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Abstract 

Concentrative nucleoside transporter (CNT) proteins mediate nucleoside 

transport using the electrochemical gradient of the coupling cation. The molecular 

mechanisms underlying interactions with both nucleosides and cations were 

investigated by heterologous expression of recombinant CNT family members in 

Xenopus laevis oocytes combined with radioisotope flux assays and electrophysiology 

studies. Structure-function investigations of chimeric and mutant CNTs revealed 

important roles for key regions and residues within the proteins. 

In humans (h), the CNT protein family is represented by three members. 

hCNTl and hCNT2 are pyrimidine nucleoside- and purine nucleoside-selective, 

respectively, while hCNT3 transports both pyrimidine and purine nucleosides. hCNTl 

and hCNT2 function exclusively as Na+-coupled nucleoside transporters and share 1:1 

Na+:nucleoside stoichiometry. Belonging to a CNT subfamily phylogenetically 

distinct from hCNTl/2, hCNT3 utilizes electrochemical gradients of Na+, Li+ or H+to 

drive nucleoside transport and exhibits 2:1 Na+:nucleoside and 1:1 H+:nucleoside 

stoichiometries. Non-mammalian H+-coupled CNT family members also functionally 

characterized include NupC from the bacterium Escherichia coli and allelic isoforms 

of CaCNT from the pathogenic yeast Candida albicans. Both Na+ and H+ activate 

CNTs through mechanisms to increase nucleoside apparent binding affinity. 

Multiple alignments of CNT family members reveal strong sequence 

similarities within the C-terminal halves of the proteins and hCNTl/3 chimeric 

studies demonstrated that this region determined nucleoside transport phenotype. 



hCNTl/3 mutagenesis studies identified conserved serine, leucine and glutamate 

residues in transmembrane domains (TMs) 7 and 8 with roles in nucleoside selectivity 

and cation-coupling. In hCNT3, access of j?-chloromercuribenzene sulfonate 

(PCMBS) to TM 12 Cys561 reported a specific H+-activated state of the transporter 

and mutagenesis at this position revealed key roles in Na+/H+-coupling. Adjacent to 

this conformationally sensitive, mobile pore-lining region of TM 12, a conserved 

negatively charged residue (Glu519) in TM 11A was established to be critical for CNT 

cation-coupling. Glu519 is centrally positioned within the highly conserved CNT 

family motif (G/A)ZOr
3NEFVA(Y/M/F) of TM 11A and substituted cysteine 

accessibility method analysis of the TM 11-13 region identified novel membrane-

associated topology for this TM. These studies provide important structural and 

functional insights into the nature of the nucleoside/cation translocation pore and 

mechanism of nucleoside/cation cotransport by CNTs. 
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Nucleoside Transport 

Physiological Importance 

Nucleosides are important physiological molecules. Naturally occurring 

nucleosides include the purine nucleosides adenosine, guanosine and inosine and the 

pyrimidine nucleosides uridine, cytidine and thymidine (Fig. 1-1). Nucleosides serve 

as the metabolic precursors to nucleotides which are fundamental biological 

molecules involved in the formation of DNA, RNA and high-energy compounds, 

such as ATP. Adult pig erythrocytes, which lack glucose transporters, use inosine as 

an in vivo energy source (1, 2). Likewise, in the absence of glucose transporters, 

nucleosides are critical for sustaining metabolism in embryonic and adult chicken 

erythrocytes (3, 4). The purine nucleoside adenosine is also a ubiquitous signaling 

molecule that mediates numerous physiological processes by binding to cell-surface 

adenosine receptors (5, 6). For example, adenosine regulates myocardial 0 2 supply-

demand balance via coronary vasodilation and cardiac pacemaking and contractility, 

and functions as a cardioprotective agent in the ischemic/reprofused myocardium (5-

14). Additionally, adenosine is involved in regulation of inflammation (15, 16), 

lipolysis (17), vascular tone (5, 14, 18), platelet aggregation (19, 20), renal function 

(21, 22), nociception (23, 24) and neurotransmission and neuromodulation in the 

central nervous system (25-28). 

Nucleosides are hydrophilic molecules. As a result, passive diffusion of these 

molecules across biological membranes is limited, and therefore specialized 

nucleoside transport proteins are required for their passage across plasma membranes 

or between intracellular compartments (28-35). Thus, cellular uptake of both purine 

and pyrimidine nucleosides via nucleoside transport proteins is important for the 

synthesis of nucleic acid precursors by salvage pathways (28-35). Nucleoside salvage 

is energetically more favorable than de novo biosynthesis and plays an important role 

in nucleoside and nucleotide homeostasis (36-38). Additionally, some cell types are 

deficient in purine de novo biosynthetic pathways and thus, rely solely on imported 

nucleosides for purine nucleotide synthesis. In mammalian cells, for example, this 
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includes bone marrow cells (39), erythrocytes (40, 41), intestinal enterocytes (42), 

leukocytes and certain brain cells which lack purine de novo biosynthetic pathways 

(43). Nucleoside salvage pathways are also important for parasitic organisms, such as 

protozoan and helminth parasites, that lack purine de novo biosynthetic capability 

(44-49). Nucleosides are acquired from dietary sources, salvaged in the kidney and 

produced by tissues such as the liver (39, 50-54). 

Once hydrophilic nucleosides are taken up into cells across the plasma 

membrane, nucleoside transport proteins are also involved in their movement from 

the cytosol into intracellular organelles (31). Nucleoside release from cells and 

intracellular organelles is also necessary for cell function, especially to prevent excess 

accumulation of nucleotide breakdown products. This is evident, for example, in 

fibroblast lysosomes which are responsible for the degradation of nucleic acids into 

nucleosides (55). Nucleoside transport proteins are also responsible for determining 

the levels of free nucleosides in the general circulation and are thus able to regulate 

the extracellular physiological effects of nucleosides. For example, nucleoside 

transporters regulate the concentration of adenosine available to cell surface 

purinoreceptors and therefore, play an important role in the many adenosine-regulated 

physiological processes (29, 32). 

Pharmacological Importance 

Exploitation of the importance of physiological nucleosides led to the 

development of nucleoside analogs as chemotherapeutic agents. This group of 

cytotoxic compounds has been used in the treatment of both neoplastic and viral 

disease, including hematological and solid malignancies, such as leukemias, 

lymphomas and gastrointestinal tract cancers, as well as human immunodeficiency 

virus (HIV) and herpes virus infections (28, 56-58). Upon entering the cell, 

nucleoside analogs exert cytotoxic actions by undergoing phosphorylation to their 5'-

triphosphate derviatives by nucleoside kinases, such as deoxycytidine, 

deoxyguanosine and thymidine kinases, as well as by 5'-nucleoside monophosphate 
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and 5'-nucleoside diphosphate kinases (59). Deamination by adenosine or cytidine 

deaminase and interference by cytoplasmic 5'-nucleotidases will decrease the 

available concentration of active chemotherapeutic agent (59). Phosphorylated 

nucleoside analogs interfere with nucleotide metabolism and RNA and DNA 

replication events, resulting in antiproliferative effects and resistance to virus 

replication. 

Antineoplastic chemotherapeutics include both purine nucleoside analogs, 

such as 2'-chloro-2'-deoxyadenosine (cladribine; 2-CdA) and 9-P-D-arabinosyl-2-

fluoroadenine (fludarabine; F-araA), and pyrimidine nucleoside analogs, such 1-p-D-

arabinofuranosyl cytosine (cytarabine; araC) and 2', 2'-difluorodeoxycytidine 

(gemcitabine; dFdC) (32, 56-59). The structures of these compounds are depicted in 

Fig. 1-2. F-araA is used clinically to treat chronic lymphocytic leukemia, low-grade 

lymphomas and other hematological malignancies (58, 59). Upon phosphorylation, 

F-araATP inhibits several enzymes involved in nucleoside synthesis and DNA 

replication including DNA polymerase, DNA primase, ribonucleotide reductase and 

DNA ligase I, and incorporation of F-araATP into DNA and RNA results in 

premature chain termination (58, 59). Differing in structure by a chlorine substitution 

of fluorine in the 2 position of the adenine moiety, 2-CdA in its active triphosphate 

form also inhibits DNA replication and repair, and ribonucleotide reductase (57, 58). 

Hematological malignancies, including low-grade lymphomas, chronic lymphocytic 

leukemia and hairy cell leukemia, are all treated clinically with 2-CdA (58, 59). The 

pyrimidine nucleoside analog, araC is also used clinically against haemotopoietic 

malignancies, such as acute myelogenous leukemia and non-Hodgkin's lymphoma 

(57-60). In its active phosphorylated form, araCTP inhibits DNA polymerase a and 

induces chain termination upon incorporation into DNA (57-59). The araC analog 

dFdC is used in the treatment of solid tumors, including pancreatic, breast, non-small 

cell lung, ovarian, bladder and head and neck cancers (58, 59). Unlike araC, but 

similar to 2-CdA, phosphorylated dFdCDP inhibits ribonucleotide reductase, thereby 

decreasing intracellular concentrations of natural deoxynucleotides (57-59, 61). 

Incorporation of dFdCTP into DNA is followed by the addition of a physiological 

deoxynucleotide, thereby causing masked chain termination and prevention of repair 
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by proof-reading exonucleases (57, 58, 61). In addition to their direct cytotoxic 

activity, fiuoropyrimidines such as dFdC, also trigger sensitization to radiation by 

distributing cells into early S phase of the cell cycle, thereby taking advantage of the 

intrinsic differences in cell cycle progression between normal and tumor cells to 

confer relative specificity to the treatment (57, 62, 63). 

Antiviral nucleoside analogs include 3'-deoxynucleosides such as 2', 3'-

dideoxyinosine (didanosine; ddl), 2', 3'-dideoxycytidine (zalcitabine; ddC) and 3'-

azido-3'-deoxythymidine (zidovudine; AZT) which are also depicted in Fig. 1-2 (57, 

64). AZT, for example, is used clinically for the treatment of HIV (57, 65, 66). 

Similar to antineoplastic nucleoside analogs, these compounds are active in 

triphosphate form where incorporation into growing viral DNA results in chain 

termination through the inhibition of reverse transcription (57). 

Similar to their physiological parent compounds, most synthetic nucleoside 

analogs are hydrophilic. Therefore, nucleoside transporters play a critical role in 

mediating the cellular uptake, and thus the subsequent metabolism and 

pharmacological action(s) of the nucleoside analog chemotherapeutic (29, 32, 35, 56, 

57, 59). The efficient intracellular delivery of nucleoside analog chemotherapeutics is 

dependent upon the presence of functional nucleoside transporters in plasma 

membranes and is mechanistically linked to both drug toxicity and resistance (56). 

The inability of parasitic protozoa to synthesize purines de novo results in 

dependence on scavenging mechanisms for the uptake of purine nucleosides to enable 

growth and survival, and provides an opportunity for pharmacologic intervention (67, 

68). Parasitic disease presents a health problem worldwide. For example, the 

parasitic protozoa of the family Trypanosomatidae are responsible for Chagas' 

disease and African sleeping sickness, Leishmania are responsible for leishmaniansis 

and Plasmodium causes malaria (67, 69). The possible use of nucleoside analog 

drugs specific to nucleoside transport proteins in the parasite, or specific parasite 

purine nucleoside transporter inhibitors would be clinically beneficial in the treatment 

of parasitic disease. 
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The profound effects of adenosine as a signaling molecule have also made it a 

valuable pharmacological target. For example, adenosine is used for the treatment of 

supraventricular tachycardia, and adenosine agonists and antagonists have well 

defined clinical roles in the treatment of other human diseases including hypertension, 

renal failure and epilepsy (8, 53). Administration of adenosine to patients before 

coronary artery bypass surgery reduces myocardial injury (70, 71). Nucleoside 

transport across cellular membranes can profoundly influence local concentrations of 

adenosine, and nucleoside transporter inhibitors can potentiate the actions of 

adenosine (8, 53, 72, 73). In the heart for example, under normoxic conditions, the 

net flux of adenosine is into cardiomyocytes and endothelial cells (74); administration 

of nucleoside transport inhibitors, such as dipyridamole, dilazep or draflazine (Fig. 1-

3), prevent influx of adenosine across the cell membrane, thereby increasing 

extracellular adenosine concentrations, potentiating the interaction with adenosine 

receptors and resulting in adenosine-mediated cardiovascular effects, such as 

vasodilation (8, 75, 76). In addition to vasodilatory effects, dipyridamole, for 

example, also potentiates the chronotropic and dromotropic effects of adenosine on 

the sinoatrial (SA) and atrioventricular (AV) nodes, respectively (77). 

Pharmacological manipulation of adenosine transport through the use of inhibitors 

may also provide an alternative strategy for exploiting the preconditioning abilities of 

adenosine to attenuate ischemic injury in patients undergoing heart surgery (76). 

Nucleoside Transport Proteins 

Nucleoside transport processes have been identified in both eukaryotic and 

prokaryotic cells. Molecular cloning strategies and functional expression of cDNAs, 

as well as genome sequencing projects and bioinformatic analysis, have resulted in 

the identification of a diverse array of structurally distinct nucleoside transport 

proteins. These nucleoside transport processes and corresponding proteins comprise 

members from eight different integral membrane protein families. In mammalian 

cells, this includes the equilibrative nucleoside transporter (ENT), concentrative 
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nucleoside transporter (CNT), organic cation transporter (OCT) and organic anion 

transporter (OAT) families. In lower eukaryotes and prokaryotes, this includes the 

nucleoside:H+ symporter (NHS), Tsx channel-forming protein, uracil/allantoin 

permease and nucleoside permease (NUP) families. Each protein family contains 

multiple members, the majority of which have been discovered only by virtue of their 

sequence similarity to previously cloned mammalian isoforms and remain 

functionally uncharacterized. 

The research presented in this thesis focuses primarily on human CNTs, but 

also includes investigations of lower eukaryote and prokaryote CNTs and, as well, a 

fungal nucleoside transporter belonging to the uracil/allantoin permease family of 

proteins. To place this work in proper context, and to enable the progress made to be 

assessed relative to current knowledge of other eukaryote and prokaryote nucleoside 

transporters, information from all eight nucleoside transporter families has been 

incorporated. Tables 1-1 and 1-3 to 1-9 summarize the proteins from each family 

which have been identified at the molecular level by means other than or in addition 

to sequence similarity to previously known family members. Only those with defined 

nucleoside transport properties are discussed. 

Equilibrative Nucleoside Transporter (ENT) Family 

Passive nucleoside transport across biological membranes is mediated by 

members of the ENT family (reviewed in 28-33, 35, 54, 78-83). This family of 

integral membrane proteins enables the bidirectional movement of hydrophilic 

nucleosides and nucleoside analogs across cellular membranes down their 

concentration gradients. The ENT family is widely distributed in eukaryotes, 

including mammals, protozoa, nematodes, insects, plants and fungi. Despite the 

nomenclature, the ENT family also includes H+-coupled transporters, such as 

protozoan Leishmania donovani (Ld) nucleoside transporters (NT) 1.1, LdNT1.2 and 

LdNT2 (84) and Trypanosoma brucei brucei (Tb) NT2, TbNT2/927, TbNT5, TbNT6 
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and TbNT7 (48, 85-87), and plant Arabidopsis thaliana (At) ENT1 and AtENT3 (88, 

89). ENT family members that have been identified are listed in Table 1-1. 

Mammalian ENT Family Members 

Facilitated diffusion of nucleosides mediated by equilibrative nucleoside 

transport systems was the first mammalian nucleoside transport mechanism to be 

studied and was initially characterized in erythrocytes (1, 90-93). Subsequent studies 

revealed that most mammalian cells exhibit low-affinity, passive equilibrative 

nucleoside transport. Equilibrative nucleoside transport processes were first 

distinguished and subsequently classified on the basis of their sensitivity to inhibition 

by the S6-substituted 6-thiol-purine nucleoside derivative nitrobenzylmercaptopurine 

ribonucleoside (NBMPR) (1, 30, 91, 94). The chemical structure of NBMPR is 

depicted in Fig. 1-3. Accordingly named, the equilibrative nucleoside transport 

system es was sensitive to inhibition by nanomolar concentrations of NBPMR, 

whereas the ei nucleoside transport system was insensitive to NBMPR concentrations 

of < 1 uM (32, 95-97). The es transporter was identified as a band 4.5 polypeptide in 

photolabeling experiments with NBMPR (98) and its identity later confirmed by 

functional reconstitution of the purified protein into phospholipid vesicles (99). In 

addition to NBMPR, most es and ei transport processes were also inhibited by the 

non-nucleoside coronary vasodilators dipyridamole, dilazep and draflazine (Fig. 1-3) 

(30). Initial characterization studies of es and ei transport systems revealed that both 

display broad permeant selectivity, transporting both physiological purine and 

pyrimidine nucleosides and synthetic nucleoside analogs (1, 29, 30, 32, 56). The ei 

process was also capable of transporting the purine nucleobase hypoxanthine (100, 

101). 

Molecular identification of the first ENT occurred in 1997 with the cloning of 

human (h) hENTl (102). Subsequent to the purification and N-terminal sequencing 

of the archetypal es transporter from human erythrocytes, the cDNA encoding hENTl 

was isolated from a human placental cDNA library (102). Soon after, cDNA 
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encoding the ez'-type transporter hENT2 was identified in a human placental cDNA 

library using homology cloning techniques based on sequence similarity to hENTl 

(103) and, independently, in a HeLa cell cDNA library by functional 

complementation studies (101). hENTl and hENT2 belong to the human solute 

carrier (SLC) 29 gene family of proteins and are classified as SLC29A1 and 

SCL29A2, respectively. Together, ENT1 and ENT2, with es and ei transport 

function, respectively, account for the majority of equilibrative nucleoside transport 

activity in mammalian cells. Two additional ENT family members, ENT3 and ENT4, 

were originally identified by genome database analysis (78, 79) and have been 

confirmed to function as nucleoside transporters (54, 104). 

ENT1 

The es nucleoside transport process in humans corresponds to a 40 kDa 

protein of 456 residues identified as hENTl (102). It is 78% identical in sequence to 

the 457 residue rat (r) homolog rENTl isolated from rat jejunal cDNA library (105) 

and 78% identical to the 458 residue mouse (m) homolog mENTl isolated from 

mouse brain (106). The chromosomal location of the hENTl gene is 6p21.1-21.6 

(107, 108). No splice variants of hENTl have been reported to date, and cloning of 

hENTl from different tissues has identified identical amino acid sequences (109). 

However, there are two isoforms of mENTl designated mENTl.l corresponding to a 

460 residue protein and mENTl.2 corresponding to a 458 residue variant generated 

by alternative splicing at the end of exon 7 and lacking a potential casein kinase II 

phosphorylation site (110, 111). mENTl.2 is widely distributed and appears to be 

functionally identical to mENTl.l, except for altered NBMPR binding affinity (111, 

112). Overall, hENTl exhibits a low degree of mutability and a study involving 247 

DNA samples identified only four synonymous and two non-synonymous variants 

with low allele frequencies (113). Single nucleotide polymorphisms (SNPs) which 

have been described in the promoter (114) and coding (115) regions of hENTl have 

no effect on function. mENTl-null mice are viable and fertile (116, 117). 
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ENT1 exhibits broad permeant selectivity, transporting both purine and 

pyrimidine nucleosides (102, 105, 106, 118). Upon expression in Xenopus laevis 

oocytes, nucleoside transport by hENTl was saturable and conformed to Michaelis-

Menten kinetics with an apparent Km value of 0.24 mM for uridine (102). 

Recombinant hENTl in a nucleoside transporter-deficient pig kidney tubular 

epithelial cell line (PK15 cells) exhibited apparent Km values for all physiological 

nucleosides ranging from 0.04 mM (adenosine) to 0.58 mM (cytidine) (118). 

Additionally, using the same expression system, a turnover number of 46 

molecules/sec for uridine transport at room temperature was demonstrated (118). The 

corresponding turnover number in erythrocytes for native hENTl and other 

mammalian ENT1 transporters was -150 molecules/sec at 25°C (81). A comparison 

of apparent ^m values for hENTl-mediated transport obtained in different expression 

systems, as well as those of other hENT and hCNT family members, are given in 

Table 1-2. In addition to physiological nucleosides, hENTl mediates the uptake of 

chemotherapeutic nucleoside analogs including dFdC (119, 120), araC (121, 122), 2-

CdA (58, 123), F-araA (58, 124), 4'-thio-p-D-arabinofuranosyl cytosine (TaraC) 

(122) and 5'-deoxy-5-fluorouridine, an intermediate metabolite of 5'-deoxy-5-iV-

[(pentoxy)carbonyl]-cytidine (capecitabine) (125). In contrast, the antiviral 2', 3'-

dideoxynucleosides ddC and ddl are poorly transported and AZT is not transported by 

hENTl (126). As indicated by the transport process name es, ENTl-mediated 

nucleoside uptake (and efflux) is inhibited by nanomolar concentrations of NBMPR 

(102, 105, 106, 111, 118). Additionally, hENTl and mENTl are sensitive to 

inhibition by dipyridamole and dilazep (102, 106, 127), as well as by draflazine (128). 

In contrast, the rat homolog rENTl is relatively insensitive to both dipyridamole and 

dilazep, requiring concentrations in excess of 1 uM to inhibit transport activity (105, 

129). 

Initial hydropathy plots predicted ENT1 to have 11 transmembrane domains 

(TMs) in which the N-terminus is cytoplasmic and the C-terminus is extracellular 

with a large cytoplasmic loop linking TMs 6 and 7 (102, 130). This putative topology 

was experimentally verified by glycosylation scanning mutagenesis and antibody 

studies (130). Based on sequence comparisons, ENT family members are all 
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predicted to share this 11 TM topology, and a representative topology model is 

depicted in Fig. 1-4 (78, 130). In agreement with biochemical studies of the native es 

protein in erythrocytes (131, 132), hENTl is a glycoprotein (118) and mutagenesis 

studies have revealed a single site of glycosylation at Asn48 between TMs 1 and 2 

(127). Although conversion of asparagine to glutamine at position 48 in hENTl 

decreased its affinity for NBMPR and increased its affinity for dilazep and 

dipyridamole, glycosylation was not essential for function (127). 

Consistent with early demonstrations that nucleoside uptake in most cell types 

occurred via an es process, ENT1 appears to be ubiquitously distributed in human and 

rodent tissues at both the mRNA and protein levels, although its abundance varies 

between tissues (54, 110, 111, 133). For example, cDNA with > 90% identity to 

placental cDNA was identified in fetal brain, liver and spleen, and in adult adipose 

tissue, aortic endothelial cells, brain, breast, colon, heart, lung, ovary, placenta, 

prostate and uterus, as well as malignant cells (31, 78). In brain, ENT1 is most 

abundant in the frontal and parietal lobes of the cerebral cortex, with moderate 

abundance in the thalamus, midbrain and basal ganglia and lower levels in other brain 

regions (134-136). This pattern of hENTl distribution correlates well with adenosine 

Ai receptor abundance (135). In the rat hippocampus, A2A adenosine receptors were 

demonstrated to regulate ENT activity (137). hENTl-mediated adenosine transport 

was reported in human fetal astrocytes (138). In the heart, plasma membrane-

associated immunostaining of rENTl is apparent in atrial and ventricular myocytes, 

as well as in the SA node (139). Polarized epithelial cells of the kidney primarily 

show basolateral expression of ENT1, as demonstrated by immunocytochemical 

studies in rat kidney cortex tubular epithelial cells (54) and yellow fluorescent protein 

(YFP) or green fluorescent protein (GFP) tagged constructs expressed in renal 

epithelial Madin-Darby canine kidney (MDCK) cells (140, 141). However, in human 

kidney, hENTl has been demonstrated to be present in both apical and basolateral 

membranes in proximal tubules, loop of Henle and collecting ducts (142, 143). 

Basolateral expression was evident for hENTl in T84 intestinal epithelial cells (144) 

and in human duodenum, hENTl mRNA was present in crypt cells with protein 

localized to lateral membranes (143). hENTl mRNA and cell surface-expressed 
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protein were also present in hepatocytes and placental trophoblasts (143). In addition 

to its predominant localization to the plasma membrane, hENTl has also been 

reported in the mitochondrial membrane of MDCK cells, and a mitochondrial 

targeting motif, PELYN, in the extracellular loop between TMs 1 and 2 has been 

identified (145, 146). In contrast to hENTl, both mENTl and rENTl are not 

localized to mitochondrial membranes and exhibit PEA'S in place of the hENTl 

targeting motif (146). hENTl has also been reported in the nuclear envelopes of 

cultured human choriocarcinoma BeWo cells (147). 

Cell surface expression of hENTl is coordinated with the cell cycle. Tumor 

tissues show higher levels of NBMPR-binding protein compared to normal tissues 

(148). It has been reported, in contrast, that induction of differentiation in HL-60 

cells resulted in decreased NBMPR binding sites and hENTl transport activity (149). 

However, protein levels have also been reported to double between Gi and G2-M 

phases of the cell cycle (150, 151). In a murine macrophage cell line, colony 

stimulating factor (CSF)-l exerted a stimulatory effect on es-type activity (150) and 

the macrophage-CSF induced increase in ENT1 expression could be subsequently 

downregulated by interferon (IFN)-y (152). Although the mechanism is unknown, 

experiments using nucleotide synthesis inhibitors suggest that hENTl synthesis 

and/or cell surface expression is regulated in response to cellular deoxynucleotide 

levels (151). Protein kinase C (PKC) 6 and/or e isoforms have also been identified as 

responsible for the rapid activation of cell surface hENTl in MCF-7 cultured cells in 

response to phorbol 12-myristate 13-actetate (PMA) treatment (153). However, in a 

human B-lymphocyte cell line, PMA and lipopolysaccharide (LPS) both 

downregulated expression of ENT1 through mechanisms involving tumor necrosis 

factor (TNF)-a and nitric oxide (NO), but not PKC (154, 155). Insulin up-regulated 

the es process in manner dependent on NO and cyclic guanosine monophosphate 

(cGMP) in human umbilical artery smooth muscle cells (156), but in rat cardiac 

fibroblasts (157) and T- and B-lymphocytes (158, 159), high levels of glucose 

decreased rENTl mRNA levels and insulin exerted no effect. Similarly, exposure of 

human endothelial cells to D-glucose, which results in stimulation of adenosine 

purinoceptors, reduces both hENTl protein and mRNA levels (160). This down-
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regulation of hENTl expression was demonstrated to be the result of increased 

specific protein 1 (Spl) binding to the hENTl promoter (161). 

ENT2 

At the molecular level, the ei nucleoside transport process corresponds to 

ENT2. Similar to hENTl, hENT2 is 456 residues in length (101, 103) and shares 

46% amino acid identity to hENTl and 88% identity to both rENT2 cloned from rat 

jejunal cDNA library (105) and mENT2 cloned from mouse brain (106). Both rENT2 

and mENT2 are also 456 residues in length (105, 106). The gene corresponding to 

hENT2 protein is located on chromosome llql2.1 (108) or l lq l3 (58). An mRNA 

splice variant lacking part of exon 4 has been described as the product of a growth 

factor-induced delayed early-response gene (162) and results in a frameshift thereby 

producing a 326 residue truncated protein, human hydrophobic nuclear protein 

(hHNP) 36, that lacks the first three TMs of hENT2 and is non-functional as a 

nucleoside transporter (101). A second widely distributed splice variant with a 40 

base pair deletion in exon 9 yields a 301 residue C-terminally truncated protein 

(hENT2A) that is retained intracellularly (141). A C-terminally truncated, but 

apparently functional variant of rabbit (rb) ENT2 (rbENT2A) has also been reported 

(163). Similar to hENTl, hENT2 is highly conserved and, in a study of 247 DNA 

samples, only 14 polymorphic sites were identified to occur at low frequencies of 

which 11 were in the coding regions and included three nonsynonymous variants and 

two deletions (113). Using site-directed mutagensis of hENT2 and expression in 

Xenopus oocytes, all variants, except one deletion mutant resulting in premature 

truncation, displayed functional activity (164). 

Similar to ENT1, ENT2 mediates the transport of a broad range of purine and 

pyrimidine nucleosides (101, 103, 105, 106, 118). Upon expression in Xenopus 

oocytes, an apparent Km value for uridine of 0.2 mM was reported for hENT2 (103). 

With the exception of uridine and inosine, hENT2 mediates transport of other 

nucleosides with lower apparent affinities than hENTl (118). For example, 
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recombinant hENT2 in PK15 cells exhibited apparent Km values of 0.14, 0.71, 2.7 and 

5.61 mM for adenosine, thymidine, guanosine and cytidine, respectively (118). 

Unlike ENT1, and consistent with previous reports of hypoxanthine induced 

inhibition of ENT2-mediated uridine uptake (101, 118), h/rENT2 transport both 

purine and pyrimidine nucleobases including hypoxanthine, adenine, guanine, uracil 

and thymine (165). hENT2, but not rENT2, also transports cytosine (165). The 

affinities for nucleobases are lower than those for nucleosides, but the turnover 

numbers for transport are higher such that, at physiological concentrations, the 

efficiencies of nucleoside and nucleobase transport are similar (165). Apparent Km 

values for hENT2-mediated transport of nucleosides and hypoxanthine in various 

expression systems, as well as those of other hENT and hCNT family members, are 

listed in Table 1-2. Chemotherapeutic nucleoside analogs that are permeants of 

hENT2 include dFdC (119, 120), F-araA (124), araC (122), 2-CdA and 2-chroro-9-

(2'-deoxy-2'-fluoro-(3-D-arabinofuranosyl)adenine (clofarabine) (58, 123). h/rENT2 

are capable of transporting antiviral 2', 3'-dideoxynucleosides, including AZT, and 

exhibit higher efficiency for the transport of ddC and ddl than ENT1 (126). As 

indicated by the transport process name ei, ENT2 is insensitive to low concentrations 

of NBMPR and is less sensitive to inhibition by dipyridamole, dilazep and draflazine 

thanENTl (101, 103, 105, 106, 118, 128, 166). 

hENT2 is predicted to exhibit an 11 TM membrane topology similar to that of 

hENTl depicted in Fig. 1-4 (103). hENT2 migrated as 50 and 47 kDa on SDS-

polyacrilamide gels and contains two glycosylation sites, Asn48 and Asn57, in the 

extracellular loop between TMs 1 and 2 (118, 167). Aglyco mutants are functionally 

comparable to wild-type hENT2, although JV-glycosylation was required for efficient 

targeting of hENT2 to the plasma membrane (167). Changes in glycosylation status 

also increased IC50 values for dipyridamole (hENT2 aglyco mutants N48D, N57D and 

N48D/N57D) and NBMPR (hENT2 aglyco mutants N57D and N48D/N57D), 

although these effects alone were not sufficient to account for the difference in 

inhibitor sensitivity between hENT2 and hENTl (167). 
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Similar to ENT1, ENT2 mRNA is expressed in a wide range of tissues, 

including brain, heart, placenta, thymus, pancreas, prostate, lung and kidney and is 

particularly abundant in skeletal muscle (101, 103, 133, 143). The predominant 

distribution of hENT2 in skeletal muscle, in conjunction with a high affinity for the 

adenosine metabolites, inosine and hypoxanthine, suggests an important role in 

muscle physiology during and after strenuous exercise (101, 118). hENT2 protein 

expression in brain was found to be most abundant in the cerebellum and brainstem 

regions, particularly the pons (135). In contrast, rENT2 transcript was more widely 

distributed throughout the rat brain and found predominantly in hippocampus, cortex, 

striatum and cerebellum, which may indicate either a species differences or 

mRNA/protein level discrepancy (168). Human fetal astrocytes have been 

demonstrated to exhibit hENT2-mediated adenosine uptake (138). In the rat, the 

primary nucleoside transporter present in C6 glioma cells was rENT2 (169). 

ENT2 is primarily targeted to the plasma membrane of cells. 

Immunocytochemistry studies show cell surface location of ENT2 in rat 

cardiomyocytes (54) and GFP fusions of hENT2 are targeted to the basolateral 

membrane when expressed in polarized renal epithelial MDCK cells (141). In human 

tissues, hENT2 was basolaterally localized in the duodenum and kidney and also 

found in the plasma membrane of hepatocytes and placental trophoblasts (143). The 

C-terminal dileucine motif in hENT2 is implicated in cell surface expression of the 

protein (141), and other studies have indicated that JV-glycosylation is also required 

for efficient targeting to the plasma membrane (167). However, intracellular 

localization of ENT2 has also been reported. Antibodies raised against the central 

cytoplasmic loop of HNP36/hENT2 were reported to stain nucleolar structures in 

cultured cells (162) and, similar to hENTl, hENT2 was also found in the nuclear 

envelopes of cultured human choriocarcinoma BeWo cells (147). 

In comparison to ENT1, less is known about the regulation of ENT2 and its 

role in the proliferative response. Quiescent murine fibroblasts can be induced to 

express mouse HNP36 spice variant upon stimulation with serum or growth factors as 

part of the delayed-early response (162). In contrast, regulation of hENT2 in a 
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similar mariner was not detected (101). CSF-1 did not affect ez'-type activity, despite 

stimulating es-type activity, in a murine macrophage cell line (150). However, 

hENT2 transport activity in human neuroblastoma cells increased upon differentiation 

(170). In rat hippocampus, there is evidence to support regulation of ENT activity by 

the adenosine A2A receptor (137). rENT2 mRNA expression levels increased in T-

and B-lymphocytes (158, 159) and cardiac fibroblasts (157) following insulin, but not 

glucose, exposure. This insulin-induced increase in rENT2 expression in cardiac 

fibroblasts occurred in a murine target of rapamycin (mTOR)- and protein synthesis-

dependent manner (171). 

ENT3 

Database searching using the BLAST algorithm initially identified ENT3 

cDNA sequences in human and mouse, which differed from ENT1 and ENT2 and 

were subsequently cloned from human placenta and mouse kidney, respectively (78). 

The hENT3 and mENT3 homologs are both 475 residues in length (78, 172). hENT3 

is 31 - 33% identical in sequence to ENT1 and ENT2 family members from human, 

mouse and rat and 73% identical to mENT3 (78, 172). The hENT3 chromosomal 

location is 10q22.1 (108). Similar to other ENTs (Fig. 1-4), ENT3 is also predicted to 

have 11 TMs with a cytoplasmic N-terminus and a putative ./V-glycosylation site in the 

extracellular loop between TMs 1 and 2 (172). In contrast to ENT 1/2, human and 

mouse ENT3 possess a long hydrophilic N-terminal region of 51 residues containing 

typical (DE)XYZL(LI) endosomal/lysosomal targeting motifs (172). In good 

agreement with this, GFP-tagged hENT3 was found to be a predominantly 

intracellular protein that partially co-localized with lysosomal markers in cultured 

human cells and truncation or mutation of the N-terminal dileucine motif to alanine 

caused the protein to be relocated to the plasma membrane (172). In agreement with 

initial predictions of an intracellular localization (78), these findings suggest that 

ENT3 may be primarily functioning in the transport of nucleosides across lysosomal 

membranes, such as that required for nucleoside release following nucleic acid 
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breakdown in the lysosomal interior (172). In this capacity, ENT3 is likely to equate 

to the equilibrative nucleoside transport process which was demonstrated in human 

lysosomes (173). 

Replacement of the dileucine motif at positions 31 and 32 with alanine 

residues (hENT3AA) allowed expression in the plasma membrane of Xenopus 

oocytes at levels adequate for subsequent functional characterization (172). 

hENT3AA exhibited broadly selective, low affinity uptake of both purine and 

pyrimidine nucleosides (apparent Km values for adenosine and uridine of 1.86 and 

2.02 mM, respectively) and was also capable of mediating adenine, but not 

hypoxanthine transport (54, 172). The apparent Km values for hENT3AA-mediated 

transport in comparison to those of the other hENT and hCNT family members are 

given in Table 1-2. This broadly-selective phenotype also extended to nucleoside 

analogs; 2-CdA, dFdC, F-araA, 3'-deoxyadenosine (cordycepin), 7-deazaadenosine 

(tubercidin), 2-pyrimidine-l-P-D-riboside (zebularine), ddl, ddC and AZT were all 

permeants (172). hENT3AA-mediated adenosine uptake was partially inhibited by 

the classic nucleoside transport inhibitors NBMPR, dipyridamole and dilazep, but 

only at high concentrations (172). Although hENT3AA-mediated transport was Na+-

independent, dependency upon pH was evident with optimal transport rates occurring 

at pH 5.5 (172). This pH corresponds to that of late endosomes/lysosomes and may 

be an evolutionary adaptation to localization of the transporter in acidic, intracellular 

compartments (172). 

Analysis of multiple tissue RNA arrays indicates that hENT3 is widely 

expressed in human adult and fetal tissues with particular abundance in placenta, from 

which tissue the hENT3 cDNA was originally cloned (54, 78, 172). More 

specifically, high levels of protein were detected in heart and liver and high levels of 

mRNA in placenta, uterus, ovary, spleen, lymph node and bone marrow (172). 
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ENT4 

ENT4 is the most recent addition to the ENT family of transporters and 

hENT4 and mENT4 were originally identified by genome database analysis (79). 

hENT4, alternatively designated as a plasma membrane monoamine transporter 

(PMAT), is 55 kDa and 530 residues in length and shares only 18% identity with 

hENTl (54, 174). The mouse homolog is 528 residues in length with 86% identity to 

hENT4 (54). hENT4 is more closely related to the products of the Drosophila 

melanogaster gene CGI 1010 (28% identity) and the Anopheles gambiae gene 

agCG56160 (30% identity), indicating an ancient and evolutionarily distinct 

divergence from the other members of the SLC29 family (54, 79). hENT4 is assigned 

to chromosome 7p22.1 (79). 

Although preliminary studies reported hENT4 and mENT4 as low affinity 

adenosine-selective transporters (54), they were subsequently shown to function as 

multi-permeant transporters. As suggested by the alternate designation PMAT, other 

permeants included neurotransmitters such as 5-hydroxytryptamine (serotonin; 5-HT) 

and dopamine (apparent Km values of 114 and 329 uM, respectively) and polyspecific 

organic cations such as l-methyl-4-phenylpyridinium (MPP+) (174, 175). In addition 

to adenosine, mENT4, but not hENT4, also mediates transport of the nucleobase 

adenine upon expression in Xenopus oocytes (104). Although transport by ENT4 is 

Na+- and Cl~-independent, it is sensitive to membrane potential (174). H+-dependence 

of hENT4-mediated transport was demonstrated upon expression in Xenopus oocytes 

for adenosine, but not serotonin (104), and in MDCK cells for MPP+ (176). The 

apparent Km value for hENT4-mediated adenosine transport is compared to those of 

other hENT and hCNT family members in Table 1-2. Adenosine transport mediated 

by hENT4 was not inhibited by NBMPR, and only partially by dipryridamole and 

dilazep (104). hENT4-mediated serotonin uptake was also partially inhibited by 

dilazep (104). 

Based on hydropathy plot predictions and multiple sequence alignments, 

ENT4 is predicted to have 11 TMs (79, 174). hENT4 and mENT4 are JV-glycosylated 
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and the presence of putative glycosylation sites in the C-terminal tail, Asn and 

Asn521, are consistent with the predicted extracellular location of C-terminus (104). A 

representative schematic of this topology is shown in Fig. 1-4. 

Northern blot studies indicated abundant expression of hENT4 mRNA 

throughout the central nervous system and in skeletal muscle, as well as high levels in 

heart, kidney, liver, intestine, pancreas, bone marrow and lymph node (104, 174). 

Further analysis of protein levels largely confirmed these findings, identifying the 

highest levels of rENT4 in heart, including both cardiomyocytes and vascular 

endothelial cells, and in brain (104). hENT4 is primarily targeted to the apical 

membranes of renal epithelial cells when expressed in polarized MDCK cells (176). 

Present throughout the brain, rENT4 mRNA was expressed predominantly in 

cholinergic pathways, including brainstem motor nuclei, basal forebrain and striatum, 

corresponding with a suggested role in monoamine uptake in cholinergic neurons 

(177). Unlike ENT3, ENT4 is primarily present in plasma membranes, although 

ENT4 intracellular staining of vesicles suggests that ENT4 may be associated with a 

relocalization process (104). 

ENT Physiological Implications 

Bidirectional nucleoside transport mediated by ENTs has vast physiological 

implications. ENT1 and ENT2 share a widespread distribution, often coexisting, in 

most cell and tissue types. A key physiological role for ENT1 and ENT2, for 

example, is in the provision of nucleosides, derived from the diet or produced by the 

liver, for salvage pathways of nucleotide synthesis (30). Although both proteins 

exhibit similar nucleoside specificies, the enhanced ability of ENT2 to transport 

inosine and nucleobases, including hypoxanthine, may be indicative of a specific role 

in purine salvage (54). For example, bone marrow cells, which lack purine 

nucleoside de novo biosynthetic pathways, may be exposed to hypoxanthine 

concentrations as high as 30 uM (178). The high affinity of ENT2 for both inosine 

and hypoxanthine, as well as its predominant distribution in skeletal muscle, suggests 
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a role in efflux or uptake during muscle exercise and recovery, respectively (101, 118, 

165). A likely primary role for ENT3 is in the transport of nucleosides across 

lysosomal membranes, important for the release of nucleosides produced by nucleic 

acid breakdown in the lysosomal interior (172). This may be of particular importance 

for both basal and amino acid deprivation-induced cytoplasmic RNA degradation that 

occurs in the liver (179). The putative physiological roles of ENT4 are diverse. In­

dependent ENT4 may be a key player in regulation of extracellular adenosine levels 

in the heart, particularly under the acidotic conditions associated with ischemia (104). 

ENT4 may also be important for organic cation reabsorption in the kidney (176) and 

in monoamine uptake in the brain (177, 180). 

ENTs have key roles in regulating the concentration of adenosine available to 

purinoceptors. This is of particular physiological importance in cardiac, as well as 

neural and pulmonary tissues, and is central to the use of adenosine, adenosine 

analogs and ENT inhibitors as pharmaceuticals. Both ENT1 (139) and adenosine-

selective hENT4 (104) are abundant throughout heart tissue and are thus potential 

pharmaceutical targets of cardiac function, especially for ameliorating ischemic 

damage associated with coronary artery disease and during cardiac surgery. 

Inhibition of ENT-mediated transport in the heart, for example, potentiates the Ai 

receptor-mediated chronotropic effects of adenosine in the SA node (77) and protects 

against ischemia-reperfusion injury (6, 181). In the brain, bidirectional ENT activity 

is important for maintaining adenosine concentrations (182). Although, ENT-

mediated uptake of adenosine is usually favored due to inwardly-directed adenosine 

concentration gradients (27, 183), adenosine release has also been reported in 

experiments with rat brain synaptosomes (184). Studies with ENTl-null mice have 

established a link in the brain between ENT 1-mediated adenosine uptake, decreased 

stimulation of Ai receptors, and regulation of in vivo ethanol intoxication (116). The 

potential benefits of ENT inhibition on ischemia-reperfusion in the heart also extends 

to neuronal injury. For example, the ENT1 inhibitor NBMPR reduced the ischemia-

induced loss of hippocampal CA1 neurons in the rat (185). Inhibition of nucleoside 

transport enhanced the opioid-mediated antinociception in the mouse (186) and 

increased antinociceptive presynaptic Ai receptor-mediated inhibition of 
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glutamatergic synaptic transmission in the rat spinal cord (187). In human airway 

A549 epithelial cells, ENT1 and ENT2 regulation of adenosine concentrations 

influenced adenosine-activated Ai receptor-mediated control of K+ channels (188). 

Non-Mammalian Eukaryotic ENT Family Members 

In addition to mammalian ENT proteins, ENT family members have been 

identified and functionally characterized in other eukaryotes, including parasitic 

protozoa, nematodes, insects, plants and fungi. 

Parasitic Protozoa 

Parasitic protozoa are unable to synthesize purine nucleotides de novo and 

thus rely on purine nucleoside salvage pathways (44-49). Toxoplasma gondii is the 

causative agent of toxoplasmic encephalitis in immunocompromised individuals 

(189) and congenital toxoplasmosis can result in neurological birth defects (190). 

Plasmodium falciparum is responsible for the majority of malaria caused deaths 

(191). Parasites of the Leishamania family result in leishmaniasis and, specifically, 

Leishmania donovani is responsible for visceral leishmaniasis (kala azar) (69). 

Trypanosoma brucei subspecies are responsible for sleeping sickness (African 

trypanosomiasis) and Chagas' disease (American trypanosomiasis) and, similar to the 

human diseases, Trypanosoma brucei brucei causes a wasting disease (nagana) in 

cattle (49, 69, 192). In order for survival, all parasites require purine transport across 

the parasite plasma membrane through nucleoside or nucleobase transport proteins. 

Transport and metabolic differences between pathogen and host purine salvage 

pathways offers the potential for rational design of new and more effective 

therapeutic strategies. 

Two ENT family members from Toxoplasma gondii have been identified and 

characterized. T. gondii (Tg) adenosine transporter (AT) 1 is a 462 amino acid 
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protein identified through the use of insertional mutagenesis of T. gondii genomic 

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

arabinoside (araA) (193). TgATl is 22 and 26% identical to hENTl and hENT2, 

respectively, and putatively shares a membrane topology similar to that of the 11 TM 

mammalian ENTs (193). Expression in Xenopus oocytes demonstrated saturable 

adenosine transport by TgATl with an apparent Km value of 114 uM that was 

inhibited by purine nucleosides, inosine analogs and the nucleobases hypoxanthine 

and guanine, but not pyrimidine nucleosides (193). Adenosine transport by TgATl 

was also inhibited by dipyridamole and partially inhibited by NBMPR (193). The 

protein largely responsible for adenosine transport in T. gondii was demonstrated to 

be TgATl; disruption of the TgAT gene locus resulted in elimination of adenosine 

transport and high levels of araA resistance, but was not a fatal genetic lesion 

suggesting that additional purine nucleoside or nucleobase transport systems also 

exist (193). Indeed, other transporters were subsequently identified including a 

hypoxanthine-transporting nucleobase transporter TgNBTl and a second nucleoside 

transporter TgAT2 (194). TgAT2 exhibited higher affinity permeant binding than 

TgATl, with apparent Km values ranging from 0.28 to 1.5 uM for adenosine, inosine, 

guanosine, uridine and thymidine (194). TgAT2 nucleoside transport is also inhibited 

bycytidine(194). 

Using sequence information obtained from the Malaria Genome Sequencing 

Project, a member of the ENT family was independently cloned from Plasmodium 

falciparum by two groups (195, 196). Designated as P. falciparum (Pf) ENT1 (196) 

or PfNTl (195), this transport protein is 422 residues in length, contains 11 putative 

TMs and shares a sequence identity with hENTl and hENT2 of 36 and 31%, 

respectively (195). Similar to mammalian ENTs, PfENTl/PfNTl exhibited broad 

selectivity for both purine and pyrimidine nucleosides (195-197), although expression 

in Xenopus oocytes revealed different kinetic properties for the two transporters with 

apparent Km values for adenosine of 0.32 and 1.86 mM for PfENTl (196, 197), in 

contrast to 13.2 uM for PfNTl (195). Transport mediated by PfENTl occurred in the 

absence of both Na+ and H+ gradients, suggesting that this transporter is unlikely to 

function as a symporter (196). PfENTl was also capable of transporting the 
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nucleobases adenine and hypoxanthine, as well as the nucleoside analogs F-araA, 2-

CdA, gemcitabine, AZT, ddC and ddl (196). PfENTl was not sensitive to inhibition 

by NBMPR, dipyridamole, dilazep or draflazine (196, 197); however, inhibition of 

adenosine transport by 10 uM dipyridamole was reported for PfNTl (195). Using 

antibodies specific for PfENTl, immunoblot analysis revealed transporter localization 

to the parasite plasma membrane (198). Genetic disruption of PfNTl in P. 

falciparum revealed the importance of hypoxanthine transport by PfNTl in purine 

salvage and demonstrated that parasites lacking PfNTl were still able to transport 

adenosine and inosine, suggesting the existence of other nucleoside transporters 

(199). Subsequent analysis of the P. faliciparum genome identified three other 

putative ENT family members which are designated as PfNT2, PfNT3 and PfNT4 and 

remain to be functionally characterized (199). 

Initial studies demonstrated that two nucleoside transport systems with 

nonoverlapping permeant specificities existed in Leishmania donovani (200) and the 

corresponding nucleoside transporters were cloned by functional rescue strategies 

(201, 202). In a cell line deficient in adenosine and pyrimidine nucleoside transport 

capabilities, LdNTl.l and LdNT1.2 were identified as nucleoside transporters based 

on their capability to restore sensitivity to the cytotoxic adenosine analog tubercidin 

and mediate uptake of radiolabeled uridine and adenosine (201). LdNTl.l and 

LdNT1.2 are each 491 amino acids in length, differing only by six amino acids, 

exhibit 33% identity to hENTl and contain 11 putative TMs (201). Produced in 

Xenopus oocytes, LdNTl.l exhibited apparent Km values for adenosine and uridine 

transport (0.17 and 5.6 uM, respectively) that were lower than those for LdNT1.2 

(apparent Km values for adenosine of 0.66 uM and uridine of 40 uM) (201). 

Likewise, in a cell line deficient in inosine and guanosine transport activity, the gene 

encoding LdNT2, which restored sensitivity to the inosine analog formycin B, was 

subsequently cloned (202). LdNT2 is 499 amino acids in length and shows sequence 

identity with hENTl, hENT2 and LdNTl.l ranging from 25 to 44% (202). Upon 

expression in FBD5 cells, LdNT2 exhibited specificity for inosine and guanosine with 

apparent Km values of 0.3 and 1.7 uM, respectively, and was also capable of 

transporting cytotoxic inosine and guanosine analogs (202). Electrophysiological 
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characterization of LdNTl.l, LdNT1.2 and LdNT2 inXenopus oocytes revealed that 

all three proteins function as H+ symporters (84). 

Trypanosoma brucei brucei parasites have two high affinity purine nucleoside 

transport systems, designated PI and P2. PI transports adenosine and inosine and is 

detectable in both procyclic and bloodstream form trypanosomes, whereas the P2 

system transports adenosine and adenine, as well as antitrypanosomal drugs including 

melaminophenyl arsenicals and diamidines and is detectable in only bloodstream 

form trypanosomes (203-205). A potent trypanocide, the adenosine analog 

cordycepin, was recently demonstrated to be transported by both the PI and P2 

systems (206). The first T. b. brucei nucleoside transporter, TbATl, was cloned by 

functional complementation in a S. cerevisiae strain which was deficient in purine 

biogenesis and purine nucleoside uptake (207). Corresponding to the P2 type 

transport system, TbATl mediated transport of adenosine which was inhibited by 

adenine and melaminophenyl arsenicals, whereas other purine and pyrimidine 

nucleosides and nucleobases had no effect (207). TbATl is 463 amino acids in length 

and was present only in bloodstream form trypanosomes (207). TbNT2 corresponds 

to a PI type nucleoside transporter and was cloned by PCR amplification of a T. b. 

brucei cDNA library using sequence information from LdNTl.l of the related 

parasite L. donovani (85). TbNT2 exhibits 30, 22 and 25% sequence similarity to 

LdNTl.l, hENTl and hENT2, respectively (85). TbNT2 is 464 residues in length 

and contains 11 putative TMs (85). Upon expression in Xenopus oocytes, TbNT2 

mediated transport of purine nucleosides (adenosine, inosine and guanosine) with 

apparent Km values of 0.99 and 1.18 uM for adenosine and inosine, respectively (85). 

Protonophores, which uncouple proton gradients, partially inhibited adenosine 

transport mediated by TbNT2, thus suggesting that this protein may function as a 

proton symporter (85). This was also consistent with experiments in intact parasites 

in which nucleoside transport was dependent upon the proton motive force (205). 

TbNT2 mRNA is present only in bloodstream form trypanosomes (85). Subsequent 

to the molecular identification of TbNT2, BLAST searches of the T. b. brucei genome 

database identified additional PI type TbNT family members, including TbNT2/927, 

TbNT3, TbNT4, TbNT5, TbNT6 and TbNT7 (87). Cloned from a different strain of 
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T. b. brucei, TbNT2/927 is 96% identical in sequence to TbNT2 (87). Functional 

expression in Xenopus oocytes revealed that TbNT2/927, TbNT5, TbNT6 and TbNT7 

each mediated transport of purine nucleosides and that transporter-mediated 

adenosine uptake was dependent on the proton motive force and occurred with high 

affinity binding similar to that of inosine with apparent Km values < 5 uM (87). 

Additionally, TbNT5, TbNT6 and TbNT7 also mediated transport of hypoxanthine 

(87). While all six mRNAs are present in bloodstream stage of T. b. brucei life cycle, 

TbNT2/927 and TbNT5 are also expressed in procyclic form trypanosomes (87). 

Permeants for TbNT3 and TbNT4 could not be identified in Xenopus oocytes (87). 

Continued examination of the T. b. brucei genome database identified additional 

members. TbNT8 represents a family of clustered genes for which mRNAs are 

present in both bloodstream and procyclic form trypanosomes (48, 87). TbNT8.1, 

upon expression in both Xenopus oocytes and nucleoside-nucleobase deficient yeast, 

exhibited transport of purine nucleobases (208). Similarly, another TbNT8 family 

member, designated TbNBTl, also mediated transport of nucleobases, as well as 

guanosine, inosine and allopurinol (209). TbNT9 was originally identified by 

BLAST searches (87) and preliminarily identified as an ENT homolog transporting 

purine nucleosides and hypoxathine (48). Recent characterization following 

expression in S. cerevisiae revealed that TbNT9 exhibited a high affinity for 

adenosine with an apparent Km value of 0.068 uM and mediated the transport of other 

purine nucleosides (210). TbNT9-mediated transport was not inhibited by pyrimidine 

nucleosides or nucleobases (210). Functional expression in S. cerevisiae also 

revealed TbNTIO, the main PI transporter in procyclic trypanosomes, to be a high-

affinity transporter of purine nucleosides with apparent Km values of- 1 uM (48, 210, 

211). TbNTIO mRNA and protein are expressed primarily in the short-stumpy form 

of the parasite life cycle (48, 211). TbNTll.l and TbNT11.2 have not yet been 

characterized functionally (48). 

Three nucleoside transport systems mediating pyrimidine nucleoside uptake in 

Trypansoma brucei brucei have also been identified, although only at the functional 

level. The CI transport process has high affinity for cytosine (apparent Km value of 

0.048 uM), Ul primarily transports uracil, but is also capable of transporting uridine 
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(apparent Km value of 33 uM), and U2 represents a higher affinity uridine transport 

process (apparent Km value of 4.1 uM) (212). Previous studies characterizing the Ul 

carrier showed that uracil uptake was inhibited by only uridine and 5-fluoruracil 

among a broad range of purine and pyrimidine nucleosides, nucleobases and uracil 

analogs that were tested (213). Additionally, a protonophore also inhibited uracil 

uptake suggesting that Ul may function as a H+-mediated symporter (213). 

Two ENT family members from Crithidia fasciculata have been identified 

and are designated CfNTl and CfNT2 (214, 215). CfNTl is 497 residues in length 

and 72% identical to LdNTl and CfNT2 is 502 residues in length and 73% identical 

to LdNT2 (215). Expression in Xenopus oocytes revealed CfNTl functioned as a 

high-affinity adenosine transporter, also capable of mediating the uptake of inosine, 

uridine, cytidine and the nucleobase hypoxanthine (215). In contrast, inosine and 

guanosine, but not adenosine, pyrimidine nucleosides or nucleobases were identified 

as permeants for CfNT2 (214, 215). 

Nematodes 

The Caenorhabditis elegans genome contains six putative ENT family 

members designated C. elegans (Ce) ENT 1-6, ranging in length from 434 (CeENT5) 

to 729 (CeENT3) amino acids (108, 216). Similar to hENTl and hENT2, expression 

of CeENTl and CeENT2 in Xenopus oocytes revealed H+-independent transport of 

both purine and pyrimidine nucleosides (35, 216). Additionally, CeENTl mediated 

transport of 2', 3'-dideoxynucleosides, including AZT, ddC and ddl (35). NBMPR, 

dilazep and draflazine did not inhibit transport mediated by CeENTl or CeENT2, but 

dipyridamole did (35, 216). Using RNA interference to disrupt gene expression of 

CeENTl and CeENT2 showed no effect when one gene was disrupted alone 

indicating functional redundancy, but the simultaneous disruption of both genes 

yielded developmental defects (216). Functional characterization of CeENT3-6 has 

not been undertaken. 
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Insects 

Searches of Drosophila melanogaster genome database revealed three 

putative ENT sequences, designated D. melanogaster (Dm) ENT1, DmENT2 and 

DmENT3 respectively containing 476, 458 and 586 residues and 11 putative TMs 

(78, 108). Upon expression in Xenopus oocytes, no functional activity was identified 

for DmENTl or DmENT3 (217). However, DmENT2 exhibited uridine uptake 

which was inhibited by purine and pyrimidine nucleosides and nucleobases, as well as 

2'-deoxynucleosides, although not by the classic ENT inhibitors NBMPR, 

dipyridamole and dilazep (217). 

Plants 

In addition to similar requirements for formation of nucleic acids, nucleosides 

and nucleoside metabolism may also play a key role in cytokinin biogenesis in plants. 

Cytokinins are plant hormones involved in the regulation of plant cell proliferation 

and differentiation (218, 219). 

Genome sequencing predicts eight potential ENT family members from 

Arabidopsis thaliana designated AtENTl-8 (78). Seven out of eight of these proteins 

have been functionally characterized, the exception being AtENT5 which could not 

be amplified from cDNA at full length (220, 221). AtENTl was cloned using RT-

PCR (222) and by functional complementation in S. cerevisiae strains unable to 

synthesize adenine (88). AtENTl is 428 amino acids in length, 24% identical in 

sequence to hENTl and predicated to have 11 TMs (88, 222). AtENTl exhibited pH-

dependent high-affinity adenosine transport (apparent Km value of 3.6 uM) which was 

resistant to inhibition by NBMPR, dilazep and dipyridamole (88). AtENTl-mediated 

uptake of adenosine was also inhibited by inosine, guanosine and cytidine, but not by 

uridine or nucleobases (88). However, direct uptake experiments with recombinant 

AtENTl expressed in yeast demonstrated pH-dependent uridine transport (223). 

Upon expression in yeast, AtENT3/4/6/7 exhibited broad permeant specificity 
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transport of adenosine, guanosine, cytidine and uridine with apparent Km values 

ranging from 3 to 94 uM and which was inhibited by inosine, deoxynucleosides and, 

to a smaller extent, by nucleobases (220, 221). Thymidine was also a permeant for 

recombinant AtENT3/6/7, but not AtENTl/2/4/8, when expressed in yeast (223). 

AtENT8, expressed in yeast, did not mediate transport of adenosine, guanosine, 

cytidine, uridine or cytidine (221, 223). Partial sensitivity of AtENT3 to dilazep and 

dipyridamole was reported in the absence of sensitivity to NBMPR (220); however, 

AtENT4/6/7 exhibited no inhibition by dilazep or NMBPR (221). The In­

dependence of AtENT3 has been debated (220, 221, 223), although recent 

electrophysiological studies in AtENT3-expressing Xenopus oocytes verified H+-

coupled adenosine transport (89). In contrast, pH-independent transport has been 

reported for AtENT4/6/7 (221, 223). 

Four potential ENT family members have been identified in the rice Oryza 

sativa and are designated O. sativa (Os) ENT1-4 (224). OsENTl, OsENT2 and 

OsENT3 have 423, 418 and 418 residues respectively and contain 11 putative TMs, 

whereas OsENT4 contained only 276 amino acids and was assessed to be either a 

psuedogene or truncated ENT (224). OsENTl exhibits 65% identity in sequence to 

AtENTl (224). Upon expression in 5*. cerevisiae, only OsENT2 exhibited transport 

function whereas the other OsENTs did not (224). OsENT2 mediated high-affinity 

transport of adenosine and uridine (apparent Km values of 3.0 and 0.7 uM, 

respectively) in a pH-dependent manner, and transport was inhibited by both purine 

and pyrimidine nucleosides and 2'-deoxynucleosides, although not by NMBPR, 

dilazep or dipyridamole (224). Additionally, OsENT2 mediated the uptake of the 

nucleoside cytokinins, isopentenyladenine riboside and trans-zeatin riboside (224). 

Fungi 

The single ENT family member from Saccharomyces cerevisiae with broadly 

selective transport of both purine and pyrimidine nucleosides is function unknown 

now (FUN) 26 (225). FUN26 has 517 amino acids and 11 putative TMs (225). 
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FUN26 shares ~ 18% sequence identity with hENTl and hENT2 (225). Upon 

expression in Xenopus oocytes, FUN26 mediated the uptake of radiolabeled uridine, 

adenosine and cytidine in a pH-independent manner (225). This transport was not 

inhibited by dilazep, dipyridamole or NBMPR (225). Immunotagged recombinant 

FUN26 expressed in yeast primarily localized to intracellular membranes (225). 

FUN26 is not essential in S. cerevisiae, since gene disruption did not produce an 

altered phenotype (226). 

Concentrative Nucleoside Transporter (CNT) Family 

Active, cation-dependent nucleoside transport is mediated by members of the 

CNT family (reviewed in 28-33, 35, 80, 82, 227). This family of integral membrane 

proteins transports nucleosides across cellular membranes against their concentration 

gradients by coupling to cations moving down their electrochemical gradients. CNT 

family members have been identified and characterized in numerous eukaryotes, 

including mammals, lower vertebrates, nematodes and fungi, as well as in prokaryotic 

bacteria. Table 1-3 lists CNT family members that have been identified. 

Mammalian CNT Family Members 

In addition to the known equilibrative facilitated diffusion transport processes, 

a concentrative mechanism for nucleoside transport was also described in early 

studies of several mammalian tissues and cultured cell lines. This concentrative 

mechanism was known to be NBMPR-insensitive and Na+-dependent (228-234). 

Initial studies describing permeant specificity were ambiguous and provided key 

support for the existence of two distinct concentrative mechanisms. Using 

radiolabeled nucleosides to characterize nucleoside transport in mouse intestinal 

epithelial cells, uptake of formycin B, a non-metabolizable inosine analog, that was 

not inhibited by the presence of thymidine and corresponding uptake of thymidine 

that was not inhibited by the presence of formycin B was demonstrated (235). These 
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two transport processes were designated Nl or cif (concentrative, insensitive to 

NBMPR, formycin B-transporting) and N2 or cit (concentrative, insensitive to 

NBMPR, thymidine-transporting); additional permeants for cif included the purine 

nucleosides guanosine and inosine, and for cit included the pyrimidine nucleoside 

cytidine (235). These designations were given in contrast to, and to complement, 

those of the equilibrative, NBMPR-sensitive es and NBMPR-insensitive ei nucleoside 

transport processes. Concentrative nucleoside transport continued to be recognized in 

a number of different cells and tissues. The cit system was described, for example, in 

rabbit intestinal mucosa (236) and in guinea pig blood-brain and blood-CSF barrier 

(237). The cif system was described, for example, in murine splenocytes (238), 

murine and rat peritoneal macrophages (239), rat hepatocytes (240) and L1210 

murine leukemia cells (241). Also, the cit and cif systems were found to coexist in 

some cells and tissues including rabbit (234), rat (242) and bovine (243) renal brush 

border membrane vesicles, rabbit intestinal brush border membrane vesicles (233) 

and guinea pig intestinal enterocytes (229). These concentrative nucleoside transport 

processes all displayed Na+-dependence and characteristically exhibited an apparent 

1:1 Na+:nucleoside stoichiometry (30, 80, 232, 243). 

Initial studies describing concentrative nucleoside transport also suggested the 

possible presence of a broadly selective concentrative nucleoside transport 

mechanism, referred to as the cib (concentrative, NBMPR-insensitive, broadly 

selective) or N3 nucleoside transport process. These early functional studies of cib 

included experiments in human fibroblast lysosomes (55), human (244), rat (245) and 

rabbit renal (234) and rabbit intestinal (233) brush border membrane vesicles, guinea 

pig intestinal epithelial cells (229) and mouse peritoneal macrophages (246). 

However, the possible coexistence of cit and cif transport processes in cells, and the 

relatively low cib-type activities that were encountered made characterization difficult 

(31). Several laboratories continued to pursue the possibility of a novel cib 

nucleoside transport system, including studies of differentiated (247) and 

undifferentiated (248) HL-60 leukemia cells and ATP-depleted rabbit choroid plexus 

(249-251), but the first direct demonstrations of cib-type transport activity occurred 

with isolated leukemic blasts (248), human colon cancer Caco-2 cells (252) and 
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Xenopus oocytes injected with rat jejunum mRNA (253). Since these initial 

descriptions, similar studies have been used to locate putative cib systems in other 

cells and tissues, such as in Xenopus oocytes expressing rabbit ileal mRNA (254) and 

rat MSL-9 microglia (255). In addition to differences in permeant selectivity, the cib 

system differed from the cif and cit systems in that an apparent Na+:nucleoside 

stoichiometry of 2:1 was reported both for rabbit choroid plexus and rat microglia 

(249, 255). 

In addition to the cif, cit and cib nucleoside transport processes, three other 

functional concentrative mechanisms have been described. A separate putative 

subtype of the cit system in human renal brush border membrane vesicles, designated 

N4, was differentiated from other cit systems in counter-flux experiments which 

showed that the purine nucleoside guanosine, unlike inosine, was able to trans-

stimulate radiolabeled thymidine uptake (244, 256, 257). However, uptake of 

radiolabeled guanosine by this czY-type process was not directly measured. The cs 

(concentrative, sensitive to NBMPR) or N5 transport process accepts adenosine 

analogs as permeants and has been observed in human leukemic cells (252, 258). 

Additionally, the guanosine selective csg (concentrative, sensitive to NMBPR, 

guanosine-transporting) transport process was observed in cultured human NB4 acute 

promyelocyte and murine L1210 leukemic cells (259, 260). 

The cit, cif and cib nucleoside transport processes have been identified at the 

molecular level. The corresponding proteins are designated CNT1 (cit), CNT2 (cif) 

and CNT3 (cib). In humans, CNT1/2/3 belong to the SLC28 family of proteins. No 

further functional characterization of the other three systems, czY-type with specificity 

for guanosine, cs and csg, has been reported in the literature and the molecular 

identity of the corresponding proteins is not known. 

31 



CNT1 

The first nucleoside transporter to be identified at the molecular level was that 

of a mammalian CNT cloned by expression screening of a rat jejunum cDNA library 

and designated rCNTl (261). rCNTl encodes a membrane protein containing 648 

amino acids and mediated czY-type transport activity when produced in Xenopus 

oocytes (261). hCNTl, the first CNT cloned from human tissues, was later isolated 

from human kidney by hybridization/RT-PCR cloning and functional expression in 

Xenopus oocytes (262). Two closely related cDNAs were identified with minor 

differences between them which may result from genetic polymorphisms or PCR 

amplification errors; however, both cDNAs encoded proteins with c/Mype functional 

activity (262). hCNTl is 650 amino acids in length and 83% identical to the rat 

homolog rCNTl (262). hCNTl maps to chromosome 15q25-26 (262). Another 

mammalian homolog also identified by molecular cloning of its cDNA from renal 

tissue was pig kidney (pk) CNT1, a 647 amino acid protein (263). In contrast to 

highly conserved hENTl and hENT2, a study of 247 DNA samples identified 56 

SNPs in hCNTl, of which 26 were in the coding region including 13 that were 

nonsynonymous, one that contained an amino acid insertion and one that contained a 

base pair deletion (264). All variant transporters, except S546P and the base pair 

deletion mutation which resulted in a premature stop codon, were functional upon 

expression in Xenopus oocytes (264). 

Upon expression in Xenopus oocytes and mammalian COS-1 cells, 

recombinant human, rat and pig kidney CNT1 expressed a czY/N2-type Na+-dependent 

pyrimidine nucleoside-selective transporter (261-263, 265). Electrophysiological 

studies using Xenopus oocytes also found h/rCNTl-mediated transport to be 

pyrimidine nucleoside-selective in a Na+- and voltage-dependent manner (266-268). 

The purine nucleoside adenosine was also demonstrated to be a permeant for both 

hCNTl and rCNTl (262, 265, 268, 269). Some studies have showed adenosine to be 

only an inhibitor of h/rCNTl and not a permeant (266, 267); however, kinetic 

analysis of rCNTl -mediated adenosine transport demonstrated that adenosine binds 

with high affinity to the transporter, but was transported at low rates (269). Thus, 
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adenosine may regulate CNT1 activity in vivo by binding to the transporter and 

inhibiting the transport of pyrimidine nucleosides (56). Apparent ^ m values for 

hCNTl-mediated transport in various expression systems are compared to those of 

other hENT and hCNT family members in Table 1-2. hCNTl was partially inhibited 

by phloridzin (IC50 value of 0.2 mM) which putatively exerted its effect by binding 

after Na+ to a site different from that of uridine (268). 

The relationship between nucleoside flux and Na+ concentration revealed 

hyperbolic curves for CNT1 -mediated transport with apparent K50 values of ~ 10 mM 

and calculated Hill coefficients predicting a 1:1 Na+:nucleoside stoichiometry (263, 

269). These results were in good agreement with those obtained by earlier functional 

studies of native czMype transport activity (30, 243). Direct measurement of 

Na+:nucleoside coupling ratios for hCNTl determined in Xenopus oocytes by 

simultaneous measurement of uridine-induced current and radiolabeled uridine uptake 

was reported independently by two groups to be 2:1 (267) and 1:1 (268). 

Produced in Xenopus oocytes, human and rat CNT1 mediated uptake of the 

antiviral nucleoside analogs AZT and ddC, but not ddl (261, 262, 268, 270). 

Antineoplastic nucleoside chemotherapeutics that are permeants for hCNTl include 

dFdC (119, 120, 267, 271) and the uridine analogs 5-fluorouridine, 2'-deoxyuridine, 

5-fluoro-2'-deoxyuridine and 5-fluoro-5'-deoxyuridine (267, 268, 272). Although, 5'-

deoxy-5-flourouridine is a hCNTl permeant, the parent compound capecitabine and 

its metabolite 5'-fluorouracil are not (273). 2', 3'-Dideoxy-3'-thiacytidine 

(lamivudine) was shown to be a poor inhibitor of hCNTl-mediated uridine uptake 

(274). Although hCNTl exhibits high-affinity adenosine transport that occurs at low 

rates, transport of the adenosine analogs 2-CdA and F-araA was not detected (271, 

272); however, 2-CdA did induce inward currents in hCNTl -expressing Xenopus 

oocytes (268). Similarly, araC was demonstrated to be a poor permeant for hCNTl in 

radiolabeled flux assays (274), but inward currents were apparent in 

electrophysiology experiments (268). 
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CNT1 is found in highly differentiated tissues such as epithelial cells of the 

kidney and intestine, as well as liver, placenta and brain (58, 143, 275). In rat, 

Northern blot analysis revealed rCNTl transcripts in intestinal and renal tissues (261). 

In good agreement with the presence of a cit-type transport process in human 

intestinal brush border vesicles (276), CNT1 is localized to the apical membranes of 

epithelial cells. rCNTl protein was present only in the brush border membrane of 

jejunum and renal cortical tubules (277), and similarly in human tissues, hCNTl was 

apically localized in dudodenum enterocytes and kidney proximal tubular cells (143). 

An apical localization in epithelial cells was also evident for both hCNTl-CFP (140) 

and rCNTl-GFP (278) expressed in renal MDCK cells. A wide variation in 

expression of hCNTl mRNA was noted in kidney from different individuals, as well 

as particularly low levels in kidney tumor samples (133). The presence of rCNTl 

was reported in bile canalicular membranes in rat liver (277) and of hCNTl in human 

hepatocytes (143). mRNA for rCNTl was identified throughout brain tissues, 

including cerebral cortex, cerebellum, hippocampus, striatum, brain stem, superior 

colliculus, posterior hypothalamus and choroid plexus (279). 

rCNTl was originally predicted by hydropathy plots to contain 14 TMs with 

intracellular N- and C-termini (261). However, experiments using endoglycosidase F 

treatment on rCNTl-expressing Xenopus oocytes revealed that the transporter was 

glycoslyated (277). Since the only two potential sites of glycosylation in rCNTl are 

located at the C-terminus, the 14 TM model was likely incorrect. Introduction of N-

glycosylation sites at the N-terminus and in the loop between TMs 4 and 5 did not 

alter the glycosylation status of the protein and, together with studies using site-

specific antibodies, led to a revised 13 TM topology model for CNT1 which is 

depicted in Fig. 1-5 (277). 

In contrast to ENT1 and ENT2, little is known about the regulation of CNT1. 

rCNTl mRNA levels decreased upon exposure to insulin, but not glucose in cardiac 

fibroblasts in a manner dependent upon the transcription/translation regulator protein 

mTOR (157, 171). IFN-y, but not macrophage (M)-CSF, increased expression of 

CNT1 in murine bone marrow derived macrophages (152) and, in the same cells, LPS 
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was also demonstrated to upregulate CNT1 expression in a NO-independent manner 

(280). 

CNT2 

A second mammalian member of the CNT family was isolated from rat liver 

by expression cloning in Xenopus oocytes (281). This nucleoside transporter was first 

identified as sodium-dependent purine nucleoside transporter (SPNT), and later 

designated rCNT2 upon cloning from rat jejunum (269). SPNT/rCNT2 are both 659 

amino acids in length and differ in two positions with alanine at residue 419 and 

isoleucine at residue 522 in SPNT (281) and glycine and valine at those positions, 

respectively, in rCNT2 (269). The human homolog hSPNTl, was later cloned from 

human kidney as a 658 amino acid protein and mapped to chromosome 15ql3-14 

(282). A second group also identified hCNT2 from intestine through the use of RT-

PCR homology cloning strategies and functional expression in Xenopus oocytes and 

the gene was mapped to chromosome 15ql5 (283). The human homologs are 

identical in sequence with the exception of residue 75 which is arginine in hCNT2 

(283) and serine in hSPNTl (282). hCNT2 shares 83% identity in sequence to 

rCNT2, with the greatest divergence at the N-terminal region, and 72% amino acid 

sequence identity with hCNTl (282, 283). Subsequently, CNT2 homologs from 

mouse and rabbit were also cloned and designated mCNT2 (284) and SPNT/rbCNT2, 

respectively (285). In a study of 247 DNA samples, 10 coding region variants were 

identified of which six were nonsynonymous and all were functional upon expression 

in Xenopus oocytes (286). 

The functional expression of h/r/rbCNT2 cDNAs in Xenopus oocytes, 

characterized the membrane transport protein as a c//7Nl-type Na+-dependent 

nucleoside transporter selective for the purine nucleosides adenosine, inosine and 

guanosine, as well as the pyrimidine nucleoside uridine (269, 282, 283, 285, 287, 

288). hCNT2-mediated transport of both inosine and uridine was saturable with 

apparent Km values of 4.5 and 80 uM, respectively (282). Apparent Km values for 
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hCNT2-mediated transport in various expression systems are compared to those of 

other hENT and hCNT family members in Table 1-2. In addition to physiological 

nucleosides, hCNT2 also mediated uptake of uridine analogs, including 5-

fluorouridine, 5-fluoro-2'-deoxyuridine and 2'-deoxyuridine (272, 289), as well as 2'-

deoxyadenosine (282) and, at low levels, ddl (283). Adenosine analogs such as 2-

CdA and F-araA were poor permeants for hCNT2 (272, 289), and AZT and ddC were 

not transported (56). In contrast to hCNT2, rCNT2 transported the nucleoside 

analogs 2', 3'-dideoxyadenosine, araA, F-araA, 2-CdA and ddl (287, 288, 290, 291). 

Multiple transcripts of CNT2 were found not only in kidney, but also in other 

tissues such as intestine, liver, heart, skeletal muscle, pancreas, spleen, epididymis 

and brain, as well as in smaller quantities in prostate, cervix, placenta and lung (133, 

281-283, 285, 292). Variability in transcript level was evident for different 

individuals (133). mRNA for rCNT2 was identified throughout brain tissues, 

including cerebral cortex, cerebellum, hippocampus, striatum, brain stem, superior 

colliculus, posterior hypothalamus and choroid plexus (136, 279). The distribution 

of hCNT2 correlates well with sites of action for purine nucleosides, primarily 

adenosine, especially in kidney and heart tissue (133, 282). Expression levels of 

hCNT2 decreased in tumors from kidney, stomach, rectum and small intestine, but 

increased in tumors from lung, ovary, uterus and prostate (133). GFP-tagged rCNT2 

was localized primarily to the apical surface of MDCK cells (278), although 

significant expression on the basolateral side was also evident (293). In human 

tissues, hCNT2 was localized to the apical membrane of duodenum enterocytes and 

kidney proximal tubular cells (143). Cell surface expression of hCNT2 was reported 

in hepatocytes (143); furthermore, rCNT2 was demonstrated to be localized in the 

basolateral plasma membranes from rat liver (294). 

Similar to hCNTl, hydropathy plots initially predicted CNT2 to have 14 TMs 

with intracellular N- and C-termini (281, 282) and this model was later revised to be 

similar to that of CNT1 as illustrated in the representative schematic shown in Fig. 1-

5 (277). rCNT2 contains three putative glycosylation sites and only two, which are 

conserved across species (Asn6 6 and Asn625), were demonstrated to be glycosylated 
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(293). These glycosylation studies also demonstrated that TV-linked glycosylation was 

not essential for the function or polarized trafficking of rCNT2 in stably transfected 

MDCK cells (293). 

Similar to CNT1, little is known about the regulation of CNT2. A functional 

link between adenosine receptor AiR activation, which stimulates rCNT2 activity in 

rat liver, and KATP channel function has been proposed (294). rCNT2 contains an N-

terminal ATP/GTP binding motif which is absent from hCNT2 and may play a role in 

the regulation, targeting or activation of this particular protein (282). rCNT2 mRNA 

levels decreased upon exposure to insulin, but not glucose in T- and B-lymphocytes 

(158, 159) and cardiac fibroblasts (157). The insulin effect on rCNT2 in cardiac 

fibroblasts depended on activity of the kinase MEK and required protein synthesis 

(171). B-cell activators, PMA and LPS, upregulated expression of hCNT2 in a 

human B-lymphocyte cell line through mechanisms involving PKC and TNF-a (154), 

but not NO (155). Similar to CNT1, IFN-y, but not M-CSF, increased expression of 

CNT2 in murine bone marrow derived macrophages (152) and, in the same cells, LPS 

was also demonstrated to upregulate CNT2 expression in a NO-independent manner 

(280). 

CNT3 

The molecular identification of hCNT3 resulted from BLAST searches of 

CNT sequences which identified overlapping human expressed sequence tags (ESTs) 

from mammary gland and colon adenocarcinoma (295). hCNT3, cloned by RT-PCR 

from mammary gland and differentiated HL-60 cells, is 691 amino acids in length 

with a molecular weight of 77 kDa and is 48 and 47% identical to hCNTl and 

hCNT2, respectively (295). The molecular cloning of mCNT3 was accomplished in a 

similar manner with ESTs identified from mouse mammary gland and the 

corresponding full-length mouse cDNA obtained by RT-PCR from liver (295). 

hCNT3 was mapped to chromosome 9q22.2 (295, 296). The upstream promoter 

region of the gene expresses a eukaryotic phorbol myristate acetate (ester) response 
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element (PMA-RE) (295). In HL-60 cells, differentiation induced by phorbol ester 

resulted in the induction of cib-type functional activity and expression of hCNT3 

mRNA (295). Human and rodent CNT3 and a related transporter from hagfish 

(hfCNT) form a phylogenetic subfamily of CNT family members distinct from that of 

CNT1 and CNT2 (295, 297, 298). In a study involving 270 DNA samples, 56 SNPs 

were identified, of which 16 were in the coding region (299). Ten variants were 

nonsynonymous and expression in Xenopus oocytes revealed hCNT3-like Na+-

dependent uptake of radiolabeled thymidine and inosine for all variants except one 

(G367R), which exhibited only ~ 20% of the uptake seen with hCNT3 (299). In 

another study involving 96 DNA samples, 16 SNPs were identified and three of the 

five coding regions variants were nonsynonymous, but retained hCNT3-like 

nucleoside transport activity (300, Appendix 1). This suggests a high degree of 

conservation within the hCNT3 gene. 

There is no sequence similarity between hCNT3 (295) and the sodium-

dependent nucleoside transporter (SNST) 1 which was also proposed to be the cib 

transporter (301, 302). SNST1 was a chimeric protein constructed from a partial 

length cDNA identified in a rabbit renal cDNA library using the 5' untranslated region 

(UTR) and first 79 amino acids, including the start codon, 3' UTR and poly (A)+ tail, 

of the rabbit intestinal sodium-dependent glucose transporter (SGLT) 1 (301). Aside 

from the initial cloning and limited functional characterization in Xenopus oocytes, no 

further studies supporting the identity of SNST1 as a cz'6-type transporter or reporting 

the isolation of full-length SNST1 cDNA have been published. 

Uptake of nucleosides by hCNT3 -producing Xenopus oocytes was found to be 

concentrative, NBMPR-insensitive and Na+-dependent, as confirmed by studies 

involving the two-electrode voltage-clamp technique (295). Radiolabeled pyrimidine 

and purine nucleosides, but not the nucleobases uracil and hypoxanthine, were 

transported by hCNT3 and mCNT3 (295, 296). This permeant specificity was 

consistent with prior characterization of the cz'/3/N3-type transport processes. hCNT3 

transported both purine and pyrimidine nucleosides with similar kinetic efficiencies 

and apparent Km values ranged between 15 and 53 uM for all permeants tested (295). 
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Apparent Km values for hCNT3-mediated transport in various expression systems are 

compared to those of other hENT and hCNT family members in Table 1-2. Mixed-

type inhibition of hCNT3 transport activity by phloridzin was evident in Cos7L cells 

(296) and Xenopus oocytes (268) and IC50 values were 0.17 and 0.3 mM, 

respectively. 

In contrast to hCNTl (268), and in good agreement with 2:1 Na+:nucleoside 

coupling ratios reported for the cib transport processes in choroid plexus and 

microglia (251, 255), the relationship between uridine influx and Na+ concentration 

revealed sigmoidal curves for both hCNT3 and mCNT3 (295). Apparent £50 values 

were 16 (hCNT3) and 7 mM (mCNT3) (295) and calculated Hill coefficients, from 

this and other studies, predicted 2:1 Na+:nucleoside stoichiometry for both 

transporters (295, 296, 303). Direct measurement of Na+:nucleoside coupling ratios 

for hCNT3 determined by comparison of uridine-induced currents and radiolabeled 

uridine uptake in the same oocyte revealed 2:1 stoichiometry (268, 295). In addition 

to Na , initial studies suggested that nucleoside transport mediated by h/mCNT3 

could also be coupled to H+ gradients (268). 

Assays of nucleoside drug transport revealed that the broadly selective CNT3 

was also able to transport a broad range of both pyrimidine and purine antineoplastic 

and antiviral drugs (295). For example, hCNT3 was shown to transport the 

pyrimidine nucleoside analogs 5-fluorouridine, 5-fluoro-2'-deoxyuridine, 3-

deazauridine, zebularine, dFdC, AZT and ddC and the purine nucleoside analogs 2-

CdA, F-araA, ddl and ribavirin (119, 295, 303). Clofarabine was also transported 

well by hCNT3 (123). An antiviral nucleoside drug with an acyclic ribose moiety, 2-

amino-9-(l ,3-dihydroxypropan-2-yloxymethyl)-3ii/-purin-6-one (ganciclovir), was 

not transported by hCNT3 (295). 

High stringency hybridization studies found hCNT3 transcripts to be more 

ubiquitously expressed than hCNTl/2, with the greatest abundance in mammary 

gland, pancreas, bone marrow, trachea, duodenum and the lowest abundance in 

kidney, liver, lung, placenta, prostrate, testis and other tissues including regions of the 
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brain and heart (295). Transcripts were present in fetal tissues and were also found in 

low amounts in cultured cell lines including K562, HeLa and undifferentiated HL-60 

cells (295). Northern blot analysis supported these findings, revealing the presence of 

hCNT3 transcripts in pancreas, bone marrow and trachea (295). In human kidney, 

hCNT3 transcript and protein were detected in both cortex and medulla (142). 

hCNT3 immunostaining in human kidney was most evident on apical surfaces of 

proximal tubules and thick ascending loops of Henle, although cytoplasmic staining 

was also present (142). Cytoplasmic hCNT3 immunostaining has also been observed 

in prolymphocytic cells isolated from chronic lymphocytic leukemia patients (304). 

h/mCNT3 contain multiple consensus sites for JV-linked glycosylation (295) 

and treatment of hCNT3 membranes with PNGase F or Endo H shifted the 

electrophoretic mobility on SDS-polyacrylamide gels from 67 to 58 kDa, indicating 

that hCNT3 is a glycoprotein (296). Similar to hCNTl and hCNT2, protein structure 

algorithms of hCNT3 predict a 13 TM model with large extramembraneous end 

termini regions similar to the membrane architecture depicted in Fig. 1-5 (295). 

CNT Physiological Implications 

The abundance of all three CNTs in specialized epithelial cells, such as 

intestine and kidney, as well as liver, suggests a role for these transporters in the 

systemic absorption, distribution and excretion of physiologic nucleosides and 

nucleoside analogs. The specific distribution of each CNT with respect to its cation 

selectivity and coupling stoichiometry may also be of physiological importance. For 

example, rCNTl is present in jejunum in brush border membranes where it may 

function in absorption of dietary nucleosides (277). The presence of rCNTl in brush 

border membranes of renal cortical tubules and canalicular membranes of liver 

parenchymal cells is consistent, respectively, with roles in reabsorption of nucleosides 

in the glomerular filtrate and retrieval from bile (277). Additionally, hCNT3 is also 

found in kidney, on the apical surfaces of proximal tubules and thick ascending loops 

of Henle (142). CNT3, with a 2:1 Na+:nucleoside stoichiometry, is better able than 
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CNT1 and CNT2 to concentrate nucleosides, while its ability to mediate H -

nucleoside cotransport may also be of particular physiological importance in the 

acidic environment of the kidney (142, 305). 

CNT nucleoside transport activities differ depending on cell type and the stage 

of development of neoplastic transformation (58). Unlike hCNTl and hCNT2, 

hCNT3 is transcriptionally regulated and changes in expression levels may be 

important in both physiological and pathophysiological conditions (295). A better 

understanding of the regulatory mechanisms of CNTs will facilitate our 

understanding of the functional importance of CNTs. 

Additionally, all three mammalian CNTs transport adenosine and may thus 

play a role in the regulation of extracellular concentrations of adenosine available to 

purinergic receptors. Although not as ubiquitously expressed as ENTs, the ability of 

CNTs to concentrate nucleosides against a concentration gradient may play a key role 

in metabolism of adenosine and adenosine analogs. Interactions of adenosine, 

adenosine analogs and adenosine receptor ligands with CNTs are kinetically specific 

to each transporter and may be clinically relevant with respect to therapeutic 

manipulation of adenosine metabolism (272). 

Non-Mammalian Eukaryotic CNT Family Members 

In addition to mammalian CNT proteins, CNT family members have been 

identified and functionally characterized in other eukaryotes, including lower 

vertebrates, nematodes and fungi. 

Lower Vertebrates 

Through exploitation of sequence similarities between CNT family members, 

a CNT from the ancient marine prevertebrate the Pacific hagfish Eptatretus stouti was 

identified by molecular cloning of its cDNA (298). A PCR-acquired partial length 
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hagfish (hf) CNT cDNA was used as a probe to isolate a full length hfCNT from a 

hagfish intestinal cDNA library (298). hfCNT is 683 amino acids in length with 13 

putative TMs (298). Although hagfish diverged from the main line of vertebrate 

evolution ~ 550 million years ago, hfCNT shares 52, 50 and 57% sequence identity 

with hCNTl, hCNT2 and hCNT3, respectively, and this high degree of sequence 

conservation is most evident in TMs 4 to 13 (298). Sequence similarity is greater 

with hCNT3 than with hCNTl/2, identifying hfCNT as a member of the CNT3 rather 

than CNT1/2 subfamily (298). 

Consistent with its phylogenetic designation, recombinant hfCNT exhibited 

cib-\ike transport activity upon expression in Xenopus oocytes and mediated Na+-

dependent uptake of both purine and pyrimidine nucleosides as well as the nucleoside 

analogs AZT, ddC and ddl (298). Electrogenic transport by hfCNT was solely Na+-

dependent as transport was not supported by H+ or Li+ gradients (298). Similar to the 

other CNT family members, the apparent Km value for uridine uptake by hfCNT 

expressed in Xenopus oocytes was 10.2 uM (298). Electrophysiological current 

measurements combined with radiolabeled uridine uptake revealed a 2:1 Na+:uridine 

stoichiometry similar to hCNT3 (298). hfCNT exhibited low-affinity binding of Na+ 

with an apparent K5o value > 100 mM, which is likely an adaptation to the high Na+ 

concentration of- 500 mM NaCl encountered by hagfish in sea water (298). 

Nematodes 

Two CNT family member homologs were identified by BLAST searches of 

the Caenorhabditis elegans genome encoded by F27E11.1 and F27E11.2 genes (306). 

Full-length cDNAs were cloned for both homologs, although F27E11.1 was not 

further characterized due to low expression in Xenopus oocytes (306). F27E11.2, 

expressed in Xenopus oocytes, exhibited broad selectivity for both purine (adenosine, 

inosine and guanosine) and pyrimidine (uridine and thymidine) nucleosides and was 

designated CeCNT3 to reflect its c/6-like permeant selectivity (306). Surprisingly, 

cytidine was not a permeant for CeCNT3 (306). CeCNT exhibited high affinity for 
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inosine and thymidine with apparent Km values of 15.2 and 11.0 uM respectively 

(306). CeCNT3 has 575 amino acids and exhibits ~ 30% sequence identity to 

mammalian CNTs (306). Transport mediated by CeCNT3 was Na+-independent, but 

pH-dependent, suggesting that it functions as a H+/nucleoside symporter (306). 

Fungi 

The Saccharomyces cerevisiae genome does not encode CNT family 

members; multiple CNTs, however, exist in pathogenic yeast genome sequence 

databases. A CNT family member from the pathogenic yeast Candida albicans was 

identified by BLAST searches of the genome sequence databank and cloned by PCR 

from a C. albicans cDNA library (307). C. albicans (Ca) CNT is 608 amino acids in 

length and putatively contains 13 TMs, but lacks the extended extracellular 

glycosylated C-terminus of mammalian CNTs (307). CaCNT exhibits 33, 34 and 

38% sequence identity to hCNTl, hCNT2 and hCNT3, respectively (307). Upon 

expression in Xenopus oocytes, recombinant CaCNT exhibited transport of purine 

nucleosides (adenosine, inosine and guanosine) as well as uridine with apparent Km 

values ranging form 16 to 64 uM (307). Chemotherapeutics that were permeants for 

CaCNT included the purine nucleoside analogs ddl, F-araA and 2-CdA and the 

uridine analogs, 5-fluorouridine, 5-fluoro-2'-deoxyuridine and zebularine (307). Low 

levels of transport of cordycepin, a purine nucleoside analog with anti-fungal activity, 

was also evident (307). In contrast to Na+-coupled CNTs, but similar to CeCNT3, 

CaCNT functioned as a H+ symporter and charge/flux ratio experiments similar to 

CNT1-3 and hfCNT revealed a 1:1 H+:uridine coupling ratio (307). 
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Prokaryotic CNT Family Member 

Bacteria 

Unlike ENTs, CNTs are also found in prokaryotes. A CNT family member 

from the inner membrane of Escherichia coli was isolated by functional rescue 

studies and designated NupC according to its gene name (308). Also cloned by PCR 

from an E. coli cDNA library (309, Appendix 2), NupC encodes a 400 residue protein 

and contains 10 predicted TMs corresponding to TMs 4 - 13 of eukaryote CNTs 

(308). NupC was functionally characterized following expression of its cDNA in 

Xenopus oocytes (309, Appendix 2). 

Organic Cation Transporter (OCT) Family 

Members of the OCT family are able to mediate the cellular uptake of a 

variety of compounds, including monoamines, organic cations, such as 

tetraethylammonium (TEA) and MPP+, as well as clinically relevant drugs, such 

antihistamines and antivirals (310-315). The OCT family is comprised of two 

functionally distinct groups of transport proteins: OCTs are basolaterally-expressed 

electrogenic, potential-sensitive facilitative transporters also capable of electroneutral 

exchange, whereas organic cation transporters-novel (OCTNs) are apically-expressed 

and exhibit various energetic mechanisms, including electroneutral exchange 

(OCTN1), Na+-dependent cotransport (OCTN2) and electrogenic facilitated diffusion 

(OCTN2) (315). Members of the OCT family each have different permeant profiles 

and only OCT1, which primarily mediates the uptake of various cations in epithelial 

tissues, was demonstrated to transport nucleoside analogs (310-312, 314, 316, 317). 

OCT family members that have been identified are listed in Table 1-4. 

Human, rat and mouse OCT1 are 554, 556 and 556 amino acids in length, 

respectively, and contain 12 predicted TMs (318-321). hOCTl exhibits 78% 

sequence identity to rOCTl (321). A second isoform cloned from rat kidney, 

rOCTIA, represents a functional, alternatively-spliced protein of 430 amino acids and 
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10 putative TMs (322). mRNA transcripts for hOCTl were found primarly in the 

liver (321), whereas rOCTl was found in kidney, liver, intestine and colon (318). 

Transport by hOCTl was electrogenic, dependent on both pH and membrane 

potential and accepted permeants were multispecific and independent of charge (321). 

Upon expression in Xenopus oocytes, radiolabeled MPP+ uptake by hOCTl was 

inhibited by the nucleosides thymidine and inosine, as well as by the organic anion 

taurocholate (321). Antiviral permeants for hOCTl included acyclovir (ACV) and 

GCV, but not AZT (312). Also expressed in Xenopus oocytes, rOCTl mediated 

transport of 7-deazadeoxyadenosine (deoxytubercidin), araC, 2-CdA and AZT (310). 

Deoxytubercin was later shown to be transported in its cationic form (317). 

Organic Anion Transporter (OAT) Family 

OATs belong to the same gene family as OCTs and are therefore structurally 

similar (323). Permeants for organic anion transporters include a wide variety of 

endogenous metabolites, xenobiotics and drugs, including vitamins, antihypertensive 

drugs, nucleoside analogs, anti-inflammatory drugs and the initially identified 

permeant, /?-aminohippurate (PAH) (323). Organic anion transport is mediated by a 

family of proteins for which several members have been identified by molecular 

cloning and subsequent characterization: OAT1 (324-330), OAT2 (331, 332), OAT3 

(333-335), OAT4 (336), OAT5 (337) and OAT6 (338). These proteins have diverse 

permeant selectivities and different tissue distributions, although all isoforms are 

present in kidney (323, 339). OAT family members that have been identified are 

listed in Table 1-5. 

Among putative permeants for this diverse family of transporters, some 

studies have investigated nucleoside analogs. For example, transport of the antivirals 

ACV and GCV was apparent for only hOATl, whereas AZT was transported by 

hOATl, hOAT2, hOAT3 and hOAT4 (312). rOATl, expressed in Xenopus oocytes, 

was also shown to transport ACV and AZT, as well as other nucleoside analogs 

including ddC, ddl, lamivudine, 2', 3'-didehydro-3'-deoxythymidine (stavudine) and 
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2'-deoxy-5-(trifluoromethyl)uridine (trifluridine) (340). Among many other 

structurally unrelated compounds, both hOAT2 (341) and mOAT3 (342) expressed in 

Xenopus oocytes mediated the uptake of 5-fluorouracil. 

Nucleoside:H+ Symporter (NHS) Family 

Two nucleoside transport systems, nupC and nupG, were initially 

characterized in Escherichia coli and differed in both permeant selectivity and 

resistance to the antibiotic nucleoside analog, showdomycin (308, 343). While the 

nupC system, corresponding to the NupC protein, belongs to the CNT family (308), 

nupG is a member of the nucleoside:H+ symporter family, which in turn is part of the 

larger major facilitator superfamily (MFS) of transporters (344). NupG, the 

membrane protein product of the nupG gene, is 418 amino acids in length (345). 

Recombinant expression of NupG in E. coli and Xenopus oocytes exhibited In­

dependent transport of both purine and pyrimidine nucleosides (346-348). 

Purification of over-expressed NupG in E. coli allowed application of Fourier 

transform infrared and circular dichroism spectroscopy analysis to indicate a-helical 

structure consistent with 12 putative TMs (347). The inhibition profile of 

recombinant NupG expressed in Xenopus oocytes by a series of 46 nucleosides and 

nucleoside analogs identified similar, but distinct recognition patterns in NupG and 

NupC, and allowed a homology model of the NupG binding site to be created based 

on the X-ray crystallographic structure of the MFS disaccharide transporter LacY 

from E. coli. (348). 

Investigations of xanthine metabolism in E. coli identified the xapB gene 

which encodes a 418 amino acid protein with 12 putative TMs designated XapB that 

is 56% identical in sequence to NupG (346, 349). Expression in a transport-deficient 

E. coli strain and uptake experiments using radiolabeled permeants indicated that 

XapB transports all nucleosides, except guanosine, and, unlike NupG, also mediates 

transport of xanthine (346). Using an uncoupler of the proton motive force, 

xanthosine transport was shown to be H+-dependent (346). In addition to the E. coli 
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NupG and XapB proteins, one other NHS protein family member from E. coli was 

predicted to be a nucleoside transporter based on homology to NupG and XapB and 

was designated YegT, although this protein has yet to be functionally characterized 

(80). These NHS family members are listed in Table 1-6. 

Tsx Channel-Forming Protein Family 

Tsx channel-forming protein family members capable of nucleoside transport 

include the Tsx proteins found in the outer membrane of gram-negative bacteria such 

as Escherichia coli (Ec Tsx) (350) and Salmonella typhimurium (St Tsx), Klebsiella 

pneumoniae (Kp Tsx) and Enterobacter aerogenes (Ea Tsx) (351). Nucleoside 

transport by Tsx was first identified in E. coli tsx mutants in which adenosine and 

thymidine uptake were impaired (352). Later, Ec Tsx was identified as a 294 amino 

acid protein, in which the first 22 amino acids serve as the bacterial signal sequence 

peptide to target the protein across the cytoplasmic membrane, thus resulting in a 

mature form of Ec Tsx which is 272 amino acids long (350). St Tsx, Kp Tsx and Ea 

Tsx are 265, 272 and 272 residues in length in their mature form (351). More 

recently, a Tsx family member was also identified in Salmonella enterica (353). Tsx 

functions as a permeant-specific channel which transports nucleosides and 

deoxynucleosides (351, 354, 355). Although Tsx proteins are structurally unrelated 

to other nucleoside transporter families (356), one group has suggested, based on 

analysis of conserved sequence motifs, that Tsx proteins may be the evolutionary 

precursors to ENT proteins and thus be classified as prokaryote ENT family members 

(79). 

Other members of the Tsx channel-forming protein family include distantly 

related outer membrane proteins (Omps). Similar to tsx proteins, Omps are also 

found in gram-negative bacteria, such as Vibrio parahaemolyticus and Vibrio 

cholerae (357-359). Tsx family members that have been identified are listed in Table 

1-7. 
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Uracil/Allantoin Permease Family 

The first member of the uracil/allantoin permease family to be identified was 

FUR4 from Saccharomyces cerevisiae (360). This protein, a uracil permease, is 633 

amino acids in length (360). Also in S. cerevisiae, disruption of the fuil gene led to a 

mutant phenotype that was unable to grow on a medium containing uridine as 

nutrient, and was resistant to the cytotoxic effects of 5-fluorouridine (361, 362). The 

fuil gene product, also a uracil/allantoin permease family member, was designated 

FUI1 (225). FUI mediated transport of uridine and uridine analogs and was 

insensitive to inhibition by NBMPR, dilazep and dipyridamole (225). Further 

characterization of FUI1 in transport-deficient yeast and Xenopus oocytes revealed 

H+-dependence and identified key residues and permeant structures important for 

transport (363, Appendix 3). Other identified members of the uracil/allantoin family 

are listed in Table 1-8. 

Nucleoside Permease (NUP) Family 

Exploitation of the inability of S. cerevisiae to transport purine nucleosides 

allowed for the cloning of the nucleoside permease gene NUP from Candida albicans 

(364). The corresponding protein, NUP, is 407 amino acids in length, mediated 

transport of adenosine and guanosine, and was inhibited by NBMPR and 

dipyridamole (364). Another sequence related to C. albicans NUP was identified 

from Giardia intestinalis, but functional characterization remains as unpublished 

findings (80). These two NUP proteins are listed in Table 1-9. 

Importance of Nucleoside Transporter Studies 

Nucleoside transport in most tissues and cells studied thus far results from the 

presence of more than one nucleoside transport protein. The functional redundancy 

of nucleoside transporters with overlapping permeant selectivities (Table 1-2) 
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suggests that these proteins are highly regulated and indicates the importance of 

cellular and subcellular localizations. For example, both ENTs and CNTs are present 

in intestine (109, 143, 276, 365, 366). In intestinal epithelial cells, CNTs are present 

in brush border membranes, whereas ENTs are present in the basolateral membrane 

(143, 144, 277). Similarly, ENTs and CNTs are both present and have distinct 

membrane distributions in kidney tubular cells with CNTs apically expressed and 

ENTs primarily expressed basolaterally, although an apical localization for hENTl 

has also been reported (54, 140-143, 277, 278, 305). This distribution of 

concentrative and equilibrative nucleoside transporters is important for their 

respective roles in intestinal absorption and renal reabsorption and secretion of 

nucleosides and nucleoside analogs (143, 305, 367). Also, the coexistence and 

distinct distribution of ENTs and CNTs in liver cells provides a method to deliver 

newly synthesized nucleosides into the blood, as well as salvage nucleosides when 

needed by the liver itself for regeneration (143, 275, 368). ENTs have been 

functionally implicated in regulation of adenosine metabolism, for example, in brain 

(116, 185) and heart (6, 77, 104, 139, 181). Although adenosine is a permeant for all 

three CNTs, and transcripts for all three CNTs have been identified in brain and heart 

tissue, a corresponding role is yet to be described. With the exception of ENT3 (172), 

human ENT and CNT family members are primarily found on the plasma membrane 

of cells, although there is also evidence to support intracellular localization of 

hENTl, hENT2 and hCNT3 (145, 147, 304). Nucleoside transporter activity varies 

with cell type and stage of differentiation; however, information on regulation of both 

protein expression and membrane targeting is limited (58, 368). 

Nucleoside transporter studies are also critical to the application of nucleoside 

analog chemotherapy (reviewed in 32, 56-58, 369-372). Most nucleoside analog 

chemotherapeutics have been demonstrated to be permeants for nucleoside 

transporters and cellular uptake of these drugs is the prerequisite for intracellular 

metabolism and subsequent pharmacologic actions. Thus, the presence of appropriate 

nucleoside transporter(s) in the plasma membrane of diseased cells is important for 

both sensitivity and resistance to nucleoside chemotherapeutics and, thus, clinical 

outcome (54, 56-58, 371). For example, hENTl abundance in plasma membranes has 
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been correlated with sensitivity to nucleoside analogs such as 5'-deoxy-5-

fluorouridine in breast cancer cells (125), 2-CdA and F-araA in acute myelogenous 

and lymphoblastic leukemia cells (373) and dFdC in pancreatic cancer and non-small 

cell lung cancer cells (374, 375). An increasing number of studies, including those on 

treatment of infant acute lymphoblastic leukemia (376) and acute myelogenous and 

lymphoblastic leukemia in adults (373), have related hENTl abundance to araC 

sensitivity and proposed hENTl expression levels as a good prognostic determinant 

of araC cytotoxicity and resistance (59). For example, hENTl deficiency was related 

to shorter disease-free survival times in araC-treated acute myeloid leukemia patients 

(121, 377). Similarly, in a retrospective study, the presence of hENTl in pancreatic 

adenocarcinoma cells resulted in significantly longer patient survival times following 

dFdC chemotherapy than those patients for whom hENTl was undetectable in a 

proportion of cells in tumor samples (375). The clinical outcome following dFdC 

treatment of pancreatic cancer was also significantly correlated to hENTl expression 

levels (378). Sensitivity to 2-CdA was restored in araC-resistant CEM-ARAC 

leukemia cells upon in vitro stable transfer of hCNT2 cDNA (289). Sensitivity and 

resistance to dFdC also differed in cultured cell lines depending on the nucleoside 

transporters present (119). 

While acquired resistance to cytotoxic nucleoside analogs may result from 

down-regulation of transporter expression and/or selection of transporter deficient 

cells, there are also many instances of increased abundance of nucleoside transporters 

in malignant cells compared to normal cells (133, 379). This accounts, at least in 

part, for the generally higher sensitivity of cancer cells to chemotherapeutic 

nucleoside drugs (133, 379). Ubiquitously expressed hENTl is especially important 

in this regard and high proliferation rates of malignant cells are associated with 

elevated levels of es-type transport activity (54, 56). For example, increased hENTl 

abundance was evident in breast cancer cells compared to normal breast epithelia 

(125). However, since ENTs are capable of mediating bidirectional transport, 

elevated expression of ENTs, especially in cells also expressing CNTs, may lead to 

drug efflux as a potential mechanism of resistance to nucleoside analogs. 

Intracellular localization of nucleoside transporters may also play a role in resistance 
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and/or toxicity. In a study of chronic lymphocytic leukemia patients, clinical 

resistance to F-araA was correlated with high levels of intracellular hCNT3 

expression (304). In contrast, hENTl present in mitochondrial membranes enhanced 

the mitochondrial toxicity of antiviral nucleoside analogs (145, 146). hENT3, which 

functions as an intracellularly targeted protein, may also be involved in intracellular 

sequestering of nucleoside analogs, particularly to the lysosome where degradation 

could occur (172). 

Although little is known about regulation, nucleoside transporter gene 

expression is tissue-specific, dependent upon cell differentiation and growth and may 

be modulated by pharmaceuticals (56-58). Additionally, the presence of genetic 

variations within the patient population, such as SNPs, may account for some 

differences in therapeutic outcomes between individuals (58). Resistance to 

nucleoside analogs may also arise from gene redundancy because other protein 

families besides ENTs and CNTs, including OAT and OCT, as well as multidrug 

resistance (MDR) proteins are capable of mediating the transport of nucleoside analog 

chemotherapeutics and their metabolites and therefore may play key roles particularly 

in renal secretion of these compounds (58, 305). Although complex and the result of 

multiple interacting factors, resistance to nucleoside analog chemotherapy could be 

minimized through the development of predictive assays to determine the nucleoside 

transporter profiles of diseased cells and establish in advance their capacities to 

transport specific nucleoside analogs (59). 

Nucleoside transporters play a role in nucleoside analog-induced toxicities and 

nucleoside transporter inhibitors may provide protection against these toxicities, as 

well as provide other alternative therapeutic options. Among other undesirable side-

effects such as hematopoietic toxicity and nephrotoxicity, many nucleoside analog 

chemotherapeutics produce clinically significant dose-limiting mitochondrial toxicity 

resulting from their inhibitory action on mitochondrial DNA replication and repair 

(57, 305, 380). Mitochondrial toxicity may be linked to the presence of nucleoside 

transporters, particularly hENTl (145, 146), on the mitochondrial membrane. In 

particular, energy-demanding tissues which consume high levels of ATP, such as 
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kidney, liver, muscle and pancreas, are susceptible to mitochondrial toxicity. For 

example, phase II clinical trial administration of 1 -(2-deoxy-2-fluoro-P-D-

arabinofuranosyl)-5-iodouracil (fialuridine), a uridine analog developed for the 

treatment of hepatitis B, caused severe widespread mitochondrial toxicity resulting in 

hepatotoxicity, pancreatitis, neuropathy and myopathy (381). In addition to 

fialuridine (382), other nucleoside drugs also cause mitochondrial toxicity including 

F-araA (383), ddl (384, 385), ddC and lamivudine (385, 386). A study using 

NBMPR, dilazep and dipyridamole demonstrated that these ENT inhibitors decreased 

toxicity of tubercidin against human hematopoietic cells (387). This strategy may 

provide pharmacologic resistance to normal tissues, thus minimizing dose-limiting 

toxicities and side-effects, while maintaining cytotoxic effects against target cells (57) 

and be of particular benefit with respect to the chemotherapy of malignant cells which 

tend to have increased abundance of nucleoside transport proteins (56). The same 

goal may be accomplished alternatively through the use of nucleoside transporter 

inhibitors administered in parallel with nucleoside analog chemotherapeutics in order 

to retain the nucleoside analog intracellularly and maximize cytotoxic actions (32, 56, 

57). For example, exposure to NBMPR enhanced the cytotoxicity of 2-CdA in 

cultured human acute lymphocytic leukemia cells, suggesting that nucleoside 

transporter inhibition prevented drug efflux (388). For cells which have both ENTs 

and CNTs in their plasma membrane, the selective inhibition of ENTs may provide a 

means of increasing cytoxicity when the nucleoside analog is also a permeant for 

CNTs (54). In addition to NBMPR and the coronary vasodilator drugs, such as 

dipyridamole, dilazep and draflazine, some protein kinase inhibitors, including 

rapamycin and inhibitors of tyrosine kinase, PKC and cyclin-dependent kinase, also 

inhibit nucleoside transport by ENTs (389). Further investigation of nucleoside 

transport inhibitors, including the development of new compounds, as well as studies 

of currently used compounds directed against other target proteins, is necessary to 

exploit these strategies and would be a valuable tool in mechanistic and physiological 

studies of nucleoside transport proteins. Especially valuable would be inhibitors 

specific to each individual transporter isoform. Currently no specific inhibitors of 

CNTs are known. 
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Similar to their handling of physiological nucleosides, nucleoside transport 

proteins also exhibit overlapping selectivities for nucleoside analogs (58, 59). 

Understanding the molecular determinants of permeant binding and translocation will 

aid in the development of improved nucleoside analogs for therapeutic purposes (59). 

Exploitation of these molecular determinants may facilitate development of 

nucleoside transporter inhibitors and ultimately contribute to a more detailed 

understanding of nucleoside transport mechanisms. In addition to improving the 

treatment of neoplastic and viral disease, the therapy of parasitic disease by 

nucleoside analogs will also benefit from the continued characterization of nucleoside 

transporters and the development of new chemotherapeutics (56, 390). Combining 

information on nucleoside transporter expression in diseased cells with detailed 

knowledge of nucleoside analog transportability may ultimately allow for individually 

tailored chemotherapy regimes. 

Nucleoside Transport Protein Structure-Function Studies 

Atomic resolution of three dimensional structure has been obtained for several 

bacterial membrane transport proteins, including the E. coli glycerol-3-phophate 

transporter GlpT (391) and lac permease LacY (392), Pyrococcus horikoshii 

glutamate transporter Gltph (393) and Aquifex aeolicus Na+/Cl"-dependent leucine 

transporter LeuTAa (394). However, the current understanding of nucleoside 

transporter structures is limited to topological models derived from sequence 

homologies and hydropathy plot analysis combined with the use of molecular biology 

approaches in structure-function studies. Additionally, homology modeling based on 

solved crystal structures of distantly related proteins provides some additional 

insights. Studies to elucidate ENT and CNT molecular mechanisms have focused 

largely on structure-function studies involving protein-protein chimeras, amino acid 

mutations and chemical modification of permeants. 
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Studies on ENT Family Members 

Substantial progress has been made in defining the structural basis of ENT 

protein function. Sequence alignments reveal TMs to be the most homologous 

regions of ENTs (54) and overall membrane topology is conserved amongst ENT 

family members (108). This common membrane architecture, as depicted in Fig. 1-4, 

consists of 11 TMs with cytoplasmic N-terminal and extracellular C-terminal regions, 

as well as large extracellular and cytoplasmic loops between TMs 1 and 2 and TMs 6 

and 7, respectively (78, 130). Use of site-directed mutagenesis to construct 

glycosylation-defective mutants has revealed that both hENTl (127, 130) and hENT2 

(167) are glycosylated in the extracellular loop between TMs 1 and 2, although 

glycosylation is not required for function of either transporter. Extending this 

approach, glycosylation-scanning mutagenesis has confirmed the 11 TM topology of 

hENTl (130). 

Regions functionally important for ENT permeant and inhibitor interactions 

have been identified through the use of human and rat ENT chimeras. ENT 

interactions with inhibitors which compete with permeant for the nucleoside binding 

site, such as dipyridamole and dilazep (395), as well as NBMPR (396), involves the 

region encompassing TMs 3 to 6 and was identified using h/rENTl and rENTl/2 

chimeras, respectively. Additional domain swapping in rENTl/2 chimeras 

determined that the regions encompassing TMs 3 to 4 and TMs 5 to 6 contributed 

almost equally to NBMPR binding affinity (396). Also exploiting phenotype 

differences between transporters, rENTl/2 chimeras identified the regions 

encompassing TMs 1 to 6 to be responsible for the ability of ENT2 to efficiently 

transport the 3'-deoxynucleosides AZT, ddl and ddC (126) and TMs 5 to 6 for the 

ability of ENT2 to transport nucleobases (165). 

Subsequent identification and characterization of the individual amino acid 

residues responsible for ENT permeant and inhibitor interactions has occurred 

through the use of point mutagenesis. Random mutagenesis of recombinant hENTl 

produced in yeast identified Met33 in TM 1 to be involved in dipyridamole and 
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dilazep binding, since hENTl M33I mutants exhibited decreased sensitivity to both 

inhibitors in the absence of changes to NMBPR or uridine affinity (166). The role of 

this residue is conserved in hENT2; hENT2 I33M mutants exhibited increased 

sensitivity to dipyridamole and dilazep while retaining insensitivity to NBMPR (166, 

397). Additionally, hENT2 I33M mutants displayed increased apparent affinity for 

uridine (166, 397). Mutation of hENT2 He33 to cysteine rendered the protein sensitive 

to /7-chloromercuribenzene sulfonate (PCMBS) in a nucleoside and inhibitor 

protectable manner, suggesting this residue is accessible from the extracellular 

medium and involved in permeant and inhibitor binding (397). Mutation of hENTl 

Gly154 in TM 4 to the corresponding residue in hENT2 (serine) resulted in decreased 

sensitivity to NBMPR, dilazep and dipyridamole, as well as decreased affinity for 

cytidine and adenosine (78, 398). The corresponding residue position in rENT2 is 

occupied by cysteine, Cys140, which is both PCMBS-sensitive and nucleoside 

protectable, suggesting a key location within the inhibitor-nucleoside binding domain 

(399). Mutation of highly conserved residues Trp29 (TM 1) and Gly179 (TM 5) in 

hENTl were both shown to inhibit transport activity and affect inhibitor binding (59, 

400). Effects resulting from mutation of Gly179 were consistent with a role for this 

residue in helix-helix packing (54). Additionally, TM 5 Gly184 in hENTl is important 

for targeting to the plasma membrane (400). Random mutagenesis and functional 

complementation also identified four additional residues, hENTl Tip29 (TM 1), Met89 

(TM 2), Leu92 (TM 2) and Ser160 (TM 4), to be important for interactions with both 

inhibitors and nucleoside permeants (59, 401, 402) and, more recently, two TM 8 

residues, Phe 34 and Asn 38, to be important for inhibitor interactions, protein folding 

and catalytic turnover (59, 403). 

In addition to mutagenesis studies to identify functionally important residues 

in hENTs, other investigations have characterized hENT interactions with various 

nucleoside analogs containing base or ribose modifications. Using recombinant 

hENTl and hENT2 produced in S. cerevisiae, inhibition profiles of uridine and 

cytidine analogs were used to identify key structural determinants responsible for 

transporter-permeant interactions (404, 405). With uridine for example, halogen 

modification at the 5 position of the base and the 2' and 5' positions of the ribose 
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moiety are tolerated by both hENTl and hENT2, in contrast to the hydroxyl group at 

the 3' position of the ribose moiety, which is essential for recognition by both 

transporters (404). Both the 2'- and 3'-hydroxyl groups are important determinants 

for interaction of cytidine with hENTl, whereas hENT2 displayed an overall lower 

ability to interact with cytidine and cytidine analogs than hENTl (404). hENT2 was 

shown to be more tolerant of sugar modifications than hENTl; strong interactions 

were apparent with the 3'-hydroxyl group for both hENTl and hENT2, and moderate 

interactions were evident with the 2'- and 5'-hydroxyl groups for hENTl, whereas 

hENT2 showed weak interactions with the 5'-hydroxyl group only (405). Using 

pharmacophore models, nucleoside affinity was determined to be dependent largely 

on electrostatic and steric features for hENTl (406). 

In addition to mammalian ENT family members, insights toward transport 

mechanism have also been gained from non-mammalian homologs. Point mutations 

in L. donovani have identified residues influencing permeant recognition and 

transport in TM 5 (Gly183) and TM 7 (Cys337) of LdNTl.l (407), and in TM 4 - 5 loop 

(Asn175) (408), TM 5 (Ser189) (409) and TM 8 (Asp389) (410) of LdNT2. Investigation 

of L. donovani LdNTl.l TM 5 using substituted cysteine accessibility method 

(SCAM) analysis strongly predicted involvement of this helix in the translocation 

pathway (48, 411). Site-directed mutagenesis of charged residues in L. donovani 

ENTs has also identified key residues in nucleoside binding and translocation, 

including LdNTl.l Glu94, Lys153 and Asp374 in TMs 2, 4 and 8, respectively (412). C. 

elegans CeENTl binds dipyridamole with high affinity similar to hENTl (216) and 

random mutagenesis and functional screening of CeENTl for reduced sensitivity to 

dipyridamole identified TM 11 residue He429 as a residue critical for high affinity 

interactions with dipyridamole (413). Mutagenesis studies of this residue, which 

corresponds to hENTl Leu442, and of the previously identified hENTl TM 1 residue 

Met33 (166, 397), in three different protein backgrounds (hENTl, hENT2 and 

CeENTl) confirmed the importance of these residues in both dipyridamole 

interactions and nucleoside transport and suggested close proximity integration of 

TMs 1 and 11 within the permeant translocation pore (413). 
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Thus, TMs 1, 2, 4, 5, 7, 8 and 11 have all been implicated in involvement in 

inhibitor interactions and/or nucleoside transport suggesting that they form part of the 

inhibitor and/or nucleoside binding domain(s). Combining these key regions with 

insights gained from studies identifying molecular determinants of permeant 

interactions allows for preliminary mapping of the putative ENT translocation pore. 

Assisting these efforts, a number of three dimensional homology models of ENTs 

(67, 408, 414) based upon distant similarities with MFS transporters have been 

generated from the crystal structures of E. coli GlpT (391) and lac permease LacY 

(392). 

Studies on CNT Family Members 

Although CNTs were identified at the molecular level prior to ENTs, 

structure-function studies addressing mechanisms of concentrative nucleoside 

transport lag behind those of their equilibrative counterparts. In part, this is largely a 

consequence of more complex molecular mechanisms, an inability of computer 

algorithms to unambiguously predict their membrane topology and an absence of 

even distantly related crystal structures. Studies of initially cloned CNTs predicted a 

14 TM topology (261, 281, 282). However, JV-glycosylation and 

immunocytochemical analysis revealed an extracellular C-terminus for rCNTl, 

leading to a revised 13 TM model of topology for CNTs as depicted in Fig. 1-5 (277). 

C-terminal glycosylation was also evident for rCNT2 (293) and hCNT3 (296). 

Although not strongly predicted by computer algorithms, two additional TMs (TMs 

5A and 11 A; Fig. 1-5) containing the highly conserved sequence motifs 

{GIPJ$)XX(lN)XXX{LIT)XYXXXGXXVVm (rCNTl residues 235 to 254) and 

{PJG)XXXGX¥JOCmEPYAYXXLXXY (rCNTl residues 486 to 507) were also 

postulated (277). Inclusion of TMs 5 A and 11A would lead to an alternative 15 TM 

model of CNT membrane architecture (277). 

In comparison to their prokaryote homologs, eukaryote CNTs are longer 

proteins which differ from the former by the possession of an extensive intracellular 

57 



N-terminal tail followed by three additional predicted TMs. For example, sequence 

comparisons align the 10 putative TMs of the CNT family member E. coli NupC with 

hCNT C-terminal TMs 4 to 13, thus suggesting that the N-terminal segment 

encompassing the first three putative TMs are not necessary for CNT function (308). 

This has been confirmed by truncation studies in which removal of the N-terminal 

region and first three TMs of rCNTl and hCNTl (residues 1 to 173, and 1 to 174 

residues, respectively) led to truncated proteins, both of which retained functional 

activity (277). Furthermore, chimeric studies have revealed that the nucleoside 

specificity and cation coupling of CNT-mediated transport is determined by the C-

terminal half of the protein. For example, a 50:50 chimera between hfCNT (TMs 1 -

6) and hCNTl (TMs 7-13) generated a phenotype identical to that of hCNTl with a 

hCNTl-like nucleoside selectivity (transport of uridine, thymidine, cytidine > 

adenosine, but not guanosine or inosine) and cation-dependence characterized by a 

high apparent K50 for Na+ of 10 mM and Hill coefficient indicative of a 1:1 

Na+:nucleoside coupling stoichiometry (298). 

Chimeric and mutagenesis studies of rCNTl and rCNT2 (415-417) and 

hCNTl and hCNT2 (418) identified involvement of two central TMs (TMs 7 and 8) 

and associated residues in nucleoside binding and translocation. In the case of 

rCNTl/2, a chimeric protein consisting of rCNTl with TM 7 replaced by that of 

rCNT2 was shown to display broad cz'6-like permeant selectivity (415) while 

maintaining a Hill coefficient for Na+-activation indicative of 1:1 Na+nucleoside 

stoichiometry (416). Site-directed mutagenesis of Ser318 in rCNTl to the 

corresponding amino acid in rCNT2 (glycine) found this residue to be principally 

responsible for the phenotype (417). Another rCNTl chimeric construct, in which 

TM 8 was replaced by that of rCNT2, showed compromised thymidine and inosine 

transport activity (415). In the case of hCNTl/2, introduction of an 85 residue 

segment of hCNT2 (corresponding to TMs 7-9) into hCNTl changed the nucleoside 

selectivity of the transporter from cit to cif (418). By site-directed mutagenesis, two 
T I Q 'ion 

adjacent pairs of residues were identified in hCNTl TMs 7 and 8 (SerJ,7GlnJZU and 

Ser353/Leu354, respectively) that, when mutated to the corresponding residues in 

hCNT2 (Gly313/Met314 and Thr347/Val348), mediated the change. Mutation of the two 
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TM 7 residues alone resulted an intermediate cib-like phenotype, Ser319 of hCNTl 

being equivalent to Ser318 of rCNTl (418). 

Additional studies in CNT family members using site-directed mutagenesis 

have also identified different key residues in TMs 7 and 8, as well as in other TMs. 

Mutation of highly conserved hCNTl residues Phe316 (TM 7) and Gly476 (TM 11) 

revealed roles in acquired guanosine sensitivity and membrane localization, 

respectively (419). Upon expression in MDCK cells, hCNTl constructs F316A-GFP 

and F316Y-GFP were both found at the apical membrane similar to hCNTl, but in 

contrast to hCNTl were sensitive to inhibition by guanosine (419). Additionally, a 

naturally occurring variant, F316H, was identified by analysis of hCNTl SNPs and, 

upon expression in MDCK cells, also exhibited inhibition of transport by guanosine 

(419). This guanosine-sensitive phenotype was similar to the transport process 

csgfN4 previously described in human kidney (259). Also in MDCK cells, GFP-

tagged G476A and G476L hCNTl mutants did not localize to the plasma membrane, 

thus suggesting a role for this TM 11 residue in membrane targeting and/or protein 

folding (419). Site-directed mutagenesis was used to investigate the role of 

conserved, negatively charged residues in hCNTl structure and function and thereby 

identified important residues in TM 7 and the extracellular loop between TMs 11 and 

12 (TM 11 A) which influenced nucleoside and cation binding and/or translocation 

(420, Appendix 4). Mutation of Tyr332 in CeCNT3 TM 8 to the corresponding 

residue in h/rCNT2 (phenylalanine) decreased apparent Km and VmWi values for 

thymidine and suggested a role for this residue in nucleoside recognition and 

translocation (306). Using SCAM methodology to probe a cysteine-less form of 

hCNT3 (hCNT3C-), residues in TMs 11, 12 and 13 were individually mutated to 

cysteine and tested for inhibition by methanethiosulfonate (MTS) reagents (421). 

This set of experiments provided evidence for participation of TMs 11 and 12, but not 

TM 13, in formation of the nucleoside translocation pathway (421). 

Studies investigating SNPs have identified a greater degree of variability for 

hCNTl than hCNT2, with a high degree of conservation evident for hCNT3 (59, 264, 

286, 299). Characterization of 15 nonsynonymous variants in hCNTl identified two, 
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S546P (TM 12) and the single base pair deletion variant CNTl-1153del, which were 

nonfunctional (264). All six nonsynonymous variants identified in hCNT2 were 

functional (286). The four most common of these variants showed similar apparent 

Km values to that of hCNT2 for the nucleoside analog ribavirin (286); however, the 

F355S (TM 8) variant exhibited altered specificity for inosine and guanosine (286). 

Of 10 nonsynonymous variants identified in the coding region of hCNT3, only one, 

substitution of a highly conserved glycine (Gly367) in TM 8 with arginine, altered the 

nucleoside uptake profile of the transporter by exhibiting lower levels of thymidine 

and inosine uptake (299). A parallel study that identified and functionally 

characterized additional hCNT3 SNPs similarly revealed a high degree of 

conservation of function for this transporter (300, Appendix 1). Recently, a novel 

SNP in hCNT3 resulting in the mutation C602R in TM 13 was described in which the 

Hill coefficient for Na+-activation was shifted from 2 to 1, suggesting the possibility 

of an altered 1:1 Na+:nucleoside stoichiometry (422). The altered phenotype was 

attributed to the presence of arginine rather than the loss of cysteine at this position 

since hCNT3 mutant C602S retained wild-type transport properties (422). 

Similar to ENTs, structure-function information on CNTs can be derived from 

studies investigating the effects of permeant modifications. For example, hCNTl and 

hCNT2 exhibit different binding interactions with uridine and adenosine, permeants 

for both transporters, although the 6 position on uracil and the 8 position on adenine 

rings are critical for inhibition of both hCNTl and hCNT2 (423). Similarly, rCNTl 

did not transport pyrimidine nucleoside analogs with modifications at the 6 position 

of the base (266). Through the use of pharmacophore models, permeant interactions 

for hCNTl were dominated by electrostatic and steric effects, whereas hydrogen 

bonding features were more critical for hCNT2 (406). In stably transfected cell lines, 

hCNTl generally exhibited higher apparent affinity for uridine analogs in comparison 

to hCNT2, but unlike hCNT2 was unable to transport adenosine analogs (272). 

Inhibition of radiolabeled uridine uptake by hCNT3 -expressing Cos7L cells 

determined that permeant recognition required the 3'-hydroxyl group and carbon at 6-

position on the base of uridine (296). Similarly, a study measuring nucleoside 

analog-induced currents in hCNT3-producing Xenopus oocytes also identified the 3'-
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hydroxyl group to be a critical determinant of hCNT3 transportability (303). A 

systematic series of experiments using uridine analogs to investigate the structural 

determinants in the sugar moiety important for interaction with hCNTl, hCNT2 and 

hCNT3 revealed that the uridine-binding profiles for each transporter were consistent 

with their respective transportability profiles (59, 424, 425). These experiments 

found that transport of uridine analogs mediated by hCNTl was sensitive to 

modifications of the N-3, C-3' and C-5' positions, that hCNT2 was not tolerant of 

changes at C-3' or C-5' and only partially tolerant of modification at N-3, and that 

hCNT3 was sensitive to C-3' modifications only (59, 424, 425). Similarly, E. colt 

NupC produced in Xenopus oocytes was tested for inhibition by a series of 46 

nucleosides and nucleoside analogs (348). These experiments revealed that binding 

to NupC required the C-3'-hydroxyl substituent as well as the natural a-configuration 

at C-3' and natural (3-configuration at C-l' (348). The overall pattern of inhibition for 

NupC was similar to that of hCNTs (348). 

ENT and CNT Mechanism(s) of Transport 

Similar to members of the major facilitator superfamily, mechanisms of 

transport for ENT and CNT proteins have been based on the alternating access 

concept (426). Thus, the general model comprises two conformations in which 

permeant binding sites are only accessible to either the outward, extracellular-facing 

or inward, intracellular-facing orientation at any given time. Permeant binding to the 

transporter induces a conformational change which reorients the transporter thereby 

allowing release of permeant on the opposite side of the membrane. Mechanistically, 

little is known about the actual molecular process of transport for ENT and CNT 

family members. In facilitative diffusion mediated by ENTs, transitions between 

outward- and inward-facing conformations occur at a faster rate in the presence than 

in the absence of permeant (30). Some ENT family members in parasitic protozoa are 

similar to CNTs and couple nucleoside transport to a cation electrochemical across 

the cell membrane. In ENTs, this cation is H+, whereas in CNTs it is Na+ and/or H+. 
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An in depth analysis of hCNTl Na /nucleoside cotransport has been carried 

out using electrophysiological techniques and hCNTl expression mXenopus oocytes 

(268). An ordered simultaneous transport model in which Na+ binds first followed by 

uridine was proposed based on kinetic analysis of steady-state uridine-induced Na+ 

currents (268). In these experiments the apparent affinity for uridine increased in the 

absence of changes to maximal currents as the concentration of extracellular sodium 

was increased (268). Additionally, analysis of hCNTl presteady-state currents 

revealed that 61% of the membrane field was sensed by Na+ and the valency of the 

movable charge, -0.81, was consistent with 1:1 Na+:nucleoside stoichiometry (268). 

Presteady-state analysis was also used to calculate the average number of 

transporters, 6.8 x 1010, in the oocyte plasma membrane to yield a turnover rate of 9.6 

uridine molecules per hCNTl protein per sec at -50 mV (268). Similar to hCNTl, 

hCNT2 is also Na+-dependent and, aside from Na+-activation curves which generate 

Hill plots predicting a 1:1 Na+:nucleoside stoichiometry, nothing is known about its 

mechanism of transport (30, 243). In contrast to hCNTl/2, but similar to CNT3 

subfamily member hfCNT, a 2:1 Na+:nucleoside stoichiometry has been established 

for hCNT3 (268, 295, 298). As well, hCNT3 has as an ability to couple nucleoside 

transport to H+ electrochemical gradients (268, 295); however, little else is known 

about the mechanism(s) of hCNT3 cation/nucleoside cotransport. 

Research Objectives 

In contrast to ENTs, much less is known about CNTs with respect to the 

structure of the transporters and the function of specific residues within these 

structures. As mediators of concentrative nucleoside transport, the identification and 

characterization of regions and residues within the translocation pore, as well as those 

contributing to and participating in the nucleoside permeant and coupling cation 

binding sites, will be beneficial to the structural characterization and mechanistic 

understanding of CNTs. The objectives of this research, initiated at a time when only 

limited molecular information was available, was to undertake structure-function 
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investigations of representative eukaryotic and prokaryotic CNTs, with particular in 

depth focus on the human transporter hCNT3. 

Xenopus oocytes lack endogenous nucleoside transport systems and have been 

used extensively in the kinetic characterization of nucleoside transport proteins. By 

recombinant expression in Xenopus oocytes, the mutagenesis and other molecular 

studies presented here characterized nucleoside transport using both radioisotope flux 

assays and electrophysiological techniques (Chapter 2). Upon expression in Xenopus 

oocytes, investigation of two allelic isoforms of C. albicans CaCNT identified a 

single amino acid substitution in TM 7 that altered the apparent affinity for uridine 

transport by this H+-coupled nucleoside transporter by ~ 10-fold (427, Chapter 3). 

Permeant binding and translocation were also influenced by mutation of two residues 

in TM 8 of hCNTl, one of which also influenced cation interactions and both of 

which are predicted to reside in a common cation/nucleoside translocation pore (428, 

Chapter 4). In contrast to H+-coupled CaCNT and Na+-coupled hCNTl, hCNT3 is 

capable of both H+- and Na+-mediated nucleoside transport, and is shown in Chapter 

5 (429) to have novel cation-coupled nucleoside transport characteristics. Following 

the characterization of cation coupling in hCNT3 which revealed 2:1 Na+:uridine and 

1:1 H+:uridine coupling ratios, a direct comparative analysis between all three hCNTs 

confirmed that, as members of a separate CNT subfamily, hCNTl and hCNT2 

exhibited a different Na+:nucleoside stoichiometry of 1:1 (430, Chapter 6). These 

experiments provided a fundamental understanding of cation coupling in CNT family 

members, and set the stage for structure-function studies to reveal additional insights 

into CNT mechanisms of transport. 

Elucidation of transport mechanism(s) was pursued by site-directed 

mutagenesis of single residues in hCNT3 produced in Xenopus oocytes. The rationale 

for using hCNT3 as a template for these studies was based upon its phylogenetic 

background and unique transport properties. hCNT3 (and mCNT3) are more closely 

related to hagfish hfCNT than to the mammalian CNT1 and CNT2 proteins, despite 

approximately 550 million years of vertebrate evolution (295), suggesting that the 

physiological functions of cib-type nucleoside transporters have particular 
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importance. This is substantiated by the low frequency of hCNT3 SNPs. Mammalian 

CNT3 differs from CNT1/2 both with respect to nucleoside selectivity and cation 

coupling. While pyrimidine nucleoside-selective hCNTl and purine nucleoside-

selective hCNT2 couple exclusively with Na+, hCNT3 mediates the transport of both 

purine and pyrimidine nucleosides and nucleoside analogs, coupling transport to both 

Na+ and H+ electrochemical gradients (268, 295). Additionally, hCNT3 exhibits 2:1 

Na+:nucleoside, but 1:1 H+:nucleoside stoichiometry whereas, in contrast, hCNTl and 

hCNT2 share a common 1:1 Na+:nucleoside coupling ratio (295). 

Despite having numerous endogenous cysteine residues common to all 

hCNTs, hCNT3 is the only transporter reactive to the hydrophilic thiol-reactive 

reagent PCMBS (431, Chapter 7). Studies to identify the residue responsible for this 

PCMBS reactivity revealed that a H+-mediated conformational shift was responsible 

for the unmasking of a pore-lining PCMBS-reactive cysteine residue in TM 12 (431, 

Chapter 7). The functional importance of this TM 12 residue in cation coupling was 

independently confirmed in a study characterizing a cysteine-less version of hCNT3 

(hCNT3C-) as a prerequisite for continued hCNT3 SCAM analysis (Chapter 8). 

Additional insights on cation coupling in hCNT3 were revealed through exploitation 

of the unique multifunctional phenotype of hCNT3; key residues in TMs 7 and 11A 

involved in both Na+ and H+ interactions, as well as nucleoside binding and 

translocation were identified in Chapter 9 by site-directed mutagenesis of hCNT3 

negatively charged residues. To verify the membrane-associated nature of TM 11A 

and further extend the study of Chapter 7 (431), SCAM analyses revealed important 

pore-lining residues in TMs 11, 11A and 13 and hence, provided key support for a 

new revised 15 TM model of CNT topology (Chapter 10). Additional studies 

presented here include the identification and analysis of three hCNT3 SNPs (300, 

Appendix 1) and the characterization of a bacterial H+-coupled CNT family member 

from Escherichia coli, NupC (309, Appendix 2) and a uridine permease, Fuilp, from 

Saccharomyces cerevisiae which is a member of the uracil/allantoin permease family 

(363, Appendix 3). The parallel study to that of Chapter 9 which investigated the role 

of negatively charged residues in hCNTl is presented in Appendix 4 (420). Together, 

these studies contribute valuable insights into the molecular mechanisms of cation 
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coupling in concentrative nucleoside and nucleoside drug transport proteins (Chapter 

11). 



Table 1-1. Identified members of the equilibrative nucleoside transporter (ENT) 

family. 

Species 

Homo sapiens 

Rattus 
norvegicus 

Mus musculus 

Oryctolagus 
cuniculus 

Toxoplasma 
gondii 

Plasmodium 
falciparum 

Leishmania 
donovani 

Protein 

hENTl 
hENT2 

hENT3 

hENT4 

rENTl 

rENT2 

rENT4 

mENTl 
mENTl.l 
mENTl.2 
mENT2 

mENT3 
mENT4 

rbENT2 

rbENT2A 

TgATl 

TgAT2 

PfENTl 

PfNTl 
PfENT2 
PfENT3 
PffiNT4 

LdNTl.l 

LdNT1.2 

LdNT2 

GenBank™ 
Accession 

AAC51103 
AAC39526 

AAK00958 

DAA00308 

AAB88049 

AAB88050 

EDL89703 

AAF78452 
AAF76429 
AAF64036 
AAF76431 

AAK00957 
AAH25599 

A AK11605 

AAK11606 

AAF03247 

AAG09713 

AAF67613 

AAC32597 

AAC32315 

AAF74264 

Amino 
Acids 

456 
456 

475 

530 

457 

456 

522 

458 
460 
458 
456 

475 
528 

456 

415 

462 

422 

422 

491 

491 

499 

Permeant 
Selectivity 

nucleosides 
nucleosides; 
nucleobases 
nucleosides; 

adenine 
adenosine; 

monoamines; 
MPP+ 

nucleosides 

nucleosides, 
nucleobases 

nd 

nucleosides 
nucleosides 
nucleosides 
nucleosides; 
nucleobases 

nd 
adenosine; 
adenine; 

monoamines 

nucleosides 

nucleosides 

adenosine; 
inosine 

nucleosides 

nucleosides; 
nucleobases 
nucleosides 

nd 
nd 
nd 

adenosine; 
uridine 

adenosine; 
uridine 
inosine; 

guanosine 

Transport 
Mode 

facilitative 
facilitative 

H+-
dependent 

In­
dependent; 

electrogenic 

facilitative 

facilitative 

nd 

facilitative 
facilitative 
facilitative 
facilitative 

nd 
In­

dependent 

facilitative 

facilitative 

nd 

nd 

facilitative 

nd 
nd 
nd 
nd 

in­
dependent 

In­
dependent 

in­
dependent 

Reference 

102,118 
103, 118, 

165 
78, 172 

79, 104, 
174 

105 

105, 165 

106 
110,111 

111 
106,111 

78, 172 
79, 104 

163 

163 

193, 194 

194 

196 

195 
199 
199 
199 

84, 201 

84,201 

84, 202 
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Table 1-1 (continued). 

Species 

Trypanosoma 
brucei 

Crithidia 
fasciculata 

Trypanosoma 
equiperdum 

Caenorhabditis 
elegans 

Protein 

TbATl 

TbNT2 

TbNT2/ 
927 
TbNT3 
TbNT4 
TbNT5 

TbNT6 

TbNT7 

TbNT8.1 

TbNBTl 

TbNT9 

TbNTIO 

TbNTll.l 
TbNT11.2 

CfNTl 

CfNT2 

TeATl 

(TeAT2) 

CeENTl 

CeENT2 
CeENT3 
CeENT4 
CeENT5 
CeENT6 

GenBank™ 
Accession 

AAD45278 

AAF04490 

AAF22610 

AAG22611 

CAC41330 

AAM46663 

CAB01882 
CAB01223 
CAB62793 
AAA98003 
CAB03075 

Amino 
Acids 

463 

464 

497 

502 

463 

445 

450 
729 
451 
434 
441 

Permeant 
Selectivity 

adenosine; 
adenine; mel-
aminophenyl 

arsenicals 
purine 

nucleosides 
purine 

nucleosides 
nd 
nd 

purine 
nucleosides; 
hypoxanthine 

purine 
nucleosides; 

hypoxanthine 
purine 

nucleosides; 
hypoxanthine 

purine 
nucleobases 
guanosine, 

inosine; 
nucleobases; 
allopurinol 

purine 
nucleosides; 

hypoxanthine 
purine 

nucleosides 
nd 
nd 

nucleosides; 
hypoxanthine 

inosine; 
guanosine 

adenosine 

adenosine; 
inosine 

nucleosides 

nucleosides 
nd 
nd 
nd 
nd 

Transport 
Mode 

nd 

H+-
dependent 

In­
dependent 

nd 
nd 
in­

dependent 

in­
dependent 

In­
dependent 

nd 

nd 

nd 

nd 

nd 
nd 

nd 

nd 

nd 

nd 

facilitative 

facilitative 
nd 
nd 
nd 
nd 

Reference 

207 

85 

87 

87 
87 
87 

87 

87 

87, 208 

209 

48,87 

210,211 

48 
48 

214,215 

214,215 

432 

432 

35, 108, 
216 

108,216 
108 
108 
108 
108 
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Table 1-1 (continued). 

Species 

Drosophila 
melcmogaster 

Arabidopsis 
thaliana 

Oryza sativa 

Saccharomyces 
cerevisiae 

Protein 

DmENTl 

DmENT2 

DmENT3 

AtENTl 

AtENT2 
AtENT3 

AtENT4 

AtENT5 
AtENT6 
AtENT7 
AtENT8 

OsENTl 
OsENT2 

OsENT3 
OsENT4 

FUN26 

GenBank™ 
Accession 

AAF51506 

AAF52405 

AAF49871 

AAC18807 

AAF04424 
CAB81054 

CAB81055 

CAB81056 
CAB81053 
AAD25545 
AAG10625 

AK059439 
BAD98465 

AK101098 
AK065096 

AAC04935 

Amino 
Acids 

467 

458 

668 

428 

417 
418 

418 

419 
394 
382 
408 

423 
418 

418 
276 

517 

Permeant 
Selectivity 

nd 

uridine 

nd 

nucleosides 

nd 
nucleosides 

adenosine, 
guanosine, 
cytidine, 
uridine 

nd 
nucleosides 
nucleosides 

nd 

nd 
nucleosides; 
nucleoside 
cytokinins 

nd 
nd 

nucleosides 

Transport 
Mode 

nd 

nd 

nd 

H+-
dependent 

(?) 
nd 
H+-

dependent 
facilitative 

nd 
facilitative 
facilitative 

nd 

nd 
H+-

dependent 

nd 
nd 

facilitative 

Reference 

78, 108 

78, 108, 
217 
108 

88, 222, 
223 

220,221 
89, 220, 
221,223 

221 

220,221 
221,223 
221,223 
221,223 

224 
224 

224 
224 

225 

nd, not determined. 
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Table 1-2. Apparent Km values for human ENT and CNT family members. 

Transporter 

hENTl 

hENT2 

hENT3AA 

hENT4 

hCNTl 

hCNT2 

hCNT3 

Nucleoside/ 
Nucleobase 

uridine 
cytidine 
thymidine 
adenosine 
inosine 
guanosine 

uridine 

cytidine 

thymidine 
adenosine 
inosine 
guanosine 
hypoxanthine 

uridine 
adenosine 

adenosine 

uridine 

cytidine 

uridine 

adenosine 
inosine 

uridine 
cytidine 
thymidine 
adenosine 
inosine 
guanosine 

Xenopus 
oocytes 

240 
600 

50 

200 

700 

1860 
2020 

780 

45 
22 

80 
40 
8 

4.5 

21.6 
15.4 
21.2 
15.1 
52.5 
43.0 

Reference 

102 
83 

83 

103 

165 

172 
172 

104 

262 
268 

282 
283 
283 
282 

295 
295 
295 
295 
295 
295 

Apparent Ka 

S. 
cerevisiae 

44.1 
234 

17.8 
28.5 
47.5 

195 

106 
180 

9.2 

11.2 

8.7 

, value (uM) 
Reference 

397 
397 

397 
397 
397 

397 

397 
397 

424 

59 

424 

Cultured 
cells 

260 
580 
300 
40 
170 
140 

250 
330 
5610 
3900 

710 
140 
50 

2700 

34 
59 
140 

46 
116 

13.7 

1.1 
3.4 
3.7 
4.6 
4.3 
5.1 

Reference 

118 
118 
118 
118 
118 
118 

118 
167 
118 
167 

118 
118 
118 
118 

272 
274 
274 

289 
287 

287 

296 
296 
296 
296 
296 
296 

69 



Table 1-3. Identified members of the concentrative nucleoside transporter 

(CNT) family. 

Species 

Homo sapiens 

Rattus 
norvegicus 

Mus musculus 

Oryctolagus 
cuniculus 

Sus scrofa 

Eptatretus stouti 

Caenorhabditis 
elegans 

Candida 
albicans 

Escherichia coli 

Protein 

hCNTl 

hCNT2 

hCNT3 

rCNTl 

rCNT2 

mCNTl 
mCNT2 

mCNT3 

rbCNT2 

pkCNTl 

hfCNT 

CeCNT3 

CaCNT 

NupC 

YeiJ 
YeiM 

GenBank™ 
Accession 

AAB53839 

AAC51930 

AAG22551 

AAB03626 

AAA80640 

AAH61230 
AAC28858 

AAG22552 

AAF80451 

AAC17947 

AAD52151 

AAF80462 

AAO75038 

CAA52821 

AAC75222 
AAC75225 

Amino 
Acids 

649 

658 

691 

648 

659 

648 
660 

703 

658 

647 

683 

575 

608 

400 

416 
416 

Permeant 
Selectivity 

pyrimidine 
nucleosides; 

adenosine 
purine 

nucleosides; 
uridine 

nucleosides 

pyrimidine 
nucleosides; 

adenosine 
purine 

nucleosides; 
uridine 

nd 
purine 

nucleosides; 
uridine 

nucleosides 

purine 
nucleosides; 

uridine 

pyrimidine 
nucleosides 

nucleosides 

nucleosides 
except 

cytidine 

purine 
nucleosides; 

uridine 

adenosine; 
uridine 

nd 
nd 

Transport 
Mode 

Na+-
dependent 

Na+-
dependent 

Na+/H+-
dependent 

Na+-
dependent 

Na+-
dependent 

nd 
Na+-

dependent 

Na7H+-
dependent 

Na+-
dependent 

Na+-
dependent 

Na+-
dependent 

In­
dependent 

In­
dependent 

In­
dependent 

nd 
nd 

Reference 

262 

282, 283 

268, 295 

261 

269,281 

284 

268, 295 

285 

263 

298 

306 

307 

308, 309, 
Appendix 2 

nd, not determined. 
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Table 1-4. Identified members of the organic cation transporter (OCT) family. 

Species 

Homo sapiens 

Rattus 
norvegicus 

Mus musculus 

Oryctolagus 
cuniculus 

Sus scrofa 

Caenorhabditis 
elegans 

Protein 

hOCTl 

hOCT2 

hOCT2A 
hOCT3 
hOCT4 
hOCTNl 

hOCTN2 

rOCTl 

rOCTIA 
rOCT2 
rOCT3 

rOCTNl 
rOCTN2 

mOCTl 
mOCT2 
mOCT3 
mOCTNl 

mOCTN2 

mOCTN3 

rbOCTl 

rbOCT2 
rbOCT3 

pOCT2 

CeOCTl 

GenBank™ 
Accession 

AAB67703 

CAA66978 

BAC02720 
BAA76350 
BAA76351 
BAA23356 

AAC24828 

CAA55411 

AAB67702 
BAA11754 
AAC40150 

AAD46922 
AAD54059 

AAB19097 
CAA06827 
AAD20978 
BAA36626 

AAD54060 

BAA78343 

AAC23661 

AAM83256 
AAU05742 

CAA70567 

AAF21932 

Amino 
Acids 

554 

555 

483 
551 
594 
551 

557 

556 

430 
593 
551 

553 
557 

556 
553 
551 
553 

557 

564 

554 

554 
404 

547 

568 

Permeant 
Selectivity 

organic 
cations; 

- MPP+; 
TEA; 
ACV; 
GCV 
TEA; 
MPP+ 

TEA 
MPP+ 

nd 
TEA 

TEA; 
carnitine 

TEA; 
dTub; 

nucleoside 
analogs 

TEA 
TEA 
TEA; 

guanidine 
TEA 
TEA; 

carnitine; 
organic 
cations 

nd 
nd 
nd 

TEA; 
carnitine 

TEA; 
carnitine 
carnitine 

MPP+; 
TEA 
TEA 
nd 

TEA 

TEA 

Transport 
Mode 

electrogenic; 
H+-dependent 

electrogenic 

electrogenic 
nd 
nd 

electroneutral 
exchange 

Na+- and In­
dependent; 
electrogenic 

electrogenic 

nd 
nd 

electrogenic 

H+-dependent 
Na+-dependent; 

electrogenic 
facilitative 

nd 
nd 
nd 

Na+- and In­
dependent 

Na+- and In­
dependent 

nd 

nd 

nd 
nd 

nd 

nd 

Reference 

320, 321 

320 

433 
434 
434 
435 

436-438 

310,318 

322 
439 
440 

441 
442 

319 
443 
444 
445 

442, 445 

445 

446, 447 

447 
313 

448 

449 
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Table 1-4 (continued). 

Species Protein GenBank™ Amino Permeant Transport Reference 
Accession Acids Selectivity Mode 

Drosophila Orct CAA73031 548 nd nd 450 
melanogaster 

Phaseolus PvOCTl AA083155 547 nd nd 451 
vulgaris 

nd, not determined; MPP+, l-methyl-4-phenylpyridinium; TEA, tetraethylammonium; 

ACV, acyclovir; GCV, ganciclovir; dTub, deoxytubercidin. 
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Table 1-5. Identified members of the organic anion transporter (OAT) family. 

Species 

Homo sapiens 

Rattus 
norvegicus 

Protein 

hOATl 

hOATl-1 
hOAT2 

hOAT3* 
hOAT3 

hOAT4 

hOAT5 
hOAT7 

URAT1 

rOATl 

GenBank™ 
Accession 

AAD19356 

BAA75072 
AAD37091 

AAD19357 
BAB47393 

BAA95316 

DAA01503 
BAF51552 

BAB96750 

AAC18772 

Amino 
Acids 

550 

563 
548 

568 
543 

550 

531 
553 

553 

551 

Permeant 
Selectivity 

ACV; GCV; 
AZT; PAH 

PAH 
AZT; 

estrone 
sulfate; 5-

fluorouracil; 
organic 
anions 

nd 
PAH; 

esterone 
sulfate; 
metho­
trexate; 

cimetidine; 
AZT; urate 

esterone 
sulfate; 
AZT; 

glutarate 
nd 

esterone 
sulfate; 
DHEA 
sulfate 
urate 

PAH: ACV; 
AZT; 

nucleoside 
analogs; 
cAMP; 
cGMP; 
PGE2; 

glutarate; a-
keto-

glutarate; 
urate; folate; 
antibiotics; 
salicylate; 

metho­
trexate 

Transport 
Mode 

exchanger 

nd 
exchanger 

nd 
exchanger 

exchanger 

nd 
exchanger 

exchanger 

exchanger 

Reference 

312,334, 
452 
328 

312,341 

334 
312,335, 

453 

312,336, 
454 

455 
452 

456 

325, 326, 
331,340 
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Table 1-5 (continued). 

Species 

Rattus 
norvegicus 

Mus musculus 

Oryctolagus 
cuniculas 

Protein 

rOAT2/ 
NLT 

rOAT3 

rOAT5 

rOAT8 

mOATl/ 
NKT 
mOAT2 
mOAT3 

URAT1 
mOAT5 

mOAT6 
mOAT9 

mOAT-PG 

rbOATl 

rbOAT2 
rbOAT3 

GenBank™ 
Accession 

AAA57157 

BAA82552 

XP 
001072873 

AAC53112 

AAH13474 
AAC61265 

NP 033229 
NP_659034 

Q80UJ1 

CAB62587 

AAZ79452 
CAD34035 

Amino 
Acids 

535 

536 

551 

545 

540 
537 

553 
551 

556 

551 

542 
542 

Permeant 
Selectivity 

a-keto-
glutarate; 
glutarate; 
salicylate; 

acetyl-
salicylate; 

PGE2; 
metho­
trexate; 

PAH 
PAH; 

estrone 
sulphate; 

ochratoxin 
A; 

cimetifine 
ochratoxin 
A, estrone 

sulfate; 
DHEA 
sulfate 

esterone 
sulfate; 
DHEA 
sulfate 

PAH 

PAH; 
esterone 

sulfate; 5-
fluorouracil; 

organic 
compounds 

urate 
ochratoxin 

A 
nd 

nicotinic 
acid; 

salicylic 
acid; PGE2 

PGE2; PGF2 

nd 

nd 
nd 

Transport 
Mode 

nd 

exchanger 

exchanger 

nd 

exchanger 

nd 

nd 
nd 

nd 
nd 

nd 

nd 

nd 
nd 

Reference 

331,332 

333,339, 
457 

458 

452 

324, 329 

342 

459 
337 

338 
452 

452 
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Table 1-5 (continued). 

Species 

Sus scrofa 

Pseudopleur-
onectes 
americanus 

Caenorhabditis 
elegans 

Protein 

pOATl 
pOAT3 

fROAT 

CeOATl 

GenBank™ 
Accession 

CAC87128 
CAE53047 

CAB09724 

AAF73198 

Amino 
Acids 

547 
543 

562 

526 

Permeant 
Selectivity 

PAH 
esterone 
sulfate 

PAH 

PAH 

Transport 
Mode 

nd 
nd 

exchanger 

exchanger 

Reference 

460 
461 

327 

462 

nd, not determined; ACV, acyclovir; GCV, ganciclovir; AZT, zidovudine; PAH, p-

aminohippurate, DHEA, dehydroepiandrosterone; cAMP, cyclic adenosine 

monophosphate; cGMP, cyclic guanosine monophosphate; PGE2, prostaglandin E2; 

PGF2, OAT-PG, organic anion transporter-prostaglandin-specific; prostaglandin F2. 
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Table 1-6. Identified members of the nucleoside: H+ symporter (NHS) family. 

Species Protein GenBank™ Amino Permeant Transport Reference 
Accession Acids Selectivity Mode 

Escherichia coli NupG ABV07361 418 nucleosides H - 308,346 
dependent 

XapB AAC75459 418 nucleosides H+- 346 
except dependent 

guanosine; 
xanthine 
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Table 1-7. Identified members of the Tsx channel-forming protein family. 

Species 

Escherichia coli 

Enterobacter 
aerogenes 

Klebsiella 
pneumoniae 

Salmonella 
typhimurium 

Salmonella 
enterica 

Vibrio 
parahaem olyticus 

Vibrio cholerae 

Vibrio fischeri 

Protein 

Ec Tsx 

EaTsx 

Kb Tsx 

St Tsx 

Se Tsx 

OmpK 

OmpK 
OmpW 
OmpV 
OmpU 

OmpK 
OmpW 
OmpU 
OmpT 
OmpV 

OmpU 

GenBank™ 
Accession 

AAA24701 

CAA81396 

CAA81397 

CAD08869 

CAD08869 

BAA09613 

AAY44077 
ABD83811 
AAY44076 
AAY23008 

AAF95449 
ABQ19175 
AAB48973 
AAC28105 
ABQ19849 

AAL12480 

Amino 
Acids 

294 

294 

294 

287 

287 

263 

272 
214 
258 
335 

296 
217 
341 
344 
257 

321 

Permeant 
Selectivity 

nucleosides; 
nucleoside 

analogs; serine; 
albicidin 

deoxyadenosine; 
albicidin 

deoxyadenosine; 
albicidin 

deoxyadenosine; 
albicidin 

adenosine; 
thymidine 

vibriophage 
KVP40 

nd 
nd 
nd 
nd 

nd 
nd • 
nd 
nd 
nd 

nd 

Transport 
Mode 

channel 

channel 

channel 

channel 

channel 

receptor 

nd 
nd 
nd 
nd 

nd 
nd 

porin 
porin 

nd 

nd 

Reference 

350, 354, 
355 

351 

351 

351 

353,463 

357,358 

464 
464 
464 
464 

359 
465 
466 
467 

468 

nd, not determined. 
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Table 1-8. Identified members of the uracil/allantoin permease family. 

Species 

Saccharomyces 
cerevisiae 

Sch izosaccharomyces 
pombe 

Escherichia coli 

Arabidopsis thaliana 

Phaseolus vulgaris 

Protein 

FUR4 

FUI1 

DAL4 
THI10 
THI72 
THI71 
FCY2 

SpFUR4 

codB 

AtUPSl 

AtUPS2 

PvUPSl 

GenBank™ 
Accession 

CAA53678 

CAA84862 

CAA78826 
BAA09504 
CAA99401 
CAA99264 
AAB64592 

CAA67256 

AAC73439 

NP_565303 

NP178451 

AAS19930 

Amino 
Acids 

633 

639 

635 
598 
599 
598 
533 

589 

419 

390 

398 

407 

Permeant 
Selectivity 

uracil 

uridine 

allantoin 
thiamin 

nd 
nd 

adenine; 
guanine; 
cytosine; 

hypoxanthine 

uracil 

cytosine 

allantoin; 
uracil; 5-

fluorouracil 
uracil; 5-

fluorouracil 

allantoin; 
xanthine; 
uric acid 

Transport 
Mode 

nd 

In­
dependent 

nd 
nd 
nd 
nd 
in­

dependent 

nd 

nd 

in­
dependent 

nd 

nd 

Reference 

360 

225,361, 
362 
469 
470 

471 

472 

473 

474, 475 

475 

476 

nd, not determined. 
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Table 1-9. Identified members of the nucleoside permease (NUP) family. 

Species Protein GenBank™ Amino Permeant Transport Reference 
Accession Acids Selectivity Mode 

Candida albicans NUP AF016246 407 adenosine; nd 364 
guanosine 

Giardia intestinalis TPT1 AAA29158 377 nd nd 80 

nd, not determined. 
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Figure 1-1. Chemical structures of physiological pyrimidine and purine 

nucleosides and the purine nucleobase hypoxanthine. 
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Extracellular On 
^ ^ i ^ ^6L^j^ «i__i^a»' -^^__^^ 

Intracellular 

Figure 1-4. Putative ENT topology model. Potential transmembrane helices are 

numbered and the site of iV-glycosylation in hENTl (127) is indicated by \|/ symbol. 
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Extracellular 

Intracellular 

Figure 1-5. Putative CNT topology model. Potential transmembrane helices are 

numbered and the site of JV-glycosylation in rCNT2 (293) is indicated by \\i symbol. 
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Xenopus laevis Oocyte Expression System 

The Xenopus laevis oocyte heterologous expression system was fundamental 

to the initial cloning and characterization of both human and other mammalian ENT 

and CNT nucleoside transport proteins and is the expression system used in all of the 

experiments described in this thesis. The key advantage of Xenopus oocytes over 

other heterologous expression systems is that they lack, or have insignificant, 

endogenous nucleoside transport activity (1-3). For example, a putative Xenopus 

CNT protein of 645 amino acids (GenBank™ accession number NP_001086782) has 

been identified by genomic sequencing (4), but is not functionally expressed in 

oocytes. Oocytes therefore provide a powerful experimental vehicle to produce and 

functionally characterize recombinant nucleoside transport proteins in the absence of 

other competing transport processes with potentially overlapping permeant 

preferences (5). In radiolabeled flux experiments, the slow non-mediated uptake of 

nucleosides that occurs in oocytes by simple diffusion across the lipid bilayer is 

readily identified by measuring uptake in control water-injected oocytes. The cDNA 

encoding human and rodent CNT1, CNT2 and CNT3 were all initially cloned and 

characterized in Xenopus oocytes (2, 6-11). 

Xenopus oocytes robustly translate injected exogenous mRNA and are capable 

of post-translational protein modifications (12). Disadvantages of the Xenopus oocyte 

system include the requirement for in vitro cDNA transcription to produce mRNAs 

for the cloned transport proteins, although direct injection of cDNA into the oocyte 

nucleus is also possible, but less frequently employed. Therefore, there is the 

possibility of RNA degradation and resultant variability of expression. Also, there is 

the possibility of species differences arising from the use of amphibian oocytes to 

study mammalian proteins, particularly with respect to post-translational processing 

of membrane proteins (3). However, despite these potential drawbacks, 

characterization of nucleoside transport proteins in Xenopus oocytes has, to date, 

accurately reflected the phenotypes of these proteins characterized in native cell types 

and tissues. 
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The characterization of membrane transport mechanisms by radioisotope flux 

measurements in Xenopus oocytes may possibly be complicated, and even prevented, 

by the intracellular metabolism of permeant (3, 13). With respect to nucleosides, both 

thymidine (1) and uridine (14) have been shown to have slow and insignificant 

metabolism in mRNA-injected Xenopus oocytes. The use of short uptake intervals is 

beneficial in minimizing the possible effects of nucleoside metabolism on nucleoside 

transport kinetics (2, 3, 5, 14). Due to their large size, equilibrium is reached more 

slowly in Xenopus oocyte than in smaller cells, thereby extending the time period 

before which nucleoside or nucleoside metabolite backflux would occur (5). 

An additional advantage of Xenopus oocytes when studying electrogenic 

transport processes such as those of CNT family members is that electrophysiological 

experiments using the two microelectrode voltage-clamp, for example, are readily 

performed. Electrophysiology techniques enable characterization of the movement of 

charge across the membrane (steady-state currents), as well as charge movements 

within the membrane (presteady-state or transient currents) (15, 16). Unlike 

radioisotope flux experiments, electrophysiology permits the voltage-dependence of 

transport to be studied and is also capable of resolving time-dependent changes in the 

transport system of less than one second (15). 

Therefore, by exploiting the innate ability of Xenopus oocytes to effectively 

translate injected exogenous mRNA and produce post-translationally modified 

proteins at the oocyte plasma membrane, the studies presented here utilized Xenopus 

oocytes as an expression system for CNTs. Using molecular biology, mRNA was 

transcribed from wild-type and mutant cDNAs by in vitro techniques. Upon 

expression in Xenopus oocytes, the presence of these proteins at the cell surface, as 

well as their glycosylation status, an example of post-translational processing, was 

verified by immunoblotting. Subsequent functional characterization of the proteins 

occurred through both radioisotope flux assays and electrophysiology studies. 
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Molecular Biology 

Constructs - The molecular cloning of CaCNT (17), hCNTl (9), hCNT2 (10) 

and hCNT3 (11) has been previously described. cDNAs (GenBank™ accession 

numbers AY235425, U62968, AF036109 and AF305210, respectively) were 

subcloned into the enhanced Xenopus plasmid expression vector pGEM-HE (18) as 

previously described (11). By providing 5'- and 3'-untranslated regions from the 

Xenopus P-globin gene flanking the multiple cloning site, pGEM-HE gave greater 

functional activity than the pBluescript II KS(+) (Stratagene, USA) vector used in 

earlier studies (9, 10, 19). 

The CaCNT cDNA provided the template for construction of both the 

CaCNT/19-10196 and CaCNT/19-20196 cDNAs (corresponding to Contigs 19-10196 

and 19-20196, respectively, of the Stanford Candida albicans genome sequence 

database: Stanford Genome Technology Center website http://www-

sequence.stanford.edu/group/candida) (Chapter 3). The hCNTl and hCNT3 cDNAs 

provided the template for construction of the corresponding hCNTl (Chapter 4) and 

hCNT3 mutants (Chapters 7 - 9). hCNT3 cDNA also provided the template for the 

construction of a cysteine-less version of hCNT3 (hCNT3C-) with all 14 endogenous 

cysteine residues converted to serine (20). hCNT3C- was transferred from the yeast 

Escherichia coli shuttle vector pYPGE15 (20) into the Xenopus oocyte expression 

vector pGEM-HE. In pGEM-HE, hCNT3C- was then used as template for the 

construction of hCNT3C- mutants (Chapters 7, 8 and 10). 

Site-directed mutagenesis - Individual residue changes were introduced into 

CNT cDNA templates by the oligonucleotide-directed technique (21) using reagents 

from the QuikChange™ multi site-directed mutagenesis kit (Stratagene, USA). All 

constructs were sequenced in both directions by Taq dyedeoxy-terminator cycle 

sequencing to ensure that only the correct mutation(s) had been introduced. 

Construction of chimeric hCNT3 and hCNTl transporters — Two sets of 

overlap primers were designed at a splice site between Lys314 and Val315 of hCNT3 

and the corresponding residues in hCNTl (Lys293 and He294) in the putative loop 
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linking transmembrane domain (TM) 6 and TM 7 {arrow in Fig. 5-1L4) to create 

reciprocal 50:50 chimeras by a two step overlap extension polymerase chain reaction 

(PCR) method (22, 23). Chimeric constructs containing the restriction site Kpn\ 

downstream of the Ml3 forward primer and the restriction site Sphl upstream of the 

Ml 3 reverse primer were subcloned into the respective restriction sites of the pGEM-

HE vector. The chimeras were sequenced in both directions to verify the splice sites 

and ensure that no mutations had been introduced. 

In vitro transcription and expression in Xenopus oocytes - Plasmid cDNAs 

were linearized with Nhel with the exception of hCNT2 which was linearized with 

Sphl. Following linearization, cDNA was transcribed with T7 polymerase using the 

mMESSAGE mMACHINE™ (Ambion, USA) in vitro transcription system. 

Remaining template was removed by digestion with RNase-free DNasel. Healthy 

stage V - VI oocytes were isolated by collagenase treatment (2 mg/ml for 2 hours) of 

ovarian lobes from female Xenopus laevis (Biological Sciences Vivarium, University 

of Alberta, Canada) that had been anaesthetized by immersion in 0.3% (w/v) tricaine 

methanesulfonate (pH 7.4). Frogs were humanely killed following collection of 

oocytes in compliance with guidelines approved by the Canadian Council on Animal 

Care. The remaining follicular layers were removed by phosphate treatment (100 

mM K2PO4) and manual defolliculation. Twenty-four hours after defolliculation, 

oocytes were injected with either 10 - 20 nl of water containing 1 ng/nl of capped 

RNA transcript or the same volume of water alone. Injected oocytes were then 

incubated for either 4 days (radioisotope flux studies) or 4 - 7 days 

(electrophysiology) at 18°C in modified Barth's solution (changed daily) (88 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, 0.1 mg/ml penicillin and 0.05 

mg/ml gentamycin sulfate, pH 7.5) prior to the assay of nucleoside transport activity. 

In some specified instances, oocytes were microinjected with twice the amount of 

transcript and incubated in Barth's medium for 5 - 7 days in efforts to increase the 

expression level of catalytically-impaired mutants (Chapter 9). These techniques have 

been established in previous studies (2, 5, 9-11). 
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Cell Surface Expression and Glycosylation 

Chapter 4 - Purified plasma membranes were prepared from groups of 100 

oocytes using silica beads as described by Kamsteeg and Deen (24). Protein 

concentrations were determined by the bicinchoninic acid protein assay (Pierce, USA) 

using bovine serum albumin (BSA) as a standard. 

Chapters 8 and 9 - Production of recombinant protein at the oocyte cell 

surface was determined by labeling of intact oocytes with EZ-Link sulfosuccinimidyl-

6-(biotinamido) hexanoate (sulfo-NHS-LC-biotin) (Pierce, USA) followed by 

isolation of the resultant biotinylated plasma membrane proteins using immobilized 

streptavidin resin (Pierce, USA) according to the manufacturer's instructions. 

Glycosylation status was established by digestion with JV-Glycosidase-F (Roche 

Molecular Biochemicals, USA). Identically treated samples omitting enzyme were 

used as controls. 

Immunoblotting - For immunoblotting, one jj,g aliquots of plasma membrane 

proteins (Chapter 4) or solubilized proteins from 2 oocytes/lane (Chapters 8 and 9) 

were resolved on 12% sodium dodecyl sulphate (SDS)-polyacrylamide gels (25). The 

electrophoresed proteins were transferred to polyvinylidene difluoride membranes 

and probed with affinity-purified rabbit anti-hCNTl3i-55 (Chapter 4) or anti-

I1CNT345-69 (Chapters 8 and 9) polyclonal antibodies (26). Blots were then incubated 

with horseradish peroxidase-conjugated anti-rabbit antibodies (GE Healthcare 

Biosciences Inc. (formerly Amersham Pharmacia Biotech), Canada) and developed 

with enhanced chemiluminescence reagents (GE Healthcare Biosciences Inc., 

Canada). 

Transport Media 

Na+-containing transport medium was composed of 100 mM NaCl, 2 mM 

KC1, 1 mM CaCl2, 1 mM MgCl2 and 10 mM HEPES (for pH values > 6.5) or 10 mM 

MES (for pH values < 6.5). In Na+-free, choline-containing transport medium, 100 
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mM NaCl was replaced with 100 mM choline chloride (ChCl) and in Li+-containing 

transport medium, 100 mM NaCl was replaced with 100 mM LiCl. In cation-

activation experiments where the indicated Na+ or Li+ concentration was less than 100 

mM, Na+ or Li+ in the transport medium was replaced by equimolar Ch+ to maintain 

isomolarity. Unless otherwise indicated, Na+- and Li+-activation experiments were 

performed in transport medium at pH 8.5 to minimize the H+ concentration. In 

experiments examining the H+-dependence of transport, Na+-free choline-containing 

transport medium (100 mM ChCl) was used with pH values ranging from 4.5 to 8.5. 

Experiments replacing NaCl with equimolar ChCl or LiCl included a 10 min pre­

incubation period and several washes with ChCl- or LiCl-containing transport 

medium, respectively, to ensure complete removal of extracellular Na+ prior to 

addition of nucleoside-containing transport medium. 

Radioisotope Flux Studies 

Radioisotope transport assays were performed as described previously (2, 5, 9-

11, 17, 19) on groups of 10 - 12 oocytes at room temperature (20°C) using 14C- or 3H-

labeled nucleosides (1 or 2 - 4 u-Ci/ml, respectively) in 200 ul of the appropriate 

transport medium. Unless otherwise indicated, nucleoside uptake was determined at a 

concentration of 20 uM (Chapters 3 - 7 and 9) or 10 uM (Chapters 8 and 10). 

Nucleosides were obtained from Moravek Biochemicals (USA), Sigma (Canada) or 

GE Healthcare Biosciences Inc. (Canada). Transport medium for adenosine uptake 

experiments also contained 1 uM deoxycoformycin to inhibit adenosine deaminase 

activity. All uptake values, at both high and low permeant concentrations, represent 

initial rates of transport (e.g. 2, 8, 9, 17,19) determined using an incubation period of 5 -

30 min (Chapter 3) or 1 - 10 min (Chapters 4 - 10), depending upon the construct and 

coupling cation used in the experiment. In Chapters 4 to 10, data in all experiments are 

presented as pmol/oocyte.min" for ease of comparison. 

At the end of the incubation period, the oocytes were rapidly washed seven 

times with ice-cold Na+-free 100 mM ChCl transport medium (pH 7.5) to remove 
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extracellular radioactivity and then transferred individually into scintillation vials 

containing 0.3 - 0.5 ml of 1% (w/v) SDS. Oocyte-associated radioactivity was 

determined by liquid scintillation counting (LS 6000 IC, Beckman Canada Inc., 

Canada). The flux values shown are the means ± SEM (standard error of the mean) 

of 10 - 12 oocytes from representative experiments and individual experiments were 

performed on cells from single batches of oocytes used on the same day. Values for 

the transporter-mediated component of uptake were calculated as uptake in RNA 

transcript-injected oocytes minus uptake in oocytes injected with water alone. Each 

experiment was performed at least twice using oocytes from different frogs. Flux 

values varied in different batches of oocytes by up to 3-fold between experiments. 

Inhibition studies with thiol-reactive reagents - Oocytes were pretreated with 

/7-chloromercuribenzene sulfonate (PCMBS) on ice for 10 min in 200 ul of the 

appropriate transport medium and then washed five times with ice-cold transport 

medium to remove excess organomercurial before the assay of transport activity. 

Control experiments established that 10 min exposure to PCMBS resulted in 

maximum inhibition of hCNT3 transport activity. Corresponding pretreatment with 

the methanethiosulfonate (MTS) reagents 2-aminoethyl methanethiosulfonate 

hydrobromide (MTSEA), sodium (2-sulfonatoethyl) methanethiosulfonate (MTSES) 

and [(triethylammonium)ethyl] methanethiosulfonate bromide (MTSET) was 

performed at room temperature (20°C) for 5 min. In permeant protection 

experiments, unlabeled uridine (20 raM, unless otherwise indicated) was included 

along with PCMBS (27). To demonstrate reversal of inhibition, PCMBS-treated 

oocytes were subjected to a second preincubation with 5 mM dithiothreitol (DTT) at 

room temperature for 1 min (27). PCMBS and MTS reagents were obtained from 

Toronto Research Chemicals (Canada) and Sigma (Canada), respectively. 

Electrophysiological Studies 

Steady-state and presteady-state membrane currents were measured in oocytes 

at room temperature (20°C) using the whole-cell, two-electrode voltage clamp 
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technique (GeneClamp 500B, Molecular Devices Corp. (formerly Axon Instruments 

Inc.), USA) as previously described (16). The GeneClamp 500B was interfaced to a 

dedicated IBM-compatible computer via a Digidata 1200 (Chapters 3 and 5) or 

Digidata 1322A (Chapters 4 and 6 -9) A/D converter and controlled by Axoscope or 

pCLAMP software (Molecular Devices Corp., USA). The microelectrodes were 

filled with 3 M KC1 and had resistances ranging from 0.5 to 2.5 MQ (megaohms). 

Following microelectrode penetration, resting membrane potential was measured over 

a 10 - 15 min period prior to the start of the experiment. Oocytes exhibiting an 

unstable membrane potential or a potential more positive than -30 mV were 

discarded. Unless otherwise indicated, the oocyte membrane potential was clamped 

at a holding potential (Vh) of -50 mV in the appropriate transport medium. To initiate 

transport, the transport medium perfusing the oocyte was changed to one containing 1 

mM uridine (Chapters 3 and 4) or 100 uM nucleoside (Chapters 5 and 7) for the 

desired length of time and then exchanged with fresh medium lacking the nucleoside 

permeant. Current signals were filtered at 0.02 - 2 kHz (four-pole Bessel filter) at a 

sampling interval of 20 (Chapters 3 and 6) or 50 (Chapters 4, 5 and 9) msec. For data 

presentation, the signals were further filtered at 0.5 - 0.75 Hz by use of pCLAMP 

software (Version 9.0, Molecular Devices Corp., USA). 

Presteady-state (transient) currents were studied using a voltage pulse 

protocol, as described previously (16). Membrane voltage was stepped from the 

holding potential (Vh) of -50 mV to a range of test potentials (Vt) from -130 to +30 

mV in 20 mV increments (Chapter 7) or from -150 to +75 mV in 25 mV increments 

(Chapter 8) or from -110 to +60 mV in 10 mV increments (Chapter 9). The voltage 

rise time of the clamp was adjusted by use of an oscilloscope such that it varied 

between 200 and 500 usee. In experiments examining the effect of PCMBS (Chapter 

7), current measurements were sampled before and after incubation with 500 uM 

PCMBS (100 mM NaCl, pH 5.5; 10 min) in the appropriate transport medium. 

Current signals were filtered at 2 kHz (four-pole Bessel filter) at a sampling interval 

of 200 usec/point (corresponding to a sampling frequency of 5 kHz). For data 

presentation, the current at each test potential was averaged from 5 sweeps and 
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further filtered at 0.75 kHz by pCLAMP software (Version 9.0, Molecular Devices 

Corp., USA). 

In protonophore studies, carbonyl cyanide m-chlorophenylhydrazone (CCCP) 

(100 uM) was preincubated with oocytes for 15 min prior to measuring uridine-

evoked currents (100 uM) in Na+-free 100 mM ChCl, pH 5.5 transport medium. 

CCCP was obtained from Sigma (Canada), and stock solutions of CCCP were 

dissolved in dimethyl sulfoxide (DMSO). Control experiments confirmed that 

oocytes were unaffected by DMSO at its final concentration of 0.5% (w/v). 

Current-voltage (I-V) curves were determined from differences in steady-state 

currents generated in the presence and absence of permeant during 300 msec voltage 

pulses to potentials between +60 and -110 mV (10 mV steps). For I-V relations, 

currents were filtered at 2 kHz (four-pole Bessel filter) and sampled at a rate of 200 

u.sec/point (corresponding to a sampling frequency of 5 kHz). 

Data from individual electrophysiology experiments are presented as 

nucleoside-evoked currents from single representative cells or as mean values (± 

SEM) from 4 or more oocytes from the same batch used on the same day. Each 

experiment was repeated at least twice on oocytes from different frogs. No 

nucleoside-evoked currents were detected in oocytes injected with water alone, 

demonstrating that currents in transcript-injected oocytes were transporter specific. 

Kinetic Parameters 

Kinetic parameters (Km, KJO, Ymax, IC50, Hill coefficient) derived from 

radioisotope flux and electrophysiological experiments were calculated using SigmaPlot 

software (Jandel Scientific Software, USA). Those from radioisotope experiments 

were derived from curve fits to averaged mediated fluxes from 10-12 oocytes, and are 

presented as means ± SE (standard error of the fitted estimate). Mediated fluxes were 

determined as uptake in RNA-injected oocytes minus uptake in water-injected control 

oocytes. Kinetic parameters derived from electrophysiological experiments were 
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determined from fits to data from individual oocytes normalized to the 7max value 

obtained for that oocyte, and are presented as values ± SE for single representative 

oocytes or as means ± SEM of 4 or more cells. 

Determination of Stoichiometry 

Charge-to-nucleoside stoichiometry - Na+:nucleoside and H+:nucleoside 

coupling ratios were determined by simultaneously measuring radiotracer transport-

induced current measurements under voltage clamp conditions in transport medium 

containing 100 mM NaCl, pH 8.5 or 100 mM ChCl, pH 5.5, respectively, unless 

otherwise indicated. Radioisotopes and respective nucleoside concentrations varied 

depending on the construct and experiment. Stoichiometry was determined for 

CaCNT/19-20196 (Chapter 3) using 1 mM 3H-uridine (2 u€i/ml), for hCNT3 

(Chapter 5) using 200 uM 14C-uridine (1 uCi/ml), for hCNTl/2/3 (Chapter 6) using 

200 uM 14C-uridine and 14C-adenosine (1 uCi/ml), for hCNT3C- (Chapter 8) using 

100 uM 3H-uridine (2 uCi/ml) and for hCNT3 and hCNT3 mutants (Chapter 9) using 

200 uM H-uridine (2 uCi/ml). Individual oocytes were placed in a perfusion 

chamber and voltage-clamped at Vh of -30, -50 or -90 mV, as indicated, in the 

appropriate nucleoside-free medium for a 5 - 10 min period to monitor baseline 

currents. When the baseline was stable, the perfusion was stopped and medium of the 

same composition containing unlabeled and radiolabeled nucleoside was manually 

added to the perfusion chamber. Current was measured for 0.5 - 3 min, and uptake of 

nucleoside was terminated by washing the oocyte with nucleoside-free medium until 

the current returned to baseline (< 15 sec). The oocyte was then immediately 

transferred to a scintillation vial and solubilized with 1% (w/v) SDS for quantitation 

of oocyte-associated radioactivity. Nucleoside-induced current was obtained as the 

difference between baseline current and the inward nucleoside-induced 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 flux for each 

oocyte to determine the charge:uptake ratio. Basal radiolabeled nucleoside uptake 
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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 (± SE) were calculated from 

slopes of least-squares fits of uridine-dependent charge versus uridine accumulation 

for five or more oocytes. 

Charge-to-Na stoichiometry - hCNT-mediated uptake of Na was 

optimized for specific activity and transport rate by using a saturating concentration 

of uridine (200 uM) and a 22Na+ concentration of 1 mM, a value close to the -90 mV 

Na+ apparent K^ for hCNTs. Individual CNT-producing oocytes were voltage 

clamped at -90 mV and perfused with Na+-free medium (100 mM ChCl, pH 8.5) for a 

period of 5 min. A stable baseline current was recorded, perfusion was stopped and 

the bath solution was manually changed to one containing 200 uM uridine, 1 mM 
22Na+ (1 uCi/ml) and 99 mM ChCl (pH 8.5) for a period of 2 - 3 min. The solution was 

rapidly changed back to uridine- and Na+-free medium until the current returned to 

baseline (< 15 sec). The oocyte was then immediately transferred to a scintillation vial 

and solubilized with 1% (w/v) SDS for quantitation of oocyte-associated 

radioactivity. Testing of each individual CNT-producing oocyte prior to addition of 
00 + 

uridine and Na showed no shift in the baseline current when the composition of the 

bath solution was changed from 100 mM ChCl to 1 mM NaCl + 99 mM ChCl, 

indicating an absence of detectable hCNT3 Na+ slippage under the experimental 

conditions used. Similarly, basal 22Na+ uptake in control water-injected oocytes (from 

the same donor frog) was determined under equivalent conditions over the same 

incubation period and used to correct for endogenous non-mediated Na+ uptake. For 

each CNT-producing oocyte, the total charge translocated during the uptake period was 

calculated from the current-time integral and correlated with the measured Na flux 

to determine charge:uptake ratio. The charge-to-Na+ stoichiometry (± SE) was 

calculated from the slope of a least-squares fit of uridine-dependent charge versus 
00 -+- 00 -+-

Na accumulation for 5 oocytes. Na was obtained from GE Healthcare 

Biosciences Inc. (Canada). 
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Chapter 3: 

Allelic Isoforms of the ffTNucleoside Cotransporter (CaCNT) from 

Candida albicans Reveal Separate High- and Low-Affinity Transport 

Systems for Nucleosides* 

* A version of this chapter has been published. 
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Introduction 

Yeasts display diverse nucleoside transport profiles. Saccharomyces 

cerevisiae, for instance, transports only uridine and uridine analogs (1, 2), whereas 

the opportunistic pathogen Candida albicans transports both pyrimidine and purine 

nucleosides (3, 4). At the molecular level, two S. cerevisiae nucleoside transporter 

(NT) proteins have been identified: a uridine-selective cell surface NT (FUI1), and a 

broadly-selective intracellular membrane NT (FUN26) with a probable role in the 

vacuolar release of nucleosides following nucleic acid catabolism (2). FUI1 is a 

member of the uracil/allantoin permease family, whereas FUN26 belongs to the 

equilibrative nucleoside transporter (ENT) protein family. There are no concentrative 

nucleoside transporters (CNTs) encoded by the 5*. cerevisiae genome. In C. albicans, 

nucleoside transport is more complex. The Stanford C. albicans genome sequence 

database contains genes for at least five putative NT proteins, including orthologs of 

FUI1 and FUN26, as well as a member of the NUP protein family (NUP). 

Characterized functionally in transformed S. cerevisiae, the C. albicans NUP protein 

transports purine nucleosides and perhaps thymidine, but not uridine (5). In addition, 

the Stanford C. albicans genome database contains two allelic Contigs (19-10196 and 

19-20196)1 encoding almost identical versions of a protein belonging to the CNT 

transporter family. Both Contigs contain full-length open reading frames of 608 

amino acid residues and 13 predicted transmembrane domains (TMs). Using primers 

flanking the open reading frame of Contig 19-20196, a C. albicans CNT cDNA was 

previously amplified by PCR from logarithmically growing cells (6). When produced 

in oocytes of Xenopus laevis, the encoded 608 amino acid residue protein (designated 

CaCNT) mediated H+-coupled transport of uridine, adenosine, inosine and guanosine, 

but not thymidine or cytidine (6). 

Although almost identical in amino acid sequence, the open reading frames of 

Contigs 19-10196 and 19-20196 differed from CaCNT by four and one amino acid 

residues, respectively. In this study, an extended characterization of C. albicans CNT 

proteins was performed by using site-directed mutagenesis of recombinant CaCNT to 

recreate and functionally characterize the proteins encoded by these two Contigs. The 
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results provide evidence of multiple CaCNT allelic isoforms that exhibit functional as 

well as structural heterogeneity. 

Results and Discussion 

The proteins encoded by Contigs 19-10196 and 19-20196 of the Stanford C. 

albicans genomic database and the cDNA isolated previously by PCR from a C. 

albicans cDNA library (6) have very similar, but not identical, predicted amino acid 

sequences. According to the Stanford diploid database (assembly 19, May 2002), 

Contigs 19-10196 and 19-20196 originate from separate alleles and encode two 

separate allelic proteins that are polymorphic in origin. Fig. 3-1 outlines the 10 single 

nucleotide differences between the open reading frames of the two Contigs, resulting 

in five single residue differences in predicted amino acid sequence at residue positions 

328, 416, 418, 483 and 506. Of the two, Contig 19-20196 most closely resembles 

CaCNT and differs by only one amino acid at position 328 where glycine in CaCNT 

is replaced by serine. Contig 19-10196 resembles CaCNT in this regard and shares 

glycine at this position. Multiple sequence alignments placed CaCNT residue 328 at 

a position in TM 7 equivalent to a previously studied serine/glycine difference 

between human (h) and rat (r) CNT1/2 that is responsible, in part, for the contrasting 

pyrimidine and purine nucleoside selectivities of the two transporters (7, 8). 

Therefore, the sequence differences at this position in C. albicans CNTs were 

hypothesized to also have functional consequences. 

Construction of the CaCNT isoforms CaCNT/19-10196 and CaCNT/19-20196 

- The amino acid sequences encoded by Contigs 19-10196 and 19-20196 differ from 

CaCNT by four and one residues, respectively (Fig. 3-1). Repeat PCR amplifications 

of the cDNA library used to generate the original CaCNT clone (6) confirmed that 

differences in predicted amino acid sequence between CaCNT and Contigs 19-10196 

and 19-20196 were not a consequence of PCR-induced errors. Therefore, although 

the CaCNT allele has yet to be identified in a C. albicans genome, it is unlikely to be 

an artificial sequence generated during the cloning process. The residue differences 
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identified in Fig. 3-1 were incorporated into CaCNT by site-directed mutagenesis to 

generate the constructs CaCNT/19-10196 and CaCNT/19-20196. Both cDNAs were 

sequenced in each direction to eliminate the possibility of introducing unwanted 

sequence errors. 

Functional expression of recombinant CaCNT, CaCNT/19-10196 and 

CaCNT/19-20196 in Xenopus oocytes - Fig. 3-2 depicts a representative experiment 

showing uptake of the radiolabeled pyrimidine nucleoside uridine (20 uM, 20°C) by 

oocytes producing either CaCNT, CaCNT/19-10196 or CaCNT/19-20196. Since 

CaCNT is H+-coupled (6), uptake was measured in acidified medium at pH 5.5. 

Initial rates of transport (influx) in this and subsequent nucleoside selectivity studies 

were determined using an extended 30 min flux to maximize detection of weakly 

transported permeants. Basal non-mediated uptake (< 5% of the total flux) was 

measured in control oocytes injected with water alone. As shown in Fig. 3-2, all three 

recombinant proteins were functional, with CaCNT and CaCNT/19-10196 exhibiting 

greater transport activity than CaCNT/19-20196. 

Previously, two sets of adjacent residues in TMs 7 and 8 of hCNTl 

(Ser319/Gln320 and Ser353/Leu354) were identified that, when converted to the 

corresponding residues in hCNT2 (Gly313/Met314 and Thr347/Val348), changed the 

specificity of the transporter from pyrimidine nucleoside-selective to purine 

nucleoside-selective (ie., hCNT2-like) (7). On its own, mutation of hCNTl Ser in 

TM 7 to glycine enabled transport of purine nucleosides, a result also obtained by 

mutation of the corresponding residue in rCNTl (7, 8). Since hCNTl Ser and 

hCNT2 Gly313 correspond in position to CaCNT/19-20196 Ser328 and CaCNT and 

CaCNT/19-10196 Gly328, respectively, the abilities of CaCNT, CaCNT/19-10196 and 

CaCNT/19-20196 to transport a panel of physiological pyrimidine and purine 

nucleosides were compared (Fig. 3-3). Uptake of the nucleobase hypoxanthine was 

also tested, and values were corrected for non-mediated uptake in control water-

injected oocytes. In contrast to mutagenesis studies of h/rCNTl, each of the three C. 

albicans constructs displayed a nucleoside selectivity profile similar to CaCNT, as 

previously reported by Loewen et al. (6). In addition to uridine, all three proteins 
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transported the purine nucleosides adenosine, inosine and guanosine, with minimal 

fluxes of cytidine and no detectable transport of thymidine or the nucleobase 

hypoxanthine. 

Kinetic properties - The kinetic properties of both uridine and inosine 

transport by CaCNT- and CaCNT/19-20196-producing oocytes in transport medium 

at pH 5.5 were determined by concentration dependence experiments, as shown in 

Fig. 3-4. Apparent Km and Fmax values derived from these data are presented in Table 

3-1. CaCNT-mediated transport was consistent with simple Michaelis-Menten 

kinetics, with apparent Km values of 35 and 43 uM for uridine and inosine, 

respectively (Figs. 3-4A and 3-4C, respectively). Vmax values for the two permeants 

were 38 pmol/oocyte.5min" for uridine and 30 pmol/oocyte.5min_1 for inosine, giving 

calculated Vmax:Km ratios of 1.1 (uridine) and 0.7 (inosine). These values are in good 

agreement with the previous kinetic characterization of CaCNT (apparent Km values 

of 33 uM for uridine and 57 uM for inosine, with Vmax:Km ratios of 1.3 and 0.7, 

respectively) (6). In marked contrast, however, CaCNT/19-20196 exhibited 

substantially higher apparent Km values of 416 uM for uridine (Fig. 3-45) and 421 

uM for inosine (Fig. 3-4D). Vmsx values of 36 and 38 pmol/oocyte.Smin"1 for uridine 

and inosine, respectively, were similar to those of CaCNT (Figs. ?>-4A and 3-4C), 

suggesting similar levels of transporter protein at the cell surface and giving a 

calculated CaCNT/19-20196 Vmsx.:Km ratio of 0.09 for both nucleosides. This large 

(10 - 12 fold) reduction in apparent affinity and consequent decrease in transporter 

efficiency for CaCNT/19-20196 relative to CaCNT explains the relatively low 

transport of 20 uM uridine and other nucleosides by CaCNT/19-20196 seen in Figs. 

3-2 and 3-3. Since the single residue difference between CaCNT and CaCNT/19-

20196 at position 328 is CaCNT-like in CaCNT/19-10196, the uridine transport 

kinetics for this transporter was also determined. Consistent with sequence 

predictions and the uptake data in Figs. 3-2 and 3-3, CaCNT/19-10196 exhibited 

uridine apparent Km and VmSK values comparable to those of CaCNT (47 uM and 36 

pmol/oocyte.Smin"1, respectively) (Table 3-1). 
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Electrophysiological measurements - Recombinant CaCNT is an electrogenic 

H+/nucleoside symporter and generates inward currents in Xenopus oocytes following 

application of external uridine and purine nucleosides (6). Therefore, the possibility 

that low-affinity CaCNT/19-20196 might represent a nonenergized, uncoupled form 

of the transporter was investigated. To test this, individual voltage-clamped Xenopus 

oocytes producing either CaCNT or CaCNT/19-20196 were perfused with pH 5.5 

transport medium containing 1 mM uridine. As demonstrated in the representative 

current traces shown in Fig. 3-5, and consistent with their similar VmsK values for 

radiolabeled uridine influx (Table 3-1), the two recombinant proteins generated 

comparable inward currents in the range of 45 - 50 nA. Under similar conditions, no 

currents were evident with control water-injected oocytes. Thus, CaCNT and 

CaCNT/19-20196 are both capable of H+-coupled transport. The H+:nucleoside 

coupling ratio of CaCNT/19-20196 was directly determined by simultaneous 

measurement of H+ currents and radiolabeled uridine influx (1 mM) under voltage 

clamp conditions, as described previously for CaCNT (6). The experiments presented 

in Fig. 3-6 demonstrate that CaCNT/19-20196, like CaCNT, has a H+:nucleoside 

coupling ratio of 1:1 (the slope of the regression line + SE for data from 9 individual 

oocytes is 1.00 ± 0.09). Therefore, CaCNT/19-20196 is fully H+-coupled. 

Conclusions 

CaCNT, CaCNT/19-10196 and CaCNT/19-20196 correspond to functional 

allelic isoforms of the C. albicans CNT nucleoside transporter. CaCNT/19-20196 

differs from previously characterized CaCNT by a single amino acid substitution of 

serine for glycine at position 328 in putative TM 7 (Fig. 3-1). CaCNT/19-10196 

retains glycine at this position, but has four other amino acid substitutions located in 

TM 11 (residue 483) and in the loops linking TMs 9/10 (residue 416 and 418) and 

TMs 11/12 (residue 506). Serine/glycine residue 328 is located at a position in TM 7 

where there is a corresponding serine/glycine substitution in h/rCNTl/2 that is 

involved in the different permeant selectivities of the two mammalian CNT isoforms 
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(7, 8). Helix modeling studies of hCNTl have placed this amino acid within the 

permeant translocation channel of the transporter (7). In contrast to h/rCNTl/2, all 

three C. albicans CNTs exhibited similar permeant selectivities for purine nucleosides 

and uridine, but differed instead in permeant apparent affinities (CaCNT and 

CaCNT/19-10196 » CaCNT/19-20196). The high CaCNT/19-20196 apparent Km 

value and associated low VmSx'-Km ratio, a measure of transporter efficiency, were not 

secondary to altered cation coupling. Therefore, the C. albicans CNT allelic 

transporters exist in both high-affinity (CaCNT, CaCNT/19-10196) and low-affinity 

(CaCNT/19-20196) forms. CaCNT/19-20196 is the first example of a CNT protein 

that displays a low apparent affinity for uridine, and the G328S substitution in C. 

albicans CNTs is the first example of a single amino acid substitution altering a CNT 

protein's overall affinity for nucleosides. The marked, but contrasting effects of 

mutating this residue in C. albicans and mammalian CNTs demonstrates the 

functional and/or structural importance of this amino acid position. The results also 

suggest that permeant selectivity is determined by different amino acid residues in the 

two CNT subfamilies. 

The existence of multiple CaCNT isoforms that exhibit kinetic as well as 

structural heterogeneity may confer adaptive advantage to C. albicans, a dimorphic 

fungus which functions as an opportunistic human pathogen and exists in both yeast 

and hyphal forms (9). The existence of high-affinity and low-affinity isoforms may 

therefore impact pathogen virulence and is also likely to influence sensitivity to 

antifungal nucleoside analog drugs such as cordycepin (6). It will thus be of interest 

to examine the distribution of the three allelic forms of CaCNT amongst different 

clinical C. albicans isolates. Consistent with an important role for nucleoside 

transport in this organism, the C. albicans genome also encodes NTs (FUN26, FUI1 

and NUP) from three other protein families, and it is likely that the pattern of NT 

expression changes in response to developmental and environmental factors. In the 

initial cDNA cloning of CaCNT, for example, a PCR-amplified product corresponding 

to CaCNT was obtained from logarithmically growing, but not stationary phase, cells 

(6). In S. cerevisiae, FUN26 expression is most abundant during M phase and may be 

linked to nucleoside release from vacuoles prior to cell division (2, 10). 
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Table 3-1. CaCNT kinetic parameters. 

Permeant Protein Apparent^8 Vma^ ^max^m 
(uM) (pmol/oocyte.Smin"1) Ratio 

Uridine 

Inosine 

CaCNT 

CaCNT/19-10196 

CaCNT/19-20196 

CaCNT 

CaCNT/19-20196 

35.0 ±4.7 

47.3 ±7.0 

416 ±78 

43.0 ±2.9 

421 ±69 

38.6 ±1.2 

36.0 ±1.4 

36.4±2.9b 

29.8 ±0.5 

37.6±2.6b 

1.10 

0.76 

0.09 

0.69 

0.09 

-1 , From Fig. 3-4; , Values corrected to pmol/oocyte.5min" . 
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Residue number 

pCaCNT-HE 

Contigl9-10196 

Contigl9-20196 

188 

A (GCT) 

A (GCC) 

A (GCT) 

203 

V(GTT) 

V (GTC) 

V (GTC) 

283 

T(TTT) 

T(TTC) 

T(TTT) 

328 
G (GGT) 

G (GGT) 

S (AGT) 

416 

S (TCT) 

P(CCT) 

S(TCT) 

417 

E (GAG) 

E(GAA) 

E(GAA) 

418 441 

A (GCA) 

E(GAA) 

A (GCA) 

G (GGA) 

G (GGG) 

G (GGA) 

483 

I (ATA) 

M (ATG) 

I (ATA) 

506 
N(AAT) 

S (AGT) 

N(AAT) 

Figure 3-1. Differences in deduced amino acid sequences of CaCNT and those 

derived from Contigs 19-10196 and 19-20196 (Stanford Genome Technology 

Center database). Nucleotide sequences encoding each amino acid residue are 

provided in parentheses. 
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Figure 3-2. Transport of uridine by CaCNT-, CaCNT/19-10196- and 

CaCNT/19-20196-producing oocytes. Uptake of the 14C-labeled uridine (20 uM, 

20°C, 30 min) was measured in transport medium at pH 5.5. Each value is the mean 

±SEM of 10-12 oocytes. 
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Figure 3-3. Permeant selectivity of CaCNT-, CaCNT/19-10196- and CaCNT/19-

20196-producing oocytes. Uptake of the C-labeled nucleosides uridine, adenosine, 

thymidine, guanosine, cytidine and inosine and nucleobase hypoxanthine (20 JIM, 

20°C, 30 min) by CaCNT- (solid bars), CaCNT/19-10196- (open bars) and 

CaCNT/19-20196-producing oocytes (grey bars) was measured in transport medium 

at pH 5.5. Each value is the mean ± SEM of 10 - 12 oocytes. 
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Figure 3-4. Kinetic properties of CaCNT and CaCNT/19-20196. Initial rates of 

uridine {A, B) and inosine (C, D) uptake in CaCNT- (A, G) (5 min fluxes, 20°C) and 

CaCNT/19-20196-producing oocytes (B, D) (15 min fluxes, 20°C) (solid circles) or 

control water-injected oocytes (open circles) were measured in transport medium at 

pH 5.5. Each value is the mean ± SEM of 10 - 12 oocytes. Calculated kinetic 

parameters from these data are presented in Table 3-1. 
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Figure 3-5. Proton currents induced by exposure of recombinant CaCNT and 

CaCNT/19-20196 to uridine. Current traces of a representative voltage-clamped 

CaCNT-producing oocyte (A), CaCNT/19-20196-producing oocyte (B) or control 

water-injected oocyte (Q perfused with transport medium at pH 5.5 and 1 mM 

uridine. The downward deflection of the current trace is indicative of the inward 

movement of positively-charged molecules. 
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Figure 3-6. Stoichiometry of H+:uridine cotransport by recombinant 

CaCNT/19-20196. Uridine-dependent charge and 3H-uridine uptake were 

simultaneously determined at a membrane potential of -50 mV in the presence of a 

proton gradient for 3 min. Integration of the uridine-evoked inward current with t ime 

was used to calculate the net cation influx by converting picocoulombs to picomoles 

using the Faraday constant. Mediated 3H-uridine uptake was calculated as uptake in 

CaCNT/19-20196-producing oocytes minus uptake in water-injected oocytes. Each 

data point represents a single oocyte. 
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Endnotes 

1 Assembly 19 Contigs 19-10196 and 19-20196 correspond to former assembly 6 

Contigs 6-2474 and 6-1709, respectively. 
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Specific Mutations in Transmembrane Helix 8 of Human 

Concentrative Na+/Nucleoside Cotransporter hCNTl Affect 

Permeant Selectivity and Cation Coupling* 

* A version of this chapter has been published. Reproduced in part with permission 
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Introduction 

Human concentrative nucleoside transporters (hCNTs) and other eukaryote 

CNT family members have a predicted 13 transmembrane domain (TM) architecture, 

and multiple alignments reveal strong sequence similarities within the carboxyl-

terminal half of the proteins, particularly within putative TM regions. Previously, 

hCNTl/2 sequence comparisons, chimeric constructs and site-directed mutagenesis 

were used in combination with heterologous expression in Xenopus laevis oocytes to 

identify key residues involved in hCNTl permeant selectivity (1). Two pairs of 

residues in TMs 7 and 8 of hCNTl (Ser319/Gln320 and Ser353/Leu354) were identified 

that, when converted together to the corresponding residues in hCNT2 (Gly/Met and 

Thr/Val, respectively), changed the permeant selectivity of the transporter from 

pyrimidine nucleoside-selective (cit) to purine nucleoside-selective, or cif-type. 

Mutation of Ser319 in TM 7 of hCNTl to glycine enabled transport of purine 

nucleosides, and concurrent mutation of Gin to methionine augmented this 

transport. The additional mutation of Ser in TM 8 of hCNTl to threonine 

converted S319G/Q320M from broadly selective (cib-type) to purine nucleoside-

selective (cif-type), but with relatively low adenosine transport activity. Further 

mutation of Leu354 to valine increased the adenosine transport capability of 

S319G/Q320M/S353T, producing a full c*/-type phenotype. Residues in both TMs 7 

and 8 therefore play key roles in determining hCNTl/2 nucleoside selectivity. 

To further explore the structural and functional significance of hCNTl TM 8 
OCT "3^4 

residues, a follow-up series of experiments in which TM 8 residues Ser and Leu 

were subjected to site-directed mutagenesis in the absence of changes to TM 7 was 

performed. The results reveal dual effects on both nucleoside specificity and cation 

coupling and, combined with findings from cysteine-directed protein chemistry studies, 

suggest that the two adjacent TM 8 residues face a common water-accessible 

cation/nucleoside translocation pathway. 
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Results and Discussion 

In humans, hCNT 1/2/3 are functionally distinguished on the basis of 

nucleoside selectivity. All three proteins transport uridine and adenosine, but are 

otherwise pyrimidine nucleoside-selective (hCNTl), purine nucleoside-selective 

(hCNT2), or broadly selective for both pyrimidine and purine nucleosides (hCNT3). 

Previously, we identified two pairs of isoform-specific residues in the central regions 

of TMs 7 and 8 of hCNTl (Ser3I9/Gln320 and Ser353/Leu354, respectively) that, when 

converted to the corresponding residues in hCNT2 (Gly313/Met314 and Thr347/Val348) 

(Fig. 4-1), changed the nucleoside specificity of the protein to that of a hCNT2-like 

transporter (1). The goal of the present study was to examine the role of the two 

hCNTl TM 8 residues (Ser353/Leu354) independent of those in TM 7. 

Surface expression ofhCNTl TM 8 mutants - Wild-type hCNTl, the two 

individual hCNTl mutants S353T and L354V, and the double hCNTl mutant 

S353T/L354V all exhibited uptake of radiolabeled uridine (20 uM) in 100 mM NaCl 

transport medium (pH 7.5) when produced in Xenopus oocytes (Fig. 4-2A). In 

contrast, only basal non-mediated uptake of uridine was evident in control water-

injected oocytes under the same conditions. Immunoblots of purified oocyte plasma 

membranes revealed similar levels of surface expression for each of the constructs 

and wild-type and mutant hCNTl proteins migrated with an apparent molecular 

weight of ~ 70 kDa (Fig. 4-25). Antibody specificity for hCNTl was evident from 

the lack of immunoreactivity in control water-injected oocytes. Thus, the introduced 

mutations did not affect cell-surface processing of the recombinant proteins. 

Nucleoside specificities of hCNTl TM 8 mutants - As an extension of our 

previous study (1) and to assess the effects of TM 8 mutations on permeant 

selectivity, initial experiments compared wild-type hCNTl uptake of a panel of 

radiolabeled pyrimidine and purine nucleosides to that of S353T, L354V and 

S353T/L354V (Fig. 4-3). Mediated transport, defined as the difference in uptake 

between RNA transcript-injected and control water-injected oocytes, was measured at 

nucleoside concentrations of 20 uM in 100 mM NaCl transport medium (pH 7.5). 
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Uptake in water-injected oocytes was < 0.08 pmol/oocyte.min" for all nucleosides 

tested (thymidine > inosine > cytidine > guanosine > uridine > adenosine) (data not 

shown). In agreement with previous studies (1, 2-6), the fluxes in Fig. 4-3,4 show 

hCNTl to be selective for pyrimidine nucleosides (uridine > thymidine > cytidine), 

with no measurable uptake of inosine and guanosine. Previous studies have 

established that adenosine is a high-affinity, low-capacity permeant of human and rat 

CNT1 (3, 7). The apparent lack of adenosine transport shown by hCNTl in Fig. 4-3A 

reflects the very low Vmax:Km ratio exhibited by this permeant. Similar to hCNTl, 

pyrimidine nucleoside-selective uptake was evident for both S353T (Fig. 4-35) and 

L354V (Fig. 4-3 Q , although relative to uridine uptake, transport of cytidine by 

S353T was significantly reduced. Additionally, L354V (Fig. 4-3Q showed modestly 

elevated transport of purine nucleosides (adenosine > inosine > guanosine). This is in 

good agreement with our previous finding that the L354V mutation augmented 

adenosine transport by the double TM 7 mutant S319G/Q320M, an effect that 

occurred through an increase in adenosine Vmax, with no change in apparent Km (1). 

In contrast to the individual mutations, the double mutant S353T/L354V (Fig. 4-3D) 

showed a unique uridine-selective phenotype with only low levels of uptake for other 

pyrimidine and purine nucleosides (uridine » inosine, thymidine and cytidine > 

adenosine and guanosine). Similar to L354V, a corresponding small elevation in 

inosine transport was also apparent for S353T/L354V (Fig. 4-3D). 

Nucleoside inhibition of uridine uptake by hCNTl, S353T, L354V and 

S353T/L354V - To determine if mutation-induced changes in hCNTl permeant 

selectivity resulted from modifications to the nucleoside binding pocket and/or 

changes in nucleoside translocation, uptake of 20 uM radiolabeled uridine (100 mM 

NaCl, pH 7.5) by wild-type hCNTl, S353T, L354V and S353T/L354V was measured 

in the presence of excess (1 mM) non-radioactive nucleosides (Fig. 4-4). In agreement 

with the nucleoside uptake profile shown in Fig. 4-3,4, uridine uptake by wild-type 

hCNTl was inhibited > 91% in the presence of adenosine, uridine, thymidine and 

cytidine, with lower levels of inhibition evident for inosine (20%) and guanosine 

(27%) (Fig. 4-4,4). Inhibition profiles similar to that of hCNTl were seen for S353T 

(Fig. 4-45), L354V (Fig. 4-4Q and S353T/L354V (Fig. 4-4D), except that L354V 
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and S353T/L354V showed modestly increased inhibition by inosine and guanosine 

(L354V) and inosine (S353T/L354V), which reflects the slightly elevated uptake of 

these nucleosides seen in Figs. 4-3C and D, respectively. The marked inhibition of 

hCNTl-mediated uridine uptake by adenosine (Fig. 4A), but apparent lack of 

adenosine transport in Fig. 4-3 A, reflected previous demonstrations of this 

nucleoside's role as a high-affinity, low-capacity hCNTl permeant (3, 7) and was 

shared by all three mutant proteins (Figs. 4-35 - D and 4-45 - D). Potentially similar 

behavior was also apparent for cytidine interactions with mutant S353T (Figs. 4-35 

and 4-45), and for both cytidine and thymidine interactions with mutant 

S353T/L354V (Figs. 4-3D and 4-4Z>). Thus, despite exhibiting altered nucleoside 

transport profiles, the hCNTl mutant proteins maintained relatively unaltered 

nucleoside binding pockets in that they retained thymidine and cytidine binding 

activities. This was confirmed for the uridine-selective S353T/L354V mutant in the 

experiments of Fig. 4-5 which examined the concentration dependence of thymidine 

inhibition of uridine uptake (20 uM). Thymidine effectively inhibited both wild-type 

hCNTl and S353T/L354V with broadly similar IC50 values of 55 ± 9 uM (hCNTl) 

and 26 ± 4 uM (S353T/L354V). 

Kinetic properties of hCNTl TM 8 mutants - To further characterize the 

differences in pyrimidine nucleoside uptake evident in Figs. 4-3 and 4-4, we 

determined kinetic parameters of radiolabeled uridine, thymidine and cytidine influx 

in Xenopus oocytes producing wild-type hCNTl and mutants S353T, L354V and 

S353T/L354V. Representative concentration dependence curves in 100 mM NaCl 

transport medium (pH 7.5) for transporter-mediated influx corrected for basal non-

mediated uptake measured in control water-injected oocytes are presented in Fig. 4-6. 

The corresponding kinetic parameters derived from the data are given in Table 4-1. 

Control fluxes in water-injected oocytes were linear with respect to nucleoside 

concentration and < 3.0 pmol/oocyte.min"1 at 1 mM extracellular nucleoside 

(thymidine » cytidine > uridine) (data not shown). In all cases, mediated transport 

was saturable and conformed to simple Michaelis-Menten kinetics. For wild-type 

hCNTl (Fig. 4-6v4), lower Fmax values for transport of thymidine and cytidine relative to 

that of uridine were partly compensated by lower apparent Km values, such that Vmax:Km 
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ratios, a measure of transport efficiency, were broadly similar for all three nucleosides 

(1.24 ± 0.05 for uridine, 0.70 ± 0.06 for thymidine and 0.57 ± 0.07 for cytidine) (Table 

4-1). Apparent Km values and the V^-Km trend of uridine > thymidine > cytidine were 

consistent with those of previous studies (1, 4-6) and are in good agreement with uptake 

values presented in Fig. 4-3^4. 

Similarly, results for mutants S353T, L354V and S353T/L354V (Figs. 4-65 -

D) confirmed the findings for uridine, thymidine and cytidine uptake presented in Fig. 

4-3, and established the kinetic basis for the unique uridine-selective phenotype of the 

double mutant S353T/L354V. Mutant L354V (Fig. 4-6C, Table 4-1) exhibited an 

overall decease in both apparent Km and Vmax values and, as a result, Vmax'.Km ratios (1.36 

± 0.12 for uridine, 1.06 ± 0.13 for thymidine and 0.46 ± 0.03 for cytidine), were similar 

to those of wild-type hCNTl. In marked contrast, mutant S353T (Fig. 4-6B, Table 4-1) 

exhibited substantially reduced V^Rm ratios (0.35 ± 0.02 for uridine, 0.17 ± 0.02 for 

thymidine and 0.02 ± 0.01 for cytidine), with cytidine transport being especially 

compromised as a consequence of a large drop in Fwax (22-fold decrease relative to 

uridine). The combination mutant S353T/L354V (Fig. 4-6D, Table 4-1) demonstrated 

efficient transport of uridine similar to that of wild-type hCNTl (V^-Km ratios 1.35 ± 

0.10 and 1.24 ± 0.05, respectively), but was severely compromised with respect to 

transport of both thymidine and cytidine. As was the case with S353T, low Vmax:Km 

ratios of 0.03 ± 0.01 for thymidine and cytidine transport by S353T/L354V were the 

result of large decreases in Vmax with only moderately increased thymidine and cytidine 

Km values in comparison to wild-type hCNTl. Overall, the kinetic data confirmed that 

mutations S353T and S353T/L354V primarily altered pyrimidine nucleoside 

translocation rather than binding affinities. 

Additional mutants - To investigate the relationship between side chain 

structure and function, the role of hCNTl TM 8 residue positions 353 and 354 in 

determining nucleoside selectivity were further studied through additional mutations 

changing Ser353 to alanine, cysteine and valine and Leu354 to alanine, cysteine, 

isoleuceine and methionine. Mutant proteins were produced in oocytes and assayed 

for uridine, thymidine, cytidine and inosine uptake under the same conditions used in 
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Fig. 4-3. Conversion of hCNTl S e r " to alanine (S353A), cysteine (S353C) or valine 

(S3 53V) resulted in proteins with hCNTl-like nucleoside uptake phenotypes, with 

transport of uridine > thymidine > cytidine and only basal levels of inosine uptake (< 

0.1 pmol/oocyte.min"1) (data not shown). Therefore, hydrogen bonding at hCNTl 

residue position 353 was not critical for maintaining pyrimidine nucleoside selectivity 

of the transporter. Conversion of Leu354 to alanine (L354A), cysteine (L354C), 

isoleucine (L354I) or methionine (L354M) also resulted in proteins with hCNTl-like 

nucleoside selectivity profiles, with none of the amino acid substitutions mimicking 

the small L354V increase in inosine uptake (data not shown). 

Cation specificity of hCNTl TM 8 mutants - Mammalian CNTs function 

predominantly as Na+-coupled nucleoside transporters. For hCNT3, H+ and Li+ have 

been shown to substitute for Na+ (8, 9, Chapter 5), a phenomenon also observed with 

other Na+-coupled membrane cotransport proteins, including the bacterial MelB 

melibiose transporter, and the mammalian SGLT Na+-glucose and SDCTl/NaDC-1 

Na+/dicarboxylate cotransporters (10-14). To investigate whether changes in nucleoside 

specificity of hCNTl TM 8 mutants were accompanied by corresponding alterations in 

cation selectivities, wild-type hCNTl and mutant S353T, L354V and S353T/L354V 

proteins were assayed for radiolabeled uridine uptake (20 uM) in the presence of Na+ 

(100 mM NaCl, pH 7.5), H+ (100 mM ChCl, pH 5.5) and Li+ (100 mM LiCl, pH 7.5) 

and in the absence of cation (100 mM ChCl, pH 7.5) (data not shown). Similar to 

previous studies (6, Chapter 6), Na+ was confirmed to be the primary hCNTl coupling 

cation with robust uridine uptake in the presence of Na+ (7.2 ± 0.7 pmol/oocyte.min"1) 

and only basal levels of uridine uptake in Na+-free H+-containing or cation-free 

medium. Very low, but significant, hCNTl-mediated uptake of uridine was seen in 

Na+-free Li+-containing medium (0.16 ± 0.03 pmol/oocyte.min" ). A similar cation 

selectivity profile was seen for S353T. In contrast, L354V, and to a lesser extent 

S353T/L354V, showed elevated Li+-mediated uridine transport activity (1.2 ± 0.1 (Li+) 

and 5.3 ± 0.4 (Na+) pmol/oocyte.min"1 for L354V and 0.6 ± 0.1 (Li+) and 3.8 ± 0.1 

(Na+) pmol/oocyte.min"1 for S353T/L354V). Similar to hCNTl however, L354V and 

S353T/L354V showed only basal uridine uptake in Na+-free H+-containing or cation-
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free medium. L354V Li -dependence was most marked for uridine, but was also 

apparent for other nucleosides (adenosine, thymidine, cytidine) (Fig. 4-7). All of the 

other residue mutations that were constructed (S353A, S353C, S353V, L354A, 

L354C, L354I and L354M) maintained hCNTl-like cation selectivity and were not able 

to mimic the L354V increase in Li+-dependence of uridine uptake (data not shown). 

Kinetics of Lt-dependent uridine transport by L354V - Fig. 4-8 compares 

Na+- and Li+-activation curves for wild-type hCNTl and L354V (20 uM radiolabeled 

uridine, pH 7.5). Both L354V cation-activation curves indicated that the I n ­

dependence of L354V reflects a generalized increase in apparent affinities of the 

mutant transporter for both Na+ and Li+. Apparent K50 values for Na+-activation of 

hCNTl and L354V were 12 ± 1 and 3.8 ± 0.4 mM, respectively (Fig. 4-8,4), 

compared to > 100 and 71 ± 17 mM, respectively, for Li+ (Fig. 4-8.5). As expected 

from previous studies (3, 4, 7, Chapter 6), Hill coefficients for Na+-activation of 

hCNTl and L354V (0.99 ± 0.04 and 0.91 ± 0.08, respectively) were consistent with 

Na+:nucleoside coupling stoichiometries of 1:1. Similarly, the Hill coefficient for 

Li+-activation of L354V (0.61 ± 0.05) was also consistent with a 1:1 coupling ratio. 

A Hill coefficient for Li+-mediated transport by hCNTl could not be determined 

because of the low apparent affinity of the wild-type transporter for Li+. 

Previously, we have established that hCNTl mediates Na+-coupled nucleoside 

transport by a sequential ordered binding mechanism in which cation binds to the 

transporter first, increasing its affinity for the nucleoside, which then binds second 

(6). It was predicted, therefore, that the low apparent affinity of hCNTl for Li+ would 

be matched by a correspondingly low apparent affinity for Li+-mediated uridine 

influx, and that the Li+ K50 difference between L354V and hCNTl would be mirrored 

by a corresponding downward shift in nucleoside apparent Km value. The 

experiments of Fig. 4-9, which confirmed these predictions, compared the 

concentration dependence of hCNTl- and L354V-mediated radiolabeled uridine influx 

in Na+- and Li+-containing transport medium (100 mM NaCl and LiCl, pH 7.5). In 

agreement with Figs. 4-6^ and 4-6C and Table 4-1, the apparent Km values for Na+-

mediated uridine transport were 24 ± 2 (hCNTl) and 15 ± 2 uM (L354V). Li+-
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mediated uridine uptake was non-saturable for hCNTl (Fig. 4-9A), but exhibited an 

apparent Km value of 210 ± 20 uM for L354V (Fig. 4-95). No such Km shift was 

apparent for Na+-mediated uridine uptake (Figs. 4-6̂ 4 and 4-6C and Table 4-1), because 

these transport assays were performed at a Na+ concentration of 100 mM which was 

sufficient to fully saturate both the mutant and wild-type transporters. The Vmax value 

for Li+-mediated uridine uptake by L354V was similar to that in the presence of Na+ 

(9.9 ± 0.3 and 10 ± 1 pmol/oocyte.min"1, respectively). 

The electrogenic nature of the Li+-dependent uridine transport by wild-type 

hCNTl and L354V is demonstrated in Fig. 4-10, which shows results of experiments 

that used the two-electrode, voltage clamp method to compare representative whole-

cell currents induced by 1 mM uridine measured in medium containing either Na+ 

(100 mM NaCl, pH 7.5) or Li+ (100 mM LiCl, pH 7.5). Since the Leu354 mutation 

affected Na+ and hence uridine apparent binding affinity, the transport difference 

between L354V and hCNTl in Li+ medium was minimized at the high uridine 

concentration used in this experiment. Thus, the electrophysiology recordings 

demonstrated uridine-induced Li+ currents for both L354V and hCNTl. These 

representative electrophysiology current recordings are consistent with the 

radioisotope flux data shown in Fig. 4-9. 

p-Chloromercuribenzene sulfonate (PCMBS) inhibition of S353C- and 

L354C-mediated uridine transport - Residues lining the translocation pore can be 

identified through the use of water-soluble thiol-reactive reagents such as membrane-

impermeant PCMBS (15). Although wild-type hCNTl contains 20 endogenous 

cysteine residues, there was no change in hCNTl-mediated uptake of 20 uM 

radiolabeled uridine (100 mM NaCl, pH 7.5) following preincubation with PCMBS at 

concentrations up to 1 mM (Fig. 4-1L4). However, uridine uptake by both S353C 

and L354C was strongly inhibited by low uM concentrations of PCMBS and the 

presence of extracellular uridine (20 mM) significantly protected both mutants against 

this inhibition (Figs. 4-115 and 4-11Q. While previous helix modeling of hCNTl 

TM 8 predicted that Ser faces the translocation pore and Leu is involved in 

helix-helix interactions (1), the present results suggested that both residues are 
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accessible from the extracellular medium, pore-lining and in close proximity to the 

uridine-binding pocket. Additional evidence supporting this conclusion is found in a 

cysteine-less version of hCNT3 in which the corresponding residues, when 

individually mutated to cysteine, also show inhibition of uridine uptake by PCMBS 

(unpublished observations). 

Conclusions 

Mutational analysis of hCNTl TM 8 Ser353 and Leu354 has revealed a dual role 

for these adjacent residues in both nucleoside selectivity and cation coupling. 

Mutation of these residue positions to the corresponding residues in hCNT2 resulted 

in (i) decreased cytidine transport (S353T), (ii) a unique uridine-selective phenotype 

(S353T/L354V), (iii) a modest increase in inosine transport (L354V) and (iv) 

increased apparent affinities for Na+ and Li+ (L354V). In all cases, the alterations in 

hCNTl functional phenotype were amino acid-specific. A possible role for Ser353 in 

forming hydrogen bonds with the nucleoside permeant was discounted by substitution 

of other amino acids at this position. Competition studies revealed that the double 

mutant S353T/L354V retained an apparently normal nucleoside binding pocket, its 

novel uridine-selective transport phenotype resulting instead from changes in the 

subsequent nucleoside translocation phase of the transport cycle. The present results 

also revealed that wild-type hCNTl exhibited a low, but significant, affinity for Li+ as 

the coupling cation, an interaction that was markedly enhanced in mutant L354V and, 

to a lesser extent, in S353T/L354V. This is similar to hCNT3, which can utilize Na+ 

and Li+ (and H+) electrochemical gradients to drive transport (10). The L354V and 

S353T/L354V mutations did not lead to H+-dependence, indicating different 

structural requirements for CNT H+- and Na+/Li+-coupling. Mutation of both TM 8 

residue positions to cysteine resulted in uridine-protected inhibition by PCMBS. 

Structurally, this places each of these residues in an orientation facing the 

translocation pore and in the vicinity of the uridine binding pocket. This proposed 

topology, as well as the influence of both hCNTl TM 8 residues Ser and Leu , 
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either alone or in combination, on permeant and cation interactions, therefore suggest 

closely adjacent interactions of nucleosides and cations within a common hCNTl 

translocation pore. The recently reported crystal structure ofAquifex aeolicus LeuAa, 

a homolog of mammalian Na /Cl"-dependent neurotransmitter transporters, depicts a 

similar structural model for transport whereby bound leucine and Na+ ions are located 

in close association within the protein core halfway across the membrane with both 

binding sites being defined by partially unwound transmembrane helices (16). 
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Table 4-1. Kinetic parameters for uridine, thymidine and cytidine uptake by 

hCNTl and hCNTl mutants produced in Xenopus oocytes". 

Transporter 

hCNTl 

S353T 

L354V 

S353T/L354V 

Nucleoside 

Uridine 
Thymidine 

Cytidine 

Uridine 
Thymidine 
Cytidine 

Uridine 
Thymidine 

Cytidine 

Uridine 
Thymidine 

Cytidine 

Apparent Km 

(MM) 

33 ± 2 
27 ± 2 

23 ± 2 

19±1 
12 ± 1 
16±2 

14 ± 1 
7.2 ±0.9 

14 ± 1 

5.7 ±0.4 

46 ± 9 

41 ± 3 

'max 

(pmol/oocyte.min" 

41 ± 1 
19±1 

13 ± 1 

6.7 ±0.1 
2.0 ±0.1 
0.3 ±0.1 

19±1 
7.6 ±0.2 
6.4 ±0.1 

7.7 ±0.1 
1.2 ±0.1 

1.1 ±0.1 

' max-"-m 

ratio 

1.24 ±0.05 
0.70 ± 0.06 

0.57 ± 0.07 

0.35 ± 0.02 
0.17 ±0.02 
0.02 ±0.01 

1.36 ±0.12 

1.06 ±0.13 
0.46 ± 0.03 

1.35 ±0.10 

0.03 ± 0.01 
0.03 ± 0.01 

a, values (± SE) taken from Fig. 4-6. 
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TM 7 TM 8 

Figure 4-1. hCNTl topology model. Putative membrane-spanning a-helices are 

numbered and glycosylation sites are indicated by the ^-like symbol in the 

extracellular C-terminal tail. Residues identified in hCNTl to be important for 

nucleoside selectivity are shown in the expanded TMs 7 and 8 by solid circles. 

186 



8 -S 

t E 
S 8 
"9 ^ C o 
D S 

16 
14 
12 
10 
8-
6' 
4 
2 
0 

A T 

r^n 

I - H 

1 i 

T 

L J i_J L_l _ 

B ^ 

70kDa 

Figure 4-2. Functional activity and protein expression levels of hCNTl-, S353T-, 

L354V- and S353T/L354V-producing oocytes. Xenopus oocytes injected with 

RNA transcripts encoding hCNTl, S353T, L354V or S353T/L354V and control 

water-injected oocytes were assayed for functional activity by uptake of 20 uM 

radiolabeled-uridine in 100 raM NaCl transport medium (pH 7.5) (A) and plasma 

membrane recombinant protein expression by immunoblotting (B). Flux assay values 

are the means ± SEM of 10 - 12 oocytes. Flux values that are less than the thickness 

of the line appear as zero. 
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Figure 4-3. Nucleoside selectivity of hCNTl-, S353T-, L354V- and 

S353T/L354V-producing oocytes. Xenopus oocytes were injected with RNA 

transcripts encoding hCNTl {A), S353T (5), L354V (Q or S353T/L354V (£>). 

Uptake of a panel of radiolabeled physiological nucleosides (adenosine, uridine, 

inosine, thymidine, guanosine, cytidine) at a concentration of 20 uM was measured in 

transport medium containing 100 mM NaCl, pH 7.5. Data are presented as mediated 

transport, calculated as uptake in RNA-injected oocytes minus uptake in oocytes 

injected with water alone, and normalized to the mediated uridine uptake for each 

transport protein. Mediated uridine fluxes were 6.1 ± 0.4 (hCNTl), 1.3 ± 0.1 

(S353T), 3.8 ± 0.3 (L354V) and 2.7 ± 0.3 (S353T/L354V) pmol/oocyte.min"1. Each 

value represents the mean ± SEM of 10 - 12 oocytes. Mediated uptake values that are 

less than the thickness of the line appear as zero. Experiments were performed on the 

same batch of oocytes used on the same day. 
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Figure 4-4. Inhibition of hCNTl-, S353T-, L354V- and S353T/L354V-mediated 

uridine uptake by physiological nucleosides. hCNTl- (A), S353T- (5), L354V- ( Q 

and S353T/L354V-mediated (D) uptake of 20 uM radiolabeled uridine was measured 

in the presence and absence of a panel of physiological nucleosides (adenosine, 

uridine, inosine, thymidine, guanosine, cytidine) at a concentration of 1 mM in 

transport medium containing 100 mM NaCl, pH 7.5. Data are presented as mediated 

transport, calculated as uptake in RNA-injected oocytes minus uptake in oocytes 

injected with water alone, and normalized to uptake in the absence of inhibitor for 

each transport protein. Mediated uridine fluxes were 7.1 ± 0.6 (hCNTl), 1.7 ± 0.2 

(S353T), 3.9 ± 0.2 (L354V) and 2.3 ± 0.2 (S353T/L354V) pmol/oocyte.min"1. Each 

value represents the mean ± SEM of 10 - 12 oocytes. Mediated uptake values that are 

less than the thickness of the line appear as zero. Experiments were performed on the 

same batch of oocytes used on the same day. 
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Figure 4-5. Thymidine inhibition of uridine uptake by hCNTl- and 

S353T/L354V-producing oocytes. Uptake of 20 |oM radiolabeled uridine in the 

presence of increasing concentrations of thymidine was measured in hCNTl- {solid 

circles) and S353T/L354V-producing oocytes {open circles) in 100 mM NaCl 

transport medium, pH 7.5. Data are presented as mediated transport, calculated as 

uptake in RNA-injected oocytes minus uptake in water-injected oocytes, and 

normalized to mediated uridine uptake in the absence of extracellular thymidine. 

Mediated uridine fluxes in the absence of thymidine were 20 ± 1 (hCNTl) and 8.2 ± 

0.5 (S353T/L354V) pmol/oocyte.min"1. Each value represents the mean ± SEM of 10 

- 12 oocytes. Error bars are not shown where values were smaller than that 

represented by the symbols. Experiments were performed on the same batch of 

oocytes used on the same day. 
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Figure 4-6. Uridine, thymidine and cytidine uptake kinetics in oocytes 

producing hCNTl, S353T, L354V and S353T/L354V. Uptake of radiolabeled 

uridine (solid circles), thymidine (open circles) and cytidine (solid triangles) in 100 

raM NaCl transport medium (pH 7.5) were measured in hCNTl- (A), S353T- (B), 

L354V- (C) or S353T/L354V-producing (D) Xenopus oocytes. Data are presented as 

mediated transport, calculated as uptake in RNA-injected oocytes minus uptake in 

oocytes injected with water alone. Each value represents the mean ± SEM of 10 - 12 

oocytes. Error bars are not shown where values were smaller than that represented by 

the symbols. Experiments were performed on the same batch of oocytes used on the 

same day. 
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Figure 4-7. Na+- and Li+-dependent nucleoside transport by hCNTl and L354V. 

Uptake of 20 uM radiolabeled physiological nucleosides (adenosine, uridine, 

thymidine, cytidine) in oocytes producing hCNTl (A) or L354V (B) was measured in 

transport medium containing 100 mM NaCl (solid bars) or LiCl (open bars) (pH 7.5). 

Data are presented as mediated transport, calculated as uptake in RNA-injected 

oocytes minus uptake in water-injected oocytes. Each value represents the mean ± 

SEM of 10 - 12 oocytes. Mediated uptake values that are less than the thickness of 

the line appear as zero. Experiments were performed on the same batch of oocytes 

used on the same day. 
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Figure 4-8. hCNTl and L354V Na+- and Li+-activation kinetics. Uptake of 20 uM 

radiolabeled uridine by hCNTl {solid circles) and L354V {open circles) was 

measured as a function of Na+ {A) and Li+ concentration {B), using choline+ as an 

isosmotic Na+ substitute (pH 7.5). Data are presented as mediated transport, calculated 

as uptake in RNA-injected oocytes minus uptake in water-injected oocytes. Each 

value represents the mean ± SEM of 10 - 12 oocytes. Error bars are not shown where 

values were smaller than that represented by the symbols. Experiments were 

performed on the same batch of oocytes used on the same day. 
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Figure 4-9. Concentration dependence of Na+- and Li+-dependent uridine 

uptake by hCNTl and L354V. Radiolabeled uridine uptake in Na+- (solid circles) 

and Li+-containing transport medium (open circles) was determined in oocytes 

expressing hCNTl (A) and L354V (B) (100 mM NaCl or LiCl, pH 7.5). Data are 

presented as mediated transport, calculated as uptake in RNA-injected oocytes minus 

uptake in water-injected oocytes. Each value represents the mean ± SEM of 10 - 12 

oocytes. Error bars are not shown where values were smaller than that represented by 

the symbols. Experiments were performed on the same batch of oocytes used on the 

same day. 
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Figure 4-10. Uridine-evoked currents in hCNTl- and L354V-producing oocytes. 

Uridine-evoked currents in 100 mM NaCl and LiCI transport medium at pH 7.5 (right 

and left columns, respectively) are shown for representative oocytes producing 

hCNTl (A) or L354V (B). No current was detected in control water-injected oocytes 

(data not shown). Bars indicate the duration of exposure to 1 mM uridine. Currents 

were recorded in the same batch of oocytes used on the same day. 
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Figure 4-11. PCMBS inhibition of hCNTl-, S353C- and L354C-mediated 

uridine transport. Radiolabeled uridine uptake (20 uM) was measured in oocytes 

producing hCNTl (A), S353C (B) or L354C (Q that had been preincubated in the 

presence of PCMBS (solid circles) or in the presence of PCMBS and 20 mM uridine 

(open circles) (100 mM NaCl, pH 7.5). Data are presented as mediated transport, 

calculated as uptake in RNA-injected oocytes minus uptake in water-injected oocytes. 

Each value represents the mean ± SEM of 10 - 12 oocytes. Error bars are not shown 

where values were smaller than that represented by the symbols. Experiments were 

performed on the same batch of oocytes used on the same day. 
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Chapter 5: 

The Broadly Selective Human Na+/Nucleoside Cotransporter 

(hCNT3) Exhibits Novel Cation-Coupled Nucleoside Transport 

Characteristics* 

* A version of this chapter has been published. 

Smith, K., M., Slugoski, M. D., Loewen, S. K., Ng, A. M. L., Yao, S. Y. M., Chen, X.-
Z., Karpinski, E., Cass, C. E., Baldwin, S. A., and Young, J. D. (2005) The broadly 
selective human NaVnucleoside cotransporter (hCNT3) exhibits novel cation-coupled 
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Introduction 

Human and mouse concentrative nucleoside transporters (hCNT3 and 

mCNT3, respectively) are the most recent mammalian CNT family members to be 

identified (1) and, together with cib-typc hagfish CNT (hfCNT) (2), form a 

phylogenetic CNT subfamily separate from the mammalian CNT 1/2 subfamily (1). 

In addition to differences in nucleoside selectivities (3-5), members of the two 

subfamilies also differ in the stoichiometry of Na+:nucleoside coupling. For example, 

hCNTl has a Na+:nucleoside coupling ratio of 1:1 (6), whereas the coupling ratio of 

hfCNT is 2:1 (2). This study further extends these investigations and presents a 

mechanistic and chimeric analysis of cation coupling in hCNT3. The results validate 

previously reported differences in cation-coupling between the CNT3/hfCNT and 

CNT1/2 subfamilies and reveal additional novel features of CNT3/cation interactions. 

Results 

Cation-dependence ofhCNT3 - In a previous study, heterologous expression 

in Xenopus laevis oocytes was used in combination with radioisotope flux assays and 

the two-microelectrode voltage-clamp to demonstrate that recombinant hCNT3 

functions as a broad specificity cib-type electrogenic Na+/nucleoside symporter (1). 

The experiment of Fig. 5-1 extended these findings and demonstrated the effect of an 

imposed H+ gradient on the initial rate of hCNT3-mediated uptake (influx) of C-

uridine (20 uM) measured at extracellular pH values ranging from 5.5 to 8.5 under 

Na+-free conditions. Choline (Ch+) was substituted for Na+, and values were 

corrected for basal non-mediated uptake in control water-injected oocytes (< 0.03 

pmol/oocyte.min"1 under all conditions tested). A marked pH-dependence of uridine 

influx was apparent. In 100 mM ChCl at pH 5.5, for example, hCNT3-mediated 

uridine influx was 26-fold higher than at pH 8.5, and was ~ 60% of that obtained in 

the presence of 100 mM NaCl at pH 7.5. In the absence of either H+ or Na+, hCNT3 

also exhibited Li+-dependent uridine influx (100 mM LiCl, pH 8.5 versus 100 mM 

ChCl, pH 8.5). In marked contrast, hCNTl and hCNT2, the two other human CNT 
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isoforms, showed no pH-dependent uridine uptake and exhibited very small Li -

mediated uridine influx (< 2% of the corresponding Na+-mediated uridine flux; data 

not shown). As illustrated in Fig. 5-2, the novel H+- and Li+-dependence of hCNT3 

was further investigated by electrophysiology. External application of 100 uM 

uridine to a representative hCNT3-producing oocyte clamped at -50 mV under Na+-

free conditions elicited inward H+ and Li+ currents that returned to baseline upon 

removal of nucleoside (Fig. 5-2^4). As demonstrated by the mean current data in Fig. 

5-25, H currents were markedly inhibited by pre-treatment of oocytes with the 

protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP). No currents were 

observed in control water-injected oocytes (data not shown). Thus, in addition to 

being Na+-dependent, hCNT3 functioned as an electrogenic FfVnucleoside and 

Li+/nucleoside symporter. These findings were also confirmed in parallel studies of 

mCNT3 (data not shown). Subsequent experiments focused on the mechanism(s) of 

Na+- and H+-coupling of hCNT3. 

Cation-induced changes in hCNT3 permeant selectivity - In Na+-containing 

medium at physiologic pH 7.5, hCNT3 transports different radiolabeled physiologic 

pyrimidine and purine nucleosides with similar apparent Km values and VmaK:Km ratios 

(1). As illustrated by the mean current data in Fig. 5-3^4, a panel of pyrimidine 

(uridine, thymidine and cytidine) and purine (adenosine, inosine and guanosine) 

nucleosides elicited similar large inward Na+ currents when applied at 100 uM to 

hCNT3-producing oocytes in NaCl transport medium at pH 7.5. The corresponding 

inward currents generated by the same panel of nucleosides under Na+-free conditions 

were measured in ChCl transport medium of increasing acidity (pH 8.5, 7.5, 6.5 and 

5.5). For clarity of presentation, only values obtained at pH 5.5 and 8.5 are shown in 

Fig. 5-3B. Similar to the trend seen for uridine in Fig. 5-1, inward pH-dependent 

nucleoside-evoked currents were evident for uridine, thymidine and adenosine, were 

less marked for cytidine and inosine, and were absent for guanosine. A 

corresponding selectivity profile for hCNT3 FfVnucleoside cotransport was obtained 

in radioisotope nucleoside influx assays (Fig. 5-3Q. Those nucleosides in Figs. 5-35 

and C that exhibited the lowest transport activity in Na+-free acidified medium 

(cytidine, inosine and guanosine) were also tested by electrophysiology at a higher 
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nucleoside concentration of 1 mM (Fig. 5-3D). Permeant-induced H currents were 

confirmed for cytidine and inosine, while guanosine-evoked currents remained low 

and pH-independent. For all nucleosides and conditions tested, no currents were 

evident (data not shown) and basal non-mediated radioisotope fluxes were < 0.07 

pmol/oocyte.min"1 in control water-injected oocytes. Na+- and H+-coupled hCNT3 

therefore exhibited markedly different selectivity profiles for physiologic nucleosides. 

This difference in nucleoside selectivity between Na+- and H+-coupled hCNT3 

extended to interactions with therapeutic nucleoside analogs. In Na+-containing 

medium at physiologic pH 7.5, hCNT3 efficiently transports the anticancer 

nucleoside drug gemcitabine (dFdC), and mediates lower, but still significant, fluxes 

of the antiviral nucleoside drugs zidovudine (AZT), zalcitabine (ddC) and didanosine 

(ddl) (1). As shown by the traces from a single representative oocyte in Fig. 5-4A and 

by the mean current data in Fig. 5-45, dFdC (100 uM) elicited inward Na+ and H+ 

currents that returned to baseline upon removal of permeant, whereas ddC and AZT 

(1 mM) produced inward currents only in the presence of Na+. No currents were 

detected in control water-injected oocytes (data not shown). The inability of H+-

coupled hCNT3 to support ddC and AZT transport was confirmed in parallel 

radioisotope flux experiments (data not shown). 

Voltage-dependence of hCNT3 transport currents - Fig. 5-5̂ 4 shows 

representative current traces in a hCNT3-producing oocyte in Na+-containing medium 

(pH 8.5) before and after perfusion with 100 uM uridine in an experiment undertaken 

to examine the effects of membrane potential on uridine-induced steady-state 

currents. Currents evoked by uridine at potentials between +60 and -110 mV were 

voltage-dependent and increased as the membrane potential became more negative 

(Fig. 5-55). Uridine-induced Na+ currents approached zero, but did not reverse 

polarity at potentials up to +60 mV. Measured in the same oocyte, uridine-induced 

H+ currents (ChCl, pH 5.5) were approximately half those in Na+-containing medium 

and exhibited a similar voltage-dependence. In other experiments performed over a 

wider Vh range, uridine-induced Na+ and H+ currents did not saturate at negative 

potentials up to -150 mV (data not shown). 
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Voltage-dependence ofhCNT3 transport kinetics - The effects of membrane 

potential on hCNT3 transport kinetics in the presence of external Na+ were examined 

in detail by measuring the apparent affinities for uridine (Km) and Na+ (K50) and the 

uridine-evoked maximum current (7max) at four different holding potentials (Vh= -10, 

-30, -50 and -70 mV) (Fig. 5-6). Km was determined in transport medium containing 

either 10 or 100 mM NaCl (pH 8.5), and mean values plotted as a function of Vf, are 

summarized in Fig. 5-6C. As representative examples of the kinetic data used to 

generate Km values, Figs. 5-6̂ 4 and B show uridine concentration dependence curves 

recorded from individual oocytes at a membrane potential of -10 mV and external 

Na+ concentrations of 10 and 100 mM, respectively. K50 was determined at an 

external uridine concentration of 100 uM (pH 8.5), and mean values plotted as a 

function of Vh summarized in Fig. 5-6E. The representative single oocyte Na+-

activation curve shown in Fig. 5-6D was measured at a holding potential of -10 mV. 

m̂ax values were determined independently at a saturating external uridine 

concentration of 100 uM and aNa+ concentration of 100 mM (pH 8.5) (Fig. 5-6F). 

As demonstrated in Fig. 5-6C, Km was unaffected by membrane potential at 

100 mM external Na+, but was voltage-dependent at 10 mM Na+, decreasing from 24 

to 7.3 uM as the membrane potential was made more negative. At high negative 

potentials, the Km value at 10 mM NaCl approached that observed at 100 mM 

external Na+, suggesting that the effect of membrane potential on Km was 

predominantly the result of voltage-dependence of Na+ binding (7, 8). Consistent 

with this, the Na+ K50 value decreased from 5.3 mM at -10 mV to 2.1 mM at -70 mV 

(Fig. 5-6E). As shown in Fig. 5-6F, 7max also increased as the membrane potential 

was made more negative. At a holding potential of -10 mV (100 mM NaCl), the 

mean uridine-evoked inward current was 37 nA. This increased to 97 nA at -70 mV, 

a trend that was similar to the current-voltage (I-V) relationship shown in Fig. 5-5B. 

Calculated over the same limited Vh range (-10 to -70 mV), I-V curves for 5 oocytes 

gave an e-fold change (± SE) in current per 77 ± 4 mV, compared to 67 ± 11 mV for 

the data in Fig. 5-6F. 7max reflects movement of the loaded and empty carrier (8). 

Therefore, similar to the Na+/glucose cotransporter SGLT1, membrane potential 
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influenced the electrogenic rate-limiting step of ion-binding and/or carrier 

translocation (7, 8). 

Cation-dependence of uridine transport kinetics - Fig. 5-7 shows the 

concentration dependence of C-uridine influx in Na+- and choline-containing 

transport media at pH 5.5 and 7.5 measured in both hCNT3-producing and control 

water-injected oocytes. Kinetic parameters (Km and Vmw) derived from these data for 

the hCNT3-mediated component of influx (uptake in RNA transcript-injected oocytes 

minus uptake in water-injected oocytes) are presented in Table 5-1. Removal of 

extracellular Na+ at pH 7.5 led to a greater than 30-fold increase in the Km value for 

uridine influx from 17 to 580 uM that was partially offset by a small (1.6-fold) increase 

in VmSK (Figs. 5-7̂ 4 and B). As shown in Fig. 5-1D, the decrease in uridine apparent 

affinity was substantially reversed by acidification of the transport medium to pH 5.5 

(uridine Km 110 uM). In contrast, acidification of the transport medium in the presence 

of Na+ had only modest effects on uridine transport kinetics (Figs. 5-7A and C). Vm3K:Km 

ratios, a measure of transporter efficiency, were: 2.0 in the presence of Na+ (NaCl, pH 

7.5), 0.09 in the absence of Na+ (ChCl, pH 7.5), 0.58 in the presence of H+ (ChCl, pH 

5.5) and 1.7 with both cations (Na+ + FT) present (NaCl, pH 5.5). Therefore, Na+ and 

FT activated hCNT3 through mechanisms resulting in increased uridine apparent 

binding affinity. Relative to Na+ alone, Na+ + FT*" elicited no further shift in uridine Km, 

suggesting that the two cations exert their effects by binding to a common or 

overlapping site(s). 

Na+- and Ft -activation kinetics - The relationship between hCNT3 -mediated 

uridine-evoked current and Na+ concentration (pH 8.5) was measured in oocytes 

clamped at -50 mV at three different uridine concentrations (5, 25 and 100 uM). 

Kinetic parameters derived from these experiments are presented in Table 5-2. As 

reported previously for hCNT3 (and mCNT3) based on 14C-uridine influx 

experiments (1), and as illustrated in Fig. 5-8̂ 4 for a single representative oocyte 

measured at a uridine concentration of 5 uM, the Na+-activation curve was sigmoidal 

with a Hill coefficient (n) consistent with an apparent Na+:nucleoside coupling 

stoichiometry of 2:1 (see also Fig. 5-6D). Both the apparent affinity for Na+ (̂ 50) and 
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the maximal current (7max) increased as the external concentration of uridine was 

raised (Table 5-2). This pattern resembled that found for hCNTl (6) and was 

consistent with a sequential mechanism of transport in which Na+ binds to the 

transporter first, increasing its affinity for nucleoside, which then binds second (9-12). 

Parallel experiments with 14C-uridine produced similar findings (data not shown). 

The relationship between hCNT3 current evoked by 100 uM uridine and 

external pH in the absence of Na+ (ChCl, pH 8.5 - 4.5) was also investigated (Table 5-

2). As illustrated for the representative oocyte in Fig. 5-85, and in contrast to the 

sigmoidal activation curve observed for Na+, a plot of current versus H+ concentration 

was hyperbolic with a Hill coefficient (ri) consistent with a H+:nucleoside coupling 

stoichiometry of 1:1. Parallel 14C-uridine influx experiments revealed similar 

hyperbolic H+-activation kinetics (data not shown). Apparent K50 values for H+ and 

Na+ differed by four orders of magnitude (480 nM and 2.4 - 5.9 mM, respectively) 

(Table 5-2). 

Na+.nucleoside and HT.nucleoside coupling ratios - The Na :uridine and 

H+:uridine stoichiometries of hCNT3 were directly determined by simultaneously 

measuring uridine-evoked currents and 14C-uridine uptake under voltage-clamp 

conditions, as described previously for SGLT1 (13), the rat kidney dicarboxylate 

transporter SDCT1 (14) and, most recently, for hCNTl (6), hfCNT (2) and CaCNT 

(15). Each data point in Figs. 5-9A - F represents a single oocyte, and the 

Na+:nucleoside or H+:nucleoside coupling ratio is given by the slope of the linear fit 

of charge (pmol) versus uptake (pmol) (Table 5-3). 

The first series of experiments was performed in Na+-containing transport 

medium at pH 8.5, and at holding potentials of -30, -50 and -90 mV to determine the 

Na+:nucleoside coupling ratio and its voltage-dependence. At a holding potential of -

30 mV, the linear correlation between uridine-dependent charge and uridine 

accumulation gave a stoichiometry of 1.4 (Fig. 5-9̂ 1) (Table 5-3). This increased to 

1.6 at -50 mV and 1.9 at -90 mV (Figs. 5-95 and Q (Table 5-3). In marked contrast, 

parallel experiments performed in Na+-free ChCl transport medium at pH 5.5 to 
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determine the H+:nucleoside coupling ratio at Vh -30, -50 and -90 mV found voltage-

independent stoichiometrics in the range 0.92 - 1.1 (Figs. 5-9D -F) (Table 5-3). The 

same analysis was also performed in the presence of Na+ and H+ (NaCl, pH 5.5). As 

summarized in Table 5-3, coupling ratios were voltage-independent and in the range 

1.9-2.0. 

Charge-to-Na+ stoichiometry - The relationship between uridine-evoked 

charge influx (pmol) and Na uptake (pmol) was measured in 5 oocytes clamped at -

90 mV (Fig. 5-10). A linear fit of the data gave a regression line with a slope of 0.97, 

indicating that 1 net inward positive charge was transported for every Na+ ion 

cotransported with uridine into the cell (Table 5-3). 

Characterization of hCNT3/hCNTl chimeras - hCNT3 and hCNTl are 48% 

identical and 57% similar in predicted amino acid sequence, with the strongest 

residue conservation in transmembrane domains (TMs) of the C-terminal halves of 

the proteins (Fig. 5-1 I A). The major differences lie in the putative N- and C-terminal 

tails and in the first three TMs. To localize domains involved in cation recognition, a 

chimera, (hCNT3/l) in which the C-terminal half of hCNT3 (incorporating TMs 7 -

13) was replaced with that of hCNTl, was constructed. The splice site between the 

two proteins following hCNT3 residue Lys314 was engineered at the beginning of the 

putative extramembraneous loop prior to TM 7 to divide the proteins into two 

approximately equal halves and to minimize disruption of native TMs and loops. The 

resulting hCNT3/l chimeric protein was functional when produced in Xenopus 

oocytes, and exhibited hCNTl-like permeant selectivity for influx of 20 uM 

radiolabeled pyrimidine and purine nucleosides (NaCl, pH 7.5): uridine, thymidine, 

cytidine » adenosine, and no detectable transport of guanosine or inosine (Fig. 5-

115). The reciprocal chimera (hCNTl/3), representing a 50:50 construct 

incorporating the N-terminal half of hCNTl and the C-terminal half of hCNT3, -was 

non-functional and not studied further. As shown in Fig. 5-11C, hCNT3/l was Na+-

dependent, but H+-independent, demonstrating that the structural features determining 

FT^-coupling reside in the C-terminal half of the protein. Similar to hCNTl (6, 16), 

the relationship between hCNT3/l-mediated 14C-uridine influx and Na+ concentration 
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at pH 7.5 was hyperbolic with a Hill coefficient (n) of 1.0 ± 0.1 (Fig. 5-1 ID), a value 

consistent with a Na+:nucleoside coupling stoichiometry of 1:1. 

Discussion 

The CNT protein family in humans is represented by three members, hCNTl, 

hCNT2 and hCNT3, corresponding to concentrative nucleoside transport processes 

cit, cif and cib, respectively. hCNT3 is a transcriptionally-regulated electrogenic 

transport protein that, unlike hCNTl and hCNT2, transports a broad range of 

pyrimidine and purine nucleosides and nucleoside drugs (1). hCNT3 and its mouse 

ortholog mCNT3 are more closely related in sequence to the prevertebrate hagfish 

transporter hfCNT (2) than to mammalian CNT 1/2, and thus form a separate CNT 

subfamily. The present study utilized heterologous expression in Xenopus oocytes in 

combination with electrophysiological, radioisotope flux and chimeric experiments to 

characterize the selectivity, mechanism, energetics and structural basis of hCNT3 

cation coupling. Parallel experiments with mCNT3 confirmed the general 

applicability of the reported findings. 

Unlike hCNTl and hCNT2, which are largely Na+-specific, hCNT3 exhibited 

Na+-, H+- and Li+-dependence, all three cations supporting electrogenic uridine influx. 

In this regard, hCNT3 resembles the mammalian concentrative glucose transporters 

SGLT1 and SGLT3, the bacterial MelB melibiose transporter and the mammalian 

Na+/dicarboxylate cotransporter SDCTl/NaDC-1, all of which can also utilize Na+, 

H+ or Li+ to drive cellular accumulation of permeant (14, 17-20). Consistent with an 

intracellular oocyte pH of 7.3 - 7.6 (21), nucleoside-evoked H+ currents were minimal 

at external pH values of 7.5 or higher. Use of CCCP to dissipate the imposed H+ 

electrochemical gradient across the cell membrane (22, 23) decreased the uridine-

evoked current in acidified Na+-free medium by ~ 60%, confirming that hCNT3 is 

coupled to the proton-motive force. H+- and Li+-coupling within the CNT3/hfCNT 

subfamily is unique to h/mCNT3 and is not shared by hfCNT (2). In contrast, some 

other CNTs function exclusively as H+/nucleoside symporters, including NupC from 
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Escherichia coli, CeCNT3 from Caenorhabditis elegans and CaCNT from Candida 

albicans (15, 24, Appendix 2). 

Na+/nucleoside and H+/nucleoside symport by hCNT3 exhibited markedly 

different selectivity characteristics for physiologic nucleosides and therapeutic 

nucleoside drugs, suggesting that Na+ and H+ binding induce cation-specific 

conformational changes in the hCNT3 nucleoside-binding pocket and/or translocation 

channel. For H+-coupled hCNT3, this was reflected in markedly reduced transport 

activity for thymidine, cytidine, adenosine and inosine, and inability to transport 

guanosine, AZT and ddC. In a possibly related phenomenon, functional studies with 

microglia have shown that an inwardly-directed H+ gradient can inhibit AZT uptake 

(25). Microglia have cib-type activity as a major component of their nucleoside 

transport machinery (26). 

Consistent with results of recent studies of hCNTl (6), the proton/myo-

inositol cotransporter (10) and SGLT1 (11), hCNT3 kinetic experiments revealed an 

ordered binding mechanism. Na+ removal increased the transporter's ^ m for uridine 

by more than 30-fold, this being accompanied by a smaller (1.6-fold) increase in Vmax. 

Limiting the concentration of Na+ can therefore be overcome by increasing the 

concentration of uridine to reach similar maximal rates of transport (9-12). In 

contrast, limiting the concentration of uridine reduced both the apparent affinity of 

hCNT3 for Na+ and the maximal current. Na+ therefore binds to hCNT3 first, 

followed by nucleoside. Like SGLT1 (18), the apparent affinity of hCNT3 for H+ 

was four orders of magnitude higher than for Na+. H+ and Na+ binding to SGLT1 also 

lead to cation-specific conformational changes which, like hCNT3, were reflected in a 

decrease in sugar-binding affinity and transport efficiency of the H+-coupled 

transporter (19). In the case of hCNT3, substitution of H+ for Na+ resulted in a six­

fold change in uridine apparent affinity, and an ~ 70% decrease in VmsK:Km ratio 

(Table 5-1). Unlike hCNT3, however, H+-coupled SGLT1 exhibited only modest 

changes in sugar specificity compared to the Na+-coupled transporter (19). Similar to 

SGLT1, hCNT3-mediated Na+/nucleoside and H+/nucleoside symport were voltage-

dependent (7, 8). The apparent affinity of hCNT3 for uridine was voltage insensitive 
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at high external Na concentrations, but voltage dependent when the concentration of 

Na+ was reduced, suggesting that the voltage dependence of the transporter's apparent 

affinity for uridine may be due to the voltage dependence of Na+ binding (7, 8). This 

was supported by experiments showing a similar voltage dependence of the apparent 

affinity of hCNT3 for Na+. As in the case of SGLT1, these results are indicative of 

the presence of an ion-well effect (7, 8), with presteady-state electrophysiological 

studies suggesting that Na+ binds to hCNT3 ~ 40% within the membrane electric field 

(27). Na+/nucleoside and H+/nucleoside I-V curves and the effect of membrane 

potential on 7max values suggest that membrane potential also influences carrier 

translocation. This is consistent with the fact that the driving force for an electrogenic 

transporter is dependent upon not only the gradients of nucleoside and cotransported 

ion, but also upon the membrane potential. 

Based on indirect Hill-type analyses of the relationship between nucleoside 

influx and Na+ concentration, Na+:nucleoside stoichiometries of 1:1 have been 

described for cit and cif transport activities in different mammalian cells and tissues 

(3-5), and for recombinant rCNTl and hCNTl produced in Xenopus oocytes (6, 28). 

Although Larrayoz et al. (29) have reported a hCNTl Na+:nucleoside coupling ratio 

of 2:1 based on results of direct charge versus 3H-uridine and 22Na+ uptake studies, 

the stoichoimetry of hCNTl has also been reported as 1:1 (6). H+-dependent CaCNT 

also exhibits a coupling ratio of 1:1 (15). In marked contrast, there is evidence from 

Na+-activation studies of mammalian cib transporters (1, 16, 30) and from charge 

versus uridine uptake experiments with hagfish hfCNT (2) that members of the 

CNT3/hfCNT subfamily have a coupling ratio of 2:1. The charge versus uridine and 

charge versus Na+ uptake experiments reported here for hCNT3 confirmed this 

stoichiometry. The Hill coefficient for Na+-activation of hCNT3 is close to 2, 

implying strong cooperativity between the two Na -binding sites (31, 32). 

Similar to SGLT1 (11, 33, 34), but unique amongst the other CNTs that have 

been examined to date (hCNTl, hfCNT and CaCNT) (2, 6, 15), the experimentally 

determined Na+.-nucleoside coupling ratio of hCNT3 was voltage-dependent, 

increasing progressively to its maximum value of 2:1 as the membrane potential 
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became more negative. As in the case of SGLT1 (34), this may reflect an effect of 

membrane potential on Na+ dissociation from the cytoplasmic face of the transporter, 

with a consequent reduction in Na+ recycling back to the external surface of the 

membrane. Other transporter families also have individual members with different 

cation-coupling ratios. For example, members of the SGLT family have been 

described with 1:1 and 2:1 Na+:glucose coupling ratios (1:1 for SGLT2 and 2:1 for 

SGLT1/3) (11, 33-35). Similarly, the PepTl and PepT2 proton-linked peptide 

transporters have 1:1 and 2:1 H+:peptide coupling ratios, respectively (36). 

Mechanistically, the cation-to-nucleoside coupling ratio determines the energetic cost 

of transport, and sets the thermodynamic limit to the transmembrane nucleoside 

gradients that can be achieved. The concentrative capacity of hCNT3 is therefore 

greater than that of either hCNTl or hCNT2. 

In marked contrast to SGLT1, where both Na+ and H+ have the same 2:1 

cation:sugar stoichiometries (18, 34, 37), charge/uptake analyses revealed a hCNT3 

Na+:nucleoside coupling ratio of 2:1 versus 1:1 for H+. Unlike Na+, the H+ coupling 

ratio was membrane potential-independent. Charge/uptake experiments with both 

Na+ and H+ present together (Na+-containing transport medium at pH 5.5) revealed 

features intermediate between Na+ or H+ alone (2:1 coupling ratio and voltage-

independent), suggesting that both cations contributed to the driving force under these 

conditions. The 2:1 charge:uptake coupling ratio under these conditions implies that 

one of the two Na+ binding sites is shared by H+. Since proton-activation experiments 

gave a Hill coefficient consistent with a 1:1 H+:nucleoside coupling ratio, it is 

unlikely that there exists a second (recycled) H+ bound to hCNT3. The hCNT3 cation 

binding site shared by Na+ and H+ is likely to be the same as that responsible for 

single-site cation coupling in CNTs that are either exclusively H+-dependent (CaCNT, 

NupC) (15, Appendix 2) or Na+-dependent (hCNTl/2) (3-6, 28). 

The results for cation coupling of hCNT3 can be interpreted in terms of the 

conformational equilibrium model of secondary active transport developed by Krupka 

(38, 39). This modified ordered binding model of secondary active transport 

alleviates the stringent sequential carrier states of earlier models and instead allows 
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for flexible cation interactions such as those observed for Na - and H -coupling of 

hCNT3. Because the transporter can accept two different solutes, cation (A) and 

nucleoside (S), it is proposed to exist in two inwardly-facing or outwardly-facing 

conformational states: one that binds cation only (1Y and T0') and one that binds both 

cation and nucleoside (Tj" and T0"). Normally, the equilibrium between the two 

outwardly-facing carrier states overwhelmingly favours the T0' form, and requires the 

addition of cation (two Na+ ions or one H+ in the case of hCNT3) to "unlock" or open 

the nucleoside binding site (T0'A <-» T0"A), thereby promoting active transport. Both 

T0"S and T0"AS are considered mobile. The finding that binding of a H+to one of the 

two Na+-binding sites is sufficient to activate nucleoside transport presents an 

experimental paradigm to enable mutageneic dissection of amino acid residues 

contributing to each of the sites. The 50:50 hCNT3/l chimera demonstrated that the 

structural determinants of cation/nucleoside stoichiometry and H+- dependence reside 

in the C-terminal half of the protein. Hill-type analysis of Na+:nucleoside coupling in 

a corresponding 50:50 chimera between hfCNT and hCNTl yielded similar results 

(2). The present finding that determinants of hCNTl versus hCNT3 nucleoside 

selectivity also reside in the C-terminal half of the protein is consistent with previous 

mutagenesis experiments that identified residues in TMs 7 and 8 of hCNTl that, 

when sequentially mutated to the corresponding residues in hCNT2, progressively 

changed the selectivity of the transporter from cit to cib to cif (40). 

In conclusion, hCNT3 exhibited unique cation interactions with Na+, H+ and 

Li+ that are not shared by other members of the CNT protein family. Both indirect 

and direct methods indicated 2:1 and 1:1 cation/nucleoside stoichiometries for Na+ 

and H+, respectively, and Na+- and H+-coupled hCNT3 exhibited markedly different 

selectivities for nucleoside and nucleoside drug transport. Location of hCNT3-

specific cation interactions to the C-terminal half of the protein sets the stage for site-

directed mutagenesis experiments to identify the residues involved. The ability of 

hCNT3 to couple nucleoside and nucleoside drug accumulation to H+ as well as Na+ 

cotransport may have physiological and pharmacological relevance in the duodenum 

and proximal jejunum where the pH of luminal contents can be relatively acidic. As 
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well, there is a reported acidic microenvironment present on the surface of the 

intestinal epithelium (41). 
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Table 5-1. Apparent Km and Vmax values for uridine transport by hCNT3. 

Apparent Km VmsK fW-Ki 
(pM) (pmol/oocyte.min"1) 

pH7.5 

pH5.5 

NaClb 

ChClb 

NaClb 

ChClb 

17±1 
580 ±70 

25 ± 3 
110±10 

34 ± 1 
53 ± 3 

43 ± 1 
64 ± 1 

2.0 
0.09 

1.7 
0.58 

a, from Fig. 5-7̂ 4 - D; b, in transport media containing either 100 mM NaCl or 100 

mM ChCl. 
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Table 5-2. Na+- and H+-activation kinetics of hCNT3. Hill coefficients (n) and 

apparent affinities (£50) for Na+ were determined from Na+ concentration response 

curves (0 - 100 mM NaCl, pH 8.5) in hCNT3-producing oocytes measured at uridine 

concentrations of 5, 25 and 100 uM (see Fig. 5-8̂ 4 for a representative experiment at 

5 uM uridine). Those for H+ were determined from H+ concentration response curves 

(pH 8.5 - 4.5) measured in Na+-free transport medium (100 mM ChCl) at a uridine 

concentration of 100 uM (see Fig. 5-85 for a representative experiment). Values 

were obtained from fits to data from individual oocytes normalized to the fitted 7max 

value obtained for that cell, and are presented as means ± SEM. 7max values (nA) (± 

SEM) in the presence of Na were determined separately at a saturating concentration 

of uridine (100 uM) with 100 mM external Na+ (pH 8.5) in oocytes from a single 

batch of cells used on the same day. The numbers in parentheses denote the number 

of oocytes. The membrane potential was -50 mV. 

Na+ 

H+ 

Uridine Concentration 
(uM) 

5 
25 
100 

100 

n 

1.7 ±0.1(5) 
1.8 ±0.1(4) 
1.7 ±0.1(5) 

0.66 ± 0.02 (6) 

Apparent Xso3 

5.9 ±0.3 (5) 
3.1 ±0.1 (4) 
2.4 ± 0.4 (5) 

480 ± 70 (6) 

-"max 

(nA) 

22 ± 2 (6) 
43 ± 2 (6) 
56 ± 4 (6) 

a, The apparent K5o for Na+ is in mM, while that for H+ is in nM. 
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Table 5-3. Stoichiometry of hCNT3. 

Charge: 14C-uridine Charge: 22Na+ 

Stoichiometry Stoichiometry 

Vh Na^ Na+ + H+ FT Na+b 

(mV) (lOOmMNaCl, (lOOmMNaCl, (lOOmMChCl, (ImMNaCI, 
pH 8.5) pH 5.5) pH 5.5) pH 8.5) 

-30 1.4 ±0.1 (9) 2.0 ±0.1 (9) 0.92 ±0.05 (9) 
-50 1.6 ±0.1 (9) 1.9 ±0.1 (8) 1.1 ±0.1 (9) 
-90 1.9 ±0.1 (10) 2.0 ±0.1 (10) 0.94 ±0.04 (9) 0.97 ±0.04 (5) 

a, from Fig. 5-9; , from Fig. 5-10. The numbers in parentheses denote the number of 

oocytes. 
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Figure 5-1. Effects of Na+, H4^ and Li+ on the transport activities of oocytes 

expressing recombinant hCNT3. Radiolabeled fluxes of uridine (20 uM, 20°C, 1 

min flux) in hCNT3-producing oocytes were measured in transport media containing 

Na+ (black bar; 100 mM NaCl, pH 7.5), choline (open bars; 100 mM ChCl, pH 5.5 -

8.5) or Li+ (gray bar; 100 mM LiCl, pH 8.5). Values were corrected for basal non-

mediated uptake in control water-injected oocytes and are means ± SEM of 10 - 12 

oocytes. The experiment was performed on a single batch of oocytes used on the 

same day. 
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Figure 5-2. Cation/nucleoside currents. (̂ 4) Representative cation/nucleoside 

current traces in a single hCNT3-producing oocyte clamped at -50 mV in transport 

medium containing either Na+ (100 mM NaCl, pH 8.5), choline (100 mM ChCl, pH 

5.5) or Li+ (100 mM LiCl, pH 8.5). The bar denotes addition of uridine (100 uM) to 

the bath. No currents were observed in control water-injected oocytes. (B) Averaged 

inward currents in hCNT3-producing oocytes perfused sequentially with 100 uM 

uridine in (/') Na+-containing transport medium (black bar; 100 mM NaCl, pH 8.5), 

(ii) Na+-free transport medium (open bar; 100 mM ChCl, pH 5.5) and (Hi) Na+-free 

transport medium containing 100 uM CCCP (gray bar; 100 mM ChCl, pH 5.5). 

Currents are means ± SEM of 5 different oocytes from the same batch of cells used 

on the same day. 

220 



CT
Q

 
S •-«

 I 

M
ed

ia
te

d 
N

uc
le

os
id

e 
In

flu
x 

(p
m

ol
/o

oc
yt

e.
m

irr
1) 

<
*

• <
v 

\ 
• 

O
 

K
) 

P
 

P
 

P
 

P
 

J 

•i
^ 

C
T

v 
O

O
 

^m
^ 

° 

• 
• 

n
 

o
 

n
 

o
 

1
3 

"O
 

0
0 

L
ft

 
L

/l 
t_

n
 

N
uc

le
os

id
e-

in
du

ce
d 

C
ur

re
nt

 (n
A

) 

3 o
 

O
 

e 3 O
 5'
 

%
. ^ \T

 

%
. 

^ 
<

r \T
 

A
 ̂  ^ 

A
^ 

\T
 

O
 

o
 

] 
'Q

 
o

 

3 
I 

N
uc

le
os

id
e-

in
du

ce
d 

C
ur

re
nt

 (n
A

) 

N
uc

le
os

id
e-

in
du

ce
d 

C
ur

re
nt

 (n
A

) 

X
 

%
 

-I 

0 p p I 

0 
-1

^ 
0 

0\
 

0 
00

 
0 

0 0 
0 

0 

_
w

 

• 
• ChCl 

ChCl •a
 

-0
 

0
0 

t-
n 

u
i 

1/
1 



Figure 5-3. Permeant selectivity and pH-dependence of nucleoside transport by 

recombinant hCNT3. Oocytes were injected with either water alone or water 

containing hCNT3 RNA transcripts. (A) Averaged nucleoside-induced inward 

currents measured by perfusing hCNT3-producing oocytes with 100 //M pyrimidine 

(uridine, thymidine, cytidine) or purine (adenosine, inosine, guanosine) nucleosides in 

Na+-containing transport medium (100 mM NaCl, pH 7.5). Currents are means ± 

SEM of 5 - 6 different oocytes from the same batch of cells used on the same day. 

(B) Mean nucleoside-induced inward currents measured by perfusing hCNT3-

producing oocytes with 100 uM pyrimidine and purine nucleosides in Na+-free 

transport medium (100 mM ChCl, pH 5.5 and 8.5). Currents are means ± SEM of 5 -

6 oocytes from the same batch of cells used on the same day. (C) Mediated 

radiolabeled fluxes of pyrimidine and purine nucleosides (20 uM, 20°C, 1 min flux) 

in oocytes injected with hCNT3 RNA transcripts measured in Na+-free transport 

media (100 mM ChCl, pH 5.5 and 8.5). Mediated transport was calculated as uptake 

in RNA-injected oocytes minus uptake in control water-injected oocytes. Each value 

represents the mean ± SEM of 10 - 12 oocytes obtained from the same batch of cells 

and used on the same day. (D) Mean nucleoside-induced inward currents measured 

by perfusing hCNT3-producing oocytes with cytidine, inosine or guanosine (100 uM 

and 1 mM) in Na+-free transport medium (100 mM ChCl, pH 5.5 and 8.5). Currents 

are means ± SEM of 5 - 6 oocytes from the same batch of cells used on the same day. 

In (A), (B) and (D), no currents were observed in control water-injected oocytes. 
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Figure 5-4. Nucleoside drug-induced currents in hCNT3-producing Xenopus 

oocytes. (A) Representative inward currents induced by dFdC (100 uM), AZT (1 

mM) or ddC (1 mM) in a 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+-

containing and choline-containing transport media, respectively. (B) A comparison 

of hCNT3-mediated inward currents following sequential addition of uridine (100 

uM), dFdC (100 uM), AZT (1 mM) or ddC (1 mM) to transport media containing 

either Na+ (100 mM NaCl, pH 7.5) or choline (100 mM ChCl, pH 5.5). Currents are 

means ± SEM for 3 different oocytes from the same batch of cells used on the same 

day. No currents were observed in control water-injected oocytes. 
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Figure 5-5. Voltage-dependence of hCNT3-mediated currents. (A) Time course 

of transmembrane currents recorded from a representative hCNT3-producing oocyte 

in the presence of 100 uM external uridine (100 mM NaCl, pH 8.5) in response to 300 

ms voltage pulses from a holding potential of-50 mV (left trace). Currents are shown 

at four different test potentials only (Vt = +50, -10, -60 and -110 mV). The capacitive 

transients have been truncated to clearly demonstrate the steady-state currents. The 

right trace shows corresponding currents from the same oocyte recorded in the same 

transport medium in the absence of uridine. The records are offset to zero. (B) The 

current-voltage (I-V) curves for hCNT3 were generated from the difference between 

steady-state currents recorded in the presence and absence of 100 uM uridine in Na+-

containing (open circles; 100 mM NaCl, pH 8.5) or choline-containing (solid circles; 

100 mM ChCl, pH 5.5) transport media upon voltage pulses from Vj, of -50 mV to 

final potentials ranging between +60 and -110 mV, in 10 mV steps. The data are 

from the same oocyte as in (A). No uridine-induced currents were observed in control 

water-injected oocytes. 
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Figure 5-6. Voltage-dependence of the transport kinetics of hCNT3. (A) Uridine 

concentration-response curve measured in a single representative hCNT3-producing 

oocyte at an external Na+ concentration of 10 mM (pH 8.5) and a membrane potential 

of -10 mV. Currents at each uridine concentration were normalized to the fitted 7max 

value for that oocyte (± SE) of 52 ± 1 nA. The Km value was 32 ± 3 uM. (B) 

Recordings from a single representative hCNT3-producing oocyte demonstrating a 

corresponding experiment at the same membrane potential (-10 mV) in the presence 

of 100 mM external Na+ (pH 8.5). Currents were normalized to the fitted 7max of 55 ± 

3 nA. The Km was 7.6 ± 1.1 uM. (Q The effect of membrane potential on uridine 

Km was determined at external Na+ concentrations of 10 mM (open circles) and 100 

mM (solid circles) (pH 8.5), and holding potentials of -10, -30, -50 and -70 mV. Km 

values at each membrane potential were obtained from fits to data from individual 

oocytes normalized to the 7max value obtained for that cell, and are presented as means 

± SEM of 4 - 8 oocytes. (D) Na+ concentration-response curve (pH 8.5) measured in 

a single representative hCNT3-producing oocyte at a membrane potential of -10 mV 

(100 uM uridine). Currents at each Na+ concentration were normalized to the fitted 

/max value of 43 ± 2 nA. TheNa+^5o was 5.5 ± 0.5 mM. (E) The effect of membrane 

potential on Na+ K50 was determined at holding potentials of-10, -30, -50 and -70 mV 

(100 uM uridine, pH 8.5). K50 values at each membrane potential were obtained from 

fits to data from individual oocytes normalized to the ImaK value obtained for that cell 

and are presented as means ± SEM of 5 - 7 oocytes. (F) The effect of membrane 

potential on maximum current (/max) was determined at holding potentials of-10, -30, 

-50 and -70 mV in the presence of 100 mM external Na+ (pH 8.5) and a saturating 

concentration of uridine (100 uM). Each value is the mean ± SEM of 3 - 4 oocytes 

from the same batch of cells used on the same day. No currents were observed in 

control water-injected oocytes. Note: to more accurately determine Km and ^50 values 

(panels A - E), kinetic experiments at low membrane potentials were performed on 

preselected oocytes with maximal currents > 40 nA. The effect of membrane 

potential on /max (panel F) was measured independently in a separate experiment. 
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Figure 5-7. Kinetic properties of Na+- and H+-coupled hCNT3. Initial rates of 
14C-uridine uptake (20°C, 1 min flux) were measured in Na+-containing (100 mM NaCl) 

and choline-containing (100 mM ChCl) transport media at either pH 7.5 (A and B, 

respectively) or pH 5.5 (C and D, respectively) in oocytes injected either with water 

alone {open circles) or with water containing hCNT3 RNA transcripts (solid circles). 

All of the fluxes were performed on the same batch of oocytes used on the same day. 

Kinetic parameters derived from these data for the hCNT3-mediated component of 

transport (uptake in RNA transcript-injected oocytes minus uptake in water-injected 

oocytes) are presented in Table 5-1. 
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Figure 5-8. Na+- and H+-activation of hCNT3. (A) Na+-activation curve in a 

single representative hCNT3-producing oocyte measured in transport medium 

containing 0 - 1 0 0 mM NaCl (pH 8.5) at a uridine concentration of 5 uM and a 

membrane potential of -50 mV. Currents were normalized to the fitted Imax (± SE) of 

53 ± 3 nA. The inset in A is a Hill plot of the data. The £50 was 7.0 ± 0.6 mM and 

the Hill coefficient was 1.6 ± 0.2. No currents were observed in control water-

injected oocytes. Results from mean Na+-activation experiments performed at 

different uridine concentrations are presented in Table 5-2. (B) H+-activation curve 

in a single representative hCNT3-producing oocyte measured in Na+-free transport 

medium (100 mM ChCl) at pH 8.5 - 4.5 and a membrane potential of -50 mV. 

Currents were normalized to the fitted 7max of 120 ± 11 nA. The inset in B is a Hill 

plot for the data. The £50 was 470 ± 99 nM and the Hill coefficient was 0.68 ± 0.06. 

No currents were observed in control water-injected oocytes. Mean H+-activation 

data from 6 individual oocytes are summarized in Table 5-2. 
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Figure 5-9. Stoichiometrics of Na+:uridine and ff^uridine cotransport by 

recombinant hCNT3. Charge to 14C-uridine uptake ratio plots were generated with 

9 to 10 different hCNT3-producing oocytes in Na+-containing transport media (100 

mM NaCl, pH 8.5) at membrane holding potentials Vh= -30 mV (A), Vh= -50 mV (B) 

and Vh= -90 mV (Q. Similar conditions were used for D - F (n = 9) except that Na+ 

in the transport buffer was replaced by choline (100 mM ChCl) and the medium was 

acidified to pH 5.5. Integration of the uridine-evoked current was used to calculate 

the net cation influx (charge) and was correlated to the net 14C-uridine influx (flux). 

Linear regression analysis of the data for each plot is indicated by the solid line. The 

dashed line indicates a theoretical 2:1 charge:uptake ratio in A - C (presence of Na+) 

and a 1:1 charge:uptake ratio in D - F (presence of H+). Linear fits passed through the 

origin. Stoichoimetries (± SE) obtained from these data and from corresponding 

experiments performed in Na+-containing transport media (100 mM NaCl) at pH 5.5 

(ie. in the presence of both Na+ and H+) are summarized in Table 5-3. 
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Figure 5-10. Charge-to-Na+ stoichiometry of hCNT3. The charge to 22Na+ uptake 

plot was generated from 5 different hCNT3 -producing oocytes at a membrane 

potential of-90 mV. The sodium and uridine concentrations were 1 mM (pH 8.5) and 

200 uM, respectively. Linear regression analysis of the data is indicated by the solid 

line (please see Table 5-3 for the fitted slope). The dashed line indicates a theoretical 

charge :uptake ratio of 1:1. The linear fit passed through the origin. 
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Figure 5-11. Transport properties of chimera hCNT3/l. (A) Topographical 

model of hCNT3 and hCNTl. Potential membrane-spanning a-helices are numbered, 

and putative glycosylation sites in predicted extracellular domains in hCNT3 and 

hCNTl 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 hCNTl are indicated by circles containing "+" and "-" signs, 

respectively. The arrow represents the splice site used for construction of the 

chimera. (B) Uptake of radiolabeled nucleosides by chimera hCNT3/l. Nucleoside 

influx (20 uM, 20°C, 1 min flux) was measured in transport medium containing 100 

mM NaCl at pH 7.5. Mediated transport was calculated as uptake in RNA transcript-

injected oocytes minus uptake in control water-injected oocytes. ( Q Radiolabeled 

uridine influx (20 uM, 20°C, 1 min flux) by hCNTl, hCNT3 and hCNT3/l was 

measured in transport medium containing 100 mM NaCl at pH 7.5 (black bars) or in 

Na+-free transport medium (100 mM ChCl) at both pH 5.5 (gray bars) and 7.5 (open 

bars). Mediated transport was calculated as uptake in RNA-injected oocytes minus 

uptake in control water-injected oocytes. (D) Influx of 14C-uridine (20 uM, 20°C, 1 

min flux) measured as a function of Na+ concentration at pH 7.5 using choline as Na+ 

substitute in oocytes injected with water alone (open circles) or with water containing 

hCNT3 RNA transcripts (solid circles). The inset in B is a Hill plot of the mediated 

data (Hill coefficient (n) and Na+ apparent affinity (K50) presented in the text). 

Values in B - D are means ± SEM of 10 - 12 oocytes. Each experiment in B - D was 

performed on cells from single batches of oocytes used on the same day. 
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Introduction 

In human (h) cells, three concentrative nucleoside transporter (CNT) isoforms 

(hCNTl-3) have been identified. Although both hCNTl and hCNT2 transport uridine 

and adenosine, hCNTl is otherwise pyrimidine nucleoside-selective and corresponds 

to functional nucleoside transport system cit (concentrative, insensitive to 

nitrobenzylthioinosine (NBMPR), thymidine-transporting) while hCNT2 is purine 

nucleoside-selective and corresponds to functional nucleoside transport system cif 

(concentrative, insensitive to NBMPR, formycin B-transporting) (1-3). hCNTl and 

hCNT2 mediate inwardly-directed Na+/nucleoside cotransport, and are present 

primarily in intestinal and renal epithelia and other specialized cells. hCNT3 

corresponds to functional nucleoside transport system cib (concentrative, insensitive 

to NBMPR, broadly selective), mediates Na+/nucleoside cotransport of both purine 

and pyrimidine nucleosides, and appears to have a wider tissue and cellular distribution 

than either hCNTl or hCNT2 (4). Tissues containing hCNT3 transcripts include 

pancreas, bone marrow, trachea, mammary gland, liver, prostate, and regions of 

intestine, brain and heart (4). Mammalian hCNTl/2 and hCNT3 belong to two distinct 

CNT phylogenic subfamilies; the CNT3 subfamily also contains a second broad 

specificity cib-type CNT (hfCNT) from an ancient pre-vertebrate, the Pacific hagfish 

(5). 

In addition to their well established differences in nucleoside preference, there 

is evidence that hCNTl, hCNT2 and hCNT3 may also differ with respect to cation 

interactions. For example, indirect Hill-type analyses of the relationship between 

nucleoside influx and Na+ concentration suggest Na+:nucleoside stoichiometrics of 

1:1 for cit (CNT1) and cz/"(CNT2) transport activities in different mammalian cells 

and tissues, compared to 2:1 for cib (CNT3) (6, 7). A Na+:nucleoside coupling ratio 

of 2:1 has been confirmed for recombinant hCNT3 and hagfish hfCNT produced in 

Xenopus laevis oocytes based upon direct charge versus radiolabeled uridine uptake 

measurements (5, Chapter 5). hCNT3 has also been shown to be H+-dependent, with 

a H+:nucleoside coupling ratio of 1:1 (Chapter 5). In the case of recombinant hCNTl, 

however, corresponding analyses of oocyte charge versus radiolabeled uridine uptake 
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has provided conflicting Na nucleoside stoichiometries of either 1:1 (8) or 2:1 (9). 

No corresponding data exists in the literature for recombinant hCNT2. To fill in this 

important gap with respect to hCNT2, and to address whether the Na+:nucleoside 

coupling ratio of hCNTl is indeed different from that of hCNT3, heterologous 

expression in Xenopus oocytes was used in combination with both radioisotope flux 

and electrophysiological techniques to undertake a systematic side-by-side 

comparison of cation interactions with all three human CNTs. 

Results 

Cation specificity - The experiment of Fig. 6-1 directly compared the Na+-

and FT^-dependence of nucleoside transport mediated by hCNTl, hCNT2 and hCNT3. 

CNT-mediated uptake (influx) of 14C-uridine (20 uM) in the presence of Na+ was 

measured in oocytes expressing hCNTl {A), hCNT2 (B) or hCNT3 (Q in transport 

media containing 100 mM NaCl (pH 8.5). To examine CNT-mediated uptake of 

uridine in the presence of H , Na+ in the transport medium was replaced by equimolar 

choline, and the pH varied from 5.5 to 8.5. Values were corrected for basal non-

mediated uptake in control water-injected oocytes (< 0.03 pmol/oocyte.min" under all 

conditions tested). All three recombinant transporters mediated similar levels of 

uridine influx in the presence of external Na+, but only hCNT3 demonstrated pH-

dependent uridine influx. Previous studies have established that pH has minimal 

effect on hCNT3 Na+-mediated uridine binding affinity (Chapter 5). The intracellular 

oocyte pH has been shown to be 7.3 - 7.6 (10) and consistent with this, and in 

agreement with previous findings (Chapter 5), H+-coupled uptake of uridine by 

hCNT3 was minimal at pH values of 7.5 or higher, but increased markedly as the 

external medium was acidified. In 100 mM ChCl at pH 5.5, hCNT3 mediated uridine 

influx was ~ 60% of that obtained in the presence of 100 mM NaCl at pH 8.5. As the 

pH was raised from 5.5 to 8.5, uridine influx was reduced by 96%. Influx of uridine 

by hCNT2 and hCNTl under the same conditions also exhibited marked Na+-

dependence, but showed no indication of H+-coupling. This was confirmed by 
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electrophysiology: all three transporters generated large inward Na currents in the 

presence of uridine, but only hCNT3 exhibited uridine-evoked H+ currents (Fig. 6-\D 

- F). Subsequent experiments focused on the kinetics of Na+-activation and the 

determination of Na+:nucleoside coupling ratios. 

Na+-activation kinetics - Na+-activation curves measured by radioisotope 

nucleoside flux assays are presented in Fig. 6-2 for oocytes producing either hCNTl, 

hCNT2 or hCNT3. Uptake was compared to that in control water-injected oocytes, 

and the kinetic parameters derived from these experiments for the CNT-mediated 

component of influx (uptake in RNA-injected oocytes minus uptake in water-injected 

oocytes) are presented in Table 6-1. For both hCNTl and hCNT2, the relationship 

between uridine influx and Na+ concentration (0 - 100 mM NaCl, pH 8.5) was 

hyperbolic, with Hill coefficients consistent with an apparent Na+:nucleoside coupling 

stoichiometry of 1:1 (Figs. 6-2̂ 4 and B). In marked contrast, the Na+-activation curve 

for hCNT3 was sigmoidal, with a Hill coefficient consistent with an apparent 

Na+:nucleoside coupling ratio of 2:1 (Fig. 6-2Q. The three transporters (hCNT 1/2/3) 

exhibited similar millimolar apparent affinities for Na+ and similar Vmsx values (Table 

6-1). 

The effects of membrane potential on CNT cation-activation kinetics were 

examined electrophysiologically by measuring hCNT 1/2/3 apparent affinities (Kso 

values) for Na+ and corresponding Hill coefficients (n) at two different holding 

potentials (Vh = -30 and -90 mV). The kinetic parameters for Na+-activation were 

determined at the same external uridine concentration used in the radioisotope studies 

(20 uM). The relationship between CNT-mediated uridine-evoked currents and Na+ 

concentration (pH 8.5) is illustrated in Fig. 6-3 for single representative oocytes 

measured at -30 and -90 mV. Mean kinetic parameters for hCNTl, hCNT2 and 

hCNT3 calculated from four or more individual oocytes are presented in Table 6-2. 

In agreement with the I4C-uridine influx experiments (Fig. 6-25), hCNT2 Na+-

activation curves were hyperbolic, with Hill coefficients consistent with an apparent 

Na+:nucleoside coupling stoichiometry of 1:1. The Hill coefficient was independent 

of membrane potential, while the Na+ apparent K^ value decreased from 16 to 2.8 
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mM as the membrane potential was made more negative. Similar to hCNT2, the Hill 

coefficient for hCNTl was ~ 1 and independent of membrane potential; the Na+ 

apparent K5Q value decreased from 11 to 1.9 mM as the membrane potential was 

changed from -30 to -90 mV (Table 6-2). In marked contrast to hCNTl/2, but again 

in agreement with the 14C-radioisotope flux experiments (Fig. 6-2C), hCNT3 Na+-

activation curves were sigmoidal, with Hill coefficients of- 2, suggesting an apparent 

Na+:nucleoside coupling stoichiometry of 2:1 (Table 6-2). Similar to hCNTl/2, 

however, the Hill coefficient was independent of membrane potential, while the Na+ 

apparent K50 value decreased from 4.7 to 1.7 mM as the membrane potential was 

made more negative. 

Na+.-nucleoside coupling ratios - The Na+:nucleoside stoichiometrics of 

hCNTl, hCNT2 and hCNT3 were directly determined by simultaneously measuring 

nucleoside-evoked currents and 14C-nucleoside uptake under voltage-clamp 

conditions. Data for the Na+:uridine stoichiometry of hCNT2 is compared with those 

of hCNTl and hCNT3 in Fig. 6-4. To further characterize the stoichiometrics of 

human CNTs, the coupling ratios for hCNT2 and hCNT3 were also measured with 

adenosine as permeant (Fig. 6-5) in transport medium containing 1 uM 

deoxycoformycin to inhibit adenosine deaminase activity (11). Due to the small 

magnitudes (< 3 nA) of adenosine-evoked hCNTl Na+ currents (8), a corresponding 

hCNTl Na+:adenosine coupling ratio could not be measured. Each data point in Figs. 

6-4 and 6-5 represents a single oocyte and the Na+:nucleoside coupling ratio is given 

by the slope of the linear fit of charge (pmol) versus uptake (pmol) (Table 6-3). 

Stoichiometrics were measured at a nucleoside concentration of 200 uM in 

Na+-containing transport medium (100 mM) at pH 8.5 and at a holding potential of -

90 mV. Fig. 6-4̂ 4 is a representative uridine-dependent current recording in a hCNT2-

producing oocyte. As previously observed for several other cotransporters, including 

hCNTl (8) and hCNT3 (Chapter 5), current reached an initial maximal value and then 

progressively decreased, returning to baseline upon removal of nucleoside. The linear 

correlations between integrated uridine-dependent charge and C-uridine 

accumulation measured in Na+-containing transport medium (100 mM) gave 
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calculated stoichiometries of 0.89 for hCNT2 (Fig. 6-4Q versus 0.89 for hCNTl 

(Fig. 6-45) and 2.1 for hCNT3 (Fig. 6-4£>) (Table 6-3). Similarly, the linear 

correlation between adenosine-dependent charge and adenosine accumulation (100 

raM NaCl, pH 8.5) gave calculated stoichiometries of 0.93 for hCNT2 (Fig. 6-5^4) and 

1.9 for hCNT3 (Fig. 6-55) (Table 6-3). 

Charge-to-Na+ stoichiometry - The relationship between uridine-evoked 

charge influx (pmol) and 22Na+ uptake (pmol) was measured in oocytes producing 

hCNTl, hCNT2 or hCNT3 at a holding potential of -90 mV. A linear fit of the data 

gave regression lines with slopes of 0.93 for hCNT2 versus 0.90 for hCNTl and 0.90 

for hCNT3, indicating that for all three transporters 1 net inward positive charge was 

transported for every Na+ ion cotransported with uridine into the cell (Table 6-3). 

Discussion 

The cation-coupled concentrative nucleoside transport processes cit, cif and 

cib are mediated by isoforms of the CNT (SLC28) transporter family, designated in 

humans as hCNTl, hCNT2 and hCNT3, respectively. All three proteins transport 

uridine and adenosine (although hCNTl-mediated adenosine transport activity is 

low), but are otherwise pyrimidine nucleoside-selective (hCNTl), purine nucleoside-

selective (hCNT2), or broadly selective for both pyrimidine and purine nucleosides 

(hCNT3). Conducted under identical experimental conditions, the present study 

utilized heterologous expression in Xenopus oocytes in combination with radioisotope 

flux experiments and electrophysiological measurements to demonstrate that hCNT2 

has cation coupling characteristics similar to those of subfamily member hCNTl, and 

markedly different from those of hCNT3. 

Like hCNTl, hCNT2 was Na+-specific, while hCNT3 was able to utilize both 

Na+ and H+ to drive permeant uptake into cells. Dual Na+/H+-coupling is not, 

however, a general characteristic of the CNT3/hfCNT subfamily: hagfish hfCNT has 

been shown to be Na+-dependent, but not H+-dependent (5). CNTs from other species 
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that exclusively use H+ as the coupling cation include CeCNT3 from Caenorhabditis 

elegans (12), CaCNT from Candida albicans (13) and NupC from Escherichia coli 

(14, Appendix 2). hCNT3 is closer evolutionary to these proteins than hCNTl/2 (4). 

H+-coupling of hCNT3 may be physiologically and pharmacologically important in 

tissues such as the duodenum, proximal jejunum and kidney proximal tubule where 

apical contents can be relatively acidic. The CNT protein family is therefore similar 

to other cotransporter families in which members are able to utilize Na+ and/or H+ to 

drive permeant uptake into cells (15-17). Since hCNT2 was not H+-coupled, 

subsequent analyses focused on a comparison of hCNT2 and hCNTl/3 interactions 

with Na+. 

Na+-concentration dependence experiments directly compared the apparent 

affinities (Kso) of all three hCNTs for Na+. 14C-Uridine influx studies revealed that 

hCNT 1/2/3 exhibited apparent K50 values for Na+-activation in the range of 10 - 12 

mM, and similar results were seen by electrophysiology (apparent £50 values ranging 

from 5 - 1 6 mM at Vh = -30 mV). Similar to hCNTl and hCNT3, and in agreement 

with results reported previously for hCNT3 (Chapter 5), the Na+ binding affinity of 

hCNT2 increased as the membrane potential was made more negative. 

Previously published studies suggest that differences in Na+/H+ specificity 

between hCNTl/2 and hCNT3 may also extend to differences in cation-coupling 

ratios. Hill-type analyses of the relationships between nucleoside influx and Na+ 

concentration, for example, suggest a 1:1 Na+:nucleoside coupling stoichiometry for 

(i) various cit (CNT1) and cif (CNT2) transport activities in different mammalian 

cells and tissues (6, 18-22), (ii) recombinant rCNTl transport of both adenosine and 

uridine (11), and (iii) recombinant rCNT2 transport of adenosine and 2', 3'-

dideoxyinosine (23, 24). In marked contrast, Hill coefficients consistent with a 2:1 

Na rnucleoside coupling stoichiometry have been reported for system cib in choroid 

plexus (25) and microglia (26), and for recombinant mouse CNT3 (mCNT3), hCNT3 

and hfCNT transport of uridine (4, 5). Direct determination of coupling 

stoichiometries by simultaneous measurement of radiolabeled nucleoside influx and 

cation current has yielded Na :uridine coupling ratios of of either 1:1 (8) or 2:1 (9) for 
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hCNTl, and 2:1 for hCNT3 (Chapter 5). The equivalent H+:uridine coupling ratio for 

hCNT3 was 1:1 (Chapter 5). No corresponding published data are available for 

recombinant hCNT2. 

In the present study, both Hill analyses of Na+-activation curves and 

charge:flux studies were used to determine the Na+:nucleoside coupling ratio of 

hCNT2, and to compare results for this transporter with those for hCNTl and hCNT3 

determined under identical experimental conditions and in the same batches of 

oocytes. Na+-activation curves derived from radioisotope flux experiments for both 

hCNTl and hCNT2 were hyperbolic, with Hill coefficients consistent with a 

Na+:nucleoside coupling ratio of 1:1. In contrast, there was a sigmoidal relationship 

between nucleoside flux and Na+ concentration for hCNT3, with a Hill coefficient 

consistent with a Na+:nucleoside coupling ratio of 2:1. Parallel electrophysiology 

experiments measuring the relationship between uridine-evoked inward current and 

Na+ concentration confirmed these results. Similar to members of the SGLT protein 

family (27), Hill coefficients for hCNT2 and the other hCNTs were independent of 

membrane potential. 

Hill coefficients reflect the number of ions interacting with the transporter 

rather than the actual number of ions entering the cell as a result of transport activity, 

and therefore provide only indirect estimates of transporter coupling ratios (28). 

Therefore, charge versus nucleoside and charge versus Na+ uptake experiments under 

voltage-clamp conditions were also used to determine hCNT2 stoichiometry directly 

and to compare that stoichiometry with hCNTl and hCNT3. The ratio of charge to 

uridine uptake determined for both hCNT2 and hCNTl yielded a Na+:uridine 

coupling ratio of 1:1. In contrast, the Na+:uridine coupling ratio of hCNT3 was 2:1. 

Na+:nucleoside coupling ratios for hCNT2 and hCNT3 were also determined with the 

purine nucleoside adenosine as permeant and yielded results identical to those seen 

with the pyrimidine nucleoside uridine. Contrary to a report by Larrayoz et al. (9), 

adenosine is also transporterd by the CNT1 isoform (1, 8, 11, 29-32). Kinetically, 

adenosine functions as a high-affinity, but low-capacity CNT1 permeant, precluding 

studies of hCNTl Na+:adenosine coupling stoichiometry. Measurements correlating 
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Na uptake to the translocated charge indicated that 1 net positive charge was 

transported for every Na+ ion cotransported, verifying that, like hCNTl and hCNT3, 

hCNT2 nucleoside-dependent currents are carried by Na+ ions. 

Both direct and indirect methods therefore give Na :nucleoside coupling ratios 

of 1:1 for hCNTl and hCNT2, and 2:1 for hCNT3. The Na+:nucleoside stoichiometry 

determined for hCNTl agrees with previously published results (8), and contradicts 

the 2:1 coupling ratio reported by Larrayoz et al. (9). The corresponding 1:1 

stoichiometry for recombinant hCNT2 is the first report of this transporter's 

Na+:nucleoside coupling ratio, while the contrasting characteristics of hCNT3 (2:1 

coupling ratio) also confirm previous findings (Chapter 5). A 2:1 Na+:nucleoside 

stoichiometry for hCNT3 also mirrors that for hfCNT (5). CNTs therefore resemble 

other transporter families in which individual members have different cation-coupling 

ratios. For example, members of the SGLT family have been described with 1:1 and 

2:1 Na+:glucose coupling ratios (1:1 for SGLT2 and 2:1 for SGLT1/3) (16, 27, 33, 

34). Similarly, the PepTl and PepT2 proton-linked peptide transporters have 1:1 and 

2:1 H+:peptide coupling ratios, respectively (35). Energetically, a 2:1 Na+nucleoside 

coupling stoichiometry for hCNT3 versus a 1:1 coupling ratio for hCNTl/2 implies a 

greater ability of hCNT3 to transport permeants (including nucleoside drugs) against 

their concentration gradient and, hence, achieve higher levels within the cell. 

In conclusion, the cation coupling characteristics of hCNT2 are similar to 

those of subfamily member hCNTl, and different from those of hCNT3. These 

results therefore validate and expand upon previously reported differences in cation 

coupling between human members of the CNT1/2 and CNT3/hfCNT subfamilies of 

CNT proteins. These observed functional differences in Na+/H+ specificity and Na+ 

coupling, in addition to being of potential physiologic and therapeutic importance, 

will facilitate future structure/function analyses to identify protein structural domains 

and specific amino acid residues responsible for CNT cation recognition and 

coupling. 
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Table 6-1. Na+-activation kinetics of uridine uptake by hCNTl, hCNT2 and 

hCNT3. Apparent affinities (K50), predicted maximum flux values (Vmsai) and Hill 

coefficients (n) were determined from Na concentration response curves (0 - 100 

mM NaCl, pH 8.5) in oocytes producing hCNTl, hCNT2 or hCNT3 measured at a 
14C-uridine concentration of 20 uM (Figs. 6-2^4 - Q . Values were obtained from curve 

fits to mediated averaged data from 1 0 - 1 2 oocytes, and are presented as means ± SE. 

Apparent £50 Vmsx Hill 
(mM) (pmol/oocyte.min"1) Coefficient 

hCNTl 11 ± 1 11 ± 1 1.0 ±0.1 

hCNT2 10±1 11 ± 1 1.0±0.1 

hCNT3 12 ± 1 13 ±1 1.5 ±0.1 
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Table 6-2. Voltage-dependence of Na+-activation kinetics of hCNTl, hCNT2 and 

hCNT3. Apparent affinities (X50) and Hill coefficients (ri) for Na+ were determined 

from Na+ concentration response curves (0 - 100 mM NaCl, pH 8.5) in oocytes 

producing hCNTl, hCNT2 or hCNT3 measured at a uridine concentration of 20 uM 

and membrane potentials of-30 and -90 mV (see Fig. 6-3 for representative hCNTl-, 

hCNT2-, or hCNT3-producing oocytes). Values were obtained from fits to data from 

individual oocytes normalized to the fitted Jmax value obtained for that cell, and are 

presented as means ± SEM. The numbers in parentheses denote the number of 

oocytes. 

Apparent K50 Hill Coefficient 
(mM) 

Vh=-30mV Vh=-90mV Vh=-30mV Vh=-90 mV 

hCNTl 11 ± 1 1.9 ±0.1 1.0 ±0.1 0.99 ±0.02 
(4) (4) (4) (4) 

hCNT2 16 ± 2 2.8 ±0.3 0.95 ± 0.02 0.90 ± 0.02 
(4) (4) (4) (4) 

hCNT3 4.7 ±0.4 1.7 ±0.1 1.8 ±0.1 1.8 ±0.1 
(4) (5) (4) (5) 
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Table 6-3. Stoichiometry of hCNTl, hCNT2 and hCNT3. Charge to 14C-

nucleoside (Figs. 6-4 and 6-5; 100 mM NaCl, pH 8.5) and charge to 22Na+ (data not 

shown; 1 mM NaCl, pH 8.5) uptake ratio plots were generated at a membrane 

potential of -90 mV in hCNTl-, hCNT2- and hCNT3-producing oocytes. The 

numbers in parentheses denote the number of oocytes. 

Charge: 14C-Uridine Charge: 14C-Adenosine Charge:22Na+ 

Stoichiometry Stoichiometry Stoichiometry 

hCNTl 

hCNT2 

hCNT3 

0.89 ± 0.02 
(11) 

0.89 ± 0.02 
(12) 

2.1 ±0.1 
(12) 

0.93 ± 0.08 
(8) 

1.9=1=0.1 
(10) 

0.90 ± 0.02 
(5) 

0.93 ± 0.02 
(5) 

0.90 ±0.05 
(6) 
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Figure 6-1. Effects of Na+ and H+ on the transport activities of recombinant 

hCNTl, hCNT2 and hCNT3 produced in Xenopus oocytes. Radiolabeled fluxes of 

uridine (20 uM, 20°C, 1 min flux) in oocytes injected with RNA transcripts encoding 

hCNTl (A), hCNT2 (B), or hCNT3 (Q were measured in transport media containing 

Na+ (open bar, 100 mM NaCl, pH 8.5) or choline (gray bars; 100 mM ChCl, pH 5.5 -

8.5). Values were corrected for basal non-mediated uptake in control water-injected 

oocytes and are means ± SEM of 10 - 12 oocytes. The experiment was performed on 

a single batch of oocytes used on the same day. Representative cation/nucleoside 

current traces in single hCNTl- (D), hCNT2- (E), or hCNT3-producing oocytes (F) 

clamped at -50 mV in transport medium containing Na+ (100 mM NaCl, pH 8.5) or 

choline (100 mM ChCl, pH 5.5). The bar denotes addition of uridine (100 uM) to the 

bath. No currents were observed in control water-injected oocytes (traces not shown). 
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Figure 6-2. Cation-activation kinetics of hCNTl, hCNT2 and hCNT3. Initial 

rates of 14C-uridine uptake (20 uM, 20°C, 1 min flux) were measured in Na+-containing 

(0-100 mM NaCl) transport media at pH 8.5 in oocytes injected either with water alone 

{open circles) or with water containing RNA transcripts encoding hCNTl {A), hCNT2 

(B) or hCNT3 (Q {solid circles). All of the fluxes were performed on the same batch of 

oocytes used on the same day. Kinetic parameters derived from these data for the 

hCNT-mediated component of transport (uptake in RNA transcript-injected oocytes 

minus uptake in water-injected oocytes) are presented in Table 6-1. The inset in each 

graph shows the Hill plot for the data. 
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Figure 6-3. Voltage-dependence of hCNTl, hCNT2 and hCNT3 cation-

activation kinetics. Na+ concentration-response curves (pH 8.5) measured in single 

representative hCNTl- (A, E), hCNT2- (C, D) and hCNT3-producing oocytes (E, F) 

at membrane potentials of -30 {A, C, E) and -90 (B, D, F) mV (20 uM uridine). 

Currents at each Na+ concentration were normalized to the fitted Imsx value for that 

oocyte. 7max values ranged from 45 to 101 nA. No currents were observed in control 

water-injected oocytes. Mean Na+-activation data for hCNTl, hCNT2, and hCNT3 is 

summarized in Table 6-2. The insets are Hill plots of the data. 
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Figure 6-4. Uridine coupling ratios of hCNTl, hCNT2 and hCNT3. (A) 

Representative example of the current generated during application of 200 uM 14C-

uridine to a hCNT2-producing oocyte in Na+-containing transport medium (100 mM 

NaCl, pH 8.5) at a membrane potential of -90 mV. Integration of the uridine-evoked 

current over the uptake period (2 min) yielded the charge moved which was converted 

to pmol and plotted against radiolabeled uridine uptake (pmol) in the same oocyte. 

The experiment was repeated in 12 different hCNT2-producing oocytes (Q. 

Corresponding charge-to-14C-uridine uptake ratio plots are also shown for hCNTl (B, 

n = 11) and hCNT3 (D, n = 12) (100 mM NaCl, pH 8.5; Vh = -90 mV). Linear 

regression analysis of the data for each plot is indicated by the solid line. The dashed 

line indicates a theoretical 1:1 charge:flux ratio in (B) and (Q and a 2:1 charge:flux 

ratio in (D). Lines were fitted through the origin. Stoichiometries (± SE) obtained 

from these data are given in Table 6-3. 
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Figure 6-5. Adenosine coupling ratios of hCNT2 and hCNT3. Charge to C-

adenosine uptake ratio plots were generated at a membrane potential of -90 mV in 

Na+-containing transport media (100 mM NaCl, pH 8.5) in hCNT2- (A, n = 8) and 

hCNT3-producing oocytes (B, n = 10). The time of exposure of oocytes to 14C-

adenosine (200 uM) was 2 min. Integration of the adenosine-evoked current was 

used to calculate the net cation influx (charge) and was correlated to the net C-

adenosine influx (flux). Linear regression analysis of the data for each plot is 

indicated by the solid line. The dashed line indicates a theoretical 1:1 charge:flux 

ratio in (A) and a 2:1 charge:flux ratio in (B). Lines were fitted through the origin. 

Stoichoimetries (± SE) obtained from these data are indicated in Table 6-3. 
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Chapter 7: 

A Proton-Mediated Conformational Shift Identifies A Mobile Pore-

Lining Cysteine Residue (Cys561) in Human Concentrative 

Nucleoside Transporter 3 (hCNT3)* 

* A version of this chapter has been published. 

Slugoski, M. D., Ng, A. M. L., Yao, S. Y. M., Smith, K. M, Lin, C. C, Zhang, J., 
Karpinski, E., Cass, C. E., Baldwin, S. A., and Young, J. D. (2008) A proton-
mediated conformational shift identifies a mobile pore-lining cysteine residue (Cys-
561) in human concentrative nucleoside transporter 3. J. Biol. Chem. 283: 8496-
8507. 
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Introduction 

In humans (h), the concentrative nucleoside transporter (CNT) protein family 

is represented by three members, hCNTl, hCNT2 and hCNT3. Similar to their 

orthologs in other mammalian species, hCNTl and hCNT2 are pyrimidine nucleoside-

selective and purine nucleoside-selective, respectively, while hCNT3 transports both 

pyrimidine and purine nucleosides (1-3). hCNTl and hCNT2 function exclusively as 

Na+-coupled nucleoside transporters, whereas hCNT3 can utilize electrochemical 

gradients of either Na+ or H+ to accumulate nucleosides within cells (4, Chapters 5 

and 6). Whereas Na+-coupled hCNT3 transports a broad range of physiological 

purine and pyrimidine nucleosides, as well as anticancer and antiviral nucleoside 

drugs, H+-coupled hCNT3 is unable to transport guanosine, 3'-azido-3'-

deoxythymidine (zidovudine; AZT) or 2', 3'-dideoxycytidine (zalcitabine; ddC) (3, 

Chapter 5). This suggests that Na+- and H+-bound versions of hCNT3 have 

significantly different conformations of the nucleoside binding pocket and/or 

translocation channel. Through the use of site-directed mutagenesis and heterologous 

expression of hCNTl-3 in Xenopus laevis oocytes, this study reveals a 

conformationally-sensitive pore-lining cysteine residue in transmembrane domain 

(TM) 12 of hCNT3 whose accessibility to the hydrophilic membrane-impermeant 

thiol reagent /7-chloromercuribenzene sulfonate (PCMBS) reports a specific In­

activated state of the transporter. 

Results 

PCMBS inhibition of hCNT3 - hCNT3 has 14 endogenous cysteine residues, 

compared to 20 each for hCNTl and hCNT2, of which 10 are common to all three 

hCNTs (Fig. 7-1). Five of the hCNT3 cysteine residues are located in putative TMs 

(TMs 1, 11, 12 and 13) and the remainder reside within the extramembraneous N- and 

C-terminal regions of the protein. Despite having multiple endogenous cysteine 

residues, it was previously established that wild-type hCNTl is not inhibited by PCMBS 

(Chapter 4). Fig. 7-2 depicts the effects of PCMBS (500 uM) on wild-type hCNT3. 
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Since hCNT3 is both Na+- and H+-coupled (3, 4, Chapters 5 and 6), the protein was 

exposed to PCMBS either in the presence of Na+ or H+ (100 mM NaCl, pH 8.5 and 100 

mM ChCl, pH 5.5, respectively). By employing Na+-containing medium buffered at pH 

8.5, the small, but significant, amount of hCNT3 H+-activation that occurs at pH 7.5 was 

avoided (Chapters 5 and 6). Control experiments have been undertaken to verify that 

Na+-coupled uridine transport by hCNT3 at pH 8.5 is kinetically indistinguishable from 

that at pH 7.5 (Chapter 8). Following treatment with PCMBS, the same two media were 

used in assays of uridine transport activity. 

Similar to the previous findings with hCNTl (Chapter 4), and independent of 

whether uridine transport activity was subsequently determined in Na+- or FT^-containing 

medium (Figs. 7-2A and B, respectively), hCNT3-mediated uridine influx was 

unaffected by PCMBS when exposed to FT'-reduced medium containing Na+ (100 mM 

NaCl, pH 8.5). In contrast however, Figs. 7-2̂ 4 and B also reveal marked inhibition (80 

- 90%) of both Na+- and H+-coupled uridine influx when hCNT3 was reacted with 

PCMBS under acidified, Na+-free conditions (100 mM ChCl, pH 5.5). The flux values 

shown in Figs. 7-Z4 and B depict mediated transport activity, defined as the difference 

in uptake between RNA transcript-injected and control water-injected oocytes. In this 

and subsequent experiments, uridine uptake in water-injected oocytes was < 0.02 

pmol/oocyte.min"1 under all conditions tested (data not shown). 

As demonstrated in Fig. 7-2C, hCNT3-mediated uridine influx was unaffected 

by PCMBS (500 uM) when incubated in H+-reduced medium also lacking Na+ (100 mM 

ChCl, pH 8.5). Inhibition was evident, however, when exposure to PCMBS (500 yM) 

occurred in acidified, Na+-containing medium (100 mM NaCl, pH 5.5) (Fig. 7-2Q. 

These findings eliminate the possibility that Na+ exerts a protective effect against 

PCMBS binding and suggest instead that inhibition of hCNT3 by PCMBS results from a 

specific Ff^-dependent exofacial conformational shift which exposes PCMBS-sensitive 

residue(s) to the extracellular medium. The H+-dependent effect of PCMBS on hCNT3 

was not secondary to enhanced chemical reactivity of PCMBS with cysteinyl sulfhydryl 

groups under acidic conditions or to non-specific pH-induced changes in protein 

conformation, because control experiments confirmed that uridine transport by Na+-
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specific hCNTl was unchanged by exposure to PCMBS (500 uM) either in the presence 

of Na+ or FT" (100 mM NaCl, pH 8.5 and 100 mM ChCl, pH 5.5, respectively) (Fig. 7-

3A). Fig. 7-35 extends this finding of PCMBS-insensitivity to Na+-specific hCNT2. 

FT-induced PCMBS inhibition of hCNT3 was also evident in influx assays 

employing other physiological nucleosides. In a representative experiment measuring 

Na+-coupled influx of a panel of 20 uM 14C-labeled nucleosides following incubation in 

the presence and absence of 500 uM PCMBS (100 mM ChCl, pH 5.5), the percentage 

inhibition of influx of uridine, thymidine, cytidine, adenosine, inosine and guanosine 

was 89 ± 1, 91 ± 2, 90 ± 1, 87 ± 1, 89 ± 1 and 89 ± 1%, respectively. Therefore, 

PCMBS binding interferes with translocation of both purine and pyrimidine nucleosides. 

PCMBS-inhibited hCNT3 nucleoside transport activity was restored by incubation with 

5 mM DTT, verifying a specific and reversible interaction of PCMBS with hCNT3 

cysteine residue(s) (Fig. 7-4). Since PCMBS is both hydrophilic and membrane 

impermeant (5, 6), the targeted residue(s) must be accessible from the external medium 

and is most likely located within an outward-facing conformation of the hCNT3 

translocation pore. 

Concentration dependence and uridine protection of PCMBS inhibition - Dose-

response curves for PCMBS inhibition of hCNT3 in the concentration range 25 uM to 1 

mM are presented in Fig. 7-5. Quantitatively, both Na+- and H+-mediated modes of 

uridine influx were equally affected, with IC50 values of 130 ± 20 uM (Fig. 7-5̂ 4) and 93 

±18 uM (Fig. 1-5B), respectively. Figs. 7-5̂ 4 and B also demonstrate the ability of 

extracellular uridine (20 mM) to fully protect the transporter against this inhibition. As 

shown in Figs. 7-6/1 and B, the uridine concentration required for half-maximal 

protection against PCMBS was 12 ± 2 uM. This compares favourably with a previously 

determined apparent Km value of 110 uM for Ff^-coupled uridine influx (Chapter 5), 

especially if an anticipated increase in permeant apparent affinity at low temperature is 

taken into consideration (the uridine protection was performed on ice). Therefore, the 

PCMBS-binding residue(s) is likely located in a position within or closely adjacent to 

the nucleoside binding pocket. 
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Electrophysiology of PCMBS inhibition - Steady-state electrophysiological 

experiments confirmed (i) that PCMBS inhibition of wild-type hCNT3 required 

exposure under acidified conditions, and (ii) that uridine-induced Na+ and H+ inward 

currents were equally affected by bound PCMBS (data not shown). 

In parallel electrophysiological experiments performed under presteady-state 

conditions and in the absence of uridine (4, Chapter 6), hCNT3-producing oocytes were 

voltage clamped at a holding potential (Vh) of -50 mV and presteady-state currents were 

activated by voltage steps to the series of test potentials (Vt) outlined in the voltage pulse 

protocol shown in Fig. 1-1 A. Current recordings in a representative hCNT3-producing 

oocyte are shown in Fig. 7-75 in both the presence (left) and absence (right) of Na+ (100 

mM NaCl and ChCl, pH 8.5, respectively). As reported previously for both hCNTl (4, 

Appendix 4) and hCNT3 (7), current relaxations persisting for tens of ms after the time 

required to charge the membrane capacitance were apparent in both the ON response 

(when Vh was stepped to Vt) and in the OFF response (when Vt was returned to Vh). 

These presteady-state currents were reduced, but not eliminated, upon removal of 

external Na+. Representing both Na+- and carrier-associated charge movements within 

the membrane, these presteady-state currents were absent in control water-injected 

oocytes (data not shown). As demonstrated in Fig. 7-7C for the same oocyte, exposure 

to 500 uM PCMBS in Ff-containing medium (100 mM NaCl, pH 5.5) abolished 

presteady-state currents in both the presence and absence of Na+ (Fig. 7-7C left and 

right, respectively). Confirming the specificity of PCMBS for hCNT3, and as 

anticipated from the lack of effect on transport seen in Fig. 1-3A, hCNTl presteady-state 

currents were unaffected by incubation with PCMBS (data not shown). 

PCMBS inhibition ofhCNT3 mutants - hCNT3 contains 14 endogenous cysteine 

residues, of which five lie within predicated TMs (TMs 1, 11, 12 and 13) (Fig. 7-1). 

Since TMs 1-3 of mammalian CNTs are not required for transport activity (8) and 

because the C-terminal half of CNTs comprises the functional domain for cation-

coupling (9, Chapter 5), cysteine residues 486 (TM 11), 561 (TM 12), 602 (TM 13) and 

607 (TM 13) were identified as potential candidate residues responsible for H+-induced 

PCMBS binding. Of these, Cys486, Cys561 and Cys607 are conserved in all three human 
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CNTs (Fig. 7-1). Using site-directed mutagenesis, the four hCNT3 cysteine residues 

were individually mutated to serine, generating hCNT3 mutants C486S, C561S, C602S 

and C607S. All four constructs were functional when produced in Xenopus oocytes 

(Fig. 7-&4). Similar to wild-type hCNT3 (Fig. 7-25), inhibition of uridine transport 

following incubation with 500 uM PCMBS in ^-containing medium was evident for 

C486S, C602S and C607S, but there was no effect on mutant C561S (Fig. 7-8/4)- None 

of the mutants were affected by exposure to PCMBS in medium containing 100 mM 

NaCl, pH 8.5 (data not shown). 

PCMBS inhibition of hCNT3C- mutants - In subsequent experiments, site-

directed mutagenesis was also used to generate revertant mutants in the cysteine-less 

background of hCNT3C- (10). As shown in Fig. 7-85, each of the four revertant 

mutants (S486C(C-), S561C(C-), S602C(C-) and S607C(C-)) were functional when 

produced in oocytes. Complementary to the results presented for the corresponding 

hCNT3 mutants (Fig. 7-8^4), only S561C(C-) showed inhibition of uridine influx 

following incubation with 500 uM PCMBS in FT -̂containing medium (Fig. 7-85). The 

extent of inhibition was similar to that observed with wild-type hCNT3 (Fig. 7-25). 

None of the mutants were affected by exposure to PCMBS in medium containing 100 

mM NaCl, pH 8.5 (data not shown). 

PCMBS inhibition of mutant S561C(C-): concentration dependence and uridine 

protection - Dose-response and uridine protection experiments were undertaken to 

confirm the identity of Cys561 in TM 12 as the residue responsible for PCMBS binding. 

Similar to wild-type hCNT3 (Fig. 7-5), exposure of S561C(C-) to PCMBS in H+-

containing medium produced inhibition of uridine transport activity with an IC50 value 

of 190 ± 60 uM (Fig. 7-9). Furthermore, extracellular uridine (20 mM) protected the 

mutant transporter against this inhibition (Fig. 7-9). 

Effects of methanethiosulfonate (MTS) reagents - In addition to PCMBS, the 

inhibitory effects of three MTS derivatives, MTSEA, MTSES and MTSET were also 

tested. Included in the analysis were wild-type hCNTl, hCNT2 and hCNT3, hCNT3 

mutant C561S, cysteine-less hCNT3C- and hCNT3C- mutant S561C(C-). Reflecting 
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their different reactivities towards thiol groups, 2-aminoethyl methanethiosulfonate 

hydrobromide (MTSEA), sodium (2-sulfonatoethyl) methanethiosulfonate (MTSES) 

and [(triethylammonium)ethyl] methanethiosulfonate bromide (MTSET) were used at 

concentrations of 2.5, 10 and 1 mM, respectively. Similar to PCMBS, oocytes 

producing each of the constructs were exposed to MTS reagents in acidified 100 mM 

ChCl transport medium (pH 5.5), then assayed for radiolabeled uridine transport 

activity, either in 100 mM NaCl, pH 7.5 (hCNTl and hCNT2) or 100 mM ChCl, pH 5.5 

(hCNT3, C561S, hCNT3C- and S561C(C-)). In no case was transport activity affected 

(Fig. 7-10). Similarly, and in agreement with previously published studies for hCNTl 

(Appendix 4) and hCNT3C- mutant S561C(C-) (10) under non-acidified conditions, 

there was also no inhibition of uridine uptake when constructs were incubated with the 

three MTS reagents in Na+-containing medium at pH 8.5 (data not shown). 

To eliminate the possibility that MTS reagents bind to hCNT3 Cys561 without 

affecting transport, oocytes producing wild-type hCNT3 or revertant hCNT3C- mutant 

S561C(C-) were incubated first in acidified medium (100 mM ChCl, pH 5.5) containing 

2.5 mM MTSEA, followed by a subsequent incubation under the same conditions with 

500 uM PCMBS (Fig. 7-10, inset). Oocytes producing hCNT3 or S561C(C-) both 

showed the expected degree of uridine transport inhibition when treated with PCMBS 

alone (compare with Figs. 7-25 and 7-75, respectively), and the extent of this inhibition 

was unaffected by pre-exposure to MTSEA. Therefore, MTSEA, the smallest of the 

MTS reagents examined, was unable to access Cys561. 

Substituted cysteine accessibility method (SCAM) analysis of TM 12 — To 

explore the relationship between Cys561 and other TM 12 residues, the cysteine-less 

background of hCNT3C- was used in conjunction with SCAM to systematically 

screen all 21 putative positions in the helix for PCMBS sensitivity. In this analysis, a 

series of hCNT3C- mutants with individual TM 12 residues mutated to cysteine were 

produced in Xenopus oocytes. Functional mutants, together with hCNT3C- as 

control, were investigated for inhibition by 200 uM PCMBS both in the presence of 

Na+ or H+ and, where inhibition was obtained, uridine protection (Table 7-1). 
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Of the 21 mutants investigated, only two (F563C(C-) and S568C(C-)) had 

functional activity too low to characterize further (10 uM uridine influx < 0.1 

pmol/oocyte.min"1). F563C(C-) is also nonfunctional when produced in yeast, while 

S568C(C-) exhibits very low transport activity (25). Since both mutant proteins are 

localized to the yeast plasma membrane in amounts similar to hCNT3 and hCNT3C-

(10), it is likely that residues Phe563 and Ser568 are structurally and/or functionally 

important for hCNT3 transport activity. Both residues are highly conserved within 

the CNT protein family (Fig. 7-11). Of the remaining 19 cysteine substitutions, seven 

resulted in substantial (> 40%) inhibition by 200 uM PCMBS (I554C(C-), 

T557C(C-), Y558C(C-), S561C(C-), N565C(C-), G567C(C-) and I571C(C-)). Of 

these, two resembled S561C(C-) and were selectively inhibited by PCMBS in the 

presence of H+, but not Na+ (I554C(C-) and Y558C(C-)), while four were 

approximately equally PCMBS-sensitive in either Na+- or H+-containing media 

(T557C(C-), N565C(C-), G567C(C-) and I571C(C-)). The presence of uridine (20 

mM) during exposure to PCMBS resulted in partial protection of Y558C(C-) and 

essentially complete protection of S561C(C-), N565C(C-), G567C(C-) and 

I571C(C-). No uridine protection was seen for I554C(C-) or T557C(C-). Two 

additional mutants that were more weakly inhibited by PCMBS (I555C(C-) and 

I566C(C-)) in both Na - and H -containing media were not tested for uridine 

protection. 

Discussion 

As shown in Fig. 7-1, current models of hCNT topology have 13 putative TMs 

(8). Computer algorithms also weakly predict two additional potential transmembrane 

regions, designated in Fig. 7-1 as 5A and 11A (8). Consistent with both a 13 and 15 TM 

membrane architecture, the loop linking TMs 4 and 5 has been shown to be cytoplasmic, 

while the N-terminus and glycosylated C-terminus are intracellular and extracellular, 

respectively (8). Initial SCAM analyses of TMs 11, 12 and 13 of hCNT3C- using MTS 

reagents (10), as well as other previously published structure/function studies (e.g. 11, 
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Chapter 4), are also consistent with both models. Recent investigations of hCNTl 

glutamate residues (Appendix 4), however, favour a 15 TM membrane architecture. 

Previously, TMs 7 and 8 (Fig. 7-1) were identified to contain residues of 

functional importance and are predicted to be pore-lining (11, Chapter 4, Appendix 

4). The presently revealed H+-activated reactivity of wild-type hCNT3 Cys561 to 

PCMBS, as determined by inhibition of uridine transport activity, now establishes that 

TM 12 is also pore-lining. Pore-lining status has also been ascribed to this TM on the 

basis of an initial series of SCAM analyses of cysteine-less hCNT3C- (10). Performed 

at neutral pH, this study found partial sensitivity of TM 12 mutants T557C(C-), 

N565C(C-), G567C(C-) and I571C(C-) to MTS reagents, and variable protection against 

that inhibition by uridine (10). S561C(C-) was unreactive to MTS reagents in that 

analysis, a finding confirmed here in experiments performed with MTSEA, MTSES and 

MTSET under both acidified and H^-reduced conditions and with Cys561 present in 

either a cysteine-less (hCNT3C-) or wild-type (hCNT3) background. 

PCMBS (12, 13) and MTS (14, 15) reagents both react preferentially with the 

ionized thiolate form of cysteine (-S") rather than with the uncharged thiol form (-SH) 

(16). PCMBS and the MTS derivatives MTSEA, MTSES and MTSET differ, however, 

in charge (PCMBS and MTSES are negatively-charged, MTSEA and MTSET are 

positively-charged) and membrane permeability (PCMBS, MTSES and MTSET are 

membrane-impermeable, MTSEA is membrane-permeable). They also differ in size 

(PCMBS < MTSEA < MTSES < MTSET). It is possible, therefore, that steric and/or 

electrostatic factors contributed to the specificity of the interaction of Cys561 with 

PCMBS. MTSEA, the smallest of the MTS reagents tested, failed to block addition of 

PCMBS to hCNT3 Cys561, confirming the inability of MTS reagents to react with this 

residue. 

hCNT3 Cys561 is, at least transiently, pore-lining because (i) only cysteines on 

the water-accessible surface of the protein will ionize to a significant extent, and (ii) 

hydrophilic negatively charged PCMBS is unlikely to enter hydrophobic regions in the 

lipid bilayer or protein interior. Since PCMBS was added extracellularly, the aqueous 
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pathway that it traverses to reach Cys must be contiguous with the external medium 

and, therefore, part of the outward-facing aspect of the hCNT3 translocation pore. The 

exofacial pore-lining status of Cys561 is confirmed by the ability of micromolar 

concentrations of uridine in the extracellular medium to protect the transporter against 

PCMBS inhibition. Opposite to the predicted effect of pH on thiol group chemical 

reactivity towards PCMBS, inhibition of hCNT3 only occurred under acidified 

conditions. Na+ had no influence on PCMBS inhibition of the transporter. 

Conserved in all three human CNTs, accessibility of Cys561 to PCMBS was 

unique to hCNT3. hCNT3 differs from Na+-specific hCNTl and hCNT2 by being able 

to couple uphill nucleoside transport to both Na+ and H4" electrochemical gradients (1-4, 

Chapters 5 and 6). It is proposed, therefore, that PCMBS reactivity with hCNT3 Cys561 

reports a specific IT^-activated conformational state of the protein. Since exofacial 

uridine occludes this residue and blocks access to PCMBS, hCNT3 Cys561 is likely 

located within, or closely adjacent to, the nucleoside binding pocket of the 

transporter. H+-induced changes in hCNT3 nucleoside and nucleoside drug 

selectivity (3, Chapter 5) are also strongly indicative of a H+-specific conformation of 

the nucleoside binding pocket and/or translocation pore. H+-coupled hCNT3 is also 

distinguished by a catiomnucleoside stoichiometry of 1:1, compared to 2:1 for Na+ 

(Chapters 5 and 6). In acidified Na+-containing transport medium, when both cations 

are present together, charge/uptake experiments suggest that the transporter binds one 

Na+ ion and one H+ (Chapter 5). 

hCNTl-3 kinetics and cation coupling can be interpreted in terms of a 

conformational equilibrium model of secondary active transport (17, 18). Developed 

by Krupka, this modified ordered binding model of secondary active transport 

alleviates the stringent sequential carrier states of earlier models and instead allows 

for flexible cation interactions such as those observed for Na+- and H+-coupling of 

hCNT3. In the model, binding of cation (Na+ and/or H+ in the case of hCNT3) shifts 

the equilibrium between two carrier states to "unlock" or open the nucleoside binding 

site, thereby promoting active transport. The reactivity of hCNT3 Cys561 to PCMBS 

senses unique characteristics of the H+-bound transporter. 
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As part of a larger, more comprehensive analysis encompassing the entire C-

terminal half of hCNT3C- (19, Chapter 10), SCAM experiments have been undertaken 

utilizing PCMBS to investigate the molecular and functional properties of all 21 putative 

residues of TM 12 (Table 7-1). In addition to S561C(C-), these studies have identified 

two further cysteine-substituted constructs in TM 12,1554C(C-) and Y558C(C-), which 

also exhibit FT -̂activated inhibition by PCMBS. Consistent with their anticipated 

relative depth within the membrane (and likely proximity to the nucleoside binding 

pocket) and as demonstrated in Fig. 7-9 for S561C(C-), the constructs exhibited no 

protection (I554C(C-)), partial protection (Y558C(C-)) and full protection by 

extracellular uridine (S561C(C-)). More than Cys alone, therefore, three adjacent 

pore-lining residues of hCNT3 (He554, Tyr558 and Cys561) combine to delineate a 

conformationally-sensitive exofacial pore-lining region of TM 12 specifically 

responsive to H+ binding. In addition, each of the four residue positions in TM 12 

previously shown to be sensitive to MTS reagents at neutral pH (Thr557, Asn565, Gly567 

and He571) were also found to display inhibition by PCMBS in the presence of both Na 

and H+. All, except Thr (the most exofacial), were uridine protectable. None of the 

remaining 14 residue positions in TM 12 were strongly PCMBS-sensitive. 

FT^-activation therefore distinguishes two discrete classes of PCMBS-sensitive 

residues within TM 12 of hCNT3. To provide additional information on these residues 

and the possible nature of the H+-induced conformational shift, Fig. 7-11 presents a-

helical wheel projections (Fig. 7-11^4) and space-filling models of hCNT3 TM 12 

(Fig. 7-115), although it is appreciated that the true structure of this region of the 

protein may differ appreciably from the perfect a-helix illustrated. Based on the 

aligned sequences of 126 eukaryote and prokaryote CNT family members, individual 

residues are colour-coded to indicate patterns of residue conservation and polarity 

within the helix. Residues He554, Ser558 and Cys561, and Thr557, Asn565, Gly567 and 

He571 are highlighted. TM 12 has the membrane orientation shown in Fig. 7-11 

irrespective of whether hCNT3 has a 13 or 15 TM membrane architecture (Fig. 7-1). 

All 21 residue positions in TM 12 exhibited restricted variability, showing a 

high degree of conservation among CNT family members (Fig. 7-11^4). This suggests 
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involvement either in maintaining the structures of the transporters or in cation and 

nucleoside binding and translocation, these being features of CNT family members 

that are held in common. Thus, TM 12 residues are likely either to face another helix 

or to line the translocation pore. 

The helical wheel projections in Fig. 7-1 \A establish that residues insensitive 

to PCMBS (and MTS reagent) inhibition are localized to one half of the helix surface. 

Consistent with a role in helix-helix packing, this half of TM 12 contains six residue 

positions exhibiting the highest level of sequence conservation (He555, Ala559, Gly562, 

Phe563, Gly570 and Gly574). In contrast, the other side of TM 12 is mostly 

PCMBS/MTS-reactive and likely, therefore, to be pore-lining. The uridine protection 

observed with many of these residues and the demonstration that polar residues 

localize predominantly to this face of the helix support this conclusion. The four 

residue positions (Thr557, Asn565, Gly567 and lie571) which show inhibition by PCMBS 

in the presence of both Na+ and H are distributed throughout the PCMBS-sensitive 

face of the helix, whereas Ser561 and the two adjacent residue positions (He554 and 

Tyr558) which exhibit H+-activated PCMBS inhibition come together in one quadrant 

of that surface. 

Fig. 7-115 spatially differentiates within the plane of the membrane the Ff1"-

dependent class of PCMBS-sensitive residues from those which are inhibited in the 

presence of both Na+ and H+. Residues which are inhibited by PCMBS only in the 

presence of H+ cluster together in a small exofacial aspect of the helix specific to the 

H+-bound conformation of hCNT3, whereas those which exhibit inhibition by 

PCMBS in the presence of both Na+ and H+ have more endofacial locations. 

Additionally, Fig. 7-115 reveals that the five TM 12 residue positions that are both 

PCMBS-sensitive and uridine-protectable (Tyr558, Cys561, Asn565, Gly567 and He571) 

are grouped centrally within the putative pore-lining face of TM 12 in a position that 

likely delineates the location of the uridine binding pocket. Presteady-state current 

measurements of hCNTl (4) and hCNT3 (20) reveal that the site(s) of Na+ binding 

also reside approximately halfway across the membrane. 
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Within the plane of the membrane, uridine-protectable Cys5 l, the residue 

identified and characterized in the present study, is located at the interface between 

those residues sensitive to inhibition by PCMBS in H -containing medium only and 

those where inhibition occurs in the presence of both Na+ and H+. Amongst other 

possibilities, the surface domain of hCNT3 TM 12 represented by residues lie554, 

Tyr558 and Cys561 may be masked to PCMBS in the H+-unbound state and upon H+-

binding, movement of the helix occurs such that these residues now become 

accessible to the aqueous translocation pore. hCNT3, unlike hCNTl/2, has two 

cation binding sites, one of which is Na+-specific and the second of which may 

functionally interact with both H+ and Na+. Thus, hCNT3 Cys561 likely senses 

conformational changes associated with H+-binding to the second of these sites. 

hCNT3 presteady-state currents have components contributed by carrier-

associated charge movements as well as by Na+ binding. PCMBS addition to Cys561 

will contribute a negative charge to the modified transporter. The total abolition of 

hCNT3 presteady-state currents that is seen following treatment with PCMBS is 

consistent with blockade of hCNT3 function by a mechanism involving loss of cation 

binding and locking of the transporter in a conformationally-restricted state. 

In addition to the pore-lining residues present in TMs 7 and 8 of hCNTl (11, 

Chapter 4, Appendix 4), the present study identifies a conformationally-sensitive pore-

lining residue in TM 12 of hCNT3. A glutamate residue in hCNTl and hCNT3 with a 

critical role in cation binding has also been identified within the conserved motif 

(G/A)XKX3NEFVA(Y/M/F) of TM 11A (Appendix 4). In the 15 TM model of hCNT 

membrane architecture TMs 7/8 and 11 A/12 are separated by a large and likely flexible 

cytoplasmic loop, evident in Fig. 7-1 as the 37 residue linker region between TMs 9 and 

10. It is possible that this loop enables TMs 7/8 and 11A/12 to come together in the 

translocation pore in a manner that facilitates conformational transitions within the 

cation/nucleoside translocation cycle. 

An emerging theme of recently solved high resolution molecular structures of 

cation-transporters such as LeuTAa (21) and GltPh (22) is close-proximity integration 
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of cation/solute binding and transport within a common cation/permeant translocation 

pore. The present results for hCNT3 Cys561 mirror this principle and reveal a residue 

centrally positioned within a mobile region of the cation/nucleoside translocation 

machinery. Further investigation of this conformationally-sensitive residue is likely 

to provide mechanistic and structural insights into differences between hCNT3 and 

hCNTl/2. 
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Table 7-1. Effects of PCMBS on uridine uptake mXenopus oocytes expressing 

hCNT3C- and single-cysteine mutants. Influx of 10 uM 3H-uridine was measured 

in both Na+- and H+-containing medium (100 mM NaCl, pH 8.5 or 100 mM ChCl, pH 

5.5, respectively; 1 min; 20°C) following 10 min incubation on ice in the absence or 

presence of 200 uM PCMBS or 200 uM PCMBS + 20 mM uridine in media of the 

same composition (i.e. Na+- or H+-containing, as indicated). Values are corrected for 

basal non-mediated uptake in control water-injected oocytes and are presented as a 

percentage of mediated uridine influx in the absence of inhibitor for each individual 

mutant. Each value is the mean ± SEM of 10 -12 oocytes, nd, not determined 

because of low functional activity. 

Na h 

(100 mM NaCl, pH8.5)a 

+ PCMBS 

109 ±9 

98 ±16 

73 ± 8 

97 ±13 

7 ± 1 

92 ±15 

106 ± 13 

101 ± 14 

102 ±19 

104 ±17 

nd 

110±31 

37 ±5 

85 ±19 

17±4 

nd 

112 ± 17 

107 ±15 

44 ±8 

89±11 

92 ±11 

92 ±23 

+ PCMBS and 
uridine 

_ 

-

-

-

16 ±2 

-

-

-

-

-

-

-

109 ± 8 

-

97 ±19 

-

-

-

85 ± 9 

-

-
_ 

H+ 

(100 mM ChCl, pH 5.5)b 

+ PCMBS 

103 ±13 

52 ± 6 

66 ± 7 

114±21 

22 ±2 

19±3 

117 ± 14 

106 ±14 

54 ±5 

92 ±18 

nd 

88 ±13 

46 ± 9 

71 ± 6 

14 ±5 

nd 

113 ± 12 

93 ±12 

30 ±3 

104 ± 9 

109 ±15 

95 ±16 

+ PCMBS and 
uridine 

_ 

67 ±9 

-

-

33 ±2 

71 ± 11 

-

-

94 ± 8 

-

-

-

106 ±16 

-

94 ±15 

-

-

-

90 ± 8 

-

-
-

hCNT3C-

I554C(C-

I555C(C-

A556C(C 

T557C(C 

Y558C(C 

A559C(C-

L560C(C 

S561C(C 

G562C(C-

F563C(C-

A564C(C-

N565C(C-

I566C(C-

G567C(C-

S568C(C 

L569C(C-

G570C(C-

I571C(C-

V572C(C-

I573C(C-

G574C(C 
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aValues for mediated uridine influx in 100 mM NaCl, pH 8.5 (pmol/oocyte.min4) in 

the absence of inhibitor are: hCNT3C- (1.5 ± 0.2); I554C(C-) (2.0 ± 0.3); I555C(C-) 

(1.9 ± 0.2); A556C(C-) (1.5 ± 0.3); T557C(C-) (2.7 ± 0.3); Y558C(C-) (0.11 ± 0.01); 

A559C(C-) (0.78 ± 0.05); L560C(C-) (2.1 ± 0.3); S561C(C-) (2.4 ± 0.4); G562C(C-) 

(0.75 ± 0.2); A564C(C-) (0.50 ± 0.1); N565C(C-) (2.6 ± 0.4); I566C(C-) (0.91 ± 0.2); 

G567C(C-) (1.4 ± 0.3); L569C(C-) (1.8 ± 0.3); G570C(C-) (1.1 ± 0.2); I571C(C-) (3.2 

± 0.4); V572C(C-) (3.3 ± 0.3); I573C(C-) (3.8 ± 0.5); G574C(C-) (0.18 ± 0.04). 

bValues for mediated uridine influx in 100 mM ChCl, pH 5.5 (pmol/oocyte.min"1) in 

the absence of inhibitor are: hCNT3C- (1.5 ± 0.3); I554C(C-) (1.5 ± 0.2); I555C(C-) 

(2.1 ± 0.2); A556C(C-) (1.5 ± 0.1); T557C(C-) (1.9 ± 0.1); Y558C(C-) (0.50 ± 0.04); 

A559C(C-) (1.0 ± 0.1); L560C(C-) (2.1 ± 0.3); S561C(C-) (3.6 ± 0.2); G562C(C-) 

(0.51 ± 0.1); A564C(C-) (0.10 ± 0.01); N565C(C-) (0.79 ± 0.1); I566C(C-) (0.35 ± 

0.1); G567C(C-) (0.9 ± 0.1); L569C(C-) (1.5 ± 0.2); G570C(C-) (0.69 ± 0.1); 

I571C(C-) (1.4 ± 0.1); V572C(C-) (2.0 ± 0.2); I573C(C-) (1.8 ± 0.2); G574C(C-) 

(0.13 ±0.03). 
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hCNTl M E N D P S R R R E S I S L T P V A K - - - G L E N M G A D F L E S L E E G Q L P R S D L 
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Figure 7-1. Cysteine residues in hCNTl, hCNT2 and hCNT3. An alignment of the 

amino acid sequences of hCNTl, hCNT2 and hCNT3 (GenBank™ accession numbers 

AAB53839, AAB88539 and AAG22551, respectively). The positions of 13 putative 

TMs are indicated by solid boxes. Two additional TMs present in an alternative 15 TM 

model of hCNT membrane architecture are indicated by dashed boxes. Cysteine 

residues are shown on black squares. Numbers refer to hCNT3 residue positions. 
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Figure 7-2. PCMBS inhibition of hCNT3. hCNT3-mediated influx of 20 uM 14C-

uridine in Na+-containing (A) or IrT-containing (B, Q medium (100 mM NaCl, pH 8.5 

or 100 mM ChCl, pH 5.5, respectively; 1 min at 20°C) was measured following 10 min 

incubation on ice in the absence (solid bars) or presence (open bars) of 500 uM PCMBS 

in the following media: Na+-containing H+-reduced (100 mM NaCl, pH 8.5), acidified 

Na+-free (100 mM ChCl, pH 5.5), Na+-free I^-reduced (100 mM ChCl, pH 8.5) or 

acidified Na+-containing (100 mM NaCl, pH 5.5), as indicated by the x-axis labels Na+, 

H+, no Na+/H+ or Na+ + H+, respectively. Values are corrected for basal non-mediated 

uptake in control water-injected oocytes and are means ± SEM of 10 - 12 oocytes. 
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14, Figure 7-3. PCMBS insensitivity of hCNTl and hCNT2. Influx of 20 uM ' t -

uridine in the presence of Na+ (100 mM NaCl, pH 7.5; 1 min at 20°C) was measured in 

oocytes producing hCNTl (A) or hCNT2 (B) following 10 min incubation on ice in the 

absence (solid bars) or presence (open bars) of 500 uM PCMBS in media containing 

either Na+, but not H+ (100 mM NaCl, pH 8.5) or H+' but not Na+ (100 mM ChCl, pH 

5.5), as indicated. Values are corrected for basal non-mediated uptake in control 

water-injected oocytes and are means ± SEM of 10 -12 oocytes. 
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Figure 7-4. Reversal of PCMBS inhibition of hCNT3-mediated uridine uptake by 

DTT. hCNT3-expressing oocytes were incubated in the absence or presence of 500 uM 

PCMBS (100 mM ChCl, pH 5.5; 10 min on ice) followed by a second incubation in the 

absence or presence of 5 mM DTT (100 mM ChCl, pH 7.5; 1 min at 20°C) prior to 

measuring uptake of 20 uM C-uridine in Na+-containing transport medium (100 mM 

NaCl, pH 7.5; 1 min at 20°C). Data are presented as mediated transport, calculated as 

uptake in RNA-injected oocytes minus uptake in water-injected oocytes, and are 

normalized to the respective influx of uridine in the absence of PCMBS and DTT 

(12.8 ±1.0 pmol/oocyte.min"1). Each value is the mean ± SEM of 10 - 12 oocytes. 
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Figure 7-5. PCMBS inhibition of hCNT3: concentration dependence and uridine 

protection. Influx of 20 uM 14C-uridine in both Na+- and ^-containing media (A and 

B, respectively) was measured after hCNT3-producing oocytes were incubated with 

various concentrations of PCMBS under acidic conditions either in the absence (solid 

circles) or in the presence (open circles) of 20 mM extracellular uridine as described 

in Fig. 7-2. Data are presented as mediated transport, calculated as uptake in RNA-

injected oocytes minus uptake in water-injected oocytes, and are normalized to the 

respective influx of uridine in the absence of inhibitor (8.7 ± 0.5 (A) and 5.3 ± 0.7 (B) 

pmol/oocyte.min"1). Each value is the mean ± SEM of 10 - 12 oocytes. Error bars are 

not shown where values were smaller than that represented by the symbols. 
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Figure 7-6. PCMBS inhibition of hCNT3: concentration dependence of uridine 

protection. Influx of 20 uM H-uridine in H -containing medium was measured in 

oocytes producing hCNT3 following incubation with 500 uM PCMBS under acidic 

conditions in the presence of 0 - 500 uM (A) or 0 - 20 mM (B) extracellular uridine as 

described in Fig. 7-2. Data are presented as mediated transport, calculated as uptake in 

RNA-injected oocytes minus uptake in water-injected oocytes, and are normalized to the 

respective influx of uridine in the absence of inhibitor (8.3 ±1.3 (A) and 7.3 ± 0.6 (B) 

pmol/oocyte.min"1). Each value is the mean ± SEM of 10 - 12 oocytes. Error bars are 

not shown where values were smaller than that represented by the symbols (A). 
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Figure 7-7. Time courses of presteady-state currents measured in a hCNT3-

expressing oocyte elicited by voltage pulses before and after treatment with 

PCMBS. (A) Voltage pulse protocol: the oocyte membrane was held at a holding 

potential (Vh) of -50 mV and stepped to a range of test potentials (Vt). Shown are Vt 

from -130 to +30 mV (20 mV increments). (B) Representative total membrane 

current records. A hCNT3-producing oocyte displays slow current relaxations in the 

presence (100 mM NaCl, pH 8.5; left current record) and absence (100 mM ChCl, pH 

8.5; right current record) of Na+ in response to voltage pulses prior to incubation with 

PCMBS (-PCMBS). (Q Presteady-state currents were measured in the same hCNT3-

expressing oocyte following incubation with PCMBS (500 uM; 10 min). Currents 

were measured in the presence (100 mM NaCl, pH 8.5; left current record) and 

absence (100 mM ChCl, pH 8.5; right current record) of Na+. 
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Figure 7-8. Effects of PCMBS on hCNT3 and hCNT3C- mutants. Influx of 20 uM 
14C-uridine in H+-containing medium was measured after oocytes producing hCNT3 

mutants C486S, C561S, C602S and C607S (A) and hCNT3C- mutants S486C(C-), 

S561C(C-), S602C(C-) and S607C(C-) (B) were incubated with or without 500 uM 

PCMBS (open and solid bars, respectively) under acidic conditions as described for 

wild-type hCNT3 in Fig. 7-2. Data are presented as mediated transport, calculated as 

uptake in RNA-injected oocytes minus uptake in water-injected oocytes, and are 

normalized to the respective values of mediated uridine influx in the absence of 

inhibitor (7.4 ± 0.6, 3.7 ± 0.3, 7.2 ± 0.5 and 6.7 ± 0.6 pmol/oocyte.min"1 for hCNT3 

mutants C486S, C561S, C602S and C607S, respectively, and 5.1 ± 0.4, 7.9 ± 0.5, 4.2 

± 0.2 and 6.3 ± 0.6 pmol/oocyte.min"1 for hCNT3C- mutants S486C(C-), S561C(C-), 

S602C(C-) and S607C(C-), respectively). Each value is the mean ± SEM of 10 - 12 

oocytes. 

298 



S^ 100 

x 
3 
c 

H 50 

200 400 600 800 1000 
[PCMBS] (MM) 

Figure 7-9. PCMBS inhibition of hCNT3C- mutant S561C(C-): concentration 

dependence and uridine protection. Influx of 20 uM 14C-uridine in H+-containing 

medium was measured after S561C(C-)-producing oocytes were incubated with 

various concentrations of PCMBS under acidic conditions either in the absence (solid 

circles) or in the presence (open circles) of 20 mM extracellular uridine as described 

in Fig. 7-2. Data are presented as mediated transport, calculated as uptake in RNA-

injected oocytes minus uptake in water-injected oocytes, and are normalized to the 

influx of uridine in the absence of inhibitor (7.5 ±1.1 pmol/oocyte.min"1). Each value 

is the mean ± SEM of 10 - 12 oocytes. Error bars are not shown where values were 

smaller than that represented by the symbols. 
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Figure 7-10. Effects of MTS reagents on hCNTl, hCNT2, hCNT3 and mutants. 

Oocytes producing hCNTl, hCNT2, hCNT3, C561S, hCNT3C- or S561C(C-) were 

incubated under acidic conditions in the absence of inhibitor or in the presence of 500 

uM PCMBS (inset only), 2.5 mM MTSEA, 2.5 mM MTSEA followed by 500 uM 

PCMBS (inset only), 10 mM MTSES or 1 mM MTSET. Following incubation, 20 uM 
3H-uridine influx was measured in the presence of 100 mM NaCl, pH 7.5 (hCNTl and 

hCNT2) or 100 mM ChCl, pH 5.5 (hCNT3, C561S, hCNT3C- and S561C(C-)) as 

described in Fig. 7-2. Data are presented as mediated transport, calculated as uptake in 

RNA-injected oocytes minus uptake in water-injected oocytes, and are normalized to the 

influx of uridine in the absence of inhibitor (7.0 ± 0.6, 6.5 ± 0.5, 6.6 ± 0.5, 3.6 ± 0.4, 1.0 

± 0.2 and 4.1 ± 0.2 pmol/oocyte.min"1 for hCNTl, hCNT2, hCNT3, C561S, hCNT3C-

and S561C(C-), respectively (large panel), and 8.2 ± 0.8 and 7.0 ± 0.8 pmol/oocyte.min"1 

for hCNT3 and S561C(C-), respectively (inset). Each value is the mean ± SEM of 10 -

12 oocytes. 

300 



Cf
Q

 
C

 
n

 

o
 

m
os

t 
co

ns
er

ve
d 

le
as

t 
co

ns
er

ve
d 

ne
ve

r 
po

la
r 

m
os

t 
of

te
n 

po
la

r 
hC

N
T

3 
no

np
ol

ar
 

hC
N

T
3 

po
la

r 

* 
H

+
-o

nl
v 

PC
M

B
S 

in
hi

bi
tio

n 



B 

most 
conserved 

least 
conserved 

* 

visible PCMBS/MTS-sensitive residues 
non-visible PCMBS/MTS-sensitive residues 
fully uridine-protectable residues 
partially uridine-protectable residues 

Figure 7-11. 

302 



Figure 7-11. Molecular modeling of hCNT3 TM 12. Analysis of residue 

conservation in the region corresponding to residues 551 - 576 of hCNT3 and its 

homologs was performed by the ConSeq method (23) on the aligned sequences of 126 

eukaryote and prokaryote CNT family members. Fig. 7-11̂ 4 presents three identical 

a-helical wheel projections of hCNT3 TM 12 viewed from the extracellular side of 

the membrane and coloured either to indicate degrees of residue conservation (left), 

polarity based on analysis of the multiple sequence alignment (middle) or polarity of 

hCNT3 residues (right). Residue positions in hCNT3 sensitive to inhibition by 

PCMBS are boxed. Those reactive with PCMBS in H+-containing medium only are 

indicated by an asterisk (*) Four residue positions previously shown to be reactive 

towards MTS reagents (10) are indicated by a sword symbol (f). The same four 

residues are also characterized by PCMBS inhibition in the presence of both Na+ and 

H+. Fig. 7-115 shows corresponding views of an a-helical space-filling model of the 

region. The view on the left differs from that on the right by a 180° rotation. To 

permit comparison with the left-hand helical wheel projection in Fig. 1-WA, the 

views are coloured to indicate degrees of residue conservation. The conformationally 

mobile cluster of three residues specifically reactive with PCMBS only in H+-

containing medium are outlined in the schematic on the right. Other PCMBS/MTS-

sensitive residues are indicated by black straight arrows where visible or grey elbow 

arrows where present on the non-visible, opposite face of the helix. PCMBS/MTS-

sensitive positions that are fully and partially uridine-protected and therefore likely to 

be within or closely adjacent to the nucleoside binding pocket are indicated by black 

and white stars, respectively. 
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Chapter 8: 

A Conformationally Mobile Cysteine Residue (Cys561) Modulates 

Na+- and H+-Activation of Human Concentrative Nucleoside 

Transporter 3 (hCNT3)* 

* A version of this chapter has been published. 
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Introduction 

In the absence of a crystal structure, molecular strategies employing 

substituted cysteine accessibility method (SCAM) analysis provides a powerful 

approach to systematically investigate membrane protein architecture and 

structure/function relationships (1). Pioneered by studies of E. coli LacY lactose 

permease (2), human transporters investigated by this methodology include the 

equilibrative glucose transporter GLUT1 (3, 4), the CI7HCO3" exchanger AE1 (5-7), 

the Na+/H+ exchanger NHE1 (8) and, most recently, human nucleoside transporter 

hCNT3 (9, Chapter 7). 

To avoid confounding background reactivity with endogenous cysteine 

residues, SCAM analysis requires construction of a functional cysteine-less version of 

the transporter to serve as a template for subsequent cysteine reinsertion at defined 

positions. In the case of hCNT3, the protein was engineered by mutation of all 14 

endogenous cysteine residues to serine, resulting in the cysteine-less construct hCNT3C-

(9). Expressed in yeast, hCNT3C- was used to assess residues in TMs 11-13 for 

accessibility to methanethiosulfonate (MTS) reagents (9). More recently, hCNT3C-, 

expressed in Xenopus laevis oocytes, was used to identify a tf'-mediated conformational 

shift that allows access of /?-chloromercuribenzene sulfonate (PCMBS) to specific 

residues in TM 12 under acidified conditions (Chapter 7). One of these 

conformationally mobile amino acids, native cysteine residue 561, was fully protected 

against PCMBS inhibition by micromolar concentrations of extracellular uridine, 

suggesting likely proximity to the nucleoside binding pocket. In the present study, 

heterologous expression in Xenopus oocytes, cell-surface biotinylation and site-directed 

mutagenesis were used in combination with radioisotope flux and presteady- and steady-

state electrophysiological kinetic experiments to undertake an in depth functional 

comparison between wild-type and cysteine-less hCNT3. The present investigation, 

which validates hCNT3C- as a template for SCAM analyses of CNTs, reveals that 

Cys561 modulates Na+- as well as H+-coupled modes of hCNT3 nucleoside transport. 
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Results 

As depicted in Fig. 8-1, hCNT3 contains 14 endogenous cysteine residues. Nine 

of these are located within either the extramembraneous N-terminal (Cys82, Cys91 and 

Cys94) or C-terminal (Cys621, Cys643, Cys644, Cys673, Cys674 and Cys684) regions of the 

transporter. Five are positioned in predicted TMs (Cys121 in TM 1, Cys486 in TM 11, 

Cys561 in TM 12, and Cys602 and Cys607 in TM 13). To enable transmembrane protein 

topology mapping and structure/function analysis of hCNT3 by SCAM, all 14 

cysteine residues of hCNT3 were mutated to serine. The resulting cysteine-less version 

of hCNT3 (hCNT3C-) was capable of Na+-dependent nucleoside transport when 

produced in yeast and has been used as template in an initial series of SCAM analyses of 

hCNT3 TMs 11-13 (9, Chapter 7). The current work extended these studies by using 

the dual radioisotope flux and electrophysiological capabilities of the Xenopus oocyte 

heterologous expression system to undertake a detailed functional characterization of 

hCNT3C-. 

Time course of radiolabeled uridine uptake by oocytes producing hCNT3C- -

Fig. 8-2 depicts time courses for uptake of 10 uM 14C-labeled uridine in Na+-containing 

transport medium (100 mM NaCl, pH 7.5) by control water-injected oocytes and 

oocytes producing recombinant hCNT3C-. Uridine uptake by hCNT3C- was rapid and 

approximately linear with time for the first 3 min. Transport was also concentrative with 

the 10 min uptake value exceeding the initial extracellular uridine concentration by ~ 

2.5-fold, assuming an intracellular water volume of 1 ul (10, 11). Only basal uptake of 

uridine was evident in control water-injected oocytes under the same conditions. In 

all subsequent experiments, an uptake interval of 1 min was used to determine initial 

rates of transport. 

hCNT3C- nucleoside selectivity and cation dependence — The experiment of Fig. 

8-3,4 investigated the ability of hCNT3C- to transport a panel of radiolabeled 

physiological pyrimidine and purine nucleosides. Since wild-type hCNT3 is both Na+-

and FT-coupled (12, Chapters 5 and 6) and since Na+- and FT-coupled hCNT3 exhibit 

different nucleoside selectivity profiles (Chapter 5), the experiment was performed both 
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in the presence of Na+ and H+ (100 mM NaCl, pH 7.5 and 100 mM ChCl, pH 5.5, 

respectively). The flux values shown in this and subsequent experiments depict 

mediated transport activity, defined as the difference in uptake between RNA transcript-

injected and control water-injected oocytes. Nucleoside uptake in water-injected 

oocytes was < 0.1 pmol/oocyte.min" under all conditions tested (data not shown). 

Similar to wild-type hCNT3 (12, Chapter 5), hCNT3C- in Na+-containing 

medium transported uridine, adenosine, thymidine, cytidine, guanosine and inosine at 

equivalent rates (4.8 - 7.0 pmol/oocyte.min"1). Also similar to the wild-type protein 

(Chapter 5), this broad selectivity profile was markedly altered in H+-containing medium 

(uridine » adenosine, thymidine > cytidine > guanosine, inosine) with only uridine 

showing similar rates of transport in the two media. The different nucleoside selectivity 

profiles of Na+- and H+-coupled hCNT3 and hCNT3C- suggest that Na+- and H+-bound 

versions of the transporters have significantly different conformations of the nucleoside 

binding pocket and/or translocation channel (Chapter 5). Only the H+-coupled form of 

hCNT3 is susceptible to inhibition by the hydrophilic thiol-reactive agent PCMBS 

(Chapter 7). 

Fig. 8-35 compares the cation-dependence of hCNT3 and hCNT3C- influx of 10 

uM 14C-labeled uridine in the presence of Na+ and/or IT" (100 mM NaCl or ChCl, pH 

7.5 or 5.5, as indicated). Like hCNT3, hCNT3C- displayed high levels of uridine uptake 

in the presence of Na+ (NaCl, pH 7.5), i f (ChCl, pH 5.5) and both Na+ and H+ (NaCl, 

pH 5.5). Relative to hCNT3, hCNT3C- exhibited an equivalent rate of uridine transport 

in the presence of H+ (ChCl, pH 5.5), but did not show the wild-type increase in uridine 

influx in the presence of Na+ (NaCl, pH 7.5) or Na+ plus i f (NaCl, pH 5.5). As a result, 

the ratio of uridine influx in the presence of Na+ (NaCl, pH 7.5) to that in the presence of 

H+ (ChCl, pH 5.5) decreased from 1.60 for wild-type protein to 0.98 for hCNT3C-. 

These uridine uptake ratios are in good agreement with that reported previously for 

hCNT3 (Chapter 5) and with the other results for hCNT3C- shown in Fig. 8-3,4. The 

residual uridine fluxes evident in the absence of Na+ and at a low H+ concentration 

(ChCl, pH 7.5) can be attributed to the small, but significant amount of Ff-activation 

that occurs under these conditions (Chapter 5). 
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Cell-surface expression and glycosylation of hCNT3C- - The equivalent levels 

of transport activity shown in Fig. 8-35 suggest that hCNT3 and hCNT3C- were present 

in oocyte plasma membranes in similar quantities. This was investigated directly by 

cell-surface labeling with sulfo-NHS-LC-biotin using immobilized streptavidin resin to 

separate cell-surface protein (Fig. 8-44) from that associated with total (plasma + 

intracellular) membranes (Fig. 8-45). Immunoblots of the fractions were probed with 

hCNT3 polyclonal antibodies (13) directed against amino acid residues 45 - 69 of the 

extramembraneous N-terminal region of the protein (Fig. 8-1). To evaluate the 

glycosylation status of hCNT3 and hCNT3C-, the immunoblots in Figs. 8-4,4 and B also 

include aglyco-hCNT3, a construct produced by mutating all four potential N-terminal 

glycosylation acceptor sites, asparagine residues 630, 636, 664 and 678, to aspartate 

(Fig. 8-1). For comparison with the electrophoretic mobility of aglyco-hCNT3, Fig. 8-

45 also shows the same streptavidin fractions of total hCNT3 and hCNT3C- membranes 

before and after digestion with 7V-glycosidase-F. Antibody specificity was evaluated in 

membrane fractions prepared from control water-injected oocytes. 

Consistent with the presence of multiple possible sites of iV-linked glycosylation, 

cell surface hCNT3 and hCNT3C- exhibited three discreet imrnunobands at 100, 86 and 

75 kDa (Fig. 8-4,4). Total cell surface immunoreactivity was similar for the two 

transporters, the majority of hCNT3 and hCNT3C- staining being associated with the 

highest and intermediate molecular weight forms, respectively (Fig. 8-44). 

Corresponding patterns of immunoreactivity were apparent in total membranes (Fig. 8-

45). Indicative of proper protein folding, therefore, hCNT3C- was processed to the 

oocyte plasma membrane in amounts similar to wild-type hCNT3. Digestion with N-

glycosidase-F shifted hCNT3 and hCNT3C- immunoreactivity to the lower molecular 

weight band at 75 kDa, an electrophoretic mobility identical to that of aglyco-hCNT3 

and in good agreement with the molecular weight of hCNT3 calculated from its amino 

acid sequence (77 kDa). Confirming antibody specificity for hCNT3/hCNT3C-, no 

immunoreactivity was detected in blots from control water-injected oocytes. 

Kinetic characterization of hCNT3C- - To further investigate hCNT3C-

function, Fig. 8-5 compares the concentration dependence of radiolabeled uridine (0 -1 
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mM) influx by hCNT3 and hCNT3C- measured either in the presence of Na+ (100 mM 

NaCl, pH 7.5) or in the presence of H4" (100 mM ChCl, pH 5.5). The corresponding 

kinetic parameters are given in Table 8-1. The results demonstrate robust high-affinity 

transport of uridine by hCNT3C-. Similar to hCNT3, and in agreement with previous 

kinetic data for the wild-type transporter (Chapter 5), the apparent Km value of hCNT3C-

for uridine in Na+-containing transport medium was lower than that in the presence of 

H4" (15 and 62 uM, respectively, for hCNT3 compared to 18 and 63 uM, respectively, 

for hCNT3C-). Calculated uridine Vmax:Km ratios, an indicator of transporter efficiency 

and a kinetic predictor of relative transport rates at permeant concentrations less than Km 

values, were consistent with the 10 uM influx data shown in Fig. 8-35 (hCNT3(Na+) > 

hCNT3(H+), hCNT3C-(Na+), hCNT3C-(H+)). 

Cation-activation curves were also determined for both transporters using a 

radiolabeled uridine concentration of 10 uM. Na -activation was measured over the 

concentration range 0-100 mM NaCl in transport medium at pH 7.5 and 8.5 (Figs. 8-6,4 

and B, respectively), the latter to eliminate the small amount of FT-activation that occurs 

at neutral pH (Chapter 5). Isosmolarity was maintained with ChCl. FT-activation was 

measured in 100 mM ChCl transport medium at pH values ranging from 4.5 - 8.5 (Fig. 

8-6Q. Kinetic parameters derived from these data are presented in Tables 8-2 and 8-3 

(Na+ and H+, respectively). Reflecting previously reported differences in Na+ and H+ 

coupling by hCNT3 (Chapters 5 and 6), the wild-type protein exhibited saturable Na+-

and H+-activation curves that were sigmoidal and hyperbolic in nature, respectively, 

with apparent K50 values of 12 (pH 7.5) and 11 mM (pH 8.5) for Na+ and 690 nM for 

H+. Calculated Hill coefficients were consistent with 2:1 (Na+) and 1:1 (FT4) 

catiomnucleoside coupling ratios. Validating the subsequent use of pH 8.5 to study Na+ 

coupling of hCNT3/hCNT3C- without interference from H+, there was no difference in 

hCNT3 Na+-activation kinetics at pH 7.5 and 8.5. 

In marked contrast to wild-type hCNT3, and consistent with the relative decrease 

in Na+- versus Ff'-coupled uridine transport activity noted for the cysteine-less 

transporter in Fig. 8-32? and Table 8-1, the corresponding cation-activation curves for 

hCNT3C- revealed a marked and specific decrease in apparent affinity for Na+ (apparent 
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Kso > 40 mM). This shift in Na+ affinity did not extend to H+, since kinetic parameters 

for hCNT3C- H-activation were comparable to those of hCNT3 (apparent £50 value of 

550 nM). Similarly, the corresponding Hill coefficient was consistent with a 

H+:nucleoside coupling ratio of 1:1. That for Na+ could not be determined, although the 

curve appeared sigmoidal (Figs. 8-6̂ 4 and B), and therefore potentially consistent with 

the wild-type Na+:nucleoside coupling ratio of 2:1. Similar to the wild-type protein, 

there was no difference in hCNT3C- Na+-activation kinetics at pH 7.5 and 8.5. All 

subsequent hCNT3/hCNT3C- Na+-activation and Na+-coupling experiments were 

performed at pH 8.5. 

Electrophysiological determination of hCNT3C- Na+-activation kinetics - Since 

hCNT3 is electrogenic, the Na+-activation kinetic parameters of hCNT3C- were also 

determined by electrophysiology. Fig. 8-7 depicts the relationship between Na+ 

concentration and 100 uM uridine-evoked current for oocytes expressing wild-type 

hCNT3 or hCNT3C- clamped at a membrane holding potential of -90 mV. Oocytes 

were individually normalized to their predicted Imax values and subsequently averaged to 

produce mean kinetic parameters. In agreement with previous studies (Chapters 5 and 

6), the apparent K50 value for Na+-coupled uridine uptake by hCNT3 under these 

conditions was 2.2 ±0.1 mM. Similar to the radioisotope flux data in Figs. 8-6̂ 4 and 

B, hCNT3C- exhibited a marked decrease (~ 11-fold) in the apparent affinity for Na+ 

in comparison to that of the wild-type protein, with an increased apparent £50 value of 

24.7 ± 0.8 mM. The corresponding Hill coefficients for hCNT3C- and hCNT3 were > 

1.5, suggesting that the wild-type Na+:uridine stoichiometry of 2:1 was maintained by 

hCNT3C-. The apparent K50 values for hCNT3 and hCNT3C- as determined by 

electrophysiology were lower than those derived from radioisotope flux data because 

of (i) the different uridine concentrations used in the two studies (100 and 10 uM, 

respectively), and (ii) the difference in membrane potential in the two situations (-90 

mV for the voltage-clamped oocytes versus ~ -40 mV under radioisotope flux 

conditions) (Chapter 5). 

Presteady-state electrophysiology of hCNT3C- - Presteady-state 

electrophysiological experiments were performed on oocytes producing hCNT3C-
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voltage-clamped at a holding potential (Vh) of -50 mV. Presteady-state currents were 

activated by voltage steps to a series of test potentials (Vt) in the presence of varying 

concentrations of Na+ (0 - 100 mM NaCl, pH 8.5; Figs. 8-8A-E) and in the presence 

of both Na+ and extracellular uridine (100 mM NaCl, pH 8.5 + 500 uM uridine; Fig. 

8-8F). hCNT3C- exhibited presteady-state currents similar to those previously 

described for wild-type hCNT3 (Chapter 5) and wild-type hCNTl (14), which 

increased in magnitude upon exposure to extracellular Na+ and were largely 

eliminated upon addition of uridine. However, consistent with a reduced binding 

affinity for Na+, and different from the wild-type protein, presteady-state currents 

approached maximum values only at Na+ concentrations > 50 mM, a behavior also 

observed for hfCNT, another CNT with low apparent affinity for NaV Presteady-

state currents were absent from control water-injected oocytes (data not shown) (14, 

Appendix 4). 

Na+:uridine and Ft .uridine stoichiometry — The Na+:uridine and Ff^uridine 

stoichiometrics of hCNT3C- were determined directly by simultaneous measurement of 

uridine evoked currents and 100 uM radiolabeled uridine uptake under voltage clamp 

conditions, as described previously (14, Chapters 5 and 6). A representative current 

trace is depicted in Fig. 8-9.4 for an oocyte expressing hCNT3C-exposed to 100 uM 

radiolabeled uridine in 100 mM NaCl transport medium, pH 8.5. Presented in Fig. 8-95 

and C, each data point represents a single oocyte, and the coupling ratio is given by the 

slope of the linear fit of charge (pmol) versus uptake (pmol). In 100 mM NaCl transport 

medium (pH 8.5) and at a holding potential of -90 mV, the linear correlation between 

uridine-dependent charge and uridine accumulation gave a Na+:uridine coupling ratio of 

2.08 ± 0.11 (Fig. 8-95). The corresponding H+:uridine stoichiometry was determined in 

acidified 100 mM ChCl transport medium (pH 5.5) and resulted in a coupling ratio of 

1.11 ± 0.06 (Fig. 8-9Q. Both hCNT3C- stoichiometrics agree with previously 

published values for hCNT3 (Chapters 5 and 6), and with the Hill coefficients derived 

from hCNT3 and hCNT3C- from Figs. 8-6 and 8-7 (Tables 8-2 and 8-3). 

Cation-activation of aglyco-hCNT3 - The experiment of Fig. 8-4 demonstrated 

that wild-type hCNT3 and hCNT3C- have different patterns of iV-linked glycosylation. 
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To exclude the possibility that the shift in hCNT3C- Na affinity was secondary to the 

altered glycosylation status of the protein, the apparent £50 and Vmax values for Na+-

and H+-activation of aglyco-hCNT3 were determined under conditions identical to those 

used in Fig. 8-65 for hCNT3C-. Kinetic parameters for both cations were not 

significantly different from those of the wild-type protein measured in parallel in the 

same experiment (aglyco-hCNT3 and hCNT3 apparent K50 and Vmax values of 10.5 ± 

1.1 and 8.8 ±1.2 mM and 6.8 ± 0.4 and 7.4 ± 0.5 pmol/oocyte.min"1, respectively, for 

Na+, and 399 ± 98 and 506 ± 182 nM and 4.7 ± 0.2 and 5.3 ± 0.4 pmol/oocyte.min"1, 

respectively, for H+) (cation-activation curves not shown). 

Cation-activation of hCNT3C- mutants - The hCNT3C- construct differs from 

wild-type hCNT3 by the replacement of all 14 endogenous cysteine residues with serine. 

Five of these substitutions lie within predicted TM regions of the protein (Fig. 8-1). Of 

these, four reside in the C-terminal half of the protein which corresponds to the region 

that chimeric studies between hCNTl and hCNT3 (Chapter 5) and between hCNTl and 

hfCNT (15) have demonstrated to be responsible for Na+ coupling. Site-directed 

mutagenesis experiments to identify the residue(s) responsible for the shift in hCNT3C-

Na+-affinity therefore focused on the four C-terminal intramembraneous cysteine 

residues: Cys486 (TM 11), Cys561 (TM 12), Cys602 (TM 13) and Cys607 (TM 13). In the 

hCNT3C- background, cysteine residues were individually reintroduced at each of these 

positions, yielding constructs S486C(C-), S561C(C-), S602C(C-) and S607C(C-). 

Measured under conditions identical to those used in Fig. 8-65, Fig. 8-10 shows oocyte 

Na+-activation curves for each mutant. Corresponding kinetic parameters are given in 

Table 8-2. S486C(C-), S602C(C-) and S607C(C-) (Figs. 8-104 C, D) each retained 

Na+-activation curves similar to that of hCNT3C- (Fig. 8-65), with apparent K$Q values 

> 40 mM. In contrast, the Na+-activation curve for S561C(C-) (Fig. 8-105) closely 

resembled that of wild-type hCNT3 (Fig. 8-65) with an apparent K50 value of 7.2 ± 0.6 

mM. H+-activation kinetics were also determined for S561C(C-) yielding apparent X50 

and Fmax values that were similar to those of both hCNT3C- and hCNT3 (cation-

activation curve not shown; Table 8-3). 
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Cation-activation ofhCNT3 mutant C561S - To confirm the role of Cys in the 

shift in Na -affinity of hCNT3C-, serine was substituted for cysteine in wild-type 

hCNT3, creating the mutant protein C561S. Na+- and H+-activation kinetics for oocytes 

producing C561S were determined under identical experimental conditions to those 

described above for other hCNT3/hCNT3C- constructs and are depicted in Fig. 8-11. 

Kinetic parameters derived from the curves are presented in Tables 8-2 and 8-3. Similar 

to hCNT3C- (Figs. 8-65 and Q, C561S exhibited a decreased apparent affinity for Na+ 

(> 40 mM) in the absence of a parallel shift in H* apparent binding affinity. 

Cation-activation ofhCNTl and hCNTl mutant C540S - In contrast to hCNT3, 

which is both FT1"- and Na+-coupled and exhibits H+:nucleoside and Na+:nucleoside 

stoichiometries of 1:1 and 2:1, respectively, hCNTl and hCNT2 are Na+-specific and 

have a Na+:nucleoside stoichiometry of 1:1 (12, 14, 16, Chapters 5 and 6). All three 

proteins share similar high affinities for Na+ binding with apparent £50 values of ~ 10 

mM (14, 16, Chapters 5 and 6). The residue corresponding to hCNT3 Cys561 in hCNTl 

is Cys540. To investigate the effects of a cysteine to serine mutation at this position in 

another CNT family member, the same change was made in hCNTl to create the mutant 

protein C540S. Mutant C540S and wild-type hCNTl were then produced in oocytes, 

and their Na+-activation kinetics investigated under experimental conditions identical to 

those described above for hCNT3/hCNT3C- and mutants (Fig. 8-12). In agreement with 

previous studies (16, Chapter 4), hCNTl displayed a hyperbolic Na+-activation curve 

with an apparent affinity for Na+ of 6.6 ± 1 . 0 mM and a Vms^ of 4.5 ± 0.2 

pmol/oocyte.min"1 (Fig. 8-125). Similarly, Na+-activation of C540S was also hyperbolic 

with apparent Km and VmsK values of 8.4 ± 1.1 mM and 4.3 ± 0.1 pmol/oocyte.min"1, 

respectively (Fig. S-12A). Corresponding Hill coefficients were both 1.0 ± 0.1. 

Other amino acid substitutions of hCNT3 residue Cys - Sequence 

comparisons of 126 eukaryotic and prokaryotic CNT family members revealed that the 

residue corresponding to hCNT3 Cys561 is highly conserved. However, in addition to 

cysteine (90 family members), the amino acids alanine, valine, threonine and isoleucine 

were also represented at this position (4, 21, 6 and 5 family members, respectively). 

Therefore, to further elucidate the role of Cys561 in hCNT3 cation-coupling, hCNT3 
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mutants C561A, C561V, C561T and C561I were constructed and produced in oocytes. 

Substitution of hCNT3 Cys561 with glycine, the amino acid with the smallest side chain, 

was also included in the series (mutant C561G). Functional activity and cation 

selectivity were compared to wild-type hCNT3 and mutant C561S by measuring 10 uM 

radiolabeled uridine influx in both Na+- and ^-containing transport medium (100 mM 

NaCl, pH 7.5 and 100 mM ChCl, pH 5.5, respectively) (Fig. 8-13). Similar to these 

transporters, C561G and C561A exhibited both Na+- and FT-coupled influx of 

radiolabeled uridine. However, relative to transport in the presence of Na+ and in 

contrast to C561A, C561G exhibited reduced influx of uridine in FT^-containing 

medium. Extending this trend, substitution of Cys561 with larger neutral amino acids 

(mutants C561V, C561T and C561I) led to almost total abolition of uridine influx in H+-

containing medium, a finding that was confirmed for C561I by corresponding 

measurements of 100 uM uridine-induced steady-state currents (Fig. 8-14). 

Kinetic parameters for Na+-activation of C561G, C561A, C561S, C561T, 

C561V and C561I, measured as described in Fig. 8-65, are given in Table 8-2. 

Replacement of Cys561 with residues of a similar size (C561A and C561V) allowed 

full (C561A) or partial (C561V) recovery of Na+ apparent affinity (K50 values of 10.7 

± 0.7 and 31.3 ± 1.9 mM, respectively). In contrast, C561G, C561T and C561I 

exhibited reduced affinities for Na+ similar to that of hCNT3C- (apparent ^50 values > 

40 mM). The ability of alanine to mimic cysteine at residue position 561 extended to 

the reciprocal hCNT3C- mutant S561A(C-), which exhibited a partially restored 

apparent K50 value of 20.5 ± 0.9 mM (Na+-activation curve not shown; Table 8-2). 

Discussion 

hCNT3, the most recently discovered and functionally versatile of three human 

members of the SLC28 (CNT) protein family, is 691 amino acids in length, has a 13 (or 

possibly 15) TM membrane architecture, and utilizes electrochemical gradients of both 

Na+ and FT1" to accumulate a broad range of pyrimidine and purine nucleosides and 

nucleoside drugs within cells (14, 15, 17, 18). Although paralogs hCNTl and hCNT2 
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have a similar predicted membrane topology, they function predominantly as Na -

coupled transporters, and are pyrimidine nucleoside-preferring and purine nucleoside-

preferring, respectively (14, 16, 17, Chapter 6). More widely distributed in cells and 

tissues than hCNTl or hCNT2 (12) and with a central role in renal transepithelial 

nucleoside and nucleoside drug transport (13, 18, 19), the multifunctional capability of 

hCNT3 makes it the protein of choice for systematic in depth molecular characterization 

by SCAM. A prerequisite of this approach is the availability of a functional cysteine-

less version of the transporter. 

Cysteine-less hCNT3C-, in which all 14 endogenous cysteine residues of hCNT3 

have been converted to serine, is shown here to have a robust functional phenotype 

when produced in Xenopus oocytes. Similar to wild-type hCNT3, and consistent with 

correct folding of the cysteine-less transporter, hCNT3C- exhibited broad selectivity for 

both pyrimidine and purine nucleosides in Na+-containing medium (Fig. 8-3^4), 

displayed the characteristic narrowing of this permeant selectivity in H+-containing 

medium (Fig. 8-3^4), was processed to the cell surface in amounts equivalent to hCNT3 

(Fig. 8-4), exhibited apparent binding affinities for uridine in both Na+- and H+-

containing medium similar to those of the wild-type transporter (Fig. 8-5), and retained 

the wild-type Na+:uridine and H+:uridine coupling stoichiometrics of 2:1 and 1:1, 

respectively (Fig. 8-9). Recombinant hCNT3C- is also functional in yeast and was used 

in initial SCAM analyses to screen residues in TMs 11-13 for reactivity to MTS reagents 

(9). In oocytes, hCNT3C- was previously used in SCAM analysis of TM 12 to test 

residues for inhibition by PCMBS (Chapter 7). Consistent with correct folding of the 

nucleoside binding pocket of hCNT3C-, MTS and PCMBS accessibility to some 

residues was blocked by exofacial uridine (9, Chapter 7). Taken together, these analyses 

validate use of hCNT3C- as a template for SCAM analyses of CNT structure and 

function. 

Characterization of hCNT3C- revealed an altered apparent affinity for Na+; 

hCNT3C- and wild-type hCNT3 exhibited apparent ^50 values for Na+-activation of 10 

uM radiolabeled uridine influx of > 40 mM and 11-12 mM, respectively (Figs. 8-6̂ 4 

and B). Under voltage clamp conditions of -90 mV with a uridine concentration of 100 
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uM, Na+-activation curves for hCNT3 and hCNT3C- were sufficiently shifted to the left 

to establish that the change in binding affinity for Na between hCNT3 and hCNT3C-

was ~ 11-fold (apparent K50 values of 2.2 and 25 mM, respectively) (Fig. 8-7). This 

difference, which was also apparent in presteady-state current measurements (Fig. 8-8), 

was specific to Na+ and did not extend to FT1" (Fig. 8-6Q. The change was also specific 

to one particular cysteine residue, Cys561 in TM 12. Reintroduction of cysteine at 

position 561 (hCNT3C- mutant S561C(C-)) restored wild-type Na+ binding (Fig. 8-10), 

while the reciprocal single cysteine-to-serine substitution in hCNT3 (mutant C561S) 

produced an altered Na+ binding affinity corresponding to that found for hCNT3C- (Fig. 

8-11). 

Recently, a naturally-occurring hCNT3 variant has been described in the Spanish 

population in which a T/C transition leads to the substitution of cysteine at position 602 

by arginine (20). This single amino acid replacement in TM 13 led to a shift in Hill 

coefficient consistent with a change in Na+:nucleoside stoichiometry from 2:1 to 1:1. In 

agreement with the findings presented here, the C602R phenotype was a consequence of 

the insertion of arginine at this position rather than the loss of cysteine. 

Fully processed to the cell surface, hCNT3C- exhibited an altered pattern of N-

linked glycosylation relative to that of the wild-type protein. As shown in Fig. 8-4, two 

glycosylated forms of hCNT3/hCNT3C- were apparent on SDS-polyacrylamide gels 

(100 and 86 kDa). Most hCNT3C- immunoreactivity was associated with the 86 kDa 

band, in contrast to hCNT3 for which most immunoreactivty was found in the higher 

molecular weight band of 100 kDa. Since no less than six of the 14 endogenous 

cysteine residues of hCNT3 are located alongside the four potential N-terminal 

glycosylation acceptor sites in the extracellular N-terminal tail of the protein (Fig. 8-1), 

and since these cysteines likely form intramolecular disulfide bridges within the protein, 

it is likely that the modified glycosylation status of the cysteine-less transporter is 

secondary to changes in the secondary/tertiary structure of this extramembraneous 

region of the protein. The demonstration that aglyco-hCNT3 exhibited normal Na+-

activation kinetics verified that altered glycosylation was not responsible for the shift in 

hCNT3C- Na+ affinity. 
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As well as replacement of hCNT3 Cys with serine, each of the alternative 

amino acids found at position 561 in other CNT family members (alanine, valine, 

threonine and isoleucine) were introduced into hCNT3. To provide a more complete 

spectrum of neutral amino acid side chain structures in the analysis, cysteine was also 

mutated to glycine. In addition to cysteine, only alanine at this position (hCNT3 mutant 

C561A) elicited wild-type cation binding (Table 8-2 and Fig. 8-13). The rank order of 

Na+ binding affinities (cysteine, alanine > valine > glycine, serine, threonine, isoleucine) 

demonstrated that normal hCNT3 Na+-activation was critically dependent upon a 

combination of residue 561 side chain bulk and polarity. Tolerance of alanine at 

position 561 was confirmed in the hCNT3C- background, in that mutant S561A(C-) 

exhibited partially recovered Na+ binding affinity (Table 8-2), thereby providing an 

alternative to hCNT3C- as template for future SCAM analyses of hCNT3 structure and 

function. 

Despite retaining Na+-coupled transport capability, albeit with reduced Na+-

binding affinity, substitution of Cys5 by valine, threonine and isoleucine had the 

additional and unanticipated consequence of dramatically decreasing H+-coupled uridine 

transport activity (Figs. 8-13 and 8-14). Relative to Na+, substitution of cysteine with 

the smaller amino acid glycine also led to reduced H+-dependent uridine transport 

activity. Therefore, the nature of the amino acid side chain at position Cys561 in hCNT3 

influences both Na+- and H+-coupled nucleoside transport, but with seemingly dissimilar 

structure-function profiles. For example, whereas the apparent affinity of mutant C561V 

for Na+ was only moderately decreased (apparent Kso of 31 mM compared to 11 mM for 

wild-type hCNT3; Table 8-2), H+-coupled uridine transport was essentially eliminated 

(Figs. 8-13 and 8-14). In the opposite direction, the apparent affinity of mutant C561G 

for Na+ was not measurable (Table 8-2), whereas H+-coupled uridine transport activity 

was only slightly decreased compared to that for wild-type hCNT3 (Figs. 8-13 and 8-

14). The structural requirements for Na+ and Vt binding and/or translocation at this 

single residue position are not, therefore, the same. At the level of the whole protein, 

other indications that Na+ and FT1" binding and/or translocation have different structural 

requirements include the demonstration that hCNT3 exhibits different Na+ and FT̂  

binding stoichiometrics (Chapters 5 and 6). Na+- and H+-coupled hCNT3 also have 
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markedly different nucleoside and nucleoside drug selectivities, a finding that provides 

evidence for two distinct cation-dependent conformational states of the protein (Chapter 

5). 

In a separate study, Cys561 was independently identified as the cysteine residue 

responsible for inhibition of wild-type hCNT3 by PCMBS (Chapter 7). Access of this 

membrane-impermeant probe to Cys561 required H+, but not Na+, and was blocked by 

micromolar concentrations of extracellular uridine. Although this cysteine residue is 

conserved in Na+-specific hCNTl and hCNT2, neither transporter is affected by 

PCMBS. When converted to cysteine, two other residues in hCNT3 adjacent to Cys561 

(He554 and Tyr558) also led to Ff'-activated inhibition by PCMBS (Chapter 7). These 

findings suggest that Cys561 is located in the translocation pore in a mobile region within 

or closely adjacent to the nucleoside binding pocket and that accessibility of PCMBS to 

this residue reports a specific tf'-induced conformational state of the protein (Chapter 7). 

Positioned in the middle of TM 12 (Fig. 8-1), this residue position is now also revealed 

to be capable of modifying the functionality of the protein, with marked influences on 

both Na+:nucleoside and H+:nucleoside cotransport. Within the plane of the membrane, 

Cys561 is located at the interface between those residues sensitive to inhibition by 

PCMBS in H^-containing medium only and those where inhibition occurs in the 

presence of both Na+ and If1" (Chapter 7). Matching the previous observation that H+-

induced inhibition by PCMBS is specific to hCNT3 and not found in hCNTl/2 (Chapter 

7), mutation of hCNTl Cys540 to serine (the cysteine substitution corresponding to 

hCNT3 C561S) had no influence on Na+-binding affinity (Fig. 8-12). hCNT3 has two 

Na+-binding sites, one of which may be Na+-specific and the other of which may be 

shared functionally with H+ (Chapters 5 and 7). hCNT3 Cys561 seems to be primarily 

associated with the site interacting with both cations. 

In conclusion, two independent lines of investigation have converged to identify 

Cys561 as a key residue that resides in a conformationally mobile region of hCNT3 and 

is intimately involved in both NaVnucleoside and FfVnucleoside cotransport. With 

actions seemingly specific to one of two hCNT3 cation binding sites, future 

investigations of Cys561 and adjacent residues will be central to understanding the 
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molecular intricacies of CNT cation/nucleoside cotransport and, in particular, to 

functionally separating and structurally identifying the two cation binding domains of 

hCNT3. Without access to a CNT crystal structure, SCAM-based approaches 

employing hCNT3C- as a template will be essential to these endeavours. 
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Table 8-1. Uridine kinetic parameters for hCNT3 and hCNT3C-. 

Apparent Km value Vmax Vmw,:Km 

(uM) (pmol/oocyte.min"1) ratio 

hCNT3 NaCl,pH7.5a 14.7 ±1.7 22.7 ±0.7 1.54 ± 
0.12 

ChCl,pH5.5b 62.4 ±5.4 53.1 ±1.1 0.85 ± 
0.11 

hCNT3C- NaCl,pH7.5a 18.4 ±1.5 12.4 ±0.2 0.67 ± 
0.11 

ChCl,pH5.5b 63.4 ±5.1 23.2 ±0.4 0.37 ± 
0.11 

a, from Fig. %-5A-B (100 mM NaCl, pH 7.5); b, from Fig. 8-5C-D (100 mM ChCl, pH 

5.5). 
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Table 8-2. Na+-activation kinetic parameters for hCNT3, hCNT3C- and 

mutants. 

hCNT3a 

hCNT3C-a 

S486C(C-)b 

S561C(C-)b 

S602C(C-)b 

S607C(C-)b 

C561S0 

C561Gd 

C561Ad 

C561Vd 

C561Td 

C561Id 

S561A(C-)d 

pH7.5 
pH8.5 

pH7.5 
pH8.5 

pH8.5 
pH8.5 
pH8.5 
pH8.5 

pH8.5 

pH8.5 
pH8.5 
pH8.5 
pH8.5 
pH8.5 

pH8.5 

Apparent K50 value 
(mM) 

12.0 ±0.8 
10.7 ±1.0 

>40 
>40 

>40 
7.2 ±0.6 

>40 
>40 

>40 

>40 
10.7 ±0.6 
31.3 ± 1.9 

>40 
>40 

20.5 ±0.9 

'max 

(pmol/oocyte.min"1) 

11.9±0.5 
12.0 ±0.7 

nde 

nde 

nde 

6.0 ±0.3 
nde 

nde 

nde 

nde 

6.9 ±0.2 
9.1 ±0.4 

nde 

nde 

6.0 ±0.2 

Hill 
Coefficient 

1.4 ±0.1 
1.4 ±0.1 

-

1.4±0.1 

-

1.5± 0.1 
1.4 ±0.1 

1.4 ±0.1 

a, from Fig. 8-6,4-5; b, from Fig. S-10A-D;c, from Fig. 8-1U; d, data not shown;e, nd, 

could not be determined; in 100 mM transport media with 0-100 mM NaCl (pH 7.5 

or 8.5, as indicated, isosmolarity maintained by ChCl). 
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Table 8-3. H+-activation kinetic parameters for hCNT3, hCNT3C- and mutants. 

Apparent K50 value 
(nM) 

Vmax Hill 
(pmol/oocyte.min"1) Coefficient 

hCNT3a 

hCNT3C-a 

S561C(C-)b 

C561SC 

690 ± 200 
550 ±100 

830 ±150 
870 ± 80 

7.0 ±0.4 
4.4 ± 0.2 

7.1 ±0.3 
4.7 ±0.1 

0.8 ±0.1 
0.8 ±0.1 

0.8 ±0.1 
0.7 ±0.1 

a, from Fig. 8-6C; b, data not shown; c, from Fig. 8-115; in 100 mM ChCl transport 

media with pH values ranging from 4.5-8.5. 
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Figure 8-1. Topological model of hCNT3. Membrane-spanning a-helices predicted 

from bioinformatic analyses of currently identified CNT family members are 

numbered 1 - 13; 5A and 11 A, which are shown as extracellular loops, are weakly 

predicted to be membrane-spanning a-helices. Cysteine residues and putative 

glycosylation sites are indicated in black and with a star symbol, respectively. 
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Figure 8-2. Time course of uridine uptake by hCNT3C- in Xenopus oocytes. 

Uptake of 10 uM radiolabeled uridine by oocytes producing hCNT3C- was measured in 

100 mM NaCl transport medium (pH 7.5) for various times up to 10 min {solid circles) 

and compared with that of control water-injected oocytes {open circles). Each point is 

the mean ± SEM of 10 - 12 oocytes. Error bars are not shown where values were 

smaller than that represented by the symbols. 
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Figure 8-3. Nucleoside and cation selectivity of hCNT3C-. (A) Influx of a panel of 

physiological radiolabeled nucleosides (10 uM) by oocytes producing hCNT3C- was 

measured under initial rate conditions (1 min flux) in transport medium containing 100 

mM NaCl pH 7.5 (black bars) or ChCl pH 5.5 (white bars). (B) Influx (1 min) of 10 

uM radiolabeled uridine by wild-type hCNT3 or hCNT3C- was measured in transport 

medium containing 100 mM NaCl pH 7.5 (black bars), ChCl pH 7.5 (white bars), NaCl 

pH 5.5 (grey bars) or ChCl pH 5.5 (hatched bars). Values (A and B) were corrected for 

basal non-mediated uptake in control water-injected oocytes and are means ± SEM of 

10-12 oocytes. 
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Figure 8-4. Immunoblot analysis of hCNT3, hCNT3C- and aglyco-hCNT3. 

Labeling of oocytes with sulfo-NHS-LC-biotin was used in conjunction with 

immobilized streptavidin resin to separate recombinant hCNT3, hCNT3C- and aglyco-

hCNT3 cell surface immunoreactivity (A) from that associated with total (plasma + 

intracellular) membranes (B). Immunoblots of the fractions were probed with anti-

hCNT3 antibodies. In (B), (+) and (-) refer to digestion with iV-glycosidase-F. The 

positions of molecular weight standards are shown on the left. Water refers to control 

water-injected oocytes. Blots shown in A and B are from different gels. 
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Figure 8-5. Concentration dependence of Na+- and KT-coupled uridine uptake by 

oocytes producing hCNT3 and hCNT3C-. Radiolabeled 10 uM uridine influx was 

measured in 100 raM NaCl transport medium, pH 7.5 (A and B) and 100 mM ChCl 

transport medium, pH 5.5 (C and D) under initial rate conditions (1 min) in oocytes 

producing hCNT3 (B and D) and hCNT3C- (A and Q. Corrected for basal (non-

mediated) uptake in control water-injected oocytes, each value is the mean ± SEM of 10 

- 12 oocytes. Error bars are not shown where values were smaller than that 

represented by the symbols. Kinetic parameters calculated from the data are presented 

in Table 8-1. 
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Figure 8-6. Na+- and FT-activation kinetics of oocytes producing hCNT3 and 

hCNT3C-. Na+-activation curves for oocytes producing hCNT3 (open circles) and 

hCNT3C- (solid circles) were measured in transport medium containing 0 - 1 0 0 mM 

NaCl at pH 7.5 (A) and pH 8.5 (B), with isosmolarity maintained by addition of ChCl. 

Corresponding H+-activation curves were determined in 100 mM ChCl transport 

medium at pH values ranging from 4.5 to 8.5 (Q. The radiolabeled uridine 

concentration was 10 uM (1 min flux). Corrected for basal (non-mediated) uptake in 

control water-injected oocytes, each value is the mean ± SEM of 10 - 12 oocytes. Error 

bars are not shown where values were smaller than that represented by the symbols. 

Kinetic parameters calculated from the data are presented in Tables 8-2 and 8-3. 
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Figure 8-7. Na+-activation kinetics of hCNT3 and hCNT3C- determined by 

electrophysiology. Na+-activation curves for hCNT3 (open circles) and hCNT3C-

(solid circles) were determined at a holding potential of-90 mV in transport media of the 

same composition used in radioisotope flux studies (Fig. 8-65). The uridine 

concentration was 100 uM. Uridine-evoked currents at each Na concentration were 

normalized to the respective fitted Imax. value and are presented as the mean ± SEM of 6-

8 oocytes. Error bars are not shown where values were smaller than that represented 

by the symbols. No currents were detected in control water-injected oocytes (data not 

shown). 
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Figure 8-8. Presteady-state currents of hCNT3C-. Oocytes expressing hCNT3C-

were held at a holding potential (Vh) o f -50 m V and stepped to a range of test potentials 

(Ft) from -150 to +75 mV in 25 mV increments. Representative traces from a single 

oocyte are shown in transport medium containing 0 mM NaCl, pH 8.5 (100 mM ChCl, 

pH 8.5; A), 10, 25, 50 and 100 mM NaCl, pH 8.5 (B-E, respectively) and 100 mM NaCl, 

pH 8.5 + 500 uM uridine (F). 
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Figure 8-9. Na+:uridine and H+:uridine stoichiometry of hCNT3C-. (A) A 

representative current trace for an oocyte expressing hCNT3C- clamped at a membrane 

potential of -90 mV and exposed to 100 uM radiolabeled uridine in 100 mM NaCl, pH 

8.5. Integration of the uridine-evoked current over the uptake period yielded the charge 

moved; this charge, representing net cation influx, was correlated to the net uptake (flux) 

of radiolabeled uridine by the oocyte during the same time interval. Following the same 

protocol (Vh of -90 mV; 100 uM uridine), (B) and (Q show charge to flux ratio plots 

generated for oocytes producing hCNT3C- in either 100 mM NaCl transport medium at 

pH 8.5 (B) or ChCl transport medium at pH 5.5 (Q. Each point represents a single 

oocyte. Linear regression fits of both data sets passed through the origin and are 

indicated by solid lines. The dashed lines represents theoretical 2:1 (B) and 1:1 (Q 

charge:uptake ratios. 
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Figure 8-10. Na+-activation kinetics of oocytes producing hCNT3C- mutants 

S486C(C-), S561C(C-), S602C(C-) and S607C(C-). Na+-activation curves were 

detennined as described in Fig. 8-65. The radiolabeled uridine concentration was 10 

uM (1 min flux). Corrected for basal (non-mediated) uptake in control water-injected 

oocytes, each value is the mean ± SEM of 10 - 12 oocytes. Error bars are not shown 

where values were smaller than that represented by the symbols. Kinetic parameters 

calculated from the data are presented in Table 8-2. 
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Figure 8-11. Na+- and H+-activation kinetics of oocytes producing hCNT3 mutant 

C561S. Na+- (A) and FT"- (B) activation curves were determined as described in Figs. 8-

6B and C, respectively. The radiolabeled uridine concentration was 10 uM (1 min flux). 

Corrected for basal (non-mediated) uptake in control water-injected oocytes, each value 

is the mean ± SEM of 10 - 12 oocytes. Error bars are not shown where values were 

smaller than that represented by the symbols. Kinetic parameters calculated from the 

data are presented in Tables 8-2 and 8-3. 

339 



20 40 60 80 100 
Na+ Concentration (mM) 

0 20 40 60 80 100 
Na+ Concentration (mM) 

Figure 8-12. Na+-activation kinetics of oocytes producing hCNTl and hCNTl 

mutant C540S. Na+-activation curves were determined for oocytes expressing hCNTl 

mutant C540S (A) and wild-type h C N T l (B) as described in Fig. 8-65. The radiolabeled 

uridine concentration was 10 uM (1 min flux). Corrected for basal (non-mediated) 

uptake in control water-injected oocytes, each value is the mean ± SEM of 10 - 12 

oocytes. Error bars are not shown where values were smaller than that represented by 

the symbols. 
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Figure 8-13. Cation selectivity of hCNT3 mutants. Influx of 10 uM radiolabeled 

uridine by hCNT3 mutants C561G, C561A, C561S, hCNT3, C561V, C561T and 

C561I was measured under initial rate conditions (1 min flux) in both Na+-containing 

(100 mM NaCl, pH 7.5) and H+-containing (100 mM ChCl, pH 5.5) transport medium 

(black and white bars, respectively). Values were corrected for basal non-mediated 

uptake in control water-injected oocytes and are means ± SEM of 10 - 12 oocytes. 

Error bars are not shown where values were smaller than that represented by the 

symbols. 
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Figure 8-14. Steady-state currents of hCNT3 mutants. Steady-state currents were 

recorded for wild-type hCNT3 and mutants C561G, C561A, C561S and C561I in 

oocytes that were voltage-clamped at -90 mV and exposed to 100 uM uridine in 

transport medium containing 100 mM NaCl, pH 7.5 (A) or 100 mM ChCl, pH 5.5 (B). 

No uridine-induced currents were evident in control water-injected oocytes (data not 

shown). 
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Endnotes 

1 Unpublished observation. 
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Chapter 9: 

Conserved Glutamate Residues Glu343 and Glu519 Provide 

Mechanistic and Structural Insights into Cation/Nucleoside 

Cotransport by Human Concentrative Nucleoside Transporter 3 

(hCNT3)* 

* Publication of a version of this chapter is pending. 
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Introduction 

By virtue of their negative charge and consequent ability to interact directly 

with coupling cations and/or participate in cation-induced and other protein 

conformational transitions, glutamate and aspartate residues play key functional and 

structural roles in a broad spectrum of mammalian and bacterial cation-coupled 

transporters (1-11). Little, however, is known about their role in concentrative 

nucleoside transporter (CNT) proteins. The present investigation builds upon a 

mutagenesis study of conserved glutamate and aspartate residues in hCNTl 

(Appendix 4) to undertake a parallel in depth investigation of corresponding residues 

in hCNT3. By employing the multifunctional capability of hCNT3 as a template for 

these studies, the present report provides new and novel mechanistic and structural 

insights into the molecular mechanism(s) of CNT-mediated cation/nucleoside 

cotransport. 

Results 

Residues identified for mutagenesis - In the present investigation, site-directed 

mutagenesis and heterologous expression in Xenopus laevis oocytes were employed 

to analyze the roles of acidic amino acid residues in hCNT3-mediated 

cation/nucleoside cotransport. The locations of the residues selected for study are 

shown in Fig. 9-1. 

hCNT3 contains ten aspartate and glutamate residues which are conserved in 

other mammalian members of the CNT protein family (Asp192, Glu329, Glu343, Glu359, 

Glu410, Glu434, Asp503, Glu519, Glu553 and Asp586) and were included in the present 

study for comparison with previous mutagenesis studies of the corresponding residues 

in hCNTl (Appendix 4). Also included was one additional glutamate residue unique 

to, and conserved within, the CNT3MCNT subfamily (Glu483). All but one of the 

selected residues (Asp192) were located in the C-terminal half of the protein. In initial 

mutagenesis experiments, the eleven hCNT3 aspartate and glutamate residues were 
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individually replaced by the corresponding neutral amino acid (asparagine or 

glutamine, respectively). All mutations were verified by sequencing the entire coding 

region of the double-stranded plasmid DNA in both directions. Except for the desired 

base changes, all sequences were identical to wild-type hCNT3. 

Transport activity of hCNT3 mutants - Different from hCNTl/2, hCNT3 

transports both purine and pyrimidine nucleosides, and couples nucleoside transport 

to H+, as well as Na+ electrochemical gradients (12, Chapters 5 and 6). Each of the 

eleven hCNT3 mutants were therefore produced in Xenopus oocytes and screened for 

both aspects of hCNT3 functional activity. Measured in Na+-containing transport 

medium (100 mM NaCl, pH 7.5), Table 9-1 presents for each mutant initial rates of 

transport (1 min flux) of 20 uM radiolabeled uridine (a universal mammalian CNT 

permeant), inosine (a representative purine nucleoside) and thymidine (a 

representative pyrimidine nucleoside). Fig. 9-2 compares uridine uptake (20 uM; 1 

min. flux) in the presence of Na+ (100 mM NaCl, pH 7.5) and H+ (100 mM ChCl, pH 

5.5) with that under Na+-free, H+-reduced conditions (100 mM ChCl, pH 7.5). The 

flux values shown in Table 9-1 and Fig. 9-2 (and all subsequent experiments) depict 

mediated transport activity, defined as the difference in uptake between RNA 

transcript-injected and control water-injected oocytes. Under all conditions tested, 

nucleoside uptake by control water-injected oocytes was < 0.1 pmol/oocyte.min" 

(data not shown). 

Of the eleven hCNT3 mutants investigated, nine displayed robust levels of 

broadly selective nucleoside uptake (> 10 pmol/oocyte.min"1) similar to that of wild-

type hCNT3 (Table 9-1) and were capable of both Na+- and H+-dependent uridine 

uptake (Fig. 9-2). Mutant E343Q, in contrast, exhibited ~ 10% of wild-type hCNT3 

uridine transport activity in the presence of Na+ and even lower rates of transport in 

the absence of Na+ under acidified or H+-reduced conditions. In Na+-containing 

medium, fluxes of inosine and thymidine were reduced to similar extents as uridine. 

Mutant E519Q was non-functional under all conditions tested. Subsequent studies 

therefore focused on Glu343 and Glu519. Other residues whose mutation produced 

wild-type functional characteristics were not investigated further. 
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Additional hCNT3 mutants - To provide additional investigative tools for 

subsequent experiments, hCNT3 residues Glu343 and Glu519 were also mutated to 

aspartate (to restore the negative charge) and to cysteine (to test for inhibition by 

thiol-reactive reagents). Table 9-1 and Fig. 9-2 show their properties. Compared to 

E343Q, reintroduction of the negative charge (mutant E343D) increased both Na+-

and H+-dependent nucleoside influx to ~ 25% of wild-type levels. E343C, in contrast, 

showed a selective increase in Na+-dependent uridine transport activity relative to In­

dependent activity. For residue 519, although charge restoration (mutant E519D) 

returned Na+-dependent uridine uptake to wild-type levels, H+-dependent uridine 

uptake in the absence of Na remained very low. Relative to E519Q, E519C 

exhibited a small increase in Na+-dependent uridine transport activity, with no 

detectable H+-dependent transport. E343D and E519D exhibited wild-type 

nucleoside selectivity, whereas E343C and E519C preferentially transported uridine 

relative to inosine and thymidine. 

Cell-surface expression ofhCNT3 Glu and Glu mutants - To verify that 

decreased transport activity was not secondary to altered cell-surface expression, 

oocytes expressing Glu343 and Glu519 mutants were subjected to cell-surface labeling 

with sulfo-NHS-LC-biotin using immobilized streptavidin resin to separate cell-surface 

protein from that associated with total (plasma + intracellular) membranes. 

Immunoblots were probed with hCNT3 polyclonal antibodies (13) directed against 

amino acid residues 45 - 69 of the extramembraneous N-terminal region of the protein. 

Similar to previous findings (Chapter 8) and consistent with the presence of multiple C-

terminal sites of iV-linked glycosylation, cell surface hCNT3 exhibited discreet 

immunobands at 100 and 86 kDa (Fig. 9-3). Both these immunobands correspond to 

glycosylated forms of the transporter, as aglyco-hCNT3 has a lower electrophoretic 

mobility of 75 kDa (Chapter 8). Antibody specificity was confirmed by lack of 

immunoreactivity in control, water-injected oocyte membranes. 

Patterns of immunoreactivity and staining intensity similar to that of wild-type 

protein were apparent for E343Q, E343D and E343C (Fig. 9-3^4), as well as for E519Q 

and E519C (Fig. 9-3B). Also present in the plasma membrane, the majority of E519D 
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immunoreactivity was however associated with the more extensively glycosylated 

(100 kDa) form of the transporter (Fig. 9-35). The robust transport activity exhibited 

by E519D in Table 9-1 and Fig. 9-2 indicates that the mutant's altered glycosylation 

status had no effect on function. Since all Glu343 and Glu519 mutants were present in 

the plasma membrane similar to wild-type hCNT3, the impaired functional activities 

of E343Q, E343D, E343C, E519C and E519D resulted from loss of intrinsic transport 

capability, rather than reduced quantities in plasma membranes. 

Nucleoside selectivity of hCNT3 Glu and Glu519 mutants - There are 

indications from Table 9-1 that some Glu343 and Glu519 mutants may have altered 

permeant selectivity. To further investigate the role of hCNT3 residues Glu and 

Glu519 in nucleoside binding and/or translocation, subsequent experiments 

investigated the uptake of a full panel of physiological radiolabeled purine and 

pyrimidine nucleosides (20 uM) measured in both Na+- and H+-containing transport 

medium (100 mM NaCl, pH 7.5 and 100 mM ChCl, pH 5.5, respectively) (Fig. 9-4). 

Whereas Na+-coupled hCNT3 exhibits broad selectivity for both pyrimidine 

and purine nucleosides, H+-coupled hCNT3 preferentially transports uridine > 

thymidine, adenosine > cytidine, inosine > guanosine (Chapter 5). These contrasting 

patterns of nucleoside selectivity were confirmed for wild-type hCNT3 in the present 

analysis (Fig. 9-4F). Extending the results presented in Table 9-1, a role for hCNT3 

residue Glu343 in nucleoside selectivity was apparent from the nucleoside uptake 

patterns of both E343Q and E343C. In Na+-containing medium, mutant E343Q 

exhibited a selective 2.6-fold decrease in guanosine influx compared to that for 

uridine (Fig. 9-4A). Guanosine transport was further decreased (13.6-fold, compared 

to uridine) in the case of E343C, which also showed an ~ 2-fold reduction in 

thymidine and inosine transport (Fig. 9-4Q. Relative to the pattern of nucleoside 

transport exhibited by wild-type hCNT3 in H+-containing medium (Fig. 9-4F), 

E343Q and E343C showed increased influx of adenosine, thymidine and cytidine 

(E343Q), and adenosine and thymidine (E343C). In contrast, restoration of the 

negative charge (mutant E343D) resulted in wild-type Na+- and H+-coupled 

nucleoside selectivity (Fig. 9-45). 
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A role in nucleoside selectivity was also apparent for residue Glu . In Na -

containing medium, mutant E519C exhibited reduced influx of all three purine 

nucleosides (adenosine, guanosine and inosine) (Fig. 9-4E), while charge replacement 

(mutant E519D) restored wild-type transport selectivity (Fig. 9-4D). With the 

exception of very small fluxes of uridine evident for E519D (Fig. 9-4D) (see also Fig. 

9-2), neither Glu519 mutant transported nucleosides in H+-containing medium. Mutant 

E519Q could not be included in this (and subsequent) analyses because of a total lack 

of Na+- and H+-coupled transport activity (Table 9-1 and Fig. 9-2). 

Uridine transport kinetics of hCNT3 Glu 4 and Glu5 mutants - Fig. 9-5 

presents representative concentration dependence curves for radiolabeled uridine 

influx in Na+-containing medium (100 mM NaCl, pH 7.5) in oocytes producing 

E343Q, E343D, E343C, E519D, E519C or wild-type hCNT3. Kinetic parameters 

derived from these curves are summarized in Table 9-2. In good agreement with 

previous studies (12, Chapter 5), the apparent affinity (Km) of hCNT3 for uridine 

influx was 10.9 ± 0.7 uM, with a Vmax value of 23.4 ± 0.4 pmol/oocyte.min"1 and a 

^max^m ratio of 2.1. In comparison to hCNT3, the Glu343 series of mutants exhibited 

markedly lower Fmax values (rank order E343Q > E343D > E343C), with apparent Km 

values that were either higher (E343C) or lower (E343Q and E343D) than that of 

wild-type hCNT3. The Vmax:Km ratio, a measure of transport efficiency, was lowest 

for E343Q and E343C (both 0.4), and intermediate for the charge-restored mutant 

E343D(1.3). 

'lA'l 

In contrast to the Glu series, mutants E519D and E519C exhibited VmsK 

values higher than that of wild-type hCNT3. For E519D, this was offset by an ~ 3-

fold increase in the apparent Km value, resulting in an intermediate Vmwi:Km ratio (1.1) 

similar to that of E343D. In contrast, mutant E519C showed a dramatic ~ 80-fold 

increase in the apparent Km value, resulting in the lowest Vmax:Km ratio (< 0.1) of all 

the mutants studied. 

Guanosine inhibition kinetics of hCNT3 Glu 4 and Glu5 mutants - To 

determine if the decreased uptake of guanosine evident in Na+-containing medium for 
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mutants E343Q, E343C and E519C (Fig. 9-4) reflected altered nucleoside binding, 

competition experiments were undertaken (Fig. 9-6). Influx of 20 uM radiolabeled 

uridine by the Glu343 and Glu519 series mutants and wild-type hCNT3 was measured 

in Na+-containing medium (100 mM NaCl, pH 7.5) in the presence of increasing 

concentrations (0 - 1000 uM) of non-labeled guanosine. Because of low solubility, 

guanosine concentrations greater than 1 mM could not be achieved. In good 

agreement with the previously reported apparent Km value of 43 uM for guanosine 

transport by hCNT3 (12), and consistent with the robust level of guanosine uptake 

shown by the wild-type transporter in Fig. 9-4F, the /C50 value for guanosine 

inhibition of uridine transport by hCNT3 was 53.7 ± 8.6 uM. Corresponding /C50 

values for guanosine transport-impaired mutants E343Q, E343C and E519C were too 

high to determine, whereas values of 248 ± 78 and 73.1 ± 11.3 uM were obtained for 

E343D and E519D, respectively. Therefore, at least in part, decreased guanosine 

transport reflects alterations to the nucleoside binding pocket. 

Na+-activation kinetics ofhCNT3 Glu343 and Glu519 mutants - Na+-activation 

of hCNT3 Glu343 and Glu519 mutants was investigated by measuring 20 uM 

radiolabeled uridine influx as a function of Na+ concentration (0 - 100 mM NaCl, pH 

8.5) (Fig. 9-7). Kinetic parameters derived from the curves are summarized in Table 

9-3. Na+-containing medium at pH 8.5 was used to avoid the small, but significant, 

amount of hCNT3 H+-activation that occurs at pH 7.5 (Chapters 5 and 6). Na+-coupled 

uridine transport by hCNT3 at pH 8.5 is kinetically indistinguishable from that at pH 7.5 

(Chapters 5 and 8). 

In good agreement with previous studies (Chapters 5, 6 and 8), Na+-activation 

of uridine uptake by wild-type hCNT3 occurred with an apparent £50 value of 10.5 ± 

0.7 mM and a Vmax value of 10.3 ± 0.4 pmol/oocyte.min"1 (Fig. 9-1P). In marked 

contrast, E343Q exhibited very low apparent affinity for Na+, such that the curve 

appeared linear with concentration, although uridine uptake at 100 mM Na+ was 

marginally greater than that in the absence of Na+ (Fig. 9-7^4) (see also Fig. 9-2). 

Relative to the wild-type transporter, E343D showed a modest increase in apparent 

affinity for Na+ and a marked decrease in Vmax (Fig. 9-75). In contrast, E343C 

354 



exhibited a dramatic reduction in Na affinity, such that influx approached saturation 

only at the highest Na+ concentration used (100 mM) (Fig. 9-1C). E519C showed a 

similar marked decrease in the apparent binding affinity for Na+ and the Vmax value 

was also greatly decreased (Fig. 9-7E). Consistent, however, with the robust 

transport activity shown in Fig. 9-2, E519D exhibited a small increase in apparent 

affinity for Na+ with no change in VmsK (Fig. 9-1D). All curves were sigmoidal, with 

calculated Hill coefficients > 1.4. 

H*-activation kinetics ofhCNT3 Glu343 and Glu519 mutants - H+-activation of 

hCNT3 Glu343 and Glu519 mutants was investigated by measuring 20 uM radiolabeled 

uridine influx in 100 mM ChCl transport medium at pH values ranging from 4.5 to 

8.5 (Fig. 9-8). Kinetic parameters derived from the curves are summarized alongside 

those for Na+ in Table 9-3. In good agreement with previous studies, H+-coupled 

uridine uptake by wild-type hCNT3 occurred with an apparent K50 value of 495 ±106 

nM and a corresponding Vmsx value of 8.7 ± 0.4 pmol/oocyte.min"1 (Chapters 5, 7 and 

8) (Fig. 9-SE). Consistent with Fig. 9-2, the H+-activation curve for E343Q was 

linear and independent of H+ concentration (Fig. 9-8,4). The corresponding H+-

activation curves for E343D (Fig. 9-SB), E343C (Fig. 9-8Q and E519D (Fig. 9-8£>) 

exhibited decreases in both apparent K50 and VmWi values compared to wild-type 

hCNT3. Of these, E343D and E519D exhibited the most pronounced shift in H+ 

apparent affinity, while E343C and E519D had the lowest VmsK values. Similar to 

hCNT3, Hill coefficients were between 0.7 and 0.8. H+-activation kinetics were not 

determined for mutant E519C which lacked transport activity in H+-containing 

transport medium (Fig. 9-2). 

Steady-state currents ofhCNT3 Glu343 and Glu519 mutants - Complementary 

to the uridine flux studies of cation dependence shown in Fig. 9-2, steady-state 

electrophysiological experiments were undertaken to measure uridine-induced Na 

and H+ inward currents in oocytes producing E343Q, E343D, E343C, E519D, E519C 

or, as a control, hCNT3. Representative recordings comparing currents evoked by 

uridine (200 uM) in the presence of Na+ (100 mM NaCl, pH 8.5) and H+ (100 mM 

ChCl, pH 5.5), as well as in 100 mM ChCl at pH 7.5 and pH 8.5 are shown in Figs. 9-
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9A and B. Fig. 9-9C depicts mean currents for > 4 oocytes normalized to that 

obtained in 100 mM NaCl, pH 8.5. 

As demonstrated in previous studies (Chapter 5), wild-type hCNT3 exhibited 

large inward currents for both Na+ and H+, the latter decreasing as a function of pH 

(5.5 > 7.5 > 8.5) (Figs. 9-95 and Q . No currents were observed in control water-

injected oocytes (data not shown). Smaller uridine-induced Na+ currents were also 

apparent for all three Glu343 mutants (Figs. 9-9̂ 4 and Q. Uridine-induced H+ currents 

were also evident for E343D and, to a much lesser extent, E343C (Figs. 9-9,4 and C). 

Consistent, however, with a lack of H+-dependence in radioisotope flux studies (Figs. 

9-2 and 9-8,4), mutant E343Q exhibited small uridine-induced currents in the absence 

of Na+ that were of similar magnitude irrespective of the H+ concentration in the 

medium (Figs. 9-9,4 and Q. Increasing the uridine concentration to 1 mM did not 

influence the magnitude of these currents, either at pH 5.5 or pH 8.5 (Fig. 9-9Q. 

Uridine-induced Na+ currents were also apparent for E519D and E519C, while H+ 

currents were very small (E519D) or not detectable (E519C) (Figs. 9-95 and Q. 

Cation:nucleoside coupling ratios of hCNT3 Glu and Glu mutants -

Na+nucleoside and H+:nucleoside stoichiometrics of E343C, E343Q, E343D, E519C, 

E519D and, as a control, wild-type hCNT3 were determined by simultaneously 

measuring cation currents and radiolabeled uridine uptake under voltage-clamp 

conditions, as described previously (14, Chapters 5 and 6). Na+ and H+ currents were 

determined in transport media containing 100 mM NaCl at pH 8.5 and 100 mM ChCl 

at pH 5.5, respectively. The uridine concentration was 200 uM. Charge versus flux 

plots for groups of individual oocytes producing each of the recombinant transporters 

are shown for Na+ in Fig. 9-10. Na+:uridine stoichiometries, derived from linear 

regression analyses of the data, together with corresponding H :uridine 

stoichiometries (data plots not shown) are presented in Table 9-4. 

Consistent with mutant E343Q functioning as a partially uncoupled uridine-

gated Na+ channel, there was no correlation between Na+ current and radiolabeled 

uridine uptake, and the charge:flux ratios for individual E343Q-producing oocytes 
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ranged from 0.8 to 39 (Fig. 9-10A and Table 9-4). A similar lack of correlation 

between Na+ current and radiolabeled uridine uptake, but with lower overall Na+-

currents, was also observed for mutant E343C; in this case, charge:flux ratios for 

individual E343C-producing oocytes ranged from 0.6 to 2.2 (Fig. 9-IOC and Table 9-

4). Channel-like activity for mutant E343Q also extended to currents measured in 

100 mM ChCl, pH 5.5. H+:uridine coupling ratios could not, however, be determined 

for E343C because of low levels of H+-coupled activity (Figs. 9-2 and 9-9^4). In 

marked contrast, restoration of the negative charge at this position (mutant E343D) 

gave 2:1 and 1:1 Na+:uridine and H+:uridine stoichiometries, respectively, thus 

restoring wild-type characteristics (Fig. 9-105 and Table 9-4). 

Similar to wild-type hCNT3, E519D also exhibited a Na+:uridine coupling 

ratio of 2:1 (Fig. 9-10D and Table 9-4). Different from this, however, mutant E519C 

gave a calculated Na+:uridine stoichiometry of 0.84 ± 0.04, suggesting cotransport of 

only one Na+ per uridine molecule (Fig. 9-10.E and Table 9-4). A Ff^uridine coupling 

ratio for mutant E519C could not be determined due to a total lack of transport 

activity in the absence of Na+ (Fig. 9-2 and Fig. 9-9B) and that for E519D was 0.61 ± 

0.09 (Table 9-4). 

Current-voltage (I-V) relationships of E343Q - As a further test of the 

channel-like behavior of mutant E343Q, Fig. 9-1 \A shows current-voltage (I-V) 

curves for E343Q-producing oocytes generated as the difference between steady-state 

currents recorded in the presence and absence of uridine. Measured in Na+-

containing (100 mM NaCl, pH 8.5), H+-containing (100 mM ChCl, pH 5.5) and Na+-

free, H+-reduced (100 mM ChCl, pH 8.5) transport media, E343Q-mediated currents 

evoked by uridine (100 uM) at potentials between -110 and +60 mV were voltage-

dependent and, in contrast to those of wild-type hCNT3 (Chapter 5), reversed polarity 

at membrane potentials of —1-50 and -50 mV in the presence and absence of Na , 

respectively. Consistent with the current data in Figs. 9-9A and C, curves in H+-

containing (100 mM ChCl, pH 5.5) and Na+-free, H+-reduced (100 mM ChCl, pH 8.5) 

transport media overlapped. No uridine-induced currents were observed in control 

water-injected oocytes (data not shown). 
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Uridine-evoked H+ currents (100 mM ChCl, pH 5.5) were measured in 

E343Q-producing oocytes voltage-clamped at representative holding potentials (Vh) 

of-90, -50 -30, -10 and +10 mV. As shown in Fig. 9-1 IB, the current induced by 100 

uM uridine at Vh -90 mV was inward, close to zero at -50 mV and outward at -30, -10 

and +10 mV. In marked contrast, the same experiment revealed no such outward 

current for wild-type hCNT3 under equivalent conditions (data not shown). A 

corresponding direct demonstration of outward Na+ currents mediated by mutant 

E343Q was precluded by unstable baseline currents in Na+-containing transport 

medium at Vh > +10 mV. 

Na -activation kinetics of hCNT3 mutant E519C determined by 

electrophysiology - The Na+-activation kinetics of E519C were also investigated by 

electrophysiology. Fig. 9-X2A depicts the relationship between Na concentration and 

200 uM uridine-evoked current for oocytes expressing E519C clamped at a 

membrane holding potential of -90 mV. For comparison, the corresponding Na+-

activation curve for wild-type hCNT3 was also determined (Fig. 9-125). Currents 

from individual oocytes were normalized to their predicted 7max values and 

subsequently averaged to produce mean kinetic parameters. Similar to the 

radioisotope flux data in Fig. 9-7E, E519C exhibited an apparent K$o value for Na+-

coupled uridine uptake of 59.5 ± 4.0 mM and a corresponding Hill coefficient of 2.1 ± 

0.4. In agreement with previous studies (Chapters 5, 6 and 8), the apparent K50 value 

for Na+-coupled uridine uptake by wild-type hCNT3 under these conditions was 1.6 ± 

0.1 mM, and the corresponding Hill coefficient was 1.7 ± 0.6. As previously 

determined, the difference in apparent K50 value for hCNT3 when determined by 

electrophysiology (1.6 mM, Fig. 9-125) compared to radioisotope flux analysis (10.3 

mM, Fig. 9-7F and Table 9-3) reflects the difference in membrane potential under the 

two experimental conditions (-90 versus —40 mV, respectively) (Chapters 5 and 8). 

In contrast, the similar low apparent affinity of E519C for Na+ in Figs. 9-7.E and 9-

12̂ 4 suggests a loss of voltage-dependence of Na+ K50 for this mutant. 

p-Chloromercuribenzene sulfonate (PCMBS) inhibition ofhCNT3 E343C and 

E519C - Residues lining the translocation pore can be identified through the use of 
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hydrophilic thiol-reactive reagents such as PCMBS. In a final series of experiments, 

uptake of 20 uM radiolabeled uridine was measured in oocytes producing E343C, 

E519C or hCNT3 incubated in the presence and absence of 200 uM PCMBS and in 

the presence and absence of 20 mM extracellular uridine. Exposure to PCMBS and 

uridine was performed on ice to minimize passage across the oocyte plasma 

membrane. Since wild-type hCNT3 contains a conformationally mobile cysteine 

residue (Cys561) that becomes exposed to PCMBS in the H+-bound state of the 

transporter (Chapter 7), reactivity to PCMBS was investigated in Na+-containing 

transport medium (100 mM NaCl) at pH 8.5 (Fig. 9-13). Both E343C and E519C 

showed marked inhibition by PCMBS consistent with pore-lining status. In the case 

of E343C, this inhibition was prevented by uridine, suggesting a location close to or 

within the nucleoside binding pocket. A small amount of uridine protection was also 

seen for E519C. Under the same conditions, and in agreement with previous results 

(Chapter 7), there was no inhibition of the wild-type transporter. 

Discussion 

hCNT3 is the most recently discovered and functionally versatile of three human 

members of the SLC28 (CNT) protein family. It is 691 amino acids in length, has a 13 

(or possibly 15) transmembrane domain (TM) architecture, and utilizes electrochemical 

gradients of both Na+ and H+ to accumulate a broad range of pyrimidine and purine 

nucleosides and nucleoside drugs within cells (12, Chapters 5 and 6). Paralogs hCNTl 

and hCNT2, in contrast, have a similar predicted membrane topology, but function 

predominantly as Na+-coupled transporters, and are pyrimidine nucleoside-selective and 

purine nucleoside-selective, respectively (15, 16). More widely distributed in cells and 

tissues than hCNTl or hCNT2 (12), and with a central role in renal transepithelial 

nucleoside and nucleoside drug transport (13, 17), the multifunctional capability of 

hCNT3 and robust expression of the recombinant transporter mXenopus oocytes makes 

it the protein of choice for systematic in depth molecular characterization by site-

directed mutagenesis and substituted cysteine accessibility method (SCAM) analysis. 
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Additionally, hCNT3 mutants are less likely to be retained in intracellular membranes 

than corresponding mutants of hCNTl/2; since expression at the Xenopus oocyte cell 

surface is a prerequisite for functional analysis, this characteristic is a further advantage 

of using hCNT3 as a template for mutagenesis studies. 

Eleven highly-conserved negatively charged residues are present in hCNT3. 

Ten of these are also present in hCNTl/2, while one is unique to CNT3/hfCNT 

subfamily members. In a previous study of hCNTl, five aspartate and glutamate 

residues (Glu308, Glu322, Asp482, Glu498 and Glu532) were identified as having actual or 

potential roles in hCNTl Na+/nucleoside cotransport (Appendix 4). The hCNTl 

mutants E308D/Q, E322D/Q and E498D exhibited diminished VmaK values and 

increased values for Na+ K50 and/or uridine Km. E322Q additionally exhibited 

variable Na+:nucleoside coupling ratios consistent with possible uridine-gated 

channel-like transport activity (Appendix 4). hCNTl mutants D482N, E498Q and 

E532Q/D were retained in intracellular membranes and, therefore, not amenable to 

functional analysis (Appendix 4). The present study presents a parallel analysis of 

conserved aspartate and glutamate residues in hCNT3. To facilitate comparison 

between the present study and the previous investigation of acidic amino acids in 

hCNTl (Appendix 4), Table 9-5 provides a side-by-side comparison of hCNT3 and 

corresponding hCNTl residue positions. The five hCNT3 residues equivalent to 

those previously identified in hCNTl are Glu329, Glu343, Asp503, Glu519 and Glu553. 

As summarized in Table 9-5, substitution of nine of the eleven acidic amino 

acid residues in hCNT3 with the corresponding neutral amino acid was without effect. 

These included Glu329 (mutant E329Q), Asp503 (mutant D503N) and Glu553 (mutant 

E553Q). The latter two equivalent mutants in hCNTl were retained in intracellular 

membranes and thus, both of these residues can now be excluded from having roles in 

CNT structure and function. In contrast, the hCNTl mutant E308Q (equivalent to 

hCNT3 E329Q) was processed normally to the cell surface, but exhibited markedly 

impaired transport activity (Appendix 4). Since hCNT3 E329Q exhibited wild-type 

transport function (Fig. 9-2 and Table 9-1), it is possible that this residue has roles 

specific to hCNTl or, perhaps, to the CNT1/CNT2 subfamily. 
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Subsequent studies of hCNT3 acidic amino acid residues therefore focused 

exclusively on the remaining two residue positions (Glu343 and Glu519) whose 

mutation to glutamine led to compromised functional activity. In addition to insertion 

of the corresponding neutral amino acid at these positions, hCNT3 Glu343 and Glu519 

were also mutated to aspartate and cysteine. All constructs were targeted to the 

oocyte plasma membrane in amounts similar to wild-type hCNT3 (Fig. 9-3), enabling 

their detailed characterization by both radioisotope flux and electrophysiological 

techniques. 

Located in TM 7 (Fig. 9-1), mutation of Glu343 to glutamine (E343Q), 

aspartate (E343D) and cysteine (E343C) influenced both nucleoside and cation 

interactions. E343Q retained the ability to bind and transport uridine, although the 

Vmax. value for uridine transport was decreased 14-fold compared to wild-type hCNT3 

(Fig. 9-4A and Table 9-2). E343Q also retained the ability to bind and transport Na+, 

but with low apparent affinity. Thus, uridine influx (Fig. 9-2) and uridine-induced 

currents (Fig. 9-9^4) were higher in Na+-containing than in Na+-free media, while 

cation-activation analysis revealed a weak linear relationship between Na+ concentration 

and uridine influx (Fig. 9-7A). However, no H+-dependence of transport was evident 

(Figs. 9-2 and 9-SA) and, while small uridine-induced currents were observed in Na+-

free media, the magnitudes of these currents did not respond to changes in external 

pH (Figs. 9-9̂ 4 and C). Extending previous findings for Na+ in the case of the 

corresponding mutant in hCNTl (Appendix 4), charge:flux experiments revealed 

uncoupled uridine-induced cation movement through the transporter in both Na+- and 

H+-containing transport media, with maximum apparent catiomnucleoside coupling 

ratios of- 40:1 (Fig. 9-1(14 and Table 9-4). Since the range of apparent coupling 

ratios encountered in these experiments was similar in both Na+- and H+-containing 

transport media (Fig. 9-1CL4 and Table 9-4) and since H+ movement did not seem to 

account for the small pH-independent currents seen under the latter condition (Figs. 9-

9̂ 4 and Q , the small local Na+ concentrations in the immediate vicinity of the oocyte 

cell surface, in conjunction with the Na+ channel-like properties of the mutant, may have 

been responsible for the minor E343Q currents seen under otherwise Na+-free 

conditions. The broad nucleoside selectivity shown by E343Q in Na+- and Ff+-

361 



containing transport media and the similarly impaired transport of guanosine under both 

conditions supports this possibility (Fig. 9-44). Providing important additional 

evidence of uridine-gated Na+ channel-like transport activity, hCNT3 mutant E343Q 

exhibited an ohmic relationship between uridine-induced current and membrane 

potential (Fig. 9-11). Residues of other transporters for which mutation causes 

channel-like behavior include Asp of the human Na+-dependent glucose transporter 

SGLT1 and Asn177 of the rat 5-hydroxytryptamine transporter (18, 19). 

Restoring the negative charge at hCNT3 residue position Glu343 by mutation 

to aspartate (E343D) recovered the wild-type phenotype with respect to both 

nucleoside and cation selectivity and apparent affinity, although Vmax values for 

uridine transport and cation-activation were 4- to 7-fold lower than those for hCNT3 

(Tables 9-2 and 9-3). Thus, both the presence and positioning of the negative charge 

at residue position Glu343 are critical for normal functional activity. 

Further support for the importance of hCNT3 reside Glu343 arose from 

mutation to cysteine (E343C). Compromised kinetically with respect to both uridine 

transport (Fig. 9-5Q and Na+/H+-activation (Figs. 9-7C and 9-8Q, E343C exhibited 

characteristics similar to E343Q, including very low uridine evoked FT" current 

activity relative to Na+ (Figs. 9-9̂ 4 and Q and variable Na+-coupling (Fig. 9-IOC and 

Table 9-4). Although partially uncoupled in a manner similar to E343Q, E343C 

nevertheless retained sigmoid Na+-activation kinetics, indicating retention of both Na+-

binding sites. Similar to E343Q, E343C showed decreased transport of guanosine, 

although to a greater extent (Figs. 9-4̂ 4 and Q . There was also diminished transport 

of other nucleosides (Fig. 9-4Q. Therefore, E343C provides additional evidence for 

functions of this residue position in both cation coupling and nucleoside specificity. 

Mutations of hCNT3 Glu519 revealed a second glutamate residue with key 

roles in CNT cation/nucleoside cotransport. This residue resides in putative TM 11A 

(Fig. 9-1) and is centrally positioned in the highly conserved 

(G/A)ZKX3NEFVA(Y/M/F) motif common to all eukaryote and prokaryote CNTs. 

Previous indications for a role of this residue in CNT function comes from studies of 
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the corresponding residue in hCNTl, for which mutant E498D exhibited a modest 

50% reduction in Vmax value for Na+ and ~ 2-fold increase in apparent Km value for 

uridine (Appendix 4). Anticipated to show more pronounced phenotypic changes, 

hCNTl mutant E498Q was not processed to the cell surface in oocytes (Appendix 4). 

hCNTl E498C was also non-functional, presumably for the same reason (Appendix 

4). In the case of hCNT3, however, all three hCNT3 Glu519 mutants (E519Q, E519D 

and E519C) were processed to the oocyte cell surface similar to wild-type hCNT3 

(Fig. 9-35). 

Despite its confirmed presence in the oocyte plasma membrane, hCNT3 

mutant E519Q showed no measurable transport activity (Fig. 9-2 and Table 9-1) and 

is the first reported example of a mutation in hCNT3 rendering the protein totally 

non-functional. Mutation of Glu519 to aspartate (E519D), which restored a negative 

charge at this position, also fully restored Na+-coupled functional activity and only 

small kinetic differences in uridine Km and Fmax and Na+ K$o and Vmax values 

distinguish E519D from the wild-type transporter (Figs. 9-5D and 9-7D, and Tables 

9-2 and 9-3). Remarkably however, this protein showed severely reduced In­

dependent uridine uptake (~ 10-fold decrease in Vmwi compared to hCNT3) (Figs. 9-2 

and 9-8D and Table 9-3) and barely detectable uridine-evoked FT1" currents (Figs. 9-95 

and Q . Altered interaction with H+ was also evident for E519C and, illustrating this, 

Figs. 9-95 and C demonstrate total abolition of uridine-evoked H+ current activity. 

With respect to other characteristics, E519C showed an altered preference for 

pyrimidine nucleosides compared to purine nucleosides (uridine > cytidine, thymidine 

> adenosine, inosine > guanosine) (Fig. 9-4E) and, kinetically, exhibited a > 80-fold 

decrease in the apparent binding affinity for uridine (Fig. 9-5E and Table 9-2) and an 

~ 5-fold decrease in both Na+ binding affinity and Vmax value (Fig. 9-7E and Table 9-

3). In contrast to wild-type hCNT3 (Chapter 5), E519C also exhibited an apparent 

absence of voltage-dependence of Na+ Kso (Fig. 9-12^4). Of even greater significance, 

flux/charge experiments demonstrated a change in Na+:nucleoside stoichiometry from 

2:1 to 1:1 (Fig. 9-10£). 
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Recently, a naturally-occurring hCNT3 variant has been described in the 

Spanish population in which a T/C transition leads to the substitution of Cys602 by 

arginine (20). This single amino acid replacement in TM 13 leads to a shift in Hill 

coefficient consistent with a possible change in Na+:nucleoside stoichiometry from 2:1 

to 1:1. In contrast, hCNT3 mutant E519C retained a sigmoidal Na+-activation curve 

(Fig. 9-1E). With a calculated Hill coefficient of 1.9 (Table 9-3), it is possible that 

E519C still binds two Na+, but that only one is translocated. 

In studies of wild-type hCNTl and hCNT3, it has been established that Na+ 

binds to the transporter first, increasing the affinity for nucleoside, which then binds 

second (14, Chapter 5). To minimize the potential effects of altered Na+ apparent 

affinity on uridine kinetic parameters, experiments to investigate uridine transport 

kinetics were undertaken at the maximum possible Na+ concentration of 100 mM. It is 

nevertheless possible that the very large reduction in uridine apparent affinity observed 

for E519C is, at least in part, secondary to the low apparent binding affinity for Na+ 

and the change in Na+:nucleoside coupling ratio from 2:1 to 1:1. 

CNTs are currently defined by 13 putative TMs (Fig. 9-1), with two additional 

TMs (5A and 11 A) weakly predicted by computer algorithms (21). Experimental 

studies using site-specific antibodies and introduced glycosylation sites have 

confirmed the intracellular location of the N-terminus, the cytoplasmic exposure of 

the loop linking TMs 4 and 5, and the extracellular location of the C-terminus (21). 

Both a 13 and 15 TM membrane architecture are consistent with these landmarks. 

SCAM analysis of TMs 11, 12 and 13 of a functional cysteine-less version of hCNT3 

(hCNT3C-) using methanethiosulfonate (MTS) reagents (22) and of TM 12 using 

PCMBS (Chapter 7), as well as other structure/function studies {e.g. 23, Chapter 4) 

are also consistent with both models. 

In the present investigation, the introduced cysteine residues in mutants 

E343C and E519C were accessible to the membrane-impermeant reagent PCMBS, 

resulting in marked inhibition of uridine transport activity and suggesting that both 

residues are pore-lining (Fig. 9-13). In the case of E343C (and to a lesser extent for 
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E519C), this inhibition was prevented by externally applied uridine, implying a 

location within, or close to, the nucleoside binding pocket. Similarly, the equivalent 

TM 7 mutant of hCNTl, E322C, showed uridine-protectable inhibition by both 

PCMBS and the MTS reagent 2-aminoethyl methanethiosulfonate hydrobromide 

(MTSEA), confirming that there are topological similarities between the two 

transporters (Appendix 4). Supporting the pore-lining location of hCNT3 E343, the 

corresponding residue in hCNT3C-, when converted to cysteine, also results in 

PCMBS inhibition of uridine uptake (24). Based upon the pattern of PCMBS 

inhibition and uridine protection observed in SCAM analysis of hCNT3 TM 12 

(Chapter 7), it is likely that the uridine binding pocket is centrally positioned 

approximately half-way across the membrane. With this expectation, the location of 

Glu332 close to one end of TM 7 becomes diagnostic with respect to the orientation of 

the helix and favors a 15 TM rather than 13 TM membrane architecture. This is 

because insertion of region 5A into the membrane reverses the orientation of 

subsequent TMs, including TM 7, placing Glu343 deep within the translocation pore 

immediately distal to the proposed location of the uridine binding site (Fig. 9-1, 

inset). 

From a mechanistic standpoint, this places Glu in a position consistent with 

this residue forming part of the internal gate of the transporter vestibule. Such a 

function is strongly suggested by the kinetic characteristics of Glu34 mutants, where 

large reductions in Vmax relative to wild-type hCNT3 were a consistent feature (Tables 

9-2 and 9-3) and, diagnostically, by the partially uncoupled channel-like activity of 

mutant hCNT3 E343Q and, to a lesser extent, E343C (Figs. 9-10A, 9-10C and 9-11, 

and Table 9-4). Supported by parallel findings of altered Na+-coupling for hCNTl 

mutant E322Q (Appendix 4), it was established that both Na+- and H+-coupling 

modes of hCNT3 function were compromised and, additionally, that the mutant 

transporters manifested atypical steady-state currents not seen in the wild-type 

protein. 

A paradigm for the role proposed here for hCNT3 Glu can be found in the 

potential gating function of negatively charged residues within the common 
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cation/solute translocation pore of the recently solved three-dimensional crystal 

structure of the Aquifex aeolicus LeuTAa Na+/Cl"-dependent leucine transporter (25). 

In this protein, negatively-charged residues stabilize the transporter in a closed 

conformation that occludes closely-associated Na+ and leucine binding sites halfway 

across the membrane lipid bilayer. Similar to the mammalian GAT1 Na+/Cl"-

dependent GABA transporter (26, 27), a member of the same protein family as 

LeuTAa, hCNT3 (and hCNTl) presteady-state currents largely reflect binding and 

potential occlusion of extracellular Na+. Consistent with a potential gating function 

for hCNTl E322, its mutation markedly decreased hCNTl presteady-state currents 

(Appendix 4). Examples of other transporters where glutamate and aspartate residues 

are proposed to stabilize conformational transitions within the transport cycle include 

the E. coli PutP NaVproline transporter (5) and LacY H+-coupled lactose permease (2, 

3, 28). Introduction of cysteine at position Glu in place of glutamine led to a 

marginally less severe transport phenotype, possibly because the slight 

electronegative character of the sulphur atom in part is mitigated against loss of the 

glutamate negative charge. 

As illustrated in Fig. 9-1, hCNT3 Glu519 and the conserved motif of which it is 

a part are located in a region of the protein that is potentially exofacial (in the loop 

linking TMs 11 and 12) or membrane-associated (TM 11 A). The functional 

significance of Glu519 revealed by the present study strongly favors the latter 

possibility. In the 15 TM model of hCNT3 topology, region 11A is predicted to be 

transmembrane (as opposed to a re-entrant loop) in order to preserve the exofacial 

orientation of the glycosylated C-terminus of the protein. With regions 5 A and 11A 

both transmembrane, the whole of the central TM 6-11 region of the protein, not just 

TM 7, would be in an opposite orientation (Fig. 9-1, inset). 

hCNT3 and the other CNT3 subfamily member hfCNT each have two cation 

binding sites (29, Chapters 5 and 6). One hCNT3 site is Na+-specific, whereas the 

second site may functionally interact with both H+ and Na+ (Chapters 5 and 6). In the 

case of hfCNT, both sites are specific for Na+ (28). hCNTl and hCNT2, in contrast, 

have single Na+-specific sites (14, Chapter 6). C. albicans CaCNT (30) also has a 
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single cation binding site, in this case FT'-specific. Other CNT family members that 

are exclusively H+-coupled, and presumed also to have single H+-specific binding 

sites, include E. coli NupC (Appendix 2) and C. elegans CeCNT3 (31). A central 

question in CNT energetics is the structural, functional and evolutionary relationship 

between these various cation binding sites in different CNT family members. In the 

case of human and other mammalian CNTs, for example, which of the two cation-

binding sites of hCNT3 corresponds to the single Na+-specific site of hCNTl/2? 

Another key question in CNT biology is the role of the (G/A)^KX3NEFVA(Y/M/F) 

motif. The present findings with respect to hCNT3 Glu519 provide insights into both 

these issues. Since mutation of Glu519 led to (i) complete abolition of transport 

function (mutant E519Q), (ii) selective reduction of H+-dependence (mutant E519D), 

and (iii) loss of H+-dependence in conjunction with a change in Na+:uridine 

stoichiometry from 2:1 to 1:1 (mutant E519C), this residue is shown to be of crucial 

importance to cation-coupling perhaps, as suggested by the very low Na+-binding 

affinity of E519C, through direct electrostatic interaction with the coupling cation. 

Alternatively, Glu519 may facilitate cation-induced conformational transitions. 

Furthermore, Glu519 appears to be specifically linked to the hCNT3 cation binding site 

common to Na+ and H+. This being the case, and given that Glu519 and the motif to 

which it belongs are present in all CNTs, the shared Na+/H+ binding site of hCNT3 is 

likely to be the equivalent of the Na+-specific site of hCNTl/2 and the H+-specific site 

of NupC, CeCNT3 and CaCNT. As further evidence that changes in CNT cation 

specificity can be achieved through only minor structural alterations to the 

translocation pore, substitution of hCNT3 TM 12 residue Cys561 with larger neutral 

amino acids also leads to selective loss of H+-coupling (Chapter 8). 

Finally, and similar to GAT1 (27), electrophysiological studies of 

presteady-state currents predict that an occlusion step occurs between the binding of 

successive Na+ ions to hCNT3 prior to transport (32). Thus, Na+ (or H+) binding to 

the initial (primary) site in hCNT3 may result in a conformational change (occlusion 

step) thereby resulting in the second (auxiliary) Na+-site becoming available. If 

substitution of Glu with glutamine totally abolishes cation binding to the first of 

these sites, then complete loss of transport function, as occurs for E519Q, would be 
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anticipated. By analogy to the effect of introducing cysteine at position Glu519, it is 

possible that the slight electronegative character of the sulphur atom in mutant E519C 

is sufficient to allow low-affinity binding of Na+ to the first site, enabling the 

observed low-efficiency (and sigmoidal) Na+-coupled nucleoside transport to occur. 

In conclusion, therefore, the present investigation builds upon a parallel study 

of glutamate and aspartate residues in hCNTl (Appendix 4) to reveal important new 

and novel insights into the mechanism(s) of cation-coupling of hCNT3 and other 

CNT family members. In addition to primary effects on cation coupling, mutation of 

both Glu343 and Glu519 produced changes in nucleoside selectivity, confirming close-

proximity integration of cation and nucleoside binding and transport within a 

common translocation pore, an emerging theme common to other recent 

investigations of hCNT structure/function relationships (Chapters 4, 5 and 7, 

Appendix 4). Structurally, the results presented here provide valuable support for a 

revised 15 TM model of CNT membrane architecture. 
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Table 9-1. Mediated uptake of radiolabeled nucleosides by hCNT3 and 

mutants. Uptake of 20 uM radiolabeled uridine, inosine and thymidine in 100 mM 

NaCl, pH 7.5 was measured in oocytes expressing hCNT3 mutants or wild-type 

hCNT3. Values were corrected for basal non-mediated uptake in control water-

injected oocytes and are the means ± SEM of 10 - 12 oocytes. 

Mediated Nucleoside Uptake (pmol/oocyte.min") 
Uridine Inosine Thymidine 

D192N 
E329Q 
E343Q 
E343D 
E343C 
E359Q 
E410Q 
E434Q 
E483Q 
D503N 
E519Q 
E519D 
E519C 
E553Q 
D586N 

hCNT3 

12.2 ±0.7 
16.5 ±0.4 
1.7±0.1 
4.5 ±0.6 
4.0 ±0.2 
14.8 ±0.7 
16.9 ± 1.1 
14.3 ±0.6 
15.6 ±0.9 
11.7 ±0.8 

<0.1 
20.7 ± 0.7 
0.6 ±0.1 

20.8 ±1.1 
19.7 ±1.0 

17.4±1.1 

15.3 ±0.6 
19.4 ±0.9 
1.3 ±0.1 
3.3 ±0.3 
1.1 ±0.1 
18.8 ±0.9 
17.4 ±0.9 
18.5 ±1.0 
18.8 ±0.6 
14.6 ±0.9 

<0.1 
13.5 ±0.9 
0.1 ±0.1 

24.4 ± 0.7 
21.0 ±0.8 

18.7 ±1.0 

12.5 ±0.4 
13.2 ±0.6 
1.9±0.1 
4.4 ±0.6 
1.9 ±0.3 
13.7 ±0.7 
13.4 ±0.6 
13.8 ±0.5 
11.6 ±0.4 
10.4 ±0.8 

<0.1 
9.6 ±0.6 
0.2 ±0.1 
14.2± 0.6 
13.4 ±0.5 

15.6 ±0.7 
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Table 9-2. Kinetic parameters for uridine uptake mediated by hCNT3 and 

mutants. 

E343Q 
E343D 
E343C 
E519D 
E519C 

hCNT3 

Apparent Km
a 

(MM) 

3.9 ±0.7 
2.4 ±0.3 
18.9 ±0.9 
35.0 ±1.6 
876 ± 57 

10.9 ±0.7 

V a 

' m a x (pmol/oocytes .min"1) 

1.7± 0.1 
3.2 ±0.1 
7.2 ±0.1 

40.1 ±0.5 
39.0 ±0.9 

23.4 ±0.4 

' max--*M 

ratio 

0.4 
1.3 
0.4 
1.1 

<0.1 

2.1 

\ from Fig. 9-5. 
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Table 9-3. Na+- and H+-activation kinetic parameters for hCNT3 and mutants. 

Na+-Activation Kinetic Parameters 
Apparent Vmax Hill 

K50 (pmol/oocyte. Coefficient 
(mM) min"1) 

H+-Activation Kinetic Parameters 
Apparent Fmax Hill 

K50 (pmol/oocyte. Coefficient 
(nM) min'1) 

E343Q 
E343D 
E343C 
E519D 
E519C 

nd 
6.3 ± 0.4 
40 ± 3 

5.5 ±0.3 
58 ± 3 

nd 
1.5 ±0.1 
4.8 ±0.3 
13.0 ±0.4 
2.1 ±0.1 

1.8 ±0.1 
1.4 ±0.1 
1.4±0.1 
1.9 ±0.1 

nd 
46 ±12 
231 ±54 
42 ±13 

-

nd 
1.9 ±0.1 
0.5 ±0.1 
0.7 ±0.1 

-

0.8 ±0.1 
0.7 ±0.1 
0.7 ±0.1 

-

hCNT3 10.5 ±0.7 10.3 ±0.4 1.5 ±0.1 495 ±106 8.7 ±0.4 0.7 ±0.1 

a, from Fig. 9-7 (Na+) or Fig. 9-8 (H+); nd; not determined. 
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Table 9-4. Na+:uridine and H+:uridine stoichiometry for hCNT3 and mutants. 

E343Q 
E343D 
E343C 
E519D 
E519C 

hCNT3 

Na+:uridine 
Stoichiometry3 

-7.52 
1.70 ±0.06 

<2.2 
2.13 ±0.14 
0.84 ± 0.04 

1.93 ±0.07 

H+:uridine 
Stoichiometryb 

-7.41 
1.15 ±0.04 

nd 
0.61 ±0.09 

nd 

1.02 ±0.04 

a, from Fig. 9-10; , in transport medium containing 100 mM ChCl, pH 5.5; nd, not 

determined. 
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Table 9-5. Comparison of hCNTl and hCNT3 mutations. 

Mutation 

hCNTla 

D172N 

E308Q 

E308D 
E308C 

E322Q 

E322D 

E322C 

E338Q 

E389Q 

E413Q 

-

D482N 
D482E 
D482C 

E498Q 
E498D 
E498C 

hCNT3 

D192N 

E329Q 

-

-

E343Q 

E343D 

E343C 

E359Q 

E410Q 

E434Q 

E483Q 

D503N 
-

-

E519Q 
E519D 
E519C 

Plasma Membrane 
Expression 

hCNTl 

nd 

V 

V 
V 

V 

V 

V 

nd 

nd 

nd 

-

X 
V 
nd 

X 
V 
nd 

hCNT3D 

nd 

nd 

-

-

V 

V 

V 

nd 

nd 

nd 

nd 

nd 
-

-

V 
V 
V 

Change in 

hCNTl 

wt 

Na+/uridine 
kinetics 

uridine kinetics 
nd 

Na+/uridine 
kinetics, 

uncoupled 
transport 

Na+/uridine 
kinetics 

nd 

wt 

wt 

wt 

-

? (no activity) 
wt 

? (no activity) 

? (no activity) 
wt 

? (no activity) 

t Phenotype 

hCNT3c 

wt 

wt 

-

-

Na+/uridine kinetics, 
no H+-dependence, 
uncoupled transport 

Na+/H+/uridine 
kinetics 

Na+/H+/uridine 
kinetics, 

uncoupled transport 

wt 

wt 

wt 

wt 

wt 
-
-

non-functional 
H+ kinetics 

Na+/uridine kinetics, 
no H -dependence, 

1:1 Na+:uridine 
stoichiometry 
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Table 9-5 (continued). 

Mutation 

hCNTla 

E532Q 
E532D 
E532C 

D565N 

hCNT3 

E553Q 
-
-

D586N 

Plasma Membrane 
Expression 

hCNTl 

X 
X 
nd 

nd 

hCNT3b 

nd 
-
-

nd 

Chan 

hCNTl 

-

? (no activity) 

wt 

Change in Phenotype 

hCNT3c 

wt 

wt 

a; from Appendix 4; b, from Fig. 9-3;c, from Fig. 9-2 and Tables 9-1, 9-2, 9-3 and 9-4; 

nd, not determined; wt, wild-type-like cation-dependent nucleoside transport. 
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Figure 9-1. Putative hCNT3 topology model. Schematic of proposed hCNT3 

(GenBank™ accession number AF305210) membrane architecture with 13 ± 2 TMs, 

as predicted by bioinformatic analyses of currently identified CNT family members. 

The location of a conserved (G/A>XKX3NEFVA(Y/M/F) motif in TM 11A is 

indicated. Insertion of TMs 5 A and 11A into the membrane, resulting in a 15 TM 

topology and opposite orientations of TMs 6 - 11, is depicted in the inset. The 

positions of highly conserved negatively charged aspartate and glutamate residues are 

indicated in black. 
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Figure 9-2. Cation selectivity of hCNT3 mutants. Mediated uptake of 20 uM 

radiolabeled uridine in transport medium containing 100 m M NaCl pH 7.5 {black 

bars), ChCl pH 5.5 {open bars) or ChCl pH 7.5 (hatched bars) for oocytes expressing 

hCNT3 mutants (as indicated) or wild-type hCNT3. Values were corrected for basal 

non-mediated uptake in control water-injected oocytes and are means ± SEM of 10 -

12 oocytes. 
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Figure 9-3. Cell-surface expression levels of hCNT3 and mutants. Oocytes injected 

with RNA transcripts encoding E343Q, E343C or E343D (A) or E519Q, E519C or 

E519D (B) or hCNT3 (A and B) and control water-injected oocytes (A and 5) were 

assayed for the presence of plasma membrane recombinant protein expression by 

immunoblotting. 
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Figure 9-4. Nucleoside selectivity of hCNT3 and mutants. Uptake of 20 uM 

radiolabeled uridine (U), adenosine (A), guanosine (G), thymidine (T), cytidine (C) 

and inosine (I) was measured in oocytes expressing E343Q (A), E343D (B), E343C 

(Q, E519D (Z>), E519Q (E) or hCNT3 (F) in 100 mM NaCl, pH 7.5 (black bars) and 

100 mM ChCl, pH 5.5 (open bars). Values were corrected for basal non-mediated 

uptake in control water-injected oocytes and are means ± SEM of 10 - 12 oocytes. 
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Figure 9-5. Uridine kinetics of hCNT3 and mutants. Radiolabeled uridine uptake 

was measured under initial rate conditions in 100 mM NaCl transport medium (pH 7.5) 

in oocytes expressing E343Q (A), E343D (B), E343C (Q, E519D (£>), E519C (E) or 

hCNT3 (F) for uridine concentrations ranging from 0-500 uM (A - D,E inset only, F) 

and 0 - 2 mM (E). Data points represent the mean ± SEM of 10 - 12 oocytes. Kinetic 

parameters calculated from the mediated component of transport (uptake in RNA-

injected oocytes minus uptake in water-injected oocytes) are presented in Table 9-2. 
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Figure 9-6. Guanosine inhibition of hCNT3 and mutants. Uptake of 20 uM 

radiolabeled uridine was measured in the presence of 0 - 1000 uM non-labeled 

guanosine in 100 m M NaCl transport medium (pH 7.5) in oocytes expressing E343Q 

(A), E343D (B), E343C (Q, E519D (D), E519C (E) or hCNT3 (F). Data points 

represent the mean ± SEM of 10 - 12 oocytes. Kinetic parameters are calculated from 

the mediated component of transport (uptake in RNA-injected oocytes minus uptake in 

water-injected oocytes). 
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Figure 9-7. Na+-activation kinetics of hCNT3 and mutants. Na+-activation curves 

for oocytes expressing E343Q (A), E343D (B), E343C (Q, E519D (£>), E519C (£) or 

wild-type hCNT3 (F) were measured in transport medium containing 0 - 1 0 0 mM 

NaCl at pH 8.5 with isomolality maintained by addition of ChCl. A radiolabeled 

uridine concentration of 20 \iM was used. Data points represent the mean ± SEM of 

1 0 - 1 2 oocytes. Kinetic parameters calculated from the mediated component of 

transport (uptake in RNA-injected oocytes minus uptake in water-injected oocytes) 

are presented in Table 9-3. 
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Figure 9-8. ET-activation kinetics of hCNT3 and mutants. H+-activation curves for 

oocytes expressing E343Q (A), E343D (B), E343C (Q, E519D (D) or hCNT3 (E) were 

measured in transport medivim containing 100 m M ChCl transport medium with pH 

values ranging from 4.5 to 8.5. A radiolabeled uridine concentration of 20 uM was 

used. Data points represent the mean ± SEM of 10 - 12 oocytes. Kinetic parameters 

calculated from the mediated component of transport (uptake in RNA-injected oocytes 

minus uptake in water-injected oocytes) are presented in Table 9-3. 
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Figure 9-9. Uridine-evoked steady-state currents of hCNT3 and mutants. 

Uridine-evoked currents in 100 mM NaCl pH 8.5 or 100 mM ChCl pH 5.5, pH 7.5 or 

pH 8.5 transport media {right to left columns, respectively) are shown for 

representative oocytes producing E343Q, E343D or E343C (A) or E519D, E519C or 

hCNT3 (B). No current was detected in control water-injected oocytes (data not 

shown). Bars indicate the duration of exposure to 200 uM uridine. The bar graph of 

(Q shows the same uridine-evoked steady-state currents from > 4 oocytes each 

normalized to current in 100 mM NaCl pH 8.5. Error bars are not shown where 

values were smaller than that represented by the symbols. 
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Figure 9-10. Na :uridine stoichiometry of hCNT3 and mutants. Charge to 

radiolabeled uridine uptake ratio plots were generated with oocytes expressing E343Q 

(A), E343D (B), E343C (Q, E519D (£>), E519C (E) or hCNT3 (F) in 100 mM NaCl 

transport medium at pH 8.5. A uridine concentration of 200 uM was used and the 

oocytes were clamped at a holding potential of -90 mV. Integration of the uridine-

evoked current was used to calculate the net cation influx (charge) and was correlated to 

the net 3H-uridine influx (flux). Linear fits passed through the origin and linear 

regression analysis of the data for each plot is indicated by the solid line. The dashed 

line represents a theoretical 2:1 (B, C, D and F) and 1:1 (E) charge:uptake ratio. 

Calculated Na+:uridine coupling ratios from these data are presented in Table 9-4. 
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Figure 9-11. Current-voltage relationships of E343Q-mediated uridine 

transport. (A) Current-voltage (I-V) curves for representative E343Q-producing 

oocytes in 100 mM NaCl pH 8.5 (squares), 100 mM ChCl pH 5.5 (circles) and 100 

mM ChCl pH 8.5 (diamonds) transport media were generated from the difference 

between steady-state currents recorded in the presence and absence of 100 uM 

uridine. Oocytes were clamped at a holding potential (Vh) of -50 mV and pulsed to 

test (Vt) ranging from -110 to +60 mV in 10 mV increments. Data points represent the 

mean ± SEM from 6 - 8 oocytes. No uridine-induced currents were observed in 

control water-injected oocytes. Error bars are not shown where values were smaller 

than that represented by the symbols. (B) Representative traces of uridine-evoked 

currents in 100 mM ChCl pH 5.5 are depicted for a representative oocyte expressing 

E343Q and clamped at holding potentials (Vh) of -90, -50, -30, -10 and +10 mV, as 

indicated. No currents were detected in control water-injected oocytes (data not 

shown). Bars indicate the duration of exposure to 100 uM uridine. 
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Figure 9-12. Na+-activation kinetics of hCNT3 and E519C determined by 

electrophysiology. The Na+-activation curves for E519C (A) and wild-type hCNT3 (B) 

were determined at a holding potential of -90 mV in 100 mM NaCl pH 8.5 transport 

medium. The uridine concentrations used were 200 and 20 uM for E519C and hCNT3, 

respectively. Uridine-evoked currents at each Na+ concentration were normalized to the 

respective fitted 7max value and are presented as the mean ± SEM of 8 (E519C) or 5 

(hCNT3) oocytes. Error bars are not shown where values were smaller than that 

represented by the symbols. No currents were detected in control water-injected 

oocytes (data not shown). 
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Figure 9-13. PCMBS inhibition of hCNT3-, E343C- and E519C-mediated 

uridine transport. Radiolabeled uridine uptake (20 |j,M) was measured in oocytes 

producing E343C, E519C or hCNT3 following incubation in the absence (solid and 

grey bars) or presence (open and hatched bars) of 500 uM PCMBS, and in the 

absence (solid and open bars) or presence (grey and hatched bars) of 20 mM uridine. 

The medium for exposure to PCMBS and subsequent assay of transport activity was 

100 mM NaCl pH 8.5. Data are presented as mediated transport, calculated as uptake 

in RNA-injected oocytes minus uptake in water-injected oocytes. Each value 

represents the mean ± SEM of 10 - 12 oocytes. Error bars are not shown where 

values were smaller than that represented by the symbols. 
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Introduction 

Current models of concentrative nucleoside transporter (CNT) topology have 

13 putative transmembrane domains (TMs) (1-4). Two additional TMs (designated 

5 A and 11 A) are weakly predicted by computer algorithms and immunocytochemical 

experiments with site-specific antibodies, and studies of native and introduced 

glycosylation sites have confirmed an intracellular N-terminus and an extracellular C-

terminus (3). Chimeric studies involving human (h) CNTs and hagfish (hf) CNT, a 

CNT from the ancient marine prevertebrate the Pacific hagfish Eptatretus stouti, have 

revealed that the functional domains responsible for CNT nucleoside selectivity and 

cation coupling reside within the C-terminal TM 7-13 half of the protein (5, Chapter 

5). In contrast to mammalian and other eukaryotic CNTs, NupC, a H+-coupled CNT 

family member from Escherichia coli, lacks TMs 1-3, but otherwise shares a similar 

membrane topology (6, Appendix 2). 

A functional cysteine-less version of hCNT3 has been generated by mutagenesis 

of endogenous cysteine residues to serine, resulting in the cysteine-less construct 

hCNT3C- employed originally in a yeast expression system for substituted cysteine 

accessibility method (SCAM) analysis of TMs 11, 12 and 13 using 

methanethiosulfonate (MTS) reagents (7). Subsequently, hCNT3C- was characterized 

in the Xenopus laevis oocyte expression system (Chapter 8), and SCAM analysis 

projects were initiated with the alternative thiol-specific reagent p-

chloromercuribenzene sulfonate (PCMBS) (Chapter 7) that will eventually encompass 

the entire C-terminal half of the protein. Both membrane-impermeant and hydrophilic, 

PCMBS reactivity with introduced cysteine residues, as measured by transport 

inhibition, indicates pore-lining status and access from the extracellular medium; the 

ability of permeant to protect against this inhibition indicates location within, or closely 

adjacent to, the nucleoside binding pocket (8, 9). Continuing the investigation of 

hCNT3 C-terminal membrane topology and function, the present study reports results 

for the TM 11-13 part of the protein, including loop regions linking the putative TMs 

not previously studied using MTS reagents. 
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In previous structure/function studies of hCNT3, a cluster of conformationally 

mobile residue positions in TM 12 (He554, Tyr558 and Cys561) were identified which 

exhibit H+-activated inhibition by PCMBS, with uridine protection evident for Tyr558 

and Cys5 (Chapter 7). Located deeper within the plane of the membrane, other 

uridine-protectable residue positions in TM 12 are PCMBS-sensitive in both H+- and 

Na+-containing medium (Chapter 7). Also in previous studies, hCNT3 Glu519 and the 

corresponding residue in hCNTl (Glu498) in region TM 11A were identified as having 

key roles in permeant and cation binding and translocation (Chapter 9, Appendix 4); 

additionally, hCNT3 E519C showed inhibition of uridine uptake by PCMBS (Chapter 

9). Mechanistically, this residue is proposed to be a direct participant in cation coupling 

via the common hCNT3 Na+/H+-binding site that, in other CNTs, is either Na+-specific 

(e.g. hCNTl) or H+-specific (e.g. NupC) (Chapter 9). The present results identify other 

residues of functional importance in this region of the protein, confirm the predicted a-

helical structures of TMs 11, 12 and 13, and provide evidence for a novel membrane-

associated conformation for the TM 11A region. These findings strongly support a 

revised 15 TM topology model for CNTs. A version of these results for TM 12 is also 

presented in Chapter 7. 

Results 

All 14 endogenous cysteine residues of hCNT3 were replaced with serine to 

produce hCNT3C-, a cysteine-less hCNT3 construct (7, Chapter 8). hCNT3C- retained 

wild-type hCNT3 functional activity (Chapter 8). In parallel with previous studies (7, 

Chapter 7), hCNT3C- was used as a template for the construction of single cysteine 

mutants prior to scanning for functional activity and inhibition by PCMBS. The 133 

residues spanning a region between and including TMs 11-13 that were investigated in 

the present study are highlighted in Fig. 10-1. 

Functional activity of single cysteine mutants - hCNT3 transports nucleosides 

using both Na+ and H+ electrochemical gradients (Chapters 5 and 6). Therefore, to 

examine the functional activity of single cysteine mutants, uptake of 10 uM radiolabeled 
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uridine was determined in both Na -containing, H -reduced and Na -free, acidified 

medium (100 mM NaCl, pH 8.5 and 100 mM ChCl, pH 5.5, respectively). Na+-

containing medium was buffered at a pH of 8.5 to avoid the small, but significant, 

amount of hCNT3 H^-activation that occurs at pH 7.5 (Chapters 5 and 6). Previously, 

Na+-coupled uridine transport by hCNT3 at pH 8.5 was verified to be kinetically 

indistinguishable from that at pH 7.5 (Chapter 8). Initial rates of transport (+ SEM) for 

each mutant, in units of pmol/oocyte.min"1, are given in Table 10-1. The uptake of 10 

uM radiolabeled uridine (100 mM NaCl, pH 8.5) by oocytes expressing hCNT3C-

showed expected variation between experiments and ranged from 2 and 4 

pmol/oocyte.min"1 (data not shown). The flux values reported in Table 10-1, and in 

subsequent Tables and Figures, depict mediated transport activity, defined as the 

difference in uptake between RNA transcript-injected and control water-injected 

oocytes, and are from representative experiments. In all of the studies reported here, 

uridine uptake in water-injected oocytes was < 0.02 pmol/oocyte.min"1 under all 

conditions tested (data not shown). 

Mutants exhibiting uridine uptake values < 0.1 pmol/oocyte.min"1 were 

excluded from further analysis (Table 10-1). Only nine out of the 133 residues 

investigated fell into this category (6.8%) and in every case, the mutation to cysteine 

resulted in a protein with low functional activity both in Na+- and H+-containing 

media (100 mM NaCl, pH 8.5 and 100 mM ChCl, pH 5.5, respectively). The nine 

amino acids were: Met496 and Gly498 in TM 11, Glu519 in TM 11 A, Phe563 and Ser568 

in TM 12, and Arg593, Ala594, Ala606 and Gly610 in TM 13. 

To facilitate comparisons between the remaining 124 mutants, the uridine 

transport activity of each construct is also presented as a Na :H uptake ratio (Table 

10-1). Corresponding Na+:H+ ratios of uridine uptake (10 uM) for wild-type hCNT3 

and cysteine-less hCNT3C- were —1.7 and 1.0, respectively (averaged results from 

multiple experiments; data not shown) and are in good agreement with previous studies 

(Chapters 5, 6 and 8). Residue mutations which resulted in Na+:H+ ratios of uridine 

uptake < 0.5 and > 2.5 (Table 10-1) are highlighted in the hCNT3 topology schematic 

shown in Fig. 10-2. 
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All mutants in TM 11, TM 13 and in the loop between TMs 12 and 13 

exhibited Na+:H+ uptake ratios similar to hCNT3/hCNT3C-. In contrast, mutant 

Y558C(C-) in TM 12 presented a Na+:H+ ratio of 0.2 and three other TM 12 mutants 

exhibited Na+:H+ ratios > 2.5 (A564C(C-), N565C(C-) and I566C(C-) with ratios 

equal to 5.0, 3.3 and 2.6, respectively). 

A cluster of residues with altered cation-coupling characteristics was also 

evident in the loop between TMs 11 and 12. Mutation of residue Tyr to cysteine 

resulted in a Na+:H+ uptake ratio of 0.4 and the more numerous residues whose 

mutation to cysteine resulted in Na :H ratios > 2.5 were Gly512 (3.9), Lys514 (7.9), 

Phe516 (3.1), Ala522 (7.0), Glu524 (2.6) and His525 (2.7). All seven of these residues lie 

within the predicted TM 11A and, more specifically, five are located within the 

conserved CNT family (G/A)^KX3NEFVA(Y/M/F) motif. This motif in hCNT3 

corresponds to residues GYKTFFNEFVAY which span the region from Gly512 to 

Tyr523. Although the transport activity of E519C(C-) was < 0.1 pmol/oocyte.min"1 and 

therefore not analyzed in the present study, the transport activity of two Glu519 mutants 

in a wild-type hCNT3 background (E519D and E519C) was previously characterized 

(Chapter 9). Both of these mutants displayed robust transport of uridine in the presence 

of Na+, but only low (E519D) or not detectable levels of transport activity in the 

presence of H1" (E519C) (Chapter 9). 

PCMBS inhibition of single cysteine mutants - Wild-type hCNT3 and three TM 

12 residues (He554, Tyr558 and Cys561) were previously reported to be sensitive to 

inhibition by PCMBS under acidic conditions only (ie. in the presence of FT") (Chapter 

7). Previous control experiments have also established lack of inhibition by PCMBS for 

transport mediated by hCNT3C- in both Na+- and H+-containing medium (Chapter 7). 

Therefore, single cysteine mutants of hCNT3C- were tested for inhibition by PCMBS 

both in Na+-containing, H+-reduced medium (100 mM NaCl, pH 8.5) and in Na+-free, 

acidified medium (100 mM ChCl, pH 5.5). After 10 min exposure to 200 uM PCMBS, 

uptake of 10 uM radiolabeled uridine was assayed in medium of the same composition 

(10, Chapter 7). Results for each individual mutant calculated as a percentage of 

mediated uridine uptake in the absence of PCMBS are presented in Fig. 10-3 (TM 
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regions) and Fig. 10-4 (loop regions). For screening purposes, a residue was considered 

PCMBS-inhibitable upon exhibiting < 60% of uridine uptake (ie. > 40% inhibition of 

uridine uptake) following incubation with PCMBS. Residues that were PCMBS-

inhibitable are highlighted in Figs. 10-3 and 10-4, and the corresponding numerical 

values are presented in Table 10-2. A schematic of the locations of these PCMBS-

inhibitable residues is presented in Fig. 10-5. 

In TM 11, three residues, Phe482, Ser487 and Met491, were PCMBS-inhibitable in 

both Na+- and H+-containing medium upon mutation to cysteine. Flanking Phe482, 

mutants E483C(C-) and L484C(C-) were PCMBS-inhibitable in Na+-containing 

medium only and, in the opposite direction, L480C(C-) was PCMBS-inhibitable only in 

H+-containing medium. As described previously (Chapter 7), and as also shown here, 

TM 12 contains four residues which, upon mutation to cysteine, are PCMBS-inhibitable 

in the presence of both Na+ and H+ (Thr557, Asn565, Gly567 and lie571) and three which are 

only PCMBS-inhibitable in the presence of H+ (lie554, Tyr558 and Ser561). In TM 13, 

three mutants were PCMBS-sensitive (A601C(C-), A609C(C-) and L612C(C-)) and 

were inhibitable in both Na+- and FT -̂containing media. 

Inhibition of an introduced cysteine residue by PCMBS was previously 

described for Glu519 in hCNT3 TM 11A (Chapter 9). Scanning of the loop between 

TMs 11 and 12, the region which includes TM 11 A, revealed additional residues which 

were also PCMBS-inhibitable. Upon conversion to cysteine in hCNT3C-, residues 

Met506, Tyr513, Phe516, Phe517, Asn518, Phe520, Val521, Tyr523 and Leu526 were PCMBS-

inhibitable in both Na+- and ^-containing media. Additionally, Ala522 in Na+-

containing medium only and Ala508, Gly512 and Gin545 in F^-containing medium only 

were also PCMBS-inhibitable. Of these 13 residues, 11 lie within the TM 11A region, 

and nine are located within the CNT family (G/A>YKX3NEFVA(Y/M/F) motif. In 

contrast to this region, none of the residues in the TM 1 2 - 1 3 loop, when converted to 

cysteine in hCNT3C-, demonstrated inhibition by PCMBS under either cation condition. 

Uridine protection of PCMBS inhibition - Subsequent experiments investigated 

the ability of extracellular uridine (20 mM) to protect against inhibition by PCMBS for 
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residues which were PCMBS-inhibitable in either or both Na+- and H+-containing 

media. Results for each individual mutant are presented in Table 10-2 as a percentage of 

mediated uridine uptake in the absence of PCMBS, and uridine-protectable residues are 

highlighted in the hCNT3 topology schematic of Fig. 10-5. 

In TM 11, three residues exhibited uridine protection from PCMBS inhibition. 

L480C(C-), which was PCMBS-inhibitable in ^-containing medium only, 

demonstrated full protection against that inhibition and F482C(C-), which was PCMBS-

inhibitable in both Na+- and FT-containing medium, was also fully protectable under 

both cation conditions. In contrast, M491C(C-), which was also PCMBS-inhibitable 

under both cation conditions, was partially protectable only in Na+-containing medium. 

As previously described (Chapter 7), five of the seven PCMBS-inhibitable mutants in 

TM 12 exhibited uridine protection. These were N565C(C-), G567C(C-) and I571C(C-) 

which were PCMBS-inhibitable in both Na+- and H+-containing medium, and 

Y558C(C-) and S561C(C-) which were PCMBS-inhibitable only in the presence of H+. 

Except for Y558C(C-), the four other TM 12 mutants exhibited full protection against 

PCMBS inhibition. Of the three mutants in TM 13 which were PCMBS-inhibitable in 

both Na+- and H+-containing medium, L612C(C-) and A609C(C-) were fully and 

partially protectable, respectively, by extracellular uridine under both cation conditions. 

In the TM 11-12 loop, only one mutant inhibitable by PCMBS in both Na+ and 

H+-containing media, F516C(C-), exhibited uridine protection under both cation 

conditions. Y523C(C-) and L526C(C-), which were also PCMBS-inhibitable in the 

presence of both Na+ and FT4", were only protectable in Na+-containing medium. 

A508C(C-) and G512C(C-), which were PCMBS-inhibitable in Hf-containing medium 

only, and A522C(C-), which was PCMBS-inhibitable in Na+-containing medium only, 

also showed uridine protection under their respective cation conditions. All six of the 

uridine-protectable residues in the TM 11-12 loop are located in TM 11A and three of 

these reside within the CNT family (G/A)XKX3NEFVA(Y/M/F) motif. 
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Discussion 

Previous studies have used PCMBS to investigate the membrane topology and 

functions of key regions in hCNT3, including TMs 8, 11A and 12 (Chapters 4, 7 and 9). 

Incorporating results from TM 12 (Chapter 7), the present investigation reports a SCAM 

analysis of the entire C-terminal one-third of the protein (hCNT3C- TMs 11 - 13, 

inclusive) (Fig. 10-1). The functional importance of this region of hCNTs has been 

highlighted previously by a number of studies. For example, TM 11A residues Glu498 

and Glu of hCNTl and hCNT3, respectively, have been identified as playing 

important roles in nucleoside and cation binding and translocation events (Chapter 9, 

Appendix 4). In the wild-type hCNT3 background, mutants E519Q and E519C 

exhibited no and low functional activity, respectively, despite wild-type hCNT3-like 

abundance at the cell surface (Chapter 9). hCNT3 E519C exhibited decreased apparent 

affinities for both uridine and Na+, a change in Na+:nucleoside coupling ratio from 2:1 to 

1:1 and loss of FT -̂dependence (Chapter 9). Additionally, the mutant showed inhibition 

by PCMBS and was partially protectable by the addition of extracellular uridine 

(Chapter 9). Studies investigating the PCMBS sensitivity of wild-type hCNT3 and the 

decrease in apparent affinity for Na+ exhibited by hCNT3C- identified Cys561 (TM 12) 

as a conformationally mobile residue that becomes exposed to PCMBS in the H+-bound 

state of hCNT3 and which has importance for interactions with both Na+ and FT 

(Chapters 7 and 8). A mutation of TM 13 residue, Cys602, has also been shown to 

influence Na+ binding and/or translocation events (11). Using a yeast expression 

system, SCAM analysis of hCNT3C- single cysteine mutants of TMs 11, 12 and 13 

identified two residues in TM 11 (Leu480 and Ser487) and four in TM 12 (Thr557, Asn565, 

Gly567 and He571) that exhibited uridine-protectable inhibition by MTS reagents (7). 

These findings are consistent with both TMs 11 and 12 facing the water-accessible 

uridine permeation pathway. In contrast to the present study, the SCAM analysis of 

hCNT3 with MTS reagents in yeast focused exclusively on predicted membrane-

spanning residues in TMs 11,12 and 13, and did not include TM 11A and surrounding 

amino acids. 
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Initial characterization of the hCNT3C- single cysteine mutants investigated in 

the present study measured uridine uptake in both Na+- and HT-containing transport 

medium (Table 10-1). Of the 133 mutants examined, nine exhibited uridine uptake 

values < 0.1 pmol/oocyte.min"1 under both conditions (Table 10-1). Two of these 

mutants were in TM 11 (M496C(C-) and G498C(C-)), one in TM 11A (E519C(C-)), 

two in TM 12 (F563C(C-) and S568C(C-)) and four in TM 13 (R593C(C-), 

A594C(C-), A606C(C-) and G610C(C-)). These mutants were excluded from further 

functional analysis. 

Interestingly, the corresponding MTS study examining TMs 11, 12 and 13 in 

yeast also identified the majority of these same residues, upon mutation to cysteine, to 

be non-functional (Met496, Gly498, Phe563, Ala594 and Ala606) or exhibit low transport 

activity (Ser568, Arg593 and Gly610) (7). In addition, G598C(C-) was non-functional 

and I485C(C-), L595C(C-) and F603C(C-) exhibited low transport capacity in yeast 

(7). Cell surface processing experiments found all of these mutants, except 

G498C(C-) and L595C(C-), to be present at the yeast cell surface in similar 

abundance to the wild-type protein (7). Common to both studies, therefore, the 

following amino acids have potentially important roles in hCNT3 structure and/or 

function: Met496 in TM 11, Phe563 and Ser568 in TM 12, and Arg593, Ala594, Ala606 and 

Gly610 in TM 13. In the yeast expression system, mutants M496C(C-) and 

G598C(C-) were rescued by conversion to alanine (M496A(C-) and G598A(C-), 

respectively), whereas G498C(C-) and F563C(C-) were not (7). Although broadly 

similar in overall profile, the observed differences in the functional activity of some 

mutants indicates the existence of variations in processing, expression and/or 

conformation of the mature proteins at the cell surface in the Xenopus oocyte and 

yeast expression systems. 

hCNT3 couples nucleoside transport to both Na+ and Yt electrochemical 

gradients and exhibits a Na+:H+ ratio of uridine uptake (10 uM) of- 1.7 (Chapters 5 

and 6). Similarly, hCNT3C- also mediates both Na+- and FT -̂coupled uridine transport, 

although the apparent K5o for Na+ is increased ~ 11-fold, decreasing the Na+:H+ ratio of 

uridine uptake (10 uM) to ~ 1.0 (Chapter 8). Table 10-1 and Fig. 10-2 highlight those 
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residues whose mutation to cysteine in hCNT3C- resulted in Na+:H+ uridine uptake 

ratios either < 0.5 (ie. H+-preferring) or > 2.5 (ie. Na+-preferring). Such mutants 

identify residues likely to be involved directly or indirectly in interactions with the 

coupling cation. Furthermore, the locations of these residues correspond well with 

regions of the protein previously identified to be important for hCNT cation 

interactions. 

In a previous study, mutation of hCNT3 Cys561, a conformationally mobile 

TM 12 residue located at the Na+/H+ boundary of extracellularly-accessible residues, 

influenced interactions with coupling cation in a manner which was different for Na+ 

compared to H+ (Chapter 7). In good agreement with a role for TM 12 in cation 

interactions, mutation to cysteine in hCNT3C- resulted in Na+:H+ ratios of uridine 

uptake < 0.5 for residue Tyr558 (ie. H+-preferring) and > 2.5 for residues Ala564, 

Asn565 and He566 (ie. Na+-preferring). Also in a previous study, the hCNT3 TM 11A 

residue Glu519 was demonstrated to be an important determinant of Na+/H+ coupling 

to the conserved CNT cation binding site that in other family members interacts 

exclusively with either Na or H (Chapter 9). In the present investigation, mutation 

to cysteine in hCNT3C- resulted in Na+:H+ ratios of uridine uptake < 0.5 for residue 

Tyr513 and > 2.5 for residues Gly512, Lys514, Phe516, Ala522, Glu524 and His525 in the 

TM 11-12 loop, all of which also reside within TM 11 A. Thus, the present results 

expand this role(s) of hCNT3 Glu519 (TM 11 A) and Cys561 (TM 12) in cation binding 

and/or translocation to other adjacent residues in the same regions of the protein. 

To summarize the data presented in Table 10-2 and Figs. 10-3 and 10-4, the 

schematic in Fig. 10-5 highlights those residues identified in hCNT3C- as PCMBS-

sensitive and uridine-protectable. In agreement with previous predictions (3, 7), the 

pattern of PCMBS inhibition evident within TMs 11,12 and 13 supports a conventional 

membrane-spanning a-helical architecture for these regions because affected residues, in 

general, cluster on one face of each of the helices. To more clearly demonstrate this, a-

helical wheel projections for each of the TMs are presented in Fig. 10-6, although it is 

appreciated that the true structures of these regions of the protein may differ appreciably 

from the perfect a-helices illustrated. 
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In TM 11, PCMBS inhibition is evident for residues Gly483 and Leu484 in Na+-

containing medium only, Leu480 in FF^-containing medium only and Phe482, Ser487 and 

Met491 in both media. Of these, Leu480 (H+ only), Phe482 (Na+ and H4) and Met491 (Na+ 

only) show uridine protection. In the previous study investigating the effects of MTS 

reagents on these residue positions in yeast, inhibition by MTS reagents in the presence 

of Na+ at neutral pH, and partial protection against that inhibition by uridine, was 

evident for Leu480 and Ser487 (7). In the current 13 TM model of hCNT3 topology, the 

six PCMBS-inhibitable residues in TM 11 span a central to deep region within the helix, 

including the last putative residue (Leu480) of the helix (Fig. 10-5). Uridine protection is 

evident for residues located at both ends of this region (Met491 and Leu480) (Fig. 10-5). 

This pattern of inhibition provides strong support for the reversed orientation of this 

helix. As such, the majority of PCMBS-inhibitable residues would lie exofacially within 

the helix in a position more likely to be accessible to the extracellular medium and 

available for PCMBS binding. Five of the six PCMBS-inhibitable residues cluster to 

one face of the helix (Fig. 10-6) and provide good evidence for an a-helical structure. 

Residue Phe however resides on a separate face of the helix. A reversed orientation of 

TM 11, as predicted by the 15 TM model of hCNT3 membrane topology (Fig. 10-1 

inset), would place residue Phe482 at the exofacial boundary of the TM in a position 

potentially in contact with the external medium and accessible to PCMBS despite its 

location in a different face within the helix relative to the other PCMBS-inhibitable 

residues. 

As previously reported (Chapter 7), three residues in TM 12 (He554, Tyr558 and 

Ser561) show PCMBS inhibition in H+-containing medium only and four additional 

residues (Thr557, Asn565, Gly567 and lie571) show PCMBS inhibition in both Na+- and H+-

containing medium (Fig. 10-5). Of the seven PCMBS-sensitive residues identified in 

TM 12, five (Tyr558, Ser561, Asn565, Gly567 and lie571) showed uridine protection. In good 

agreement with these results, the yeast study also identified Thr557, Asn565, Gly567 and 

He571 as MTS-sensitive in Na+-containing medium and these four residues exhibited 

varying degrees of uridine protection (7). In addition to residing in the extracellular-

facing exofacial half of the helix, the H+-only PCMBS-inhibitable residues cluster to one 

face of the helix, whereas those reactive in the presence of both Na+ and FT1" span a 

407 



region which is deeper within the helix and extend over a wider aspect of the helix face 

(Figs. 10-5 and 10-6). Consistent with a conventional a-helical structure for this TM, all 

of the PCMBS-accessible residues nevertheless reside within one-half of the helix 

surface. TM 12 Cys561 is the residue responsible for PCMBS inhibition of wild-type 

hCNT3 (Chapter 7). This occurs under acidified conditions only, and therefore reports a 

specific conformational change associated with H+ binding (Chapter 7). Adjacent 

residues lie554 and Tyr558 report the same FT -̂mediated conformational transition. Unlike 

TM 11, the longitudinal dispersal of PCMBS-sensitive residues shown in Fig. 10-5 for 

TM 12 suggests that the helix is presented in its correct transmembrane orientation. 

Nevertheless, the finding that residue He showed clear evidence of PCMBS inhibition 

and uridine protection (Table 10-2) indicates that the hCNT3 translocation pore 

penetrates deep within the membrane. 

Although no TM 13 residues were reported as MTS-sensitive (7), the present 

study identified Ala601, Ala609 and Leu612 as PCMBS-sensitive in the presence of both 

Na+ and FT". Uridine protection from PCMBS inhibition was evident for the two most 

exofacially located residues, Ala609 and Leu612 (Fig. 10-5). Supporting an a-helical 

structure for TM 13, these three residues cluster to one face of the helix (Fig. 10-6). 

Similar to TM 12, but unlike TM 11, the predicted location of Ala601, Ala609 and Leu612 

within the extracellular half of the membrane field (Fig. 10-5) provides evidence that 

TM 13 is correctly oriented in both the 13 and 15 TM topology models of hCNT3 

membrane architecture (Fig. 10-1). Consistent with previous findings for rat (r) CNT1 

(3) and the demonstration that all hCNT3 glycosylation sites are confined to the end C-

terminal tail region of the transporter affords additional supporting evidence in this 

regard (Chapter 8). 

The TM 11-12 loop, encompassing TM 11 A, revealed an unexpected and novel 

pattern of reactivity to PCMBS (Table 10-2 and Figs. 10-4 and 10-5). Fourteen of the 

52 residues in this region showed inhibition by PCMBS upon conversion to cysteine in 

hCNT3C-, including residue Ala522 in Na+-containing medium only, Ala508, Gly512 and 

Gin545 in H+-containing medium only and Met506, Tyr513, Phe516, Phe517, Asn518, Phe520, 

Val , Tyr and Leu in both Na - and F£ -containing medium. Uridine protection 
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from PCMBS inhibition was evident for six of the residues: Ala522 and Tyr523 in the 

presence of Na+ only, Ala508 and Gly512 in the presence of H+ only and Phe516 and Leu526 

with both Na+ and H+ present. Together, the results suggest that this region is critically 

involved in the transport mechanism of hCNT3 and predict at least a portion of it to be 

membrane-associated. This could be either in the form of a re-entrant loop or as part of 

a transmembrane domain. The majority of the PCMBS-sensitive residues reside within 

the previously predicted membrane domain TM 11 A. One exception was Met506, for 

which the corresponding hCNT3C- mutant showed PCMBS inhibition in both Na+- and 

H^-containing medium, and is positioned immediately adjacent to the TM 11A region. 

It is possible that the putative boundary of TM 11A is extended to include Met5 within 

the membrane-associated region. The other exception was Gin545, which is separated 

from putative TMs 11A and 12 by 17 and eight residues, respectively (Fig. 10-5). 

Q545C(C-) showed robust PCMBS inhibition in H+-containing medium only and was 

not uridine-protected. Centrally positioned in the putative exofacial loop region linking 

TMs 11A and 12 (Fig. 10-1 inset and Fig. 10-5), residue Gin545 is unlikely to be 

membrane-associated, but may nevertheless reside in sufficiently close proximity to the 

exofacial aspect of translocation pore such that the binding of PCMBS interferes with 

hCNT3 cotransport activity. Since Q545C(C-) was inhibited by PCMBS in H+-

containing medium only, it may be similar to Cys561 (Chapter 7) and be reporting a 

specific FT -̂induced conformation of the transporter. 

The overall pattern of PCMBS reactivity in putative TM 11A suggests that this 

region, or at least part of it, differs from the traditional a-helical structure of membrane-

associated TMs. Within the conserved CNT family (G/A)XKX3NEFVA(Y/M/F) motif 
• • Sift S9"3 

of TM 11 A, a sequence of eight consecutive residues, extending from Phe to Tyr , 

were PCMBS-sensitive upon conversion to cysteine in both Na+- and FT^-containing 

media; the only exceptions being Glu519, which showed low levels of uridine transport 

activity, and Ala522, which showed PCMBS inhibition in Na+-containing medium only. 

In the wild-type hCNT3 background, mutant E519C exhibited Na+-specific nucleoside 

transport activity and was PCMBS-sensitive in the presence of Na+ (Chapter 9). Within 

this region of eight PCMBS-inhibitable residues, three (Phe516, Ala522 and Tyr523) were 

uridine-protectable. Flanking either end of this block of PCMBS-sensitive residues, and 

409 



especially noticeable in the first part of the TM adjacent to Met , the pattern of 

PCMBS inhibition showed evidence of periodicity consistent with small segments of a-

helical content. TM 11A therefore has characteristics of a pore-lining discontinuous 

helix in which the majority of the residues comprising central conserved 

(G/A)ZKX3NEFVA(Y/M/F) motif, and including the key glutamate residue Glu519, 

adopt a relaxed, extended and possibly mobile conformation within the translocation 

pore which allows PCMBS binding to most of the residues within the motif. Similar 

block patterns of PCMBS reactivity also occur in TMs 7 and 8 (12). 

As such, the pattern of PCMBS inhibition reported here for TM 11A (and 

apparent also in TMs 7 and 8 (12)) provides the first functional evidence of extended 

structures or discontinuous membrane helices evident in crystal structures of recently 

solved bacterial membrane transport proteins, such as the A. aeolicus Na+/Q"-

dependent LeuTAa transporter (13). In LeuTAa, non-traditional transmembrane a-

helices are disrupted by the insertion of extended regions of polypeptide which 

comprise the Na+ binding sites of the protein and, upon Na+ binding, are stabilized to 

then favour high-affinity binding of the permeant amino acid leucine (13). Reviewed 

recently by Screpanti and Hunte (14), such discontinuous membrane helices are 

proposed to play important mechanistic roles in ion recognition, binding and 

translocation in secondary active transporters. In the case of TM 11A in hCNT3, the 

centrally positioned glutamate residue Glu519, which resides in the conserved 

(G/A)LYKZ3NEFVA(Y/M/F) motif, plays a critical role in cation coupling that is likely 

manifest in all CNT family members (Chapter 9). Separated only by 26 amino acids, a 

membrane-associated TM 11A is likely to lie within the translocation pore in close 

proximity to TM 12, which was previously shown to be mobile and undergo cation-

dependent conformational changes (Chapter 7). 

The pattern of PCMBS-inhibitable and uridine-protectable residues in TMs 12 

and 13 support the current a-helical orientation of these regions, whereas in TM 11, a 

reversed orientation is more plausible. As such, the membrane-associated TM 11A 

would be membrane-spanning rather than, for example, a re-entrant loop. A schematic 

outlining this change in topological architecture is depicted in Fig. 10-7. This is in good 
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agreement with earlier predictions for TMs 5A and 11A as potentially membrane-

spanning (3) as shown in the inset of Fig. 10-1. Previously, SCAM analysis of TMs 11, 

12 and 13 revealed MTS-sensitive residues buried deep within the TM 11 helix, but the 

overall patterning was largely inclusive (7). Thus, the present study expands upon these 

earlier findings and provides solid experimental evidence to support the original 

hypothesis of an additional TM 11 A. As shown in Fig. 10-1 {inset), insertion of both 

TMs 5 A and 11A through the membrane bilayer would result in opposite orientation for 

TMs 6 to 11. In agreement with this, a recent structure-function study of negatively 

charged residues in hCNTl has provided evidence for an opposite orientation for TM 7 

(Appendix 4). Full PCMBS SCAM analysis of hCNT3C- TMs 7 and 8 is in progress 

and confirms their opposite orientation (12). Therefore, current evidence favors a 15 

TM rather than 13 TM model of hCNT3 membrane architecture (Fig. 10-1). 

PCMBS-inhibitable and uridine-protectable residues were identified in TMs 11, 

11 A, 12 and 13, thereby placing aspects of all four regions within, or in close proximity 

to, the permeant translocation pathway of hCNT3. At the very least, all of the residues 

inhibited by PCMBS must be solvent-accessible from the extracellular medium and in a 

location where PCMBS binding compromises transport activity. Serving as a positive 

control for the present experiments, the putative intracellular loop between TMs 12-13 

showed no inhibition by PCMBS despite robust functional activity of all of the mutants. 

Quantitatively, the residues showing the most severe inhibition by PCMBS were located 

in TMs 11A and 12, and not TMs 11 and 13 (Table 10-2). For example, TMs 11 and 13 

contained no residues where uptake was inhibited by PCMBS by > 80%, whereas TM 

11A contained six (Phe516, Phe517, Asn518, Phe520, Tyr523 and Leu526) and TM 12 

contained three (Thr557, Tyr558 and Gly567). Furthermore, the five of these residues that 

were uridine-protectable (Phe , Tyr , Leu , Tyr and Gly ) were fully protected 

by extracellular uridine (ie. uptake restored to 100%) (Table 10-2). This strongly 

implicates these two TMs in formation of key functional regions of the translocation 

pore and supports the previous studies implicating residues in TMs 11A (Chapter 9, 

Appendix 4) and 12 (Chapter 7) to be involved in permeant and cation binding and/or 

translocation. Additionally, residues which altered the Na :H ratio of uridine uptake 

were also located in TM 11A and 12 (Fig. 10-7). In contrast, residues in TMs 11 and 13 
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were inhibited by PCMBS to a lesser extent and of the five residues that were uridine-

protectable, two (Met491 in TM 11 and Ala609 in TM 13) were only partially protected by 

extracellular uridine (Table 10-2). Similarly, only two hCNT3C- residues in TM 11 

(Leu480 and Ser487) and no residues in TM 13 were identified as inhibitable by MTS 

reagents in the yeast study and those mutants also displayed only partial inhibition and 

protection (7). In combination with the fact that PCMBS-accessible residues were more 

exofacially located in TMs 11 and 13 than in TMs 11A and 12 (Fig. 10-7), these 

findings suggest that TMs 11 and 13 may be less directly involved in formation of the 

translocation pore than TMs 11A and 12. Some cases of PCMBS-inhibition and/or 

uridine-protection may, for example, be secondary indirect effects of cation- or 

permeant-induced conformational changes, rather than indicators of close-proximity 

interaction with cation or nucleoside binding domains. 

The present study also contributes to two further insights into hCNT3 structure 

and function. The first relates to cation-dependent conformations adopted by the 

exofacially-facing form of the protein. In contrast to Na+-specific hCNTl and hCNT2, 

hCNT3 mediates both Na+- and H+-coupled nucleoside cotransport (1, 2, 4,15, Chapters 

5 and 6). The catiomnucleoside stoichiometry for hCNT3 FT-coupled transport is 1:1 

compared to 2:1 for Na+ and, when both cations are present, charge/uptake experiments 

suggest that hCNT3 binds one Na+ and one H+ (Chapters 5 and 6). The nucleoside and 

nucleoside drug selectivity pattern of hCNT3 in the presence of H+ also differs from that 

in the presence of Na+ (4, Chapter 5). Previously, mutation of hCNT3 Cys561 in TM 12 

was reported to alter Na+ and H+ kinetics and, together with Tyr and He , forms a 

face of the helix which becomes extracellularly accessible to PCMBS only in the 

presence of H (Fig. 10-6), thus reporting a H+-dependent conformation of the protein 

(Chapters 7 and 8). Building upon these observations, the different patterns of residues 

exhibiting PCMBS inhibition and uridine protection in Na+-containing medium only 

versus FT -̂containing medium only versus both transport media provides strong 

additional support for the existence of multiple Na+- and/or FfMnduced conformational 

states of hCNT3 (Table 10-2 and Fig. 10-5), some of which, like the H+-specific TM 12 

Ile554/Tyr558/Cys561 cluster, involve subdomains within TMs. Other potential 

conformational differences are even more subtle. The arrows in Figs. 10-5 and 10-7, for 
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example, identify residues in TMs 11 and 11A which are PCMBS-sensitive in both Na+-

and H+-containing media, but uridine-protected only in the presence of Na+. 

Second, the present studies support the concept of central closely adjacent 

cation-nucleoside binding domains within a common cation/nucleoside translocation 

pore. Similar to TM 12, TM 11A contains residues deep within the membrane that are 

PCMBS-inhibitable and uridine-protectable. Met491, a centrally positioned residue in 

TM 11, also shares this phenotype. In good agreement with this, other cation 

transporters for which high resolution molecular structures have been solved, including 

LeuTAa (13) and Gltph (16), also exhibit central cation and permeant binding domains. 

In conclusion, this SCAM analyses of the C-terminal one-third of hCNT3 

supports a revised topology model for hCNTs, with the insertion of TM 11A as a 

membrane-spanning discontinuous helix. Confirmation of this new membrane 

architecture will come from on-going studies of TMs 7 and 8, as well as other remaining 

portions of the C-terminal half of hCNT3 and by extension of the analysis to TMs in the 

N-terminal half of the transporter, including TM 5 A. Additionally, this study highlights 

the functional importance of residues in TMs 11A and 12 in key cation and nucleoside 

binding and/or translocation events. 
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Table 10-1. Na+- and H+-mediated uptake of uridine in Xenopus oocytes 

expressing hCNT3C- single cysteine mutants. Influx of 10 uM 3H-uridine was 

measured in both Na+-containing and H+-containing medium (100 mM NaCl, pH 8.5 

or 100 mM ChCl, pH 5.5, respectively). Na+:H+ uptake ratios which are < 0.5 or > 

2.5 are highlighted with an asterisk (*). Values are corrected for basal non-mediated 

uptake in control water-injected oocytes. Each value is the mean ± SEM of 10 - 12 

oocytes. 

TM11 

L480C(C-; 
S481C(C-; 
F482C(C-} 
E483C(C-; 
L484C(C-; 
I485C(C-)' 
S486C(C-: 
S487C(C-: 
Y488C(C-
I489C(C-) 
F490C(C-: 
M491C(C-
P492C(C-: 
F493C(C-; 
S494C(C-: 
F495C(C-: 

M496C(C-; 
M497C(C-
G498C(C-) 
V499C(C-
E500C(C-; 

Mediated Uridine Uptake 
(pmol/oocyte .min"l) 

Na+ 

(100mMNaCl,pH8 

) 0.9 ±0.1 
1 1.2 ±0.1 

0.8 ±0.1 
) 0.6 ±0.1 
) 2.6 ±0.5 

2.0 ±0.3 
1 3.9 ±0.4 
1 1.4 ±0.2 
) 2.3 ± 0.2 

2.3 ± 0.2 
1 0.9 ±0.2 
) 2.5 ±0.3 
) 1.0±0.1 
1 3.6 ±0.4 
) 0.7 ±0.1 
1 1.6 ±0.3 
f <0.1 
) 2.0 ±0.2 

<0.1 
) 1.8 ±0.3 
) 4.8 ±0.3 

.5) (10C 
H+ 

mM ChCl, pH 5.5) 

1.1 ±0.2 
0.7 ±0.1 
0.7 ±0.1 
0.2 ±0.1 
2.7 ±0.3 
1.4 ±0.1 
2.6 ±0.2 
1.7 ±0.2 
1.1 ± 0.1 
2.5 ±0.3 
0.4 ±0.1 
2.7 ±0.3 
0.8 ±0.1 
2.3 ± 0.2 
1.0±0.1 
1.7 ±0.2 

<0.1 
3.0 ±0.2 

<0.1 
3.0 ±0.3 
4. 3 ± 0.3 

Na+:H+ 

Ratio 

0.8 
1.7 
1.1 
2.5 
1.0 
1.4 
1.5 
0.8 
2.2 
0.9 
2.4 
0.9 
1.3 
1.6 
0.8 
0.9 

-

0.7 
-

0.7 
1.1 
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Table 10-1 (continued). 

Mediated Uridine Uptake 
(pmol/oocyte. 

TM11-12 Na+ 

loop 

K534C(C-
E535C(C-; 
G536C(C-
G537C(C-
P538C(C-; 
K539C(C-
F540C(C-; 
V541C(C-
N542C(C-
G543C(C-
V544C(C-
Q545C(C-
Q546C(C-
Y547C(C-
I548C(C-) 
S549C(C-; 
I550C(C-) 
R551C(C-
S552C(C-; 
E553C(C-

(100mMNaCl,pH8 

) 3.8 ±0.2 
) 2.5 ± 0.3 
) 4.0 ±0.4 
) 3.9 ±0.3 
) 4.3 ±0.3 
) 4.1 ±0.2 
) 3.8 ±0.3 
) 4.1 ±0.4 
) 5.0 ±0.3 
) 5.0 ±0.2 
) 4.3 ± 0.4 
) 3.3 ±0.1 
) 3.3 ±0.3 
) 3.5 ±0.2 

3.3 ±0.2 
) 3.6 ±0.2 

3.6 ±0.2 
) 1.4±0.1 
) 3.7 ±0.2 
) 3.7 ±0.3 

•5) (1 

min") 
H+ 

30 mM ChCl, pH 5.5) 

4.3 ± 0.2 
1.6± 0.1 
4.1 ±0.3 
4.5 ± 0.4 
3.9 ±0.3 
4.6 ±0.5 
4.7 ±0.5 
4.4 ± 0.4 
4.8 ±0.5 
5.6 ±0.4 
5.3 ±0.3 
5.1 ±0.3 
4.7 ±0.3 
4.2 ±0.4 
4.4 ±0.1 
5.0 ±0.3 
4.7 ±0.4 
1.4 ±0.2 
5.2 ±0.4 
5.2 ±0.6 

Na+:H+ 

Ratio 

0.9 
1.6 
1.0 
0.9 
1.1 
0.9 
0.8 
0.9 
1.0 
0.9 
0.8 
0.7 
0.7 
0.8 
0.8 
0.7 
0.8 
1.0 
0.7 
0.7 
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Table 10-1 (continued). 

TM 12 - 1: 
Loop 

G575C(C-
L576C(C-; 
T577C(C-: 
S578C(C-; 
M579C(C-
A580C(C-
P581C(C-} 
S582C(C-; 
R583C(C-; 
K584C(C-
R585C(C-
D586C(C-
I587C(C-) 
A588C(C-
S589C(C-; 
G590C(C-
A591C(C-

Mediated Uridine Uptake 
(pmol/oocyte.min"1) 

1 Na+ 

(100mMNaCl,pH8 

) 4.6 ±0.6 
) 2.9 ±0.3 
) 3.9 ±0.5 
1 3.7 ±0.3 
) 4.2 ±0.3 
) 4.1 ±0.3 

0.6 ±0.1 
4.4 ±0.5 

) 1.6 ±0.3 
) 2.3 ± 0.4 
) 3.7 ±0.5 
) 4.9 ±0.4 

1.2 ±0.2 
) 2.1 ±0.2 
) 3.4 ±0.4 
) 3.5 ±0.5 
) 1.9 ±0.3 

.5) (100 
H+ 

mM ChCl, pH 5.5) 

3.5 ±0.3 
1.7 ±0.2 
3.1 ±0.3 
3.5 ±0.2 
2.9 ±0.3 
3.5 ±0.3 
0.2 ±0.1 
5.7 ±0.3 
1.0±0.1 
1.7 ±0.2 
2.2 ±0.2 
3.0 ±0.4 
1.2±0.1 
2.7 ±0.2 
3.9 ±0.4 
3.3 ±0.2 
1.9 ±0.2 

Na+:H+ 

Ratio 

1.3 
1.8 
1.2 
1.1 
1.5 
1.2 
2.5 
0.8 
1.7 
1.3 
1.7 
1.6 
1.0 
0.8 
0.9 
1.1 
1.0 
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Table 10-1 (continued). 

Mediated Uridine Uptake 
(pmol/oocyte.min"1) 

Na+ H+ Na+:H+ 

TM13 (100mMNaCl,pH8.5) (lOOmM ChCl, pH 5.5) Ratio 

V592C(C-) 
R593C(C-)b 

A594C(C-)a 

L595C(C-)b 

I596C(C-) 
A597C(C-) 
G598C(C-)a 

T599C(C-) 
V600C(C-) 
A601C(C-) 
S602C(C-) 
F603C(C-)b 

M604C(C-) 
T605C(C-) 
A606C(C-)a 

S607C(C-) 
I608C(C-) 
A609C(C-) 
G610C(C-)b 

I611C(C-) 
L612C(C-) 

2.0 ±0.3 
<0.1 
<0.1 

1.4 ±0.2 
0.8 ±0.1 
2.4 ±0.3 
0.8 ±0.1 
2.6 ±0.3 
2.2 ± 0.2 
0.4 ±0.1 
4.2 ±0.4 
3.0 ±0.4 
0.7 ±0.2 
1.0 ±0.2 

<0.1 
1.8 ±0.1 
1.3 ±0.2 
0.8 ±0.1 

<0.1 
1.6 ±0.3 
2.2 ± 0.2 

1.9 ±0.2 
<0.1 
<0.1 

1.3 ±0.1 
1.1 ±0.3 
3.6 ±0.3 
1.6 ±0.3 
3.0 ±0.3 
2.3 ±0.2 
0.6 ±0.1 
2.1 ±0.2 
2.4 ±0.3 
0.6 ±0.1 
1.7 ±0.3 

<0.1 
1.5 ± 0.2 
1.8 ±0.2 
0.5 ±0.1 

<0.1 
1.7 ±0.2 
2.0 ±0.3 

1.1 
-

-

1.0 
0.7 
0.7 
0.5 
0.9 
1.0 
0.6 
2.0 
1.3 
1.1 
0.6 

-

1.2 
0.7 
1.6 
-

1.0 
1.1 

a, previously identified as non-functional (7); , previously identified as low-

functioning (7);c' d, quoted to two decimal places in Table 7-1 of Chapter 7, the actual 

values are 0.11 ± 0.01 (c) and 0.10 ± 0.01 (d) pmol/oocyte.min"1. 

419 



Table 10-2. Effect of PCMBS on uridine uptake in Xenopus oocytes expressing 

hCNT3C- single cysteine mutants. Influx of 10 uM 3H-uridine was measured in 

both Na+-containing and H+-containing medium (100 mM NaCl, pH 8.5 or 100 mM 

ChCl, pH 5.5, respectively) following 10 min incubation on ice in the absence or 

presence of 200 uM PCMBS or 200 uM PCMBS + 20 mM uridine in media of the 

same composition used to determine uptake (ie. containing Na+ or H+, as indicated). 

Values are corrected for basal non-mediated uptake in control water-injected oocytes 

and are presented as a percentage of mediated uridine influx in the absence of 

inhibitor for each individual mutant. Each value is the mean ± SEM of 10 - 12 

oocytes. 

TM 

11 L480C(C-)b 

F482C(C-) 
E483C(C-) 
L484C(C-) 
S487C(C-)b 

M491C(C-) 

11-12 M506C(C-) 
loop A508C(C-) 

G512C(C-) 
Y513C(C-) 
F516C(C-) 
F517C(C-) 
N518C(C-) 
F520C(C-) 
V521C(C-) 
A522C(C-) 
Y523C(C-) 
L526C(C-) 
Q545C(C-) 

Na+ 

(100 mM NaCl, pH 8.5) 
+ PCMBS3 + PCMBS 

+ uridine 
(%) (%) 

110 ±20 90 ±20 
39 ± 7 91 ±20 
52 ±6 42 ±10 
48 ± 5 57 ± 8 
47 ± 7 45 ± 5 
38 ± 4 70 ± 7 

21 ± 5 21 ± 5 
86 ±10 78 ±10 
70 ±10 92 ±20 
45 ± 4 44 ± 6 
9 ± 1 100 ±10 
12±3 10±3 
6 ± 1 9 ± 1 

26 ± 3 17 ± 3 
26 ± 3 18 ± 2 
30 ± 5 100 ±10 
10 ± 1 77 ±20 
26 ± 4 120 ±10 
83 ± 8 81 ± 7 

H+ 

(100mMChCl,pH5.5) 
+ PCMBSa 

(%) 

53 ± 8 
59 ± 8 

94 ±20 
95 ±10 
48 ±10 
60 ± 3 

37 ± 3 
37 ± 6 
54 ±10 
60 ± 9 
11 ± 2 
16±3 
5 ± 1 
5 ± 1 

35 ±6 
90 ± 9 
3 ± 2 
10±2 
47 ± 3 

+ PCMBS 
+ uridine 

(%) 

91 ±10 
98 ±10 
85 ±10 
86 ± 7 
68 ±5 
65 ± 7 

37 ± 3 
94 ±20 
83 ±10 
62 ±6 
73 ± 7 
20 ± 3 
7 ± 1 
12 ± 2 
27 ± 3 

110±10 
3 ± 1 

35 ±6 
40 ± 3 
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Table 10-2 (continued). 

TM 

12 

13 

I554C(C-) 
T557C(C-)b 

Y558C(C-) 
S561C(C-) 

N565C(C-)b 

G567C(C-)b 

I571C(C-)b 

A601C(C-) 
A609C(C-) 
L612C(C-) 

Na+ 

(100mMNaCl,pH8.5) 
+ PCMBSa + PCMBS 

+ uridine 
(%) (%) 

98 ± 20 93 ± 8 
7 ± 1 16±2 

92 ± 20 100 ± 20 
100 ±20 99 ± 9 
37±5 110±10 
17 ± 4 97 ±20 
44 ± 8 85 ± 9 

57 ± 7 43 ± 8 
55 ± 5 69 ± 9 
48 ± 5 100 ± 9 

H+ 

(100mMChCl,pH5.5) 
+ PCMBSa 

(%) 

52 ± 6 
22 ± 2 
19±3 
54 ± 5 
46 ± 9 
14 ± 5 
30 ± 3 

29 ± 5 
60 ±6 
59 ± 3 

+ PCMBS 
+ uridine 

(%) 

67 ± 9 
33 ± 2 

71 ±10 
94 ±8 

110±20 
94 ±20 
90 ± 8 

29 ± 3 
76 ±10 
86 ± 5 

a, mediated uridine influx in the absence of inhibitor is given in pmol/oocytes.min"1 in 

Table 10-1 for each of the individual mutants; b, previously identified as MTS-

sensitive residues (7). 

421 



Figure 10-1. Alternative models of hCNT3 topology. Schematic of proposed 

hCNT3 (GenBank™ accession number AF305210) topology with either 13 or 15 TMs. 

Insertion of TMs 5 A and 11A into the membrane, resulting in a 15 TM membrane 

architecture and opposite orientations of TMs 6 - 11, is depicted in the inset. The 

position of endogenous cysteine residues are indicated as black residues, and putative 

glycosylation sites are highlighted with a star symbol. Residues studied by SCAM 

analysis are highlighted with a grey box. 
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11A 

^te® J 

O Na+:H+ uptake ratio > 2.5 

9 Na+:H+uptake ratio < 0.5 

* nd 

13 Extracellular 

£ ĈIX$L § 
(G) Intracellular 

®Q? ^ 

Figure 10-2. hCNT3 TMs 11-13 depicting residues with altered Na+:H+ uridine 

uptake ratios. hCNT3C- mutants exhibiting Na+:H+ uridine uptake ratios > 2.5 are 

indicated in yellow, and those with uptake ratios < 0.5 are shown in orange (Table 10-

1). The * symbol represents residues which form the conserved CNT family 

(G/A)L¥KZ3NEFVA(Y/M/F) motif. Low activity mutants with uridine transport rates < 

0.1 pmol/oocyte.min"1 in both Na+- and rT^-containing transport media (100 mM 

NaCl, pH 8.5 and ChCl, pH 5.5, respectively) are indicated by the • symbol. 

Corresponding numerical values are given in Table 10-1. 
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Figure 10-3. PCMBS inhibition of residues in hCNT3C- TMs 11, 12 and 13. 

Mediated influx of 10 uM radiolabeled uridine in Na+-containing (A) or ^-containing 

(5) medium (100 mM NaCl, pH 8.5 or 100 mM ChCl, pH 5.5, respectively) was 

measured following 10 min incubation on ice in Na+- or H+-containing medium (A or B, 

respectively) in the presence of 200 uM PCMBS. Solid columns indicate residue 

positions inhibited by PCMBS; the * symbol identifies those residues which exhibit 

differential inhibition by PCMBS in the two media. Low activity mutants where 

inhibition was not determined are indicated by the A symbol. Data are presented as 

mediated transport, calculated as uptake in RNA-injected oocytes minus uptake in water-

injected oocytes, and are normalized to the respective influx of uridine in the absence of 

inhibitor. Each value is the mean ± SEM of 10 -12 oocytes. 
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TM 11-12 Loop TM 12 - 13 Loop 

TM 11-12 Loop TM 12- 13 Loop 

Figure 10-4. PCMBS inhibition of residues in hCNT3C- loop regions between 

TMs 11 and 12, and TMs 12 and 13. Mediated influx of 10 uM radiolabeled uridine 

in Na+-containing (A) or H+-containing (B) medium (100 raM NaCl, pH 8.5 or 100 

mM ChCl, pH 5.5, respectively) was measured following 10 min incubation on ice in 

Na+- or ^-containing medium (A or B, respectively) in the presence of 200 uM 

PCMBS. Solid columns indicate residue positions inhibited by PCMBS; the * symbol 

identifies those residues which exhibit differential inhibition to PCMBS in the two 

media. Low activity mutants where inhibition was not determined are indicated by the 

• symbol. Data are presented as mediated transport, calculated as uptake in RNA-

injected oocytes minus uptake in water-injected oocytes, and are normalized to the 

respective influx of uridine in the absence of inhibitor. Each value is the mean ± SEM 

of 10-12 oocytes. 
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Figure 10-5. hCNT3 TMs 11 - 13 depicting PCMBS-inhibited and uridine-

protected residues. hCNT3C- mutants exhibiting inhibition of uridine uptake 

following incubation with PCMBS in both Na+- and ^-containing transport medium are 

indicated in blue, those inhibited in Na+-containing transport medium only are indicated 

in green and those inhibited in H^-containing transport medium only are indicated in 

pink. Residues protected from PCMBS inhibition by excess unlabeled uridine are 

outlined in black. The three residues, Met491 in TM 11, Tyr523 and Leu526 in TM 11 A, 

which were inhibited by PCMBS in both Na - and H -containing medium, but protected 

from that inhibition only in the presence of Na+ are indicated by a black arrow. The * 

symbol represents residues which form the conserved CNT family 

(G/A>YKX3NEFVA(Y/M/F) motif. Low activity mutants are indicated by the A 

symbol. Corresponding numerical values are given in Table 10-2. 
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Figure 10-6. Helical wheel projections of hCNT3 TMs 11,12 and 13. The helical 

wheel projections, as viewed from the extracellular side of the membrane, highlight in 

blue the locations of hCNT3 residues which are inhibited by PCMBS in both Na+- and 

H+-containing media, in green those residues inhibited in Na+-containing medium only 

and in pink those inhibited in H+-containing medium only. Those residues for which 

uridine-protection was evident in both Na+- and H+-containing transport medium or in 

the presence of Na+ or H+ alone are indicated by the symbols f, § and *, respectively. 

Corresponding numerical values are given in Table 10-2. 
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<fD PCMBS-inhibited in both Na+ and H+ 

® PCMBS-inhibited in Na+ only 

® PCMBS-inhibited in H+ only 

CD additional residue of interest with Na+:H+ uptake ratio > 2.5 

^ 5 uridine-protected 

> uridine-protected in Na+ only 

* nd ^ _ 

TM 11 11A 7w 

Jt* * * * * 

or 

13 Extracellular 

|^©®® 

® 
( G ) Intracellular 

Figure 10-7. 
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Figure 10-7. Revised hCNT3 TM 11 - 13 topology depicting TM 11A as 

membrane-spanning. This schematic depicts insertion of TM 11A as membrane-

spanning, thus reversing the orientation of TM 11. For illustrative purposes, the 

endofacial boundary of helix 11 A, as illustrated in Figs. 10-1, 10-2 and 10-5, has been 

shifted by one residue to include the residue Met506. PCMBS-inhibited and uridine-

protected residues as well as additional residues of interest with Na+:H+ uridine 

uptake ratios > 2.5, but not inhibited by PCMBS are highlighted according to Figs. 

10-5 and 10-2, respectively. Two residues, Tyr513 in TM 11A and Tyr558 in TM 12, 

which exhibited Na+:H+ uridine uptake ratios < 0.5 were also PCMBS-inhibited and 

are only indicated as such. The three residues, Met491 in TM 11, and Tyr523 and Leu526 

in TM 11 A, which were inhibited by PCMBS in both Na+- and FT-containing medium, 

but protected from that inhibition only in the presence of Na+ are indicated by a black 

arrow. The * symbol represents residues which form the conserved CNT family 

(G/A)ZKX3NEFVA(Y/M/F) motif. Low activity mutants are indicated by the • 

symbol. Corresponding numerical values are given in Tables 10-1 and 10-2. 
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General Discussion 
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Synopsis 

The major nucleoside transport processes of mammalian cells are mediated by 

members of two structurally unrelated protein families: the equilibrative nucleoside 

transporters (ENTs) with four family members (ENT1-4) (1) and the concentrative 

nucleoside transporters (CNTs) with three family members (CNT1-3) (2, 3). 

Although the first nucleoside transport protein to be identified at the molecular level 

was that of CNT1 (4), characterization and structure-function studies of CNT 

transport mechanisms lag behind those of ENTs. Found predominantly in specialized 

cells such as intestine, kidney and liver epithelia, CNTs play important physiological 

and pharmacological roles in the absorption, secretion, distribution and elimination of 

nucleosides and nucleoside drugs (5-7). The intracellular localization of CNT3 in 

some cells also hints at possible roles in intracellular nucleoside trafficking (7, 8). In 

addition to serving as key participants in nucleoside biology and therapeutics, CNTs 

and the functional diversity that they exhibit offer unique opportunities to study the 

molecular mechanisms of cation-permeant membrane cotransport. 

CNTs mediate nucleoside transport using the electrochemical gradient of the 

coupling cation. The molecular mechanisms underlying interactions with both the 

nucleoside permeant and the coupling cation were investigated by heterologous 

expression of recombinant CNT family members in Xenopus laevis oocytes using a 

combination of both radioisotope flux assays and electrophysiology studies. Detailed 

kinetic characterization of wild-type CNTs established a basic understanding of the 

natural phenotypes. This analysis of naturally-occurring protein isoforms in 

association with multiple sequence alignments between CNT family members and the 

application of molecular biology techniques to enable chimeric, site-directed 

mutagenesis and substituted cysteine accessibility method (SCAM) analyses of wild-

type and mutant proteins has been successful in uncovering regions and residues of 

structural and functional importance. Combined, the different characterization and 

structure-function studies described in this thesis provide insights into the molecular 

mechanisms involved in both permeant and cation binding and translocation in CNTs. 
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The first example of a single residue substitution altering the overall apparent 

affinity of a CNT protein for nucleosides was that of CaCNT/19-20196, an allelic 

isoform of the H+-coupled Candida albicans nucleoside transport protein CaCNT 

(Chapter 3). Sequence alignments of contigs 19-10196 and 19-20196 of the Stanford 

C. albicans genome sequence databank with CaCNT led to the identification of a 

single residue difference between CaCNT/19-20196 and CaCNT (serine and glycine, 

respectively) that occurred at position 328 in putative transmembrane domain (TM) 7. 

This residue position corresponds to a serine/glycine substitution previously shown to 

contribute to the contrasting pyrimidine and purine nucleoside selectivities of human 

and rat Na+-dependent CNT1 and CNT2 (9, 10). CaCNT/19-10196 differs from 

CaCNT by four amino acids, but has glycine at position 328. Both CaCNT/19-10196 

and -20196 were recreated by site-directed mutagenesis of CaCNT and characterized 

functionally by heterologous expression in Xenopus oocytes. In marked contrast to 

human and rat CNT 1/2, both CaCNT/19-10196 and CaCNT/19-20196 exhibited 

permeant selectivities for purine nucleosides (adenosine, guanosine and inosine) and 

uridine similar to that of CaCNT. However, although shown to be H+-coupled, 

CaCNT/19-20196 exhibited an ~ 10-fold higher apparent Km for uridine than either 

CaCNT or CaCNT/19-10196. CaCNT/19-20196 also exhibited a low apparent 

affinity for inosine. Thus, the three proteins correspond to high-affinity (CaCNT, 

CaCNT/19-10196) and low-affinity (CaCNT/19-20196) allelic isoforms of the C. 

albicans CNT nucleoside transporter. 

The influence of specific residues on molecular interactions with permeant 

was also investigated in the human protein hCNTl expressed in Xenopus oocytes 

(Chapter 4). Previously, two pairs of adjacent residues in TMs 7 and 8 of hCNTl 

(Ser319/Gln320 and Ser353/Leu354) were identified that, when converted to the 

corresponding residues in hCNT2 (glycine/methionine and threonine/valine), changed 

the permeant selectivity of the transporter from pyrimidine nucleoside-selective to 

purine nucleoside-selective (9). Investigation of the effects of the corresponding 

mutations in TM 8 alone demonstrated unique S353T- and L354V-induced changes in 

nucleoside specificity and cation-coupling, respectively. hCNTl mutation S353T 

produced a profound decrease in cytidine transport efficiency (Vmax:Km ratio) and, in 
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combination with L354V (S353T/L354V), resulted in a novel uridine-preferring 

transport phenotype. In addition, the L354V mutation markedly increased the 

apparent affinity of hCNTl for Na+ and Li+. Both hCNTl TM 8 residues exhibited 

uridine-protectable inhibition by />-chloromercuribenzene sulfonate (PCMBS) when 

converted to cysteine, suggesting that they occupy positions within or closely 

adjacent to a common cation/nucleoside translocation pore. 

In contrast to pyrimidine nucleoside-preferring hCNTl, hCNT3 transports a 

broad range of physiologic purine and pyrimidine nucleosides and anticancer and 

antiviral nucleoside drugs. hCNT3 is a Na+/nucleoside symporter, but preliminary 

studies also suggested that this protein was capable of coupling nucleoside transport 

with the H+ electrochemical gradient (11). H+-dependent Escherichia coli NupC 

(Appendix 2) and C. albicans CaCNT (12, Chapter 3) are also CNT family members. 

Chapter 5 used heterologous expression in Xenopus oocytes to investigate the 

specificity, mechanism, energetics and structural basis of hCNT3 cation-coupling. 

hCNT3 exhibited uniquely broad cation interactions with Na+, H+ and Li+ not shared 

with hCNTl/2 or NupC/CaCNT, which are exclusively Na+- and H+-coupled, 

respectively. Na+ and H+ activated hCNT3 through a common mechanism to increase 

nucleoside apparent binding affinity. Direct and indirect methods demonstrated 

cation:nucleoside coupling stoichiometries of 2:1 in the presence of Na+ and both Na+ 

and H+, but only 1:1 in the presence of H+ alone, suggesting that hCNT3 possesses 

two Na+-binding sites, only one of which is shared by H+; the corresponding 

Na+:nucleoside and H+:nucleoside coupling stoichiometries of hCNTl (11) and 

CaCNT (12) are both 1:1. H+-coupled hCNT3 did not transport guanosine, 3'-azido-

3'-deoxythymidine (zidovudine; AZT) or 2', 3'-dideoxycytidine (zalcitabine; ddC), 

demonstrating thatNa4- and H+-bound versions of hCNT3 have significantly different 

conformations of the nucleoside binding pocket and/or translocation channel. 

Chimeric studies between hCNTl and hCNT3 located hCNT3-specific cation 

interactions to the C-terminal half of hCNT3, setting the stage for site-directed 

mutagenesis experiments to identify the residues involved. 
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The CNT family of proteins in mammalian cells contains members of two 

distinct phylogenic subfamilies. In humans, hCNTl and hCNT2 belong to one 

subfamily, and hCNT3 to the other. All three CNTs mediate inwardly-directed 

NaVnucleoside cotransport, and are either pyrimidine nucleoside-selective (hCNTl), 

purine nucleoside-selective (hCNT2), or broadly selective for both pyrimidine and 

purine nucleosides (hCNT3). While previous studies have characterized cation 

interactions with both hCNTl (11) and hCNT3 (Chapter 5), little was known about 

the corresponding properties of hCNT2. Chapter 6 presented a side-by-side 

comparison of the cation coupling properties of hCNT2 with other hCNT family 

members expressed in Xenopus oocytes and investigated by both radioisotope flux 

assays and electrophysiological techniques. Apparent K$Q values for Na+-activation 

were voltage-dependent and similar in magnitude for all three transporters. Only 

hCNT3 was also able to couple transport of uridine to uptake of H+. The 

Na+:nucleoside stoichiometry of hCNT2, as determined from both Hill coefficients 

and direct charge:flux measurements, was 1:1. This result was the same as for 

hCNTl, but different from that of hCNT3 (2:1). The charge-to-22Na+ uptake 

stoichiometry was 1:1 for all three hCNTs. Therefore, in parallel with their division 

into two separate CNT subfamilies, hCNT2 shares common cation specificity and 

coupling characteristics with hCNTl, which differ markedly from those of hCNT3. 

As a member of a separate CNT subfamily, and in contrast to exclusively Na+-

coupled hCNTl/2, hCNT3 exhibits both Na+- and H+-mediated nucleoside 

cotransport and thus exists in at least two different cation-bound states. Using site-

directed mutagenesis in combination with heterologous expression in Xenopus 

oocytes, Chapter 7 presented the identification of a C-terminal intramembraneous 

cysteine residue of hCNT3 (Cys561) which reversibly binds the hydrophilic thiol-

reactive reagent PCMBS. Access of this membrane-impermeant probe to Cys561, as 

determined by inhibition of hCNT3 transport activity, required H+, but not Na+, and 

was blocked by extracellular uridine. Although this cysteine residue is also present in 

hCNTl and hCNT2, these transporters were not affected by PCMBS. Thus, Cys561 is 

located in the translocation pore in a mobile region within or closely adjacent to the 
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nucleoside binding pocket and access of PCMBS to this residue reports a specific H+-

induced conformational state of the protein. 

As a prerequisite to using substituted cysteine accessibility method (SCAM) 

analysis for further investigation of alternate cation-bound conformations of hCNT3, 

radioisotope flux and electrophysiological kinetic studies were used to characterize a 

cysteine-less version of hCNT3 (hCNT3C-) expressed in Xenopus oocytes (Chapter 

8). All 14 endogenous cysteine residues of hCNT3 were converted to serine in the 

hCNT3C- construct. Indicative of proper folding, hCNT3C- was processed to the cell 

surface in amounts similar to wild-type hCNT3. hCNT3C- exhibited hCNT3-like 

functional properties, but with a specific decrease in apparent affinity for Na+ that was 

not apparent for H+. hCNT3-like 2:1 Na+:uridine and 1:1 H+:uridine coupling ratios 

were maintained. Site-directed mutagenesis experiments undertaken in both wild-

type and hCNT3C- backgrounds identified intramembraneous Cys561 as the residue 

responsible for this altered Na+-binding phenotype. Substitution of Cys561 with the 

larger neutral amino acids threonine, valine and isoleucine largely eliminated In­

dependent hCNT3 nucleoside transport activity. This residue, Cys , was previously 

identified to be located in a mobile region of the CNT translocation pore in a position 

within, or closely adjacent to, the nucleoside binding pocket, such that access of 

PCMBS to this residue reports a specific H+-induced conformational state of the 

protein (Chapter 7). The investigations presented in Chapter 8 provided additional 

evidence to place Cys in a location pivotal for cation binding and/or translocation, 

and validate hCNT3C- as a template for substituted cysteine mutagenesis studies of 

hCNT3. 

Differences among CNT family and subfamily members provide a unique 

opportunity for investigating the mechanisms of cation coupling. In parallel to a 

study on hCNTl (Appendix 4), radioisotope flux and electrophysiological techniques 

were used in combination with site-directed mutagenesis and heterologous expression 

in Xenopus oocytes to identify two highly conserved pore-lining glutamate residues in 

hCNT3 (Glu and Glu ) with essential, but contrasting roles in cation/nucleoside 

cotransport (Chapter 9). Mutation of Glu resulted in a novel partially-uncoupled 
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transport phenotype akin to that of a nucleoside-gated Na channel. Located deep 

within the translocation pore, Glu may form part of the inward gate of the 

transporter vestibule. Centrally positioned within the highly conserved CNT family 

motif (G/A)AKZ3NEFVA(Y/M/F) of TM 11 A, Glu519 was revealed to be vital for 

cation-coupling through an apparently direct interaction with a shared hCNT3 

Na+/H+-binding site. Similar to the corresponding hCNTl mutants (Appendix 4), and 

consistent with close-proximity integration of cation/solute binding within a common 

cation/permeant translocation pore, mutation of hCNT3 Glu343 and Glu519 additionally 

led to marked alterations in hCNT3 nucleoside transport selectivity. 

Although all human (and other eukaryote) CNTs are currently defined by a 

putative 13 TM topology model with intracellular and extracellular N- and C-termini, 

respectively, the studies of Chapter 9 and Appendix 4 provided strong evidence 

instead for an alternate 15 TM membrane architecture. In the absence of crystal 

structure, valuable topological and other structural information can be gained about 

residue localization from SCAM analysis with thiol reactive reagents such as 

PCMBS. In a cysteine-less hCNT3 protein background (hCNT3C-), site-directed 

mutagenesis was used to individually mutate residues to cysteine prior to 

heterologous expression in Xenopus oocytes to probe for reactivity to PCMBS. In 

continuation of a previous study using PCMBS to investigate residues in TM 12 

(Chapter 7), Chapter 10 expands this analysis to the entire TM 11 to 13 region, 

including bridging extramembranous loops. In preceding Chapters, residues in TM 

11A (Chapter 9, Appendix 4) and in TM 12 (Chapters 7 and 8) have been shown to 

play important roles in permeant and cation binding and/or translocation in hCNTs. 

The SCAM study confirmed the functional importance of these key regions (TM 1 1 -

12 loop and TM 12), supported the currently defined designation of TMs 11, 12 and 

13 as membrane-spanning a-helices and identified a novel membrane-associated 

topology for TM 11A and the highly conserved CNT family motif 

(G/A)ZKX3NEFVA(Y/M/F) that it contains. 

Supporting studies that also investigated mechanisms of concentrative 

nucleoside transport are presented in Appendices 1 - 4 . The identification and 
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characterization of three single nucleotide polymorphisms (SNPs) of hCNT3 in both 

Saccharomyces cerevisiae and Xenopus oocytes is presented in Appendix 1. All three 

SNPs (S5N, L131F and Y513F) were found to exhibit hCNT3-like phenotypes, 

including nucleoside kinetic parameters and Na+/H+-dependence, suggesting that 

hCNT3 exhibits a high degree of functional conservation. The characterization of a 

bacterial CNT family member from E. coli, NupC, is presented as Appendix 2. Also 

expressed in Xenopus oocytes, H+-dependent NupC was primarily selective for 

pyrimidine nucleosides and adenosine, but was also capable of low levels of inosine 

uptake. Similar to hCNT3 (Chapter 5), an ordered mechanism of transport in which 

H binds prior to nucleoside was proposed based on the kinetics of uridine transport 

determined as a function of external pH. Appendix 3 presents the characterization of 

Fuilp, a uridine permease of Saccharomyces cerevisiae and a member of the 

uracil/allantoin permease family. Similar to CNT family members, CaCNT (12, 

Chapter 3), NupC (Appendix 2) and human and mouse CNT3 (Chapters 5 and 6), 

transport mediated by Fuilp was H+-dependent and, upon expression in Xenopus 

oocytes, exhibited a H+:uridine stoichiometry of 1:1. A study investigating the role of 

highly-conserved negatively charged residues in hCNTl which corresponds to that 

for hCNT3 described in Chapter 9 is presented in Appendix 4. Also expressed in 

Xenopus oocytes, residues in TM 7 (Glu308 and Glu322) and TM 11A (Glu498) were 

found to play key roles in the Na+/nucleoside cotransport of hCNTl. 

Together, these studies characterizing nucleoside transport in both wild-type 

and mutant concentrative nucleoside transport proteins provide valuable information 

about the molecular mechanisms of cation-dependent nucleoside cotransport. 

Multiple residues involved in both permeant and cation binding and translocation in 

CNTs were identified and, although some residues influenced interactions with 

permeant independent of cation, and vice versa, others influenced both 

simultaneously. Identification of key individual amino acid residues and the domains 

and TMs within which they reside contributes valuable information to putative 

mechanisms of CNT transport and topology. Insights gained from these in depth 

studies, which focused largely on hCNT3, can be applied to other CNTs and, more 

globally, to other membrane cotransport proteins. 
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Molecular Mechanisms of CNT Cation/Nuclcoside Cotransport 

TMs Involved in Interactions with Nucleosides 

The permeant binding and translocation profiles with respect to both 

nucleosides and nucleoside analogs vary among CNT family members, although the 

physiological nucleoside uridine is a common permeant for all CNTs characterized 

thus far. Mammalian CNT1 and CNT2 family members are primarily pyrimidine 

nucleoside- and purine nucleoside-selective, respectively, although both mediate the 

transport of uridine and adenosine (2, 3, Chapter 4, Appendix 4). In contrast, CNT3 

subfamily members are broadly selective for both pyrimidine and purine nucleosides 

(13, Chapter 5). Non-mammalian CNT family members also exhibit varied 

nucleoside selectivities. For example, C. albicans CaCNT is purine nucleoside-

selective and also transports uridine (12, Chapter 3), whereas the CNT family 

member from E. coli, NupC, is pyrimidine nucleoside-selective, but also transports 

adenosine and, to a lesser extent, inosine (Appendix 2). 

CNT structure-function studies using site-directed mutagenesis identified key 

TMs and residues involved in permeant binding and translocation. Characterization 

of a hCNTl/3 chimera implicated the C-terminal half of the protein as the functional 

domain responsible for determining nucleoside permeant selectivity (Chapter 5). 

Similar to a study in hCNTl which implicated key residues in TMs 7 and 8 

(Ser319/Gln320 and Ser353/Leu354, respectively) in nucleoside selectivity (9), the 

corresponding TM 7 residue in CaCNT (Ser ), as revealed by a naturally occurring 

allelic variant, also influenced interactions with permeant (Chapter 3). As a 

continuation of these studies, individual residues in TM 8 (Ser and Leu ) also 

proved to be important determinants of hCNTl nucleoside selectivity and kinetics 

independent of those contributed by TM 7 (Chapter 4). Studies investigating the 

highly conserved negatively charged residues of hCNTl identified two additional TM 

7 residues (Glu308 and Glu322), as well as a residue in TM 11A (Glu498) which, when 

mutated to corresponding residues lacking the negative charge, also altered 

nucleoside kinetics (Appendix 4). The parallel study in hCNT3 similarly found the 
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corresponding TM 7 (Glu343) and 11A (Glu519) residues to be important contributors 

to permeant binding (Chapter 9). Uridine protection from PCMBS inhibition in 

SCAM analysis experiments identified residues residing in hCNT3 TM 12 (Chapter 

7) and in TMs 11, 11A and 13 (Chapter 10) that were located within, or closely 

adjacent to, the nucleoside binding pocket. Together, and with the caveat that some 

of the influences may be indirect, these studies present evidence for involvement of 

TMs 7, 8, 11, 11 A, 12 and 13 in forming the translocation pore and associated 

nucleoside binding domain of CNTs. 

TMs Involved in Interactions with Cations 

Cation coupling differs among CNT family and subfamily members. CNT1 

and CNT2 are both largely Na+-specific and share a 1:1 Na+:nucleoside coupling 

stoichiometry (Chapter 6). In contrast, hCNT3 mediates nucleoside transport by 

coupling to Na+, H+ and Li+ electrochemical gradients with catiomnucleoside 

coupling stoichiometries of 2:1 for Na+ and 1:1 for H+ (Chapters 5 and 6). Also 

belonging to the CNT3 subfamily, hfCNT resembles hCNTl/2 and exhibits only Na+-

dependent nucleoside transport activity, but shares the 2:1 Na+nucleoside 

stoichiometry of CNT3 (13). Other CNT family members that are exclusively In­

dependent include C. albicans CaCNT (12, Chapter 3) and E. coli NupC (Appendix 

2). Similar to CNT3, CaCNT has a 1:1 H+:nucleoside stoichiometry (12, Chapter 3). 

Site-directed mutagenesis studies of CNTs have implicated key TMs and 

residues in cation coupling. A hCNTl/3 chimera implicated the C-terminal half of 

the protein as the functional domain responsible for cation coupling (Chapter 5). In 

hCNTl, the TM 8 mutation L354V increased the transporter's apparent affinity for 

Li+, resulting in a phenotype with hCNT3-like characteristics (Chapter 4). Mutating 

negatively charged residues in hCNTl identified key residues in TM 7 (Glu and 
'X'')'} AGS 

Glu ) and TM 11A (Glu ) with influences on cation kinetic parameters (Appendix 

4). These two key regions were also strongly implicated in interactions with cations 

in the parallel study of the role of negatively charged residues in hCNT3 (Chapter 9). 
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Also in hCNT3, a residue in TM 12 (Cys ) was shown to report H -dependent 

conformational changes that resulted in binding of PCMBS to this residue only under 

acidic conditions (Chapter 7). SCAM analysis of this particular TM revealed adjacent 

residues also sensitive to PCMBS only in the presence of H+ and residues more 

deeply embedded in the helix that reacted with PCMBS in the presence of both H+ 

and Na+ (Chapter 7). A direct role for hCNT3 TM 12 Cys561 in interactions with 

cations was revealed by the decreased apparent affinity for Na+ of the cysteine-less 

hCNT3 construct hCNT3C- and by the decreased rates of H+-mediated transport 

evident for mutants C561T, C561V and C561I (Chapter 8). Likewise, mutation of 

Glu 43 in TM 7 of hCNT3 influenced both Na+- and H+-dependent transport functions 

of the protein (Chapter 8). In addition to TM 12, SCAM analysis of the region from 

TM 10 to 13 also identified multiple residues in TM 11A which exhibited relative 

levels of Na+- and H+-dependent uridine uptake different from that of wild-type 

hCNT3, and in TMs 11 and 11A exhibited cation-specific inhibition by PCMBS 

(Chapter 10). Together, and with the caveat that some of the influences may be 

indirect, these studies implicate residues in TMs 7, 8, 11, 11A and 12 in CNT-cation 

interactions. 

Putative Mechanisms of CNT Cation/Nucleoside Cotransport 

In depth kinetic characterization of wild-type CNTs, combined with structure-

function studies of CNT family members has provided novel insights into the putative 

mechanisms of cation/nucleoside cotransport mediated by CNTs. In particular, the 

unique transport phenotype of hCNT3 provided an opportunity to investigate 

nucleoside and cation interactions at the molecular level. Taken together, the studies 

described in this thesis can be interpreted by analogy with other membrane transport 

proteins for which crystal structures have recently been obtained. 

Similar to the recently solved high resolution molecular structures of bacterial 

cation-transporters such as LacY (14), LeuTAa (15) and Gltph (16, 17), the emerging 

principle of close-proximity integration of cation/solute binding and transport within 
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a common cation/permeant translocation pore is a theme also present throughout the 

CNT structure-function studies presented here. For example, mutation of hCNTl TM 

8 Leu354 influenced both nucleoside selectivity and apparent affinity for Na+ and Li+ 

(Chapter 4). Similarly, mutation of hCNTl TM 7 residues Glu308 and Glu322 

individually altered both uridine and Na+ kinetic parameters (Appendix 4). The dual 

effect of altered cation and nucleoside kinetics was mirrored by mutation of the 

corresponding residue Glu343, as well as Glu519, in hCNT3 (Chapter 9). hCNT3 TM 

12 residue Cys561 exhibits uridine-protectable PCMBS inhibition in the H+-bound 

conformation of the transporter, thus revealing a central position of this residue within 

a mobile region of the cation/nucleoside translocation machinery. Additionally, some 

of the uridine-protectable, PCMBS-sensitive residues in hCNT3C- also demonstrated 

altered Na+:H+ ratios of uridine uptake, including TM 11A residues Gly512, Phe516 and 

Ala522, as well as TM 12 residues Tyr558 and Asn565 (Chapters 7 and 10). This 

suggests that mutation of these residues alters cation interactions, while 

simultaneously being involved in, or located in close proximity to, the nucleoside 

binding pocket. Thus, it is likely that the translocation pore of CNTs is shared by 

both the coupling cation and nucleoside permeant in a manner which permits 

individual residues to influence the binding and/or translocation of both cation and 

nucleoside. 

Kinetic analysis of nucleoside and cation binding affinities in 

electrophysiology studies of hCNTl proposed an ordered mechanism of binding 

whereby cation binds to the transporter first, increasing the apparent affinity for 

nucleoside, which binds second (11). Likewise, studies in hCNT3 (Chapter 5) and E. 

coli NupC (Appendix 2) also revealed a similar mechanism of ordered binding. 

Kinetically, this is revealed by the common finding that the apparent binding affinity 

for nucleoside increases in the absence of changes to maximal rates of transport as the 

concentration of Na+ or H+ is increased. All three hCNTs are proposed to share this 

common mechanism (Chapter 6). 

The division of hCNTl and hCNT2 into a phylogenetic subfamily distinct 

from that of hCNT3 is in good agreement with differences in both nucleoside 
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selectivity and cation coupling. hCNTl and hCNT2 are Na -specific pyrimidine 

nucleoside- and purine nucleoside-selective transporters, respectively, and couple 

nucleoside transport with 1:1 Na+:nucleoside stoichiometry (Chapter 6). In contrast, 

nucleoside selectivity and cation coupling are more complex in hCNT3. In agreement 

with Hill plot predictions, hCNT3 exhibits 2:1 Na+:nucleoside and 1:1 Na :charge 

stoichiometrics, implying that hCNT3 binds and translocates two Na+ per molecule of 

nucleoside (Chapters 5 and 6). Na+-coupled transport is broadly selective for both 

pyrimidine and purine nucleosides (Chapter 5). In contrast to Na+, the H+:nucleoside 

stoichiometry of hCNT3 is voltage-independent and, in agreement with Hill plot 

predictions, is 1:1, suggesting that hCNT3 H+-dependent nucleoside transport occurs 

by the coupling of one IT to one nucleoside molecule (Chapters 5 and 6). The 

binding of H+ to hCNT3 induces a conformational change that reveals exofacial 

residues in TM 12 which are occluded to extracellular PCMBS under H+-reduced 

conditions (Chapter 7). H+-coupled transport favors the uptake of pyrimidine 

nucleosides (Chapter 5). In the presence of both Na+ and H1", electrophysiological 

coupling ratio experiments reveal a phenotype intermediate between that in the 

presence of Na+ or H+ alone. Thus, the catiomnucleoside stoichiometry is 2:1, similar 

to that in the presence of Na+ alone, but is voltage-independent, similar to that in the 

presence of H+ alone (Chapter 5). H+-induced reactivity of TM 12 residue Cys to 

PCMBS is evident irrespective of whether Na+ is also present in the transport medium 

(Chapter 7). The nucleoside transport profile of hCNT3 in the presence of both Na+ 

and H+ is broadly selective for both pyrimidine and purine nucleosides which is 

similar to that of Na+-coupled hCNT3 (Chapter 5). Thus, hCNT3 exhibits two Na+ 

binding sites, one of which is likely shared with H+. H+ binding to hCNT3, even in 

the presence of Na+, results in a conformation distinct from that in the presence of 

Na+ alone. However, it is the presence of Na+ which appears to dictate the 

conformation of the nucleoside binding site. 

Despite these differences in nucleoside selectivity and cation coupling among 

hCNTs and other family members, their overall similarities provide support for a 

common cotransport mechanism. As previously discussed, an ordered mechanism of 

binding and close-proximity integration of cation/solute binding and transport within 

445 



a common cation/permeant translocation pore are likely shared by all three hCNTs 

and are common to other eukaryote, as well as prokaryote CNTs. Within hCNTs, 

additional evidence for a common nucleoside binding site stems from the ability of 

hCNTl to adopt hCNT2-like nucleoside selectivity via a hCNT3-like intermediate 

state by mutation of only four TM 7/8 residues (9). Differences in hCNT and other 

CNT cation coupling characteristics, however, make the structural interpretation of 

cation binding features more challenging. The properties which require 

rationalization are that: (i) hCNTl/2 are largely Na+-specific and have a single cation 

binding site (Chapter 6), (ii) hCNTl has a low affinity for Li+ that is increased in 

hCNTl mutant L454V (Chapter 4), (iii) hCNT3 can utilize Na+, Li+ or H+ (Chapter 

5), (iv) hCNT3 has two Na+ binding sites, one of which is shared by H+ (Chapters 5 

and 6), (v) the hCNT3 cation binding site common to Na+ and H+ is the primary 

cation-coupling site of the transporter, such that H+ binding to that site alone is 

capable of driving nucleoside transport (Chapters 5 and 6), (vi) hagfish hfCNT3, like 

hCNT3, has two cation binding sites, but both are specific for Na+ (13), (vii) other 

CNT family members such as C. albicans CaCNT (12, Chapter 3) and E. coli NupC 

(Appendix 2) are exclusively H+-coupled and (viii) the H+:nucleoside coupling ratio 

for CaCNTl (and presumably other H+-coupled CNTs) is 1:1 (12, Chapter 3). 

From the perspective of hCNT3 there are two alternative possibilities. The 

first is that hCNT3 shares a common Na+(/Li+)-specific site with hCNTl/2, and that 

H+-coupling in hCNT3 is a feature of a second Na+/H+ site unique to hCNT3. In this 

scenario, the latter site in hfCNT would be Na+-specific, while a H+-specific version 

of this site would account for cation coupling in CaCNT and NupC. Instead, it is also 

possible that the Na+(/Li+)-specific binding site of CNT 1/2 subfamily members 

corresponds to a common Na+/Li+/H+ binding site in CNT3 proteins. This would be 

the primary cation binding site for all CNTs and would coordinate interactions with 

all coupling cations, including Na+ for those proteins which are exclusively Na+-

coupled, such as CNT 1/2 and hfCNT, H+ for those proteins which are exclusively H+-

coupled, such as NupC and CaCNT, and Na+, Li+ or H+ for CNT3. Coupling of 

nucleoside transport to cation binding at this site would result in a 1:1 

catiomnucleoside stoichiometry, such as is evident for Na+-dependent CNT 1/2, H+-
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dependent CaCNT, and the H+-dependent mode of CNT3 (Chapters 3, 5 and 6). In 

this putative mechanism, the second cation binding site unique to CNT3 subfamily 

members would be Na+-specific and would account for the 2:1 Na+:nucleoside 

coupling of both CNT3 proteins and hfCNT (13, Chapter 5). Important evidence 

favoring the latter of these two scenarios is provided in Chapter 9 by the 

demonstration that mutation of hCNT3 Glu519, the residue in the TM 11A motif 

(G/A)ZKX3NEFVA(Y/M/F) common to all CNT family members, changes the 

Na+:nucleoside coupling ratio of the transporter from 2:1 to 1:1 at the same time as 

largely eliminating H+-coupled transport activity. In other words, mutation of Glu519 

leads to the functional loss of the hCNT3 site common to Na and H . The highly 

conserved nature of this glutamate residue, and the motif to which it belongs, suggests 

strongly that it contributes similarly to cation coupling in other CNTs, including Na+-

specific hCNTl/2 and H+-specific CaCNT and NupC. 

Irrespective of the assignment of cation binding sites, CNT kinetics and cation 

coupling can be interpreted in terms of a conformational equilibrium model of 

secondary active transport. Devoloped by Krupka, this modified ordered binding 

model of secondary active transport alleviates the stringent sequential carrier states of 

earlier models and instead allows for flexible cation interactions such as those 

observed for Na+- and H+-coupling of hCNT3 (18, 19). In the model, binding of 

cation (Na+ and/or H+) shifts the equilibrium between two carrier states to "unlock" or 

open the nucleoside binding site, thereby promoting active transport. 

Presteady-state current analysis of hCNT3-mediated cotransport suggests that 

in the presence of Na+ alone, binding of the first Na+ is followed by a slow rate-

limiting occlusion step which permits binding of the second Na+ followed by 

nucleoside binding (20). This occulsion step is also evident in hCNTl (11). hCNTl 

E322Q (Appendix 4) and hCNT3 E343Q (Chapter 9) mutants both displayed novel 

partially-uncoupled transport phenotypes akin to that of a nucleoside-gated channel. 

In hCNTl and hCNT3, the uncoupled movement of cation was primarily specific to 

Na+ and, in the case of hCNT3, did not extend to H+ (Chapter 9). In agreement with a 

location deep within the translocation pore, this negatively charged TM 7 residue may 
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form part of the inward gate of the transporter vestibule. A paradigm for this can be 

found in the potential gating function of negatively charged residues within the 

common cation/solute translocation pore of the Aquifex aeolicus LeuTAa Na+/Cl"-

dependent leucine transporter (15). In this protein, negatively-charged residues 

stabilize the transporter in a closed conformation that occludes closely-associated Na+ 

and leucine binding sites halfway across the membrane bilayer. Similar to the 

mammalian GAT1 Na+/Cl"-dependent GAB A transporter (21, 22), a member of the 

same protein family as LeuTAa, hCNTl (11) and hCNT3 (20) presteady-state currents 

largely reflect binding and potential occlusion of extracellular Na+. Consistent with a 

potential gating function for hCNTl E322, its mutation markedly decreased hCNTl 

presteady-state currents (Appendix 4). 

Although little is known about the mechanism of transport when both Na+ and 

H+ are available for coupling to hCNT3, it is likely that this mode of transport will 

provide valuable mechanistic insights into CNT function. Electrophysiological 

studies suggest that in the presence of both Na+ and H+, one Na+ and one H+ are 

bound to the transporter (Chapter 5). However, experimental verification of this by 

direct determination of the charge :22Na+coupling stoichiometry in acidified, Na+-

containing transport medium has yet to be established. In the case of one Na+ and one 

H binding to hCNT3, it is likely that H bind first, before Na+ based upon (i) 

differences in apparent £50 values for the two cations (Chapter 5), (ii) the H+-induced 

conformation which allows for PCMBS binding to TM 12 Cys561 is similar to that in 

the presence of both Na+ and H+ (Chapter 7) and (iii) arguments presented earlier in 

this Chapter regarding the nature of the primary hCNT3 cation-coupling site. 

However, hCNT3-mediated transport in the presence of both Na+ and H+ is broadly 

selective for both purine and pyrimidine nucleosides, whereas H+-mediated transport 

favors pyrimidine nucleosides (Chapter 5). Thus, the binding of Na+ must alter the 

nucleoside binding pocket and/or translocation pore to allow purine nucleoside 

transport. Continuation of the SCAM analysis presented in Chapter 10 to investigate 

PCMBS inhibition in the presence of both Na+ and H+, as well as in the absence of 

coupling cation, will be valuable in understanding the various cation-dependent 

conformations of hCNT3. 

448 



Topology 

Initial hydropathy analyses of the first mammalian CNTs to be identified at 

the molecular level suggested the presence of 14 TMs (4, 23, 24). Subsequent 

analysis incorporating information from antipeptide antibodies and glycosylation 

mutants revised the putative CNT topology model to include 13 TMs, although two 

additional membrane spanning regions (TMs 5A and 11 A) were also weakly 

predicted (5). Evidence presented in this thesis now supports a new TM 15 topology 

model for mammalian and other eukaryote CNTs. In particular, studies of highly 

conserved negatively charged residues in hCNTl and hCNT3 identified glutamate 

residues in TM 7 (Glu322 and Glu343, respectively) and TM 11A (Glu498 and Glu519, 

respectively) with key functional roles in cation coupling (Chapter 9, Appendix 4). In 

the case of the TM 7 residues, their potential gating role within the cytoplasmic aspect 

of the transport vestibule favors an orientation of TM 7 in the membrane opposite to 

that predicted by the 13 TM model of CNT membrane architecture, but consistent 

with the topology predicted if the TM 5A region of the protein was indeed 

transmembrane. Support for TM 5A as membrane spanning comes from a series of 

experiments on the E. coli CNT family member NupC (25). Additionally, SCAM 

analysis of hCNT3 in a region spanning TMs 7 and 8 also revealed this region of the 

protein to have an orientation opposite to that predicted in the 13 TM model of 

topology (26). Furthermore, SCAM analysis of hCNT3 TM 11A found nine amino 

acids, including Glu519, in a 12 residue block that were reactive to PCMBS, four of 

which were nucleoside protectable (Chapter 10). TM 11A contains the previously 

identified highly conserved CNT family motif (G/A)XKX3NEFVA(Y/M/F) (5). Given 

the pivotal role of this motif in cation coupling, it is highly likely to be membrane-

associated as part of the CNT translocation pore. This could either be in the form of a 

re-entrant loop or as part of a transmembrane domain. The latter possibility is more 

probable, given that two additional transmembrane regions (TMs 5A and 11 A) are 

needed to preserve the exofacial location of the glycosylated C-terminus of the protein. 

Together, these results provide strong support for a new revised 15 TM model of 

topology. 

449 



SCAM analysis of hCNT3 also revealed evidence of a novel extended region 

of polypeptide within the TM 11A putative transmembrane a-helix (Chapter 10). 

Similar block patterns of PCMBS reactivity also occur in TMs 7 and 8 (26). These 

regions in hCNT3 TMs 7, 8 and 11A provide the first functional evidence of extended 

structures or discontinuous membrane helices evident in crystal structures of recently 

solved bacterial membrane transport proteins. For example, the crystal structure of 

the A. aeolicus Na+/Cl"-dependent LeuTAa transporter demonstrates non-traditional 

transmembrane a-helices which are disrupted by the insertion of extended regions of 

polypeptide (15). In LeuTAa, these extended regions comprise the Na+ binding sites 

of the protein and, upon Na+ binding, this region is stabilized to then favor the high-

affinity binding of permeant, which in this case is leucine (15). The proposed 

mechanism of transport includes a three-state model with extra- and intracellular 

gates which alternately allow access to the binding sites from either side of the 

membrane bilayer. In this model, the extended regions serve as the joint or hinge to 

allow for conformational changes. The extended regions in LeuTAa are part of 

transmembrane helices whereas in the glutamate transporter Gltph from Pyrococcus 

horikoshii, the extended regions form the joint of a hairpin-like conformation in a 

reentrant loop or non-transmembrane helix (16, 17). In the case of hCNT3, SCAM 

analysis predicts TM 11A to be membrane spanning and thus, more similar to LeuTAa 

than Gltph (Chapter 10). 

Reviewed by Screpanti and Hunte (27), such discontinuous membrane helices 

are proposed to play important mechanistic roles in ion recognition, binding and 

translocation in secondary active transporters. Additionally, a common theme 

throughout the recently solved bacterial transport protein crystal structures is that of 

inverted internal duplication of domains comprising the discontinuous helices which 

result in internal symmetry within the translocation pore (27). Similar symmetry 

within CNTs has yet to be revealed. Nevertheless, the functionally identified 

extended regions of polypeptide revealed by SCAM analysis of hCNT3 in TMs 7 and 

8 (26) and 11A (Chapter 10) strongly support a central role of these TMs in formation 

of the CNT nucleoside/cation binding and translocation pore. Additional support for 

this arrangement of TMs with the protein stems from site-directed mutagenesis 
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studies previously discussed in this Chapter. For example, permeant interactions have 

been found for residues in TMs 7, 8, 11, 11 A, 12 and 13 and interactions with cation 

have been found for residues in TMs 7, 8, 11A and 12, thus implicating these TMs in 

formation of the permeant translocation pore (Chapters 3 - 5 and 7 - 10). Important 

evidence for the central location and role of TM 11 A, a discontinuous transmembrane 

helix, in the translocation pore stems from the identification of Glu519 and the CNT 

family motif to which it belongs as a critical determinant of the hCNT3 Na+/H+-

binding site (Chapter 9), as well as the proximity of this region to the adjacent and 

conformationally mobile TM 12 in which binding of PCMBS to Cys561 reports a 

specific H+-induced state of the protein (Chapter 7). Of similar mechanistic 

importance is the proposed gating role of a TM 7 residue in both hCNTl (Glu ) and 

hCNT3 (Glu 43) whereby the negatively-charged residue is proposed to stabilize the 

transporter in a closed conformation that occludes cation and nucleoside binding sites 

positioned midway across the membrane lipid bilayer (Chapter 9, Appendix 4). This 

gating function is similar to mechanisms proposed for both LeuTAa and the related 

mammalian Na+/Cl"-dependent GABA transporter, GAT1 (15, 21, 22). hCNT TM 7 

is immediately adjacent to TM 8, which has also been shown to be important for 

nucleoside/cation interactions (Chapter 4). In the 15 TM model of hCNT membrane 

architecture, TMs 7/8 and 11 A/12 are separated by a 37 amino acid linker region which 

likely forms a flexible cytoplasmic loop between TMs 9 and 10. It is possible that this 

loop enables TMs 7/8 and 11 A/12 to come together in the translocation pore in a manner 

that facilitates conformational transitions within the cation/nucleoside translocation 

cycle. 

Future Directions 

The functional characterization and structure-function studies of CNT family 

members presented here have advanced the current understanding of CNT-mediated 

nucleoside transport. In addition to identifying key regions and residues, these 

studies have revealed novel insights into the molecular mechanisms of 
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cation/nucleoside cotransport and the topological organization of CNT family 

members. There still remains, however, many unexplored areas of research with 

respect to the CNT family of nucleoside transport proteins. 

Kinetic analysis of the mechanism of nucleoside cotransport has been carried 

out in detail for hCNTl, less extensively for hCNT3 and only in a preliminary way 

for hCNT2. Similarly, structure-function studies have primarily focused on hCNTl 

and hCNT3. In hCNT3, residues only in the C-terminal half of the protein have been 

investigated and only in TMs 7, 8, 11, 12 and 13. Thus, many opportunities exist for 

future characterization both of native proteins (ie. hCNT2) and TMs (ie. hCNT3 TMs 

1 - 6 and 9 -10). Although SCAM studies of hCNT3 with PCMBS have revealed key 

insights into topology and putative pore-lining residues, additional information gained 

from as-yet-uncharacterized regions of hCNT3 will be valuable, as will investigations 

employing other cysteine-specific reagents. To date, for example, only limited use 

has been made of methanethiosulfonate (MTS) reagents. Topological information 

can also be gained from experiments using other investigative techniques, including 

cysteine-crossing linking and florescent labels. In addition to hCNTs, extending these 

structure-function studies to other CNT family members will be important. 

Although initially challenging, experimental procedures for acquiring three-

dimensional crystal structures of membrane transport proteins are slowly becoming 

established (14, 15, 16). Obtaining a crystal structure for a CNT would clarify protein 

architecture and provide a molecular framework for structure-function relationships. 

Even a relatively low resolution structure, such as those typically obtained by two-

dimensional crystallographic approaches, would be of immense value in this regard. 

Mutagenesis experiments reported in this thesis have identified several residues 

potentially capable of locking the protein in conformations suitable for crystallization 

studies. From a pharmacologic perspective, an understanding of CNT mechanism 

and structure-function relationships will provide opportunities to aid in the 

development of custom-designed permeants and inhibitors, which will be useful, for 

example, in development of new chemotherapeutic compounds and applications. 
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Ultimately, the information gained from CNT studies will be beneficial to the 

understanding of cation-dependent membrane transport proteins in general. 
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Appendix 1: 

Identification and Functional Characterization of Variants in 

Human Concentrative Nucleoside Transporter 3, hCNT3 

(SLC28A3), Arising from Single Nucleotide Polymorphisms in 

Coding Regions of the hCNT3 Gene* 

* This appendix has been published. 

Damaraju, V. L., Zhang, J., Visser, F., Tackaberry, T., Dufour, J., Smith, K. M., 
Slugoski, M. D., Ritzel, M. W., Baldwin, S. A., Young, J. D., and Cass, C. E. (2005) 
Identification and functional characterization of variants in human concentrative 
nucleoside transporter 3, hCNT3 (SLC28A3), arising from single nucleotide 
polymorphisms in coding regions of the hCNT3 gene. Pharmacogenet. Genomics 15: 
173-182. 
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Identification and functional characterization of variants 
in human concentrative nucleoside transporter 3, hCNT3 
(SLC28A3), arising from single nucleotide polymorphisms 
in coding regions of the hCNT3 gene 
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Jennifer Dufourb, Kyla M. Smithd, Melissa Slugoskid, Mabel W.L. Ritzeld, 
Stephen A. Baldwin0, James D. Youngd and Carol E. Cassab 

Introduction Human concentrative nucleoside transporter 
3, hCNT3 (SLC28A3), which mediates transport of purine 
and pyrimidine nucleosides and a variety of antiviral and 
anticancer nucleoside drugs, was investigated to deter­
mine if there are single nucleotide polymorphisms in 
the coding regions of the hCNT3 gene. 

Methods and results Ninety-six DNA samples from 
Caucasians (Coriell Panel) were sequenced and sixteen 
variants in exons and flanking intronic regions were 
identified, of which five were coding variants; three of these 
were non-synonymous (S5N, L131F, Y513F) and were 
further investigated for functional alterations of the 
resulting recombinant proteins in Saccharomyces 
cerevisiae and Xenopus laevis oocytes. In yeast, 
immunostaining and fluorescence quantitation of the 
reference (wild-type) and variant CNT3 proteins showed 
similar levels of expression. Kinetic studies were 
undertaken in yeast with a high through-put semi-auto­
mated assay process; reference hCNT3 exhibited Km 

values of 1.7 ±0.3, 3.6 ±1.3, 2.2 ±0.7, and 2.1 ± 0 . 6 | I M and 
Vmax values of 1402 ± 286,1310 ± 113, 1020 ± 44, and 
1740 + 114 pmol/mg/min, respectively, for uridine, cytidine, 
adenosine and inosine. Similar Km and l/max values were 
obtained for the three variant proteins assayed in yeast 

Introduction 
Uptake and release of nucleosides is mediated by integral 
membrane nucleoside transporter proteins [1-3]. These 
proteins also mediate the cellular uptake of nucleoside 
analogs used in anti-cancer and anti-viral chemotherapy 
[4,5]. Two major structurally and functionally distinct 
families of nucleoside transporters have been identified: 
the concentrative nucleoside transporters (CNTs) 
and the equilibrative nucleoside transporters (ENTs). 
Three sodium-dependent CNTs have been identified by 
molecular cloning from human tissues that differ 
functionally in their substrate selectivities: hCNTl 
(SLC28A1) transports pyrimidine nucleosides, hCNT2 
(SLC28A2) transports purine nucleosides and uridine and 
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under identical conditions. All of the characterized hCNT3 
variants produced in oocytes retained sodium and proton 
dependence of uridine transport based on measurements 
of radioisotope flux and two-electrode voltage-clamp 
studies. 

Conclusion These results suggested a high degree of 
conservation of function for hCNT3 in the Caucasian 
population. Pharmacogenetics and Genomics 15:173-182 
© 2005 Lippincott Williams & Wilkins. 

Pharmacogenetics and Genomics 2005, 15:173-182 

Keywords: nucleoside transporter, kinetics, membrane transport, genomics, 
polymorphism, nucleoside drugs, Integral membrane protein, coding 
variants, sodium/proton dependence, quantitative CNT3 protein expression 

"Department of Oncology, University of Alberta, Edmonton, Alberta, Canada, 
bPolyomX Program, Cross Cancer Institute, Edmonton, Alberta, Canada, 
cSchool of Biochemistry and Microbiology, University of Leeds, Leeds, UK and 
dDepartment of Physiology, University of Alberta, Edmonton, Alberta, Canada. 

Correspondence and requests for reprints to Dr Carol E. Cass, Department of 
Oncology, Cross Cancer Institute, 11560 University Avenue, Edmonton, 
Alberta T6G 1Z2, Canada. 
Tel: 780-432-8320; fax: 780-432-8425; 
e-mail: carol.cass@cancerboard.ab.ca 

Received 5 August 2004 Accepted 20 December 2004 

hCNT3 (SLC28A3) transports both pyridimine and purine 
nucleosides [6-9]. Two equilibrative nucleoside transpor­
ters, hENTl (SLG29A1) and hENT2 (SLC29A2), have 
been cloned from human tissues and are functionally 
distinguished by their sensitivity or lack thereof, respec­
tively, to nitrobenzylmercaptopurine ribonucleoside 
(NBMPR)[3]. Detailed functional studies of recombinant 
human nucleoside transporter proteins (reviewed in [3,4]) 
have established correspondence between the transporter 
proteins and their functional activities as follows: hENTl, 
«; hENT2, «'; hCNTl, cit, hCNT2, cif\ and hCNT3, cib. 

The role of nucleoside transporters in the cellular uptake 
and efficacy of anti-cancer nucleoside drugs is an area 
of intense investigation. The presence of functional 
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nucleoside transporter proteins has been demonstrated to 
be critical for the cytotoxic sensitivity of cultured 
malignant cells to nucleoside analogs such as gemcita-
bine, 5-fluoruridine and 5'-deoxy-5-fluoruridine [10,11]. 
Inter-individual differences in hENTl protein levels have 
been observed in immunohistochemical analysis of 
primary breast tumors, which also revealed some in­
stances of apparent hENTl deficiency [12]. Recently, 
a retrospective study that assessed hENTl abundance 
in pancreatic cancer samples by immunohistochemistry 
demonstrated that patients treated with gemckabine 
in whom all adenocarcinoma cells had detectable 
hENTl had longer median survivals than those for whom 
hENTl was present in low quantities or absent 
altogether [13]. 

With the completion of the human genome project, there 
is growing interest in the role of genetic variants in drug 
transporter and metabolism genes in the observed inter-
individual differences in drug efficacy and therapeutic 
outcome in patient populations [14—18]. Sequencing of 
24 transporter genes from a collection of multi-ethnic 
DNA samples identified several non-synonymous amino 
acid variants in human transporter proteins, including 
hENTl, hENT2, hCNTl and hCNT2. Functional 
characterization of the observed variants for hENTl 
(SLC29A1) produced in recombinant form in SaccAar-
omyces cerevisiae and/or oocytes from Xenopus laevis demon­
strated that the non-synonymous variants resulting in the 
change of amino acids from 1126 T and E391 K showed no 
differences in the kinetics of uptake of nucleosides. 
Similar results were obtained with hCNTl variants 
except for one with a very low allele frequency (0.5%) 
in the African-American population in which a deletion of 
G at nucleotide position 1153 resulted in a frame shift 
that yielded a non-functional truncated protein in X. laevis 
oocytes [19-21]. Several single nucleotide polymorph­
isms (SNPs) and insertion/deletion polymorphisms were 
identified and reported for hCNT2 and hENT2 and await 
functional characterizations [22,23]. 

The hCNT3 gene, located on chromosome 9, consists of 
18 exons and encodes a 691-residue protein with 13 
putative transmembrane domains [8]. The hCNT3 gene 
is widely expressed in many different tissue types and the 
protein mediates efficient transport of both purine and 
pyrimidine nucleosides, including a variety of anticancer 
nucleoside drugs [8]. However, the hCNT3 gene has not 
been evaluated for putative polymorphisms in the coding 
region. The present study was undertaken to assess 
hCNT3 polymorphisms in the Caucasian population. 
Since this project was initiated, a report on hCNT3 
polymorphisms has been presented in which the authors 
reported 10 non-synonymous variants, of which seven 
were rare with an allele frequency of < 1%. One of these, 
G367R in the DNA from the Asian population, exhibited 
reduced transport of inosine and thymidine [24]. We 
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report here the identification of 16 SNPs in the coding 
and intronic regions of the hCNT3 gene by sequencing of 
genomic DNA from Caucasian individuals (panel of 96 
DNAs from Coriell Institute). Functional characterization 
of the non-synonymous variants was undertaken by 
production of the recombinant variant proteins in a 
yeast expression system under conditions that allowed 
determination of the kinetic parameters (Km, Vmw) 
for four physiologic nucleosides (uridine, cytidine, 
adenosine, inosine) using a high-throughput assay de­
scribed in detail elsewhere [25]. In addition to the novel 
variants of hCNT3 reported in this study, we also confirm 
some of the variants reported by Badagnani and 
Giacomini [24] and deposited in the NCBI and 
PharmGKB databases (http://www.ncbi.nlm.nih.gov/SNP 
and http://www.pharmgkb.org/views/variant). 

Methods 
Materials 
Uridine, cytidine, adenosine, inosine and the 3H-labeled 
nucleosides were purchased from Sigma-Aldrich (Sigma-
Aldrich Canada Ltd., Oakville, ON, Canada) and Moravek 
Biochemicals (Brea, CA, USA), respectively. The Quick-
Change site-directed mutagenesis kit was purchased from 
Stratagene (La Jolla, CA, USA). AH other materials used 
were of the highest analytical grade available commer­
cially. 

D N A sequencing 

Polymorphisms in the hCNT3 gene were identified by 
dideoxy sequencing in 96 DNA samples from Caucasians 
(Coriell Panel, Coriell Institute of Medicine, CA, USA). 
Polymorphic DNA Technologies, Inc (www.polymor-
phicdna.com) services were utilized for sequencing and 
analysis. We attempted sequencing all 18 exons in the 
CNT3 gene (with 50-bp flanking intronic regions), as 
well as 500-bp upstream and downstream sequences 
relative to ATG and stop codons, respectively. Table 1 
lists the primers and the expected size of the polymerase 
chain reaction (PCR) amplification products (amplicons) 
that were successfully sequenced and also contained 
polymorphisms. After an initial sequencing attempt, the 
identified polymorphisms were re-confirmed by repeat 
PCR and sequencing steps. Only those polymorphisms 
that were found to be reproducible in the two sequencing 
runs are reported in this paper. 

Strains and media 
Fuil::TRPl (MAToc, gal, ura3-52, trpl, lys2, ade2, 
hisd2000, and Afuil::TRPl), which contains a disruption 
in the gene encoding the endogenous Urd permease 
(FUI1) [2], was the parental yeast strain used to produce 
the recombinant human nucleoside transporters [25-27]. 
Other strains were generated by transformation of the 
yeast-EscAerkAia coli shuttle vector pYPGElS (containing 
the constitutive PGK promoter) [28] into Fuil::TRPl 
with a standard lithium acetate method [29]. Yeast strains 
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Table 1 Primer pairs used to amplify regions of the hCNT3 gene 

Amplicon 5' Primer 3' Primer 

GGTTGGGGCTAAAGTTACAGG 
AACCCAGAAGAGCCCAAGAA 

TACGACTATGCCCCCACAC 
CAATGAGCCGAGATCACATC 
AAACGGGGTAGGGAAACAAT 
TCATTGCCTCATCTAGGCTTT 

GAACAGCAGTAGTGTTAACAAACCA 
TTCCCTCCATGGACACATTT 

AAGGAGGGGGATAGGAGACA 
CACGCACACTCTAATTCAACATAA 

CAGTTCTTGGTGGGGAAGG 
GGATTACAACCAAGATGGATCA 

BP, PCR (Read) 

393 (147) 
451 (205) 
400 (196) 
431 (186) 
475 (192) 
538 (290) 
471 (214) 
474 (181) 
497 (269) 
552 (298) 
494 (268) 
591 (300) 

Exon 1 
Exon 2 
Exon 3 
Exon 4 
Exon 5 
Exon 6 
Exon 8 
Exon 10 
Exon 14 
Exon 15 
Exon 18 
3' NC 

GAAGGAAGAGTGGGGAGGAC 
CCAGCACTAGATGCCTCCAC 

GGATTTGTCAGCTGTTTGTTGA 
TGAGATTATAAGCCGGGAAAAA 

TGATCATGGCTGACTCTAGTCTAA 
ACCCCATCAAAGAAGCCAGT 

TCAMGGGTTCTCTGCTTATGA 
CACCATAGAAGACAGGGGAAA 

TGATGTCATGGGATTCAGGT 
CCCTGATTCCTGATGGGTAA 
CCCCAGTGTCTCTGTCCTTTA 

TTGCAAGGAATGAAGAAAAACA 

Listed are the nucleotide sequences of primers for PCR and the expected size of the PCR amplicons for the hCNT3 gene for various regions. The genomic contiguous 
sequences from the UCSC database (http://genome.ucsc.edu/) were used as a source of genomic sequences to derive flanking exonic and intronic sequences. Some 
amplicons were difficult to sequence or, when sequenced, showed no polymorphisms (exons 7, 9,11,12,13,16,17 and 5' non-coding region). The numbers of base pairs 
(BP) for each PCR amplicon and of the sequence read within each amplicon are given in brackets. 

were maintained in complete minimal media (CMM) 
containing 0.67% yeast nitrogen base (Difco, Detroit, MI, 
USA), amino acids (as required to maintain auxotrophic 
selection), and 2% glucose (CMM/GLU). Agar plates 
contained CMM with various supplements and 2% agar 
(Difco). Plasmids were propagated in E. coli strain DH5a 
(Invitrogen, Carlsbad, CA, USA) and maintained in Luria 
broth with 100ug/ml ampicillin. 

Plasmid construction and site-directed mutagenesis 
The hCNT3 open reading frame (GenBank accession 
number AF305210) was subcloned into the yeast expres­
sion vector pYPGE15 to generate pYPhCNT3 as pre­
viously described [25]. pYPhCNT3 served as the 
template to generate plasmids containing cDNAs encod­
ing the three non-synonymous variant transporter pro­
teins hCNT3/S5N, hCNT3/L131F and hCNT3/Y513F 
using the QuickChange site-directed mutagenesis kit 
according to the manufacturer's instructions. The se­
quence of the three hCNT3 variants was confirmed by 
DNA sequencing using an ABI PRISM 310 sequence 
detection system (PerkinElmer Life and Analytical 
Sciences, Boston, MA, USA). 

Nucleoside transport assay in S. cerevisiae 
Yeast cells producing recombinant reference or non-
synonymous variant hCNT3 proteins were grown in 
CMM/GLU media to ^6oo of 0.7-1.2, washed twice in 
sodium-containing transport buffer (5 mM D-glucose, 
20 mM Tris-HCl, 3mM K2HP04, 1 mM MgCl2, 2mM 
CaCl2, and 130 mM NaCl, pH7.4) and resuspended to 
^600 = 4.0 in sodium-containing transport buffer, pH 7.4. 
All transport assays were performed at room temperature 
and pH 7.4 using a cell-harvester based method as 
described previously [25,30]. Transport reactions were 
initiated by rapid mixing of 50 ul of yeast suspension with 
50 ul of sodium-containing buffer, pH 7.4, containing 2 x 
[3H]nucleoside in each of the individual wells of 96-well 
microtiter plates. Nucleoside uptake into yeast cells 
producing recombinant hCNT3 or hCNT3 variants was 

linear for up to 10-15 min and kinetic studies were 
therefore performed using rates obtained from 5-min 
exposures to 3H-labeled nucleosides. At the end of 5-min 
incubations, the yeast cells were collected on glass-fiber 
filtermats (Skatron Instruments, Lier, Norway) using the 
semi-automated cell harvester (Micro96 HARVESTER; 
Skatron Instruments) with continued washing with 
demineralized water. The individual filter portions that 
corresponded to each well of the microtiter plates were 
excised and transferred to scintillation vials for liquid 
scintillation counting. Uptake rates are presented as 
pmol/mg of yeast protein. The quantification of yeast 
protein was determined using a Bio-Rad protein assay kit 
(Bio-Rad). Km and Fmax values for transport of nucleo­
sides by yeast producing wild-type or variant recombinant 
hCNT3 were calculated through rate vs. concentration 
plots using PRISM GraphPad version 3.0 software 
(GraphPad Software Inc., San Diego, CA, USA). Statis­
tical significance of the reported data sets was evaluated 
using /-tests. 

Immunofluorescence and confocal microscopy of yeast 
Logarithmically growing yeast (10 OD units, A600 = 0.7— 
1.0) were fixed using 3.7% formaldehyde for 30 min with 
occasional agitation, after which cells were pelleted and 
washed with 4 ml of double-distilled HzO. The pellets 
were resuspended in 1 ml of 700u,g/ml Zymolyase-IOOT 
(MP Biomedicals, Irvine, CA, USA) in solution B (1 .2M 
sorbitol, 100 mM potassium phosphate, pH7.5) for 30-
40 min at 30°C. The yeast suspensions (300 uJ) were 
applied onto poly L-lysine coated coverslips, permeabi-
lized using chilled 1:1 acetone/methanol and incubated 
first with blocking buffer (2% goat serum in phosphate-
buffered saline (PBS, pH7.2)) for 30min and then with 
anti-hCNT3 monoclonal antibodies in PBST (PBS with 
1% Triton-X-100) for 30 min. After extensive washing 
with PBST, the yeast were stained with the secondary 
antibodies (Alexa Fluor 488 goat anti-mouse immunoglo­
bulin G (IgG; 1:250 dilution in PBS, Molecular Probes, 
Ontario, Canada)) for 30 min, followed by extensive 
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washing with PBS. The coverslips were mounted and 
dried overnight. Confocal images were collected using a 
Zeiss LSM510 confocal laser scanning microscope with a 
40 x 1.3 objective (F-Fluar) using a frame size of 1024 x 
1024 pixels with a pixel resolution of 0.1 UM and a pixel 
depth of 12 bits. 

Metamorph version 6.1 software (Universal Imaging 
Corp, Downingtown, PA, USA) was used to measure 
pixel intensities of stained yeast over the defined regions. 
The average fluorescence intensity (defined as total 
intensity divided by defined region) of each yeast cell was 
digitalized after background subtraction. Only yeast cells 
without cell walls were included for fluorescence 
intensity measurements. About 60 to 120 cells per yeast 
strain were measured and the data were exported to 
GraphPad Prism version 4.0 for comparison of the relative 
abundance of reference hCNT3 and hCNT3 variants 
(Student's /-test). 

Expression of recombinant hCNT3 and hCNT3 variants 
in Xenopus oocytes 
The cDNAs of hCNT3 and hCNT3 variants were 
subcloned into vector pGEM-HE. Plasmids were linear­
ized with Nhe\ (pGEM-HE) and transcribed with T7 
polymerase mMESSAGE mMACHINE (Ambion). Stage 
VI oocytes of Xenopus /amis were microinjected with 20 nl 
of water or 20 nl of water containing RNA transcripts 
(20 ng) and incubated in modified Barth's medium 
(changed daily) at 18°C for 72 h prior to the assay of 
transport activity as described previously [31]. 

Radioisotope flux studies in Xenopus oocytes 
Transport was traced using I4C-labeled uridine at a 
concentration of 20 UM. Flux measurements were per­
formed at room temperature (20°G) as described 
previously [9,31] on groups of 10-12 oocytes in 200ul 
of transport medium containing 100 mM NaCl, 2 mM KC1, 
1 mM CaCl2, 1 mM MgClz, and 10 mM HEPES, pH8.5. At 
the end of the incubation period, oocytes were washed 
rapidly six times with ice-cold transport medium, and 
individual oocytes were dissolved in 1% (w/v) sodium 
dodecyl sulfate for quantitation of oocyte-associated 
radioactivity by liquid scintillation counting (LS 6000 
IC; Beckman). Initial rates of transport were determined 
using an incubation period of 1 min. Choline replaced 
sodium in N a + dependence experiments, and proton-
dependent uptake of uridine was measured in choline-
containing transport medium acidified to pH 5.5 (buf­
fered with 10mM minimal essential salts) [31]. The flux 
values shown are the means ± SE of 10-12 oocytes. 

Measurement of hCNT3- and hCNT3 variant-induced 
sodium and proton currents in Xenopus oocytes 
Oocyte membrane currents were measured using a 
GeneClamp 500B oocyte clamp (Axon Instruments, 
Inc., Foster City, CA, USA) in the two-electrode, 
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voltage-clamp mode as described previously [31]. All 
experiments were performed at room temperature (20°C) 
and oocytes were discarded if the membrane potential 
was unstable or more positive than - 3 0 mV. The 
membrane potential was clamped at a holding potential 
(Vh) of -50mV Oocytes were perfused with the same 
media used for radioisotope flux studies, and cation/nu-
cleoside cotransport was initiated by changing the 
permeant-free solution to one containing 100 |XM uridine. 

Results 
Genetic variations in hCNT3 
Primers were designed for all exons and the flanking 5' 
and 3' regions (Table 1) in an attempt to sequence and 
identify polymorphisms in hCNT3. Of the 18 exons and 
the 5' and 3' non-coding sequences that were PCR 
amplified and sequenced, only 11 exons and the 3' non-
coding region (Table 2) gave sequence information in 
which SNPs were detected that were either unique (i.e., 
newly reported in this study) or confirmed (i.e., reported 
previously in the database at http://www.ncbi.nlm.nih. 
gov/SNP or http://www.pharmgkb.org/views/variant). 
Some amplicons were difficult to sequence (the 5' non-
coding region) or, when sequenced, showed no poly­
morphisms (exons 7, 9, 11, 12, 13, 16 and 17). Of the 16 
SNPs that were identified in the hCNT3 gene from the 
coding and flanking intronic sequences, only two intronic 
and three coding-region SNPs have been previously 
reported (Table 2). G > A (S5N, rsl 1568403), C > T 
(L461L, rs7853758), and A > G (T89T, rs7867504) 
polymorphisms and intronic SNPs (rs4877836 and 
rs3812510 in introns 6 and 7, see Table 2 and Fig. 1) 
were among those that were previously reported. Two 
non-synonymous coding-region SNPs and nine intronic 
SNPs were among the 11 new variants of hCNT3 that 
were identified in the present study. Table 2 lists the 
SNPs, nucleotide positions, amino acid changes, and the 
observed genotype and allele frequencies for the various 
polymorphisms. The genotype distributions for the 
reported polymorphisms (Table 2) are consistent with 
the predictions of the Hardy-Weinberg Equilibrium 
(HWE) except for SNP L131F and the intronic SNP 
(rs4877836). 

Both synonymous and non-synonymous polymorphisms 
were found in the hCNT3 gene. Among the coding-
region SNPs that were identified were Ser 5 to Asn (S5N) 
in the N-terminal region, Thr 89 to Thr (T89 T) in the 
N-terminal cytoplasmic tail, Leu 131 to Phe (L131F) in 
the predicted transmembrane domain 2, Leu 461 to Leu 
(L461L) in predicted transmembrane domain 10 and 
Tyr 513 to Phe (Y513F) in one of the extracellular loops 
(Fig. 1, topology model in the bottom panel). 

One SNP in non-coding exon 1 and 10 SNPs in the 50-
base flanking intronic regions were also identified (Fig. 1 
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Table 2 Polymorphisms and allele frequencies for the gene encoding hCNT3 (SLC28A3) 

S N P # 

1 
2 
3 
4 
5 

e 
7 
8 

9 

10 

11 

12 
13 
14 
16 
16 

Amplicon 

Exon 1 
Exon 2 
Exon 3 
Exon 4 
Exon 5 
Exon 6 
Exon 6 
Exon 6 

Exon 6 

Exon 8 

Exon 8 

Exon 10 
Exon 14 
Exon 15 
Exon 18 
3' NC 

Position 

(Non coding exon) 
14, rs11568403 
(SNP in intron 2) 
(SNP in intron 4) 
267, rs7867504 

1159 
(SNP in intron 5) 

rs4877836 
(SNP in intron 6) 

(SNP in intron 6) 

(SNP in intron 7) 
rs3812510 

(SNP in intron 7) 
(SNP in intron 9) 
1381,rs7853758 

1538 
(SNP in 3' NC region) 
(SNP in 3' NC region) 

in Ref mRNA or NCBI SNP ID 

NT Position 

(-127,853 
( + )14 

( + 127,125 
( + 131,021 
( + 135,312 
(+138,270 
( + 138,194 
( + 138,470 

( + 138,460 

(+142,602 

( + 142,733 

( + 146,464 
(+154,622 
( + 155,179 
( + 162,477 
( + 162,900 

NT 
Change 

O T 
G > A 
O T 
A > G 
A > G 
O T 
G > A 
A > G 

G > T 

O T 

T > C 

T > C 
O T 
A > T 
A > G 
O T 

AA & Position 

5, S > N 

8 9 , T > T 
131, L > F 

461 , L > L 
5 1 3 , Y > F 

N 

168 
186 
192 
184 
188 
192 
192 
192 

192 

124 

124 

144 
188 
192 
186 
190 

HZ 

166 
184 
186 
182 

90 
190 
190 
148 

190 

120 

120 

106 
138 
170 
140 
146 

HT 

2 
2 
6 
2 

74 
0 
2 

34 

2 

4 

4 

32 
44 
22 
40 
42 

Observed genotype 

VT 

0 
0 
0 
0 

24 
2 
0 

10 

0 

0 

0 

6 
6 
0 
6 
2 

Allele 1 

0.99 
0.99 
0.98 
0.99 
0.68 
0.99 
0.99 
0.86 

0.99 

0.98 

0.98 

0.85 
0.85 
0.94 
0.86 
0.88 

Allele 2 

0.01 
0.01 
0.02 
0.01 
0.32 
0.01 
0.01 
0.14 

0.01 

0.02 

0.02 

0.15 
0.15 
0.06 
0,14 
0.12 

The reference hCNT3 mRNA sequence used for these studies was from accession number NM_022127N, The NCBI SNP database IDs are indicated where available. 
The exon, intron or non-coding (NC) region SNPs are identified. The nucleotide (NT) position is indicated as ( + ) or ( - ) corresponding to the upstream or downstream 
sequence position relative to the ATG (+1 ) codon as indicated in the SNPPER database (http://snpper.chip.org/); The amino acid (AA) changes as a result of the 
polymorphisms and the positions in the protein sequence are given. The number of samples (chromosomes, N) that were sequenced varied since some PCR products 
did not yield readable sequence information. The observed genotype and allele frequencies (allele 1 and 2) are indicated. HZ, homozygous wild-type; HT and VT, 
heterozygous and homozygous variant or mutant, respectively. 

and Table 2). All the polymorphisms reported here have 
been confirmed by a second round of PCR and DNA 
sequencing. The 5' putative promoter sequences were 
not amenable for sequencing despite successful PCR 
amplification of the fragment. There were no deletion or 
insertion polymorphisms in the apparently healthy 96 
Caucasian DNAs used in this study. 

A wide variation in the minor allele frequencies was 
observed for the different classes of SNPs reported here. 
In coding regions, the synonymous variants T 8 9 T and 
L461L showed higher minor allele frequencies (15-32%) 
than the non-synonymous variants, S5N, L131F and 
Y513F (1-6%). The SNP allele frequencies varied from 
1-14% for intronic regions and 12-14% for the 3' non-
coding region. The low allele frequencies of the non-
synonymous SNPs observed in coding regions of the 
hCNT3 gene suggested nucleotide conservation and 
constraints on changes in the amino acids of the hCNT3 
protein. 

Functional analysis of recombinant hCNT3 variants 
in yeast 
Recombinant hCNT3 and three of the non-synonymous 
variant proteins were produced in yeast and characterized 
for their ability to transport several naturally occurring 
nucleosides (uridine, cytidine, adenosine, inosine). Yeast 
cells producing recombinant reference (i.e., wild-type) or 
non-synonymous variant hCNT3 proteins were incubated 
with 0.5, 1, 2, 5, 10, 20, 50 or 100 UM [3H]nucleoside in 
the absence or presence of 10 mM of uridine. The 
mediated component of nucleoside transport was calcu­

lated as the initial rate of uptake of [3H]nucleoside at a 
particular concentration minus the initial rate of uptake 
at that concentration in the presence of the non­
radioactive uridine at 10 mM, and the resulting concen­
tration versus rate data sets were analysed to determine 
the kinetic parameters for inwardly directed fluxes 
(Table 3). The four transporters displayed almost 
identical apparent Km values (i.e., 2-3 |XM) for the 
various permeants tested and Kmax values in the range 
of 1000-2000 pmol/mg protein/min; the differences noted 
for reference hCNT3 and the hCNT3 variants were not 
statistically significant according to paired /-test analysis 
OP > 0.05). These results demonstrated that the three 
non-synonymous variants did not exhibit altered trans­
portability of the naturally occurring pyrimidine and 
purine nucleosides that were tested. 

The apparent Km values (2-3 UM) for reference and 
variant hCNT3 produced in yeast were lower than the 
apparent Km values previously reported for hCNT3 
produced in Xenopus laevis oocytes (15-50 |XM) [8] and 
African green monkey kidney (Cos7L) cells (3-11 IIM) 
[32], possibly reflecting differences in post-translational 
modification in the various expression systems. 

Detection and quanti tat ion of hCNT3 and variant hCNT3 

produced in yeast 

Indirect immunostaining was used to compare the 
localization and abundance of hCNT3 and hCNT3 
variant proteins in yeast. As shown in Fig. 3(a), yeast 
producing recombinant hCNT3 variants exhibited stain­
ing patterns similar to that of reference hCNT3, which 
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Fig. 1 

SNPs on hCNT3 
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SNPs on hCNT3. (a), Schematic representation of 18 exons (rectangular bars), introns, and the 5' and 3' sequences for hCNT3 (approximately 
90 kb) are shown as a thin line along the axis. Locations of the identified SNPs are numbered from 1-16 (not drawn to scale). The long and short 
arrows indicate intronic and exonic SNPs, respectively, within the depicted chromosomal structure of the gene for hCNT3. (b) The extracellular and 
intracellular domains predicted for hCNT3 [8] are indicated in the transmembrane topology model for hCNT3. The variants (S5N, T89T, L131F, 
L431L, Y513F) are identified in the model. Individual amino acids are omitted for clarity. 

Table 3 

Uridine 
Cytidine 
Adenosini 
Inosine 

Kinetic properties of recombinant hCNT3 and variants of hCNT3 produced in 

Reference hCNT3 

Km (MM) 

1.7 ±0 .3 
3.6 ±1 .3 

B 2.2 ±0 .7 
2.1 ±0 .6 

Knax (pmol/mg/min) 

1402 ± 2 8 6 
1 3 1 0 ± 1 1 3 
1020 ± 44 
1740±114 

hCNT3-S5N 

Km (MM) 

2.3 ±0 .9 
3.5 ±1.1 
2.8 ±0 .8 
2.5 ±0 .7 

Vm*x (pmol/mg/min) 

1 7 0 0 ± 1 9 8 
1120 ± 1 4 7 
1 3 2 2 ± 1 0 2 
1 3 6 0 ± 3 2 2 

S. cerevisiae 

hCNT3-L131F 

Km (MM) 

2.5 ±0 .6 
2.8 ±0 .8 
2.1 ±1.1 
2.5 ±0 .8 

Knax (pmol/mg/min) 

1945 ± 3 2 4 
1 4 2 4 1 2 3 7 
1230 ± 2 2 8 
2038 ± 1 7 9 

I 

Km (MM) 

2.1 ±0 ,6 
2.2 ±0 .5 
3.0 ± 0.9 
3 .2±0.8 

1CNT3-Y513F 

I4iax (pmol/mg/min) 

1577±315 
1349 ± 2 4 5 
1 4 4 2 ± 1 3 0 

Initial rates of uptake of [ H]-labeled uridine, cytidine, adenosine or inosine at graded concentrations were measured in yeast transformed with pYPhCNT3 or pYPhCNT3-
S5N, pYPhCNT3-L131Fand pYPhCNT3-Y513Fas described in Methods. The differences in rates of uptake of [3H]nucleoside at the indicated concentration alone and 
in the presence of the same non-radioactive nucleoside were calculated and plotted as a function of extracellular nucleoside concentration, as in Fig. 2. Plots of Vversus 
VIS were constructed for each nucleoside to determine the kinetic parameters, Km (MM) and Vmax (pmol/min/mg of protein). Each value represents the mean of three 
independent experiments. 

was predominantly localized to the plasma membrane. No 
significant fluorescent signal was observed on yeast 
transformed with the insert-free vector (pYPGE15) or 
yeast producing recombinant hCNT3 that were treated 
with either IgG isotype antibodies or secondary anti­
bodies only (data not shown). 

To measure the protein abundance of recombinant 
hCNT3 and its variants, the fluorescence intensities of 
60-120 cells per yeast strain were obtained and averaged 
to calculate mean fluorescence intensities. As presented 
in Kg. 3(b), yeast producing hCNT3, hCNT3-SN5, 
hCNT3-L131F or hCNT3-Y513F displayed mean 

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 

464 



Nucleoside transport in human CNT3 variants Damaraju et al. 179 

fluorescence intensities that were not significantly 
different (Student's / test, hCNT3 vs. variant hCNT3, 
P>0.05) , indicating that the non-synonymous SNPs 
identified in this study had no effect on the production or 
localization of hCNT3. 

Sodium and proton dependence of uridine transport 
Compared with hCNTl and hCNT2, hCNT3 has a 
greater ability to transport permeant against its concen­
tration gradient because the sodium:nuc!eoside coupling 
ratio is 2:1 for hCNT3 and 1:1 for hCNTl and 2 [8]. 
Additionally, hCNT3 differs from hCNTl and hCNT2 in 
that hCNT3 is also proton dependent [8], indicating that 
hCNT3 has potential roles in tissues with acidic 
extracellular environments. To test for possible changes 
in the sodium and proton dependence of hCNT3 
variants, uridine influx and uridine-evoked sodium and 
proton currents were measured in the Xenopus oocyte 
heterologous expression system. Sodium-dependent ur­
idine influx and uridine-evoked sodium currents were 
measured at pH 8.5 (to minimize proton-coupled trans­
port) using choline as the sodium substitute. Proton-
dependent uridine influx and uridine-evoked proton 
currents were measured in acidified choline-containing 
transport medium at pH 5.5. 

As shown in Fig. 2(a), uridine uptake (20 UM) mediated 
by recombinant hCNT3 and the three non-synonymous 
variants was sodium-dependent with influx values of 8-12 
and 0.2-0.3 pmol/oocytemin-1 in sodium-containing and 
sodium-free media at pH 8.5, respectively. Acidification 
of the choline-containing transport medium to pH5.5 
induced marked proton-dependent uridine transport by 
both wild-type and mutant hCNT3 proteins. Uridine 
uptake in control water-injected oocytes was slow 
( < 0.03pmol/oocytemin_1), and similar in each of the 
three media tested (data not shown). 

In addition to radioisotope flux studies, the two-electrode 
voltage clamp technique was used to confirm the sodium 
and proton dependence of hCNT3- and hCNT3 variant-
mediated uridine transport. As shown in Fig. 2(b), 
application of uridine (100 UM) to oocytes producing 
recombinant proteins induced inward sodium and proton 
currents for all four transporters, demonstrating that 
hCNT3 and hCNT3 variants function as electrogenic 
Na+/nucleoside and H+/nucleoside symporters. Cur­
rents returned to baseline upon removal of uridine, and 
no currents were detected in control water-injected 
oocytes (data not shown). 

Discussion 
We have identified 16 hCNT3 SNPs and compared the 
functional characteristics of the wild-type and non-
synonymous variant proteins in yeast and oocyte expres­
sion systems to look for changes in transport function. 

Fig. 2 

(a) 15 

I NaCI, pH 8.5 I ChCI, pH 8.5 • ChCI, pH 5.5 

Sodium and proton-dependent transport of uridine, (a) Mediated influx 
of [14CI-labeled uridine by recombinant hCNT3 and hCNT3 SNPs 
expressed in Xenopus oocytes. Uptake of uridine (20 UM, 20°C, 1 -min 
flux) in oocytes injected with RNA transcripts was measured in 
transport media containing either 100 mu NaCI (pH 8.5), 100 mM ChCI 
(pH 8.5) or 100 mM ChCI (pH 5.5). Mediated transport was calculated 
as uptake in RNA-injected oocytes minus uptake in control water-
injected oocytes. Each value represents the mean ±S.E.M. of 10-12 
oocytes, (b) Measurement of sodium and proton currents. Currents 
were generated by perfusing oocytes producing either hCNT3 or one of 
the variant hCNT3 s with uridine (100 U.M, 20°C) in the same three 
media used in (a). Transporter-mediated uridine-evoked currents are 
expressed as the mean±SEM of three different oocytes. No currents 
were detected in control water-injected oocytes (data not shown). 

The observed low allele frequencies for various non-
synonymous coding SNPs and the nearly similar abun­
dance of recombinant reference and variant CNT3 
proteins in yeast, transport activity in yeast and sodium/ 
proton dependence in oocytes implied high conservation 
of function in hCNT3 and little genetic diversity of 
the gene. 
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A total of 4873 bp were read in each DNA sample and 16 
SNPs were identified in 18 exons, flanking introns and 
the 3' non-coding region of hCNT3 in a Caucasian DNA 

Fig. 3 

Copyright © Lippincott Williams & Wilkins. 

panel, yielding a density of one SNP per 304 bp. Coding 
and non-coding region SNPs typically occur at a 
frequency of 1 per 346bp [14]. From a study of 24 
transporters, an average frequency of 1 per 141 bp was 
estimated and for hENTl the frequency was 1 per 179 bp 
[22]. 

Functional characterization of recombinant hENTl var­
iants in S. cerevisiae [20] also revealed a striking lack of 
genetic and functional diversity, although various artificial 
variants with altered functional properties have been 
produced experimentally. For example, site-directed 
mutagenesis studies in hENTl yielded transport-defec­
tive mutants in which a conserved Gly 179 in transmem­
brane domain 5 was changed to either Leu, Cys or Val and 
point mutations at Gly 184 affected both transport 
function and membrane targeting of hENTl [33]. There 
are no reports of naturally occurring polymorphisms at 
either Gly 179 or 184 in the populations screened for 
SNPs [20,22]. It is interesting to note that the hENTl 
gene [20,22] and the hCNT3 gene (this study) both 
exhibit low mutability. Both proteins accept a broad range 
of purine and pyrimidine ribo- and deoxyribo-nucleoside 
permeants. It is possible that during the course of 
evolution, mutations affecting function may have been 
eliminated. Only synonymous SNPs and non-synonymous 
variants with marginal effects have been conserved, as 
would be expected from the neutral theory of evolution 
[22,34]. 

In the hCNT3 variant L131F, which was a change from an 
aliphatic to an aromatic amino acid in the predicted 
transmembrane domain 2, the transport function was not 
altered, even though the change was potentially deleter­
ious as assessed by the SIFT (Sorting Intolerant from 
Tolerant) program [35]. Although L131 is highly con­
served among hCNTl, hCNT2, rabbit CNT1 (rbCNTl) 
and rat CNT1 (rCNTl), transmembrane segments 1-3 
are believed to be dispensable for function, based on 
homology to a related bacterial protein (NUPC) that 
lacks this transmembrane domain [36]. Deletion of 
transmembrane segments 1-3 in rCNTl and functional 
characterization support the dispensable nature of this 
protein domain [36]. Despite the lack of heterozygotes 

Localization and protein abundance of recombinant hCNT3 and its 
variants produced in yeast, (a) Immunostaining of yeast producing 
reference or variant hCNT3 proteins. Representative cells producing 
hCNT3, hCNT3-S5N, hCNT3-L131F or hCNT3-Y513F were treated 
with anti-hCNT3 IgM as primary antibodies followed by Alexa Fluor 488 
goat-anti mouse IgG as secondary antibodies. The images were 
captured by confocal microscopy as described in Materials and 
Methods, (b) Average fluorescence intensities of yeast producing 
reference or variant hCNT3 proteins. After immunostaining, the 
fluorescence signals of 60—1 20 yeast cells were quantified using 
Metamorph version 6.1 software and the mean±SE values of average 
fluorescence intensities were analyzed with GraphPad Prism version 
4.0 software. 
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for L131Y and its apparent deviation from the Hardy-
Weinberg equilibrium, we undertook functional charac­
terization of this hCNT3 variant. It remains to be seen if 
non-Caucasian populations show L131F mutations and 
heterozygosity. The other hCNT3 variants showed 
conservative changes (i.e., S5N, polar uncharged sub­
stitution; Y513F, aromatic amino acid substitution) and 
these were non-deleterious and are not conserved in 
hCNTl and hCNT2. In contrast, the non-synonymous 
SNPs of hCNTl, which occur at very low allele 
frequencies, yielded proteins with altered transport 
activity in comparison to reference hCNTl when tested 
in Xenopus oocytes [19,21]. 

Although the hENTl and hCNT3 genes did not exhibit 
insertion or deletion polymorphisms, such polymorphisms 
were observed in the coding regions of the hENT2 and 
hCNTl genes [21]. The intronic SNPs for hCNT3 
reported in this study need to be investigated for possible 
roles in the generation of differentially spliced tran­
scripts. Relatively little is known about the regulation of 
the human nucleoside transporters and the possible 
influence of promoter region polymorphisms (regulatory 
SNPs). There is an increasing body of evidence that 
regulatory SNPs offer clues to the tissue-specific expres­
sion of drug metabolizing enzymes and transporters 
[4,37]. Immunohistochemical staining using hENTl 
antibodies in breast cancer tissues showed considerable 
variability in transporter abundance [12]. The absence of 
functional changes observed in recombinant hENTl 
variant proteins (based on the naturally occurring variants 
described for coding regions of hENTl) produced in 
yeast or oocytes [20] suggests that the variable abun­
dance of hENTl in breast cancer tissues may be due to 
variations in regulatory regions. However, variants that 
might alter mRNA stability or transcription through 
polymorphisms in 3'-untranslated regions or promoter 
regions, respectively, of the hENT and hCNT genes have 
not been described. Interestingly, hCNT3 transcription 
in human myeloid HL-60 cells is induced by treatment 
with phorbol ester, and analysis of the hCNT3 5'-genomic 
sequence in the potential upstream promoter region of 
the gene has revealed the presence of a eukaryotic 
phorbol ester response element [9]. 
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Appendix 2: 

Transport of Physiological Nucleosides and Anti-Viral and Anti-

Neoplastic Nucleoside Drugs by Recombinant Escherischia coli 

Nucleoside-H+ Cotransporter (NupC) Produced in Xenopus laevis 

Oocytes* 

* This appendix has been published. 
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Summary 
The recently identified human and rodent plasma membrane 
proteins CNT1, CNT2 and CNT3 belong to a gene family (CNT) 
that also includes the bacterial nucleoside transport protein 
NupC. Heterologous expression in Xenopus oocytes has 
established that CNT1-3 correspond functionally to the three 
major concentrative nucleoside transport processes found in 
human and other mammalian cells (systems cit, cif and c/b, 
respectively) and mediate Na+-linked uptake of both physiolo­
gical nucleosides and anti-viral and anti-neoplastic nucleoside 
drugs. Here, one describes a complementary Xenopus oocyte 
transport study of Escherichia coll NupC using the plasmid 
vector pGEM-HE in which the coding region of NupC was 
flanked by 5 - and 3 -untranslated sequences from a Xenopus 
S-globin gene. Recombinant NupC resembled human (h) and 
rat (r) CNT1 in nucleoside selectivity, including an ability to 
transport adenosine and the chemotherapeutic drugs 3-azido-
3-deoxythymidine (AZT), 2 ,3-dideoxycytldine (ddC) and 2-
deoxy-2,2-difluorocytidine (gemcitabine), but also interacted 
with inosine and 2 ,3 -dideoxyinosine (ddl). Apparent affinities 
were higher than for hCNT1, with apparent Km values of 1.5-6.3 
pm for adenosine, uridine and gemcitabine, and 112 and 130 
lirn, respectively, for AZT and ddC. Unlike the relatively low 
translocation capacity of hCNT1 and rCNT1 for adenosine, 
NupC exhibited broadly similar apparent Vmax values for 
adenosine, uridine and nucleoside drugs. NupC did not require 
Na+ for activity and was H+-dependent. The kinetics of uridine 
transport measured as a function of external pH were consis­
tent with an ordered transport model in which H f binds to the 
transporter first followed by the nucleoside. These experiments 
establish the NupC-pGEM-HE/oocyte system as a useful tool for 
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Introduction 

The capacity for nucleoside uptake mediated by specialized 
plasma membrane nucleoside transporter (NT) proteins is 
widespread amongst bacteria (Kubitschek 1968, Kirchman et 
al. 1982) and is required for nucleic acid synthesis and 
energy metabolism in mammalian cell types that lack de 
novo pathways for nucleotide biosynthesis (Cheeseman et 
al. 2000). NTs also provide the cellular uptake route for many 
cytotoxic nucleoside derivatives used in the treatment of viral 
and neoplastic diseases (Baldwin et al. 1999). Such drugs 
may exert more than one therapeutic action. AZT, for 
example, is used as an anti-viral drug to combat HIV infection 
in AIDS, but also provides an ancillary benefit by suppressing 
bacterial infections in immunocompromized individuals 
(Monno et at. 1997). Infectious complications are also 
common in cancer patients (Sanders et al. 1992, Robak 
2001). Enteric Escherichia coli cells, several variants of 
which are formidable pathogens, and other disease-causing 
bacteria compete directly with host transport systems and 
are proficient scavengers of nucleosides and other nutrients. 

In human and other mammalian cells, uptake of nucleo­
sides is brought about by members of the ENT (equilibrative, 
Na+-independent) and CNT (concentrative, Na+-depen­
dent) NT families (Baldwin et al. 1999). ENTs are widely 
distributed in eukaryotes, but so far appear to be absent from 
prokaryotes, while CNTs are present in both. Three CNT 
isoforms have been identified in humans and rodents (Huang 
etal. 1994, Che era/. 1995, Ritzel et al. 1997, 1998,2001, 
Wang et al. 1997). Human (h) and rat (r) CNT1 and CNT2 
both transport uridine and adenosine, but are otherwise 
selective for pyrimidine (hCNT1 and rCNT1) and purine 
(hCNT2 and rCNT2) nucleosides. hCNT3 and its mouse (m) 
orthologue mCNT3 transport both pyrimidine and purine 
nucleosides. The relationships of these proteins to transport 
processes defined by functional studies are: CNT1 {cit), 
CNT2 (cif) and CNT3 {cib). Other CNTs that have been 
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characterized functionally include hfCNT from an ancient 
marine pre-vertebrate, the Pacific hagfish (Yao ef al. 2002), 
CaCNT from Candida albicans (Loewen et al. 2003) and 
CeCNT3 from Caenorhabditis elegans (Xiao et al. 2001). 

At least three NT proteins (NupC, NupG and XapB) have 
been identified in the E. coli inner membrane (Westh-Hansen 
ef al. 1987, Craig ef al. 1994, Seeger ef al. 1995). All are 
concentrative, but only one (NupC) shows sequence simi­
larity to mammalian CNTs. E. coli also possesses two NupC 
homologues (YeiJ and YeiM) of undetermined function. In 
addition, the outer membrane of E. coli and other Gram-
negative bacteria contains the passive nucleoside-specific 
channel-forming protein Tsx (Nieweg and Bremer 1997). Tsx 
has a porin /?-barrel membrane topology and is structurally 
unrelated to the CNT and ENT protein families. 

Transport and growth studies with E. coli suggest that the 
NupC and NupG mediated processes accept a broad range 
of nucleosides as permeants and can be distinguished from 
each other by the poor ability of NupC to transport guanosine 
and deoxyguanosine and by different sensitivities to inhibi­
tion by showdomycin (Komatsu and Tanaka 1972). XapB, 
previously considered to be xanthosine-specific, overlaps in 
permeant selectivity with NupC (Norholm and Dandanell 
2001), although the recently established close proximity of 
the xapB and nupC genes on the E. coli chromosome 
(54.34' and 54.13', respectively) and their similar inability to 
transport guanosine raises the possibility that earlier NupC 
studies may have grouped both activities as a single 
transport system (Karp et al. 2002). Interpretation of E. coli 
NT studies is further complicated by the reported presence of 
a low affinity, purine nucleoside-selective process of un­
known molecular identity (Norholm and Dandanell 2001). 
This report overcomes these technical limitations by the use 
of heterologous expression in Xenopus oocytes to study 
nucleoside and nucleoside drug transport by recombinant E. 
coli NupC in an NT-deficient background and in the same 
membrane environment used previously to study recombi­
nant mammalian CNTs. 

Results 

Cloning of the NupC gene 

When primers designed to encompass the whole open 
reading frame of E. coli nupC (Craig ef al. 1994) were 
used for PCR amplification of E. coli HB101 chromosomal 
DNA, a product of the correct size (1203 bp) was obtained. 
Sub-cloning into the expression vector pGEM-HE yielded a 
cDNA (plasmid pNupC-HE) whose nucleotide and deduced 
amino acid sequences were identical to nupC GenBank™/ 
EBI Data Bank accession number NC000913. NupC (43.5 
kDa) contained 400 amino acid residues in comparison to 
the > 600 residues of the mammalian CNTs and was 26% 
identical (37% similar) to hCNT1, 22% identical (33% similar) 
to hCNT2 and 25% identical (37% similar) to hCNT3 (Figure 
1). The smaller NupC protein did not contain the large 
intracellular amino-terminus and large exofacial carboxyl-
terminus characteristic of human and other mammalian 
CNTs. In mammalian CNTs, the latter domain contains 

multiple sites of N-linked glycosylation (Hamilton ef al. 
2001). NupC also lacked the first three transmembrane 
helices (TMs) of the mammalian proteins and its 10 predicted 
TMs correspond, therefore, to TMs 4-13 of CNT1-3 (Hamil­
ton ef al. 2001). Truncated constructs of human and rat 
CNT1 with TMs 1-3 removed have confirmed the impor­
tance of TMs 4-13 as the important core structure of the 
mammalian transporters (Hamilton ef al. 2001). NupC 
showed greatest sequence similarity to the carboxyl-terminal 
half of hCNT1-3, particularly in TMs 10-12, including the 
exofacial loop between TMs 11 and 12 (Figure 1). These 
regions may, therefore, have particular functional and/or 
structural significance. 

Functional production and cation-specificity of NupC in 
Xenopus oocytes 

Figure 2(a) (insert) presents a representative transport 
experiment in NaCI medium at pH 5.5 that compares time 
courses of uptake of 1 nM [3H]uridine by NupC-producing 
and control (water-injected) oocytes. In both, uptake was 
linear for at least 30 min. After 10 min, the uptake interval 
selected for subsequent initial rate measurements, influx in 
NupC-producing oocytes was 49-fold higher than in control 
oocytes. Consistent with NupC being a H+-dependent 
transporter, influx was pH-dependent. As shown in Figure 
2(a), values for NupC-mediated uridine influx (uptake in 
RNA-injected oocytes minus uptake in water-injected oo­
cytes) increased 6.3-fold between pH 8.5 and 5.5, while 
basal influx in water-injected oocytes remained unchanged. 
For comparison, uridine influx (10 uM) mediated by Na + -
dependent rCNT1 was independent of external pH (Figure 
2(b)). A small ( < 5%) slippage component of rCNT1 uridine 
influx seen when Na+ in the transport medium is replaced by 
equimolar choline + (Huang ef al. 1994) was also unaffected 
by changes in external pH (data not shown). In contrast, 
NupC retained full functional activity in the absence of Na + 

and, in a representative experiment, NupC-mediated uridine 
influx (1 ]xM) was 0.84+0.19 and 0.97+0.08 pmol/oocyte.10 
m i n - 1 in NaCI and choline chloride transport medium, 
respectively, at pH 5.5 and 0.14+0.03 and 0.16±0.03 
pmol/oocyte.10 m in - 1 , respectively, at pH 8.5. 

Substrate selectivity of recombinant NupC 

Figure 3(a) compares uridine influx (1 uM, pH 5.5, 10 min 
flux) with transport of a panel of other radiolabeled nucleo­
sides and nucleobases. Similar to the c/f-type functional 
activity of hCNT1 and rCNT1 (Huang etal. 1994, Ritzel etal. 
1997), uridine, cytidine and thymidine gave similar NupC-
mediated fluxes, while guanosine was not transported. Un­
like rCNT1 and hCNT1, however, there was also modest 
transport of inosine. This was verified in the insert to Figure 
3(a), which shows time courses of inosine uptake by control 
and NupC-producing oocytes. Discrimination between ino­
sine and guanosine was also observed in competition 
experiments: inosine inhibited NupC-mediated uridine influx 
(1 p.M) with an /C50 value of 287+8 pM, whereas 1 mM 
guanosine was without effect (data not shown). Figure 3(a) 
also shows that NupC transported adenosine at a rate similar 
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Figure 1. NupC is a member of the CNT family of nucleoside transport proteins. Alignment of the predicted amino acid sequences of NupC 
(from plasmid NupC-HE), hCNT1 (GenBank™ accession number U62967), hCNT2 (GenBank™ accession number AF036109) and hCNT3 
(GenBank™ accession number AF305210) was performed using the GCG PILEUP program. Potential membrane spanning a-helices are 
numbered using the membrane topology of mammalian CNTs (Hamilton ef at. 2001). Putative glycosylation sites in predicted extracellular 
domains of hCNT1, hCNT2 and hCNT3 are shown in lowercase (n) and their positions highlighted by an asterisk above the aligned sequences. 
Residues identical in NupC and one or more of the other proteins are indicated by black boxes. 

472 



4 S. K. Loewen et al. 

1 • * -

yt
e.

 
o 
O 
.g 
•s aid

 

x 
£ 
.£ 

.1 
1 1 

1.2 

1.0 

0.8 

0.6 

0.4 

02 

0.0 

pH5.5pH6.5pH7.5pH8.5 pH5.5pH6.5pH7.5pH8.S 

Figure 2. Effect of external pH on NupC- and rCNT1-mediated uridine influx. Uptake of [3H]uridine in oocytes injected with NupC (a) or rCNT1 
(6) RNA transcripts (solid bars) or water alone (open bars) was measured in transport medium containing 100 mm NaCI at pH 5.5,6.5, 7.5 or 8.5 
and uridine concentrations of 1 \M (20°C, 10 min flux) and 10 \M (20°C, 1 min flux) for NupC and rCNT1, respectively. Insert, time courses of 
uridine uptake (1 nM, 20°C) in NaCI transport medium at pH 5.5 by oocytes injected with NupC RNA transcripts (solid circles) or water (open 
circles) and incubated for 5 days at 18°C in MBM. Each value represents the mean+SE of results obtained with 10-12 oocytes. 

to uridine. For hCNT1 and rCNT1, in contrast, fluxes of 
adenosine are 1 - 2 orders of magnitude lower than for uridine 
(Yao et al. 1996a, Ritzel et al. 1997). There was no 
significant mediated uptake of uracil or hypoxanthine, estab­
lishing NupC as a nucleoside-specific transporter. 

Nucleoside drug transport by recombinant NupC 

Previously, Xenopus expression has been used to establish 
that human and rodent CNTs, in common with the hagfish 
CNT3 orthologue hfCNT, accept anti-viral dideoxynucleo-
sides as permeants (Huang et al. 1994, Yao et al. 1996b, 
2002, Ritzel et al. 1997, 1998, 2001). hCNT1 transports AZT 
and ddC (but not ddl), hCNT2 transports only ddl and hCNT3 
transports AZT, ddC and ddl. Similarly, the clinically im­

portant anti-cancer deoxycytidine analogue, gemcitabine, is 
a permeant of hCNT1 and hCNT3, but not of hCNT2 
(Mackey ef al. 1999). As shown in the radiolabeled drug 
uptake studies presented in Figure 3(o) (1 uM, pH 5.5, 10 
min flux), NupC also accepted pyrimidine nucleoside analo­
gues as permeants. The magnitudes of the fluxes for 1 u.M 
AZT and ddC were smaller than that for uridine, but similar to 
those found previously for human CNTs. NupC-mediated 
uptake of gemcitabine was intermediate between uridine and 
AZT/ddC. Consistent with the modest inosine transport by 
NupC (Figure 3(a)), ddl also showed significantly greater 
influx in NupC-producing oocytes than in control water-
injected oocytes (0.014+0.001 vs 0.004+0.001 pmol/oo-
cyte.10 min" 1 in Figure 3(6)), suggesting a small amount of 
NupC-mediated ddl transport. 

JP' /" ^ * + 
Figure 3. Substrate selectivity and drug transport by NupC. (a) Influx of physiological nucleosides and nucleobases (1 uM, 20*C, 10 min) was 
measured in NaCI transport medium at pH 5.5 in oocytes previously injected with NupC RNA transcripts (solid bars) or water alone (open bars). 
Insert, time courses of uridine uptake (1 uM, 20°C) in NaCI transport medium at pH 5.5 by oocytes injected with NupC RNA transcripts (solid 
circles) or water (open circles). (6) Fluxes of uridine and nucleoside drugs (AZT, ddC, ddl, gemcitabine) (1 uM, 20QC, 10 min) were measured in 
NaCI transport medium at pH 5.5 in oocytes injected with NupC RNA transcripts (solid bars) or water alone (open bars). Each value represents 
the mean+SE of results obtained with 10-12 oocytes. 
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Figure 4. Effect of external pH on the concentration dependence of NupC-mediated uridine influx. Initial rates of nucleoside uptake (10-min 
fluxes, 20°C) in oocytes injected with NupC RNA transcripts or water alone were measured in transport medium containing 100 mM NaCI at pH 
5.5 (a), 6.5 (b), 7.5 (c) and 8.5 (d). Values represent influx of NupC-injected oocytes minus the corresponding influx in water-injected cells. 
Kinetic parameters from these data are presented in Table 1. 

Kinetic properties 

Figures 4(a) and 5(a-d) show representative concentration 
dependence curves for NupC-mediated transport of uridine, 
adenosine, AZT, ddC and gemcitabine at pH 5.5 (10 min 
fluxes). Kinetic parameters derived from the data are 
summarized in Table 1, together with corresponding appar­
ent Km and Vmax values for recombinant hCNT1 and rCNT1. 
To facilitate comparisons between transporters, Vmax values 
are presented as pmol/oocyte.min-1. NupC apparent Km 

values varied between 1.6-130 u.M (adenosine, uridine, 
gemcitabine « AZT, ddC) and, for physiological nucleo­
sides, were in the same range as values for total uridine and 
cytidine transport measured in E. coli containing multiple NT 
activities (Mygind and Munch-Petersen 1975, Munch-Peter-
sen and Mygind 1983). In general, NupC apparent Km values 
were lower than for hCNT1 and rCNT1, the bacterial and 
mammalian proteins showing similar relative apparent affi­
nities for the different substrates tested. Apparent VmM 

values for the different NupC permeants differed by a 
maximum of 3.6-fold, while Vmax:Km ratios, a measure of 
transport efficiency, were greatest for adenosine and uridine, 
intermediate for gemcitabine, and lowest for AZT and ddC 
(Table 1). Corresponding Vmax:Km ratios for hCNT1 and 
rCNT1 were uridine > gemcitabine > AZT, ddC > adenosine, 
reflecting the relatively low Vmax of adenosine transport by 
the mammalian proteins. Possible differences in cell surface 

expression at the oocyte plasma membrane may contribute 
to the overall lower transport activity of NupC relative to 
hCNT1 and rCNTL 

To explore the order of H + and nucleoside binding to the 
transporter, the concentration dependence of uridine trans­
port (10 min flux) was determined by NupC as a function of 
external pH (Figure 4(a-d)). Apparent Km values (nM) 
increased 12-fold over the pH range studied (pH 5.5-8.5), 
while the uridine Vmax was relatively unchanged (Table 1). 
These results are consistent with the 1 \xM flux data in Figure 
2(a) and suggest a sequential model of transport in which 
H + binds to the transporter first, increasing the apparent 
affinity of the protein for nucleoside, which then binds 
second. 

Discussion 

Nucleoside drugs are an integral part of chemotherapeutic 
strategies in the treatment of patients with viral or neoplastic 
diseases, where infection from bacteria in immunocompro-
mized individuals is a major concern. Published studies of 
the anti-bacterial actions of anti-viral and anti-cancer nucleo­
side drugs include the finding that AZT and other anti-HIV 
nucleoside drugs induce DNA repair responses in E. coli 
(Mamber ef al. 1990) and the demonstration that AZT has 
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Figure 5. Kinetics of adenosine and nucleoside drug transport by recombinant NupC. (a -d) Initial rates of adenosine and nucleoside drug 
uptake (10-min fluxes, 20°C) in oocytes injected with NupC RNA transcripts or water alone were measured in transport medium containing 100 
mM NaCI at pH 5.5. Values represent influx of NupC-injected oocytes minus the corresponding influx in water-injected cells. Kinetic parameters 
from these data are presented in Table 1. 

anti-bacterial activity against members of the Enterobacter-
iaceae family (Monno et al. 1997). 5-Azacytidine used in the 
treatment of myelogenous leukaemia also has antibiotic 
activity (Friedman 1982). Central to the anti-bacterial efficacy 

of such compounds is transportability across the bacterial 
plasma (inner) membrane. 

Previous investigations of nucleoside transport in bacteria 
have focused primarily on E. coli. At least three concen-

Table 1. Kinetic parameters of uridine, adenosine, AZT, ddC and gemcitabine influx mediated by E. coli NupC and mammalian CNT1 transport 
proteins 

Nucleoside transporter Substrate pH Apparent Km (\M) Vmax (pmol/oocyte.min Ratio VmeJKm Reference 

NupC 

hCNT1 
rCNT1 
NupC" 
rCNT1 
NupC" 
rCNT1 
NupC* 
rCNT1 
NupC" 
hCNT1 

Uridine 
Uridine 
Uridine 
Uridine 
Uridine 
Uridine 
Adenosine 
Adenosine 
AZT 
AZT 
ddC 
ddC 
Gemcitabine 
Gemcitabine 

5.5 
6.5 
7.5 
8.5 
7.5 
7.5 
5.5 
7.5 
5.5 
7.5 
5.5 
7.5 
5.5 
7.5 

3.6 + 0.5 
10 + 3 
15+2 
44 + 10 
45 + 16 
37 + 7 
1.6 + 0.2 
26 + 7 

112 + 15 
549 + 98 
130+13 
503 + 35 
6.3 + 1.1 
24 + 12 

0.61 +0.03° 
0.75+0.08" 
0.74+0.04c 

0.56+0.08° 
26+2 
21+1 

0.31+0.01" 
0.07+0.01 
0.43+0.02" 

26+7 
0.17 + 0.01° 

20 + 5 
0.43 ±0.02° 

5.8 + 0.4 

0.18 

0.58 
0.57 
0.19 
0.0027 
0.0038 
0.048 
0.0013 
0.039 
0.068 
0.24 

Ritzel era/. (1997) 
Huang et al. (1994) 

Yao era/. (1996a) 

Yaoefa/. (1996b) 

Yao ef al. (1996b) 

Mackey ef al. (1999) 

"From Figure 4. 
b From Figure 5. 
"Converted to pmol/oocyte.min" 
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trative nucleoside transport systems have been identified, 
mediated by the NT proteins NupC, NupG and XapB 
(Komatsu and Tanaka 1972, Munch-Petersen and Mygind 
1983, Norholm and Dandanell 2001). Only NupC has 
homologues in humans and other mammals. The functional 
characteristics of these bacterial transport proteins are 
uncertain and little is known about their transport of anti-viral 
and anti-neoplastic nucleoside drugs. BLAST searches of 
bacterial genome databases using E. coli NupC sequence as 
the search template reveal ~40 putative NupC and NupC-
related CNT family members in bacteria. Most are found in 
Gram-negative bacteria, but examples also occur in Gram-
positive species (e.g. Bacillus spp and Staphylococcus spp). 
This prevalence of CNT gene sequences in bacteria sug­
gests that they fulfil important physiological functions and 
provides a potential route of cellular uptake for nucleoside 
drugs in a wide variety of different bacterial organisms. In 
E.coli, micro-array data suggest that NupC and NupG are 
the predominant NTs expressed under both anaerobic and 
aerobic conditions (Weiner, J. H., unpublished work). 

The goal of the present study was to investigate nucleo­
side and nucleoside drug transport by E. coli NupC. 
Recombinant NupC was produced in Xenopus oocytes to 
avoid the problems inherent in studying native NupC against 
a background of other endogenous E. coli nucleoside 
transport activities and to permit functional comparisons 
with recombinant human and other mammalian CNT proteins 
produced in the same membrane environment. Using the 
Xenopus plasmid expression vector pGEM-HE incorporating 
5'- and 3'-untranslated sequences from a Xenopus S-globin 
gene, the study represents only the second successful 
production of a functional bacterial membrane transport 
protein in Xenopus oocytes, the other being the Vibrio 
parahaemolyticus Na+/galactose cotransporter vSGLT 
(Leung et al. 2002). Bacterial channel proteins that have 
been expressed in Xenopus oocytes include the LctB K+ 

channel from Bacillus stearothermophilus (Wolters ef al. 
1999), the Urel H+-gated urea channel from Helicobacter 
pylori (Weeks ef al. 2000) and members of the MIP 
membrane channel family (Hohmann ef al. 2000). 

E. coli NupC and human and rat CNT1 reportedly differ in 
their cation preference ( H + for NupC, Na+ for CNT1). The 
Na+-dependence of recombinant hCNT1 and rCNT1 was 
established by radioisotope (Huang et al. 1994, Ritzel ef al. 
1997) and electrophysiological studies (Mackey et al. 1999, 
Dresser ef al. 2000, Lostao ef al. 2000, Yao ef al. 2000) in 
Xenopus oocytes. The apparent H+-dependence of NupC is 
based upon E. coli membrane vesicle studies in Na+-free 
medium using an artificial electron donor (phenazine meth-
osulphate+ascorbate) (Munch-Petersen ef al. 1979). 
Although mammalian CNTs function as Na+-coupled nu­
cleoside transporters, recent radioisotope and electrophysio­
logical studies in Xenopus oocytes have found that H + and 
L i + can substitute for Na + in CNT3, but not for CNT1, CNT2 
or hagfish hfCNT (Yao et al. 2002).1 In contrast, Na + 

replacement and pH dependence radioisotope flux experi­
ments suggest that C. albicans CaCNT (Loewen ef al. 2003) 

1 Unpublished data. 

and C. elegans CeCNT3 (Xiao ef al. 2001) are exclusively 
H+ -dependent. In the case of CaCNT, this has been 
confirmed by electrophysiology (Loewen ef al. 2003). The 
experiments reported here suggest that NupC is also 
exclusively H+-dependent, with H + binding to the transpor­
ter first, followed by nucleoside. A corresponding ordered 
binding mechanism has been found for recombinant hCNT1 
(Smith, K. M„ Ng, A. M. L, Yao, S. Y. M., Labedz, K., Cass, 
C. E., Baldwin, S. A., Karpinski, E. and Young, J. D., 
unpublished work) and for CNT1- and CNT2-type functional 
activity in bovine renal brush-border membrane vesicles 
(Williams and Jarvis 1991). 

By producing recombinant NupC in Xenopus oocytes, one 
was also able to investigate NupC permeant specificity and 
demonstrate that NupC transports clinically important anti­
viral and anti-cancer nucleoside drugs. Previously, one has 
identified two adjacent pairs of residues (Ser319/Gln320 and 
Ser353/Leu354) in the TM 7-9 region of hCNT1 that, when 
mutated together to the corresponding residues in hCNT2 
(Gly313/Met314 and Thr347/Val348), converted hCNT1 (c/f-
type) into a transporter with c/f-type functional characteristics 
(Loewen ef al. 1999). An intermediate broad specificity cib-
like transport activity was produced by mutation of the two 
TM 7 residues alone. The amino acid residues of NupC at 
these four positions are Gly146/Gln147 in TM 4 and Ser180/ 
lie181 in TM 5 (equivalent to TMs 7 and 8 of mammalian 
CNTs) and predict a substrate specificity intermediate 
between hCNT1 and hCNT2. While NupC is largely pyrimi-
dine nucleoside-selective, the experiments demonstrate that 
NupC efficiently transports adenosine. Also, NupC trans­
ported inosine at a rate ~ 10% that of uridine, an interaction 
not observed with hCNT1 or rCNT1 (Huang ef al. 1994, 
Ritzel ef al. 1997). The finding that inosine is a modest NupC 
permeant is supported by experiments showing that E. coli 
transformed with multiple copies of nupC-containing plasmid 
grow on restricted media containing inosine, whereas control 
cells, which carry only a single copy of nupC, do not 
(Norholm and Dandanell 2001). Relative to CNT1, therefore, 
NupC has an enhanced capability to transport adenosine and 
inosine. However, the weak amino acid sequence conserva­
tion between TMs 4 and 5 of NupC and TMs 7 and 8 of 
hCNT1/2 (19% average sequence identity between NupC 
and hCNT1/2 vs 76% average sequence identity between 
hCNT1 and hCNT2) suggests that additional, as yet uni­
dentified pore-lining residues are likely to contribute to NupC 
nucleoside translocation and/or permeant recognition and 
binding. 

In parallel with the selectivity of NupC for physiological 
pyrimidine nucleosides, adenosine and inosine, recombinant 
NupC effectively transported gemcitabine, a pyrimidine 
nucleoside drug widely used in the therapy of solid tumours. 
NupC also exhibited the capacity to transport anti-viral 
dideoxynucleoside drugs (AZT, ddC >ddl). Like mammalian 
CNTs, therefore, NupC is relatively tolerant of substitutions 
at the 2' and 3' positions of the nucleoside sugar moiety. For 
both physiological nucleosides and nucleoside drugs, NupC 
exhibited greater apparent substrate affinities than human or 
rat CNT1. This kinetic difference also applies to other 
mammalian CNT (and ENT) proteins, providing the bacterial 
protein with a potential physiological advantage, but phar-
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macological disadvantage, when competing for nutrients and 
drugs with host nucleoside transport processes. In the 
intestinal tract, where enteric bacteria such as E. coli 
normally reside, competit ion for nucleosides and nucleoside 
drugs will occur with CNTs present in the intestinal epithelium 
brush border membrane (Cheeseman et al. 2000, Valdes et 
al. 2000, Hamilton et al. 2001 , Ngo ef al. 2001). Anti-viral 
dideoxynucleoside drugs are administered orally and will 
achieve luminal concentrations in excess of the apparent Km 

values reported here for NupC-mediated transport of AZT 
and ddC. This would imply that enteric micro-organisms are 
likely to influence the effectiveness of nucleoside drug 
therapy of host cells, especially intestinal targets, via 
sequestration of the available drug, but also that nucleoside 
analogues are likely to have a disruptive influence on the 
native intestinal microflora of the host. The lower Vm a x values 
for NupC in Table 1 relative to human and rat CNT1 may 
reflect differences in oocyte plasma membrane abundance 
rather than intrinsic differences in transporter catalytic 
activity. 

In summary, this report establishes the utility of the NupC-
pGEM-HE/oocyte system as a tool to further understanding 
of the physiological and pharmacological roles of concen-
trative NTs in bacteria. The results also demonstrated NupC-
mediated transport of anti-viral and anti-neoplastic nucleo­
side drugs. By facilitating the intracellular accumulation of 
cytotoxic nucleoside drugs, NupC may contribute to the anti­
bacterial actions of these compounds. 

Experimental procedures 

Molecular cloning of NupC DNA 

PCR was performed on E.coli HB101 chromosomal DNA using Q1 
(5'-ATATTCTAGAAAGGAGAAATAATATGGACCGCGTCCTTC-3') 
as the sense primer and Q2 (5'-ATATAAGCTTTTACAGCAC-
CAGTGCTG-3') as the anti-sense primer. Q1 and Q2 corresponded 
to positions (underlined) 267-282 (Q1) and 1453-1469 (Q2) of the 
nupC gene (Craig et al. 1994) and incorporated 5' Xba\ (Q1) and 
H/ndlll (Q2) restriction sites (double-underlined). The reaction 
mixture (100 ul) contained 10 mm Tris-HCI (pH 8.0), 50 mm KCI, 
1.5 mm MgCI2, 0.01% (w/v) gelatin, 1 ug HB101 chromosomal DNA, 
100 pmol of each primer and 2.5 units of Taq polymerase. 
Amplification was accomplished by incubation at 94°C for 1 min, 
47°C for 1.5 min and 72°C for 1.5 min (RoboCycler™40 temperature 
cycler, Stratagene, La Jolla, CA). After 25 cycles, the reaction 
mixture was separated on a 1 % (w/v) non-denaturing agarose gel 
(Gibco/BRL, Gaithersburg, MD) containing 0.25 (jg/ml ethidium 
bromide. The resulting 1203 bp product was ligated into pGEM-3Z 
(Promega, Madison, W!) and sub-cloned into the enhanced Xenopus 
expression vector pGEM-HE (pNUPC-HE) (Liman ef al. 1992). By 
providing additional 5'- and 3'-untranslated regions from a Xenopus 
/?-globin gene, the pGEM-HE construct gave ~ 20-fold greater 
functional activity than pGEM-3Z and was used in subsequent 
transport characterization of NupC. The 1203 bp insert of pNUPC-
HE was sequenced in both directions by Taq dideoxy-terminator 
cycle sequencing using an automated model 373A DNA sequencer 
(Applied Biosystems, Foster City, CA). 

Functional production of recombinant NupC in Xenopus oocytes 

NupC plasmid DNA was digested with Nhe I and transcribed with the 
T7 RNA polymerase in the presence of 5' m7GpppG cap using the 

mMessage mMachine™ (Ambion, Austin, TX) in vitro transcription 
system (Ambion, Austin, TX). Healthy defolliculated stage VI 
Xenopus oocytes were microinjected with 40 nl of NupC RNA 
transcript (1 ng/nl) or 40 nl of water alone and incubated at 18°C in 
modified Barth's medium at 18°C for 5 days prior to the assay of 
nucleoside and nucleoside drug transport activity. A 5-day incubation 
period was used instead of the usual 3 day period (Huang ef al. 
1994) because preliminary studies had established greater activity at 
5 days. 

NupC radioisotope flux studies 

Transport was traced using the appropriate 3H-labelled nucleoside or 
nucleoside drug (Moravek Biochemicals, Brea, CA or Amersham 
Biosciences, Baie d'Urfe, QC) at a concentration of 2 nCi/ml. 
[3H]Gemcitabine (2'-deoxy-2,,2'-difluorocytidine) was a gift from Eli 
Lilly Inc. (Indianapolis, IN). Flux measurements were performed at 
room temperature (20°C) as described previously (Huang ef al. 
1994, Ritzel ef al. 1997) on groups of 12 oocytes in 200 nl of 
transport medium containing either 100 mM NaCI or 100 mM choline 
chloride and 2 mM KCI, 1 mM CaCI2, 1 mM MgCI2 and 10 mM 
HEPES (pH 5.5, 6.5, 7.5 or 8.5). Unless otherwise specified, the 
permeant concentration was 1 uM. To maximize potential trans­
membrane H+-gradients, cells were first washed into pH 7.5 NaCI or 
choline chloride transport buffer and only exposed to either high (pH 
8.5) or low pH medium (pH 5.5 or 6.5) immediately prior to the assay 
of transport activity. In competition experiments, non-radioactive 
nucleosides (200 uM) were added to oocytes simultaneously with 
I3H]uridine. At the end of the incubation, extracellular radioactivity 
was removed by six rapid washes in the appropriate ice-cold 
transport buffer. Individual oocytes were dissolved in 0.5 ml of 5% 
(w/v) sodium dodecyl sulphate for quantitation of oocyte-associated 
H by liquid scintillation counting (LS 6000IC, Beckman Canada Inc., 

Mississauga, ONT). The flux values shown are the means+S.E. of 
10-12 oocytes and each experiment was performed at least twice on 
different batches of cells. Kinetic (Km and Vm aJ parameters+SE 
were determined using ENZFITTER software (Elsevier-Biosoft, 
Cambridge, UK). It has been established previously that oocytes 
lack endogenous nucleoside transport processes (Huang ef al. 
1994). 
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Appendix 3: 

Characterization of the Transport Mechanism and Permeant 

Binding Profile of the Uridine Permease Fuilp of Saccharomyces 

cerevisiae* 

* This appendix has been published. 
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The uptake of Urd into the yeast Saccharomyces cerevisiae 
is mediated by Fuilp, a Urd-specific nucleoside transporter 
encoded by the FUJI gene and a member of the yeast Fur permease 
family, which also includes the uracil, allantoin, and thiamine per­
meases. When Fuilp was produced in a double-permease knock­
out strain (fur4Afuil&) of yeast, Urd uptake was stimulated at 
acidic pH and sensitive to the protonophore carbonyl cyanide 
m-chlorophenylhydrazone. Electrophysiological analysis of 
recombinant Fuilp produced in Xenopus oocytes demonstrated 
that Fuilp-mediated Urd uptake was dependent on proton 
cotransport with a 1:1 stoichiometry. Mutagenesis analysis of three 
charged amino acids (Glu259, Lys288, and Asp474 in putative trans­
membrane segments 3, 4, and 7, respectively) revealed that only 
Lys288 was required for maintaining high Urd transport efficiency. 
Analysis of binding energies between Fuilp and different Urd ana­
logs indicated that Fuipl interacted with C(3')-OH, C(2')-OH, 
C(5)-H, and N(3)-H of Urd. Fuilp-mediated transport of Urd was 
inhibited by analogs with modifications at C-5', but was not inhib­
ited significantly by analogs with modifications at C-3', C-5, and 
N-3 or inversions of configuration at C-2' and C-3'. This character­
ization of Fuilp contributes to the emerging knowledge of the 
structure and function of the Fur family of permeases, including 
the Fuilp orthologs of pathogenic fungi. 

Nucleoside transporters are integral membrane proteins that 
mediate the uptake and release of naturally occurring nucleo-
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sides and cytotoxic nucleoside analogs (1-4) . Mammalian 
nucleoside transporters are classified into two structurally 
unrelated protein families, the concentrative (CNTs)6 and 
equilibrative (ENTs) nucleoside transporters (1, 2, 5). Nucleo­
side permeation into Saccharomyces cerevisiae is mediated by 
Fuilp, a permease with high specificity for Urd and with no 
sequence similarities to any of the mammalian nucleoside 
transporters (6, 7). S. cerevisiae cells also salvage nucleobases 
through Fur4p (uracil permease) and Fyc2p (purine-cytosine 
permease), but they appear to lack the capacity to transport 
thymidine and purine nucleosides across plasma membranes 
(8). Although considerable information is available for the 
Fur4p and Fyc2p nucleobase transporters of 5. cerevisiae 
(9-17) , relatively little is known about Fuilp. 

Fuilp belongs to the uracil/allantoin permease family (Fur 
family) of yeast, which also includes Fur4p, ThilOp (thiamine 
permease), and Dal4p (allantoin permease). Fuilp (629 amino 
acids, 72 kDa) shares high amino acid identity (50-60%) with 
the other family members. The predicated topology of Fur4p 
consists of 10 transmembrane (TM) segments with long N- and 
C-terminal tails, which have been shown to be intracellular 
(17). It is believed that the two-dimensional Fur4p structural 
model could be extended to all members of the yeast uracil/ 
allantoin permease family (14). The similarity of amino acid 
sequences is greatest in the putative TM segments of the four 
proteins. Based on the high sequence identity of Fur4p and 
Fuilp, we hypothesized that these two transporters might have 
similar transport mechanisms and that Fuilp might operate as 
an electrogenic proton/permeant symporter. Charged amino 
acid residues in the membrane-spanning regions of transport­
ers are known to play important roles in permeant binding (18, 
19), proton coupling (20), transporter stability and activity (21), 
and plasma membrane targeting (22). Although Fur4p contains 
three charged amino acid residues in TM regions, only the one 
located in TM segment 4 (Lys272), which is highly conserved in 

6 The abbreviations used are: CNTs, concentrative nucleoside transporters; 
ENTs, equilibrative nucleoside transporters; TM, transmembrane; h, 
human; ORF, open reading frame; GFP, green fluorescent protein; CMM, 
complete minimal medium; FUrd, 5-fluorouridine; ChCI, choline chloride; 
MES, 4-morpholineethanesulfonic acid; CCCP, carbonyl cyanide m-chloro­
phenylhydrazone; MeUrd, methyluridine; ddUrd, dideoxyuridine. 
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the uracil/allantoin permease family, was identified as a critical 
residue involved in uracil binding and translocation (14). The 
functional importance of the corresponding lysine residue of 
Fuilp (Lys288) in TM segment 4 and of the only two other 
charged TM residues (in TM segments 3 and 7) was investi­
gated in this study. 

In vivo labeling of DNA using nucleosides and nucleoside 
analogs such as thymidine and 5-bromo-2'-dUrd has long been 
a cornerstone of replication studies. S. cerevisiae has been used 
extensively as a model organism in defining the genetic ele­
ments required for DNA replication. In the absence of the 
introduction of heterogeneous nucleoside transporters {e.g. 
human (h) ENT1) (23), Fuilp is the dominant route that allows 
entry of nucleosides and nucleoside analogs into S. cerevisiae. 
Among the nucleoside transporters identified so far from bac­
teria to higher eukaryotes, only S. cerevisiae Fuilp mediates 
transport of Urd but not that of other naturally occurring py-
rimidine and purine nucleosides, implying a specialized func­
tion for Urd in S. cerevisiae. The abundance of Fur4p is deter­
mined by extracellular uracil availability by regulation of the 
efficiency of its ubiquitylation (24). Fuilp has also been shown 
to be sorted for early vacuolar degradation in cells exposed to 
toxic levels of Urd, indicating that extracellular Urd controls 
Fuilp trafficking and prevents harmful Urd uptake that results 
in a decrease in growth rate (24). Knowledge of the transport 
mechanism and permeant selectivities of Fuilp will contribute 
to an understanding of its physiological significance in the bud­
ding yeast S. cerevisiae, one of the most important model orga­
nisms for DNA replication and repair studies. 

Fuilp orthologs of Candida albicans and Candida glabrata 
with high sequence identities to Fuilp of 5. cerevisiae (>70%) 
were revealed from contigs (groups of overlapping clones) of 
the Stanford C. albicans genome sequence data bank and the 
assembled open reading frame (ORF) data bank of the C gla­
brata genome (GenBank™ GI:50287475) (25), respectively. 
One of the most commonly encountered human pathogens, C. 
albicans causes a wide variety of infections, ranging from super­
ficial disorders in generally healthy individuals to invasive, rap­
idly fatal systemic infections in individuals with impaired 
immunity. C. glabrata has emerged as the second causative 
agent of human candidiasis worldwide and is more resistant to 
drug therapy than C. albicans. Few classes of drugs are effective 
against these fungal infections, and drug efficacy is limited by 
toxicity and side effects. Nucleoside antibiotics such as the 
nikkomycins and neopolyoxins have been considered as candi­
date inhibitors of opportunistic candidal infections in AIDS 
and organ transplant patients (26). Efforts to develop more 
effective nucleoside analogs are under way (27). 

We report here the functional characterization of Fuilp in a 
double-permease knock-out yeast strain (fur4&fuilA) that 
enabled us to analyze Fuilp-mediated Urd uptake in an other­
wise nucleoside transport-free background. Fuilp transported 
Urd into yeast with high affinity and high capacity in a proton-
dependent manner. The roles of three charged amino acid res­
idues (Glu259, Lys288, and Asp474) in putative TM segments 3,4, 
and 7, as well as the cellular location of the mutant transporters, 
were investigated using site-directed mutagenesis and green 
fluorescent protein (GFP) and c-Myc tags. Of the three charged 
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residues, only Lys288 was important for the transport capacity 
of Fuilp. A quantitative inhibitor sensitivity assay was used to 
gain an understanding of the structural regions of Urd that 
interact with Fuilp. Because transportability is a potential 
determinant of the cytotoxic efficacy of nucleoside analog 
drugs, knowledge of the Urd binding profile of Fuilp will guide 
the design of novel antifungal nucleoside analogs that may 
selectively target Fuilp orthologs in pathogenic fungi. 

MATERIALS AND METHODS 

Strains and Media—BY4742-YBR021W {MATa, his3, leu2, 
lys2, ura3, fur4&), which contains a disruption in FUR4, the 
gene encoding the endogenous uracil permease, was purchased 
from the American Type Culture Collection (Manassas, VA) 
and used as the parental yeast strain to generate the double-
permease knock-out strain fur4Afuil& (previously named o 

fuil::HIS3) by deleting FUI1 using the PCR-mediated one-step S 
gene disruption method as described previously (28). Other o" 
strains were generated by transformation of the yeast-Esche- §• 
richia coli shuttle vector pYPGE15 (29) into fur4hfuil A using a g> 
standard lithium acetate method (30). 3 

Yeast strains were maintained in complete minimal medium I 
(CMM) containing 0.67% yeast nitrogen base (Difco), amino J . 
acids (as required to maintain auxotrophic selection), and 2% g 
glucose (CMM/Glc). Agar plates contained CMM with various <3 
supplements and 2% agar (Difco). Plasmids were propagated in £ 
E. coli strain TOP10F' (Invitrogen) and maintained in Luria ~ 
broth with ampicillin (100 u.g/ml). $ 

Plasmid Construction—All oligonucleotide primers were ^ 
synthesized by Invitrogen. For 5. cerevisiae expression, the 5 
FUI1 ORFs were amplified from vector pYSE2-FUU (6) by PCR Jf 
methodology using primers 5'-XbaI-FUIl (5'-CTG TCT AGA 3" 
ATG CCG GTA TCT GAT TCT GGA TTC-3 ' , with the £ 
restriction site underlined) and 3'-XhoI-FUIl (5'-CGA CTC 1. 
GAG TTA GAT ATA TCG TAT CTT TTC ATA GC-3')- For £ 
construction of c-Myc-tagged Fuilp, the c-Myc tag (CAGATC ^ 
CTC TTC TGA GAT GAG TTTTTG TTC) was introduced into & 
primer 3'-XhoI-FUIl. For Xenopus oocyte expression, primers o> 
5'-BamHI-FUIl (5'-GTC GGA TCC ATG CCG GTA TCT 1 
GAT TCT GGA TTC-3') and 3'-XbaI-FUIl (5'-CGA TCT £ 
AGA TTA GAT ATA TCG TAT CTT TTC ATA G-3') were 8 
used. To construct GFP-tagged Fuilp, the ORF oiFUIl without 
a stop codon was first amplified using forward primer 5'-XbaI-
FUI1 and a reverse primer containing (3' to 5') 21 bases with 
homology to FUI1 and a unique tag sequence complementary 
to the first 50 nucleotides of the ORF of GFP. C-terminally 
GFP-tagged Fuilp was obtained by overlapping PCR using the 
product of the first run PCR and the pGFPuv vector (Promega, 
Madison, WI) as templates and 5'-XbaI-FUll and 3'-KpnI-
G F P ( 5 ' - C T G G G T A C C C T A T T T G T A G A G C T C A T C C A T 
GCC) as primers. GFP-ORF was also amplified by PCR using 
forward primer 5'-Xbal-GFP (5'-CGT TCT AGA ATG GCC 
AGC AAA GGA GAA CTT-3') and reverse primer 3'-EcoRI-
GFP (5' -CGT GAA TTC CTA TTT GTA GAG CTC ATC CAT 
GCC). The amplified ORFs were inserted into pYPGE15 (a high 
copy number episomal yeast vector that expresses the inserted 
DNA constitutively under the transcriptional control of the 
phosphoglycerate kinase promoter) to generate pYPFUIl, pYP-
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(ChCl), 2 miu KC1,1 mM CaCL2,1 mM MgCl2, and 10 tnM HEPES 
(for pH values >6.5) or 10 mM MES {for pH values ==6.5). Pro­
ton dependence was tested in ChCl-containing transport 
medium at pH 4.5-8.5. 

Urd-induced membrane currents were measured in Fuilp-
producing oocytes at room temperature (20 °C) using a 
GeneClamp 500B oocyte clamp (Axon Instruments, Foster 
City, CA) in the two-electrode voltage-clamp mode as 
described previously (35) and interfaced to an IBM-compatible 
PC via a Digidata 1200A/D converter and controlled by 
pCLAMP software (Version 8.0; Axon Instruments). The 
microelectrodes were filled with 3 M KC1 and had resistances 
that ranged from 0.5 to 2.5 M!2 megaohms. Oocytes were pen­
etrated with the microelectrodes, and their membrane poten­
tials were monitored for periods of 10 -15 min. Oocytes were 
discarded when membrane potentials were unstable or more g 
positive than —30 mV, The oocyte membrane potential was %_ 
clamped at a holding potential of —50 mV, and Urd was added § 
in the appropriate transport medium. Current signals were fil- g. 
tered at 20 Hz (four-pole Bessel filter) and sampled at intervals s" 
of 20 ms. For data presentation, the signals were further filtered | 
at 0.5 Hz by the pCLAMP program suite. | 

The H + / U r d coupling ratio for Fuilp was determined by tr 
simultaneously measuring H + currents and uptake of [14C]Urd ° 
(200 /AM, 1 uCi/ml; Amersham Biosciences) under voltage- a» 
clamp conditions. Individual Fuilp-producing oocytes were c 
placed in a perfusion chamber and voltage-clamped at a holding § 
potential of — 50 mV in sodium-free (100 mM ChCl) and nucle- J.-
oside-free medium (pH 5.5) for a 10-min period to monitor °. 
base-line currents. When the base line was stable, the nucleo- ^ 
side-free medium was exchanged with medium of the same a. 
composition containing [14C]Urd. Current was measured for 2 c 
min, and uptake was terminated by washing the oocyte with 3 
nucleoside-free medium until the current returned to the base g 
line. The oocyte was then transferred to a scintillation vial and § 
solubilized with 1% (w/v) SDS for quantitation of oocyte-asso- ro 
ciated radioactivity. Urd-induced current was calculated as the 5 
difference between base-line current and total inward current. 3 
The total charge translocated into the oocyte during the uptake « 
period was calculated from the current-time integral and cor- g 
related with the measured radiolabeled flux for each oocyte to °° 
determine the charge/uptake ratio. Basal [14C]Urd uptake was 
determined in control water-injected oocytes (from the same 
donor frog) under equivalent conditions and used to correct for 
endogenous non-mediated nucleoside uptake over the same 
incubation period. Coupling ratios (±S.E.) were calculated 
from slopes of least-squares fits of Urd-dependent charge ver­
sus Urd accumulation in oocytes. 

Confocal Microscopy of Yeast—Logarithmically growing yeast 
cells transformed with a GFP-tagged vector (10 /XM, A^ = 0.7-
0.9) were mixed with 30 ul of anti-fading mounting medium, 
smeared on a glass slide, and checked for green fluorescence 
using an excitation wavelength of 488 nm. Confocal images 
were collected using a Zeiss LSM510 confocal laser scanning 
microscope with a 63 X 1.4 objective (Pian-Apochromat) using 
a frame size of 512 X 512 pixels with a pixel resolution of 0.08 
u.m and a pixel depth of 8 bits. 

Uridine Permease of Yeast 

FUIl-GFP, and pYPGFP or into the Xenopus expression vector 
pGEM-HE to generate pGEFUIl. pYPFUIl-K288A, pYPFUIl-
K288E, pYPFUIl-K288R, pYPFUU-E259A, pYPFUIl-D474A, 
and pYPFUIl-E259A,D474A and the corresponding GFP- and 
c-Myc-tagged versions were generated using the QuikChange 
XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). 
The PCRs were performed using Pwo polymerase (Roche 
Applied Science), and all constructs were verified by DNA 
sequencing using an ABI PRISM 310 sequence detection sys­
tem (PerkinElmer Life Sciences). 

Nucleoside Transport in S. cerevisiae—The uptake of 
[3H]Urd or 5-[3H]fluorouridine (FUrd; Moravek Biochemicals 
Inc., Brea, CA) into logarithmically proliferating yeast cells was 
measured using a cell harvester as described previously (31,32). 
Yeast cells containing pYPFUIl, pYPFUIl-GFP, or individual 
mutant transporters were grown in CMM/Glc to A600 = 0 .7-
0.9, washed twice with fresh medium, and resuspended to 
A6 0 0 = 4.0. Uptake assays were performed at room temperature 
at pH 4.5 unless specified otherwise by adding 50-/J.1 portions of 
yeast suspensions to 50-jxl portions of twice concentrated 
3H-labeled nucleoside in CMM/Glc in 96-welI microliter 
plates. Yeast cells were collected on filter mats using a Micro96 
cell harvester (Skatron Instruments, Lier, Norway) and rapidly 
washed with deionized water. The individual filter circles cor­
responding to wells of the microtiter plates were removed from 
filter mats and transferred to vials for scintillation counting. 

The binding of Urd and its analogs to recombinant Fuilp was 
assessed by measuring their abilities to inhibit inward transport 
of 1 pM [3H]Urd in an "inhibitor sensitivity" assay as follows. 
Yeast cells producing Fuilp were incubated with 1 pM [3H]Urd 
for 30 s in the absence or presence of graded concentrations of 
Urd or Urd analogs. The 30-s exposures to [3H]Urd were shown 
in time course experiments to be sufficient to provide true ini­
tial rates of uptake into yeast cells, thereby providing rates of 
transport across plasma membranes rather than rates of intra­
cellular metabolism (see Fig. 1, upper panel). Each experiment 
was repeated at least three times. Nonspecific radioactivity was 
determined in the presence of 10 mM nonradioactive Urd, and 
these values were subtracted from total uptake values. Data 
were subjected to nonlinear regression analysis using Graph-
Pad Prism software (Version 3.0; GraphPad Software, Inc., San 
Diego, CA) to obtain IC5 0 values (concentrations that inhibited 
reactions by 50%) for Urd and Urd analogs. Kt (inhibitory con­
stant) values were determined from the Cheng-Prusoff equa­
tion (33) and the Km values for Urd. Gibbs free energy (AG0) was 
calculated from AG0 = —RT\t\(Kt), where R is the gas constant 
and Tis the absolute temperature. The thermodynamic stabil­
ity of transporter-inhibitor complexes was quantitatively esti­
mated from AG0 as described (34). 

Measurements of Fuilp-induced H+ Currents and H+/Urd 
Coupling Ratios—pGEFUIl was linearized with Nhel and tran­
scribed with T7 polymerase using the mMESSAGE mMACHI-
N E ™ transcription system (Ambion, Inc., Austin, TX). In vitro 
synthesized transcripts were injected into isolated mature stage 
VI oocytes from Xenopus laevis as described previously (35). 
Mock-injected oocytes were injected with water alone. Electro­
physiological studies used transport medium in which choline 
was substituted for sodium, Le. 100 mM choline chloride 
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Isolation of Plasma Membranes and Immunoblotting—Yezst 
membranes were fractionated on sucrose gradients as 
described (36). Briefly, 1 liter of yeast cells at / l 6 ( m = 1 was 
collected, washed with sucrose breaking buffer (0.4 M sucrose, 1 
rriM EDTA, and 10 mM Tris (pH 7.4)) containing additional 
protease inhibitors (Complete protease inhibitor mixture, 
Roche Applied Science), and lysed by vortexing in the presence 
of glass beads (425-600 /xm; Sigma) for 15 m i n a t 4 °C. Unbro­
ken cells and glass beads were removed from lysates by centrif-
ugation at 500 X g for 20 min at 4 °C, and membrane fractions 
were obtained by centrifugation of lysates at 21,000 X g for 40 
min at 4 °C. The resulting crude membrane pellets were resus-
pended in sucrose breaking buffer containing protease inhibi­
tors. The crude membranes were layered onto a stepwise 
sucrose gradient (0.4,1.1,1.65, and 2.25 M sucrose) containing 
10 mM Tris, 1 mM EDTA (pH 7.4), and protein inhibitor mix­
ture. After centrifugation at 80,000 X g (Beckman SW 41 Ti 
rotor) for 14 h at 4 °C, fractions of band 3 from the top, which 
contained enriched plasma membranes, were collected and 
resuspended with sucrose breaking buffer containing protease 
inhibitors. After centrifugation at 21,000 X gfor 90 min at 4 "C, 
the pellets were dissolved with sucrose breaking buffer, and the 
proteins present in the membranes were separated electro-
phoretically and analyzed by immunoblotting as described pre­
viously (31). 

The primary antibodies used in immunoblotting were mono­
clonal antibodies against the c-Myc epitope tag (9E10; BAbCo, 
Richmond, CA), against Pmal (plasma membrane marker; 
Abeam, Cambridge, MA), against Dpmlp (dolichol phosphate 
mannose synthase endoplasmic reticulum membrane marker; 
Invitrogen), and against the V-ATPase 100-kDa subunit (vacu­
ole membrane marker; Invitrogen). The proteins were visual­
ized by enhanced chemiluminescence (ECL, Amersham Bio-
sciences) and autoradiography on a film. The film was scanned, 
and the quantities of the proteins were evaluated using Image-
Quant software (Version 5.2; GE Healthcare). 

Urd Analogs—The structures of Urd and its analogs were 
given previously (31). The Urd analogs used in this study were 
either obtained from R.I. Chemical, Inc. (Orange, CA) or syn-
thesi2ed as described previously (31). Stock solutions of test 
compounds were prepared in water or Me2SO (Sigma), and the 
final concentration of Me2SO in transport reactions was 0.1% 
when Me-2SO was used as a solvent. 

RESULTS 

Transport Characteristics ofFuHp 

The fur4hfuil A yeast strain with or without pYPGE15 has 
no active uptake of Urd as described previously (28). At pH 4.5, 
the uptake of 1 /AM [3H]Urd into fur4kfuilA yeast containing 
pYPFUIl was rapid and linear over 90 s, with a mean rate 
(±S.E.) of 285 ± 5 pmol/mg of protein/s (Fig. 1, upper panel). 
This rate was reduced to 0.3 ± 0 . 1 pmol/mg of protein/s in the 
presence of 10 mM nonradioactive Urd, indicating the presence 
of functional Fuilp in yeast plasma membranes. Urd uptake 
rates were determined for all subsequent experiments using 
incubation periods of 30 s for recombinant Fuilp produced in 
yeast, thereby providing large signal-to-noise ratios while 
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FIGURE 1. Time courses of Urd and FUrd transport into yeast. The uptake 
of 1 JAM [3H]Urd (upper panel) or [3H]FUrd (tower panel) by fur4Mui1& yeast 
transformed with pYPFUIl was measured in CMM/GIc (pH 4.5) either alone ( • 
and • ) or with 10 mM nonradioactive Urd ( • and O). The inset in the lower 
panel shows the time courses for the first 120 s of [3HJFUrd uptake. Each data 
point represents the means ± S.E. of eight determinations; error bars are not 
shown where they are smaller than the symbol. Each curve represents one of 
three identical experiments that gave qualitatively similar uptake rates. 

maintaining initial rates of uptake. FUrd is cytotoxic to S. cer-
evisiae (6, 7), and the evidence that its transport into yeast is 
mediated by Fuilp is based on the association of resistance to 
FUrd with the disruption of the FUI1 gene (7). The time course 
for uptake of 1 /X.M [sH]FUrd into fur4AfuilA containing pYP­
FUIl was linear for at least 10 min (Fig. 1, lower panel), and its 
rate (4.0 ± 0.2 pmol/mg of protein/s) was the same as that 
observed during the first 120 s (inset), indicating that uptake 
intervals of 10 min provided initial rates, evidently because the 
transport step of the FUrd uptake process was rate-limiting. 
The uptake rate of FUrd was only 1.5% of that of Urd, indicating 
that FUrd was a poor permeant for Fuilp. Consistent with the 
results of a previous study (6), similar experiments with other 
3H-labeled nucleosides demonstrated that adenosine, inosine, 
guanosine, cytidine, and thymidine were not transported by 
Fuilp (data not shown). 

Fuilp-mediated Urd uptake in yeast was strictly pH-depend-
ent, with an optimum at pH 4 - 5 , and the protonophore car-
bonyl cyanide m-chlorophenylhydrazone (CCCP; 400 ^.M) 
strongly inhibited Urd uptake at every pH condition tested (Fig. 
2A). Fuilp-mediated Urd uptake (pH 5.0) was sensitive to 
CCCP in a concentration-dependent manner, with a mean IC5 0 

3 
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FIGURE 2. pH and proton dependence of Urd uptake mediated by Fuil p. A, effects of pH and CCCP on Urd 
transport into yeast. The uptake of 1 [XM [3H]Urd into furALfui 7 A yeast producing Fui 1 p was measured over 30 s 
in transport medium at different pH values in the presence ( • ) and absence {•) of 400 /ZM CCCP. Each data 
point represents the mean ±S.E. of eight determinations; error bars are not shown where they are smaller than 
the symbol, fi, inhibitory effects of CCCP on Urd transport mediated in yeast by Fuil p. fur4bfui1 A yeast cells 
transformed with pYPFUII were incubated with CCCP at graded concentrations for 5 min before initiation of 
the transport assay. The uptake of 1 /AM [3H]Urd was measured over a 30-s incubation period in the presence 
and absence of CCCP. Uptake values in the presence of CCCP are given as the percentage of uptake values in 
the absence of CCCP. Each data point represents the mean ± S.E. of quadruplicate determinations; error bars 
are not shown where they are smaller than the symbol. Three or four independent experiments gave similar 
results; data from individual representative experiments are shown. C, proton currents induced in oocytes by 
exposure of recombinant Fuilp to Urd. Shown are averaged inward currents in Fuilp-produclng oocytes 
perfused with 100 JLLM Urd in sodium-free (100 mwChCI) transport medium at a membrane potential of —50 
mV. Currents are the means ± S.E. of five different oocytes from the same batch of cells used on the same day. 
No currents were observed in control water-injected oocytes. D, stoichiometry of H+/Urd symport by recom­
binant Fuil p. A plot of charge versus [,4C]Urd uptake was generated with lOdifferent Fuil p-producing oocytes 
in transport medium containing 100 mM ChCI and acidified to pH 5.5 at a membrane holding potential of - 5 0 
mV. Integration of the Urd-induced current was used to calculate the net cation influx (charge) and was 
correlated to the net [14C]Urd influx (flux). Each data point represents asingle oocyte. Linear regression analysis 
of the data is indicated by the solid line. The dashed line indicates a theoretical 1:1 charge/uptake ratio. Linear 
fits passed through the origin. The wiser is a representative example of the current generated during applica­
tion of [14C]Urd in a Fuil p-producing oocyte. 

value (±S.E.) of 50 ± 4 /AM (Fig. 2B), indicating that a proton 
gradient was required for Fuilp function. 

The pH dependence of Fuilp was also studied in Xenopus 
oocytes producing recombinant Fuilp. Fig. 2C illustrates the 
effect of an imposed H + gradient on Urd-induced proton cur­
rents mediated by Fuilp. Perfusion of Fuilp-produing oocytes 
with medium containing 100 JXM Urd induced net inward cur­
rents, the magnitude of which increased as the extracellular pH 
was lowered. Inward currents were not detected at pH 8.5, 
strongly supporting the conclusion that protons were cotrans-
ported with Urd. No currents were observed in control water-
injected oocytes under any of the conditions tested. 

The H+ /nucleoside stoichiometry of FUI1 was directly 
determined by simultaneously measuring Urd-induced cur­
rents and [14C]Urd uptake under voltage-clamp conditions. 
The H+ /nucleoside coupling ratio was determined in sodium-

free medium (pH 5.5) at a mem­
brane potential of —50 mV. The 
inset in Fig. 2D shows a representa­
tive Urd-dependent current record­
ing in a Fuilp-producing oocyte. 
Each data point in Fig. 2D repre­
sents a single oocyte, and the 
H"*7 nucleoside coupling ratio, given 
by the slope of the linear fit of charge 
(pmol) versus uptake (pmol), was 
0.86 ± 0.09, indicating a proton/ 
Urd stoichiometry of 1:1. Urd is 
metabolized only slowly by oocytes, 
mostly by phosphorylation into less 
permeable forms (37). It is therefore 
unlikely that the measured H + / n u -
cleoside stoichiometry of Fuilp was 
influenced by flow of acid or base 
produced by addition of Urd. As evi­
dence of this, the current recording 
in the inset in Fig. 2D returned to 
zero as soon as externally applied 
Urd was removed. 

Mutational Analysis of Charged 
Amino Acid Residues in Putative TM 
Segments 3,4, and 7 

There are only three charged res­
idues in the 10 TM segments in the 
topology model of Fuilp (38): gluta-
mate, lysine, and aspartate at posi­
tions 259,288, and 474, respectively. 
The hydrophobic locations of these 
charged residues suggested that 
they could be important in trans­
porter structure and function. To 
determine the effects of mutations 
of these amino acids, site-directed 
mutagenesis was undertaken at 
Glu259, Lys2MH, and Asp4 7 4 . All of the 
resulting mutants (Fuilp-K288A, 
Fuilp-K288E, Fuilp-K288R, Fuilp-

E259A, Fuilp-D474A, and Fuilp-E259A,D474A) and their 
GFP- and c-Myc-tagged proteins remained functional, 
although some exhibited substantial changes in kinetic proper­
ties. The apparent Km and Vm!iX values for Urd transport by 
yeast producing wild-type or mutant Fuilp were determined by 
measuring initial uptake rates at increasing concentrations of 
[3H]Urd (Fig. 3). In all cases, Urd uptake conformed to simple 
Michaelis-Menten kinetics (Fig. 3, upper panel). Wild-type 
Fuilp showed high apparent affinity and capacity for Urd 
uptake (Km = 10.8 ± 0.9 JUM and Vmax = 2500 ± 60 pmol/mg of 
protein/s, mean ± S.E., n = 3). The apparent Km of Fuilp 
reported here was lower than that reported previously (20 JAM) 
(6), probably because the contribution to Urd uptake by the 
uracil permease Fur4p was eliminated in this study by using the 
double-permease knock-out strain fur4hfuilA. 

Replacement of either or both of the acidic glutamate and 
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aspartate residues at positions 259 and 474 of Fuilp, respectively, 
with a neutral alanine residue had relatively small effects on the 
kinetic parameters of uptake (Fig. 3 and Table 1), indicating that 
these residues in TM segments 3 and 7, respectively, were not 
critical for Urd uptake. In contrast, the replacement of lysine at 
position 288 with alanine produced a mutant (Fuilp-K288A) with 
a significantly reduced Vmax value compared with that of wild-type 
Fuilp, although the apparent Km values of wild-type and mutant 
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FIGURE 3. Kinetic properties of Fuilp and Fuilp mutants. The mediated 
component of Urd transport (uptake rates of [3H]Urd at particular Urd con­
centrations minus uptake rates at those concentrations in the presence of 10 
mM nonradioactive Urd) was plotted as a function of concentration (upper 
panel) and subsequently converted to v versus v/[S] plots (lower panel) to 
determine the kinetic constants for wild-type Fuilp (O), Fuilp-E259A O , 
Fui1p-K288A (T), Fuilp-K288E (A), Fui1p-K288R (•), Fui1p-D474A (0 ) , and 
Fuilp-E259A,D474A (V) using GraphPad Prism software. The lower panel is 
the Eadie-Hofstee plot of the data presented in the upper panel. Each value 
is the mean ± S.E. of nine determinations, and error bars are not shown where 
they were smaller than the data points. Each curve represents one of three 
identical experiments that gave qualitatively similar results. 

Fuilp were similar. The resulting transport efficiency {VmaJK^ 
was only 12% of that of wild-type Fuilp. This result also confirmed 
that the uptake kinetics represented those of the transport process 
rather than metabolism because the only difference between the 
two yeast strains was the alteration of a single amino acid residue in 
Fuilp. To determine whether replacement of the positive charge 
of the lysine residue was responsible for the reduced transportabil­
ity, further site-directed mutagenesis was carried out to analyze 
the function of Lys288. Replacement of this residue with positively 
charged arginine or negatively charged aspartate produced Fuilp-
K288R and Fuilp-K288E, respectively, both of which displayed 
kinetic properties similar to those of Fuilp-K288A (Fig. 3 and 
Table 1). This result suggested that Lys288 was evidently critical for 
maintaining the high transport efficiency of Fuilp but not for pro­
ton binding and/or translocation, a conclusion that was supported 
by the results obtained when Urd uptake was measured in buffers 
at different pH values in that none of the Lys288 mutants showed 
altered pH dependence of uptake (data not shown). Urd uptake by 
Fuilp-E259A, Fuilp-D474A, or the Fuilp-E259A,D474A double 
mutant (with the negative charges removed from both residues 
259 and 474) also exhibited strong dependence on pH, with opti­
mal uptake into yeast occurring at pH 5.0 (data not shown), indi­
cating that Glu2S9 and Asp474 were also not required for proton 
binding and/or translocation. 

Cellular Resistance to FUrd by Yeast Producing Wild-type 
Fuilp or Its Mutants 

Yeast cells are sensitive to FUrd, and disruption of the FUll 
gene results in resistance to FUrd cytotoxicity (7). To determine 
whether any of the FUll mutations altered sensitivity to FUrd, 
fur4AfuilA yeast cells producing either wild-type Fuilp or one 
of the Fuilp mutants were exposed to graded concentrations of 
FUrd. Similar growth patterns were observed for all situations 
in the absence of FUrd (Fig. 4). When Jur4AfuilA yeast cells 
that contained the insert-free vector (pYPGE15) were plated on 
solid medium containing graded concentrations of FUrd (Fig. 
4), growth was observed at the highest concentration tested 
(100 JIAM), whereas growth offur4Afuil A yeast producing wild-
type Fuilp, Fuilp-E259A, or Fuilp-D474A was inhibited at the 
lowest concentration tested (5 /XM). NO growth was observed in 
furtAfuilA yeast producing the Fuilp-E259A,D474A double 
mutant at 5 /AM FUrd (data not shown). When fur4AfuilA yeast 
cells were transformed with plasmids containing inserts encod­
ing any of the three Lys288 mutants, resistance to FUrd was 

TABLE 1 
Kinetic properties of Urd transport by wild-type and mutant Fuil p 
ThcK„, and Vmm values were determined using GraphPad Prism software by nonlinear regression analysis. Representative plots for Urd transport by Fuilp, Fuilp-K288A, 
Fuilp-K288E, Fullp-K288R, Fuilp-E259A, Fuilp-D474A, and Fuilp-E259A,D474A are shown in Fig. 3. The K„, and Vaax values shown arc ihc means ± S.E, of three 
separate experiments. The normalized Vmax!Krn values were obtained by dividing the VmiJK,„ values by the corresponding relative abundance values as determined by 
immunoblot analysis as illustrated in Fig. 5 (8 and Q. 

Fuilp 

Wild-type 
E259A 
K288A 
K288R 
K288E 
D474A 
E259A.D474A 

Apparent K„, 

»M 

10.8 ± 0.9 
9.2 ± 1.5 
7 .8+1.1 

12.2 i 1.5 
13.5 ± 2.0 

9.1 ± 1.3 
7.9 ± 1.8 

Apparent Vm„ 

pmol/mg/s 

2500 ± 60 
2100 ± 94 

210 + 28 
380 ± 4 1 
390 ± 37 

2200 ± 88 
2210 ± 92 

V J i f , , 

232 
228 

27 
31 
29 

241 
280 

(normalized 
VBMJK„ 

to protein abundance) 

232 
204 
9.2 
22 
5.0 
180 
190 
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|5-Fluorouridine| 
PlasmkU 

pVPFua 
pYPFUI1-E259A 

PYFFU11-K2S8A 

pYPFUII-KZWR! 

pYPFUU-lOWEi 

pYPFUIl-D474A 

pYPGElSJ 

FIGURE 4. Cellular resistance to FUrd. fur4Afui1& yeast cells transformed with plasmid pYPFUH, pYPFUI1-E259A, pYPFUI1-K288A, pYPFUI1-K288R,pYPFUM-
K288E, pYPFUI1-D474A, or pYPGEI 5 and grown in CMM/GIc under logarithmic conditions were harvested and resuspended in CMM/GIc to^ 6 0 0 values of 1.0, 
0.1,0.01, and 0.001. Ten-jil portions of the diluted cultures were plated on solid medium containing graded concentrations (0-100 / IM) of FUrd, and cell growth 
on the plates was assessed after 3 days at 30 °C. 

observed at 5,10, and 20 JAM (Fig. 4), suggesting a role of Lys288 

in FUrd transport. 

Detection ofGFP- and c-Myc-tagged Full p and Full p Mutants 

Because some of the Fuilp mutants exhibited reduced Vmax 

values for Urd in comparison with wild-type Fuilp, the GFP tag 
was used to determine whether impaired transporter capacity 
was due to changes in localization. Wild-type and mutant 
Fuilp-GFP proteins displayed kinetic parameters that were 
within 98-104% of those obtained for the corresponding 
untagged versions (data not shown), indicating that addition of 
the GFP tag to the C-terminal end of the wild-type and mutant 
Fuilp proteins did not change their transport properties. As 
shown in Fig. 5A, yeast producing Fuilp mutants exhibited flu­
orescence patterns similar to those of wild-type Fuilp, which 
showed plasma membrane localization and intracellular accu­
mulations. The intracellular patterns varied from bright fluo­
rescent areas, which were likely due to retention of overex-
pressed proteins in vacuoles for degradation (24), to fluorescent 
circles, which were likely due to the presence of the proteins in 
intracellular membranes. Diffuse green fluorescence was 
observed in yeast transformed with pYPGFP, and no fluores­
cence was observed in yeast transformed with the insert-free 
vector (pYPGE15) (Fig. 5A, lower panels). 

Considering that GFP is relatively large and therefore may 
itself contribute to the retention of the tagged protein in intra­
cellular compartments, Fuilp and its mutants were also C-ter-
minally tagged with c-Myc and quantified by immunoblotting. 
c-Myc-tagged Fuilp and its mutants exhibited kinetic proper­
ties that were within 96-103% of those obtained for the corre­
sponding untagged versions (data not shown), indicating that 
the c-Myc tag did not change the transport properties of Fuilp 
or its mutants and could therefore be used for the quantifica­
tion studies described below. 

Yeast plasma membranes were isolated, fractionated, and 
analyzed by immunoblotting (Fig. 5, B and Q. Four major 
bands were collected after equilibrium density centrifugation 
on sucrose gradients and subjected to immunoblotting (Fig. 
55). When the abundance of Pmal (a plasma membrane 
marker) was compared with that of Dpmlp and V-ATPase 
(endoplasmic reticulum and vacuolar membrane markers, 
respectively), it was evident that band 3 contained enriched 
fractions of plasma membranes (Fig. 5B) with relatively small 
quantities of intracellular membranes (Fig. 5C). The band den­

sities of c-Myc-tagged Fuilp and its mutants were digitized by 
densitometry using ImageQuant software and normalized to 
the band densities of the corresponding Pmal (loading con­
trols). The value of the ratio of the density of the c-Myc-tagged 
transporter to that of the corresponding Pmal represented the 
abundance of c-Myc-tagged Fuilp or its mutants. The "relative 
abundance" of each of the Fuilp mutants was expressed as the 
ratio of its abundance to that of c-Myc-tagged wild-type Fuilp, 
which was taken as 1 (Fig. 5D). With the exception of a large 
increase in Fuilp-K288A, the Fuilp mutants exhibited small 
differences in abundance relative to that of c-Myc-tagged wild-
type Fuilp. When the Vmax/Km values of Fuilp and its mutants 
were normalized to their corresponding relative abundance 
levels (shown in Fig. 5D), all three Lys2K* mutants exhibited 
<10% of the transport efficiency of wild-type Fuilp, whereas 
the other mutants exhibited transport efficiencies that were 
similar to that of wild-type Fuilp (Table 1), confirming a critical 
role of Lys2SS in Fuilp function. 

Interaction of Urd Analogs with Fuilp 

To gain an understanding of the structural regions of Urd 
that interact with Fuilp, inhibitor sensitivity assays using Urd 
analogs with modifications of the base and/or sugar moieties 
were used as described previously in studies of recombinant 
human transporters produced in yeast (28, 31, 39). The inhibi­
tion of initial rates of Urd uptake (i.e. the transport step in the 
uptake process) was assumed to be competitive because (i) the 
inhibitors tested were close structural analogs of Urd, and (ii) 
Fuilp was most likely to be the only plasma membrane protein 
that interacted with the potential inhibitors. Representative 
concentration-effect curves of some of the analogs for inhibi­
tion of Fuilp-mediated Urd transport are shown in Fig. 6. In all 
cases, the Hill coefficients of the concentration-effect curves 
were close to — l (mean ± S.E.of—0.9 ± 0.2), indicating a single 
binding site for the inhibitors. The mean Ki values (±S.E.) and 
the corresponding Gibbs free energy values are listed in Table 2. 

Base Modifications—There appeared to be strong interac­
tions between Fuilp and C-5 of Urd because addition of a sub-
stituent with different sizes at C-5 resulted in Kt values of > 3 
mM and decreases of >12.9 kj/mol in AG0 values. Because 
2'-dUrd is a low affinity inhibitor of Urd uptake, the inability of 
5-fluoro-2'-dUrd, 5-bromo-2'-dUrd, 5-iodo-2'-dUrd, 5-ethyl-
2'-dUrd, and thymidine to inhibit Urd uptake was likely due 
primarily to modifications at C-5. Position 3 of the base moiety 
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FIGURE 5. Localization and protein abundance of GFP- or c-Myc-tagged wild-type Full p and its mutants produced in yeast. A, plasma membrane and 
intracellular locations of GFP-tagged wild-type Fuil p and its mutants. Representative fur4Mui1 Ayeast cells producing GFP alone (control) or GFP-fused Fuil p, 
Full p-E259A, Fuil p-K288A, Fuil p-K288R, Fuil p-K288E, Fuil p-D474A, or Full p-E259A,D474A (not shown} were immobilized on glass slides using polylysine 
and viewed under a confocal microscope. EV, empty vector (pYPGEI 5). fi, immunoblotting to detect enrichment of plasma membranes. Membranes from 
rur4Aru/J A yeast producing c-Myc-fused Fuil p-E259A or Fuil p-E259A,D474A were subjected to fractionation by continuous sucrose gradient centrifugation 
as described under "Materials and Methods," and four major fractions were isolated and subjected to immunoblotting using monoclonal antibodies against 
Pmal, Dpmlp, and the V-ATPase 100-kDa subunit. C, immunoblotting to detect c-Myc-tagged Fuilp and its mutants in yeast. Plasma membranes were 
isolated as described under "Materials and Methods" from furtAfuil A yeast producing Fuil p or c-Myc-fused Fuil p, Fuil p-E259A, Full p-K288A, Full p-
K288R, Fuilp-K288E, Fuilp-D474A, or Fuilp-E259A,D474A. Plasma membrane preparations (10 j ig of protein/sample) were subjected to SDS-PAGE, 
after which the proteins were transferred to polyvinylidene fluoride membranes that were subjected to Immunoblotting with monoclonal antibodies 
against c-Myc, Pmal, Dpml p, and the V-ATPase 100-kDa subunit. Results were similar for three independent experiments, only one of which is shown. 
The molecular mass of each protein is indicated. D, relative abundance of c-Myc-tagged Fui 1 p and its mutants in isolated yeast plasma membranes. The 
bands detected by immunoblotting as illustrated in fi were quantified using ImageQuant software (Version 5.2). The band densities of c-Myc-tagged 
Fuil p mutants were normalized to those of the corresponding Pmal proteins, and the resulting values (representing the abundance of each of the 
c-Myc-tagged mutants) are presented as a ratio relative to the abundance of c-Myc-tagged wild-type Fuilp. The means ± S.E. of average protein 
abundance (n = 3) were determined with GraphPad Prism software. 
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TABLE 2 
K, and Gibbs free energy values for inhibition of Fui 1 p-mediated Urd 
uptake in yeast by Urd analogs 
Tile uptake of 1 ^M [3H]Urd m\.tifur4h.fitilh.yvi&l expressing pYPFUIl was meas­
ured over 30 s in the presence of graded concentrations of nonradioactive Urd or 
Urd analogs. IC50 values (mean ± S.E., n = 3-4) were determined using GraphPad 
Prism software {Version 3.0) and were converted to Kt values (33) using a Km 
(mean ± S.E., n = 3) of 10.8 ± 0.9 yM. for recombinant Fuilp. Gibbs free energy 
{AG0} was calculated from AG0 = -RT\n(K,). 

10-' 10° 101 102 103 104 

[LW analog] juM 
FIGURE 6. Inhibition of recombinant Fuil p-mediated Urd uptake by some 
Urd analogs. The uptake of 1 /*M [3H]Urd into fur4i\fuilA yeast producing 
Fuil p was measured over a period of 30 s in the presence of graded concen­
trations of test compounds. The test compounds were Urd (•), 2'-dUrd (•), 
5'-dUrd (V), 2',5'-ddUrd (*), 3'-dUrd O,5'-0-MeUrd (•), 1-{0-D-xylofurano-
syDuracil ( • ) , 5'-chloro-5'-dUrd (A), 5'-azido-5'-dUrd (O), 5-fluoro-5'-dUrd 
(A), 3-MeUrd (O), and FUrd (X). Uptake values in the presence of Urd com­
pounds are given as a percentage of uptake values in their absence. Each data 
point represents the mean ± S.E. of quadruplicate determinations; error bars 
are not shown where they are smaller than the symbol. Three or four inde­
pendent experiments gave similar results, and results from representative 
experiments are shown. 

(N(3)-H) also contributed a recognition determinant for Fuilp/ 
Urd interactions because 3-methyluridne (MeUrd) did not 
inhibit Urd uptake (Kt > 3 ITIM). There was a difference of 
>12.9 kj/mol in binding energy relative to the AG0 of Urd, 
suggesting loss of hydrogen bonding. Hydrogen bonding 
between Fuilp and position 3 of the base was further sup­
ported by the effect of the change of N(3)-H to C(3)-H, which 
is not a donor for hydrogen bonding; 3-deaza-Urd yielded a 
K,of>i mM. 

Sugar Modifications—The C(2')-OH group appeared to be a 
critical determinant for high affinity binding of Urd by Fuilp 
because its removal (2'-dUrd) produced a difference of 8.9 
kj/mol in AG0, with a 51-fold increase in K0 suggesting that 
hydrogen bonding could be important. Any further modifica­
tions at C-2', e.g. substitution of an azido group for a hydrogen 
atom at C-2' of 2'-dUrd {2'-azido-2'-dUrd), addition of a 

Urd compounds 

Urd 

Base modifications 
5-Bromo-Urd" 
FUrd" 
5-Iodo-Urd" 
5-McUrd 
3-MeUrd 
3-Deaza-Urd 

Sugar modifications 
2'-dUrd 
3'-dUrd 
5'^dUrd 
l-(/J-D-Arabinofuranosyl)uracil 
HP-D-Xylofuranosyl)uracil 
2',3'-ddUrd 
2',5'-ddUrd 
3',5'-ddUrd 
2 '0-McUrd 
3'-0-MeUrd 
5'-0-MeUrd 
2'-Azido-2'-dUrd 
3'-Azldo-3'-dUrd 
5'-Azido-5'-dUrd 
5'-Chloro-5'-dUrd 
2',3'-0-Isopropylidene-Urd 

Base and sugar modifications 
3'-Azido-3'-deoxythymidine 
5-Bromo-2'-dUrd 
5-F.thyl-2'-dUrd 
5-FIuoro-2'-dUrd" 
5-Iodo-2'-dUrd 
Thymidine" 
5-Fluoro-5'-dUrd" 

*i 

10.2 ± 0.4 

>3000* 
>3000* 
>3000* 
>30006 

>3000c 

>3000' 

520 ± 57 
>3000* 

2.7 ± 0.7 
>3000c 

>3000» 
>3000» 
144 ± 36 
>3000* 
>3000* 
>3000' 

13.6 ± 3.5 
>200Oft 

>2000' 
14.4 ± 1.9 
2.3 ± 0.3 
>3000" 

>3000c 

>3000fc 

>3000* 
>3000* 
>300O* 
>300U* 

438 ± 47 

AG" 

26.1 

17.2 
<13.2 
29.1 

20.1 

<15.8 

25.4 
<14.1 

25.3 
29.4 

17.6 

S(AG°) 

0 

8.9 
>12.9 
-3 .0 

6.0 

>8.0 

0.7 
>12 

0.8 
-3 .3 

8.5 

2 
I I a i. 
=f 

I 
i i •w 
g a U 

| i 
s. 
i I 3 
E 

* The inhibitory effects of these Urd analogs were tested at 1 or 10 mM in our 
previous study (6). In the previous study (6), yeast ceils were presneubated with the 
Urd analog (1 or 10 mM) for 20 min before the addition of [3H]Urd, whereas in this 
study, the Urd analogs and [JH]Urd were added simultaneously as described 
under "Materials and Methods." This difference in the experimental conditions 
explains why greater inhibition of some Urd analogs was observed in the previous 
study than in this study. 

* Inhibition of <50% was observed. 
'' No inhibition was observed. 

methyl group (2'-0-MeUrd), or inversion of the orientation of 
the hydroxyl group (l-(j8-D-arabinofuranosyl) uracil), dramati­
cally reduced interactions with Fuilp (apparent affinities for 
2'-azido-2'-dUrd, 2'-0-MeUrd,and l-(/3-D-arabinofuranosyl)-
uracil of Kt > 3 mM). 

The C(3')-OH group also appeared to interact strongly with 
Fuilp because its removal (3'-dUrd) yielded Kt values of >3 
mM, with losses of >12.9 kj/mol in AG0. Although 2'-dUrd 
inhibited Fuil p-mediated Urd uptake, the additional removal 
of the C(3')-OH group (2',3'-dideoxyuridine (ddUrd)) abol­
ished the inhibitory effects. The contribution of the C(3')-OH 
group as a recognition determinant for binding to Fuilp was 
also apparent from the effects of substitution of an azido or 
O-methyl group at these positions; Fuil p-mediated Urd uptake 
remained unchanged in the presence of high concentrations of 
3'-azido-3'-dUrd or 3'-0-MeUrd. 3'-Azido-3'-deoxythymi-
dine failed to inhibit Fuil p-mediated Urd uptake. Although 
Fuilp strongly bound Urd with the C(3')-OH group below the 
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sugar ring plane, its affinity for l-(j3-D-xylofuranosyl)uracil, an 
epimer of Urd with the C{3')-OH group oriented above the 
plane of the sugar ring, was markedly reduced {Kt > 3 ITIM). The 
inverted orientation of the hydroxyl group evidently produced 
an analog that could no longer interact with Fuilp. Similarly, 
2',3'-0-isopropylidene-Urd failed to inhibit Urd uptake, as was 
also observed with 2',3'-ddUrd. 

C-5' of Urd was not required for binding to Fuilp because 
5'-dUrd and 5'-chloro-5'-dUrd were both potent inhibitors, 
with somewhat lower Kt values than Urd itself {t test,/> < 0.05). 
Fuilp displayed relatively high affinities for 5'-azido-5'-dUrd 
and 5 ' -0-MeUrd (Fig. 5), supplying further evidence that the 
C(5')-OH group was not essential for Fuilp/Urd interactions. 
Although Fuilp exhibited a low apparent affinity for 2'-dUrd 
(K, = 520 ± 57 /AM), the additional removal of the C(40)-OH 
group partially restored the affinity for Fuilp (2',5'-ddUrd, 
Kt= 144 ± 36 /IM). The slightly higher binding energy of 2 ' ,5 ' -
ddUrd compared with 2' -dUrd (5(AG°) = - 2.9 kj/mol relative 
to the AG0 of 2'-dUrd) was evidently due to energy gained by 
removal of the hydroxyl group at C-5', resulting in an analog 
that has a better fit in the binding pocket of Fuilp. Also, inhibi­
tion of Fuilp-mediated Urd transport with FUrd was barely 
detectable, whereas relatively high concentrations of 5-fluoro-
5'-dUrd (Kt = 438 ± 47 JLIM) inhibited Urd uptake. 

DISCUSSION 

Futlp is the primary permease involved in the uptake of nucleo­
sides into the yeast S. cerev'miat (39). The uracil permease Fur4p 
exhibits weak transportability for Urd.7 Compared with other 
nucleoside transporters identified so far, Fuilp exhibits highly spe­
cific permeant selectivity. As a high affinity, high capacity trans­
porter for Urd, Fuilp has also been suggested to mediate the 
uptake of the cytotoxic nucleoside analog FUrd and was initially 
discovered because a mutant selected for resistance to FUrd had 
lost the capacity to import Urd as well as FUrd (7). We undertook 
this study to characterize the transport mechanism and to identify 
structural determinants of Urd that are important for binding to 
Fuilp. 

Results from experiments with both yeast and oocytes produc­
ing wild-type Fuilp suggested a simple proton/Urd cotransport 
mechanism. The optimal Urd transportability under acidic condi­
tions and the sensitivity to proton uncoupling by CCCP suggested 
that Fuilp functions through a secondary active transport process. 
Two-electrode voltage-clamp analysis of oocytes producing 
recombinant Fuilp showed that proton currents induced by Urd 
were stimulated and inhibited by externally acidic and alkaline pH 
environments, respectively, and that the H + /Urd coupling ratio 
was 1:1. In yeast and plants, protons are likely to be the preferred 
coupling ions for nutrient transport, and the proton electrochem­
ical gradient is maintained by plasma membrane H+-ATPase (41, 
42). Utilization of the transmembrane proton gradient to energize 
active transport has been demonstrated for other members of the 
Fur family of transporters (15,43), as well as for ENTs of parasitic 
protozoa (3) and CNTs of C albicans and C elegans {44, 45). In 
contrast, mammalian CNTs function predominantly as Na4"/ 
nucleoside symporters, although hCNT3 is also able to utilize pro-

7 J. Zhang and C. E. Cass, unpublished data. 
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tons (46). The H+-ATPase from S. cerevisiae is known to be essen­
tial for intracellular pH regulation, nutrient uptake, and cell 
growth (42). H+-ATPase activity determines cellular H + extru­
sion, which might affect extracellular proton concentrations and 
thus regulate the rate of Urd uptake mediated by Fuilp. One of the 
mechanisms of growth control by H+-ATPase in yeast may be 
modulating the uptake of extracellular nutrients, including Urd. 

Highly conserved charged residues within TM segments of 
transporter proteins are likely candidates for involvement in 
binding and translocation of ions. According to the topology 
model for the Fur family (17), the predicted TM segments of 
Fur4p contain three charged amino acid residues (Glu243, 
Lys272, and Glu539 in putative TM segments 3,4, and 9, respec­
tively) that are highly conserved in other family members, of 
which only the lysine residue was shown to be important for 
activity (14). In this study, the kinetic properties of the three o 
conserved charged amino acid residues in putative TM seg- s 
ments 3, 4, and 7 of Fuilp were characterized in mutagenesis g" 
and transport assays. The two negatively charged residues Q-

(Glu259 and Asp4 7 4 in TM segments 3 and 7, respectively) were g* 
not essential for Fuilp function because mutation to alanine 3 
had no effect on transport activity. In addition, neither Glu259 I 
nor Asp4 7 4 appeared to be involved in the sensing or binding of £. 
protons because removal of the negative charge separately or in g 
tandem did not change the proton dependence of Urd trans- <3 
port. However, although mutation of the conserved lysine £ 
(Lys288) in TM segment 4 of Fuilp to positively charged, nega- | -
tively charged, or neutral residues resulted in similar affinities | 
for Urd, it resulted in greatly decreased Vmax values for Urd ^ 
transport. In contrast, mutation of the corresponding lysine J 
(Lys272) in TM segment 4 of Fur4p changed both the binding g" 
and translocation of uracil (14). a> 

The results of the GFP and c-Myc tagging studies established g= 
that the decreases in the transport capacity of the Fuilp Lys2KK u. 
mutants were not due to decreased abundance of the mutant pro- ™ 
teins in yeast plasma membranes relative to wild-type Fuilp. The zj, 
GFP-tagged mutant proteins also had similar cellular distribution S-
patterns. Thus, Lys288 per se was important for Urd transport a 
capacity. KfSilIKm is a measure of catalytic efficiency, and K,^ = _,, 
Kiwx/[£]r> where [E]T is the amount of transporter. [E\T of the ^ 
Fuilp Lys288 mutants was not reduced compared with that of wild- 8 
type Fuilp. Replacement of lysine at position 288 with arginine, 
glutamate, or alanine affected Urd transport efficiency similarly, 
suggesting that this lysine, which lies toward the extracellular 
aspect of putative TM segment 4 of Fuilp, plays a key role in Urd 
translocation. The effects of these substitutions were further dem­
onstrated by the FUrd cytotoxicity profiles of the Lys288 mutants. 
Yeast producing the Lys288 mutants survived in medium contain­
ing low FUrd concentrations, which killed yeast producing either 
Fuilp or its Glu259 and/or Asp474 mutants. In the presence of 
higher concentrations of FUrd (e.g. 100 fiM), the Lys288 mutants 
were also killed, indicating that the Lys288 mutants were functional 
but had reduced transport capacities. 

Structural regions of the Urd molecule involved in binding to 
Fuilp were probed by analysis of inhibition profiles and binding 
energies as described previously (31, 47). These regions were 
identified as C(2')-OH, C(3')-OH, C-5, and N(3)-H. The loss of 
>12.9 kj/mol of Gibbs free energy when the C(3')-OH and 
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FUI1 hENTl 

hCNTl hCNT2 
FIGURE 7. Models of interactions between Urd and Fuil p, hENTl, hCNTl, or MCNT2. Structural determinants of Urd that are proposed to interact with amino acid 
residues in the transporter-binding pocket and their interactions are indicated as ovals, the sizes of which correspond to the values of binding energy. The binding 
models for human nucleoside transporters were derived from previous studies (28,31,39). Functional groups of the transporter are speculative and for presentation 
purposes only. Numbering for Urd is indicated. The three-dimensional structure of Urd was generated using ChemDraw Chem3D software. 

N(3)-H groups were modified suggested that these groups were 
involved in hydrogen bonding with Fuilp. Fuilp also exhibited 
low affinities for Urd analogs with C-5 modifications. Removal 
of the C(2')-OH group resulted in a loss of 8.9 kj/mol of binding 
energy. The C-5' region in the sugar moiety did not appear to be 
required for Urd binding because modifications at this position 
did not cause substantial losses in binding energy. The 
unchanged (or even increased with both C-2' and C-5' modifi­
cations) affinities for Urd analogs with C-5' substituents indi­
cated that this position could be modified without seriously 
affecting binding to Fuilp. 

The Urd binding profiles of Fuilp have both similarities and 
distinct differences compared with those of the human 
members of the ENT and CNT families of nucleoside trans­
porters (Fig. 7). The importance of the 3'-hydroxyl group for 

binding interactions with hCNTs and hENTs, which are 
structurally unrelated proteins, is well established {31, 39, 
48, 49). In this work, the 3'-hydroxyl was also identified as a 
critical functional group for nucleoside binding to Fuilp. 
Any changes at C-3\ including removal of the hydroxyl 
group or inversion of its configuration, dramatically altered 
the Fuilp/Urd analog interactions. C-2', which plays a minor 
or moderate role in Urd interactions with hCNT and hENT 
proteins, was involved in strong interactions with Fuilp. 
Interestingly, Fuilp had no major interactions with C(5')-
OH, whereas hCNTs and hENTs interact with C(5')-OH to 
various degrees (28, 31, 39). These results suggest that new 
Urd analogs might be designed to specifically target fungal 
nucleoside transporters. 

In summary, Fuilp of 5. cerevisiae was demonstrated to be an 

I 

C£ 
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electrogenic transporter w i th a H + / U r d coupl ing s to ich iometry of 

1:1. F u i l p mediates the h igh affinity transport o f Urd and the tow 

but significant transport of the cytotoxic nucleoside analog FUrd. 
Studies of the Urd analog binding profiles of Fuilp revealed sub­
stantial differences from those of the human nucleoside transport­
ers (hCNTs and hENTs). This raises possibilities for the design and 
application of Urd analog drugs with cytotoxic substituent(s) that 
would be transported differentially by fungal and human nucleo­
side transporters. Of the three charged residues in the membrane-
spanning regions of Fuilp, only the lysine at position 288 was 
found to be important for transport of Urd. Because all of the 
Lys288 mutants were found to be targeted to yeast plasma mem­
branes with minimal changes in abundance, the severe impair­
ment of transport capacity likely resulted from defects in the trans­
location process. Additional studies are needed to fully elucidate 
the structural features of Fuilp that are critical for permeant bind­
ing and translocation. 
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Appendix 4: 

Conserved Glutamate Residues are Critically Involved in 

Na+/Nucleoside Cotransport by Human Concentrative Nucleoside 

Transporter 1 (hCNTl)* 

* This appendix has been published. 
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Most nucleosides, including nucleoside analogs with antine­
oplastic and/or antiviral activity, are hydrophilic molecules that rj 
require specialized plasma membrane nucleoside transporter S 
(NT)4 proteins for uptake into or release from cells (1-3). NT- g 
mediated transport is a critical determinant of nucleoside and 8" 
nucleotide metabolism and, for nucleoside drugs, their phar- ^ 
macologic actions (3-5). By regulating adenosine availability to 3 
cell-surface purinoreceptors, NTs also profoundly affect neu- | 
rotransmission, vascular tone, and other physiological pro- *. 
cesses (5, 6)- Two structurally unrelated families of integral g 
membrane proteins exist in human and other mammalian cells «3 
as follows: the SLC28 concentrative nucleoside transporter p 
(CNT) family, and the SLC29 equilibrative nucleoside trans- | -
porter (ENT) family (3, 6 - 8 ) . ENTs are normally present in 3 
most, possibly all, cell types (8). CNTs, in contrast, are found **"' 
predominantly in intestinal and renal epithelia and other spe- ^ 
cialized cells, suggesting important roles in absorption, secre- §" 
tion, distribution, and elimination of nucleosides and nucleo- 5> 
side drugs ( 1 - 4 , 6 , 7). 5= 

In humans (h), hCNTI and hCNT2 are pyrimidine nucleo- =. 
side-selective and purine nucleoside-selective, respectively, £ 
whereas hCNT3 transports both pyrimidine and purine nucleo- % 
sides (9-11) . Together, these proteins and their orthologs 5J 
account for the three major concentrative nucleoside transport jj 
processes of human and other mammalian cells. Nonmamma- -° 
lian members of the CNT protein family that have been char- g 
acterized include hfCNT from the ancient marine preverte- °° 
brate the Pacific hagfish Eptatretus stouti (12), CaCNT from 
the pathogenic yeast Candida albicans (13), CeCNT3 from the 
nematode Caenorhabditis elegans (14), and NupC from the 
bacterium Escherichia coli (15). hCNTI, hCNT2, and hfCNT 
are predominantly Na+-coupled nucleoside transporters, 
whereas hCNT3 can utilize electrochemical gradients of either 
N a + or H + to accumulate nucleosides within cells (12,16-18). 
CaCNT, CeCNT3, and NupC function exclusively as H+/nu-
cleoside cotransporters (13-15). Na+ /nucleoside coupling sto-

4 The abbreviations used are: NT, nucleoside transporter; CNT, concentra­
tive nucleoside transporter; ENT, equilibrative nucleoside transporter; 
MT5, methanethiosulfonate; MTSEA, 2-aminoethyl methanethiosulfon-
ate hydrobromlde; MT5E5, sodium (2-sulfonatoethyl) methanethiosul­
fonate; MTSET, [(triethylammonium)ethyl] methanethiosulfonate bro­
mide; PCMBS, sodium p-chloromercuriphenyl sulfonate; TM, putative 
transmembrane helix; h, human. 

Human concentrative nucleoside transporter 1 (hCNTI), the 
first discovered of three human members of the SLC28 (CNT) 
protein family, is a Na "^/nucleoside cotransporter with 650 
amino acids. The potential functional roles of 10 conserved 
aspartate and glutamate residues in hCNT 1 were investigated by 
site-directed mutagenesis and heterologous expression in Xeno-
pus oocytes. Initially, each of the 10 residues was replaced by the 
corresponding neutral amino acid (asparagine or glutamine). 
Five of the resulting mutants showed unchanged Na+-depend­
ent uridine transport activity (D172N, E338Q, E389Q, E413Q, 
and D565N) and were not investigated further. Three were 
retained in intracellular membranes (D482N, E498Q, and 
E532Q) and thus could not be assessed functionally. The 
remaining two (E308Q and E322Q) were present in normal 
quantities at cell surfaces but exhibited low intrinsic transport 
activities. Charge replacement with the alternate acidic amino 
acid enabled correct processing of D482E and E498D, but not 
of E532D, to cell surfaces and also yielded partially functional 
E308D and E322D. Relative to wild-type hCNTI, only D482E 
exhibited normal transport kinetics, whereas E308D, E308Q, 
E322D, E322Q, and E498D displayed increased /C50

Na* and/or 
^undine v a l u e s a n d d i m i n i s h e d Kmax

Na+ and Vmax
ut id" , e values. 

E322Q additionally exhibited uridine-gated uncoupled Na + 

transport. Together, these findings demonstrate roles for GIu-
308, Glu-322, and GIu-498 in Na+/nucleoside cotransport and 
suggest locations within a common cation/nucleoside translo­
cation pore. Glu-322, the residue having the greatest influence 
on hCNTI transport function, exhibited uridine-protected inhi­
bition by p-chloromercuriphenyl sulfonate and 2-aminoethyl 
methanethiosulfonate when converted to cysteine. 
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hCNTI Glutamate Residues 

ichiometries are 1:1 for hCNTI and hCNT2 and 2:1 for hCNT3 
and hfCNT (12, 16-19). H+ /nucleoside coupling ratios for 
hCNT3 and CaCNT are both 1:1 (13,17-19). 

Although considerable progress has been made in molecular 
studies of ENT proteins (6, 8), studies of structurally and func­
tionally important residues within the CNT protein family are 
still at an early stage. Topological investigations suggest that 
hCNTI - 3 and other eukaryote CNT family members have a 13 
(or possibly 15)-transmembrane helix (TM) architecture, and 
multiple alignments reveal strong sequence similarities within 
the C-terminal half of the proteins (20). Prokaryote CNTs lack 
the first three TMs of their eukaryote counterparts, and func­
tional expression of N-terminally truncated human/rat CNT1 
in Xenopus oocytes has established that the first three TMs are 
not required for Na+ -dependent uridine transport activity (20). 
Consistent with these findings, chimeric studies between 
hCNTI and hfCNT (12) and between hCNTI and hCNT3 (17) 
have demonstrated that residues involved in N a + - and 
H+-coupling reside in the C-termina! half of the protein. 

In hCNTI , two sets of adjacent residues in TM 7 and 8 have 
been identified (Ser-319/Gln-320 and Ser-353/Leu-354) that, 
when converted to the corresponding residues in hCNT2, 
change the nucleoside specificity of the transporter from 
CNTl- type to CNT2-type (21). Mutation of Ser-319 i n T M 7 of 
hCNTI to glycine was sufficient to enable transport of purine 
nucleosides, whereas mutation of the adjacent residue GIn-320 
to methionine (which had no effect on its own) augmented this 
transport. The additional mutation of Ser-353 in TM 8 of 
hCNTI to threonine converted S319G/Q320M from broadly 
selective (CNT3-type) to purine nucleoside-selective (CNT2-
type) but with relatively low adenosine transport activity. Fur­
ther mutation of Leu-354 to valine increased the adenosine 
transport capability of S319G/Q320M/S353T, producing a full 
CNT2-type phenotype. Residues in both TMs 7 and 8 therefore 
play key roles in determining h C N T l / 2 nucleoside selectivities. 
Confirming this, the double TM 8 mutant (S353T/L354V) was 
recently shown to exhibit a unique uridine-preferring transport 
phenotype (22). Mutation of Leu-354 alone markedly increased 
the affinity of the transporter for N a + and Li+ , demonstrating 
that TM 8 also has a role in cation coupling (22). 

Although negatively charged amino acid residues play key 
functional and structural roles in a broad spectrum of mamma­
lian and bacterial cation-coupled transporters (23-33), essen­
tially nothing is known about their roles in CNTs. Using 
hCNTI as the template, we report here the consequences of 
individually mutating 10 aspartate and glutamate residues that 
are highly conserved in mammalian CNTs. We identified three 
residues (Glu-308, Glu-322, and Glu-498) with roles in CNT 
N a + and nucleoside binding and translocation. 

EXPERIMENTAL PROCEDURES 

Site-directed Mutagenesis and DNA Sequencing— hCNTI 
cDNA (GenBank™ accession number U62968) in the Xenopus 
expression vector pGEM-HE (34) provided the template for 
construction of hCNTI mutants by the oligonucleotide-di-
rected technique (35), using reagents from the QuikChange® 
site-directed mutagenesis kit (Stratagene) according to the 
manufacturer's directions. Constructs were sequenced in both 
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directions by Taq dye deoxy terminator cycle sequencing to 
ensure that only the correct mutation had been introduced. 

Production of Wild-type and Mutant hCNTI Proteins in 
Xenopus Oocytes— hCNTI cDNAs were transcribed with T7 
polymerase and expressed in oocytes of Xenopus laevis by 
standard procedures (36). Healthy defolliculated stage VI 
oocytes were microinjected with lOnlofwateror lOnlofwater 
containing RNA transcript (1 ng/nl) and incubated in modified 
Barth's medium at 18 °C for 72 h prior to the assay of transport 
activity. 

Flux Assays—Transport was traced using 14C/3H-labeled 
nucleosides at 1 /xCi/ml. Flux measurements were performed at 
room temperature (20 °C) as described previously (36, 37). 
Briefly, groups of 12 oocytes were incubated in 200 ix\ of trans­
port medium containing either 100 mM NaCl or choline chlo­
ride and 2 mM KCI, 1 mM CaCl2, 1 mM MgCl2, and 10 mM 
HEPES, pH 7.5. Unless otherwise indicated, the uridine con- g 
centration was 10 JU,M. At the end of the incubation period, S. 
extracellular label was removed by six rapid washes in ice-cold S. 
Na+-free (choline chloride) transport medium, and individual ^ 
oocytes were dissolved in 1% (w/v) SDS for quantitation of | 
oocyte-associated radioactivity by liquid scintillation counting s 
(LS 6000 IC; Beckman). Initial rates of transport (influx) were | 
determined using an incubation period of 1 min, except for g" 
mutants E322Q and E322D, which had low transport activity § 
and required a longer incubation time (5 min) to achieve cellu- g. 
lar uptake comparable with that of wild-type hCNTI and the ^ 
other mutants. In PCMBS inhibition studies, oocytes were pre- 5 
treated with PCMBS (0.1 mM) on ice for 30 min and then f 
washed five times with ice-cold transport medium to remove S, 
excess organomercurial before the assay of transport activity. ^ 
Corresponding pretreatment with the MTS reagents MTSEA, a. 
MTSES, and MTSET (2.5,10, and 1 mM, respectively) was per- c: 
formed at room temperature for 5 min. To demonstrate sub- 3 
strate protection, unlabeled uridine (20 mM) was included along g" 
with inhibitor during the preincubation step (38). The flux val- § 
ues shown are means ± S.E. of 1 0 - 1 2 oocytes, and each exper- ^ 
iment was performed at least twice on different batches of cells. §. 
Kinetic (Km, K5i)l Vmax, and Hill coefficient) parameters (±S.E.) ^ 
were determined using SigmaPlot software (Jandel Scientific). g 
Statistical significance of the reported data sets was evaluated 8 
using t tests. 

Ekctrophysiology—Steady-state and presteady-state cur­
rents were measured using the two-microelectrode voltage 
clamp as described previously (16). 

Na+/Nucleoside Stoichiometry—Coupling ratios were deter­
mined by direct charge/flux measurements (16,17,19). 

Isolation of Membranes and Immunoblotting—Total mem­
branes (plasma + intracellular membranes) and purified 
plasma membranes were isolated by centrifugation from 
groups of 100 oocytes at 4 "C in the presence of protease inhib­
itors as described previously (39, 40). Colloidal silica (Sigma) 
was used to increase the gravitational density of plasma mem­
branes and enhance their yield and purity (40). Protein was 
determined by the bicinchoninic acid protein assay (Pierce) 
using bovine serum albumin as standard. 

For immunoblotting, oocyte membranes (1 jutg of plasma 
membrane protein or total membrane protein) were resolved 
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FIGURE 1. Topological model of hCNTI. Membrane-spanning a-helices predicted from bioinformatic analy­
ses of currently identified CNT family members are numbered 1-13 (strongly predicted) and 5A and UA 
(weakly predicted). Highly conserved acidic amino acid residues are indicated with Med circles. 

TABLE 1 
Uridine uptake by wild-type hCNTI and mutants expressed in 
Xenopus oocytes 
Oocytes producing recombinant hCNTI and hCNTI mutants were incubated in 
transport medium with or without Na"1" at 20 °C as described under "Experimental 
Procedures." Each value is the mean ± S.E. from 10 to 12 oocytes. For influx in the 
presence of Na+, significant differences in mediated uridine uptake {p < 0.05) 
compared with wild-type hCNTI are indicated by *. 

hCNTI 
D172N 
F308Q 
E322Q 
E338Q 
E389Q 
E413Q 
D482N 
E498Q 
E532Q 
D565N 

Mediated uridi 

Na+ medium 

pmal/u 

5.0 ± 0.7 
4.9 ± 0.4 
0.7 ± 0.1* 
0.2 ± 0.1* 
4.7 ± 0.6 
3.8 ± 0.3 
5.4 ± 0.6 
0.1 ± 0.1* 

<0.Ol* 
<0.01* 

5.4 ± 0.5 

ne uptake 

Na+-free medium 

cyte «,«-J 

0.06 ± 0.01 
0.12 ± 0.02 

<0.01 
<0.01 

0.03 ± 0.01 
0.05 ± 0.01 
0.07 ± 0.U2 

<0.01 
<0.01 
<0.01 

0.08 ± 0.02 

Protein 
expression" 

+ 
ND" 

+ 
+ 

ND 
ND 
ND 

— --ND 
** Relative expression in the plasn 
'' ND indicates not determined, 

\ membrane is from Fig. 3. 

on 12% SDS-polyacrylamide gels (41), The electrophoresed 
proteins were transferred to polyvinylidene difluoride mem­
branes and probed with affinity-purified anti-hCNTl-(31-55) 
polyclonal antibodies (22). Blots were then incubated with 
horseradish peroxidase-conjugated anti-rabbit antibodies 
(Amersham Biosciences) and developed with enhanced chemi-
luminescence reagents (Amersham Biosciences). 

RESULTS 

Residues Identified for Mutagenesis—In this study, we 
employed site-directed mutagenesis and heterologous expres­
sion in Xenopus oocytes to analyze the roles of hCNTI acidic 
amino acid residues. The locations of the residues selected for 
study are shown in Fig. 1. 

hCNTI contains 51 aspartate and 
glutamate residues. Of these, 10 are 
conserved in other mammalian 
CNT family members and were 
included in the present analysis 
(hCNTI residues Asp-172,Glu-308, 
Glu-322, Glu-338, Glu-389, Glu-
413, Asp-482, Glu-498, GIu-532, 
and Asp-565). All but one (Asp-172) 
were located in the C-terminal half 
of the protein. In initial mutagenesis 
experiments, each of the 10 hCNTI 
aspartate and glutamate residues 
were individually replaced by the 
corresponding neutral amino acids 
(asparagine or glutamine, respec­
tively). All mutations were verified 
by sequencing the entire coding 
region of the double-stranded plas-
mid DNA in both directions. Except 
for the desired base changes, all 
sequences were identical to wild-
type hCNTI . 

Uridine Uptake and Cell-surface 
Expression of Wild-type hCNTI and 

Mutants—The hCNTI mutant transporters were expressed in 
Xenopus oocytes and assayed for uridine transport activity (10 
/AM uridine influx, 1 min fluxes) in the presence and absence of 
N a + as described under "Experimental Procedures." Repre­
sentative values for mediated uridine uptake, corrected for 
basal nonmediated uptake in control water-injected oocytes, 
are presented in Table 1. Five of the mutants (D172N, E338Q, 
E389Q, E413Q, and D565N) exhibited >75% of wild-type I n ­
dependent transport activity and were not investigated further. 
In contrast, substitution of Glu-308 reduced transport activity 
by almost 90%, whereas mutation of E322Q, D482N, E498Q, 
and E532Q resulted in >99% loss of uridine transport activity. 
The time course of uridine uptake by wild-type hCNTI shown 
in Fig. 2A demonstrates that the measured fluxes corresponded 
to initial rates of transport. Fig. 2A also demonstrates the 
absence of uridine uptake in water-injected oocytes. 

Cell-surface expression of mutants E308Q, E322Q, D482N, 
E498Q, and E532Q was investigated by immunoblotting of 
purified oocyte plasma membranes using polyclonal antibodies 
(22) directed against amino acid residues 31-55 at the N termi­
nus of the protein (Fig. 3A). Wild-type hCNTI and transporters 
with mutations at positions 308 and 322 were present in similar 
amounts, indicating that these single amino acid substitutions 
resulted in loss of intrinsic hCNTI transport activity without 
altering surface quantities in the oocyte plasma membrane. 
Antibody specificity was confirmed by lack of immunoreactiv-
ity in membranes prepared from control water-injected 
oocytes. Unlike E308Q and E322Q, very little plasma mem­
brane immunoreactivity was detected for the transporters hav­
ing mutations at positions 482,498, and 532, indicating that the 
lack of transport activity was associated with reduced cell-sur­
face expression. 
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FIGURE 2. Expression of wild-type hCNTI and mutants in Xenopus oocytes. Oocytes were injected with 10 
ng of RNA transcripts orwater alone and incu bated for 3 days. A, time courses of radiolabeled uridine uptake by 
wild-type hCNTI and mutants (10 / IM, 20 DC). 8, initial rates of radiolabeled uridine uptake (10 JAM, 20 °C) 
measured in the presence or absence of Na ' in the incubation medium. H20, control water-injected oocytes. 
Each value is the mean ± S.E. from 10 to 12 oocytes. 
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FIGURE 3. Immunoblot analysis of wild-type hCNTI and mutants. Plasma 
membranesO ^g of protein) (A and fl)and total membranesO y.q of protein) 
(O were obtained from oocytes producing wild-type hCNTI and hCNTI 
mutants. Membranes were subjected to SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes for immunoblotting with anti-hCNTl-(31-
55) antibody. The positions of molecular weight standards are shown on the 
/eft. H30, membranes from control water-injected oocytes. Blots A-Care from 
different gels. 

In a second round of mutagenesis experiments, Glu-308, 
Glu-322, Asp-482, Glu-498, and Glu-532 of hCNTI were 
replaced by the alternative negatively charged amino acid (i.e. 
glutamate to aspartate or aspartate to glutamate). Time courses 
of uridine accumulation in the presence of N a + and the initial 
rate of uridine uptake in the presence and absence of N a + by 
E308D, E322D, D482E, E498D, and E532D produced in Xeno­
pus oocytes are shown in Fig. 2A. Relative to the corresponding 

asparagine and glutamine muta­
tions (Table 1), oocytes expressing 
E308D, D482E, or E498D exhibited 
higher uridine transport activities 
with fluxes that were broadly similar 
to those of wild-type hCNTI . 
E322D, in contrast, displayed only 
partial transport activity. In all 
cases, uridine uptake was Na "'"-de­
pendent (Fig. 25). Transport was 
also concentrative because the 15-
and 30-min uptake values exceeded 
the initial extracellular uridine con­
centration of 10 /AM (Fig. 24), 
assuming an intracellular water vol­
ume of 1 til (36,37). Immunological 
analysis revealed that low activity 

E322D was present in normal quantities at the cell surfaces (Fig. 
3B), demonstrating that its low transport activity was not 
because of defective insertion and/or stability of the transporter 
in oocyte plasma membranes. Unlike the other positions, 
hCNTI with Glu-532 substituted by aspartate (E532D) lacked 
functional activity (Fig. 2, A and B) and remained undetectable 
at the cell surface by immunoblotting (Fig. 3B). The immuno-
blots shown in Fig. 3C demonstrated that oocyte total mem­
branes (plasma + intracellular membranes) contained mutants 
D482N, E498Q, E532Q, and E532D, indicating that the "no 
activity" mutants were present within cells, confirming 
improper targeting to the plasma membrane. 

Kinetic Characterization of Wild-type hCNTI and Mutants— 
To further elucidate the effects of individual replacement of 
amino acids Glu-308, Glu-322, Asp-482, and Glu-498 on 
hCNTI transport function, mutants E308D, E308Q, E322D, 
E322Q, D482E, E498D, and wild-type hCNTI were character­
ized for N a + activation and uridine concentration dependence 
kinetics, N a + activation was investigated by measuring 10 JXM 
uridine influx as a function of N a + concentration (Fig. 4), 
whereas the concentration dependence of uridine uptake was 
determined at a saturating concentration (100 mM) of N a + (Fig. 
5). Kinetic parameters derived from these data, including meas­
ures of apparent Na + affinities (/f50

Na+), apparent uridine 
affinities (Km

uridine), and maximal rates of transport (V m a x
N a + 

and Vm: "*) are summarized in Table 2. 
In agreement with previous studies (16,18), the rate of uri­

dine transport by oocytes expressing wild-type hCNTI 
increased markedly as the Na + concentration was increased 
from 0 to 100 mM and was essentially saturated at N a + concen­
trations above 40 mM. In contrast, rates of uridine transport by 
oocytes producing E308Q, E322D, or E322Q did not reach sat­
uration, even at the highest concentration of Na"1" (100 mM) 
(Fig. 4). Hill-type analysis of the data yielded an apparent 
^ s o N a + value of 8.2 mM for wild-type hCNTI compared with 20 
mM for E308D and > 4 0 mM for E308Q, E322D, and E322Q. 
E308Q, E322D, and E322Q also showed major reductions in 
V m a x

N a + values ( < 1 pmol/oocyte-min - 1 , compared with 5.6 
pmol/oocyte-min"1 for wild-type hCNTI) . Vm a x

N a + : /C 5 0
N a + 

ratios (a measure of transport efficiency) were 0.68 for wild-
type hCNTI, 0.17 for E308D, and <0.03 for E308Q, E322D, and 
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FIGURE 4. Sodium activation kinetics of wild-type hCNTI and mutants. Initial rates of transporter-mediated radiolabeled uridine uptake ( IOJIM, 20 "Q were 
measured in transport media containing 0-100 mM NaCI, using choline chloride to maintain isosmolality. Each value is the mean ± S.E.from 10 to 12 oocytes. 
Mediated transport was calculated as uptake in RNA-injected oocytes minus uptake in oocytes injected with water alone. Kinetic parameters derived from the 
data are presented in Table 2. 

E322Q. In the absence of Na+, uridine uptake by all mutants 
was close to zero, indicating an absence of measurable slippage 
(uncoupled, Na+-independent uridine uptake). As also shown 
in Fig. 4 and summarized in Table 2, D482E and E498D exhib­
ited Na+ activation kinetics broadly similar to those of wild-
type hCNTI. In the case of E498D, however, there was a notice­
able reduction in the Vmax

Na+ values (2.5 pmol/oocyte-min-1), 
leading to a corresponding decrease in the Vmax

Na+:/<50
Na+ 

ratio (0.26). Where measurable (hCNTI, E308D, D482E, and 
E498D), Hill coefficients were consistent with a Na+:uridine 
coupling ratio of 1:1 (16,18,19). 

To minimize the potential effects of altered Na+ apparent 
affinity on uridine kinetic parameters, experiments to inves­
tigate uridine transport kinetics were undertaken at the 
maximum possible Na+ concentration of 100 mM. As shown 
in Fig. 5 and summarized in Table 2, only D482E exhibited 
uridine transport kinetics similar to those of wild-type 
hCNTI (XM

uridim' 26 and 29 ^M, Vmax
ulidine 18 and 19 pmol/ 

oocyte*min , and Vm 
• e . ^ uridine r a t J o s Q _ 6 9 a n d Q ^ 

respectively). All other mutants exhibited reduced apparent 
affinities for uridine and/or decreases in Vm ' values. 
Mutants with increased /CJW

1"W"" values were E308D (108 
,U.M), E308Q (46 ^M), E322Q (79 pM), and E498D (64 |U.M), 
and dramatic reductions in Vmax

uridme values were seen for 

E308Q, E322D, and E322Q (3.8, 1.8 ,and 1.2 pmol/ 
oocyte*min~\ respectively). Compared with a value of 0.66 
for wild-type hCNTI, Vm 

e-Km ratios ranged 
from 0.18 and 0.25 for E308D and E498D, respectively, to 
0.08, 0.06, and 0.02 for E308Q, E322D, and E322Q, respec­
tively. The nucleoside selectivities of E308D, E322D, D482E, 
and E498D were identical to wild-type hCNTI (Table 3). 

Electrophysiological Characterization of Wild-type hCNTI 
and Mutants—In steady-state electrophysiological experi­
ments (16), all mutants (E308D, E308Q, E322D, E322Q, D482E, 
and E498D) were confirmed to mediate uridine-induced Na+ 

inward currents (Fig. 6A). No currents were detected in the 
absence of Na+ or in control water-injected oocytes. Measured 
in the same batch of oocytes on the same day, there was excel­
lent correlation between the magnitudes of the currents 
recorded and the corresponding Na+-dependent fluxes of 
radiolabeled uridine (Fig. 6B). The one exception was mutant 
E322Q, which exhibited an elevated uridine-induced Na+ cur­
rent disproportionate to its very low Na+-dependent uridine 
transport activity (compare, for example, E322D and E322Q in 
Fig. 6, A and B). 

In parallel presteady-state electrophysiological experiments 
performed in the absence of uridine, oocytes producing wild-
type hCNTI and mutants E308D, E308Q, E322D, and E322Q 
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FIGURE S. Uridine kinetics of wild-type hCNTI and mutants. Initial rates of transporter-mediated radiolabeled uridine uptake (20 °C) were measured in 
transport medium containing 100 mM NaCI. Each value is the mean ± S.E. from 10 to 12 oocytes. Mediated transport was calculated as uptake in RNA-injected 
oocytes minus uptake in oocytes injected with water alone. Kinetic parameters derived from the data are presented in Table 2. 

TABLE 2 
Kinetic properties of wild-type hCNTI and mutants 

Significant differences in kinetic parameters (p < 0.05) compared with wild-type hCNTI are indicated by*. 

hCNTI 
E308D 
E308Q 
E322D 
E322Q 
D482E 
E498D 

« s o N " 

m.« 
8.2 ± 0.1 
20 + 2* 

>40* 
>40* 
>40* 

7.2 + 1.0 
9.5 ± 1.1 

y^J"* 
pmol/oocytemin 

5.6 ± 0.1 
3.3 ±0 .1* 

<1* 
<1* 
<1* 

4.6 ± 0.2 
2.5 ± 0.1* 

Na1 

"' 

" activation" 

Hill coefficient 

0.8 ± 0.1 
1.2 ± 0.1 

0.8 ± 0.1 
0.9 ± 0.1 

Vm „ " " * » " " 

0.68 
0.17 

<0.03 
<0.03 
<0.03 

0.64 
0.26 

ratio #„•"""" 
w 

29 ± 3 
108 * 12* 
46 ± 4 * 
28 ± 3 
79 ± 18* 
26 ± 2 
64 ±4* 

Uridine kinetics* 
y uridine 

ptnol/oocyte-mirT'l 

19 ± 1 
19 + 1 

3.8 ± 0.1* 
1.8 ± 0.1* 
1.2 + 0.1* 
18 ± 1 
16 ± 1 

K™*" '•"*• :Km""*™ ratio 

0.66 
0.18 
0.08 
0.06 
0.02 
0.69 
0.25 

Jf 
§ 

sf 
a 
° K 
X 

" Data are frrnn Fig. 4. 
* Data are from Fig. 5. 

were voltage-clamped at a holding potential (Vh) of —50 mV, 
and presteady-state currents were activated by voltage steps to 
a series of test potentials (V() (Fig. 7, A and B). In agreement 
with previous studies (16), current relaxations that were largely 
eliminated upon removal of external Na+ were observed for 
wild-type hCNTI. Presteady-state currents were greatly 
reduced in mutant E322D and absent from mutants E308Q, 
E308D, E322Q, and control water-injected oocytes. 

Na+Nucleoside Coupling Ratios of Wild-type hCNTI and 
Mutants—The Na*/uridine coupling stoichiometries of wild-
type hCNTI and mutants E308Q and E322Q were determined 
by simultaneously measuring Na+ currents and radiolabeled 
uridine uptake under voltage-clamp conditions. The linear cor­

relations between integrated uridine-dependent charge and 
radiolabeled uridine accumulation measured in Na+-contain-
ing transport medium {100 mM) gave calculated Na "'"/nucleo­
side coupling ratios of 0.88 ± 0.06 and 0.82 ± 0.03 for hCNTI 
and E308Q, respectively (Fig. 8, A and B). Consistent with 
E322Q functioning as a partially uncoupled uridine-gated Na+ 

channel, there was no correlation between Na+ current and 
radiolabeled uridine uptake, charge:flux ratios for individual 
E322Q-producing oocytes ranging from 5 to 74 (Fig. SQ. 

PCMBS and MTS Inhibition of Uridine Transport by Wild-
type hCNTI and Mutants—Residues lining the translocation 
pore can be identified through the use of hydrophilic thiol-
reactive reagents such as /7-chloromercuribenzene sulfonate 
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TABLE 3 
Nucleoside uptake by wild-type hCNTI and mutants expressed in Xenopus oocytes 
Oocytes producing recombinant hCNTI and hCNTl mutants were incubated with different radiolabeled nucleosides {10 fiM) in NaCl transport medium at 20 "C as 
described under "Experimental Procedures." Each value is corrected for basal uptake in control water-injected oocytes and is the mean ± S.E. from 10 to 12 oocytes. 
Significant differences in mediated nucleoside uptake (p< 0.05) compared with wild- typo hCNTI are indicated by ".To permit a side-by-sidc comparison of pyrimidinc and 
purine nucleoside uptake, all fluxes were determined using a 5-min incubation interval. 

Mediated uptake 

hCNTI 
E308D 
E322D 
D482E 
E498D 

Uridine 

9.6 ± 0.1 
6.2 ± l.l* 
1.2 ± 0.2" 
12 ± 1 

7.6 ± 0.7 

Cytidine 

4 0 ± 0.3 
2.2 ± 0.3' 
0.2 ± 0.02-

4.6 ± 0.9 
3.1 ± 0.4 

Thymidine 

pmot/oocyte-5 m 

5.6 ± 0.7 
5.0 ± 0.5 
1.3 i 0.2* 
7.4 ± 0.8 
4.1 ± 0.4 

Adenosine 
. , • „ - ' 

0.14 ±0.06 
0.20 ± 0.13 
0.13 ± 0.08 
0.16 + 0.03 
0.05 ± 0.02 

Guanosine 

<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

Inosine 

<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

I 100 

I 
/^vv*/vv* *? 

(B) 

I I. I 
s s 

FIGURE 6. Uridine-induced steady-state currents of wild-type hCNTI 
and mutants. Oocytes were injected with 10 ng of RNA transcripts or 
water alone and incubated for 3 days. A, averaged inward currents in 
hCNTI - and mutant-producing oocytes perfused with 1 mM uridine in the 
presence or absence of 100 mM Na+ in the incubation medium. Each value 
is the mean ± S.E. from five oocytes. No currents were observed In control 
water-injected oocytes. B, initial rates of radiolabeled uridine uptake {10 
^ M , 20 °C) measured in the presence or absence of 100 mM Na ' in the 
incubation medium. H20, control water-injected oocytes. Each value is the 
mean ± S.E. from 10 to 12 oocytes. 

(PCMBS) and methanethiosulfonate (MTS) derivatives (22,38, 
42-45). Thus, a final series of mutagenesis experiments was 
undertaken in which hCNTI acidic amino acid residues Glu-
308, Glu-322, Asp-482, Glu-498, and Glu-532 were individually 
replaced by cysteine. Consistent with our other studies of these 
positions, substitution of Asp-482, Glu-498, and Glu-532 with 
cysteine yielded transporters that were nonfunctional in 
oocytes (data not shown) and could not be investigated further. 
Relative to wild-type hCNTI, however, mutants E308C and 
E322C showed reduced but measurable influx of uridine (Fig. 

9A). Both were present in oocyte plasma membranes in 
amounts similar to those of wild-type hCNTI (Fig. 9B). 
Although wild-type hCNTI contains 20 endogenous cysteine 
residues, and consistent with results of previous studies (38), 
there was no change in hCNTI-mediated uridine uptake fol­
lowing incubation with membrane -impermeant PCMBS at a 
concentration of 0.1 mM (Fig. 9A). PCMBS exposure also had 
no measurable effect on E308C transport activity. In contrast, 
uridine uptake by E322C was strongly inhibited by PCMBS, and 
the presence of extracellular undine (20 mM) protected the 
transporter against this inhibition (Fig. 9̂ 4). 

Fig. 10 extends this analysis by showing the corresponding 
inhibitory effects of three MTS reagents with different sizes 
(MTSEA < MTSES < MTSET), charges (MTSEA and MTSES, 
negatively charged; MTSET, positively charged), and mem­
brane permeabilities (MTSEA, membrane-permeable; MTSES 
and MTSET, membrane-impermeable). Reflecting their differ­
ent reactivities with thiol groups, MTSEA, MTSES, and 
MTSET were tested on wild-type hCNTI and mutants E308C 
and E322C at concentrations of 2.5,10, and 1 mM, respectively. 
Only MTSEA gave significant inhibition, and only E322C was 
affected (Fig. 104). Like PCMBS, addition of uridine (20 mM) to 
the extracellular medium protected E322C against MTSEA 
inhibition (Fig. 10B). 

DISCUSSION 

As shown in Fig. 1 for hCNTI, current models of hCNT 
topology have 13 putative TMs (9-11, 20). Computer algo­
rithms also weakly predict two additional potential transmem­
brane regions, designated in Fig. 1 as TMs SA and 11A (20). 
Location of the N and C termini as intracellular and extracellu­
lar, respectively, derives from immunocytochemical experi­
ments with site-specific antibodies, and from studies of native 
and introduced glycosylation sites (20). Cytoplasmic exposure 
of the loop linking TMs 4 and 5 has been similarly confirmed 
(20). Both a 13 TM and 15 TM membrane architecture are 
consistent with these landmarks. Initial substituted cysteine 
accessibility method analyses of TMs 11, 12, and 13 of a func­
tional cysteine-free version of a human CNT3 (hCNT3C—) 
using MTS reagents (46), as well as other published structure/ 
function studies (e.g. 21,22), are also consistent with both mod­
els. TMs 1-3 of human and rat CNT1 are not required for 
Na+-dependent uridine transport activity (20). 

The present study identified five conserved acidic amino acid 
residues of Na+/nucleoside cotransporter hCNTI (Glu-308, 
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(A) NaCt medium (B) ChOI medium 
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FIGURE 7. Wild-type hCNTI and mutant presteady-state currents elicited by voltage pulse. The oocyte membrane was held at a holding potential (Vh) of 
—50 mV and stepped to a range of test potentials [Vt) from -125 to +50 mwi {25-mV increments). A, NaCI transport medium; B, choline chloride transport 
medium. 
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FIGURE S. Stokhiometry of wild-type hCNTI, E308Q, and E322Q. Oocytes were clamped at Vh of - 5 0 mV and perfused with 200 yM [3H]uridine. Integration 
of the uridine-evoked current over the uptake period (1 min) yielded the charge moved, which was converted to picomoles and plotted against radiolabeled 
uridine uptake (pmol) in the same oocyte. The experiment was performed in 10,7, and 14individual oocytes for wild-type hCNTI (A), E308Q (B), and E322Q (O, 
respectively. Nucleoside-induced current was obtained as the difference between base-line current and the inward nudeoside-induced current. Radiolabeled 
fluxes were corrected for basal nonmediated uridine uptake in oocytes injected with water alone. The slope (±S.E.) of the linear fits (Na' /nucleoside coupling 
ratio) for wild-type hCNTI and mutant E308Q are indicated by the straight lines. 

3 

Glu-322, Asp-482, Glu-498, and Glu-532) whose mutation to 
the corresponding neutral amino acid (glutamine or aspara-
gine) dramatically reduced transport activity of the recombi­
nant protein produced in Xenopus oocytes. All are situated in 
the C-terminal half of the protein, a region previously impli­
cated in both nucleoside and cation translocation (12, 17, 21). 
Glu-308 and Glu-322 are located in predicted TM 7; Asp-482 is 
adjacent to the extracellular face of TM 11; Glu-498 is located in 
the middle of TM11A; and Glu-532 is on the extracellular 
boundary of TM 12 {Fig. 1). Although TM 7 mutants E308Q 
and E322Q targeted normally to cell surfaces, their impaired 
intrinsic transport activities suggested key roles for both gluta­
mate residues in hCNTI-mediated transport. D482N, E498Q, 

and E532Q, in contrast, were retained in intracellular mem­
branes. Mutant E532D, in which the negative charge of Glu-532 
was replaced with aspartate, was also retained in intracellular 
membranes, implying an absolute requirement of this gluta­
mate residue to achieve normal cell-surface levels. The pre­
dicted location of Glu-532 on the immediate extramembranous 
surface of TM 12 (Fig. 1) suggests that it may be necessary for 
the anchoring and/or correct membrane configuration of this 
TM. Replacement of Asp-482 with glutamate, and Glu-498 
with aspartate, in contrast, yielded normal processing to cell 
surfaces and resulted in uridine fluxes broadly similar to those 
of wild-type hCNTI. The functional activities of TM 7 mutants 
E308Q and E322Q were also partially restored by replacement 
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FIGURE 9. PCMBS inhibition of wild-type hCNTI, E308C, and E322C. A, oocytes producing wild-type hCNTI 
or mutants E308C or E322C were incubated with or without PCMBS (0.1 mM) in NaCI transport medium at 1 °C 
in the absence or presence of unlabeled uridine (20 mM). After 30 min, excess PCMBS and uridine were removed 
by washing in ice-cold medium. Initial rates of uridine uptake were then determined (10 ^ M ) at 20 "C. Each 
value is the mean ± S.E. from 10 to 12 oocytes and was corrected by subtraction of the corresponding basal 
uptake value in control water-injected oocytes. B, immunoblot analysis of plasma membranes (1 fi.g of protein) 
from oocytes producing wild-type hCNTI, E308C, or E322C Plasma membranes were subjected to SDS-PAGE 
and transferred to polyvinylidene difluoride membranes for immunoblotting with anti-hCNTl-(31-55) anti­
bodies. The positions of molecular weight standards are shown on the left. H20, membranes from control 
water-injected oocytes. 

of Glu-308 and Glu-322 with aspartate. Because E532Q failed to 
translocate to cell surfaces, it was not possible to investigate its 
functional properties. Subsequent kinetic experiments there­
fore focused on mutants E308D, E308Q, E322D, E322Q, 
D482E, and E498D. 

Residues Asp-482 and Glu-498—Relative to wild-type 
hCNTI, replacement of Asp-482 with glutamate {mutant 
D482E) resulted in no change in Km a x

N a + , Vm a x
u r i d i n e , iC5 0

N a + , 
or Km"rldlne, indicating that this residue is unlikely to have a 
mechanistic role in hCNTI Na+ /nucleoside cotransport. 
Mutation of Glu-498 to aspartate (mutant E498D), however, led 
to a >50% reduction in V m a x

N a + and an almost 2-fold increase 
in the Km

atidlne value such that both the Vm a x
N a + : /C 5 0

N a + and 
Vm a x

u r i d i n e : /Cw
u r i d i n e ratios were reduced relative to those of 

wild-type hCNTI . Although substitution of Glu-498 with glu-
tamine would be predicted to exhibit more marked changes in 
transport function, mutant E498Q was not processed to cell 
surfaces and thus could not be characterized. Consistent with a 
key role for Glu-498, it is centrally positioned in the most highly 
conserved sequence motif in the entire CNT family 
(G/A)AXA-3NEFVA(Y/M/F). Mutation of Glu-519, the residue 
in hCNT3 that corresponds to hCNTI Glu-498, impaired both 
the Na+ /nucleoside and H+ /nucleoside transport activities of 
the transporter.5 

As illustrated in Fig. 1, Glu-498 and the conserved motif of 
which it is a part are located in a region of the protein that is 
potentially exofacial {in the loop linking TMs 11 and 12) or 
membrane-associated (TM HA). The functional significance 
of Glu-498 revealed by this study favors the latter possibility. If 
TM 11A is transmembrane (as opposed to a re-entrant loop), 
there is the likelihood that the TM 5A region is also transmem­
brane (to preserve the experimentally determined endofacial 
and exofacial locations of the N and C termini of the protein, 

5 S. Y. M. Yao, A. M. L Ng, M. D. Slugoski, K. M. Smith, R. Mulinta, E. Karpinski, 
C. E. Cass, S. A. Baldwin, and J. D. Young, unpublished observations. 

respectively). A consequence of this 
is that the central TM 6 - 1 1 region 
of the protein may be in an orienta­
tion opposite to that shown in Fig. 1 
(please see below). 

Residues Glu-308 and Glu-322— 
Effects on h C N T I t ransport ki­
netics were also apparent by muta­
tion of Glu-308 and Glu-322. In 
the presence of a saturating con­
centration of Ma+ , substitution of 
Glu-308 by aspartate (mutant 
E308D) resulted in an almost 4-fold 
increase in KMJ

uridhlG with no change 
in ^ m a x

u r i d i n e . A 3-fold increase in 
/C 5 0

N a + combined with a modest 
reduction in V m a x

N a + was also 
observed. Therefore, both V m a x

N a + : 
*5o N a + and VmAX

uvidine:Km
,nidiw 

ratios of the transporter were 
affected. More pronounced kinetic 
effects were apparent for E308Q 

and E322D/E322Q, a consistent feature of these mutants being 
a dramatic reduction in apparent affinities for N a + (increase in 
^ 5 0

N a + ) as well as V m a x
N a + and VniStx

uridine values. Two of the 
mutants (E308Q and E322Q) also exhibited reductions in 
apparent affinities for uridine (increase in Km

aMlne). As a result, 
^ m a x N a + ^ 5 o N a + ar>d Knaxu r 'd i n e^mu r i d i n e ^ t o s were severely 
compromised, indicating critical roles for Glu-308 and Glu-322 
in cation and nucleoside binding and/or translocation. Because 
removal of the carboxylate groups at these positions (mutants 
E308Q and E322Q) still allowed residual Na+ -dependent uri­
dine transport activity, albeit with very low kinetic efficiency, 
electrostatic interactions involving Glu-308 and Glu-322 must 
not in themselves be obligatory for function. 

Similar to the proposed roles of Asp-187 in the f. coti PutP 
Na~7proIine transporter (27), Glu-269 and Glu-325 of f . coli 
LacY H+-coupIed lactose permease (24, 25, 47), and Asp-369 
and Asp-404 of the Aquifex aeolicus LeuTA a Na+ /Cl~-depend-
ent leucine transporter (48), the profound and complementary 
effects of hCNTI Glu-308 and Glu-322 mutations on both 
KnaxNa+ and Vm a x

u r i d i n e values suggest that these residues may 
facilitate conformational transitions within the Na+ /nucleo­
side transport cycle. As indicated by the observed effects of 
Glu-308 and Glu-322 mutations on binding affinities for N a + 

and uridine, secondary roles in cation and nucleoside binding 
are also possible. Examples where this occurs in other trans­
porters include Asp-55 of PutP (26), and glutamate and aspar­
tate residues in the E. coli MelB Na+ /melibiose and GlpT glyc­
erol 3-phosphate transporters {23, 49), the mammalian 
NaDC-1 Na+/dicarboxylate transporter (28), the N a + / H + -
coupled EAAC1 glutamate transporter (30), the NHE1 
N a + / H + exchanger (31), and the Na + /C l - -dependen t dopa­
mine transporter (32). As hypothesized for Glu-325 of LacY 
(33), individual acidic amino residues can accommodate inter­
related functions in both conformational transitions and cat­
ion/solute binding. The functional consequence of removal of 
the carboxyl group of LacY Glu-325 is a reduction in the lactose 
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. 
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4.0 
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(B) CZH Control 
^ ^ + MTSEA 
r7"7l + MTSEA and uridine 

hCNTI E308C E322C 
FIGURE 10. MTS reagent inhibition of wild-type hCNTI, E308C, and 
E322C. A, oocytes producing wild-type hCNTI or mutants E308C or E322C 
were incubated with or without MTSEA (2.5 mM), MTSES (10 ITIM), or MTSET (1 
rrtM) in NaCI transport medium at 20 °C. After 5 mln, excess MTS reagents were 
removed by washing in ice-cold medium. Initial rates of uridine uptake were 
then determined (10 ^ M ) at 20 °C B, protection from MTSEA inhibition by 
uridine. Oocytes producing wild-type hCNTI or mutants E308C or E322C 
were incubated with or without MTSEA (2.5 TYIM) in NaCI transport medium at 
20 8C in the absence or presence of unlabeled uridine (20 nwi}. After 5 min, 
excess MTSEA and uridine were removed by washing in ice-cold medium. 
Initial rates of uridine uptake were then determined (10 /AM) at 20 "C Each 
value is the mean ± S.E. from 10 to 12 oocytes and was corrected by subtrac­
tion of the corresponding basal uptake value in control water-injected 
oocytes. 

transport Vm<iX:Km ratio with the major effect on V ^ (50), a 
kinetic outcome similar to that seen here for mutation of 
hCNTI residues GIu-308 and Glu-322. 

Mutant E308Q retained the wild-type Na+ /nucleoside cou­
pling ratio of 1:1. In addition to possessing low level Na + -de -
pendent uridine transport activity, however, and different from 
E308Q, mutant E322Q also exhibited features consistent with 
uncoupled N a + transport. This was manifest by disproportion­
ately high uridine-induced N a + currents causing variable N a + / 
nucleoside charge:flux ratios in excess of the expected wild-
type value of 1:1. Residues of other transporters where 
mutation causes channel-like behavior include Asp-204 of the 
human SGLT1 and Asn-177 of the rat 5-hydroxytryptamine 
transporter (51-52). 

Glu-308 and Glu-322 are both located on the putative hydro-
philic surface of TM 7 (21). This surface also includes the resi­
dues Asn-315 and Ser-319 (previously shown to determine 

EXTRACELLULAR 

FIGURE 11 .Topological model of TM7 of hCNTI. Residues GIu-308 and Glu-
322 are indicated with filled circles. Helix orientation is that predicted by a 
15-TM membrane architecture. 

h C N T l / 2 nucleoside selectivities) (21). The present results fur­
ther strengthen the functional importance of TM 7 and suggest 
that the helix face containing these four residues lines a com­
mon Na+ /nucleoside translocation pore. TM 8 is also likely to 
be pore-lining (22). In TM 7, Glu-322 is located close to its 
extracellular aspect according to the putative 13-TM topology 
model shown in Fig. 1, but it would be close to its intracellular 
aspect if TMs 6 - 1 1 were in the opposite orientation as pre­
dicted by the alternate 15-TM models of hCNT3 topology. 
When converted to cysteine (mutant E322C), this residue was 
accessible to membrane-impermeant PCMBS added to the 
extracellular medium, which resulted in marked transport inhi­
bition that was prevented by externally applied uridine. Sup­
porting the pore-lining location of Glu-322, the corresponding 
residue in a cysteine-free version of hCNT3 (hCNT3C—) (46), 
when converted to cysteine, also resulted in PCMBS inhibition 
of uridine uptake.5 The smallest of the MTS reagents tested 
(MTSEA) was also inhibitory against hCNTI E322C. As with 
PCMBS, externally applied uridine protected the transporter 
against MTSEA inhibition. Therefore, Glu-322 evidently lies 
within the permeant translocation channel in a position with 
restricted access that is occluded by uridine. Potentially located 
deep inside the translocation channel in a position within or in 
close proximity below the uridine binding pocket, this is more 
consistent with the TM 7 orientation shown in Fig. 11 (15-TM 
model) than with that in Fig. 1 (13-TM model). Lack of a cor­
responding effect of PCMBS and MTS reagents on uridine 
transport by E308C may reflect the more external location of 
this residue within the translocation vestibule (Fig. 11). Possi­
bly, therefore, Glu-308 and Glu-322 may include parts of the 
extracellular and internal gates of the transporter, respectively, 
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a function supported by the channel-like behavior of mutant 

E322Q revealed by steady-state currents, and by the potential 

gating function of negatively charged residues within the com­

mon cation/solute translocation pore of the recently solved 

three-dimensional crystal structure of A. aeolicus LeuTA a (48). 

In the latter protein, negatively charged residues stabilize the 

transporter in a closed conformation that occludes closely asso­

ciated N a + and leucine-binding sites halfway across the mem­

brane bilayer. Similar to the mammalian GAT1 Na + /Cl~-de-

pendent y-aminobutyric acid transporter (53,54), a member of 

the same protein family as LeuTAa, hCMTl (and hCNT3) prest-

eady-state currents largely reflect binding and potential occlu­

sion of extracellular Na + . 5 Consistent with a gating function for 

residues Glu-308 and Glu-322, their mutation markedly 

impaired hCNTI presteady-state currents. 

Conclusions—The present results for hCNTI suggest close 

proximity integration of cation/solute binding and transport 

within a common cation/permeant translocation pore, and 

reveal important roles for three postulated intramembranous 

glutamate residues (Glu-308, Glu-322, and Glu-498) in cation/ 

nucleoside translocation. Setting the stage for additional future 

substituted cysteine accessibility method and other analyses of 

hCNT structure and function, the findings favor a revised 

15-TM model of hCNTI membrane architecture. 
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