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ABSTRACT

CNT proteins mediate active transport of nucleosides across cell membranes by 

coupling the uptake of nucleosides to the movement of Na+ down its electrochemical 

gradient. Human CNT1 (hCNTl) and human CNT2 (hCNT2) are selective for 

pyrimidine nucleosides (system cit) and purine nucleosides (system cif), respectively. 

The CNT3 proteins from human (hCNT3) and mouse (mCNT3) are broadly selective for 

both pyrimidine and purine nucleosides (system cib). In addition to mammals and other 

vertebrates, the CNT family has members in insects, nematodes, yeast, and bacteria. 

Recombinant hCNTl, hCNT3, and mCNT3 were produced in Xenopus laevis oocytes 

and functionally characterized using the two-microelectrode voltage clamp. This thesis 

describes: (i) electrogenic substrate transport by hCNTl, hCNT3, and mCNT3; (ii) 

steady-state kinetic properties of hCNTl, hCNT3, and mCNT3; and (iii) presteady-state 

currents of hCNT3.

Transport of nucleosides and nucleoside drugs by hCNTl, hCNT3, and mCNT3 was 

electrogenic, the magnitude of the inward current being dependent on the concentrations 

of extracellular nucleosides and Na+, and on the membrane potential. The steady-state 

kinetic data for hCNTl were consistent with a sequential ordered binding mechanism in 

which Na+ binds to the transporter first followed by the nucleoside. The NaVnucleoside 

coupling ratio of hCNTl was 1:1 and independent of membrane potential. hCNT3 and 

mCNT3 mediated Na+-dependent (and H+- and Li+-dependent) transport of both 

pyrimidine and purine nucleosides. In contrast to hCNTl, the NaVnucleoside coupling

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ratio of hCNT3 and mCNT3 was 2:1 at hyperpolarized potentials. The H+/nucleoside 

coupling ratio was 2:1 determined from H+ activation experiments and 1:1 from 

charge/flux measurements. In the absence of uridine, step changes in membrane potential 

induced presteady-state or transient currents in oocytes producing hCNT3. hCNT3 

charge movements were described by the Boltzmann equation and were due both to 

movement of the empty carrier within the membrane as well as Na+ binding/dissociation. 

An hCNT3 turnover rate of ~ 9.7 sec'1 was determined. Transporter numbers of ~ 1010 

per oocyte were estimated from the maximal charge movements. The steady-state and 

presteady-state electrophysiological studies represent important steps in the development 

of in depth kinetic models for CNT-mediated Na+/nucleoside cotransport and provide the 

basis for future structure/function experiments.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

There are a number of people whose assistance made this thesis possible. I am indebted 

to my supervisors Dr. James Young and Dr. Edward Karpinski for their encouragement and 

direction throughout this project. Dr. Young gave me guidance, and both the opportunity 

and freedom to perform my research in the field of electrophysiology; for these things, I am 

extremely grateful. I express my deepest gratitude to Dr. Karpinski for his expertise in 

teaching me oocyte electrophysiology, for spending countless hours analyzing data, and for 

his friendship. I wish to thank Dr. Sylvia Yao, Amy Ng, and Mabel Ritzel for their support 

and valued advice in response to my questions. More specifically, I thank Dr. Yao for 

teaching me about Xenopus oocytes, and Amy Ng and Mabel Ritzel for training me in, and 

sharing their extensive knowledge of, molecular biology. I am grateful to Dr. Shaun 

Loewen for his collaboration over the years, and for all of our discussions with regard to 

CNT3. I express my great appreciation to our summer student, Kathy Labedz, for all her 

electrophysiology work, and for her assistance in analyzing data.

I am most grateful to Dr. Carol Cass, Dr. Marek Duszyk and Dr. Xing-Zhen Chen and 

the members of their laboratories for their support and advice during my research. I 

especially thank Dr. Chen for his input in interpreting my results, and for providing ideas 

for further experimentation. I am grateful to Dr. Wendi Gati for agreeing to become a late 

addition to my examination committee. I also thank the National Cancer Institute of 

Canada (NCIC) and the Alberta Cancer Board (ACB), whose funding supported my 

research. Last, but not least, I would like to thank my family and friends for their love and 

continuing support.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

Page

Chapter I: General Introduction.............................................................................  1

Preamble...................................................................................................................  2

Nucleoside Transport-an Overview  ....................................................  3

Mammalian Equilibrative Nucleoside Transporters (ENTs).................................  4

Characteristics of Mammalian Equilibrative Nucleoside Transport
Processes......................................................................   4

Functional and Molecular Properties of Cloned Mammalian ENTs  6

ENT1.................................................................................................................  6

ENT2............................................................................................   8

ENT3...................................................................        9

ENT4.................................................................................................................  10

ENT Family Members in Other Eukaryotes........................................................  11

Parasitic Protozoa.............................................................................................  11

Toxoplasma gondii TgAT............................................................................ 11

Plasmodium falciparum PfENTl................................................................ 12

Leishmania donovani LdNT 1.1 and LdNT 1.2..........................................  13

Leishmania donovani LdNT2..................................................................... 13

Trypanosoma brucei brucei TbNT2-9........................................................  14

Trypanosoma brucei brucei TbATl...........................................................  15

Y e a s t .. . . . . . . . . . . . . . . . . . . . . . . . . . . ........................................................................... 16

Saccharomyces cerevisiae FUN26............................................................  16

Nematodes......................................................................................................... 17

Caenorhabditis elegans CeENT 1...............................................................  17

Plants................................................................................................................  17

Arabidopsis thaliana AtENTl....................................................................  17

Mammalian Concentrative Nucleoside T ransporters (CNT s)............................... 18

Characteristics of Mammalian Concentrative Nucleoside Transport 
Processes................................................................................................................ 18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Functional and Molecular Properties of Cloned Mammalian CNTs  19
CNT1...........................................................................................................  19

CNT2...........................................................................................................  21

CNT3......................      22

CNT Family Members in Prokaryotes and Other Eukaryotes.....................  23

Eptatretus stouti CNT (hfCNT).................................................................  23

Caenorhabditis elegans CNT3 (CeCNT3)................................................ 24

Candida albicans CNT (CaCNT)..............................................................  25

Escherichia coli NupC................................................................................  25

Other Nucleoside Transport Processes..............................................................  26

Bacteria............................................................................................................  26

Nucleoside/H+ Symporter (NHS) Family.................................................. 26

Tsx Channel-Forming Protein Family.......................................................  27

Yeast................................................................................................................. 28

FUI1 of the Uracil/Allantoin Permease Family........................................  28

Nucleoside Permease (NUP) Family.........................................................  29

Mammals  ...............................................    29

Organic Cation Transporter (OCT) Family............................................... 29

Organic Anion Transporter (OAT) Family............................................... 30

Electrophysiological Studies of Transport Proteins.........................................  31

Electrophysiological Techniques.................................................................... 32

Two-microelectrode voltage clamp technique.........................................  32

Cut-open oocyte technique.........................................................................  33

Macropatch..................................................................................................  33

Patch-clamp...............................................................................................  34

Electrophysiology of defined transporters.................................................... 35

NaVglucose cotransporter (SGLT1)..........................................................  35

A. Steady-state currents.........................................................................  36

B. Presteady-state currents.................................................................... 37

C. Stoichiometric ratio of the NaVglucose cotransporter...................  40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Research Obj ectives ..............................................................................  42

Bibliography........................................................................................................ 59

Chapter II: Electrophysiological Characterization of a Human Na+-
coupled Nucleoside Transporter (hCNTl) Produced in Xenopus laevis 
Oocytes.....................................................................................................................  81

Introduction.........................................................................................................  82

Materials and Methods......................................................................................  85

In vitro Transcription and Transporter Expression in Xenopus Oocytes.... 85

Electrophysiological Studies.......................................................................... 85

Radioisotope Flux Studies..............................................................................  87

Cation/Nucleoside Coupling Ratios  ............................................... 87

Chemicals.....................................................................................................  88

Results.................................................................................................................. 89

Na+-dependence. ............................ ............................................................ 89

Voltage-Dependence of Transporter Currents..............................................  89

Cation Specificity................. ..........................................................................  89

Substrate Specificity.......................................................................................  90

Na+- and Uridine-Steady-State Kinetics and the Order of Substrate
Binding. ........................................................ ................................................. 92

Phloridzin Inhibition of hCNTl Currents...................................................... 93

Cation/Nucleoside Coupling Ratios..............................................................  95

Discussion........................................ ................................................................. 96

Bibliography........................................................................................................  120

Chapter III: Electrophysiological Characterization of Novel Human and 
Mouse Concentrative Na+-Nucleoside Cotransporter Proteins (hCNT3 
and mCNT3) Broadly Selective for Purine and Pyrimidine Nucleosides 
(System cib)  ..........................................................................  126

Introduction.........................................................................................................  127

Materials and Methods.......................................................................................  130

Expression of Recombinant hCNT3 and mCNT3 in Xenopus Oocytes  130

Electrophysiological Studies.......................................................................... 130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hill Analysis................................      131

hCNT3 Radioisotope Flux Studies......................    131

Cation/Nucleoside Coupling Ratios. ....................................     132

Chemicals........................................................................................................  132
Results...................................   133

Substrate Selectivity and Na+-dependence of Recombinant hCNT3 and 
mCNT3...........................   133

Voltage-dependence of hCNT3 and mCNT3 Transport Currents............... 133

pH- and Lithium-dependence of Recombinant hCNT3 and mCNT3  134

hCNT3- and mCNT3-mediated Transport of Anticancer and Antiviral
Drugs................................................................................................................ 135
Na+ Activation Kinetics and Na+/nucleoside Coupling Ratio.  ..................  136

H+ Activation Kinetics and H+/nucleoside Coupling Ratio.........................  137

Coupling Ratio of hCNT3 Determined in the Presence of both Na+ and
H+. .   .......................................................  137

Discussion. ......................        138

Bibliography................................ ...................................................................... 167

Chapter IV: Presteady-state Currents of the Human Concentrative Na+- 
Nucleoside Cotransporter hCNT3...................................................................... 171

Introduction...................................................     172

Materials and Methods  ............................................................. 174

Production of Recombinant hCNT3 in Xenopus Oocytes............................ 174

Electrophysiological Studies.......................................................................... 174

Data Analysis......................      175

Results..........................        177

Presteady-state Currents of hCNT3...............................................................  177

ON/OFF Current Responses........................................................................... 177

Effect of Na+ on Presteady-state Currents.  ................................................. 177

ON/OFF Charge Movement .....................................................................  179

Uridine Reversal of Presteady-state Currents................................................ 179

Effect of Vh on Presteady-state Currents......................................................  179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Presteady-state Currents in the Absence of Na+.................................. 179

Turnover Rate and Number of Transporters.................................................. 180

Kinetics of Presteady-state Currents..............................................................  181

Effect of Na+ on the Kinetics of the Presteady-state Currents.....................  182

Discussion...................      183

Bibliography...............................................................................................  206

Chapter V: General Discussion.....................   211

Order of Substrate Binding  .........    213

System-cib is a Member of the CNT Family.....................................................  214

Novel Proton- and Lithium-coupled Nucleoside Transport Characteristics... 214

Cation/nucleoside Coupling Ratio  ............................................  215

Nucleoside Drug Transport .........    216

Presteady-state Currents of hCNT3.................................................................... 216

Kinetic Interpretation of tsiow and Tfast......................................................  217

T umover Rate (T umo ver Number)..........................................................  218

Limitations of Electrophysiological Studies of hCNTl/3 in Xenopus
Oocytes.......................................................................................................  219

Bibliography...............................................................................................  222

Appendix A: Gemcitabine transport in Xenopus oocytes expressing 226
recombinant plasma membrane mammalian nucleoside transporters. J  Natl 
Cancer Inst 91(21): 1876-1881, 1999.

Appendix B: Molecular identification and characterization of novel human 233
and mouse concentrative Na+-nucleoside cotransporter proteins (hCNT3 and 
mCNT3) broadly selective for purine and pyrimidine nucleosides (System 
cib). J  Biol Chem 276(4): 2914-2927, 2001.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Page

Table 1-1 Members of the Equilibrative Nucleoside Transporter (ENT) 43
Family.

Table 1-2 Concentrative Nucleoside Transport Processes of Mammalian 45
Cells.

Table 1-3 Members of the Concentrative Nucleoside Transporter (CNT) 46
Family.

Table 1-4 Members of the Nucleoside/H+ Symporter (NHS) Family. 48

Table 1-5 Members of the Tsx Channel-Forming Protein Family. 49

Table 1-6 Members of the Uracil/Allantoin Permease Family. 50

Table 1-7 Members of the Nucleoside Permease (NUP) Family. 51

Table 1-8 Members of the Organic Cation Transporter (OCT) Family. 52

Table 1-9 Members of the Organic Anion Transporter (OAT) Family. 53

Table 2-1 hCNTl Uridine Kinetic Parameters. 104

Table 2-2 hCNTl Na+Kinetic Parameters. 105

Table 4-1 Numbers of Recombinant hCNT3 Transporters Present in the 189
Oocyte Plasma Membrane.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 1-1 Inhibitors of some ENT-mediated transport processes.

Page

54

Figure 1-2 Chemical structures of physiological nucleosides. 55

Figure 1-3 Topographical model of hENTl. 56

Figure 1-4 Topographical model of rCNTl. 57

Figure 1-5 Na+/glucose cotransport by SGLT1. 58

Figure 2-1 Na+-dependence of hCNTl -mediated uridine transport. 106

Figure 2-2 hCNTl steady-state current/voltage relationship. 107

Figure 2-3 Cation specificity of hCNTl. 108

Figure 2-4 Nucleoside specificity of hCNTl. 109

Figure 2-5 hCNTl competition studies. 110

Figure 2-6 Transport of AZT. 111

Figure 2-7 Transport of gemcitabine. 113

Figure 2-8 Transport of nucleoside mimics. 114

Figure 2-9 Steady-state hCNTl kinetics and the order of solute binding. 115

Figure 2-10 Inhibition of hCNTl-mediated Na+ currents by phloridzin. 117

Figure 2-11 Effect of phloridzin on hCNTl steady-state kinetic parameters. 118

Figure 2-12 Stoichiometry of hCNT 1. 119

Figure 3-1 Substrate selectivity and Na+-dependence of hCNT3 produced in 147
Xenopus oocytes.

Figure 3-2 Substrate selectivity and Na+-dependence of mCNT3 produced 148
in Xenopus oocytes.

Figure 3-3 Voltage-dependence of hCNT3- and mCNT3-mediated currents. 149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3-4 

Figure 3-5 

Figure 3-6

Figure 3-7

Figure 3-8 

Figure 3-9 

Figure 3-10 

Figure 3-11

Figure 3-12

Figure 3-13 

Figure 3-14

Figure 3-15 

Figure 3-16

Figure 3-17

Figure 3-18

Figure 3-19 

Figure 4-1 

Figure 4-2

pH-dependence of uridine transport by recombinant mCNT3. 150

pH-dependence of uridine transport by recombinant hCNT3. 151

pH-dependence of thymidine and inosine transport by 152
recombinant mCNT3.

Effect of pH on uridine-evoked currents in Na+-containing 154
medium.

Cation/nucleoside currents. 155

AZT-induced currents in an mCNT3-producing Xenopus oocyte. 156

ddC-induced currents in an mCNT3-producing Xenopus oocyte. 157

Nucleoside drug-induced currents in an hCNT3-producing 158
Xenopus oocyte.

Na+- and H+-dependence of radiolabeled ddC and uridine 159
uptake in Xenopus oocytes producing recombinant hCNT3.

Na+ activation of mCNT3-mediated currents. 160

Stoichiometry of Na+/uridine cotransport by recombinant 161
hCNT3.

H+ activation of hCNT3-mediated nucleoside transport. 162

Stoichiometry of H+/uridine cotransport by recombinant 163
hCNT3.

Stoichiometry of Na+/uridine cotransport by recombinant 164
hCNT3 at pH 5.5.

Proposed transport model for hCNT3 Na+/nucleoside 165
cotransport.

hCNT3 total currents in the presence of external Na+. 166

Time course of current and voltage records. 190

Time constants of Xenopus oocyte capacitive transients. 191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-3 hCNT3 presteady-state curve fits. 192

Figure 4-4 hCNT3 presteady-state currents elicited by voltage pulses. 193

Figure 4-5 hCNT3 ON and OFF current relaxations. 194

Figure 4-6 Dependence of hCNT3 presteady-state currents on external Na+. 195

Figure 4-7 Relationship between hCNT3 ON and OFF charge movements. 196

Figure 4-8 Effect of uridine on hCNT3 presteady-state currents. 197

Figure 4-9 Effect of holding potential on hCNT3 charge movements. 198

Figure 4-10 Charge movement of the hCNT3 empty carrier. 199

Figure 4-11 Analysis of hCNT3 charge movements due to the empty carrier. 200

Figure 4-12 Turnover rate of recombinant hCNT3. 201

Figure 4-13 Kinetics of hCNT3 current relaxations. 202

Figure 4-14 hCNT3 time constants for the OFF response. 203

Figure 4-15 Na+-dependence of hCNT3 current relaxation kinetics. 204

Figure 4-16 Proposed transport model for hCNT3 Na+/nucleoside 
cotransport.

205

Figure 5-1 Three-state kinetic model for hCNT3 in the absence of 
substrates.

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF ABBREVIATIONS, SYMBOLS, AND NOMENCLATURE

A Ampere; unit of electrical current
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AZT 3'-azido-3'-deoxythymidine, zidovudine

BLAST Basic Local Alignment Search Tool; method for searching nucleotide and
protein databases

C Coulomb; the meter-kilogram-second unit of electrical charge equal to the
quantity of charge transferred in one second by a steady current of one 
ampere

C.albicans Candida albicans

cDNA complementary DNA

C. elegans Caenorhabditis elegans

CeENT Caenorhabditis elegans equilibrative nucleoside transporter (ENT)
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cib concentrative, insensitive to NBMPR inhibition, broadly selective
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



II

DNA deoxyribonucleic acid

E. coli Escherichia coli
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F Faraday's constant, equivalent to 9.6494 x 104 coulombs/mol

fludarabine 9-j8-D-arabinosyl-2-fluoroadenine, F-ara-A 

FUI1 member of the uracil/allantoin permease family; transports uridine
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FUR4 member of the uracil/allantoin permease family; uracil permease

g gram

G giga; 109

GABA y-amino-butyric acid

GAT1 GABA transporter

GCV ganciclovir

gemcitabine 2', 2'-difluorodeoxycytidine, dFdC
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range 6.8 - 8.6 

hf hagfish

HIV human immunodeficiency virus
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•/max maximum current, in Amperes

I-V current-voltage relationship

Km permeant concentration at half-maximal unidirectional flux; apparent
affinity

1 litres

Li+ lithium

L. donovani Leishmania donovani

LdN Tl.l/ nearly identical nucleoside transporters from Leishmania donovani whose
LdNT 1.2 substrate specificity has not been fully characterized

LdNT2 Leishmania donovani nucleoside transporter 2 (NT2) which prefers inosine
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m milli; 10'3

m mouse

min minute(s)

mm millimeters

M mega; 106

M molar; mol/1

MES (2-[N-morpholino]ethanesulfonic acid); buffer with pH range of 5.5 - 6.7

MBM Modified Barth's Medium

n nano; 10'9

N nucleoside

N number of transporters

Na+ sodium

NaCl sodium chloride

NBMPR nitrobenzylthioinosine
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nucleosides, except guanosine; member of the CNT protein family
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NupG H+/nucleoside transporter from E. coli; transports purine and pyrimidine
nucleosides; member of the NHS protein family

OAT organic anion transporter

OCT organic cation transporter

OmpK outer membrane protein of Vibrio cholerae, with unknown function

PI high affinity equilibrative nucleoside transport system in Trypanosoma
brucei brucei; transports purine nucleosides

P2 high affinity equilibrative nucleoside transport system in Trypanosoma
brucei brucei; transports adenosine, adenine, melamino-phenylarsenicals

p pico; 10'12

P Pig

PEPT1 H+-dependent oligopeptide cotransporter

PfENTl Plasmodium falciparum equilibrative nucleoside transporter 1 (ENT1)

PfNTl Plasmodium falciparum nucleoside transporter 1 (NT1); also known as
PfENTl

P. Plasmodium falciparum
falciparum
pk pig

Q charge, in Coulombs

Qdep charge (Q) at the depolarizing limit, in coulombs

Qhyp charge (Q) at the hyperpolarizing limit, in coulombs

Qmax maximal charge transferred, in coulombs

Q-V charge-voltage relation

r rat
'J  1R ideal gas constant equivalent to 8.3143m kg/s Kmol

rb rabbit

S. Saccharomyces cerevisiae
cerevisiae
SE standard error of the fitted estimate

sec second(s)

SGLT1 Na+-dependent glucose transporter 1
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SEM standard error of the mean

SNST1 Na+/nucleoside transporter 1; originally believed to be cib-type transporter, 
but is no longer considered a member of the CNT family

SPNT Na+-dependent nucleoside transporter isolated from rat liver; also known as 
rCNT2

TbATl adenosine transporter from Trypanosoma brucei brucei displaying P2-type 
transporter characteristics

T. b. brucei Trypanosoma brucei brucei

TbNT Trypanosoma brucei brucei nucleoside/nucleobase transporter

TbNT2-9 Trypanosoma brucei brucei ENT isoforms

TgAT Toxoplasma gondii adenosine-preferring transporter

T. gondii Toxoplasma gondii

TM transmembrane domain

TMs transmembrane domains

Tsx substrate-specific channel of Escherichia coli which transports nucleosides 
and deoxynucleosides across the outer membrane

T absolute temperature

V number of fundamental charges translocated per molecule o f uridine at the 
corresponding potential

V Volts; unit of electric potential

vh holding potential, in millivolts (mV)

Vm membrane potential

Ernax maximum transport rate

Vr reversal potential, in millivolts (mV)

Vt membrane voltage during pulse, in millivolts (mV)

Vo.5 membrane voltage at which half of the total charge has moved

XapB H+/nucleoside transporter of bacteria; member of the NHS family of 
transporters

Z apparent valence of moving charge

Zd product of the valence of the charge and the apparent fraction of the field 
sensed by that charge

p-DFP-51 l-(2-deoxy-P-D-ribofuranosyl)-2,4-difluoro-5-iodobenzene

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(3-DFP-5M l-(2-deoxy-p-D-ribofuranosyl)-2,4-difluoro-5-methylbenzene 

°C degrees Celsius

5 effective fraction of membrane field sensed by the movable charge

e0 elementary charge, 1.60228 x 10'19 coulombs

p micro; 10'6

Q Ohm; unit of electrical resistance

t tau; time constant, in milliseconds (msec)

$  charge transfer rate; equal to the slope of the /max versus C W  graph x za
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Chapter I:

General Introduction
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Preamble

The translocation of nucleosides and synthetic nucleoside analogs across the lipid 

bilayer of cell membranes is mediated by equilibrative and concentrative (Na+- and I n ­

dependent) transport mechanisms. In 1994, a cDNA encoding the first mammalian 

concentrative Na+/nucleoside cotransporter, designated rCNTl, was cloned from rat 

jejunum (Huang et al., 1994), along with a cDNA encoding a related H+/nucleoside 

cotransporter (NupC) from Escherichia coli (Craig et al, 1997). A second mammalian 

CNT homolog, rCNT2, was identified independently from rat liver and jejunum (Che et 

al., 1995; Yao et al., 1996b). Human orthologs of these Na+/nucleoside cotransporters, 

hCNTl and hCNT2, were also identified (Ritzel et al., 1997; Wang et al., 1997; Ritzel et 

al., 1998), along with the first equilibrative nucleoside transporters from rat (rENTl and 

rENT2) and human (hENTl and hENT2) tissues (Griffiths et al., 1997a, b; Yao et al., 

1997; Crawford et al., 1998).

The studies described in Chapters II-IV of this thesis were carried out between 1996 

and 2003. The objective of this research was to functionally characterize mammalian 

members of the concentrative nucleoside transporter (CNT) family using 

electrophysiological techniques. Initial studies focused on the steady-state kinetic 

properties of hCNTl and the results of these experiments are presented in Chapter II. As 

described in Chapter III, subsequent investigation of the steady-state kinetic properties of 

human (hCNT3) and mouse (mCNT3) representatives of a third recently discovered 

mammalian CNT isoform revealed unique cation-coupling and nucleoside-selectivity 

properties that functionally distinguish the CNT3 proteins from other members of the 

CNT family. The presteady-state currents of hCNT3, which provide information about 

transporter membrane abundance and partial reactions in the Na+/nucleoside cotransport 

cycle, were also investigated and are presented in Chapter IV.

The remainder of Chapter I  describes current knowledge of the transporters mediating 

nucleoside transport in both prokaryotic and eukaryotic cells and their respective protein 

families. The final chapter of this thesis (Chapter V) is a general discussion of the results 

obtained using electrophysiological techniques and the direction of future research.
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Nucleoside Transport - an Overview

Nucleosides have a multitude of physiological effects. In mammalian cells, adenosine 

binds to cell-surface receptors and exerts potent effects on various physiological 

processes, such as regulation of cardiovascular activity, modulation of immune 

responses, platelet aggregation, renal function, neurotransmission, and neuromodulation 

in the central nervous system (Young and Jarvis, 1983; Cass, 1995; Griffiths and Jarvis, 

1996; Jennings et al., 1998; Baldwin et al., 1999). Inosine is an in vivo energy source in 

adult pig erythrocytes which are unable to metabolize glucose through lack of a 

functional glucose transporter (Young, 1983; Young and Jarvis, 1983; Young et al., 

1985). Inosine and guanosine serve as energy sources for embryonic and adult chicken 

erythrocytes (Griffiths and Jarvis, 1996). In bacteria, nucleosides are essential for 

replication (Kubitscek, 1968). Protozoan parasites and some mammalian cell types, such 

as bone marrow cells, enterocytes, and certain brain cells, lack de novo purine 

biosynthetic pathways and must therefore rely on salvage pathways for the synthesis of 

nucleic acid precursors (Griffiths and Jarvis, 1996; de Koning et al., 1998; Baldwin et al., 

1999; Sanchez et al., 1999). Since nucleosides are relatively hydrophilic molecules, their 

translocation across the lipid bilayer of biological membranes depends on specialized 

nucleoside transporter proteins. These transporters regulate physiological processes 

through their effects on the levels of free nucleosides. For example, nucleoside 

transporters determine the duration of interaction of adenosine with purinoceptors by 

affecting the concentration of adenosine in the immediate vicinity o f the receptor (Cass, 

1995; Jennings et al., 1998; Baldwin et al., 1999). In addition, the ability of nucleoside 

transporters to transport nucleoside analogue drugs used in the treatment of cancer and 

viral diseases is an important determinant of the therapeutic effectiveness of these drugs 

(Mackey et al., 1998a; Baldwin et al., 1999).

A diverse array of kinetically distinct nucleoside transport processes have been 

identified in prokaryotic and eukaryotic cells. Mammalian cells, for example, possess 

both concentrative, Na+-dependent and equilibrative, Na+-independent nucleoside 

transport systems (Cass, 1995; Griffiths and Jarvis, 1996; Baldwin et al., 1999). The
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former are inwardly directed Na+/nucleoside symporters capable of transporting 

nucleosides against their concentration gradient through coupled movement of Na+ down 

its electrochemical gradient, while the latter mediate the bi-directional transport of 

nucleosides depending only on the concentration gradient of the transported nucleoside. 

Molecular cloning and functional expression of cDNAs has led to the identification of the 

nucleoside transporter proteins responsible for these and other nucleoside transport 

processes in humans and lower organisms. The proteins responsible for these processes 

belong to one of eight integral membrane protein families: the equilibrative nucleoside 

transporter (ENT) family, the concentrative nucleoside transporter (CNT) family, the 

nucleoside/H+ symporter (NHS) family, the Tsx channel-forming protein family, the 

uracil/allantoin permease family, the nucleoside permease (NUP) family, the organic 

cation transporter (OCT) family, and the organic anion transporter (OAT) family. Four 

of these (ENT, CNT, OCT and OAT) have representatives that transport nucleosides in 

mammalian cells, while the others (NHS, Tsx, uracil/allantoin permease family and NUP) 

appear to be limited to prokaryotes and/or lower eukaryotes. In some instances, not all 

members of the protein family transport nucleosides or function primarily as nucleoside 

transport proteins. For example, only OCT1 from the OCT family, which primarily 

mediates the uptake of various cations in epithelial tissues, is able to transport 

nucleosides and nucleoside analogs (Chen and Nelson, 2000; Hayer-Zilligen et a l, 2002; 

Takeda et al., 2002). Similarly, OAT proteins function primarily as organic anion 

transporters (Sekine et al., 2000; Wada et al., 2000). Some ENTs also transport 

nucleobases (Parker et a l, 2000; Sanchez et al., 2002; Yao et al., 2002b). The following 

sections present an extensive review of the current nucleoside transport literature.

Mammalian Equilibrative Nucleoside Transporters (ENTs)

Characteristics of Mammalian Equilibrative Nucleoside Transport Processes -

Equilibrative nucleoside transport systems were the first mammalian nucleoside 

transport mechanisms to be studied. Characterized initially in erythrocytes, these 

equilibrative nucleoside transport systems exhibit the classic features of facilitated
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diffusion; they are driven by the concentration gradient of the transported nucleoside and 

mediate bi-directional permeant fluxes across the cell membrane (Young and Jarvis, 

1983; Plagemann et al., 1990; Cass et al., 1995; Griffiths and Jarvis, 1996; Cass et al., 

1998; Mackey et al., 1998a; Baldwin et al., 1999; Vickers et al., 2000b; Young et al., 

2001, 2003). Two functional subtypes of equilibrative transporters have been identified 

based on their differential sensitivities to inhibition by the S6-substituted 6-thio-purine 

nucleoside derivative nitrobenzylthioinosine (NBMPR) (Fig. 1-1) (Young and Jarvis, 

1983; Plagemann et al., 1990; Cass et al., 1995; Griffiths and Jarvis, 1996). Transport 

processes of the ‘equilibrative sensitive’ (es) subtype are inhibited by nanomolar 

concentrations of NBMPR, due to the high affinity binding of NBMPR at or near the 

permeant-binding site, whereas the ‘equilibrative insensitive’ (ei) subtype is unaffected 

by NBMPR, or is inhibited only by high (pM) concentrations. Equilibrative nucleoside 

transporters are widely distributed in different mammalian cells and tissues and exhibit 

broad permeant selectivities for both purine and pyrimidine physiological nucleosides 

(Fig. 1-2) and synthetic nucleoside analogs (Young and Jarvis, 1983; Plagemann et al., 

1990; Cass et al., 1995; Griffiths and Jarvis, 1996; Cass et al., 1998; Mackey et al., 

1998a; Baldwin et al., 1999; Vickers et al., 2000b; Young et al., 2001,2003).

In most mammals, es and ei transport processes are inhibited by the coronary 

vasodilators dipyridamole, dilazep, and draflazine (Fig. 1-1), with es transporters 

generally exhibiting greater susceptibility to inhibition than ei transporters from the same 

species (Young and Jarvis, 1983; Plagemann et al., 1990; Cass et al., 1995; Griffiths and 

Jarvis, 1996; Cass et al., 1998; Mackey et al., 1998a; Baldwin et al., 1999; Vickers et al., 

2000b; Young et al., 2001, 2003). There are, however, significant species differences in 

sensitivity of transporters to these compounds. For example, the human es transporter is 

inhibited by dipyridamole and draflazine with apparent K; values in the nanomolar range, 

while rat es transporters require concentrations in excess of 1 pM to inhibit transport 

activity (Yao et al., 1997; Hammond, 1991, 2000). Sensitivity of the mouse es 

transporter to inhibition by dipyridamole is intermediate between that of the human and 

rat es (Hammond, 1991, 2000).
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Photoaffinity labeling experiments with NBMPR have identified the prototypic es 

transporter from human erythrocytes as a band 4.5 polypeptide (Wu et al., 1983). The 

protein was subsequently separated from the more abundant band 4.5 erythrocyte glucose 

transporter by immunoaffinity chromatography on a column of immobilized glucose 

transporter antibodies, and its identity as an equilibrative NBMPR-sensitive nucleoside 

transporter confirmed by functional reconstitution of the purified protein into 

phospholipid vesicles (Kwong et al., 1988).

Functional and Molecular Properties of Cloned Mammalian ENTs -

Members of the equilibrative nucleoside transporter (ENT) protein family are widely 

distributed in eukaryotes, including mammals, protozoa, yeast, nematodes, insects, and 

plants. A current list of identified ENTs from mammalian cells and other eukaryotes is 

provided in Table 1-1. These include cloned nucleoside/nucleobase transporters that 

have been characterized functionally as recombinant proteins in Xenopus oocytes or other 

heterologous expression systems, as well as putative transporters identified only by 

homology searches of complete and unfinished eukaryote sequence databases. 

Interestingly, searches of bacterial genome databases have failed to identify ENT 

homologs in prokaryotes. To date, four mammalian ENT isoforms have been identified.

ENT1 - A cDNA encoding the human equilibrative (es) nucleoside transporter 

(hENTl) was isolated from a placental cDNA library based on information derived from 

analysis of the N-terminal sequence of the purified human erythrocyte nucleoside 

transport protein (Griffiths et al., 1997a). hENTl was the first mammalian member of 

the ENT protein family to be identified (Griffiths et al., 1997a; Cass et al., 1998; Baldwin 

et al., 1999; Hyde et al., 2001). The isolated cDNA encoded a 456 amino acid protein 

with 11 potential transmembrane domains (TMs), containing a cytoplasmic N-terminus 

and extracellular C-terminus (Fig. 1-3) (Griffiths et al., 1997a; Sundaram et al., 2001b). 

Transmembrane domains are linked by short hydrophilic regions, except for a large 

glycosylated extracellular loop between transmembrane helices 1 and 2  and a large 

central cytoplasmic loop between transmembrane helices 6  and 7 (Griffiths et al., 1997a). 

The predicted topology of hENTl and the location of a single site o f glycosylation
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between TMs 1 and 2 have been confirmed by glycosylation scanning mutagenesis 

(Sundaram et al., 2001b). When produced in Xenopus oocytes, hENTl demonstrated 

broad substrate selectivity for purine and pyrimidine nucleosides, but was unable to 

transport nucleobases, and was sensitive to inhibition by NBMPR and the 

cardioprotective agents dipyridamole, dilazep, and draflazine (Griffiths et al., 1997a, b; 

Yao et al., 2002b). Transport of uridine was Na+ -independent, saturable, and conformed 

to Michaelis-Menten kinetics with an apparent affinity, or Km value, of 0.24 mM 

(Griffiths et al., 1997a). In addition to physiological nucleosides, hENTl also mediates 

the cellular uptake of nucleoside analogues used in cancer chemotherapy, including 

cladribine (2-chloro-2'-deoxyadenosine, CdA), cytarabine (l-jS-D-arabinofuranosyl 

cytosine, AraC), fludarabine (9-/3-D-arabinosyl-2-fluoroadenine, F-ara-A), and 

gemcitabine (2', 2'-difluorodeoxycytidine, dFdC) (Griffiths et al., 1997a; Mackey et al., 

1998b, 1999). hENTl does not transport the antiviral nucleoside drug AZT (3'-azido-3- 

deoxythymidine, zidovudine), and only weakly transports the antiviral drugs ddC (2', 3'- 

dideoxycytidine, zalcitabine) and ddl (2', 3'-dideoxyinosine, didanosine), suggesting that 

the absence of the ribose 3'-hydroxyl group greatly reduces the ability o f these 

compounds to be transported by hENTl (Mackey et al., 1998b, 1999; Hyde et al., 2001; 

Yao et al., 2001a). At the time it was cloned, hENTl showed no significant sequence 

similarity to other known transport proteins, including members of the CNT/NupC gene 

family (Griffiths et al., 1997a). Orthologs of hENTl from rat (r) and mouse (m), 

designated rENTl and mENTl, respectively, have been subsequently cloned and 

functionally characterized (Yao et al., 1997; Kiss et al., 2000). The rat homolog, rENTl 

(457 residues), was isolated from a rat jejunal cDNA library and is 78 % identical to 

hENTl in amino acid sequence (Yao et al., 1997). mENTl (458 residues) was isolated 

from mouse brain and is 78 % identical in amino acid sequence to hENTl (Kiss et al.,

2000). Although hENTl, rENTl, and mENTl have similar kinetic properties with 

respect to nucleoside transport, they exhibit distinctive species differences with respect to 

inhibition by dipyridamole, dilazep, and draflazine. Transport mediated by hENTl is 

potently inhibited by these vasodilator drugs, while rENTl is relatively insensitive to 

inhibition, and inhibition of mENT2 transport activity is intermediate between hENTl
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and rENTl (Griffiths et al., 1997a, b; Hammond, 2000; Kiss et al., 2000). These results 

agree with earlier studies with rat erythrocytes which demonstrated high sensitivity to 

NBMPR inhibition but resistance to inhibition by vasodilator drugs (Jarvis and Young, 

1986). Chimeras constructed between the vasoactive drug-sensitive transporter hENTl 

and its drug-resistant rat counterpart rENTl revealed that the binding domain for 

vasodilator drugs, which compete with permeant for the substrate-binding site at the 

extracellular surface, lie in the TM 3 - 6  region of the transporter (Sundaram et al., 1998). 

Random mutagenesis studies of recombinant hENTl produced in yeast have also 

implicated TM1 (residue 33) in dipyridamole/dilazep binding (Visser et al., 2002). 

ENT1 transporters are broadly distributed among cells and tissues, with mRNA transcript 

having been identified in a variety of normal tissues, including fetal brain, liver, and 

spleen, and adult adipose tissue, aortic endothelial cells, brain, breast, colon, heart, lung, 

ovary, placenta, prostate, and uterus, as well as in malignant cells (Cass et al., 1998).

ENT2 - Following the identification of hENTl, cDNAs encoding the human e/-type 

transporter were cloned. hENT2 was identified from a human placental cDNA library 

based on sequence information derived from human HNP36, a putative protein with 

sequence similarity to the N-terminal region of hENTl and unknown function (Griffiths 

et al., 1997b). The same cDNA was independently cloned from a HeLa cell cDNA 

library by functional complementation of nucleoside transport deficiency in a subline of 

CEM human leukemic cells (Crawford et al., 1998). hENT2 (456 amino acid residues) is 

46 % identical in amino acid sequence to hENTl and has a similar predicted membrane 

topology of 11 TMs, with two potential N-linked glycosylation sites in the exofacial loop 

between TMs 1 and 2 (Griffiths et al., 1997b). hENT2 displayed functional properties 

consistent with ei-type transport, being much less sensitive than hENTl to inhibition by 

NBMPR, dipyridamole, dilazep, and draflazine (Griffiths et al., 1997b; Crawford et al.,

1998). hENT2 mediates the Na+-independent transport of a broad range of purine and 

pyrimidine nucleosides; however, the apparent affinities for these substrates, with the 

exception of inosine, are significantly lower than for hENTl (Km values - 0 . 3 - 5  mM) 

(Griffiths et al., 1997b; Crawford et al., 1998; Ward et al., 2000). hENT2 shows a 

greater ability to transport the antiviral nucleoside drugs AZT, ddC, and ddl than hENTl,
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and is also able to mediate the uptake of nucleobases such as hypoxanthine, adenine, 

guanine, uracil, thymine, and cytosine (Yao et al., 2001a, 2002b). Rat and mouse 

orthologs of hENT2, designated rENT2 and mENT2, respectively, have also been cloned 

and functionally characterized (Yao et al., 1997; Kiss et al., 2000). rENT2 (456 amino 

acid residues) was cloned from a rat jejunal cDNA library while mENT2 (456 amino acid 

residues) was cloned from mouse brain (Yao et al., 1997; Kiss et al., 2000). rENT2 and 

mENT2 are 89 and 8 8  % identical in amino acid sequence to hENT2, respectively, and 

~ 50 % identical to rENTl/hENTl (Yao et al., 1997; Kiss et al., 2000). Both rENT2 and 

mENT2 have functional properties similar to hENT2, including broad substrate 

selectivity and relative insensitivity to inhibition by NBMPR, dipyridamole, dilazep, and 

draflazine (Yao et al., 1997; Kiss et al., 2000). Chimeric constructs between NBMPR- 

sensitive, nucleobase transport-negative rENTl and NBMPR-insensitive, nucleobase 

transport-positive rENT2 identified TMs 3 - 6  and TMs 5 - 6  of rENT2 as the sites of 

ENT interaction with NBMPR and nucleobases, respectively (Sundaram et al., 2001a; 

Yao et al., 2002b). Studies with the thiol reagent p-chloromercuriphenyl sulphonate 

(PCMBS) have identified a substrate-protectable cysteine residue in the outer half of 

TM 4 of rENT2 (Cys140) that lies within the translocation pore of the transporter (Yao et 

al., 2001b). Investigations of ENT2 mRNA in rat and human tissues indicate that, like 

ENT1, ENT2 has a wide tissue distribution. Transcript was detected in brain, heart, 

placenta, thymus, pancreas, prostate, and kidney, and is particularly abundant in skeletal 

muscle (Griffiths et al., 1997b; Crawford et al., 1998). ENT1, with es-type transport 

function, and ENT2, with e/-type transport function, account for the two main 

equilibrative nucleoside transport activities of mammalian cells.

ENT3 - Subsequent to the molecular cloning of ENT 1 and ENT2, database searching 

using the BLAST algorithm identified a third, novel mammalian member of the ENT 

family, ENT3. Two cDNA sequences that were homologous to, but differed from 

published ENT1 and ENT2 sequences, were identified from mouse and human (Hyde et 

al., 2001). Full-length cDNA clones were obtained from mouse kidney and human 

placenta (Hyde et al., 2001). The encoded proteins, termed mENT3 (mouse) and hENT3 

(human), exhibited 30 - 33 % sequence identity to the mouse, rat, and human ENT1 and
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ENT2 proteins (Hyde et al., 2001). mENT3 (474 amino acid residues) and hENT3 (475 

amino acid residues) share 73 % amino acid sequence identity (Hyde et al., 2001). In 

addition to kidney and placenta, ENT3 is expressed in a wide variety of human and 

mouse tissues, including adult breast, colon, and testis, and fetal liver and spleen (Hyde et 

al., 2001). The substrate selectivity and other transport properties o f mammalian ENT3 

proteins remains to be fully established, but initial studies of the recombinant proteins 

produced in Xenopus oocytes have demonstrated functional nucleoside and nucleobase 

transport activity (Baldwin SA, Beal P, Yao SYM, King AE, Cass CE, and Young JD, 

personal communication). The hydrophilic N-terminal region preceding TM 1 of 

mENT3 and hENT3 is longer than that of ENT1/ENT2 (Hyde et al., 2001). This region 

possesses two pairs of adjacent leucine residues, of which the first leucine in each pair is 

preceded by acidic residues (Hyde et al., 2001). Sequence motifs such as this resemble 

intracellular retention signals that mediate the sorting of other membrane proteins at the 

trans-Golgi network, endosomes and plasma membrane (Sandoval and Bakke, 1994). It 

is possible, therefore, that ENT3 is localized to an intracellular compartment rather than 

to the cell surface (Hyde et al., 2001).

ENT4 - Very recently, a fourth mammalian ENT isoform has also been found. Human 

ENT4 (hENT4) is a 530 residue protein 8 6  % identical in sequence to its mouse homolog 

(mENT4). Originally identified by genome database analysis (Acimovic and Coe, 2002), 

hENT4 is more closely related to insect ENTs (28 - 30 % identity) than to hENTl (18 % 

identity), indicating ancient divergence from other mammalian ENTs. Recombinant 

h/mENT4 proteins have been shown to possess adenosine transport activity when 

produced in Xenopus oocytes (Baldwin SA, Beal P, Yao SYM, King AE, Cass CE, and 

Young JD, personal communication). Similar to hENTl-3, hENT4 is likely to be 

ubiquitously expressed in human tissues (Baldwin SA, Beal P, Yao SYM, King AE, Cass 

CE, and Young JD, personal communication).
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ENT Family Members in Other Eukaryotes

The availability of on-line genomic databases, combined with BLAST searching 

techniques, has led to the identification of ENT family members in other eukaryotes, 

including parasitic protozoa, yeast, nematodes, and plants.

Parasitic Protozoa -

Parasitic protozoa of the genera Toxoplasma, Plasmodium, Leishmania, and 

Trypanosoma lack the ability to synthesize purines de novo, and their growth and survival 

is therefore dependent upon the salvage of purine nucleosides and nucleobases from their 

hosts (Baldwin et al., 1999). The first step in the salvage of purines involves permeation 

of the substrate across the parasite plasma membrane, through the actions of nucleoside 

and nucleobase transport processes (de Koning et al., 1998; Baldwin et al., 1999; 

Sanchez et al., 1999). Studies in various parasitic protozoa have led recently to the 

molecular cloning and functional characterization of a number of parasite 

nucleoside/nucleobase transport proteins. Since parasitic protozoa are responsible for 

diseases such as sleeping sickness and leishmaniasis and are completely dependent upon 

purine salvage mechanisms for nucleotide biosynthesis, these transporters represent a 

potentially important new drug target in antiparasite pharmacology (Baldwin et al., 

1999).

Toxoplasma gondii TgAT - A cDNA encoding a nucleoside transporter was identified 

in the parasitic protozoan Toxoplasma gondii using insertional mutagenesis of T. gondii 

genomic DNA and selection of mutants resistant to the cytotoxic adenosine analog 

adenosine arabinoside (Chiang et al., 1999). This transporter, referred to as TgAT, is a 

462 amino acid protein which exhibits 22 % amino acid identity to hENTl, 26 % identity 

to hENT2, and 25 % identity to the adenosine-pyrimidine nucleoside transporter LdNTl 

from the protozoan parasite Leishmania donovani (Chiang et al., 1999). Functional 

expression of TgAT cDNA in Xenopus oocytes established that TgAT mediates the Na+- 

independent transport of adenosine with a Km of 114 pM  (Chiang et al., 1999). 

Adenosine transport was inhibited by purine nucleosides, adenosine analogs, and the

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



purine bases hypoxanthine and guanine (Chiang et al., 1999). Pyrimidine nucleosides did 

not affect TgAT-mediated adenosine transport (Chiang et al., 1999). Transport was 

significantly inhibited by dipyridamole, but only marginally inhibited by NBMPR 

(Chiang et al., 1999). TgAT is the sole transporter of adenosine in T. gondii, and 

disruption of the TgAT gene locus resulted in resistance to adenosine arabinoside and 

complete elimination of adenosine uptake (Chiang et al., 1999).

Plasmodium falciparum  PfENTl - An equilibrative nucleoside transporter was 

independently identified and cloned from the protozoan parasite Plasmodium falciparum 

by two different groups using sequence information obtained from the Malaria Genome 

Sequencing Project (Carter et al., 2000b; Parker et al., 2000; Enserink and Pennisi, 2002). 

The cDNAs encode almost identical 422 amino acid residue proteins termed PfENTl 

(Parker et al., 2000) and PfNTl (Carter et al., 2000b) which mediate the Na+-independent 

transport of a broad range of purine and pyrimidine nucleosides (Carter et al., 2000b; 

Parker et al., 2000). The Plasmodium transporters are 36 and 31 % identical in amino 

acid sequence to the human equilibrative transporters hENTl and hENT2, respectively 

(Vickers et al., 2000b). Functional expression studies in Xenopus oocytes by Carter et al. 

(2000b) and Parker et al. (2000) found apparent differences between PfENTl and PfNTl 

in their relative affinities for adenosine (apparent Km values of 320 and 13 pM, 

respectively), the ability to transport nucleobases (only Parker et al. (2000) detected 

transport of the nucleobases adenine and hypoxanthine), and sensitivity to inhibition by 

NBMPR and dipyridamole (Parker et al. (2000) reported no inhibition of transport by 

NBMPR and dipyridamole even at concentrations of 10 pM, while Carter et al. (2000b) 

described significant inhibition of transport (85 %) by 10 pM  dipyridamole). PfENTl 

resembled the mammalian ENT transporters in its ability to transport the anticancer drugs 

fludarabine, cladribine, and gemcitabine (Parker et al., 2000). In contrast to the 

mammalian transporters, however, PfENTl efficiently transported the antiviral 

nucleoside analogs AZT, ddC, and ddl (Parker et al., 2000). Western blot analysis of 

parasite lysates using polyclonal antibodies specific for PfENTl demonstrated that the 

transporter is localized to the parasite plasma membrane (Rager et al., 2001). Searches of 

the unfinished sequence data available from the Malaria Genome Sequencing Project
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suggest that PfENTl is the only route by which nucleosides and nucleobases cross the P. 

falciparum plasma membrane (Parker et al., 2000; Enserink and Pennisi, 2002).

Leishmania donovani L dN Tl.l and LdNT1.2 - Two nearly identical nucleoside 

transporters, LdNTl.l and LdNT1.2, were cloned by functional rescue of a mutant 

Leishmania donovani cell line (Vasudevan et al., 1998). This adenosine/pyrimidine 

nucleoside transport-deficient cell line was transfected with a cosmid library containing 

inserts of L. donovani genomic DNA and screened for restoration of tubercidin 

sensitivity, a cytotoxic analog of adenosine (Vasudevan et al., 1998). Both LdNTl.l and 

LdNT1.2 contain 491 amino acids and are nearly identical in amino acid sequence 

(99.5 %), differing only at six amino acid positions (Vasudevan et al., 1998). They are 

encoded by two tandemly linked genes (Vasudevan et al., 1998). LdNTl.l and LdNT1.2 

are approximately 33 % identical in sequence to hENTl (Vasudevan et al., 1998). 

Apparent Km values of 0.17 /zM (adenosine) and 5.6 /zM (uridine) for LdNTl.l and 

0.66 /zM (adenosine) and 40 /zM (uridine) for LdNT1.2 were reported when the 

recombinant proteins were expressed in Xenopus oocytes, suggesting that the six amino 

acid positions which differ between the two transporters confer differences in kinetic 

properties (Vasudevan et al., 1998). The substrate specificities o f the two transporters 

have not been fully characterized, and transport of other nucleosides and nucleobases was 

not tested.

Leishmania donovani LdNT2 - Functional rescue was used to isolate LdNT2, a novel 

nucleoside transport protein related to LdNTl.l and LdNT1.2, but with distinct transport 

characteristics (Carter et al., 2000a). The molecular cloning of LdNT2 was based on the 

functional restoration of wild-type transport characteristics (sensitive to formycin B, 

nucleoside transport competent) in a formycin B-resistant, nucleoside transport-deficient 

background following transfection with a cosmid library containing inserts of L. 

donovani genomic DNA (Carter et al., 2000a). The encoded protein LdNT2 (499 amino 

acid residues) is 25 - 44 % identical in amino acid sequence to hENTl/2 and LdNTl.l 

(Carter et al., 2000a). LdNT2 transported inosine and guanosine with apparent Km values 

of 0.3 and 1.7 /zM, respectively, as well as cytotoxic inosine and guanosine analogs
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(Carter et al., 2000a). Inhibition studies with other physiological nucleosides and 

nucleobases did not reveal any other potential substrates of LdNT2 (Carter et al., 2000a). 

The equilibrative nucleoside transport inhibitor NBMPR did not inhibit LdNT2-mediated 

transport of inosine or guanosine (Carter et al., 2000a).

Trypanosoma brucei brucei TbNT2-9 - Uptake studies in intact Trypanosoma brucei 

brucei parasites have identified two high affinity nucleoside transport systems, PI and P2 

(Carter and Fairlamb, 1993; Carter et al., 1995; de Koning et al., 1998; Sanchez et al.,

1999). The PI system mediates uptake of purine nucleosides (adenosine, inosine, and 

guanosine), whereas the P2 system transports adenosine and adenine as well as 

melaminophenyl arsenicals, anti-trypanosomal drugs used in the treatment of sleeping 

sickness (Carter and Fairlamb, 1993; Carter et al., 1995; de Koning et al., 1998; de 

Koning and Jarvis, 1999; Sanchez et al., 1999, 2002). The PI system exhibits higher 

relative affinity for adenosine influx than P2 (apparent Km values of 0.15 and 0.59 pM, 

respectively, were obtained in intact parasites) (Carter and Fairlamb, 1993). The PI 

system is found in both bloodstream and procyclic lifecycle stages of T. b. brucei, while 

the P2 system is found only in bloodstream parasites (Sanchez et al., 2002).

A nucleoside transporter demonstrating PI-type nucleoside transport activity was 

cloned by PCR amplification from a T. b. brucei cDNA library based on sequence 

information derived from the Leishmania donovani LdNTl.l nucleoside transporter 

(Vasudevan et al., 1998; Sanchez et al., 1999). TbNT2 (463 amino acids) exhibits 30, 

22, and 25 % sequence identity to LdNTl.l, hENTl, and hENT2, respectively (Sanchez 

et al., 1999). When produced in Xenopus oocytes, TbNT2 mediated uptake of purine 

nucleosides (adenosine, inosine, and guanosine), with apparent Km values of 0.99 pM  for 

adenosine and 1.18 pM  for inosine, confirming that TbNT2 is a high affinity purine 

nucleoside transporter (Sanchez et al., 1999). In competition experiments, unlabeled 

adenosine, inosine, and guanosine, but not adenine or other nucleosides or nucleobases, 

inhibited 3H-adenosine uptake by recombinant TbNT2 in oocytes (Sanchez et al., 1999). 

Proton gradient uncouplers partially inhibited the uptake of adenosine by TbNT2, 

suggesting that this permease may be a proton symporter (Sanchez et al., 1999). These

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



results are consistent with those seen in intact parasites where nucleoside uptake is 

dependent upon the proton motive force, and is therefore an energy-dependent process 

(de Koning et al., 1998). TbNT2 mRNA was found only in procyclic form parasites. 

Since PI-type transporters are expressed both in procyclic and bloodstream form 

trypanosomes, it is possible that other PI-type transporters may be expressed in the 

procyclic parasites or in both the procyclic and the bloodstream forms of T. b. brucei 

(Sanchez et al., 1999).

Recently, BLAST searches of the T. b. brucei genome database, based on sequence 

information derived from TbNT2, have led to the identification of eight cDNAs encoding 

additional members of the TbNT family of nucleoside/nucleobase transporters (Sanchez 

et al., 2002). The gene with the highest sequence identity (96 %) to the original TbNT2 

gene was given the designation TbNT2/927, since it was cloned from a different strain of 

T. b. brucei (TREU 927) (Sanchez et al., 2002). The other PI-type genes were labeled 

TbNT3 through TbNT9 (Sanchez et al., 2002). Collectively, these proteins share 

-  20 - 25 % amino acid sequence identity with human ENT family members and 

- 8 1  - 96 % identity to the original TbNT2 transporter (Sanchez et al., 2002). When 

expressed in Xenopus oocytes, TbNT2/927, TbNT5, TbNT6 , and TbNT7 transported 

adenosine, inosine, and guanosine with high affinity (apparent Km values of 5 fiM were 

obtained for both adenosine and inosine), consistent with PI-type transport characteristics 

(Sanchez et al., 2002). In addition, TbNT5, TbNT6 , and TbNT7, but not TbNT2/927, 

were able to mediate uptake of hypoxanthine (Sanchez et al., 2002). Functional 

expression studies in oocytes failed to identify substrates of TbNT3 and TbNT4; TbNT3 

and TbNT4 did not demonstrate any clear transport activity for any of the nucleosides 

and nucleobases tested (Sanchez et al., 2002). TbNT8  and TbNT9 remain to be 

characterized (Sanchez et al., 2002). TbNT2/927 and TbNT3-7 are expressed in the 

bloodstream stage of the T. b. brucei life cycle, but only TbNT2/927 and TbNT5 are 

expressed in the procyclic parasites (Sanchez et al., 2002).

Trypanosoma brucei brucei TbATl - Trypanosoma brucei brucei TbATl was cloned 

by transforming yeast cells defective in purine biosynthesis with a cDNA library from a

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bloodstream form of T. b. brucei, followed by selection for growth in media containing 

adenosine as the sole purine source (Maser et al., 1999). The TbATl protein contains 

463 amino acid residues and shares 25 % sequence identity with hENTl and 27 - 32 % 

identity with TbNT2-9 (Maser et al., 1999). The functional activity of TbATl, when 

produced in yeast, closely matched that of the reported P2-type transport activity in 

T. b. brucei (transports adenosine, adenine, melaminophenyl arsenicals, and diamidines) 

(Maser et al., 1999). High affinity transport of adenosine (apparent Km of 2.2 pM) by 

TbATl was inhibited by adenine, whereas inosine, guanosine, uridine, uracil, 

hypoxanthine and guanine had no effect (Maser et al., 1999). TbATl-mediated transport 

of adenosine was also inhibited by melaminophenyl arsenicals but, unlike the native P2 

transport activity, was unaffected by diamidines, which may be the result of a missing 

trypanosomal cofactor required for diamidine recognition (Maser et al., 1999). To 

investigate whether TbATl was involved in drug resistance seen in patients with sleeping 

sickness, a drug-resistant mutant of TbATl (TbATl1) was cloned (Maser et al., 1999). 

Yeast producing TbATlr were unable to transport adenosine and were insensitive to 

melaminophenyl arsenicals (Maser et al., 1999). In addition, yeast carrying TbATlr were 

unable to grow on other nucleosides as the purine source and did not transport 

radiolabeled adenine, hypoxanthine or inosine, suggesting that TbATlr may be 

nonfunctional rather than an altered substrate-specificity variant (Maser et al., 1999).

Yeast -

Saccharomyces cerevisiae FUN26 - Using sequence information derived from the 

GenBank™ database, a cDNA encoding FUN26 was isolated by PCR cloning from yeast 

chromosomal DNA (Vickers et al., 2000a, 2001). FUN26 (517 amino acid residues) has 

limited ( - 1 8  %) amino acid sequence identity to members of the ENT family of 

transporters (Vickers et al., 2000a). Expression of FUN26 cDNA failed to confer cell- 

surface FUN26-mediated uridine transport capability in nucleoside transport-deficient 

yeast and was therefore tested in Xenopus oocytes (Vickers et al., 2000a). Functional 

characterization of FUN26 produced in oocytes demonstrated that FUN26 mediates the 

proton-independent transport of both purine and pyrimidine nucleosides, but not
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nucleobases (Vickers et al., 2000a). Transport of uridine was unaffected by the ENT 

transport inhibitors NBMPR, dilazep, and dipyridamole (Vickers et al., 2000a). The lack 

of detectable FUN26-mediated uridine transport activity in transfected yeast suggested 

that FUN26 may be localized to intracellular membranes (Vickers et al., 2000a). To 

investigate this possibility, the recombinant transporter was tagged with the c-Myc 

immunoepitope, to produce FUN26myc, and yeast membranes containing FUN26myc 

were subjected to sucrose gradient centrifugation (Vickers et al., 2000a). Fractions from 

the gradient were then immunoblotted to detect FUN26myc. These experiments found 

that recombinant FUN26 displayed a distribution similar to that o f an intracellular, 

prevacuolar membrane marker, suggesting that FUN26myc is predominantly present in 

intracellular membranes (Vickers et al., 2000a).

Nematodes -

Caenorhabditis elegans CeENTl - The genomic database of Caenorhabditis elegans 

contains 6  putative ENT homologs designated CeENTl-6 . The cDNA encoding CeENTl 

has been cloned and characterized for transport activity (Young et al., 2001). When 

expressed in Xenopus oocytes, CeENTl mediates the uptake of purine and pyrimidine 

nucleosides (Young et al., 2001). CeENTl also transports dideoxynucleosides (AZT, 

ddC, and ddl) (Young et al., 2001). Transport of nucleosides by CeENTl was unaffected 

by NBMPR, dilazep, and draflazine, but was inhibited by dipyridamole (ICso= 300 nM) 

(Young et al., 2001).

Plants -

Arabidopsis thaliana AtENTl - cDNAs encoding the Arabidopsis thaliana 

nucleoside transporter AtENTl were cloned independently by two groups using i) RT- 

PCR and ii) adenosine growth selection in Saccharomyces cerevisiae mutants unable to 

synthesize adenine (Li and Wang, 2000; Mohlmann et al., 2001). The cDNAs encode a 

protein of 428 amino acid residues that is 24 % identical in sequence to hENTl 

(Mohlmann et al., 2001). When produced in mutant S. cerevisiae, AtENTl demonstrated 

high affinity transport of adenosine (apparent Km value 3.6 pM) and insensitivity to the

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



inhibitors NBMPR, dilazep, and dipyridamole (Mohlmann et al., 2001). Adenosine 

influx was inhibited by various purine (adenosine, inosine, guanosine) and pyrimidine 

(cytidine) nucleosides, but was unaffected by uridine or various nucleobases (Mohlmann 

et al., 2001). AtENTl therefore has a relatively broad permeant selectivity for purine and 

pyrimidine nucleosides. AtENTl transport was inhibited by proton-ionophores, 

suggesting that AtENTl-mediated nucleoside transport is proton dependent (Mohlmann 

et al., 2 0 0 1 ).

Mammalian Concentrative Nucleoside Transporters (CNTs)

Characteristics of Mammalian Concentrative Nucleoside Transport Processes -

The presence of concentrative as well as equilibrative nucleoside transport systems in 

mammals first became apparent with studies reporting that uptake of adenosine and 

various other purine and pyrimidine nucleosides in rat, rabbit, and bovine renal brush- 

border membrane vesicles did not proceed by facilitated diffusion, but by high-affinity 

NBMPR-insensitive processes requiring the presence of a Na+ electrochemical gradient 

as the driving force (Le Hir and Dubach, 1984, 1985a, b; Lee et al., 1988; Jarvis, 1989; 

Williams et al., 1989; Le Hir, 1990; Williams and Jarvis, 1991). Subsequent 

investigations found that Na+-dependent nucleoside transport was mediated by multiple 

systems in a variety of specialized epithelia and other cells and tissues, including 

intestine, kidney, liver, choroid plexus, other regions of the brain, splenocytes, 

macrophages, and leukemic cells. Three major (cit, cif, and cib) and two minor (csg and 

cs) functional subclasses are currently recognized on the basis of their permeant 

selectivity and inhibitor sensitivity (Table 1-2) (Griffiths and Jarvis, 1996; Thom and 

Jarvis, 1996; Cass et al., 1998; Baldwin et al., 1999; Young et a l, 2001). System cit 

(concentrative, insensitive to inhibition by NBMPR, and accepts thymidine as a 

permeant) transports pyrimidine nucleosides and adenosine, although the latter is a 

relatively poor substrate. The cif system (concentrative, insensitive to inhibition by 

NBMPR, and accepts formycin B as permeant) transports purine nucleosides and uridine. 

System cib (concentrative, insensitive to inhibition by NBMPR, and accepts a broad
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range of permeants) transports both purine and pyrimidine nucleosides. Apparent 

Na+/nucleoside coupling ratios of 2:1 have been reported for system cib in rabbit choroid 

plexus and rat microglia (Wu et al., 1992; Hong et al., 2000), while stoichiometries of 1:1 

have been described for systems cit and c if  (Lee et al., 1988; Williams and Jarvis, 1991). 

The minor concentrative processes, csg and cs, have been described in leukemic cells 

(Paterson et al., 1993; Flanagan and Meckling-Gill, 1997). System cs was found in 

freshly isolated leukemic cells and transports adenosine analogs in an NBMPR-sensitive 

manner (Paterson et al., 1993). System csg was observed in cultured human NB4 acute 

promyelocytic leukemia cells and murine L1210 leukemia cells and mediates NBMPR- 

sensitive guanosine transport (Flanagan and Meckling-Gill, 1997). The csg and cs 

systems have not been well characterized functionally, and the proteins responsible for 

their transport are unknown.

Functional and Molecular Properties of Cloned Mammalian CNTs -

Members of the concentrative nucleoside transporter (CNT) protein family are widely 

distributed in eukaryotes and prokaryotes. A current list of identified CNTs is provided 

in Table 1-3. These include cloned nucleoside transporters that have been characterized 

functionally as recombinant proteins in Xenopus oocytes or other heterologous expression 

systems, as well as putative transporters identified only by homology searches of 

complete and unfinished eukaryote and prokaryote sequence databases. To date, three 

mammalian CNT isoforms have been identified.

CNT1 - The first mammalian member of the CNT family of proteins was identified by 

expression screening of a size-selected cDNA library from rat jejunum in Xenopus 

oocytes (Huang et al., 1994). Rat (r) concentrative nucleoside transporter 1 (termed 

rCNTl) contains 648 amino acid residues and has a predicted membrane topology of 13 

TMs, with the hydrophilic N-terminal and glycosylated C-terminal domains located on 

the cytoplasmic and extracellular sides of the membrane, respectively (Fig. 1-4) (Huang 

et al., 1994; Hamilton et al., 1997, 2001). Within the extracellular C-terminal region, 

two sites of glycosylation have been identified (Hamilton et al., 1997, 2001). Functional 

characterization in Xenopus laevis oocytes and in transiently transfected mammalian cells

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



II

demonstrated that rCNTl exhibited the transport characteristics o f the nucleoside 

transport system cit (Huang et al., 1994; Fang et al., 1996; Yao et al., 1996b). rCNTl 

was Na+-dependent, NBMPR-insensitive and transported pyrimidine nucleosides and 

adenosine with high affinity (uridine and adenosine apparent Km values of 37 and 26 pM, 

respectively) (Huang et al., 1994; Yao et al., 1996b). Adenosine, however, was 

transported with a much lower Fmax (0.07 pmol/oocyte min ' 1 for adenosine versus 

21 pmol/oocyte min' 1 for uridine) (Yao et al., 1996b). K50 values for Na+-activation were 

12.4 mM for adenosine and 9.5 mM for uridine (Yao et al., 1996b). The relationship 

between nucleoside flux and Na+ concentration yielded hyperbolic curves, with Hill 

coefficients consistent with a 1 :1  NaVnucleoside stoichiometry for both nucleosides (Yao 

et al., 1996b). Studies with recombinant rCNTl produced in Xenopus oocytes also 

demonstrated Na+-dependent transport of the antiviral nucleoside drugs AZT and ddC, 

but with a lower apparent affinity compared to physiological nucleosides (Km ~ 0.5 mM 

for both AZT and ddC) (Yao et al., 1996a). Related cDNAs encoding human (hCNTl) 

and pig (pkCNTl) transporter proteins with ch-type activity have also been cloned and 

functionally characterized in Xenopus oocytes (Ritzel et al., 1997; Pajor 1998). hCNTl 

(650 amino acid residues) was isolated from human kidney by hybridization screening 

and RT-PCR amplification strategies and is 83 % identical to rCNTl (Ritzel et al., 1997). 

hCNTl has functional properties similar to rCNTl, including high-affinity transport of 

physiological nucleosides (uridine apparent Km 35 - 45 pM) and high-affinity, low- 

capacity transport of adenosine (Ritzel et al., 1997). hCNTl transports AZT and ddC and 

has also been demonstrated to mediate cellular uptake of gemcitabine (apparent Km 

24 pM), a clinically important anticancer deoxycytidine analog with activity against solid 

tumors (Ritzel et al., 1997; Mackey et al., 1998b, 1999). The paper describing 

gemcitabine transport by recombinant hCNTl produced in Xenopus oocytes (Mackey et 

al., 1999), to which I contributed, is included as an APPENDIX to this thesis. pkCNTl 

(647 amino acid residues) was isolated from pig kidney by RT-PCR and is 84 % identical 

in amino acid sequence to rCNTl (Pajor, 1998). Consistent with ch-type transport 

activity, pkCNTl-mediated uptake of uridine (apparent Km 9 pM) was inhibited by 

cytidine, uridine, thymidine, and adenosine, but not by guanosine (Pajor, 1998). AZT
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inhibited uridine transport, and may therefore also be a pkCNTl substrate (Pajor, 1998). 

Chimeric constructs between pyrimidine nucleoside-selective hCNTl and purine 

nucleoside-selective hCNT2 (next section) and site-directed mutagenesis of hCNTl were 

used to identify two sets of adjacent residues in TMs 7 and 8 (Ser319/Gln320 and 

Ser353/Leu354) that, when converted to the corresponding residues in hCNT2 

(Gly^/M et314 and Thr347/Val348), altered the substrate selectivity of hCNTl (cit) to that 

of hCNT2 (cif) (Loewen et al., 1999). Mutation of the two adjacent residues in TM 7 

alone changed the substrate specificity from cit to cib (Loewen et al., 1999), an effect 

also seen by mutation of the corresponding serine residue in TM 7 of rCNTl (Wang and 

Giacomini, 1997, 1999). Mutations of the two hCNTl residues in TM 8 alone produced 

a protein with uridine-preferring transport characteristics (Loewen et al., 1999). 

Transcripts encoding CNT1 transporters have been identified in brain, liver, kidney, 

uterus, lung, and small intestine (Baldwin et al., 1999; Vickers et al., 2000b). Results of 

in depth electrophysiological studies of recombinant hCNTl produced in Xenopus 

oocytes are presented in Chapter II of this thesis.

CNT2 - A transporter related to rCNTl, but with cr/-type nucleoside transport activity, 

was identified by expression cloning from rat liver (Che et al., 1995). This protein was 

designated SPNT (sodium-dependent purine nucleoside transporter). A cDNA encoding 

an almost identical protein, termed rCNT2, was independently isolated from rat jejunum 

(Yao et al., 1996b). The SPNT and rCNT2 proteins contained 659 amino acid residues 

with 13 predicted TMs and 5 potential sites of glycosylation (Yao et al., 1996b). SPNT 

and rCNT2 are 64 % identical to rCNTl, with the N- and C- terminal domains showing 

greatest sequence divergence (Che et al., 1995; Yao et al., 1996b). When expressed in 

Xenopus oocytes, SPNT and rCNT2 exhibited high-affinity Na+-dependent transport of 

purine nucleosides and uridine (apparent Km values of 6 and 21 pM for adenosine and 

uridine, respectively) (Che et al., 1995; Yao et al., 1996b). RT-PCR cloning of cDNAs 

from kidney (Wang et al., 1997) and intestine (Ritzel et al., 1998) and expression in 

Xenopus oocytes identified the corresponding human cif-type transporter. The encoded 

proteins, designated hSPNTl (Wang et al., 1997) and hCNT2 (Ritzel et al., 1998), were 

identical in sequence except for a polymorphic site at residue 75 (arginine to serine
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substitution in hCNT2) and contained 658 amino acids. hCNT2/hSPNTl have six 

potential glycosylation sites and are 83 and 72 % identical in amino acid sequence to 

rCNT2/SPNT and hCNTl, respectively (Ritzel et al., 1998). Apparent Km values for 

adenosine and uridine transport by hCNT2 are 8 and 40 pM, respectively (Ritzel et al., 

1998). Unlike h/rCNTl, both nucleosides have broadly similar values (Ritzel et al., 

1998). Stable transfection of hCNT2 into nucleoside transport-deficient CEM-ARAC 

leukemia cells has been used to demonstrate hCNT2-mediated transport and cytotoxicity 

of anticancer fhioropyrimidine nucleoside drugs (Lang et al., 2001), and studies in 

Xenopus have shown that hCNT2 also transports the antiviral nucleoside drug ddl (Ritzel 

et al., 1998; Yao et al., 2001a). There is, however, evidence that rCNT2 may have a 

broader substrate tolerance for nucleoside analog drugs than hCNT2 (Lang et al., 2001; 

Gerstin et al., 2002). cDNAs encoding murine (mCNT2) and rabbit (rbCNT2) cz/-type 

transporters have also been cloned and functionally characterized in Xenopus oocytes 

(Gerstin et al., 2000; Patel et al., 2000). mCNT2 (660 amino acid residues) exhibits 93 

and 80 % sequence identity to its rat (rCNT2) and human (hCNT2) homolog, 

respectively, and 65 % identity to rCNTl and hCNTl (Patel et al., 2000). rbCNT2 (658 

amino acid residues) is 84 % identical to hSPNTl, 82 % identical to rSPNT, and 65 % 

identical to rCNTl and hCNTl (Gerstin et al., 2000). Investigations of the tissue 

distribution of CNT2/SPNT mRNA indicate that CNT2/SPNT may have a wider tissue 

distribution then CNT1, with multiple mRNA species identified in kidney, liver, small 

intestine, stomach, colon, rectum, pancreas, spleen, skeletal muscle, brain, lung, heart, 

placenta, cervix, prostate, and epididymis (Wang et al., 1997; Ritzel et al., 1998; Gerstin 

et al., 2000; Patel et al., 2000; Leung et al., 2001).

CNT3 - A broadly selective nucleoside transport process (cib) mediating the Na+- 

dependent uptake of both purine and pyrimidine nucleosides has been described in a 

number of tissues, including freshly isolated human leukemic blasts (Belt et al., 1993), 

human colon cancer Caco-2 cells (Belt et al., 1993), rabbit choroid plexus (Wu et al., 

1992; Washington et al., 1995), and rat intestine (Huang et al., 1993; Redlak et al.,

1996). Prior to the molecular cloning of rCNTl (Huang et al., 1994), an earlier study 

identified a protein related to the rabbit intestinal Na+-dependent glucose transporter
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(SGLT1) as the first putative nucleoside transport protein (Pajor and Wright, 1992). This 

protein, designated SNST1, demonstrated cib-type transport activity when expressed in 

Xenopus oocytes (Pajor and Wright, 1992). The rate of Na+-dependent uridine transport 

was, however, very low (only twofold above endogenous levels), and cib-type transport 

activity has not been demonstrated in tissues in which SNST1 was expressed (heart and 

kidney). Nucleosides do not appear to be physiological substrates of SNST1, and the 

protein is now recognized as the rabbit ortholog of the human glucose transporter 

hSGLT2 (Wright, 2001). Instead, it is now known that the human and mouse proteins 

responsible for cib-type transport activity are members of the CNT transporter family 

(hCNT3 and mCNT3, respectively) (Ritzel et al., 2001). The paper describing the initial 

molecular cloning and identification of hCNT3 and mCNT3 (Ritzel et al., 2001), to 

which I contributed, is included as an APPENDIX to this thesis. Results of in depth 

electrophysiological studies of this novel CNT isoform are presented in Chapters III and 

IV.

CNT Family Members in Prokaryotes and Other Eukaryotes

Eptatretus stouti CNT (hfCNT) - Hagfish CNT (hfCNT) was cloned from the ancient 

marine prevertebrate Eptatretus stouti based on regions of amino acid similarity between 

CNT family members (Loewen et al., 1999; Yao et al., 2002a). A partial-length hagfish 

CNT cDNA was isolated by PCR using a cDNA library prepared from hagfish intestinal 

mucosa as template. The resulting fragment was then used as a hybridization probe to 

screen the hagfish intestinal cDNA library. The resultant cloned hagfish CNT cDNA 

encoded a 683 amino acid residue protein that was 52 % identical in sequence to hCNTl, 

50 % identical to hCNT2, and 57 % identical to hCNT3 (Yao et al., 2002a). When 

produced in Xenopus oocytes, hfCNT displayed transport activities resembling system 

cib (Yao et al., 2002a). hfCNT transported all physiological pyrimidine and purine 

nucleosides tested and also accepted both pyrimidine (AZT, ddC) and purine (ddl) 

dideoxynucleoside drugs as permeants (Yao et al., 2002a). Apparent Km values for 

uridine, inosine, and thymidine transport were 10, 35, and 45 pM, respectively (Yao et 

al., 2002a). Electrophysiological studies demonstrated that nucleoside transport by
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hfCNT was Na+-dependent and H+-independent. The relationship between nucleoside 

influx and Na+ uptake was nearly linear, consistent with the high Na+ concentrations 

(~ 500 mM) experienced by hagfish tissues, yielding a K50 value of > 100 mM (Yao et 

al., 2002a). A NaVnucleoside coupling ratio of 2 : 1  was determined by the simultaneous 

measurement of Na+ current and 14C-uridine influx under voltage clamp conditions (Yao 

et al., 2002a). To localize the domains involved in cation stoichiometry and binding 

affinity, a chimera was constructed in which the carboxyl-terminal half of hfCNT 

(TMs 7 - 13) was replaced with that of hCNTl (Yao et al., 2002a). The chimera 

exhibited hCNTl-like substrate specificity and the relationship between nucleoside influx 

and Na+ concentration was saturable, high-affinity and hyperbolic with a Hill coefficient 

of ~ 1, indicating a Na+/nucleoside coupling ratio of 1:1 (Yao et al., 2002a). These 

results establish that the amino acid residues responsible for determining the 

Na+/nucleoside coupling ratio and Na+-binding affinity are located within the carboxyl- 

terminal half of the protein. The amino acid sequence and functional properties of 

hfCNT contributed to the identification of TM 7 and TM 8  amino acid residues 

responsible for hCNTl substrate selectivity (Loewen et al., 1999), and was instrumental 

in the molecular cloning of its human and mouse orthologs, hCNT3 and mCNT3 (Ritzel 

et al., 2001). Although hagfish diverged from the main line of vertebrate evolution ~ 550 

million years ago, there is remarkable amino acid sequence similarity between hfCNT 

and mammalian CNT3 proteins, particularly in the TM 4 - 13 region (Yao et al., 2002a). 

This may indicate functional constraints on the primary structure of this region and 

provides structural evidence that cib-type nucleoside transporters fulfill important 

physiological functions.

Caenorhabditis elegans CNT3 (CeCNT3) - Caenorhabditis elegans CeCNT3 was 

cloned by RT-PCR from C. elegans total RNA using primers designed to amplify the 

potential nucleoside transporter encoded within the F27E11.2 genetic locus (GenBank 

accession number AF016413) (Xiao et al., 2001). At the amino acid sequence level, 

CeCNT3 is 30 % identical to mammalian CNTs and 14 - 24 % identical to bacterial 

CNTs. The most divergent regions between mammalian CNTs and CeCNT3 are the N- 

and C- terminal domains. When produced in Xenopus oocytes, CeCNT3 transported
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inosine, thymidine, uridine, guanosine and adenosine, but not cytidine (Xiao et al., 2001). 

Inosine and thymidine apparent Km values were 15 and 11 pM, respectively (Xiao et al.,

2001). Transport of nucleosides by CeCNT3 was Na+-independent. Instead, CeCNT3 

exhibited pH-dependence consistent with possible proton-coupling (Xiao et al., 2001). 

CeCNT3 was termed "CNT3" under the presumption that it would be an ortholog of the 

mammalian cib system. However, CeCNT3 is not truly broadly selective, and its amino 

acid sequence is not closely related to either hfCNT or human and mouse CNT3. At least 

one other CNT (F27E11.1) is present in the C. elegans genome database.

Candida albicans CNT (CaCNT) - BLAST searches of the pathogenic yeast Candida 

albicans genome sequence databank led to the identification of a cDNA encoding a 

further member of the CNT family of nucleoside transporters (Loewen et al., 2003a). 

CaCNT (608 amino acid residues) was 33 % identical in amino acid sequence to hCNTl, 

34 % identical to hCNT2 and 38 % identical to hCNT3 (Loewen et al., 2003a). Like 

other eukaryote members of the CNT family, CaCNT has 13 predicted TMs. When 

produced in Xenopus oocytes, recombinant CaCNT was electrogenic, H+-dependent, and 

Na+-and Li+-independent (Loewen et al., 2003a). CaCNT mediated the high affinity 

transport of purine nucleosides and uridine, with apparent Km values in the range 

1 6 - 6 4  pM (adenosine < uridine < inosine < guanosine). In addition to physiological 

nucleosides, CaCNT also transported purine- and uridine-analog antineoplastic and 

antiviral drugs, including ddl, fludarabine, cladribine, 5-fluorouridine, and 5-fluoro-2’- 

deoxyuridine. The antifungal nucleoside drug cordycepin was also transported by 

CaCNT. The CaCNT H+/nucleoside coupling ratio was 1:1 (Loewen et al., 2003a).

Escherichia coli NupC - A cDNA encoding the NupC transport protein was isolated 

by functional rescue of transport-defective Escherichia coli grown on media containing 

cytidine as the sole carbon source (Craig et al., 1997). Confirmation of the functional 

presence of NupC was also demonstrated in the ability of NupC to restore the sensitivity 

of transport deficient E. coli to the toxic nucleoside analog 5’-azacytidine (Craig et al.,

1997). NupC contains 400 amino acid residues and is 26 % identical to hCNTl, 22 % 

identical to hCNT2, and 25 % identical to hCNT3 (Craig et al., 1997; Loewen et al.,
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2003b). NupC lacks the first 3 transmembrane helices of eukaryote CNT and contains 

only 10 predicted TMs (ie. the 10 TMs of NupC correspond to TMs 4 - 13 of eukaryote 

CNT proteins) (Loewen et al., 2003b). NupC produced in Xenopus oocytes transported 

pyrimidine nucleosides, adenosine, and, to a lesser extent, inosine, but not guanosine 

(Loewen et al., 2003b). AZT, ddC, ddl and gemcitabine were also permeants, suggesting 

that NupC may provide a route for cellular uptake of antiviral and anticancer nucleoside 

drugs, some of which have secondary antibacterial activity. Apparent Km values for both 

physiological nucleosides and nucleoside drugs were lower than for hCNTl or rCNTl. 

Transport did not require Na+ and was H+-dependent (Loewen et al., 2003b). The finding 

that NupC lacks TMs 1 - 3 of eukaryote CNTs provides further evidence of the 

functional/structural importance of the TM 4 - 1 3  region. An engineered form of 

recombinant rCNTl with TMs 1 - 3  removed retains low, but significant transport 

activity when produced in Xenopus oocytes (Hamilton et al., 2001).

Other Nucleoside Transport Processes

Besides ENTs and CNTs, six other protein families with members in bacteria, yeast, 

and mammals have representatives which mediate the uptake of nucleosides and 

nucleoside analog drugs. These families are the nucleoside/H+ symporter (NHS) family, 

the Tsx channel-forming protein family, the uracil/allantoin permease family, the 

nucleoside permease (NUP) family, the organic cation transporter (OCT) family, and the 

organic anion transporter (OAT) family.

Bacteria-

Nucleoside/H+ Symporter (NHS) Family - The predominant high-affinity inner 

membrane nucleoside transport systems identified in Escherichia coli, termed NupC and 

NupG, differ in their substrate selectivites and sensitivity to inhibition by the uridine 

analog showdomycin (Munch-Petersen et al., 1979; Craig et al., 1997). Both proteins 

mediate the uptake of a broad selection of nucleosides and deoxynucleosides, but are 

distinguished by the poor ability of NupC to transport guanosine and deoxyguanosine 

(Craig et al., 1997; Loewen et al., 2003b). Transport studies on intact cells and
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membrane vesicles using metabolic inhibitors have demonstrated that nucleoside 

transport by NupC and NupG is dependent on the inwardly directed proton gradient 

(Munch-Petersen et al., 1979; Craig et al., 1997), a finding consistent with results 

obtained with NupC produced in Xenopus oocytes (Loewen et al., 2003b). NupC is a 

member of the CNT family of proteins, whereas NupG belongs to the NHS family and is 

unrelated either to CNTs or ENTs. NupG has 418 amino acid residues and 12 predicted 

TMs (Westh Hansen et al., 1987).

The xapB gene product was initially identified in studies of E. coli investigating the 

metabolism of the purine nucleoside xanthosine (Seeger et al., 1995). XapB, another 

member of the NHS family of proteins, has 418 amino acids and is 56 % identical in 

sequence to NupG (Seeger et al., 1995; Norholm and Dandanell, 2001). When XapB was 

expressed in a transport deficient E. coli strain, growth was seen with all nucleosides 

tested, except guanosine (Norholm and Dandanell, 2001). Uptake of radiolabeled 

nucleosides confirmed the results of the growth studies. Transport of the purine 

nucleoside xanthosine is a distinguishing feature of XapB compared to NupG and NupC. 

Transport of xanthosine by XapB was H+-dependent (Norholm and Dandanell, 2001). A 

current list of the members of the nucleoside/H+ symporter (NHS) family is given in 

Table 1-4.

Tsx Channel-Forming Protein Family - The outer membrane of Escherichia coli acts 

as a permeability barrier for hydrophilic substances and toxic compounds (Maier et al., 

1988; Nieweg and Bremer, 1997). Substrate permeation across this membrane occurs by 

several mechanisms, including nonspecific porins and substrate-specific channels (Maier 

et al., 1988; Nieweg and Bremer, 1997). Nonspecific porins are water-filled channels 

which allow the passive diffusion of a large variety of molecules across the membrane 

based only on their concentration gradient, hydrophobicity, and size, while substrate- 

specific channels contain saturable substrate-specific binding sites which allow the 

transport of substrates across the membrane at low external concentrations (Hantke, 

1976; Benz et al., 1988; Maier et al., 1988; Bremer et al., 1990; Fsihi et al., 1993; 

Nieweg and Bremer, 1997). The Tsx protein of E. coli, named after its structural gene
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tsx, is a substrate-specific channel which mediates the transport of nucleosides and 

deoxynucleosides across the outer membrane when these substrates are present in the 

submicromolar extracellular concentration range (Hantke, 1976; Benz et al., 1988; Maier 

et al., 1988; Bremer et al., 1990; Fsihi et al., 1993; Nieweg and Bremer, 1997). 

Transport of nucleosides by Tsx was first demonstrated by Hantke (1976), who found 

that the uptake of adenosine and thymidine (but not cytidine) was impaired in tsx 

mutants. The Tsx protein is initially synthesized with an amino-terminal 22 amino acid 

signal sequence that is required for translocation across the cytoplasmic membrane 

(Nieweg and Bremer, 1997). The mature protein containing 272 amino acid residues is 

localized to the E. coli outer membrane with 14 predicted transmembrane regions and is 

depicted as a /3-barrel (Nieweg and Bremer, 1997). Reconstitution of purified Tsx into 

artificial membranes has demonstrated broad substrate selectivity for nucleosides and 

deoxynucleosides, as well as the antibiotic albicidin which specifically blocks DNA 

replication in intact E. coli (Fsihi et al., 1993; Nieweg and Bremer, 1997). The substrate 

specificity of Tsx is due to a ligand-binding site inside the channel (Hantke, 1976; Benz 

et al., 1988; Maier et al., 1988; Bremer et al., 1990; Fsihi et al., 1993; Nieweg and 

Bremer, 1997). Database searches reveal that Tsx proteins are distantly related to OmpK 

(~ 29 % identity), an outer membrane protein of Vibrio parahaemolyticus and Vibrio 

cholerae with unknown function (Inoue et al., 1995a, b). Tsx is structurally unrelated to 

ENTs or CNTs, although a recent report, based on apparently conserved sequence motifs, 

has proposed that Tsx may represent an evolutionary precursor of the ENT family of 

proteins (Sankar et al., 2002). This possibility is unlikely, given the totally different 

membrane architectures of the two groups of proteins. A list of known and putative 

members of the Tsx family of channel-forming proteins is provided in Table 1-5.

Yeast -

FUI1 of the Uracil/Allantoin Permease Family - The FUI1 (YBL042c) gene product 

was originally identified from a mutant with increased resistance to the cytotoxic 

nucleoside analog 5-fluorouridine and unable to grow on media containing uridine as the 

sole pyrimidine source, leading to the suggestion that FUI1 is a uridine transporter (Jund
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and Lacroute, 1970; Wagner et al., 1998). FUI1 is predicted to have 10 TMs (692 amino 

acids) and is a member of the uracil/allantoin permease family (Wagner et al., 1998; 

Vickers et al., 2000a). It is unrelated to ENTs or CNTs (Vickers et al., 2000a). 

Disruption of FUI1 inhibited uridine transport in S. cerevisiae, while production of 

recombinant FUI1 in ̂ //-disruption mutants restored high affinity transport of uridine 

(apparent Km 20 jiM) (Vickers et al., 2000a). Similarly, the production of recombinant 

FUI1 in fu i l-disruption mutants resulted in an increased cytotoxicity to 5-fluorouridine 

(Vickers et al., 2000a). FUI1 is unaffected by the ENT nucleoside transport inhibitors 

(NBMPR, dilazep, and dipyridamole) and is highly selective for uridine, uridine analogs 

and, possibly, uracil (Vickers et al., 2000a). Table 1-6 contains known and putative 

members of the uracil/allantoin permease family.

Nucleoside Permease (NUP) Family - The ability of C. albicans, but not S. 

cerevisiae, to transport purine nucleosides (Rao et al., 1983; Fasoli et al., 1990; Horak, 

1997; Detke, 1998) allowed Detke (1998) to clone, by complementation, a C. albicans 

purine nucleoside permease gene (NUP). S. cerevisiae expressing the gene product NUP 

(407 amino acid residues) acquired purine, but not pyrimidine nucleoside transport 

capability and were able to grow on medium supplemented with adenosine and guanosine 

(Detke, 1998). NUP is unrelated to ENTs or CNTs (Detke, 1998). A list o f known and 

putative members of the nucleoside uptake (NUP) protein family is given in Table 1-7.

Mammals -

Organic Cation Transporter (OCT) Family - Organic cation transport systems 

mediate transmembrane fluxes of endogenous bioactive amines, xenobiotics and various 

therapeutic drugs, including antihistamines, skeletal muscle relaxants, antiarrhythmics, 

and /3-adrenoceptor blocking agents (Zhang et al., 1998). Pharmacokinetic and 

membrane transport studies have also implicated these processes in the transport of 

nucleoside analog drugs (Kuttesch et al, 1982; Nelson et al., 1983, 1988; Griffiths et al., 

1992; Aiba et al., 1995; Martel et al., 1996; Bendayan, 1997). Recently, members of a 

family of proteins responsible for the transport of organic cations have been cloned from
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various epithelial tissues, including kidney, liver, small intestine, and colon (Zhang et al.,

1998). Transport proteins in the Organic Cation Transporter (OCT) family fall into two 

categories- electrogenic, potential-sensitive basolateral transporters or apical organic 

cation/proton antiporters (Zhang et al., 1997a, b, 1998). Of these, basolateral transporter 

OCT1 is the only mammalian family member that has been shown so far to transport 

nucleoside drugs. Demonstrated substrates for the recombinant transporter include the 

acyclic guanosine analogs acyclovir (ACV) and ganciclovir (GCV) and 2’- 

deoxytubercidin (Nelson et al., 1995; Zhang et al., 1997b; Chen and Nelson, 2000; 

Hayer-Zilligen et al., 2002; Takeda et al., 2002). Human, rat and mouse OCT1 (hOCTl, 

rOCTl and mOCTl) are 551 - 553 amino acid residue proteins with 12 putative TMs and 

are structurally unrelated to ENTs and CNTs (Tamai et al., 1997, 2000; Wu et al., 2000). 

The currently known members of the organic cation (OCT) transporter family in 

mammals are listed in Table 1-8.

Organic Anion Transporter (OAT) Family - Organic anion transport systems are 

responsible for the renal secretion of organic anions and their distribution in the body 

(Hosoyamada et al., 1999; Kusuhara et al., 1999; Sekine et al., 2000; Wada et al., 2000). 

Pharmacokinetic and membrane transport studies have also implicated these processes in 

the transport of nucleoside analog drugs (de Miranda et al., 1989; Hedaya and Sawchuk, 

1989; Chatton et al., 1990; Griffiths et al., 1991; Masereeuw et al., 1994; Takasawa et 

al., 1997). Recently, cDNAs encoding mammalian OATs have been successively cloned, 

including OAT1 (Sekine et al., 1997; Sweet et al., 1997; Hosoyamada et al., 1999), 

OAT2 (Sekine et al., 1998), OAT3 (Kusuhara et al., 1999), and OAT4 (Cha et al., 2000). 

All members of the Organic Anion Transporter (OAT) family are expressed in kidney, 

while some are also found in liver, brain, and placenta (Sekine et al., 2000). OATs 

contain 12 putative TMs and function as Na+-independent exchangers or facilitators 

(Sekine et al., 2000). OATs show low degrees of sequence identity to members of the 

organic cation transporter (OCT) family (30 - 40 % amino acid identity) (Sekine et al.,

2000) and are structurally unrelated to ENTs or CNTs. Recombinant rat OAT1 (rOATl) 

produced in Xenopus oocytes has been shown to transport the antiviral agents AZT, 

ACV, zalcitabine, didanosine, lamivudine, stavudine, and trifluridine (Wada et al., 2000),
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while stable transfection studies in mouse kidney cells have demonstrated transport of 

ACV and GCV by human OAT1 (hOATl) and transport of AZT by hOATl, hOAT2, 

hOAT3, and hOAT4 (apparent Km values for AZT uptake ranged from 26 to 152 fiM) 

(Takeda et al., 2002). Members o f the organic anion transporter (OAT) family are listed 

in Table 1-9.

Electrophvsiological Studies of Transport Proteins

To understand transport processes at the molecular level, one must study individual 

transport steps in the transport event, such as binding and dissociation of ions and 

substrates and conformational changes in the protein that allow translocation of substrate 

from one side of the membrane to the other. Traditionally, transport properties of 

recombinant transporters have been studied using radioisotope flux measurements in 

Xenopus oocytes, as exemplified by the initial functional characterization of cloned CNTs 

(Huang et al., 1993, 1994; Che et al., 1995; Pajor, 1998). Although isotope studies have 

been important in the expression cloning and functional characterization of nucleoside 

and other transport proteins, certain disadvantages exist when using this method. Many 

transport proteins transport their substrates in a voltage-dependent manner. Since isotope 

studies do not allow control of the oocyte membrane potential, individual oocytes will 

have different membrane potentials. Therefore, a voltage-dependence of transport results 

in variable flux rates in different oocytes and electrogenic transport will itself alter its 

own rate as the distribution of ions affects the membrane potential (Busch et al., 1996). 

In addition, flux experiments cannot resolve time-dependent changes in the transport 

system of less than 1 sec and, as a result, most flux measurements are performed in 

equilibrium or steady-state conditions (Mager et al., 1998). These disadvantages can be 

overcome by examining electrogenic transport under voltage-clamp conditions. 

Electrophysiological techniques allow accurate control of the membrane potential while 

studying all events involving the movement of charge during the transport process, 

including electrogenic substrate transport (referred to as steady-state currents) as well as 

charge movements involved in cotransport (referred to as presteady-state or transient 

currents) (Stuhmer, 1992; Mager et al., 1998). There are several recording techniques
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that are used to measure these bioelectric signals of recombinant transporters, including 

the two-microelectrode voltage clamp, the patch clamp, the cut-open oocyte technique, 

and the macropatch, or ‘giant’ patch, technique.

Electrophysiological Techniques -

Two-microelectrode voltage clamp technique - The two-microelectrode voltage 

clamp technique is the most widely used electrophysiological technique for the 

measurement of whole cell currents through ion channels, electrogenic transporters, or 

ion pumps expressed in Xenopus oocytes. The two-microelectrode voltage clamp allows 

control of the membrane potential (clamping) while measuring currents flowing through 

proteins expressed in the oocyte plasma membrane. To achieve this, one intracellular 

electrode (voltage electrode) is used to record the actual intracellular potential of the 

oocyte, while an amplifier compares the resting potential recorded by the voltage 

electrode to the desired clamping potential (Stuhmer, 1992; Quick and Lester, 1994). 

Current is then injected into the oocyte from the second intracellular electrode (current 

electrode) to minimize this difference (Quick et al., 1994; Stuhmer, 1998). The two- 

microelectrode voltage clamp is simpler to use than other electrophysiological 

techniques. Its advantages include the ability to record large current responses (>10 /iA), 

allowing stable recordings over long periods of time, recording at lower protein densities, 

and ease of changing the extracellular solution (Stuhmer, 1998). High-gain amplifiers 

speed up the time-response of the voltage-clamp and reduce the error between the 

command potential and the membrane potential (Wagner et a l,  2000). There are limits, 

however, to using the two-microelectrode voltage clamp. Small currents (< 2 nA) with 

very fast kinetics are difficult to resolve and, in addition, the oocyte capacitive transient 

lasting ~ 2 msec can obscure the resolution of fast events, such as activation or 

deactivation of Na+ channels, since the membrane potential is not the desired clamped 

potential until the capacitive transient is over (Taglialatela et al., 1992). Very fast 

solution changes are not possible because of the large size of oocytes, affecting, for 

example, studies investigating the time-course of agonist-activated currents (Costa et al., 

1994). Another limitation of the two-microelectrode voltage clamp technique is the
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inability to control the internal medium of the oocyte, which can contaminate recorded 

currents with endogenous currents, such as the Ca2+-activated chloride conductance 

(Miledi, 1982).

Cut-open oocyte technique - The cut-open oocyte technique is a novel technique for 

the measurement of macroscopic currents generated in oocytes producing ligand-gated 

channels, transporters, and voltage-gated channels. This technique involves electrically 

isolating a small area of the membrane, comprising approximately 8 % of the total oocyte 

surface area, from which membrane currents are recorded while internally perfusing the 

oocyte (Taglialatela et al., 1992; Chen et al., 1995). The cut-open oocyte voltage clamp 

is based on partitioning the oocyte into three separate compartments: the top 

compartment for recording membrane currents, the middle as a guard partition, and the 

bottom for intracellular potential recording, current injection, and solution exchange 

(Taglialatela et al., 1992; Stuhmer, 1998). The cut-open oocyte technique overcomes 

some of the limitations of the two-microelectrode voltage clamp technique (Miledi, 1982; 

Taglialatela et al., 1992; Costa et al., 1994). Since the cut-open oocyte technique allows 

access to the interior of the oocyte, the intracellular milieu may be controlled by internal 

perfusion of the oocyte, therefore eliminating contaminating endogenous conductances, 

such as Ca2+-activated chloride currents. Internal perfusion also permits greater 

experimental versatility, allowing oocytes to be used in studies examining the effects of 

intracellular modulatory agents and the measurement of internal kinetic constants (Costa 

et a l, 1994). Because only a fraction of the oocyte membrane is voltage-clamped, the 

oocyte membrane capacitance can be charged within 20 - 100 /xsec (Taglialatela et al., 

1992; Costa et a l, 1994; Chen et al., 1996). The voltage response will therefore follow 

the command response much more closely, allowing accurate resolution of the time 

course of fast ionic or gating events. Solution changes can be made in 30 - 50 msec, 

permitting accurate measurement of the time course of ligand-gated channels or 

transporters (Costa et al., 1994).

Macropatch - While the enormous capacitance of the Xenopus oocyte can limit the 

time resolution of rapidly activating events studied with the two-microelectrode voltage
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clamp technique, kinetics of fast events can be studied using a patch-clamp configuration 

to record currents from a relatively large area of membrane. The 'giant' membrane patch, 

or the macropatch, was developed to study the function and regulation of electrogenic 

membrane proteins, allowing access to the cytoplasmic surface and therefore control of 

substrate and ion concentrations on both sides of the membrane. The cell-attached or 

excised-patch mode can be used to record currents from patches of membrane having a 

diameter of 10 - 40 pm (Hilgemann and Lu, 1998). The principle of patch-clamping is to 

isolate a patch of membrane electrically from the external solution and to record current 

flowing through the patch. By electrically isolating an area of the membrane, the 

capacitance of the oocyte is relatively small, and the membrane can be charged much 

faster than that of a whole oocyte by a two-microelectrode voltage clamp (Hilgemann and 

Lu, 1998). The macropatch technique does have disadvantages, including patch 

instability over long periods of recording and the requirement that channels and 

transporters be expressed at densities higher than those needed for the two- 

microelectrode voltage clamp technique, since current is being recorded from a smaller 

area of membrane (Stuhmer, 1998).

Patch-clamp - The extracellular patch clamp technique (cell-attached) allows currents 

in single ionic channels to be recorded, providing detailed information about individual 

channel ion transport and gating properties (Hamill et al., 1981; Methfessel et al., 1986). 

In this technique, a small blunt heat-polished glass pipette with a diameter of 1 pm is 

pressed against the cell membrane, forming an electrical seal with a resistance of the 

order of gigaohms (GQ). The current recorded is the current that flows through ion 

channels located in the patched membrane at the tip of the patch pipette. A high 

resistance seal is necessary to ensure that most of the currents originating in a small patch 

of membrane flow into the pipette and then into the current-measuring circuitry, and to 

reduce the background noise of the recording (Hamill et al., 1981; Methfessel et al., 

1986). With the Xenopus oocyte, single channel currents are recorded from ‘cell-free’ 

membrane patches (Hamill et al., 1981; Methfessel et al., 1986). Due to the mechanical 

stability of the high resistance seal, the pipette can be drawn away from the oocyte cell 

surface without a decrease in the seal resistance (Hamill et al., 1981). ‘Inside-out’
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membrane patches and ‘outside-out’ membrane patches can be formed by disrupting the 

oocyte cell membrane (Hamill et a l, 1981; Methfessel et al., 1986). The low background 

noise makes patch-clamping advantageous for studying ion channels, providing 

information about unitary conductance and the kinetic behaviour of ionic channels, such 

as the time course of channel opening and closing (Hamill et al., 1981; Methfessel et al., 

1986). Obtaining successful recordings from small membrane patches can be difficult 

because of the combination of the large oocyte surface area, the small tip diameter o f the 

patch pipette (1 pm), and the non-uniform surface distribution of the expressed channel 

(Stuhmer, 1998). This method is not suitable for recording currents from transporters, as 

the resolution of the patch-clamp (~ 0.25 pA) is well below the current measured through 

a single transporter. These disadvantages can be overcome by recording oocyte currents 

with the macropatch technique, which records currents from a larger ‘patch’ of 

membrane as a result of the larger tip diameter (10-40 pM).

Electrophysiology of defined transporters -

A number of transporters have been extensively characterized using 

electrophysiological techniques, including, but not limited to, members of the Na+- 

coupled glucose transporter family (SGLT1-3) (Parent et al., 1992a, b; Wright et a l, 

1994b), a Na+-dependent GAB A transporter (Kavanaugh et al., 1992), a Na+-dependent 

glutamate transporter (Wadiche et al., 1995), a H+-dependent myo-inositol transporter 

(Klamo et al., 1996), and members of the H+-coupled oligopeptide transporter family 

(PepTl and PepT2) (Mackenzie et al., 1996a; Chen et al., 1999). This research has led to 

new and exciting knowledge regarding membrane transport proteins. The following 

section looks at information obtained using electrophysiological techniques for the most 

extensively characterized member of the Na+-dependent glucose transporter family, 

SGLT1.

Na+/glucose cotransporter (SGLT1) - Na+/glucose cotransporters are present in the 

brush-border membranes of renal tubules and small intestinal villous cells. The high 

affinity Na+/glucose cotransporter SGLT1 was among the first membrane cotransporters
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to be cloned and is a member of a large family of 12-helix membrane transport proteins 

responsible for the ‘active’ transport of sugars, amino acids, vitamins, and osmolytes in 

bacteria and animals. cDNA clones encoding the NaVglucose cotransporter have been 

isolated and characterized using electrophysiological techniques from rat, rabbit, and 

human intestine and from rabbit, pig, rat, and human kidney (Hediger et al., 1987; Wells 

et al., 1992; Lee et al., 1994; Wright et al., 1994b; Chen et al., 1996; Mackenzie et al., 

1996b; Diez-Sampedro et al., 2001; Quick et al., 2001).

A. Steady-state currents

The transmembrane currents of the cloned NaVglucose cotransporter have been 

studied using the two-microelectrode voltage clamp and the cut-open oocyte technique 

(Umbach et al., 1990; Parent et al., 1992a, b; Chen et al., 1996). The two-microelectrode 

voltage clamp was used to show that SGLT1-mediated transport was electrogenic, as a 

current was associated with transporter operation (Umbach et al., 1990). In oocytes 

producing SGLT1, the addition of glucose to a Na+ solution induced inward-directed 

currents which were reversibly blocked by the addition of phloridzin, a competitive 

inhibitor of NaVglucose cotransport (Umbach et al., 1990). The magnitude of the current 

was dependent upon the concentrations of extracellular glucose, Na+, and phloridzin 

tested (Umbach et al., 1990; Parent et al., 1992a). At all voltages, the magnitude of the 

inward current increased as the concentration of glucose or Na+ was increased (Umbach 

et al., 1990). Operation of the transporter was also shown to be voltage-dependent, with 

the amplitude of the inward current increasing at hyperpolarizing membrane potentials 

(Umbach et al., 1990; Parent et al., 1992a). Electrophysiological measurements were 

also used to show that in the absence of extracellular Na+, SGLT1 is able use the 

electrochemical gradient of protons to drive the uptake of glucose into cells, with kinetics 

similar to those seen with Na+ as the driving cation (Hirayama et al., 1994). Kinetically,

the apparent affinities for Na+ ) and glucose ( ^ s ,ucose) cotransport are dependent

on membrane voltage. The apparent affinity of the cotransporter for Na+ increased as the 

membrane potential was made more negative, at any concentration of glucose tested 

(Parent et al., 1992a). The apparent affinity of the cotransporter for glucose increased as
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the membrane potential was made more negative, but only at low Na+ concentrations, 

suggesting that the voltage-dependence of the transporter affinity for glucose is due to 

voltage-dependence of Na+ binding (Parent et al., 1992a). Information on the binding 

order of Na+ and glucose was also obtained from analysis of steady-state kinetic 

parameters (Parent et al., 1992a; Klamo et al., 1996). The K„ucose increased as the

concentration of Na+was reduced, suggesting that external Na+ alters the apparent affinity 

of the transporter for glucose (Parent et al., 1992a). These results are consistent with an 

ordered binding mechanism rather than a random one.

B. Presteady-state currents

Transport studies of cotransport mechanisms have generally been limited to steady- 

state analysis. Under these conditions it has been necessary to make assumptions about 

the number of transporters in the membrane, the rate-limiting steps, and the voltage- 

dependence of transport (translocation and/or Na+ binding). Presteady-state currents are 

a general characteristic of cotransporters and have been observed for several gene 

families, including, but not limited to, transporters for sugars (glucose (SGLT1-3) and 

myo-inositol (H+/myo-inositol cotransporter)) (Parent et al., 1992a, b; Loo et al., 1993; 

Klamo et al., 1996; Mackenzie et al., 1996b; Hazama et al., 1997), neurotransmitters 

(norepinephrine (hNET), glutamate, and GABA (GAT1)) (Mager et al., 1993; Galli et al., 

1995; Wadiche et al., 1995), peptides (hPEPTl and hPEPT2) (Mackenzie et a l, 1996a; 

Chen et al., 1999), and anions (Na+/iodide cotransporter) (Eskandari et al., 1997). 

Presteady-state currents reflect charge movements of voltage-dependent processes 

involved in transporter-mediated transport, such as ion binding to the transporter and 

conformational changes involved in the reorientation of the ligand binding sites between 

external and internal membrane surfaces, and provide insights into partial reactions o f the 

transport cycle (Parent et al., 1992a, b; Wright et al., 1994a, b; Hazama et al., 1997). 

Presteady-state currents exhibit common properties in many of the cotransporters studied:

(i) presteady-state currents are abolished by transported substrate(s) and/or inhibitors;

(ii) charge movements (Q), obtained from the integral of the presteady-state currents, are 

dependent upon the membrane voltage and fit the Boltzmann relation to yield the
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maximal charge movement (Qmax); (iii) the voltage required to obtain 50 % Qmax (V0 .5) 

is shifted towards more hyperpolarizing potentials as the concentration of the driving ion 

is reduced (Na+ or H+); (iv) the ON-charge movement is equal in magnitude but 

opposite in direction to the OFF-charge movement; (v) Qmax is proportional to the level 

of transporter expression, such that Qmax increases as /max is increased and the ratio of 

/max/Qmax yields the turnover rate for the transporter (Hazama et al., 1997). The 

observation of both steady-state and presteady-state currents has been essential for the 

development of kinetic models for ion/substrate cotransport for a number of transporters, 

including SGLT1 and the Leishmania donovani H+/myo-inositol transporter (Parent et al., 

1992a; Wright et al., 1994b; Klamo et al., 1996).

Electrophysiological experiments designed to measure the steady-state kinetic 

properties of the cloned intestinal NaVglucose cotransporter SGLT1 expressed in 

Xenopus oocytes revealed the presence of presteady-state currents (Parent et al., 1992a, 

b). These transient currents were observed following a step change in the membrane 

potential from negative to positive potentials in sugar-free Na+ medium (Parent et al., 

1992a, b; Wright et al., 1994b). Presteady-state currents were not observed following the 

addition of sugar to the extracellular solution and were modified by the external Na+ 

concentration and by the membrane potential (Parent et al., 1992a, b; Wright et al., 

1994b). The presteady-state currents were interpreted according to a six-state kinetic 

model for the cotransporter proposed by Parent et al. (1992a, b) (Fig. l-5a). This model 

assumes that the transporter is negatively charged (valence -2) and that two Na+ ions bind 

to the transporter before the sugar binds (Parent et al., 1992a, b; Wright et al., 1994b). In 

the absence of sugar, the main carrier states present are C \ CNa2 ’, C” , and CNa2 ” (C’ is 

the empty carrier facing the external face of the membrane; C”  is the empty carrier 

facing the internal face of the membrane; CNa2 5 is the carrier bound to Na+ facing the 

external face of the membrane; CNa2 ” is the carrier bound to Na+ facing the internal face 

of the membrane) (Parent et al., 1992a, b). Since the intracellular fluid is sugar-free and 

contains a low concentration of Na+ (oocyte intracellular concentration of Na+ is 

4 - 2 2  mM), the majority of SGLT1 (75 %) is in the form CNa2 5 (Dascal, 1987; Parent et 

al., 1992a, b). C’ and C” represent 15 and 7 %, respectively, of the carriers present at a
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holding potential of -50 mV (Parent et al., 1992a, b). Rapid depolarization of the 

membrane potential from -50 mV to a positive potential (ie. +50 mV) results in the 

dissociation of CNa2 into external Na+ and C \ and then the negatively charged empty 

carriers (C’) reorientate in the membrane electric field to the internal face of the 

membrane (C”) (Parent et al., 1992a, b; Wright et al., 1994b). Presteady-state currents 

are therefore the net result of the rearrangement of three carrier states: 

CNa2 5—KT —► C” (Fig. l-5b). Approximately 30 % of this charge movement is due to 

Na+ dissociation from the carrier and 70 % to the reorientation of the transporter in the 

membrane (Parent et al., 1992b; Loo et al., 1993; Wright et al., 1994b).

The magnitude of the presteady-state currents in SGLT1-producing oocytes may be 

modified by varying the holding potential, the concentration of external Na+, or the 

concentration of external sugar. As the holding potential was made more negative, the 

size of the presteady-state currents increased (Parent et al., 1992a, b). The proposed 

kinetic model of Na+/glucose cotransport predicts that the number of transporters in the 

CNa25 state will increase at more negative holding potentials, and therefore a greater 

proportion of carriers will be available for dissociation into external Na+ and C’ 

following a rapid depolarization of the membrane potential, resulting in a transient 

increase in C’ (Parent et al., 1992a, b). These events will lead to an increase in the 

number of negatively charged empty carriers reorienting within the membrane 

(C’—► C” ) and to a corresponding increase in the magnitude of the presteady-state 

currents (Parent et al., 1992a, b). As the concentration of external Na+ was reduced, the 

maximum charge translocated was decreased. At a holding potential of -50 mV and 

saturating concentrations of Na+, the majority of carriers (75 %) are in the form CNa2 5. 

When the external concentration of Na+ is significantly reduced (from 100 to 10 mM), at 

the same membrane potential, only 3 % of all carriers are in the CNa2 5 state (Parent et al., 

1992a, b). As a result of this reduced concentration of CNa2 5, the progression 

CNa25 —► C’ —► C” , in response to a rapid depolarization of the membrane, is 

significantly reduced, virtually eliminating the presteady-state currents (Parent et al., 

1992a, b). The maximum charge translocated was also reduced following the addition of 

sugar to the external Na+ solution. In the presence of both external Na+ and sugar (S), the
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major carrier states are CNa2 ” , CNa2S’ and C” , with CNa2’ representing only 8 % of the 

carriers present (Parent et al., 1992a, b). The addition of sugar decreases the magnitude 

of the presteady-state currents by reducing the number of carriers in the CNa2 * state 

(Parent et al., 1992a, b).

Presteady-state currents provide estimates of the number of functional carriers 

expressed in the oocyte plasma membrane. Integration of current transients yields the 

charge transfer (Q ). The maximum charge transfer (Qmax). obtained from a plot of 

membrane potential (V m) versus charge (Q ), is proportional to the number of transporters 

expressed in the oocyte plasma membrane, and is predicted by the function 

N = Qmax/Z6e0, where N is equal to the number of transporters in the membrane, Z is the 

apparent valence of the moving charge, 8 is the effective fraction of the membrane field 

sensed by the movable charge, and e0 is the elementary charge (Loo et al., 1993; Wright 

et al., 1994b; Klamo et al., 1996). Integration of the SGLT1 presteady-state currents 

yielded Qmax values of 120 nC, which correspond to 1012 transporters per oocyte (Wright 

et al., 1994b).

C. Stoichiometric ratio of the Na+/glucose cotransporter

One aspect of the SGLT1 kinetic model that has been extensively investigated is the 

coupling ratio of the transported substrates. The Na+/glucose coupling ratio is of 

physiological importance because it determines the concentrating capacity for coupled 

sugar transport and the energetic expenditure required to maintain such a transport 

(Mackenzie et al., 1998). The higher the ion-substrate coupling ratio (one or more Na+ 

ions transported per substrate molecule), the greater the ability to transport sugars against 

their concentration gradient and achieve higher intracellular concentrations within the 

cell. Early studies of the SGLT1 coupling ratio employed radiolabeled flux 

measurements in intestinal membrane vesicles (Kimmich and Randles, 1980, 1984). A 

Na+/glucose coupling ratio of 1:1 was reported under conditions when the membrane 

potential was not controlled (Kimmich and Randles, 1984). When the membrane 

potential was voltage-clamped, the coupling ratio approached a value of 2:1 (Kimmich
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il

and Randles, 1980, 1984). Using the Xenopus oocyte expression system, it was 

concluded that two Na+ ions were transported per sugar molecule (Ikeda et al., 1989; 

Parent et al., 1992a). This proposed stoichiometry was determined indirectly from the 

Hill coefficient of the sigmoidal activation curve by extracellular Na+, with values 

ranging from 1.6 to 1.9 (Ikeda et al., 1989; Parent et al., 1992a). Hill analysis of Na+ 

activation curves provides an index of the number of Na+ ions necessary to activate the 

transport process, but does not necessarily determine the number of Na+ ions that actually 

enter the cell as a result of transport activity (Weiss, 1997). More direct investigations of 

the Na+/glucose coupling ratio have included (i) the simultaneous determination of 

transporter-specific Na+ currents and radioactive sugar uptake from the same oocyte 

under voltage-clamp conditions (Lee et al., 1994; Mackenzie et al., 1998), and (ii) the 

measurement of reversal potentials (Chen et al., 1995). Comparison of radiolabeled 

sugar uptake and Na+ currents yielded a coupling ratio of 1.6 at a holding potential of 

-70 mV and 1.9 at -110 mV (Mackenzie et al., 1998). The lower coupling ratio obtained 

at -70 mV may be due to incomplete dissociation of Na+ from the inward facing 

conformation of the transporter (Mackenzie et al., 1998). Incomplete dissociation of Na+ 

from the internal suface of the membrane would result in the recycling of Na+ back to the 

extracellular face of the membrane through the internal Teak’ pathway 

(CNa2 ’A— CNa2 ” ) and would therefore reduce the magnitude of the inward current, 

hence underestimating the Na+/glucose coupling ratio (Mackenzie et al., 1998). At more 

negative potentials, dissociation of Na+ from the internal face o f the cotransporter would 

be more complete and the magnitude of the inward current would not be underestimated, 

therefore yielding a more accurate coupling ratio. The second direct method to determine 

the SGLT1 Na+/sugar coupling ratio involved measurement the zero current potential for 

cotransport (Chen et al., 1995). Using the two-microelectrode voltage clamp technique, 

current-voltage (I-V) curves were performed at various sugar concentrations. From these 

curves, the reversal potential (Vr) was calculated and plotted against sugar concentration. 

The slope of the linear relationship between the two parameters indicated a coupling ratio 

of ~ 2.3 Na+ ions transported per sugar molecule (Chen et al., 1995). A more accurate 

measure of the coupling ratio by this approach using the cut-open oocyte technique to
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control internal concentrations of sugar and Na+ yielded a stoiochiometry o f ~ 1.96 (Chen 

et al., 1995). Thus, a variety of techniques indicate a 2:1 coupling stoichiometry (Lee et 

al., 1994; Chen et al., 1995; Mackenzie et al., 1998).

Research Objectives

Transport of nucleosides has been extensively studied over the last 35 years in a 

variety of prokaryotic and eukaryotic cells and tissues. A number of distinct nucleoside 

transport processes have been demonstrated on the basis of transport mechanism ( I n ­

dependent or Na+-independent), permeant selectivity, kinetic properties, and inhibitor 

sensitivity. The human and other mammalian membrane proteins responsible for most of 

these activities have now been identified. The overall goal of my research was to use the 

two-microelectrode voltage clamp in conjunction with heterologous expression in 

Xenopus laevis oocytes to study the electrophysiological properties o f recombinant 

human members of the concentrative nucleoside transporter (CNT) family. Specific 

objectives were: (i) to demonstrate that transport of substrate by members of the CNT 

family is electrogenic (Chapters 7/-/F); (ii) to investigate the steady-state kinetic 

properties of hCNTl {Chapter II); (iii) to investigate the steady-state kinetic properties of 

h/mCNT3 and reveal the unique transport characteristics of this protein; (iv) to 

demonstrate the presence of presteady-state currents for hCNT3 and characterize these 

currents to gain information about transporter turnover number and partial reactions in 

the Na+/nucleoside cotransport cycle (Chapter IV). At the time my project was initiated, 

no electrophysiological studies of CNTs had been undertaken.
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Table 1-1. Members of the Equilibrative Nucleoside Transporter (ENT) Family.

NT Species Amino
acids

GenBank™
accession

Permeant
selectivity*

References

hENTl Homo sapiens 456 AAC51103 nucleosides Griffiths et al., 1997a
rENTl Rattus norvegicus 457 AAb88049 nucleosides Yao et al., 1997
mENTl.l Mus musculus 460 AAF76429 nucleosides Choi et al., 2000
hENT2 Homo sapiens 456 AAC39526 nucleosides,

nucleobases
Griffiths et al., 1997b

rENT2 Rattus norvegicus 456 AAB88050 nucleosides,
nucleobases

Yao et al., 1997

mENT2 Mus musculus 456 AAF76431 ND Kiss et al., 2000
rbENT2 Oryctolagus cuniculus 456 AAK11605 ND
rbENT2A Oryctolagus cuniculus 415 AAK11606 ND
hENT3 Homo sapiens 475 AAK00958 ND
mENT3 Mus musculus 474 AAK00957 ND Struasberg et al., 2002
hENT4 Homo sapiens 430 AAH25599 ND Acimovic and Coe, 

2002
mENT4 Mus musculus 428 DAA00308 ND
DmENTl Drosophila melanogaster 476 AAF52405 ND
DmENT2 Drosophila melanogaster 458 AAF51506 ND
DmENT3 Drosophila melanogaster 586 AAF49871 ND
AtENTl Arabidopsis thaliana 428 AAC18807 

AAF26446
nucleosides except 
uridine

AtENT2 Arabidopsis thaliana 417 AAF04424 ND
AtENT3 Arabidopsis thaliana 418 CAB81054 ND
AtENT4 Arabidopsis thaliana 418 CAB81055 ND
AtENT5 Arabidopsis thaliana 419 CAB81056 ND
AtENT6 Arabidopsis thaliana 418 CAB81053 ND
AtENT7 Arabidopsis thaliana 417 AAD25545 ND
AtENT8 Arabidopsis thaliana 389 AAG10625 ND
CeENTl Caenorhabditis elegans 445 CAA92642 nucleosides Young etal., 2001
CeENT2 Caenorhabditis elegans 450 CABO 1882 ND
CeENT3 Caenorhabditis elegans 729 CABO 1223 ND
CeENT4 Caenorhabditis elegans 451 CAB62793 ND
CeENT5 Caenorhabditis elegans 434 AAA98003 ND
CeENT6 Caenorhabditis elegans 384 CAB03075 ND
TeATl Trypanosoma equiperdum 463 CAC41330 ND
TbATl Trypanosoma brucei 463 AAD45278 adenosine, adenine M3ser etal., 1999
TbNT2 Trypanosoma brucei 463 AAF04490 adenosine, inosine, 

guanosine
Sanchez et al., 1999

TbNT2/
927

Trypanosoma brucei 462 pending adenosine, inosine 

(continued on following page)

Sanchez et al., 2002

NT, nucleoside transporter; a,purine and pyrim idine nucleosides/nucleobases unless otherw ise indicated; 
ND, not determ ined
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Table 1-1 (continued). Members of the Equilibrative Nucleoside Transporter (ENT) Family.

NT Species Amino
acids

GenBank™
accession

Permeant selectivity* References

TbNT3 Trypanosoma brucei 464 pending ND
TbNT4 Trypanosoma brucei 462 pending ND
TbNT5 Trypanosoma brucei 463 pending adenosine, inosine Sanchez et al., 2002
TbNT6 Trypanosoma brucei 462 pending adenosine, inosine, 

hypoxanthine
Sanchez et al., 2002

TbNT7 Trypanosoma brucei 467 pending adenosine, inosine, 
hypoxanthine

Sanchez et al., 2002

TbNT8 Trypanosoma brucei ND pending ND
TbNT9 Trypanosoma brucei ND pending ND
LdN Tl.l/ Leishmania donovani 491 AAC32597 adenosine, pyrimidine Vasudevan et al.,
LdNT1.2 AAC32315 nucleosides 1998

LdNT2 Leishmania donovani 499 AAF74264 guanosine, inosine Carter et al., 2000a
LmaNTl L. mexicana 

amazonensis
491 AAL87658 ND

LmaNT2 L. mexicana 
amazonensis

499 AAL87659 ND

L2464.04 Leishmania major 501 CAB96736 ND
CfNTl Crithidia fasciculate 497 AAG22610 ND
CfNT2 Crithidia fasciculate 502 AAG22611 ND
TgAT Toxoplasma gondii 462 AAF03247 adenosine Chiang et al., 1999
PfENTl/ Plasmodium falciparum 422 AAF67613 nucleosides, nucleobases Carter et al., 2000b
PfNTl AAG09713 Parker et al., 2000

EhENTl Entamoeba histolytica 396 S49592 ND
FUN26 Saccharomyces

cerevisae
517 AAC04935 nucleosides Vickers et al., 2000a

N T, nucleoside transporter; a,purine and pyrim idine nucleosides/nucleobases unless otherw ise indicated; 
ND, not determ ined
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Table 1-2. Concentrative Nucleoside Transport Processes of Mammalian Cells.

N T  Process P e rm e a n t selectivity N T  p ro te in In h ib ito r
Sensitivity*

R eferences

System  cit Pyrim idine nucleosides, adenosine CNT1 N o H uang et al., 
1994
Ritzel et al., 
1997

System  c i f Purine nucleosides, uridine CNT2b N o Che et al., 1995 
Yao et al., 
1996b

System cib Purine and pyrim idine nucleosides CNT3 N o Ritzel et al., 
2001

System  cs A denosine analogs ND Yes Belt et al., 1993 
Paterson e t al., 
1993

System  csg Guanosine ND Yes Flanagan and
M eckling-Gill,
1997

N T, nucleoside 
determined

transport; a,sensitivity to inhibition by  NBM PR; \a ls o  know n as SPNT; ND, not
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Table 1-3. Members of the Concentrative Nucleoside Transporter (CNT) Family.

NT Species Amino
Acids

GenBank™
Accession

Permeant Selectivity* References

hCNTla Homo sapiens 650 AAB53837 pyrimidine nucleosides, 
adenosine

Ritzel etal., 1997

hCNTlb Homo sapiens 649 AAB53838 pyrimidine nucleosides, 
adenosine

Ritzel et al., 1997

hCNTlc Homo sapiens 649 AAB53839 pyrimidine nucleosides, 
adenosine

Ritzel et al., 1997

rCNTl Rattus norvegicus 648 AAB03626 pyrimidine nucleosides, 
adenosine

Huang et al., 1994

pkCNTl Sus scrofa 647 AAC17947 pyrimidine nucleosides, 
adenosine

Pajor, 1998

hCNT2 Homo sapiens 658 AAB88539 purine nucleosides, uridine Ritzel et al., 1998
SPNT Rattus norvegicus 659 Q62773 purine nucleosides, uridine Che et al., 1995
rCNT2 Rattus norvegicus 659 AAD00159 purine nucleosides, uridine Yao etal., 1996b
mCNT2 Mus musculus 660 AAC28858 purine nucleosides, uridine Patel et al., 2000
rbCNT2 Oryctolagus cuniculus 658 AAF80451 purine nucleosides, uridine Gerstin et al., 2000
hCNT3 Homo sapiens 691 AAG22551 nucleosides Ritzel et al., 2001
rCNT3 Rattus norvegicus 705 AAL27097 nucleosides
mCNT3 Mus musculus 703 AAG22552 nucleosides Ritzel et al., 2001
hfCNT Eptatretus stouti 683 AAD52151 nucleosides Yao et al., 2002a
CaCNT Candida albicans 608 pending purine nucleosides, uridine Loewen et al., 

2003b

AfCNT Aspergillus fumigatus 598 pending ND
F27E11.1 Caenorhabditis elegans 568 AAB65255 ND Waterston, 1998

CeCNT3 Caenorhabditis elegans 575 AAB65256 nucleosides except cytidine Waterston, 1998 
Xiao et al., 2001

CGI 1778 Drosophila
melanogaster

528 AAF58996 ND Adams et al., 2000

CG8083 Drosophila
melanogaster

603 AAF58997 ND Adams et al., 2000

NupC Escherichia coli 400 AAC75452 nucleosides except guanosine Craig etal., 1997
YeiJ Escherichia coli 418 AAA60513 ND Blattner et al., 1997
YeiM Escherichia coli 416 AAA60518 ND Blattner etal., 1997
SAV0313 Staphylocuccus aureus 406 BAB56475 ND Kuroda et al., 2001
SAV0521 Staphylocuccus aureus 404 BAB56683 ND Kuroda et al., 2001
SAV0645 Staphylocuccus aureus 409 BAB56807 ND Kuroda et at., 2001
CPE 1284 Clostridium perfringens 393 BAB80990 ND Shimizu et al., 2002

CPE2496 Clostridium perfringens 408 BAB82202 ND Shimizu et al., 2002

NupC Bacillus subtilis 393 P39141 ND Saxild et al., 1996

YxjA Bacillus subtilis 397 BAA 11702 ND Kunst et al., 1997
YutK Bacillus subtilis 404 CAB 15208 ND Kunst et al., 1997
NupC Yersinia pestis 394 CAC92227 ND Parkhill et al., 

2001b

YPO0435 Yersinia pestis 423 C A C 89293 ND 

(continued on following page)

Parkhill et at.,
2001b

N T, nucleoside transporter; a,purine and pyrim idine nucleosides/nucleobases unless otherw ise indicated; 
ND, not determ ined; b,based on prediction o f  the coding sequence from  unfinished genom e sequence 
databases
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Table 1-3 (continued). Members of the Concentrative Nucleoside Transporter (CNT) Family.

NT Species Amino
Acids

GenBank™
Accession

Perm eant Selectivity* References

VCA0179 Vibrio cholerae 402 AAF96092 ND Heidelberg et al., 
2000

VC 1953 Vibrio cholerae 405 AAF95101 ND Heidelberg et al., 
2000

VC2352 Vibrio cholerae 418 AAF95495 ND Heidelberg et al., 
2000

NupC Salmonella
typhimurium

400b CAD07647 ND Parkhill et al., 2001a

spyM18_1932 Streptococcus
pyogenes

400b AAK34582 ND Ferretti et al., 2001 
Smoot et al., 2002

CC2089 Caulobacter
crescentus

426b AAK24060 ND Nierman et al., 2001

HP1180 Helicobacter pylori 418b AAD08224 ND Tomb etal., 1997

HI0519 Haemophilus
influenaze

417b AAC22177 ND Fleischmann et al., 
1995

BH1446 Bacillus halodurans 406b BAB05165 ND Takami et al., 1999

A110378 Nostoc (Anabaena) sp. 402b BAB72336 ND Kaneko et al., 2001
PM 1292 Pasteruella multocida 420b AAK03376 ND May et al., 2001
CBORFOl Clostridium botulinum 407b pending ND
YeORFOl Yersinia enterocolitica 423b pending ND
YeORF02 Yersinia enterocolitica 394b pending ND
SpORFOl Shewanella

putrefusciens
432b pending ND

SpORF02 Shewanella
putrefusciens

422b pending ND

SpORF03 Shewanella
putrefusciens

423b pending ND

SpORF04 Shewanella
putrefusciens

401b pending ND

HdORFOl Haemophilus ducreyi 422b pending ND
BaORFOl Bacillus anthracis 392b pending ND
BaORF02 Bacillus anthracis 392b pending ND
BaORF03 Bacillus anthracis 393b pending ND
BaORF04 Bacillus anthracis 398b pending ND
BaORFOS Bacillus anthracis 391b pending ND
BaORF06 Bacillus anthracis 400b pending ND
BaORF07 Bacillus anthracis 396b pending ND
BcORFOl Bacillus cereus 392b pending ND
BcORFOl Bacillus cereus 393b pending ND
BcORF02 Bacillus cereus 393b pending ND
BcORF03 Bacillus cereus 393b pending ND
BcORF04 Bacillus cereus 398b pending ND
BcORF05 Bacillus cereus 397b pending ND
BcORF06 Bacillus cereus 403b pending ND

N T, nucleoside transporter; a,purine and pyrim idine nucleosides/nucleobases unless otherw ise indicated; 
N D , not determ ined; .based on prediction o f  coding sequence from  unfinished genom e sequence databases
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Table 1-4. Members of the Nucleoside/H+ Symporter (NHS) Family.

Transporter Species Amino
acids

GenBank™
accession

Permeant selectivity References

NupG Escherichia coli 418 P09452 purine and pyrimidine 
nucleosides

Westh Hansen et 
a l,  1987
Blattner et al., 1997

XapB Escherichia coli 418 P45562 purine and pyrimidine 
nucleosides

Seeger et a l,  1995 
Blattner et al., 1997

YegT Escherichia coli 425 BAA 15967 ND Itoh e ta l ,  1996 
Blattner et a l, 1997

STY2371 Salmonella enterica 423 CAD02521 ND Parkhill et a l, 
2001a

STY2657 Salmonella enterica 418 CAD07653 ND Parkhill et a l, 
2001a

STY3268 Salmonella enterica 418 CAD02938 ND Parkhill et a l, 
2001a

CC1628 Caulobacter
crescentus

413 AAK23606 ND Nierman et a l, 
2001

ECU11_1880 Encephalitozoon
cuniculi

495 CAD26098 ND Katinka et al., 2001

NupG Salmonella
typhimurium

418 AAL21988 ND McClelland et a l,  
2001

ND, not determ ined
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Table 1-5. Members of the Tsx Channel-Forming Protein Family.

Porin Species Amino
acids

GenBank™
accession

Function References

Tsx Escherichia coli 294 AAA24701 nucleoside3 facilitator Bremer etal., 1990

Tsx Enterobacter aerogenes 294 CAA81397 nucleoside3 facilitator Nieweg and 
Bremer, 1997

Tsx Klebsiella pnewmoniae 294 CAA81396 nucleoside3 facilitator Nieweg and 
Bremer, 1997

Tsx Salmonella typhimurium 287 CAD08869 nucleoside3 facilitator Nieweg and 
Bremer, 1997

OmpK Vibrio parahaemolyticus 263 BAA09613 ND Inoueet a/., 1995a

OmpK Vibrio cholerae 296 AAF95449 ND Heidelberg et al., 
2000

a,purine and pyrim idine nucleosides; ND, not determ ined
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Table 1-6. Members of the Uracil/Allantoin Permease Family.

Transporter Species Amino
acids

GenBank™
accession

Perm eant selectivity References

FUI1 Saccharomyces cerevisiae 639 CAA84862 uridine Jund and 
Lacroute, 1970 
Feldmann et al., 
1994
Wagner etal., 
1998

FUR4 Saccharomyces cerevisiae 633 P05316 uracil, 5- 
fluorouridine

Jund etal., 1988 
Smits et al., 
1994

DAM Saccharomyces cerevisiae 635 CAA78826 allantoin Yoo et al., 1992

THI10 Saccharomyces cerevisiae 598 BAA09504 thiamin, adenosine Enjo et al., 1997

Y0R071c Saccharomyces cerevisiae 598 Q08485 ND Enjo et al., 1997 
Valens et al.,
m i

YOR192c Saccharomyces cerevisiae 599 Q08579 ND Enjo et al., 1997

NCS1 Schizosaccharomyces
pombe

581 CAB 16258 uracil Wood et al., 
2002

FUR4 Schizosaccharomyces
pombe

589 CAA67256 uracil de Montigny et 
al., 1998

SPBC1683.05 Schizosaccharomyces
pombe

559 CAB91167 ND

SPAC29-
B12.14c

Schizosaccharomyces
pombe

581 AB16258 ND

ywoE Bacillus subtilis 409 CAB05378 ND Presecan et al., 
1997

BMEI0155 Brucella melitensis 409 AAL51337 ND DelVecchio et 
al., 2002

ybbW Escherichia coli 437 AAC73613 ND Blattner et al.,
m i

YBBW Escherichia coli 484 P75712 ND Blattner et al., 
1997

OB2293 Oceanobacillus iheyensis 419 BAC14249 ND Takami et al., 
2002

pyrP Streptococcus pyogenes 404 AAM76116 ND Beres et al., 
2002

SSO1905 Sulfolbus solfataricus 488 AAK42097 ND She et al., 2001
SSO2042 Sulfolbus solfataricus 492 AAK42228 ND She et al., 2001

ND, not determ ined
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Table 1-7. Members of the Nucleoside Permease (NUP) Family.

Transporter Species Amino
acids

GenBank™
accession

Perm eant selectivity References

NUP Candida albicans 407 AAC64324 purine nucleosides Detke, 1998

SPCC285.05 Schizosaccharomyces
pombe

348 CAA20844 ND Wood et at., 2002

BMEI0649 Brucella melitensis 345 AAL 51650 ND DelVecchio et al., 
2002

CC0187 Caulobacter
crescentus

374 AAK22174 ND Nierman et al., 
2001

RSc0798 Ralstonia
solanacearum

381 CAD14500 ND Salanoubat et al., 
2002

RSc0799 Ralstonia
solanacearum

346 CAD14501 ND Salanoubat et al., 
2002

ND, not determ ined
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Table 1-8. Members of the Organic Cation Transporter (OCT) Family.

Transporter Species Amino
acids

GenBank™
accession

Transport Mode References

hOCTNl H om o sapiens 551 BAA23356 Na+, H+-dependent Tamai et al., 1997

rOCTNl Rattus norvegicus 553 AAD46922 Na+-independent
H+-dependent

Wu et al., 2000

mOCTNl M us musculus 553 BAA36626 Na+, H+-dependent Tamai et al., 2000

hOCTN2 H om o sapiens 557 AAC24828 Na+, H+-dependent Wu etal., 1998

rOCTN2 Rattus norvegicus 557 AAD54059 Na+, H+-dependent Wu et al., 1999

mOCTN2 M us m usculus 557 AAD54060 Na+, H+-dependent Wu etal., 1999

mOCTN3 M us musculus 564 BAA78343 Na+, H+-independent Tamai et al., 2000

hOCTl H om o sapiens 554 AAB67703 electrogenic/potential
sensitive

Zhang et al., 1997b

rOCTl/ Rattus norvegicus 556 S50862 electrogenic/potential Grundemann et al.,
rOCTIA 430 AAB67702 sensitive 1994

Zhang etal., 1997a

mOCTl M us musculus 556 AAB19097 electrogenic/potential
sensitive

Schweifer and 
Barlow, 1996

rbOCTl Oryctolagus
cuniculus

554 AAC23661 electrogenic/potential
sensitive

Terashita et al., 1998

hOCT2/ H om o sapiens 555 CAA66978 electrogenic/potential Gorboulev et al., 1997
hOCT2-A 483 BAC02720 sensitive Urakami et al., 2002
rOCT2 Rattus norvegicus 593 BAA11754 electrogenic/potential

sensitive
Okuda etal., 1996

mOCT2 M us musculus 553 CAA06827 electrogenic/potential
sensitive

Mooslehner and 
Allen, 1999

rbOCT2 Oryctolagus
cuniculus

554 AAM83256 electrogenic/potential
sensitive

Xiaohong et al., 2001

pOCT2 Sus scrofa 554 CAA70567 cation/H+ antiporter Grundemann et al., 
1997

hOCT3 H om o sapiens 551 BAA76350 electrogenic/potential
sensitive

Nishiwaki et al., 1998

rOCT3 Rattus norvegicus 551 AAC40150 electrogenic/potential
sensitive

Kekuda et al., 1998

mOCT3 M us musculus 551 AAD20978 ND Verhaagh et al., 1999
hOCT4 H om o sapiens 594 BAA76351 electrogenic/potential

sensitive
Nishiwaki et al., 1998

ND, not determ ined
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Table 1-9. Members of the Organic Anion Transporter (OAT) Family.

Transporter Species Amino
acids

GenBank™
accession

Transport
Mode

Substrate References

hOATl/
hOATl-1

Homo
sapiens

550 AAD19356
BAA75072

exchanger PAH, dicarboxylates, cyclic 
nucleotides,neurotransmitter 
metabolites, anionic drugs, 
AZT, GCV

Race et al., 
1999
Hosoyamada 
et al., 1999

rOATl Rattus
norvegicus

551 A AC 18772 exchanger PAH, dicarboxylates, cyclic 
nucleotides,neurotransmitter 
metabolites, anionic drugs, 
AZT, ACV, zalcitabine, 
didanosine, lamivudine, 
stavudine, trifluridine

Sekine et al., 
1997
Sweet et al., 
1997

rbOATl Oryctolagus
cuniculus

551 CAB62587 ND ND

mOATl/
NKT

M us
musculus

545 AAC53112 ND ND Lopez-Nieto 
etal., 1997

fROAT Pseudo-
pleuronectes
americanus

562 CAB09724 exchanger PAH Wolff et al., 
1997

hOAT2 Homo
sapiens

548 AAD37091 ND most organic anions, 
salicylate, prostaglandin F, 
AZT

Takeda 
et al., 2002

rOAT2/ NLT Rattus
norvegicus

535 AAA57157 facilitator? PAH, salicylate, 
dicarboxylate, PGE

Simonson et 
al., 1994 
Sekine et al., 
1998

mOAT2 M us
musculus

540 A AH 13474 ND ND

hOAT3 Homo
sapiens

568 AAD19357 ND ND Race et al., 
1999

hOAT3* Homo
sapiens

543 BAB47393 ND PAH, estrone sulfate, PGE, 
methotrexate, cimetidine, 
cAMP, glutarate, NSAIDs, 
diuretics, antibiotics, AZT

Cha et al., 
2001

rOAT3 M us
musculus

536 BAA82552 facilitator? PAH, estrone sulfate, PGE, 
methotrexate, cimetidine, 
cAMP, glutarate, NSAIDs, 
diuretics, antibiotics, AZT

Kusuhara 
et al., 1999

hOAT4 Homo
sapiens

550 BAA95316 facilitator? estrone sulfate, DHEA-s, 
AZT

Cha et al., 
2000

PAH, p-am inohippurate; AZT, 3 ’-azido-3 ’-deoxythym idine; GCV, ganciclovir; ACV, acyclovir; PGE, 
prostaglandin E; cAM P, adenosine 3 ’, 5 ’-cyclic m onophosphate; NSAIDs, nonsteroidal anti-inflam m atory 
drugs; D H EA-s, dehydroepiandrosterone sulfate; ND, not determ ined
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Figure 1-1. Inhibitors of some ENT-mediated transport processes. The structures of 

the nucleoside analog NBMPR and the coronary vasodilators dipyridamole, draflazine, 

and dilazep are presented.
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Figure 1-2. Chemical structures of physiological nucleosides. The physiologic purine 

and pyrimidine nucleosides transported by ENT and CNT proteins and by members of 

various other transporter families are shown.
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Figure 1-3. Topographical model of hEN Tl. Potential transmembrane helices are 

numbered (1 - 11) and the site of N-glycosylation is indicated. The transmembrane 

domains enclosed in the dashed box show the region (TMs 3 - 6 )  involved in recognition 

of transport inhibitors, nucleobases, and nucleosides.
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Figure 1-4. Topographical model of rCN Tl. Potential transmembrane helices are 

numbered (1 - 13) and the sites o f  N-glycosylation are indicated. The transmembrane 

domains enclosed in the dashed box show the region (TMs 7 - 8 )  involved in substrate 

recognition.
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Figure 1-5. Na+/glucose cotransport by SGLT1. A. A model for Na+/glucose 

cotransport by SGLT1 is presented. C’ is the empty carrier facing the external face of the 

membrane; C” is the empty carrier facing the internal face of the membrane; CNa2 5 is the 

carrier bound to Na+ facing the external face of the membrane; CNa2 ”  is the carrier 

bound to Na+ facing the internal face of the membrane; SCNa2 5 is the carrier bound to 

Na+ and sugar (S) facing the external face of the membrane; SCNa2 ”  is the carrier bound 

to Na+ and sugar (S) facing the internal face of the membrane (Parent et al., 1992a, b). B. 

Progression of the transporter through carrier stages following step-changes in the 

membrane potential, yielding presteady-state currents.
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Chapter II:*

Electrophysiological Characterization of a Human Na+-coupled Nucleoside Transporter 

(hCNTl) Produced in Xenopus laevis Oocytes

*The gem citabine results presen ted  in this chapter have been published  and  are presen ted  in Appendix A. 

A version o f  the rem ainder o f  the chapter is in preparation fo r  publication.
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E, and Young JD. Electrophysiological characterization o f a recombinant human Na+-coupled nucleoside 

transporter hCNTl. (in preparation).
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Introduction

Physiologic nucleosides and synthetic nucleoside analogs have important biochemical, 

physiological, and pharmacological activities in humans. Adenosine, for example, has 

cell-surface receptor-mediated functions in processes such as modulation of immune 

responses, platelet aggregation, renal function, and coronary vasodilation (Fredholm, 

1997; Shryock and Belardinelli, 1997). Synthetic analogs o f nucleosides are commonly 

used in the therapy of leukemias and lymphomas, as well as solid tumors, and are the 

most effective agents for treatment of viral infections, including those that threaten 

cancer patients receiving immunosuppressive chemotherapy (Handschumacher and 

Cheng, 1993; Perigaud et al., 1994). Representative antineoplastic and antiviral 

nucleoside drugs include gemcitabine, a pyrimidine analog of deoxycytidine used in the 

treatment of epithelial cancers, and AZT, a deoxythymidine analog used in the treatment 

of human immunodeficiency virus infection (HIV). Most nucleosides, including those 

with antineoplastic and/or antiviral activities are hydrophilic, and specialized plasma 

membrane nucleoside transporter (NT) proteins are required for uptake into or release 

from cells (Baldwin et al., 1999; Mackey et al., 1999; Young et al., 2001). NT-mediated 

transport is therefore a critical determinant of metabolism and, for nucleoside drugs, their 

pharmacological actions.

Multiple nucleoside transport systems that differ in their cation dependence, permeant 

selectivities and inhibitor sensitivities have been observed in human and other 

mammalian cells and tissue systems (Cass, 1995; Griffiths and Jarvis, 1996; Young et al., 

2001). The major concentrative systems {cit, c if  and cib) are inwardly-directed Na+- 

dependent processes that have been described primarily in specialized cells, such as 

intestinal and renal epithelia, hepatocytes, choroid plexus, macrophages, splenocytes, and 

leukemic cells (Cass, 1995; Griffiths and Jarvis, 1996; Young et al., 2001). The 

equilibrative (bidirectional) transport processes (es and ei) mediate passive downhill 

transport of nucleosides, have generally lower substrate affinities and occur in most, 

possibly all, cell types (Cass, 1995; Griffiths and Jarvis, 1996; Young et al., 2001). 

Systems cit and c if are generally pyrimidine and purine nucleoside selective, respectively,
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whereas systems cib, es and ei transport both pyrimidine and purine nucleosides. The es 

process is sensitive to inhibition by nanomolar concentrations of the nucleoside analog 

nitrobenzylthioinosine (NBMPR), while system ei also transports nucleobases.

Recent molecular cloning studies have led to the isolation and functional expression of 

cDNAs encoding the human and rodent proteins responsible for each of these nucleoside 

transport systems (Huang et al., 1994; Che et al., 1995; Yao et al., 1996b; Ritzel et al., 

1997; Wang et al., 1997; Crawford et al., 1998; Ritzel et al., 1998, 2001). They belong 

to two unrelated and previously unrecognized families of integral membrane proteins 

(CNT and ENT), and their relationship to the processes defined by functional studies is as 

follows: CNT1 {cit), CNT2 {cif), CNT3 {cib), ENT1 (es), and ENT2 {ei). Two further 

ENT isoforms (ENT3 and ENT4) of undetermined function have also been identified 

(Hyde et al., 2001; Acimovic and Coe, 2002). Mammalian members of the CNT family 

have 13 predicted transmembrane helices (TMs), with an intracellular amino-terminus 

and an extracellular glycosylated carboxyl-terminus (Hamilton et al., 2001). NupC, a 

proton-coupled bacterial member of the CNT family from Escherichia coli, has a similar 

membrane topology, but lacks TMs 1 - 3  (Craig et al., 1997; Hamilton et al., 2001). 

Other identified CNTs include hfCNT from an ancient marine prevertebrate, the Pacific 

hagfish {Eptatretus stouti) (Loewen et al., 1999; Yao et al., 2002), CeCNT3 from 

Caenorhabditis elegans (Xiao et al., 2001) and CaCNT from Candida albicans (Loewen 

et al., 2003).

Human CNT1 (hCNTl, 650 amino acid residues) (Huang et al., 1994) and rat CNT1 

(rCNTl, 648 amino acid residues) (Ritzel et al., 1997) are 83 % identical in amino acid 

sequence and have been studied functionally as recombinant proteins produced in 

Xenopus oocytes (hCNTl and rCNTl) and COS-1 cells (rCNTl). Radioisotope flux 

studies have demonstrated pyrimidine nucleoside-selective (cfr-type) Na+-dependent 

fluxes of both 3H/14C-labeled physiological nucleosides and antineoplastic and antiviral 

nucleoside drugs (Huang et al., 1994; Fang et al., 1996; Yao et al., 1996a, b; Ritzel et al., 

1997; Mackey et al., 1998; Yao et al., 2001). The present Chapter describes experiments 

using the two-microelectrode voltage clamp to undertake a complementary steady-state
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electrophysiological analysis o f recombinant hCNTl produced in Xenopus oocytes. 

Experiments are described that investigate hCNTl Na+-dependence, cation specificity, 

voltage-dependence, substrate selectivity and inhibitor sensitivity. Electrophysiology 

was also used to investigate hCNTl voltage-dependence, order o f NaVnucleoside binding 

and NaVnucleoside coupling ratio.
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Materials and Methods

In vitro Transcription and Transporter Expression in Xenopus Oocytes - hCNTl 

cDNA in the plasmid expression vector pGEM-T (Ritzel et al., 1997; Loewen et al., 

1999) was linearized with Notl and transcribed with T3 polymerase using the 

mMESSAGE mMACHINE™ (Ambion, Austin, TX) transcription system. Remaining 

template was removed by digestion with RNase-free DNase 1. Stage V-VI oocytes were 

dissected from the ovaries of mature oocyte-positive Xenopus laevis and treated with 

collagenase (2 mg/ml for 2 h) (Huang et al., 1994). As required, any remaining follicular 

layers were removed manually. Twenty-four hours after defolliculation, oocytes were 

injected with either 10 nl of water containing 10 ng of capped RNA transcript or 10 nl of 

water alone. Injected oocytes were then incubated for 4 days at 18 °C in modified 

Barth’s solution (daily change) (88 mM NaCl, 1 mM KC1, 0.33 mM Ca(NC>3)2, 0.41 mM 

CaCh, 0.82 mM MgSCL, 2.4 mM NaHCC>3, 10 mM Hepes, 2.5 mM Na+ pyruvate, 

0.05 mg/ml penicillin, and 0.1 mg/ml gentamycin sulfate, pH 7.5) prior to the 

measurement of membrane currents. In experiments to investigate phloridzin inhibition 

of hCNTl and hCNT3 and the NaVnucleoside coupling ratio of hCNTl, the enhanced 

Xenopus expression vector pGEM-HE was used (Liman et al., 1992; Ritzel et al., 2001). 

By providing additional 5'- and 3'-untranslated sequences from a Xenopus /3-globin gene, 

the pGEM-HE construct produces greater CNT functional activity (Ritzel et a l,  2001). 

hCNTl and hCNT3 pGEM-HE plasmid DNAs were linearized with Nhel and transcribed 

with T7 polymerase mMESSAGE mMACHINE™.

Electrophysiological Studies - Oocyte membrane currents were measured by use of a 

GeneClamp 500B oocyte clamp (Axon Instruments, Inc., Foster City, California) in the 

two-electrode, voltage clamp mode. The GeneClamp 500B was interfaced to an IBM 

compatible PC via a Digidata 1200A/D converter and controlled by pCLAMP software 

(Version 8.0, Axon Instruments, Inc., Foster City, California). Current signals were 

filtered at 20 Hz (four-pole Bessel filter) and sampled at a sampling interval of 20 msec. 

For data presentation, the signals were further filtered at 0.5 Hz by the pCLAMP program 

suite. All electrophysiological experiments were performed at room temperature (20 °C)
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at least twice on different batches of oocytes. The microelectrodes were filled with 3 M 

KC1 and had resistances that ranged from 0.5 - 2.5 MQ (megaohms). Oocytes were 

penetrated with the microelectrodes and their membrane potential monitored for a period 

of 10 - 15 min. Oocytes were discarded if  the membrane potential was unstable or more 

positive than -30 mV. For measurements of transporter-mediated currents, the oocyte 

membrane potential was clamped at a holding potential (Vh) of -50 mV. The Na+- 

containing transport medium contained (in mM): NaCl, 100; KC1, 2; CaCb, 1; MgCh, 1; 

and Hepes, 10 (pH 7.5). The substrate to be tested was added to this medium at the 

appropriate concentration (100 pM, unless otherwise indicated). In experiments testing 

the Na+-dependence of nucleoside transport, Na+ in the transport medium was replaced 

by equimolar choline. Current-voltage (I-V) curves were determined from the difference 

between steady-state currents generated in the presence and absence of substrate during 

175 msec voltage pulses to potentials between -90 and +60 mV (10 mV increments). The 

ability of H+ to drive nucleoside transport by hCNTl was tested by replacing Na+ in the 

transport medium with choline and varying the pH between 7.5 and 5.5 (10 mM MES 

was used in place of Hepes in solutions with pH values <6.5). Exposure of oocytes to 

acid pH was kept to intervals of < 2 min to minimize irreversible changes in the oocyte 

plasma membrane. The hCNTl uridine kinetic parameters apparent affinity ( K ^ idine) and 

maximal current ( / " ‘f ’*) were determined by current measurements at different uridine 

concentrations and analyzed by least squares fits to the Michaelis-Menten equation 

1 = C f "  [U]/ ( K umridine + [U]), where I is the substrate-induced current and U represents 

uridine (SigmaPlot Version 4, Jandel Scientific Software, San Rafael, CA). The results 

from Na+ activation experiments were fitted to the Hill equation,

I = /max [Na+]"/ (K%a+n + [Na+]"), where n is the Hill coefficient, K*“ is the half­

saturation constant for Na+ activation, I is the uridine-induced steady-state current, and 

/max is the predicted current maximum (SigmaPlot Version 4, Jandel Scientific Software, 

San Rafael, CA). For studies of phloridzin inhibition of hCNTl and hCNT3, uridine- 

induced currents were measured in the same oocyte before and after a 10 min 

pre-incubation with inhibitor. Repeat exposures to increasing concentrations of
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phloridzin ( 0 - 5  mM) were preceded by wash-out in Na+-free medium, followed by re­

equilibration in Na+-containing transport medium and exposure to the next concentration 

of inhibitor. Results for each phloridzin application were calculated as a percentage of 

the control uridine-induced current measured prior to addition of inhibitor. The IC50 for 

phloridzin inhibition was determined based on a normalized curve.

Data are presented as means ±SEM of values for 4 or more oocytes. Each experiment 

was repeated at least twice on oocytes from different frogs. Kinetic parameters are 

presented as means ±SE, where SE is standard error of the fitted estimate.

Radioisotope Flux Studies - Phloridzin interactions with recombinant hCNTl and 

hCNT3 were also studied by uptake of 14C-labeled uridine (1 pCi/ml, Amersham 

Pharmacia Biotech). Initial rates of transport (1 min flux) were measured at room 

temperature as described previously (Huang et al., 1993; Ritzel et al., 1997) in groups of 

12 oocytes in 200 pi of the same Na+-containing transport medium used for 

electrophysiological studies. Oocytes were pre-incubated with and without inhibitor for 

30 min prior to the assay of transport activity and, except where otherwise indicated, the 

uridine concentration was 10 pM. At the end of the incubation period, extracellular 

medium was removed by six rapid washes in ice-cold transport medium, and individual 

oocytes were dissolved in 5 % (w/v) SDS for quantitation of oocyte-associated 

radioactivity by liquid-scintillation counting (LS 6000 IC, Beckman, Mississauga, ON). 

Influx was corrected for basal non-mediated uridine uptake in control water-injected 

oocytes and expressed as a percentage of the uninhibited flux measured in the absence of 

phloridzin. Values are presented as means ±SEM of 10 - 12 oocytes, and each 

experiment was repeated at least twice on different batches of cells. The IC50 for 

phloridzin inhibition was calculated based on a normalized curve.

Cation/Nucleoside Coupling Ratios - hCNTl NaVnucleoside stoichiometry was 

determined by the simultaneous measurement of Na+ current and 14C-uridine influx under 

voltage-clamp conditions. This technique permits a direct comparison of cotransporter 

current and unidirectional nucleoside uptake over the same time course in a single oocyte
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(Chen et al., 1998). Na+-containing transport medium (substrate-free, pH 7.5) was used 

as the control solution for external perfusion of the oocytes. The uptake solution 

consisted of the control solution plus nonradioactive and radioactive 14C-uridine 

(1 pCi/ml, Amersham Pharmacia Biotech) to give a final uridine concentration of 

200 pM. Individual oocytes were placed in a perfusion chamber and voltage-clamped at 

Vh of -30, -50, or -90 m V . Baseline currents were monitored and recorded while the 

oocyte was perfused with substrate-free control solution. When the baseline was stable, 

the perfusion was stopped. Uptake solution (500 pi) was then added manually to the 

oocyte chamber with a pipettor, which washed the control solution out of the chamber. 

Uptake of uridine lasted for 3 minutes and was terminated by washing the oocyte with 

control solution until the current returned to baseline. Oocytes were then transferred to 

individual scintillation vials and counted. Nucleoside-induced current was obtained as 

the difference between baseline and the inward uridine current. The total charge 

transported into the oocyte during the uptake period was calculated from the current-time 

integral and correlated with the measured radiolabeled uptake for each oocyte. Basal 

14C-uridine uptake was determined in control water-injected oocytes (from the same 

donor) under equivalent conditions and used to correct for endogenous non-mediated 

uridine uptake. Coupling ratios are presented as means ±SE of 7 or more oocytes.

Chemicals - Nucleosides, nucleoside analogs, including AZT (3’-azido-3’- 

deoxythymidine) and gemcitabine (2', 2'-difluorodeoxycytidine), and phloridzin were 

purchased from Sigma (Oakville, ON). p-DFP-5M (l-(2-deoxy-p-D-ribofuranosyl)-2, 4- 

difluoro-5-methylbenzene) and p-DFP-5I (l-(2-deoxy-P-D-ribofuranosyl)-2, 4-difluoro- 

5-iodobenzene) were a generous gift from Dr. EE Knaus and Dr. LI Wiebe (Department 

of Pharmacology, University of Alberta).
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Results

Na+-dependence - Using the whole-cell two-microelectrode voltage-clamp technique, 

hCNTl-mediated transport of uridine was shown to be electrogenic and Na+-dependent. 

In the representative experiment presented in Figure 2-1 A, addition of uridine (100 pM) 

to an hCNTl-producing oocyte in Na+-containing transport medium produced an inward 

current of 80 nA (Vh= -50 m V; 100 mM NaCl; pH 7.5). This current returned to baseline 

when uridine was removed by washout with substrate-free Na+ transport medium. To 

examine the Na+-dependence of this transport, Na+ in the transport medium was replaced 

by equimolar choline (Fig. 2-1B; 100 mM ChCl). No inward current was generated 

following perfusion of the same hCNTl-producing oocyte with uridine under Na+-free 

conditions. Inward currents were not produced when a control water-injected oocyte was 

perfused with uridine in either Na+ (Fig. 2-1C) or choline (Fig. 2-ID) transport medium.

Voltage-Dependence of Transporter Currents - The effect of membrane potential on 

the uridine-induced steady-state current was examined by comparing hCNTl currents 

recorded at the end of a 175 msec command pulse to potentials between -90 and +60 mV 

(10 mV increments) in the presence (Fig. 2-2A, left current record) and in the absence 

(Fig. 2-2A, right current record) of uridine. Currents evoked by the addition of uridine 

(100 pM) were voltage-dependent; subtraction of the currents generated in the presence 

and absence of uridine revealed that the inward current induced by the addition of uridine 

increased at more negative potentials (Fig. 2-2B). This uridine-induced current 

approached zero, but did not reverse polarity at potentials up to +60 mV.

Cation Specificity - Several members of the CNT protein family in lower eukaryotes 

and prokaryotes are proton-dependent (Craig et al., 1997; Xiao et a l,  2001; Loewen et 

al., 2003), and studies presented in Chapter III of this thesis demonstrate that human and 

mouse CNT3 (hCNT3 and mCNT3) are both Na+- and H+-dependent. The ability of H+ 

to drive transport of uridine by hCNTl was examined by comparing the magnitudes of 

currents produced in Na+-containing transport medium (pH 7.5) to currents produced 

when Na+ was replaced by choline and the pH was decreased from 7.5 to 5.5. In the
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representative experiment presented in Figure 2-3 A, uridine (100 pM) induced an inward 

current of 56 nA in Na+-containing transport medium at pH 7.5, while no currents were 

observed in choline transport medium at any of the pHs tested (7.5, 6.5 and 5.5). No 

currents were observed in a control water-injected oocyte under any of the conditions 

tested (Fig. 2-3B).

Substrate Specificity - The ability of hCNTl to transport the pyrimidine nucleosides 

uridine, thymidine and cytidine has been previously demonstrated using conventional 

radioisotope flux measurements (Ritzel et al., 1997). It has also been shown that hCNTl 

and its rat ortholog rCNTl mediate low, but significant fluxes of adenosine, but not the 

other purine nucleosides inosine or guanosine (Huang et al., 1994; Yao et al., 1996b). 

These results were confirmed for hCNTl using electrophysiological techniques 

(Fig. 2-4). Currents elicited by application of substrate (100 pM) in Na+-containing 

transport medium to the same oocyte ranked in the following order: uridine > thymidine 

> cytidine »  adenosine (Fig. 2-4A). Guanosine and inosine and deoxyadenosine, each at 

a concentration of 100 pM, and the nucleobases uracil (100 pM) and hypoxanthine 

(100 pM) did not evoke inward currents. Increasing the concentrations of uracil and 

hypoxanthine to 1 mM also did not generate any detectable currents. No currents were 

observed in control water-injected oocytes (Fig. 2-4B).

In radioisotope flux studies, adenosine is transported by rCNTl with a similar apparent

Km as uridine (~ 30 pM), but with a much lower FmaX (Yao et al., 1996b). Competition

experiments were undertaken to investigate if  the same kinetic behavior could be detected

electrophysiologically. To do this, the current produced by a saturating concentration of

uridine alone (100 pM) was compared in the same oocyte to that produced by uridine and

another nucleoside both present at the same concentration of 100 pM (Fig. 2-5). The

simultaneous addition o f  uridine and thymidine (both good h/rCNTl permeants) to an

hCNTl-producing oocyte generated an inward current of 45 nA that was similar in

magnitude to the 48 nA given by uridine alone (Fig. 2-5A). Similarly, uridine and

guanosine, which is not an h/rCNTl substrate, also produced an inward current (46 nA)

similar to that given by uridine alone (44 nA) (Fig. 2-5C). In marked contrast, however,
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simultaneous perfusion of uridine and adenosine decreased the inward uridine current 

from 53 nA to only 10 nA (Fig. 2-5B).

Transport of the antiviral nucleoside drug AZT by hCNTl has previously been 

demonstrated using radioisotope flux studies (Ritzel et al., 1997). Consistent with these 

results, the addition of AZT (1 mM) to an hCNTl-producing oocyte produced an inward 

current of 15 nA in Na+-containing transport medium (Fig. 2-6B, top panel), while no 

current was generated in the same oocyte perfused with AZT under Na+-ffee conditions 

(choline transport medium). No currents were produced by the addition of AZT to a 

control water-injected oocyte in either transport medium (Fig. 2-6B, bottom panel). As 

shown in Figure 2-6C, the average current seen following addition of 1 mM AZT was 

17 nA, compared to 52 nA with 100 pM uridine.

Transport of the antineoplastic drug gemcitabine was also investigated (Fig. 2-7). 

External application of gemcitabine (100 pM) in Na+-containing medium induced an 

inward current of 15 nA that returned to baseline on removal of the drug (Fig. 2-7B). 

The gemcitabine-induced inward current was not seen in control, water-injected oocytes 

(Fig. 2-7D) and was abolished when extracellular Na+ was replaced with choline 

(Fig. 2-7C). For comparison, uridine (100 pM) induced an inward current of 65 nA in 

the same hCNTl-producing oocyte (Fig. 2-7F).

The novel nucleoside mimics (3-DFP-5M (l-(2-deoxy-p-D-ribofuranosyl)-2, 4- 

difluoro-5-methylbenzene) and P-DFP-5I (l-(2-deoxy-P-D-ribofuranosyl)-2, 4-difluoro- 

5-iodobenzene) (Figs. 2-8A and 2-8B, respectively), in which the pyrimidine nucleobase 

is replaced by a substituted aromatic ring, were similarly tested as potential hCNTl 

permeants. Addition of p-DFP-5M and p-DFP-5I (both at a concentration of 100 pM) 

induced inward currents of 10 nA each in hCNTl-producing oocytes (Fig. 2-8C, top 

panel). The currents were reversible and Na+-dependent, and no currents were observed 

in control water-injected oocytes either in the presence or absence of Na+ (Fig. 2-8C, 

bottom panel).
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Na+- and Uridine-Steady-State Kinetics and the Order of Substrate Binding - The

two-microelectrode voltage clamp was also used to investigate the effects of varying the 

concentrations of uridine and Na+ on recombinant hCNTl steady-state transport kinetics.

The dependence of hCNTl-mediated Na+ currents on the external concentration of 

uridine (0 - 1000 pM) was examined at three different extracellular Na+ concentrations 

(5, 25, and 100 mM NaCl; pH 7.5). Application of varying concentrations of uridine 

resulted in saturable inward current responses that were consistent with simple Michaelis- 

Menten kinetics (Fig. 2-9A). The apparent affinity for uridine ( K u*dme) increased as the

[ N a +]out increased, with no significant change in the maximal current ( ) •  At 5, 25

and 100 mM external Na+, apparent K^rUtme (±SE) values were 139 ± 10, 80 ± 7 and

32 ± 5 pM, respectively, with corresponding 7 " xme (±SE) of 54 ± 1, 55 ± 2 and

54 ± 2 nA, respectively (Table 2-1).

The corresponding dependence of hCNTl-mediated Na+ currents on the external 

concentration of Na+ (0 - 100 mM NaCl; pH 7.5) was examined at two different 

concentrations of extracellular uridine (25 and 100 pM) (Fig. 2-9B). The Na+ 

concentration dependence of the steady-state transport current also conformed to simple 

Michaelis-Menten kinetics. Similar to the effect of increasing [Na+]out on the apparent 

affinity of the transporter for uridine, increasing [uridine]out also increased the apparent 

affinity of the transporter for Na+. However, in contrast to the lack of effect seen by

varying [Na+]out on I ^ me, the value of increased when the external concentration of 

uridine increased. At 25 and 100 pM external uridine, apparent K ^a (±SE) values were 

12 + 2 and 3 ± 1 mM, respectively, with corresponding 7n̂ x (±SE) values of 38 ± 2 and

64 ± 3 nA, respectively (Table 2-2). The predicted Na+/nucleoside coupling ratio,

determined by Hill-type analysis of the relationship between uridine-induced current and

Na+ concentration was 1:1. Fitting the 25 and 100 pM uridine current data in

Figure 2-9B to the Hill equation yielded Hill coefficients of 0.73 ± 0.21 and 0.70 ±0.17,

respectively. In another independent Na+ activation experiment, a Hill coefficient o f 1.1
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was obtained (Fig. 2-1 IB). In subsequent experiments, the hCNTl NaVuridine coupling 

ratio was determined directly by measuring the charge to tracer uptake ratio.

Phloridzin Inhibition of hCNTl Currents - Phloridzin is a high-affinity competitive

inhibitor of the Na+-dependent sugar transporter family (SGLT1-3). Phloridzin has also

been shown to inhibit Na+-dependent transport of radiolabeled uridine in bovine kidney

epithelial brush-border membrane vesicles (Lee et al., 1988) and in oocytes injected with

rat jejunal mRNA (Huang et al., 1993). Here, experiments were undertaken to

investigate phloridzin inhibition of hCNTl by examining the current magnitude in

hCNTl-producing oocytes before and after incubation with phloridzin in Na+-containing

transport medium. In order to increase levels of expression, these experiments used the

enhanced Xenopus expression vector pGEM-HE. In the representative oocyte shown in

Figure 2-10A, addition of 100 pM uridine produced an inward current of 60 nA (left

trace). Following a 10 minute pre-incubation with a high concentration of phloridzin

(10 mM), the magnitude of the inward current was reduced to 18 nA, corresponding to an

inhibition of 70 % {right trace). The addition of 10 mM phloridzin alone did not induce

any inward currents (data not shown), indicating that it is not a substrate of hCNTl. To

determine the concentration of phloridzin causing half-maximal current response (IC50)

for phloridzin inhibition, uridine-induced currents (100 pM uridine) were measured

following exposure of hCNTl-producing oocytes to progressively increasing

concentrations of inhibitor. As shown in Figure 2-10B {left panel), inhibition of hCNTl -

mediated uridine transport by phloridzin was incomplete; even with the highest

concentration of phloridzin tested, a residual Na+ current equal to ~ 20 % of the control

current could still be measured (see also Fig. 2-10A). From the data presented in Figure

2-10B {left panel), the IC50 for phloridzin inhibition of that component of the current

blocked by inhibitor was 0.21 ± 0.05 mM. For comparison, the effects of phloridzin on

another human member of the CNT family, the broadly selective Na+-dependent

nucleoside transporter hCNT3, were also investigated (Fig. 2-10B, right panel). In

hCNT3-producing oocytes, phloridzin inhibited the uridine-induced currents to a greater

extent than for hCNTl, although a small residual current of ~ 5 -10  % was still observed.

The IC50 for phloridzin inhibition o f the inhibitor-sensitive component o f hCNT3
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transport activity was 0.32 ± 0.09 mM. For comparison, the phloridzin inhibition profiles 

for hCNTl and hCNT3 were also determined from measurements of 14C-labeled uridine 

uptake (Fig. 2-10C). Results were similar to those seen with current measurements, 

giving IC50 values for the inhibitor-sensitive component of transport of 0.35 ± 0.12 mM 

for hCNTl (Fig. 2-10C, left panel) and 0.32 ± 0.07 mM for hCNT3 (Fig. 2-10C, right 

panel). The components of hCNTl and hCNT3 transport insensitive to phloridzin 

inhibition were similar to those found by current analysis.

Subsequent studies determined the effects of phloridzin on hCNTl uridine and Na+ 

transport kinetics (Fig. 2-11). To facilitate characterization of the inhibited transporter, 

these experiments also used the enhanced Xenopus expression vector pGEM-HE. In the 

first experiment, the dependence of hCNTl-mediated Na+ currents on the external 

concentration of uridine (0 - 1000 pM) was examined at 100 mM external Na+ before and 

after pre-incubation with 5 mM phloridzin (Fig. 2-11 A). External application of uridine 

in the absence of phloridzin yielded dose-dependent saturable inward currents with an 

apparent K 'fidine (±SE) of 22 ± 3 pM, a value similar to that obtained previously (Fig. 2-

9A). Consistent with the use of pGEM-HE, however, the (±SE) of 151 ± 5 nA

was substantially higher than obtained with pGEM-T (compare with Fig. 2-9), and can be 

accounted for by increased levels of transporter expression. Following incubation with 

phloridzin, both the apparent affinity of the transporter for uridine and the maximal 

current were reduced, giving K f idine and (±SE) values of 131 ± 27 pM and 73 ± 9

nA, respectively. The parallel analysis of the effects of 5 mM phloridzin on the Na+ 

concentration dependence of steady-state hCNTl transport currents is shown in Figure 2- 

1 IB. The external application of uridine (100 pM), in the absence of phloridzin, yielded

dose-dependent saturable inward currents with an apparent K f 1 (±SE) of 3 ± 0.3 mM, a 

value identical to that determined previously (Fig. 2-9B), with an 7 ^ x (±SE) of

95 ± 2 nA. Following incubation of the transporter with phloridzin, the apparent affinity 

of the transporter for Na+ was increased, while the maximal rate o f transport was reduced,

giving K f '  and 7^x values (±SE) of 0.8 ± 0.2 mM and 22 ± 0.7 nA, respectively.
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Cation/Nucleoside Coupling Ratios - The stoichiometry of Na+/uridine cotransport 

was determined in individual hCNTl-producing oocytes by measuring simultaneously 

the uridine-evoked hCNTl current and 14C-uridine uptake under voltage-clamp 

conditions (Fig. 2-12). Figure 2-12A shows a representative uridine-dependent current 

recording in an hCNTl-producing oocyte clamped at -30 m V . Initially, the oocyte was 

perfused with substrate-free 100 mM Na+ transport medium (pH 7.5). Following the 

addition of 200 /dVl 14C-uridine (also in Na+ transport medium), an inward current of 

~ 50 nA was produced. When uridine was removed from the bath by washing with 

substrate-free solution, the current returned to baseline. The current was integrated with 

time to determine the charge moved during the uptake period. The charge was then 

converted to its molar equivalent and compared to the 14C-uridine uptake measured in the 

same oocyte. The process was repeated in 10 different oocytes. As shown in 

Figure 2-12, the slope of the linear plot of charge (pmol) versus uptake (pmol) is equal to 

the NaVnucleoside coupling ratio. This ratio was independent of voltage. At 

Vh= -30 m V , the linear correlation between uridine-dependent charge and uridine 

accumulation gave a stoichiometry of 0.92 ±0.15 (mean ± SE, n = 10, Fig. 2-12B). 

Similar ratios of 0.89 ± 0.02 (n = 7, Fig. 2-12C) and 0.90 ± 0.09 (n = 9, Fig. 2-12D) were 

obtained at holding potentials of -50 and -90 m V , respectively.
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Discussion

Using electrophysiological techniques in combination with heterologous expression in 

Xenopus oocytes, we have revealed new kinetic features o f the human Na+-dependent 

pyrimidine nucleoside transporter hCNTl, including the current/voltage relationship, the 

order of substrate binding, and the stoichiometry of Na+/uridine cotransport determined 

under voltage-clamp conditions. Aspects of substrate specificity, including transport of 

adenosine, representative antineoplastic and antiviral drugs, and novel pyrimidine 

nucleoside mimics have also been investigated. The study also demonstrated, for the first 

time, hCNTl (and hCNT3) inhibition by phloridzin. At the time the experiments 

described in this Chapter were initiated, no other electrophysiological investigations of 

CNT nucleoside transporters had been undertaken.

The transport of nucleosides by hCNTl was shown to be electrogenic and Na+- 

dependent (Fig. 2-1). Inward currents, which were reversible following substrate 

removal, were generated after the addition of nucleosides in Na+-containing medium 

(Fig. 2-1 A). The addition of an hCNTl substrate in the absence of Na+ did not generate 

any detectable inward currents (Fig. 2-IB), in contrast to what has been reported recently 

for h/rCNTl by other investigators (Dresser et al., 2000; Lostao et al., 2000). The 

present results are, however, in agreement with previous radiotracer uptake studies which 

found only very small amounts of nucleoside uptake in the absence of Na+ (Huang et al., 

1994; Ritzel et al., 1997). This residual component of radiotracer nucleoside transport in 

the absence of Na+ had the characteristics of “slippage” (ie. uncoupled nucleoside 

transport) and would not be expected to be electrogenic. Transport of uridine was 

voltage-dependent, since the magnitude of the inward current was increased at more 

negative potentials, suggesting that transport of nucleosides across the cell membrane via 

nucleoside transport proteins is influenced by membrane potential (Fig. 2-2B). These 

results are in agreement with those reported by Lostao et al. (2000) in which an increase 

in /max was observed at hyperpolarized potentials in oocytes producing hCNTl. Earlier 

experiments in isolated rat hepatocytes also found that Na+-linked nucleoside uptake was 

dependent upon membrane potential (Gomez-Angelats et al., 1996). Radiotracer uptake
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and competition studies have previously demonstrated that h/rCNTl selectively transport 

pyrimidine nucleosides and, to a lesser extent, the purine nucleoside adenosine (Fang et 

al., 1996; Yao et a l, 1996a, b; Ritzel et al., 1997). Consistent with these findings, 

hCNTl-mediated Na+ currents were observed following the addition of the pyrimidine 

nucleosides uridine, thymidine, and cytidine and, to a lesser extent, adenosine (Fig. 2- 

4A). The reduced magnitude of the adenosine-induced current relative to, for example, 

uridine is the consequence of a much reduced /max, resulting from a low rate of 

conversion of the CNT 1-adenosine complex from outward-facing to inward-facing 

conformations (Yao et al., 1996b). The present demonstration of hCNTl-mediated 

currents generated following the addition of adenosine are in contrast to results seen with 

recombinant rCNTl in oocytes in which no currents were observed with adenosine 

(Dresser et al., 2000). The apparent species discrepancy between hCNTl and rCNTl in 

this regard is technical in nature, since I have been able to detect rCNTl -mediated 

currents in the presence of adenosine (data not shown). Unlike adenosine, however, 

hCNTl did not exhibit Na+ currents in the presence of either guanosine or inosine.

Competition studies, which involved the simultaneous addition of two potential 

substrates to the transporter, further illustrated the unique interaction of adenosine with 

hCNTl (Fig. 2-5). In such experiments, the magnitude of the resulting current is 

dependent upon whether both nucleosides are transported by hCNTl and, if so, their 

respective kinetic parameters (apparent Km and Fmax). For example, the simultaneous 

addition of uridine and thymidine produced an inward current of similar magnitude to 

that seen with uridine alone (Fig. 2-5A). Flux studies have shown that uridine and 

thymidine are transported to a similar extent by hCNTl, with similar Km and V^x values 

(Ritzel et al., 1997; Loewen et al., 1999). The electrophysiological results show, 

therefore, that if two substrates compete for the same binding site on the transporter and 

have similar kinetic parameters for transport, the magnitude of the inward current will be 

similar to that seen when only one of the substrates is present, even though one will 

inhibit transport of the other, and vice versa. In the case o f uridine and guanosine a 

similar result was obtained (Fig. 2-5C), in this case because the purine nucleoside 

guanosine is not an hCNTl permeant and does not compete with uridine for binding to

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the transporter. In marked contrast, however, the simultaneous addition of uridine and 

adenosine, both permeants of hCNTl, markedly reduced the magnitude of the inward 

current compared to that seen with uridine alone (Fig. 2-5B). This reflects the similar Km 

values of the two nucleosides, but adenosine’s very much decreased Fmax (Yao et al., 

1996b; Ritzel et al., 1997; Loewen et al., 1999). The resultant cross-inhibition exerted by 

adenosine on hCNTl-mediated transport of uridine illustrates the potential for adenosine 

to act, in appropriate circumstances, as an hCNTl inhibitor. Physiologically, local 

adenosine concentrations in the vicinity of the transporter would need to exceed the 

adenosine apparent Km value of ~ 25 pM for this effect to be exerted.

Radioisotope flux studies have shown that hCNTl and rCNTl not only transport

physiological nucleosides, but also transport various synthetic nucleoside analogs (Huang

et al., 1994; Fang et al., 1996; Yao et al., 1996a, b; Ritzel et al., 1997; Mackey et al.,

1998; Yao et al., 2001). These findings are important because they establish a possible

role for members of the CNT family in the intestinal absorption and renal handling of

synthetic nucleoside analogs, as well as CNT involvement in drug uptake into other cell

types that express the transporters. The pyrimdine nucleoside drug AZT, which is widely

used in the treatment of acquired immunodeficiency syndrome (ADDS), has been shown

to be a substrate of both hCNTl and rCNTl (Huang et al., 1994; Yao et al., 1996a; Ritzel

et al., 1997; Yao et al., 2001). In agreement with these results, the addition of AZT to

hCNTl-producing oocytes generated an inward current which was reversible and Na+-

dependent (Fig. 2-6B). AZT was, however, a poorer substrate for hCNTl than uridine, as

demonstrated by the high concentration of drug (1 mM) needed to induce a significant

inward current (Fig. 2-6C). Gemcitabine, a pyrimidine nucleoside analog used in the

treatment of epithelial cancers, was also transported by hCNTl (Fig. 2-7). This

deoxycytidine analog generated similar currents as AZT, but at a 10-fold lower substrate

concentration of 100 pM (Fig. 2-7B). Using electrophysiology, we were also able to test

the ability of two novel compounds, which are not available in radioisotope form, to

induce Na+ currents in hCNTl-producing oocytes. These compounds, named (3-DFP-5M

and P-DFP-5I, belong to a new family of nucleoside analogs synthesized for evaluation

as anticancer and antiviral agents (Figs. 2-8A and 2-8B, respectively) (Wang et al.,
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2001). P-DFP-5M and P-DFP-5I were designed as thymidine mimics, in which the 

pyrimdine ring has been replaced by a substituted aromatic ring structure that does not 

contain nitrogen. The substituent on the aromatic ring for P-DFP-5M is a methyl group, 

while that for P-DFP-5I is an iodine group. Inward currents, which were reversible and 

Na+-dependent, were generated following bath application of both P-DFP-5M or 

P-DFP-5I, demonstrating that both of these novel compounds are substrates for the 

hCNTl transporter (Fig. 2-8C). These results demonstrated that the pyrimidine ring 

structure per se is not required for translocation by hCNTl, and suggested that nucleoside 

mimics may have applications in studies to elucidate the substrate structural features 

important for CNT/permeant interactions. The ability of an aromatic ring structure to 

substitute for the pyrimidine nucleobase moiety of nucleosides indicates that it - j  

interactions similar to those documented for trypanosomal ENT nucleoside transport 

proteins (de Koning and Jarvis, 1999) may be important also in CNT substrate 

interactions. Further characterization of hCNTl-mediated transport of the nucleoside 

mimics was not persued as these analogs exhibited only negligible cytotoxicity against a 

variety of cancer cell lines and were inactive as antiviral agents (Wang et al., 2001).

Cotransporters are integral membrane proteins which couple the electrochemical 

gradient of a cation (Na+ or H+) to the transport of substrate into cells. Na+-dependent 

cotransporters are found mostly in animal cells, whereas H+-dependent cotransporters 

occur in plants, bacteria, as well as animal cells. Cotransporters are often considered as 

specific for one cation, but several studies indicate that certain transporters utilize more 

than one cation to drive transport of the cosubstrate. The Na+/glucose cotransporters 

SGLT1 and SGLT2, for example, are able to utilize the electrochemical gradients of Na+, 

Li+, and H+ to drive sugar transport into cells (Hirayama et al., 1994; Mackenzie et al., 

1996). Similar observations have been reported for the bacterial melibiose transporter in 

which both Na+ and H+ can stimulate melibiose transport (Tsuchiya and Wilson, 1978; 

Bassilana et al., 1987). In comparison, hCNTl did not demonstrate detectable nucleoside 

transport when Na+ was replaced with H+ (Fig. 2-3A). This behaviour is in marked 

contrast to the broad specificity human and mouse nucleoside transporters hCNT3 and

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mCNT3 which are able to use the electrochemcial gradient o f H+ to drive the uptake of 

nucleosides into cells when Na+ is not present (Chapter III). The present results 

demonstrate, therefore, that mammalian CNT isoforms exhibit other forms of functional 

diversity in addition to their differences in permeant selectivity. In contrast to 

mammalian CNT1 and CNT3, CNTs from C. albicans (CaCNT), C. elegans (CeCNT3), 

and E. coli (NupC) function exclusively as H+-dependent nucleoside cotransporters.

Analysis of the steady-state kinetic parameters (/max and Km) provides information 

about the binding order of substrates to cotransport processes (Stein, 1990; Klamo et al., 

1996). The transport of uridine by recombinant hCNTl was saturable and conformed to 

Michaelis-Menten kinetics. As shown in Figure 2-9A, reducing the [Na+]out increased 

K ™dme, while the I™*me was unaffected (Table 2-1). This suggests that limiting [Na+]out

can be overcome by increasing the concentration of uridine to achieve the same maximal 

rate of transport. This was in contrast to the effect seen when uridine was limiting, where

K„a increased while / ^ x was reduced (Fig. 2-9B; Table 2-2). These steady-state data 

indicate a sequential ordered binding mechanism in which Na+ binds to the transporter 

first, increasing the affinity of the protein for the nucleoside which then binds second 

(Jauch and Lauger, 1986; Klamo et al., 1996; Mackenzie et al., 1998). Transport of 

nucleoside and ion is simultaneous because decreasing the concentration of either Na+ or 

uridine results in a decrease in the apparent affinity of the other (Eskandari et al., 1997). 

A sequential ordered binding mechanism is consistent with results of earlier studies of 

native cit/cif NaVnucleoside transport in bovine renal brush-border membrane vesicles 

which demonstrated that the apparent affinity of the transporters for nucleoside increased 

as the external Na+ concentration was raised (Williams and Jarvis, 1991).

Phloridzin is an inhibitor of the Na+-dependent glucose transporter family (SGLT1-3)

(Mackenzie et al., 1996; Hirayama et al., 2001) that has also been shown to block

intestinal and kidney Na+-dependent nucleoside transport activity (Lee et al., 1988;

Huang et al., 1993). There are no other known or potential inhibitors of the CNT

transporters, and we therefore investigated the ability o f phloridzin to inhibit hCNTl -

mediated Na+-dependent uridine transport using electrophysiolgical techniques (Fig. 2-
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10). Phloridzin inhibited uridine-dependent hCNTl currents in a concentration 

dependent manner (Fig. 2-1 OB, left panel), but was unable to completely block transport 

even at very high inhibitor concentrations. The IC50 for phloridzin blockade of that 

component of the hCNTl-mediated Na+ current sensitive to phlorizdin inhibition was 

0.21 ± 0.05 mM. Phloridzin also inhibited hCNT3-mediated currents with a lower IC50 

value of 0.32 ± 0.09 mM (Fig. 2-10B, right panel), and inhibition of both recombinant 

transporters was confirmed by 14C-uridine flux studies (Fig. 2-10C). Phloridzin may 

therefore function as a general CNT transport inhibitor, but its potency against CNTs is 

substantially less than against SGLT transporters, where IC50 values in the low 

micromolar concentration range have been obtained (IC50 of 0.17 pM  for rat SGLT1) 

(Lee et a l, 1994). Analysis of steady-state kinetic parameters in the presence and 

absence of phloridzin were undertaken to provide information about the method by which 

phloridzin inhibits hCNTl-mediated nucleoside transport activity. As shown in Figure 2-

11 A, phloridzin increased K uf idme and reduced I uf^ ne. Both and 1 ^  were reduced 

by phloridzin inhibition (Fig. 2-1 IB).

Analysis of the interactions of substrates and inhibitors provides unique insights into 

transporter function. Classically, inhibitors are defined by the method of inhibition 

(Dixon and Webb, 1958). The effects seen with phloridzin on the kinetic parameters of

hCNTl Na+-activation are consistent with uncompetitive inhibition; both K"° and I ^ K

decreased, but the ratio between K ^a and 7^x before and after phloridzin inhibition was 

unchanged (Wong, 1975). In contrast, the effects on uridine transport kinetics (increased 

K f ldme and decreased I f£ me) are consistent with mixed-noncompetitive inhibition

(Wong, 1975). The interpretation of these different patterns of inhibition is that 

phloridzin binds to the transporter after Na+ (ie. phloridzin binding is Na+-dependent) at a 

site possibly overlapping with, but not identical to, that occupied by nucleoside. There 

are parallels, therefore, between phloridzin inhibition of hCNT3 and SGLT1. For the 

latter transporter, various studies have shown that inhibition of Na+/glucose cotransport is 

competitive (Vick et al., 1973; Lin and Hahn, 1983) and binding of phloridzin to the
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transporter is Na+-dependent (Parent et al., 1992a, b). Structurally, the phloridzin 

molecule is composed of a pyranoside ring and two aromatic rings joined by an alkyl 

spacer (Weilert-Badt et al., 2000). It has been postulated that multiple domains are 

involved in phloridzin inhibition of SGLT1, with both the sugar binding site of the 

transporter and a binding site for the phloridzin aglucone moiety participating in 

carrier/inhibitor interactions through hydrogen bonding and hydrophobic interactions, 

respectively (Hirayama et al., 2001; Novakova et al., 2001). Similarly, phloridzin 

binding to hCNTl may partially overlap the translocation pore. In the search for new and 

more effective CNT transport inhibitors, it is noteworthy that h/rCNTl has a greater 

apparent affinity for adenosine than hCNTl has for phloridzin (Yao et al., 1996b; Ritzel 

et al., 1997; Loewen et al., 1999). Future studies of adenosine-related compounds may 

therefore discover more effective hCNTl transport inhibitors.

Na+-dependent transporters rely on the inwardly-directed Na+ gradient to accumulate 

substrate within the cell, where the concentrating capacity o f the transporter is 

determined by its Na+/substrate coupling ratio. The higher the coupling ratio (one or 

more Na+ per substrate), the greater the ability of the transporter to accumulate substrate 

against its concentration gradient and achieve higher concentrations within the cell. 

Previous NaVnucleoside coupling ratios for members of the CNT family have been 

determined indirectly from Hill-type analysis of the relationship between nucleoside flux 

and Na+ concentration. NaVnucleoside coupling ratios of 1:1 have been proposed for 

recombinant rCNTl for both adenosine and uridine based on Hill coefficients (Yao et al., 

1996b), and similar Hill coefficients have been found in studies of Na+-dependent 

nucleoside transport in kidney brush-border membrane vesicles (Lee et al., 1988; 

Williams and Jarvis, 1991). Hill coefficients obtained for hCNTl in this Chapter were 

also consistent with a 1:1 coupling stoichiometry. However, Hill analysis of Na+ 

activation curves provides an index of the number of Na+ ions necessary to activate the 

transport process, but does not determine the number of Na+ ions that actually enter the 

cell as a result of transport activity (Weiss, 1997). We therefore utilized simultaneous 

measurement of transporter-specific currents and radioactive nucleoside uptake from the 

same oocyte under voltage-clamp conditions to determine directly the NaVnucleoside
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coupling ratio of hCNTl. Currents, which were monitored continuously during the 

uptake period, reached an initial maximal value and then progressively decreased 

(Fig. 2-12A). This decline in current magnitude has also been observed for other 

cotransporters and is thought to be the result of decreased concentrations of ions at the 

immediate proximity of the extracellular membrane and trans-inhibition of transport 

activity resulting from the accumulation of intracellular substrates and/or ions (Chen et 

a l, 1998; Mackenzie et al., 1998; Chen et al., 1999). To examine the effect of membrane 

potential on the NaVnucleoside coupling ratio, the hCNTl coupling stoichiometry was 

examined at various holding potentials (-30, -50, and -90 m V ). When charge was 

converted to picomoles, the ratio of charge to nucleoside uptake for hCNTl yielded a 

stoichiometry of 0.92 ± 0.15 at a holding potential of -30 m V , 0.89 ± 0.02 at -50 m V , and 

0.90 ± 0.09 at -90 m V  (Fig. 2-12). Therefore, both direct and indirect methods agree on a 

NaVnucleoside coupling ratio of 1:1 for the CNT1 transporters, independent of the 

membrane potential. This is in marked contrast to results obtained with hCNT3 (Chapter 

III) where the coupling ratio approaches a value of 2:1 as the membrane becomes more 

hyperpolarized. In this respect, CNTs demonstrate similarites to other transporter 

families, in which different family members exhibit different coupling ratios. For 

example, different members of the SGLT glucose transporter family have NaVglucose 

coupling ratios of either 1:1 or 2:1 (1:1 for SGLT2 and 2:1 for SGLT1/3) (Chen et al., 

1995; Mackenzie et al., 1996, 1998; Diez-Sampedro et al., 2001). Similarly, the PepTl 

and PepT2 proton-linked peptide transporters have 1:1 and 2:1 H+/peptide coupling 

ratios, respectively (Chen et al., 1999).
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Table 2-1. hCNTl Uridine Kinetic Parameters.

[Na+] (mM) Apparent K umridine juridine
max

(pM)a (nA)a

5 139± 10 54 ± 1

25 80 ± 7 55 ± 2

100 32 ± 5 54 ± 2

a, from Fig. 2-9A
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Table 2-2. hCNTl Na+ Kinetic Parameters.

[Uridine] (pM) Apparent jN a *
max

(mM)a (nA)a

25 12 ± 2 38 ± 2

100 3 ± 1 64 ± 3

a, from Fig. 2-9B
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Figure 2-1. Na+-dependence of hCNTl-mediated uridine transport. Oocytes were 

injected with 10 nl of water containing 10 ng of RNA transcript encoding hCNTl or 10 nl 

of water alone (control). A. Inward current generated by perfusing an RNA-injected 

oocyte with 100 pM uridine in Na+-containing transport medium (100 mM NaCl; pH 

7.5). B. The same oocyte perfused with 100 pM uridine in transport medium in which 

Na+ was replaced by choline (100 mM ChCl; pH 7.5). No inward current was generated. 

C and D show the same experiment described in A and B above, but with a control water- 

injected oocyte. No inward currents were generated.
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Figure 2-2. hCNTl steady-state current/voltage relationship. A. Time course of 

transmembrane currents recorded in the presence of 100 pM external uridine (100 mM 

NaCl; pH 7.5) upon voltage steps from a holding potential (Vh) of -50 mV to final 

potentials ranging between -90 and +60 mV, in 10 mV increments {left trace). The 

capacitive transients have been truncated in order to clearly demonstrate the steady-state 

currents. Currents from the same oocyte were recoded in the absence of uridine (100 mM 

NaCl; pH 7.5; right trace). B. The current/voltage (I/V) curve was generated by 

subtraction of the steady-state currents in the presence and absence of 100 pM uridine. 

The current produced at each potential was averaged from 4 - 5  different oocytes.
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Figure 2-3. Cation specificity of hCNTl. A. The ability o f H+ to drive the transport 

of uridine by hCNTl was investigated by comparing the magnitudes of current produced 

in Na+-containing transport medium (100 mM NaCl; pH 7.5) to current produced when 

Na+ was replaced with choline and the pH was varied from 7.5 to 5.5 (100 mM ChCl). B. 

The same experiment was performed as in A, but with a control water-injected oocyte. 

No inward currents were generated.
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Figure 2-4. Nucleoside specificity of hCNTl. A. The substrate selectivity of hCNTl 

was investigated in Na+-containing transport medium (100 mM NaCl; pH 7.5) by 

measuring the currents evoked by a variety of pyrimidine and purine nucleosides, each at 

a concentration of 100 pM. The nucleobases uracil and hypoxanthine (100 pM and 

1 mM) were also tested. hCNTl-mediated currents are expressed as the mean current 

produced in 4 - 5 different oocytes. B. Current trace from a control water-injected 

oocyte perfused with various substrates in Na+-containing transport medium (100 mM 

NaCl; pH 7.5). No inward currents were observed with any of the substrates tested.
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Figure 2-5. hCNTl competition studies. A. The current produced by perfusing an 

hCNTl-producing oocyte with 100 pM uridine {left trace) in Na+-containing transport 

medium (100 mM NaCl; pH 7.5) was compared to the current generated when the same 

oocyte was simultaneously perfused with 100 pM uridine plus 100 pM thymidine {right 

trace). B. The same experiment was performed as in A but with 100 pM uridine plus 

100 pM adenosine added to the transport medium. C. The nucleosides guanosine and 

uridine (each at a concentration of 100 pM) were added simultaneously to the oocyte.
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Figure 2-6. Transport of AZT. A. Structure of AZT (3’-azido-3’-deoxythymidine). 

B. Oocytes were injected with 10 nl of water containing 10 ng of RNA transcript 

encoding hCNTl or 10 nl of water alone (control). Current responses generated by 

perfusing an hCNTl-producing oocyte with 1 mM AZT in Na+ (100 mM NaCl; pH 7.5)- 

and choline (100 mM ChCl; pH 7.5)-containing transport media {top panel). The same 

experiment was also performed in a control water-injected oocyte {bottom panel). No 

inward currents were generated. C. A comparison o f currents generated in hCNTl - 

producing oocytes following the addition of uridine (100 pM) or AZT (1 mM) in Na+- 

containing transport medium. Values are for mean currents produced in 3 - 4 different 

oocytes from at least two different donors.
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Figure 2-8. Transport of nucleoside mimics. A. Structure of P-DFP-5M (l-(2-deoxy- 

P-D-ribofuranosyl)-2, 4-difluoro-5-methylbenzene). B. Structure of P-DFP-5I (l-(2- 

deoxy-p-D-ribofuranosyl)-2, 4-difluoro-5-iodobenzene). C. Oocytes were injected with 

10 nl of water containing 10 ng of RNA transcript encoding hCNTl or 10 nl of water 

alone (control). Current responses generated by perfusing an hCNTl -producing oocyte 

with the nucleoside mimics P-DFP-5M and P-DFP-5I (each at a concentration of 

100 pM) in Na+- (100 mM NaCl)- and choline (100 mM ChCl)-containing transport 

mediums (top panel) (pH 7.5). The current produced with 100 pM uridine in Na+- 

transport medium is shown for comparison. The same experiment was performed in a 

control water-injected oocyte (bottom panel). No currents were generated with either 

nucleoside mimic in the two transport media.
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Figure 2-9. Steady-state hCNTl kinetics and the order of solute binding. A. The

dependence of hCNTl-mediated currents on the external concentration of uridine 

(0 - 1000 pM) was examined at three different concentrations of Na+

(5, 25, and 100 mM NaCl; pH 7.5). hCNTl mediated currents are expressed as the mean 

current produced in 5 - 6 different oocytes from at least 2 different donors. B. The 

dependence of hCNTl-mediated currents on the external concentration of Na+ 

(0 - 100 mM NaCl; pH 7.5) was examined at two different concentrations o f uridine (25 

and 100 pM). hCNTl-mediated currents are expressed as the mean current produced in 

4 - 5  different oocytes from at least 2 different donors.
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Figure 2-11. Effect of phloridzin on hCNTl steady-state kinetic parameters. A.

The dependence of hCNTl-mediated currents on the external concentration of uridine 

was examined in the presence and absence of phloridzin. Uridine-induced currents 

(0 - 1000 pM) were measured in the presence of 100 mM external Na+ before and after a 

10 min incubation with 5 mM phloridzin. Currents are expressed as the mean current 

produced in 5 - 6 different oocytes. B. The dependence of hCNTl-mediated currents on 

the external concentration of Na+ was examined in the presence and absence of 

phloridzin. Uridine-induced currents (100 pM) were measured in the presence of 

increasing concentrations of external Na+ (0 - 100 mM) before and after a 10 min 

incubation with 5 mM phloridzin. Currents are expressed as the mean current produced 

in 5 - 6 different oocytes.
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Figure 2-12. Stoichiometry of hC N Tl. A. Representative example of the current 

generated during application of 200 pM uridine (nonradioactive + radioactive) to an 

hCNTl-producing oocyte (Vh = -30 mV). B. Oocytes were clamped at Vh = -30 mV and 

perfused with 200 pM uridine (nonradioactive + radioactive). Integration of the uridine- 

evoked current over the uptake period (3 min) yielded the charge moved. The charge 

moved was converted to pmol and plotted against radiolabeled uridine uptake (pmol) in 

the same oocyte. The experiment was performed in 10 different oocytes. The slope of 

the linear fit (NaVnucleoside ratio) was equal to 0.92 ± 0.15 (n = 10) (solid line). The 

dashed line indicates a slope of 1. C. At Vh = -50 mV, the NaVnucleoside ratio was 0.89 

± 0.02 (n = 7). D. At Vh = -90 mV, the NaVnucleoside ratio was 0.90 ± 0.09 (n = 9).
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Chapter III:*

Electrophysiological Characterization of Novel Human and Mouse Concentrative Na+- 
Nucleoside Cotransporter Proteins (hCNT3 and mCNT3) Broadly Selective for Purine

and Pyrimidine Nucleosides (System cib)

*Some results presented in this chapter have been published and are presented in Appendix B. A version o f  

the remainder o f  the chapter is in preparation fo r  publication.

Ritzel MWL, Ng AML, Yao SYM, Graham K, Loewen SK, Smith KM, Ritzel GR, Mowles DA, 
Carpenter P, Chen X-Z, Karpinski E, Hyde RJ, Baldwin SA, Cass CE, and Young JD. Molecular 
identification and characterization o f novel human and mouse concentrative Na+-nucleoside cotransporter 
proteins (hCNT3 and mCNT3) broadly selective for purine and pyrimidine nucleosides (system cib). J  Biol 
Chem 276(4): 2914-2927, 2001.

Smith KM, Labedz K, Cass CE, Baldwin SA, Karpinski E, and Young JD. Electrophysiological 
characterization o f novel human and mouse concentrative Na+-nucleoside cotransporter proteins (hCNT3 
and mCNT3) broadly selective for purine and pyrimidine nucleosides (system cib). (in preparation).
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1

Introduction

Adenosine, other physiologic nucleosides, and most synthetic nucleosides are 

hydrophilic and require specialized membrane nucleoside transporter (NT) proteins for 

passage across cell membranes (Cass, 1995; Griffiths and Jarvis, 1996; Mackey et al., 

1998; Baldwin et al., 1999; Young et al., 2001). NTs regulate interactions o f adenosine 

with its cell surface receptors, provide salvage precursors for nucleic acid biosynthesis, 

and are a critical determinant of the pharmacological actions of antineoplastic and 

antiviral nucleoside drugs. Five major nucleoside transport processes (systems cit, cif, 

cib, es, and ei) that differ in their permeant selectivities, cation dependence, and inhibitor 

sensitivities have been demonstrated in mammalian cells (Cass, 1995; Griffiths and 

Jarvis, 1996; Young et al., 2001). Systems cit, cif, and cib are concentrative inwardly- 

directed Na+-dependent nucleoside symporters found mainly in epithelia and other 

specialized cells, while systems es and ei are equilibrative bidirectional Na+-independent 

nucleoside transport processes found in most, possibly all, cell types. System cit is 

selective for pyrimidine nucleosides and, to a lesser extent, adenosine, whereas system cif 

exhibits a permeant selectivity for purine nucleosides and uridine. Systems cib, es, and ei 

transport both pyrimidine and purine nucleosides. Equilibrative nucleoside transport 

processes of the es type are inhibited by nanomolar concentrations of 

nitrobenzylthioinosine (NBMPR), whereas the e/-type mechanisms are unaffected by 

NBMPR. Transporters of the ei type also transport nucleobases.

Molecular cloning studies have led to the identification of the human and rodent 

integral membrane proteins responsible for each of these nucleoside transport activities. 

Systems cit, c if and cib correspond to transporters CNT1, CNT2, and CNT3, 

respectively, of the CNT protein family, while systems es and ei correspond to 

transporters ENT1 and ENT2, respectively, of the structurally unrelated ENT protein 

family (Huang et al., 1994; Che et al., 1995; Yao et al., 1996; Ritzel et al., 1997; Wang et 

al., 1997; Yao et al., 1997; Crawford et al., 1998; Ritzel et al., 1998; Hyde et al., 2001; 

Ritzel et al., 2001). The ENT protein family also contains two further human and mouse 

ENT isoforms (ENT3 and ENT4) of undetermined function (Hyde et al., 2001; Acimovic
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and Coe, 2002). Other members of the CNT family include the Escherichia coli NupC 

(Craig et al., 1997; Hamilton et al., 2001), CeCNT3 from Caenorhabditis elegans (Xiao 

et al., 2001), CaCNT from Candida albicans (Loewen et al., 2003a), and hfCNT from an 

ancient marine prevertebrate, the Pacific hagfish (Eptatretus stouti) (Loewen et al., 1999; 

Yao et al., 2002).

The hagfish transporter hfCNT mediates cib-type functional activity when produced in 

Xenopus oocytes, and forms a separate phylogenetic subfamily of CNTs together with 

human and mouse CNT3 (hCNT3 and mCNT3), the two most recently identified 

mammalian CNT transport proteins (Ritzel et al., 2001). cDNA encoding hCNT3 (691 

amino acid residues) was isolated from human mammary gland and differentiated 

myeloid HL-60 cells, while cDNA encoding mCNT3 (703 amino acid residues) was 

cloned from mouse liver (Ritzel et al., 2001). Both proteins have 13 predicted 

transmembrane segments (TMs). hCNT3 and mCNT3 are 78 % identical in amino acid 

sequence, 57 % identical to hfCNT, and ~ 47 % identical to their mammalian CNT1 and 

CNT2 counterparts. Amino acid sequence identity between hfCNT and h/mCNT3 rises 

to a remarkable 67 % when the core structures of the transporters (TMs 4 - 13) are 

compared (Ritzel et al., 2001). Typical of native c/6 -type functional activity in 

mammalian cells, radioisotope flux studies in Xenopus oocytes established that 

recombinant hCNT3 and mCNT3, unlike mammalian CNT1 and CNT2 proteins, exhibit 

a broad permeant selectivity for both pyrimidine and purine nucleosides and nucleoside 

analogs (Ritzel et al., 2001). Hill type-analysis of the relationship between nucleoside 

influx and Na+ concentration indicated a Na+/nucleoside coupling ratio of at least 2:1, 

compared to 1:1 for hCNTl/2 (Ritzel et al., 1997,1998, 2001). This Chapter presents an 

extensive study using electrophysiological techniques to further characterize the 

functional properties of h/mCNT3. Experiments are described that investigate 

h/mCNT3-mediated nucleoside and nucleoside drug transport, Na+-dependence, current- 

voltage relationship, and cation specificity. In contrast to hCNTl (Chapter II), it is 

demonstrated that human and mouse CNT3 mediate both NaVnucleoside and 

H+/nucleoside cotransport. Coupling ratios for each cation were determined indirectly by
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measuring the dependence of the inward current on the concentrations of Na+ and H+, and 

directly through simultaneous measurement of voltage-clamp current and isotope flux.
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Materials and Methods

Expression of Recombinant hCNT3 and mCNT3 in Xenopus Oocytes - hCNT3 and 

mCNT3 plasmid DNA in the enhanced Xenopus expression vector pGEM-HE was 

linearized with Nhel and transcribed with T7 polymerase using the mMESSAGE 

mMACHINE™ (Ambion, Austin, TX) transcription system. The remaining template 

was removed by digestion with RNase-free DNasel. Stage V-VI oocytes dissected from 

Xenopus laevis were treated with collagenase (2 mg/ml) for 2 h, and remaining follicular 

layers removed manually (Huang et al., 1994). Twenty-four hours after defolliculation, 

oocytes were injected with either 10 nl of water containing 10 ng of RNA transcript 

encoding either hCNT3 or mCNT3 or 10 nl of water alone. Injected oocytes were then 

incubated for 4 days at 18 °C in modified Barth’s solution (daily change) ( 8 8  mM NaCl, 

1 mM KC1, 0.33 mM Ca(N03)2, 0.41 mM CaCl2, 0.82 mM MgS04, 2.4 mM NaHC03, 

10 mM Hepes, 2.5 mM sodium pyruvate, 0.05 mg/ml penicillin, and 0.1 mg/ml 

gentamycin sulfate, pH 7.5) prior to the measurement of membrane currents.

Electrophysiological Studies - Oocyte membrane currents were measured by use of a 

GeneClamp 500B oocyte clamp (Axon Instruments, Inc., Foster City, California) in the 

two-electrode, voltage clamp mode. The GeneClamp 500B was interfaced to an IBM 

compatible PC via a Digidata 1200A/D converter and controlled by pCLAMP software 

(Version 8.0, Axon Instruments, Inc., Foster City, California). Current signals were 

filtered at 20 Hz (four-pole Bessel filter) and sampled at a sampling interval of 20 msec. 

For data presentation, the signals were further filtered at 0.5 Hz by the pCLAMP program 

suite. All electrophysiological experiments were performed at room temperature (20 °C) 

at least twice on different batches o f oocytes. The microelectrodes were filled with 3 M 

KC1 and had resistances that ranged from 0.5 - 2.5 MGl (megaohms). Oocytes were 

penetrated with the microelectrodes and their membrane potential monitored for a period 

of 10 - 15 min. Oocytes were discarded if  the membrane potential was unstable, or more 

positive than -30 mV. For measurements of hCNT3- or mCNT3-mediated currents, the 

oocyte membrane potential was clamped at a holding potential (Vh) of -50 mV. The 

sodium-containing transport medium contained (in mM): NaCl, 100; KC1, 2; CaCl2, 1;
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MgCb, 1; and Hepes, 10 (pH 7.5), and the substrate to be tested was added to this 

medium at the appropriate concentration (100 pM, unless otherwise indicated). Current- 

voltage (I-V) curves were determined from the difference in steady-state currents 

generated in the presence and absence of substrate during 175 msec voltage pulses to 

potentials between -90 and +60 mV (10 mV increments). In experiments examining the 

Na+-dependence of transport, Na+ in the transport medium was replaced by equimolar 

choline. Proton-dependence was tested in choline transport medium (100 mM ChCl) at 

pH values between 5.5 and 8.5 (10 mM MES was used in place of Hepes in solutions 

with pH values <6.5). Experiments testing Li+-coupling of transport function were 

performed in medium at pH 8.5 containing Li+ (100 mM LiCl) in place of Na+.

Hill Analysis - For Na+-activation experiments, oocytes were voltage-clamped at 

-50 mV in Na+-containing transport medium. The current produced in response to the 

addition of 100 pM uridine was measured as the Na+ concentration was varied from

0 to 100 mM (pH 7.5). For experiments measuring H+ activation, oocytes were voltage- 

clamped at -50 mV in choline transport medium (Na+-ffee; 100 mM ChCl) and the 

currents produced in response to the addition of 100 pM uridine were measured as the pH 

was varied from 5.5 to 8.5. Results from these experiments were fitted using SigmaPlot 

software (Version 4, Jandel Scientific Software, San Rafael, CA) to the Hill equation,

1 = fmax [X+]7 (K5o" + [X+f ) ,  where X is either Na+ or H+, n is the Hill coefficient, K50 is 

the half-saturation constant for Na+ or H+ activation, /  is the uridine-induced steady-state 

current, and /max is the predicted current maximum. Kinetic parameters are presented as 

means ±SE, where SE is the standard error of the fitted estimate.

hCNT3 Radioisotope Flux Studies - In parallel with electrophysiological 

measurements, the pH dependence of ddC transport by hCNT3 was also investigated by 

measuring the uptake of 3H-labeled ddC (2 pCi/ml, Moravek Biochemicals, Brea, CA) in 

the same Na+-containing (100 mM NaCl; pH 7.5) and Na+-free (100 mM ChCl; pH 7.5 

and 5.5) transport media used for current recordings. Flux measurements were performed 

at room temperature (20 °C) as described previously (Huang et al., 1994) on groups of 12 

oocytes in 200 pi of transport medium containing 20 pM 3H-ddC. At the end of the
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incubation period (30 min), extracellular label was removed by six rapid washes in ice- 

cold transport solution, and individual oocytes were dissolved in 5 % (w/v) SDS for 

quantitation of oocyte-associated radioactivity by liquid scintillation counting (LS 60000 

IC, Beckman Mississauga, ON). The flux values presented are means ±SEM of 10 - 12 

oocytes, and each experiment was performed at least twice on different batches of 

oocytes.

Cation/Nucleoside Coupling Ratios - NaVnucleoside and H+/nucleoside coupling 

ratios for hCNT3 and mCNT3 were determined by simultaneously measuring Na+ or H+ 

currents and 14C-uridine (200 pM, 1 pCi/ml, Amersham Pharmacia Biotech) influx under 

voltage-clamp conditions. Individual oocytes were placed in a perfusion chamber and 

voltage-clamped at Vh of -30, -50, or -90 mV in the appropriate substrate-free medium for 

a 10 min period to monitor baseline currents. When the baseline was stable, the 

substrate-free medium was exchanged with medium of the same composition containing 

radiolabeled uridine. Current was measured for 3 min, and uptake of uridine was 

terminated by washing the oocyte with substrate-free transport medium until the current 

returned to baseline. Oocytes were then transferred to individual scintillation vials and 

solubilized with 5 % (w/v) SDS for quantitation of oocyte-associated radioactivity. 

Nucleoside-induced current was obtained as the difference between baseline current and 

the inward uridine current. The total charge translocated into the oocyte during the 

uptake period was calculated from the current-time integral and correlated with the 

measured radiolabeled uptake for each oocyte to determine the charge/uptake ratio. 

Basal 14C-uridine uptake was determined in control water-injected oocytes (from the 

same donor frog) under equivalent conditions and used to correct for endogenous non­

mediated uridine uptake over the same incubation period. Coupling ratios are presented 

as means ±SE of 8 or more oocytes.

Chemicals - Nucleosides and nucleoside analogs, including AZT (3’-azido-3’- 

deoxythymidine), ddC (21, 3'-dideoxycytidine), and gemcitabine (2', 2'-

difluorodeoxycytidine) were purchased from Sigma (Oakville, ON).
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Results 

Substrate Selectivity and Na+-dependence of Recombinant hCNT3 and mCNT3 -

Figure 3-1 demonstrates the substrate specificity and Na+-dependence of hCNT3- 

mediated transport by measuring inward currents produced following the addition of 

three diagnostic nucleoside permeants (inosine, uridine, and thymidine) to an hCNT3- 

producing oocyte (Ritzel et al., 2001). External application of inosine, uridine, and 

thymidine (each at a concentration of 100 pM) in Na+-containing transport medium 

(100 mM NaCl; pH 7.5) induced inward currents of 183 - 220 nA that returned to 

baseline upon removal of the permeant (Fig. 3-1 A, left panel). Inward currents were not 

observed in hCNT3-injected oocytes in sodium-free choline medium in this experiment 

(Fig. 3-1A, right panel, 100 mM ChCl; pH 7.5). No currents were seen in water-injected 

oocytes, either in the presence or absence of Na+ (Fig. 3-IB).

Figure 3-2 shows a similar representative mCNT3 transport experiment in Xenopus 

oocytes measuring the currents associated with external application of uridine and a more 

extensive panel of other pyrimidine and purine nucleosides (thymidine, cytidine, 

adenosine, inosine, and guanosine). In Na+-containing transport medium (100 mM NaCl; 

pH 7.5), all o f the nucleosides tested (each at a concentration of 100 pM) induced similar 

mCNT3-mediated inward currents in the range 42 - 58 nA (Fig. 3-2A, upper panel). No 

inward currents were detected when Na+ was replaced by equimolar choline (Fig. 3-2A, 

lower panel, 100 mM ChCl; pH 7.5), and no currents were seen in water-injected oocytes 

either in the presence or absence of Na+ (Fig. 3-2B). All of the nucleosides tested were 

therefore mCNT3 permeants, indicating that mCNT3, like hCNT3, is broadly selective 

for both purine and pyrimidine nucleosides.

Voltage-dependence of hCNT3 and mCNT3 Transport Currents - Figure 3-3A 

shows representative current traces in an hCNT3-expressing oocyte examining the effect 

of membrane potential on the uridine-induced steady-state current. Currents were 

compared at the end of a 175 msec command pulse to potentials between -90 and +60 

mV (10 mV increments) in the presence and absence of uridine (100 pM) (Fig. 3-3A).
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Currents evoked by the addition of uridine in both hCNT3- and mCNT3-containing 

oocytes were voltage-dependent and increased at more negative potentials (Fig. 3-3B). 

The uridine-induced current approached zero but did not reverse polarity at potentials up 

to +60 mV.

pH- and Lithlum-dependence of Recombinant hCNT3 and mCNT3 - The two- 

microelectrode voltage clamp was used to assess the ability of protons or Li+ to substitute 

for Na+ as a possible driving force for hCNT3- and mCNT3-mediated nucleoside uptake. 

The effect of a proton gradient on the nucleoside transport activities of hCNT3 and 

mCNT3 was examined at pH values ranging from 5.5 to 8.5 in Na+-free conditions. 

Figure 3-4A shows representative current traces for uridine uptake in an mCNT3- 

producing oocyte in the presence (100 mM NaCl; pH 7.5) and absence (100 mM ChCl; 

pH 5.5 - 8.5) of extracellular Na+, and Figure 3-4B summarizes mean results for 5 - 6 

oocytes. In marked contrast to the situation seen with hCNTl (Chapter II), the results 

revealed an inward pH-dependent (pH 5.5 > pH 8.5) uridine-evoked current in mCNT3- 

producing oocytes under Na+-free conditions. Proton currents measured at the lowest pH 

tested (5.5) were 20 - 30 % of Na+ currents obtained at pH 7.5 in standard Na+ transport 

medium, and declined markedly as the pH was raised. No inward proton currents were 

seen in control water-injected oocytes (data not shown). Similar results were obtained 

with recombinant hCNT3-producing oocytes (Fig. 3-5A, B). At pH 7.5, the average 

h/mCNT3 proton current in the absence o f Na+ was < 4 % o f that observed with Na+ 

present and was not, therefore, detected above the background noise level in some 

electrophysiological recordings (ie. Figs. 3-1A and 3-2A). Proton currents were not 

unique to uridine, and were also observed in mCNT3-producing oocytes exposed to 

thymidine and the purine nucleoside inosine (Fig. 3-6A, B). Inward Na+ currents 

produced by thymidine and inosine at pH 7.5 in the same groups of oocytes were ~ 60 nA 

(data not shown). Although a proton gradient alone was sufficient to drive transport, 

studies conducted in the presence of Na+ showed a stimulatory effect on transport activity 

as the pH of Na+-containing transport medium was lowered from 8.5 to 5.5 (mCNT3; 

Fig. 3-7A, B). Similar results were also seen with hCNT3 (data not shown). In addition, 

replacement of Na+ with equimolar Li+ (100 mM LiCl; pH 8.5) produced inward uridine-
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evoked currents in hCNT3-producing oocytes of similar magnitude to currents generated 

in choline medium at pH 5.5. This is illustrated in Figure 3-8, where replacing Na+ with 

an inward H+ gradient (pH 5.5) produced an inward current of 47 nA in response to the 

addition of uridine, compared to 44 nA in Li+ medium (pH 8.5).

hCNT3- and mCNT3-mediated Transport of Anticancer and Antiviral Drugs -

The ability of hCNT3 and mCNT3 to transport anticancer and antiviral nucleoside drugs 

has previously been demonstrated using radioisotope techniques (Ritzel et al., 2001). 

hCNT3- and mCNT3-mediated transport of gemcitabine, AZT, and ddC were further 

investigated using electrophysiological techniques and representative traces are shown in 

Figures 3-9, 3-10, and 3-11. In Na+-containing transport medium (100 mM NaCl; pH

7.5), AZT and ddC elicited an electrogenic response in mCNT3-producing oocytes (Figs. 

3-9A and 3-10A, upper panels). Inward currents ranged from 8 -10  nA (100 pM AZT or 

ddC) to 30 - 38 nA (1 mM AZT or ddC). Corresponding uridine-induced Na+-currents 

were 60 - 80 nA (100 pM uridine). Since the currents observed with 100 pM AZT and 

ddC were relatively small, subsequent experiments were performed at the higher AZT 

and ddC concentration of 1 mM. Replacing Na+ with an inwardly-directed proton 

gradient (100 mM ChCl; pH 5.5) did not produce any detectable AZT- or ddC-evoked 

inward currents (Figs. 3-9A and 3-10A, lower panels). In contrast, proton currents of 

28 - 40 nA were seen with 100 pM uridine in Na+-free medium at pH 5.5 in the same 

mCNT3-producing oocytes. No inward currents were seen in water-injected control 

oocytes at 1 mM AZT or ddC either in Na+- (pH 7.5) or choline- (pH 5.5) containing 

transport media (Figs. 3-9B and 3-10B).

Figure 3-11 investigated corresponding Na+ and H+ currents associated with AZT and 

ddC transport by recombinant hCNT3, and compared the results obtained with currents 

elicited by the anticancer nucleoside drug gemcitabine. In Na+-containing transport 

medium (pH 7.5), gemcitabine (100 pM), AZT (1 mM), and ddC (1 mM) induced 

electrogenic responses, with currents of 144, 120, and 92 nA, respectively (Fig. 3-11 A). 

When Na+ was replaced with an inwardly-directed proton gradient (lOOmM ChCl; pH

5.5), gemcitabine (100 pM) induced an inward current o f 40 nA. In marked contrast, no
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inward currents were observed with either AZT or ddC at pH 5.5, in agreement with the 

results obtained with mCNT3 (Figs. 3-9 and 3-10). For comparison, uridine-induced 

currents (100 pM) in the same oocyte were 210 nA in Na+-containing medium at pH 7.5 

and 90 nA in sodium-free medium at pH 5.5. In control experiments, no inward currents 

were seen in water-injected oocytes exposed to gemcitabine, AZT, or ddC in either Na+ 

(pH 7.5) or choline (pH 5.5) transport media (Fig. 3-1 IB). These electrophysiological 

results, demonstrating an absence of hCNT3- and mCNT3-mediated proton currents in 

response to perfusion with AZT and ddC, were confirmed by 3H-ddC uptake assays, 

which found no hCNT3-mediated transport of ddC in choline transport medium at pH 5.5 

(Fig. 3-12).

Na+ Activation Kinetics and Na+/nucleoside Coupling Ratio - Figure 3-13 

demonstrates that the relationship at pH 7.5 (100 pM uridine) between uridine-evoked 

current and Na+ concentration for mCNT3 was sigmoidal with a Hill coefficient of 

2.2 ± 0.3, suggesting a coupling ratio of 2 Na+ ions transported per molecule of uridine. 

Subsequent experiments demonstrated directly a 2:1 Na+/uridine stoichiometry for 

hCNT3 by simultaneously measuring uridine-evoked currents and 14C-uridine uptake 

under voltage-clamp conditions, as described for the Na+/glucose cotransporter SGLT1, 

the rat kidney dicarboxylate transporter SDCT1 (Lee et al., 1994; Chen et al., 1998) and, 

in Chapter II  of this thesis, hCNTl. Figure 3-14A shows a representative current trace 

demonstrating the uridine-dependent Na+ current in an hCNT3-expressing oocyte 

clamped at -30 mV. Initially, the oocyte was perfused with Na+ medium (100 mM NaCl; 

pH 7.5) and, following the addition of 200 pM 14C-uridine, an inward current of 

~ 120 nA was produced. When uridine was removed from the bath by washing with 

substrate-free Na+ medium, the current returned to baseline. Current was integrated with 

time to determine the charge moved during the uptake period. The charge was converted 

to its molar equivalent and compared to the 14C-uridine uptake measured in the same 

oocyte. The process was repeated in 9 different hCNT3-producing oocytes, such that 

each data point presented in Figure 3-14B represents a single oocyte. The slope of the 

linear fit of a plot of charge (pmol) versus uptake (pmol) is equal to the Na+/nucleoside 

coupling ratio. At -30 mV, the slope was 1.25 ± 0.96 (mean ± SE, n = 9, Fig. 3-14B). To

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



examine the voltage-dependence of the Na+/nucleoside coupling ratio, the same 

experiment was repeated with hCNT3-expressing oocytes voltage clamped at two other 

holding potentials, -50 and -90 mV. At Vh = -50 mV, the linear correlation between 

uridine-dependent charge and uridine accumulation gave a stoichiometry of 1.66 ± 0.21 

(n = 9, Fig. 3-14C). A ratio of 2.10 ± 0.24 (n = 9, Fig. 3-14D) was obtained at a holding 

potential of -90 mV.

H+ Activation Kinetics and H+/nucleoside Coupling Ratio - Figure 3-15 shows the 

relationship for hCNT3 between uridine-evoked current and external pH in the absence of 

Na+. Inward currents were measured in response to the addition of uridine (100 pM) at 

pH values ranging from 5.5 to 8.5. A plot of current versus H+ concentration revealed a 

sigmoidal relationship with a Hill coefficient of 1.78 ± 0.26. Subsequent experiments 

utilized charge/flux assays to determine directly the HVnucleoside stoichiometry of 

hCNT3. Coupling ratio experiments were performed with 100 pM uridine in Na+-free 

transport medium (100 mM ChCl) at pH 5.5, and at holding potentials of 

-30, -50, and -90 mV to examine the voltage-dependence of the H+/nucleoside coupling 

ratio (Fig. 3-16). At Vh = -30 mV, the slope of the linear correlation between uridine- 

dependent charge and uridine accumulation was 0.84 ± 0.12 (mean ± SE, n = 9, Fig. 3- 

16A). Ratios of 1.19 ± 0.20 (n = 9, Fig. 3-16B) and 0.96 ± 0.26 (n = 8, Fig. 3-16C) were 

obtained at holding potentials of -50 and -90 mV, respectively.

Coupling Ratio of hCNT3 Determined in the Presence of both Na+ and II+ - Figure 

3-17 utilized charge/flux assays to examine the cation/nucleoside coupling ratio of 

hCNT3 in the presence of both Na+ and H+ (100 mM NaCl; pH 5.5). Experiments were 

performed at holding potentials of -30, -50, and -90 mV. At Vh = -30 mV, the slope of 

the linear correlation between uridine-dependent charge and uridine accumulation was 

2.01 ± 0.08 (n = 9, Fig. 3-17A). Ratios of 2.09 ± 0.38 (n = 8, Fig. 3-17B) and 2.10 ± 0.18 

(n = 10, Fig. 3-17C) were obtained at holding potentials of -50 and -90 mV, respectively.
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Discussion

The present study utilized electrophysiological techniques to confirm and extend our 

knowledge of the functional properties of the broadly selective human and mouse 

nucleoside transporters hCNT3 and mCNT3 (Ritzel et al., 2001). The substrate 

selectivity and Na+ dependence of h/mCNT3 was confirmed by measuring inward Na+ 

currents. Electrophysiology was also used to investigate h/mCNT3 current-voltage 

relationships, pH-dependence of nucleoside and nucleoside drug transport, Li+- 

dependence of transport function, and h/mCNT3 Na+/nucleoside and H+/nucleoside 

coupling ratios.

Electrophysiological recordings confirmed that hCNT3 and mCNT3 function as 

broadly selective electrogenic Na+/nucleoside symporters (Ritzel et al., 2001). Inward 

Na+ currents, which were reversible following substrate removal, were generated upon 

addition of various pyrimidine and purine nucleosides in hCNT3- and mCNT3-producing 

oocytes (Figs. 3-1A and 3-2A, respectively). Currents were largely abolished when Na+ 

was removed from the transport medium (Figs. 3-1A and 3-2A). Transport of uridine 

was also voltage-dependent. The magnitude of the inward current increased at more 

negative potentials, suggesting that transport of nucleosides across the cell membrane via 

h/mCNT3 was influenced by membrane potential (Fig. 3-3).

Electrophysiological experiments investigated the cation specificity of h/mCNT3- 

mediated nucleoside transport, and demonstrated that the CNT3 proteins are capable of 

functioning as H+/nucleoside and Li+/nucleoside symporters. Thus, hCNT3- and 

mCNT3-mediated transport of nucleosides was shown to be pH-dependent, and uridine 

induced large inward currents in acidified (pH 5.5), Na+-ffee transport medium (Figs. 3-4 

and 3-5). Raising the pH decreased the magnitude of this inward current in a manner 

consistent with H+/nucleoside cotransport. Currents were minimal at pH 7.5 or higher as 

the extracellular pH rose above the intracellular oocyte pH of 7.3 - 7.6 (Burckhardt et al., 

1992), eliminating any inwardly-directed H+ ion gradient. Proton currents were seen with 

each of the three pyrimidine and purine nucleoside permeants (uridine, thymidine, and 

inosine) that are diagnostic for CNT3 (Figs. 3-4, 3-5, and 3-6). In the presence of Na+, a
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stimulatory effect on transport activity was observed as the pH of the transport medium 

was lowered, suggesting the possibility that Na+ and H+ ions might have additive or 

cooperative effects on transporter activity (Fig. 3-7). In contrast, hCNTl and rCNTl are 

strictly Na+-dependent (Loewen et al., 2003b; Chapter II). In addition, other cation 

replacement experiments demonstrated the ability of hCNT3 to utilize Li+ as the coupling 

cation (Fig. 3-8). The present study therefore establishes human and mouse CNT3 as the 

first members o f the concentrative nucleoside transport family capable of using H+, Li+, 

and Na+ electrochemical gradients as driving forces for concentrative cellular nucleoside 

uptake. In this regard, CNT3 proteins resemble SGLT1 and SGLT3, the bacterial MelB 

melibiose transporter, and the mammalian Na+/dicarboxylate cotransporter 

(SDCTl/NaDC-1) which can also utilize the energy of transmembrane electrochemical 

gradients for Na+, H+, and Li+ to drive cellular accumulation of substrate against its 

concentration gradient (Pourcher et al., 1990; Hirayama et al., 1994; Hirayama et al., 

1997; Chen et al., 1998; Pajor et al., 1998; Quick et al., 2001). Cation binding induces a 

cation-specific conformational change in the substrate-binding pocket (Hirayama et al., 

1997; Pajor et al., 1998). Once the substrate is bound, it is then transported at a rate that 

is characteristic of the cation (Hirayama et al., 1997; Pajor et al., 1998).

Since the pharmacological targets of antiviral and anticancer nucleoside analogs are 

intracellular, permeation across the plasma membrane is an important first step in the 

cytotoxicity of nucleoside drugs. The hydrophilic nature of nucleoside analogs makes 

diffusion through the plasma membrane slow, and the major routes by which nucleoside 

drugs gain access to the intracellular compartment are via CNT and ENT nucleoside 

transporter proteins (Cass, 1995; Mackey et al., 1998; Young et al., 2001). CNT and 

ENT proteins are important molecular determinants of drug selectivity, intestinal 

absorption, therapeutic efficacy, systemic cytotoxicity, and drug resistance (Mackey et 

al., 1998; Young et al., 2001). Differences in substrate selectivity exhibited between 

members of the CNT family for physiological nucleosides are reflected in their transport 

capacity for various pyrimidine and purine anticancer and antiviral nucleoside drugs. 

Radioisotope flux studies of recombinant transporters produced in Xenopus oocytes have 

been used to characterize the transport of nucleoside drugs by the mammalian CNT
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proteins. The antiviral drugs AZT and ddC are transported by h/rCNTl, while ddl is 

transported by h/rCNT2 (Huang et al., 1994; Yao et al., 1996; Ritzel et al., 1997, 1998). 

Gemcitabine, a pyrimidine analog of deoxycytidine, is transported by hCNTl but not by 

hCNT2 (Mackey et al., 1998, 1999). Anticancer pyrimidine (5-fluoruridine, 5-fluoro-2’- 

deoxyuridine, zebularine, and gemcitabine) and purine (cladribine and fludarabine) 

nucleoside drugs are transported by hCNT3 (Ritzel et al., 2001). Transport of antiviral 

pyrimidine (AZT and ddC) and purine (ddl) nucleoside drugs has also been demonstrated 

for hCNT3 (Ritzel et al., 2001) although, as with the CNT1 and CNT2 transporters, rates 

of transport were generally lower than for anticancer nucleoside analogs. Consistent with 

its ability to transport a broad range of physiological pyrimidine and purine nucleosides, 

hCNT3 is also capable of transporting both pyrimidine and purine nucleoside drugs. The 

studies of hCNT3- and mCNT3-mediated transport of nucleoside drugs described here 

utilized the two-microelectrode voltage clamp to investigate the Na+ and H+ currents 

associated with transport of the antiviral nucleoside drugs AZT and ddC and the 

anticancer nucleoside drug gemcitabine. In mCNT3- and hCNT3-producing oocytes, 

AZT and ddC elicited electrogenic responses in Na+-containing transport medium that 

were abolished following replacement of Na+ with an inwardly-directed H+ gradient 

(Figs. 3-9, 3-10, and 3-11). In hCNT3-expressing oocytes, inward currents were also 

produced with gemcitabine in Na+-containing transport medium and, to a lesser extent, 

with the presence of a proton gradient (Fig. 3-11). These results were confirmed with 

radioisotope studies which did not detect hCNT3-mediated transport of ddC in choline 

transport medium at pH 5.5 (Fig. 3-12). Therefore, with respect to nucleoside drugs, H+ 

gradients can drive transport of gemcitabine, but not that of antiviral nucleoside drugs. 

The H+/nucleoside cotransporters NupC from E. coli and CaCNT from C. albicans also 

use H+ ions to transport nucleosides and nucleoside drugs, including antiviral 

dideoxynucleoside drugs, demonstrating that H+ gradients can support antiviral 

nucleoside drug fluxes by other CNT family members (Loewen et al., 2003a, b). A 

common feature of antiviral dideoxynucleoside antiviral nucleoside drugs is the absence 

of a hydroxyl group at position 3 of the sugar moiety. The absence of the 3’ hydroxyl 

group may explain lower levels of hCNT3-mediated antiviral drug transport, compared to
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transport of anticancer nucleoside analogs (Ritzel et al., 2001), and may potentially be 

required for substrate/transporter binding interactions when H+ is the driving ion.

The NaVnucleoside coupling ratio has been investigated for various members of the 

CNT family. Based on Hill-type analysis of the relationship between nucleoside influx 

and Na+ concentration, NaVnucleoside stoichiometries of 1:1 have been described for cit 

and cif transport activities in different mammalian cells and tissues (Cass, 1995; Griffiths 

and Jarvis, 1996; Young et al., 2001), and for recombinant rCNTl produced in Xenopus 

oocytes (Yao et al., 1996). Charge versus uridine flux experiments for hCNTl directly 

confirmed a NaVnucleoside coupling ratio of 1:1 (Chapter II). Similarly, charge versus 

uridine flux experiments for proton-dependent CaCNT found a HVnucleoside coupling 

ratio of 1:1 (Loewen et al., 2003a). In contrast, NaVnucleoside stoichiometries of 2:1 

have been published for system cib in rabbit choroid plexus and rat microglia based on 

Na+-activation studies (Wu et al., 1992; Hong et al., 2000). In charge versus uridine flux 

experiments, the hagfish NaVnucleoside cib-type transporter hfCNT was shown to have a 

2:1 coupling stoichiometry (Yao et al., 2002). In initial studies of hCNT3 and mCNT3, 

radioisotope fluxes were used to demonstrate that the relationship between uridine influx 

and Na+ concentration was sigmoidal, with Hill coefficients consistent with a 

NaVnucleoside coupling ratio of 2:1 for both transporters (Ritzel et al., 2001). In the 

experiments of Figure 3-13, electrophysiological techniques were used to demonstrate 

that the relationship between uridine-evoked current and Na+ concentration in mCNT3- 

expressing oocytes is also sigmoidal. Fitting the data to the Hill equation gave a Hill 

coefficient consistent with the results from radioisotope studies (Ritzel et al., 2001), 

thereby also indicating a coupling ratio of 2 Na+ ions transported for every molecule of 

nucleoside translocated across the cell membrane. These data established that the 

cation/nucleoside coupling ratio is different for different members o f the CNT family. In 

this respect, CNTs resemble other transporter families in which individual members have 

different coupling ratios. For example, members of the SGLT glucose transporter family 

have been described with 1:1 and 2:1 NaVglucose coupling ratios (1:1 for SGLT2 and 2:1 

for SGLT1/3) (Chen et al., 1995; Mackenzie et al., 1996, 1998; Diez-Sampedro et al.,
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2001). Similarly, the PepTl and PepT2 proton-linked peptide transporters have 1:1 and 

2:1 HVpeptide coupling ratios, respectively (Chen et al., 1999).

Subsequent experiments utilized simultaneous measurement of transporter-specific 

currents and radioactive nucleoside uptake from the same oocyte under voltage-clamp 

conditions to determine directly the Na+/nucleoside coupling ratio of hCNT3 and to 

examine the effects of membrane potential on the coupling stoichiometry. The 

experimentally determined NaVnucleoside coupling ratios for hCNT3 were 1.25 at 

membrane potentials of -30 mV, 1.66 at -50 mV, and 2.10 at -90 mV (Fig. 3-14). The 

hCNT3 coupling ratio was therefore voltage-dependent and, under hyperpolarized 

conditions, was confirmed to be 2 Na+ ions transported for every molecule o f nucleoside 

translocated across the cell membrane. These results are consistent with those seen for 

the NaVglucose cotransporter SGLT1 in which the NaVglucose coupling ratio more 

closely approached a value of 2:1 under hyperpolarized conditions (coupling ratios of 1.6 

and 1.9 were obtained at -50 and -110 mV, respectively) (Mackenzie et al., 1998).

Since CNT3 proteins are also able to use the electrochemical gradient of H+ to drive 

the influx of nucleosides into cells, experiments were also performed to determine the 

H+/nucleoside coupling ratio. Hill-type analysis of the relationship between hCNT3- 

mediated nucleoside influx and external pH indicated an H+/nucleoside stoichiometry of 

2:1 (Hill coefficient ~1.8; Fig. 3-15). Charge/flux measurements were also performed to 

directly determine the H+/nucleoside coupling ratios at various membrane potentials (Fig. 

3-16). The H+/nucleoside coupling ratios for hCNT3 were 0.84 at membrane potentials 

of -30 mV, 1.19 at -50 mV, and 0.96 at -90 mV. Results from the charge/flux assays 

therefore indicate an H+/nucleoside stoichiometry of 1:1 that was largely membrane 

potential-independent. Results from the H+ activation experiments and the charge/flux 

assays therefore indicate different coupling ratios for H+/nucleoside cotransport.

We have interpreted our data in the context of the prototypical six-state transport

model first proposed for the SGLT transporter family (Parent et al., 1992a, b), and

presented in Figure 3-18A a possible model for hCNT3-mediated NaVnucleoside

cotransport in order to explain the results from the coupling ratio experiments. The
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carrier (C) (ie. the transporter) can exist in several different conformations, depending 

upon the membrane potential and the concentration of ligands, Na+ and nucleosides (N), 

on either side of the membrane. It is assumed that the empty carrier has a negative 

charge (valence -2) and, in the absence of ligands, the membrane potential determines 

whether the ligand binding sites face the outer (C1) or inner (C") face o f the membrane. 

There are three transmembrane steps: the charge transport step (C' —► C"), a Na+ leak 

(CNa2* —► CNa2"), and the fully-loaded carrier translocation (NCNa2 ' —► NCNa2")- 

Current is carried by the empty carrier, while the translocations CNa2 ' —► CNa2M and 

NCNa2 ' —► NCNa2" are electrically silent. At a membrane potential of -50 mV, the 

empty carrier has binding sites facing the extracellular surface. Binding of ligands to the 

carrier is an ordered process, with the cation binding first followed by the nucleoside 

{Chapter II). With saturating concentrations of external Na+ present, the empty carrier 

binds Na+, inducing a conformational change which increases the affinity of the carrier 

for the nucleoside. Binding of the nucleoside to the Na+-loaded carrier induces another 

conformational change, resulting in exposure of the binding sites to the inner face of the 

membrane. Nucleoside and Na+ then dissociate and the final step of the transport cycle is 

a conformational change reorientating the ligand-binding sites from the inner to the outer 

face of the membrane. The complete reaction cycle results in the cotransport of Na+ and 

nucleoside from the outside to the inside of the cell and the generation of a net inward 

current.

Determining the Na+/uridine coupling ratio using electrophysiology involves 

comparing the net Na+ flux through hCNT3 (estimated from the inward current) to the 

simultaneous unidirectional uptake of radiolabeled nucleoside in the same oocyte (Chen 

et al., 1998). During the transport cycle, coupled transport o f Na+ and 14C-uridine 

produces an inward current as the empty transporter reorientates within the membrane 

following the intracellular release of Na+ and 14C-uridine. 14C-uridine accumulates within 

the cell during this transport cycle through the electroneutral fully-loaded translocation 

step NCNa2' —► NCNa2M. The assumption that unidirectional uridine uptake is equal to 

the net uridine flux is not, however, always accurate and is a function of the experimental 

conditions (Chen et al., 1995). An electroneutral exchange of extracellular radiolabeled
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uridine with endogenous intracellular unlabeled substrates, without dissociation of Na+, 

can occur through the fully-loaded translocation step (Fig. 3-18B) (Chen et al., 1998). 

Electroneutral exchange results in intracellular 14C-uridine levels that are higher than 

would be observed with coupled Na+/14C-uridine transport alone and, since no currents 

are produced during this exchange, artifactually low stoichiometric ratios are produced. 

Evidence for the efflux of intracellular endogenous substrates through hCNT3 comes 

from experiments looking at the time course of membrane currents in response to voltage 

steps from a holding potential of -50 mY to various test potentials in the presence of 

extracellular Na+, but in the complete absence of added extracellular uridine 

(Fig. 3-19A). The outward currents observed following voltage steps were larger than 

the inward currents, suggesting efflux of an endogenous substrate through the transporter. 

These currents were not observed in water-injected oocytes (Fig. 3-19B). At depolarized 

membrane potentials, such as -30 mV, the contribution of electroneutral exchange to net 

14C-uridine flux is significant, resulting in low NaVnucleoside coupling ratios 

(NaVnucleoside coupling ratio of 1.25; Fig. 3-14B). As the membrane potential was 

made more negative (ie. -50 and -90 mV), the turnover rate of the transporter increased 

and Na+ ions more fully dissociated from the transporter such that electroneutral 

exchange contributed less to the net 14C-uridine flux. The coupling ratio therefore 

becomes more accurate and approaches the true value (NaVnucleoside coupling ratios of 

1.66 and 2.10 at -50 mV and -90 mV, respectively; Fig. 3-14C, D). The NaVnucleoside 

coupling ratio of hCNT3 therefore exhibited voltage-dependence, and was 2:1 under 

hyperpolarized conditions. This was in contrast to results seen with hCNTl in which a 

NaVnucleoside coupling ratio of 1:1 was obtained at all membrane potentials tested 

(Fig. 2-12). An examination of the time course of membrane currents for an hCNTl- 

producing oocyte in response to voltage pulses in the presence of extracellular Na+ 

(Fig. 2-2A; right current record) revealed a profile consistent with negligible efflux of 

endogenous substrates through the transporter; there was no apparent difference in the 

inward and outward currents produced during voltage steps. A lower affinity of hCNTl 

for Na+, as compared to hCNT3 (Ritzel et al., 1997, 2001), allows Na+ to dissociate more 

fully from the transporter, thereby reducing the possibility of electoneutral exchange of
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extracellular radiolabeled uridine with endogenous substrates. The low rate of 

electroneutral exchange coupled with more complete dissociation of Na+ from the inward 

face of the transporter at the various membrane potentials tested would result in a 

coupling ratio for hCNTl that is apparently voltage-independent.

A common mechanism of cation coupling for hCNT3 requires that H+ and Na+ bind to 

common sites on the transporter. However, while two H+ ions interact with the 

transporter, as indicated by the Hill coefficient (Fig. 3-15), charge/flux assays suggest a 

H+/nucleoside coupling ratio of 1:1 (Fig. 3-16). This apparent discrepancy between the 

H+/nucleoside coupling ratios obtained for hCNT3 from H+-activation experiments (2:1) 

and charge/flux assays (1:1) may, potentially, be explained by differing affinities of the 

two cation binding sites for H+. In a sequential ordered binding mechanism, the empty 

carrier must bind two H+ in order to induce the conformational change increasing the 

affinity of the transporter for the nucleoside (Stein, 1986). Binding of the nucleoside to 

the H+-loaded carrier then results in another conformational change, exposing the 

substrate-bound transporter to the inner face of the membrane and allowing dissociation 

of nucleoside and H+. An artifactually low coupling ratio would result if  there are 

differences in the affinites of the two binding sites for H+, and only one H+ ion dissociates 

fully from the transporter while the other is recycled back to the outer face of the 

membrane. Since only one H+ is bound to the transporter under these conditions, 

endogenous substrates would not be translocated, and the measured H+/nucleoside 

coupling ratio of 1:1 would be voltage-independent (Fig. 3-16).

In the presence of both Na+ and H+ (Na+-containing transport medium at pH 5.5), 

calculated cation/nucleoside coupling ratios from charge/flux assays were 2.01 at a 

membrane potential of -30 mV, 2.09 at -50 mV, and 2.10 at -90 mV (Fig. 3-17). With 

Na+ only as the driving cation, the coupling ratio was voltage-dependent and 2:1 at 

hyperpolarized potentials (Fig. 3-14); with H+ only as the driving cation, the coupling 

ratio was 1:1 and potential-independent (Fig. 3-16). Therefore, with both cations present, 

the coupling ratio shows characteristics of both Na+ and H+ (2:1 and voltage- 

independent), and suggests that both cations contribute to the driving force under these
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conditions. Although there was an increase in current magnitude at low pH in Na+ 

medium (Fig. 3-7), which might indicate separate Na+ and H+ binding sites on the 

transporter, the experimentally determined coupling ratio of 2:1 in the presence of both 

cations argues for a mechanism in which Na+ and H+ bind to the same sites on the 

transporter. Common binding sites for Na+ and H+ have also been postulated for SGLT1 

(Hirayama et al., 1994).

Although it is likely that H+ and Na+ share the same binding sites on the transporter, 

the possibility also exists that there is a unique interaction site for H+ distinct from those 

for Na+. Human and mouse CNT3 belong to a large family of concentrative nucleoside 

transporters isolated from both prokaryotes and eukaryotes. In addition to the proton- 

coupled nucleoside transporters E. coli NupC, CaCNT from C. albicans, and CeCNT3 

from C. elegans (Xiao et al., 2001; Loewen et al., 2003a, b), these include the broadly 

selective hagfish cib-type NaVnucleoside transporter hfCNT (Yao et al., 2002) which, 

together with hCNT3 and mCNT3, form a distinct CNT subfamily separate from other 

family members. hfCNT does not appear to be pH-dependent, despite possessing the 

same 2:1 NaVnucleoside coupling ratio as h/mCNT3. While the ability of human and 

mouse CNT3 to utilize Na+ and H+ (and Li+) gradients to drive nucleoside uptake 

suggests greater functional diversity amongst CNTs than previously anticipated, the 

different CNT transporters now identified and characterized provide a rich resource for 

future structure function analyses that will ultimately allow identification of CNT 

structural domains and specific amino acid residues responsible for cation recognition 

and coupling. The very close sequence similarity between hfCNT and h/mCNT3, for 

example, provides a unique opportunity to characterize the molecular mechanism of 

proton-coupling.
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Figure 3-1. Substrate selectivity and Na+-dependence of hCNT3 produced in 

Xenopus oocytes. The uptake of the purine nucleoside inosine and the pyrimidine 

nucleosides uridine and thymidine, each at a concentration of 100 pM, in oocytes injected 

with hCNT3 RNA transcript (A) or water alone (B) was measured in the presence 

(100 mM NaCl; pH 7.5) or absence (100 mM ChCl; pH 7.5) of Na+.
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Figure 3-2. Substrate selectivity and Na+-dependence of mCNT3 produced in 

Xenopus oocytes. A. Inward currents evoked by various purine and pyrimidine 

nucleosides (each at a concentration of 100 pM) in oocytes producing mCNT3 in 

transport medium at pH 7.5 containing Na+ (100 mM NaCl) {upper panel). The same 

oocyte was perfused with purine and pyrimidine nucleosides in transport medium in 

which Na+ was replaced by equimolar choline (100 mM ChCl; pH 7.5) {lower panel). B 

shows the same experiment described in A above but with a control water-injected 

oocyte.
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Figure 3-3. Voltage-dependence of hCNT3- and mCNT3-mediated currents. A.

Time course of transmembrane currents recorded from an hCNT3-producing oocyte in 

the presence of 100 pM external uridine (100 mM NaCl; pH 7.5) in response to voltage 

pulses from a holding potential of -50 mV {left trace). The capacitive transients have 

been truncated in order to clearly demonstrate the steady-state currents. Currents from 

the same oocyte were recoded in the absence of uridine (100 mM NaCl; pH 7.5; right 

trace). B. The current-voltage (I-V) curves for hCNT3 {left panel) and mCNT3 {right 

panel) were generated from the difference between steady-state currents recorded in the 

presence and absence of 100 pM uridine in Na+-containing transport medium (100 mM 

NaCl; pH 7.5) upon voltage steps from Vh of -50 mV to final potentials ranging between 

-90 and +60 mV, in 10 mV increments. The current produced at each potential was 

averaged from 4 - 5  different oocytes.
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Figure 3-4. pH-dependence of uridine transport by recombinant mCNT3. A.

Representative current traces demonstrating the pH-dependence of mCNT3-mediated 

uridine transport (100 /iM) in Na+ (100 mM NaCl; pH 7.5) or choline (100 mM ChCl; pH

5.5 - 8.5) transport media. B. Average inward currents measured by perfusing mCNT3- 

producing oocytes with 100 fiM uridine in transport media containing Na+ (100 mM 

NaCl; open bars) or choline (100 mM ChCl; black bars). pH values are indicated under 

each bar. No currents were seen in control water-injected oocytes (data not shown). 

Each value represents the mean ±SEM of 5 - 6 oocytes.
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Figure 3-5. pH-dependence of uridine transport by recombinant hCNT3. A.

Representative current traces demonstrating the pH-dependence o f hCNT3-mediated 

uridine transport (100 /xM) in Na+ (100 mM NaCl; pH 7.5) or choline (100 mM ChCl; pH

5.5 - 8.5) transport media. B. Average inward currents measured by perfusing hCNT3- 

producing oocytes with 100 /xM uridine in transport media containing Na+ (100 mM 

NaCl; open bars) or choline (100 mM ChCl; black bars). pH values are indicated under 

each bar. No currents were seen in control water-injected oocytes (data not shown). 

Each value represents the mean ±SEM of 6 - 7 oocytes.
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Figure 3-6. pH-dependence of thymidine and inosine transport by recombinant 

mCNT3. Average inward currents measured by perfusing mCNT3-producing oocytes 

with 100 [iM thymidine (A) or 100 /iM inosine (B) in the absence of Na+ (100 mM ChCl; 

pH 5.5 - 8.5). pH values are indicated under each bar. No currents were seen in control 

water-injected oocytes (data not shown). Each value represents the mean ±SEM of 5 - 6 

oocytes.
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Figure 3-8. Cation/nucleoside currents. An hCNT3-producing oocyte was clamped at 

-50 mV, and the current recorded as uridine (100 pM) was added to the bath. A. The 

oocyte was clamped in Na+-containing transport medium (100 mM NaCl; pH 8.5). B. 

The same oocyte was clamped in Na+-free medium at pH 5.5 (100 mM ChCl). C. The 

oocyte was bathed in Li+-containing transport medium (100 mM LiCl; pH 8.5).
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Figure 3-9. AZT-induced currents in an mCNT3-producing Xenopus oocyte. A.

Inward currents induced by uridine (100 pM) and AZT (100 pM and 1 mM) in an 

mCNT3-producing oocyte in transport medium containing either Na+ (100 mM NaCl; pH 

7.5; upper panel) or choline (100 mM ChCl; pH 5.5; lower panel). B. Inward currents 

induced by uridine (100 pM) and AZT (1 mM) in a control water-injected oocyte in 

transport medium containing either Na+ (100 mM NaCl; pH 7.5; upper panel) or choline 

(100 mM ChCl; pH 5.5; lower panel). No currents were seen in the water-injected cell.
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Figure 3-10. ddC-induced currents in an mCNT3-producing Xenopus oocyte. A.

Inward currents induced by uridine (100 pM) and ddC (100 pM and 1 mM) in an 

mCNT3-producing oocyte in transport medium containing either Na+ (100 mM NaCl; pH 

7.5; upper panel) or choline (100 mM ChCl; pH 5.5; lower panel). B. Inward currents 

induced by uridine (100 pM) and ddC (1 mM) in a control water-injected oocyte in 

transport medium containing either Na+ (100 mM NaCl; pH 7.5; upper panel) or choline 

(100 mM ChCl; pH 5.5; lower panel). No currents were seen in the water-injected cell.
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Figure 3-11. Nucleoside drug-induced currents in an hCNT3-producing Xenopus 

oocyte. A. Inward currents induced by gemcitabine (100 pM), AZT (1 mM), or ddC 

(1 mM) in an hCNT3-producing oocyte in transport medium containing either Na+ (100 

mM NaCl; pH 7.5) or choline (100 mM ChCl; pH 5.5). Uridine-evoked currents in the 

same hCNT3-producing oocyte were 210 and 90 nA in Na+ (100 mM NaCl; pH 7.5) and 

choline (100 mM ChCl; pH 5.5) transport media, respectively. B. The same experiment 

was repeated in a control water-injected oocyte. No currents were seen in the water- 

injected cell.
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A. B.

Figure 3-12. Na+- and H+-dependence of radiolabeled ddC and uridine uptake in 

Xenopus oocytes producing recombinant hCNT3. Uptake of 14C-labeled uridine (A) 

and 3H-labeled ddC (B) (20 pM, 20 °C, and 30 min flux) in hCNT3-producing oocytes 

(black bars) and control water-injected oocytes (open bars) was measured in Na+ 

(100 mM NaCl; pH 7.5) or choline (100 mM ChCl; pH 7.5/5.5) transport media. Values 

are means +SEM of 10 -12  oocytes.
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Figure 3-13. Na+ activation of mCNT3-mediated currents. Inward currents as a 

function of external Na+ concentration (0 - 100 mM NaCl; pH 7.5) were measured 

following the addition of 100 /xM uridine. mCNT3-mediated currents are expressed as 

the mean current (+SEM) produced in 5 - 6 different oocytes.
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Figure 3-14. Stoichiometry of Na+/uridine cotransport by recombinant hCNT3. A.

Representative example of the current generated during application of 200 pM uridine 

(nonradioactive + radioactive) to an hCNT3-producing oocyte in Na+ transport media 

(100 mM NaCl; pH 7.5; Vh = -30 mV). B. Oocytes were clamped at Vh = -30 mV. 

Integration of the uridine-evoked current was used to calculate the net cation influx 

which was correlated to the net uridine influx. The experiment was repeated in 9 

different oocytes. The slope of the linear fit (Na+/nucleoside ratio) was equal to 1.25 ± 

0.96 (solid line). The dashed line indicates a slope of 2. C. At Vh = -50 mV, the 

NaVnucleoside ratio was 1.66 ± 0.21 (n = 9). D. At Vh = -90 mV, the NaVnucleoside 

ratio was 2.10 ± 0.24 (n = 9).
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Figure 3-15. H+ activation of hCNT3-mediated nucleoside transport. The

dependence of hCNT3 nucleoside transport upon the external H+ concentration was 

determined by measuring the inward current produced in choline (100 mM ChCl) 

transport medium as the pH was varied from 5.5 - 8.5.
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Figure 3-16. Stoichiometry of H+/uridine cotransport by recombinant hCNT3. A.

Oocytes were clamped at Vh = -30 mV in choline (100 mM ChCl; pH 5.5) transport 

medium and 200 pM uridine (nonradioactive + radioactive) was added. Integration of 

the uridine-evoked current was used to calculate the net cation influx which was 

correlated to the net uridine influx. The experiment was repeated in 9 different oocytes. 

The slope of the linear fit (H+/nucleoside ratio) was equal to 0.84 ±0.12 (solid line). The 

dashed line indicates a slope of 1. B. At Vh = -50 mV, the H+/nucleoside ratio was 1.19 

± 0.20 (n = 9). C. At Vh = -90 mV, the H+/nucleoside ratio was 0.96 ± 0.26 (n = 8).
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Figure 3-17. Stoichiometry of Na+/uridine cotransport by recombinant hCNT3 at

pH 5.5. A. Oocytes were clamped at Vh = -30 mV. The current generated in response to 

the addition of 200 p.M uridine (nonradioactive + radioactive) to an hCNT3-producing 

oocyte in Na+ transport medium (100 mM NaCl; pH 5.5) was measured. Integration of 

the uridine-evoked current was used to calculate the net cation influx which was 

correlated to the net uridine influx. The experiment was repeated in 9 different oocytes. 

The slope of the linear fit (Na+/nucleoside ratio) was equal to 2.01 ± 0.08 (solid line). 

The dashed line indicates a slope of 2. B. At Vh = -50 mV, the Na+/nucleoside ratio was 

2.09 ± 0.38 (n = 8). C. At Vh = -90 mV, the Na+/nucleoside ratio was 2.10 ± 0.18 

(n = 10).
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Figure 3-18. Proposed transport model for hCNT3 Na+/nucleoside cotransport. A.

The carrier (C) posseses 2 binding sites for the driving ion Na+ and one binding site for 

the nucleoside (N). The carrier can face the outer (O’) or inner (C” ) face of the 

membrane. B. The boxed region shows the transmembrane steps involved in the 

electroneutral exchange of extracellular radiolabeled nucleosides (N) for unlabeled 

intracellular endogenous substrates (<S).
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Figure 3-19. hCNT3 total currents in the presence of external Na+. A. Time course 

of transmembrane currents recorded in the presence of external Na+ (100 mM NaCl; pH 

8.5) upon voltage steps from a holding potential (Vh) of -50 m V  to final potentials 

ranging between -170 and +90 m V , in 20 m V  increments, in an hCNT3 producing 

oocyte. The capacitive transients have been truncated in order to clearly demonstrate the 

steady-state (leak) currents. The inward and outward currents are indicated. B. Time 

course of transmembrane currents in a control water-injected oocyte. The outward 

currents were not observed in the water-injected cell.
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Chapter IV*:

Presteady-state Currents of the Human Concentrative Na+-Nucleoside Cotransporter
hCNT3

*A version of this chapter is in preparation for publication.

Smith KM, Labedz K, Cass CE, Baldwin SA, Chen XZ, Karpinski E, and Young JD.
Presteady-state currents of the human concentrative Na+-nucleoside cotransporter hCNT3. (in 
preparation).
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Introduction

Most natural and synthetic nucleosides are hydrophilic and require specialized 

nucleoside transport proteins for permeation across the cell membrane. In human and 

other mammalian cells and tissues, five major nucleoside transport processes that differ 

in their cation dependence, permeant specificity, and inhibitor sensitivity have been 

described (Cass, 1995; Griffiths and Jarvis, 1996; Young et al., 2001). Three are 

inwardly-directed concentrative mechanisms driven by the transmembrane sodium 

electrochemical gradient (systems cit, cif, and cib), and two are equilibrative bidirectional 

processes driven by the concentration gradient of the transported substrate (systems es 

and ei). System cit transports pyrimidine nucleosides and, to a lesser extent, adenosine, 

while system cif shows a permeant selectivity for purine nucleosides and uridine. System 

cib, in contrast, transports both pyrimidine and purine nucleosides. The equilibrative 

systems es and ei also transport both pyrimidine and purine nucleosides, with transporters 

of the as-type being sensitive to inhibition by the nucleoside analog 

nitrobenzylthioinosine (NBMPR). The NBMPR-insensitive ez'-type systems also 

transport nucleobases.

Molecular cloning studies have isolated cDNAs encoding the rodent and human 

nucleoside transporter proteins responsible for each of these nucleoside transport 

processes. The relationships of these nucleoside transporter proteins to the systems 

defined by functional studies are as follows: CNT1 (cit), CNT2 (cif), CNT3 (cib), ENT1 

(es), and ENT2 (ei) (Huang et al., 1994; Che et al., 1995; Yao et al., 1996; Ritzel et al., 

1997; Yao et al., 1997; Wang et al., 1997; Crawford et al., 1998; Ritzel et al., 1998, 

2001). Two further ENT isoforms (ENT3 and ENT4) of undetermined function have also 

been identified (Hyde et al., 2001; Acimovic and Coe, 2002). Other identified CNTs 

include the H+/nucleoside cotransporter NupC from Escherichia coli (Craig et al., 1997), 

hfCNT from an ancient marine prevertebrate, the Pacific hagfish (Eptatretus stouti) 

(Loewen et al., 1999; Yao et al., 2002), CeCNT3 from Caenorhabditis elegans (Xiao et 

al., 2001), and CaCNT from Candida albicans (Loewen et al., 2003).

172

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



Presteady-state currents analogous to the gating currents of ion channels are a general 

characteristic of cotransporters (Armstrong and Bezanilla, 1973), and have been observed 

for several gene families, including, but not limited to, transporters for sugars (glucose 

and myo-inositol) (Parent et al., 1992a, b; Loo et al., 1993; Chen et al., 1996; Klamo et 

al., 1996; Mackenzie et al., 1996b; Hazama et al., 1997), neurotransmitters and amino 

acids (norepinephrine, glutamate, GAB A, taurine, and betaine) (Mager et al., 1993; Galli 

et al., 1995; Wadiche et al., 1995), peptides (dipeptide) (Mackenzie et al., 1996a; Chen et 

al., 1999) and anions (iodide) (Eskandari et al., 1997). Presteady-state currents (also 

referred to as transient currents) result when mobile charged residues of the channel or 

transporter move within the membrane to new equilibrium positions in response to 

changes in the voltage (also known as voltage steps or pulses) across the membrane. 

These currents are no longer observed when the new equilibrium (steady-state) is 

reached. Binding/dissociation of coupling ions or substrates is also often voltage- 

dependent and contributes to the observed presteady-state currents. Characterization of 

these currents provides kinetic and mechanistic information about cotransporter function.

In this thesis, electrophysiological experiments in Xenopus oocytes have examined the 

steady-state kinetic properties of the human Na+/dependent nucleoside transporter 

hCNT3, including the transport protein’s permeant selectivity, cation specificity, kinetic 

parameters, voltage-dependence of transport, and cation/nucleoside coupling ratios 

(Ritzel et al., 2001; Chapter III). Analysis of presteady-state currents provides 

information that cannot be obtained from experiments under steady-state conditions. In 

the present chapter, I have analyzed presteady-state currents exhibited by hCNT3 

following step changes in membrane potential as a means to examine partial reactions in 

the CNT transport cycle and to estimate the number of hCNT3 proteins in the membrane 

and hence determine the turnover rate of the transporter.
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Materials and Methods

Production of Recombinant hCNT3 in Xenopus Oocytes - hCNT3 plasmid DNA 

(pGEM-HE vector) was linearized with Nhel and transcribed with T7 polymerase using 

the mMESSAGE mMACHINE™ (Ambion, Austin, TX) transcription system. The 

remaining template was removed by digestion with RNase-free DNase 1. Stage V-VI 

oocytes extracted from the clawed frog Xenopus laevis were treated with collagenase 

(2 mg/ml) for 2 h and the remaining follicular layers removed manually (Huang et al.,

1994). Twenty-four hours after defolliculation, oocytes were injected with either 10 nl of 

water containing 10 ng of hCNT3 RNA transcript or 10 nl of water alone. Injected 

oocytes were then incubated for 4 days at 18 °C in modified Barth’s solution (daily 

change) (88 mM NaCl, 1 mM KC1, 0.33 mM Ca(N0 3 )2, 0.41 mM CaCh, 0.82 mM 

MgSC>4 , 2.4 mM NaHC0 3 , 10 mM Hepes, 2.5 mM sodium pyruvate, 0.05 mg/ml 

penicillin, and 0.1 mg/ml gentamycin sulfate, pH 7.5) prior to measuring membrane 

currents.

Electrophysiological Studies - Presteady-state currents were measured using a 

GeneClamp 500B oocyte clamp amplifier (Axon Instruments, Inc., Foster City, 

California) in the two-electrode, voltage clamp mode. The GeneClamp 500B was 

interfaced to an IBM compatible PC via a Digidata 1200 A/D converter and controlled by 

pCLAMP 8.0 software (Axon Instruments, Inc., Foster City, California). All 

electrophysiological experiments were performed at room temperature. The 

microelectrodes were filled with 3 M KC1 and had resistances ranging from 0.5 -1.5 Mf2 

(megaohms). Oocytes were penetrated with the microelectrodes, and a 10 - 15 min 

period of membrane potential stabilization was allowed before voltage-clamping the 

oocyte. Oocytes were discarded if  the membrane potential was unstable or more positive 

than -30 mV. The sodium-containing transport medium contained the following (in 

mM): NaCl, 100; KC1, 2; CaCh, 1; MgCh, 1; and Hepes, 10 (pH 8.5). The composition 

of the transport medium was varied by replacing NaCl (100 - 0 mM) with equimolar 

choline chloride (pH 8.5) ± nucleoside (uridine) at the appropriate concentration.
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Presteady-state currents were studied using a voltage pulse protocol. Membrane 

voltage was stepped from the holding potential (Vh) of -50 m V  to a series of test 

potentials (V t) varying from -170 to +130 m V  in 20 m V  increments. The voltage rise 

time of the clamp was adjusted by use of an oscilloscope such that it varied between 200 

and 500 fisec (Fig. 4-1). In experiments determining the turnover rate of the transporter, 

membrane voltage was stepped from Vh of -50 m V  to V t from -170 to +150 m V  in 

40 m V  increments, in order to ensure maximal charge displacement while reducing the 

number of voltage pulses to which the oocyte was subjected. The maximal steady-state 

inward Na+ current (/max) was measured at Vh of -50 m V  with a saturating concentration 

of uridine (100 fiM). Currents were filtered at 2 kHz (four-pole Bessel filter) and 

sampled at a rate of 200 jasec/point (corresponding to a sampling frequency of 5 kHz).

Data Analysis - For data analysis and presentation, the current at each test potential 

was averaged from 5 sweeps. If necessary, signals were further filtered at 750 Hz using 

the pCLAMP program suite. The presteady-state (transient) current was isolated from 

the oocyte capacitive current as well as from the steady-state (leak) current. Many 

transporters have inhibitors which block charge movements, such that recordings in the 

presence of the inhibitor can be subtracted from the total current in order to isolate the 

transient current (Mager et al., 1998). Since no high-affinity inhibitors of the CNT 

transporter family have been identified, presteady-state currents of hCNT3 for the ON 

response (current response when membrane potential was stepped from Vh to V t) and the 

OFF response (current response when V t was stepped back to Vh) were obtained from the 

total current response without the use of an inhibitor. Steady-state leak currents were 

subtracted from total currents by zeroing the baseline using the pCLAMP program suite. 

The oocyte capacitive transient showed a single time constant (r ~ 0.25 msec) which was 

independent of membrane potential in the presence (Fig. 4-2A) or absence (Fig. 4-2B) of 

Na+. Presteady-state currents in the present study are therefore shown 1.5 msec after the 

onset of the voltage pulse. Presteady-state currents due to hCNT3 were fitted using the 

Simplex method (Nelder and Mead, 1965) with two exponential functions 

(I(t) = Aiexp(-t/Tfast) + A2exp(-t/Tsiow), where A\ and A2 are the amplitudes with time 

constants Tfast and t siow, respectively) in order to calculate the current-time integral
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(pCLAMP 8.0). Curve fits were considered successful only if  the correlation was 0.95 or 

higher (Fig. 4-3). Charge movements (Q ), obtained from the current-time integral of the 

curve fits, were plotted as a function of voltage and fitted to the Boltzmann function: 

Q(Vt) =  Qhyp/(Qmax[l+exp((Vt - Vo.5)zdF7i?7)]), where the total charge C W  = Q dep - Qhyp 

(Q dep and Qhyp represent Q at depolarizing and hyperpolarizing limits, respectively), zd is 

the product of the valence of the charge (z) and the apparent fraction of the field (8) 

sensed by that charge, V t is the membrane voltage during the pulse, V0.5 is the membrane 

voltage at which half of the total charge has moved, F  is Faraday’s constant, R is the gas 

constant, and T  is the absolute temperature. Each experiment was fitted to the Boltzmann 

function and the V0.5 and zd were determined. These parameters from the individual fits 

were then use to calculate the means ±SEM of V0.5 and zd. The curves which are 

presented as figures were fitted to the mean +SEM of the charge displacements from 3 - 6  

experiments.
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Results

Presteady-state Currents of hCNT3 - Unless otherwise specified, presteady-state 

experiments were performed in the absence of nucleoside to eliminate steady-state 

inward currents of hCNT3 and to isolate partial reactions of the transport cycle. Since 

steady-state current studies described in Chapter III have shown that H+ ions are capable 

of driving the uptake of nucleoside substrate mediated by hCNT3, presteady-state 

experiments were performed at pH 8.5 to minimize the H+ driving force by maintaining 

the extracellular pH at a value greater than the intracellular oocyte pH of 7.3 - 7.6 

(Burckhardt et al., 1992; Chapter III). Oocytes were voltage clamped at a holding 

potential (Vh) of -50 mV and presteady-state currents were induced by a series of test 

voltages. In the representative experiment presented in Figure 4-4, Vt ranged from -170 

to +90 mV in 20 mV increments (Fig. 4-4A). Figure 4-4B (top current record) shows 

total current recordings in an hCNT3-producing oocyte bathed in Na+-containing 

transport medium (100 mM NaCl; pH 8.5) in response to the voltage pulses. Current 

relaxations are apparent which persisted for tens of milliseconds after the time required to 

charge the membrane capacitance. These relaxations were not seen in control water- 

injected oocytes (Fig. 4-4B; bottom current record).

ON/OFF C urrent Responses - Figure 4-5 shows representative hCNT3 presteady- 

state currents (100 mM extracellular NaCl) isolated from the total current response by 

subtraction of both the steady-state (leak) and capacitive currents. For clarity, only 

current responses at final potentials o f -170, -90, +10 and +90 mV are shown (Fig. 4-5A). 

Currents in Figure 4-4B are presented for both the ON response (left current record), 

when Vh is stepped to Vt, and for the OFF response (right current record), when the 

membrane potential is returned to the holding potential (Vtto Vh). The slow decay of the 

current, indicating the presence of presteady-state currents, is evident in both the ON and 

OFF current responses.

Effect of Na+ on Presteady-state Currents - Figure 4-6A compares total current 

recordings for an hCNT3-producing oocyte in 100 versus 10 mM external Na+ (left and
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right current records, respectively) when the membrane voltage was stepped from Vh 

(-50 mV) to various Vt (Vt from -170 to +90 mV in 20 mV increments). Corresponding 

charge-voltage (Q-V) relationships for hCNT3-producing oocytes in 100 (n = 4; left 

graph) and 10 mM (n = 3; right graph) external Na+ are shown in Figure 4-6B. At each 

clamped voltage, integration of the transporter-mediated currents with time yielded the 

charge (Q) moved by hCNT3 within the membrane electric field. The charge calculated 

for the OFF response was plotted as a function of membrane voltage. The curves were 

analyzed according to the Boltzmann equation to estimate the parameters Qmax, z<j, and 

V0.5. Since the maximal charge movement depends upon the level of transporter 

expression in the oocyte plasma membrane, the data were normalized to Qmax in order to 

compare different oocytes with varying levels of expression. Q saturated with both 

hyperpolarization and depolarization and reversed at the holding potential ( V h =  -50 mV). 

Qmax was unaffected by reducing the external concentration of Na+; in a representative 

experiment, QmaX values of 102 and 95 nC were obtained for 100 and 10 mM external 

Na+, respectively (data not shown). The za value, obtained from the Boltzmann fit of 

charge movement in 6 different oocytes for both 100 and 10 mM Na+, was reduced as the 

concentration of Na+ was lowered; za values of 0.92 ± 0.08 and 0.71 ± 0.07 were obtained 

in 100 and 10 mM external Na+, respectively. V0.5, also obtained from the Boltzmann fit 

of charge movement in 6 different oocytes for both 100 and 10 mM Na+, shifted towards 

more negative values as the concentration of Na+ was reduced; V0.5 values of +40.60 ± 

4.45 and -44.90 ± 3.50 mV were obtained with 100 and 10 mM external Na+, 

respectively. The shift in V0.5 in each oocyte can be used to calculate the effective 

fraction of the field, 6, sensed by Na+ from [Na+]i/[Na+ ]2  = exp[5F(Vi - V2)/RT], where 

[Na+]i and [Na+ ]2  are two different external concentrations of Na+ {ie. 100 and 10 mM), 

Vi and V2 are the values of V0.5 at [Na+]i and [Na+]2 , respectively, F  is Faraday’s 

constant, R is the gas constant, and T is the absolute temperature (Wadiche et al., 1995). 

The 5 obtained from 6 oocytes was 65.40 ± 4.10 %. This would imply the binding of 

sodium to site(s) that traverse 65.40 ± 4.10 % of the membrane electric field. The 

valence of the moveable charge (z), calculated from Zd = 6z, was equal to -1.42 ± 0.15.
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ON/OFF Charge Movement - The total charge movement during a step change in the 

membrane potential in the absence of uridine was calculated for a range of test potentials 

(Vt= -170 to +130 mV in 20 mV increments). In the presence of external Na+ (100 mM 

NaCl; pH 8.5), the charge movement at the onset of the voltage pulse (Q on)  was found to 

be equal and opposite to the charge movement at the return to the pre-pulse potential 

(Q off) (Fig. 4-7). Linear regression analysis yielded a slope of 1.02 ± 0.09. These 

results indicate a conservation of charge during OFF and ON voltage steps.

Uridine Reversal of Presteady-state Currents - The effect o f uridine on hCNT3 

presteady-state currents and on Qmax (calculated for the OFF response) are shown in 

Figure 4-8. Transient and steady-state uridine-induced currents were measured in the 

presence of varying concentrations of uridine in the range 0 - 1 0 0  fiM. Increasing the 

concentration of uridine reduced both the presteady-state current (Fig. 4-8A) and Qmax 

(Fig. 4-8B). At 25 fiM uridine, a concentration close to the uridine apparent K u"dme 

(Ritzel et al., 2001), Qmax was reduced by ~ 50 %.

Effect of Vh on Presteady-state Currents - The dependence of Q on the holding 

potential Vh is shown in Figure 4-9. Voltage pulses were performed with two different 

holding potentials, -30 and -50 mV, in the presence of external Na+ (100 mM NaCl; pH 

8.5), and the charge movement was normalized to maximal charge Qmax- The calculated 

za values were -1.50 + 0.10 and -0.92 ± 0.08 at -30 and -50 mV, respectively, with V0.5 

values of +4.50 ± 3.96 and +40.60 ± 4.45 mV. In each case, the reversal potential of the 

charge movement was at the holding potential. There was therefore a decrease in Zd 

and a shift in V0.5 to more positive potentials as the holding potential was made more 

negative.

Presteady-state Currents in the Absence of Na+ - Figure 4-10A shows representative 

total current recordings in an hCNT3-producing oocyte induced by a series of test 

voltages (Vt from -170 to +90 mV in 20 mV increments) in the absence of external Na+ 

(100 mM ChCl; pH 8.5). Presteady-state currents were observed in both the ON current 

response (Fig. 4-10B; left current record) and the OFF current response (Fig. 4-10B;
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right current record). The charge-voltage (Q-V) relationship for hCNT3-producing 

oocytes under this condition is shown in Figure 4-11A (n = 4). The data were normalized 

to the maximal charge movement in order to compare oocytes with differing levels of 

expression. The charge movement at the onset of the voltage pulse (Q on) was found to 

be equal and opposite to the charge movement at the return to the pre-pulse potential 

(Q off) (Fig. 4-1 IB). Linear regression analysis yielded a slope of 0.97 ± 0.04, 

demonstrating that the system behaves according to conservation of charge in the absence 

ofNa+.

Turnover Rate and Number of Transporters - Presteady-state current analysis has 

allowed the determination of the turnover rate (also known as turnover number) of a 

number of recombinant transporters expressed in the oocyte plasma membrane (Loo et 

al., 1993; Panayotova-Heiermann et al., 1995; Wadiche et al., 1995). Linear regression 

of the steady-state transport current with saturating concentrations of uridine (100 /iM) at 

-50 mV (/max) versus Qmax (calculated for the OFF response) in oocytes with differing 

levels of transporter expression yielded a straight line with a slope of 17.54 ± 2.62 sec"1 at 

a membrane potential of -50 mV, which corresponds to a charge transfer rate (4>) of 

16.14 ± 3.13 sec"1 (slope x zd = 17.54 x 0.92) (Wadiche et al., 1995). The turnover rate of 

the transporter is given by where v is the number of fundamental charges 

translocated per molecule of uridine at the corresponding potential (Wadiche et al.,

1995). As the NaVuridine coupling ratio of hCNT3 is 1.66 ± 0.21 at -50 mV (Chapter 

III), the turnover rate of the transporter, reflecting the number of uridine molecules 

transported per hCNT3 protein per second, is 9.72 ± 2.25 sec'1 (Fig. 4-12).

Analysis of charge movements in the absence of uridine also allows estimation of the 

numbers of transporters (N) present in the oocyte plasma membrane, since Qmax = Ne0Zd, 

where zd is the magnitude of the charge valence associated with the electric field and e0 is 

the elementary charge (Wright et al., 1995; Klamo et al., 1996; Eskandari et al., 1997). 

Table 4-1 presents transporter numbers determined for 6 representative oocytes. Values 

were in the range 1.00 - 4.82 x 1010 hCNT3 transporters per oocyte, with a mean (+SEM) 

of 2.37 x 1010 ± 0.65 x 1010.
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Kinetics of Presteady-state Currents - The presteady-state currents of hCNT3 

decayed exponentially over a range of voltages from -170 to +130 mV. Figure 4-3 shows 

that in the presence of extracellular Na+, two exponential components are required to 

adequately fit modeled curves to the presteady-state currents. The presteady-state 

currents of hCNT3 are therefore defined as the sum of two exponential functions 

(I(t) = Aiexp(-t/rfast) + A2exp(-t/rsiow), where Ai and A2 are the amplitudes with time 

constants Tfast and t siow, respectively) (Chen et al., 1996). Since the OFF response is 

always the return of the membrane potential to the holding potential (-50 mV), Tfast and 

Aiow do not vary. In order to determine the variation of Tfast and t siow as a function of 

membrane voltage, the ON current responses were fitted to the sum of two exponentials 

at all test potentials. The faster component of the presteady-state current relaxation (Tfast) 

is observed in both the presence and absence of extracellular Na+ and therefore must 

reflect movement of the empty carrier. Tfast decayed with time constants ranging from 

2 - 5  msec (ON response; data not shown). The slower component (tsiow) of the 

presteady-state current relaxation is observed only in the presence of external Na+ and 

therefore must reflect Na+ binding/dissociation. rsiow decayed with time constants 

between 80 - 100 msec (ON response; data not shown). The time constants, plotted as 

1/t curves, which provide an indication of the rate for Na+ binding/dissociation and 

conformational changes of the empty carrier (Chapter V), are shown as a function of 

pulse potential in Figure 4-13. The rate for movement of the empty carrier (1/Tfast), in the 

complete absence of Na+ (100 mM ChCl; pH 8.5), showed a bell-shaped dependence on 

voltage (Fig. 4-13 A), with the minimum rate occurring at approximately the midpoint of 

the corresponding Q-V relationship (Fig. 4-11 A). With external Na+ present (100 mM 

NaCl; pH 8.5), the slow rate (1/tsiow) also displayed a voltage-dependence, while the fast 

rate (1/Tfast) was not strongly voltage-dependent (Fig. 4-13B). The minimum rate of l/7fast 

in the presence of external Na+ also occurred at approximately the midpoint of the 

corresponding Q-V curve (Fig. 4-6B). In the OFF response, both Tfast and rsiow were 

independent of voltage in both 2.5 and 100 mM Na+. Tfast and rsiow were equal to 4 - 5 

and 15- 20  msec in 2.5 mM Na+, respectively, and 8 - 1 0  and 94 - 132 msec in 100 mM 

Na+, respectively (Fig. 14-14).
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Effect of Na+ on the Kinetics of the Presteady-state Currents - The effect of 

varying the external Na+ concentration on the slow time constant (rsi0w)> plotted as 1/r, 

was examined for the ON response in Figure 4-15. The Na+ concentrations tested were 

100, 10, and 2.5 mM. For clarity, the 1/r curves are shown for 2.5 and 100 mM Na+. 

Similar to the effect of reducing the external Na+ concentration on the Q-V relationship, 

lowering the Na+ concentration from 100 to 10 mM (data not shown) and then to 2.5 mM 

shifted the rate versus voltage curve to more negative potentials and, in addition, raised 

its minimum.
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DISCUSSION

In the absence of nucleoside and in response to step-changes in the membrane 

potential, oocytes producing hCNT3 exhibited slow current relaxations similar to those 

observed for several other cloned transporters produced in Xenopus oocytes, including 

the Na+/glucose cotransporter SGLT1 (Parent et al., 1992a, b; Loo et al., 1993; Chen et 

al., 1996; Klamo et al., 1996; Mackenzie et al., 1996b; Hazama et al., 1997), the thyroid 

Na+/I+ symporter NIS (Eskandari et al., 1997), the oligopeptide transporter hPEPTl 

(Mackenzie et al., 1996a; Chen et a l, 1999), and the GABA transporter GAT1 (Mager et 

al., 1993). These slow current relaxations, also known as presteady-state currents, reflect 

voltage-dependent processes in the cotransport cycle, such as conformational transitions 

of the empty transporter within the membrane and binding/dissociation of extracellular 

Na+ which has to cross a fraction of the membrane field to reach its binding site. The 

proposed model for Na+/nucleoside cotransport in Figure 4-16A shows the carrier states 

involved in the generation of the presteady-state currents. Presteady-state currents are 

used to estimate charge movements within the membrane and rate constants for partial 

reactions in the translocation cycle.

Several observations, which will be discussed subsequently, provide compelling 

evidence that the slow current relaxations observed in hCNT3-producing oocytes 

following voltage steps are indeed presteady-state currents and that these currents are the 

result of transporter expression. These observations include: (i) the absence of presteady- 

state currents in control oocytes; (ii) ON-charge movements ( Q o n )  are equal and opposite 

to OFF-charge movements ( Q o f f ) ;  and (iii) presteady-state currents and maximal charge 

movements (Qmax) are reduced by uridine.

In hCNT3-producing oocytes, current relaxations observed during both the ON- and 

OFF-voltage pulses consist of two components, a fast component due to the oocyte 

membrane capacitance (Fig. 4-2), followed by a slower decay to a new steady-state. 

This slow decay, which is the presteady-state current of hCNT3, is not observed in 

control water-injected oocytes (Fig. 4-4B). Current relaxations following voltage steps 

are therefore due to expression of the transporter.
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Charge movements induced by voltage steps from the holding potential to various test 

potentials were calculated from the transient current-time integral. Regardless of whether 

the membrane was stepped to hyperpolarizing or depolarizing potentials, the charge 

movement at the onset of the voltage pulse (Q on) was equal and opposite to the charge 

movement on return to the pre-pulse potential (Q off) in both the presence (Fig. 4-7) and 

absence (Fig. 4-1 IB) of extracellular Na+, demonstrating conservation of charge. The 

transient relaxations therefore do not represent ionic currents flowing between the 

extracellular and intracellular compartments (ion permeation through the membrane), but 

instead represent the movement of charges between the extracellular medium and a point 

within the membrane field (ion binding/dissociation) or within the membrane 

(conformational change that moves charge(s) on the transporter within the membrane) 

(Mager et al., 1993, 1996).

Presteady-state currents of hCNT3 were measured as a function of nucleoside 

concentrations (Fig. 4-8). Increasing concentrations of uridine reduced the slow current 

relaxation of hCNT3 (Fig. 4-8A). As a consequence, the maximal charge movement 

Qmax, calculated from Boltzmann fits to the current-time integral, was also reduced (Fig. 

4-8B). These results are similar to those seen for other transporters, including the human 

and rabbit sodium glucose cotransporters hSGLTl and rbSGLTl, respectively, in which 

presteady-state currents were blocked by the addition of saturating concentrations of 

glucose (Loo et al., 1993; Hazama et al., 1997). As the concentration of substrate is 

increased, there is an increase in the number of transporters partitioned into a non­

voltage-dependent state, thus reducing the current relaxations and hence the maximal 

charge movement during voltage steps (Loo et al., 1993; Nussberger et al., 1997). 

Reference to the proposed model in Figure 4-16B shows that with both Na+ and uridine 

present, the transporter binds substrate, moving it from the extracellular to cytosolic 

compartments of the membrane, thus reducing the proportion of transporters available for 

generation of the presteady-state currents.

Presteady-state currents are, in part, the result of Na+ binding/dissociation to the 

transporter in response to changes in the membrane potential. Studies of several Na+-
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and H+-coupled cotransporters have indicated that varying the extracellular concentration 

of the ion shifts the voltage-dependence of the presteady-state current (Loo et al., 1993; 

Mager et al., 1996; Hazama et al., 1997; Nussberger et al., 1997). Similar results were 

seen with hCNT3; as the concentration of Na+ was reduced, V0 .5, the voltage for 50 % 

Qmax, shifted to more hyperpolarized potentials (Fig. 4-6B). This shift in V0.5 is due to 

Na+ ions influencing the distribution of charge across the membrane and hence the 

proportioning of the different conformations of hCNT3 in the membrane (Loo et al.,

1993). At low Na+ concentrations, hyperpolarizing the membrane is required to generate 

the same maximal charge movement. In contrast, the maximal charge displacement 

(Qmax) was independent of the Na+ concentration; similar Qmax values were seen as the 

concentration of Na+ was reduced 10-fold (from 100 to 10 mM external NaCl) (data not 

shown). These results are similar to those seen with other cotransporters, such as the 

human glutamate transporter EAAT2 (Wadiche et al., 1995), the potato H+/sucrose 

cotransporter StSUTl (Boorer et al., 1996), the human thyroid Na+/I' symporter NIS 

(Eskandari et al., 1997), the human intestinal oligopeptide transporter hPEPTl 

(Mackenzie et al., 1996a), and the rat GABA transporter GAT1 (Mager et al., 1996), 

which found that reducing the concentration of the driving ion did not reduce Qmax- Qmax 

is therefore independent of the concentration of the driving ion, providing that the driving 

ion is present (Chen et al., 1999). The reduction in Zd as the concentration of Na+ was 

lowered was similar to results seen with hSGLTl in which lower z values were reported 

at reduced Na+ concentrations; these observations could not be explained either by the 

model presented by Chen et al. (1999) or that presented by Loo et al. (1993).

Conformational transitions of the ligand binding sites of the empty carrier from one 

side of the plasma membrane to the other also generate presteady-state currents (Parent et 

al., 1992b; Loo et al., 1993; Loo et al., 1998; Lu and Hilegemann, 1999). Charge 

movements reflecting transitions of the empty carrier have been measured in oocytes 

producing the rabbit Na+/glucose cotransporter rbSGLTl and the rat GABA transporter 

GAT1 under ion-free conditions (Parent et al., 1992b; Hazama et al., 1997; Lu and 

Hilegemann, 1999). Similarly, oocytes producing hCNT3 demonstrated presteady-state 

currents in the absence of external Na+ in addition to the capacitive transient (Fig. 4-10).
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When plotted against voltage, the charge movements, corresponding to the integrals of 

the transient currents, were described by the Boltzmann function (Fig. 4-11 A). The lack 

of effect o f Na+ concentration on Qmax> and the demonstration of presteady-state currents 

in the total absence of Na+ suggests that charge movements are mostly due to movement 

of empty carrier in the membrane, while the effect of Na+ concentration on V0.5 

(Fig. 4-6B) suggests that a secondary component of presteady-state current is due to Na+ 

binding/dissociation from the transporter (Loo et al., 1993).

Altering the external Na+ concentration allows a determination of the fraction of the 

membrane field sensed by Na+ and the valence of the movable charge. The observed 

effect of reducing the external Na+ concentration on V0.5 implies binding of sodium to 

site(s) that traverse 65.40 ±4.10 % of the membrane electric field. Na+ therefore binds to 

a site on the transporter that is ~ 35 % into the membrane bilayer. The valence of the 

moveable charge calculated from the Boltzmann parameters for 100 mM external Na+ 

was equal to -1.42. Since two external Na+ ions cross the membrane field during a 

complete cotransport cycle, as determined by the NaVnucleoside coupling ratio of 2 : 1  

(Ritzel et al., 2001; Chapter III), this valence is consistent with the theoretical predicted 

valence of -2 .

The number of hCNT3 transporters present in the oocyte plasma membrane and the 

turnover rate (turnover number) of the transporter may be estimated from the Boltzmann 

parameters of the charge movements (Mager et al., 1993). The Qmax value is an index of 

the transporter density in the plasma membrane and is used to determine the number of 

transporters expressed in the plasma membrane through the equation Qmax= Ne0za 

(Wright et al., 1995; Klamo et al., 1996; Eskandari et al., 1997). By this approach, it was 

determined that the number of hCNT3 transporters present in the oocyte plasma 

membrane corresponded to ~ 1010 copies per cell (Table 4-1). This value is within the 

range determined for other cotransporters: transporter numbers of 1 0 9 per oocyte have 

been reported for the human EAAT2 glutamate transporter (Wadiche et al., 1995), 1010 

for the human thyroid Na+/I' symporter NIS (Eskandari et al., 1997), 1011 for the human 

intestinal H+ coupled oligopeptide transporter hPEPTl (Mackenzie et al., 1996a), and
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1012 for the rabbit NaVglucose transporter rbSGLTl (Wright et al., 1994). The turnover 

rate (turnover number) of the transporter, which represents the number of transport events 

catalyzed by an individual transporter per unit time(s), may be estimated from the ratio of 

the uridine-evoked steady-state current (/max) and the charge movement for the same 

individual oocyte (Qmax) (Wadiche et al., 1995; Wright et al., 1995; Klamo et al., 1996; 

Eskandari et al., 1997). For hCNT3, the number of uridine molecules transported per 

hCNT3 protein per second was ~ 9.72 at -50 mV, and is similar to that seen for other 

cotransporters such as the rat 7 -amino-butyric acid transporter (GABA) GAT1 

( 6  - 13 sec'1) (Mager et al., 1993) and rbSGLTl (25 sec'1) (Panayotova-Heiermann et al.,

1994) (Fig. 4-12).

The presteady-state currents of hCNT3 may be fitted by the sum of two exponential 

functions, giving a fast time constant (Tfast) and a slow time constant (tsiow)- Since Tfast is 

observed in both the presence and absence of extracellular Na+, it is likely that this fast 

time constant arises from movement of empty hCNT3 binding sites within the membrane 

field in response to voltage pulses, while the slow time constant (rsiow), which is observed 

only in the presence of external Na+, is due to Na+ binding/dissociation from the carrier. 

These results are similar to those seen with the rat GABA transporter GAT1; slow charge 

movements (r ~ 100 msec) are observed in the presence of extracellular Na+, while fast 

charge movements ( t  < 10 msec) are observed in the absence of Na+ (Mager et al., 1993, 

1996; Lu and Hilgemann, 1999). The slow and fast charge movements were attributed to 

Na+ binding and to movement of empty GAT1 binding sites, respectively (Mager et al., 

1996; Lu and Hilgemann, 1999). In the millimolar concentration range, rates of 

association of Na+ with binding sites on the surface of a protein are generally less than 

microseconds (Mager et al., 1993). The kinetics of charge movements associated with 

hCNT3 and GAT1 in external Na+ occur on a time scale of ~ 100 msec (tsiow), suggesting 

that Na+ binds to a presumed relatively inaccessible site within the membrane field 

(Mager et al., 1993). 1/r curves for both movement of the empty transporter and Na+ 

binding/dissociation for hCNT3 display a minimum with voltage which occurs at the 

midpoint of the charge-voltage curve (Fig. 4-13), similar to results seen with the GAT1
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transporter (Mager et al., 1996; Fesce et al., 2002). The mathematical relationship 

between the time constants and the rate constants is discussed in Chapter V.

In conclusion, the transient currents observed in oocytes producing the human 

Na+/nucleoside cotransporter hCNT3 in response to step changes in the membrane 

potential are due to charge transfer by hCNT3. These charge movements are consistent 

with Na+ binding/dissociation from the transporter and conformational changes of the 

empty transporter within the membrane field. The fast time constant is likely to result 

from conformational transitions of the empty transporter, while the slow time constant is 

likely to result from Na+ binding/dissociation. This is the first time that information has 

been obtained concerning individual steps within the CNT translocation cycle.
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Oocyte Number of Transporters

1 4.82 x 1010

2 3.58 x lO 10

3 1.47 x 1010

4 1.54 x 1010

5 1.02 x lO 10

6 1.00 x lO 10

Table 4-1. Numbers of Recombinant hCNT3 Transporters Present in the Oocyte 

Plasma Membrane. Maximum charge movement in the absence o f  uridine allows 

estimation of the number of hCNT3 transporters at the cell surface. Values for 6 

individual representative oocytes are presented.
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Figure 4-1. Time course of current and voltage records. Presteady-state current and 

voltage pulse for the ON response (A) when Vh was stepped to Vt and for the OFF 

response (B) when Vt was stepped back to Vh. The rise-time of the voltage clamp was 

~ 500 jusec in this experiment, which was performed with a representative hCNT3- 

producing oocyte.
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Figure 4-2. Time constants of Xenopus oocyte capacitive transients. The time 

constant for the oocyte membrane capacitance was measured in the presence (A; 100 mM 

NaCl; pH 8.5; n = 4) and absence (B; 100 mM ChCl; pH 8.5; n = 4) of external Na+ in 

hCNT3-producing oocytes.
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_____
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Curve Fit

Figure 4-3. hCNT3 presteady-state curve fits. A. Representative current recording 

for an hCNT3-producing oocyte following a voltage pulse from Vh= -50 mV to 

Vt= +90 mV. Current relaxation for the OFF response (enclosed in the solid box) and the 

corresponding two-exponential fit are shown in B. The correlation coefficient of the fit 

was 0.965.
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Figure 4-4. hCNT3 presteady-state currents elicited by voltage pulses. A. Voltage 

pulse protocol. The oocyte membrane was held at a holding potential ( V h )  o f -50 mV and 

stepped to a range of test potentials (Vt) between -170 and +90 mV in 20 mV increments. 

B. Representative membrane current records. An hCNT3-producing oocyte in Na+- 

containing transport medium (100 mM NaCl; pH 8.5) (top current record) displays slow 

current relaxations in response to voltage pulses not seen in a control water-injected 

oocyte (bottom current record).
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Figure 4-5. hCNT3 ON and OFF current relaxations. For clarity, presteady-state 

currents for the ON and OFF voltage steps are shown at four different test potentials only 

(Vt = -170, -90, +10, and +90 mV). The presteady-state current has been isolated from 

the oocyte capacitive current and steady-state (leak) currents. hCNT3 presteady-state 

currents are shown 1.5 msec after the onset of the voltage pulse. A. Voltage pulse 

protocol. B. Transient currents for the ON response when Vh was stepped to Vt (left 

current record) and for the OFF response when Vt was stepped back to Vh (right current 

record) in a representative hCNT3-producing oocyte in Na+ transport medium (100 mM 

NaCl; pH 8.5).

194

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



A.
lOOmM NaCl 
pH 8.5

lOmM NaCl

17Smsec

B.
l.Ol

lOmMNaCllOOmM NaCl

150-200 -150 -100 100 100 150

Membrane Potential (mV) Membrane Potential (mV)

-0.7 J

Figure 4-6. Dependence of hCNT3 presteady-state currents on external Na+. A.

Membrane current records. A representative hCNT3-producing oocyte displays slow 

current relaxations in response to voltage pulses in both 100 mM NaCl (pH 8.5) (left 

current record) and 10 mM NaCl (pH 8.5) transport media (right current record). 

B. Q - V  plots for hCNT3-producing oocytes in the presence of 100 and 10 mM external 

Na+ (pH 8.5). The data were fitted to the Boltzmann equation: 

Q ( V t)  =  Q h y p /(Q m a x [l+ ex p ( ( V t - V 0.5)zd.F /7 ? 7 )]). Charge movements at each V t were 

normalized to the maximal charge, and each point is the mean +SEM of n different 

oocytes (n = 4,100 mM NaCl; n = 3,10 mM NaCl).
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Figure 4-7. Relationship between hCNT3 ON and OFF charge movements.

Correlation between charge movements in an hCNT3-producing oocyte (100 mM NaCl; 

pH 8.5) obtained from the time integral of transient currents following command pulses 

to a range of Vt between -170 and +90 mV and charge movements following return to Vh 

(-50 mV). Linear regression analysis of the data gave a slope (±SE) of 1.02 ± 0.09 (solid 

line) compared to a reference slope of unity (broken line).
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Figure 4-8. Effect of uridine on hCNT3 presteady-state currents. A. Representative 

presteady-state current records for the OFF response in an hCNT3-producing oocyte 

(100 mM NaCl; pH 8.5) when Vt was returned to Vh in the presence of 0 - 100 nM 

uridine. The presteady-state currents have been isolated from the capacitive currents and 

the steady-state (leak) currents. B. Maximal charge moved (Qm ax) as a function of 

uridine concentration. The charge movement with uridine present is plotted as a 

percentage of the charge movement with 100 mM NaCl present (control). Each bar 

represents the average charge (+SEM) of 4 different oocytes.
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Figure 4-9. Effect of holding potential on hCNT3 charge movements. Q-V plots for 

hCNT3-producing oocytes in the presence of external Na+ (100 mM NaCl; pH 8.5) at 

holding potentials of -30 mV (A) and -50 mV (B). Charge movements at each Vt have 

been normalized to the maximal charge, and each point represents the mean (+SEM) of 3 

different oocytes.
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Figure 4-10. Charge movement of the hCNT3 empty carrier. A. Membrane current 

records. Presteady-state currents were measured in a representative hCNT3-producing 

oocyte in the absence of extracellular Na+ (100 mM ChCl; pH 8.5). B. For clarity, 

transient currents for the ON (left current record) and OFF (right current record) 

responses are shown at four different test potentials only (Vt= -170, -90, +10, and +90 

m V ).
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Figure 4-11. Analysis of hCNT3 charge movements due to the empty carrier.

A. Q - V  plot for hCNT3-producing oocytes in the absence of external Na+ (100 mM 

ChCl; pH 8.5). The data were fitted to the Boltzmann equation. Charge movements at 

each V t were normalized to the maximal charge, and each point represents the mean 

(+SEM) of 4 different oocytes. B. Correlation between charge movements the absence 

of external Na+ (100 mM ChCl; pH 8.5) obtained from the time integral of transient 

currents following command pulses to a range of V t between -170 and +90 m V  and 

charge movements following return to the holding potential (V h =  -50 m V ) .  Linear 

regression analysis of the data gave a slope (+SE) of 0.97 ± 0.04 {solid line) compared to 

a reference slope of unity {broken line).
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Figure 4-12. Turnover rate of recombinant hCNT3. Charge movements during 

voltage steps from Vh = -50 mV to Vt ranging from -170 to +150 mV (40 mV increments) 

were correlated with transporter expression level as determined by steady-state currents 

induced by 100 fiM uridine superfusion at Vh= -50 mV. Linear regression analysis of 

results for 16 individual oocytes gave a slope of 17.54 ± 2.62 sec'1 (solid line), 

corresponding to a turnover rate for the transporter of 9.72 ± 2.25 sec'1.
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Figure 4-13. Kinetics of hCNT3 current relaxations. Voltage-dependence ofhCNT3 

charge movement rates for the ON response in the absence (A) and presence (B) of 

external Na+ (100 mM ChCl (pH 8.5) and 100 mM NaCl (pH 8.5) transport media, 

respectively). Results in the absence and presence of Na+ are from the same 

representative hCNT3-producing oocyte.
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Figure 4-14. hCNT3 time constants for the OFF response. Relaxation OFF currents 

in Na+-containing media (NaCl; pH 8.5) were described by a slow time constant (rsi0w) 

and a fast time constant (Tfast). A. Time constants in the presence of 2.5 mM 

extracellular Na+. B. Time constants in the presence of 100 mM extracellular Na+. 

Different hCNT3-producing oocytes were used in the two experiments.
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Figure 4-15. Na+-dependence of hCNT3 current relaxation kinetics. Na+- 

dependence of charge movement rates for the ON response. Kinetics of voltage pulse 

relaxations are shown for two different Na+ concentrations (2.5 and 100 mM NaCl; 

pH 8.5). Each point represents the mean (±SEM) for three different oocytes.
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NCNa2’ ^ = Z Z ±  NCNa2”

Figure 4-16. Proposed transport model for hCNT3 Na+/nucleoside cotransport.

The carrier (C) posseses 2 binding sites for the driving ion Na+ and one binding site for 

the nucleoside (N). The carrier can face the outer (C’) or inner (C” ) face of the 

membrane. A. Progression of the transporter through carrier stages following step- 

changes in the membrane potential, yielding presteady-state currents. B. Na+/nucleoside 

cotransport by hCNT3.
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Chapter V:

General Discussion
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The objective of my research presented in this thesis was to use the two-microelectrode 

voltage clamp in conjunction with heterologous expression in Xenopus laevis oocytes to 

study the electrophysiological properties of recombinant human members of the 

concentrative nucleoside transporter (CNT) family. Transport mediated by hCNTl and 

h/mCNT3 was shown to be electrogenic, since inward currents were observed following 

addition of various physiological nucleosides and nucleoside analogs (Chapter II-IV). As 

described in Chapter II, I investigated the steady-state kinetic properties of hCNTl. Na+ 

currents measured in response to the addition of pyrimidine nucleosides, adenosine, and 

pyrimidine nucleoside analogs were consistent with results from radioisotope studies 

(Ritzel et al., 1997). Using electrophysiology, I was also able to demonstrate hCNTl- 

mediated transport of two novel pyrimidine nucleoside mimics not available in 

radioisotope form. In kinetic experiments, Na+ was found to bind to the transporter first 

followed by nucleoside. Consistent with results from Na+ activation flux studies (Yao et 

al., 1996), the hCNTl Na+/nucleoside coupling ratio was determined to be 1:1. hCNTl 

was strictly Na+-dependent, as no currents were detected with an inwardly-directed H+ 

ion gradient. As described in Chapter III, I participated in the functional characterization 

of the human and mouse proteins responsible for cib-type nucleoside transport activity 

(Ritzel et al., 2001). This new CNT isoform, designated CNT3, along with the 

previously identified CNT1 (system cit) and CNT2 (system cif) transport proteins, 

correspond to the three major concentrative nucleoside transport processes identified in 

human and other mammalian cells and tissues. In Xenopus oocytes, human and mouse 

CNT3 (hCNT3 and mCNT3) were shown to mediate Na+ currents in response to both 

purine and pyrimidine nucleosides, demonstrating the broad permeant selectivity of this 

CNT isoform. In marked contrast to hCNTl (Chapter II), the Na+/nucleoside coupling 

ratio of hCNT3 was 2:1 at negative membrane potentials (-90 mV), an observation 

consistent with the functional characteristics of c/6-type transport activity reported in 

earlier flux studies in a number of cells and tissues (Wu et al., 1992; Belt et al., 1993; 

Huang et al., 1993; Washington et al., 1995; Redlak et al., 1996). In a new finding, 

h/mCNT3 was also found to be H+- (and Li+)-dependent. In contrast to Na+-coupled 

hCNT3, H+-coupled hCNT3 had a H+/nucleoside coupling ratio of 1:1, and did not
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mediate transport of antiviral pyrimidine nucleoside drugs. In Chapter IV, I investigated 

the presteady-state currents of hCNT3. Charge movements (Q) (the current-time integral 

of hCNT3 presteady-state currents), as a function of test potential, were described by the 

Boltzmann function. Q reversed at the holding potential, saturated at both 

hyperpolarizing or depolarizing potentials, and was decreased with increasing 

concentrations of uridine. The number of functional hCNT3 transport proteins expressed 

in the oocyte plasma membrane and the turnover number o f the transporter were 

determined from Boltzmann parameters providing, for the first time, an estimate of CNT 

intrinsic catalytic activity. The presteady-state currents of hCNT3 were fitted by the sum 

of two exponential functions, giving a fast time constant (Tfast) due to conformational 

changes of the empty transporter within the membrane field, and a slow time constant 

(tsiow) due to Na+ binding/dissociation from the transporter. The effect of Na+ on the V0.5 

was used to calculate the effective fraction of the membrane field sensed by Na+. 

Binding of a single Na+ ion (or independent binding of multiple ions) occurs at a site that 

traverses ~ 65 % of the membrane electric field. The valence of the moveable charge was 

equal to -1.42.

O rder of Substrate Binding

Analysis of steady-state kinetic parameters provides information about the binding 

order of substrates to the transporter (Klamo et al., 1996). Results from steady-state 

transport experiments with hCNTl demonstrated that Na+ binds to the transporter first, 

followed by the nucleoside (Chapter II). Members of the CNT family of proteins 

therefore share a common transport mechanism with other cotransporters found in 

bacteria, plants, and animals, such as the SGLT1 NaVglucose cotransporter and MIT 

H+//wyo-inositol cotransporter, in which the cation binds first, increasing the affinity of 

the transporter for its co-substrate (Parent et al., 1992a, b; Klamo et al., 1996). These 

results are important in the development of a kinetic model for Na+/nucleoside 

cotransport. Phloridzin inhibition experiments also demonstrated ordered binding of 

substrates to the transporter; phloridzin bound to the transporter subsequent to Na+ at a 

site possibly overlapping, in part, the translocation pore of the transporter. Although the
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CNT and SGLT protein families are structurally unrelated, there were mechanistic 

similarities in the mode of phloridzin inhibition of NaVnucleoside and Na+/glucose 

cotransport.

System-c/A is a Member of the CNT Family

In 1992, a protein related to the rabbit intestinal Na+-dependent glucose transporter 

(SGLT1) was reported to possess low-level cib-type transport activity when produced in 

Xenopus oocytes (Pajor and Wright, 1992). This protein is now recognized as the rabbit 

ortholog of the human glucose transporter hSGLT2 (Wright, 2001).

Based on two observations, it was hypothesized instead that the protein responsible for 

c/6-type nucleoside transport activity belongs to the CNT transporter family. First, 

hagfish CNT (hfCNT), cloned from the ancient marine prevertebrate Eptatretus stouti, 

was shown to possess cib-type transport activity (Yao et al., 2002). Second, residue 

mutations in TM 7 of hCNTl changed the substrate specificity of the transporter from 

pyrimidine nucleoside-selective (system cit) to one selective for both pyrimidine and 

purine nucleosides (system cib) (Loewen et al., 1999). These findings led to the eventual 

isolation of two proteins from human and mouse, hCNT3 and mCNT3, respectively, that, 

when produced in Xenopus oocytes, demonstrated cib-type transport activity (Ritzel et 

al., 2001). CNT3 represented the “missing” mammalian CNT iso form, CNT1 and CNT2 

having been identified in earlier molecular cloning studies (Huang et al., 1994; Che et al., 

1995; Yao etal., 1996).

Novel Proton- and Lithium-coupled Nucleoside Transport Characteristics

It was shown in this thesis that h/mCNT3 exhibits novel cation coupling characteristics 

that have not previously been reported in studies of cells containing cib-type transport 

activity. Human and mouse CNT3 are able to utilize electrochemical gradients of H+ and 

Li+, in addition to Na+, to drive nucleoside influx into cells (Chapter III). In contrast, 

hCNTl and hCNT2 (Ritzel et al., 1998; Loewen et al., 2003; Chapter II) are not H+- or 

Li+-dependent, but strictly rely on the electrochemical gradient of Na+. Human and
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mouse CNT3 are more closely related structurally to the broadly selective hagfish 

transporter (hfCNT) than to mammalian CNT 1/2 and, together with hfCNT, form a 

separate distinct CNT subfamily (Yao et al., 2002). Initial functional characterization of 

recombinant hfCNT suggests that this transporter is not pH dependent, despite possessing 

a 2:1 Na+/nucleoside coupling ratio similar to h/mCNT3 (Yao et al., 2002). Proton- 

driven CNT3 nucleoside uptake may be physiologically significant in the small intestine 

where a relatively low luminal pH provides a transmembrane proton gradient across the 

enterocyte brush border membrane (McEwan et al., 1988). Examples of cotransporters 

present in intestine which are exclusively proton-linked include the human intestinal H+- 

dependent oligonucleotide transporter hPEPTl (Liang et al., 1995). The finding that 

h/mCNT3 did not transport the antiviral dideoxynucleoside drugs AZT and ddC with an 

inwardly-directed H+ ion gradient suggests that the binding of different cations to 

h/mCNT3 induces unique conformational changes in the substrate-binding pocket, which 

then determines the interaction of the transporter with the cotransported substrate. Future 

studies will explore structure/function relationships of transport-specific properties of 

CNT family members through chimeric constructs and site-directed mutagenesis to 

identify critical regions of the protein responsible for cation recognition and coupling. 

Initial chimeric studies between hCNTl and hCNT3 suggest that the structural features 

determining H+-dependence reside in the carboxyl-terminal half of the protein (Loewen 

SK, Slugoski MD, Baldwin, SA, Cass CE, and Young JD, personal communication).

Cation/nucleoside Coupling Ratio

It was shown in Chapter III that human and mouse CNT3 have a 2:1 NaVnucleoside 

coupling ratio, compared to a 1:1 coupling ratio for CNT1/CNT2 (Yao et al., 1996; 

Chapter II). Information on the cation/nucleoside coupling ratio is of physiological 

significance since it indicates the concentrative capacity of the transporter; a two- 

Na+/one-nucleoside symporter will have a greater ability to transport nucleosides against 

a concentration gradient than will a one-Na+/one-nucleoside symporter.
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Nucleoside Drug Transport

The difference in substrate selectivity between members o f the CNT family for 

physiological pyrimidine and purine nucleosides is reflected in their ability to transport 

various nucleoside analog drugs used in the treatment o f cancer and viral diseases as well 

as bacterial and fungal infections. CNT proteins are important in therapeutic drug 

delivery and chemoprotective strategies. The therapeutic efficacy of nucleoside analog 

drugs may be increased, while reducing toxicity, through manipulations based on 

knowledge of the various nucleoside transporter processes in normal and cancer cells 

(Mackey et al., 1998). Treatments may soon be designed based on the number and types 

of functional nucleoside transporters, known as the nucleoside transport profile, of the 

target cell or tissue (Mackey et al., 1998). Protection of normal cells from the toxic 

effects of nucleoside analog drugs may be obtained by co-administration of an inhibitor 

that blocks ENT but not CNT processes (Mackey et al., 1998; Baldwin et al., 1999). 

Such an inhibitor may also increase the cytotoxicity of the nucleoside analog drug 

towards cells that contain both ENT and CNT proteins by preventing ENT-mediated drug 

efflux (Mackey et al., 1998; Baldwin et al., 1999). Future work may allow the 

engineering of CNT proteins with a high affinity for a particular cytotoxic nucleoside 

drug and the introduction of a gene encoding that recombinant transporter to a particular 

tissue (Mackey et al., 1998).

Presteady-state Currents of hCNT3

Recombinant human CNT3 produced in Xenopus oocytes exhibited presteady-state 

currents that reflect voltage-dependent processes, such as ion binding/dissociation from 

the transporter and conformational changes of the empty transporter within the membrane 

(Chapter IV). Presteady-state currents therefore provide information about individual 

steps in the transport cycle. Time constants for the carrier currents give estimates of the 

rate constants for the conformational changes, and the charge movements, integrals of the 

transient currents, give estimates of the number of hCNT3 proteins expressed in the 

plasma membrane as well as the turnover number of the transporter, transporter valence, 

and the depth within the membrane of cation binding site(s). The information obtained
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from presteady-state current measurements of hCNT3, along with results from steady- 

state studies, will guide the development of detailed kinetic models for NaVnucleoside 

cotransport and provide a framework for future structure/function experiments.

Presteady-state currents of cotransporters have characteristics in common with gating 

currents of voltage-dependent ion channels, such as relaxation time constants in the 

millisecond range, and charge movements which are described by the Boltzmann 

function (Panayotova-Heiermann et al., 1994; Fesce et al., 2002). In the case of 

channels, charge movements are due to the opening and closing of gate(s) controlling ion 

permeation, and as such, site-directed mutagenesis studies have identified charged 

residues involved in gating in the S4 region of the Na+ and K+ channels (Papazian et al., 

1991). Similarly, studies with cotransporters such as SGLT1 have attempted to identify 

residues responsible for charge movements (Panayotova-Heiermann et al., 1994). My 

studies of hCNT3 suggest that the transporter carries two net negative charges, a valence 

consistent with the protein’s 2:1 Na+/nucleoside coupling ratio. As an example of the 

direction that future site-directed mutagenesis studies may take, it will be of considerable 

interest and importance to identify the residue(s) responsible for hCNT3 charge 

movements (presumably aspartate/glutamate residues) to provide information on the 

molecular mechanism of CNT cation binding/coupling and the structural architecture of 

the translocation pore.

Kinetic Interpretation of rsi,m and Tfast

Using the two-microelectrode voltage clamp, two time constants were observed in the 

presence of external Na+: Tfast and t si0w- For hCNT3, the data showed a decreased time 

constant at lower [Na+] (data not shown). A model that predicts such behaviour 

incorporates sequential binding of 2 Na+ (Fig. 5-1). For simplicity, the binding of the 

second Na+ is assumed to be instantaneous. Tfast is associated with translocation o f  the 

free carrier between the inward-facing state (C” ) and the outward-facing state (C’). tS|OW 

is associated with Na+ binding/dissociation. Although rates of association of Na+ with 

binding sites on the surface of a protein are generally less than microseconds (Mager et
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al., 1993), the time constant of Na+ binding/dissociation to hCNT3 is slow due to 

presumed relative inaccessibility of Na+ to the cation binding site. Theoretically, the time 

constant (r) associated with a rapid step is determined by the rate constants of that step 

(ie. it is equal to the inverse of the sum of the two rate constants) (Chen et al., 1996). In 

contrast, the time constant associated with a slow step is also modified by rate constants 

from neighboring fast steps (Chen et al., 1996). Therefore, the time constant of the 

empty carrier translocation (Tfast) is given by Equation 1, while the time constant of Na+ 

binding/dissociation is determined by Equation 2. This model is similar to that of the rat 

GABA transporter GAT1 which incorporates sequential binding of two Na+ ions (Mager 

et al., 1998) and is similar in mechanism to that proposed by Chen et al. (1996) for the 

human Na+/glucose cotransporter hSGLTl which incorporates voltage-dependent 

modulation factors in the time constant for free carrier translocation between an 

intramembrane state and the outward facing carrier state. In order to determine the 

parameters in equations 1 and 2 , the system must be modeled such that the parameters 

from the kinetic model fit the experimental data. Calculation of these parameters, which 

represent individual rate'constants within the hCNT3 translocation cycle, will be an 

important goal of future studies.

Equation 1: Tfast = l/(ki2 + k2 i)

Equation 2: rslow = l/{( (ki2/(ki2 + k2!)) k23[Na+]) + (k32(k43/(k43 + k34[Na+])))}

Turnover Rate (Turnover Number)

The turnover rate (turnover number) of hCNT3, which indicates the number of 

nucleoside molecules translocated per transporter per second, may be estimated from the 

ratio of the uridine-evoked steady state current (/max) and the charge movement for the 

same individual oocyte (Qmax)- The calculated turnover rate for hCNT3 at room 

temperature was equal to ~ 9.7 sec"1 (Chapter IV) and is similar to that seen for other 

cotransporters such as the rat 7 -amino-butyric acid transporter (GABA) GAT1 

( 6  -13 sec'1) (Mager et a l, 1993) and rbSGLTl (25 sec'1) (Panayotova-Heiermann et al., 

1994) expressed in Xenopus oocytes. For comparison, the calculated turnover rate for the

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ENT transporters, determined from NBMPR-binding studies, was ~ 104 sec' 1 (Jarvis and 

Young, 1986; Cass, 1995). The turnover rate of CNTs is therefore much lower than that 

for ENTs. However, the apparent substrate affinity (Km) of the CNTs is higher than for 

ENTs and partly offsets this difference (Young et al., 2001). Knowledge of the turnover 

rate of hCNT3 for uridine and, by extension, other nucleosides and nucleoside drugs will 

allow, for the first time, hCNT3 membrane abundance in different cells and tissues to be 

estimated based on experimentally determined rates of nucleoside transport. Assuming 

broadly similar turnover rates, such calculations may also be applied to hCNTl and 

hCNT2.

Limitations of Electrophysiological studies of hCNTl/3 in Xenopus Oocytes

Electrophysiology provides a powerful technique for the functional characterization of 

transport proteins. There are, however, limitations, when studying the CNT proteins 

expressed in Xenopus oocytes using the two-microelectrode voltage-clamp, including the 

large size of the oocyte, inability to control the internal medium, relatively low levels of 

transporter expression, and the unavailability of an effective inhibitor of Na+/nucleoside 

transport. The Xenopus oocyte has a large diameter of 1.0 - 1.6 mm and, as such, has a 

long capacitive transient lasting up to 2 msec. Since the membrane potential is not at the 

desired test potential for about 500 jasec (Chapter IV) and the capacitive transient, which 

is part of the current record, lasts up to 1.5 msec, the resolution of fast events, such as 

activation or deactivation of Na+ channels, can be obscured (Taglialatela et al., 1992). It 

is possible to use oocytes with a smaller surface area, however, levels of transporter 

expression will be lower. Since the interior of the cell cannot be accessed in the two- 

microelectrode voltage clamp, the intracellular milieu cannot be controlled. The cut-open 

oocyte technique provides a solution to this problem, allowing internal perfusion of the 

oocyte. Transporter expression levels are important when studying both steady-state and 

presteady-state currents. However, steady-state current measurements can be performed 

with levels of transporter expression that are less than ideal. In contrast, presteady-state 

current measurements require much higher protein densities. In comparison with other 

cotransporters, levels of expression of the CNT transporters are quite low. Expression
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levels of eukaryotic NaVglucose transporters (SGLT) are in the order of 1012 transporters 

per oocyte, compared to 1010 for hCNT3 (Chapter IV). The presteady-state currents are 

therefore smaller, making curve-fitting procedures during the analysis of presteady-state 

currents difficult. It will be of importance to focus future efforts to increase levels of 

expression of hCNTl/3 in oocytes as a means to facilitate further, in depth, studies of 

CNT presteady-state currents. During analysis, the hCNT3 presteady-state current must 

be isolated from the oocyte membrane capacitance as well as from steady-state leak 

currents. Charge movements may be blocked by nonsubstrate uptake inhibitors and 

records in the presence and absence of inhibitor can be subtracted to isolate the 

transporter-associated presteady-state current (Mager et al., 1998). This is seen in studies 

of the human glutamate transporter EAAT2 and the rabbit NaVglucose cotransporter 

SGLT1 which utilized the competitive inhibitors L-kainate and phloridzin, respectively, 

to isolate presteady-state currents (Wadiche et al., 1995; Parent et al., 1992a, b). The 

availability of an inhibitor would facilitate isolation of hCNT3 presteady-state currents.
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Figure 5-1. Three-state kinetic model for hCNT3 in the absence of substrates.
Translocation of a free carrier across the membrane is described by the transitions 
between states 1 (C” ; facing in) and 2 (C’; facing out). The binding and dissociation of 
the first Na+ to the carrier is described by transitions between 2 (C’) and 3 (CNa’). The 
binding and dissociation of the second Na+ to the carrier is described by transitions 
between 3 (CNa’) and 4 (CNa2 ’). The rate constants are given by ky, where i and j are 
two different states.
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II

Gemcitabine Transport in 
Xenopus Oocytes Expressing 
Recombinant Plasma 
Membrane Mammalian 
Nucleoside Transporters

John R. Mackey, Sylvia Y. M. Yao, 
Kyla M. Smith, Edward Karpinski, 
Stephen A. Baldwin, Carol E. Cass, 
James D. Young

Background: Gemcitabine, a pyrimi­
dine analogue of deoxycytidine, is an 
anticancer nucleoside drug that re­
quires functional plasma membrane 
nucleoside tran sp o rte r proteins to 
reach its intracellular targets and cause 
cytotoxicity. Because of technical diffi­
culties inherent in studying nucleoside 
transport in human cells, we rigorously 
defined gemcitabine membrane trans­
portability by producing each of the 
available human (h) and rat (r) recom­
binant nucleoside transporters (NTs) 
individually in Xenopus iaevis oocytes. 
Methods: Oocytes were microinjected 
with in rf/ro-transcribed RNAs derived 
from complementary DNAs encoding 
(C = concentrative) rCNTl, rCNT2, 
hCNTl, hCNT2, (E = equilibrative) 
rENTl, rENT2, hENTl, and hENT2. 
Uptake of [3H]gemcitabine and [14C] 
uridine was measured 3 days after mi­
croinjection to determine kinetic con­
stants. We also used the two-electrode, 
voltage-clamp technique to investigate 
the electrophysiology of hC N T l- 
mediated gemcitabine transport. Re­
sults: Gemcitabine was transported by 
most of the tested proteins (the excep­
tions being the purine-selective rCNT2 
and hCNT2), with the greatest uptake 
occurring in oocytes producing recom­
binant rCNTl and hCNTl. Influxes of 
gem citabine m ediated by hC N T l, 
hENTl, and hENT2 were saturable 
and conformed to Michaelis-Menten 
kinetics with apparent Km values of 24, 
160, and 740 \iM, respectively. Gem­
citabine had a limited ability to cross 
the lipid bilayer of oocyte membranes 
by simple diffusion. External applica­
tion of gemcitabine to oocytes produc­
ing recombinant hCN Tl induced an in­
ward current, which demonstrated that 
hCNTl functions as a Na7nucleoside 
co-transport protein and confirmed the

transporter's ability to transport gem­
citabine. Conclusions: M am malian 
nucleoside transporters vary widely in 
their affinity and capacity to transport 
gemcitabine. Variation in the tumor 
and tissue distribution of plasma mem­
brane nucleoside transporter proteins 
may contribute to the solid tumor ac­
tivities and schedule-dependent toxic 
effects of gemcitabine. [J Natl Cancer 
Inst 1999;91:1876-81]

Gemcitabine (2' ,2' -difluorodeoxycyti- 
dine, dFdC; Gemzar) is a pyrimidine 
analogue of deoxycytidine in which two 
fluorine atoms are present at the 28 
position of the deoxyribose ring. Gem­
citabine is unique among nucleoside 
drugs because it is active against epithe­
lial cancers, including non-small-cell 
lung, breast, bladder, ovarian, and head 
and neck cancers (1). After intravenous 
administration, gemcitabine permeates 
the plasma membrane and is converted 
to 2 ' ,2' -difluorodeoxycytidine mono­
phosphate (dFdCMP) by deoxycytidine 
kinase, and the latter is subsequently 
phosphorylated to the cytotoxic 5 '-di­
phosphate and 5 '-triphosphate deriva­
tives by pyrimidine monophosphate and 
diphosphate kinases (2). 2',2'-difluoro- 
deoxycytidine diphosphate inhibits ribo­
nucleo tid e  reductase , w hile  2 ',2 '-  
difluorodeoxycytidine triphosphate is 
incorporated into DNA and RNA (3). 
Gemcitabine exhibits the properties of 
self-potention and masked chain termina­
tion. Among other mechanisms of self­
potentiation, gemcitabine triphosphate in­
hibits deoxycytidine m onophosphate 
deaminase, thereby decreasing triphos­
phate catabolism (2). In masked chain ter­
m ination, an additional physiologic 
nucleotide is incorporated prior to inhibi­
tion of DNA polymerase, which conceals 
the incorporated gemcitabine nucleotide 
from exonuclease activity (4).

Because the molecular targets o f gem-
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citabine are intracellular, permeation 
through the plasma membrane is the 
obligatory first step in cytotoxicity. Physi­
ologic and therapeutic nucleosides are 
generally hydrophilic and require plasma 
membrane nucleoside transporter proteins 
for efficient cellular entry [reviewed in 
(5-7)]. Four major functionally distinct 
nucleoside transporter processes, each of 
which has been defined in molecular 
terms through isolation and functional 
expression of com plem entary DNAs 
(cDNAs) encoding the transporter pro­
teins, have been described in human cells 
(8-13). These nucleoside transporters be­
long to two previously unrecognized 
families of membrane proteins and func­
tion either as equilibrative, bidirectional 
transporters (the equilibrative nucleoside 
transporter [ENT] family) or as concen- 
trative, sodium/nucleoside cotransporters 
(the concentrative nucleoside transporter 
[CNT] family). The ENT proteins accept 
both pyrimidine and purine nucleosides as 
permeants but differ in their sensitivity to 
inhibition by nitrobenzylth io inosine 
(NBMPR): Human ENT1 (hENTl, an 
equilibrative sensitive, es-type trans­
porter) is inhibited by nanomolar concen­
trations of NBMPR, whereas hENT2 (an 
equilibrative insensitive, e/-type trans­
porter) is unaffected by low concentra­
tions (<1 \lM) of NBMPR. One of the 
CNT proteins (hCNTl, a concentrative 
NBMPR-insensitive thymidine selective 
or c/f-type transporter) is selective for py­
rimidine nucleosides but also transports 
adenosine, albeit inefficiently. The other 
protein (hCNT2, a concentrative insensi­
tive and formycin B-selective or cif-type 
transporter) is selective for purine nucleo­
sides and uridine. The tissue and tumor 
distribution of the nucleoside transporters 
is not fully defined, but hENTl is present 
in most human cells, while concentrative 
nucleoside transporters have been identi­
fied in liver (13), kidney (12-14), intes­
tine (13,15,16), choroid plexus (17), and 
some cancer cell lines (18-21). Rat ho- 
mologues of each of these proteins have 
also been identified and are designated 
rENTl, rENT2, rCN Tl, and rCNT2 (22- 
25).

In cytotoxicity experiments performed 
in vitro (26), a deficiency in plasma mem­
brane nucleoside transport, produced ei­
ther pharmacologically or genetically, 
conferred two- to three-log protection 
from gemcitabine growth inhibition in hu­
man and murine cancer cell lines. By in­
vestigating gemcitabine cytotoxicity in a

panel of murine and human cell lines with 
defined nucleoside transporter activities, 
we concluded that gemcitabine uptake 
was apparently mediated by hEN Tl, 
hENT2, and hCNTl but not by hCNT2. 
Studies with radiolabeled gemcitabine 
that were conducted in the same panel of 
cultured human cell lines with single 
nucleoside transport activities confirmed 
mediated uptake by the hENTl, hENT2, 
and hCNTl transporters. Gemcitabine 
was m ost efficiently  transported by 
hENTl and hCNTl but at rates approxi­
mately 10-fold lower than those of uri­
dine. Plasma membrane diffusion of gem­
citabine was much slower than mediated 
transport.

Because of the technical difficulties in­
herent in studying nucleoside transport in 
human cells (the presence of multiple en­
dogenous nucleoside transport activities, 
variable transfection efficiencies when 
studying recombinant transporters, and 
characteristically rapid uptake rates re­
quiring inhibitor-oil stop techniques), we 
have undertaken a definitive study of ra­
diolabeled gemcitabine transportability 
by producing each of the available human 
and rat nucleoside transporter cDNAs in­
dividually in oocytes from the amphibian 
Xenopus laevis. In addition, by the use of 
whole-cell, two-electrode, voltage-clamp 
electrophysiology studies, we have stud­
ied hCNTl-mediated transport of uridine 
and gemcitabine without the requirement 
for radiolabeled permeants.

M a t e r ia l s  a n d  M e t h o d s

CNT and ENT cDNAs
cDNAs encoding rCNTl (GenBank accession 

No. U10279), rCNT2 (GenBank accession No. 
U66723), hCNTl (GenBank accession No. 
U62966), hCNT2 (GenBank accession No. 
AF036109). rENTl (GenBank accession No. 
AF015304), rENT2 (GenBank accession No. 
AF015305), hENTl (GenBank accession No. 
U81375), and hENT2 (GenBank accession No. 
AF029358) in the plasmid expression vectors 
pGEM-3Z (Promega Corp., Madison. WI; rCNTl). 
pGEM-T (Promega Corp.; rCNT2, rENTl, and 
rENT2), or pBluescript II KS(+) (Stratagene, La 
Jolla, CA; hCNTl, hCNT2, hENTl, and HENT2) 
were obtained as described previously (8,9,11,13, 
23-25).

Expression of cDNAs Encoding 
Recombinant Transporters in 
Xenopus Oocytes

Linearized plasmids were transcribed with T3 
polymerase (hENTl and hENT2). T7 polymerase 
(rCNTl, rCNT2, and hCNTl), or SP6 polymerase 
(rENTl and rENT2) in the presence of the m7GpppG 
cap by use of the MEGAscript (Ambion, Austin,

TX) transcription system. The remaining template 
was removed by digestion with deoxyribonuclease 
1. Defolliculated oocytes (23) were microinjected 
with either 10 nL of water containing 10 ng RNA 
transcript or 10 nL of water alone. Xenopus care was 
in accordance with institutional guidelines.

Radioisotope Flux Studies

Uptake of gemcitabine and uridine was measured 
3 days after microinjection by use of high- 
performance liquid chromatography-repurified 
[3H]gemcitabine (Eli Lilly and Co., Indianapolis, 
IN) or [HC]uridine (Amersham Life Science 
Inc.. Piscataway, NJ) at concentrations of 2 pCi/mL 
and 1 pCi/mL, respectively. Flux measurements 
were performed at room temperature (20°C) on 
groups of 10-12 oocytes in medium (0.2 mL) 
containing the following: 100 mAYNaCl, 2 mA/KCI, 
1 mM CaCl2, 1 mM MgCl, and 10 mM HEPES 
(pH 7.5). At the end of the incubation period, extra­
cellular label was removed by six rapid washes in 
ice-cold medium. Individual oocytes were dissolved 
in 5% (wt/vol) sodium dodecyl sulfate for quantita­
tion of oocyte-associated 3H or l4C by liquid scin­
tillation counting (LS 6000 1C: Beckman Instru­
ments. Inc., Fullerton, CA). Incubation periods for 
kinetic studies were selected to be within the initial 
linear phase of uptake curves to approximate zero- 
trans conditions and to measure initial rates of trans­
port.

Results are presented as means with 95% confi­
dence intervals (CIs) for 10-12 individual oocytes. 
Kinetic constants (apparent and were de­
termined by nonlinear regression analysis (ENZFIT- 
TER; Elsevier-Biosoft, Furguson, MO). Each ex­
periment was performed at least twice on different 
batches of oocytes.

Measurements of hENTl-Induced 
Sodium Currents

Oocyte membrane currents were measured by use 
of a CA-1B oocyte clamp (Dagan Corp., Minneapo­
lis. MN) in the whole-cell, two-electrode, voltage 
clamp mode. The microelectrodes were filled with 3 
A/KC1 and had resistances that ranged from 1 to 2.5 
Mft(mega ohm). The CA-1B was interfaced to a 
computer via a Digidata 1200B A/D converter and 
controlled by Axoscope software (Axon Instru­
ments, Foster City, CA). Current signals were fil­
tered at 20 Hz (four-pole Bessel filter) and sampled 
at a sampling interval of 50 msec. For data presen­
tation, the current signals were further filtered at 0.5 
Hz by use of pCLAMP software (Axon Instru­
ments). All eiectrophysiologic experiments were 
performed at room temperature. The oocytes were 
penetrated and the membrane potential was ob­
served for 15 minutes. If the membrane potential 
was unstable or less than -30 mV, these oocytes 
were not used. For measurements of hCNTl- 
generated currents, the oocyte membrane potential 
was clamped at -50 mV. Oocytes were then per­
fused with medium of the same composition used 
for radioisotope flux studies. For transport measure­
ments, the medium was changed to one containing 
substrate, either gemcitabine (100 \kM) or uridine 
(100 |iA4). In experiments examining Na’ depen­
dence. sodium in the medium was replaced with 
equimolar choline.
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R esu lts

In Fig. 1, we show a representative re­
combinant expression experim ent in 
Xenopus oocytes that measured the up­
take of gemcitabine or uridine (10 \iM, 
20°C, 10-minute flux) in cells injected 
with water alone (control) or with water 
that contained transcripts for either 
rCNTl, rCNT2, hCNTl, hCNT2, eENTl, 
rENT2, hENTl, or hENT2. Gemcitabine, 
at the clinically achievable concentration 
of 10 p. M, was a permeant of six of the 
eight recombinant transporters tested, 
with the greatest uptake occurring in oo­
cytes that produced recombinant rCNTl 
and hCN Tl, Gemcitabine was not a per­
meant of either rCNT2 or hCNT2, trans­
porters that have been previously shown 
to be selective for purine nucleosides.

Subsequent experiments (Fig. 2) inves­
tigated the concentration dependence of 
gemcitabine transport by each of the four 
recombinant human transporters. Initial 
rates of transport (influx) were deter­
mined by use of an incubation period of 1 
minute for hCNTl, 2 minutes for hENT2, 
5 minutes for hENTl, and 60 minutes for 
hCNT2. Under these conditions, intra­
cellular gemcitabine levels at the end 
of the incubation period were typically 
less than 15% of starting extracellular 
concentration, and uptake time courses 
were linear. To facilitate compa ison be­
tween the different recombina it trans-

Flg. 1. Transport of gemcitabine and 
uridine by recombinant human (h) 
and rat (r) concentrative (CNT) and 
equilibrative (ENT) nucleoside trans­
porters expressed in Xenopus laevis 
oocytes. Oocytes were injected with 
either 10 nL of water alone or 10 nL 
water containing 10 ng of messenger 
RNA transcript. Uptake of [^gem ­
citabine and [l4C]uridine (10 \iM, 
20°C, 10-minute flux) was deter­
mined after 3 days in NaCl- 
containing transport medium. Each 
value represents the mean (with 95% 
confidence intervals) of 10-12 oo­
cytes. Mediated fluxes of gemcitabine 
and uridine, defined as the difference 
in uptake values between RNA- 
injected and water-injected oocytes 
and given as pmol/oocyte per 10 min­
utes, were, respecdvely: 15.4 (10.9- 
19.9) and 16.1 (12.4-19.8) for 
rCNTl; 0 and 1.6 (1.0-2.2) for 
rCNT2: 9.8 (7.4-12.2) and 14.0 
(10.9-17.1) for hCNTl; 0 and 1.1 
(0.7-1.5) for hCNT2; 1.3 (0.9-1.7) 
and 2.1 (1.9-2.3) for rENTl: 2.2 
(1.8-2.6) and 3.4 (3.2-3.6) for 
rENT2; 0.86 (0.56-1.2) and 1.9 (1.5-2.3

5
o

6

porters, influx values were calculated as 
pmol/oocyte • minute 1. Kinetic param­
eters derived from the gemcitabine trans­
port data in Fig. 2 are shown in Table 1 
together with previously determined ap­
parent Km and Vtmx values for uridine in­
flux.

Influxes of gemcitabine mediated by 
hCNTl, hENTl, and hENT2 were satu­
rable and conform ed to M ichaelis- 
Menten kinetics with apparent K„, values 
of 24, 160, and 740 p A7. respectively. Ex­
cept for recombinant hENT2, which ex­
hibited a relatively low affinity for gem­
citabine, the Km values o f the other 
recombinant transporters for gemcitabine 
influx were similar to the apparent K,„ 
values of these transporters for uridine in­
flux (45, 240, and 200 p M  respectively, 
fo r h C N T l, h E N T l, and hEN T2) 
(8,9,11,13). In the case of hENT2 (uridine 
Km 200 pM). the recombinant transport­
er's relatively low affinity for gemcitab­
ine (Km value of 740 mM) was compen­
sated by a higher Vnwx value, so that the 
Knax: K,„ ratio for hENT2-mediated gem­
citabine transport was 0.059 compared 
with 0.032 for uridine transport (Table 1). 
Corresponding VmsDl: Km ratios for gem­
citabine and uridine influx by the other 
recombinant transporters were in good 
agreement with the 10 p M uptake data 
shown in Fig. 1. In contrast to the othei 
recombinant transporters, no significan 
mediated transport of gemcitabine wa:

i
ICNT1 (CNT2 ftCNTI hCNT2 rENTl IENT2 hENTl DENT2 HjO

1 .1 ■  B i i
rtjMTl ,CNT2 hCNTl hCNT, iCHTI «N T2 hBNTI hEWT2 H*0

for hENTl: and 2.3 (1.9-2.7) and 2.5 (1.9-3.1) for hENT2.

detected for hCNT2. even at high per­
meant concentrations (data not shown). 
Influx of gemcitabine in water-injected 
oocytes, like that in hCNT2-transcript- 
injected cells, was approximately linear 
over the concentration ranges studied (10 
pM-5 mM, suggesting a lack of endog- 
enous-mediated transport of gemcitabine 
in oocytes. At a concentration of 1 mM, 
the magnitude of the gemcitabine flux 
(0.091 pmol/oocyte • minute 1 [95% Cl 
= 0.042-0.14]) was similar to that deter­
mined previously for uridine (0.102 pmol/ 
oocyte • minute 1 [95% Cl = 0.010- 
0.104]) (24). Therefore, like uridine, 
gemcitabine has a limited ability to cross 
the lipid bilayer of cell membranes by 
simple diffusion.

Finally, we used whole-cell recording 
by the two-electrode, voltage-clamp tech­
nique to investigate the electrophysiology 
of hCNTl -mediated gemcitabine and uri­
dine transport. In this technique, one mi­
croelectrode clamps the oocyte membrane 
to a predetermined potential (-50 mV in 
the case o f the present experiments), 
while a second microelectrode delivers 
current to maintain that potential. The 
current (in nano-Amperes [nA]) needed to 
hold the membrane at the predetermined 
potential (-50 mV) is the measured pa­
rameter. As shown for the representative 
experiment in Fig. 3, external application 
of gemcitabine (100 pM) to oocytes pro­
ducing recombinant hCNTl induced an 
inward current that returned to baseline 
on removal of the drug. The gemcitabine- 
induced current was not seen in control, 
water-injected oocytes and was abolished 
when extracellular Na* was replaced by 
choline. In three separate experiments 
with different oocytes, the range of Na* 
currents induced by 100 pMgemcitabine 
was 10-15 nA compared with 55-68 nA 
for 100 p M  uridine. This 3.7-fold differ­
ence in gemcitablne-lnduced and uridine- 
induced Na* currents was consistent with 
the estimates for fluxes of 100 p M  gem­
citabine and uridine calculated from the 
hCNTl kinetic parameters in Table 1 (4.7 
and 17.9 pmol/oocyte • minute 1 for 100 
p M  gemcitabine and uridine, respec­
tively). As was the case for gemcitabine, 
the uridine current was not seen in con­
trol, water-injected oocytes and was abol­
ished when Na* was replaced by choline. 
These studies demonstrated that hCNTl 
functions as a N a*/nucleoside c o ­
transport protein and confirmed the re­
combinant transporter's ability to trans­
port gemcitabine.
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7lg. 2. Concentration dependence of gemcitabine influx. Oocytes were injected 
vith either 10 nL of water alone or 10 nL of water containing 10 ngof messenger 
1NA transcripts encoding human nucleoside transporters hCNTl, hENTl, or 

hENT2. After 3 days, inward fluxes of [3H)gemcitabine by (panel A) hCNTl (1 
minute), (panel B) hENTl (2 minutes), and (panel C) hENT2 (5 minutes) were 
determined at 20°C in NaCl-containing transport medium. Values represents 
influx in RNA-injected oocytes minus the corresponding influx in water-injected

cells and are the means with 95% confidence intervals of 10-12 oocytes for eacl 
group. Kinetic parameters of transporter-mediated gemcitabine influx are showr 
in Table 1. In a parallel study of gemcitabine fluxes induced by recombinan 
hCNT2 (60-minute flux), no mediated transport was detected. hCNT = human 
concentrative nucleoside transporter; hENT = human equilibrative nucleoside 
transporter.

Table 1. Kinetic parameters of gemcitabine and uridine influx mediated by human 
nucleoside transporters*

Nucleoside
transporter Substrate

Apparent K,n, \lM 
(95% Cl)

Knax' pmol/oocyte’ min'1 
(95% Cl)

Ratio,
K n a x :

Reference
No.

hCNTl Gemcitabine 24 (12-36) 5.8 (5.0-5.4) 0.24
Uridine 45 (29-61) 26 (24-28) 0.58 (9)

hCNT2 Gemcitabine
Uridine 40 (30-50) 0.74 (0.6-0.84) 0.02 03)

hENTl Gemcitabine 160 (120-200) 1.5 (1.4-1.6) 0.010
Uridine 240 (180-300) 3.6 (3.2-4.0) 0.015 (8)

hENT2 Gemcitabine 740(360-1100) 43 (35-51) 0.059
Uridine 200 (140-260) 6.4 (6.0-6.8) 0.032 OD

*h = human; CNT = concentrative nucleoside transporter; ENT = equilibrative nucleoside transporter: 
Cl = confidence interval; - = not observed. Apparent Km and Vmax values for gemcitabine influx were 
derived from the data presented in Fig. 2. For hCNT2, no mediated transport was detected.

D isc u s s io n

Our results demonstrated that gem­
citabine, like each of the physiologic 
nucleosides, diffuses only slowly through 
plasma membranes and requires protein- 
mediated transport for efficient cell entry. 
Mediated transport of gemcitabine by re­
combinant hCNTl, hENTl, and hENT2 
was saturable and conformed to Ml- 
chaelis-Menten kinetics with apparent Km 
values o f 24, 160, and 740 pAf, respec­
tively. These characteristics were similar 
to those observed previously (26) in hu­
man cell lines that produced only a single 
nucleoside transporter in isolation, in 
which we also found that diffusional up­
take of gemcitabine was slow and that the 
influx of gemcitabine mediated by recom­

binant hCNTl, hENTl, and hENT2 was 
saturable with apparent Km values of 18 , 
330, and 830 pAf, respectively.

Although there have been few prior re­
ports of differences in permeant selectiv­
ity or kinetics between ENT1- and ENT2- 
mediated transport processes, we report 
here marked differences in kinetics of 
gemcitabine transport by recombinant 
hENTl and hENT2 in Xenopus oocytes. 
hENTl transports gemcitabine with high 
affinity and low capacity, while hENT2 
transports gemcitabine with low affinity 
and high capacity. These differences may, 
in part, explain why bolus infusion of 
gemcitabine has clinical efficacy against 
epithelial cancers, while it causes only 
modest degrees of myelotoxicity. Hema­
topoietic progenitor cells are believed to

possess predominantly hENTl nucleo­
side transport capabilities based on the 
effectiveness o f low concentrations of 
NBMPR in protecting such cells from the 
toxicity of cytotoxic nucleosides (27) and 
the enhancement of antifolate cytotoxicity 
to hem atopoietic progenitor cells by 
nanomolar concentrations o f  NBMPR, 
which prevents nucleoside transporter- 
mediated thymidine uptake, thereby pre­
venting thymidine rescue from inhibition 
of de novo synthesis of nucleotide precur­
sors (28). In contrast, human epithelial 
cancer cell lines, including HeLa (26). 
MCF-7, and MDA-MB-435S (unpub­
lished data), have substantial rates of 
hENT2-mediated gemcitabine uptake. 
These observations, taken together, sug­
gest that human epithelial cancers may 
also possess hENT2 activity and might 
thereby take up gemcitabine more effi­
ciently than hematopoietic precursors at 
the high (>50 pAf) peak plasma concen­
trations achieved by 30-minute bolus 
gemcitabine (29).

Variation in the tissue and tumor dis­
tribution of the nucleoside transporters 
may also explain, in part, the different 
schedule-dependent toxic effects of bo- 
lus-infusion gemcitabine and prolonged- 
infusion gemcitabine. Gemcitabine is rou­
tinely administered on days 1, 8, and 15 
of each 4-week cycle. When given as a 
30-minute bolus infusion at doses of ap­
proximately 1200 mg/m2, peak plasma 
levels exceeding 50 p  M  are achieved af-
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?lg. 3. Sodium currents induced by exposure of human concentrative nucleoside transporter (hCNTl) 
iroducing oocytes to gemcitabine. Oocytes were injected with either 10 nL of water alone or 10 nL of wate 
:ontaining lOngof messenger RNA transcript encoding hCNTl. NaCl = Na'-containing transport medium 
ChCl = choline-containing transport medium. Panel A: Inward current caused by perfusing an RNA- 
injected oocyte with 100 \lM gemcitabine in Na*-containing transport medium. Panel B: The same oocyte 
perfused with 100 it M gemcitabine in transport medium with Na4 replaced by choline. No inward current 
was generated. Panels C and D show the same experiment described in panels A and B above but with a 
control, water-injected oocyte. No inward currents were generated.

ter 15 minutes (29,30); however, on 
completion of the infusion, gemcitabine is 
rapidly eliminated from the serum, with a 
half-life of 8 minutes (29). This gemcitab­
ine administration schedule produces 
mild and noncumulative myelotoxicity 
and minimal hepatotoxicity. However, 
when given by weekly continuous infu­
sion at doses of 10 mg/mz per minute for 
120-280 minutes, median steady-state se­
rum concentrations approach 25 \lM, and 
cumulative myelotoxicity is dose limiting 
(31). Similarly, prolonging the duration of 
infusion to 1 hour of an otherwise stan­
dard gemcitabine dose causes hepatotox­
icity as shown by elevated serum trans­
am inases (32), possibly because of 
hCNTl-mediated accumulation of gem­
citabine in hepatocytes. We have recently 
demonstrated the presence of hCNTl 
transcript in human liver (13), and the rat 
homologue rCNTl (33) has been identi­
fied functionally and molecularly in rat 
liver (34).

Although the accumulation of gem­
citabine triphosphate by peripheral blood 
mononuclear cells and leukemic blasts is 
saturated by gemcitabine dose rates of 10 
mg/mz per minute in large part due to 
sa tu ra tion  o f  deoxycytid ine k inase 
(35,36), the relative importance of plasma 
membrane transport and metabolism is 
not known for other tissues or for solid 
tumors. M olecular and immunologic 
probes will be required to define the tis­
sue and tumor distribution of the human

nucleoside transporters and may help 
guide clinical trials exploring rational 
scheduling and dosage regimens for the 
use of gemcitabine in cancer therapy (37).

In addition to using radioisotope flux 
measurements, we have investigated gem­
citabine transportability by the two- 
electrode, voltage-clamp technique, a 
method that has not been used previously 
for the study of native or recombinant 
nucleoside transporters. These experi­
ments provided a direct demonstration of 
the sodium  dependence o f hC N T l - 
mediated transport of gemcitabine and 
uridine. By confirm ing the protein- 
mediated nature of gemcitabine uptake by 
recombinant hCNTl expressed in Xeno­
pus oocytes, we have demonstrated that it 
is possible to use this technique to screen 
potential sodium-dependent permeants 
without the requirement for radiolabeling 
and to determine the relative efficiency of 
uptake among physiologic and therapeu­
tic nucleosides. This result validates the 
utility of the Xenopus expression system 
as an appropriate method for kinetic de­
termination of nucleoside drug transport 
by human nucleoside transport processes.
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The human concentrative (Na+ -linked) plasma mem­
brane transport proteins hCNTl and hCNT2 are selec­
tive for pyrimidine nucleosides (system c it) and purine 
nucleosides (system cif), respectively. Both have ho- 
mologs in other mammalian species and belong to a gene 
family (CNT) that also includes hfCNT, a newly identi­
fied broad specificity pyrimidine and purine Na+ -nucle­
oside symporter (system cib) from the ancient marine 
vertebrate, the Pacific hagflsh (E p ta tre tu s  stout/)- We 
now report the cDNA cloning and characterization of 
c ib  homologs o f hfCNT from human mammary gland, 
differentiated human myeloid HL-60 cells, and mouse 
liver. The 691- and 703-residue human and mouse pro­
teins, designated hCNT3 and mCNT3, respectively, were 
79% identical in amino acid sequence and contained 13 
putative transmembrane helices. hCNT3 was 48, 47, and 
57% identical to hCNTl, hCNT2, and hfCNT, respec­
tively. When produced in X enopus oocytes, both proteins 
exhibited Na+ -dependent cib-type functional activities. 
hCNT3 was electrogenic, and a sigmoidal dependence of 
uridine influx on Na* concentration indicated a Na*: 
uridine coupling ratio of at least 2:1 for both hCNT3 and 
mCNT3 ( c / l : l  for hCNTl/2). Phorbol myristate acetate- 
induced differentiation of HL-60 cells led to the parallel 
appearance o f cib-type activity and hCNT3 mRNA. Tis­
sues containing hCNT3 transcripts included pancreas, 
bone marrow, trachea, mammary gland, liver, prostrate, 
and regions o f intestine, brain, and heart. The hCNT3
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gene mapped to chromosome 9q22.2 and included an 
upstream phorbol myristate acetate response elem ent

Most nucleosides, including those w ith antineoplastic and/or 
antiviral activities (1. 2). a re  hydrophilic, and specialized 
plasm a membrane nucleoside transporter (NT)1 proteins are 
required for uptake into or release from cells (3. 4). NT-medi­
ated transport is therefore a  critical determ inant of metabolism 
and. for nucleoside drugs, their pharmacologic actions (5). NTs 
also regulate adenosine concentrations in the vicinity of cell 
surface receptors and have profound effects on neurotransmis- 
sion, vascular tone, and other processes (6, 7).

Seven nucleoside transport processes2 th a t differ in their 
cation dependence, perm eant selectivities and inhibitor sensi­
tivities have been observed in hum an and other mammalian 
cells and tissues. The major concentrative system s (cit, cif, and 
cib) are inwardly directed Na* -dependent processes and have 
been prim arily described in specialized epithella such as intes­
tine. kidney, liver, and choroid plexus, in other regions of the 
brain, and in splenocytes, macrophages, and leukemic cells (3, 
4). Concentrative NT transcripts have also been found in heart, 
skeletal muscle, placenta, and pancreas. The equilibrative (bi­
directional) transport processes {es and ei) have generally lower 
substrate  affinities and occur in most, possibly all, cell types (3,
4). Epithella (e.g. intestine and kidney) and some nonpolarized 
cells (e.g. leukemic cells) coexpress both concentrative and 
equilibrative NTs, whereas other nonpolarized cells (e.g. eryth­
rocytes) exhibit only equilibrative NTs (3. 4). Systems cit and 
c if  are generally pyrimidine nucleoside selective and purine 
nucleoside selective, respectively, whereas systems cib, es, and 
ei transport both pyrimidine and purine nucleosides. System ei 
also transports nucleobases.

1 The abbreviations used are: NT, nucleoside transporter; A2T, 3’- 
azido-3'-deoxythymidine; BAC, bacterial artificial chromosome; CNT, 
concentrative nucleoside transporter; bp, base pair(s); ENT, equilibra­
tive nucleoside transporter; kb, kilobase(s); NBMPR, nitrobenzylthioi- 
nosine (6-[(4-nitrobenzyl)thio]-9-/3-D-ribofuranosylpurine); NMDG, N- 
methyl-D-glucamine; PCR, polymerase chain reaction; RT-PCR; reverse
t ra n sc rlp ta se -P C R : TM. p u ta t iv e  t r a n s m e m b r a n e  helix; EST, expressed
sequence tag: contig, group of overlapping clones.

The abbreviations used in transporter acronyms are: c, concentra­
tive; e, equilibrative; s and /, sensitive and insensitive to inhibition by 
NBMPR, respectively; f, formycln B (nonmetabolized purine nucleo­
side); t, thymidine; g, guanosine; b, broad selectivity.
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1

Human and Mouse CNT3

Molecular cloning studies have isolated cDNAs encoding the 
hum an and ra t proteins responsible for four of these NT pro­
cesses {cit, cif, es, and ei) (8-17). These proteins and their 
homologs in other m amm alian species comprise two previously 
unrecognized families of integral m embrane proteins (CNT and 
ENT) with quite different predicted architectural designs (3,4). 
The relationships of these NT proteins to the processes defined 
by functional studies are: CNT1 {cit), CNT2 {cif), ENT1 (es). 
and ENT2 (ei). Although the NT protein(s) responsible for 
mammalian cib have remained elusive, we have recently iden­
tified a  CNT protein with cib-type transport activity from the 
ancient m arine vertebrate, the Pacific hagfish (Eptatretus 
stout!) (18).3 The CNT family also includes the Escherichia coli 
proton/nucleoside symporter NupC (19). Human and ra t CNT1 
(650 and 648 residues, 71 kDa), designated hCNTl and rC N T l. 
respectively, are 83% identical in amino acid sequence (8, 11) 
and contain 13 putative TMs with an  exofacial glycosylated tail 
a t the carboxyl term inus (18).4 hCNT2 (658 residues) (12, 13) is 
83% identical to rCNT2 (659 residues) (9, 10) and 72% identical 
to hCNTl (11). The hagfish transporter hfCNT (683 residues) 
(18) is 50-52% identical to h/rCNTl/2 and has a  sim ilar pre­
dicted membrane topology. NupC (19), in contrast, is a smaller 
protein with 27% identity to mammalian CNTs, with the major 
difference being the absence of the equivalents of TM 1-3 and 
the amino- and carboxyl-terminal regions of the other proteins.

In structure/function studies, the characteristics of hCNTl/2 
chimeras and sequence comparisons between h/rCNTs and hf­
CNT have identified two sets of adjacent residues in TMs 7 and 
8 of hCNTl that, when converted to the corresponding residues 
in hCNT2, changed the specificity of the transporter from cit to 
c/Z^lS). M utation of the two residues in TM 7 alone produced a 
protein with intermediate, cib-like activity. In this cidcib con­
version, m utation of hCNTl Ser319 to Gly was sufficient to 
enable transport of purine nucleosides, whereas m utation of 
the adjacent residue Gin320 to Met (which had no effect on its 
own) augmented th is  transport. TMs 7 and 8 have also been 
identified as potential determ inants of substrate selectivity in 
rCNTl/2 (21), and m utation of rCNTl Ser318 (the ra t counter­
part of hCNTl Ser319) resulted in a  cib-type phenotype similar 
to th a t seen with the hCNTl Ser319 m utation (22).

Although an  earlier study had identified a  member of the 
SGLT glucose transporter family, SNST1, as a candidate cib- 
type transporter (23), its  nucleoside-transport activity is very 
low, and we hypothesized th a t the missing m ammalian concen­
trative NT was more likely to be a  CNT transporter. Following 
a search for additional mammalian CNT isoforms, we now 
report the cDNA cloning of new hum an and mouse members of 
the CNT transporter family. The encoded proteins, designated 
hCNT3 and mCNT3, respectively, exhibit strong cib-type func­
tional activity when expressed in Xenopus oocytes and have 
prim ary structures th a t place them together with hfCNT in a 
CNT subfamily separate from h/rCNTl/2.

EXPERIMENTAL PROCEDURES
Molecular Cloning ofhCNT3- BLAST searches of CNT sequences in 

the GenBank™ data base identified overlapping human ESTs from 
mammaiy gland (AI905993) and colon adenocarcinoma (AW083022) 
different from established members of the CNT transporter family. 
Together, they formed a composite cDNA fragment 807 bp in length 
with an open reading frame of 245 residues followed by 69 bp of 
3'-untranslated sequence. The cDNA was 62% identical in nucleotide 
sequence to corresponding regions of the hCNTl (U62968) and hCNT2 
(AF036109) cDNAs and 68% identical to the hfCNT (AF132298) cDNA.
T h e  en co d ed  a m in o  ac id  se q u e n c e  w a s  79%  id e n tic a l  to  th e  carboxy l

3 S. Y. M. Yao, A. M. L. Ng, S. K. Loewen, C. E. Cass, and J. D. Young, 
manuscript in preparation.

A S. R. Hamilton, S. Y. M. Yao, M. P. Gallagher, P. J. F. Henderson, 
C. E. Cass, J. D. Young, and S. A. Baldwin, manuscript in preparation.

2915

terminus of hfCNT and 58 and 62% identical, respectively, to hCNTl 
and hCNT2.

These indications of a novel human CNT distinct from hCNTl and 
hCNT2 were tested by RT-PCR in a panel of total RNA samples from 
human mammary gland, small intestine, kidney (CLONTECH, Palo 
Alto, CA), and liver (13). Because the close sequence similarity between 
the EST composite sequence and hfCNT suggested that the new CNT 
might correspond to system cib, we also performed RT-PCR on differ­
entiated human myeloid HL-60 cells, a source of functional cib- type 
transport activity (see below). First strand cDNA was synthesized using 
the Superscript Preamplification system (Life Technologies, Inc.) and 
oligo(dT) as primer. The PCR reaction (30 pi) contained 50 ng of tem­
plate first-strand cDNA, 2.5 units of 7a^-DeepVent DNA polymerase 
(100:1) and 10 pmol each of the 5'- and 3'-oligonucleotide primers 
5' -GAAACATGTTTGACTACCCACAG-3' and 5' GTGGAGTTGAAGG- 
CATTCTCTAAAACGT-3'. Amplification for one cycle at 94 °Cfor 55 s, 
54°C for 55 s, and 72°C for 70 s, two cycles at 94 °Cfor 55 s, 55°C for 
55 s, and 72°Cfor 70 s, and 30 cycles at 94 °Cfor 55 s, 58°Cfor 55 s, 
and 72°C for 70 s (Robocycler/M40 Temperature Cycler, Stratagene, La 
Jolia, CA) generated visible PCR products of the predicted size (480 bp) 
from four of the samples (differentiated HL-60 cells, mammary gland, 
small intestine, and liver).

We extended the partial EST cDNA sequence by 5'-rapid amplifica­
tion of cDNA ends amplification of mRNA from differentiated HL-60 
cells using the FirstChoice RLM-RACE kit (Ambion, Austin, TX). 
Poly(A)1 -selected RNA was treated with calf intestinal phosphatase to 
degrade 5'-truncated transcripts, followed by tobacco acid pyrophos­
phatase to remove cap from the remaining full-length mRNAs. A syn­
thetic RNA adaptor from the kit was then ligated to the full-length 
59-monophosphate transcript population using T4 RNA llgase, followed 
by first strand cDNA synthesis with oligo(dT) as primer. For the initial 
PCR, the 5' -primer was the outer adaptor primer provided by the kit 
and the gene-specific 3‘-primer was 5‘-GATATATATTGCTGCACAC- 
CGTTTACAA-3'. Amplification by 7a<jLDeepVent DNA polymerase 
(100:1) was for 40 cycles at 94 °Cfor 55 s, 65 °Cfor 55 s, and 72°Cfor 
3 min and 1 cycle at 72°C for 10 min, the reaction mixture being heated 
to 94 0 C for 1 min before addition of the 7a<r-DeepVent DNA polymerase 
mixture. The PCR reaction mixture was resolved on a 1% agarose gel, 
and faint bands between 1.5 and 2.0 kb in size were isolated and 
purified (QIAEX II Gel Extraction kit; Qiagen Inc.). This product was 
then reamplified by nested PCR (35 cycles at 94°C for 55 s, 65°Cfor 
55 s, and 72°Cfor 3 min and 1 cycle at 72°Cfor 10 min) using an inner 
5‘-primer from the kit and the gene-specific 3'-primer 5'-TTAGCT- 
CAAAACTCAGCTGTGGGTAGTC-3*. A defined band of ~ 1.7 kb was 
isolated, cloned into pGEM-T (Promega, Madison, WI), and sequenced 
by Taq DyeDeoxyterminator cycle sequencing using an automated 
model 373A DNA Sequencer (Applied Biosystems, Foster City, CA). The 
inset overlapped the 807-bp EST sequence by 114 bp and generated an 
additional 1633 bp of upstream sequence. The new composite 2440-bp 
sequence was 66% identical to the hfCNT cDNA and contained an open 
reading frame of 691 amino acids. cDNAs containing the complete 
coding sequence were then obtained by RT-PCR from differentiated 
HL-60 cells and mammary gland, as described previously, using 5'- and 
39-primers flanking the open reading frame (5' -CTAAATGAAGAGCG- 
CTTGGGACCT-3’ and 5' -AGCATCTGTACTTCAGAGTTCCACTGG- 
3'). The resulting ~ 2.2-kb products were ligated into pGEM-T and 
sequenced in both directions to give identical 691-residue open reading 
frames flanked by 92 bp of 5'-untranslated nucleotide sequence and 41 
bp of 3' -untranslated sequence.

As expected from their identical nucleotide and predicted amino acid 
sequences, there was no difference in hCNT3 transport function be­
tween cDNA clones isolated from HL-60 cells or mammary gland. Ra­
dioisotope transport studies reported in this paper were performed with 
the HL-60 clone in pGEM-T.

Molecular Cloning of mCNT3- BLAST searches of mouse ESTs in 
the GenBank™ data base identified 630- and 635-bp sequences from 
two mammary gland IMAGE clones with 73 and 83% sequence identity 
to parts of the hCNT3 cDNA sequence. IMAGE clone 1514965 aligned 
with the 5'-coding region, whereas 1515408 ended 54 bp short of the 
predicted stop codon. Both clones were obtained from the IMAGE Con­
sortium through the American Type Culture Collection (Manassas, 
VA). PCR showed that they were incomplete, and sequencing of 
1515408 gave an additional 85 bp of sequence to complete the 3‘ -end of 
the open reading frame. A cDNA with the complete coding sequence was 
then obtained by RT-PCR from mouse liver RNA (Jackson Laboratories, 
Bar Harbor, ME) with 59prlmer 5'-AGGATGTCCAGGGCAGACCCG- 
GGAAAGA-3' and 3'-primer 5’-AGATCACAATTTATTAGGGATCCAA- 
TTG-3’. First strand cDNA was synthesized using the Thermoscript
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RT-PCR System (Life Technologies, Inc.), and amplification by Taq- 
DeepVent DNA polymerase (100:1) was for 2 cycles at 94 °Cfor 2 min, 
64°C for 1 min, and 72°Cfor 2.5 min, 2 cycles at 94 °Cfor 1 min, 62°C 
for 1 min, and 72 °Cfor 2.5 min, 30 cycles at 94 °C for 1 min, 60°Cfor 
1 min, and 72°C for 2.5 min, and one final extension cycle for 10 min at 
72°C. The resulting ~ 2.0-kb product was ligated into pGEM-T and 
subcloned into the enhanced Xenopus expression vector pGEM-HE (24). 
Each was sequenced in both directions, giving identical 703-amino acid 
residue open reading frames flanked by short 3-bp regions of 5'-un­
translated or 3‘-nucleotide sequence. By providing additional 5‘- and 
3'-untranslated sequences from a Xenopus 0-globin gene, the 
pGEM-HE construct gave greater functional activity and was used in 
subsequent transport characterization of the mouse protein. pGEM-HE 
was also used for electrophysiological studies of hCNT3.

Expression of Recombinant hCNT3 and mCNT3 in Xenopus Oo­
cytes- hCNT3 and mCNT3 plasmid DNAs were linearized with NofI 
(pGEM-T) or Nhel (pGEM-HE) and transcribed with T7 polymerase 
mMESSAGE mMACHINE™ (Ambion). Stage VI oocytes of Xenopus 
laevis (8) were microinjected with 20 nl of water or 20 nl of water 
containing capped RNA transcripts (20 ng) and incubated in modified 
Barth's medium (changed daily) at 18°Cfor 72 h prior to the assay of 
transport activity.

hCNT3 and mCNT3 Radioisotope Flux Studies- Transport was 
traced using the appropriate 14C/3H-labeled nucleoside, nucleoside 
drug, or nucleobase (Moravek Biochemicals, Brea, CA or Amersham 
Pharmacia Biotech) at a concentration of 1 and 2 jttCi/ml for MC-labeled 
and 3H-labeled compounds, respectively. |3H]Gemcitabine (2\3'-diflu- 
orodeoxycytidine) was a gift from Eli Lilly Inc. (Indianapolis, IN). Ra­
diochemicals were 98-99% pure (see HL-60 transport studies). Flux 
measurements were performed at room temperature (20°C)as de­
scribed previously (8, 11) on groups of 12 oocytes in 200 jil of transport 
medium containing 100 mM NaCl, 2 mM KC1, 1 mM CaCl2, 1 mM MgCl2, 
and 10 mM HEPES, pH 7.5. Except where otherwise indicated, the 
nucleoside concentration was 20 jim. At the end of the incubation 
period, extracellular label was removed by six rapid washes in ice-cold 
transport medium, and individual oocytes were dissolved in 5% (w/v) 
SDS for quantitation of oocyte-associated radioactivity by liquid scin­
tillation counting (LS 6000 IC; Beckman). Initial rates of transport 
(influx) were determined using an incubation period of 5 min (8). Cho­
line replaced sodium in Na* dependence experiments, and the trans­
port medium for adenosine uptake contained 1 pM deoxycoformycin to 
inhibit adenosine deaminase activity. The flux values shown are the 
means 6 S.E. of 10-12 oocytes, and each experiment was performed at 
least twice on different batches of cells. Kinetic (Km and V(nax) and Na* 
activation parameters (/Cr>0 and Hill coefficient) t  S.E. were determined 
using ENZFITTER (Elsevier-Biosoft, Cambridge, UK) and SigmaPlot 
(SPSS Inc., Chicago, IL) software, respectively.

Measurement of hCNT3-induced Sodium Currents- Oocytes were 
voltage clamped using the two-electrode voltage clamp. Membrane cur­
rents were measured at room temperature by use of a GeneClamp 500B 
oocyte clamp (Axon Instruments, Foster City, CA). The microelectrodes 
were filled with 3 M KC1 and had resistances that ranged from 1-2.5 Mil. 
The GeneClamp 500B was interfaced to a computer via a Digidata 1200 
A/D convertor and controlled by Axoscope software (Axon Instruments, 
Foster City, CA). Current signals were filtered at 20 Hz (four-pole 
Bessel filter) and sampled at intervals of 20 ms. For data presentation, 
the signals were further filtered at 0.5 Hz by use of pCLAMP software 
(Axon Instruments). Ceils were not used if resting membrane potentials 
were unstable or less than -30 mV. For measurements of hCNT3- 
generated currents, oocyte membrane potentials were clamped at - 50 
mV. Oocytes were perfused with the same medium used for radioisotope 
flux studies, and transport assays were initiated by changing the sub­
strate-free solution to one containing nucleoside (200 jim). In experi­
ments examining Na* dependence, sodium in the medium was replaced 
by choline.

HL-60 Cell Culture and Differentiation- The human promyelocytic 
cell line, HL-60, obtained from the American Type Culture Collection, 
was propagated as suspension cultures in RPMI 1640 medium, supple­
mented with 10% fetal calf serum using reagents purchased from Life 
Technologies, Inc. Stock cultures were maintained in 5% C02 without 
antibiotics at 37°C, subcultured every 3- 4 days and demonstrated to 
be mycoplasma-free. Cell numbers were determined using a Coulter 
Counter model Z2 (Coulter Electronics Inc., Luton, UK).

To induce differentiation, HL-60 cells (3 X 106) growing in logarith­
mic phase were placed in 10-cm Falcon Primaria tissue culture plates 
(Becton Dickinson) in the presence of phorbol 12-myristate 13-acetate 
(200 ng/ml) (Sigma) freshly dissolved in acetone. After 48 h, the plates 
were washed once with transport buffer (see below) to remove nonad­

herent cells and then incubated for 15 min in the presence or absence of 
100 pM dilazep. Transport assays were performed on the remaining 
adherent cells. Total RNA and mRNA were prepared from exponen­
tially growing parent and adherent HL-60 cells using the RNeasy Mini 
Protocol (Qiagen) and Fast Track 2.0 Isolation kit (Invitrogen, Carls­
bad, CA), respectively.

HL-60 Radioisiotope Flux Studies- Nucleoside uptake by differenti­
ated HL-60 cells was measured as described previously (25) by exposing 
replicate cultures at room temperature to 3H-labeled permeant (10 pM, 
1 pCi/ml) in sodium or sodium-free transport medium (130 mM NaCl or 
130 mM NMDG/HCl and 3 mM K2HP04, 2 mM CaCl2. 1 mM MgCl2, 20 
mM Tris/HCl, and 5 mM glucose, pH 7.4). Radiochemicals (Moravek 
Biochemicals) were 98-99% pure as assessed by high performance 
liquid chromatography using water-methanol gradients on a C18 re­
verse phase column, and transport for timed intervals of 1- 6 min was 
terminated by immersion of the culture dish in an excess volume of 
ice-cold transport solution. Assays to detect concentrative transport 
were performed in the presence of 100 pM dilazep (a gift from Hoffman 
La Roche & Co., Basel, Switzerland) to block equilibrative transport of 
the test nucleoside. Transport by nonadherent parental HL-60 cells was 
performed as described previously (26) using the inhibitor oil stop 
method. Values are presented as the means of triplicate measure­
ments i  S.D.

Tissue and Cell Distribution of hCNT3 mRNA- A human multiple 
tissue expression (MTE™) RNA array (CLONTECH) and dot blots of 
mRNA (0.5 pg) from parent and differentiated HL-60 cells on Bright- 
Star-Plus nylon transfer membrane (Ambion) were incubated with a 
cDNA probe corresponding to hCNT3 amino acid residues 359-549 
labeled with 32P using the T7QuickPrime kit (Amersham Pharmacia 
Biotech). Hybridization at high stringency (68°C) was performed using 
ExpressHyb hybridization solution (CLONTECH) and 100 pg/mi of 
sheared herring sperm DNA. Wash conditions were as described in the 
CLONTECH ExpressHyb user manual. Signals on exposed blots were 
converted to a high resolution tiff image (Hewlett Packard ScanJet 40) 
and quantified using the public domain NIH Image program, version 
1.60. For Northern analysis, 5-jzg samples of mRNA from human pan­
creas, bone marrow, trachea, intestine, liver, brain, heart, and kidney 
(CLONTECH) were separated on a 0.8% formaldehyde-agarose gel. 
blotted on to BrightStar-Plus nylon transfer membrane, and hybridized 
with the same hCNT3 probe (residues 359-549) under identical high 
stringency conditions.

Possible cross-hybridization between CNT family members was 
tested on dot blots of dilutions (0.5 pg-5 ng RNA) of hCNTl, hCNT2, 
and hCNT3 in vitro transcripts. Three identical series of blots were 
incubated either with hCNT3 probe or with equivalent probes for 
hCNTl or hCNT2. The hCNT3 probe, which was 63 and 58% identical 
in nucleotide sequence to the corresponding regions of hCNTl and 
hCNT2, respectively, showed no cross-hybridization with hCNTl or 
hCNT2 transcripts. Similarly, there was no cross-reactivity between 
the hCNTl and hCNT2 probes and hCNT3 RNA. Some cross-hybrid­
ization was seen between the hCNTl and hCNT2 probes (73% nucleo­
tide sequence identity) and their respective transcripts at RNA loadings 
$ 50 ng. Under the conditions of high stringency used in our experi­
ments, the hCNT3 probe was therefore specific.

Quantitative Real Time RT-PCR- In TaqMan™ quantitative RT- 
PCR (Applied Biosystems), an oligonucleotide probe, labeled with a 
fluorescent tag at the 5' -end and a quenching molecule at the 3' -end, is 
located between two PCR primers. The 5'-nucleotidase activity of Taq 
polymerase cleaves the fluorescent dye from the probe during each PCR 
cycle. The fluorescent signal generated is monitored in real time and is 
proportional to the amount of starting template in the sample.

RNA from parent or differentiated HL-60 cells was reverse tran­
scribed using the TaqMan™ Gold RT-PCR kit (Applied Biosystems) 
and subjected to real time PCR using an Applied Biosystems PRISM 
7700 Sequence Detection System and TaqMan™ Universal PCR Mas­
ter Mix kit. Amplification conditions were a single cycle at 50°C for 2 
min and 95 °C for 10 min, followed by 40 cycles at 95°C for 15 $ and 1 
min at 60 °C using hCNT3 probe and primers designed using Primer 
Express software (Applied Biosystems). The hCNT3 probe 5‘-6-carboxy- 
fluorescein-CGGACTCACATCCATGGCTCCTTC-6-carboxy-tetramethyl- 
rhodamine-3' was purchased from Applied Biosystems, whereas the 5‘ - 
and 3‘-primers were 5'-GGGTCCCTAGGAATCGTGATC-3‘ and 5'- 
CGAGGCGATATCACGCTTTC-S', respectively. GADPH and 18 S rlboso- 
mal RNA probes and primers, used as internal controls, were purchased 
as a TaqMan™ RNA Control Reagent kit. Relative quantification of 
hCNT3 message was determined as described previously (27).

Chromosomal Fluorescence in Situ Hybridization- Analysis of nor­
mal human lymphocyte metaphase chromosomes was performed by
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methods described previously (28) using a PCR probe corresponding to 
hCNT3 amino acid residues 86- 685. Chromosomal localization of the 
gene was also determined by screening an RPCI-11 human male BAC 
library (29).

RESULTS AND DISCUSSION 
Membrane transport studies in various hum an and other 

mammalian cell and tissue preparations have produced evi­
dence th a t concentrative (Na+-linked) cellular uptake of 
nucleosides and nucleoside drugs is mediated by a t least three 
distinct mechanisms (3, 4). Systems cif and cif are found pri­
marily in specialized epithelia such as intestine, liver, and 
kidney and have characteristic, overlapping substrate specific­
ities for pyrimidine and purine nucleosides, respectively. As 
well, a broadly selective transport activity for both pyrimidine 
and purine nucleosides (system cib) has been described (3, 4). 
Expression cloning and other recombinant DNA strategies 
have recently established th a t systems cit and cif are mediated 
by isoforms of the  CNT transporter family, designated in hu­
mans as hCNTl and hCNT2, respectively (8-13). In the present 
study, we report the molecular identification and characteriza­
tion of the  hum an and mouse cib transporters and dem onstrate 
th a t they represent a  new mammalian isoform of the CNT 
transporter family (hCNT3 and mCNT3, respectively).

Molecular Identification o f hCNT3 and mCNT3DThe possi­
bility th a t cib might be a  CNT transporter (18) led to identifi­
cation of ESTs encoding partially overlapping regions a t the 
carboxyl term inus of a  new, previously unrecognized hum an 
CNT distinct from hCNTl or hCNT2. The full-length cDNA 
obtained by 5' -rapid amplification of cDNA ends/RT-PCR am ­
plification of phorbol 12-myristate 13-acetate-differentiated 
hum an myeloid HL-60 cells and by RT-PCR of hum an mam­
m ary gland encoded a 691-residue protein (77 kDa), designated 
here as hCNT3.5 Differentiated HL-60 cells represent a  func 
tionally defined source of cib transport activity (see below), 
whereas hum an mammary gland was the origin of one of the 
carboxyl term inus ESTs. The hCNT3 sequence enabled us, in 
turn , to identify ESTs from mouse mammary gland encoding 
the amino- and carboxyl term inus ends of a  mouse homolog. 
The corresponding full-length mouse cDNA, obtained by RT- 
PCR from liver (also a source of hCNT3 transcript), encoded a 
703-residue protein designated here as mCNT3.5

hCNT3 and mCNT3 Amino Acid Sequences- hCNT3 was 
57% identical in amino acid sequence to hfCNT and 48 and 47% 
identical to hCNTl and hCNT2, respectively (Fig. IA). Protein 
structure algorithms predicted a  topology for hCNT3 sim ilar to 
th a t of hfCNT and hCNTl/2 (20), with relatively large ex- 
tramembraneous amino and carboxyl term ini (carboxyl term i­
nus external) linked by 13 TMs and short hydrophilic se­
quences (<22 residues), with the exception of larger 
extracellular loops between TMs 5- 6, 9-10, and 11-12 (Fig. 
15). Residues within TMs 4-13 were particularly highly con­
served between hCNT3 and hfCNT (67% sequence identity), 
whereas TMs 1-3 and the amino and carboxyl termini were 
much more divergent. The conserved TM 4-13 domains of 
hCNT3 and hfCNT corresponded closely to the predicted mem­
brane architecture of the shorter E. coli CNT proton/nucleoside 
cotransporter NupC (19), suggesting th a t these regions repre­
sent the functionally im portant core structure of the proteins. 
We engineered an  amino-terminal truncated form of rCNTl 
and established th a t the TM 1-3 region is not required for 
transport activity.6 mCNT3 contained additional amino acids 
a t the amino term inus (Fig. 1A) and was 78% identical in

5 GenBank™ /EBI Data Bank accession numbers AF305210 and 
AF305211.

6 M. W. L. Ritzel, A. M. L. Ng, S. Y. M. Yao, K. Graham, S. K. Loewen, 
K. M. Smith, R. G. Ritzel, D. A. Mowles, P. Carpenter, X.-Z. Chen, E.

sequence to hCNT3, 57% identical to hfCNT, and 48% Identical 
to mCNT2 (AF079853), the other known mouse CNT.

Since we first identified rCNTl from ra t Jejunum  by expres­
sion selection in Xenopus oocytes in 1994, more than  40 mem­
bers of the CNT protein family have been identified from mam­
mals, lower vertebrates, insects, nematodes, pathogenic yeast, 
and bacteria. As shown in Fig. 1C, phylogenetic analysis iden­
tified discrete clusters of proteins, including two for bacteria 
and one for vertebrate transporters. hCNT3 and mCNT3 were 
placed together with hfCNT in a  different vertebrate CNT 
subfamily from the  hum an and other mamm alian CNTl and 
CNT2 proteins. Characteristically conserved motifs of the CNT 
transporter family present in hCNT3 and mCNT3 included 
GA’21GX,2FXFG between TMs 5 and 6, (G/A) AK A’a(N/T)E(F/Y)- 
(V/F/T)(A/G/S)(Y/M/F) between TMs 11 and 12. and (G/S)F(A/
S)N(F/I/P)(S/G)(S/T)A(G/A) in TM 12. In  common with other 
CNTs, hCNT3 and mCNT3 also contained multiple consensus 
sites for TV-linked glycosylation, grouped a t  the  carboxyl term i­
nus (hCNT3 Asn and Asn664, mCNT3 Asn648 and Asn676). 
The extracellular location of th is  region h as been confirmed by 
mutagenesis of rCNTl, which is glycosylated a t Asn605 and 
Asn643 (20).

Previously (18), we have identified two adjacent pairs of 
residues (Ser3,9/Gln3Z0 and Ser353/Leu354) in the  TM 7-9 region 
of hCNTl that, when m utated together to the  corresponding 
residues in hCNT2 (G ly^/M et314 and Thr347/Val348), con­
verted hCNTl (c/0 into a  transporter with ciftype  functional 
characteristics. An interm ediate broad specificity c/b-like 
transport activity was produced by m utation of the  two TM 7 
residues alone; m utation of Ser319 to Gly allowed for transport 
of purine nucleosides, and this was augm ented by m utation of 
GIn320 to Met. M utation of Ser353 in TM 8 to T hr converted the 
c/b-like transport of the  TM 7 double m utant into one with 
cif-like characteristics but with relatively low adenosine trans­
port activity. M utation of Leu354 to Val increased the adenosine 
transport capability of the TM 7/8 triple m utant, producing a 
full cif transport phenotype. On its own, m utation of Ser353 
converted hCNTl into a transporter with novel uridine-selec­
tive transport properties. The sequences of hCNT3 and mCNT3 
a t these positions were interm ediate between hCNTl and 
hCNT2, one member of each pair of residues being identical to 
the corresponding residue in hCNTl and the  other to th a t In 
hCNT2. These sequences in hCNT3 and mCNT3 were identical 
to hfCNT (Gly340/Gln341 and Ser374/Val375 in the case of 
hCNT3).

Functional Expression and Substrate Specificity o f Recombi­
nant hCNT3 andmCNT3- hCNTl and hCNT2 display cit- and 
cif-type N a+ -dependent nucleoside transport activities (11,13). 
Therefore, although both hCNTl and hCNT2 transport uridine 
and certain uridine analogs, they are otherwise selective for 
pyrimidine (hCNTl) and purine (hCNT2) nucleosides (except 
for modest transport of adenosine by hCNTl), hfCNT, in con­
trast, exhibits cib-type Na+-dependent nucleoside transport 
activity and is broadly selective for both pyrimidine and purine 
nucleosides.

Fig. 2A shows a  representative transport experiment in Xe­
nopus oocytes m easuring uptake of uridine and a  panel of other 
radiolabeled pyrimidine and purine nucleosides (cytidine, thy­
midine, adenosine, guanosine, and inosine) and nucleobases 
(uracil and hypoxanthine) in  cells injected w ith w ater alone 
(control) or with w ater containing hCNT3 transcripts. Uptake 
of uridine (20 pM, 30-min flux) by hCNT3-expressing oocytes 
was Na+-dependent (60.7 + 4.5 and 6.1 + 0.7 pmol/oocyte in

Karpinski, R. J. Hyde, S. A. Baldwin, C. E. Cass, and J. D. Young, 
unpublished observation.
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Fig. 1. hCNT3 and mCNT3 are members of the CNT family of nucleoside transporters. A, alignment of the predicted amino acid 
sequences of hCNT3 {GenBank™ accession number AF305210) and mCNT3 (GenBank™ accession number AF305211) with those of hCNTl 
(GenBank™ accession number U62968), hCNT2 (GenBank™ accession AF036109), and hfCNT (GenBank™ accession number AF132298) using 
the GCG PILEUP program. Potential membrane-spanning a-helices are numbered. Putative glycosylation sites in predicted extracellular domains 
of hCNT3, mCNT3, hCNTl, hCNT2, and hfCNT are shown in lowercase {n), and their positions are highlighted by an asterisk above the aligned 
sequences. Residues in hCNT3 identical to one or more of the other transporters are indicated by black boxes. B, topological model of hCNT3 and 
hfCNT. Potential membrane-spanning a-helices are numbered, and putative glycosylation sites in predicted extracellular domains in hCNT3 and 
hfCNT are indicated by solid and open stars, respectively. Residues identical in the two proteins are shown as solid circles. Residues corresponding 
to insertions in the sequence of hCNT3 or hfCNT are indicated by circles containing + and - signs, respectively. C, phylogenetic tree showing 
relationships between hCNT3 and mCNT3 and other eukaryotic and prokaryotic members of the CNT transporter family. In addition to those 
listed in A, these are: rCNTl (rat CNT1, GenBank™ accession number U10279); pkCNTl (pig kidney CNT1, GenBank™ accession number 
AF009673); rCNT2 (rat CNT2, GenBank™ accession number U25055); mCNT2 (mouse CNT2, GenBank™ accession number AF079853); rbCNT2 
(rabbit CNT2, GenBank™ accession number AF161716); F27E11.1 (Caenorhabditis elegans, GenBank™ accession number AF016413); 
CG11778_DROME (Drosophila melanogaster, GenBank™ accession number AAF58996); CG8083_DROME {D. melanogaster, GenBank™ acces­
sion number AAF58997); F27E11.2 (C. elegans, GenBank1M accession number AF016413); YEIM_HAEIN (Hemeophilus Influenzae, Swissprot 
accession number P44742); HP1180_HELPY {Helicobacter pylori, GenBank™ accession number AE000623); YEIM_ECOLI {E. coli, Swissprot 
accession number P33024); YEIJ_ECOLI {E. coli, Swissprot accession number P33021); YXJA_BACSU [Bacillus subtilis, Swissprot accession 
number P42312); NUPC_ECOLI (E. coli, Swissprot accession number P33031); NUPC_BACSU (B. subtilis, Swissprot accession number P39141); 
HI0519_HAEIN (H. influenzae, GenBank™ accession number U32734); YUTK_BACSU (B. subtilis, GenBank™ accession number Z99120); 
VC2352_VIBCH (Vibrio cholerae, GenBank™ accession number AAF95495); VC1953_VIBCH {V. cholerae, GenBank™ accession number 
AAF95101); VCA0179_VIBCH (V. cholerae, GenBank™ accession number AAF96092); UNKNOWN_STREP {Streptococcus pyogenes, open reading 
frame (284) present in contigOOOl from the S. pyogenes genome sequencing project, Oklahoma University); UNKNOWN_YERPE (Yersinia pestis.
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Na+ and choline medium, respectively) and concentrative (60.7 
pmol/oocyte corresponds to an  in-to-out concentration ratio of 
~ 3:1, calculated assuming an  oocyte w ater content of 1 p\). In 
N a+ medium, uridine uptake in control water-injected oocytes 
was only 0.5 ± 0 .1  pmol/oocyte, giving a  mediated flux (uptake 
by RNA-injected oocytes minus uptake in water-injected oo­
cytes) of 60.2 pmol/oocyte and a  mediated-to-basal flux ratio of 
120:1. Consistent with cib-type functional activity, each of the 
other pyrimidine and purine nucleosides tested (cytidine, thy­
midine, adenosine, guanosine, and inosine) gave sim ilar medi­
ated fluxes. mCNT3 (Fig. 25) exhibited a similar pattern  of 
Na+ -dependent cib-type functional activity, and neither pro­
tein  transported uracil or hypoxanthine.

Fig. 3 compares the differences in substrate specificity be­
tween hCNT3, mCNT3, hfCNT, hCNTl, and hCNT2 by meas­
uring the mediated uptake of three diagnostic nucleoside per­
meants (uridine, thymidine, and inosine). All five proteins 
transported uridine. However, hCNTl (cit) exhibited pyrimi­
dine nucleoside selective characteristics (marked thymidine 
uptake, low inosine transport), whereas hCNT2 (cif) was pu­
rine nucleoside selective (low thymidine uptake, marked in­

osine transport). hCNT3, mCNT3, and hfCNT exhibited simi­
lar cib-type profiles, with marked transport of both thymidine 
and inosine. Subsequent in depth transport experiments fo­
cussed on the hum an transporter hCNT3.

Kinetic Properties and Inhibitor Sensitivity o f Recombinant 
hCNT3- Fig. 4 shows representative concentration depend­
ence curves for uridine, cytidine, thymidine, adenosine, 
guanosine, and inosine, measured as initial ra tes of transport 
(5-min flux) in hCNT3-expressing oocytes and in control water- 
injected cells. Kinetic constants for the hCNT3-mediated com­
ponent of influx a re  presented in Table I. Km values varied 
between 15 and 53 pM (cytidine, adenosine , uridine, thym i­
dine ( guanosine, inosine) and were w ithin the range expected 
for native cib-type transporters (30-32) and for hfCNT in oo­
cytes (17-54 jtm ).3 They were also sim ilar to Km values ob­
tained previously for perm eants of recombinant mammalian 
CNT1/2 transporters. For example, the  hCNT3 Km for uridine 
was 22 pM compared with 37- 45 pM for hCNTl, rCNTl, and 
hCNT2 (8, 11, 13). hCNT3 Km values for thymidine and inosine 
were 21 and 53 pM, respectively, compared with 13 pM for 
thymidine transport by rCNTl (33) and 20 pM for inosine

open reading frame present in contig971 from the V pestis genome sequencing project, Sanger Center): UNKNOWN_YERPE (Y. pestis, open 
reading frame present in contig976 from the Y pestis genome sequencing project, Sanger Center): UNKNQWN_SALTY (Salmonella typhi, open 
reading frame present incontigl8 (CT18) from the S. typhi genome sequencing project, Sanger Center): UNKNOWN_BACAN (Bacillus anthracis, 
open reading frame in contig!985 from the B. anthracis genome sequencing project, TIGR): UNKNOWN_BACAN (B. anthracis, open reading frame 
in contigl745 from the B. anthracis genome sequencing project, TIGR): UNKNOWN_CAUCR (Caulobacter crescentus, open reading frame present 
in contigl 2574 from the C. crescentus genome sequencing project, TIGR): UNKNOWN_STAAU (Staphylococcus aureus, open reading frame present 
in contig6185 from the S. aureus genome sequencing project, TIGR) ; UNKNOWN_STAAU (S. aureus, open reading frame present in contig6213 
from the S. aureus genome sequencing project, TIGR): UNKNOWN_STAAU (S. aureus, open reading frame present in contig6186 from the S. 
aureus genome sequencing project, TIGR): UNKNOWN_SHEPU (Shewanella putrefaciens, open reading frame present in contig6401 from the S. 
putrefaciens genome sequencing project, TIGR); UNKNOWN_SHEPU (S. putrefaciens, open reading frame present in contig6410 from the S.
putrefaciens genome sequencing project, TIGR); UNKNOWN_SHEPU (S. putrefaciens, open reading frame present in contig6413 from the S,
putrefaciens genome sequencing project, TIGR); UNKNOWN_SHEPU (S. putrefaciens, open reading frame present in contig6438 from the 5.
putrefaciens genome sequencing project, TIGR): PM1292_SHEPU (Pasteurella multocida, open reading frame gene product PM1292 from the P.
multocida genome sequencing project. University of Minnesota): UNKNOWN_CANAL (Candida albicans, open reading frame present in 
contig5-2704 from the C. albicans genome sequencing project, Stanford); and UNKNOWN_HAEDU (Hemeophilus ducreyi, open reading frame 
present in contig730 from the H. ducreyi genome sequencing project, University of Washington). The phylogenetic tree was constructed from a 
multiple alignment of the 43 CNT sequences using ClustalX version 1.81 for Windows (50) and KITSCH, PHYLIP version 3.57c (51) software (20, 
53). The CNT3/hfCNT and CNT1/2 subfamilies are highlighted.
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F ig . 1- continued

transport by rCNT2 (21). hCNT3 K1iax values were in the range 
24 and 51 pmol/oocyte.5 m in '1 (uridine, thym idine, cytidine. 
adenosine, guanosine, inosine), giving Vmâ .Km ratios of 0.9-
2.1 (Table I). These da ta  support the cib-type specificity profile 
of hCNT3 shown in Fig. 2A and dem onstrate th a t hCNT3 
transports different pyrimidine and purine nucleosides with 
very sim ilar efficiencies. For all of the nucleosides tested (Fig. 
4). influx in water-injected oocytes was linear with concentra­
tion, consistent with nonmediated simple diffusion through the 
lipid bilayer.

In addition to the three major mammalian concentrative 
nucleoside transport systems cit, cif, and cib, there  are two 
minor Na+ -dependent nucleoside transport processes, csg and 
cs, which have been described only in leukemic cells (34, 35). 
Although their perm eant preferences have not been well de­
fined, the cs# process (34) accepts guanosine, and the cs process 
(35) accepts adenosine analogs as permeants. In contrast to cit, 
cif, and cib, both are inhibited by nanomolar concentrations of 
NBMPR (34, 35). hCNT3 was unaffected by NBMPR or other 
equilibrative nucleoside transport inhibitors, dipyridamole and 
dilazep. a t  concentrations up to 10 pM (100 fiM for dilazep, 
which is more soluble), eliminating hCNT3 as a  possible con­
tributor to csg or cs transport activity (Fig. 5).

hCNT3 Na* .Nucleoside Cotransport- Na+/nucleoside cou­
pling ratios of 1:1 have been described for various cit and cif 
transport activities in different mammalian cells and tissues 
(reviewed in Ref. 3). In  contrast, a  coupling ratio of 2:1 has been 
reported for system cib in choroid plexus and microglia (30, 31). 
In  Fig. 6 (A and Q, we show for both hCNT3 and mCNT3 th a t 
the relationship between uridine influx (10 pM) and Na+ con­
centration was sigmoidal. F itting the da ta  to the Hill equation, 
v = Knax-[Na+l/,/(/C5o/7 + (Na+]/1). gave Hill coefficients (n) of
2.2 + 0.2 (hCNT3) and 2.3 ± 0.1 (mCNT3), indicating a  Na+/ 
nucleoside coupling ratio of a t  least 2:1. Similar values of n 
(2.0 ± 0.2 and 2.0 + 0 . 1 ,  respectively) were determined from 
the slopes of Hill plots of the data  (Fig. 6, B  and O), and in five

independent experiments, Hill plot transform ations gave a 
mean hCNT3 Hill coefficient of 2.1 + 0.3. Because rCNTl 
exhibited a  Hill coefficient of 1 in sim ilar experiments (10), our 
data  establish, for the first time, th a t the stoichiometry of 
Na+/nucleoside coupling is different in different CNT family 
members. In this respect, the CNTs resemble the  SGLT glucose 
transporter family, where examples of proteins with 2:1 and 1:1 
Na+/sugar coupling ratios (SGLT1 and SGLT2. respectively) 
have been described (36-39). Similarly, the PepT2 and PepTl 
proton-linked peptide transporters have 2:1 and 1:1 H+/peptide 
coupling ratios, respectively (40). There was an  interesting 
difference in K50 values for Na+ activation between hCNT3 and 
mCNT3 (16 + 1 and 7 + 1  m M , respectively), although both 
transporters were fully saturated  with Na+ a t cation concen­
trations approaching the physiological concentration range 
(Fig. 6, A and C).

In  addition to radioisotope flux studies, we also used the 
two-electrode voltage clamp technique to investigate the Na+ 
dependence of hCNT3-mediated nucleoside transport. As 
shown in Fig. 7, external application of uridine, thymidine, and 
inosine (200 pM ) to oocytes expressing recombinant hCNT3 
induced inward currents for all three  nucleosides th a t returned 
to baseline upon removal of permeant. No currents were seen 
in water-injected oocytes or when Na+ in the extracellular 
medium was replaced by choline, dem onstrating th a t hCNT3 
functions as  a  broad specificity electrogenic Na+ /nucleoside 
symporter. In parallel with the  radioisotope transport data  
shown in Fig. 6 {A and Q, there  was a  sigmoid relationship 
between uridine-evoked current and Na+ concentration (data 
not shown). In  preliminary experim ents to determ ine directly 
the Na+ /nucleoside coupling ratio by sim ultaneous measure­
ment of Na+ currents and [14C]uridine influx under voltage 
clamp conditions, as described previously for the  SDCT1 rat 
kidney dicarboxylate transporter (41), we have confirmed tha t 
hCNT3 has a  Na+/nucleoside coupling ratio > 2:1, whereas for 
hCNTl the ratio is 1:1.6 A two-Na+/one-nucleoside symporter
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F ig . 2. Uptake of MC/3H-labeled nucleosides and nucleobases by recombinant HCNT3 and mCNT3 expressed in Xenopus oocytes.
Uptake of nucleosides and nucleobases (20 pM, 20°C, 30 min) in oocytes injected with RNA transcripts or water alone was measured in transport 
medium containing 100 mM NaCl or 100 mM choline chloride (ChCl).

Undine
[__J Thym idine

Inosine

hCNTl hCNT2 hCNT3 mCNT3 hfCNT
F ig . 3. Nucleoside selectivity of recombinant HCNT3, mCNT3, 

hCNTl, hCNT2, and hfCNT. Transporter-mediated nucleoside up­
take (20 jiM, 20°C, 30 min) was measured in transport medium con­
taining 100 mM NaCl. Mediated transport was calculated as uptake in 
RNA-injected oocytes minus uptake in water-injected oocytes.

will have a  greater ability to transport perm eant against its 
concentration gradient than  a one-Na /one-nucleoside sym­
porter. and they may have evolved to transport nucleosides 
under different conditions. Experiments are in progress with 
hfCNT, mCNT3, and other CNTs to determine w hether the 2:1 
stoichiometry is limited to members of the CNT3/hfCNT sub­
family (Fig. 2/1) or has a  more widespread distribution.

hCNT3-mediated Transport o f Anticancer and Anti viral Nu­
cleoside Drugs- The difference in substrate specificity between 
CNT1 and CNT2 for physiological pyrimidine and purine 
nucleosides is reflected in their complementary roles for trans­
port of pyrimidine and purine antiviral and anticancer nucle­
oside drugs. For example, we have used Xenopus oocyte expres­
sion to establish th a t mammalian CNT 1/2 proteins transport 
antiviral dideoxynucleosides: h/rCNTl transports the AIDS 
drugs 3‘ -azido-3' -deoxythymidine (AZT) and 2',3'-dideoxycyti- 
dine but not 2',3'-dideoxyinosine whereas hCNT2 transports 
only 2'.3'-dldeoxyinosine (8. 11. 13. 42). Gemcitabine. a  cyti­
dine analog used in therapy of solid tumors, is a  good hCNTl 
permeant but is not transported by hCNT2 either in oocytes 
(43) or in transfected HeLa ceils (44). As shown in Fig. 8,

hCNT3, a  cib-type NT. efficiently transported both pyrimidine 
(5-fluorouridine, 5-fluoro-2‘ -deoxyuridine, zebularine, and 
gemcitabine) and purine (cladribine and fludarabine) antican­
cer nucleoside drugs. Lower, but still significant, uptake was 
observed for pyrimidine (AZT and 2\3'-dldeoxycytidine) and 
purine (2' ,3' -dideoxyinosine) antiviral nucleoside drugs, the 
magnitudes of the fluxes being sim ilar to those found previ­
ously for hCNTl (AZT and 2 ',3‘-dideoxycytidine) and hCNT2 
(2‘,3‘-dideoxyinosine) (11, 13). Only ganciclovir, an  antiviral 
drug with an  acyclic ribose moiety, was not transported. There­
fore. by virtue of its ability to transport both pyrimidine and 
purine nucleosides, hCNT3 is capable of transporting a  broader 
range of therapeutic nucleosides th an  either hCNTl or hCNT2. 
Consistent with the  present results, thym idine transport by 
the microglial cib transporter was inhibited by AZT (31).

Tissue and Cell Distribution- The cib process has been de­
scribed functionally in rabbit choroid plexus (30), ra t MSL-9 
microglia cells (31), Xenopus oocytes injected with ra t jejunal 
mRNA (32), hum an leukemic (45) and colorectal carcinoma 
CaCo cells (46) and. after induction of differentiation, in hum an 
HL-60 cells (see below). The hum an and mouse ESTs th a t led to 
the identification of h/mCNT3 were from human/mouse mam­
mary gland and hum an colon adenocarcinoma, whereas the 
full-length transporter cDNAs were isolated from differenti­
ated HL-60 cells and mammary gland (hCNT3) and liver 
(mCNT3). Fig. 9 shows a multiple tissue expression RNA array 
for 76 hum an tissues and cells probed with hCNT3 cDNA (a 
second commercial RNA array  from the sam e supplier gave 
essentially identical results). As described under ‘Experimen­
ta l Procedures." this analysis was performed under conditions 
of high stringency where there was no cross-hybridization be­
tween hCNT3 and hCNTl or hCNT2. The distribution pattern  
of hCNT3 transcripts, although selective, was surprisingly 
widespread. Highest levels were found in a  number of normal 
tissues, including mammary gland, pancreas, bone marrow, 
and trachea, with substantial levels in various regions of the 
intestine (but very much less in kidney) and more modest levels 
in liver, lung, placenta, prostrate, testis, and other tissues, 
including some regions of the brain and heart. hCNT3 tran ­
scripts were generally present in fetal tissues but were low in 
various cultured cell lines, including K562, HeLa, and undif­
ferentiated HL-60 (see also below). In  contrast, h/rCNTl and 
h/rCNT2 transcripts are found prim arily in specialized epithe-
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Fig. 4. Kinetic properties of recom­
binant HCNT3. A-F, initial rates of nu­
cleoside uptake (5-min fluxes, 20°C) in 
oocytes injected with RNA transcripts 
{solid circles) or water alone {open circles) 
were measured in transport medium con­
taining 100 mM NaCl. Kinetic parameters 
calculated from the mediated component 
of transport (uptake in RNA-injected oo­
cytes minus uptake in water-injected oo­
cytes) are presented in Table I.
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T abli- 1 
Kinetic properties of hCNT3

Substrate Apparent K ma Kna** Kna/ K „ ,

tlM ( p m o l /o o c y te  m i n ' 1)

Uridine 21.6 6 5.4 25.8 6 1.3 1.19
Cytidine 15.4 6 2.7 32.8 6 1.0 2.13
Thymidine 21.2 6 6.3 24.2 6 1.4 1.14
Adenosine 15.1 6 1.8 30.4 6 0.7 2.01
Guanosine 43.0 6 6.6 51.4 6 1.8 1 .2 0
Inosine 52.5 6 12.6 44.8 6 2.5 0.85

3 From Fig. 4.

lia, including small intestine, kidney, and liver (8 ± 13). Other 
reported sources of h/rCNTl and h/rCNT2 transcripts include 
brain, spleen, heart, pancreas, and skeletal muscle (9. 12, 47). 
A systematic analysis of CNT 1/2 transcript distribution similar 
to th a t shown in Fig. 9 for hCNT3 would be helpful to more 
fully characterize the different expression patterns of the three 
transporters.

In  parallel with the  multiple tissue expression RNA array, 
we also investigated the distribution of hCNT3 transcript in 
selected tissues by Northern blotting. This less sensitive tech­
nique detected hCNT3 transcripts in pancreas, bone marrow, 
and trachea but not in intestine, liver, brain, or heart (Fig. 10). 
Kidney, as expected from Fig. 9. was also negative. In  pancreas, 
bone marrow, and trachea, three bands were apparent: a  major
5.3-kb transcript and secondary bands a t 6.5 and 4.8 kb. Al­
though two of the bands were sim ilar in size to the major 
transcripts of hCNTl (3.4 kb) and hCNT2 (4.5-kb) (13). the blot 
was probed a t high stringency under conditions where there

was no cross-reactivity with hCNTl/2 (see "Experimental Pro­
cedures"). I t is likely, therefore, th a t they represent alternate 
hCNT3 gene transcripts ra ther th an  cross-hybridization with 
other CNT family members. The absence of bands in kidney, 
which contains transcripts for both hCNTl and hCNT2 (13), is 
further evidence of the specificity of the hCNT3 probe. The 
same tissues (plus mammary gland) were also analyzed by 
TaqM an™  quantitative RT-PCR using hCNT3-specific prim­
ers as described below for HL-60 cells. Relative levels of hCNT3 
transcript by th is method were pancreas > bone marrow, tra ­
chea. intestine > mammary gland » liver, brain, heart > 
kidney (data not shown).

HL-60 Cells (Functional Studies)- The hum an promyelo­
cytic leukemia cell line HL-60 can be induced to differentiate 
into adherent monocyte/macrophage-like cells treatm ent with 
phorbol esters (48. 49). Upon differentiation, the  cells exhibit a 
decrease in equilibrative, Na+-independent nucleoside trans­
port th a t is accompanied by an  increase in concentrative, Na+ - 
dependent transport of both pyrimidine and purine nucleosides 
(50). To rigorously identify the  concentrative transport process­
es) contributing to th is uptake, we first determ ined the uridine 
transport profile of parent and phorbol 12-myristate 13-ace- 
tate-treated HL-60 cells under conditions previously shown to 
be optimal for induction of the  concentrative transport activity 
(50). Equilibrative transport was measured by replacing Na+ 
in the transport medium with NMDG. and concentrative trans­
port was determined in the  presence of Na+ but with the 
addition of dilazep (100 pM) to inhibit equilibrative transport 
activity. We have shown th a t th is  concentration of dilazep has 
no effect on hCNT3 transport activity (Fig. 5). Although previ-
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Fic. 5. Recombinant HCNT3 is not 
inhibited by NBMPR, dipyridamole, 
or dilazep. Initial rates of transporter- 
mediated uridine uptake (20 gM , 20°C, 5 
min) were measured in transport medium 
containing 100 mM NaCl in the absence or 
presence of 1-10 fiu NBMPR and dipy­
ridamole or 1-100 pM dilazep. Oocytes 
were incubated with inhibitor for 30 min 
before the addition of permeant. Mediated 
transport was calculated as uptake in 
RNA-injected oocytes minus uptake in 
water-injected oocytes (uptake of uridine 
by water-injected oocytes was unaffected 
by NBMPR, dipyridamole, or dilazep).
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F ig . 6. Sodium dependence of in­
flux of uridine mediated by recombi­
nant hCNT3 and mCNT3. Initial rates 
of transporter-mediated uptake of uridine 
(10 pM, 20°C, 5 min) by hCNT3 (/4) and 
mCNT3 (Q were measured in transport 
medium containing 0-100 mM NaCl using 
choline chloride to maintain isosmolality. 
Mediated transport was calculated as up­
take in RNA-injected oocytes minus up­
take in water-injected oocytes (uptake of 
uridine by water-injected oocytes was not 
Na+ -dependent). Sand D are Hill plots of 
the hCNT3 and mCNT3 data, respec­
tively. K5o values and Hill coefficients (ri) 
are given in the text. Broken lines in B 
and D correspond to n values of 1.

[Na*] (mM) Log [Na*]

ous studies have reported a  small amount of Na+ -dependent 
transport activity in untreated HL-60 cells (50, 51), our assays 
did not detect any concentrative transport in the parent cell 
line, which exhibited only equilibrative uptake of 10 rm uridine 
(Fig. 11/4). However, there was a  notable increase in Na+-de­
pendent uridine transport in differentiated, adherent HL-60 
cells (Fig. 11B). Uptake of thymidine and formycin B (a non- 
metabollzed analog of inosine) was then used to define which of 
the concentrative transport processes {cit, cif, cib) was active in 
differentiated HL-60 cells (Fig. 11, C and D). Both nucleosides 
were taken up by the concentrative process(es) of differentiated 
HL-60 cells. Transport of thymidine was totally inhibited by 
unlabeled thymidine, inosine, and uridine, whereas formycin B 
uptake was reciprocally inhibited by thymidine. Thus, cib 
(rather than  cit + cif) was the dominant concentrative trans­
port activity in differentiated HL-60 cells. Consistent w ith this 
result, concentrative uridine transport was inhibited by u ri­

dine, thymidine, and inosine (data not shown). Dot blot analy­
sis (Fig. 9/4) and nonquantitative RT-PCR (Fig. 12/4) estab­
lished tha t the  appearance of cib functional activity correlated 
with substantially increased levels of hCNT3 transcrip ts in 
differentiated versus parent HL-60 cells, the la tte r exhibiting 
only small amounts of hCNT3 mRNA. In RT-PCR experiments, 
parent and differentiated HL-60 cells were negative for hCNT2 
mRNA and expressed only very small am ounts of hCNTl 
mRNA, most likely as a  consequence of bleed-through tran ­
scription (data not shown). These results provided further ev­
idence th a t the concentrative nucleoside transport activity seen 
in differentiated HL-60 cells was m ediated by cib and not by 
{cit + cif).

HL-60 Cells (TaqMan™ Quantitative Real Time RT-PCR)- 
The relative levels of hCNT3 transcrip ts in HL-60 parent and 
differentiated cells were determined by quantitative real time 
RT-PCR (Fig. 125). Glyceraldehyde-3-phosphate dehydrogen-
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Fic. 7. Sodium currents induced by 
exposure of recombinant hCNT3 to 
nucleoside permeants. Upper left 
panel, inward currents caused by perfus­
ing an hCNT3-expressing oocyte at room 
temperature with 200 pM inosine. uri­
dine, or thymidine in Na+ -containing 
transport medium {NaCl). Upper right 
panel, the same oocyte perfused with 200 
pM  inosine. uridine, or thymidine in 
transport medium with Na+ replaced by 
choline (ChCt). No inward currents were 
generated. Lower panels, the same exper­
iments described for upper panels above 
but with a control water-injected oocyte. 
No inward currents were generated.

NaCl ChCI

background levels (see also Fig. 9/1). These results, taken  with 
those of the transport experiments, indicated th a t the  small 
am ount of hCNT3 transcription in  the HL-60 parent cells did 
not result in enough protein to be functionally detected, 
whereas the differentiated cells th a t expressed 16-fold more 
hCNT3 mRNA had a  readily m easurable c ib  transport process. 
Because the analyses were performed on exponentially growing 
parent and differentiated cells, the difference in transcript 
levels between parent and differentiated HL-60 cells could not 
be attributed to cell proliferation.

Chromosomal Localization o f  the hC NT3 Gene' Although 
the genes encoding hCNTl and hCNT2 have both been mapped 
to chromosome 15 (15q25-26 (11) and 15ql5 (13), respectively), 
fluorescence in  s itu  hybridization analysis localized the  hCNT3 
gene to 9q22.2. The same chromosomal band location was de­
term ined by screening a  hum an BAC library. Searches of the 
Sanger Center hum an genomic sequence data  base, and the 
Unfinished High Throughput Genomic Sequence GenBank™  
data  base identified two chromosome 9 clones (GenBank1 M 
accession num bers AL356134 and AL353787) containing mul­
tiple hCNT3 genomic fragm ents that, when aligned, revealed
27.3-kb of composite hCNT3 gene sequence containing 74% of 
the hCNT3 coding sequence. The coding sequence th a t was 
obtained was an exact m atch w ith corresponding regions of the 
hCNT3 cDNA sequence.5 Analysis of hCNT3 5 '-genomic se­
quence in the potential upstream  promoter region of the  gene 
revealed the presence of a  eukaryotic phorbol m yristate acetate 
(ester) response element (52) with the sequence 5‘ - 
TGAGTCA-3' th a t may potentially contribute to the transcrip­
tional regulation of hCNT3 seen in HL-60 cells. Studies are in 
progress to compare the organization of the hCNT3 gene with 
th a t for hCNTl (32 kb), which has been determined to contain 
18 exons separated by 17 introns (GenBank™  accession num ­
bers 187967-187978).

Conclusions- The CNT protein family in hum ans is repre­
sented by three members, hCNTl, HCNT2, and the presently 
described hCNT3. Searches of the Unfinished High Through­
put Genomic Sequence GenBank™  data  base have so far re­
vealed no other closely related members of this family in hu­
mans.6 hCNT3 is a  transcriptionally regulated electrogenic 
transport protein that, unlike hCNTl and hCNT2, has a  broad 
perm eant selectivity for pyrimidine and purine nucleosides and
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Fic. 8. Uptake of 3H-labeled anticancer and antiviral nucleo­
side drugs by recombinant hCNT3 expressed in Xenopus oo­
cytes. Uptake of nucleoside drugs (20 pM, 20°C, 30 min) in oocytes 
injected with RNA transcripts or water alone was measured in trans­
port medium containing 100 mM NaCl. ddC, 2' ,3‘-dideoxycytidine; ddl, 
2' ,3'-dideoxyinosine.

ase and hCNT3 were demonstrated to amplify with equal effi­
ciency, and glyceraldehyde-3-phosphate dehydrogenase was 
therefore used as the internal control to normalize levels of 
expression of hCNT3 mRNA between samples. To compare 
samples, a  threshold line was set a t the phase of the PCR 
reaction during which the fluorescent signal accumulated ex­
ponentially. As shown in Fig. 12i?, there was a  substantial 
difference between the HL-60 parent and differentiated sam ­
ples in the PCR cycle numbers a t the threshold line, and three 
independent experiments gave a  mean (+ S.E.) ratio of 4.08 + 
0.09, indicating (because PCR amplification is an exponential 
process) th a t there  was 16.9 + 1.05 more hCNT3 mRNA in 
differentiated versus parent HL-60 cells. Similar results were 
obtained when the da ta  were normalized to 18 S gene expres­
sion (data not shown). The hum an tumor cell lines K562 (eryth- 
roleukemia) and HeLa (cervical carcinoma) were also tested in 
th is assay (data not shown) and gave signals th a t were close to
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Fic. 9. Tissue distribution of hCNT3 
mRNA. A and B, a commercial human 
multiple tissue expression RNA array 
probed with a 32P-labeled cDNA corre­
sponding to hCNT3 amino acid residues 
359-549. The inset in A is a dot blot of 
mRNA (0.5 pg) from suspension parent 
and adherent differentiated HL-60 cells 
probed with the same cDNA. The num­
bered samples are: 1, leukemia (undiffer­
entiated HL-60); 2, HeLa S3; 3, leukemia 
(K-562); 4, leukemia (MOLT-4); 5, Burkitt's 
lymphoma (Raji); 6. Burkitt's lymphoma 
(Daudi); 7, colorectal adenocarcinoma 
(SW480); 8, lung carcinoma (A549); 9, 
whole brain; 10, cerebral cortex; //.frontal 
lobe; 12, parietal lobe; 13, occipital lobe; 14, 
temporal lobe; 15, paracentral gyrus of cer­
ebral cortex; 16, pons; / 7, cerebellum (left); 
18, cerebellum (right); 19, corpus callosum; 
20, amygdala; 21, caudate nucleus; 22, hip­
pocampus; 23, medulla oblongata; 24, pu- 
tamen; 25, substantia nigra; 26, accum- 
bens nucleus; 27, thalamus; 28, pituitary 
gland; 29, spinal cord: 30, esophagus; 31, 
stomach; 32, duodenum; 33, jejunum; 34, 
ileum; 35, ilocecum; 36, appendix; 37, colon 
(ascending); 38, colon (transverse); 39, co­
lon (descending); 40, rectum; 41, heart; 42, 
aorta; 43, atrium (left); 44, atrium (right); 
45, ventricle (left); 46, ventricle (right); 47, 
interventricular septum; 48, apex of the 
heart; 49, kidney; 50, skeletal muscle; 51, 
spleen; 52, thymus; 53, peripheral blood 
leukocyte; 54, lymph node; 55, bone mar­
row; 56, trachea: 57, lung; 58, placenta; 59, 
bladder; 60, uterus; 61, prostrate; 62, tes­
tis; 63, ovary; 64, liver; 65, pancreas; 66, 
adrenal gland; 67, thyroid gland; 68, sali­
vary gland; 69, mammary gland; 70, fetal 
brain; 71, fetal heart; 72, fetal kidney; 73, 
fetal liver; 74, fetal spleen; 75, fetal thy­
mus; 76, fetal lung; 77, human DNA (100 
ng); 78, human DNA (500 ng).
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Fig. 10. High stringency Northern analysis of mRNA from hu­

man tissues probed w ith 32P-labeled hCNT3 cDNA. Samples of 
human tissue mRNA (5 pg) were separated on a 0.8%  formaldehyde- 
agarose gel and blotted on to BrightStar-Plus nylon transfer mem­
brane. Hybridization with a radiolabeled cDNA probe for the coding 
sequence of hCNT3 amino acid residues 359-549 was performed under 
high stringency conditions where there was no cross-reactivity with 
hCNTl or hCNT2. Arrows indicate the positions of three bands in 
pancreas, bone marrow with sizes of 3.5, 4.2, and 6.5 kb.

nucleoside drugs. Hill-type analysis of the relationship be­
tween uridine influx and Na+ concentration indicated a Na+: 
uridine coupling ratio of a t least 2:1, compared with 1:1 for 
hCNTl/2. These characteristics and the induction of hCNT3 
mRNA in HL-60 cells following phorbol ester treatm ent iden­
tified hCNT3 as the physiological hum an cib transporter. A 
mouse homolog of hCNT3 (mCNT3) was also cloned, suggesting

th a t CNT3 is widely distributed in mammals.
A candidate cib-type transporter SNST1 th a t is related to the 

Na+-dependent glucose transporter SGLT1 was identified in 
1992 in rabbit kidney (23). There is no sequence sim ilarity 
between SNSTl and either the CNT or ENT protein families. 
Although recombinant SNSTl, when expressed in oocytes, 
stim ulated low levels of Na+ -dependent uptake of uridine tha t 
was inhibited by pyrimidine and purine nucleosides (i.e. cib  
type pattern), the function of this protein rem ains unclear 
because the ra te  of uridine transport in oocytes was only 2-fold 
above endogenous (background) levels, w hereas a  > 100-fold 
stim ulation was observed with h/mCNT3. It is likely th a t the 
true  physiological substrate of SNSTl is a  low molecular 
weight metabolite for which there  is overlapping perm eant 
recognition with nucleosides.

hCNT3 and mCNT3 are more closely related to the hagfish 
transporter hfCNT than  to m am m alian CNT1/2 and thus form 
a  separate CNT subfamily. Hagfish diverged from the main 
line of vertebrate evolution about 550 million years ago and 
represent the most ancient class of ex tant vertebrates. The 
high degree of amino acid sequence sim ilarity between 
h/mCNT3 and hfCNT in the TM 4-13 region (67% sequence 
identity) may indicate functional constraints on the primary 
structure of th is  domain and suggests th a t eft-type concentra­
tive NTs fulfill im portant physiological functions. The tissue 
distribution of hCNT3 transcripts was more widespread than  
anticipated from previous studies of e f t functional activity and 
is different from th a t of either CNT1 or CNT2. Although tran ­
scripts for mamm alian CNT1 and CNT2 have been described in 
jejunum, kidney, liver, and brain (CNT1) and jejunum , kidney,
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Fig. 11. Time courses of 3H*labeled uridine, thymidine, and formycin B uptake by HL-60 cells. A and B, uptake of 10 pM uridine (20°C) 
by suspension parent (,4) and adherent differentiated (fi) HL-60 cells. Total transport (square, no inhibitor, Na* -containing medium) was compared 
with equilibrative transport (upward triangle, no inhibitor, NMDG-containing medium), concentrative transport {downward triangle, 100 pM 
dilazep, Na*-containing medium), and diffusion {diamond, 1 0 0  p.M dilazep, NMDG-containing medium). Cand D, uptake of 10 pM  thymidine (C) 
and formycin B {D> by the concentrative transport process in adherent differentiated HL-60 cells. Uptake of each permeant was measured at 20% 
to demonstrate total transport {square, no inhibitor, Na*-containing medium), equilibrative transport {upward triangle, no inhibitor, NMDG- 
containing medium), concentrative transport {downward triangle, 100 p M  dilazep, Na*-containing medium), and diffusion {diamond, 100 pM  
dilazep, Na* -containing medium). In addition, concentrative transport, in the presence of Na* and 100 pM dilazep, of each permeant was assessed 
in the presence of competing unlabeled nucleosides including 1 mM  thymidine {circle), 1 m M  inosine {open downward triangle), and 1 mM  uridine 
{open upward triangle).
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F ig . 12. Nonquantitative RT-PCR and TaqMan™ quantitative RT-PCR of hCNT3 transcripts in HL-60 cells. A, RNA from suspension 
parent {HL60-P, lane 1) and adherent differentiated {HL60-D, lane 2) cells in exponential growth was subjected to RT followed by PCR using 
hCNT3 primers flanking the hCNT3 open reading frame (see "Experimental Procedures"), and the products were run on an ethidium bromide- 
stained agarose gel. hCNT3-specific PCR products migrated at the expected size of ~ 2.2 kb {arrow). The negative controls were RNA preparations 
from differentiated HL-60 cells that were subjected to PCR but not RT {RT(-), lane 3) and that did not contain template {NTC, lane 4). A 
predominant band was amplified from the HL-60 differentiated cells {lane 2), whereas a faint band of the same size was amplified from the HL-60 
parent sample {lane 1). The RT-free {lane 3) and template-free {lane 4) preparations were both negative. B, real time quantitative PCR was 
performed on cDNA from HL-60 parent {P, upward triangles) or differentiated {D, downward triangled) cells in exponential growth using primers 
and probes specific for either hCNT3 {solid symbold) or glyceraldehyde-3-phosphate dehydrogenase {open symbold). The ARn, or change in reporter 
fluorescence normalized to the cycle-to-cycle signal from a passive reference dye, is plotted against the PCR cycle number. The cycle threshold, Cr 
values were assessed at the point at which ARn values crossed the threshold value, which was above background and within the exponential phase 
of the reaction. The values plotted are from representative samples. The results of three experiments, each with duplicate samples, were used to 
calculate the difference in hCNT3 transcript expression between the two ceil populations (see "Results and Discussion"). The template-free control 
values were at background levels.

liver, spleen, heart, skeletal muscle, and pancreas (CNT2), the 
highest levels of hCNT3 transcripts were found in pancreas, 
bone marrow, trachea, mammary gland, and duodenum. Clin­
ically, hCNT3 may be expected to contribute to the  concentra­
tive cellular uptake of both anticancer and antiviral nucleoside 
drugs. Future studies of the transcriptional regulation of the

hCNT3 gene will enhance our understanding of its physiologi­
cal function(s) and therapeutic potential.
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