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ABSTRACT

Nucleoside transporter proteins have been divided into two structurally distinct 

families: (i) the equilibrative nucleoside transporters (ENTs) that mediate the passage of

substrate down a concentration gradient, and (ii) the concentrative nucleoside transporters
►

(CNTs) that mediate the passage of substrate against a concentration gradient in a sodium- 

dependent fashion. The isolation of cDNAs encoding proteins with known nucleoside 

transport activity and the identification of cDNAs encoding proteins with sequence 

similarity to known nucleoside transporters has stimulated the development of model 

expression systems to examine recombinant nucleoside transporter proteins. Described 

here is the identification and characterization of two endogenous nucleoside transport 

proteins from Saccharomyces cerevisiae and the subsequent use of this organism as an 

expression system to functionally characterize three prokaryotic and four mammalian 

recombinant nucleoside transporter proteins.

It was demonstrated that 5. cerevisiae possess two, structurally distinct, nucleoside 

transporter proteins: FUI1, a uridine-specific transporter protein of the “uracil/allantoin” 

family of transporters which functions at the yeast cell surface, and FUN26, a broadly 

specific, transporter protein of the ENT family, which apparently functions in intracellular 

membranes.

Procedures were then developed to functionally express cDNAs encoding members 

of the CNT family in 5. cerevisiae. The pyrimidine nucleoside specific transporters from 

rat (rCNTl), human (hCNTl) and Escherichia coli (NUPC) were functionally produced 

and shown to retain their pyrimidine nucleoside specific substrate specificity. Open reading 

frames from Haemophilus influenzae (HI0519) and Helicobacter pylori (HP1180) that are 

predicted to encode proteins that.jte members of the CNT family were shown by 

phenotypic complementation in yeast to have thymidine transport activity.

Yeast expression studies were also undertaken with the human 

nitrobenzylmercaptopurine ribonucleoside (NBMPR)-sensitive ENT protein, hENTl.
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Recombinant hENTl was functionally produced in S. cerevisiae and methods were 

developed to measure the interaction of NBMPR with recombinant hENTl. NBMPR 

bound to hENTl with high-affinity (Kd 1.2 nM) and a mutant version of hENTl that 

lacked the capacity for N-linked glycosylation bound with reduced affinity (K,, 10.5 nM).
t  »

The human NBMPR-insensitive ENT protein, hENT2, was also functionally 

produced in S. cerevisiae. hENT2-mediated transport of uridine was inhibited by several 

purine and pyrimidine nucleosides as well as by the nucleobases hypoxanthine and 

thymine. Additionally, scanning N-linked glycosylation mutagenesis established that the 

loop region between predicted transmembrane spanning domains 1 and 2 is extracellular 

and the loop region between predicted transmembrane spanning domains 6 and 7 is 

intracellular.
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I.

Introduction
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I. Nucleoside transport proteins 

I.A . General introduction

Nucleoside transport proteins are integral membrane proteins that mediate the 

~ uptake and release of physiological and nucleoside drugs used in anti-cancer and anti-viral 

therapies (reviewed in (1-4)). The permeation of most nucleosides across plasma 

membranes occurs in a mediated fashion because they are generally highly hydrophilic 

compounds that do not readily diffuse across lipid bilayers. Nucleosides play an important 

role in a host of physiologic processes (2-4). The purine nucleoside adenosine influences 

cardiac and vascular physiology, acts as an anti-inflamatory compound, and 

neuromodulator (3). Additionally, the salvage of nucleosides is required for the synthesis 

of nucleic acids in human cells that lack purine biosynthetic pathways, such as enterocytes 

and bone marrow cells (3,4). The physiologic purine nucleosides adenosine and guanosine 

and the pyrimidine nucleosides thymidine and uridine have most commonly been used in 

radioisotope tracer assays to measure nucleoside transport (2); their chemical structures are 

presented in Figure 1-1. Uridine is a substrate of all the mammalian nucleoside transport 

proteins studied to date (2,4). The physiologic relevance of the apparent universal 

transportability of uridine remains unclear and perhaps underscores an unknown cellular 

role of uridine. Once believed to be a universal substrate of nucleoside transport proteins 

(4), adenosine now appears to have a dual role, acting in some instances as a high-affinity, 

high-capacity permeant, and in other cases acting as a high-affinity, low capacity (perhaps 

inhibitory) permeant (2). A number of nucleoside-analog drugs possess both antineoplastic 

and antiviral activity (reviewed in (1-6)). As is the case with physiologic nucleosides, 

nucleoside-analog drugs are generally hydrophilic and require mediated transport to cross 

plasma membranes (via nucleoside transport proteins) to exert cytotoxic effects at 

intracellular targets (2). There is increasing evidence to suggest that nucleoside transport

2

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



proteins of intracellular (organellar) membranes may also play a role in the transport of 

physiologic nucleosides and nucleoside-analog drugs (7-9).

Seven distinct nucleoside transport processes have been demonstrated in 

mammalian cells on the basis of substrate specificities, inhibition by diagnostic agents, and 

mechanisms of transport (1,2,4,5). Historically, the nucleoside transport processes of 

mammalian cells have been designated by trivial and numerical nomenclatures on the basis 

of these functional differences (3,4,10,11). A summary of the naming systems for the 

various human nucleoside transport activities and, where known, the corresponding 

proteins is presented in Table I-1A,B. The mammalian nucleoside transporters comprise 

two functionally distinct groups. The equilibrative nucleoside transporters (ENTs) are 

bidirectional, broadly selective transporters that catalyze the facilitated diffusion of 

nucleosides down their concentration gradients. The mammalian ENTs have been 

subdivided on the basis of their sensitivity to nanomolar concentrations of

nitrobenzylmercaptopurine ribonucleoside (NBMPR; 6-[(4-nitrobenzyl)thio]-9-f3-D-

ribofuranosyl purine) into es (equilibrative-sensitive) and ei (equilibrative-insensitive) 

transporters. The chemical structures of inhibitors of equilibrative nucleoside transporters 

are presented in Figure 1-2. The concentrative nucleoside transporters (CNTs) are Na+- 

dependent symporters that move nucleosides into cells against their concentration gradients 

and have been given acronyms based on their functional characteristics (or, cif, cib, csg, 

cs) as well as numerical designations (N1-N6) based on the order of discovery. The cit 

(N2, N4), cif (S I) and cib (N3) transport processes are insensitive to NBMPR and prefer, 

respectively, either pyrimidine nucleosides, purine nucleosides or both. The cit transport 

process has two subtypes that are distinguished by preferences for either pyrimidine 

nucleosides alone (N2) or pyrimidine nucleosides and guanosine (N4). The csg and cs 

transport processes have been described as NBMPR-sensitive transport processes with 

broad permeant selectivities.

3
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Since 1994, the proteins responsible for the majority of nucleoside transport 

processes of mammalian cells have been identified by molecular cloning and functional 

expression of cDNAs in either oocytes of Xenopus laevis (12*20) or cultured cells (21). 

The mammalian nucleoside transporters identified thus far comprise two structurally 

unrelated protein families that are known as the CNT and ENT proteins (1-4,6). cDNAs 

encoding representatives of the two major CNT subfamilies (CNT1, pyrimidine-nucleoside 

selective; CNT2, purine-nucleoside selective) have been cloned from human, rat, pig and 

mouse tissues (12,13,15,16,20,22,23). cDNAs encoding representatives of the two ENT 

subfamilies (ENT1, NBMPR-sensitive; ENT2, NBMPR-insensitive) have been cloned 

from human and rat tissues (16,18,19,21). The mammalian protein subfamilies identified 

thus far by molecular cloning and their transport processes are listed in Table I-1A3-

There has been a rapid increase in the speed of identification of nucleoside 

transporter cDNAs since the isolation of the first cDNAs encoding representative members 

of the CNT and ENT families (12,18). Cloning strategies based on sequence similarities 

and functional screening have identified in excess of 20 nucleoside transporter cDNAs from 

eukaryotes and prokaryotes. Additionally, homology searches of sequence databases using 

predicted nucleoside transport protein and/or cDNA sequences have identified a number of 

structurally related proteins that are candidate nucleoside transporters. It is now apparent 

that the variability in the properties of the ENTs and CNTs among different cells and 

species has expanded beyond the scope of their historical trivial and numerical 

designations. The nucleoside transporter proteins are categorized on the basis of their 

structural similarity to either CNTs or ENTs, and their molecular and functional properties 

should be considered individually. A phylogenetic tree of known and putative nucleoside 

transporter proteins is presented in figure 1-3. The characteristics of the proteins that are 

known to function as nucleoside transporters are presented in Tables 1-2, 1-3 and 1-4 

(mammalian CNTs), Tables 1-5 and 1-6 (mammalian ENTs) and Tables 1-7 and 1-8 

(bacterial, parasitic and yeast nucleoside transporters).
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I.B . Mammalian concentrative nucleoside transporters

I.B .i Pyrimidine nucleoside selective CNTs

I.B .i.a rCNTl

A marked stimulation of Na*-dependent uridine transport was noted in oocytes of 

X. laevis that had been injected with rat jejunum poly(A)+ RNA (24). A cDNA encoding a 

protein with this activity, rCNTl, was subsequently identified by functional expression 

screening of a rat intestinal cDNA library in oocytes of X. laevis (12). rCNTl was 

predicted to encode a protein of648 amino acids (72 kDa) possessing 8-14 transmembrane 

spanning domains (12). The current predicted topology model for the mammalian CNTs is 

based on recent evidence that suggests the presence of 13 transmembrane spanning 

domains in iCNTl (6). Northern and RT-PCR analyses have identified rCNTl mRNA in 

a variety of rat tissues including small intestine (11,12), liver (25), and brain (26).

Functional expression of rCNTl cDNA in oocytes of X. laevis (12,13,27) and 

cultured cell lines (28,29) established that the recombinant transporter accepts thymidine, 

uridine, cytidine and adenosine but not guanosine or inosine as substrates (Table 1-2). 

Although initial studies, which measured the ability of competing nucleosides to inhibit 

rCNTl-mediated uridine influx, had identified the purine nucleoside adenosine as a 

potential substrate of rCNTl because of its potent inhibition (12), direct measure of 

rCNTl-mediated [3H]adenosine influx subsequently established that adenosine is a 

relatively poor substrate, acting as a high-affinity (low Km), low-capacity (lo w  v j  

substrate (13,29). These observations led to the conclusion that adenosine is likely to be an 

inhibitor of rCNTl-mediated pyrimidine nucleoside at physiologic concentrations (< 10 

fiM). rCNTl has been shown to mediate the uptake of a variety of pyrimidine nucleoside- 

analog drugs, including 3 ’ -azido-3 ’ -deoxythymidine (zidovudine) and 2’,3’- 

dideoxycytidine (zalcitabine) (13), Karabinofiiranosyl)cytosine (cytarabine) (11), 5-
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fluoro-2’-deoxyuridine (floxuridine), 5-iodo-2’-deoxyuridine (herplex;stoxil), and 2’,2’- 

difluorodeoxycytidine (gemcitabine) (29).

I.B .i.b  hCNTl

Two hCNTl cDNAs were isolated from a human kidney cDNA library by 

hybridization and RT-PCR based on the iCNTl cDNA sequence (IS). The slight 

differences in the cDNA sequences between the two cDNAs likely represent RT-PCR 

induced errors and/or genetic polymorphisms. The cDNAs encode proteins that display 

similar transport properties when expressed in X. oocytes; these proteins will be 

considered hereafter as a single entity. The proposed topology model of hCNTl, which is 

based on predictive algorithms and the experimental demonstration that hCNTl is N-linked 

glycosylated in the C-terminal region of the protein (6), is presented in Figure 1-4.

Functional expression of the hCNTl cDNA in oocytes of X. laevis established that 

the recombinant transporter is a NaVnucleoside symporter that transports pyrimidine 

nucleosides (e.g., thymidine, uridine, cytidine) (IS). Although adenosine was found to 

inhibit hCNTl-mediated uridine influx (Kj = SO pM), it was a poor substrate of hCNTl 

when adenosine uptake was directly compared to uridine uptake (IS). As is the case with 

rCNTl (13,29), adenosine appears to act as a high-affinity low-capacity permeant of 

hCNTl. hCNTl has also been shown to transport the nucleoside analogs 3’-azido-3’- 

deoxythymidine (zidovudine), 2’,3’-dideoxycytidine (zalcitabine) (IS), and 2’,3’- 

difluorodeoxycytidine (gemcitabine) (S). See Table 1-3 for a comparison of the kinetics of 

uptake of recombinant rCNTl and hCNTl. The hCNTl gene has been localized tolSq25- 

26 (IS) and its structural organization has been determined (GenBank accession number 

AH0008469).

I.B .i.c  pkCNTl

A cDNA encoding the pig CNT protein was produced from pig renal cortex by RT- 

PCR based on the rCNT2 cDNA sequence (22). Functional expression of the cDNA in 

oocytes of X. laevis established that the recombinant transporter (designated pkCNTl) is a

6
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nucleoside/Na+-sympoiter that transports pyrimidine nucleosides (Tables 1-2 and 1-3). 

pkCNTl mediates the uptake of uridine with high affinity (K,,, = 9.3 pM). Uridine uptake 

can be inhibited by cytidine, uridine, thymidine, and adenosine (22), an inhibition profile 

that is consistent with that of a pyrimidine nucleoside preferring, CNTl-type transporter. 

The nucleoside analogs 5-iodo-2’-deoxyuridine (herplex;stoxil), 5-fluoro-2’-deoxyuridine 

(floxuridine) and 3’-azido-3’-deoxythymidine (zidovudine), but not 9-[(2-

hydroxyethoxy)methyl]-guanine or 1 -(P-D-arabinofuranosyl)cytosine (cytarabine), were

able to inhibit pkCNTl-mediated uridine uptake and thus are either substrates or inhibitors 

of pkCNTl (22).

I.B .ii Purine nucleoside selective CNTs

I.B .ii.a  rCNT2

cDNAs encoding the purine nucleoside selective concentrative transporter of rats 

were isolated from cDNA libraries from intestine (13) and liver (14) by expression 

screening in oocytes of X. laevis. The two cDNAs that were isolated encode functional 

transporters, designated rCNT2 (13) and rSPNTl (14), that differ in predicted protein 

sequence (intestine rCNTl versus liver rSPNTl, respectively) at amino acid residues 419 

(glycine (13) versus alanine (14)) and 522 (valine (13) versus isoleucine (14)). The 

recombinant intestinal and liver proteins display similar transport properties when 

expressed in X. oocytes and are, therefore, considered to be physiologically equivalent 

Functional expression of the rCNT2 and rSPNTl cDNAs in oocytes of X. laevis (13,14) 

established that these recombinant proteins are nucleoside/Na*-symporters that transport 

purine nucleosides (e.g., adenosine, guanosine, inosine) and the pyrimidine nucleoside 

uridine (Table 1-4).

I.B .ii.b  hCNT2

hCNT2 was identified in human intestine (17) and SPNT1 in human kidney (20) by 

RT-PCR amplification and functional expression of their cDNAs in oocytes of X. laevis. 

The two independently isolated cDNA sequences were identical except at position 75,

7
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which is arginine in hCNTl (17) and serine in SPNT1 (20). The hCNTl/SPNTl gene has 

been localized to chromosome lSqlS (17) and 15ql3-14 (20). Functional expression of 

the hCNT2 and SPNT1 cDNAs in oocytes of X. laevis (17,20) established that the 

recombinant transporter is a nucleoside/Na+-symporter that transports purine nucleosides 

(e.g., adenosine, guanosine, inosine) and the pyrimidine nucleoside uridine (Table 1-4). 

The nucleoside analogs 3 ’ -azido*3 ’ -deoxythymidine (zidovudine) and 2 \3 ’- 

dideoxycytidine (zalcitabine) do not appear to be substrates of hCNT2 (17).

I.B .ii.c  mCNT2

mCNT2 was identified in mouse spleen (23) by RT-PCR amplification based on the 

rCNT2 cDNA sequence and functional expression of the mCNT2 in COS-1 cells. The 

structural organization of the mCNT2 gene has been determined (GenBank accession 

number AF079853), and the gene has been localized to chromosome 2e3 within the mouse 

genome (23). Functional expression of the mCNT2 cDNA in COS-1 cells by transient 

transfection established that the recombinant protein is a nucleoside/Na*-symporter that 

transports formycin B, a C-nucleoside analog of inosine. mCNT2-mediated formycin B 

uptake was inhibited by inosine, adenosine and uridine, but not by cytidine or thymidine, 

characteristic of members of the purine-nucleoside specific (CNT2) family (Table 1-2). 

I.B .iii. Functional domains of the mammalian CNT proteins

The availability of cDNAs encoding structurally related nucleoside transport 

proteins with distinct functional differences has permitted the exploitation of these 

differences (e.g., substrate specificity) to identify specialized functional domains of the 

recombinant proteins. Experimental approaches that involve the generation of chimeric 

recombinant nucleoside transporters from structurally related proteins has permitted the 

determination of key amino acid regidues involved in substrate specficity for the CNTs 

(28,30,31).
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I.B.tii.a Amino acids involved in substrate recognition in the CNTs

Despite transporting different types of nucleosides, hCNTl (pyrimidine-nucleoside 

specific) and hCNT2 (purine-nucleoside specific) share a high degree of amino acid identity 

(66%). This high identity has facilitated identification of amino acid residues involved in 

~ substrate recognition in the human CNTs by allowing production of functional chimeric 

recombinant proteins hCNTl and hCNT2 (30). A similar approach has been applied to the 

pyrimidine-nucleoside and purine-nucleoside specific transporters from rat, rCNTl and 

rCNT2 (28,31).

The region of hCNT2 responsible for purine nucleoside recognition was identified 

by introducing portions of hCNT2 into the corresponding regions of hCNTl and assessing 

nucleoside transport mediated by the resulting recombinant chimeras when produced in X . 

laevis oocytes (30). The discussion that follows is based on the topology model that 

predicts 13 transmembrane spanning domains. Initial experiments revealed that a chimera 

possessing transmembrane spanning domains 1-6 of hCNT2 (residues 1-302) and the last 

seven predicted transmembrane spanning domains 7-13 of hCNTl (residues 303-650) 

displayed pyrimidine-nucleoside specificity (30). This result suggested that the region of 

hCNTl responsible for conferring pyrimidine-nucleoside substrate specificity resides 

within domains 7-13. Generation of a chimera possessing transmembrane spanning 

domains 1-9 of hCNT2 together with transmembrane spanning domains 10-13 of hCNTl 

displayed purine-nucleoside specificity (30). These results suggested that transmembrane 

spanning domains 7-9 (residues 303 - 387) contain the determinants of substrate 

specificity. Residues 303-387 of hCNTl and hCNT2 share a high degree (85 %) of 

amino acid identity, suggesting that only a few amino acid residues determine the purine 

nucleoside and pyrimidine nucleoside specific selectivity of hCNT2 and hCNTl, 

respectively. An hCNT2-type transporter was generated from hCNTl by mutating the 

hCNTl cDNA such that four hCNTl amino acid residues were converted to hCNT2
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residues at the corresponding positions. The hCNTl to hCNT2 mutations were S319G, 

Q320M, S353T and L354V (30).

A similar approach was utilized in the determination of the residues involved in 

substrate recognition for the rat CNT family members. The transport characteristics of 

rCNTl and rCNT2 chimeras revealed that transplantation of residues 297 - 358 of rCNT2 

into rCNTl converted rCNTl into a purine nucleoside-specific (rCNT2-like) transporter. 

This result suggested that the determinants of purine nucleoside recognition reside within 

residues 297 - 358 (putative transmembrane spanning domains 7 and 8) of rCNT2 (28). 

Transplantation of residues 287 - 330 (putative transmembrane spanning domain 7) of 

rCNT2 into rCNTl converted rCNTl into a broadly specific (purine and pyrimidine 

nucleoside-specific) transporter (28). These results suggested that amino acids residues 

297 - 358 of rCNTl and rCNT2 possess the determinants of nucleoside recognition. 

Further studies using site-directed went on to show mutagenesis that conversion of serine 

318 of rCNTl to glycine (the rCNT2 counterpart) converted rCNTl to a purine nucleoside- 

specific transporter (31).

I.C Mammalian equilibrative nucleoside transporters

I.C .i. NBMPR-sensitive equilibrative nucleoside transporters

I.C .i.a hENTl

The hENTl cDNA was isolated from a human placental cDNA library using the 

amino acid sequence obtained from N-terminal sequencing of the purified human 

erythrocyte es transporter (18). The native es nucleoside transporter protein from human 

erythrocytes is a heterogenously glycosylated protein with an apparent molecular mass of 

45-65 kDa (32). The hENTl cDNA encodes a predicted protein of 465 amino acids (52 

kDa) possessing 11 transmembrane spanning domains (Table 1-5). The proposed topology 

model of hENTl, which is based on predictive algorithms, is presented in Figure 1-5. The 

predicted hENTl protein sequence contains consensus sequence motifs for a number of
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posttranslational modifications (e.g., N-linked glycosylation, phosphorylation), the 

functional significance of which is not known.

Northern analyses established that hENTl mRNA is found in many different 

normal human tissues (2,18), and several cancer cell lines (33). Expressed sequence tags 

(ESTs) derived from hENTl mRNA from many normal and neoplastic human tissues have 

been identified in genomic data bases. These finding are consistent with the apparently 

ubiquitous nature of the hENTl protein. The hENTl gene is localized to 6p2l.l-p21.2

(34) and its structural organization has been determined (GenBank accession number 

AF190884).

Functional expression of the hENTl cDNA in oocytes of X. laevis established that 

the recombinant transporter is both purine nucleoside (adenosine, guanosine, inosine) and 

pyrimidine nucleoside (thymidine, cytidine, uridine) specific. hENTl has also been shown

to transport the nucleoside analogs 2-chloro-2’ -deoxyadenosine, 1-(P-D-

arabinofuranosyl)cytosine (cladribine), 9-p-D-arabinofuranosyl-2-fluroadenine

(fludarabine) and 2’,3’-difluorodeoxycytidine (gemcitabine) (18). Each of the classical 

ENT transport inhibitors (NBMPR, dilazep, dipyridamole) were shown to inhibit hENTl- 

mediated uridine influx into oocytes of X. laevis at low (nM) concentrations (18). The 

kinetic characteristics of the recombinant equilibrative nucleoside transporters are given in 

Table 1-6.

I.C .i.b rENTI

The rENTI cDNA was isolated from a rat jejunum cDNA library by RT-PCR based 

on the hENTl cDNA sequence (16). Functional expression of the rENTI cDNA in 

oocytes of X. laevis established that the recombinant transporter has broad permeant 

selectivity and accepts pyrimidine (thymidine, cytidine, uridine) and purine (guanosine, 

inosine, adenosine) nucleosides (Table 1-5). Recombinant rENTI was shown to transport
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uridine with K„ and values of, respectively, 0.15 mM and 18 pmol/oocyte miri1 

(Table 1-6). rENTl-mediated uridine influx in oocytes was sensitive (ICM = 4.6 nM) to 

inhibition by NBMPR (16). In contrast to the human ortholog, rENTI was insensitive to 

inhibition by the non-nucleoside analog dipyridamole (IQ,, ^  1 pM). hENTl mRNA was 

detected in rat liver and lung tissues (16).

I.C .ii. NBMPR-insensitive equilibrative nucleoside transporters

I.C .ii.a hENT2

The hENT2 cDNA was isolated from human placenta by RT-PCR based on its 

sequence similarity to hENTl (19). Its identity was established by functional expression in 

oocytes of X. laevis (19). An independent isolate was obtained by functional expression 

cloning in a nucleoside transport deficient human leukemia cell line (21). The two 

independently isolated cDNAs encode identical proteins. Functional expression of the 

hENT2 cDNA in oocytes of X. laevis and the nucleoside transport defective leukemia cell 

line (CEM/araC) established that recombinant hENT2 has broad selectivity for pyrimidine 

and purine nucleosides and also accepts the nucleobase hypoxanthine as a permeant (Table 

1-5) (19,21). hENT2 is relatively insensitive to inhibition by NBMPR and dipyridamole 

since only high concentrations (10 pM) were required to inhibit hENT2-mediated uridine 

influx by, respectively, 60% and 100% (21).

I.C .ii.b rENT2

The rENT2 cDNA was isolated from a rat jejunum cDNA library by RT-PCR based 

on the hENTl sequence (16). Functional expression of the rENT2 cDNA in oocytes of X. 

laevis established that the recombinant transporter is broadly specific for pyrimidine 

(thymidine, cytidine, uridine) and purine (guanosine, inosine, adenosine) nucleosides 

(Table 1-5). Recombinant rENT2 was shown to transport uridine with K,, and values 

of, respectively, 0.3 mM and 140 pmol/oocyte min*1 (Table I.L-6). rENT2-mediated 

uridine influx was relatively insensitive (ICW > 1 pM) to inhibition by NBMPR.
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I.C .iii Functional domains of the mammalian ENT proteins

I.C .iii.a Region of hENTl responsible for conferring dipyridamole

sensitivity

The es transport processes of human and rat ceils arc both potently inhibited by 

NBMPR (3,4). In contrast, the human es transport process is potently inhibited by 

dipyridamole whereas the rat es transport process is insensitive to inhibition (3,4). 

Isolation of the cDNAs encoding the transporter proteins responsible for the human and rat 

es processes, hENTl and rENTI, respectively, identified two distinct proteins that share a 

high degree of amino acid identity (78%). Characterization of the transport properties of 

recombinant hENTl and rENTI in X. laevis oocytes confirmed the intrinsic difference 

between the two transporters in sensitivity to inhibition by the non-nucleoside inhibitor 

dipyridamole. Recombinant hENTl is potently inhibited by dipyridamole (IC50 -  10 nM) 

whereas recombinant rENTI is insensitive to high concentrations of dipyridamole (IC*, > 1 

pM). The region of hENTl involved in the interaction with dipyridamole was defined by 

experiments in which positionally analogous portions of the hENTl and rENTI were 

swapped with each other (35). Transport measurements with recombinant chimeric 

proteins revealed that the chimera possessing the N-terminal half of hENTl fused to the C- 

terminal half of rENTI was inhibited by dipyridamole, whereas the chimera with the 

reverse configuration was unaffected. Thus, the region of dipyridamole sensitivity 

appeared to reside in the N-terminal half of hENTl. Subsequently, experiments involving 

chimeras with smaller transplanted domains established that putative transmembrane 

domains 3-6 (residues 100-261) of hENTl carry the determinants of dipyridamole 

sensitivity. When transmembrane-spanning domains 3-6 of hENTl were transplanted into 

rENTI, the majority of mediated [3H]uridine uptake (-75%) was inhibited by 

dipyridamole. Thus, it was concluded that the region of binding of dipyridamole and 

perhaps also of NBMPR, is contained within residues 100-261, which are believed to form 

transmembrane domains 3-6 of hENTl.
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I.D “Orphan” nucleoside transport processes

Several sodium dependent nucleoside transport activities have been identified in 

human cells for which the corresponding cDNAs have not been identified. These 

concentrative transport processes have been difficult to characterize because they coexist 

” with other nucleoside transport processes (e.g., CNT- or ENT-mediated processes), often 

confounding interpretation of the transport profiles observed.

A transport process in freshly isolated chronic lymphocytic leukemia cells

responsible for the uptake of 2-chloro-2’-deoxyadenosine (cladribine), 2-fluoro-9-j)-D-

arabinosyladenosine (fludarabine) and formycin B was identified as concentrative and 

sensitive (cs) to inhibition by NBMPR (36). The substrate specificity of physiologic 

nucleosides of the cs transport process has not been fully characterized.

A concentrative transport activity that is selective for guanosine and sensitive to 

inhibition by NBMPR (csg) has been described in cultured human NB4 acute 

promyleocytic leukemia cells (10). When transport was measured in the presence of 1 pM 

NBMPR (ICjo = 0.7 ± 0.1 nM) or in sodium-free transport media (10). csg-mediated 

guanosine transport was reduced to 25% of its original activity. Additionally, erg-mediated 

guanosine transport was inhibited to 50% of its original activity when measured in the 

presence of 1 mM purine or pyrimidine nucleosides (10). The csg transport process 

appears to be distinct from the cs transport process - for example, cgs does not transport 

adenosine whereas cs does.

A unique sodium-dependent nucleoside transport process (cib) has been identified 

in the human colon cancer (CaCo) cell line (37). The cib transport process appears to 

accept both purine and pyrimidine nucleosides as permeants and is insensitive to inhibition 

by NBMPR. The low levels o f cib activity in CaCo cells have hindered detailed 

characterization.
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I.E Nucleoside transporters of parasitic protozoans

Parasitic protoza of the genera Trypanosoma, Leishmania, Toxoplasma and 

Plasmodium are responsible for such human diseases as sleeping sickness, leishmaniasis 

and toxoplasmic encephalitis and malaria (38). These parasitic protozoa are unable to 

synthesize purines de novo and therefore must rely on the salvage of purine nucleosides 

and nucleobases from the host for survival. The salvage of purine nucleosides from host 

tissue fluids and plasma often requires unique parasitic transporters that are inserted in the 

plasma membranes of host cells as well as in plasma membranes of parasitic cells (38). 

The parasitic purine nucleoside transporters are also responsible for the uptake of a number 

of anti-parasitic drugs.

I.E .i LdNTl and LdNT2

Leishmania donovani possess two transport processes, one responsible for the 

uptake of guanosine and inosine and the other for the uptake of adenosine and a variety of 

pyrimidine nucleosides. The proteins responsible for transport of adenosine and 

pyrimidine nucleosides (LdNTl.1, LdNT1.2) (39) and guanosine and inosine (LdNT2) 

(40) have recently been identified by molecular cloning.

I.E .i.a LdNTl

Two cDNAs encoding closely related nucleoside transport proteins (LdNTl. 1 and 

LdNTl.2) were isolated by functional expression of L  donovani genomic DNA in a 

nucleoside transport-defective strain (TUBAS) of L  donovani (39). The LdNTl.l and 

LdNT1.2 genes are tandemly linked and encode proteins that differ at only six amino acid 

positions (the LdNTl.l to LdNT1.2 protein substitutions ate P43S, M107I, T160A, 

A489E, T490R and Y491H). Both proteins mediated the uptake of adenosine and uridine 

when produced in TUBA5 cells fjttrie 1-7). Additionally, the LdNT1.2 protein was 

shown to mediate the uptake of adenosine when LdNT1.2 transcripts were microinjected 

into oocytes of X. laevis. Kinetic analysis of transporter-mediated uridine and adenosine 

uptake in TUB5A cells into which the LdNTl.l and LdNT1.2 cDNAs had been introduced
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revealed that the two transporters differ in their substrate affinities. LdNTl.l exhibited K,, 

values for adenosine and uridine uptake of 0.17 pM and 5.6 pM, respectively, whereas 

LdNTl .2 displayed a K„ for adenosine and uridine uptake of 0.66 pM and 40 pM, 

respectively (Table 1-8).

I.E .i.b LdNT2

A cDNA encoding the guanosine-inosine transporter protein was isolated in a 

nucleoside transport-defective strain (FBD5) of L  donovani (40). LdNT2 is a single copy 

gene that produces major and minor mRNA transcripts of 3 Kb and 5 Kb, respectively. 

Recombinant LdNT2 produced in FBD5 cells was shown to mediate the uptake of inosine 

and guanosine with K„ values of 0.3 pM and 1.7 pM, respectively. LdNT2-mediated 

inosine uptake was inhibited (96%-44%) by some nucleosides and nucleobases 

(guanosine, 8-aminoguanosine, 6-thioguanosine, formycin B, 4-thiopurinol riboside and 

allopurinol riboside), partially (12%-35%) by other nucleosides and nucleobases

(xanthosine, uridine, thymidine, hypoxanthine, guanine, xanthine) and not at all (< 1%) by

others (adenosine, cytidine, thymine, uracil). LdNT2-mediated inosine uptake was 

unaffected by high concentrations of NBMPR.

I.E .ii TbATl and TbNT2

Trypanosoma brucei possesses two transport processes that are involved in salvage 

of purine nucleosides and/or nucleobases from the host: PI, which is specific for adenosine 

and inosine, and P2, which is specific for adenosine and adenine. cDNAs encoding the 

proteins responsible for the PI and P2 transport processes (TbNT2 and TbATl, 

respectively) have been isolated and functionally expressed (41,42). Both proteins are 

members of the ENT family of proteins (Table I -7).

I.E .ii.a TbATl

The TbATl cDNA was isolated by functional expression in S. cerevisiae from a 

cDNA library from a bloodstream form of Trypanosoma brucei (41). TbATl has 25%
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identity with hENTl. Expression of TbATl cDNA in S. cerevisiae was shown to stimulate 

uptake of adenosine (K,,, = 2.2 pM, Table 1-8) that was inhibited by adenine but not by 

inosine, hypoxanthine, guanosine, uridine or uracil. TbATl-meditated adenosine uptake 

was also inhibited by trypanocides including melaminophenyl arsenicals and 

isometamidium. Expression of the TbATl cDNA in 5. cerevisiae conferred sensitivity of 

yeast to melarsen oxide (41). Thus TbATl exhibits an inhibition profile that is consistent 

with the limited substrate selectivity and inhibitor sensitivity of the P2 transport process. A 

variant of the TbATl cDNA from a drag-resistant form of T. brucei was isolated and found 

to differ at 10 nucleotide positions that would result in 6 amino acid substitutions (L71V, 

L380P, A178T, G181E, D239G and N286S), converting TbATl to TbATP. When 

expressed in S. cerevisiae, LdNTlr was not able to stimulate adenosine uptake nor confer 

sensitivity to melarsen oxide (41).

I.E .ii.b  TbNT2

The TbNT2 cDNA was isolated by hybridization cloning and RT-PCR using a 

cDNA library from a blood form of T. brucei (42). TbNT2 shares 22% amino acid 

identity with hENTl. Functional expression of the TbNT2 cDNA in oocytes of X. laevis 

established that the recombinant transporter accepts adenosine (K,,, = 0.99 pM), inosine 

(!(„ =1.18 jiM) and guanosine as permeants (Tables 1-7, 1-8) (42). LdNT2-mediated 

adenosine uptake in oocytes was reduced by adenosine, inosine, guanosine, 8- 

aminoguanosine, 6-thioguanosine, allopurinol riboside, thioribopurinol riboside, 2,4- 

dinitrophenyl, carbonylcyanide-4-(trifluoromethoxy)phenylhydrazone but not by adenine, 

guanine, xanthine, uracil, thymidine, uridine, thymidine or allopurinol (42). This 

inhibition profile is consistent with the PI transport process and is distinct from that of any 

of the known mammalian ENT proteins. It is not known if the mammalian ENT inhibitors 

(dilazep, dipyridamole, NBMPR) have an effect on TbNT2. The observation that 2,4- 

dinitrophenol and carbonylcyanide-4-(trifluoromethoxy)phenylhydrazone inhibited TbNT2- 

mediated transport activity in oocytes suggests that TbNT2 may be a proton/nucleoside
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symporter (42). Southern analysis of T. brucei genomic DNA suggests the presence of a 

family of LdNT2-related genes that may be clustered together within the genome (42). 

I.E .ill TgAT

Toxoplasma gondii possess two transport processes that are involved in purine 

salvage routes: a process that transports adenosine and a process that transports inosine and 

is inhibited by formycin B and hypoxanthine but not by adenosine, adenine, uridine or 

thymidine (43). The protein (TgAT) that is responsible for adenosine transport has been 

identified by molecular cloning (44).

The TgAT cDNA was isolated by a functional screen using insertional mutagenesis 

of the T. gondii genomic DNA (44). TgAT shares 22% amino acid identity with hENTl.

Functional expression of the TgAT cDNA in oocytes of X. laevis established that the

recombinant transporter has moderate affinity for adenosine (K,,, = 114 pM, Table 1-8). 

TgAT-mediated adenosine uptake in oocytes was reduced completely by adenosine, 

inosine, guanosine, formycin B and allopurinol riboside and partially (50%-80%) by 

hypoxanthine and guanine, whereas adenine had no effect. TgAT-mediated adenosine 

uptake was inhibited completely by dipyridamole (1 pM) and partially (80%) by NBMPR 

(1 pM). Mutation of the TgAT gene locus resulted in the elimination of adenosine uptake 

in T. gondii tachyzoites, suggesting that TgAT is the sole adenosine transporter in T. 

gondii (44).

I.E .iv  PfNTl and PfENTl

A nucleoside transporter protein of broad selectivity has recently been

independently identified in Plasmodium falciparum by two groups using a functional 

genomics approach (45,46). The cDNAs predict a protein termed PfNTl by Cuter et ai 

(45) and PfENTl by Parker et aL (46). The predicted proteins differ by only a single 

amino acid at position 385; PfNTl has a phenylalanine residue (45) whereas PfhENTl has 

a leucine residue (46). The Plasmodium transporters share approximately 36% and 31% 

amino acid identity with hENTl and hENT2, respectively. Functional expression of the
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PfNTl and PfENTl cDNAs in oocytes of X. laevis indicated that the two recombinant 

transporters differed substantially with respect to their affinities for adenosine, abilities to 

transport nucleobases and sensitivities to inhibitors of mammalian ENTs (Table 8).

Direct measurements of uptake of radiolabeled permeants established that 

recombinant PfENTl transported a variety of nucleosides (uridine, thymidine, cytidine, 

adenosine, guanosine, inosine), nucleoside analog drugs (zidovudine, zalcitabine, 

didanosine, fludarabine, cladribine, gemcitibine) and nucleobases (uracil, thymine, 

cytosine, adenine, guanosine, hypoxanthine) (46). PfENTl exhibited moderate affinities

for adenine (K^ 320 pM) and hypoxanthine (K^ 410 pM). In contrast, recombinant

PfNTl evidently lacks the capacity for nucleobase transport since uptake of radiolabeled 

adenosine was unaffected by a variety of purine and pyrimidine nucleobases (45). PfNTl

exhibited high-affinity adenosine transport (Km, 13.2 pM) and adenosine uptake was

reduced substantially (55%-88%) by a variety of purine and pyrimidine nucleosides (45). 

The two recombinant transporters differed in the sensitivities to classic inhibitors of 

mammalian ENTs in that PfENTl-mediated transport activity was unaffected by either 

dipyridamole or NBMPR (46) whereas PfNTl-mediated transport activity was reduced 

partially (85%) by 10 pM dipyridamole (45). PfENTl activity was unaffected by pH (46). 

I .F . Nucleoside transporters of yeast

I .F .i Candida albicans

The yeast Candida albicans is a commensal organism that is increasingly found to 

be an opportunistic pathogen in immunocompromised individuals. C. albicans possesses 

both purine nucleoside specific and pyrimidine nucleoside specific transport activities. The 

precise substrate specificities of the C. albicans transporters has been controversial (47-49). 

However, the recent cloning of a cDNA encoding a purine nucleoside specific C. albicans 

transporter (NUP, nucleoside permease) has permitted the determination of its substrate 

specificity (Tables 1-7 and 1-8).
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The NUP gene was isolated from a C. albicans genomic DNA library by 

phenotypic complementation of an adenosine transport deficiency in S. cereveisiae (SO). 

NUP is a predicted protein that shares limited amino acid identity (20%) with NUPG, a 

bacterial nucleoside transporter (see section I.H). Functional expression of the NUP gene 

in S. cerevisiae established that the recombinant transporter mediated the uptake of 

adenosine and guanosine (SO). NUP-mediated adenosine uptake in S. cerevisiae was 

reduced by adenosine and guanosine but not by thymidine, uridine or cytidine. NUP- 

mediated adenosine transport was inhibited completely by dipyridamole (200 pM) and 

partially (75%) by NBMPR (20 pM) (50).

I.E .ii Saccharomyces cerevisiae

The uptake of nutrients into the yeast Saccharomyces cerevisiae is a critical first step 

in meeting the cellular requirements for survival under rapidly changing conditions (51). 

The transport of nutrients into S. cerevisiae involves multiple transport systems, often with 

overlapping or redundant substrate specificities, whose activities are regulated by a variety 

of external (e.g., environmental supply of nutrients) and internal (e.g., growth state) cues 

(51). Some of the earliest examples in which transport systems were genetically identified 

in yeast include those systems that are responsible for the uptake of purines and pyrimidine 

nucleobases and nucleosides (52,53). The availability of the complete genomic sequencing 

of S. cerevisiae has permitted computer-assisted classification of known and potential 

transport proteins (54,55). Sequence analysis of several predicted transport proteins 

identified sequence identities with nucleobase and allantoin transporter, resulting in the 

formation of a single family of permeases, the “uracil/allantoin” permease family (54,55). 

One of these (FUI1) has been implicated in transport of uridine by genetic experiments 

(56). Sequence analysis also identified a reading frame encoding a protein of unknown 

function (FUN26) and sequence similarity to members of the ENT family (18). Current 

understanding of nucleobase transport in S. cerevisiae is greater than for nucleoside
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transport During the course of the current work considerable progress has been made in 

obtaining a biochemical understanding of the nucleobase transporters FUR4 and FCY2.

I.G  Nucleobase transport processes of S. cerevisiae.

The nucleobase transporters of S. cerevisiae consist of the uracil permease, FUR4,
^  mm m

and the purine-cytosine permease, FCY2. FUR4, which is predicted to have 633 amino 

acids (71.7 kDa) with 10-12 transmembrane spanning domains and long hydrophilic N- 

and C-terminal tails (57), mediates the uptake of uracil (58). A. fur4 mutant was found to 

be strongly resistant to the nucleobase analog 5-fluorouracil and weakly resistant to 5- 

fluorouridine (53), suggesting that FUR4 transports 5-fluorouracil and, to a lesser extent, 

its cognate ribonucleoside. Analysis of post-translational modifications of FUR4 indicated 

that it does not undergo glycosylation or proteolytic processing (59) and does undergo 

phosphorylation on serine residues after arrival at the plasma membrane (60). FUR4 

follows the secretory pathway to the plasma membrane and is subsequently degraded in the 

vacuole (61); the signal for degradation is ubiquitination of R248 of the FUR4 protein (62). 

A charged residue in predicted transmembrane-spanning domain 4 (K272) appears to be 

involved in binding and translocation of uracil (63,64). Spontaneous (63) and site-directed 

(64) mutations in FUR4 (K272E) resulted in increased K„ and Kd values for uracil 

transport and binding, respectively, suggesting that K272 plays a role in permeant binding 

and translocation. The level of uracil in the growth medium appears to play a role in 

regulation of the transporter (65) such that yeast decrease the amount of FUR4 in the 

plasma membrane during conditions in which uracil is present in abundance (65).

FCY2 mediates transport of adenine, guanine, hypoxanthine and cytosine across 

the yeast plasma membrane (66). Cytosine uptake displays saturation kinetics (67) with K̂ , 

and values that are dependent oji the proton concentration (68). FCY2 is predicted to 

have 533 amino acids (58 kDA) with 10-12 transmembrane spanning domains and long 

hydrophilic N- and C-terminal tails. There are consensus sequences for post-translational 

modifications, including N-linked glycosylation and phosphorylation; FCY2 does not
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undergo glycosylation (69) but is phosphorylated on serine residues (70). Cytosine uptake 

is inhibited by 2,4-dinitrophenol, NaN, and chlorohexidine, suggesting that a membrane 

ATPase is involved in coupling of FCY2-mediated transport to ATP hydrolysis (67). 

FCY2 activity is pH dependent (range between pH 2.S and pH 6.5) (71), with optimum 

activity at pH 5.0 (72).

I.H Nucleoside transport processes of S. cerevisiae.

Relatively little is known about the nucleoside transport processes of yeast, and the 

nucleoside transport protein(s) of 5. cerevisiae have not been unambigously identified. 

The open reading frame encoding the FUI1 protein has been suggested to encode a uridine 

permease (56). The FUI1 locus was originally identified as a mutant with increased 

resistance to the cytotoxic nucleoside analog 5-fluorouridine (53). The FUI1 gene is 

present on yeast chromosome 2. FUI1 is a predicted protein of 639 amino acids (72 kDa) 

with 10 transmembrane-spanning domains. It has a variety of posttranslational 

modification sites, including eight consensus sites for N-linked glycosylation and three 

consensus sites for protein kinase A phosphorylation, the functional significance of which 

is not known. FUI1, a member of the “uracil/allantoin” family, has high amino acid 

similarity, 70% and 69% respectively, with FUR4 (uracil permease) and DAL4 (allantoin 

permease). FUI1 is not an essential protein as a fa il knockout yeast strain was found to be 

viable (56). However, the ̂ (/-disruption mutant was resistant to the cytotoxic effects of 

5-fluorouridine (56), suggesting that FUI1 may be a uridine permease. Although loss of 

cytotoxicity to 5-fluorouridine is suggestive of a uridine-specific transport process, the 

same phenotype might be observed if FUI1 played a role in the anabolism of 5- 

fluorouridine. For example, the uridine kinase URK1 from 5. cerevisiae was initially 

identified by loss of cytotoxicity to 5-fluouridine when the URK1 gene was deleted (73). 

Direct measure of FUIl-mediate uridine transport is required to establish that FUI1 has 

uridine transport activity. Although FUI1 shares a high degree of amino acid similarity
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with DAL4, it does not complement a da/4-mutant for growth on allantoin as a sole 

nitrogen source (56).

Database analysis of the S. cerevisiae genome indicated that the protein encoded by 

the yeast open reading frame YAL022c, termed FUN26 (function unknown now 26), 

shares limited amino acid identity (18%) with hENTl and hENT2 (18,19), leading to the 

suggestion that FUN26 may function as a nucleoside transpotter protein (18). FUN26 

does not share sequence similarity with other yeast proteins. FUN26 is predicted to have 

S17 amino acids (S8.3 kDa) with 11 transmembrane-spanning domains; FUN26 is not an 

essential protein since disruption of the gene (YAL022c) was not lethal (74). No 

phenotype has been associated with elimination of the FUN26 gene.

1.1 Bacterial nucleoside transporters

1.1.1 NUPC and NUPG

Escherichia coli possesses two structurally unrelated nucleoside transport systems 

nupC and nupG (75), which are located at 50 and 63.4 minutes, respectively, on the E. 

coli chromosome (76). NUPC is structurally related to members of the CNT family, 

sharing 27% amino acid identity with rCNTl and hCNTl, and has been shown to be 

membrane associated (75), consistent with its proposed role as a nucleoside transport 

protein. NUPG (76) has limited sequence identity (~ 20%) with the C. albicans nucleoside 

transport protein NUP, see section I.E.1. NUPC and NUPG both transport a broad range 

of nucleosides and were initially distinguished by the ability of NUPG, but not NUPC, to 

transport guanosine and deoxyguanosine (75,76). Recombinant NUPC has been produced 

and functionally characterized in oocytes of X. laevis and shown to accept pyrimidine 

nucleosides (i.e., thymidine, uridine, cytidine, Table 1-7) in a proton-dependent fashion 

(77). NUPC-mediated uridine transport in oocytes was inhibited by adenosine, suggesting 

that adenosine also interacts with recombinant NUPC (77). Despite the similar permeant 

selectivities of the NUPC and NUPG proteins, they do not share any sequence similarities. 

The two transport systems also differ in their genetic regulation; nupC is regulated by the
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cytR gene whereas nupG is regulated by both the cytR and deo genes (78). Both genes are 

subject to catabolite repression by the cAMP-CRP system (75).

I .J  Expression systems for analysis of recombinant nucleoside

transporters

Examination of a protein outside of its native cellular context is often advantageous 

because it allows the protein of interest to be studied “in isolation” of confounding host cell 

influences. However, the production of recombinant polytopic membrane proteins in 

heterologous expression systems can be problematic, and frequently only low amounts of 

recombinant protein are produced. A variety of model expression systems have been 

utilized with varying degrees of success for membrane proteins; these include oocytes of 

X. laevis, cultured mammalian cells and the yeast S. cerevisiae.

I .J .i  Oocytes of X. laevis

Oocytes of X. laevis have been used to functionally produce several membrane 

transport proteins: the human Na*-glucose cotransporter, hSGLT-1 (79,80); the mouse 

anion exchange proteins, AE1 and AE2 (81); the rat organic cation transporter OCT2 (82); 

the mammalian glucose transporters GLUT4 (83), GLUT1 and GLUT3 (84); the cystic 

fibrosis transmembrane conductance regulator CFTR (85); and the rat kidney NaTHCO,' 

cotransporter, rkNBC (86). Oocytes of X. laevis have also been used to functionally 

express cDNAs encoding nucleoside transporters of the CNT and ENT families (12- 

18,20,27,28,31,87). This approach was used to identify a CNT activity from rat jejunum 

(24) and subsequently to isolate the first cDNA encoding a mammalian nucleoside 

transporter, rCNTl (12). For kinetic characterization of recombinant nucleoside transport 

proteins, X. laevis oocytes are considered the “gold standard” because of their low 

background (oocytes lack endogenous nucleoside transport activity), large size and high 

reproducibility. They are well suited for studies of the effects of changes in primary 

structure (e.g., site-directed mutagenesis, production of chimeras) on function and have 

been used to identify amino acid residues involved in permeant (30,31,87) and inhibitor
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(35) binding. A limitation of the oocyte expression system is low throughput, which limits 

the quantities of recombinant transporter that can be produced.

I .J .ii  Cultured mammalian cells

Cultured cell lines have been used as model expression systems for functional 

production of a number of transporter proteins. Among these are: the Na-Ca*K exchanger, 

NCKX1 (88); the rat norepinephrine transporter, rNET (89); the glucose transporter 

GLUT3 (90); and the anion exchanger protein AE1 (91-93). Transient and stable 

transfection of cultured mammalian cells have also been used to functionally express 

cDNAs encoding nucleoside transporter proteins (21,29,94,95), with the first example 

being the transient transfection of the rCNTl cDNA into the simian kidney cell line COS-1 

(29) in a study of kinetic characteristics of recombinant rCNTl. The substrate specificity 

of rCNT2 (94) and hCNT2 (96) have been studied in the human cervical carcinoma cell 

line HeLa by transient transfection of the cDNAs in this human cell line. Additionally, the 

hENT2 cDNA was cloned by functional expression in a nucleoside transport-defective 

variant of the human leukemic cell line CEM (21). Stable transfectants that produce 

functional nucleoside transporter proteins have also been derived: rCNTl in mouse 

leukemia L1210 cells (95), hCNT2 and hCNTl in human leukemic CEM cells (Lang, T., 

Young, J.D. and Cass, C.E. unpublished results) and hENTl and hENT2 in cultured pig 

kidney cells (97). The limitations of these model systems include: (i) the typically low 

levels of transient (10-30%) and stable (< 0.001%) transfection efficiencies, (ii) the 

inability to easily produce large amounts of recombinant transporter protein, and (iii) the 

high cost of maintaining tissue culture materials and facilities.

I .J .iii S. cerevisiae

Although the yeast S. cerevisiae is a frequently used expression system for 

cytosolic proteins, only a few membrane transporter proteins have been successfully 

produced in recombinant form in yeast These include: the Band 3 anion exchanger protein 

(AE1) (98), the multidrug resistance proteins mdrl and mdr3 (99) and the cystic fibrosis
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transmembrane conductance regulator (CFTR) (100). Yeast have a number of advantages 

as a model functional expression system: (i) established genetic and molecular 

methodologies (101), (ii) the ability to rapidly produce large amounts culture at low cost, 

(iii) the ease of functional analysis of recombinant proteins, and (iv) the availability of the 

complete genome sequence of S. cerevisiae. These features have allowed genome-wide 

analysis of S. cerevisiae genes through (i) characterization of the genome by gene-deletion 

and parallel analysis (102), (ii) identification of cell cycle-regulated genes (103), and (iii) 

the examination of the temporal program of gene expression accompanying the metabolic 

shift from fermentation to respiration (104). No other model expression system exists with 

such a detailed understanding of the host’s physiologic and biochemical processes.

A cloning strategy, based on the absence of thymidine transport activity in yeast 

and, (ii) pharmacologic blockade of dTMP synthesis to isolate nucleoside transporter 

cDNAs by functional expression in S. cerevisiae has been devised (105,106). Inhibition of 

de novo production of dTMP from dUMP by exposure to methotrexate (MIX) and 

sulfanilamide (SAA) prevents cell growth (105,106), which can not normally be restored 

by the addition of thymidine because of the absence of a mechanism for mediated uptake of 

thymidine (52,53). It was predicted that introduction of a nucleoside transporter cDNA 

into yeast would complement growth under the selective conditions of MTX and SAA if 

thymidine was present in the growth medium. Thus, a functional selection strategy was 

developed to screen cDNA libraries in a yeast expression plasmid for clones capable of 

complementing cell growth on the basis of their ability to confer the capacity for inward 

transport of thymidine across the yeast plasma membrane (105,106) in a yeast strain that 

also has thymidine kinase (by introduction of a thymidine-kinase expressing plasmid). 

This approach identified two truncated membrane proteins that allowed yeast to import 

extracellular thymidine and thus grow under the selective conditions imposed (105,106). 

These proteins (MTP and ND4) are associated with organellar membranes (lysosomes and
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mitochondria, respectively) and their recombinant full-length forms exhibit little, if any, 

nucleoside transport activity when produced in oocytes (105) or yeast (106).

I.K  Objectives of the study

It was hypothesized that the yeast S. cerevisiae could be developed as a model 

expression system to produce recombinant nucleoside transporter proteins for investigation 

of relationships between protein structure and function. The specific objectives of this 

work were to:

1. Characterize the nucleoside transport processes of S. cerevisiae.

2. Develop methods to functionally express nucleoside transport protein cDNAs in 

S. cerevisiae.

3. Examine the interaction of inhibitors of nucleoside transport with hENTl and 

a glycosylation-defective mutant (hENTl/N48Q) in S. cerevisiae.

4. Functionally express and characterize hENT2 in S. cerevisiae.
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Figure 1-1 Chemical structures of physiologic nucleosides

The chemical structures of two purine nucleosides (adenosine, guanosine) and three

pyrimidine nucleosides (uridine, cytidine, thymidine) are presented.
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Figure 1-2 Chemical structures of inhibitors of equilibrative nucleoside 

transport

The chemical structures of three equilibrative nucleoside transport inhibitors (NBMPR; 6- 

[(4-nitrobenzyl)thio]-9-P-D-ribofuranosyl purine, dilazep, dipyridamole) are presented.
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Figure I >3 Phylogenetic analysis of known and putative nucleoside 

transporter proteins

A phylogenetic tree of known and putative nucleoside transporter proteins was 

constructed using “Pileup” and “Growtree” software from GCG (Genetics Computer 

Group, Madison, WI, U.S.A.). In the list that follows, the proteins for which there is 

experimental evidence of either direct (i.e., flux analysis) or indirect nature (i.e., loss of 

uptake by genetic deletion) are in bold type. GenBank accession numbers are underlined. 

Panel A: the CNT fam ily : rCN Tl, U10279: hCNTl, U62967: pkCN Tl, 

m Q2m ; rC N Tl, U25Q55; mCNT2, AF079853; hCNT2, AF036109: hfCNT, 

AE122223; F27E11.1, AF016413: F27E11.2, AF016413; HI0519, U32734; HP1180, 

AEQQQ622; yeiM, AEQQQ305; yeiJ, AE000305: nupC (£. co/0, X74825: yxjA, 

Z99124.1: nupC (B. subtilis), X82174: yutK, Z99120. Panel B: the ENT fam ily : 

LdNT1.2, AF041473: L dN T I.l, AF065311.1; TbATl, AF152369.1: TbATlr, 

AF1323.70,1; LdNT2, AF245276; TbNT2, AF153409.1; TgAT, AF061580: PfEN Tl, 

AAE221844; PfN Tl, AF221122: F36H2.2, Z81078; FUN26, AAC04935.1: ZK809.4, 

Z68303.1: K09A9.3, Z79601.1: F16H11.3, U55376.1: K02E11.1, Z77665.1: mENT2, 

AF237190-, rENT2, AF015305; hENT2, AF034102: hENTl, AF190884: rEN Tl, 

AFO15304. mENTl.l, AF257188: mENT1.2, AF257189. Panel C: the 

uracil/allantoin permease fam ily : THI10, U19027: YOR07lc, Z74979: YOR192c, 

Z751.QQ; DAL4, Z38061: FUR4, Z35890; FUI1, Z35803.

Not shown are two nucleoside transporters that are not members of known 

nucleoside transporter families. NIIP, AF016246: nupG, X06174: tptl, LI 1576.
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Figure 1-3 B
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Figure 1-4 Predicted topology model of hCNTl

The current topology model of hCNTl is based on the prediction of 13 transmembrane 

spanning domains (6). Individual amino acid residues are indicated by the circled single­

letter abbreviations and the predicted N-linked glycosylation consensus sites are indicated 

by (*). The substrate binding domain identified by Loewen et al.(30) is also indicated.
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Figure 1-5 Predicted topology model of hENTl

The current topology model of hENTl is based on the prediction of 11 transmembrane 

spanning domains (18). Individual amino acid residues are indicated by the circled single­

letter abbreviations and the predicted N-linked glycosylation consensus sites are indicated 

by (*). The dipyridamole binding domains identified by Sundarum et a/.(35) are also 

indicated.
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Table I-1A Concentrative nucleoside transport processes of human cells t

Trivial name Numerical designation Permeant

se lectiv ity

Transporter protein References

cif N1 purine nucleosides, uridine hCNT2 (17,20)

cit N2 pyrimidine nucleosides hCNTl (15)

cit r N4 pyrimidine nucleosides, 

adenosine, guanosine

n.d,1 (169,170)

cib N3 purine and pyrimidine nucleosides n.d.1 (37)

cs N5 2-chloro-2*-deoxyadenosine 

2-fluoro-9-P-D-arabinosyladenosine 

formycin B

n.d.1 (36)

csg N6 guanosine n.d.‘ (10)

1 not determined



*»
Table. I-1B Equilibrativc nucleoside transport processes of human cells t

Trivial name Numerical designation Permeant Transporter protein References

se lectiv ity

es n.a.' purine and pyrimidine nucleosides hENTl (18)

ei n.a.'

r

purine and pyrimidine nucleosides hENT2 (19,21)

1 not applicable



Tabic. 1*2 Characteristics of mammalian proteins o f the concentrative nucleoside transporter (CND) family

Transporter Number of 

residues

kDa TMs' Permeant

se lectiv ity

Known tissue 

distribution

References

Rattus norvegicus

rCNTl 648 71 8-14 pyrimidine nucleosides jejunum, intestine, kidney (6,11,12,24-26,28,29)

iCNT2 i 659 71 14 purine nucleosides, uridine liver, heart, spleen, jejunum (13,14,26)

Homo sapiens

hCNTl 650 71 14 pyrimidine nucleosides kidney (15)

hCNT2 658 72 14 purine nucleosides, 

uridine

kidney, intestine, heart, liver (17,20)

Sus scrofa

pkCNT 647 71 14 pyrimidine nucleosides intestine, kidney (22)

Mus musculus

mCNT2 660 72 11 purine nucleosides spleen (23)

1 number of transmembrane spanning domains predicted in the references (cited here) that described the initial isolation and characterization of the cDNA.
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Table. 1*4 Kinetic characteristics of recombinant CNT2 proteins t

Transporter Permeant K J

(pM )

V 'f HU

(pm ol/oocyte/m in)

V .../ K„ Reference

iCNT2 uridine 31 0.86 0.03 (17)

adenosine 14 0.9 0.06 (17)

adehosine 6 0.46 0.08 (14)

HCNT2 uridine 40 0.74 0.02 (17)

adenosine 8 0.49 0.06 (17)

uridine 80 0.53 0.007 (20)

inosine 5 0.19 0.04 (20)

gemcitabine n.t.2 n .t.1 n.t.1 (5)

1 all kinetic data were obtained from studies of the (3H]nucleoside influx into oocytes

2 no transport of [3H]gemcitabine detected
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Tabic. 1*5 Characteristics of mammalian proteins of the equilibrative nucleoside transporter (ENT^ family

Transporter Number of  

residues

kDa TMs* Permeant

se lectiv ity

Known tissue 

distribution

Reference

Homo sapiens

hENTl

r

465 52 11 pyrimidine and purine 

nucleosides

ubiquitous (2,18,33)

hENT2

Rattus norvegicus

465 52 11 pyrimidine and purine, 

nucleosides, hypoxanthine

heart, kidney, skeletal muscle, 

thymus, prostate

(19,21)

rENTl 475 52 11 pyrimidine and purine 

nucleosides

jejunum (16)

tENT2 456 52 11 pyrimidine and purine 

nucleosides

intestine, brain (hippocampus, 

cortex, striatum, cerebellum)

(16,171)

1 number of transmembrane spanning domains predicted in the references (cited here) that described the initial isolation and characterization of the cDNA.
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Table 1-6 Kinetic characteristics of recombinant ENT proteins |

Transporter Permeant K J

(pM )

V 1T mun

(pm ol/oocyte/m in)

V .../ K„ Inhibition by: 

NBMPR, dil*, dip3 

K, (nM)

Reference

hENTl uridine 240 3.6 0.015 2, 57, 134 (18)

geiicitabine 160 1.5 0.02 n.d,4 (5)

hENT2 uridine 200 6.4 0.032 n.d.4 (18)

gemcitabine 740 43 0.059 n.d.4 (5)

rENTI uridine ISO 18 0.12 2, 1000, 1000 (16)

IENT2 uridine 300 14 0.05 n.d,4 (16)

1 all kinetic data were obtained from studies of [3H]nucleoside influx into oocytes 

3 dilazep

3 dipyridamole

4 not determined

&
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Table 1-7 Characteristics of nucleoside transporter proteins of lower organisms |

Transporter Number of 

residues

kDa TMs' Permeant

selectiv ity

References

Escherichia coli

NUPC 400 43 10 pyrimidine nucleosides (75,77)

NUPG r 418 43 10 pyrimidine nucleosides, inosine, guanosine, deoxyguanosine (76)

Candida albicans

NUP 407 44 8-12 adenosine, guanosine (50)

Leishmania donovani

LdNTl. 1/1.2 491 54 11 adenosine (39)

Trypanosoma brucei

TbATl 463 51 10 adenosine, adenine (41)

TbNT2 464 52 11 adenosine, inosine, guanosine (42)

Toxoplasma gondii

TgAT 462 51 11 adenosine (47)



*►

Table 1*8 Kinclic characteristics of recombinant nucleoside transporter proteins of lower organisms

Transporter Permeant K.'fpM ) Reference

LdNTl.1 uridine 5.6 (39)

adenosine 0.17 (39)

LdNTl .2 uridine 40 (39)

f adenosine 0.66 (39)

TbATl adenosine 2.2 (41)

TbNT2 adenosine 0.99 (42)

inosine 1.18 (42)

TgAT adenosine 114 (44)

1 All kinetic data except for that of TbATl were obtained from studies of the [3H]nucleoside influx into oocytes. Kinetic data for TbATl was established from 

[3H]nucleoside influx into S, cerevisiae.



I I .

Materials and methods
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II.A .i Yeast Strains, media and plasmids

KY114(MATa, gal, ura3-52, trpl, lys2, ade2, his d2000) was the parental yeast

strain used throughout these studies (105). PCR-mediated one-step gene-disruption yeast 

mutants (fuil::TRP, fiin26::HIS) were generated from KYI 14 by the method of Baudin 

(107). The yeast strains used are presented in Table n-1.

Yeast were maintained at 30*C in complete minimal medium (CMM) containing 

0.67% yeast nitrogen base (Difco, Detroit, MI, USA), amino acids as required to maintain 

auxotrophic selection, and either 2% (w/v) glucose (CMM/GLU) or 2% (w/v) galactose 

(CMM/GAL). Yeast growth in liquid culture was monitored by measuring the absorbance 

(optical density) of cultures at 600 nm (OD^). Agar plates contained CMM with various 

supplements and 2% (w/v) agar (Difco). Transformations of the ytasxJEscherichia coli 

shuttle vector pYES2 (Invitrogen, Carlsbad, CA. USA) and its derivatives into yeast were 

performed using a standard lithium acetate method (108).

All plasmids were propagated in the E. coli strain TOP10F’ (Invitrogen) and 

maintained in Luria broth with ampicillin (50 pg/ml) at 37*C. Details of plasmid 

construction are provided below; the plasmids used are listed in Tables Q-2 A-C. Plasmid 

DNA was prepared using an alkaline/lysis method (101,109) or using Qiagen columns 

(Qiagen, Mississauga, ON) according to manufacturer’s instructions. PCR amplifications 

and cDNA cloning were performed by standard methods (101,109). The fidelity of all 

cDNA constructs was confirmed by sequencing the cDNA inserts and the regions of the 

plasmids that included the cloning sites. DNA sequencing was performed by fluorcscent- 

dideoxy cycle sequencing using an automated 310 Genetic Analyzer and Autoassembler 

software (PE Biosystems, Foster City, CA.).

II.A.ii Plasmid construction in Chapter III

The FUI1 open reading frame was inserted into the yeast expression vector pYES2 

to generate pYFUU using the primers (restriction sites undedined) 5'FUIlsacI (5'-GCT
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GAGCTC ATG CCG GTA TCT GAT TCT GG-3') and 3'FUIlsphI (5-GCA Q£A XG£ 

TTA GAT ATA TCG TAT CIT TTC ATA GC-3'). The FUN26 open reading frame was 

insetted into pYES2 to generate pYFUN26 using the primers (restriction sites underlined) 

5'FUNkpnI (5’-GCT Q fil ACQ ATG AGT ACT AGT GCG GAC ACT G-3') and 

~~3'FUNsphI (5'- GCA GCA TGC CTA CCT GAT AAT AAA GTC AAT TAT G-3'I

A version of FUN26 with the c-myc immunoepitope at its C-terminus was 

engineered to allow detection of the recombinant protein by immunoblotting. 

pYFUN26myc was generated using the primers (restriction sites underlined) 5'FUNkpnI 

and 3'FUNmyc (5 -GCA Q£A IGC CTA CAA GTC CTC TTC AGA AAT GAG CIT 

TTG CTC CCT GAT AAT AAA GTC AAT TAT GAA G-3’).

The FUN26 gene-disruption plasmid pYFUN26-HIS3 was generated by 

subcloning the blunted-HIS3(BamHI) fragment from pJJ215 into the blunted XhoI/PstI 

sites of pYFUN26. The FUI1 gene-disruption plasmid was generated by subcloning the 

blunted TRPl(BglII) fragment from pAS5 (110) into the blunted Bgffl/AfU sites of 

pYFUIl. Chromosomal DNA from KYI 14, prepared as described previously (101), was 

used as the template for all PCR amplification reactions.

For functional expression of FUN26 and FUI1 mRNA in oocytes of Xenopus 

laevis, the FUN26 and FUI1 open reading frames were subcloned into the Xenopus

oocyte expression vector pSP64T (111) immediately down-stream of the Xenopus 0-

globin 5' untranslated region and immediately upstream of the Xenopus p-globin 3'

untranslated region, generating pGFUN26 and pGFUIl, respectively.

The plasmids first used in Chapter III are listed in Table II-2A.

II.A.iii Plasmid construction in Chapter IV

Primers complementary to the 5' and 3' ends of hCNTl (from H. sapiens), rCNTl 

(from R. norvinigus), NUPC (from E. coli) and the open reading frames HI0159 (from 

H. influenzae) and HPU80 (from H. pylori) were designed for PCR amplification. The
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templates for PCR reactions were pQQHl (12), pi 1.3 (15), pG3 (77) for rCNTl, hCNTl 

and NUPC, respectively. Chromosomal DNA from H. influenzae and H. pylori were the 

templates for isolation of HI0519 and HPU80, respectively. Unique Kpnl and SphI 

restriction sites were introduced into the 5' and 3' primers, respectively, to permit 

directional cloning into pYES2 (restriction sites are underlined).

For rCNTl the 5’ primers were: 5’-rcntl (5’-GCT G C I ACC ATG GCA GAC

AAC ACA CAG AGG -3 ), 5'-rAN16 (5 - GCT GQI ACC ATG GCC CAC GGC CTG 

GAG -3'), 5'-rAN23 (5’- GCT GGT ACC ATG GGG GCA GAA TTC CTG GAA AG -

3’), 5'-rAN31 (5'-GCT QQI  ACC ATG GAG GAA GGC CGA CTC CC -3 ); the 3’

primer, which introduced the c-myc (EQLISEEDL) epitope, was 3-rcntlmyc (5' GCA 

Q£A IC C  CTA CAA GTC CTG TTC AGA TAT GAG CIT TTG CTC TGT GCA GAC 

TGT GTG GTT GTA AAA TC-3’).

For hCNTl the 5’ primers were: 5’hcntl (5’- GCT GG1 ACC ATG GAG AAC

GAC CCC TCG AGA C-3’), 5’hAN23 (5’-GCT GGI ACC ATG GGG GCT GAT TTC

TTG GAA AGC-3’); the 3’ primer, which introduced the c-myc epitope, was 3’hcntlmyc 

(5’-GCA GCA IC C  TCA CAA GTC CTC TTC AGA AAT GAG CIT TTG CTC CTG 

TGC GCA GAT CGT GTG GTT G-3’).

For NUPC the 5’ primer was 5’-nupc (5’- GCT G O ! ACC ATG GAC CGC GTC 

CTT CAT TTT G -3’) and the 3' primer (introducing the c-myc epitope) was 3'-nupcmyc 

(5*- GCA GCA IC C  TTA CAA GTC CTC TTC AGA AAT GAG CIT TTG CTC CAG 

CAC CAG TGC TGC CAT TGA CGC -3’).

For HI0519 the 5’ primer was 5’hi (5’-GCT G G I ACC ATG ATG GTG TTA 

AGC AGC ATT TTG-3’) and the 3’ primer was 3’hi (5’-GCA GCA IC C  CTA AAG TGC 

TGC AGC ACC TAA GCC G-3’).
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For HP1180 the 5’ primer was 5’hp (5’-GCT GGT ACC ATG ATT TIT AGC 

T C rd T T T T  AG-3’) and the 3’primer was 3’hp (5’-GCA GCA TGC TCA ATG AGC 

GTT TAG CCC TAT G-3’).

The plasmids generated (primer combinations are in parentheses) were: pYiCNTl-
i

myc (5'rcntl/3'rcntlmyc), pYAN16rCNTlmyc (rAN16/3'rcntlmyc), pYAN23iCNTlmyc 

(5'-rAN23/3’-cNT 1 myc), pYAN31CNTlmyc (5'-rAN31/3'-cNTlmyc), pYhCNTl

(5’hcntl/3’hcntlmyc), pYAN23hCNTlmyc (5’hAN23/3’hcntlmyc), pYNUPC-myc (5’-

nupc/3'-nupcmyc), pYHI0519 (5’hi/3’hi), and pYHPl 180 (5’hp/3’hp).

The plasmids first used in Chapter IV are listed in Table II-2B.

II.A.iv Plasmid construction in Chapter V

The hENTl cDNA was inserted into the pYES2 yeast expression vector under 

control of the inducible Gall promoter. The resulting plasmid (pYhENTl) was produced 

using the cDNA encoding hENTl (18) as the template for amplification by PCR and the 

following 5'Kpnl and 3’5p/i/-containing primers (restriction sites underlined): S’-GCT 

GGT ACC ATG ACA ACC AGT CAC CCT C-3’ and 5’-GCA GCA TGC CAC AAT 

TGC CCG GAA-3’. pYN48Q is a plasmid containing a mutant construct in which Asn-48 

of hENTl had been changed to Gin by site-directed mutagenesis (M. Sundaram, S. Y. M. 

Yao, E. Chomey, C. E. Cass, S. A. Baldwin and J. D. Young) and was obtained by PCR 

amplification of the N48Q coding region using 5'Kpnl and 3'Sphl.

The plasmids first used in Chapter V are listed in Table H-2B.

II.A.v Plasmid construction in Chapter VI

The hENT2 cDNA was inserted into the pYES2 yeast expression vector containing 

the inducible Gall promoter, generating pYhENT2. pYhENT2 was produced using the 

cDNA encoding hENT2 (19) as the template for PCR amplification and the following 

primers (restriction sites underlined): 5’Kpnl, 5’-GCT GGT ACC ATG GCC CGA GGA 

GAC GC C-3’ and 3’SphI, 5’-GCA Q£A IQ £  GAG CAG CGC CIT GAA G-3*. The
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hENT2 cDNA was cloned immediately downstream, and thus under the control of the Gall 

promoter. An immunotagged version of hENT2 that carried the c-myc immunoepitope at 

its C-terminus (pYhENT2myc) was generated using the 5’Kpnl primer and the 3’myc 

primer (5’ -GCA 3EAIQC TCA CAG ATC CTC TTC TGA GAT GAG ITT TTG TTC 

GAG CAG CGC CTT GAA GAG G-’3).

Site-directed mutagenesis of the hENT2 cDNA was performed using the Altered 

Sites H in vitro Mutagenesis System according to the manufacturer’s instructions 

(Promega, Madison, WI). Conversion of Asn-48 and Asn-S7 to Gin residues was 

performed using the N48/57Q primer (5’-GGC CGG GGC CGG CCA GCG ACA AGC 

CGG ATC CTG AGC ACC CAG CAC ACG GGT CCC G-3’) to generate pYN48/57Q. 

Conversion of Asn-225 to Gin was performed using the N22SQ primer (S’-GCT ACT 

ACC TGG CCC AGA AAT CAT CCC AGG-3’) to generate pYN225Q. Conversion of 

Asn-48, Asn-57 and Asn-225 to Gin was performed using the N48/57Q and N225Q 

primers, to generate pYnull. The glycosylation-defective HENT2 mutants were engineered 

to possess the c-myc epitope at their N-termini to generate pYN48/57Qmyc, pYN225Qmyc 

and pYnullmyc using standard techniques (101). The cDNAs encoding hENT2 and the 

hENT2 glycosylation-defective mutants were cloned into the mammalian expression vector 

pcDNA3 (Invitrogen) to generate pchENT2myc, pcN48/57Qmyc, pcN225Qmyc, and 

pcnullmyc for use in transient transfection experiments in CHO cells.

The plasmids first used in Chapter VI are listed in Table H-2C.

II.B . Phenotypic complementation assay

The complementation assay used to detect the presence of functional nucleoside 

transporters was based on the ability of an introduced cDNA to rescue thymidine transport- 

defective yeast from drug-induced.<dTMP starvation when cultured in the presence of 

exogenously supplied thymidine (105,112). In brief, yeast cells grown in CMM/GLU 

were harvested and transferred to CMM/GAL and, after a growth-period of 8-10 h, were 

transferred to plates with either CMM/GLU or CMM/GAL that also contained
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sulphanilamide (SAA) at 6 mg/ml and methotrexate (MTX) at SO Mg/ml 

(CMM/GLU/MTX/SAA and CMM/GAL/MTX/SAA, respectively) in the absence or 

presence of varied concentrations of thymidine. The extreme concentrations of thymidine 

(0 and 1 mM thymidine) served as negative and positive controls, respectively, in that the 

absence of thymidine prevented survival whereas its presence at high concentrations 

permitted survival (by the entry of thymidine into yeast by passive diffusion). Previous 

studies (105,106) have shown that test concentrations of £  200 pM thymidine are suitable 

to detect introduced cDNAs that encode nucleoside transporter proteins with thymidine 

transport activity that are inserted into plasma membranes. Plates were incubated at 30'C 

for 3.S-4.S days and then assessed for colony formation. In some cases, the plating media 

were supplemented with test compounds for an assessment of their ability to prevent 

complementation.

II.C. Cell culture

Human carcinoma (HeLa) and Chinese hamster ovary cells (CHO), originally 

obtained by Dr. C. E. Cass from the American Type Culture Collection (Rockville, MD), 

were maintained in the absence of antibiotics in RPMI (Roswell Park Memorial Institute) 

1640 or F12 (HAM’s) media (Gibco/BRL Life Technologies), respectively, that was 

supplemented with 10% calf serum. Stock cultures were incubated at 37*C in a humidified 

atmosphere of 5% C02 and air, and were subcultured every 4-6 days by trypsinization. 

Cell concentrations were determined by electronic particle counting (Model Z2, Coulter 

Electronics, Hialeah, FL), and cultures were established at cultured to 1 x 104 cells/ml. 

Stock cultures were normally passaged for £  30 generations after which they were 

discarded and new stock culture were initiated from low-passage, mycoplasm-free, frozen 

cells stored in liquid nitrogen.

Transient transfection of CHO cells was performed using DOSPER Liposomal 

Transformation Reagent according to the mssuf^turer’s instructions (Boehringer 

Mannheim, Laval, PQ). Briefly, actively proliferating cultures were seeded in 100-mm
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tissue culture plates (2 x 106 cells/plate) the day prior to transfection and allowed to grow at 

37"C for 24 hr. On the day of the transfection, the culture growth media was replaced with 

fresh growth media and the DOSPER/cDNA mixture (12 pg of cDNA per plate) was added 

drop-wise to the cells. Transfected cells were incubated for 6 h at 37*C after which the 

~ transfection media was replaced with fresh growth media. After an additional 24 h at 37*C, 

the transfected cultures were trypsinized, pooled and washed by centrigugation at room 

temperature with PBS. The resulting transfected cells were used for preparation of total 

membranes by the procedure described in section Q.F. Ceil culture and transfection were 

carried out by Mrs. D. Mowles (University of Alberta).

II.D. RNA isolation and Northern analysis

Total RNA was isolated from proliferating yeast by the hot acid/phenol method 

(101). RNA (10 pg) was resolved electrophoretically on a denaturing 1.0% (w/v) 

agarose/formaldehyde gel and transferred by upward capillary transfer (101) to Hybond-N 

membranes (Amersham, Oakville, ON). 32P-Probes were prepared by random-priming 

labeling of a cDNA fragment with the use of a T7 Quick Prime Kit according to the 

manufacturer’s instructions (Pharmacia, Dorval, PQ). Hybond-N membranes were 

incubated with 32P-probes in ExpressHyb hybridization solution according to the 

manufactures’ instructions (Clonetech, Palo Alto, CA). The Hybond-N membranes were 

washed twice at room temperature in 0.2% (w/v) SDS, 2XSSC (2xSSC; 0.3M NaCl, 0.03 

M Naj-citrate) and twice at 42*C in the same solution, after which the hybridization 

complexes were detected by autoradiography (101).

II.E. Preparation of yeast membranes

Yeast cells were grown to an OD^ of 0.8-1.5. Cells were (i) collected by 

centrifugation (500 xg, 5 min, roomjemperature), (ii) washed by centrifugation (500 x g, 

5 min, room temperature) three times with yeast breaking buffer (0.2 mM EDTA, 0.2 mM 

dithiothreitol, 10 mM Tris-HCl, pH 7.5) containing protease inhibitors (Complete Protease 

Inhibitors; Boehringer Mannheim), and (iii) lysed by vortex-mixing in the presence of glass
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beads (425-600 pM; Sigma, Mississauga, ON) for 15 min at 4*C. Unbroken cells and 

glass beads were removed from lysates by centrifugation (500 x g, 5 min, 4’C) and 

membrane fractions were obtained from the resulting lysates by centrifugation (100000 x g, 

60 min, 4*C). The membrane preparations were either used immediately or frozen at - 

80‘C.

II.F. Preparation of CHO membranes

Transiently transfected CHO cells were harvested by trypsinization and washed 

twice in phosphate-buffered saline (PBS: 137 mM NaCl, 5.5 mM KC1,1 mM NajIQKM, 1 

mM KH2P04, pH 7.4). The resulting cell pellets were resuspended in 5 volumes of cell 

homogenization buffer (1 mM ZnCl2, 10 mM Tris-HCl, pH 7.4,0.5 mM dithiothreitol, 0.3 

mM phenylmethylsulfonyl fluoride) containing protease inhibitors (Complete Protease 

Inhibitors) and lysed (10 s, 4°Q by polytron homogenization (Brinkmann Instruments, 

Mississauga, ON). Unbroken cells were removed by centrifugation (850 x g, 10 min, 

4*C), and membranes were collected by centrifugation (27200 x g, 30 min, 4‘C). 

Membrane pellets were resuspended in cell homogenization buffer with 9.25% (w/v) 

sucrose and subjected to centrifugation (27200 x g, 30 min, 4‘C). The resulting membrane 

preparations were resuspended in cell homogenization buffer with 9.25% (w/v) sucrose 

and either used immediately or frozen at -80‘C.

II.G. Protein determination

A variety of methods exist for the determination of protein content of biological 

samples. Protein concentrations for Chapters in and VI were determined by the Bradford 

assay using BioRad Reagent (Bio-Rad Technologies, CloneTech, Palo Alto, CA). Protein 

concentrations for Chapters IV and V were determined using a modified Lowry assay 

(113).

II.G .i. Modified Lowry assay

Protein concentrations in Chapters IV and V were determined using a modified 

Lowry assay (113). Briefly, a protein sample was adjusted to a volume of 150 pi to which
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was added 500 pi Solution C (Solution C, 100 parts Solution A to 1 part Solution B; 

Solution A, 2% (w/v) N a^O ,, 0.4% (w/v) Na-tartrate, 1% (w/v) SDS; Solution B, 4% 

CuSOJ and incubated at room temperature for 10 min. To this was added 50 pi Solution 

D (Solution D, Phenol Reagent, 2N Folin-Ciocalteau) mixed 1 to 1 with distilled water, 

which was allowed to incubated at room temperature for 45 min. The absorbance of the 

sample was measured at 750 nm and the protein concentration of the sample was 

determined from a standard curve prepared using bovine serum albumin.

II.G.ii Bradford assay

Protein concentrations for Chapters m  and VI were determined by the Bradford 

assay using BioRad reagent. Briefly, a protein sample was adjusted to a final volume of 

800 pi and 200 pi BioRad Reagent added and incubated at room temperature for 5 min. 

The absorbance of the sample was measured at 595 nm and the protein concentration of the 

sample was inferred from a standard curve prepared using bovine serum albumin.

II.H. Peptide-N-Glycosidase F treatment of proteins from 

membranes of transfected CHO cells

Removal of N-linked glycans from glycoproteins within membrane preparations 

from transiently transfected CHO cells (prepared as described above, Q.F) was carried out 

using peptide-N-glycosidase F (PNGaseF) treatment according to the manufacturer’s 

instructions (Oxford GlycoSciences, Bedford, Ma), with the following modifications. 

CHO membrane preparations (15 pg in cell homogenization buffer, see section H.F.) were 

incubated in denaturation buffer (20 mM sodium phosphate, pH 7.5, 50 mM EDTA,

0.02% (w/v) sodium azide, 0.5% (w/v) SDS, 5.0% (v/v) (5-mercaptoethanol) for 1 h at

37‘C. Octylglucoside (6% (w/v)) was then added to the denatured membrane samples in a 

5-fold excess over SDS. Buffer (20>mM sodium phosphate, pH 7.5, 50 mM EDTA, 0.02 

% (w/v) sodium azide) with or without PNGaseF (1 unit) was added to the solubilized 

membrane samples, which were then incubated at 37*C, 18-24 hr. Protein samples were 

either used immediately or frozen at -80*C.
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I I .I . Electrophoresis and immunoblotting

SDS-polyacrylamide gel (12%) electrophoresis was performed (114) with 

membrane samples that had been solubilized in urea, after which proteins were transferred 

by semi-dry blotting (400 mA, 1 hr, Tyler Electronics, Edmonton, AB) to polyvinylidene
r  •

fluoride membranes (Immobilon-P, Millipore, Bedford, MA). The resulting membranes 

were subjected to the following treatments at 4aC: (i) incubation (5-24 hr) in TIBS (0.2% 

Tween 20, 0.137 mM NaCl, 20 mM Tris-HG, pH 7.5) containing 5% (w/v) skim milk 

powder, (ii) incubation (3-24 hr) in TTBS with primary antibodies and 1% (w/v) skim milk 

powder (iii) brief incubation with TTBS, (iv) incubation (1-3 hr) with TTBS containing 

horseradish peroxidase-conjugated anti-rabbit secondary antibodies and 1 % (w/v) skim 

milk powder, (v) brief incubation with TTBS, and (vi) detection by enhanced 

chemiluminescence (ECL; Amersham) and autoradiography according to the 

manufacturer’s instructions.

The antibodies and their sources are listed in Table 1-3.

I I .J . Nucleoside uptake

I l .J .i .  S. cerevisiae

The uptake of [3H]labeled nucleosides ([methyl-3H]thymidine, 84 Ci/mmol; [5- 

3H]uridine, 15 Ci/mmol; Moravek Biochemicals, Brea, CA) by actively proliferating yeast 

was measured at room temperature by the “oil stop” method as described for cultured cells 

(112,115), with the following modifications. Yeast were grown to an O D ^ of 0.8-1.5, 

collected by centrifugation (500 x g, 5 min, room temperature), washed by centrifugation 

(500 xg,5  min, room temperature) three times with fresh growth media, and resuspended 

in fresh growth media to an OD^ of 2. Uptake was initiated by the rapid addition of 

media-containing [3H]nucleoside to_yeast cultures. Triplicate 200-pl portions of the 

cultures were removed at regular time intervals and uptake reactions were terminated by 

centrifugation (12000 x g, 2 min, room temperature) through 200 pL of transport oil (a 

mixture of 75% 550 silicon oil and 15% light paraffin oil; specific gravity, 1.03 g/ml) in
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individual microfuge tubes. The layer of media above the transport oil and the transport oil 

were removed from individual tubes by aspiration and the exposed cell pellets were 

solubilized with 0.5 ml 5% (v/v) Triton X-100. The solubilized material was transferred to 

scintillation vials and mixed with 5-ml scintillation fluid (EcoLite, ICN, Costa Mesa, CA)
t *
for determination of radioactive content by scintillation counting.

For determination of initial rates of [3H]nucleoside uptake (i.e., transport rates), 

yeast that had been grown and prepared as described above for uptake studies were 

resuspended in fresh growth media to an OD ,̂, of 4. Uptake reactions were conducted at 

room temperature and were initiated by rapid addition of yeast suspensions in growth 

media (100 pi) to growth media that contained [3H]nucleoside at twice the concentration to 

be tested (100 pi) layered on top of transport oil (200 pi) in a microfuge tube. Uptake 

reactions were terminated and the radioactive content of resulting yeast pellets were 

determined as described above for uptake assays.

I l .J .i i . HeLa cells

Transport of [3H]nucleosides into HeLa cells was determined at room temperature 

as described before (116). Briefly, actively proliferating HeLa cells were plated in 60 x 15 

mm tissue culture plates (Falcon, Becton Dickinson, Franklin Lake, NJ) at a densities of 6 

x 106 - 107 cells/plate. Following two days of incubation at 37*C, growth media was 

removed and cells were washed twice in cell transport buffer (CTB; 3 mM K2HP04, 5 mM 

glucose, 130 mM NaCl, 1.8 mM CaCl2, 1 mM MgCl2, 20 mM Tris-HCl, pH 7.4) prior to 

use. Uptake reactions were initiated by the addition of CTB that contained [3H]nucleoside 

(1.5 ml/plate) to the cells. Uptake reactions were terminated at timed intervals by aspiration 

of the [3H]nucleoside containing CTB and gentle washing (three times) with ice-cold CTB. 

The amount of [3H]nucleoside associated with cells at “zero time” was determined by 

incubation of cells in CTB that contained 10*-fold excess non-radioactive permeant 

followed by rapid (1-2 sec) measurement of [3H]nucleoside uptake. Cells were solubilized 

with 1 ml of 5% (v/v) Triton X-100, transferred to scintillation vials and mixed with 5 ml
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of EcoLite for the determination of radioactive content of cells by scintillation counting. 

Inhibition of [3H]nucleoside uptake was determined by incubating cultures with graded 

concentrations of test compounds in CTB IS min prior to measurement of uptake rates in 

the presence of the same concentration of test compound. The concentration of test 

compound that inhibited uptake rates by 50% (ICg, value) was determined from semilog 

concentration-effect relationship curves of the transport data using GraphPad PRISM v 2.0 

software. The apparent inhibitory constants (K, values) were calculated by the method of 

Cheng and Prusoff (117) from the observed ICW values. The transport experiments in 

HeLa cells were conducted by Mrs. D. Mowles (University of Alberta).

Il.J .iii. X. laevis oocytes

In vitro synthesized transcripts were prepared from plasmids (SP6 or T7 

MEGAscript Kit Ambion, Austin,TX) in water and injected into mature stage IV oocytes of 

X. laevis as described previously (24). A parallel set of oocytes were injected with water 

alone for determination of basal uptake rates. Injected oocytes were incubated for 3 days at 

18*C in modified Barth’s medium (MBM: 88 mM NaCl, 1 mM KC1, 0.33 mM Ca(N03)2, 

0.41 CaCl2, 0.82 mM MgS04, 2.4 mM NaHCOj, 2.5 mM Na/pyruvate, 0.1 mg/ml 

penicillin, 0.1 mg/ml gentamycin sulphate, 10 mM HEPES, pH 7.5). MBM was changed 

daily and oocytes were washed once in Xenopus Transport Buffer (XTB, 100 mM NaCl, 

2mM KCI, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.5) prior to use in uptake 

assays.

Uptake of [3H]nucleosides by oocytes was measured by conventional tracer 

techniques (24). Briefly, uptake reactions were initiated by the addition of 0.2 ml 

[3H]nucleoside-containing XTB to 8-12 oocytes. For experiments with NBMPR, dilazep 

or dipyridamole, oocytes were incubgted for 30 min in XTB that contained inhibitor before 

the addition of XTB that contained [3H]nucleoside at the same concentration of inhibitor. 

Uptake was terminated by aspiration of the [3H]nucleoside-containing XTB, followed by 

six washes with ice-cold XTB. Individual oocytes were transfered to scintillation vials and
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solubilized in 0.5 ml 5% (w/v) SDS, after which 5 ml of EcoLite was added to each vial for 

determination of oocyte-associated [3H]nucleoside by scintillation counting. These 

experiments were performed in collaboration with Dr. S. Yao (University of Alberta) who 

prepared the oocytes and conducted the transport experiments (with the exception of those 

transport experiments presented in Chapter IV).

U .K . [3H]NBMPR binding

Intact yeast cells or membranes prepared from yeast as described above were 

assessed for their ability to bind [3H]NBMPR by a filtration assay described previously 

(7,118,119), with the following modifications. Yeast cells with pYhENTl, pYN48Q, or 

pYES2 were grown in CMM/GAL/MTX/SAA containing 40 pM thymidine (pYhENTl, 

pYN48Q) or 1 mM thymidine (pYES2) to an OD^ of 0.8-1.5. Cells were washed by 

centrifugation (500xg, 5 min, room temperature) three times in binding buffer (100 mM 

KC1, 1 mM CaCl2, 0.1 MgCl2, 10 mM TRIS-HC1, pH 7.4) and resuspended in binding 

buffer to an OD^ of 2. Duplicate samples (approximately 15 and 20 pg of protein per 

assay for yeast cells and membranes, respectively) were incubated at 22*C for 40 min with 

graded concentrations of [3H]NBMPR (0.12-24 nM) in binding buffer in the absence or 

presence of 10 pM dilazep (Sigma). Yeast cells or membranes were collected on Whatman 

GF/B filters (Whatman, Springfield, Mill, KY) under vacuum and the filters were washed 

four times with binding buffer. Individual filters were placed in scintillation vials with 10 

ml of EcoLite and the radioactivity associated with the filters was measured by scintillation 

counting. The amount of [3H]NBMPR that bound specifically to yeast cells or membranes 

was calculated from the difference between the amount of [3H]NBMPR that bound in the 

absence of 10 pM dilazep and the amount that bound in its presence. Dilazep has 

previously been shown to competigyely inhibit binding of NBMPR to the es transport 

protein and thus was used for assessment of non-specific NBMPR binding (120,121).

The inhibition of [3H]NBMPR binding by dilazep or dipyridamole was measured 

by Erst incubating assay mixtures for 10 min at room temperature with graded
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concentrations of dilazep or dipyridamole before the addition of [3H]NBMPR. The 

apparent inhibition constants (K, values) were calculated by the method of Cheng and 

Prusoff from the observed values (117).

II.L. Kinetics of dissociation and association of [3H]NBMPR

Intact yeast cells with pYhENTl or pYN48Q (grown in CMM/GAL/MTX/SAA 

with 40 pM thymidine) were incubated with 2.5 nM [3H]NBMPR in binding buffer for 40 

min at 22aC. The dissociation process was initiated by the introduction of a 104-fold 

excess of unlabelled NBMPR such that dissociated [3H]NBMPR molecules were diluted by 

unlabelled NBMPR, thereby preventing reassociation of [3H]NBMPR. Portions of the 

assay mixtures were removed at regular intervals and yeast cells were collected on 

Whatman GF/B filters under vacuum. Individual filters were washed twice with binding 

buffer and placed in scintillation vials with 10 ml of EcoLite, after which the radioactive 

content of individual filters was measured by scintillation counting. The association 

process was assessed by the addition of 2.5 nM [3H]NBMPR to yeast cells. Portions of 

the assay mixtures were removed at regular time intervals and yeast cells were collected on 

Whatman GF/B filters under vacuum as described for the dissociation process. The 

dissociation and association rate constants were calculated using a non-linear one-phase 

exponential dissociation and association equation using GraphPad PRISM software, 

respectively. Kinetic experiments were performed in collaboration with Dr. R. Mani 

(University of Alberta).

II.M. Reconstitution of hENTl and hENT2-mediated thymidine 

transport into proteoliposomes

Reconstitution of functional recombinant hENTl or hENT2 into proteoliposomes 

was performed by an adaptation of ajwocedure used previously for the reconstitution of the 

es transporter from mammalian cells (119,122,123). Membranes prepared from yeast 

cells with pYhENTl or pYhENT2 (grown in CMM/GAL/MTX/SAA with 40 pM 

thymidine) were solubilized in binding buffer containing 1.0% (w/v) octylglucoside
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(Sigma) and 0.15% (w/v) asolecdn for I h at 4*C with mixing. Solubilized membranes 

(200 pg/ml protein) were supplemented with sonicated lipids (Avanti Polar Lipids, 

Albaser, AL) consisting of phosphoddylcholine (bovine brain), cholesterol, 

phosphatidylethanolamine (egg) and phosphatidylserine (bovine brain) at a molar ratio of 

33:33:26:8 and a trace amount (10s dpmVml) of [l4C]cholesteryl oleate (Amersham) to 

allow quantitation of the lipid content of proteoliposomes. The removal of octylglucoside 

and formation of proteoliposomes was performed by gel filtration (Sephadex G-50 

medium, 1.5-cm x 38-cm column) of the lipid/protein/detergent mixtures at a flow rate of 1 

ml/min. Proteoliposomes were collected in the void volume and were either used 

immediately of frozen in ethanol/solid C02 and stored at -80‘C.

The uptake of [3H]thymidine into proteoliposomes (at 4°C) was initiated by the 

addition of 100-pl portions of proteoiiposome suspension (approximately 5 pg of protein, 

with or without inhibitors) to 25 pi of binding buffer that contained [3H]thymidine. Uptake 

was terminated by centrifuging the proteoiiposome mixture through Sephadex G-50 fine 

minicolumns (Fisher Scientific 1 ml disposable plastic syringe) equilibrated with a mixture 

of transport inhibitors (10 mM adenosine, 10 pM dipyridamole and 10 pM 

nitrobenzylthioguanosine (NBTGR; nitrobenzylthioguansoine; 2-amino-6-[(4-

nitrobenzyl)thio]-9-(|3-D-ribofuranosyl)purine)) in binding buffer. The eluate was

collected and the t4C and 3H contents were determined by scintillation counting. Results 

were normalized using [l4C]cholesteryl oleate as an internal standard to quantify the lipid 

content of proteoliposomes. Mediated uptake of [3H]thymidine was calculated from the 

difference between total uptake and non-mediated uptake, which was measured in the 

presence of 10 mM adenosine, 10 pM dipyridamole and 10 pM NBTGR. The sensitivity 

of [3H]thymidine uptake to inhibition by NBMPR was determined by incubating 

proteoliposomes for 10 min with graded concentrations of NBMPR in binding buffer prior 

to the initiation of [3H]thymidine uptake. Reconstitution experiments with hENTl and 

hENT2 were performed in collaboration with Dr. R. Mani (University of Alberta).
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II.N Sucrose Gradient Centrifugation

Yeast membranes prepared as described above (section HE) were fractionated on a 

20% (w/v) to 53% (w/v) continuous sucrose gradient (prepared in yeast breaking buffer) 

by centrifugation (98,124). Briefly, yeast membranes were layered atop a 10% (w/v) to 

53% (w/v) sucrose gradient followed by centrifugation (150 000 x g , 18 h, 4°C). One-ml 

portions of the gradient were removed and further subjected to centrifugation (60 min, 180 

000, 4'C). Pelleted membranes were immediately subjected to electrophoresis and 

immunoblotting as described in section HI.
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Table 11*1 Yeast strains used in this study

Strain Genotype Reference

KYI 14'

fuil::TRP

fun26::HIS

MATa, gal, ura3-52, trpl, lys2, ade2, his d2000

MATa, gal, ura3-52, trpl, lys2, ade2, his d2000, Afuilr.TRPl

MATa, gal, ura3-52, trpl, Iys2, ade2, his d2000, Afiin26::HIS3

(105) 

this study 

this study

1 KYI 14 is auxotrophic for the following nucieobase and amino adds (genetic markers ate in parentheses): 

uracil (ura3-52), tryptophan (trpl), lysine (lys2), and histidine (his d2000). KYI 14 was a generous gift of 

Dr. M. Ellison, Department of Biochemistry, University of Alberta.
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Table II-A Plasmids used in this study

Plasmid Features Reference 

and/or origin

Plasmids first used in Chapter ID

pYES2 yeast expression vector Invitrogen

pYFUIl FUU gene under control of GAL1 promoter in pYES2 this study

pYFUN26 FUN26 gene under control of GAL1 promoter in pYES2 this study

pYFUN26myc immunotagged (c-myc) FUN26 in pYES2 this study

pASS possesses TRP1 selectable marker Dr. B. Lemire1 (110)

pJJ215 possesses HIS3 selectable marker Dr. B. Lemire1

pSPG4T Xenopus laevis expression vector Dr. J. Young2 (111)

pGFUN26 FUN26 gene in pSPG4T this study

pGFUIl FUU gene in pSPG4T this study

1 a generous gift of Dr. B. Lemire, University of Alberta, Edmonton, AB.

2 a generous gift of Dr. J. D. Young, University of Alberta, Edmonton, AB.
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Table II-2B Plasmids used in this study

Plasmid Features Reference

and/or origin

Plasmids first dused in Chapter IV

pDHOl thymidine kinase cDNA from H. simplex under control 

of CUP1 promoter in YEp96

(103.106)

pQQHl rCNTl cDNA in pGEM3 Dr. J. Young1

(12)

pYiCNTl iCNTl in pYES2 this study

pYiCNTlmyc immunotagged (c-myc) rCNTl in pYES2 this study

pYAN16rCNTlmycr CNT1 lacking the N-terminal 16 amino acids in pYES2 this study

pYAN23rCNTlmyc rCNTl lacking the N-terminal 23 amino acids in pYES2 this study

pYAN3 lrCNTlmyc iCNTl lacking the N-terminal 31 amino acidss in pYES2 this study

pi 1.3 hCNTl cDNA in pGEM3 Dr. J. Young1

(15)

pYhCNTlmyc immunotagged (c-myc) hCNTl in pYES2 this study

PYAN23hCNTlmyc hCNTllacking the N-terminal 23 amino acids in pYES2 this study

pG3 NUPC gene in pGEM3 Dr. J. Young1

(77)

pYNUPCmyc immunotagged (c-myc) NUPC in pYES2 this study

Plasmids first used in Chapter V _

pYhENTl hENTl cDNA under control of GAL1 promoter in pYES2 this study

pYN48Q N48Q cDNA under control of GAL1 promoter in pYES2 this study
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1 a generous gift of Dr. J. D. Young, University of Alberta, Edmonton, AB.
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Table II-2C Plasmids used in this study

Plasmid Features Reference 

and/or origin

Plasmids first used in Chapter VI

pYhENT2 hENT2 cDNA under control of GAL I promoter in pYES2 this study

pYhENT2myc immunotagged (c-myc) of hENT2 in pYES2 this study

pYN48/57Qmyc immunotagged (c-myc) hENT2myc (N48/57Q)0 in pYES2 this study

pYN225Qmyc immunotagged (c-myc) hENT2myc (N225Q) inpYES2 this study

pYnulImyc immunotagged (c-myc) hENT2myc (N48Q, NS7Q, N225Q) in pYES2 this study

pcDNA3 mammalian expression vector invitrogen

pchENT2myc immunotagged (c-myc) HENT2 in pcDNA3 this study

i!
immunotagged (c-myc) N48/57Q mutant of hENT2 in pcDNA3 this study

pcN225Qmyc immunotagged (c-myc) N225Q mutant of HENT2 in pcDNA3 this study

pcnullmyc immunotagged (c-myc) hENT2myc (N48Q, NS7Q, N225Q) in pcDNA3 this study
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Table 11*3 Antibodies used in this study

_Aptibody Species Target Source

Primary Antibodies

9E10 mouse

a-PMAl rabbit

(125) 

a-PEP12

(126)

a-hENTl rabbit

a-hENT2 rabbit

Secondary Antibodies 

a-mouse-HRP3 goat

a-rabbit-HRP3

c-myc epitope (EQLISEEDL) BaBCo

plasma membrane ATP,* (PMA1) Dr. L. Fleigel1

rabbit PEP 12 protein (endosomal marker) Dr. D. Hogue1

SKGEEPRAGKEESGVSVSN 

residues 213 -  290 of hENT2

mouse IgG 

rabbit IgG

Dr. S. Baldwin1 

Dr. C. Cass4

JacksonLabs

JacksonLabs

1. A generous gift of Dr. L. Fliegel, Department of Biochemistry, University of Alberta, Edmonton, 

AB.

2. A generous gift of Dr. D. L. Hogue, B.C Cancer Research Center, University of British Columbia,

Vancouver, BC.

3. A generous gift of Dr. S. A. Baldwin, School of Biochemistry and Molecular Biology, University

of Leeds, Leeds, U.K.

4. Antibodies developed by Mr. M. Cabrita, Department of Biochemistry, University of Alberta,

Edmonton, AB, against a fusion polypeptide (unpublished results).

5. horse-radish peroxidase
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III.

Nucleoside Transport Processes of Saccharomyces cerevisiae1

l(A version ofthis chapter has been reported previously (127))

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

The proteins involved in membrane transport of nucleosides in the yeast 

Saccharomyces cerevisiae had not been characterized when this work was initiated. This 

.^chapter describes studies of two structurally unrelated membrane proteins with features that 

suggested their involvement in nucleoside transport processes of yeast: FUI1, an apparent 

member of the uracil/allantoin family of yeast permeases that was identified genetically as a 

putative uridine transporter, and FUN26, a predicted protein of unknown function with 

sequence similarity to members of the equilibrative nucleoside transporter (ENT) family. 

Disruption of fu il, the gene encoding the FUI1 protein, conferred resistance to 5- 

fluorouridine and eliminated the capacity for inwardly directed transport of extracellular 

[3H]uridine; these characteristics were reversed by over-expression of the FUI1 cDNA in 

the _/tu7-disruption mutant. In contrast, influx of [3H]uridine was unaffected either by 

disruption of the FUN26 gene (YAL022c) in uridine-transport competent yeast or by over­

expression of the FUN26 cDNA in -disruption mutants. These results indicated that 

inwardly directed transport of extracellular uridine into yeast was mediated by FUI1 and 

not by FUN26. FUI1 exhibited high-affinity transport of uridine (!(„,, 22 ± 3 pM) and the 

pattern of inhibition by non-radioactive test compounds indicated high selectivity for 

uridine since only partial, or no, inhibition was observed in the presence of high 

concentrations &  1 mM) of (i) thymidine, 2’-deoxyuridine, 2’-deoxy-5-fluorouridine and 

2,-deoxy-5-bromouridine, (ii) uracil, 5-fluorouracil, thymine, thiamine and allantoin, or 

(iii) selected purine nucleobases and nucleosides (i.e., guanosine, adenosine, inosine, 

cytidine, hypoxanthine, thymine, ribose). Production of recombinant FUN26 in oocytes 

of X. laevis stimulated inward fluxes of [3H]uridine, [3H]adenosine and [3H]cytidine. 

FUN26-mediated [3H]uridine transport in oocytes was independent of pH and insensitive 

to the classic ENT inhibitors dilazep, dipyridamole and NBMPR. Recombinant FUN26 

tagged with the c-myc immunoepitope also exhibited transport activity in oocytes. When 

yeast membranes containing recombinant FUN26myc were fractionated by continuous
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sucrose gradient centrifugation, immunoblotting of gradient fractions with antibodies 

against the c-myc epitope indicated that the epitope-tagged protein was present primarily in 

intracellular membranes. Taken together, these results suggested that nucleoside transport 

processes in S. cerevisiae are mediated by at least two proteins with different functional 

characteristics. FUI1, a member of the uracil/allantoin family, imports uridine across cell- 

surface membranes and has high selectivity for uracil-containing ribonucleosides. FUN26, 

a member of the ENT family, mediates passage of pyrimidine and purine nucleosides 

across intracellular membranes and has broad permeant selectivity.
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III.B INTRODUCTION

Among the earliest examples of transport systems genetically identified in S. 

cerevisiae were those responsible for the uptake of purine and pyrimidine nucleosides and 

nucleobases (52,53). While a great deal is now known about the proteins (FUR4, FCY2) 

responsible for nucleobase transport in S. cerevisiae, there is, as yet, little information 

about the proteins responsible for nucleoside transport. The import of 0.1 mM uridine 

across the cell surface has been demonstrated in S. cerevisiae, however, this transport 

process has not been kinetically characterized (53).

A nucleoside-specific vacuolar transport process with selectivity for adenosine and 

guanosine has been identified in S. cerevisiae (128). Direct measure of [MC]adenosine and 

[l4C]guanosine transport into isolated yeast vacuoles defined the kinetics of uptake with K„ 

values of 0.15 mM and 0.63 mM, respectively (128). The uptake of adenosine by 

vacuoles appeared to be dependent on the growth state of the yeast with variations in 

adenosine uptake rates that suggested a cell-cycle dependence of the transport process. The 

uptake of 0.6 mM adenosine into vacuoles was inhibited by S-adenosyl-L-methionine 

(0.25 mM, 100%), S-adenosyl-L-homocysteine (2.5 mM, 20%) and adenine (2.5 mM, 

25%) but not inosine (2.5 mM), guanosine (2.5 mM), hypoxanthine (2.5 mM) or AMP (5 

mM) (128). S-adenosyl-L-methionine was a competitive inhibitor of adenosine uptake into 

vacoules (128). Together, these experiments suggested that yeast vacuoles possess at least 

two nucleoside transport process, one preferring adenosine and S-adenosyl-L-methionine 

and the other preferring guanosine. These data could also be explained by a single 

nucleoside transporter, since the test concentration of guanosine (2.5 mM) for inhibition of 

adenosine transport was not much .greater than the Kg, value (0.63 mM) for guanosine 

transport. The molecular identity of the vacuolar transport preocess(es) has not, as yet, 

been identified (128).
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Database analysis of the S. cerevisiae genome indicated that the protein encoded by 

the yeast open reading frame YAL022c, termed FUN26 (function unknown now 26), 

shares limited amino acid identity (18%) with hENTl and hENT2 (18,19), leading to the 

suggestion that FUN26 may function as a nucleoside transporter protein (18). FUN26, 

which was identified as a result of the sequencing of chromosome 1 of S. cerevisiae (74), 

does not share sequence similarity with other yeast proteins. It is predicted to have S17 

amino acids (58.3 kDa) with 11 transmembrane-spanning domains, a large hydrophilic N- 

terminal tail (76 amino acids) and two large hydrophilic regions between transmembrane- 

spanning domains 1 and 2 (19 amino acids) and 6 and 7 (78 amino acids). FUN26 is not 

an essential protein since disruption of the gene (YAL022c) was not lethal (74).

FUI1 is a yeast protein unrelated to FUN26 that has also recently been suggested to 

be a putative nucleoside transporter (56). The locus encoding FUI1, which is on 

chromosome 2, was originally identified from a mutant with increased resistance to the 

cytotoxic nucleoside analog 5-fluorouridine (53). FUI1 is predicted to be a protein of 639 

amino acids (72 kDa) with 10 transmembrane-spanning domains. The resistance to 5- 

fluorouridine of the ./////-disruption mutant led to the suggestion that FUI1 is a uridine 

transporter (56). Computer-assisted classification placed FUI1 in the “uracil/allantoin” 

permease family (54,55) since it shares 70% and 69% amino acid similarity with FUR4 

(uracil permease) and DAL4 (allantoin permease), respectively. There is, as yet, no direct 

evidence that FUU encodes a membrane transporter with selectivity for uridine and/or 

uracil.

The work described in this chapter was undertaken to characterize the transport of 

uridine and other nucleosides in S. cerevisiaee. The identification of similarities between 

FUN26 and FUU with, respectively; members of the ENT and uracil/allantoin transporter 

families pointed to FUN26 and FUU as candidate nucleoside transporter proteins. 

Specifically, the aims of the work described in this chapter were to determine if FUU or
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FUN26 encode proteins with nucleoside transport activity and, if so, to characterize their 

transport characteristics.

The involvement of FUN26 and FUI1 in the import of extracellular uridine was 

assessed by analysis of the effects of disruption of the FUN26 and FUI1 genes (YAL022c, 

fu il) by insertional mutagenesis and reintroduction of the intact coding sequences in the 

pYES2 yeast expression vector. Toxicities of 5-fluorouridine and 5-fluorouracil were 

examined in plating studies because these drugs were used in the isolation of the fu il 

mutant that led to the suggestion that FUI1 is a uridine transporter. Uptake of extracellular 

[3H]uridine alone and in the presence of high concentrations (> 1 mM) of a variety of 

nucleosides and nucleobases was examined to assess the role of the recombinant proteins in 

the transport of uridine across yeast plasma membranes. FUU exhibited high affinity and 

selectivity for uridine and was shown to be the protein primarily responsible for inwardly 

directed transport of uridine into S. cerevisiae. Expression of the FUN26 cDNA failed to 

confer uridine transport capability on yeast with the YAL022c#ui7 gene disruptions. It 

was also tested in oocytes of X. laevis, because of the proven effectiveness of the latter 

system in the identification of nucleoside transporter proteins (12-16,18,19). The inability 

to detect native or recombinant FUN26-mediated uridine uptake activity in yeast suggested 

that FUN26 may not reside at the yeast cell surface. To determine if FUN26 localizes to 

internal membranes, the protein was tagged with the c-myc immunoepitope and yeast 

membrane fractions were prepared by continuous sucrose gradient centrifugation and 

analyzed for the presence of recombinant FUN26myc by immunoblotting.
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III.C  RESULTS

Ill.C .i Sequence comparison of putative nucleoside transport proteins

from S. cerevisiae

FUU, which was identified genetically as a uridine transporter (53,56), has high 

amino acid sequence identity with members of the “uracil/allantoin” permease family of S. 

cerevisiae (54,55). A sequence comparison of members of the uracil/allantoin permease 

family is presented in Table m-lA. The high degree of sequence identity with DAL4 

(allantoin permease, 56%), FUR4 (uracil permease, 55%), THUO (thiamine permease, 

29%) and two open reading frames that encode putative thiamine permeases suggested a 

functional relationship between FUU and the uracil/allantoin permeases.

FUN26, the protein of unknown function predicted from the YAL022c open 

reading frame, has 15-18% amino acid sequence identity with the human and rat members 

of the ENT family. A sequence comparison of selected members of the ENT family is 

presented in Table m -lB. This limited sequence identity, which was first noted when the 

hENTl cDNA was cloned (18), raised the possibility that FUN26 encodes a transporter of 

S. cerevisiae with selectivity for nucleosides and/or related compounds.

I ll.C .ii Disruption of the FUI1 and FUN26 genes

The gene loci for FUU and FUN26 were disrupted by insertional mutagenesis to 

allow determination of their functional characteristics independently of each other, taking 

advantage of the TRP17HIS3' phenotype of the KYI 14 yeast strain (Figure El-1). The 

TRP1 sequence, which encodes phosphoribosyl-anthranilate isomerase [EC 5.3.1.24], 

was inserted within the FUU coding sequence, the resulting /ur7::TRPl disruption 

fragment was introduced into KYI 14, and mutant yeast were selected in media that lacked 

tryptophan. Similarly, the HIS3 sequence, which encodes imidazoleglycerolphosphate 

dehydratase [EC 4.2.1.19], was inserted within the FUN26 coding sequence, the resulting 

fun26::HlS3 disruption fragment was introduced into KYI 14, and mutant yeast were
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selected in media that lacked histidine. The FUI1 and FUN26 gene disruption strategies 

are illustrated in Figures m -lA and m -lB, respectively. PCR analysis of yeast 

chromosomal DNA prepared from either the parental strain or the TR Pr and HIS3+ 

transformants confirmed disruption of the FUI1 and FUN26 loci, respectively (Figure III- 

~ 3C).

Ill.C .iii Cellular resistance to 5-fluorouridine and 5-fluorouracil by 

yeast with FUU and FUN26 gene disruptions

Yeast are sensitive to both 5-fluorouridine and 5-fluorouracil cytotoxicity (53) and 

disruption of a gene encoding a cell-surface transport protein that mediates uptake of either 

of these drugs would be expected to impart resistance to the drug. The experiments of 

Figure m-2 were undertaken to determine if disruption of the FUU or FUN26 genes 

and/or reintroduction of the cognate coding sequence on an expression plasmid altered 

sensitivity to either 5-fluorouridine or 5-fluorouracil. In the experiments with 5- 

fluorouridine (Figure m-2A), cultures of the parental (FU ir, FUN26*) strain or the 

Jun2<S-disruption mutant failed to grow when plated on solid medium that contained graded 

concentrations of 5-fluorouridine at concentrations ^  10 pM. In contrast, growth of the 

^/-disruption mutant was observed at the highest (1 mM) concentration of 5-fluorouridine 

tested. When the fu il-disruption mutant was transformed with pYFUIl and grown under 

inducing conditions, the resulting transformants exhibited even greater sensitivity to 5- 

fluorouridine than the parental (FU ir, FUN26*) strain, whereas when the KYI 14 parental 

strain was transformed with pYFUN26 and grown under inducing conditions, the 

sensitivity to 5-fluorouridine was unchanged. When similar plating experiments were 

undertaken with 5-fluorouracil, identical sensitivities were observed for all yeast strains and 

transformants (Figure m-2B). Taken together, the results of Figure m-2 suggested a role, 

presumably involving inwardly directed transport across the plasma membrane, for FUI1, 

but not for FUN26, in 5-fluorouridine toxicity and no role for either FUU or FUN26 in 5- 

fluorouracil toxicity.
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IILC.iv Uptake of uridine by yeast with FUI1 and FUN26 gene 

disruptions

To determine if the differences in 5-fluorouridine sensitivity observed in the 

experiments of Figure HI-3 were related to uridine-transport capacity, uptake of 1 pM 

[3H]uridine was measured into cells of the parental strain (FU ir, FUN26*) and \bcfuil- 

and /wn2<5-disruption mutants (Figure IH-3A). Uptake of uridine by cells of the fu il- 

dismption mutant was absent whereas uptake by cells of the ,/z0i2tf-disruption mutant was 

the same as that seen by cells of the parental (FUIP, FUN26+) strain. These results were 

consistent with the conclusion that FUU, and not FUN26, was responsible for the uridine 

transport activity observed in the parental (FUIP, FUN26+) strain.

In the experiments of figures III-3B and m-3C, the ability of recombinant FUU or 

FUN26 to reconstitute uridine-transport activity in the / m//-disruption mutant was assessed 

by measuring the uptake of 1 pM [3H]uridine into mutant cells transformed with either 

pYFUIl or pYFUN26 and grown under inducing conditions. Uptake of [3H]uridine was 

stimulated in pYFUU-containing yeast and this uptake was eliminated in the presence of a 

great excess (10 mM) of non-radioactive uridine (Figure m-3B). In contrast, 

reconstitution of uridine uptake activity was not observed when pYFUN26 was introduced 

into the /u«7-disruption mutant (Figure BI-3C). These results indicated that production of 

recombinant FUU, but not FUN26, in the recipient mutant cells restored the capacity for 

cellular uptake of uridine.

The linearity of uridine uptake time courses observed when the FUU cDNA was 

expressed in the /ui7-disruption mutant in the experiments of Figure IH-3B allowed 

measurement of initial rates of uptake, which are required for kinetic characterization of 

uridine transport. In the experiments of Figure IH-3D, the / mj7-disruption mutant 

harbouring pYFUIl was grown under inducing conditions and the initial rates of uptake 

were determined over a range of [3H]uridine concentrations. Uridine transport was
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saturable with K„ and values (mean ± SD), respectively, of 22 ± 3 pM and 

3500 ± 240 pmol/mg protein/s.

Detailed structure-activity studies were undertaken to identify compounds that 

inhibited FUI1-mediated uridine transport activity and were therefore candidate permeants 

of FUU. In the experiments of Figure in-4 the transport of 1 pM [3H]uridine was 

measured in the absence or presence of high concentrations of (i) nucleosides, nucleobases 

and ribose, (ii) uridine and uridine analogs (iii) substrates of the "uracil/allantoin" family of 

yeast permeases, or (iv) ENT transport inhibitors. The results of Figure IH4A 

demonstrated that FUU-mediated [3H]uridine uptake was inhibited completely by uridine, 

an indication that uptake was occuring in a mediated process. FUU-mediated uptake was 

inhibited partially by uracil, 5-fluorouracil and thymine, but not by ribose or the other 

nucleosides (i.e., guanosine, adenosine, inosine, cytidine, thymidine) or nucleobases (i.e., 

thymine, hypoxanthine) tested. The results of Figure III-4B demonstrated that FUI1- 

mediated [3H]uridine uptake was inhibited strongly by uridine analogs (5-fluorouridine = 

2’-deoxyuridine = 5-fluoro-5’deoxyuridine) and to a lesser extent by other uridine analogs 

(5-fluoro-2'-deoxyuridine = 5-bromo-2'-deoxyuridine = 5-methyluridine = 5-iodouridine). 

Although high concentrations of uracil inhibited FUU-mediated transport partially (Figure 

m-4A), the other substrates (allantoin, thiamine) of the uracil/allantoin permease were 

without effect when tested at 10 mM (Figure m-4C). Similarly, FUU-mediated transport 

was not inhibited by dilazep, dipyridamole or NBMPR (Figure m-4C), the “classic” 

inhibitors of the mammalian ENT family of proteins (2,14). Together, the experiments of 

Figure HI-4 demonstrated that FUU is a uridine-selective transporter with (i) preferences 

for uridine over uracil and the ribosyl over the deoxyribosyl moiety of uridine, and (ii) a 

low tolerance for modification of thc5-position of the base.

III.C.v Production of recombinant FUN26 in Xenopus laevis oocytes

The sequence similarity of FUN26 to the ENT proteins of mammalian cells (20%) 

suggested that FUN26 might be a nucleoside transporter (18), despite the failure to
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demonstrate FUN26-mediated uptake of uridine in yeast Since it was possible that 

FUN26 was not functional in yeast under the conditions of the experiments of Figure HI-5, 

recombinant FUN26 was produced and tested in oocytes of X. laevis using established 

procedures for functional expression of ENT proteins (16,18). In the experiments of 

Figure m-SA, the uptake of 20 pM [3H]nucleoside or [3H]nucleobase was measured over 

60 min in oocytes that had been injected with either FUN26 transcripts in water or water 

alone. FUN26 expression stimulated the uptake of [3H]cytidine, [3H]adenosine and 

[3H]uridine 6-9 fold and of [3H]thymidine and [3H]inosine only modestly (~2 fold) above 

that of water-injected oocytes. Expression of FUN26 had no effect on the uptake of 

[3H]hypoxanthine or [3H]uracil.

The activities of the yeast nucleobase transport proteins (FUR4, FCY2), which are 

nucleobase/proton symporters of plasma membranes, are dependent on proton 

concentration (63,68). To determine if FUN26 transport activity was dependent on 

symport of protons, the pH sensitivity of FUN26-mediated uridine uptake in X. laevis 

oocytes was examined in the experiments of Figure HI-5B. The uptake of 20 pM 

[3H]uridine from transport buffer at pH values of S.S to 7.5 was measured over 30 min 

into oocytes that had been injected three days earlier with either FUN26 transcripts in water 

or water alone. Uridine uptake by the FUN26-producing oocytes was the same at the 

tested pH values, indicating that the transport activity of FUN26, like that of the 

mammalian ENTs, was not pH dependent

The effects of ENT transport inhibitors (NBMPR, dilazep and dipyridamole) on 

FUN26-mediated uridine transport in X. laevis oocytes were examined in the experiments 

of Figure m-5C. The uptake of 20 pM [3H]uridine by FUN26-producing or non­

producing oocytes was measured imransport buffer alone or in transport buffer that also 

contained NBMPR, dilazep or dipyridamole. Uridine uptake by the FUN26-producing 

oocytes was unaffected by 10 pM NBMPR, dipyridamole or dilazep, suggesting that these 

inhibitors do not interact with FUN26.
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Ill.C .vi Production of FUN26myc in yeast

The transport characteristics of recombinant FUN26 produced in X. laevis oocytes 

indicated that FUN26 has nucleoside transport activity. However, cell surface FUN26- 

mediated uridine transport activity was not detected in yeast using indirect (plating assays) 

or direct ([3H]uridine transport) methods in either loss-of-function (/K/»26-disruption 

mutant) or gain-of-function (pYFUN26-harbouring yeast) experiments. To address the 

biological role of FUN26 in yeast, an immunotagged (c-myc) version of FUN26 was 

generated (FUN26myc) to enable cellular localization of the recombinant protein. 

Membranes that were prepared from yeast harbouring either pYFUN26myc or pYES2, and 

that had been grown under inducing conditions (CMM/GAL) were solubilized, 

electrophoresed and subjected to immunoblotting with anti-c-myc monoclonal antibodies 

(Figure m-6A). Immunoreactive material that migrated with mobility (55 kDa) similar to 

that expected of FUN26 (58.3 kDa) was detected in membranes of pYFUN26myc- 

containing yeast (lane 2) and was not present in membranes of pYES2-containing yeast 

(lane 1). These results, which demonstrated the presence of the recombinant protein in 

yeast membranes, raised the possibility that FUN26myc (and therefore also FUN26) may 

reside in intracellular membranes. Addition of the c-myc epitope did not affect the function 

of the protein since production of recombinant FUN26myc in X. laevis oocytes stimulated 

[3H]uridine uptake (5.8 ±0.8 pmol uridine/oocyte/60 min).

IH.C.vii FUN26myc is predominantly located in intracellular 

membranes of yeast

The presence of recombinant FUN26myc in yeast membranes, combined with the 

absence of detectable FUN26-transport activity in intact yeast, suggested a role for FUN26 

in intracellular membranes. The cellular location of recombinant FUN26myc was assessed 

by density-gradient fractionation and immunoblotting. Membranes from yeast (KYI 14) 

harbouring pYFUN26myc and grown in inducing (CMM/GAL) conditions were prepared 

and subjected to continuous sucrose gradient (20% (w/w) - 53% (w/w)) centrifugation.
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Gradient fractions were subjected SDS-PAGE and inunuoblotting (Figure ID-6B) using 

antibodies against (i) the c-myc epitope (to detect FUN26myc), (ii) PMA1 (a yeast plasma 

membrane resident protein) (125) and PEP12 (an intracellular, prevacuolar membrane 

resident protein) (126). The plasma membrane marker (PMA1) was distributed throughout 

the sucrose gradient as described previously for yeast (98,124) and the intracellular 

membrane marker (PEP 12) was distributed in greatest abundance in just two or three 

fractions. Recombinant FUN26myc, which was detected with anti-c-myc antibodies, 

displayed a distribution pattern that closely resembled that of PEP12, suggesting that 

recombinant FUN26myc was predominantly present in intracellular membranes.
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III.D DISCUSSION

Cytotoxicity of nucleoside analogs has been used by others as a functional screen to 

identify nucleoside transport processes in S. cerevisiae (53,56). While these assays 

provided indirect evidence of the nucleoside transport activity of FUU, unequivocal 

demonstration of its role as a cell-surface nucleoside transporter by direct measure of 

nucleoside fluxes was not provided.

Sequence comparisons identified an open reading frame (YBL042c) that is 

predicted to encode a protein (FUU) that belongs to the uracil/allantoin permease family 

(54,55). The experiments of Figure ID-2 established that disruption of the FUU-gene 

locus leads to increased resistance to the cytotoxic nucleoside analog 5-fluorouridine (56), 

suggesting that the FUU protein may be involved in the cellular uptake of uridine and 

uridine analogs. Overexpression of recombinant FUU increased the sensitivity of yeast to 

5-fluorouridine, a result that was consistent with FUU involvement in cell-surface uptake 

of 5-fluorouridine or in the subsequent anabolism of 5-fluorouridine. Its functional role 

was directly assessed in the experiments of Figure HI-3 in which FUU was shown to 

encode a cell-surface uridine transporter by several criteria: (i) disruption of the FUU gene 

abrogated [3H]uridine transport, (ii) overexpression of the FUU cDNA in the Juil- 

disruption mutant restored [3H]uridine uptake to levels greater than those observed in the 

parental strain, and (iii) FUU-mediated [3H]uridine uptake was a saturable process that 

conformed to Michaelis-Menten kinetics (Kg, = 22 ± 3 pM; = 3500 ± 35 pmol/mg 

protein/s). Together, these experiments established that the FUU gene encodes a 

nucleoside transport protein with a high affinity for uridine.

Candidate penneants and/or inhibitors of FUU were identified by assessing FUI1- 

mediated [3H]uridine transport in the absence or presence of a high concentration of the test 

compound. The capacity to inhibit [3H]uridine transport was indicative of either substrate 

or inhibitor activity for the transporter and therefore provided information about the relative
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affinities of FUI1 for various nucleoside derivatives. FUI1 was shown to: (i) prefer 

uridine over uracil, (ii) prefer a hydroxyl group on the 2’-position of the ribosyl over the 

deoxyribosyl moiety, and (iii) have a low tolerance for substitutions (F-, Br-, CH,-, I-) at 

the 5-position of the base. FUIl-mediated [3H]uridine transport was not inhibited by 

purine nucleosides, hypoxanthine or ribose, indicating little, if any, interaction of these 

compounds with FUU. FUU also lacked sensitivity to inhibition by NBMPR, dilazep, 

and dipyridamole. Although FUU shares high sequence identity with other members of 

the uracil/allantoin permease family, it evidently has minimal overlapping substrate 

selectivities with other family members since FUIl-mediated uridine uptake was not 

inhibited by allantoin or thiamine and was only modestly inhibited (~30%) by a high 

concentration (10 mM) of uracil.

Analysis of the S. cerevisiae genomic databases identified the open reading frame 

YAL022c (FUN26) as encoding a protein that resembles members of the ENT family of 

membrane proteins (18). The limited sequence identity of FUN26 with members of the 

ENT family (e.g., 18% identity with hENTl and hENT2) suggested that there might be 

conservation of function between FUN26 and ENT family members. Recombinant 

nucleoside transport proteins from a variety of organisms have been functionally expressed 

in oocytes of X. laevis (12,15,16,18,19). Since FUN26 transport activity was not 

detected in yeast, X. laevis oocytes were used for functional expression of FUN26 

transcripts to determine if the FUN26 protein has nucleoside transport activity. 

Recombinant FUN26 protein mediated transport of adenosine, cytidine, uridine and to a 

lesser extent, inosine and thymidine, whereas the nucleobases, uracil and hypoxanthine, 

were not transported. FUN26-mediated uridine transport activity was independent of pH, 

a feature characteristic of mammalian ENT family members. FUN26-mediated transport 

activity was not inhibited by NBMPR, dilazep or dipyridamole suggesting that these 

inhibitors do not interact with FUN26.
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Disruption of the FUN26 gene locus did not alter cell-surface uridine transport 

activity even though recombinant FUN26 exhibited uridine transport activity when 

produced in X. laevis oocytes. The apparent lack of FUN26-mediated cellular uptake of 

uridine suggested that recombinant FUN26 was either (i) not produced in yeast harbouring 

~'pYFUN26 and grown under inducing conditions, or that (ii) recombinant FUN26 was 

produced but not present at the ceil surface. Immunoblotting of yeast membranes prepared 

from pYFUN26myc-containing yeast that were grown under inducing (CMM/GAL) 

conditions demonstrated that recombinant FUN26myc was membrane associated. 

Fractionation and immunoblotting of yeast membranes containing FUN26myc 

demonstrated that FUN26myc was not present in plasma membranes but rather co-localized 

predominantly with a marker of late endosomes (PEP 12). Thus, it appeared that FUN26 

nucleoside transport activity was not detected at the cell surface because FUN26 resides in 

membranes of late endosomes and, as such, may include vacuolar membranes.

In S. cerevisiae, the vacuole serves the role of, and has long been considered to be 

identical to, the mammalian lysosome (129). In yeast the vacuole serves as the site of 

degradation of macromolecules, and a variety of integral membrane proteins of the vacuolar 

membrane are responsible for the uptake and release of vacuolar contents. Transport 

processes that have been previously identified in yeast vacuoles include those for amino 

acids (130,131), phosphate (132), calcium (133), glutathione conjugates (134) and 

nucleosides (128). Direct measure of MC-nucleoside transport in vacuoles isolated from S. 

cerevisiae has identified nucleoside transport process(es) involved in the uptake and release 

of adenosine and guanosine (128).

Similarly, the nucleoside transport activity of human lysosomes resembles that of 

an ENT protein. Adenosine transport activity in purified lysosomes occurs via a mediated 

process (Kg, = 9 mM) that is independent of pH and sensitive to inhibition by the ENT 

transport inhibitors NBMPR and dipyridamole (8). Additionally, adenosine transport by 

the ENT-like lysosomal transporter is inhibited by competing purine and pyrimidine
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nucleosides (8), suggestive of a nucleoside transport protein with broad substrate 

specificity.

In conclusion, these results suggest that FUI1 and FUN26 mediate cell-surface and 

intracellular nucleoside transport, respectively, in S. cerevisiae. Functional analysis of the 

FUI1 gene product in S. cerevisiae indicated that FUI1 is highly selective for uridine and 

thus may serve as the predominant salvage route of extracellular uridine. Functional 

expression of FUN26 transcripts in oocytes of X. laevis indicated that the FUN26 protein 

has nucleoside transport activity of broad specificity with a preference for adenosine, 

cytidine and uridine. However, FUN26 gene disruption and overexpression had no 

detectable effect on import of extracellular uridine, in marked contrast to FIJI gene 

disruption and overexpression. Recombinant FUN26 co-localized predominantly with a 

marker of late endosomes, PEP12, suggesting that the FUN26 protein plays a functional 

role in intracellular membranes. A prime candidate is the yeast vacuolar membrane, which 

is known to possess nucleoside transport activity. Analysis of all known genes in S. 

cerevisiae for their expression during the cell cycle has determined that FUN26 mRNA is 

most abundant during M-phase (103). Thus, a possible role of FUN26 is the vacuolar 

release of nucleosides (e.g., adenosine, uridine, cytidine) produced by vacuolar catabolism 

of nucleic acids during the period of rapid RNA and DNA synthesis leading up to cell 

division.
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Figure III-l Disruption of the FUU and FUN26 gene loci in yeast 

The PCR-mediated one-step gene disruption strategy is shown for FUU (Panel A) and 

FUN26 (Panel B). The PCR-mediated gene disruption methods were as described in 

Chapter n, section HA.i. The open bars denote the cDNA coding regions and the hatched 

bars denote the selection markers; the expected size of the disruption constructs is denoted 

below each diagram. Panel C shows PCR confirmation of FUN26::HIS3 and 

FUI1::TRP1 gene-disruptions. PCR reactions using yeast chromosomal DNA (parental 

and mutant) or plasmid from the disruption constructs as the templates in combination with 

the FUN26-specific primers (5’FUNkpnI/3’FUNsphI) (lanes 1-4) or the FUIl-specific 

primers (5’ FUI1 sacI/3 ’FUI1 sphl) (lanes 5-8) were conducted as described in Chapter II, 

section n.A.i. The templates were as follows: lane 1, KYI 14; lane 2, FUN26::HIS3 

disruption plasmid; lane 3, candidate FUN26:HIS3 mutant; lane 4, water control; lane 5, 

KYI 14; lane 6, FUU::TRP1 disruption plasmid; lane 7 candidate FUI1::TRP1 mutant; lane 

8, water control. A 10-pl portion of the PCR reaction was resolved on a 1% agarose gel, 

and the positions of DNA standards are denoted on the left (bases).
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Figure 111*2 Cellular resistance to 5*fluorouridine and 5-fluorouracil

The parental (FUN26\ FUIi+) yeast strain (KYI 14, lane 1), the fun26- and fu il- 

disruption mutants (fuil::TRP1, lane 2;/wn2(5::HIS3) lane 3), the fuil-disruption mutant 

transformed with the pYFUIl plasmid (lane 4) and the parental strain (FUN26+, FUI1+) 

strain transformed with pYFUN26 (lane S) were grown in CMM/GAL medium and re­

suspended in CMM/GAL to OD ,̂, values of 1.0,0.1, 0.01, or 0.001. Ten-pl portions of 

the diluted cultures were plated on solid media possessing graded concentrations (0-1000 

pM) of 5-fluorouridine (Panel A) or 5-fluorouracil (Panel B) and cell growth on plates 

was assessed after 2.5 days at 30‘C.
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Figure III-3 Loss of uridine transport activity in /n il-d isru p tio n  

mutants and its reconstitution by introduction and over-expression of a 

FU Il-containing plasmid

Panel A: A comparison o f uptake by parental yeast and the fu il-  and fun26- 

disruption mutants. The uptake of 1 pM [3H]uridine was measured as a function of 

time into KYI 14 (-■-), fuil::TRPl (-T-) or fun26::HIS3 (-▲-), yeast grown in 

CMM/GLU medium as described in Chapter n, section II.J.i. Panel B: Reconstitution  

o f transport in fuil-disruption mutants by FUI1 expression. The uptake of 1 

pM [3H]uridine was measured as a function of time in the absence (-■-) or presence (-A-) 

of 10 mM non-radioactive uridine into fuil::TRP/pYFUIl yeast that had been grown in 

CMM/GAL medium. Panei C: Failure o f expression o f the FUN26 coding 

sequence to reconstitute transport in fuil-disruption mutants. The uptake of 1 

pM [3H]uridine was measured as a function of time into KYI 14 (-■-), 

fuil::TRPl/pYFUN26 (-▼-), or fuil::TRPl/pYES2 (-A-) yeast grown in CMM/GAL 

medium. Panel D: Saturability o f FUIl-mediated uridine transport. Initial rates 

of [3H]uridine uptake were determined into fuil::TRPl/pYFUIl grown in CMM/GAL as 

shown in Panel B. The rate of FUIl-mediated uptake is presented as a function of the 

uridine concentration tested. Initial rates of uptake were determined from the slopes of 

linear portions of uridine uptake time courses over short (0-9 s) time periods. Results are 

means ± S.D. of triplicate determinations. Error bars are not shown where values were 

smaller than those represented by the symbols. Representative experiments are shown; 

three separate experiments yielded similar results.
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Figure 111*4 Inhibition of FUIl*mediated uridine transport by nucleosides, 

nucleobases and related substances: identification of candidate permeants

and inhibitors

The uptake of 1 pM [3H]uridine was measured as described in Chapter II, n.J.i, 9s after 

addition of the radioactive tracer solution into fuil::TRP/pYFUIl yeast (grown in 

CMM/GAL) that were first incubated for 20 min in the absence (alone) or presence of: 

(Panel A) nucleosides, nucleobases and ribose; (Panel B) uridine and uridine analogs or 

(Panel C) thiamine, allantoin or various ENT transport inhibitors. Results are means ± 

SEM of individual experiments (3 samples per condition) that were performed 3-20 times 

(the number of individual experiments performed is presented in parentheses).
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Figure 111*5 FUN26-mediated uptake of nucleosides in oocytes of X . 

laevis

Oocytes were injected with water alone (open bars) or with water containing RNA 

transcripts for FUN26 (closed bar), as described in Chapter n, section IlJ.iii. After 

incubation for 3 days, the uptake of 20 pM [3H]nucleoside or [3H]nucleobase (as indicated) 

was measured (60 min, 20*C). Rates of uptake represent the mean (± S.D.) of 8-10 

oocytes. Representative experiments are shown, three separate experiments yielded similar 

results. (Panel A) FUN26-mediated [3H]nucleoside and [3H]nucleobase 

transport. The uptake of 20 pM [3H]nucleoside or [3H]nucleobase (as indicated) was 

measured (60 min, 20*C). (Panel B) pH dependence o f FUN26-mediated 

transport. The uptake of 20 pM [3H]uridine was measured (30 min, 20°C) into oocytes 

injected with water alone (open bars) or with water that contained RNA transcripts for 

FUN26 (closed bars) in transport medium at pH 5.5 or 7.5 (as indicated). (Panel C) 

Effects o f ENT Inhibitors on FUN26-mediated transport. The uptake of 20 pM 

[3H]uridine was measured (60 min, 20*C) into oocytes injected with water alone (open bar) 

or with water that contained FUN26 transcript (closed bar) with or without NBMPR, 

dilazep or dipyridamole (as indicated).
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Figure III-6 Production and subcellular location of recombinant 

FUN26myc in yeast membranes

(Panel A) Membranes (20 fig), prepared as described in Chapter II, section RE, from 

yeast with pYES2 Cane 1) or pYFUN26myc (lane 2), grown in CMM/GAL medium, were 

subjected to immunoblotting with the 9E10 anti-c-myc monoclonal antibodies. The 

positions of the molecular mass markers are indicated at the left. (Panel B) Yeast 

membranes possessing recombinant FUN26myc were subjected to fractionation by 

continuous sucrose gradient centrifugation as described in Chapter R  section RN. The 

membranes from 1-ml portions of the gradient were subjected to immunoblotting using: (i) 

the 9E10 anti-c-myc monoclonal antibody (to detect FUN26myc), (ii) anti-PMAl (plasma 

membrane ATPase) polyclonal antibodies (plasma membrane specific) (125), (iii) anti- 

pepl2 polyclonal antibodies (prevacuolar membrane specific) (126). The fraction numbers 

(2-13) correspond to the sequential fractions from the top of the gradient (2) to the bottom 

of the gradient (13). Two separate experiments yielded similar results, and those from one 

are shown.
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Table III>1 Sequence comparisons of members of the “uracil/allantoin” 

transporter family and ENT family

A comparison matrix of amino acid identity is presented for members of the uracil/allantoin 

transporter family (Table 1A) and members of the equilibrative nucleoside transporter 

family (Table IB). Comparison were performed using “Bestfit” software from GCG 

(genetics computer group).

Table 1A

THI10 YOR192c YOR071c FUR4 DAL4 FU U

THI10 100

YOR192c 87 100

YOR071c 84 82 100

FUR4 29 28 30 100

DAL4 30 30 31 70 100

FUI1 29 29 28 55 56 100

Table IB

hENTl rENTl hENT2 rENT2 FUN26

hENTl 100

rEN Tl 87 100

hENT2 50 51 100

rENT2 50 49 88 100

FUN26 18 15 18 16 100
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IV.

Functional expression of mammalian and bacterial concentrative nucleoside 

transporters in Saecharomyees cerevisiae.
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IV.A ABSTRACT

Described here is the use of the yeast S. cerevisiae to study recombinant 

concentrative nucleoside transport proteins. A selection strategy in S. cerevisiae was 

utilized based on the ability of an expressed nucleoside transporter cDNA to mediate the 

uptake of thymidine under selective conditions which deplete the yeasts' endogenous 

thymidylate pools. It was shown that the pyrimidine-nucleoside specific concentrative 

transporters from rat (rCNTl), human (hCNTl) and Escherichia coli (NUPC) were able to 

complement the imposed thymidylate depletion. Using purine and pyrimidine nucleosides 

to inhibit transporter-mediated rescue of yeast, the apparent substrate selectivides of the 

three nucleoside transporters were shown to include pyrimidine nucleosides (cytidine, 

uridine) and adenosine, but not other purine nucleosides (guanosine, inosine). It was 

found that N-terminally truncated versions of rCNTl and hCNTl (lacking up to 31 amino 

acids) also produced functional transporters able to complement the thymidine transport 

deficiency in yeast. In addition, open reading frames from Haemophilus influenzae 

(HI0519) and Helicobacter pylori (HP1180), identified from database searching for rCNTl 

orthologs, were shown to encode nucleoside transporter proteins by their ability to 

complement the imposed thymidine depletion of the selection strategy. The HI0519 

reading frame was shown to encode a protein with an apparently broad substrate specificity 

which included both purine and pyrimidine nucleosides. This work represents the 

development of a new model system for the functional expression of nucleoside transporter 

proteins. Characterization of members of the CNT family with known substrate specificity 

facilitated the validation of this model expression system that was used to identify two 

previously unknown and uncharacte{ized nucleoside transporter proteins.
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IV .B . INTRODUCTION

Production of heterologous recombinant proteins in the yeast S. cerevisiae has 

proven to be a powerful approach to study membrane proteins from different organisms. 

When this work was initiated only a few mammalian membrane transport proteins had been 

functionally expressed in S. cerevisiae including the Band 3 anion exchange protein (AE1) 

(98), the multidrug resistance proteins mdrl and mdr3 (99) and the cystic fibrosis 

transmembrane conductance regulator (CFTR) (100). The goal of the work described in 

this chapter was to develop S. cerevisiae as a model expression system to permit 

characterization of recombinant nucleoside transporter proteins. S. cerevisiae lacks an 

endogenous cell surface thymidine-specific nucleoside transport process (52) and so are 

well suited for uptake experiments which measure the aquisition of thymidine transport 

capability. This has the advantage of allowing introduction of a known cDNA species into 

yeast possessing a thymidine-transport null background, and the ability to examine mutant 

nucleoside transport proteins generated by site directed mutagenesis of the wild-type 

cDNA. Finally, development of yeast as a model expression system for nucleoside 

transporter proteins would permit the characterization of unknown or putative nucleoside 

transporter proteins, identified as a result of completed and ongoing genomic sequencing 

projects.

The cloning strategy to isolate nucleoside transporter cDNAs by functional 

expression in 5. cerevisiae devised by Hogue etal. (105,106) was used as the basis for 

development of the yeast expression system (see Chapter I, I.K.iii). Briefly, inhibition of 

de novo production of dTMP from dUMP by exposure to methotrexate (MTX) and 

sulfanilamide (SAA) prevents growth of S. cerevisiae by “thymidylate starvation”

(105,106). Cell growth can not normally be restored by the addition of exogenous 

thymidine as yeast lack the capacity for thymidine salvage; yeast lack mechanisms for the 

transport of thymidine across the plasma membrane and for phosphorylation of thymidine
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to dTMP (52,53). Thus, it was predicted that introduction of a nucleoside transporter 

cDNA into yeast made competent for thymidine phosphorylation would complement 

growth under the selective conditions of MTX and SAA if a source of extracellular 

thymidine was provided. A functional selection strategy was developed to screen cDNA 

libraries for clones capable of complementing cell growth on the basis of their ability to 

confer the capacity for inward transport of thymidine across the yeast plasma membrane

(105,106) in a yeast strain that also contained a thymidine-kinase expression plasmid. This 

approach identified a truncated version of a highly conserved (> 98% identity in humans 

and mice) membrane protein of mice that allowed yeast to grow under the selective 

conditions imposed by importing thymidine (105). This novel protein (MTP) has 

subsequently been shown, when produced in full-length form in yeast, to confer resistance 

to nucleobase analogs, antibiotics, anthracyclines, ionophores, and steroid hormones and 

reside in vacuolar membranes (135).

A cDNA encoding the pyrimidine nucleoside-specific nucleoside transporter protein 

from rat intestine (rCNTl) was isolated in 1994 by Huang et al. by functional cloning 

using oocytes of X. laevis as a model system (12). Although a cDNA encoding a candidate 

nucleoside transporter protein had been reported earlier (136), its capacity for nucleoside 

transport was never established, making rCNTl the first mammalian nucleoside transporter 

to be identified by molecular cloning. The human ortholog, hCNTl, was subsequently 

identified by PCR-based molecular cloning and functional characterization in oocytes of X . 

laevis (15). A pyrimidine nucleoside-specific transporter from E. coli (NUPC), which had 

been previously identified genetically (75) was also functionally produced and characterized 

in the X. laevis model expression system (77). Since thymidine is a permeant of rCNTl, 

hCNTl and NUPC, their expression in yeast was predicted to mediate the inward transport 

of thymidine, thereby allowing cell survival under the selective conditions imposed by 

MTX and SAA. These previously characterized nucleoside transporters, therefore, served
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as the basis from which to develop S. cerevisiae as a model expression system for 

nucleoside transporters.

Analysis of genomic databases identified numerous CNT orthologs among a variety 

of species (see Chapter 1, Figure 1.3). Open reading frames from H. pylori (HPU80) 

(137) and H. influenzae (HI0519) (138) are predicted to encode proteins with sequence 

limited identity to known purine and pyrimidine-nucleoside and purine-nucleoside specific 

CNT family members (see Figure IV.F-1). HP1180 and HI0519 are predicted to encode 

proteins of, respectively, 418 (44 kDa) and 417 (44 kDa) amino acids, possessing 8-13 

transmembrane spanning domains. It is not known if the structural conservation is 

reflected in functional conservation, nor have similarity searches permitted a prediction of 

substrate specificity of these putative CNT family members. The MTX/SAA selection 

strategy was used to explore the potential nucleoside transport activities of the proteins 

encoded by the open reading frames from H. injulenzae (HI0519) and H. pylori 

(HP1180).
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IV.C. RESULTS

IV.C.ii. Functional expression of rCNTl and AN31rCNTl in S.

.cerevisiae

The ability of recombinant rCNTl to complement the thymidine transport-defective 

phenotype of S. cerevisiae was first assessed by plating pYrCNTl-containing yeast under 

the MTX/SAA selective conditions. There was no growth, except in the plates made with 

media that contained 1000 pM thymidine (Figure IV-1). rCNTl does not possess a 

recognized targeting leader sequence in the N-terminal portion of its inferred amino acid 

sequence. In addition, it has a large number of charged residues in the N-terminal portion 

preceding the first predicted transmembrane domain that may have impaired the targeting of 

the recombinant protein in yeast. To circumvent some of the influence of the N-terminal 

sequence, a portion of the S'-coding region of the rCNTl cDNA was deleted to remove the 

initiating methionine and immediate downstream N-terminal amino acid sequence such that 

translation would initiate at the methionine at position 32 in the rCNTl amino acid 

sequence. This deletion also had the effect of bringing the initiating methionine codon 

(Met-32) much closer to the GAL1 promoter. The results of the experiments of Figure IV-

1 established that the truncated rCNTl construct (rCNTlAN31) complemented the

thymidine transport-defective phenotype in the presence of 100 pM thymidine when grown 

under inducing conditions (i.e., in galactose containing media), but not when grown under 

non-inducing conditions (i.e., in glucose-containing media). There was no colony growth 

in the absence of thymidine and normal growth was observed in the presence of 1000 pM 

thymidine (a concentration that will enter cells by passive diffusion) (Figure IV-1). Thus, 

the removal of the N-terminal 31 amino acid residues or the increased proximity of the 

initiating methionine to the GAL1 promoters (or both) resulted in the production of 

functionally active rCNTl.
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IV.C.iii. Production of AN31rCNTl and rCNTl mRNA in S. cerevisiae

The ability of pYAN31 rCNTl, but not pYiCNTl, to rescue yeast subjected to

thymidylate starvation suggested that AN31rCNTl, but not rCNTl, was expressed in

yeast Northern analysis was performed using RNA samples prepared from yeast cells

with either pYAN31rCNTl, pYrCNTl or pYES2 that were cultured (i) in CMM/GLU

(transcription repressive, non-selective conditions) or (ii) in CMM/GAL (transcription 

inducing, non-selective conditions). This analysis determined that mRNA corresponding

to both AN31rCNTl or iCNTl was present, respectively, in pYAN31rCNTl-containing

and pYrCNTl-containing yeast, but not in pYES2-containing yeast (Figure IV-2). A

single band of -1900 nucleotides was detected in pYAN31 rCNTl-containing and

pYrCNTl-containing yeast grown in either medium with galactose (CMM/GAL) or 

medium with glucose (CMM/GLU). No signal was present in the pYES2-containing cells 

under any of the experimental conditions. These results, which demonstrated the presence

of rCNTl and AN31 rCNTl mRNA in cells with, respectively, pYAN31rCNTl and

pYrCNTl, also indicated the transcription of the cDNAs when grown in the presence of 

either glucose or galactose. Finally, these results suggested that the inability of rCNTl to 

complement the imposed thymidine-transport deficiency in the complementation assay was 

due to problems at the level of translation of the rCNTl transcript
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IV.C.iii. Functional production of rCNTl and AN31rCNTl in X. laevis 

oocytes

To confirm that the N-terminally truncated protein, AN31rCNTl, encoded a

functional nucleoside transporter, recombinant rCNTl and AN31rCNTl were produced

and tested in oocytes of X. laevis using established procedures for functional expression of 

CNT proteins (12,24). In the experiments of Figure IV-3, the uptake of 10 pM

[3H]uridine was measured over 30 min in oocytes that had been injected with AN3 lrCNTl

in water, rCNTl transcripts in water or water alone. Transport measurements were carried 

out in Xenopus Transport Buffer (XTB, section n.J.iii) that contained graded 

concentration of sodium (NaCl concentrations were 100 mM, 2 mM or 0 mM) to confirm

that AN31 rCNTl retained its sodium-dependent transport activity. rCNTl stimulated the

uptake of [3H]uridine above that of water-injected oocytes when assayed in XTB that 

contained lOOmMNaCl. Uridine uptake was reduced when measured in XTB containing 

2 mM NaCl, and transport was reduced to background levels in the absence of NaCl.

AN3 lrCNTl was also shown to stimulate the uptake of [3H]uridine above that of water-

injected oocytes in XTB that contained 100 mM NaCl, although at levels reduced compared

to rCNTl. Similarly, AN3lrCNTl uridine transport activity was reduced when measured

in XTB containing 2 mM NaCl, and was eliminated in the absence of NaCl. Together, 

these results confirmed the observation of the complementation assay indicating that

AN3 lrCNTl is a functional nucleoside transporter protein. Furthermore, these results 

determined that AN3 lrCNTl retained sodium-dependence for transport
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IV.C.iv. rCNTlmyc, AN16rCNTlmyc, AN23rCNTlmyc, and

AN31rCNTlmyc complement a thymidine-transport deficiency in yeast

To determine the importance of the N-terminal portion in production of functional 

~ transporter, a series of mutants were engineered that relied on initiation of translation from 

either the first predicted methionine residue or from each of several downstream methionine 

residues. In each instance the c-myc immunoepitope was added to the C-terminus of 

rCNTl to enable immunodetection of the recombinant proteins. To ensure close promoter 

proximity of the initiating methionine, the cDNA sequences encoding each initiating 

methionine were cloned into the Kpnl restriction site of the pYES2 vector, approximately 

20 base-pairs downstream of the GAL1 promoter.

The experiments shown in Table IV-1 established that expression of the 

pYiCNTlmyc cDNA rescued yeast from drug-imposed depletion of dTMP. Additionally,

these experiments established that the truncated versions of rCNTl (ANl6rCNTlmyc,

AN23rCNTlmyc and AN31rCNTlmyc), which relied on methionine residues downstream

(methionine residues 17, 24 and 32, respectively) of the first predicted methionine for 

translation of initiation, also rescued yeast from drug-imposed depletion of dTMP. Yeast

cells with pYiCNTlmyc, pYAN16hCNTlmyc, pYAN23rCNTlmyc, pYAN31 rCNTlmyc

or pYES2 were grown under conditions of thymidylate starvation in the presence of either 

galactose (inducer) or glucose (repressor) with various concentrations of thymidine. None 

were able to form colonies in thymidine-free medium whereas all did so in the presence of 

1 mM thymidine, a concentration that allowed sufficient uptake by diffusion to support 

growth and therefore served as a positive control for growth, pYrCNT 1 myc-containing 

and truncated pYrCNT 1 myc-containing yeast also formed colonies in the presence of 100 

pM thymidine but only when plated on medium that was supplemented with galactose, the 

inducer required for efficient transcription of the cDNA insert in the pYES2 vector. In

112

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



contrast, there was no growth when yeast containing either of these plasmids were plated 

on medium with MTX/SAA that was supplemented with glucose, the repressor used to 

block transcription of the rCNTl insert. These results indicated that expression of the 

cDNA encoding rCNTlmyc was required to complement the growth arrest imposed by 

thymidylate starvation and were consistent with the acquisition of thymidine-transport 

capability resulting from growth in the presence of the inducer (galactose). Additionally, 

these results indicated that rCNTlmyc retained the ability to transport thymidine when 

translation of initiation occurred via alternate downstream methionines, thereby resulting in 

truncated versions of rCNTl.

rCNTlmyc-mediated complementation indicated that the recombinant protein was 

present at the yeast cell surface. However, when total yeast membranes were prepared 

from pYrCNTlmyc containing cells (grown under selective conditions) and subjected to 

SDS-PAGE and immunoblotting with the anti-c-myc antibody the recombinant protein was 

not detected. This may have be due to low levels of recombinant protein production that 

were sufficient to permit thymidine to enter the yeast over the course of the experiment (3.5 

d) but were not of sufficient quantity to visualize by immunoblotting.

IV.C.v. hCNTlmyc and AN23hCNTlmyc complement a thymidine-

transport deficiency in yeast

The human pyrimidine nucleoside-specific concentrative transporter protein, 

hCNTl, was isolated by RT-PCR and hybridization cloning based on the rCNTl sequence 

(IS). hCNTl was the second nucleoside transporter protein cDNA to become available and 

was tested for its ability to complement the thymidine transport deficiency of yeast. 

Additionally, to determine if a truncated version of hCNTl, which relied on downstream 

Met codon for initiation of translation, produced a functional transporter an hCNTl mutant 

was engineered which relied on initiation of translation horn the codon encoding Met-32. 

The cDNA sequences encoding each initiating methionine were cloned into the Kpnl 

restriction site of the pYES2 vector, approximately 20 base pairs downstream of the GAL1
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promoter. In each instance the c-myc epitope was added to the C-terminus of hCNTl and 

AN23hCNTl generating hCNTlmyc and AN23hCNTlmyc, respectively.

The experiments shown in Figure IV-4 established that expression of the 

.hCNTlmyc cDNA rescued yeast from drug-imposed depletion of dTMP. Additionally,

these experiments established that the truncated version of hCNTl (AN23hCNTlmyc),

which relied on the codon for methionine-24 for initiation of translation, also rescued yeast 

from drug-imposed depletion of dTMP. Yeast cells with pYhCNTlmyc,

pYAN23hCNTlmyc or pYES2 were grown under conditions of thymidylate starvation in

the presence of either galactose (inducer) or glucose (repressor) with various concentrations 

of thymidine. None were able to form colonies in thymidine-free medium whereas all did 

so in the presence of 1 mM thymidine, the positive control for growth. pYhCNTlmyc-

containing and pYAN23hCNTlmyc-containing yeast also formed colonies in the presence

of 100 pM thymidine but only when plated on medium that was supplemented with 

galactose, the inducer required for efficient transcription of the cDNA insert in the pYES2 

vector. In contrast, there was no growth when yeast containing either of these plasmids 

were plated on medium with MTX/SAA that was supplemented with glucose, the repressor 

used to block transcription of the hCNTl insert These results indicated that expression of 

the cDNA encoding hCNTlmyc was required to complement the growth arrest imposed by 

thymidylate starvation and were consistent with the acquisition of thymidine-transport 

capability resulting from growth in the presence of the inducer (galactose). Additionally, 

these results indicated that hCNTlmyc retained the ability to transport thymidine when 

translation of initiation occurred via an alternate downstream methionine (Met-24) thereby 

resulting in a truncated version of hCNTl.

hCNT 1 myc-mediated complementation indicated that the recombinant protein was 

present at the yeast cell surface. However, as was the case with rCNTlmyc, when total
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yeast membranes were prepared from pYhCNTlmyc containing ceils (grown under 

selective conditions) and subjected to SDS-PAGE and immunoblotting with the anti-c-myc 

antibody the recombinant protein was not detected. This may have been due to low levels 

of recombinant protein production that were sufficient to permit thymidine to enter the yeast 

over the course of the experiment (4.S d) but were not of sufficient quantity to visualize by 

immunoblotting.

IV.C.vl. NUPCmyc complements a thymidine-transport deficiency in 

yeast

NUPC was the first bacterial CNT family member to be identified (75) and has 

been characterized in the X. laevis oocyte expression system (77). The ability of a bacterial 

nucleoside transporter protein, NUPC, to be functionally produced in yeast was next 

examined. As was done with rCNTl and hCNTl, the c-myc immunoepitope was added to 

the C-terminus of NUPC to enable immunodetection of the recombinant protein. The 

cDNA sequence encoding the initiating methionine was cloned into the Kpnl restriction site 

of the pYES2 vector, approximately 20 base pairs downstream of the GAL1 promoter.

The experiments shown in Figure IV-5 established that expression of the 

NUPCmyc cDNA rescued yeast from drug-imposed depletion of dTMP. Yeast cells with 

pYNUPCmyc or pYES2 were grown under conditions of thymidylate starvation in the 

presence of either galactose (inducer) or glucose (repressor) with various concentrations of 

thymidine. None were able to form colonies in thymidine-free medium were as both did so 

in the presence of 1 mM thymidine, the positive control for growth. pYNUPCmyc- 

containing yeast also formed colonies in the presence of 100 pM thymidine but only when 

plated on medium that was supplemented with galactose, the inducer required for efficient 

transcription of the cDNA insert in the pYES2 vector. In contrast, there was no growth 

when yeast containing either of these plasmids were plated on medium with MTX/SAA that 

was supplemented with glucose, the repressor used to block transcription of the NUPC 

insert These results indicated that expression of the cDNA encoding the bacterial
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nucleoside transporter protein, NUPC, was required to complement the growth arrest 

imposed by thymidylate starvation and were consistent with the acquisition of thymidine- 

transport capability resulting from growth in the presence of the inducer (galactose).

NUPCmyc-mediated complementation indicated that the recombinant protein was 

present at the yeast cell surface. Immunoblotting was performed to confirm the presence of 

recombinant NUPCmyc protein in pYNUPCmyc-containing yeast (Figure IV-6). Yeast 

cells with either pYNUPCmyc or pYES2 were subjected to thymidylate starvation in the 

presence of galactose (inducing conditions) and thymidine (40 pM or 1 mM respectively) 

that permitted the yeast (pYNUPCmyc-containing or pYES2-containing) to grow at 

approximately the same rates. Immunoblotting of yeast membranes with anti-c-myc 

monoclonal antibodies demonstrated the presence of immunoreactive material in 

membranes of pYNUPCmyc-containing yeast that was not present in membranes of 

pYES2-containing yeast. The predominant immunoreactive species was observed as a 

band of 40 kDa. The predicted molecular mass of NUPC is 43 kDa.

IV.C.vii. Effects of purine and pyrimidine nucleosides on rCNTlmyc-, 

hCNTlmyc- and NUPCmyc-dependent thymidine rescue

The substrate specificities of rCNTlmyc, hCNTlmyc and NUPCmyc were 

examined in the experiments of Table IV-2 by assessing the effect of the presence of purine 

and pyrimidine nucleosides in the growth medium used in the complementation assay. The 

ability of a test compound to inhibit transporter-dependent thymidine growth would be 

indicative of either a substrate or inhibitor of the transporter. High concentrations of the 

pyrimidine nucleosides uridine and cytidine and the purine nucleoside adenosine completely 

inhibited rCNTlmyc-, hCNTlmyc-, and NUPCmyc-mediated complementation, 

guanosine and inosine had no effect These data indicted that the apparent substrate 

specificities of recombinant rCNTlmyc, hCNTlmyc and NUPCmyc included pyrimidine 

nucleosides and adenosine. When the non-nucleoside transport inhibitors dilazep and
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dipyridamole were added to the growth medium, there was no effect on colony formation 

compared to media that lacked the non-nucleoside inhibitors.

IV .C .v iii. Sequence comparison of known and putative concentrative 

nucleoside transport proteins

The sequences of cDNAs encoding rCNTl, hCNTl and NUPC were used in 

database analysis (e.g., BLAST searches) to identify orthologs and paralogs of the CNT 

family. The phylogenetic tree presented in Chapter 1 (Figure 1-3) depicts relationships 

among known (possessing nucleoside transport activity) and putative (possessing sequence 

similarities and of unknown function) CNT family members among eukaryotes and 

prokaryotes. CNT-like sequences were found in a variety of mammalian (e.g., H. sapiens, 

R. norvegicus) and bacterial (e.g., E. coli, H. pylori, H. influenzae) species. An amino 

acid identity comparison matrix of the CNT family members examined in this Chapter is 

presented in Table IV-3. The high degree of sequence conservation among the mammalian 

and bacterial transporters and the open reading frames from H. pylori and H. influenzae 

suggested these open reading frames may encode functional members of the CNT family. 

IV .C .ix . The recombinant proteins encoded by open reading frames o f 

H. influenzae (HI0519) and H. pylori (HP1180) complemented a 

thymidine-transport deficiency in yeast

The open reading frames HI0519 (from H. influenzae) and HP1180 (from H. 

pylori) possess sequence similarities that place them within the CNT family. The 

complementation assay was used to determine if the proteins encoded by HI0159 and 

HP1180 possessed nucleoside transport activity.

The cDNA sequence encoding the initiating methionine for HI0519 and HP1180 

was cloned into the Kpnl restriction site of the pYES2 expression vector, approximately 20 

base pairs downstream of the GAL1 promoter. The experiments of Table IV-4 established 

that expression of the HI0519 and HP1180 cDNAs rescued yeast from drug-imposed 

depletion of dTMP. Yeast cells with pYHPl 180, pYHI0S19 or pYES2 were grown under
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conditions of thymidylate starvation in the presence of either galactose (inducer) or glucose 

(repressor) with various concentrations of thymidine. None were able to form colonies in 

thymidine-free medium whereas all did in the presence of 1 mM thymidine, the positive 

control for growth, pYHI0519-containing and pYHPl 180-containing yeast also formed 

colonies in the presence of 100 pM thymidine but only when plated on medium that was 

supplemented with galactose, the inducer required for efficient transcription of the cDNA 

insert in the pYES2 vector. In contrast, there was no growth when yeast containing either 

of these plasmids were plated on medium with MTX/SAA that was supplemented with 

glucose, the repressor used to block transcription of the cDNA insert. These results 

indicated that expression of the cDNAs encoding HP1180 or HI0519 were required to 

complement the growth arrest imposed by thymidylate starvation and were consistent with 

the acquisition of thymidine-transport capability resulting from growth in the presence of 

the inducer (galactose).

The apparent substrate specificity of HI0519 was examined in the experiments of 

Table IV-5 by determining the effect of the presence of purine and pyrimidine nucleosides 

in the growth medium used in the complementation assay. High concentrations of 

pyrimidine nucleosides (uridine, cytidine) and purine nucleosides (adenosine, guanosine, 

inosine) completely inhibited HI0519-mediated complementation. These data suggested 

that recombinant HI0519 was apparently selective for both purine and pyrimidine 

nucleosides.
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IV.D. DISCUSSION

Oocytes of X. laevis have been used to both isolate and express cDNAs encoding 

nucleoside transport proteins (12-16,18,19), and more recently, the nucleoside transport 

encoding cDNAs have been functionally expressed in transiently transfected cultured 

mammalian cell lines (21,29). However, both of these expression systems have technical 

and cost considerations that make the development of an alternate system desirable. The 

ease of manipulation and established molecular techniques (101) make S. cerevisiae an 

attractive system in which to study recombinant membrane proteins. We describe here the 

use of S. cerevisiae as a model expression system to study human, rat and bacterial CNTs.

We took advantage of a thymidine transport deficiency in S. cerevisiae to be used 

as the basis of a selection strategy in which yeast were rescued from dTMP starvation 

(imposed by treatment MTX and SAA), when cultured in the presence of exogenously 

supplied thymidine and possessing a functionally active nucleoside transport protein at the 

cell surface. In this work, it was found that the full-length nucleoside transport proteins 

rCNTl, hCNTl and NUPC were able to complement the thymidine transport-defective 

phenotype in yeast. Functional production of these proteins was dependent on the close 

proximity of the cDNA encoding the initiating methionine to the promoter (GAL1) found 

within the expression vector. Initial efforts to express rCNTl in yeast indicated that yeast 

harbouring pYhCNTl were unable to complement the imposed dTMP deficiency; however,

yeast harbouring a deleted version of rCNTl (pYAN3 lrCNTl), which relied on initiation

of translation from methionine 32 within the rCNTl open reading frame, was able to 

complement cell growth. These results indicated that functional expression of rCNTl was 

dependent on either (i) removal of the N-terminal 31 amino acid residues of the 

recombinant protein, (ii) bringing the cDNA encoding the initiating methionine in close 

proximity to the GAL1 promoter or (iii) both. The questions of the influence of charged 

residues or promoter proximity were resolved by subjecting either full-length or truncated
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version of rCNTl and hCNTl (missing up to the first 31 amino acid residues) to dTMP 

starvation in the presence of thymidine in the complementation assay. In each instance the 

mutant version of the nucleoside transporter cDNA was cloned into the Kpnl restriction site 

of the pYES2 vector, which is immediately 3’ (within -  20 base pairs) to the GAL1 

promoter. The ability of all the versions of rCNTl and hCNTl (both full-length and 

truncated) to complement the nucleoside transport-defective phenotype, indicated that 

recombinant nucleoside transport proteins were produced and some fraction was correctly 

targeted to the yeast cell surface, allowing the yeast to take up extracellular thymidine.

rCNTl, hCNTl and NUPC are integral membrane proteins and thus was expected 

to be present in membrane fractions of yeast expressing the respective plasmid. 

Immunoblotting of yeast membranes with the anti-c-myc monoclonal antibody 

demonstrated the presence of immunoreactive protein in pYNUPCmyc-containing yeast but 

not in pYES2-expressing yeast. The predominant immunoreactive species exhibited an 

apparent molecular mass of 40 kDa and thus corresponded to NUPC, the predicted 

molecular mass of NUPC is 43 kDa. The inability to visualize recombinant rCNTlmyc 

and hCNTlmyc likely reflected the low abundance of these proteins that was sufficient to 

complement the imposed dTMP deficiency in yeast over the course of the assay, yet 

sufficiently low to prevent detection by immunoblotting.

We examined the substrate specificity of recombinant rCNTlmyc, hCNTlmyc and 

NUPCmyc by testing the ability of other nucleosides to block thymidine rescue of the 

growth inhibition imposed by MTX and SAA in the complementation assay. It was found 

that pYrCNTl-, pYhCNTl-, and NUPCmyc-containing yeast faded to grow in the 

presence of high concentrations of uridine, cytidine or adenosine whereas growth was 

unaffected by guanosine or inosinct These findings suggested that thymidine, uridine, 

cytosine and adenosine were substrates of these transporters, whereas guanosine and 

inosine were not These finding are consistent with previous studies that showed the 

substrates of rCNTl, hCNTl, and NUPC to include pyrimidine nucleosides (thymidine,
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uridine, cytidine) and the purine nucleoside adenosine to be a high-affinity low-capacity 

substrate of the these nucleoside transport proteins (12,15,29). The two inhibitors of 

equilibrative nucleoside transport processes, dilazep and dipyridamole, had no effect on the 

growth of the nucleoside transporter-containing yeast

Analysis of microbial genome databases identified the open reading frames HI0519 

(from H. influenzae) and HPU80 from (H. pylori) as encoding proteins that are structural 

members of the CNT family. The limited sequence identity of HI0519 and HP1180 with 

purine nucleoside and pyrimidine nucleoside-specific members of the CNT family 

suggested that there might be conservation of function between HI0519, HP1180 and CNT 

family members. Therefore, the complementation assay in S. cerevisiae was used to 

determine if the HI0519 and HP1180 recombinant proteins possessed nucleoside transport 

activity. Both pYHI0519 and pYHP1180 were able to complement the imposed dTMP 

starvation in yeast indicative of the capacity for the inward transport of thymidine of both 

transporters. The substrate specificity of recombinant HI0519 was examined by assessing 

the ability of other nucleosides to block transporter-mediated rescue of the growth 

inhibition imposed by MTX and SAA in the complementation assay. pYHI0519- 

containing yeast failed to grow in the presence of high concentrations of uridine, cytidine, 

adenosine, guanosine and inosine. These findings suggested that the pyrimidine and 

purine nucleosides tested were substrates of HP1180. Thus, HI0159 appeared to encode a 

unique member of the CNT family that is not strictly pyrimidine or purine specific, but 

rather a novel broadly specific CNT protein.

fit conclusion, we have developed the yeast S. cerevisiae as a model expression 

system to functionally express nucleoside transporter proteins. The pyrimidine nucleoside- 

specific CNT proteins examined (rCNTl, hCNTl, NUPC) were all functionally expressed 

in yeast with a substrate specificity that was consistent with that previously reported 

(12,15,29,75). Furthermore, it was determined that truncated versions of rCNTl and 

hCNTl (lacking upto 32 amino acid residues) possessed nucleoside transport activity.
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Having demonstrated the efficacy of the yeast model system we were able assess the ability 

of the CNT related proteins encoded by HI0519 and HP1180 from H. influenzae and H. 

pylori, respectively, to complement cell growth using the MTX/SAA selection strategy. 

Both HI0519 and HPU80 were found to encode previously unidentified nucleoside 

transporter proteins. Furthermore, HI0519 was found to possess novel activity; in contrast 

to known members of the CNT family which are either purine or pyrimidine nucleoside 

specific. Recombinant HI0519 was found to be broadly specific to both purine and 

pyrimidine nucleosides.
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Figure IV-1 Functional complementation of a thymidine transport 

deficiency in yeast harbouring pYAN31rCNTl but not pYrCNTl

Yeast cells containing either pYES2, pYiCNTl or pYAN3 lrCNTl were streaked on
i

CMM/GAL/MTX/SAA (gal) medium (inducing conditions, thymidylate starvation) that 

contained 0 pM thymidine (A), 1 mM thymidine (B) or 100 pM thymidine (C). Yeast cells 

were also streaked on CMM/GLU/MTX/SAA (glu) medium (repressive conditions, 

thymidylate starvation) that contained 100 pM thymidine (D). Growth on plates was 

assessed after 3.S days. Three separate experiments, one of which is presented, yielded 

similar results.
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Figure IV-2 Production of AN31rCNTl and rCNTl mRNA yeast

Total RNA from yeast with pYES2 (lanes 1,2), pYrCNTl (lanes 3,4), or pYAN3lrCNTl

(lanes. 5,6), prepared as described in Chapter II, section n.D, was subjected to Northern 

analysis with a 32P-labelled rCNTl cDNA fragment (nt 1-1941) and then detected by 

autoradiography. Growth conditions were as follows: CMM/GLU medium (lanes 2,4,6) 

or CMM/GAL (lanes 1,3,5) as indicated.
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Figure IV-3 rCNTl- and AN31rCNTl-mediated uptake of uridine

Oocytes were injected with water alone (open bar) or with water containing mRNA

transcripts for rCNTl (closed bar) or AN3 lrCNTl (hatched bar), as described in the

Chapter H, section II.J.iii. After incubation for 3 days, the uptake of 10 pM [3H]uridine 

was measured (30 min, 20*C) into oocytes assayed in the presence of graded 

concentrations of NaCl (as indicated). The radioactive accumulation of [3H]uridine was 

determined by scintillation counting of individual oocytes. Each point represents the 

mean±S.D. of 8-10 oocytes. Two separate experiments, one of which is presented, 

yielded similar results.
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Figure IV*4 Functional complementation of a thymidine transport 

deficiency in yeast by recombinant hCNTl and AN23hCNTlmyc

Yeast cells containing pYES2, pYhCNTlmyc or pYAN23hCNT 1 myc were streaked on

solid CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate starvation) that 

contained 0 pM thymidine (A), 1 mM thymidine (B) or 100 pM thymidine (C). Yeast cells 

were also streaked on CMM/GLU/MTX/SAA medium (repressive conditions, thymidylate 

starvation) that contained 100 pM thymidine (D). Growth on plates was assessed after 4.5 

days. Three separate experiments, one of which is presented, yielded similar results.
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Figure IV-5 Functional complementation of a thymidine transport 

deficiency in yeast by recombinant NUPCmyc

Yeast cells containing either pYES2 or pYNUPCmyc were streaked on 

CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate starvation) that 

contained 0 pM thymidine (A), 1 mM thymidine (B) or 100 pM thymidine (Q . Yeast cells 

were also streaked on CMM/GLU/MTX/SAA medium (repressive conditions, thymidylate 

starvation) that contained 100 pM thymidine (D). Growth on plates was assessed after 3.5 

days. Three separate experiments, one of which is presented, yielded similar results.
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Figure IV-6 Production of recombinant NUPCmyc protein 

Membranes, prepared as described in Chapter n, section HE, from yeast with pYES2 

Cane 1) or pYNUPCmyc (lane 2) grown in CMM/GAUMTX/SAA medium that contained 

1 mM or 40 pM thymidine respectively, were subjected to immunoblotting with the 9E10 

anti-c-myc monoclonal antibody. The positions of molecular mass markers are indicated to 

the left of the figure.
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Table IV-1

_______ Thymidine JjtM)_____

0 |1M 1000 pM 100 |iM

eal i>lu gal glu gill

pYES2 •  • + + •

pYrCNTlmyc •  • + + +

pYAN16rCNTlmyc •  • + + +

pYAN24rCNTlmyc •  • + + +

pYAN31rCNTlmyc •  • + + +

Table IV* 1 Functional complementation of a thymidine transport 

deficiency in yeast by recombinant rCNTlmyc, AN16rCNTlmyc,

AN23rCNTlmyc, and AN31rCNTlmyc

Yeast cells containing either pYES2, pYiCNTlmyc, pYAN16rCNTlmyc,

pYAN23rCNTlmyc or pYAN31 rCNTlmyc were streaked on CMM/GAL/MTX/SAA (gal)

medium (inducing conditions, thymidylate starvation) that contained 0 pM thymidine, 1 

mM thymidine or 100 pM thymidine. Yeast cells were also streaked on 

CMM/GLU/MTX/SAA (glu) medium (repressive conditions, thymidylate starvation). 

Growth on plates was assessed after 3.5 days, “+” denotes growth, denotes the 

absence of growth. Three separate experiments yielded similar results.
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Table IV-2

pYES2 pYrCNTlmy? nYhCNTlmvc pYCLUPCmyt

alone + + +

uridine m • •

cytidine m m m

adenosine - - -

guanosine + + +

inosine + + +

dilazep + + +

dipyridamole - + + +

Table IV-2 Inhibition of rCNTlmyc-, hCNTlmyc-, and NUPCmyc-

mediated complementation of a thymidine transport deficiency in yeast

Yeast cells containing either pYES2, pYiCNTlmyc, pYhCNTlmyc or pYNUPCmyc were 

streaked on CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate starvation) 

that contained 0 pM thymidine, 1 mM thymidine or 100 pM thymidine, alone, or that 

contained a competing test compound at 1 mM (indicated on left). Growth on plates was 

assessed after 3.5 days, ‘V ’ denotes growth, denotes the absence of growth. Growth 

of yeast at the test concentration (100 pM) is presented. Growth on media that contained 0 

pM and 1000 pM was the same as was observed previously for pYiCNTlmyc (Figure IV- 

I), pYhCNTlmyc (Figure IV-4) and pYNUPCmyc (Figure IV-5). Three separate 

experiments yielded similar results.

136

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



Table IV-3 Amino acid identity comparison of members of the CNT family

A comparison matrix of amino acid identity is presented for members of the concentrative 

nucleoside transporter family. Comparisons were performed using “Bestfit” software from 

GCG.

rCNTl hCNTl NUPC HI0519 HP1180

rCNTl 100

hCNTl 86 100

NUPC 37 37 100

HI0519 38 39 31 100

HP1180 38 36 29 58 100
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Table IV-4

Thvmidine (uM)

0 |iM 1000 pM 100 |iM

?al glu gal glu eal glu

pYES2 * + + -

pYHI0519 - - + + + -

pYHP1180 - - + + + -

Table IV-4 Functional complementation of a thymidine transport

deficiency in yeast by recombinant HI0519 and HP1180

Yeast cells containing either pYES2, pYHI0519 or pYHP1180 were streaked on

CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate starvation) that 

contained 0 pM thymidine, 1 mM thymidine or 100 pM thymidine. Yeast cells were also 

streaked on CMM/GLU/MTX/SAA (glu) medium (repressive conditions, thymidylate

starvation). Growth on plates was assessed after 3.5 days, “+” denotes growth,

denotes the absence of growth. Three separate experiments yielded similar results.
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Table 1V-5

&XES2 PYH10S19 

alone - +

uridine 

cytidine 

adenosine 

guanosine 

inosine

Table IV-5 Inhibition of HI0519-mediated complementation of a thymidine 

transport deficiency in yeast

Yeast cells containing either pYES2 or pYHI0519 were streaked on CMM/GAL/MTX/SAA 

medium (inducing conditions, thymidylate starvation) that contained 0 pM thymidine, 1 

mM thymidine or 100 pM thymidine, alone, or that contained a competing test compound 

at 1 mM (indicated on left). Growth on plates was assessed after 3.S days, ‘V ’ denotes 

growth, denotes the absence of growth. Growth of yeast at the test thymidine 

concentration (100 pM) is presented. Growth on media that contained 0 pM and 1000 pM 

was the same as was observed previously for pYHI0519 (Table IV-4). Three separate 

experiments yielded identical results^
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Functional production of the human equiUbrative nucleoside transporter 

(hENTl) in Saeeharomyces eerevisiae1

l(A version of this chapter has been reported previously (139))
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V .A . ABSTRACT

In the previous chapter concentrative nucleoside transporter proteins from human, 

rat and E. coli were functionally expressed in S. eerevisiae. Development of S. eerevisiae 

as a model expression system provided the platfirom from which to further exploit the yeast 

expression system to characterize recombinant nucleoside transporter proteins. 

Recombinant human equilibrative nucleoside transporter (hENTl) was produced in S. 

eerevisiae, thereby allowing the development of methods to compare the binding of 

inhibitors of equilibrative nucleoside transport to wild-type hENTl and a N-glycosylation- 

defective mutant of hENTl. Equilibrium binding of [3H]NBMPR to hENTl-producing 

yeast revealed a single class of high-affinity sites that were shown to be in membrane 

fractions by (i) equilibrium binding (means ± S.D.) of [3H]NBMPR to intact yeast (K„, 1.2 

± 0.2 nM; B ^ , 5.0 ± 0.5 pmol/mg of protein) and membranes (Kd, 0.7 ± 0.2 nM; B ^ ,

6.5 ± 1 pmol/mg of protein), and (ii) reconstitution of hENTl-mediated [3H]thymidine 

transport into proteoliposomes that was potently inhibited by NBMPR. Dilazep and 

dipyridamole inhibited NBMPR binding to hENTl with ICg, values of 130 ± 10 and 380 ± 

20 nM respectively. The role of N-linked glycosylation in the interaction of NBMPR with 

hENTl was examined by quantification of binding of [3H]NBMPR to yeast producing 

either wild-type hENTl oraglycosylation-defective mutant (hENTl/N48Q) in which Asn- 

48 was converted into Gin. The Kd for binding of NBMPR to hENTl/N48Q was 10.5 ±

1.6 nM, indicating that the replacement of an Asn residue with Gin decreased the affinity of 

hENTl for NBMPR. The decreased affinity of hENTl 1/N48Q for NBMPR was due to an 

increased rate of dissociation (k^) and a decreased rate of association (&m) of specifically 

bound [3H]NBMPR; the values for hENTl-producing and hENTl/N48Q-producing yeast 

were, respectively, 0.14 ± 0.02 and 0.36 ± 0.05 min'1 for k ^  and 1.2x10* and 0.40 

xlO^M^min*1 for kom. These results indicated that the conservative conversion of an Asn
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residue into Gin at position 48 of hENTl and/or the loss of N-linked glycosylation 

capability altered the binding characteristics of the transporter for NBMPR.
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V .B. INTRODUCTION

The human es cDNA (hENTl) was isolated from a human placental cDNA library 

using amino acid sequence obtained from N-terminal sequencing of the purified human 

erythrocyte es transporter (18). hENTl is predicted to encode a protein of 4S6 amino acid 

residues with a molecular mass of S0.2 kDa, three potential N-linked glycosylation sites 

and 11 transmembrane domains (18). The predicted topology of hENTl assumes a single 

N-linked glycosylation site, which was thought to be in the large extracellular loop between 

the first two transmembrane domains from the N terminus (18) on the basis of an earlier 

demonstration that the es transporter of human erythrocytes is glycosylated very close to 

one end of the protein (140). The assignment of Asn-48 as the site of the N-linked 

glycosylation of hENTl was confirmed by an analysis of the electrophoretic mobility of 

recombinant hENTl in which the Asn was replaced with Gin (M. Sundaram, S.Y.M. Yao, 

E. Chomey, C.E. Cass, S.A. Baldwin and J.D.Young, unpublished work). The role of 

N-linked glycosylation in the biosynthetic processing and function of hENTl is not 

known. The perturbation of N-linked glycosylation of membrane proteins in a murine cell 

line that possesses three nucleoside transport processes produced complex changes in 

uridine transport kinetics but had little, if any, effect on the abundance or apparent affinity 

of the es transporter for NBMPR (112,140).

The experiments of chapter IV demonstrated that cDNAs encoding the concentrative 

nucleoside transporters can be expressed in the yeast S. eerevisiae using the phenotypic 

complementation assay (105,106) in which the growth of a yeast strain that is deficient in 

thymidine transport is assessed under selection conditions that prevent the production of 

dTMP. The work described in thi& chapter was undertaken to determine if the cDNA 

encoding hENTl could be similarity expressed and, if so, to develop methods for analysis 

of interaction of hENTl with permeants and inhibitors. Described here is the 

demonstration of the functional expression of hENTl cDNA in S. eerevisiae by the
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following criteria: (i) survival of yeast under the selection conditions, (ii) the presence of 

hENTl mRNA and protein in yeast, (iii) mediated uptake of thymidine by intact yeast and 

proteoliposomes reconstituted from detergent-solubilized membranes, (iv) the inhibition of 

thymidine uptake by NBMPR, and (v) the high-affinity binding of NBMPR to intact yeast 

and yeast membranes. The role of N-linked glycosylation in hENTl function was 

examined by comparing the equilibrium binding of [3H]NBMPR to yeast producing either 

wild-type hENTl or a mutant in which Asn-48 was converted into Gin (hENTl/N48Q). 

hENTl/N48Q exhibited a decreased affinity for NBMPR relative to that of hENTl, which 

was due to an increase in the dissociation rate and a decrease in the association rate. The 

apparent affinities of hENTl/N48Q for dipyridamole and dilazep, which were examined by 

assessing their relative abilities to inhibit the binding of [3H]NBMPR under equilibrium 

conditions, increased relative to that of hENTl. The results, which demonstrated the 

production of recombinant hENTl in yeast in quantities sufficient for analysis of the 

equilibrium binding and dissociation kinetics of the prototypic inhibitor (NBMPR) of es- 

mediated transport in mammalian cells, support earlier conclusions that the transport 

inhibitors (NBMPR, dipyridamole, and dilazep) bind to the es transport protein at or near 

the nucleoside recognition site.
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V.C. RESULTS

V.C .i. pYhENTl complementation of a thymidine transport deficiency

in yeast

The results of Chapter IV suggested that introduction of a nucleoside transporter 

cDNA in close proximity to the GAL1 promoter, found within the pYES2 expression 

vector, may be an important factor in the functional expression of the introduced cDNA. 

The hENTl cDNA was cloned into pYES2 vector in the same position (6 base pairs 

downstream of the GAL1 promoter in the Kpnl and SphI restriction sites) as was used 

successfully for the CNTs in Chapter IV. The experiments shown in Figure V-l 

established that expression of the hENTl cDNA rescued yeast from drug-imposed 

depletion of dTMP. Yeast cells with pYhENTl or pYES2 were grown under conditions of 

thymidylate starvation in the presence of either galactose (inducer) or glucose (repressor) 

with various concentrations of thymidine. pYES2-containing and pYhENT 1 -containing 

yeast were unable to form colonies in thymidine-free medium (Figure V-l A) but did so in 

the presence of 1 mM thymidine (Figure V-1B). pYhENT 1 -containing yeast also formed 

colonies in the presence of 10 pM thymidine but only when plated on medium that was 

supplemented with galactose, the inducer required for efficient transcription of the cDNA 

insert in the pYES2 vector (Figure V-1C). There was no growth when pYhENTl- 

containing yeast cells were plated on medium with MTX/SAA that was supplemented with 

glucose, the repressor used to block transcription of the hENTl insert (Figure V-1D). 

These results indicated that expression of the cDNA encoding hENTl was required to 

complement the growth arrest imposed by thymidylate starvation and were consistent with 

the acquisition of thymidine-transport capability resulting from growth in the presence of 

the inducer (galactose).
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V .C .ii. Production of hENTl mRNA and protein

The ability of pYhENTl to rescue yeast subjected to thymidylate starvation implied 

expression of the hENTl cDNA insert Northern analysis was performed to demonstrate 

that mRNA corresponding to hENTl cDNA was present in pYhENT 1-containing yeast but 

not in pYES2-containing yeast (Figure V-2A). RNA samples were prepared from yeast 

cells with either pYhENTl or pYES2 that were cultured (i) in the presence of drugs in 

conditions under which extracellular thymidine could be salvaged for growth 

(CMM/GAL/MTX/SAA plus 40 pM or 1 mM thymidine, respectively) or (ii) in the absence 

of drugs under conditions that either induced or repressed transcription of the cDNA insert. 

A single band of 1650 nt was detected in pYhENT 1 -containing yeast grown in medium 

with galactose and to a smaller extent in pYhENT 1 -containing yeast grown in medium with 

glucose. No signal was present in the pYES2-containing cells under any of the 

experimental conditions. These results, which demonstrated the presence of hENTl 

mRNA in cells with pYhENTl, indicated enhanced transcription of hENTl cDNA by 

activation of the Gall promoter.

Immunoblotting was performed to confirm the presence of recombinant hENTl 

protein in pYhENTl-containing yeast (Figure V-2B). Yeast cells that had been 

transformed with either pYhENTl or pYES2 were subjected to thymidylate starvation in 

the presence of galactose (inducing conditions) and either 40 pM or 1 mM thymidine, 

respectively; that cultures were established under conditions that permitted the pYhENTl- 

containing and pYES2-containing yeast to grow at approximately the same rates. 

Immunoblotting with anti-hENTl polyclonal antibodies directed against a synthetic peptide 

epitope (hENTl residues 254-272) demonstrated the presence of immunoreactive material 

in membranes of pYhENTl-containing yeast that was not present in membranes of pYES2- 

containing yeast The predominant immunoreactive species was observed as abroad band 

of40-45 kDa; two minor immunoreactive species of 80 and 120 kDa were also observed. 

The predicted molecular mass of non-glycosylated hENTl is 50.2 kDa.
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V.C.iii. Effects of inhibitors of nucleoside transport on hENTl-

dependent thymidine rescue

NBMPR, dilazep and dipyridamople are potent inhibitors of the native M-transport 

process and have been used as pharmacological probes in the identification of er-mediated 

processes (1,3). hENTl-dependent complementation in yeast was assessed in the 

presence of inhibitor concentrations known to block activity of the er-mediafed processes 

(Table V-l). None of the inhibitors blocked colony formation by either pYES2-containing 

or pYhENT 1-containing yeast in the presence of a high concentration (1 mM) of thymidine, 

indicating the ability of yeast to survive if provided with a usable source of thymidine. The 

ability of the inhibitors to block thymidine rescue of pYhENTl-containing yeast at low 

thymidine concentrations indicated that recombinant hENTl had retained its ability to 

recognize and be inhibited by NBMPR, dilazep and dipyridamole.

V.C.iv. Yeast cells with hENTl exhibit increased cellular uptake o f

[3H]thymidine

Results of the complementation assay indicated aquisition of thymidine transport 

capability in yeast producing recombinant hENTl, suggesting that it should be possible to 

also directly measure cellular uptake of [3H]thymidine. The uptake of 1.0 pM 

[3H]thymidine was measured in yeast with either pYhENTl or pYES2 that had been 

cultured in MTX/SAA-containing medium with the inducer and a thymidine supplement (40 

pM or 1 mM respectively) to allow growth (Figure V-3). Thymidine uptake by pYhENT 1- 

containing yeast was greater than that by pYES2-containing yeast (Figure V-3, Panel A) 

and was inhibited by the addition of an excess of unlabeled thymidine (Figure V-3, Panel 

B). These results indicated that the expression of pYhENTl was accompanied by 

acquisition of the capacity for cellule uptake of thymidine by a process that was mediated 

since it could be eliminated by isotope dilution. The addition of any one of the three es 

transport inhibitors (NBMPR, dilazep or dipyridamole) decreased thymidine uptake by 

pYhENTl-containing yeast to levels only slightly above those observed with pYES2-
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containing yeast (Figure V-3, Panel B). The inhibitor-sensitive nature of thymidine uptake 

was a further indication that pYhENT 1 -containing yeast, when grown in the presence of 

galactose, produced functional recombinant hENTl.

V .C .v . Binding of [3H]NBMPR to hENTl-producing yeast

Equilibrium binding studies with human erythrocytes and membrane vesicles have 

yielded values for binding-site numbers ( B J  and affinities (Kd) that represent the 

interaction of [3H]NBMPR with the es transporter protein (4), now known to be hENTl 

(1,18). Equilibrium binding of [3H]NBMPR to pYhENTl-containing yeast was examined 

under conditions similar to those used previously in studies with mammalian cells (112). 

Yeast cells were incubated with 8.0 nM [3H]NBMPR alone or in the presence of 10 pM 

dilazep, a tight-binding competitive inhibitor of es-mediated transport that is commonly 

used to distinguish between specific and non-specific binding of NBMPR to the nucleoside 

recognition site of the transporter (120,121). Equilibrium was reached within 20-30 min of 

exposure of pYhENTl-containing yeast to [3H]NBMPR (Figure V-4A). In subsequent 

binding experiments, cells (or membrane vesicles) were incubated with [3H]NBMPR for 

40 min to ensure equilibrium between free and bound ligand.

The presence of high levels of dilazep-sensitive binding of [3H]NBMPR to 

pYhENTl-containing yeast, when grown under inducing conditions, suggested that it 

would be possible to use equilibrium binding of [3H]NBMPR to quantify the functional 

recombinant transporter in yeast Studies with the purified es transporter of human 

erythrocytes (32) suggested that high-affinity binding (Kd < 1.0 nM) of NBMPR to the 

transporter (a heterogenously glycosylated polypeptide of 45-65 kDa) occured with a 1:1 

stoichiometry. In the experiment shown in Figure V-4B, equilibrium binding was 

determined at graded concentrations X0.12-24 nM) of [3H]NBMPR with intact pYhENTl- 

containing or pYES2-containing yeast cells that were grown in liquid cultures in medium 

with MTX/SAA, galactose and either 40 pM (pYhENTl) or 1 mM (pYES2) thymidine. 

The amount of [3H]NBMPR specifically bound was determined by conducting binding
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assays in the presence and absence of excess dilazep. Dilazep-sensitive binding of 

[3H]NBMPR to pYhENTl-containing yeast was saturable with mean values (±S.D.) of 

three independent experiments for and K„, respectively, S.O ± 0.5 pmol/mg of protein 

and 1.2±0.2nM. Binding data fit best to a one-site binding model (using GraphPad v 2.0 

software) suggesting that NBMPR interacted with a single class of hihg-affinity binding 

sites. There was no [3H]NBMPR binding to yeast with pYES2. These results 

demonstrated that the expression of pYhENTl in yeast was accompanied by the acquisition 

of NBMPR-binding activity, evidently the consequence of functionally active, recombinant 

hENTl. The affinity of recombinant protein for NBMPR was similar to that of the native 

es transporters of erythrocytes and cultured cells (3,4). Assuming a 1:1 stoichiometry 

between NBMPR binding and recombinant hENTl, there were approximately 104 

functionally active molecules per cell.

V.C.vi. Binding of NBMPR to hENTl in yeast membranes

Experiments were undertaken to confirm that the binding of NBMPR to pYhENTl- 

containing yeast represented interaction with the membrane-associated recombinant hENTl 

(Figure V-4C). Crude membranes, isolated from cells grown under inducing conditions, 

were incubated with graded concentrations of [3H]NBMPR in the absence or presence of 

excess dilazep for the detection of non-specific binding. A Scatchard analysis of the 

dilazep-sensitive (i.e., specific) component of binding indicated a single class of NBMPR 

binding sites with mean values (± S.D.) of three separate experiments for Bw  and Kd, 

respectively, of 6.5 ± 1.0 pmol/mg protein and 0.7 ± 0.2 nM. Binding data fit best to a 

one-site binding model (using GraphPad v 2.0 software) suggesting that NBMPR 

interacted with a single class of hihg-affinity binding sites. These results demonstrated that 

membranes prepared from pYhENXl-containing yeast possessed high-affinity NBMPR- 

binding sites, consistent with the conclusion that a large proportion of the NBMPR-binding 

sites were membrane associated.
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V.C.vii Reconstitution of thymidine transport activity into

hENTl-containing proteoliposomes

The experiments of Figure V-5A and V-5B were undertaken to determine whether 

membrane-associated recombinant hENTl could be solubilized and functionally 

reconstituted into proteoliposomes. Membranes prepared from pYhENT 1 -containing yeast 

cells that were grown in the presence of galactose (inducing conditions) were solubilized 

with octylglucoside, and exogenously supplied lipids were used to prepare 

proteoliposomes by a procedure used previously to reconstitute native es transporter from 

human and mouse cells (119,122,123). The time course of uptake of 20 pM 

[3H]thymidine (Figure V-SA) was determined into proteoliposomes alone (total uptake) or 

in the presence of a mixture of nucleoside transport inhibitors (non-mediated uptake). 

These results demonstrated functional reconstitution of thymidine-transport activity from 

membranes of pYhENT 1 -expressing yeast. The differences between the calculated initial 

rates of total and non-mediated uptake were used to calculate the initial rate of transport (7 

pmol/s per mg reconstituted protein).

To confirm that recombinant hENTl reconstituted into proteoliposomes retained its 

sensitivity to NBMPR, the concentration-effect relationship of the inhibition of 

[3H]thymidine uptake into proteoliposomes by NBMPR was determined (Figure V-SB) and 

yielded an IC^ value of 5.3 nM. Thus, the sensitivity of thymidine transport mediated by 

recombinant hENTl in proteoliposomes to inhibition by NBMPR was similar to that 

previously observed with erythrocytes and cultured cell lines (33,116,123).

V.C.viii. pYhENTl/N48Q complementation of a deficiency in thymidine 

transport in yeast

hENTl is predicted to conUgn a single N-linked glycosylation site in the large 

extracellular loop between transmembrane domains 1 and 2 at Asn-48 (18). The role of N- 

linked glycosylation in the biosynthetic processing and function of hENTl is not known. 

A cDNA in which the N-linked glycosylation site of hENTl (Asn-48) was converted to
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Gin by site directed mutagenesis (M. Sundaram, S.Y.M. Yao, E. Chomey, C.E. Cass, and 

S.A. Baldwin and JJD. Young, unpublished work) was cloned into the pYES2 expression 

vector to generate pYN48Q, which was then functionally expressed in yeast When yeast 

cells with either pYN48Q or pYES2 were exposed to MTX/SAA in the presence of 

galactose (inducer) or glucose (repressor), both types of transformants formed colonies in 

the presence of 1 mM thymidine (Figure V-6B) and neither formed colonies in thymidine- 

free medium (Figure V-6A). Colonies were also formed by pYN48Q-containing yeast but 

not by pYES2-containing yeast in the presence of galactose and 10 pM thymidine (Figure 

V-6C), whereas none were observed in the presence of glucose and 10 pM thymidine 

(Figure V-6D). Yeast cells with pYN48Q or pYES2 were also tested under inducing 

conditions in medium containing MTX/SAA and either 10 pM or 1000 pM thymidine alone 

or with 1 pM NBMPR, 10 pM dilazep or 10 pM dipyridamole (Table V-2). Colonies were 

formed by both types of transformants in 1000 pM thymidine in both the absence and 

presence of the transport inhibitors, whereas, colonies were observed when pYN48Q- 

containing yeast cells were plated in medium containing 10 pM thymidine and none were 

observed in the presence of the inhibitors. These results demonstrated that the expression 

of pYN48Q cDNA in yeast complemented the growth arrest imposed by thymidylate 

starvation by enabling thymidine rescue by a process that was blocked by the es inhibitors. 

Thus, glycosylation at Asn-48 was not required for production of functional, inhibitor- 

sensitive, hENTl in yeast.

V.C.ix. Binding of [3H]NBMPR to hENTl/N48Q-producing yeast

The ability of pYN48Q, which encodes a hENTl variant lacking the capacity for N- 

glycosylation, to complement the thymidine-transport defect of yeast phenotypically under 

selection conditions (see Figure V-6). suggested that functionally active hENTl/N48Q was 

produced and processed to the plasma membrane. Equilibrium binding of [3H]NBMPR to 

pYN48Q-cointaining yeast was examined (Figure V-7) under conditions identical to those 

used in earlier studies with pYhENT 1 -containing yeast (see Section V.C.v). NBMPR
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binding was saturable, with mean values (± S.D.) of six separate experiments for Kd and 

B ,,, respectively, of 10.5 ± 1.6 nM and 15.0 ± 1 pmol/mg of protein. Binding data fit 

best to a one-site binding model (using GraphPad v 2.0 software) suggesting that NBMPR 

interacted with a single class of hihg-affinity binding sites. The 10-fold increase in the Kd 

values observed for yeast producing the “mutant” protein, relative to those for yeast with 

the “wild-type” protein, suggested that the conversion of Asn to Gin induced a structural 

change in the vicinity of the NBMPR-binding site that lowered the affinity for NBMPR. 

The 3-fold increase in B ^  values in hENTl/N48Q-producing yeast, relative to those of 

hENTl-producing yeast, suggested that the quantity of functionally active (with respect to 

NBMPR binding) mutant hENTl was greater than that observed with the wild-type 

hENTl.

V.C .x. Dissociation and association of [3H]NBMPR from hENTl- 

producing and hENTl/N48Q-producing yeast

The rates of dissociation of [3H]NBMPR from intact pYhENT 1 -containing and 

pYN48Q-containing yeast (grown under selective conditions) were determined (Figure V- 

8) to investigate the basis of the decreased affinity of [3H]NBMPR for hENTl/N48Q. The 

apparent dissociation rate constants (mean values ± S.D. for three separate experiments) for 

yeast producing either recombinant hENTl or recombinant hENTl/N48Q were 0.14 ± 

0.02 and 0.36 ± 0.05 min'1 respectively. It therefore seems that the conformational 

changes resulting from the conversion of Asn-48 into Gin and/or the absence of the N- 

linked oligosaccharide led to an accelerated dissociation of [3H]NBMPR from its binding 

site. Such a difference in the dissociation rates could result in weaker binding of NBMPR 

by recombinant hENTl/N48Q than by recombinant hENTl. This conformational change 

was also reflected in changes in the apparent association rate constants. KM values (means 

for two experiments) of hENTl and hENTl/N48Q were determined as 1.2 xlO* and 0.4 x 

10® M'1 min*1 respectively.
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V .C .xi. Inhibition of binding of [3H]NBMPR to hENTl-produdng and 

hENTl/N48Q-producing yeast by dilazep and dipyridamole

Dilazep and dipyridamole are potent inhibitors of NBMPR binding to mammalian 

cells, and their inhibition of es-mediated transport activity has been attributed to their 

interaction with sites that are the same as, or overlap with, NBMPR-binding sites 

(118,120,121). The experiments of Figure V-9 were undertaken to determine if the 

conversion of Asn-48 into Gin also altered interaction of hENTl with dilazep and/or 

dipyridamole. The apparent relative affinities of dilazep and dipyridamole for recombinant 

hENTl and hENTl/N48Q were compared by assessing their abilities to inhibit the binding 

of [3H]NBMPR to pYhENTl-containing and pYN48Q-containing yeast. Dilazep and 

dipyridamole decreased [3H]NBMPR binding to pYhENTl-containing yeast with ICS0 

values (mean ± S.D. for three separate experiments) of 130 ± 10 and 380 ± 20 nM 

respectively, and to pYN48Q-containing yeast with ICW values (means ± S.D. for three 

separate experiments) of 50 ± 5 and 230 ± 3 nM, respectively. The apparent Kj values, 

estimated by the method of Cheng and Prusoff (117), for the inhibition of NBMPR binding 

to hENTl-producing and hENTl/N48Q-producing yeast were, respectively, 90 and 30 nM 

for dilazep and 260 and ISO nM for dipyridamole. These results indicated that the 

conversion of Asn-48 into Gin in hENTl resulted in a conformational changes that 

evidently increased the apparent affinity of the es transporter for dilazep and dipyridamole.
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V.D. DISCUSSION

The availability of cDNAs encoding the ENT proteins of rat and human cells has 

allowed detailed kinetic studies of the recombinant transporters in oocytes of X. laevis 

oocytes to be performed (16,18). Cultured cells have also been used for the functional 

expression of hENT2 (21). However, these heterologous expression systems have not 

produced sufficient quantities of recombinant protein to permit a detailed analysis of the 

physical characteristics of the recombinant transporter proteins. Reported here is the first 

demonstration of functional expression of wild-type and mutant hENTl cDNA in yeast. 

Although equilibrium binding analysis with [3H]NBMPR has been used extensively for 

quantification of the es transporter in cells and membrane preparations, multiple es 

transporter isoforms with similar affinities for NBMPR would appear as a single 

transporter type in equilibrium binding studies. The functional expression of the hENTl 

cDNA in yeast permitted a detailed analysis of the binding of NBMPR to the recombinant 

transporter proteins in an «-null background, and identified differences in binding 

affinities between the wild-type and N-glycosylation-defective mutant transporter proteins.

Yeast cells lack the capacity for mediated uptake of extracellular thymidine (52), a 

feature that permits the expression of nucleoside transporter cDNAs by imposing a drug 

selection (MTX, SAA) that results in the depletion of thymidylate and in cell death, unless a 

mechanism for salvage of extracellular thymidine is present and functional in the recipient 

yeast (105,106). The expression of hENTl cDNA in yeast subjected to thymidylate 

starvation could enable growth of yeast if exogenous thymidine was supplied to the growth 

medium. Northern analysis confirmed that (i) hENTl mRNA was present in pYhENTl- 

containing yeast but not pYES2-coQtaining yeast, and (ii) greater quantities of hENTl 

mRNA were present in pYhENT 1 -containing yeast grown in the presence of galactose 

(inducing conditions for the expression plasmid) than in yeast grown in the presence of 

glucose (repressive conditions for the expression plasmid). Inhibition of transport by
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nanomolar concentrations of NBMPR, dilazep or dipyridamole is diagnostic of the es 

transport process of mammalian cells (1,3,14), and thymidine rescue of pYhENTl- 

expressing yeast from thymidylate starvation was blocked by addition of excess (1 or 10 

pM) NBMPR, dilazep or dipyridamole to the growth medium, pYhENT 1 -containing 

yeast, but not pYES2-containing yeast, accumulated radioactivity during 20-min 

incubations with [3H]thymidine; this uptake was shown to occur in a mediated fashion and 

to be inhibited by NBMPR, dilazep and dipyridamole.

hENTl is an integral membrane protein and thus was expected to be present in 

membrane fractions of pYhENT 1 -expressing yeast. Immunoblotting of yeast membranes 

with hENTl-specific polyclonal antibodies (directed against a synthetic peptide 

corresponding to residues 254-272) demonstrated the presence of immunoreactive protein 

in pYhENT 1-expressing yeast but not in pYES2-expressing yeast. The predominant 

immunoreactive species exhibited an apparent molecular mass of 40-45 kDa and thus 

corresponded to the hENTl monomer; the predicted molecular mass of non-glycosylated 

hENTl is 50.2 kDa. The larger minor reactive species of 80 and 120 kDa were probably 

hENTl dimers and trimers, respectively. The native es transporter, recognized by 

photoaffinity labeling with [3H1NBMPR, migrates during SDS-PAGE with a wide range 

of mobilities (42-60 kDa) among different species and cell types (3,4). These differences 

in apparent molecular mass have been attributed to variable degrees of N-linked 

glycosylation (33,112,116,140,141).

A further demonstration that recombinant hENTl was located primarily in yeast 

membranes came from results of studies of equilibrium binding of [3H]NBMPR with 

membrane preparations from pYhENT 1 -containing yeast. Crude membranes from 

pYhENT 1 -containing yeast that had.been grown under inducing conditions exhibited high- 

affinity binding of NBMPR with Kd and B ^  values (± S.D.), respectively, of 0.7 ± 0.2 

nM and 6.5 ± 1.0 pmol/mg. NBMPR bound to both pYhENTl-expressing yeast and yeast 

membranes derived therefrom with K,, values similar to those found for the es transporters
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of a variety of mammalian cell types (4). The number of NBMPR-binding sites observed 

in pYhENTl-expressing yeast was similar to the values repotted (142) for human 

erythrocytes (approximately 104 sites per cell), suggesting, since NBMPR binds to the es 

transporter protein with an apparent stoichiometry of 1:1 (32), that there were 

approximately 104 functionally active hENTl molecules per cell. Although the es 

transporter protein of human erythrocytes has been purified to homogeneity by 

immunoaffinity chromatography, the quantities obtained were small (32). The level of 

hENTl production in yeast opens the way for use of the yeast expression system for the 

production of recombinant hENTl protein for purification.

NBMPR binding to the es transporter occurs at the exofacial surface (143,144) and 

its binding site is believed to be the same as, or to overlap with, the nucleoside recognition 

site for permeation (144,145). Examination of NBMPR binding to the N-glycosylation- 

defective mutant hENTl/N48Q revealed a decrease to one-tenth, relative to hENTl, in the 

affinity of the recombinant protein for NBMPR. The decreased affinities were shown to be 

due in part to increased rates of dissociation because kttff values of specifically bound 

[3H]NBMPR from hENTl-producing and hENTl/N48Q-producing yeast were 0.14 and 

0.36 min*1 respectively. The decreased affinities were also due to changes in the rates of 

NBMPR association since k,, values were 1.2 xlO* and 0.40 xlO8 M'1 min*\ respectively, 

for hENTl-producing and hENTl/N48Q-producing yeast.

The decreased affinity of hENTl for NBMPR after the alteration of Asn-48 

implicates this residue, and/or the N-glycosylated oligosaccharide, in the binding of 

NBMPR to hENTl. The region of hENTl involved in the binding of dipyridamole has 

recently been explored by experiments in which portions of the human and rat es 

transporters (hENTl, rENTl) wetfe swapped with each other, thereby exploiting the 

intrinsic differences in dipyridamole sensitivity between the two transporters (35). The 

characteristics of the resulting hENTl/rENTl chimeras indicated that the region responsible 

for sensitivity to dipyridamole (and therefore also to NBMPR) is contained within the N-
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terminal half of hENTl, primarily in transmembrane domains 3-6 (residues 100-261). The 

results of the present study suggested that the region N-terminal to the third transmembrane 

domain, most probably the huge extracellular loop connecting the first and second 

transmembrane domains, may also contribute to the formation of the nucleoside recognition 

site of hENTl. Alternatively, replacement of N48 to Q may have lang range perturbing 

effects on the protein and influence the NBMPR binding region from a distance. It has 

previously been suggested that NBMPR covalently attaches to hENTl in the N-terminal 

half of the protein, within IS kDa of the N-glycosylation site (140).

When examined under equilibrium conditions, dilazep and dipyridamole 

competitively inhibit NBMPR binding to the es transporter of human erythrocytes and other 

cell types. They are therefore thought to interact, like NBMPR, at or near the nucleoside 

recognition site at the exofacial surface of the transporter (118,120,121,144,146). The 

ability of dilazep and dipyridamole to interact with recombinant hENTl was demonstrated 

by assessing the binding of NBMPR to hENTl-producing yeast in the presence of graded 

concentrations of either of the two es inhibitors. Dilazep and dipyridamole inhibited the 

binding of NBMPR with ICM values (means ± S.D.) of 130 ± 10 and 380 ± 20 nM, which 

yielded apparent inhibitory constants (K,) for dilazep and dipyridamole of 90 and 260 nM, 

respectively. These values are similar to those observed elsewhere in studies with native es 

transporters (1,3,14,122). The IC^ values for inhibition of binding of NBMPR to 

hENTl/N48Q-producing yeast by dilazep and dipyridamole were used to calculate apparent 

K, values of 30 and 130 nM, respectively. These results suggested that the conversion of 

Asn-48 to Gin resulted in conformational differences between hENTl and hENTl/N48Q 

that increased the affinity of the latter for both dilazep and dipyridamole.

The abundance of recombinant hENTl in pYhENT 1-expressing membranes 

provided a source of recombinant hENTl for reconstitution into proteoliposomes, thereby 

permitting a direct demonstration of hENT 1-dependent transport activity. Reconstituted 

proteoliposomes, prepared from hENTl-producing yeast, exhibited a mediated uptake of
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thymidine that was inhibited by NBMPR (ICjq S.S nM) at concentrations similar to those 

seen previously (116) with intact BeWo cells (ICM 1.6 nM), which have recently been 

shown by reverse-transcriptase-mediated PCR to express the hENTl gene (7). Native es 

transporters have previously been solubilized from mammalian cells and reconstituted into 

proteoliposomes (119,122,123,147), although in several of these studies the cells also 

contained other nucleoside transporters. The reconstitution of recombinant hENTl from 

yeast membranes into proteoliposomes has advantages because of the absence of 

endogenous thymidine-transporting and NBMPR-binding activities and because of the 

opportunities presented through recombinant DNA techniques for modification of the 

hENTl amino acid sequence.

In conclusion, S. cerevisiae has proved to be a useful model system in which to 

study recombinant hENTl. Phenotypic complementation of thymidylate starvation 

indicated that hENTl cDNA was functionally expressed in yeast and exhibited the expected 

sensitivity to inhibition by NBMPR, dilazep and dipyridamole. Northern analysis and 

immunoblotting confirmed the production of hENTl mRNA and recombinant protein, 

respectively, in pYhENT 1 -containing yeast grown in medium that contained an inducer 

(galactose) for expression of the cDNA insert. Recombinant hENTl was produced at 

modest levels in intact yeast and was shown to be present in yeast membranes. 

Equilibrium binding analysis demonstrated site-specific interaction of NBMPR with the 

nucleoside recognition site on recombinant hENTl and provided a means of evaluating the 

effects of dilazep and dipyridamole on NBMPR binding. The conservative conversion of 

Asn-48 to Gin, with the consequent loss of N-linked glycosylation capability, decreased 

the affinity of hENTl for NBMPR and increased its affinity for dilazep and dipyridamole, 

suggesting that Asn-48 and/or the ^linked oligosaccharide, influences the structure(s) of 

the nucleoside and inhibitor recognition site(s) of hENTl. Finally, recombinant hENTl 

retained its ability to transport thymidine after solubilization with octylglucoside and
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reconstitution into proteoliposomes, opening the door to use of the yeast expression system 

for the production of transport-competent recombinant hENTl for protein purification.
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Figure V -l Functional complementation of a thymidine transport

deficiency in yeast by recombinant hENTl

Yeast cells containing either pYES2 or pYhENT 1 were streaked on solid 

CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate starvation) that 

contained 0 pM thymidine (A), 1 mM thymidine (B) or 10 pM thymidine (C) as described 

in Chapter n , section 113. Yeast cells were also streaked on CMM/GLU/MTX/SAA 

medium (repressive conditions, thymidylate starvation) that contained 10 pM thymidine 

(D). Growth on plates was visualized after 3.S days. Three separate experiments, one of 

which is shown, yielded similar results.
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Figure V-2 Production of hENTl mRNA and recombinant protein by

yeast

Panel A. Total RNA from yeast transformed with pYhENT 1 (lanes 1-3) or pYES2 (lanes 

4-6) was subjected to Northern analysis with 32P-labelled hENTl cDNA fragment (nt 1- 

648) and then detected by autoradiography, as described in Chapter n, section n.D. 
Growth conditions were as follows: CMM/GAL/MTX/SAA medium that contained either 

40 pM thymidine Cane 1) or 1 mM thymidine Cane 4); CMM/GAL medium (lanes 2 and 5); 

CMM/GLU medium Canes 3 and 6). Panel B. Membranes, prepared as described in 

Chapter n , section II.E, from yeast with pYES2 Cane 1) or pYhENTl Cane 2) grown in 

CMM/GAL/MTX/SAA medium that contained 1 mM or 40 pM thymidine respectively, 

were subjected to immunoblotting with hENTl-specific polyclonal antibodies as described 

in Chapter n, section HI. The positions of molecular mass markers are indicated (in kDa) 

at the left.
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Figure V-2
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Figure V-3 Cellular uptake of [3H]tliymidine by yeast producing

recombinant hENTl

Panel A. The uptake of 1.0 pM [3H]thymidine was measured, as described in Chapter n,
* Jt.

section IlJ.i, into yeast transformed with pYhENT2 (-■-) or pYES2 (-▲-) grown in 

CMM/GAL/MTX/SAA medium (inducing conditions) that contained respectively 40 pM or 

1 mM thymidine. Panel B. Yeast cells with pYhENT 1 or pYES2 were grown as 

described for panel A. Cells were incubated for 20 min with 1.0 pM [3H]thymidine alone 

(100% of uptake) or in the presence of either 10 mM thymidine, 1 pM NBMPR, 10 pM 

dilazep or 10 pM dipyridamole after which cell-associated radioactivity was measured as 

described in Chapter II, section ILJ.i. The “background” quantity of [3H]thymidine 

adsorption on pYES2-containing yeast was subtracted from the “stimulated” quantity 

observed for pYhENTl-containing yeast. Results are means ± S.D. for triplicate 

determinations of the cellular content of thymidine equivalents (i.e., thymidine and its 

metabolites). Error bars are not shown where values were smaller than that represented by 

the symbols. Two separate experiments, one of which is shown, gave similar results.
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Figure V-4 Equilibrium binding of [3H]NBMPR to yeast producing

recombinant hENTl and membranes containing recombinant hENTl 

Panel A: Tune course of [3H]NBMPR binding (8 nM) to yeast transformed with 

pYhENTl and grown in CMM/GAL/MTX/SAA media (inducing conditions) that contained
.  i.

40 |iM thymidine was determined as described in Chapter II, section ILK. Each point is 

the average of duplicate determinations (individual values differed horn the value shown by 

< 10%). Two experiments, one of which is shown, gave similar results. Panel B: 

Equilibrium binding of [3H]NBMPR (0.12 nM - 24 nM) to yeast transformed with 

pYhENT 1 (-■-) or pYES2 (-•-) and grown in CMM/GAL/MTX/SAA medium (inducing 

conditions) that contained 40 pM or 1 mM thymidine, respectively, was determined as 

described in Chapter n, section UK. Results are presented as the amounts of specifically 

bound [3H]NBMPR as a function of free [3H]NBMPR. Each point is the average of 

duplicate determinations (individual values differed from the value shown by < 11%). 

Three experiments, one of which is shown, gave similar results, yielding (means ± S.D) 

values for and K,, o f, respectively, S.O ± 0.5 pmol/mg of protein and 1.2 ± 0.2 nM. 

Inset to Panel A: Scatchard analysis of specific binding of [3H]NBMPR to pYhENTl- 

containing yeast. Panel C: Equilibrium binding of [3H]NBMPR (0.12 - 24 nM) was 

determined with membranes prepared as described in Chapter II, section HE, from yeast 

transformed with pYhENTl and grown in CMM/GAL/MTX/SAA media that contained 40 

pM thymidine. The amount of [3H]NBMPR that specifically bound is presented as a 

function of free [3H]NBMPR. Each point is the average of duplicate determinations; 

individual values differed from the value shown by < 8 %. Three experiments, one of 

which is shown, gave similar results with and K* values (means ± S.D.) of 6.5 ± 1.0  

pmol/mg protein and 0.7 ± 0.2 nM, respectively. Inset to Panel A: Scatchard analysis of 

specific [3H]NBMPR binding to hENTl-containing yeast membranes.
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Figure V-5 Demonstration of recombinant hENTl in yeast

membranes by reconstitution of thymidine transport activity 

Panel A: Crude membranes prepared from yeast with pYhENTl, as described for Figure 

V-2, were solubilized with octylglucoside and reconstituted into liposomes. The uptake of 

20 pM [3H]thymidine was measured for the indicated timed intervals in the absence 

total uptake) or presence non-mediated uptake) of a mixture of transport inhibitors 

(10 mM adenosine, 10 pM dipyridamole and 10 pM NBTGR). hENTl-mediated uptake 

of [JH]thymidine (-Y-) was determined by subtracting the total uptake from the non­

mediated uptake. Each point is the average of duplicate determinations (individual values 

differed from the values shown by < 8%). Two experiments, one of which is shown, gave 

similar results, yielding an average initial rate of thymidine uptake of 7 pmol/s per mg of 

protein. Panel B: hENTl-containing liposomes were prepared as described for Panel A 

and then incubated with NBMPR (0.0375 nM -12.5 pM) for 10 min afterwhich uptake of 

20 pM [3H]thymidine was measured for 20 sec (as described for Panel A) in the presence 

of the same concentrations of NBMPR. Results are presented as the relative amounts of 

hENTl-mediated [3H]thymidine uptake as a function of the concentration of NBMPR. 

hENTl-mediated [3H]thymidine uptake in the absence of NBMPR was taken as 100 % 

uptake. Each point is the average of duplicate determinations (individual values differed 

from the values shown by <9%). Two experiments, one of which is shown, gave similar 

results, yielding an average ICjq of 5.5 nM for the inhibition of thymidine uptake by 

NBMPR.
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Figure V-6 Functional complementation of a thymidine transport

deficiency in yeast by recombinant hENTl/N48Q

Yeast cells containing either pYES2 or pYN48Q were streaked on solid 

CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate starvation) that 

contained 0 pM thymidine (A), 1 mM thymidine (B) or 10 pM thymidine (C) as described 

in Chapter n, section H.B. Yeast cells were also streaked on CMM/GLU/MTX/SAA 

medium (repressive conditions, thymidylate starvation) that contained 10 pM thymidine 

(D). Growth on plates was visualized after 3.5 days. Three separate experiments, one of 

which is shown, yielded similar results.
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Figure V-7 Equilibrium binding of [3H]NBMPR to yeast producing

recombinant pYN48Q

Equilibrium binding of [3H]NBMPR (0.12 nM - 24 nM) to yeast transformed with 

pYN48Q and grown in CMM/GAL/MTX/SAA medium (inducing conditions) that 

contained 40 pM thymidine was measured as described in Chapter n, section ILK, and in 

the legend of Figure V-4. Results are presented as the amounts of specifically bound 

[3H]NBMPR as a function or free [3H]NBMPR. Each point is the average of duplicate 

determinations (individual values differed from the value shown by < 13%). Six 

experiments, one of which is shown, gave similar results yielding values (means ± S.D.) 

for and of, respectively, 15 ± 1.1 pmol/mg of protein and 10.5 ± 1.6 nM . Inset. 

Scatchard analysis of specific binding of [3H]NBMPR to pYN48Q-containing yeast.
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Figure V-8 Dissociation of [3H]NBMPR from yeast producing either

recombinant hENTl or hENTl/N48Q

Yeast cells transformed with pYhENTl (-■-) or pYN48Q (-A-) and grown in 

OtfMfcjAl/MTXySAA medium containing 40 pM thymidine, as described in Chapter II, 

section ILL, were incubated at 22*C in the presence of 2.5 nM [3H]NBMPR and allowed 

to reach equilibrium. Excess (5 pM) unlabelled NBMPR was then added to the cells and 

the amount of [3H]NBMPR that remained bound was measured at the times indicated. 

Specific binding of [3H]NBMPR is shown as a function of time. Values for dissociation 

rate constants were estimated with a non-linear one-phase exponential decay equation using 

GraphPad PRISM v 2.0 software. Each point is the average of duplicate determinations; 

individual values differed from the value shown by £  6% (pYhENTl) or < 5% (pYN48Q). 

Three experiments, one of which is shown, gave similar results for the apparent rate of 

dissociation for hENTl and N48Q, yielding values (means ± S.D.) of 0.14 ± 0.02 and 

0.36 ± 0.05 min'1 respectively.
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Figure V-9 Inhibition by dilazep and dipyridamole of [3H]NBMPR

binding to yeast producing either recombinant hENTl or hENTl/N48Q

Yeast cells transformed with pYhENTl or pYN48Q were grown in CMM/GAL/MTX/SAA 

mdium that contained 40 pM thymidine as described in Chapter n, section ILK. The 

pYhENTl-containing yeast cells were incubated with 0.5 nM [3H]NBMPR alone or 

together with graded concentrations (0.125- 10 pM) of either dilazep (A) or dipyridamole 

(B); the pYN48Q-containing yeast cells were incubated with 6 nM [3H]NBMPR alone or 

with graded concentraions of dilazep (C) or dipyridamole (D). The concentrations of 

[3H]NBMPR differed between pYhENTl-containing and pYN48Q-containing yeast 

because of the differences in Kd values for NBMPR binding. Results are presented as the 

percentages of [3H]NBMPR bound as a function of the logarithim of the concentration of 

dilazep or dipyridamole. The amount of [3H]NBMPR that bound in the absence of 

additives was taken as 100% binding. Each point is the average of duplicate 

determinations; individual values differed from the value shown by < 12 %. Three 

experiments, one of which is shown for each inhibitor, gave similar results, yielding ICS0 

values (means ± S.D.) for dilazep and dipyridamole inhibition of NBMPR binding to 

hENTl of 130 ± 10 and 380 ± 20 nM respectively, and to hENTl/N48Q of 50 ± 5 and 230 

± 3 nM. resoecrively.
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Table V -l Effect of nucleoside transport inhibitors on hENTl-

mediated complementation

Yeast cells transformed with either pYES2 or pYhENTl, grown in CMM/GAL medium, 

were streaked on solid CMM/GAL/MTX/SAA medium (inducing conditions, thymidylatc 

starvation) that contained 0 pM thymidine, 1 mM thymidine or 10 pM thymidine as 

described in Chapter n, section ILB, and one the three inhibitors at the concentration 

indicated. Growth on plates was visualized after 3.S days. Growth comparable to that 

found in the presence of 1000 pM thymidine is denoted as (+) and the complete absence of 

growth is denoted as (-). Three separate experiments yielded similar results.

dYES2 DYhENTl

Inhibitor Thvmidine (uMl

0 10 1000 _ 0 10 1000

none + + +

I pMNBMPR - - + - - +

10 pM dilazep - - + - - +

10 pM dipyridamole - - + • - +
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Table V-2 Effect of nucleoside transport inhibitors on hENTl-

mediated complementation

Yeast cells transformed with either pYES2 or pYN48Q, grown in CMM/GAL medium, 

were streaked on solid CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate 

starvation) that contained 0 pM thymidine, 1 mM thymidine or 10 pM thymidine as 

described in Chapter II, section II.B, and one the three inhibitors at the concentration 

indicated. Growth on plates was visualized after 3.5 days. Growth comparable to that 

found in the presence of 1000 pM thymidine is denoted as (+) and the complete absence of 

growth is denoted as (-). Three separate experiments yielded similar results.
si N

> 1 90 o

Inhibitor Thvmidine fuM)

0 10 1000 0 10 1000

none + + +

1 pMNBMPR - - + - +

10 pM dilazep - - + - +

10 pM dipyridamole - - + - +
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Characterization of the native and recombinant human equilibrative 

NBMPR-insensitive nucleoside transporter protein (hENT2)
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V I.A . ABSTRACT

The human equilibrative nitrobenzylmercaptopurine ribonucleoside (NBMPR)- 

insensitive transporter (ei) has been found to co-exist with other nucleoside transport 

-processes in all cell types studied to date, making its characterization difficult 

Additionally, the ei transport process usually represent the minority (10-30%) of the total 

nucleoside transport activity, further confounding analysis of this transporter. Dilazep and 

dipyridamole are well-established non-nucleoside inhibitors of es nucleoside transport 

processes that block hENTl-mediated transport at nanomolar concentrations. When this 

work was initiated, the sensitivity of the ei nucleoside transport process to dilazep and 

dipyridamole had not been quantified. The objective of this work was to examine the 

sensitivity of the ei nucleoside transport process to dilazep and dipyridamole, using 

cultured HeLa cells to study inhibitor sensitivity of the native ei process, and the yeast 

nucleoside transport expression system to study determinants of inhibitor sensitivity. 

Dilazep and dipyridamole were shown to be less potent inhibitors of the ei process and 

displayed ICM values for thymidine uptake of 4.1 ± 1.3 pM and 0.09 ± 0.03 pM, 

respectively, and for uridine uptake of 2.9 ± 0.8 pM and 0.23 ± 0.13 pM, respectively. 

The hENT2 cDNA was inserted into the yeast expression vector pYES2 to create 

pYhENT2 and functional production of recombinant hENT2 was demonstrated in S. 

cerevisiae using a selection strategy based on the ability of the introduced transporter 

protein to rescue yeast from thymidylate starvation by enabling salvage of extracellular 

thymidine. Recombinant hENT2 was able to complement the imposed thymidine 

depletion, indicating hENT2-mediated transport of thymidine into the recipient cells. 

hENT2 was shown to be present in yeast plasma membranes as determined by direct 

measure of rates of uptake of [3H]thymidine into (i) hENT2-producing yeast, and (ii) 

proteoliposomes reconstituted from the hENT2-containing yeast membranes. Purine and 

pyrimidine nucleosides were tested for their ability to inhibit hENT2-mediated rescue of
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yeast under the selection conditions to assess the apparent substrate selective ties of hENT2. 

Adenosine, uridine, inosine and to a lesser extent hypoxanthine and thymidine, inhibited 

hENT2-mediated complementation. Dipyridamole, but not NBMPR or dilazep, inhibited 

hENT2-mediated complementation, demonstrating that the yeast nucleoside transport 

expression system can be used to study determinants of dipyridamole interaction with 

hENT2. Glycosylation mutants of hENT2 were produced by site-directed mutagenesis of 

the cDNA sequence encoding asparagine residues 48, 57 and 225 to the codon encoding 

glutamine. These results demonstrated that the predicted loop region between 

transmembrane spanning domains 1 and 2 was extracellular, since a mutant version of 

HENT2 lack asparagine residues 48 and 57 (contained within this loop region) did not 

undergo glycosylation. The predicted loop region between transmembrane spanning 

domains 6 and 7 was in tracellular since a mutant lacking asparagine 225 (contained within 

this loop region) could be glycosylated.
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mediated nucleoside transport in mammalian cells (16,19,21), the kinetic characteristics of 

the ei transport process and the basis of interaction of the non-nucleoside analogs dilazep 

and dipyridamole with hENT2 remain poorly understood. Described here are studies with 

HeLa cells in which (i) the kinetic parameters for thymidine transport were determined for 

the NBMPR-insensitive process, and (ii) the ability of dilazep and dipyridamole to block ei- 

mediated nucleoside transport was quantified by determining concentration-effect 

relationships for dilazep and dipyridamole-dependent inhibition of NBMPR-insensitive 

thymidine and uridine transport It was previously shown that cDNAs encoding nucleoside 

transporter proteins can be expressed in S. cerevisiae by assessing the growth of a yeast 

strain that is deficient in thymidine transport under selection conditions that prevent the 

production of dTMP de novo (Chapter IV, V and (139)). Thus, experiments were 

undertaken to establish that recombinant hENT2 could be functionally produced in 5. 

cerevisiae as a first step in the development of an approach to study the determinants of 

hENT2 interaction of the non-nucleoside transport inhibitors. Demonstrated here is the 

functional expression of hENT2 cDNA in S. cerevisiae by the following criteria: (i) the 

survival of yeast under the selection conditions, (ii) the presence of hENT2 mRNA and 

protein in yeast, and (iii) the mediated uptake of thymidine by intact hENT2-containing 

yeast and proteoliposomes reconstituted from detergent-solubilized membranes. The 

apparent substrate specificity of hENT2 for both purine and pyrimidine nucleosides and 

nucleobases was assessed by testing their ability to inhibit phenotypic complementation of 

the thymidine transport deficiency. Similarly, the effects of NBMPR, dilazep and 

dipyridamole on the transport activity of recombinant hENT2 were assessed by testing the 

ability of high concentrations to inhibit phenotypic complementation of the thymidine 

transport deficiency in yeast subjected to thymidylate starvation. Elimination of the N- 

linked glycosylation site of the es transporter by conversion of N48 to Q did not eliminate 

its ability to function as a transporter but did alter its sensitivity to inhibition by dilazep and 

dipyridamole (Chapter V). The role of N-linked glycosylation of hENT2 was examined by
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comparing phenotypic complementation in yeast producing wild type hENT2 with that of 

mutants in which the predicted N-linked glycosylation sites were eliminated by conversion 

of N to Q at positions 48,57 and/or 225. Finally, the hENT2-glycosyladon mutants were 

used to determine the topological orientation of two landmark regions within hENT2.
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VI.C. RESULTS

V l.C .i. Thymidine uptake in HeLa cells

HeLa cells functionally possess both the equilibrative NBMPR-sensitive (es) and 

equflibrative NBMPR-insensitive (ei) nucleoside transport processes (116). However, 

because the ei-mediafed transport component represents the minority of total transport 

activity it has been difficult to kinetically characterize. To permit the measurement of 

kinetics of ei (HeLa)-mediated nucleoside uptake, the es-component of nucleoside transport 

was pharmacologically blocked with the potent es-inhibitor NBMPR (100 nM), to permit 

examination of ei-mediated transport in isolation. Previous studies of thymidine transport 

in HeLa cells (116) have established that er-mediated transport is completely blocked when 

cells are exposed to 100 nM NBMPR, a concentration that is well in excess of that needed 

to saturate the inhibitory sites (now known to be associated with hENTl) with high affinity 

for NBMPR. The experiments of Figure VI-1 established the kinetics of ei-mediated 

[3H]thymidine uptake. Initial rates of [3H]thytnidine uptake are presented as a function of 

the concentration of [3H]thymidine used. Thymidine uptake conformed to Michaelis- 

Menten kinetics and two independent experiments, one of which is shown in Figure VI-1, 

yielded mean K,,, and V ^  values, respectively, of 355 pM and 5.7 pmol/106 cells/s.

The human es transport protein is potently inhibited by the nucleoside analog 

NBMPR as well as by the structurally distinct coronary vasodilators dilazep and 

dipyridamole (4). While it is well established that the ei process of human cells is inhibited 

by dilazep and dipyridamole, the concentration dependence of these inhibitors has not been 

well defined. The experiments of Figure VI-2 were undertaken to quantity the relative 

abilities of dilazep (panels A,Q aqd dipyridamole (panels B.D) to inhibit «'-mediated 

[3H]uridine uptake (panels A 3) and [3H]thymidine uptake (panel C,D). For both 

nucleosides dipyridamole was a more potent inhibitor of e/-mediated transport activity than 

dilazep. The mean IC*, values (± SD.) from three separate experiments, one of which is
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shown in Figure VI-2, for inhibition of undine uptake by dilazep or dipyridamole, 

respectively, were 2.9 ±0.8 pM and 0.23 ± 0.13 pM and for [3H]thymidine uptake were 

4.1 ± 1.3 pM and 0.09 ± 0.03 pM.

VI.C.U. pYhENT2 complementation of a thymidine transport deficiency 

in yeast

Pharmacologic blockade of the es transport process permitted partial 

characterization of the ei transport process in HeLa cells. However, the functional 

production of recombinant ei (hENT2) in a model expression system that otherwise lacked 

the capacity to transport the nucleoside permeant under study would simplify the 

characterization of hENT2 and would enable studies of site-directed mutants of hENT2. 

Additionally, site-directed hENT2-mutants could readily be examined in such a model 

expression system. To expand the work initiated with the native hENT2 of HeLa cells, the 

yeast nucleoside transporter expression system was used to study recombinant hENT2.

In previous work (Chapters IV and V) functional production of a recombinant 

nucleoside transporter occurred when the cDNA inserts were cloned in the Kpnl and SphI 

sites of the pYES2 expression vector. In so doing, the codon encoding the initiating 

methionine was in close proximity to (within -  20 base pairs) the GAL1 promoter. The 

hENT2 cDNA was cloned into the Kpnl and SphI sites of the pYES2 expression vector, 

generating pYhENT2. The experiments of Figure VI-3 were undertaken to determine if 

expression of the hENT2 cDNA could rescue yeast from drug-imposed depletion of dTMP. 

Yeast cells with pYhENT2 or pYES2 were grown under conditions of thymidylate 

starvation in the presence of either galactose (inducer) or glucose (repressor) with various 

concentrations of thymidine. pYES2-containing and pYhENT2-containing yeast were 

unable to form colonies in thymidine-free medium (Figure VI-3A) but did so in the 

presence of 1 mM thymidine (Figure VI-3B); these conditions were shown in earlier 

experiments (Chapter IV section IV.Gii) to control for the selection conditions (thymidine- 

free medium) and for colony-forming ability through diffusional uptake (1 mM thymidine).

193

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



pYhENT2-containing yeast also formed colonies in the presence of 10 pM thymidine but 

only when plated on MTX/SAA medium that was supplemented with galactose, the inducer 

required for efficient transcription of the cDNA insert in the pYES2 vector (Figure VI-3C). 

There was no growth when pYhENT2-containing yeast cells were plated on medium with 

MTX/SAA that was supplemented with glucose, the repressor used to block transcription 

of the hENT2 insert (Figure VI-3D). The expression of the cDNA encoding HENT2 was 

required to complement the growth arrest imposed by thymidylate starvation, a result that 

was consistent with the acquisition of thymidine-transport capability.

VI.C.iii Production of hENT2 mRNA and protein

Northern analysis was performed to determine if mRNA corresponding to hENT2 

cDNA was present in pYhENT2-containing yeast (Figure VI-4A). RNA samples were 

prepared from yeast cells (with either pYhENT2 or pYES2) that were cultured (i) in the 

presence of the selecting drugs under conditions that extracellular thymidine could be 

salvaged for growth (CMM/GAL/MTX/SAA with either 40 pM or 1 mM thymidine 

respectively) or (ii) in the absence of the selecting drugs under conditions that either 

induced (galactose-containing medium) or repressed (glucose-containing medium) 

transcription of the cDNA insert. A single band of 1650 nt was detected in pYhENT2- 

containing yeast grown in MTX/SAA medium with galactose and to a somewhat lesser 

extent in yeast grown in CMM/GAL medium. No signal was present in pYhENT2- 

containing yeast grown in CMM/GLU or in pYES2-containing yeast under any of the 

experimental conditions. These results, which demonstrated the presence of hENT2 

mRNA in cells with pYhENT2, indicated enhanced transcription of HENT2 cDNA by 

activation of the Gall promoter.

Immunoblotting was perfomgd to confirm the presence of recombinant hENT2myc 

protein in pYhENT2myc-containing yeast (Figure VI-4B). When these studies were 

initiated hENT2-specific antibodies were not available. The hENT2 cDNA was engineered 

to possess the cDNA sequence encoding the c-myc immunoepitope at the 3* end of the
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hENT2 cDNA (corresponding to the C-terminus of the resulting recombinant protein). 

During the course of this work, polyclonal antibodies directed against a fusion polypepdde 

that contained the putative cytosolic loop of hENT2 (residues 213 -  290) became available 

(M. Cabrita et al. unpublished results). Yeast cells with either pYhENT2myc or pYES2 

were subjected to thymidylate starvation in the presence of galactose (inducing conditions) 

and either 40 pM or 1 mM thymidine, respectively; these conditions permitted the 

pYhENT2myc-containing and pYES2-containing yeast to grow at approximately the same 

rates. Immunoblotting with c-myc monoclonal antibodies or anti-hENT2 polyclonal 

antibodies (as indicated) demonstrated the presence of immunoreactive material in 

membranes of pYhENT2myc-containing yeast that was not present in membranes of 

pYES2-containing yeast. The predominant immunoreactive species was observed as a 

band of 49 kDa. The predicted molecular mass of non-glycosylated hENT2myc is S0.2 

kDa. Immnuoblotting with the anti-hENT2 polyclonal antibodies demonstrated the 

presence of immunoreactive material in membranes of pYhENT2myc-containing yeast that 

was not present in membranes of pYES2-containing yeast. The anti-hENT2 polyclonal 

antibodies displayed fewer (if any) cross-reactive material than the anti c-myc monoclonal 

antibodies and appeared to react with higher affinity to hENT2myc. Therefore the anti- 

HENT2 polyclonal antibodies were used for the remainder of the studies.

V l.C .iv . Yeast cells with hENT2 exhibit increased cellular uptake o f  

[3H]thymidine

To determine if the phenotypic complementation observed in pYhENT2-containing 

yeast was due to acquisition of thymidine transport activity, thymidine uptake experiments 

were conducted with yeast transformed with either pYhENT2 or pYES2. The uptake of 

1.0 pM [3H]thymidine was measured into yeast with either pYhENT2 or pYES2 that had 

been cultured in MTX/SAA-containing medium with the inducer and either 40 pM or I mM 

thymidine, respectively (Figure VI-3). Thymidine uptake by pYhENT2-containing yeast 

was greater than that by pYES2-containing yeast These results indicated that the
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expression of pYhENT2 was accompanied by the acquisition of the capacity for cellular 

uptake of thymidine providing a further indication that pYhENT2-containing yeast, when 

grown in the presence of galactose, produced functional recombinant hENT2.

V I.C .v. Reconstitution of thymidine transport activity into hENT2- 

containing proteoliposomes

The experiments of Figure VI-6 were undertaken to demonstrate the presence of 

membrane-associated recombinant hENT2 by solubilization and functional reconstitution 

into proteoliposomes. Membranes prepared from pYhENT2-containing yeast cells that 

were grown under inducing conditions were solubilized with octylglucoside. Exogenously 

supplied lipids were used to prepare proteoliposomes by a procedure used previously to 

reconstitute native es transporter from human and mouse cells (119,122,123). The time 

course of uptake of 20 pM [3H]thymidine (Figure VI-6) was determined into 

proteoliposomes in the absence of additives or in the presence of a mixture of nucleoside 

transport inhibitors to determine non-mediated uptake. The differences between the 

calculated initial rates of uptake were used to calculate the initial rate of inhibitable transport 

of thymidine (20 pmol/s per mg of reconstituted protein). These results, which 

demonstrated the functional reconstitution of thymidine transport activity from membranes 

of pYhENT2-expressing yeast, established that the introduced transport activity was 

mediated since it could be inhibited by compounds (adenosine, dipyridamole) known to 

blocker transport.

V l.C .vi. Effects of nucleosides and nudeobases on hENT2-dependent 

thymidine rescue of S. cerevisiae in the complementation assay

The apparent substrate specificity of hENT2 was examined in the experiments of 

Figure VI-7 by determining the effects of purine and pyrimidine nucleosides and 

nudeobases on colony formation in the yeast complementation assay. The ability of a test 

compound to inhibit hENT2-dependent colony formation under selective conditions would 

be indicative of either a hENT2 substrate or inhibitor. High concentrations of the

196

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



nucleosides inosine, uridine, and adenosine completely inhibited hENT2-mediated 

complementation whereas cytidine and guanosine had only minor inhibitory effects. High 

concentrations of the nudeobases hypoxanthine and thymine, but not of adenine, uracil or 

cytosine, also inhibited hENT2-mediated complementation, although not to the same extent 

as inosine, uridine and adenosine. These data indicated that hENT2 has the capacity to 

interact with a broad spectrum of purine and pyrimidine nucleosides and nudeobases and 

was consistent with the observed broad permeant selectivity of the native ei process. The 

observation that hENT2-mediated complementation was inhibited by thymine was 

unexpected.

V l.C .vii Effect of inhibitors of nucleoside transport on hENT2- 

dependent thymidine rescue of S. cerevisiae in the complementation assay

NBMPR, dilazep and dipyridamole have been used as pharmacological probes to 

distinguish between the es and ei transport processes in a variety of mammalian cell types 

(1,3). In the experiments of section VLD.i the sensitivity of the native ei-transport process 

in HeLa cells to inhibition by dipyridmole and dilazep was examined, and dipyridamole 

was found to inhibit the ei transport process to a greater extent than dilazep. hENT2- 

dependent complementation in yeast subjected to thymidylate starvation was assessed in the 

presence of the ENT inhibitors in the experiments of Figure VI-7. High concentrations of 

dipyridamole (100 pM) but not dilazep (100 pM) or NBMPR (10 pM) were shown to 

inhibit hENT2-dependent colony formation. The ability of dipyridamole to block the 

thymidine rescue of pYhENT2-containing yeast at low thymidine concentrations indicated 

the production of recombinant hENT2 that was able to recognize and be inhibited by 

dipyridamole, but not by dilazep and NBMPR.
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V l.C .viii. Assessment of the importance of N-linked glycosylation for 

hENT2 function by expression of glycosylation-defective mutants in S . 

cerevisiae

The addition of oligosaccharides to asparagine residues (N-linked glycosylation) 

occurs co-translationally during the synthesis of proteins. N-linked glycosylation occurs in 

the lumen of the endoplasmic reticulum on asparagine residues possessing the consensus 

sequence N-X-S/T, where X is any amino acid other than P. A survey of membrane 

glycoproteins has found that N-linked glycosylation consensus sites are generally (i) 

spaced at least 10 residues from a transmembrane-spanning domain, (ii) in a loop that is at 

least 30 residues in length (149). N-linked glycosylation appears to play a role in the 

proper folding of newly synthesized proteins and may act in the maintenance of quality 

control during protein synthesis (ISO). However, N-linked glycosylation of recombinant 

membrane transport proteins is not necessarily an essential process, and there are a variety 

of examples in which mutant proteins that lack N-linked glycosylation sites have been 

functionally produced in expression systems, including the hENTl glycosylation-defective 

mutant hENTl/N48Q (described in Chapter VI and (139)).

hENT2 is predicted to contain three N-linked glycosylation sites: two in the loop 

between transmembrane domains 1 and 2 at N48 and NS7 and one in the loop between 

transmembrane domains 6 and 7 at N22S (19,21). The role of N-linked glycosylation in 

the biosynthetic processing and function of hENT2 is not known. cDNAs in which the N- 

linked glycosylation sites of hENT2myc were converted to Q by site-directed mutagenesis 

were cloned into the Kpnl and SphI sites of the pYES2 expression vector 

(pYN48/57Qmyc, pYN225Qmyc and pYnullmyc) and then functionally expressed in yeast. 

When yeast cells with the cDNAs epcoding the glycosylation defective hENT2-mutants or 

pYES2 were exposed to MTX/SAA in the presence of galactose (inducer) or glucose 

(repressor), pYN48/57Qmyc-, pYN225Qmyc- and pYnullmyc-containing yeast formed 

colonies in the presence of 1 mM thymidine but not in thymidine-free medium (Figure VI-
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8). Colonies were also formed by pYN48/57Qmyc-, pYN225Qmyc- and pYnullmyc- 

containing yeast in the presence of galactose and 50 and 100 pM thymidine, whereas none 

were observed in pYES2-containing yeast (Figure VI-8). Thus the expression of 

pYN48/57Qmyc, pYN225Qmyc and pYnullmyc cDNAs in yeast complemented the growth 

arrest imposed by thymidylate starvation. These results indicated that the glycosylation- 

defective mutants had retained their capacity for thymidine transport and demonstrated that 

glycosylation was not required for production of functional hENT2 in yeast.

V .C .ix. Development of an approach for determination of topology 

landmarks in recombinant hENT2 using N-linked scanning mutagenesis

At the time of this study was undertaken, there was no experimental verification of 

the hENT2 topology model proposed by Griffiths et al. (19). N-Linked scanning 

mutagenesis was selected as an approach to identify topological landmarks within 

recombinant hENT2. This method takes advantage of natural biosynthetic processing 

mechanisms in which only those N-linked glycosylation consensus sites (N-X-S/T) that are 

exposed to the lumen of the endoplasmic reticulum are glycosylated and would therefore 

correspond to extracellularily exposed regions when the membrane protein is present at the 

cell surface. Glycosylated and non-glycosylated proteins can be distinguished by 

differences in mobility during SDS-PAGE analysis and immunoblotting. Thus, elimination 

of endogenous N-linked glycosylation sites within recombinant membrane proteins and/or 

the selective introduction of individual consensus sites can serve as a general strategy to 

map the topology of membrane proteins. N-linked scanning mutagenesis has been used to 

assess the topology of a variety of integral membrane transporter proteins (151-155). An 

important consideration when undertaking topology studies is that the mutant proteins 

generated should retain their function, an indication that the protein has undergone 

“normal” folding and processing. The hENT2 glycosylation mutants 

(hENT2/N48,57Qmyc; hENT2/N225Qmyc; hENT2/nullmyc) examined in the previous 

section (VLD.vii.) were functional, and thus properly folded.
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The cDNAs in which the N-linked glycosylation sites of hENT2myc were 

converted to Q by site-directed mutagenesis were cloned into the mammalian expression 

vector pCDNA3 (pcN48/57Qmyc, pcN22SQmyc and pcnullmyc) and transiently 

transfected into Chinese hamster ovary (CHO) cells. The CHO cell line was chosen 

because this cell line has been used frequently by others as the host for transient 

transfections of heterologous cDNAs (156-158). Total membranes were prepared from 

transfected CHO cells and subjected to treatment with Peptide N-glycosidase F (PNGaseF) 

for removal of N-linked glycans. The resulting deglycosylated membrane samples, as well 

as “mock” treated samples (prepared identically with the exclusion of PNGaseF), were 

subjected to SDS-PAGE and immunoblotting with anti-hENT2 polyclonal antibodies 

(Figure VI-9). These results indicated that pchENT2myc-containing cells produced an 

immunoreactive species Oane 1) that decreased in size when treated with PNGaseF (lane 

2). Elimination of both the N-glycosylation sites contained within the predicted loop region 

between transmembrane spanning domains 1 and 2 (pcN48/57Qmyc, possessing an intact 

site at N225) resulted in the production of an immunoreactive species that corresponded to 

the deglycosylated form of hENT2 (compare untreated and PNGaseF treated samples in 

lanes 3 and 4, respectively, with the PNGaseF-treated pchENT2myc sample in lane2). 

These data, which suggested that either N48 and/or N57 was glycosylated, established that 

the loop region between transmembrane spanning domains 1 and 2 was extracellular. 

Elimination of the N-linked glycosylation site at N225Q (pcN225Qmyc, possessing intact 

sites at N48 and N57) resulted in an immunoreactive species Oane 5) that corresponded to 

fully glycosylated hENT2myc in untreated samples Oane 1). This immunoreactive material 

decreased in size when treated with PNGaseF Oane 6) and corresponded to deglycosylated 

hENT2myc in PNGaseF treated sample Oane 2). These data, which suggested that N225 

was not glycosylated, established that the loop region between transmembrane spanning 

domains 6 and 7 was intracellular.
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V I.D . DISCUSSION

The availability of cDNAs encoding the ENT proteins from rat and human cells has 

allowed detailed kinetic studies of the recombinant transporters in oocytes of Xenopus 

oocytes to be performed (16,18). Cultured cells have also been used for the functional 

expression of hENT2 (21,97). However, these heterologous expression systems have not 

produced sufficient quantities of recombinant protein to permit a detailed analysis of the 

physical characteristics of the transporters. Several integral membrane proteins have been 

introduced into the yeast 5. cerevisiae with the production of substantial quantities of 

functional recombinant proteins (98,99,159,160). The production of recombinant hENT2 

in yeast of sufficient quantity for purification and physical characterization remains a long 

term goal. The production of hENT2 in yeast described here was, however, sufficient for 

functional studies of recombinant hENT2.

HeLa cells possess two distinct components of nucleoside transport that differ in 

their sensitivities to inhibition by NBMPR, the es and ei transport processes (148). The es 

transport process represents the majority (70-80%) of total transport in proliferating HeLa 

cultures (116) and thus is better understood than the ei transport process, even though 

HeLa cells were the source of one of the recently cloned hENT2 cDNAs (21). The 

isolation of cDNAs encoding hENT2 (19,21), together with the recent development of 

hENT2-specific antibodies (Cabrita, M. et aL unpublished results) has facilitated 

examination of transporter characteristics. Experiments were undertaken to further 

characterize the transport properties of the native ei-transport process of HeLa cells. 

Determination of the kinetics of thymidine transport of the native ei process of HeLa cells 

was achieved by pharmacologic bloqkade of the es transport process by inclusion of 100 

nM NBMPR in transport medium, thereby permitting examination of the ei transport 

process in isolation. The «-mediated uptake of thymidine conformed to Michaelis-Menten 

kinetics with K„ and values of 355 pM and 5.34 pmol/ltf cells/s, respectively.
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The es transport process of human cells is inhibited by nanomolar concentrations of 

NBMPR, dilazep and dipyridamole (19,21). While the ei process of human cells has been 

shown to be resistant to relatively high &  1 pM) concentrations of NBMPR, its 

sensitivities to dilazep and dipyridamole have not been fully characterized. The 

concentration-effect relationships for inhibition of ̂ -mediated transport of [3H]uridine and 

[3H]thymidine in HeLa cells by dilazep and dipyridamole indicated that the ei transport 

process was more sensitive to inhibition by dipyridamole than by dilazep. These data 

suggested that hENTl and hENT2 share structural determinants that confer sensitivity to 

dipyridamole.

While pharmacologic blockade of the es process of HeLa cells permitted functional 

examination of the ei process, introduction of recombinant hENT2 into a transport-deficient 

eukaryotic model system would facilitate functional studies of the ei transport process. The 

yeast nucleoside transport expression system, described in Chapter IV, was used for 

production of recombinant hENT2. It was demonstrated that expression of the hENT2 

cDNA in yeast subjected to thymidylate starvation enabled growth when exogenous 

thymidine was present in the growth medium. Northern analysis confirmed that (i) hENT2 

mRNA was present in pYhENT2-containing yeast but not in pYES2-containing yeast, and 

(ii) hENT2 mRNA was present in pYhENT 1 -containing yeast grown in the presence of 

galactose (inducing conditions) but was absent in yeast grown in the presence of glucose 

(repressive conditions).

To compare the ability of NBMPR, dilazep and dipyridamole to inhibit the native 

and recombinant hENT2, the sensitivity of recombinant hENT2 to inhibition by these ENT 

inhibitors was assessed using the complementation assay. Thymidine rescue of 

pYhENT2-expressing yeast from thymidylate starvation was blocked by addition of 100 

pM dipyridamole but unaffected by the addition of 100 pM dilazep and 10 pM NBMPR to 

the growth medium. These data suggested that recombinant hENT2 was sensitive to 

dipyridamole. The inability of dilazep and NBMPR to prevent hENT2-mediated growth at
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micromolar concentrations indicated operation of hENT2 at levels sufficient to sustain 

growth over the course (3.5 days) of the experiment The absence of an effect with dilazep 

was unexpected, given its ability to inhibit ei transport in HeLa cells, and raised the 

possibility of degradation of dilazep during the experiment Direct measure of hENT2- 

mediated thymidine uptake, in the presence or absence of the ENT inhibitors, will be 

required to better define the ability of dipyridamole, dilazep and NBMPR to inhibit 

recombinant hENT2.

Domain swapping experiments designed to explore the intrinsic difference in 

sensitivity to inhibition by dipyridamole between the human and rat es transporters (hENTl 

and rENTl) have established that the determinants for dipyridamole sensitivity reside in the 

N-terminal half of hENTl, with the majority of dipyridamole sensitivity associated with 

transmembrane spanning domains 2-6 (35). hENTl and hENT2 share high amino acid 

identity (50%) and it is likely that the hENT2 structural determinants for dipyridamole 

sensitivity are similarto (or the same as) those of hENTl. Thus, site-directed mutagenesis 

of the hENT2 cDNA within predicted transmembrane spanning domains 2-6 may allow 

determination of the residues involved in the interaction of dipyridamole with hENT2.

hENT2 is an integral membrane protein and thus was expected to be present in 

membrane fractions of pYhENT2-expressing yeast. Immunoblotting of yeast membranes 

with the 9E10 anti-c-myc monoclonal antibody, and anti-hENT2 polyclonal antibodies, 

demonstrated the presence of immunoreactive protein in pYhENT2myc-expressing yeast 

but not in pYES2-expressing yeast The predominant immunoreactive species exhibited an 

apparent molecular mass of 49 kDa and thus corresponded to the HENT2 monomer because 

the predicted molecular mass of non-glycosylafed hENTl is 50.2 kDa.

The apparent substrate specificity of hENT2 was determined by inhibition 

experiments in which the ability of a purine or pyrimidine nucleoside to inhibit hENT2- 

mediated thymidine complementation was assessed. Compounds that inhibited hENT2- 

mediated complementation would be indicative of either substrates or inhibitors of the
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transporter. Adenosine, uridine and inosine were shown to completely inhibit hENT2- 

mediated complementation whereas cytidine and guanosine had little effect The 

nucleobases hypoxanthine and thymine were found to partially inhibit hENT2-mediated 

complementation. The finding that thymine also inhibted hENT2-mediated 

complementation was unexpected and suggested that this nucleobase may be a substrate of 

hENT2. Together, these data suggested a role of hENT2 in the uptake of nucleosides and 

nucleobases. The presence of both hENTl and hENT2 in the same cell type has raised the 

question as to the physiological necessity for two apparently broadly specific nucleoside 

transport proteins. The results of the complementation assay indicated that the substrate 

specificity of HENT2 was distinct from that of hENTl and suggested distinct cellular roles 

of each transporter in cell types possessing both transporters.

hENT2 possesses three consensus sites for N-linked glycosylation at predicted 

residues N48, N57 and N225. The functional significance of these consensus sites and the 

role of N-linked glycosylation in the proper functioning of hENT2 is not known. The 

functional expression of hENT2 glycosylation mutants (lacking one, two or all three 

consensus glycosylation sites) in S. cerevisiae established that glycosylation is not 

necessary for the production of functional hENT2.

N-linked mutagenesis of recombinant hENT2 established two topological 

landmarks in hENT2. The loop region between predicted transmembrane spanning 

domains 1 and 2 was shown to be glycosylated, at either residue N48 or N57 (or both 

residues), indicating that this loop region was exposed to the lumen of the endoplasmic 

reticulum during biosynthesis and therefore was present to the extracellular side of the 

plasma membrane. Because the first loop region was extracellular it is probable that the N- 

terminus of the protein was intracejlular. It was shown that the loop region between 

transmembrane domains 6 and 7 was not glycosylated at residue N22S and was therefore 

intracellular. Together these data support the predicted topology model of hENT2
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suggested by predictive algorithms (18,21). Continued studies will be required to further 

define the topology of hENT2.

The abundance of recombinant hENT2 in pYhENT2-expressing membranes 

provided a source of recombinant hENT2 for reconstitution into proteoliposomes, thereby 

permitting a direct demonstration of hENT2-dependent transport activity. Reconstituted 

proteoliposomes, prepared from hENT2-producing yeast, exhibited a mediated uptake of 

thymidine (20 ± 2 pmol/s per mg of reconstituted protein). Native ei transporters have 

previously been solubilized from Ehrlich ascites tumor cell plasma membranes and 

reconstituted into proteoliposomes (122) although in these studies the proteoliposomes also 

contained the es transporter. The reconstitution of recombinant hENT2 from yeast 

membranes into proteoliposomes has advantages because of the absence of endogenous 

thymidine-transporting activities and because of the opportunities presented through 

recombinant DNA techniques for modification of the hENT2 amino acid sequence.
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Figure VI-1 Kinetic analysis of ei-mediate transport of thymidine in 

HeLa cells

The uptake of graded concentrations of [3H]thymidine into proliferating HeLa cells was 

measured. Initial rates of [3H]thymidine uptake were determined into HeLa cells in which 

the es component of transport had been pharmacologically blocked with 100 nM NBMPR 

as described in Chapter II, section IlJ.ii. The rate of ̂ /-mediated transport is presented as 

a function of the substrate concentration tested. Results are means ± S.D. for triplicate 

determinations of the cellular [3H]nucleoside content. Two experiments, one of which is 

shown, gave similar results, yielding mean values for arid for thymidine uptake of 

355 pM and 5.7 pmol/106 cells/s, respectively.
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Figure VI-2 Inhibition of ei-mediated [3H]uridine and [3H]thymidine 

uptake in HeLa by dilazep and dipyridamole

The rates of ei-mediated transport of 100 pM [3H]uridine (Panels A and B) and 100 pM 

[3H]tfiymidine (Panels C and D) were determined as described in the legend of Figure VI-1 

by measuring initial rates of uptake in cells treated (for IS min before and also during 

uptake reactions) with 100 nM NBMPR (to block er-mediated transport). Uptake reactions 

were conducted at 22'C in the absence or presence of graded concentrations of dilazep 

(Panel A and C) or dipyridamole (Panel B and D) as described in Chapter II, section II.J.ii. 

Results are presented as the percentage of rates observed in the presence of various 

concentrations of inhibitor relative to the rates observed in the absence of inhibitors. 

Uptake in the absence of dilazep or dipyridamole is considered 100% uptake. Results are 

means (± S.D.) for triplicate determinations of the rates of uptake. Three experiments, one 

of which is shown, gave similar results, yielding mean (±S.D.) ICW values for dilazep and 

dipyridamole inhibition of [3H]uridine uptake of 2.9 ± 0.8 pM and 0.23 ±0.13 pM 

respectively, and [3H]thymidine uptake of 4.1 ± 1.3 pM and 0.09 ± 0.03 pM respectively. 

ICjo values were inferred from the sigmoidal dose-response curve using PRISM GraphPad 

V 2.0 software.
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Figure VI-3 Functional complementation of a thymidine transport 

deficiency in S. cerevisiae by recombinant hENT2

Yeast cells containing either pYES2 or pYhENT2 were streaked on CMM/GAL/MTX/SAA 

solid medium (inducing conditions, thymidylate starvation) that contained either 0 pM 

thymidine (A), 1 mM thymidine (B) or 10 pM thymidine (C) as described in Chapter II, 

section II.B. Yeast cells were also streaked on CMM/GLU/MTX/SAA medium (repressive 

conditions, thymidylate starvation) that contained 10 pM thymidine (D). Growth on plates 

was visualized after 3.S days. Three separate experiments, one of which is shown, yielded 

similar results.
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Figure VI-4 Production of hENT2 mRNA and recombinant protein by 

S. cerevisiae.

Panel A. Total RNA from yeast with pYhENT2 (lanes 1-3) or pYES2 (lanes 4-6) was 

prepared from proliferating yeast (section HD) and subjected to Northern analysis with a 

32P-labelled hENT2 cDNA fragment (nucleotides 1-718) and then detected by 

autoradiography, as described in Chapter II, section H i). Yeast growth conditions were as 

follows: CMM/GAL/MTX/SAA medium that contained either 40 pM thymidine (lane 3) or 

1 mM thymidine (lane 6); CMM/GAL medium (lanes 2 and S); CMM/GLU medium (lanes 

1 and 4). Panel B. Membranes, prepared as described in Chapter n , section HE, from 

yeast with pYES2 (lane 1) or pYhENT2myc (lane 2) grown in CMM/GAL/MTX/SAA 

medium that contained 1 mM or 40 pM thymidine respectively, were subjected to 

immunoblotting with the 9E10 anti-c-myc monoclonal antibodies or anti-hENT2 polyclonal 

antibodies (as indicated). The positions of molecular mass markers are indicated (in kDa) 

at the left.
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Figure VI-5 Cellular uptake of [3H)thymidine by S. cerevisiae 

producing recombinant hENT2

Yeast transformed with pYhENT2 or pYES2 were grown in CMM/GAL/MTX/SAA 

medium (inducing conditions) that contained respectively 40 pM or 1 mM thymidine. The 

uptake of 1.0 pM [3H)thymidine into proliferating yeast, as a function of time, was 

measured as described in Chapter n, Section IlJ.i. Results are means (± S.D.) for 

triplicate determinations of the cellular content of thymidine. Error bars are not shown 

where values were smaller than that represented by the symbols. Two separate 

experiments, one of which is shown, gave similar results.
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Figure VI-6 Demonstration of recombinant hENT2 in S. cerevisiae 

membranes by reconstitution of thymidine transport activity
•  X

Crude membranes prepared from yeast with pYhENT2, as described in the legand for 

Figure VI-4, were solubilized with octylglucoside and reconstituted into liposomes, as 

described in Chapter n , section II.M. The uptake of 20 pM [3H]thymidine into 

proteoliposomes was measured for the indicated timed interval in the absence total 

uptake) or presence non-mediated uptake) of a mixture of transport inhibitors (10 

mM adenosine, 10 pM dipyridamole and 10 pM NBTGR). hENT2-mediated uptake of 

[3H]thymidine (-▼-) was determined by subtracting the total uptake from the non-mediated 

uptake. Each point is the average of duplicate determinations (individual values differed 

from the values shown by £  7%). Two experiments gave similar results, yielding an 

average initial rate of thymidine uptake of 20 pmol/s per mg of protein.
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Figure VI-7 Inhibition of hENT2-mediated complementation of a 

thymidine transport deficiency in S. cerevisiae

Cultures of yeast cells containing either pYES2 or pYhENT2, grown in CMM/GAL 

mttiitim, were adjusted to an O D ^ of 1.0 and serial dilutions (I0°-103) were prepared. 

Ten-pl portions of the yeast dilutions were spotted onto CMM/GAL/MTX/SAA medium 

(inducing conditions, thymidylate starvation) that contained 0 pM thymidine, 10 pM 

thymidine or 1 mM thymidine that also contained a test compound (indicated at left of 

figure) and the resulting plates were incubated at 30'C as described in Chapter n, section 

n.B. Growth on plates was assessed after 3.5 days. Two separate experiments, one of 

which is shown, yielded similar results.
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Figure VI-8 Functional complementation of a thymidine transport 

deficiency in S. cerevisiae by hENT2 glycosylation-defective mutants

Cultures of yeast containing pYES2, pYhENT2myc, pYN48/57Qmyc, pYN225Qmyc or 

pYnullmyc, grown in CMM/GAL medium, were adjusted to an OD^ of 1.0 and serial 

dilutions (Kf-lO*3) were prepared. Ten-pl portions of the yeast dilutions were spotted onto 

CMM/GAL/MTX/SAA medium (inducing conditions, thymidylate starvation) that 

contained 0 pM thymidine, SO pM thymidine, 100 pM thymidine or 1 mM thymidine and 

the resulting plates were incubated at 30*C as described in Chapter II, section II.B. 

Growth on plates was assessed after 3.S days. Two separate experiments, one of which is 

shown, yielded similar results.
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Figure VI-9 Determination of two topological landmarks in hENT2 

Membranes were prepared, as described in Chapter n , section ILF, from CHO cells 

transiently transfected with pchENT2myc (lane 1,2), pcN48/57Qmyc Cane pcN225Qmyc 

3,4), (lane 4,5) or pcDNA3 (lane 6,7), described in section ILA.v. The resulting 

membranes were incubated with PNGaseF (+) or buffer alone (-) as described in Chapter 

II, section n.H, resolved by SDS-PAGE (2 pg protein/lane), transferred to Immobilon-P 

membrane and subjected to immunoblotting with the anti-hENT2 polyclonal antibodies. 

The positions of molecular mass markers are indicated in kDa at the left. The position of 

the glycosylated and non-giycosylated hENT2 immunoreaictive species ate denoted by 

arrows. Please note, lane 1 is from the same immunoblot as lanes 2 through 8. Lane 1 

represents a longer exposure of the immunoblot to film than for lanes 2 through 8 to permit 

visualization of the hENT2 immunoreactive species.
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V II.

General Discussion
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The initial goal of the work presented in this thesis was to develop procedures for 

the use of S. cerevisiae as an expression system to produce recombinant nucleoside 

transporter proteins to enable biochemical and molecular studies of relationships between 

nucleoside transporter structure and function. A substantial effort was devoted to the 

development and validation of methods to achieve expression of nucleoside transporter 

cDNAs, focusing initially on members of the CNT protein family and subsequently on 

members of the ENT family. Nucleoside transporters from bacteria, rat and humans were 

successfully produced in yeast at levels that were sufficient for a variety of functional 

studies that addressed questions of current interest in nucleoside transporter biology. The 

levels of expression achieved were not sufficient to undertake purification of nucleoside 

transporter proteins.

VILA The nucleoside transporter proteins of S.cerevisiae

A key factor in the development and utilization of a model expression system is 

knowledge of the host’s endogenous nucleoside transport proteins. Therefore, an 

examination and characterization of the nucleoside transporter proteins of S. cerevisiae was 

undertaken. It was shown that S. cerevisiae possess two structurally unrelated nucleoside 

transporter proteins: (i) FUI1, a uridine-specific transporter protein of the “uracil/ailantoin” 

family of transporters, and (ii) FUN26, a broadly specific, transporter protein of the ENT 

family. FUI1 was shown to function primarily at the yeast cell surface whereas FUN26 

was found in intracellular membranes and thus may function in the translocation of 

nucleosides between intracellular compartments. These results underscore a feature 

important not only to the FUI1 and FUN26 transporters of yeast but to nucleoside 

transporter proteins in general. Nucleoside transporter proteins appear to play a role in the 

uptake and release of nucleosides also across intracellular membranes. In the case of S. 

cerevisiae, FUN26 may play a role in the salvage of nucleosides released from the 

degradation of nucleic acids by vacuolar enzymes. In mammalian cells, nucleoside
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transporter proteins (or the transport activities) have been shown to be present in both 

plasma membranes and intracellular membranes (7-9,116).

Future experiments should be aimed at confirming the cellular location and function 

of native FUN26 to test the hypothesis that FUN26 is a nucleoside transporter protein of 

vacuolar membranes. Isolation of vacuoles from either wild type yeast or the fun26- 

disruption mutant will allow a direct comparison of nucleoside uptake into the vacuoles to 

test the hypothesis that FUN26 is a nucleoside transporter of vacuolar membranes. If 

FUN26 is involved in vacuolar nucleoside transport, uptake of nucleosides into vacuoles 

isolated from the fun26-disruption mutant is expected to be reduced compared to uptake 

into vacuoles from wild type yeast A parallel line of investigation using antibodies raised 

against FUN26 would allow determination of the cellular location of the native protein. 

Through the use of continuous sucrose gradient fractionation separate organellar 

membranes, and in conjunction with confocal microscopy, the cellular location of native 

FUN26 can be determined. Together, these series of experiments will allow us to 

determine the cellular location of FUN26.

A feature of FUI1 that remains unknown is the identity of the amino acids involved 

in uridine recognition. Future work with FUI1 should include the identification of the 

residues involved in uridine recognition. This could be accomplished by taking advantage 

of the high degree of amino acid identity of FUI1 with FUR4 (50%). Generation of mutant 

versions of FUR4 with uridine specificity and the reciprocal mutants in which FUI1 is 

uracil specific would aid in the determination of the domains (and ultimately the amino add 

residues) involved in substrate recognition. Uridine appears to be a universal permeant of 

the mammalian nucleoside transporters (1,2,4), and the identification of the residues of 

FUI1 that are involved in the interaction of uridine with the transporter will not only 

provide information about the mechanism of action of FUIl but may also be informative 

for mammalian transporters. FUIl is structurally unrelated to the other nucleoside 

transport proteins discovered to date. The completed sequencing of the genomes of other
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eukaryotic and prokaryotic organisms may reveal additional members of the 

“uracil/allantoin” family of transporters that have nucleoside transport activity.

V .II.B  Development of S. cerevisiae as a  model expression system

The validity of the S. cerevisiae nucleoside transporter expression system was 

established using the pyrimidine-nucleoside specific transporters rCNTl, hCNTl and 

NUPC. All three CNTs were functionally produced in S. cerevisiae and shown 

experimentally to retain their pyrimidine-specific substrate specificity. The yeast nucleoside 

transporter expression system was used to demonstrate that open reading frames encoding 

putative membrane proteins from H. influenzae (HI0519) and H. pylori (HP1180) encode 

proteins that are both structural and functional members of the CNT family of proteins. 

Furthermore, recombinant HI0519 was shown to possess an apparent broadly-specific 

substrate specificity by assessing the ability of test compounds to block HI0519-dependent 

phenotypic complementation in yeast subjected to thymidylate starvation. These studies, 

demonstrated the utility of the yeast nucleoside transporter expression system for 

identification of novel nucleoside transporters. With the rapid increase in completed 

genome sequencing projects, a high-capacity screening method such as developed here will 

aid in the identification and analysis of putative nucleoside transporter cDNAs (e.g., open 

reading frames from B. subtilis and C. elegans with sequence similarities to CNT 

proteins). Future work should be aimed at the continued characterization of the substrate 

specificity of HI0519 and HP1180.

Additionally, the S. cerevisiae expression system could be used as a method for 

high throughput analysis of inhibitors of nucleoside transporter proteins. This could be 

accomplished using either the complementation or transport assays to assess the ability of a 

test compound to block cellular uptake of thymidine or, if the /uz7-disruption mutant were 

used as the host strain for production of recombinant transporter protein, uridine (a more 

robust permeant). Inhibition of colony growth in the thymidine complementation assay or
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of uptake of radiolabeled thymidine (or uridine) in the transport assay would be indicative 

of a substrate or inhibitor of the transporter in question.

In the case of the complementation assay, high throughput could be achieved by 

plating yeast onto a small surface area in the presence or absence of a test compound. In 

these experiments yeast could be cultured in 96-well plates on solid media under selective 

conditions in the presence or absence of test compounds. Growth could readily be 

assessed visually or under a light microscope. The small size (volume and surface area) of 

the wells would have the advantage of requiring less test compound to achieve the desired 

concentration. The use of 96-well plates would minimize the amount of physical space 

required to screen a large number of test compounds and would facilitate automation of the 

process in the preparation of plates and the spotting of yeast. This approach to the 

complementation assay would rapid identification of high-affinity substrates and inhibitors 

of the nucleoside transporter being tested. This approach would not identify compounds 

that partially inhibit the transporter as residual activity would likely allow sufficient 

amounts of exogenously supplied thymidine to enter the cells, thereby permitting cell 

growth over the course (3.5 d) of the experiments. This approach would also not allow 

analysis of compounds that are metabolized by the yeast over the course of the experiment

In the case of direct measure of transport experiments would be carried out in a 

fashion similar to that carried out with FUI1 in the experiments of Chapter m . In this 

approach, nucleoside uptake would be measured into yeast in the absence or presence of a 

single high concentration of a test compound. This approach has an advantage over the 

plating assay in that low affinity substrates or inhibitors would be identified by the partial 

inhibition of transport Once a compound has been identified as inhibiting transport a 

more detailed examination of the leagcompound could be undertaken in which the apparent 

affinity of the compound could be determined by carrying out inhibition experiments over a 

range of concentrations to determine the apparent inhibition constants (K/s).
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V.II.C Functional expression of hENTl in S. eerevisiae

Studies were undertaken with hENTl, and a glycosylation defective mutant 

(hENTl/N48Q), to examine the interaction of inhibitors of nucleoside transport with the 

recombinant proteins produced in the S. eerevisiae expression system. Methodologies 

were developed that permitted the measurement of interaction of the tight-binding inhibitor 

NBMPR with recombinant hENTl, the first such direct demonstration with recombinant 

hENTl. Recombinant hENTl displayed high-affinity NBMPR binding (Kd, 1.2 nM) 

similar to that of the native es transporter (1,6). The general utility of rapidly assessing the 

transport capability of mutant versions of hENTl using the complementation assay, 

combined with the ability to directly measure binding of radioactive NBMPR to 

recombinant hENTl, will facilitate future work directed at identifying the amino acid 

residues involved in the recognition of NBMPR by hENTl. Specifically, hENTl/hENT2 

chimeras could be generated which are assess for functionality and NBMPR sensitivity or 

insensitivity using the phenotypic complementation assay. In these experiments domains 

of hENT2 could be inserted into the corresponding region of hENTl with the aim of 

identifying a mutant version of hENTl that is functional and insensitive to inhibition by 

NBMPR. Conversely, domains of hENTl could be inserted into the corresponding region 

of hENT2 with the aim of identifying a mutant version of hENT2 that is functional and 

insensitive to inhibition by NBMPR

V.II.D Functional expression of hENT2 in S. eerevisiae and CHO 

cells

While a great deal is known about the substrate specificity of hENTl, far less is 

known about the substrate specificity of hENT2 (1,2,4). This is due, primarily, to two 

factors (i) no cell line has yet been identified that possesses only the hENT2 transport 

protein, and (ii) hENT2-dependent transport activity constitutes the minority (10% - 13%) 

of the total transport activity (1,6,148). The yeast nucleoside transporter expression
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system was used in this work to undertake indirect studies using the phenotypic 

complementation assay to assess the substrate specificity of recombinant hENT2. This 

work, which confirmed the apparent broad specificity of hENT2 for nucleosides, revealed 

the capacity of hENT2 to interact with the nucleobases, hypoxanthine and thymine. The 

interaction of hENT2 with nucleobases is in contrast to hENTl, which interacts with 

nucleosides and not nucleobases (1-3,19). The direct measure of nucleoside and 

nucleobase uptake will be required to establish which compounds are substrates or 

inhibitors of hENT2. The high degree of sequence identity (50%) between hENT2 and 

hENTl will permit the identification of the region(s) responsible for nucleoside and 

nucleobase recognition, through the use of chimeric studies.

The topology studies initiated here through the use of scanning N-linked 

glycosylation mutagenesis has defined the toplogy of two landmark regions of hENT2. 

Future work will be necessary to further define the topology of the loop regions 

(connecting transmembrane domains) of hENT2 through continued use of scanning and 

insertional N-linked glycosylation mutagenesis. Specifically, tandem N-linked 

glycosylation consensus sites (NNSS) would be inserted to the predicted loop regions of 

hENT2. The functionality of these insertion mutants would be confirmed using the 

phenotypic complementation assay and the glycosylation status would be assessed by 

expression of the mutants in CHO cells.

V.II.E Nucleoside transporter proteins as therapeutic targets

Nucleoside analogue drugs are currently used in the treatment of a number of 

human diseases, including various solid and haematologic cancers, viral diseases and 

parasitic infections (for recent reviews see (1,2,6,161)). Like physiologic nucleosides, the 

analogue drugs are generally hydiqphilic compounds that require functional transport 

processes at cell surfaces to enter target cells and exert their therapeutic effects. With die 

exception of the hENTl-mediated transport processes, the capacity of nucleoside 

transporters to accept nucleoside analogues as penneants has not been studied in depth
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because of the lack of in vitro model systems. However, recent advances in the molecular 

biology of nucleoside transporters has enabled the development of new approaches, based 

on functional analysis of recombinant transporter proteins.

A number of purine and pyrimidine nucleoside analogues are used in the treatment 

of haematologic malignancies including cladribine, fludarabine and cytarabine (161). More 

recently gemcitabine has shown promising results in the treatment of solid tumours 

including non small-cell lung, breast, bladder, ovarian, and head and neck carcinomas 

(161). Several of these drugs have been found to be transported with varying affinities by 

the human nucleoside transporter proteins.

In vitro evidence suggests that cellular resistance to anticancer nucleoside analogues 

is related, in part, to low nucleoside transport capacity (for review, see Mackey et al. 

(161)). A murine T-cell lymphoma (S49) was chemically mutagenized and clones were 

selected for resistance to toxic concentrations of adenosine (162-164). A resulting 

adenosine-resistant isolate (AE1) displayed increased resistance to adenosine as well as to 

several nucleoside analogues (cladribine, gemcitabine, 5-fluorouridine, S-fluoro-2’- 

deoxyuridine) that was associated with a decreased capacity for nucleoside uptake(5,164). 

Similarly, a human T-lymphobast (CCRF-CEM) cell line was chemically mutagenized and 

clones were selected for resistance to toxic concentrations of cytarabine (165,166). A 

resulting clone (ARAC-8Q displayed increased resistance to cytarabine that appears to be 

due to loss of the hENTl-mediated es transport activity (e.g., reduced NB MPR-sensitivity 

and a smaller number of NBMPR-binding sites).

The recent advances in the molecular biology of nucleoside transporter proteins are 

providing new approaches to study the role of nucleoside transporters in therapy of human 

diseases. Immunologic and molecular probes are rapidly becoming available to determine 

the number and identity of nucleoside transporter proteins (the “nucleoside transporter 

profile”) within heterogeneous tumour populations. It should eventually be possible to 

tailor nucleoside chemotherapy such that it matches the nucleoside transporter profile of the
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target cells within a tumour. For example, gemcitabine is a permeant for recombinant 

hCNTl, hENTl and hCNT2 with K„ values, respectively, of 24 pM, 160 pM and 740 pM 

(167). The greater abundance of one or more these transporters in malignant cells, 

compared to the dose-limiting normal tissues, would strengthen the rationale for 

gemcitabine therapy over non-nucleoside therapies. The schedule of drug administration 

might also be guided by the target nucleoside transporter profile. For example, a tumour 

cell population possessing predominantly hCNTl (high gemcitabine affinity, = 24 pM) 

would be expected to respond to prolonged low-dose gemcitabine administration (168) 

whereas a tumour cell population possessing predominantly hENTl and/or hENT2 

(moderate to low gemcitabine affinities, K,,, = 160 pM and 740 pM, respectively) would 

warrant bolus high-dose therapy. Finally, by monitoring the nucleoside transporter profile 

of target malignant cells throughout the course of treatment, acquired changes in the 

expression of nucleoside transporter proteins might mandate changes in nucleoside drug 

dosing and or scheduling, or switching to non-nucleoside chemotherapy.

Nucleoside analogues are currently used extensively in anti-viral therapies. 

Zidovudine and 2’,2’-dideoxycytidine are two components of the triple combination 

chemotherapy used in the treatment of human immunodeficiency virus (HIV) infection. 

Treatment of virally infected cells using nucleoside analogue chemotherapy faces similar 

obstacles to that of the treatment of malignant cells. Zidovudine is not transported by the 

erythrocyte es process and has been shown to be a low-affinity permeant of the pyrimidine- 

nucleoside selective concentrative transporters from human (hCNTl) and rat (rCNTl, K„ = 

490 pM) (15,27). Understanding of the nucleoside transporter profile of virally infected 

cells, as compared to surrounding normal tissues, should allow the preferential targeting of 

nucleoside chemotherapy to the infected cell population.

Parasitic protoza, which are unable to synthesize purines de novo, salvage purine 

nucleosides and nucleobases from host tissue fluids through the action of unique parasitic 

transporters that are inserted in the plasma membranes of host cells as well as in plasma
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membranes of parasitic cells (38). A number of parasitic transporter cDNAs have been 

isolated and the cognate recombinant proteins display transport characteristics that are 

distinct from those of their mammalian hosts. These differences in transportability, which 

effectively alter the nucleoside transporter profile of infected cells compared to uninfected 

cells, should allow the development of nucleoside analogues that are transported by 

parasitic nucleoside transporter proteins but not mammalian nucleoside transporter proteins.
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