin A, still potently inhibit cimetidine transport by the R454D mutant suggesting

that these compounds interact with a site which is distinct from arginine 454. In contrast,

PAH does not inhibit cimetidine transport by the mutant transporter. We suggest that this

difference may be due to variances in hydrophobicity: PAH is considerably more

hydrophilic than estrone sulfate or ochratoxin A (log Prah = -2.18; log Pestone sulfate =

0.0389; log Poºhºosina = 0.0584). Our observations thus demonstrate that arginine 454 is

essential for the translocation of organic anion substrates of rCAT3 and also indicate the

existence of other sites involved in transport of cimetidine and interaction with

hydrophobic compounds.

This is the first report of the molecular basis for transporter specificity of an OAT,

which along with OCTs, are important determinants of the pharmacokinetic properties of

drugs. A better understanding of the binding sites of these transporters may lead to the

rational design of therapeutic agents with optimized pharmacokinetic profiles.
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CHAPTER 7

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS*

Introduction

Renal excretion is one of the major routes of drug elimination in the body. Most

drugs are eliminated to some extent by the kidneys and for many drugs the kidney is the

primary organ of elimination. As previously reviewed, the importance of renal transport

systems in drug elimination has been established for many xenobiotics, including

clinically used drugs [1-3]. Organic anion and organic cation transport systems are two

of the major drug transport systems in the mammalian kidney. During the past two

decades, organic cation and organic anion transport mechanisms have been studied

extensively using various tissue and membrane preparations and cell culture models.

These studies helped define transport mechanisms and, to a limited degree, substrate

specificities [2, 4, 5]. Since I started my dissertation research, many of the transporters

underlying these transport systems have been cloned, opening up new and exciting areas

of research in the pharmaceutical sciences. To date, more than fourteen distinct renal

organic anion transporters and organic cation transporters have been cloned and found to

belong to one of the following gene families: OAT, OAT-K/oatp, OCT, or OCTN.

Although more work is needed to fully decipher the roles of these transporters in renal

*Draft version to be published in the forthcoming Journal of Pharmaceutical Sciences.
Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.
Permission from the publisher is included in the “Acknowledgments”.
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drug elimination, significant progress has been made in the initial molecular and cellular

characterization of these transporters. In this conclusion chapter, I summarize and

evaluate the progress made in the cloning and characterization of organic anion

transporters and organic cation transporters and consider their roles in renal drug

elimination. Three critical areas are discussed: transport mechanism, intracellular

localization, and drug-transporter interactions. In addition, other topics will be briefly

discussed. The reader is referred to other recent reviews for more information on

additional aspects of organic cation transporters and organic anion transporters [6-11].

Transporters Involved in the Renal Elimination of Organic Cations

Background and significance. Renal secretion is a major pathway of elimination

for many clinically used organic cations. For example, amantadine, cimetidine, pindolol,

and quinidine are all secreted by the kidneys [1]. In addition, transport of toxic organic

cations (e.g. paraquat) into the kidneys may lead to nephrotoxicity. Over the past several

decades, the mechanisms of renal organic cation transport have been investigated using a

number of different tissue preparations and cell culture models [2, 4, 6]. From these

studies it was determined that multiple organic cation transporters exist in the BLM and

BBM of the kidney. These transporters are found primarily in the proximal tubule and, to

a lesser degree, in the distal tubule. At the BLM, several potential-sensitive organic

cation transport mechanisms have been described [2,4]. Thus, organic cations are

transported across the BLM down the electrochemical gradient. In contrast, at the BBM,

organic cation-proton antiport mechanisms have been described [2, 4). In this case,

organic cations are transported from inside the cell into the tubule lumen in exchange for

a luminal proton. These two systems working together result in net secretion of organic

cations from the blood to the tubule fluid. Recently, a number of the transporters

involved in these processes have been cloned.
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To date, five distinct organic cation transporter isoforms have been isolated.

Based on sequence analysis and functional data, these transporters fall into one of two

gene families: OCT or OCTN [6, 8, 9, 11]. The transporter isoforms have been termed

OCT1, OCT2, OCT3, OCTN1 and OCTN2. They are all expressed to some degree in the

kidney and are likely to play a role in the renal elimination of cationic drugs. In order to

understand the role of these transporters in renal drug elimination, their transport

mechanisms, membrane localizations, and substrate/inhibitor selectivities need to be

determined. Below we summarize this information for each of the organic cation

transporter isoforms.

OCT1: 1. Molecular characteristics. The first organic cation transporter, rCCT1, was

cloned by Grundemann and co-workers in 1994 from a rat kidney cDNA library using

expression cloning techniques in Xenopus laevis oocytes [12]. rCCT1 is 554 amino acids

in length and is predicted to have 12 TMDs. Following the cloning of rCCT1, the rabbit,

mouse and human orthologs were cloned using homology-based cloning methods [13

16]. These transporters have been termed rbOCT1, mOCT1, and hCCT1. The human

and rabbit orthologs are approximately 80% identical to rCCT1, whereas moCT1 shares

higher sequence identity with rCCT1. In addition, a novel splice variant of rCCT1,

termed rCCT1A, was later cloned by Zhang and co-workers [17]. This variant is

virtually identical to rCCT1 with the exception of a 104 base pair deletion at the 5-prime

end of the cDNA. 2. Tissue distribution and localization. Much work has been done to

characterize the tissue expression patterns and membrane localization of OCT1.

Northern blot analyses and in situ hybridizations show that mRNA transcripts of rCCT1

are primarily expressed in the liver (hepatocytes) and kidney (in the proximal tubules)

and are expressed at lower levels in the small intestine (enterocytes) (Table 1) [12, 18].

In the kidney, rCCT1 has been further localized to the BLM, while in the liver, it has

been localized to the sinusoidal membrane of the hepatocyte (Table 3) [19, 20).

156



Although the rabbit, mouse, and human homologs of OCT1 have not yet been localized

to particular membranes, their tissue expression patterns have been determined and are, in

general, similar to those of rCCT1 (Table 1). However, the relative amounts of each

isoform may vary from one tissue to another. Both rbOCT1 and hCCT1 are expressed

most strongly in the liver and have lower levels of expression in other tissues, including

the kidney and intestine (as well as the muscle and heart, for hCCT1) [14-16]. Thus,

overall, OCT1 has a wide tissue distribution with primary expression in the kidney and

liver. 3. Functional characteristics. All of the OCT1 orthologs have been shown to take

up the prototypical organic cations TEA and/or MPP". Furthermore, studies in X. laevis

oocytes have shown that transport of these organic cations by rCCT1, rbOCT1, and

hCCT1 is sensitive to membrane potential, a characteristic of the renal BLM organic

cation transporter [6, 12, 14, 15]. In addition, transport of substrates by rCCT1 is

significantly inhibited by numerous drugs, including procainamide, desipramine,

clonidine, araC, and AZT (Table 4). Many drugs also significantly inhibit hCCT1. A

recent study has shown that hydrophobicity is a major determinant of drug interactions

with hCCT1 (Table 4) [21, 22]. In general, the K values of most organic cations are

higher for hCCT1 than for rCCT1, suggesting that hoCT1 may have a lower affinity for

organic cations [21, 23, Chapter 3]. In a study comparing the kinetics and substrate

Selectivities among the cloned OCT1 transporters from mouse, rat, rabbit and human,

significant differences were found among these four transporters, which suggests that

OCT1 may be responsible, in part, for interspecies differences in the absorption,

distribution, and elimination of organic cations [23, Chapter 3].

OCT2: 1. Molecular characteristics. Soon after the cloning of rCCT1, rCCT2 was

cloned from a rat kidney cDNA library [24]. Subsequently, the pig, mouse, and human

orthologs were cloned and termed pCCT2, mOCT2, and hCCT2 [16, 25, 26]. The OCT2

cDNAs are predicted to encode proteins of 593, 555, 554 and 555 amino acids in length
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for the rat, human, pig and murine homologs, respectively. All of the OCT2 proteins are

predicted to consist of 12 TMDs. 2. Tissue distribution and localization. Unlike OCT1,

which has a wide tissue distribution, OCT2 is expressed predominantly in the kidney and

to a lesser extent in the brain (Table 1) [16, 24–28]. In situ studies demonstrate rCCT2

expression exclusively in the S3 segment of the proximal tubule [27]. The membrane

localization of OCT2 has been extensively studied, but many discordant results are found

in the literature (Table 3) [8, 16, 19, 25, 29]. However, detailed mechanistic studies in

stably transfected MDCK cells suggest that rCCT2 is a potential sensitive transporter,

which is consistent with a renal BLM OCT, and not a BBM organic cation:proton

exchanger [29]. 3. Functional characteristics. TEA is a substrate of rCCT2, hoCT2,

and pCCT2. rCCT2, like OCT1, is a potential-sensitive transporter [29]. The OCT2

class of transporters appears to interact with many of the same organic cation drugs as

OCT1, including procainamide, desipramine, and cimetidine (Table 4). In fact, inhibition

of TEA uptake in stably transfected MDCK cells indicates that rCCT1 and rCCT2 have

similar affinities for many organic cations [19]. But more work is needed to determine if

the specificities of these two isoforms completely overlap - a recent study has shown that

there are differences between rCCT1 and rCCT2 specificities, as least for some

compounds [30]. Studies in rCCT2 expressing NIH3T3 cells have shown that the anti

cancer drug cisplatin inhibits TEA uptake with a K, of 925 HM, but other anti-tumor

agents such as daunomycin and vinblastine did not interact with rCCT2 [31].

OCT3: 1. Molecular characteristics. OCT3 was first cloned from a rat placental cDNA

library [32]. Subsequently, the human and mouse orthologs were cloned [33-35]. OCT3

from rat and mouse each have 551 amino acid residues, whereas the human has 556; all

three transporters are predicted to consist of 12 TMDs. At the protein level, rCCT3

shares 95% and 83% identity with mCCT3 and hCCT3 (EMT), respectively. The OCT3

proteins share ~50% identity with the other two OCT isoforms. 2. Tissue distribution
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and localization. Unlike OCT1 and OCT2, OCT3 is expressed at high levels in the

placenta. In addition, Northern blot analysis demonstrates that rCCT3 is also expressed

in the kidney, intestine, heart, and brain (Table 1) [32]. Studies using in situ

hybridization have further localized rCCT3 to the hippocampus, cerebellum, and cerebral

cortex regions of the rat brain and to the cortex of the mouse kidney [18, 35]. While the

expression pattern of mCCT3 is similar to that of rCCT3, h0CT3 has a much broader

tissue distribution [34]. Northern blot analysis has shown that in addition to the placenta,

hOCT3 is highly expressed in the aorta, liver, prostate, salivary glands, adrenal glands,

skeletal muscle, and fetal lung [34]. Intracellular localization of OCT3 has not yet been

determined in any species. 3. Functional characteristics. Studies in a transfected human

retinal pigment epithelial cell line (HRPE) and Xenopus laevis oocytes have

demonstrated OCT3-mediated transport of the prototypical organic cations TEA,

guanidine, and MPP" [32, 35]. Efflux studies in HeLa cells as well as electrophysiology

studies in oocytes have shown that TEA transport via rCCT3 is H*-independent and

membrane potential dependent - the functional characteristic of a renal BLM organic

cation transporter [32]. Studies suggest that rCCT3 interacts with dopamine, the

neurotoxins amphetamine and methamphetamine, as well as a variety of steroids (Table

4) [18]. TEA uptake in rCCT3-transfected HRPE cells shows marked inhibition by the

steroids beta-estradiol, corticosterone, deoxycorticosterone, papaverine, testosterone, and

progesterone. Uptake studies have shown that hoCT3 transports a variety of organic

cations, including catecholamines [33, 35].

OCTN1: 1. Molecular characteristics. The first member of a new subfamily of organic

cation transporters (OCTNs), termed hCCTN1, was cloned from human fetal liver by

Tamai and co-workers in 1997 [36]. Recently, rCCTN1, the rat ortholog, was cloned

from placenta [37]. hCCTN1 and rCCTN1 consist of 551 and 553 amino acids,

respectively, and are predicted to have 12 TMDs. These two OCTN1 orthologs share
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85% identity at the protein level; in addition, they share ~ 70% identity with OCTN2 and

~ 30% identity with the OCT family. hCCTN1 is unique among the organic cation

transporters in that it has a nucleotide binding site sequence motif [36]. 2. Tissue

distribution and localization. Initial studies suggest that hCCTN1 has a broad tissue

distribution. Northern blot analysis shows strong mRNA expression of hCCTN1 in fetal

kidney, lung, and liver as well as adult kidney, trachea, and bone marrow (Table 1) [36].

Weak signals are detected in many other tissues. In addition, h0CTN1 mRNA

transcripts are detected in several human cancer cell lines. rCCTN1 is also expressed in

numerous tissues: intestine, liver, kidney, brain, thymus, lung, heart, spleen, and skin

(Table 1) [37]. Intracellular localization studies have not yet been performed for either

transporter. 3. Functional characteristics. rCCTN1 and hCCTN1 accept the prototypical

organic cation, TEA, as a substrate [36, 37]. However, kinetic studies in transfected

cells and X. laevis oocytes have shown that their affinity for TEA is lower than that of the

OCT family (Table 4) [36, 38]. TEA efflux from transfected HEK 293 cells expressing

hCCTN1 is stimulated by acidic pH in the external media, suggesting that transport via

hCCTN1 might be driven by a Hº gradient, the driving force of the renal BBM transport

system [38]. hCCTN1 transports not only TEA, but also other drugs and endogenous

compounds including quinidine, verapamil, and carnitine (Table 4) [38]. In addition,

hOCTN1 is inhibited by a variety of structurally diverse compounds including

cimetidine, procainamide, pyrilamine, quinine, cephaloridine, and verapamil (Table 4)

[38]. rCCTN1 interacts with many of these compounds, but some specificity differences

between roCTN1 and hCCTN1 have been reported (Table 4) [37].

OCTN2: 1. Molecular characteristics. hCCTN2 was originally cloned from a human

placental trophoblast cell line using homology screening. Since then the mouse and rat

homologs of OCTN2 have also been isolated [39, 40]. The OCTN2 cDNAs are

predicted to encode proteins of 557 amino acids and consist of 12 TMDs. The three
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OCTN2 orthologs share ~ 83% identity in amino acid sequence. OCTN2 is ~ 88%

similar to hCCTN1 and, like OCTN1, contains a nucleotide binding site sequence motif.

OCTN2 shares - 35% identity with members of the OCT family. 2. Tissue distribution

and localization. Northern blot analysis has shown that hCCTN2 is strongly expressed in

fetal as well as adult kidney, skeletal muscle, placenta, heart, prostate, thyroid, and brain

(Table 1) [41]. The fetal expression of OCTN2 differs from that of OCTN1 in that

hCCTN2 is expressed mainly in the kidney, while hCCTN1 is expressed mainly in the

liver. However, both hCCTN1 and hCCTN2 have a fairly wide tissue distribution. In

situ hybridization studies demonstrated that rCCTN2 is expressed in the kidney (cortex),

heart, placenta, and brain (Table 1) [40]. 3. Functional characteristics. Studies in

transfected HEK293 cells have shown that unlike most organic cation transporters,

hOCTN2 does not significantly take up TEA [41]. However, it transports carnitine in a

sodium-dependent fashion [40]. Carnitine transport can be inhibited by desipramine and

verapamil [40]. In contrast, the rat homolog rCCTN2 takes up TEA to an extent greater

than carnitine [40]. Studies in HRPE cells have demonstrated that rCCTN2 TEA uptake

is sodium-independent, whereas rCCTN2-mediated carnitine uptake is sodium-dependent

[40]. Both hCCTN2 and rCCTN2 transport the acyl esters of carnitine, acetyl-L-ester

and propionyl-L-carnitine and exhibit electrogenic transport of carnitine [40]. In

addition, both transporters have been shown to interact with numerous drugs; however,

comprehensive substrate specificity studies, including kinetic studies, remain to be

performed (Table 4) [40, 42]. Recently Wagner and co-workers have shown that

carnitine transport via hOCTN2 is electrogenic [43]. In addition, they conducted

experiments to determine whether hCCTN2 is also capable of operating as an organic

cation-proton antiporter using TEA, choline, and carnitine as model organic cations; the

results of these experiments suggest that hCCTN2 does not function in this mode [43].
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Table 1. Organic cation transporter expression in adult kidney, liver, intestine, and

brain".

Transporter Kidney Liver Intestine Brain Reference

mCCT1 XXX XXX XXX NF [13]
rOCT1 S, XXX; XXX; S, XXX: S, x; x; # NF, NF, NF [12, 18, 25]

### XXX:

###

rOCT1A r, ### ### # NF [17]

rbOCT1 # ### # ND [14]
hCCT1 x, # XXX, NF, # x, # [15, 16]

:k:k:k

mOCT2 >k:k:k NF ND # [26]

rOCT2 ***, ###, s NF, NF, NF, NF, ND NF, ##, ND [24, 25, 27]
ND

hOCT2 ***, s, ND NF, ND #, ND #; x, S [16, 28]
mCCT3 S ND ND ND [35]
rOCT3 X, X NF, NF xx, xx X, S: X [18, 32]
hCCT3 ND, xx, ** ###, ND, ND, #, NF, # [33-35]

xxx, xx NF

rOCTN1 XX, S XXX XXX X, S [37]

hCCTN1 XXX NF NF NF [36]

rOCTN2 S ND ND S [40]
hCCTN2 XXX, XXX X, X xx, ND X, X [39, 41]

* Tissue distribution determined by Northern blot only (x), RT-PCR (#), both Northern

blot and RT-PCR (*), in situ hybridization (s), or RPA (r). “” indicates that conflicting

data exist in the literature (see the appropriate section for more information and

references). xxx: high expression level; xx: moderate expression level; x: low expression

level; NF: not found; ND: not determined.
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Summary and conclusions: organic cation transporters. Five organic cation

transporter isoforms have been cloned thus far: OCT1, OCT2, OCT3, OCTN1, and

OCTN2. Based on their functional characteristics — namely, sensitivity of membrane

potential – OCT1, OCT2, and OCT3 are likely to be found within the BLM of epithelial

cells in the kidney. Hence, these transporters are most likely involved in the first step in

the renal secretion of drugs (i.e. transporting drugs from the blood into tubule cells across

the BLM). But so far only rCCT1 has been convincingly localized to the BLM of the

kidney, so caution is warranted until definitive localization studies for the other isoforms

are reported. In contrast, OCTN1 is thought to transport organic cations in exchange for

protons, which is consistent with a renal BBM transporter. However, localization and

further mechanistic studies are still needed to confirm these speculations. While OCTN2

transports the small zwitterion carnitine in a sodium-dependent fashion, organic cations

are transported in a sodium-independent manner. It is currently not known to which

membrane OCTN2 is localized.

All of the organic cation transporter isoforms have been shown to interact with

numerous structurally and pharmacologically diverse compounds (Table 4). However, it

is not currently clear whether most of these compounds are bona fide substrates of the

transporters or only inhibitors. The wider use of more robust assays, such as the voltage

clamp assay, should help address this problem [23, 35, 43,44].

Transporters Involved in the Renal Elimination of Organic Anions

Background and significance. Organic anions are, by definition, organic

molecules that possess one or more negatively charged moieties at physiological pH.

Many organic anions are removed from the systemic circulation by the kidneys. For

example, penicillin is rapidly excreted by the kidneys at rates as high as 2 g/h; 10% of its

renal excretion occurs by glomerular filtration, while 90% occurs by tubular secretion

(i.e. a transporter-mediated process) [45]. Likewise, tubular secretion is the primary
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pathway of methotrexate elimination from the systemic circulation [46]. The

mechanisms and specificities of renal organic anion transport systems have been studied

over the past two decades using a number of different animal models, tissue preparations

(e.g., membrane vesicles and tissue slices), and cultured cells. Renal organic anion

transport mechanisms have been examined, for the most part, using PAH as a model

substrate. [2, 4, 5]. It has been reported that PAH is transported across the BLM by a

tertiary active organic anion-dicarboxylate exchanger, the most extensively studied

organic anion transport system in the kidney [2, 4, 5]. There are additional transport

systems in the BLM of the kidney, but these are not as well defined [4, 47]. In the BBM,

several putative transport systems have been described, but their driving forces and

substrate specificities are poorly understood [4, 47].

In the past five years, nine distinct organic anion transporters have been cloned;

these transporters belong to one of two gene families: OAT or oatp/OAT-K. Organic

anion transporters are expressed primarily in epithelial tissues such as kidney, liver, and

intestine, where they play roles in drug absorption, distribution, and elimination. In

addition, several isoforms have been detected in the brain, where they may function in

drug transport across the blood–brain barrier or the blood-CSF barrier. The molecular

characterization of these transporters is under way, and significant progress has been

made in Some areas, such as inhibitor specificities. Below we summarize the available

data for each of the cloned organic anion transporters and consider the role of these

transporters in renal drug elimination.

OAT1: 1. Molecular characteristics. OAT1 was first cloned from a rat kidney cDNA

library in 1997 [48, 49]. The orthologs from human (hCAT1, also termed hPAHT), and

mouse (mCAT1, also termed NKT) have been identified as well [50–55]. The three

OAT1 orthologs share approximately 80% sequence identity. The OAT1 cDNAs are

predicted to encode proteins of 546-, 551-, and 550-amino acid residues for the mouse,
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rat, and human transporters, respectively. Hydropathy analyses suggest that OAT1 has 7

to 12 TMDS [48–50, 52-54]. Variants of OAT1 have been identified. A variant of

hCAT1, termed hCAT1-1, has been isolated; it is identical to the other hCAT1

sequences, except that it has an additional 13 amino acids near the carboxyl-terminus

[56]. Two splice variants of hCAT1, h0AT1-3 and hCAT1-4, have also been isolated,

but their function remains to be determined [57]. 2. Tissue distribution and localization.

Northern blot analyses show that OAT1 transcripts are expressed abundantly in the

kidney and at lower levels in the brain (Table 2) [48–50, 52, 53, 54 ). In situ studies

demonstrate that mGAT1 and rCAT1 mRNA transcripts are expressed in renal proximal

tubules [48, 54]. Immunohistochemical studies have revealed that rCAT1 and hCAT1-1

are localized to the BLM of renal proximal tubule cells (Table 3) [56, 58]. 3. Functional

characteristics. The transport of the classical model organic anion, PAH, by OAT1 is

saturable and sodium-independent [48–50, 52, 55, 56]. The uptake rate of PAH is

increased by an outwardly directed dicarboxylate gradient, the signature characteristic of

the PAH transport system in the basolateral membrane of the kidney [2, 4). OAT1

interacts with numerous clinically used anionic drugs from various classes: beta-lactam

antibiotics, diuretics, NSAIDs, antiviral drugs, and antidiabetic, antiepileptic and

antineoplastic agents (Table 4) [48, 50, 52, 55, 59-61]. The substrate and inhibitor

specificity of rCAT1 has been extensively examined [49, 50, 59-62). In a detailed study

of the interactions of antibiotics with rCAT1, it was found that seventeen beta-lactam

antibiotics reduced rCAT1-mediated PAH uptake (Table 4) [59]. In addition, cells

expressing rCAT1 accumulated radiolabeled penicillin G and cephaloridine 3- to 4-fold

over controls, indicating that rCAT1 transports these compounds. It has also been found

that the NSAIDs interact with rCAT1: ibuprofen, indomethacin, salicylate, and naproxen

potently inhibited PAH uptake mediated by rCAT1 in a competitive manner (K, = 2 - 10

HM); acetylsalicylate, salicylate, and phenacetin were less potent inhibitors (K, = 300

400 puM), while acetaminophen was a weak inhibitor (K, = 2 mM) (Table 4) [60]. In
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addition, acetylsalicylate, salicylate, and indomethacin were found to be substrates of

rOAT1, but their uptake rates were low. The antiviral agents cidofovir and adefovir are

actively secreted in the kidneys and accumulate in renal cells. Cihlar and co-workers

demonstrated that cidofovir and adefovir are transported by hCAT1 and by rCAT1 [50,

63]. In a recent study, it was shown that antiviral nucleosides, which lack anionic

moieties, interact with and in some cases are transported by rCAT1 (Table 4) [62].

OAT2: 1. Molecular characteristics. rCAT2 was first isolated from a rat cDNA library

using a glucagon receptor antibody and was named NLT (novel liver-specific transport

protein) [64]. NLT was shown to be expressed within the sinusoidal membrane of

hepatocytes, but its substrates were not determined. Subsequently, Sekine and co

workers found that NLT transports organic anions and proposed to rename NLT as

rOAT2 [65). NLT shares 42% sequence identity with OAT1. 2. Tissue distribution and

localization. Northern blot analysis showed that rCAT2 is expressed at high levels in the

liver, at low but significant levels in the kidney, and was not detected in any of the other

tissues tested (testes, colon, ileum, spleen, brain, eye, placenta, lung) (Table 2) [65].

Although rCAT2 has not been localized in the kidney, it was determined to reside in the

sinusoidal membrane of hepatocytes (Table 3) [64]. 3. Functional characteristics.

Organic anion transport mediated by rCAT2 was shown to be sodium-independent and

was not driven by an outwardly directed glutarate gradient [65]. Therefore, it appears

that transport via rCAT2 may be facilitative or is driven by a yet unidentified mechanism.

The substrate and inhibitor selectivity of rCAT2 appears to be similar to that of OAT1,

with a limited number of inhibitors tested [65]. rCAT2 was shown to transport

radiolabeled PAH, methotrexate, acetylsalicylate, alpha-ketoglutarate and PGE,.

Salicylate uptake mediated by rCAT2 was potently inhibited by a number of clinically

used drugs (at 1 mM) such as bumetanide, cefoperazone, and ketoprofen (Table 4).

Whether or not these compounds are also substrates of OAT2 remains to be determined.
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OAT3: 1. Molecular characteristics. rCAT3 was cloned from rat brain using a

homology-based cloning method [66]. rCAT3 shares sequence identity with other

organic anion as well as cation transporters as follows: rCAT1 (49%), rCAT2 (39%), and

rOCT1 (36%). In addition, the putative murine ortholog (termed Roct) of rCAT3 was

isolated in 1998 from an animal model for osteopetrosis, the oc mouse, in which its

expression level was found to be greatly reduced compared to that in wild-type mice [67,

68]. Recently, the putative human ortholog, h0AT3, was cloned from kidney [53].

rOAT3 and hCAT3 have 536 and 568 amino acid residues respectively and are predicted

to have 12 TMDs. 2. Tissue distribution and localization. Northern blot analyses

showed that rCAT3 is most abundantly expressed in the liver, followed by the kidney,

brain, and eye; hoAT3 transcripts are expressed abundantly in the kidney, and at lower

levels in the brain, but were not detected in the liver, placenta or other tissues tested

(Table 2) [53, 66]. The subcellular localization of OAT3 is not known. 3. Functional

characteristics. Uptake via rCAT3 was shown to be sodium-independent, but its

transport mechanism is not currently known. rCAT3 mediated the uptake of radiolabeled

PAH, estrone sulfate, ochratoxin A. In addition, rCAT3 was shown to accept cimetidine,

a weak base, as a substrate [66]. Most of the other organic cations tested (TEA,

guanidine, etc.) did not interact with rCAT3. A number of compounds inhibited rCAT3

mediated uptake of labeled estrone sulfate. These compounds included probenecid,

bumetanide, cefoperazone, piroxicam, furosemide, zidovudine (AZT), penicillin G

(PCG), methotrexate and cimetidine (Table 4) [66). In addition, several compounds did

not inhibit the estrone sulfate uptake mediated by rCAT3, including indomethacin,

digoxin, TEA, guanidine, and verapamil. While there are many similarities in the

substrate and inhibitor profiles of rCAT1, rCAT2 and roAT3, some interesting

differences have been observed among these isoforms. In particular, the isoforms differ

in their interactions with indomethacin: rCAT1 is potently inhibited by indomethacin (K.

= 10 puM), whereas rCAT3 activity is unaffected by it at 1 mM [60, 66). This finding
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suggests that it may be possible to develop OAT-isoform specific inhibitors, which would

be of great value in determining the in vivo roles of these transporters (see "Outlook"

section). In contrast to rCAT3, hCAT3 has not been successfully expressed. In

preliminary studies using Xenopus laevis oocytes injected with hCAT3 cKNA, PAH,

urate, oxalate, and TEA transport was not enhanced above controls [53].

OAT4: 1. Molecular characteristics. The 2210 base pair cDNA of hCAT4 was isolated

from a human kidney library and is predicted to encode a 550-amino acid protein [69].

As with other OAT isoforms, h0AT4 is predicted to consist of 12 TMDs. It only shares

38 - 44% sequence identity with the other OAT family members. 2. Tissue distribution

and localization. Northern blot analysis revealed that hCAT4 transcripts are abundantly

expressed in kidney and placenta, but not in brain, liver, intestine, or other tissues [69].

The intracellular membrane localization of hCAT4 is not known. 3. Functional

characteristics. Unlike other OAT isoforms, h0AT4 does not readily accept PAH as a

substrate. It does, however, transport estrone sulfate, DHEA-s, and ochratoxin A. The

driving force of OAT4-mediated transport is undetermined. Inhibition studies revealed

that hCAT4 interacts with a wide variety of organic anions including probenecid,

penicillin G, indomethacin, furosemide, BSP, and others (Table 4).

OAT-K1: 1. Molecular characteristics, rCAT-K1 was isolated from a rat kidney cDNA

library [70]. A clone containing a 2.8-kb insert was isolated; it is predicted to encode for

a 669-amino acid protein consisting of 12 TMDs. rCAT-K1 does not share significant

sequence identity with the OAT isoforms and therefore appears to belong to a distinct

gene family. 2. Tissue distribution and localization. Data from Northern blot analysis

and RT-PCR studies demonstrated that rCAT-K1 is expressed in the kidney, but not in

the brain, heart, lung, liver, small intestine or spleen; thus rCAT-K1 appears to be a

kidney-specific transporter (Table 2) [70]. rCAT-K1 was originally localized to the
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BLM based on functional studies using polarized LLC-PK, cells (Table 3) [70]. In

contrast, immunolocalization studies in isolated plasma membrane vesicles as well as

functional characterization studies of rCAT-K1 in polarized MDCK cells indicate that

this transporter is expressed in the BBM (Table 3) [71, 72]. Further studies are needed to

resolve these discordant results. 3. Functional characteristics. rCAT-K1 expressed in

LLC-PK, cells mediates the BLM uptake of radiolabeled methotrexate, but not

taurocholate, PGE, or leukotriene C, [70]. In addition, rCAT-K1, unlike most OATs,

does not transport PAH (70]. Methotrexate transport mediated by rCAT-K1 can occur

bidirectionally in a sodium- and chloride-independent manner [72, 73]. A number of

NSAIDs interact weakly with rCAT-K1 (Table 4) [74].

OAT-K2: 1. Molecular characteristics. rCAT-K2 was isolated from a rat kidney cDNA

library [75]. The 2.5-kb clNA was predicted to encode a 498-amino acid protein that

shares 91% identity with rCAT-K1 and is proposed to consist of 8 TMDs. 2. Tissue

distribution and localization. rCAT-K2 is expressed in the kidney, but not in the brain,

heart, lung, liver, small intestine or spleen as determined by Northern blot and RT-PCR

analysis (Table 2) [75]. In stably transfected MDCK cells, rCAT-K2 was localized

functionally to the BBM (Table 3). 3. Functional characteristics. rCAT-K2 mediated

the uptake of radiolabeled methotrexate, folate, taurocholate and PGE, (Table 4) [75].

This is in contrast to rCAT-K1, which did not mediate folate or TCA uptake. However,

the relative uptakes compared to controls were low (i.e. 1-fold to 14-fold). No enhanced

uptake of indomethacin, digoxin, or testosterone was observed in rCAT-K2 transfected

cells compared to controls [75]. Probenecid, indomethacin, methotrexate, furosemide

and benzylpenicillin reduced TCA uptake in rCAT-K2 transfected cells, as did numerous

bile acid analogs and steroids (Table 4) [75]. PAH interacts only weakly with rCAT-K2.
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OATP1: 1. Molecular characteristics. roatpl was first cloned from a rat liver cDNA

library using an expression cloning strategy in Xenopus laevis oocytes [76]. It shares

72% sequence identity with rCAT-K1, suggesting that roatpl and OAT-K1 belong to the

same gene family. Like OAT-K1, roatpl does not share significant sequence identity

with the OAT isoforms. The human ortholog, termed hCATP1, has been cloned and

characterized [77]. The rat and human clones are predicted to encode proteins of 670

amino acids, which are predicted to have 10 to 12 TMDs. The human protein shares 67%

identity with roatpl. 2. Tissue distribution and localization. Northern blot analysis

shows that roatp1 is expressed in the liver, kidney, brain, lung, skeletal muscle and

proximal colon but not in the heart or distal colon (Table 2) [76]. hCATP1 has a similar

tissue distribution (Table 2) [77]. Immunologic analysis of roatpl expression in the

kidney reveals a BBM localization in the S3 segment of the proximal tubule (Table 3)

[78]. roatpl has also been localized to the BBM of choroid plexus epithelial cells, but

interestingly is found on the BLM in the liver [78, 79]. Similar tissue-specific differences

in membrane targeting have been reported for other transporters as well [80]. 3.

Functional characteristics. Functional studies indicate that roatpl and hCATPl mediate

the sodium-independent uptake of a number of compounds including BSP, bile acids, and

steroid conjugates (Table 4) [76, 77, 81]. PAH does not appear to interact with hCATP1

[77]. The transport mechanism of roatpl may involve solute/HCO, exchange,

solute/GSH exchange, or another yet unidentified mechanism [82, 83]. A large number

of bile acids, steroid conjugates, neutral steroids as well as a mycotoxin, ochratoxin A,

are high affinity substrates (i.e. low micromolar) of OATP1 [77, 81]. In addition, roatpl

has been shown to transport the peptide-based drugs CRC 200 (a thrombin inhibitor) and

enalapril (an angiotensin-converting enzyme inhibitor) (Table 4) [81, 84]. Both the

human and rat OATP1 homologs can transport the antihistamine fexofenadine (Table 4)

[85].
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OATP2: 1. Molecular characteristics. roatp2 was isolated from a rat brain cDNA

library [86). It is predicted to encode a 661 amino acid protein that shares 77% sequence

identity with roatpl. Like roatpl; roatp2 is predicted to have 12 TMDs. 2. Tissue

distribution and localization. Initial studies using Northern blot analysis indicated that

roatp2 is highly expressed in the brain, liver, and kidney but not in the heart, spleen, lung,

skeletal muscle, or testes (Table 2) [86). However, in a second study in which a more

specific oligonucleotide probe was used, roatp2 was not detected in the kidney [87].

roatp2 has been localized to the BLM of choroid plexus epithelial cells and hepatocytes

(Table 3) [88-90]. 3. Functional characteristics. roatp2 was shown to mediate the

sodium-independent uptake of a number of bile acids and steroid conjugates including

taurocholate, cholate, 17-beta-estradiol-glucuronide, estrone-3-sulfate as well as ouabain

(Table 4) [86]. roatp2 has also been shown to transport fexofenadine (Table 4) [85].

Hence, based on the available data, the substrate selectivities of roatpl and roatp2 appear

to overlap. However, unlike roatp1, roatp2 was shown to mediate high-affinity digoxin

uptake (Km - 0.2 piM) [86). In addition, roatp2 has been shown to mediate the transport of

thyroxine and tri-iodothyronine [87]. Other compounds that were tested as roatp2

substrates included PAH, pyruvate, glutamate, norepinephrine, corticosterone and

leukotriene C, but none of these compounds appeared to be transported by roatp2 [86].

OATP3: 1. Molecular characteristics. roatp3 was isolated from a rat retina cDNA

library [87]. roatp3 contains 670-amino acids and is predicted to possess 12 TMDs. It

shares 80% amino acid identity with roatpl and 77% with rCAT-K1. 2. Tissue

distribution and localization. Northern blot analysis shows that roatp3 is expressed most

abundantly in the kidney and at lower levels in retina and liver (Table 2) [87]. The

intracellular localization of roatp3 is not known. 3. Functional characteristics. roatp3

mediates the transport of taurocholate, thyroxine, and tri-iodothyronine in a sodium- and

chloride-independent fashion (Table 4) [87]. PAH does not interact with roatp3 [87].
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The transport mechanism of roatp3 remains to be determined. Further functional

characterization and intracellular localization of roatp3 will aid in understanding the role

of this transporter in the renal elimination of drugs.

172



Table 2. Organic anion transporter expression in adult kidney, liver, intestine and

brain".

Transporter Kidney Liver Intestine Brain Reference

mOAT1 S, XXX NF NF X [54]

rOAT1 xxx, s: xxx NF, NF NF, ND x, NF [48, 49]

hOAT1 ***, xxx, NF, NF, NF, NF, NF, #, NF, x, x [50, 52,53,56]

XXX, XXX NF, NF NF

rOAT2 X XXX NF NF [65]

rOAT3 XX XXX NF XX [66]

hC)AT3 XXX NF ND X [53]

hOAT4 XXX NF NF NF [69]

rOAT-K1 >k >k >k NF NF NF [70]

rOAT-K2 sk >k:k NF NF NF [75]

roatpl xxx, ND XXX, S NF, ND xxx, ND [76, 90]

hC)ATP1 XXX XXX NF XXX [77]

roatp2 º XXX, ND, ND, XXX; XXX, S. [86, 87, 90]

XXX, S ND ND

roatp3 XXX X ND NF [87]

* Tissue distribution determined by Northern blot only (x), RT-PCR (#), both Northern

blot and RT-PCR (*), in situ hybridization (s), or RPA (r). “” indicates that conflicting

data exist in the literature (see the appropriate section for more information and

references). xxx: high expression level; xx: moderate expression level; x: low expression

level; NF: not found; ND: not determined.
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Summary and conclusions: organic anion transporters. Nine organic anion

transporter isoforms, which are expressed in the kidney, have been cloned, and more

isoforms may be identified in the future. How do the cloned transporters compare to the

previously described transport systems found in tissue preparations and cell culture

models? Based on the molecular studies available thus far, it is clear that the renal

organic anion transport system is much more complicated at the molecular level. Of the

nine cloned transporters, only one transporter, OAT1, exhibits characteristics of a

previously described transport system — in this case, the classical basolateral membrane,

tertiary active PAH:dicarboxylate transport system. Hence, OAT1 is involved in the first

step in the renal secretion of drugs — it transports drugs from the blood, across the BLM,

and into renal epithelial cells. It has been found that the other organic anion transporters,

like OAT1, interact with numerous clinically used anionic drugs, so it is reasonable to

presume that these transporters are also involved in the renal handling of organic anions,

yet their roles in specific drug elimination have yet to be defined. One complicating issue

is the fact that the transport mechanisms utilized by OAT2, OAT3, OAT4, OAT-K1,

OAT-K2, oatpl; oatp2, and oatp3 remain, for the most part, to be established. Several of

these transporters appear to operate as exchangers or as facilitative transporters, yet

without full knowledge of their transport mechanism(s) it is difficult to postulate, with

reasonable certainty, the roles of these transporter in renal drug handling (e.g. secretion or

absorption). In addition to the transport mechanism, the intracellular localization of the

transporters must be established. Thus far this has been determined in kidney only for

OAT1, rCAT-K1, and roatpl (Table 3). Likewise, a detailed profile of drug-transporter

interactions needs to be established for each transporter. Thus far, functional studies –

substrate inhibition studies or uptake studies with radiolabeled compounds - with the

cloned organic anion transporters suggest that they interact with numerous structurally

diverse compounds (Table 4). But substrate inhibition studies are limited, because an

inhibitor may or may not actually be translocated by a transporter, and uptake studies
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with radiolabeled compounds are limited to the availability of labeled compounds.

Clearly, more robust and high-throughput assays are needed to study drug-transporter

interactions in pharmaceutical laboratories. An example of these is an

electrophysiological-based assay, which has been used successfully to differentiate

between substrates and inhibitors for the flounder OAT1 ortholog [91]. And recently, a

fluorescence-based assay has been developed to screen for hCAT1-drug interactions.

This assay appears to have the potential to be used for high-throughput screening [92].

Other Transporters Involved in the Renal Elimination of Drugs

In addition to the transporters discussed above, other transporters are involved in

the renal elimination of drugs. Although not the subject of this review, we feel that it is

important to mention them and to direct the reader to pertinent references. Based on the

data available, it is likely that multidrug resistance-associated proteins (MRPs) play

important roles in the renal handling of drugs — all six MRP isoforms have been detected

in the kidney and interact with numerous anionic drugs and their metabolites [93-95].

MRP1, MRP3, and MRP5 are localized to the BLM and MRP2 is localized to the BBM.

Recently, MRP2 has been shown to mediate the transport of PAH, the classical organic

anion used to study renal organic anion transport mechanisms [96, 97]. Hence, MRP2

may be the most relevant MRP isoform in the renal secretion of drugs, but much more

work is needed to determine the roles of these transporters in renal drug transport. The

multidrug resistance protein P-glycoprotein (P-gp) interacts with numerous drugs,

including a variety of organic cations [98-100]. P-gp is expressed in the BBM in renal

cells, where it transports drugs from the tubule cells into the tubule lumen [101]. P-gp

knockout mice have been generated and have become invaluable in elucidating the role

of this transporter in drug absorption, disposition, and elimination [102-104].
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Outlook and Future Directions

During the past decade significant progress has been made in the cloning and

molecular characterization of renal organic anion and organic cation transporters. Based

on the characterization studies of the available cloned organic cation and anion

transporters, it is clear that many drugs interact with multiple transporter isoforms. For

example, methotrexate is known to interact with five different organic anion transporters

(Table 4), as well as MRP1 and MRP2 [105]. What roles do these transporters play in

the renal elimination of methotrexate or other drugs? At present, it is extremely difficult

to dissect the role of any individual transporter in the renal handling of drugs. To address

this problem, at a minimum, the intracellular localization and driving force(s) of the

transporters must be established; as discussed in this review, much more work is needed

in these areas. Ideally, a knockout animal model or an isoform-specific inhibitor should

be used to better assess the in vivo roles of each transporter in drug elimination. For

example, P-gp knockout mice have been invaluable in elucidating the role of this

transporter in drug disposition [102-104]. Currently, neither knockout mice nor isoform

specific inhibitors exist for any organic cation or organic anion transporter. Other animal

models, such as the nematode C. elegans, may ultimately prove useful in elucidating the

roles of these transporters in the whole animal; recently, an organic cation transporter and

an organic anion transporter were isolated from C. elegans [106, 107]. Finally, there

have been very few studies on the genetic variations of organic anion or organic cation

transporters in human populations. Such variants could have profound effects on

interpatient variability in drug response and pharmacokinetics. Recently, a functional

polymorphism of P-gp was discovered [108]. In summary, over fourteen distinct organic

anion and organic cation transporter isoforms have been cloned. With the completion of

the human, as well as other, genome projects, all of the xenobiotic transporters will soon

be identified. Much work remains to be done in order to reach the ultimate goal of

understanding the in vivo roles of these transporters in drug absorption, disposition, and
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elimination. With the likely future development of transporter-knockout mice and the

utilization of more sophisticated electrophysiological- and fluorescence-based assays to

screen for drug-transporter interactions, this goal could be reached within a decade.
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Table 3. Intracellular localization of organic anion and organic cation transporters.

Tissue or

Transporter Localization cell line Method” Reference

rOAT1 BLM kidney I [58]

hOAT1 BLM kidney I [56]
rOAT2 BLM liver I [64]

rOAT-K1 BLM LLC-PK, F [70]

BBM kidney I [71]
BBM MDCK F [72]

rOAT-K2 BBM MDCK F [75]

roatpl BBM kidney I [78]
BLM liver I [78, 90]

BBM choroid plexus I [79, 88]
roatp2 BLM liver I [89, 90]

BLM choroid plexus I [88]
rOCT1 BLM liver I [20]

BLM kidney I [19]
BLM MDCK F [19]

rOCT2 BLM MDCK F [19]

BLM and BBM MDCK F [29]

pOCT2 BBM LLC-PK, F [25]

hCCT2 BBM kidney I [16]

* Localization determined by the following methods: I, immunohistochemistry; F,

functional localization in a polarized cell line
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Table 4. Compounds that interact with organic anion and organic cation

transporters".

Compound Transporter K, or (Kim) (HM) Reference

acebutolol hCCT1 96 [21]

acetyl-L-carnitine hCCTN2 (8.5) [42]

acetylsalicylate rOAT1 428 [60]

rOAT2 ND [65]

acyclovir (ACV) rOAT1 (242) [62]

adefovir rOAT1 (270) [50]

hOAT1 (30), (24) [50, 63]

adrenaline rOCT2 (1900) [27]

hCCT3 ND [33]

aldosterone hCCTN2 ND [42]

amantadine hCCT1 ND [21]

hOCT2 (27) [28]

aminopterin rOAT-K1 0.5 [73]

CAMP rOAT1 ND [48]

amphetamine rOCT3 42 [18]

araC rOCT1 ND [30]

atorvastatin roatpl ND [109]

AZT (zidovudine) rOCT1 ND [30]

rOAT1 (68) [62]

rOAT3 ND [66]

betaine hCCTN2 ND [43]

BSP rOAT2 ND [65]
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Compound Transporter K, or (Kº) (puM) Reference

rOAT3 ND [66]

hCAT4 ND [69]

rOAT-K1 ND [70]

roatpl (1.5), (3.0) [76, 81]

hCATP1 (20), ND [77, 85]

bumetanide hCAT1 ND [53]

rCAT2 ND [65]

rOAT3 ND [66]

hCAT4 ND [69]

captopril mOAT1 ND [55]

carbenicillin rOAT1 500 [59]

L-carnitine hCCTN1 ND [38]

mOCTN2 ND [40]

rOCTN2 (15) [40]

hCCTN2 ND, (4.3), (4.8) [40, 42,43]

D-carnitine hCCTN1 ND [38]

hCCTN2 (11), (98) [42, 43]

carprofen mOAT1 ND [55]

cefazolin rOAT1 450 [59]

cefepime rOCTN2 2100 [110]

hCCTN2 1700 [110]

cefluprenam rOCTN2 ND [110]

hCCTN2 ND [110]

cefoperazone rOAT1 ND [59]

rOAT2 ND [65]
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Compound Transporter K■ or (Kº) (LM) Reference

rOAT3 ND [66]

cefoselis rOCTN2 6400 [110]

hCCTN2 6400 [110]

cefsulodin hCCTN2 ND [42]

ceftazidime hCCTN2 ND [42]

cephalexin rOAT1 2310 [59]

cephaloridine rOAT1 2330, ND [48, 59]

hCCTN1 ND [38]

rOCTN2 790 [110]

hCCTN2 ND, 230 [42, 110]

cephalothin rOAT1 290 [59]

chlorpropamide rOAT1 39.5 [61]

cholate rOAT3 ND [66]

roatpl ND, (54) [76, 81]

hCATP1 (93) [77]

roatp2 (46) [86]

choline rOCT1 (1100), 400 [111, 112]

rOAT1A ND [17]

hCCT1 ND [21]

rOCT2 159 [112]

hOCT2 (210) [16]

rOCT3 ND [18, 32]

rOCTN2 ND [40]

hCCTN2 ND [43]

cidofovir rOAT1 (238) [50]
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Compound Transporter K■ or (Kim) (HM) Reference

hOAT1 (46), (58) [50, 63]

cimetidine rOCT1 5.7, 329, ND [19, 112, 113]

rOCT1A ND [17]

rbOCT1 ND [14]

hCCT1 166 [21]

rCCT2 9.4, 198, 373, (21) [19, 31, 112,

113]

mCCT3 ND [35]

rOCT3 ND [18, 32]

hOCT3 ND [113]

rOCTN1 1540 [37]

hCCTN1 ND [38]

rOCTN2 ND [40]

hCCTN2 ND [18, 40, 42]

rOAT3 ND [66]

cisplatin rOCT2 925 [31]

Cl/Ado rOCT1 ND [30]

clonidine rOCT1 1.4 [114]

hCCT1 0.55 [21]

mCCT3 ND [35]

rOCT3 ND [18]

hCCT3 373 [35]

rOCTN2 ND [40]

hCCTN2 ND [42]

corticosterone rOCT1 10, 72 [12, 114]
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Compound Transporter K■ or (Kim) (HM) Reference

hCCT1 7.0 [21]

pOCT2 0.67 [25]

rOCT2 4.2, 0.5 [18, 27]

rOCT3 4.9 [18]

hCCT3 0.12 [33]

hCCTN2 ND [42]

hCAT4 ND [69]

creatinine hCCT1 ND [21]

rOCT2 ND [113]

CRC 220 roatpl (57) [81]

cyanine-863 rOCT1 0.13, 0.67 [12, 114]

pOCT2 0.5 [25]

hCCT2 0.21 [16]

cysteine hCCTN2 ND [43]

decynium-22 rOCT1 0.36, 22, 0.5 [12, 112, 114]

hCCT1 4.4, 2.7 [15, 21]

rOCT2 14 [112]

pOCT2 0.05 [25]

hCCT2 0.10 [16]

deoxycorticosterone rOCT2 1.9 [18]

rOCT3 8.4 [18]

desipramine rOCT1 2.8 [12]

hCCT1 5.3 [21]

hCCT2 16 [16]

rOCT3 68 [18, 32]
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Compound Transporter K, or (Kº) (HM) Reference

hCCT3 14 [35]

rOCTN1 80 [37]

rOCTN2 ND [40]

hCCTN2 ND [40]

DHEA-S hCAT4 (0.63) [69]

roaptl (5.0) [81]

roatp2 ND [89]

diclofenac mCAT1 ND [55]

rOAT1 ND [60]

didanosine rCAT1 ND [62]

digoxin roatp2 (0.24), ND [86, 89]

rOAT-K2 ND [75]

disopyramide hCCT1 ND [21]

disprocynium 24 rOCT1 0.11 [114]

rOCT2 0.01 [27]

hCCT3 0.01 [33]

DMA mCCT3 ND [35]

rOCT3 ND [18, 32]

rOCTN1 180 [37]

rOCTN2 ND [40]

dTub rOCT1 (10) [30]

dopamine rOCT1 (1100), (51) [115, 116]

hCCT1 ND [21]

rOCT2 2300, (2100) [18, 27]

hCCT2 (390), (330) [28]
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Compound Transporter K■ or (Kim) (HM) Reference

rOCT3 620 [18]

emetine hCCTN2 4.2 [43]

enalapril mC)AT1 ND [55]

roatpl (214) [84]

erythromycin hCATP1 ND [85]

beta-estradiol rOCT2 84.8 [18]

rOCT3 1.1 [18]

estradiol-173– roatpl (4) [81]

glucuronide

roatp2 (3), ND [86, 89]

estrone sulfate rOAT3 (2.3) [66]

hCAT4 (1.0) [69]

roatpl (11) [81]

roatp2 ND [89]

ethacrynic acid rOAT1 ND [48]

fexofenadine roatpl (32) [85]

hC)ATP1 (6.4) [85]

roatp2 (6.0) [85]

flufenamate rOAT-K1 ND [74]

fluorescein hC)AT1 ND [52]

folic acid mCAT1 ND [55]

rOAT-K1 ND, 14 [70, 73]

rOAT-K2 ND [75]

folinic acid rOAT-K1 8.2 [73]

furosemide rOAT1 ND [48]
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Compound Transporter K, or (Kº) (HM) Reference

hCAT1 ND [52, 53, 56]

rOAT3 ND [66]

hCAT4 ND [69]

rOAT-K1 ND [70]

rOAT-K2 ND [75]

CGMP rCAT1 ND [48]

guanidine rOCT1 724, 4200 [19, 113]

rOCT1A ND [17]

rOCT2 714, (730) [19, 113]

mCCT3 ND [35]

rOCT3 ND [18, 32]

hCCT3 6200, 13,000 [35, 113]

glibenclamide rOAT1 1.6 [61]

glutarate hCAT1 ND [52]

histamine rOCT1 1400 [113]

rOCT2 (540) [113]

hCCT2 (1300) [28]

hCCT3 (180) [113]

hippurate hC)AT1 ND [52]

ibuprofen rOAT1 3.5 [60]

hOAT4 ND [69]

rOAT-K1 ND [74]

imipramine hCCT3 42 [35]

rOCTN1 ND [37]

indinavir hCCT1 62 [117]
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Compound Transporter K■ or (Kim) (11M) Reference

hCATP1 ND [85]

indomethacin mOAT1 ND [55]

rOAT1 ND, 10 [48, 60]

hCAT1 ND [52, 56]

hCAT4 ND [69]

rOAT-K1 1000 [74]

rOAT-K2 ND [75]

alpha-ketoglutarate mOAT1 ND [55]

rOAT1 ND [48, 49]

hCAT1 ND [50, 52, 53,

56]

rCAT2 (18) [65]

ketoprofen rOAT1 ND [60]

rOAT2 ND [65]

rOAT-K1 1900 [74]

lamivudine rCAT1 ND [62]

levofloxacin rOCT2 ND [112]

rOAT-K2 ND [75]

losartan hC)AT1 ND [53]

lovastatin roatpl ND [109]

hC)ATP1 ND [85]

lysine hCCTN2 ND [43]

memantine hOCT2 (34) [28]

mepiperphenidol rOCT1 5.2 [12]

hCCT2 1.8 [16]
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Compound Transporter K■ or (Kim) (HM) Reference

methamphetamine rOCT3 247 [18]

methionine hCCTN2 ND [43]

methotrexate mCAT1 ND [55]

rCAT1 ND [48]

rCAT2 ND [65]

rOAT3 ND [66]

rOAT-K1 (1.0), 1.8 [70, 73]

rOAT-K2 ND [75]

O-methylisoprenaline rOCT1 43, 25 [12, 114]

pOCT2 880 [25]

hCCT2 570 [16]

midazolam hCCT1 3.7 [21]

MPTP mCCT3 ND [35]

rOCT3 ND [32]

rOCTN2 ND [40]

hCCTN2 ND [39, 40]

MPP" rOCT1 13, 0.8, (10), 64, [12, 19, 111,

(13) 112, 114]

rbOCT1 (23) [14]

hCCT1 (15), 12 [15, 21]

rOCT2 1.8, 44 [19, 112]

hCCT2 (19), 2.4; (16) [16,28]

mCCT3 ND [35]

rOCT3 (91), 143; ND [18, 32]

hCCT3 ND; 54, (47) [33, 35]
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Compound Transporter K, or (Kim) (HM) Reference

rOCTN1 ND [37]

rOCTN2 ND [40]

hCCTN2 ND [39, 42]

naproxen rOAT1 2 [60]

nateglinide rOAT1 9.2 [61]

nelfinavir hCCT1 22 [117]

hCATP1 ND [85]

nicotine rOCT1 64.3 [19]

rOCT2 50.5, ND [19, 112]

rOCT3 ND [32]

hCCT1 ND [21]

rOCTN1 ND [37]

hCCTN1 ND [38]

rOCTN2 ND [40]

hCCTN2 ND [39, 42]

NMN rOCT1 1000, (340), 2400, [12, 19, 111,

670 112]

rOAT1A ND [17]

rbOCT1 ND [14]

hCCT1 7700 [21]

rOCT2 400, 1600 [19, 112]

hOCT2 (300) [16]

mCCT3 ND [35]

rOCT3 ND [18, 32]

noradrenaline rOCT1 (2800) [115]
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Compound Transporter K, or (K.) (HM) Reference

rOCT2 (4400) [27]

hOCT3 (510) [33]

norepinephrine rOCT2 11,000 [18]

hOCT2 (1900) [28]

rOCT3 434 [18]

ochratoxin A rOAT3 (0.74) [66]

hOAT4 ND [69]

roatpl (29) [81]

oxyphenbutazone rOAT1 32 [60]

ouabain rOATK-2 ND [75]

roatp2 (470) [86]

PAH mCAT1 (37) [55]

rOAT1 (14), (70) [48, 49]

hCAT1 (9), (9.3), (15) [52, 56,63]

rOAT2 ND [65]

rOAT3 (65) [66]

pancuronium hCCT1 ND [15]

pantothenic acid mOAT1 ND [55]

paracetamol rOAT1 2099 [60]

penicillin G rOAT1 1680 [59]

rOAT3 ND [66]

hC)AT4 ND [69]

PGE, rOAT1 ND [48]

rOAT2 ND [65]

rOAT-K2 ND [75]
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Compound Transporter K, or (Kim) (HM) Reference

phenacetin rOAT1 488 [60]

phenol red hCAT1 ND [56]

phenylbutazone rOAT-K1 ND [74]

piroxicam rOAT1 52 [60]

rOAT3 ND [66]

PMEDAP rCAT1 ND [50]

hOAT1 ND [50]

PMEG rCAT1 ND [50]

hCAT1 ND [50]

pravastatin roatpl (30) [109]

roatp2 38 [118]

probenecid mCAT1 ND [55]

rOAT1 ND [48, 49]

hCAT1 ND [50, 52, 53,

56]

rOAT3 ND [66]

hC)AT4 ND [69]

rOAT-K2 ND [75]

procainamide rOCT1 13, 44.4 [12, 112]

rOCT1A ND [17]

hCCT1 73.9, 107 [21, 22]

rOCT2 257 [112]

hCCT2 50 [16]

hCCT3 738 [35]

rOCTN1 860 [37]
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Compound Transporter K■ or (Kim) (puM) Reference

hCCTN1 ND [38]

rOCTN2 ND [40]

hCCTN2 ND [39, 42]

progesterone rOCT2 1.6 [18]

rOCT3 10.5 [18]

pyrilamine hCCTN1 ND [38]

hCCTN2 ND [42]

quinidine rOCT1 14.6, 6.0 [19, 114]

hCCT1 17.5, 23.4 [21, 22]

rOCT2 19.1, ND [19, 112]

hCCTN1 ND [38]

hCCTN2 ND [42, 43]

rOAT3 ND [66]

hCATP1 ND [85]

quinine rOCT1 0.93, 4.3 [12, 114]

hCCT1 22.9, 22.6 [21, 22]

hCCT2 3.4 [16]

pOCT2 5.5 [25]

hCCTN 1 ND [38]

hCCTN2 ND [42]

reserpine rOCT1 20 [12]

riboflavin mOAT1 ND [55]

rifampicin rOAT2 ND [65]

ritonavir hCCT1 5.2 [117]

hCATP1 ND [85]
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Compound Transporter K, or (Kim) (HM) Reference

salicylate rOAT1 341 [60]

hC)AT1 ND [53]

rOAT2 (88) [65]

salicylurate rOAT1 11 [60]

saquinavir hCCT1 8.3 [117]

hC)ATP1 ND [85]

semustine mOAT1 ND [55]

serotonin rOCT1 (650) [115]

rOCT2 (3600) [27]

hCCT2 (80) [28]

rOCT3 970, ND [18, 32]

simvastatin roatp1 ND [109]

stavudine rOAT1 ND [62]

Sulindac mOAT1 ND [55]

taurocholate rOAT3 ND [66]

rOAT-K1 ND [70]

rOAT-K2 (10) [75]

roatpl (32) [76, 81, 109]

hOATP1 (60) [77]

roatp2 ND [89]

roatp3 (18) [87]

TBA mOCT1 7.3 [23]

rOCT1 17 [23]

rbOCT1 25 [23]

hCCT1 52, 30 [22, 23]

193



Compound Transporter K, or (Kim) (HM) Reference

TBuMA hCCT1 66 [22]

TEA mCCT1 128 [23]

rCCT1 (95); 47, (36); 100, [12, 19, 23,

167 112]

rOAT1A (42) [17]

rbOCT1 ND, 94 [14, 23]

hOCT1 161, 260, 158 [21-23]

rOCT2 52, (45); (34), 142 [19, 112]

pOCT2 (20), 38 [25]

hCCT2 (76) [16]

mCCT3 (1900) [35]

rOCT3 (2500) [32]

hCCT3 1300 [35]

rOCTN1 960 [37]

hCCTN1 (436) [36]

mOCTN2 ND [40]

rOCTN2 (63) [40]

hCCTN2 ND [39, 40, 42,

43]

teStoSterOne rOCT3 ND [18]

THA hCCT1 3.0 [22]

rOCTN2 ND [40]

thyroxine roatp2 (6.5), ND [87, 89]

roatp3 (4.9) [87]

TMA mOCT1 2040 [23]
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Compound Transporter K■ or (Kim) (HM) Reference

rOCT1 1000, 905 [12, 23]

rbOCT1 5800 [23]

hOCT1 10,000, 12,000 [22, 23]

hCCT2 180 [16]

rOCTN2 ND [40]

tolbutamide rOAT1 55.5 [61]

TPeA mOCT1 ND [23]

rOCT1 0.43, ND [12, 23]

rbOCT1 ND [23]

hCCT1 7.4, 8.6, ND [21–23)

hCCT2 1.5 [16]

TPrA mCCT1 20 [23]

rOCT1 21 [23]

rbOCT1 36 [23]

hCCT1 90, 102 [22, 23]

trifluridine rOAT1 ND [62]

tri-iodothyronine roatp2 (5.8) [87]

roatp3 (7.3) [87]

tyramine hCCT3 ND [33]

urate rOAT1 ND [48]

hOAT1 ND [56]

valproic acid rOAT1 ND [48]

hCCTN2 ND [42]

verapamil hCCT1 2.9 [21]

rOCTN1 ND [37]
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Compound Transporter K, or (Kim) (uM) Reference

hCCTN1 ND [38]

hCCTN2 ND [40, 42, 43]

hC)ATP1 ND [85]

vecuronium hCCT1 120, 232, 237 [15, 21, 22]

zalcitabine rCAT1 ND [62]

“ Underlining indicates that the compound is a substrate. Otherwise, the compound has

only been shown to inhibit the transport of a model compound (i.e. it is not known

whether the drug is a substrate or only an inhibitor). Values in parentheses in the K/K.

column indicate a Km value, otherwise it is a Kvalue. All of the available kinetic

constants are reported from the primary literature. ND: not determined.
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