Nationai Lib
| o oty

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions el

Bibliographic Services Branch  des services bibliographiques

395 wellington Streel 395, rue Weltington

Otiawa. Onlanc Ottawa (Ontano)

K1A ON4 K1A ON4
NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

LAV R A R s lal i N

(A Mo ANvre iMeTeNw e

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieura de reproduction.

S’il manque des pages, veuillez
communiquer avec ['université
qui a conféré le grade.

La qualité dimpression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a l'aide d'un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



University of Alberta

Functional Characterization
of a Recombinant Sodium-dependent Nucleoside Transporter

(¢NT1,,,) in Cultured Mammalian Ceils

By

Xiao Fang @

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment of

the requirements for a degree of Master of Science
Department of Biochemistry

Edmonton, Alberta
Spring, 1996



ional Lib
T R

Acquisitions and

Bibliotheque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Oftawa, Ontano
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395. rue Wellington
Ottawa (Ontario)

Yoxar Nier  Wodfrer (et fedrenner

gz i NOre et Tedren et

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa théese
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protége sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-10704-3

Canada



University of Alberta

Library Release Form
Name of Author: Xiao Fang
Title of Thesis: Functional Chaszcterizaton of a Recombinant Sodiurn-

dependent Nucieoside Transporter (¢cNT1,,) in Cultured
Mammalian Cells

Degree: Master of Science

Year this Degree Granted: 1996

Vermission is hereby granted to the University of Alberta Library to reproduce single
copies of this thesis and to lend or sell such copies for priv~te, scholarly, or scientific

research purposes only.

The author reserves all other publication and other rights in association with the copyright
in the thesis, and except as hercinbefore provided, neither the thesis nor any substantial
portion thereof may be printed or otherwise reproduced in any material form whatever

without the author's prior written permission.

3B-9007-112st
Edmonton, Alberta
T6G 2C5, Canada

—)’aw\ . '7 /!



University of Alberta
Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Faculty of Graduate
Studies and Research for acceptance, a thesis entitled Functional characterization of a
recombinant sodium-dependent nucleoside transporter (¢NT1 ) in cultured

mammalian cells submitted by Xiao Fang in partial fulfillment of the requirements tor

the degree of Master of Science.

n A

Loyl (aer

..................

P e e mm e - v o=

, \
L.. Agellon )
,/"/ / /{/
,'// A 1’/ i T

C. Cheesemain

SmET\%y



ABSTRACT

Nucleoside transporters are required for cellular uptake of nucleosides and many
nucleoside drugs. ¢NT1_ is a sodium-dependent concentrative nucleoside transporter of
rat intestine that was identified by molecular cloning and functional expression of its
cDNA. This thesis describes the transient expression of cNT1,,, cDNA in monkey kidney
(COS-1) cells, whose endogenous nucleoside transport process could be selectively
blocked by inhibitors of equilibrative nucleoside transport. The production of cNT1,, was
examined by analysis of *H-labeled nucleoside uptake in transfected COS-1 cells. Kinetic
studies showed that ¢NT1_ was sodium-dependent and selective for pyrimidine
nucleosides, including uridine, thymidine and cytidine. Although adenosine exhibited high
affinity for cNT1,, its V,_,, was low. Several antiviral and anticancer nucleoside drugs
inhibited ¢NT1  -mediated uptake of uridine, suggesting that concentrative pyrimidine-
selective nucleoside transporters may play a role in cellular uptake of these drugs. The
cNT1_ mammalian expression system is a useful tool for analysis of cNTI1_-mediated

transport procCesses.
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CHAPTER 1

INTRODUCTION



1.1 Overview

Many nucleosides and nucleoside analogues play important physiologic and
pharmacologic roles. However, most of them are highly hydrophilic and require functional
nucleoside transport processes to cross the lipid bilayer of biological membranes.  Cells
lacking nucleoside transporters by mutations (1-5) or treatment with nucleoside transporter
(NT) inhibitors (6-8) have low levels of uptake of physiologic nucleosides and no
response to a variety of nucleoside drugs. Thus, the presence of functional NT proteins in
plasma membranes is an important prerequisite for physiologic and pharmacologic
activities. The knowledge of substrate selectivities and distribution of NT proteins should
be informative for the design and use of nucleoside drugs.

Today, seven functionally distinct nucleoside transport processes have been
described. However, purification of nucleoside transport proteins is very difficult because
they are minor components of plasma membranes. Efforts in molecular cloning of
nucleoside transport proteins have resulted in the recent isolation of a sodium-dependent
NT cDNA from rat intestine, named cNT1_ (9). The objectives of this study werc to
express cNT1_, cDNA in mammalian cell lines, using transfection techniques, and to
functionally characterize recombinant cNT1,,, by analysis of inward fluxes of *H-labeled

nucleosides.

1.2 Nucleosides and Nucleoside Analogues

The addition of a pentose sugar (B-D-ribofuranose or B-D-deoxyribofuranose) to a
nucleobase generates a nucleoside. If the sugar is ribose, the nucleoside is a
ribonucleoside; if the sugar is 2'-deoxyribose, the nucleoside is a deoxyribonucleoside.
Esterification of the 5’-hydroxyl group of the sugar with phosphoric acid produces a
mononucleotide (nucleoside monophosphate), and the subsequent addition of two more

phosphoryl groups produces a nucleoside triphosphate. Nucleoside triphosphates are the
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building blocks of DNA and RNA. Nucleotides also play many key roles in cellular
metabolism. For example, ATP, an adenine nucleotide, is a major energy carrier in
biosynthetic reactions. Adenine nucleotides are also structural components of some
important coenzymes, such as Coenzyme A. Therefore, nucleotides are essential for cell
survival.

Nucleotides are produced biosynthetically by de novo pathways. Although most
mammalian cells have the capacity to synthesize purine and pyrimidine nucleotides by de
novo pathways, nucleotides are also formed directly from preformed bases and
nucleosides. The latter processes, which are commonly called "salvage pathways", are
bioenergetically less costly than the de novo pathways. The salvage pathways are essential
for cells lacking de novo pathways, such as bone marrow, leukocytes, biood platelets and
erythrocytes (10).

Permeation across the plasma membrane is the first step in the nucleoside salvage
pathway. Nucleosides enter cells only slowly by passive diffusion. In addition,
transporter svstemns are present in cell membranes for the efficient uptake from the
extracellular space of nucleosides, derived from nutrients or degraded nucleic acids.
Nucleosides, once inside cells, are phosphorylated by various nucleoside kinases, which
transfer the y phosphate from ATP to the 5'-hydroxyl group of the pentose sugar to
produce a mononucleotide.

Nucleoside transporters are believed 10 have relatively broad substrate specificities,
whereas the nucleoside kinases, which catalyze the second step in the salvage pathways,
have narrow substrate specificities. For example, thymidine kinase 1 accepts thymidine
and deoxyuridine but not uridine as substrates. For some nucleosides, beside
phosphorylation, other reactions (e.g., deamination) are also involved in intracellular
metabolism. For example, adenosine is subject to deamination to inosine, which, in turn,

is degraded by nucleoside phosphorylase to hypoxanthine and ribose-1-P (Figure 1.1).



Nucleoside kinases play an important role in the intracellular activation of many
nucleoside analogues with antiviral or anticancer activities. For example, deoxycytidine
kinase is the enzyme primarily responsible for phosphorylation of the antiviral drug 2°, 3'-
dideoxycytidine (ddC) and the anticancer drug 1-B-D-arabinofuranosylcytosine (araC).
Cell mutants lacking deoxycytidine kinase are resistant to the cytotoxicity of ddC and araC
(11).

Generally, nucleoside transport and nucleoside intracellular metabolism are believed
to be independent events. However, it is possible that there may be relationships betweén
nucleoside metabolism and transport activities. For example, mitogenic stimulation of

lymphocytes leads to simultaneous increases in thymidine uptake and thymidine kinase

activity (12). The precise relationship remains to be determined.

1.2a Natural Nucleosides

The natural nucleosides used in this study were adenosine, guanosine, thymidine,
uridine, cytidine and deoxycytidine (Figure 1.2 and 1.3).

Adenosine, once it enters the cell, can follow two distinct pathways (13): it can be
phosphorylated by adenosine kinase or be deaminated by adenosine deaminase. These two
enzymes influence the intracellular concentration of adenosine.

Adenosine and adenine nucleotides are involved in the regulation of cellular
function, such as platelet aggregation, coronary vasadilation, cardiac contractility, and renal
vasoconstriction by the interaction with cell surface purinergic receptors, Pl and P2 (14,
15). P1 purinergic receptors prefer adenosine to adenine nucleotides, and act basically
through G-protein coupled proteins and the adenylate cyclase pathway. P2 purinoceptors

prefer adenine nucleotides to adenosine, and act either through G-protein coupled cascades

or ligand-gated ion fluxes.



A rapid increase in concentration of adenosine is required to activate the receptor
and a rapid decrease is required to deactivate the receptor. Nucleoside transporters may be
involved in these processes, although less is known about the mechanisms of release than
of uptake. The deactivation of purinoceptors may be achieved by cellular reuptake of
adenosine by nucleoside transporters.

Another important natural nucleoside is thymidine. By the salvage enzyme
thymidine kinase, provision of exogenous thymidine can elevate intracellular dTTP levels.
The major effect of elevated dTTP is the inhibition of ribonucleotide reductase, which
leads to depletion of dCTP (16, 17). Enhanced sensitivity to DNA-damaging agents (18,
19) and enhanced mutagenesis (20) have been observed when dTTP levels are increased,
suggesting an additional action of dTTP on preformed DNA or its normal repair. The
regulation by dTTP of key enzymes of the pyrimidine-synthetic pathways also has
important implications for the therapeutic use of thymidine in conibination with other
antimetabolites such as araC, 5-azacytidine and FUra (21). Therefore, thymidine may have
a role in clinical therapy as a modulator of other anticancer drugs.

Uridine is the only nucleoside that has been directly shown to be transported by all
major NT subtypes (22). The "universality” of this natural nucleoside has allowed
resesrchers to compare the transporter characteristics among various NT subtypes.
Moreover, uridine monophosphate is a precursor of other pyrimidine nucleotides. Thus,
uridine and uridine phosphates play an imporant role in the cellular metabolism of

pyrimidine nucleotides.

1.2b Nucleoside Analogues
Because of the essential role of nucleotides in cellular life, it is not surprising that
their analogues would be particularly toxic to cells with rapid proliferation and would

inhibit the multiplication of viruses. Many nucleosides and their 2nalogues interfere with or



bleck DNA synthesis after conversion to nucleotides by intracellular phosphorylation.
Some nucleoside analogues have been widely used in antiviral and anticancer
chemotherapies (Figure 1.4, 1.5).
(i) Antiviral nucleoside drugs

Acquired immunodeficiency syndrome (AIDS) is caused by human
immunodeficiency virus (HIV). HIV is an RNA virus. It contains an RNA-directed DNA
polymerase that reverse transcribes its RNA genome into DNA as the first step of viral
replication. Over the past almost ten years, a large number of drugs have been designed
and tested for their effects on different steps of HIV replication. Among them, the only
drugs that have been proved to be effective clinically are the nucleoside analogues that
terminate  DNA chain elongation (23). Three of the nucleoside drugs used in this study
exhibit activity against HIV. They are 3'-azido 3'-deoxythymidine (AZT), ddC and 2'-
deoxy-3-thiacytidine (3TC) (Figure 1.4).

AZT has received much attention because it is currently the drug of choice in
patients with AIDS (24). It is a thymidine analogue with an azido group in place of the

hydroxyl group on the ribose. AZT is converted to its monophosphate (AZTMP) by

AZTTP is incorporated into the growing DNA chain and blocks chain elongation because
there is no 3'-OH group on the AZT residue for attachment of the next nucleotide unit (25).
The effect of AZT is increased by the accumulation of AZTMP in cells because AZTMP
inhibits thymidylate kinase and subsequently decreases the dTTP level in the cell (26-29).
With less competition of dTTP, there is more efficient incorporation of AZTTP into viral
DNA synthesis. However, strains of HIV resistant to AZT have been isolated from
patients on long-term AZT therapy (30, 31).

2',3'-Dideoxycytidine (ddC) is an analogue of deoxycytidine that is missing the

hydroxyl group on the ribose. The mechanism of action of ddC is quite similar to that of
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AZT in that it is phosphorylated to the triphosphate form which subsequently terminates
DNA chain elongation (32). ddC is used to treat patients with AIDS who are intolerant of
or are resistant to AZT (24). Recently, it has been found that combination therapy with
ddC and AZT is more effective than therapy with either drug alone (24).

3TC is a new anti-HIV drug and is currently being investigated in clinical trials. It
is a cytidine analogue, with more diverse modifications than previous compounds,
particularly to the sugar. Its L-sugar configuration, or (-) enantiomer, is the most notent
form for antiviral effect (Figure 1.6) (33, 34). Moreover, studies have shown that the
intracellular concentrations of the (-) form and its metabolites were approximately 5-fold
higher than those of the (+) form metabolites (35, 36). Like AZT and ddC, 3TC is
phosphorylated to the triphosphate form, which inhibits HIV replication.

Another antiviral nucleoside drug used in my work was 2'-deoxy-5-iodouridine
(IUdR) (Figure 1.4). TUdR was the first clinically effective antiviral nucleoside analogue
(23). It has been found effective in the treatment of herpetic keratitis and ocular herpes
virus infections (37, 38). ITUdR is a nucleoside analogue in which the methyl group of
thymidine is replaced by an iodine atom. The drug is phosphorylated by cellular thymidine
kinase and then to the triphosphate form, which is incorporated into viral DNA.

(ii) Anticancer Drugs

Three anticancer nucleoside drugs were used in this study. They were araC,
difluorodeoxycytidine (gemcitabine or dFdC) and 2'-deoxy-5-fluorouridine (FUdR)
(Figure 1.5).

AraC is a cytidine analogue that is effective in the treatment of some forms of
leukemia (39). AraC is taken up by cells and first converted to its monophosphate
(araCMP) by deoxycytidine kinase and araCMP is then metabolized to araCDP and araCTP
by dCMP kinase and nucleoside diphosphate kinase, respectively (40, 41). Incorporation

of araCTP into elongating DNA chuins results in the termination of DNA synthesis (42-
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44). araCTP is a competitor of dCTP, and its efficacy increases with the reduction of
intracellular dCTP levels (45). Production of dCTP requires ribonucleotide reductase,
because dCTP is phosphorylated from dCDP, and dCDP is converted from CDP by
ribonucleotide reductase. Ribonucleotide reductase is inhibited by high levels of dTTP, for
example, when cells are exposed to high concentrations of thymidine. Therefore, araC
cytotoxicity can be enhanced by use in combination with thymidine, which leads to reduced
dCTP levels (46, 47) (Figure 1.7).

Gemcitabine is a relatively new deoxycytidine analogue, which has promising
activity against solid tumors. Activity has been observed in non-small cell lung cancer and
ovarian cancer patients. Gemcitabine differs from deoxycyticine, the endogenous
nucleoside, by two fluorine atoms at C-2'. Like araC, gemcitabine is phosphorylated by
deoxycytidine kinase (48). dFdCTP can be incorporated into DNA, which is postulated to
be the main target for the drug (48). In spite of the close structural relationship between
gemcitabine and araC, the cellular accumulation of active metabolites and the antineoplastic
effects of gemcitabine are much greater than those of araC (49).

FUdR is an important anticancer drug. It is a fluorinated pyrimidine, and used
widely for the tres:ient of breast cancer and other solid tumors. FUdR is converted 1o 5'-
fluoro-2'-deoxyuridine 5'-monophosphate (FAUMP), which is a potent inhibitor of

thymidylate synthetase (50).

1.3 Nucleoside Transporters

NT-mediated processes in mammalian cells can be divided into two classes,
depending on whether they are equilibrative or concentrative (22). The equilibrative NTs
are driven by the concentration gradient of nucleoside permeants, whereas the concentrative

NTs are driven by the transmembrane sodium gradient.



1.3a Equilibrative Nucleoside Transporters of Mammalian Cells

The equilibrative NTs are widely distributed in mammalian cells and tissues,
including many neoplastic cell types (51-54) and appear to be able to transport purine as
well as pyrimidine nucleosides. Equilibrative NT-mediated processes can be further
classified into two subtypes based on their sensitivity to inhibiton by
nitrobenzylthioinosine (NBMPR). One subtype is named es (equilibrative sensitive), and
the other is named ei (equilibrative insensitive). The es processes are inhibited by low
concentrations (< 1 nM ) of NBMPR, whereas the ei processes are unaffected by NBMPR,
or are inhibited only by high concentrations (= 10 uM) (22). A 10°-fold difference in
NBMPR sensitivity exists between es and ei transporters (55-61). Both transporter
subtypes are inhibited by low concentrations (0.1 - 100 nM) of dipyridamole and dilazep
(62-70).

The NBMPR transport inhibitory sites are believed to be associated specifically
with the es transporters. The extent of NBMPR inhibition is directly correlated with the
presence of NBMPR binding sites in plasma membranes (2, 71, 72). NBMPR-binding
sites, determined by Scatchard analysis, have been identified in isolated membrane
preparations (73) and intact cells (55, 71, 72, 74, 75), which exhibit es nucieosi:i..
transport activity. The number of NBMPR-binding sites varies considerably among
different types of cells, from relatively low numbers of 10%/cell reported for erythrocyies
(74) and lymphocytes (76) to 10’/cell for cultured human choriocarcinoma (BeW ) cells
amn.

The primary structure of the equilibrative NTs has not been determined and the
relationship between es and ei processes is still controversial. They could be mediated by
different, but structurally related, proteins, or by alternate forms of the same protein.

While nothing is known about the protein(s) associated with ei processes, some major



features of es proteins have been determined. The es transporter of human ervthrocytes
has been identified (78-80) and is believed to ve structurally similar to the erythrocyte
glucose transporter (GLUT1). The two polypeptides co-migrate in the "band 4.5" region
(45-65 kDa) of electrophoretograms when detergent-solubilized erythrocyte membranes are
subjected to SDS-PAGE. Although the two polypeptides are co-purified by DEAE-
cellulose chromatography, subsequent passage through affinity columns with specific
antibodies for GLUT]1 resulted in purification of es transporter polypeptides of human
erythrocytes (81).

Es transporters may have multiple isoforms (22). Polyclonal antibodies against the
human erythrocyte es transporter recognized polypeptides in immunoblots prepared from
brush-border membranes of human placenta but not from basal membranes, although both
brush-border and basal membrane exhibited es NT activity and similar numbers of
NBMPR sites (82). A similar conclusion was reached from immunohistochemical studies.
The antibodies against the human erythrocyte es transporter bound to brush-border
surfaces, but not to basolateral surfaces, of synctiotrophoblasts (82). These observations

have suggested that multiple es transporter isoforms may exist in a single species and

tissue.

1.3b Concentrative Nucleoside Transport Processes

Concentrative nucleoside transport processes can be classified into five functional
subtypes. N1/cif processes exhibit selectivity for purine nucleosides and uridine and have
been found in many different cell types (66, 83-88), for example, IEC6 rat intestinal cells
(87). N2/cit processes are selective for pyrimidine nucleosides and adenosine and have
been observed in freshly isolated enterocytes, in brush border vesicles from renal epithelial

cells of bovine, rat and rabbit, and in Xenopus oocytes injected with rat and rabbit intestinal
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mRNA (84, 89-93). N3/cib processes have broad specificity for both purine and
pyrimidine nucleosides and have been observed in cultured colorectal (CACO-2) cells (51)
and differentiated human promyelocytic (HL-60) leukemia cells (94, 95). The N4/cit
process resembles N2/ciz processes in that it is selective for pyrimidine nucleosides and
adenosine, but it also transports guanosine. N4/cit has been found only in brush border
vesicles from human kidney (96). Coupling stoichiometries for sodium and nucleoside
have been reported to be 1:1 for N1/cif and N2 or N4/cit (85, 86, 90-92, 96, 97) but 2:1
for N3/cib (98). None of these NTs are affected by high concentrations (> 10 pM) of the
classic inhibitors of equilibrative NT-mediated processes (NBMPR, dilazep and
dipyridamole). A fifth subtype of concentrative NT designated as N5/cs has been found to
be highly sensitive to inhibition by low (<10 nM) concentrations of NBMPR and
dipyridamole (99). N5/cs activity has been observed only in freshly isolated human
leukemic cells. Its substrate selectivity and coupling stoichiometry have not yet been
established.

From the functional studies conducted thus far (84, 89-93), N2/cir activity seems 10
be limited to intestinal and kidney epithelia. This NT subtype has been shown to be driven
by sodium gradient. It is not inhibited by NBMPR or dilazep or dipyridamoie. Direct
measurements of radiolabed nucleosides indicate that this NT subtype transports pyrimidine
nucleosides, such as uridine and thymidine. Kinetic studies (84, 90-92) showed that it has
high affinity for uridine and thymidine (K, values, < 50 uM). Inhibition studies (84, 89-
93) showed that it is inhibited by pyrimidine nucleosides, adenosine and analogues of
adenosine, but not by other purine nucleosides. No direct measurements of *H-adenosine
transport in N2/cir systems have been reported.

Although concentrative NT proteins have not yet been physically purified, several

c¢DNAs encoding proteins with concentrative nucleoside transport activides (9, 100, 101)
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have recently been cloned. Thus, the information about concentrative NT proteins has
greatly increased.

cNT1_, is a newly identified wransporter protein with sodium-dependent nucleoside
transport activity (9). It is encoded by a cDNA that was isolated from a rat intestine cDNA
library by expression selection in Xenopus oocytes (9). A rat jejunum mRNA size-fraction
(about 2.3 kb), which exhibited high levels of sodium-dependent nucleoside transpon
activity in microinjected oocytes, was used to construct a directional cDNA library in the
vector pPGEM-3Z. Subsequent expression screening of this library in Xenopus oocytes
resulted in the isolation of the ctNT1_ cDNA. cNT1_, is predicted to be a 71 kDa protein
with 648 amino acids, 14 transmembrane domains, three possible N-linked and tour O-
linked glycosylation sites, and four consensus sites for protein kinase C phosphaorwiation.
When produced in the Xenopus oocytes expression system, recombinant cNT1 , eshibits
high levels of nucleoside transport activity and shows N2/cit-like characteristics (9).
Northern blot analysis showed that cNT1_,, mRNA is present in rat kidney and intestine.

SPNT is encoded by a cDNA that was isolated from a rat liver ¢cDNA library by
functional expression selection in Xenopus oocytes (100). SPNT is predicted to be a 72
kDa protein with 659 amino acids, 14 transmembrane domiains, and five possible N-linked
glycosylation sites. It has three consensus sites for protein kinase A and six consensus
sites for protein kinase C. When produced in the Xenopus oocyte expression system,
recombinant SPNT exhibits substrate selectivity characteristic of an N1/cif transport
process. mRNA for SPNT was detected in rat liver, jejunum, spleen, and heart.

SNSTI1 is encoded by a cDNA that was isolated from a rabbit kidney library by low
stringency hybridization with a DNA probe that was derived from the Na‘/glucose
cotransporter (SGLT1) of rabbit intestine (101). SNST1 is believed to be a member of the

SGLT family, with 61% identity and 80% similarity in amino acid sequence to rabbit
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SGLT1. SNSTI is predicted to have twelve hydrophobic transmembrane domains. When
produced in the Xenopus oocyte expression system, recombinant SNST1 exhibits weak
(1.7 fold over background) sodium-dependent nucleoside transport activity with N3/cib-
like substrate selectivity. Higher levels of SNST1 activity have not yet been achieved in
various expression systems. On Northern blots, SNST1 mRNA was not observed in
rabbit intestine but in heart, which has not been found to have sodium-dependent
nucleoside transport activity. The physiologic significance of SNST1 is uncertain.

Two nucleoside transport systems, NUPG and NUPC, have been reported in the
inner membrane of E. coli. Transport studies have provided abundant evidence that these
two systems are driven by proton motive force (102-105). NUPC and NUPG can be
distinguished by their substrate selectivity. NUPC has a poor ability to transport guanosine
and inosine, but is selective for pyrimidine nucleosides (106, 107). NUPG has broad
permeant selectivity, and transports both purine and pyrimidine nucleosides. Genes
encoding these two proteins have been identified (108, 109). Their predicted structures are
unrelated. NUPC is predicted to be a 43 kDa protein with 401 amino acids, while NUPG
is a 45 kDa protein with 418 amino acids.

Database searching has revealed similarities among c¢NT1,,, SPNT and NUPC.
cNT1,, is 27% identical to NUPC, and the most similar region is in the carboxyl-terminus
(Figure 1.8). SPNT shows 64% identity at the amino acid level to ¢NT1,,,. The N- and C-
terminal regions show more differences. Some short distinct stretches of similar amino
acid sequence are present in the transmembrane regions. SPNT also shows simnilarities to
NUPC. Thus, two rat Na'-dependent nucleoside transport proteins (cNT1_,,, SPNT) and
one bacterial H*-dependent nucleoside transport protein (NUPC) appear to be structurally
related. The similarities in amino acid sequence among the three proteins are about 30% to

60%, especially in the C-terminal half. c¢NT1_ and SPNT are both predicted to have 14
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transmembrane segments whereas NUPC is predicted to have 10 transmembrane segments.
Segments 3-10 of NUPC correspond to segments 7-14 of cNT1,, and SPNT. There are
conserved amino acid residues and stretches found throughout all three proteins. cNT1,
and SPNT select pyrimidine and purine nucleosides, respectively, but are driven by the
same cation. By contrast, cNT1_, and NUPC share the same nucleoside specificity, but
are driven by different cations. Thus, these three transporter proteins appear to be
members of a catiori-dependent family of NTs. The structural differences and similarities
of these members may provide clues for mechanisms of transport function and ion-

dependence. The conserved motifs may lead to the discovery of other important members

of this family.

1.4 Expression of DNA in Mammalian Cells

After a cDNA has been cloned, it is usually expressed in various cell types to
characterize the function of the protein. Ideally, cDNAs encoding proteins of higher
eukaryotes are expressed in mammalian cells because the signals for synthesis,
processing, and secretion are likely to be recognized. DNA expression systems are often

classified into two categories, transient and stable transfection, depending on the fate of the

introduced DNA.

1.4a Transient Expression

After transfection, some of the introduced DNA is transcribed in the cell nucleus,
and the resulting mRNA is exported to the cytoplasm and translated to protein (110).
However, the transfected DNA is expressed for only a limited period of time. In some
instances, the transfected DNA gradually disappears, by degradation by nucleases (110) or

dilution by cell division (110); sometimes the transfected DNA is replicated to high copy

14



numbers ultimately leading to death of the host cells (111). By transient transfection, one
can conveniently and rapidly verify that the protein of interest is functional before initiating
the more laborious procedure of isolation and characterization of stably transfected cell
lines. The major limitation of transient expression is that it has to be repeated for each

experiment.

1.4b Stable Transfection

Stable transfectants are produced when the transfected DNA is incorporated into
the host cell's genome by recombination (110). Cells that have stably integrated the foreign
DNA into their genome can often be isolated by a selection procedure. For example, stable
transfectants can be selected by their ability to survive when treated with cytotoxic drugs.
Selectable marker genes are often derived from bacterial genes for which there is no
mammalian counterpart. For example, the neomycin phosphotransferase gene encoding
resistance to the antibiotic geneticin (G418) has been engineered into many mammalian
expression vectors for use as a selection marker (112).

Stable transfection yields permanent cell lines that can be used repeatedly for similar
experiments. However, the selection procedure for stable transfectants is time consuming,

usually requiring months to perform and verify.

1.4c Host Cell Lines
To select a cell line 1o be used as the host for transfection studies, it is most
important to consider the following three questions: (i) is the cell line transfectable? (ii) is

the endogenous protein activity of the cell line absent, or can it be blocked? (iii) what are

the goals of the expression work?
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To demonstrate the functional actvity of a recombinant mammalian protein,
transient expression in COS cells is often the most convenient approach (111). COS cells
were derived from African green monkey kidney cells (113) by transformation with an
origin-defective simian virus 40 (SV40). COS cells express high levels of SV40 large
tumor (T) antigen which is required to initiate viral DNA replication at the origin of SV40
(114). T antigen-mediated replication can amplify the copy number of plasmids containing
the SV40 origin to >100,000 copies per cell (110), which leads to high expression levels of
the transfected DNA. COS cells were first used to express mutant glycoproteins of
vesicular stomatitis virus by Rose and Bergmann (115). COS cells have also been used to
study recombinant acetylcholine receptors (116), insulin (117), somatostatin (118), and
some transporters, such as the dopamine transporter (119). These exp.riments
demonstrated that COS cells could be used to express functional secreted and cell-surface
proteins, including many transporter proteins.

To generate a stable expression system, cell lines that allow transfected DNA to be
integrated into their chromosomes relatively easily, such as CHO cells, are frequently
selected. For example, it has been used successfully to stably express many proteins, such

as S-adenosylmethionine decarboxylase (120), Hl-histamine-receptor (121) and glucose

transporters (122).

1.4d Expression Vectors

Most mammalian cell expression vectors contain multiple elements. Many have an
SV40 origin for high copy number replication in cells with large T antigen, such as COS
cells. There is usually an efficient promoter element for high-level transcription initiation.
Many of the promoters used in mammalian expression vectors have been derived from

viruses; the SV40 promoter, Rous sarcoma virus long terminal repeat and the
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cytomegalovirus (CMV) promoter are active in a variety of mammalian cell types. The
CMYV promoter has been found to be effective when transfected into a variety of cell types
(123). Expression vectors also contain (i) mRNA processing signals, including GU- or
U-rich sequences and a conserved AAUAAA sequence for posttranscriptional cleavage and
polyadenylation; (ii) poly! nkers for insertion of transfected DNA; (v) selection markers that
can be used to identify cells that have swably integrated the plasmid DNA, and (vi)

sequences to permit propagation in bacterial cells.

1.4e Transfection Techniques

Over the past three decades, many biochemical and physical transfection methods
have been developed. Among them, four techniques are commonly used today. They are
electroporation  (124), liposome-mediated transfection (125), calcium phosphate
transfection (126,127) and DEAE-dextran transfection (128-131). The first three can be
used for both transient and stable transfection, whereas the last one is only effective for

transient transfection.

(i) Electroporation:

Subjecting cells to a high-voltage electric field results in a potential difference across
the membrane, and this potential difference induces temporary breakdown and the
formation of pores in the membrane that allow DNA to enter cells (124, 132). The two
parameters that are critical for successful electroporation are the raaximum voltage of the
shock and the duration of the current pulse, because excessive field strength and duration
of the elecirical pulse can damage the cells (133, 134). Electroporation can be easily carried

out and can be used for both adherent and suspension cells. Its drawback is that almost
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five-fold more cells and DNA are needed than with other transfection methods (the reason
is not clear), and that a special electroporation apparatus is required.
(ii) Liposome-mediated transfection

The mechanism of this method is based on an ionic interaction between the DNA
and the cationic liposome (125). Since the liposomal surfaces are positively charged, they
are easily attracted to the phosphate backbone of DNA and the negatively charged surfaces

of cells (125). This method can yield high transfection efficiencies in a wide variety of

mammalian cells (111).
(iii) Calcium phosphate transfection

The mechanism of this method is that the mixture of calcium chloride, DNA
plasmid and phosphate buffer leads to the formation of calcium phosphate precipitates,
which contain condensed DNA (126, 127, 135). These calcium phosphate/DNA particles
adhere 10 cell membranes and enter cells by phagocytosis (136). The optimum pH range of
the phosphate buffer is narrow and critical for successful transfections (127, 135). A
useful feature of calcium phosphate transfection is that one can prepare a certain molar ratio
of two plasmids and expect that the plasmids will be present in that ratio in the transfected
cells (111). The calcium phosphate method was used in this study for stable cotransfection

of two plasmids under conditions where the molar ratio of the two transfecung plasmids

were different.
(iv) DEAE-dextran transfection

DEAE-dextran/DNA complexes stick to cell surfaces and are thought to be taken up
by endocytosis (137). The DEAE-dextran concentration is an important parameter for
transfection efficiency (111). This is a highly reproducible, convenient and inexpensive

means to study gene expression in a variety of cell types, including COS cells. However,
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it is only used for transient transfection in adherent cells (111). The DEAE-dextran method

was used in this study for transient transfection of COS-1 cells.

1.5 Objectives of Research

Many cell types simultaneously exhibit two or three NT-mediated processes and it
is often difficult to study the characteristics of a particular process in the presence of others
with overlapping substrate selectivities. Although a few cell types that naturally express a
single transporter subtype have been used profitably for structure-activity studies, such a
cell type has not been identified for the concentrative pyrimidine-selective NTs. Prior to the
cloning of cNT1_ cDAN, N2/cit and N4/cit activities had been studied only in freshly
isolated mouse intestinal epithelial cells, brush border membrane vesicles from human,
bovine, rat and rabbit kidney and oocytes of Xenopus laevis injected with mRNA from
rabbit intestine. Most, and possibly all, of these preparations contain more than one NT-
mediated process. A system that exhibits a single transporter subtype would provide a
more convenient and specific approach for analysis of functional characteristics. The
ransfection technology and the availability of cloned cNT1,,, cDNA made it possible to
attempt to develop an N2/cir mammalian cell expression system that would allow study of
the N2/cit ransporter in the absence of other NT subtype activities. The goals of my work
were (i) to transiently express the cNT1, cDNA in a mammalian cell line at levels that
allowed kinetic characterization of the transport of radioactive nucleosides; (ii) to investigate
if the characteristics of recombinant cNT1_, in a mammalian expression system were similar
to those determined previously (9, 138) in the Xenopus oocyte expression system during
the cloning of the cDNA; (iii) to further characterize the functon (kinetics, nucleoside

selectivities and nucleoside drugs transportabilities) of recombinant c¢NT1,  when
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expressed in a mammalian physiological environment; (iv) to determine if cNT1 stable

transfectants could be produced in mammalian cells.
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1. Figure 1.1 Meiabolic pathways of adenosine
Ado : adenosine
Ino : inosine
Hyp :hypoxanthine
AMP : adenosine monophosphate
ADP : adenosine diphosphate
ATP : adenosine triphosphate
IMP : inosine monophosphate

PRPP : phosphoribosyl pyrophosphate

NT : nucleoside transporter

(1) : adenosine kinase

2) : adenylate kinase

3) : nucleotide kinases

4) : adenosine deaminase

(5) : purine nucleoside phosphorylase
6) : adenylate deaminase

)] : adenylosuccinate synthetase

(8) : adenylosuccinate lyase

9 : hypoxanthine-guanine phosphoribosyltransferase
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Figure 1.2

Structures of the purine nucleosides used in this study
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Figure 1.3  Structures of the pyrimidine nucleosides used in this study
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Figure 1.4 Structures of the antiviral nucleoside drugs used in this study

(@)
CH

HN | 3

oJ\ N
HOCH, O\
N3
3'-Azido 3'-deoxythymidine
(AZT), Zidovudine
NH,
NF

A
oM \SL—V

@)

2'-deoxy-3'-thiacytidine
(3TO)

NH;
W
J_
° N

HOCH, O

NN

2',3'-Dideoxycytidine
(ddC), Zalcitibine

(9]
HN |
OJ\N
HOCH, _O

HO

2'-deoxy-5-iodouridine
(IUdR), Idoxuridine

25



Figure 1.5  Structures of the anti-cancer nucleoside drugs used in this study
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Figure 1.6

Structures of the two enantiomers of 3TC

HOH,C

(+) 2'-deoxy-3'-thiacytidine

HOH,C

(-) 2'-deoxy-3'-thiacytidine

27



Figure 1.7 Metabolism and Mechanism of AraC
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Figure 1.8 Alignment
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CHAPTER 1II

MATERIALS AND METHODS
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2.1 Materials

Dulbecco’s modified Eagle medium (DMEM), Ham’s F-12 medium and calf
serum were from Gibco/BRL; Nu-serum culture 1 supplement was from Collaborative
Biomedical.; restriction enzymes and DNA modification enzymes were from either
Gibco/BRL or New England Biolabs; pcDNA1-AMP vector was from Invitrogen Corp.;
nitrobenzylthioinosine (NBMPR), dipyridamole, dimethyl sulfoxide (DMSO), 3’-azido-
3’deoxythymidine (AZT), 2°, 3’-dideoxycytidine (ddC), 2’-deoxy-5-fluorouridine
(FUdR) and 2’-deoxy-5-iodouridine (IUdR) were from Sigma Chemical Company;
DEAE-dextran and deoxyribonucleoside triphosphates (ANTPs) solutions were from
Pharmacia; 5-bromo-4-chloro-3-indoyl-p-D-galacopyranoside (X-gal) was from
Boehringer Mannheim Biochemical; D-[5,6-*H]uridine, D-[methyl-*H]thymidine, D-{3,
8-’H]adenosine, N, N’-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) and
EcoLite scintillant were from ICN Biomedicals Inc.; [5-*H(N}]cytidine was from
Moravek Biochemicals Inc.; pCMVBGal and pSV2neo were from Clontech; anti-c-myc
monoclonal antibody was from Berkeley Antibody Company; goat anti-mouse 12G
horseradish peroxidase conjugate was from BIO-RAD; Dilazep was a gift from
F.Hoffman-La Roche and Co. (Basel, Switzerland); 3’-thiacytidine (3TC) was a gift
from Dr. Lorne Tyrrell (University of Alberta); 2°, 2’-difluorodeoxycytidine
(gemcitabine) was a gift from Eli Lilly Inc; and other materials were obtained from

standard commercial sources.

2.2 Mammalian Cell Lines
(i) COS-1 cells
Monkey kidney COS-1 cells from the American Type Culture Collection (ATCC)

were grown as adherent cultures in DMEM containing 5% calf serum and 5% NuSerum.
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Stock cultures were maintained in the latter medium without antibiotics at 37°C in 95%
air and 5% CO, with 95% humidity. Cell concentrations were determined using a
Coulter Counter Model ZF electronic particle counter (Counter Electronics Inc.).
Cultures were trypsinized with trypsin-EDTA (0.05% trypsin, 0.02% EDTA in 0.15 M
NaCl) and subcultured to 0.2 x 10°cells/T-25 flask every 3-4 days. Cells proliferated
with a mean doubling time of approximately 17.5 hr. Cultures were reinitiated at about
3-month intervals from frozen cells. The frozen stocks were shown to be free of
mycoplasma by a rapid detection kit from Gen-Probe Inc., according to the
manufacturer's instructions.
(ii) CHO-K1 cells

Chinese hamster ovary CHO-K1 cells from ATCC were grown as adherent
cultures in Ham’s F-12 medium containing 10% calf serum without antibiotics. Stock
cultures were maintained in the latter medium without antibiotics at 37°C in 95% air and
5% CO2 with 95% humidity. Cultures were trypsinized with trypsin-EDTA and
subcultured to 0.2 x10° cells/T-25 flask every 3-4 days. Cell numbers were determined as
described for COS-1 cells. Cells proliferated with a mean doubling time of
approximately 12 hr. Cultures were reinitiated at about 3-month intervals from frozen
cells. The frozen stocks were shown to be free of mycoplasma by a rapid detection kit

R

from Gen-Probe Inc., according to the manufacturer's instructions.

2.3 E coli
The DHS5a strain of E. coli was used to carry out plasmid propagation. E. coli

were grown in Luria Broth (LB; 10 g/l Bacto-Tryptone, 5 g/l Yeast Extract, 5 g/l NaCl)
or on LB plates (LB contained 2% Bacto-agar (w/v)) at 37°C. Ampicillin (0.1 mg/ml)
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was added to LB or LB plates for selection and maintenance of ampicillin-resistant

plasmids.

2.4 Transient Transfection of COS-1 Cells

Plasmid DNA (pCDNAIAMP with or without various cNTl“‘-dérived inserts)
was transiently transfected in COS-1 cells using the procedure described by Ausubel et
al. (111). Actively proliferating cells 1x 10° cells per dish) were plated and grown
(usually 24 hr) to an estimated 70% confluence in 100-mm dishes (the number of dishes
varied between experiments). The cultures were washed once with sterile phosphate-
buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPOQ,, 1.5 mM KH,PO,
pH 7.4). Thereafter, 5 ml of fresh prewarmed DMEM medium that contained 10%
NuSerum and 100 uM chloroquine was added to each dish. Transfected DNA (5 pg) was
diluted to 0.1 ml in PBS and mixed with 0.1 ml DEAE-dextran (10 mg/ml). This 0.2-ml
portion of DNA/dextran mixture was then added dropwise to each dish which contained 5
ml medium. The cultures were incubated at 37°C for 4 hr, after which the cells were
treated with 2 ml PBS centaining 10% (v/v) dimethylsulfoxide (DMSO) for 2 min at
room temperature (RT), washed three times with PBS, and, after addition of growth
medium (DMEM containing 5% calf serum and 5% NuSerum), allowed to recover for 24
hr at 37°C in 95% air and 5% CO, with 95% humidity. The cultures were then
trypsinized, pooled together and subjected to centrifugation (100 x g, 5 min, RT). The
cell pellet was suspended in growth medium, plated into 60-mm dishes at 5 x 10°
cells/dish and incubated at 37°C in 95% air and 5% CO2 with 95% humidity. Transport
studies utilizing transfected cells were conducted 72 hr after transfection.

The efficiency of transfection was estimated using a B-galactosidase staining

procedure (139). pCMVBGal DNA (5 pg) was transiently transfected in COS-1 cells.
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The procedure was exactly as described above for cultures transfected with
pCDNAI/Amp-cNT1,,. pCMVpBGal transfected COS-1 cells were incubated with
fixative solution (0.5% glutaraldehyde in PBS) for 15 min at RT and then washed three
times with PBS. The cells were then incubated overnight in a staining mixture (1
mg/ml 5-bromo-4-chloro-3-indoyl-p-D-galacopyranoside (X-Gal), 20 mM potassium
ferricyanide, 20 mM potassium ferrocyanide, and 2 mM MgCl, in PBS). Cells
expressing B-galactosidase stained an aqua-blue color and the transfection efficiency was
estimated by counting stained and unstained cells in several microscopic fields. The

transfection efficiency varied between experiments (20-30%).

2.5 Stable Transfection of CHO-K1 Cells

Stable transfection of wild-type CHO-K1 cells was carried out using a modified
calcium phosphate protocol (127). Cells were cotransfected with plasmids that
contained either the cNT1,_, sequence (pCDNAI/Amp-cNT1,) or the neomycin
(geneticin) resistant gene (pSV2neo) (112). Actively proliferating cells were plated and
grown to an estimated 15-20% confluence in a T75 flask. pCDNAVAmp-cNT1 (10 pg)
and pSV2neo (0.3 pg) in 100 pl dH,O were mixed with 500 pl N, N’-bis-(2-
hydroxyethyl)-2-aminoethanesulfonic acid (BES)-buffered saline (50 mM BES at pH
6.95, 280 mM NaCl, 1.5 mM Na,HPO,). A 400-p! portion of 25 mM CaCl, was added
dropwise to the DNA/BES mixture while vortexing. The resulting solution was
incubated at RT for 20-30 min, vortexed vigorously for 30 sec and added dropwise into
the growth medium already present in the T75 flask of cells. The culture was then
incubated at 37°C for 4 hr, the DNA-containing medium was removed and a 3-ml
portion of 15% (v/v) glycerol in PBS was added. After 2 min at RT, the glycerol-

containing PBS was removed, and the cells were washed twice with PBS. Fresh growth
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medium was added, and the culture was incubated at 37°C. After 48 hr, the culture was
trypsinized and the cells were plated in two 100-mm dishes, each of which contained 10
ml growth medium with 400 pg/ml geneticin. The medium was changed at 3- or 4-day
intervals. Geneticin-resistant colonies were evident after 14-21 days.

Colonies were isolated when they were about 1 mm in diameter. A cloning
cylinder was gently placed around the colony to be picked and drops of trypsin/EDTA
solution (prewarmed to 37°C) were added to the cloning cylinder. After 1 min, the
trypsinized cells were removed from the dish with a Pasteur pipet and plated in a 35-mm
dish in growth media that contained 400 ng/ml geneticin. Geneticin-resistant colonies
were isolated and expanded for analysis of cNT1, expression and for preparation of
frozen stocks. cNT1,, expression was tested by analysis of uridine transport activity as
described below.

Frozen stock cultures were prepared as follows. Actively proliferating cultures
were subjected to centrifugation (100 x g, 5 min, RT). The pellet was resuspended in
freezing medium (80% growth medium, 10% fetal bovine serum, 10% DMSO) at a
concentration of about 1 x 10’ cells/ml. The resulting cell suspensions were frozen at -

70°C overnight, and transferred to liquid nitrogen the next day.

2.6 Transformation of Plasmid DNA into Bacteria

Plasmid DNA was mixed with 100 pul of competent E. coli DH5a cell suspension
and the mixture was incubated on ice for 30 min and then heat shocked by exposure to
42°C for 45 sec. The mixture was placed again on ice for 20 sec and the bacteria were

then plated onto LB plates with ampicillin (0.1 mg/ml). LB plates were incubated at

37°C overnight. Plates were stored at 4°C.
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2.7 Isolation of DNA from Bacteria

Plasmid DNA was isolated using a modification of the alkaline lysis mini-prep
procedure (140). A single bacterial colony from LB plates (see the above section) was
inoculated into 3 ml LB with 0.1 mg/ml ampicillin. The culture was grown to saturation
(12-16 hr) and harvested by centrifugation (9000 x g, 20 sec). The pellet was
resuspended in 0.1 ml solution 1 (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl pH

8.0), mixed gently with 0.2 ml solution II (0.2 M NaOH, 1% SDS) and incubated at RT
for 5 min, after which 0.15 ml solution III (1:1.72 (v/v) of S M CHSCOOK/S M

CH,COOH) was added. The mixture was incubated on ice for 15 min and centrifuged

(9000 x g, 5 min, 4°C). The supernatant was mixed with 3 volumes of ice-cold 95%
ethanol, incubated on ice for 5 min and centrifuged again (9000 x g, 5 min, 4°C). The
supernatant was removed. The pellet was dissolved in Tris-EDTA buffer (TE; 10 mM
Tris-Cl, 1 mM EDTA, pH 8.0) and stored at -20°C. Plasmid DNA prepared in this
manner was used for all DNA manipulations except for sequencing and transfection.

For DNA sequencing and transfection, a Qiagen-tip 100 Plasmid Preparation kit
(Qiagen Corp.) was used to purify plasmid DNA. Bacteria in 100 m! LB medium were
harvested by centrifugation (6000 x g, 15 min, 4°C) and used to prepare plasmid DNA

according to the manufacturer's instructions.

2.8 Enzymatic Manipulation of DNA

Restriction enzyme digestion of DNA was accomplished by incubating enzyme(s)
wiih the DNA in appropriate reaction conditions as recommended by the manufacturers.
The reactions were stopped by adding 0.5 M EDTA (pH 8.0) to a final concentration of
10 mM, or by adding a 0.17 volume of 6X DNA loading buffer (0.25% bromophenol

blue (w/v), 40% sucrose (w/v)). DNA fragments were separated by gel electrophoresis
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(0.8% agarose (w/v), 0.05 pg/ml ethidium bromide, 2 mM EDTA, 40 mM tris-acetate pH
8.5) in Tris-acetate-EDTA buffer (TAE; 2 mM EDTA, 40 mM Tris-acetate pH 8.5).
DNA products were visualized with a UV light box.

Purification of DNA fragments from the agarose gel was performed using the
Geneclean II Kit (Bio 101 Inc.) according to the manufacturer's instructions.

E. coli DNA polymerase I (Klenow fragment) was used to convert 5’ overhangs
to blunt ends. After the restriction digestion of 4 pg DNA that generated the ©°
overhangs, 1 U Klenow fragment and 1 pl 0.5 mM 4dNTP (dATP, dGTP, dCTP, dTTP;
0.5 mM each) were added to the 20-pl reaction mixture. The mixture was incubated at
37°C for 15 min and the reaction was stopped by adding 0.5 M EDTA (pH 8.0) to a final
concentration of 10 mM.

DNA fragments were ligated by combining the vector DNA and the insert DNA
(molar ratio 1:3), 2 ul of T4 DNA ligase (Gibco/BRL), 4 ul of ligase buffer (53X

concentration, Gibco/BRL), and sterile dH,O which gave a final mixture volume of 20

pl. The ligation mixture was incubated at 15°C overnight, then transformed into bacteria,

as described above.

2.9 Polymerase Chain Reaction (PCR)

Amplification of DNA by the PCR method (141) was performed as follows. Ina
0.5-ml tube at 4°C, the following ingredients were combined: 55 ul dH,0, 10 ul 10 x PCR
buffer (200 mM Tris-HCI, pH 8.4; 500 mM KCI), 3 ul 50 mM MgCl,, 1 5’-primer (50
pmol), 1 ul 3’-primer (50 pmol), 10 ul template (10 ng plasmid DNA, 1 pg genomic
DNA), 10 pl dNTPs (dATP, dGTP, dCTP, dTTP; 2 mM each), 1 ul Taq DNA polymerase

(5 U/ul). A 50-ul portion of mineral oil was layered over the mixtures before the thermal

cycling.
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The tube containing the reaction mixtures was placed into the thermal block of a
thermal cycling instrument (Robocycler 40; Stratagene). The thermal cycling program
was as follows: denaturing at 94°C (45 sec), annealing at 45°C (2 min), and extension at
72°C (2 min). The cycle was repeated 25-35 times. A 10-ul portion of PCR product
was analyzed by agarose gel electrophoresis as describe above. Whenever stated, the
remaining PCR product was purified with Geneclean II Kit, then subjected to restriction
digestion. The DNA fragment was subcloned into pBluescript for sequencing. DNA
iemplate was submitted to the DNA Sequencing Laboratory, Department of
Biochemistry, University of Alberta. This sequencing lab used an applied Biosystems
Model 373A DNA Sequencer with a Taq Dye Deoxy Terminator Cycle Sequencing Kit
(Applied Biosystems).

2.10 Protein Immunoblotting

Crude cell membranes were prepared using an established method (111) as
follows : Cells grown in 100-mm dishes were washed once with PBS and harvested in 1
ml ice-cold preparation buffer (0.25 M sucrose, 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)) by
scraping with a rubber scraper. The cell suspension was disrupted on ice with a Teflon
homogenizer (35 strokes) and centrifuged (900 x g, 10 min, 4°C) to sediment the nuclei.
The resulting supernatant was further centrifuged (30,000 x g, 15 min, 4°C), and the
pellet was resuspended in ice-cold preparation buffer and stored at -70°C.

Membrane protein samples were combined with equal volumes of sample buffer
(4% (w/v) sodium dodecylsulphate (SDS), 20% (v/v) glycerol, 2% (v/v) B-
mercaptoethanol, 0.01% (w/v) bromophenol blue, 20 mM Tris-HC1 pH 6.8) and boiled
for S min. Proteins (25 pg) were separated by SDS polyacrylamide gel electrophoresis
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(SDS/PAGE; 12% gel) and transferred to polyvinylidene difluoride (PVDF) membranes
(Immobilon-P; Millipore) by semi-dry electrophoretic transfer using an ET-20 Transfer
Module (Tyler Research Instruments). Transfers were performed at 400 mA for 60 min
in transfer buffer (180 mM glycine, 20% (v/v) methanol, 0.02% (w/v) SDS, 25 mM Tris-
HCI pH 8.3).

Membrane blots were immunostained by the following method. All the washes
and incubations were performed at 4°C and on a shaking platform. Each wash took at
least 15 min, unless otherwise indicated. Blots were first washed for 30 min in TTBS
(0.2% (v/v) Tween-20, 0.5 M NaCl, 20 mM Tris-HCj, pH 7.5), then blocked by
incubating overnight in TTBS containing 5% (w/v) skim milk powder. The blots were
then washed twice with TTBS and incubated in TTBS that contained 1% skim milk
powder and anti-c-myc monoclonal antibody (1:2000 dilution (v/v)) for at least 6 hr.
Thereafter, blots were washed three times with TTBS and incubated for at least 3 hrin
TTBS that contained 1% skim milk power (w/v) and secondary antibodies (goat anti-
mouse horseradish peroxidase (HRP) conjugate; 1:3000 (v/v) dilution). Blots were then
washed twice with TTBS and once with TBS (0.5 M NaCl, 20 mM Tris-HCI, pH 7.5).
Thereafter, blots were detected with the enhanced chemiluminescence (ECL) kit

(Amersham Life Sciences), according to the manufacturer’s instructions, and exposed to

Kodak XAR-5 film.

2.11 Determination of Protein Concentrations

Protein quantitation was performed by bicinchoninic acid (BCA) assay (142).
Briefly, 100-ul portions of standard proteins (bovine serum albumin) or unknown
samples were mixed with 200-ul portions of working solution in the wells of a

microtiter plate. Working solution was a mixture (1:20, v/v) of reagent A (sodium
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carbonate, sodium bicarbonate, BCA detection reagent and sodium tartrate in0.1M
NaOH) and reagent B (4% CuSO, - 5H,0). The microtiter plate was imcubated at 37°C
for 30 min. The absorbance of each well was measured at near 562 nm using a UVmax
microtiter plate reader (Molecular Devices Corp.). The protein concentration of the
unknown sample was determined from the standard curve constructed with bovine serum

albumin.

2.12 Uptake Assays
2.12a Buffers and Solutions
(i) Nucleoside and NT Inhibitor Solutions

Stock solutions of nonradioactive rucleosides and NT inhibitors were prepared in
dH,0. The concentration of stock solutions was determined by measuring UV
absorbance at a wavelength of maximum absorption, as listed below (solution
concentration (mM) = UV absorbance / molar extinction coefficient). Radiolabeled
nucleosides were purified with a Varian 5000 high-pressure liquid chromatography
instrument using water-methanol gradients on a C18 reverse phase column (143) by Ms.

Delores Mowles.
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Compound wavelength(nm) extinction coefficient (mM- lgm'l )

Uridine 262 10.1
Thymidine 267 9.7
NBMPR 290 25.1
Dilazep 266 18.4
Adenosine 260 15.1
Cytidine 271 9.1
Guanosine 252 13.7

(ii) Transport Buffers

These buffers were adjusted to pH 7.4. N-Methyl-D-Glucamine (NMDG)-Cl
was used in sodium-free medium as a substitute for NaCl and was prepared by combining
equimolar quantities of NMDG and HCI (144). The osmolalities (300 £ 15 mOsm) of

these buffers were checked using a osmometer (Multi-Osmette computerized micro-

osmometer, Precision Systems Inc.).

Sodium-Containing Buffer Sodium -Free Buffer
20 mM Tris-Cl 20mM Tris-Cl
3mM K,HPO4 3mM K,HPG4
1 mM MgCl,-6H20 1mM MgCl,-6H20
2mM CaCl, 2mM CaCl,
5mM glucose 5mM glucose
130 mM NaCl 130 mM NMDG-CI
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2.12b Uptake Assay

Nucleoside uptake assays (three or two cultures/condition) were conducted at RT
in transport buffer. Cells were washed once with transport buffer and were (i) processed
immediately, or (ii) in some experiments, incubated with NBMPR or dilazep at RT for
30 min before the uptake assay. Each culture was measured individually. Uptake
intervals were started by adding 1.5 ml of transport buffer containing *H-labeled
nucleoside and in some experiments with inhibitors. Uptake intervals were ended by
rapidly aspirating the solution (2 sec before the end point) and immersing the culture
dishes (at the end point) in 1.5 liter of ice-cold transport buffer. The dishes were
drained, and the cells were solubilized in 1 ml of 5% (v/v) Triton X-100 and combined
with 5.0 ml of EcoLite scintillint for radioactivity measurement.

Uptake at time zero was determined by incubating celis for 10 min at 4°C with
wransport buffer that contained NBMPR or dilazep and, immediately thereafter, for < 3
sec with ice-cold transport buffer that contained the appropriate concentration of *H-
labeled nucleoside and in some experiments with inhibitor. For inhibition experiments,
cells were exposed to nonradioactive nucleosides at the same time as 3H-labeled

nucleoside.

2.12¢ Calculation of Kinetic Param.eters

The relationship between uptake velocity (V) and substrate concentration (S) can
be described by the Michaelis-Menten equation (70) in which V=(8-V__)/(K_+S), where
V_ . represents the maximal limiting uptake and K, represents the substrate concentration

at the half maximal uptake. In this study, the methods used to calculate kinetic

parameters were:
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(a) Woolf plot of s/v versus s

S/V=(S/V_,)+(K_/V_.), where the slope is equal to 1/V,, (145)
(b) Eadie-Hofstee plot of v versus v/s

V=(-VK_/S)+V_,, where the slope is equal to -K_ (146, 147)
(c) Lineweaver-Burke plot of 1/v versus 1/s

1/V=(1/V_)+K_/(SV_,,), where the slope is equal to K_/V,,, (148)

2.12d Calculation of Transport Rates

Transport rates were derived by analysis of time courses of initial uptake of

radioactive nucleosides by linear regression.

2.13 NBMPR Binding Assay

NBMPR binding by COS-1 cells was determined under equilibrium conditions.
Cells were preincubated in sodium buffer in the presence and absence of 10 utM
nonradioactive NBMPR at RT for 15 min. A 1-ml portion of binding medium (sodium
buffer that contained one of several graded concentrations of 3H-NBMPR) was then
added. Cultres were incubated at RT for 30 min and the binding assays were ended by
aspiration of the binding medium. _:I'he cells were air dried and solubilized with 5%
Triton X-100. Cell-associated radioactivities were determined by liquid scintillation
counting. Free NBMPR concentrations were determined from the radioactive content of
the binding medium at the end of the assay. Specific NBMPR binding was defined as
the difference between cell-associated radioactivity in the presence and the absence of 10
uM nonradioactive NBMPR. NBMPR binding parameters were determined from
Scatchard plots of bound/free versus bound NBMPR (77). Linear K, and B, values

were obtained from the slope and abscissa intercepts.
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CHAPTER III

CHARACTERIZATION OF NUCLEOSIDE
TRANSPORT PROCESSES
OF COS-1 CELLS!

! The transport and binding assays described in this chapter were conducted by Delores Mowles.
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3.1 Overview

The aim of the work described in this chapter was to characterize the nucleoside
transport processes of COS-1 cells. COS cells have been widely used for transient
expression of foreign DNA by transfection techniques, and the studies described below
were to ascertain the usefulness of this cell type for expression and study of transfected
recombinant nucleoside transport proteins. In general, functional analysis of recombinant
nucleoside transport proteins should be conducted in cells that either (i) lack endogenous
activity or (ii) possess a nucleoside transport process that can be inhibited
pharmacologically. When this study was initiated, little was known about NT activities in
COS-1 cells.

In the work described this chapter, a rapid-assay technique that allowed
measurements of the initial rate of uptake of radiolabeled permeant (149) was used to
determine nucleoside transport activity in COS-1 cells. The effects of three NT inhibitors
(NBMPR, dilazep and dipyridamole) were then examined to establisk the nature of the
nucleoside transport activity in COS-1 cells --that is, to determine if uptake occurred by
equilibrative or concentrative NT-mediated processes. NBMPR is a diagnostic tool for
identifying es NTs, whose activity can be inhibited by nanomolar concentration of
NBMPR. The other major types of nucleoside transport processes are insensitive to
NBMPR (22). Dilazep and dipyridamole are two other NT inhibitors, that inhibit both
equilibrative NT subtypes (es and ei) at nanomolar concentrations. Finally, NBMPR-
binding assays, which have been found to be associated with es nucleoside transport

process (2, 71, 72), were conducted to quantitate the number of high affinity NBMPR-
binding sites in COS-1 cells.
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3.2 Nucleoside Transport Activity in COS-1 Cells

To investigate nucleoside transport activity in COS-1 cells, the uptake of several
radioactive labeled tracer nucleosides was examined. Figure 3.1 shows time courses of
uptake of 1 uM *H-uridine, *H-thymidine or *H-adenosine in sodium-containing buffer in
the absence or presence of a large excess (1 mM) of the nonradioactive form of the same
nucleoside. In each these experiments, substantially reduced upsake was observed in the
presence of the high concentration of nonradioactive nucleoside (Table 3.1). These results
indicated that the transport of uridine, thymidine and adenosine in COS-1 cells was
transporter mediated, because the competition of radioactive and nonradioactive nucleosides
for transporter sites resulted in reduced tracer flux.

Figure 3.2 shows the transport of 10 uM *H-uridine or *H-thymidine in a 10 sec-
interval, with or without NBMPR. The initial rates of transport were reduced from 2.27 to
0.1 pmol/10%sec cells (uridine) and from 1.97 to 0.2 pmol/10%/sec cells (thymidine) by 10
nM NBMPR. The consistent and virtually complete inhibition of uridine and thymidine
uptake by nanomolar concentrations of NBMPR provided a further indication that
nucleoside uptake in COS-1 cells was transporter-mediated. In addition, it established that
the transport process of COS-1 cells belonged to the NBMPR-sensitive NT subtype.

Figure 3.3 shows the inhibition of uridine transport as a function of the
concentration of NBMPR and of two other potent nucleoside transport inhibitors.
Transport of 100 uM uridine was measured in the absence or in the presence of graded
concentrations of each of the inhibitors. The resulting concentration-effect curves
established the concentrations at which 50 percent inhibition was achieved (ICs,). The IC,,
values for NBMPR, dilazep and dipyridamole were 1, 4 and 28 nM, respectively.
Moreover, each of the dose response curves was monophasic, suggesting that there was

probably only one type of nucleoside transport process in COS-1 cells.
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Concentration-effect curves were also determined in experiments carried out with
100 uM thymidine (Figure 3.3). The IC;, values for NBMPR, dilazep and dipyridamole
inhibition of thymidine wransport were 0.7 nM, 6 nM and 27 nM, respectively. The
thymidine concentration-effect curves were also monophasic. These results confirmed that
COS-1 cells possess only one nucleoside transport process, which was highly sensitive to
known inhibitors of equilibrative nucleoside transport process.

It has been found that inhibition of nucleoside transport by NBMPR is associated
wtih high-affinity binding of the inhibitor to the cell membrane (2, 7 72). Thus, a
complementary approach to investigate the NBMPR-sensitive nucleoside transport process
of COS-1 cells was to conduct NBMPR-binding assays. Figure 3.4 shows a plot of the
ratio of cell-associated to free NBMPR as a function of the amount of cell-associated
NBMPR in COS-1 cells. The plot was linear, suggesting that COS-1 cells had only one
population of NBMPR binding sites. Scatchard analysis of NBMPR binding by COS-1
cells yielded a K, value of 0.8 nM and a B,,, value of 1.2 pmol/ 10% cells. When the B_,,
value was converted to the number of NBMPR-binding sites per cell, a value of 0.5 x 10°
sites was obtained. This number was close to that previously observed in HeLa cells (77).
These values, together with those of several other cultured cell types, are shown in Table
3.1. Thus, the inhibition of nucleoside transport by NBMPR in COS-1 cells evidently
resulted from the occupancy by NBMPR of high affinity binding sites thought to be

physically associated with the equilibrative transporter.

3.3 Nucleoside Transport Activity in COS-1 Cells Was Sodium-independent

Among the seven subtypes of NT-mediated processes, one subtype (cs/NS) has
been found to be sensitive to NBMPR and be sodium-dependent (93). To determine if the
nucleoside transport process of COS-1 cells, which was found to be sensitive to NBMPR,

was also sodium dependent, transport of nucleosides (1 pM) into COS-1 cells was
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measured in sodium-containing buffer or in sodium-free buffer. In Figure 3.5, it is
evident that uridine transport was not substantially different in cells assayed in sodium-
containing buffer or in sodium-free buffer. Similar results were observed with thymidine
and adenosine. It appeared that the nucleoside transport process of COS-1 cells was

sodium-independent.

3.4 Kinetic Parameters

The kinetic parameters of uridine transport by COS-1 cells were estimated by
determining the concentration dependence of initial rates of uptake of *H-uridine.
Velocities of transport determined at various concentrations gave rise to the Lineweaver-
Burke, Woolf and Eadie-Hofstee plots as shown in Figure 3.6. The Woolf and Eadie-
Hofstee plots emphasize data obtained at relatively high and low concentrations,
respectively. Lineweaver-Burke plot is the most commonly used plot for determination of
apparent K_ and V__, values. The three plots were all linear and fit to a single-transporter
kinetic model. The kinetic parameters obtained from these plots were similar. The K,
and V,_, values (average of values of the three plots) were 176 uM and 43 pmol/10°
cells/sec, respectively. This was consistent with the presence of a single type of nucleoside
transport process of COS-1 cells, as suggested by the results of the NBMPR inhibition and

NBMPR binding experiments.

3.5 Summary

This study showed that COS-1 cells had only one type of nucleoside transport
process, which was equilibrative, NBMPR-sensitive and sodium-independent. The 1C,
values for inhibition by the three NT inhibitors were at nanomolar levels. The number of
high affinity NBMPR-binding sites was 0.7 x 105 sites per cell, which was close to that of

some other cell lines exibiting es transport activities. Detailed kinetic studies, which were
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conducted with only one *H-labeled permeant (uridine), yielded K, and V,,, values,
respectively, of 176 uM and 43 pmol/10° cells/sec.

Thus, endogenous NT acdvity in COS-1 cells could be inhibited by NBMPR,
dilazep or dipyridamole, making it feasible to use COS-1 celis for functional studies of
recombinant NT proteins that are insensitive to these inhibitors. For example, COS-1 cells
would be an ideal host for expression of cDNAs encoding cNT1 ,,, which is not inhibited

by micromolar concentrations of either NBMPR or dilazep (9, 84).



Table 3.1 Effect of excess nonradioactive nucleoside on rate of uptake of

tracer nucleoside

Rate (pmol/10° cells/min) Remaining activity
tracer nucleoside only  with nonradioactive nucleoside (%)
uridine 14.4 0.12 0.8
thymidine 5.8 0.38 6.6
adenosine 14.8 0.4 2.7

The uptake rates are from the experiments of Figure 3.1. The uptake activity
remaining in the presence of nonradioactive nucleoside was calculated as the percentage of

the rate in the absence of nonradioactive nucleoside.
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Table 3.2 NBMPR-binding sites in some cell types

Cell Type

NBMPR-binding sites per cell Source
COS-1 0.5 x 10° Fig.3.4
HeLa 0.45 x 10° Ref. 77
S49 0.07 x 10° Ref. 2
CHO 0.06 x 10° Ref. 179, 180
BeWo 27.5 x 10° Ref. 77

The number of NBMPR-binding sites in COS-1 cells was derivec from the data obtained

from Figure 3.4.



Table 3.3 Uptake rates of uridine, thymidine and adenosine in sodium-

containing and sodium-free buffer

Rate (pmol/10° cells/sec)
sodium-containing buffer sodium-free buffer

unidine

thymidine

adenosine

0.17 0.16
0.17 0.14
0.36 0.33

Uptake rates are from the experiments of Figure 3.5.
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Figure 3.1 Time courses of uptake of uridine, thymidine and adenosine in COS-1

cells

Actively proliferating COS-1 cells were grown on 60-mm dishes. Uptake of 1}
uM 3H-uridine, *H-thymidine or *H-adenosine by COS-1 cells was measured in sodium-
containing buffer in the absence (O, O, A) or in ithe presence (M. ®, 4A) of 1| mM
nonradioactive uridine, thymidine or adenosine, respectively. Uptake assays were staned
by adding 1.5 ml of wansport buffer containing 3H-nucleoside, ended by aspirating the
permeant solution and immediately washing the dishes by immersion in 1.5 liter of ice-
cold transport buffer. Uptake at time zero was determined by placing dishes on ice for 10
min prior to transport assay and by using ice-cold transport buffer that contain *H-
nucleoside. The cells were solubilized in 5% (v/v) Triton X-100 and combined with
EcoLite scintillant for radioactivity measurement. Uptake rates calculated from the time
courses are presenved in Table 3.1.

At the time when assays were conducted, there were 2 x 10° cells per 60-mm dish.

Each value represents the mean * SD of three dishes. Error bars are not shown where

SD values were smaller than the data symbols.
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Figure 3.2 The effect of NBMPR on initial rates of uptake of uridine g7:d thymidine
by COS-1 cells

Uptake of 10 uM *H-uridine or *H-thymidine by COS-1 cuils » s measured in the
absence (O, O) or in the presence (M, ®) of 10 nM NBMPR as desented in the legend of
Figure 2.1, except that the cultures (I, ®) were preincubated for 30 min in the presence of
10 nM NBMPR before the uptake started. At the time when assays were conducted,
there were 1.6 x 10° cells per 60-mm dish. Each value represents the mean + SD of three

dishes. Error bars are not shown where SD values were smaller than the data symbols.
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Figure 3.3 Effects of NBMPR, dilazep and dipyridamole on uridine and
thymidine uptake in COS-1 cells

Initial rates of uptake of 100 uM 3H-uridine or *H-thymidine by COS-1 cells was
measured in the absence of NT inhibitors or in the presence of graded concentrations of
NBMPR (B), dilazep (A) or dipyridamole (@) as described in the legend of Figure 3.2.
The initial rates were determined from 10 sec time course. The rates measured in the
absence of NT inhibitors served as a control (100%) and rates measured in the presence
of various concentrations of inhibitors were calculated as percentages of the control
values. Each value represents the mean + SD of three dishes. Error bars are not shown in
the figure because SD values were smaller than the data symbols. Each concentration-
effect relationship was determined with a separate preparation of cells; at the times when

assays were conducted there were about 1.5 x 10° 1o 2 x10° cells per 60-mm dish.
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Figure 3.4 Scatchard analysis of NBMPR binding by COS-1 cells
NBMPR binding by COS-1 cells was determined under equilibrium conditions.
Cells were preincubated in sodium buffer in the presence or absence of 10 uM

nonradioactive NBMPR at RT for 15 min. A portion of binding medium (sodium buffer

that contained one of several graded concentrations of H-NBMPR) was then added.
Cultures were incubated at RT for 30 min and the binding assays were ended by
aspiration of the binding medium. The cells were air dried and solubilized with 5%
Triton X-100. Cell-associated radioactivities were determined by liquid scintillation
counting. Free NBMPR concentrations were determined from the radioactive content of
the binding medium at the end of the assay. Specific NBMPR binding was defined as
the difference between cell-associated radioactivity in the presence and the absence of 10
uM nonradioactive NBMPR. Each value represents the mean * SD of three dishes.
Error bars are not shown where SD values were smaller than the data symbols. K, and

B_, values were 0.8 nM and 1.2 pmol/10° cells, respectively.
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Figure 3.5 Transport of nucleoside by COS-1 cells in sodium-containing or

sodium-free buffer

Uptake of 1 pM >H-uridine. *H-thymidine or *H-adenosine by COS-1 cells was
measured in sodium-free buffer (0J, O, A) or in sodium-containing buffer (M, ®, A) as

described in the legend of Figure 3.1. At the time when assays were conducted. there

was 1.8 x 10° cells per 60-mm dish. Uptake rates (pmol/10° cells/sec) calculated from the

time courses are presented in Table 3.3
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Figure 3.6 Uridine uptake kinetics in COS-1 cells
Initial rates of uptake of *H-uridine by COS-1 cells were determined in sodium-
containing buffer as described in the legend of Figure 3.1. Velocities of transport were
(i) estimated from 10 sec-time courses of different concentrations that ranged from 1-500
uM, and (ii) used to produce the plots shown in the three panels. The kinetic constants
derived from these plots were:
Top Panel (Lineweaver-Burke plot): K, 184 uM; V_,., 44 pmol/sec/10° cells.
Middle Panel (Eadie-Hofstee plot): K, 164 uM; V,, 41 pmol/sec/10° cells
Bottom Panel (Woolf plot): K_, 179 uM; V., 43 pmol/sec/10° cells.

At the time when the assay was conducted, there was 0.5 x 10° cells per 60-mm dish.



iv

s/iv

(%]
T

40

1
0.00

1
025

0.50

1/s

1
0.75

i
1.00

30F

201

10

0.0

0.1

v/s

0.3

20

=

3
100

i
200

1
300
S

1
400

3
500

600

65



CHAPTER IV

TRANSIENT EXPRESSION OF c¢NT1,,
IN COS-1 CELLS
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4.1 Overview

Most cells naturally express multiple nucleoside transport processes.  This has
sometimes complicated characterization of individual nucleoside transport processes with
respect to sensitivity to inhibitors, substrate selectivity and dependence on sodium
cotransport. ‘The availability of cloned NT cDNAs and wansfection techniques in
mammalian cells provides an approach to precisely study the various transporter subtypes.

To express a foreign gene of interest in mammalian cells, two approaches are
usually used: transient transfection and stable transfection. Transient mansfection often
yields high levels of expression of the transfected gene and allows rapid characterization of
the functional properties of the resulting recombinant protein. Stable transfection yields a
permanent cell line and provides a continuing source of cells for expression stadies.
Transient transfection is usually the method of choice for initial expression studies before a
time-consuming attempt to produce stable tranfectant is started. This chapter describes
results of studies in which iransient transfection was used to express the cNT1_, cDNA.

The cell line 10 be used as the recipient for transfection of cNT1_,, cDNA should be
NT deficient either genetically or by use of NT inhibitors. Three nucleoside-transport
defective cell lines have been reported. They are murine lymphoma AEl cells (150),
mouse leukemia L1210 cells (22) and pig kidney PK-15 cells (151). Among them, only
AE1 cells were available and they were previously shown to be untransfectable (152).
Attemnpts to isolate nucleoside-transport defective variants of COS-1 cell in our laboratory,
using selection protocols previously used to obtain NT-defective L1210 cells (5, 153),
were unsuccessful '.  However, COS-1 cells have only the es transporter, which can be
inhibited by nanomolar concentrations of NT inhibitors (see Chapter 3). Previous studies

(9) have shown that cNT1_, encodes a transporter with N2/citr activity, which is not

! unpublished results from Ricgel, T, Mowles, D and Cass, C.E.
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sensitive to NBMPR. Thus, the endogenous NT activity of COS-1 cells could be almost
completely eliminated with nucleoside transport inhibitors, making it feasible to use this
readily transfectable cell line for expression of a single inhibitor-insensitive nucleoside
transnorter.

N2/cit NT activity has been observed in freshly isolated enterocytes, in renal brush
border vesicles from non-human species and in Xenopus oocytes injected with rat and
rabbit intestinal mRNA (84, 89-93). However, the characterization of this NT subtype was
limited because the various preparations exhibit more than one nucleoside transport
process. This chapter describes the functional characterization of recombinant ¢NT1, in
experiments conducted in COS-1 cells, which only exhibited cNT1,, activity in the
presence of NT inhibitors. The characterization utilized direct measurement of uptake of
radioactive nucleosides by transiently transfected COS-1 cells to demonstrate the sodium
dependence of NT activity, the kinetic parameters of various substrates, and the potential

transportabilities of some physiologic nucleosides and nucleoside drugs.

4.2 Construction of pCDNAYAmp-cNT1,_,

For expression in mammalian cells, cNT1_, was subcloned into the mammalian
expression vector, pCDNAI/Amp (Figure 4.1(a)). This vector has an ampicillin-
resistance gene, which permits selection of bacteria that have the recombinant plasmids,
and unique restriction sites for subcloning of DNA insens. It also has the following
elements for eukaryotic expression: (i) enhancer-promoter sequences from the human
cytomegalovirus (CMV) for high-level expression, (ii) transcr .. . rmination and RNA
processing signals from SV40 to enhance mRNA stability, ai. , $V40 and polyoma

origins of replication for episomal replication in cells expressing the SV40 large T antigen
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or that are latently infected with polyoma virus. This vector has been used to successfully
express different proteins in various cell lines, including COS-1 cells (154, 155, 157).

cNT1,,, was originally isolated from a rat intestinal cDNA library that had been
constructed in the pGEM3Z vector (84). The cloning sites for the library were EcoR 1
(5’-end) and Xba I (3’-end). However, because the cNT1,, coding region also contained
an EcoR 1 site, the subcloning of cNT1, into the mammalian expression vector
pCDNAVAmp used a different pair of restriction enzymes, Afl III and Xba I (Figure
4.1(b)). The Afl Il site was 46 bp upstream of the start codon i:: the cNT,, insert. Since
there was no compatible site in pCDNAI/Amp for Afl III, the 5’-overhang produced in the
insert by Afl III was blunt-ended with the Klenow fragment and ligated into
pCDNAY/Amp at the EcoR V site. The 3’-end of cNT1_, was ligated into the vector at the
Xba I site.

The expression construct, named pCDNAI/Amp-cNT1,,,, is shown in Figure
4.1(c). Itincluded a 5’ untranslated region (reduced from 156 bp in length to 46 bp), the
complete cNT1 , coding region and the 3’ untranslated region. For efficient eukaryotic
wanslation, it is usually recommended that the 5’ untranslated region be kept to 50-100 bp
in length to minimize the formation of secondary structure that might interfere with
ribosome binding (156). Therefore, the 5’ untranslated region of cNT1_, in the expression
construct met this recommendation.

The structure of pPCDNAI/Amp-cNT1,,, was confirmed by restriction mapping with
cither Xba I + BamH I, Hind 111 + Xba I and EcoR I (Figure 4.1(d)). Three fragments (5.0
+ 1.8 + 0.5 Kb or 5.0 + 2.0 + 0.3 Kb) were expected when pPCDNAI/Amp-cNT1,,, was
digested with Xba 1 + BamH I or Hind 1I + Xba I, respectively. Two fragments (7.2 +
0.1 Kb) were expected when pCDNAL/Amp-cNT1,,, was digested with EcoR I. For each
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digestion, fragments of the expected sizes were observed. Thus, the structure of

pCDNAVAmp-cNT1 , was verified.

4.3 Transient Expression of ¢NT1_, in COS-1Cells

The transient transfection studies were carried out using a modification of the
DEAE-dextran method described previously (111).  This method, which is simple and
more reproducible than other transfection procedures (111), works very well in COS cells
(110). Since the concentration of DEAE-dextran is a critical determinant of the transfection
efficiency (111), it was carefully optimized as follows.

pCMVBGal (5 ug) was ransfected into COS-1 cells using various concentrations of
DEAE-dextran (Table 4.1). Transfection efficiencies were estimated 72 hr after
rransfection by quantitation of cells that stained with a PB-galactosidase reporter system
(139). With 100 pg/ml of DEAE-dextran, the transfection efficiency was about 10%,
while with 200 pg/ml or 400 pg/ml of DEAE-dextran, it was about 25%. Positively
staining cells were few, if any, with 10 pg/ml of DEAE-dextran. With 1000 pg/ml of
DEAE-dextran, most cells did not survive, and the transfection efficiency could not be
determined. In all subsequent transient transfection experiments, 200 pg/ml DEAE-dextran
was used.

pCDNAI/Amp-cNT1,, was transiently transfected in COS-1 cells by the DEAE-
dexrran method modified as described above. At 24 hr after transfection, the cells were
trypsinized, pooled and replated to eliminate any differences in transfection efficiency
among the individual dishes. Since the peaks of plasmid replication and protein production
in tansfected COS cells occur respectively, at 48-72 hr and 72-96 hr posttransfection

(111), pPCDNAI/Amp-cNT1,, transfected COS-1 cells were used for uptake assays 72 hr

after transfection.
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The experiments described in Chaper 3 demonstrated that nucleoside transport in
COS-1 cells is mediated by an NBMPR-sensitive process. Before the uptake assays were
started, the transfected COS-1 cells were pre-incubated with 1 yM NBMPR at RT for 30
min to inhibit endogenous es-mediated NT activity. The uptake assay was started by
removing the NBMPR-containing pre-incubation medium and adding permeant solution
that contained the desired concentration of *H-nucleoside and the NT inhibitor. The assay
was stopped by removing the permeant-containing solution and immediately washing the
cells in ice-cold transport buffer.

A represenuitive time course of ’H-uridine uptake (10 uM, RT) by COS-1 cells
transfected with cNT1_, cDNA is shown in Figure 4.2. Uptake was measured at 10-min
intervals up to 30 min and in Na’-containing buffer. COS-1 cells transfected with the
pCDNAI/Amp vector served as controls; they were subjected to the same transfection
conditions and assay procedures as cells transfected with pPCONAVAmp-cNT1,,. The 30-
min time courses were linear. The substantial difference in uptake after 30 min between
the cells ransfected with ¢cNT1_, and the cells transfected with vector alone suggested that
expression of the cNT1,, cDNA had resulted in the production of a functional nucleoside
transporter.

Since it had been shown previously (9) that cNT1, is a sodium-dependent
nucleoside transporter, *H-uridine uptake was also measured in transfected cells incubated
in Na®-free buffer to determine whether the uptake seen in cells ransfected with the cNT1,,
cDNA was Na‘’-dependent (Figure 4.2). The transfection and transport assay conditions
were the same as in the assays conducted in Na*-containing buffer. The 30 min-time
course was linear and there was a great difference over 30 min in uridine uptake in Na'-
containing buffer when compared to uptake in Na'-free buffer. Therefore, uridine uptake

in the pPCDNAI/Amp-cNT1,,, -transfected cells was Na'-dependent. However, the uptake
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in Na’-free buffer was consistently higher for cells transfected with pPCDNAVAmp-cNT1
than for cells transfected with pPCDNAI/Amp alone (Figure 4.2), suggesting the presence of
a minor component of Na‘-independent transport in the NT processes. Since this
difference was not eliminuied by dilazep, an inhibitor of the ei ransporter (22), it did not
seem to result from ei transport activity (Figure 4.2 insert). It thus may represent
uncoupled transport (slippage) of uridine via the Na’-linked process (9, 84, 158).

To confirm that the uptake observed in pCDNAI/Amp-cNT1, -transfected cells
was transporter mediated, an excess of nonradioactive uridine (1 mM) was added to the
solution that contained 10 pM ’H-uridine (Figure 4.3). If uridine uptake was mediated b);
cNT1_, the tracer flux should have been reduced by a high concentration of nonradioactive
uridine, which would compete for transporter sites with the radioactive uridine. As shown
in Figure 4.3, uptake was greatly reduced by the addition of 1 mM nonradioactive uridine.

In the experiments described thus far, NBMPR was used to block endogenous
nucleoside transport activity in COS-1 cell. In subsequent experiments, dilazep was used
instead of NBMPR as the inhibitor, because dilazep is more soluble than NBMPR.
However, as NBMPR is a diagnostic agent to distinguish es and ¢s NTs from other NT
subtypes (22), the results : f the preceding experiments indicated that the transport activity
seen in cNT1_ cDNA transfected cells was mediated by a transporter that belongs to the

NBMPR-insensitive group of nucleoside transport processes.

4.4 Construction of c-myc tagged cNTI1

When this work was initiated, antibodies .against ¢NT!, had not yet been
developed. To analyze production of the cNT1,, protein in transfected COS-1 cells, an
epitope tag based on human c-myc (10 amino acid residues EQKLISEEDL) was fused to
the C-terminus of the cNT1, transporter. Monoclonal antibody 9E10, which is

commercially available, recognizes this ten-residue sequence of human c-myc specifically.
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Thus, c-myc tagging allowed surveillance of cNT1,, production by immunoblotting, even
though antibodies against cNT1,, were not available. The epitope tagging approach has
been used to study a variety of proteins of interest (159-163). The amino or carboxyl
terminus of the protein is typically chosen as a tagging site because the ends of proteins are
more likely to be accessible to the antibody and to be susceptible to modification without
affecting function (161, 164).

The construction of c-myc tagged cNT1_,, is summarized in Figure 4.4. The
addition of the c-myc tag to the C-terminus of cNT1, was accomplished by PCR
modification of the cNT1_ cDNA. The PCR product was digested with EcoR I and Xba I
and then subcloned into pBluescript KS=.  The nucleotide sequence at the 3’ end of the
PCR-generated fragment (about 300 bp, including the c-myc tag) was confirmed by DNA
sequencing. The urcunfirmed 5° portion of the PCR product (about 1700 bp)was removed
and replaced with the corresponding fragment of the original cNT1,, cDNA. The EcoR V
site is a polylinker site of pBluescript KS- that is upstream of the 5’-end of the PCR
isroduct. The BamH 1 site was within the confirmed 3’end of the PCR product. The

riginal cNT1,,, in pPGEM3Z was removed by digestion with Afl 111 (5’-end) and BamH 1
(3’-end). The 5’-end was then blunt-ended with the Klenow fragment, and the resulting
fragment was used to replace the corresponding 5’-portion of the PCR product. The ¢-myc
tagged cNT1_, was subcloned into pPCDNAI/Amp at Xho I and Xba I for expression in

mammalian cells. The expression construct was named pCDNALAmp-cNT?!  -myc.

4.5 Functional Analysis of Recombinant c-myc Tagged cNT1,, Proteins in
COS-1 Cells

To test if the presence of the c-myc tag affected cNT1,,, function, pPCDNAVAmp-
cNT1, -myc transfected COS-1 cells were used for uptake assays 72 hr after transfection.

The assays were conduc:d in sodium-containing buffer in the presence of 10 uM dilazep,
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as described above (see Section 4.2). Figure 4.5 shows the results. The uptake of 10 pM
3H-uridine during 10 min for cells transfected with vector containing either the cNT1 -myc
insert or the cNT1_, insert was much higher than that for cells transfected with vector alone.
Since the presence of the epitope tag had reduced uridine uptake by about 20%, it appeared

that recombinant cNT1_-myc was produced and correctly processed.

4.6 Identification of Recombinant c-myc tagged c¢NT1 , in COS Cells
pCDNAY/Amp-cNT1,_,-myc or pCDNAIAmp (as a control) was transfected into
COS-1 cells using the DEAE-dextran method exactly as in the preceding transport
experiments. Crude cellular membranes were prepared 72 hr after transfection, and the
proteins in SDS-solubilized membranes were resolved on a 12% SDS-PAGE gel and
subjected to protein immunoblotting analysis (Figure 4.6). Immunostaining with anti-c-
myc monoclonal antibod:=s revealed a band (about 45 kDa) that was present in the
membrane fraction isolatec frur v T NAY/Amp-cNT1, -myc ransfected cells but not in the
fraction from pCDNAVA - :.uns=med cells. The 45 kDa band, seen only in the cells
transfected with the ctNTt  -myc cDNA, appeared to be the c-myc tagged c¢NT1,,, protein,
although this band migrated with an apparent molecular mass (45 kDa) that was lower than

that (71 KDa) calculated (9) from the predicted amino acid sequence of cNT1 ..

4.7 Inhibition of cNT1, -mediated Transport of Uridine by Physiological

Nucleosides

To demonstrate the specificity profile of cNT1,,, inhibition studics were conducted
in COS-1 cells transfected with the ctNT1_, cDNA (Figure 4.7). Various nonradioactive

physiological nucleosides were added at concentrations of 1 mM to transport assay

mixtures to test if they were able to inhibit cNT1, -mediated uptake of 10 uM ’H-uridine
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during a 5-min incubation. The uptake of *H-uridine in the absence of nonradioactive
nucleosides served as the uninhibited control (100%). All of these studies were conducted

in the presence of 10 uM dilazep to block endogenous NT activity in COS-1 cells. As

shown in Figure 4.7, cNT1_,-mediated uptake of ’H-uridine was reduced by the presence
of nonradioactive uridine to 5% of control values. Similar reductions were seen with
thymidine, cytidine, deoxycytidine and adenosine, whereas the significance of the apparent
20% reduction observed in presence of guanosine was questionable. These results were
consistent with the reported substrate selectivities of N2/cit NTs (84, 89-93).

To confirm that guanosine was not a substrate of ¢cNT1,,,, direct measurements of

uptake of various concentrations (10-500 uM) of 3H-guanosine: were conducted in cells

rransfected with ¢cNT1_ (Figure 4.8). Uptake by COS-1 cells transfected with vector

alone served as a control. The uptake time courses of 3H-guanosim: by the two types of
transfectants were similar, confirming that guanosine was not a substrate of cNT1 ..

The inhibitory effects of cytidine and deoxycytidine on *H-uridine uptake were
further investigated in the experiments of Figure 4.9, which examined the extent of
inhibition of uptake under various concentration of cytidine or deoxycytidine. Both were
relatively potent inhibitors, with a 50% reduction in uridine uptake seen at concentrations of

about 50 uM.

4.8 Kinetic Studies
To further determine the functional characteristics of recombinant cNT1,,, transiently
in COS-1 cells, the kinetics of uptake of some physiologic nucleosides were determined.

Uridine, thymidine and adenosine and cytidine were selected to be investigated for the

following reasons:
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(i) Uridine and adenosine are considered to be “universal” NT substrates since results of
direct measurements and / or inhibition studies have suggested that they can be transported
by all types of NT-mediated processes thus far identified (22).

(ii) Thymidine serves as a diagnostic substrate for pyrimidine-selective N2/cit or N4/cit
nucleoside transporters and results of the inhibition studies with cells transfected with
cNT1,, cDNA (see Section 4.7) had suggested that cNT1,, was pyrimidine-selective.

(iii) Adenosine is unique among the physiological nucleosides in that it is a local signaling
molecule and is known to have a regulatory function in physiological and metabolic
activities, including platelet aggregation, coronary vasodilation, cardiac contractility, and
renal vasoconstriction (22).

(iv) There have been no direct studies of N2/cit or N4/cit-mediated transport of cytidine,
which has many analogues with important anticancer or antiviral activities.

The transport assays described in this section were conducted in sodium-containing,
buffer and in the presence of 10 uM dilazep to block endogenous nucleoside transport
processes of COS-1 cells. Transport velocities were obtained from 12-sec time courses
different concentrations of each of the four *H-nucleosides (see Figures 4.10, 4.12, 4.14
and 4.16 for representative experiments). Since preliminary studies had shown that
transport velocities of uridine were reduced by more than 90% in the presence of 1 mM
nonradioactive uridine, the small contribution of the diffusion to uptake rates could be
ignored. The 12-sec time courses were linear and sufficiently short to allow estimation of
initial rates. Apparent K_ and V_, values were determined by three plots: Woolf plot,
Eadie-Hofstee plot and Lineweaver-Burke plot. The Lineweaver-Burke plot is the most
widely recognized and used plot. The Woolf plot emphasizes data obtained at relatively
high concentrations and the Eadie-Hofstee plot emphasizes the opposite. Figures 4.11,

4.13, 4.15 and 4.17 show these plots for cNT1 -mediated uptake of uridine, thymidine,
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cytidine and adenosine, respectively. For each nucleoside, the individual K and V_,,
values derived from the three different plots were similar.

The kinetic studies of uridine, thymidine, cytidine and adenosine showed that these
four nucleosides had similar K_ values, indicating that each had a high affinity for cNT1,,.
However, the maximum velocities of transport differed (uridine > thymidine > cytidine >
adenosine). The V_,/K_, ratios for uridine, thymidine, cytidine and adenosine were (.63,
0.20, 0.10 and 0.009, respectively. The maximum velocity and V.../K, ratio for
adenosine were dramatically lower than those for uridine, thymidine and cytidine.

To confirm that adenosine was poorly transported by ¢cNT1_, a direct comparison
was made between uridine and adenosine transport in the same preparation of transfected
cells. Figure 4.18 shows that the initial rate of uptake of 10 uM uridine was 3.26
pmol/sec/10° cells, while that of 10 UM adenosine was only 0.24 pmol/sec/10°cells. The
initial rate of uridine uptake was 13-fold higher than that of adenosine. Therefore, although
adenosine and uridine exhibited almost identical K, values, adenosine was poorly
transported by cNT1,,, compared to uridine.

Table 4.2 presents the K, and V_,, values obtained in this study for cNT1,,-
mediated transport of uridine, thymidine, cytidine and adenosine in COS-1 cells and those
reported elsewhere (138) for cNT1_-mediated transport of uridine and adenosine in
Xenopus oocytes. The absolute V_,, values are not comparable because of the differences
(e.g, cell size, amounts of recombinant protein produced) between the two expression
systems. However, the K, values, which represent a measure of transporter affinities, are
directly comparable. The K, values obtained in the two expression systems for transport
of uridine were quite close, and the K values for adenosine were almost the same,
suggesting that recornbinant ¢cNT1,, functioned similarly in mammalian cells and Xenopus

oocytes.
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4.9 Inhibition Studies of Nucleoside Drugs

Many nucleoside analogues are important anti-cancer and anti-AIDS drugs.  Since
most of these drugs are hydrophilic, functional nucleoside transport processes in the
plasma membrane are required for their phamacologic actions. While many nucleoside
drugs have been tested for transportability with es systems of various cell types, only a few
have been tested with the pyrimidine-selective concentrative transporters (22). ¢NTI1,,, has
been shown to be capable of transporting AZT and ddC (9). Therefore, several pyrimidine
nucleoside analogue drugs were tested for their ability to inhibit cNT1,,,-mediated transport
in COS-1 cells. They were AZT, ddC, FUdR, IUdR, araC, gemcitabine and 3TC.

In the experiment of Figure 4.19, cNT1,,,-mediated uptake of *H-uridine (10 uM, 5
min) was measured in sodium-containing buffer with 10 pM dilazep. Uptake was
inhibited by the addition of nonradioactive 5 mM AZT, FudR, IUdR, gemcitabine, araC or
ddC, suggesting that these drugs were either substrates or inhibitors of cNT1,,. The
extent of inhibition by 5 mM AZT, ddC and araC was about 50%, whereas that by S mM
IUdR and FUdR was greater than 90%. Inhibition was not seen with 5 mM 3TC. The
effects of IUdR and FUdR were further examined in the experiments of Figure 4.20),
where uptake of 10 yM [*H]uridine was measured in the presence of various concentrations
of nonradioactive IUdR or FUdR. Uptake was reduced to 50% by 40-60 pM of FUdR or
TUdR, indicating that both interacted with recombinant cNT1,,, with relatively high affinity.
Since nonradioactive 3TC (5 mM) was not able to block *H-uridine uptake, it was neither

a substrate or an inhibitor of cNT1_,.

4.10 Summary
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This chapter describes results of experiments in which ¢NT1, cDNA was
transiently transfected into COS-1 cells, and its expression was examined by functional
assay and protein immunoblotting analysis. In the functional assays, a substantial increase
in uptake of uridine was observed in COS-1 cells transfected with cNT1,, cDNA when
compared to cells transfected with vector alone, irdicating high levels of functional
recombinant cNT1,. The cNT1,_-dependent nucleoside transport activity was sodium-
dependent. A residual sodium-independent transport activity was observed when cells
transfected with cNT1,, cDNA were assayed in sodium-free buffer.

At the time when these studies were conducted, antibodies against cNT1,,, were not
available. To demonstrate the presence of recombinant cNT1,, by protein immunoblotting,
a myc-tagged cNT1, cDNA was constructed and transfected into COS-1 cells. The
recombinant myc-tagged transporter was shown to be fully functional. Recombinant
¢NT1_-myc migrated in SDS-PAGE with an apparent molecular mass that was lower than
that predicated from its amino acid sequences. This discrepancy could have been due to
one or more of the following reasons: (i) aberrant electrophoretic mobility, because of its
high hydrophobicity, which has been reported for other hydrophobic proteins (110, 165-
167); (ii) degradation of the recombinant protein to a smaller size, which could occur
during the course of crude membrane preparation as reported for calpastatin (168); or (iii) a
shorter actual amino acid sequence than predicted.

The inhibition studies with physiological nucleosides showed the poiential
transportabilities of uridine, thymidine, cytidine, deoxycytidine and adenosine by cNT1,,,
but not guanosine. The permeant selectivity profile was consistent with that for N2/cit
from previous inhibition studies (84, 89-93). However, the kinetic studies showed that,
although it had a high affinity to cNT1,_,, similar to that for uridine, thymidine and cytidine,

its V_,, value was very low. suggesting that adenosine was not a good substrate of cNT1 .

79



The potential transportability of several clinically important nucleoside drugs by
cNT1,, was tested by inhibition studies. These nucleoside drugs inhibited uridine uptake
by cNT1, to different extents, suggesting that cNT1_ may be involved in the
gastrointestinal absorption of some of these drugs, and that the different modifications of

the drugs may be related to their different inhibition abilities. This information may be

useful for drug design in the future.
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Table 4.1 Optimization of the DEAE-dextran concentration used in

transfection of COS-1 cells

Concentration of DEAE-dextran (ug/ml) 10 100 200 400 1000

transfection effeciency N 10% 25% 25% -

The same quantities (5 pg) of pCMVBGal were transfected into COS-1 cells using
five different concentrations of DEAE-dextran in the protocol described in Materials and
Methods (Section 2.4). Transfection efficiencies were estimated 72 hr after transfection by
counting cells that stained (positives) or did not stain (negatives) with a B-galactosidase
reporter system.

* The transfection efficiency could not be determined because most of the cells had
detached from the culture dishes by 72 hr.

N No positive cells were detected.
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Table 4.2 Kinetic parameters of uridine, cytidine,thymidine and

adenosine for recombinant ¢NT1,,, in COS-1 cells and Xenopus oocytes

K., (uM) Vmax* Vo / K
uridine COS cells (1) 189 + 1.8 123 % 0.6 0.65 + 0.03
(2) 23.0 = 10 102 £5.0 0.43 % 0.16
oocytes 37.: 20.8 0.56
thymidine COS cells (1) 139 + 0.6 2.72 = 0.12 0.20 = 0.003
(2) 86 + 23 297 * 045 035 = 0.05
cytidine COS cells 404 + 0.05 0.3 = 0.006 0.097 = 0.0025
adenosine COS cells (1) 18.7 + 29 0.17 = 0.04 0.009 + 0.0002
(2) 113+ 01  0.08 * 0.01 0.007 = 0.005
oocytes 20.7 0.053 0.003

The kinetic parameters of cNT1_,-mediated transport of uridine, thymidine, cytidine

and adenosine in COS cells are the means (+ SD) of values that were derived from Woolf,

Eadie-Hofstee and Lineweaver-Burke plots.

Values

in bold letters are derived from

Figures 4.11, 4.13, 4.15 and 4.17; the other values were from experiments conducted

under the same conditions. The kinetic parameters of cNT1_,-mediated transport of uridine

and adenosine in Xenopus oocytes are the work of Sylvia Yao (138).

+ The unitof V_,, in COS cells is pmol/sec/ 10° cells and in oocytes is pmol/min/oocyte.
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Figure 4.1(a) Structure of pCDNAL/Amp vector

SV40: SV40 origin of replication for episomal replication in cells that express the SV40

large T antigen
ColE 1: ColE 1 origin for growth in E. coli

M 13 ori: M13 origin for single-strand rescue of the antisense strand for mutagenesis and

sequencing

Amp: ampicillin-resistance gene to permit selection of bacteria that have the recombinant

plasmids

pCMV: enhancer-promoter sequences from the immediate early gene of the human

cytomegalovirus (CMV) for high-level expression

SV40 SS/pA: transcription termination and RNA processing signals from SV40 1o

enhance mRNA stability

Polyoma ori: polyoma origin of replication for episomal replication in cells expressing

latently infected with polyoma virus

Hind 111 — Xba I: polylinker sites for subcloning
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Figure 4.1(b) Construction of pPCDNAFAmp-cNT1,

cNT1,_, was originally isolated as a cDNA fragment that had been cloned in
pGEM3Z at the EcoR I and Xbal I sites. c¢NT1,, was removed from pGEM3Z by cutting
at the unique restriction sites, Afl 1II and Xba 1. The 5’-end was blunted with Klenow
and ligated into pCDNAI/Amp at EcoR V. The 3" end of cNT1,,, was ligated into

pCDNAJ/Amp at Xba I. The expression construct was named “pCDNAVAmp-cNTI1 ™

I:] polylinker sites of pPCDNAI/Amp
- coding region of cNT1
Illllll 5' and 3' noncoding regions of cNT1
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Figure 4.1(c) pCDNAL/Amp-cNT1,, expression construct
pCDNAVAmp-cNT1,, contained the ¢NT1_, cDNA insert. Forthe cNT1 , insert,

5* and 3' designate the 5°- and 3'-ends, respectively.

represents the 5° untranslated region
] represents the 3° untranslated region

I represents the coding region
The positions of some restriction endonucleases sites (used for restriction mapping,

Figure 4.1(d)) are shown on the map. The map is not to scale.
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Figure 4.1(d) Restriction mapping of pCDNAI/Amp-cNT1,,,

The structure of pPCDNAI/Amp-cNT1,,, was verified by restriction mapping.
pCDNAV/Amp-cNT1,,, was digested with Xba I + BamH I (lane 1), EcoR 1 (lane 2) or
Xba 1 + Hind III (lane 3). Undigested pCDNAIAmp-cNT1 , was on lane 4. A
DNA/Hind 1II marker (23, 9.4, 6.6, 4.4, 2.3, 2.0 Kb; from the top to the bottom) was on
lane M. The resulting fragments were analyzed by electrophoresis on a 0.8% agarose gel
and visualized with a UV light box. Where DNA sizes were less than 500 bp, the bands

were faintly visible on the original gel photograph.






Figure 4.2 Uridine uptake by COS-1 cells transfected with ¢NT1 ,, ¢cDNA.

Actively proliferating cells were transfected with pPCONAI/Amp-cNT1,, (A @) or
pCDNAI/Amp (control, A, ©) by the DEAE-dextran method (see Materials and Methods,
Section 2.4). Uptake measurements were conducted in cells 72 hours after transfection.
In this representative experiment, there were 1.1 x 10° cells per 60-mm dish, and the
transfection efficiency, which was determined in parallel cultures that had been
transfected with pCMV, was about 25%.

Transfected cells were incubated with 1 uM NBMPR at RT for 30 min before the
uptake assay. Uptake measurements were conducted in the presence of 1 yM NBMPR in
either sodium-containing transport buffer (A, &) or sodium-free transport buffer (O , @).
Uptake assays were started by adding 1.5 ml of transport buffer containing 10 uM H-
uridine and 1 uM NBMPR, ended by aspirating the solution and immediately washing
the dishes by immersion in 1.5 liter of ice-cold transport buffer. Uptake at time zero was
determined by placing dishes on ice for 10 min prior to transport assay and by using ice-
cold transport buffer containing 10 uM 3H-uridine and 1 pM NBMPR. The cells were
solubilized in 5% (v/v) Triton X-100 and combined with EcoLite scintillint for
radioactivity measurement. Each value represents the mean * SD of three dishes. Error
bars are not shown where SD values were smaller than the data symbols.

The insert shows the uptake of 10 uM *H-uridine in sodium-free buffer at 5 min by
pCDNAI/Amp-cNT1,, transfected cells and pCDNAI/Amp-transfected cells in an

experiment in which 10 uM dilazep was substituted for 1 uM NBMPR.
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Figure 4.3 *H-Uridine uptake by cNT1,,, cDNA-transfected COS-1 cells in the

presence of 1 mM nonradioactive uridine

Uptake of 10 uM *H-uridine in sodium-containing transport buffer with 1 uM
NBMPR by pCDNAI/Amp-cNT1  -transfected cells was determined in the absence (W)
or presence (®) of 1 mM nonradioactive uridine. Uptake of *H-uridine by cells
transfected with pCDNAI/Amp in the absence of 1 mM nonradioactive uridine served as
control (A). Each value represents the mean + SD of three dishes. Error bars are not
shown where SD values were smaller than the data symbols.

The transfection and transport assay conditions were the same as described for
Figure 4.2. There were 1.1 x 10° cells per 60-mm dish and the transfection efficiency

which was determined in parallel cultures by transfection with pCMV, was about 20%.
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Figure 4.4 Construction of c-myc tagged cNT1,

The c-myc epitope tag (10 amino acids) was inserted at the C-terminus of ¢cNT1_ by
PCR. The 5’-and 3’-primers were 5°-GTA ATA CGA CTC ACT ATA GGG C and GCT
CTA GAG CTA CAA GTC TTC TTC AGA AAT AAG CIT TTG TTC TGT GCA

GAC TGT GTG GTT GTA-3, respectively. The bold and underlined sequences
correspond to ¢NT1_ and the c-myc tag, respectively. The nucleotide sequence at the 3’
end of the PCR-generated fragment (about 300 bp, including the c-myc tag) was
confirmed by DNA sequencing. The unconfirmed 5’ portion of the PCR product (about
1700 bp) was replaced with cNT1,, from the original cDNA insert. The c-myc tagged
cNT1,_, was then subcloned into pPCDNAI/Amp at Xho 1 and Xba 1 for expression in

mammalian cells. The expression construct was named pCDONAVAmp-cNT1 -myc.
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Figure 4.5 Uridine uptake by recombinant ¢NT1,, and c-myc tagged
cNT1,,,

COS-1 cells were transfected with pCDNALAmp, pCDNAVAmp-cNT1,,, or
pCDNAV/Amp-cNT1,, -myc. After 72 hr, uptake of 10 uM *H-uridine by transfected
COS-1 cells (each dish contained 0.8 x 108 cells) was ineasured in sodium-containing
transpor¢ buffer in the presence of 10 uM dilazep during a 13-min interval. Each value

represents the mean + SD of three dishes. Error bars are not shown where SD values were

smaller than the data symbols.
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Figure 4.6 Western blotting of c-myc tagged c¢NT1,

Membrane fractions that were prepared from COS-1 celis transfected 72 hr earlier
with either pPCDNAI/Amp-cNT1,-myc (lane 1) or pCDNAVAmp vector (lane 2) were
solubilized and subjected to SDS-PAGE electrophoresis (12% gel, 25 ug protein per lane).
The proteins were transferred to a PVDF membrane which was analyzed by
immunostaining with anti-c-myc antibodies and goat anti-mouse horseradish peroxidase

conjugate as described in Materials and Methods (Section 2.10).
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Figure 4.7 Inhibition of uridine uptake by physiological nucleosides in ¢NT1 ,,
cDNA transfected COS-1 cells

Uptakes assays were started by adding 1.5 ml of transport buffer containing *H-
uridine with or without nonradioactive nucleosides. They were ended by aspirating the
permeant and washing the dishes in 1.5 liter of ice-cold transport buffer.  The cells were
solubilized in 5% (v/v) Triton X-100 and combined with EcoLite scintillint for
radioactivity measurement.

Uptake of 10 uM *H-uridine was determined in sodium-containing transport
buffer in the presence of 10 pM dilazep without (control) or with competing
nonradioactive physiological nucleosides (1 mM of either uridine, thymidine, cytidine,
deoxycytidine, adenosine or guanosine) over 5 min. Each value represents the mean &

SD of three dishes. Error bars are not shown where SD values were smaller than the

data symbols.
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Figure 4.8 Uptake *H-guanosine in cNT1,,, cDNA-transfected COS-1 cells

Uptake of various concentrations of 3H-guanosine was measured in sodium-
containing transport buffer in the presence of 10 uM dilazep by cNTI1, cDNA-
transfected (@, V. W) or vector alone-transfected COS-1 cells (control, O, V, O). Each
value represents the mean + SD of three dishes. Error bars are not shown where SD
values were smaller than the data symbols. The transfection and transport assay

conditions were the same as described for Figure 4.2. There were 1.05 x 10° cells per

60-mm dish and the transfection efficiency, which was determined in parallel cultures by

transfection with pCMV[, was about 25%.
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Figure 4.9. Concentration-effect relationships for inhibition by cytidine
and deoxycytidine of recombinant c¢NT1,, -mediated uridine transport.

Cells were transfected with pCDNAT/Amp-cNT1,, and processed as described for
Figure 4.2, except that dilazep (10 uM) was substituted for NBMPR. Uptake of 10 uM *H
uridine during a 5-min incubation was determined in Na*-containing buffer either without
additives (control, 100%) or with various concentrations of cytidine () or deoxycytidine
(A). Values are presented as a percentage of control values. Each value represents the

mean *+ SD of three dishes, and error bars are not shown where SD values were smaller

than the data symbols.
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Figure 4.10 Time-courses of uridine uptake in ¢cNT1_, cDNA transfected COS-1
cells.

Cells were transfected with pPCDNAI/Amp-cNT1,, and processed as described
for Figure 4.2, except that dilazep (10 pM) was substituted for NBMPR. Uptake
intervals (0, 6, 12 sec) were timed by metronome signals. Initial rates of uptake were
determined at the concentrations of *H-uridine indicated. All assays were in sodium-
containing transport buffer in the presence of 10 uM dilazep. Each value represents the
mean = SD of three dishes. Error bars are not shown where SD values were smaller than
the data symbols. In this experiment, at the time when the transport assay was
conducted, there were 1.0 x 10° cells per 60-mm dish and the transfection efficiency,

which was determined in parallel cultures by transfection with pCMV8, was 30%.
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Figure 4.11 Kinetics of uridine uptake in ¢cNT1,,, cDNA transfected COS-1 cells
Data from the experiment of Figure 4.10 are presented in each of three linear

forms: concentration/velocity versus concentration (Top Panel); velocity versus
velocity/camcentration (Middle Panel); and 1/velocity versus 1/concentration (Bottom
Panel). The kinetic constants derived from these plots were:

Top Panel (Woolf plot): K, 21.0 uM; V_.., 13 pmol/sec/10° cells.

Middle Panel (Eadie-Hofstee plot): K_, 18.0uM; V__, 12 pmol/sec/10° cells.

Bottom Panel (Lineweaver-Burke plot): K, 17.9 uM; V_,., 12 pmol/sec/10° cells.
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Figure 4.12 Time-course of thymidine uptake in ¢cNT1,,, cDNA transfected COS-1
cells.

Cells were transfected with pCDNAI/Amp-cNT1,,, and processed as described
for Figure 4.2, except that dilazep (10 pM) was substituted for NBMPR. Uptake
intervals (0, 6, 12 sec) were timed by mewonome signals. Initial rates of uptake were
determined at the concentrations of *H-thymidine indicated. All assays were in sodium-
containing transport buffer in the presence of 10 uM dilazep. Each value represents the
mean x SD of three dishes. Error bars are not shown where SD values were smaller than
the data symbols. In this experiment, at the time when the transport assay was conducted,
there were 1.16 x 10° cells per 60-mm dish and the transfection efficiency, which was

determined in parallel cultures by transfection with pCMVp, was 20%.
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Figure 4.13 Kinetics of thymidine uptake in ¢NT1,,, ¢cDNA transfected COS-1
cells
Data from the experiment or Figure 4.12 are presented in each of three linear

forms concentration/velocity versus concentration (Top Panel); velocity versus
velocity/concentration (Middle Panel); and 1/velocity versus 1/concentration (Bottom
Panel). The kinetic constants derived from these plots were:

Top Panel (Woolf plot): K_,, 13.6 uM; V., 2.64 pmol/sec/10° cells.

Middle Panel (Eadie-Hofstee plot): K_, 13.4 uM; V_ ... 2.66 pmol/sec/ 108 cells

Bottom Panel (Lineweaver-Burke plot): K_, 14.6 uM; V.. 2.86 pmol/sec/10° cells.
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Figure 4.14 Time-course of cytidine uptake in cNT1_,, cDNA-transfected
COS-1 cells.

Cells were transfected with pPCDNAI/Amp-cNT1,,, and processed as described for
Figure 4.2, except that dilazep (10 uM) was substituted for NBMPR. Uptake intervals (0,
6, 12 sec) were timed by metronome signals. Inital rate of uptake were determined at the
concentration of *H-cytidine indicated. All assays were in sodium-containing transport
buffer in the presence of 10 uM dilazep. Each value represents the mean + SD of three
dishes. Error bars are not shown where SD values were smaller than the data symbols.
In this experiment, at the time when the transport assay was conducted, there were 0.5 x

10° cells per 60-mm dish and the transfection efficiency, which was determined in parallel

cultures by transfection with pCMV(, was 20%.
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Figure 4.15 Kinetics of cytidine uptake in ¢NT1,,, cDNA-transfected COS-

1 cells

Data from the experiment of Figure 4.14 are presented in each of three linear forms
concentration/velocity  versus  concentration  (Top Panel); velocity  versus
velocity/concentration (Middle Panel); and 1/velocity versus 1/concentration (Bottom

Panel). The kinetic constants derived from these plots were:

Top Panel (Lineweaver-Burke plot): K, 4.02 uM; V_ ., 0.39 pmol/sec/ 10° cells
Middle Panel (Eadie-Hofstee plot): K, 4.1 uM; V_,,, 0.39 pmol/sec/10° cells

Bottom Panel (Woolf plot): K_,, 4.0 uM; V_,.. 0.4 pmol/sec/10° cells.
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Figure 4.16 Time-course of adenosine uptake in ¢cNT1,_, cDNA-transfected
COS-1 cells.

Cells were transfected with pPCDNAL/Amp-cNT1,,, and processed as described for
Figure 4.2, except that dilazep (10 pM) was substituted for NBMPR. Uptake intervals (0,
6, 12 sec) were timed by metronome signals. Initial rates of uptake were determined at the
concentrations of *H-adenosine indicated. All assays were in sodium-containing transport
buffer in the presence of 10 uM dilazep. Each value represensis the mean * SD of three
dishes. Error bars are not shown where SD values were smaller than the data symbols.
In this experiment, at the ime when the transport assay was conducted, there were 1.2 x

10° cells per 60-mm dish and the transfection efficiency, which was determined in parallel

culwures by transfection with pCMV}, was 20%.
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Figure 4.17 Kinetics of adenosine uptake in ¢cNT1,,, ¢DNA transfected COS-1
cells
Data from the experiment of 4.16 are presented in each of three linear forms

concentration/velocity versus concentration (Top Panel); velocity versus
velocity/concentration (Middle Panel); and 1/velocity versus 1/concentration (Bottom
Panel). The kinetic constants derived from these plots were:

Top Panel (Woolf plot): K, 16.0 uM; V.., 0.15 pmol/sec/ 10° cells.

Middle Panel (Eadie-Hofstee plot): K_, 15.0 uM; V_ ., 0.14 pmol/sec/10°cells

Bottom Panel (Lineweaver-Burke plot): K_, 25.0 uM; V_,,, 0.21 pmol/sec/10° cells.
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Figure 418 Comparison of 3H-adenosine and *H-uridine uptake in ¢NT1,,, cDNA
transfected COS-1 cells
Cells were transfected with pPCDNAL/Amp-cNT1,,, and processed as described
for Figure 4.2, except that dilazep (10 uM) was substituted for NBMPR. Uptake
intervals (O, 6, 12 sec) were timed by metronome signals. Uptake of 10 uM 3H-uridine
(m) or *H-adenosine (A) by pCDNAV/Amp-cNT]I .-transfected COS-1 cells was
determined in sodium-containing transport buffer in the presence of 10 uM dilazep.
Uptake of *H-adenosine by pPCONAI/Amp (A) served as a control. Each value represents
the mean + SD of three dishes. Error bars are not shown where SD values were smaller
than the data symbols.
In this experiment, at the time when transport assay was conducted, there were
1.07 x 10° cells per 60-mm dish and the transfection efficiency which was determined in

parallel cultures by transfection with pCMVB, was about 25%.
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Figure 4.19 Inhibition of c¢NT1,,-mediated uridine uptake in COS-1 cells by
nucleoside drugs

Uptake assays were conducted as described in Figure 4.7. Uptake of 10 pyM ’H-
uridine was determined in sodium-containing transport buffer in the presence of 10 yM
dilazep without (control) or with competing nonradioactive nucleoside analogues (mM
of AZT, ddC, IUdR, FUdR, araC, gemcitabine and 3TC). Each value represents the

mean + SD of three dishes. Error bars are not shown where SD values were very small.
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Figure 4.20. Concentration-effect relationskips for inhibition by IUdR and
FUdR of recombinant ¢cNT1, , -mediated uridir2 transport.

Cells were transfected with pPCDNAI/Amp-cNT1,,, and processed as described for
Figure 4.2, except that dilazep (10 uM) was substituted for NBMPR. Uptake of 10 uM *H
uridine during a 5-min incubation was determined in Na’-containing buffer either without
additives (control, 100%) or with various concentrations of FUdR () or TUdR (A).
Values are presented as a percentage of control values. Each value represents the mean

SD of three dishes. Error bars are not shown where SD values were smaller than the data

symbols.
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CHAPTER V

DISCUSSION
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5.1 Discussion

Previously, the knowledge of the N2/cir nucleoside transport process was based on
functional studies that were conducted with freshly isolated mouse intestinal epithelial cells,
brush kidney border membrane vesicles of rat, rabbit and bovine kidney, and Xenopus
oocytes microinjected with intestinal mRNA (84, 89-93). However, it has been difficult to
precisely determine the functional characteristics of N2/cir processes, because most
preparations contained more than one NT-mediated process. With the recent cloning and
functional expression of cNT1, c¢DNA in Xenopus oocytes (9), it became feasible to
establish a mammalian expression system that exhibits only the N2/cir subtype for further
molecular and functional analysis.

The aims of my work were to express DNA encoding cNT1,,, in mammalian cells
for use in the functional characterization of recombinant cNT1, in a mammalian genetic and
physiologic environment. The approach used was transient transfection of cloned cNT1,,
¢DNA into a mammalian cell line, followed by analysis of fluxes of *H-nucleosides in the
transfected cells.

For transient transfection, COS-1 cells were used as the host cell line, because they
are readily transfectable and usually express transfected DNAs at high levels (110).
Studies conducted with nontransfected cells revealed that nucleoside transport in COS-1
cells was mediated in large part, if not completely, by an equilibrative NBMPR-sensitive
(es) wansporter. The transport of several different nucleosides was almost completely
eliminated by nanomolar concentration of NBMPR, a characteristic that is diagnostic of es-
mediated nucleoside transport. Other NT inhibitors, like dilazep and dipyridamole, alco
blocked nucleoside transport in COS-1 cells. Thus, COS-1 cells appeared to be suitable
for expression of the cNT1_, cDNA since the recombinant transporter has been shown to be

NBMPR-insensitive in Xenopus oocytes (9).
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The substantial differences in *H-uridine uptake observed between COS-1 cells
wansfected with the ¢cNT1_.-containing vector and cells transfected with vector alone
indicated high levels of the functional recombinant transporter. Uptake in ¢NT1,, cDNA
ransfected cells was transporter mediated because it was reduced to basal levels in the
presence of a high conceatration (1 mM) of non-radioactive uridine. The nucleoside
transport activity of recombinant cNT1, was shown to be sodium-dependent, since
substitution of NMDG for sodium greatly reduced transport rates in cells transfected with
the cNT1,, -containing vector.

Uptake in sodium-free buffer was consistently higher for cells transfected with the
cNT1_ vector than for cells transfected with vector alone. The residual sodium-
independent transport was not eliminated by treatment of cells with high concentrations of
dilazep, a compound that inhibits both es and ei NTs (22), suggesting that it had not
resulted from ei activity; the latter is sodium-independent but sensitive to dilazep. The
residual sodium-independent NT activity may have been due to uncoupled transport, or
"slippage,” of permeant (uridine) and the co-transported cation (sodium), as has been
reported previously (9, 84, 158).

The presence of recombinant transporier protein in COS-1 cell membranes was
demonstrated by western analysis of cells transfected with a cDNA construct that encoded
complete cNT1_, with a c-myc epitope tag at the C-terminus. Epitope tagging to the amino
or carboxyl terminus of protein has been widely used to study many recombinant proteins
for which antibodies are not available. The c-myc epitope-tagged cNT1_, -containing vector
was transfected into COS-1 cells and the function of epitope tagged recombinant ¢cNT1,,
was tested and compared with that of non-epitope tagged cNTl,. No substantial
differences in function were detected, indicating apparently normal synthesis, processing

and functioning of c-myc-tagged recombinant protein.
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When crude membrane protein from cNT1,-myc cDNA transfected cells was
subjected to 12% SDS-PAGE and protein immunoblotting, it migrated much faster than
was expected, giving an apparent molecular mass (45 kDa) that was lower than that (71
kDa) predicted from the amino acid sequence of cNT1_,. This discrepancy in the observed
and predicted electrophoretic mobilities may have resulted from the high hydrophobicity of
the recombinant protein, since hydropathy analysis predicted 14 transmembrane segments
(9). A similar phenomenon has also been found with other membrane proteins. For
example, lactose permease is a bacterial transporter protein that has a molecular mass of
46.5 kDa according to amino acid sequence and a molecular mass of 30 kDa determined by
10% SDS/PAGE (166); and the bacterial nucleoside transporter NUPG showed a
molecular mass of 33 kDa on 12.5% SDS/PAGE, while its predicted molecular mass was
45 kDa (110). It is also possible that recombinant cNT1,,,-myc protein was partially
degraded, although the proteinase inhibitor PMSF (phenylmethylsulfonyl fluoride) was
present during the isolation of membrane fractions. Finally, the initiating codon of the
cNT1,, cDNA may be further djownstream than originally predicted (9).

Recombinant cN'.I‘lm has been functionally produced in oocytes of Xenopus laevis
and shown to transport a variety of pyrimidine nucleosides, including uridine thymidine
and cytidine, and to be inhibited by adenosine, but not by guanosine (9, 138). The direct
measurements of uptake of >H-guanosine in this study confirmed that guanosine was not a
substrate of cNT1_. The substrate selectivity of N2/cir-mediated nucleoside transport
processes was defined in functional studies with freshly isolated mouse intestinal epithelial
cells, Xenopus oocytes injected with rabbit and rat intestinal mRNA and brush border
membrane vesicles from renal epithelial cells of a few non-human species (84, 89-93). In
these studies, uptake of *H-thymidine was strongly inhibited by cytidine, deoxycytidine,
uridine, deoxyuridine, thymidine, adenosine, deoxyadenosine, but not by guanosine or

inosine, leading to the conclusion that the process accepted pyrimidine nucleosides and
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adenosine but not other purine nucleosides. Thymidine was concluded to be a diagnostic
substrate for identification of N2/cit-mediated processes (22). The selectvity of
recombinant cNT1_, when produced in COS-1 cells was consistent with that previously
described for N2/cit mediated processes.

K_ values for inward transport of uridine and thymidine have been previously
reported for N2/cit processes in rat intestinal (84), bovine, rat and rabbit renal vesicles (90-
92) and human kidney brush-border membrane vesicles (96). These values are similar to
the K values obtained in this study with cNT1_, cDNA transfected COS-1 cells, indicating
that recombinant cNT'1_, behaved like the native N2/cit transporter.

The kinetic studies with uridine and adenosine yielded similar K values but
markedly different V_,, values (uridine > adenosine) from recombinant cNT1,, in COS-1
cells. The order of V_,, values for the four nucleosides was uridine > thymidine > -cytidine
> adenosine, even though all four nucleosides had similar K., values. The adenosine
V.,.../K,, ratio was only 0.008 compared with 0.65 for uridine. Therefore, it appeared that
although adenosine bound with high affinity 1o cNT1,,, it was not actually transported
very well. This conclusion was confirmed in an experiment in which uptake of uridine and
adenosine were measured under identical conditions in the same preparation of
transfectants. Uridine fluxes were much greater than adenosine fluxes, indicating clearly
that adenosine was not as good a substrate as uridine, although it was found to be a "high
affinity” inhibitor of uridine transport. Permeants with similar K,, values but different V_,
values have been observed for other transport systems (169-171). For example, the amino
acid transporter from rat kidney transports L-alanine and L-methionine with similar K,
values (50 pM and 71 uM, respectively), but exhibits a V_,, for transport of L-methionine

(151 pmol per oocyte per 5 min) that is 2.7-fold higher than that of L-alanine (56 pmol per
oocyte per 5 min) (169).
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Direct measurements of H-adenosine transport have been reported for N1/cif and
N3/cib-mediated processes of murine leukemia L1210 cells (86, 88), rat renal brush-border
membrane vesicles (172), rat hepatocytes (85) and rabbit intestinal brush-border membrane
vesicles (173). However, the transport of 3H-adenosine by the N2/cit transporter has not
been measured directly in mammalian cells. The ability to block uptake does not
necessarily establish that a substance is a substrate, as is evidently the case for adenosine,
which exhibited inhibitory activity similar to that of uridine and thymidine in the
experiments of Figure 4.18 yet was uaﬂsponcd with a relatively low V_,, value. A similar
situation was reported (89) for tubercidin, which inhibited Na*-dependent thymidine
transport in mouse intestinal cells, but was not itself transported.

Kinetic parameters for cNT1,,-mediated transport of uridine and adenosine have
recently also been determined in Xenopus oocytes (138) (Table 4.2). While the absolute
V,. values obtained for recombinant cNT1,,, in oocytes and COS-1 cells can not be
directly compared because of differences in cell size and amounts of recombinant protein,
the K, values, which represent a measure of transporter affinity, are directly comparable.
The K, values obtained in the two expression systems differed by only 2-fold for uridine
and were essentially the same for adenosine, suggesting that recombinant cNT1,,
functioned similarly in mammalian and amphibian cells. Agreements of kinetic values in
Xenopus oocytes and in mammalian cells were also observed when the y-aminobutyric acid
transporter (89) and human glucose transporters (174) were studied in these two
expression systems,

Although inkibiton studies have the limitations illustrated by the contradictory
results obtained with adenosine (this study) and tubercidin (89), they can be efficiently
used to provide an indication of the (i) permeant selectivity of a particular transporter, and
(ii) potential transportability of non-radioactive test compounds. I examined the ability of a

group of clinically important nucleoside analogues to inhibit ¢cNT1,-mediated uridine
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uptake by COS-1 cells. The most potent inhibitors were FUdR and 1IUdR, which are used,
respectively, in the treatment of cancer and viral infections. FUdR and IUdR most closely
resemble thymidine with substituents at the 5-position of the pyrimidine ring. Other
nucleoside drugs (araC, gemcitabine, AZT, ddC, 3TC) were shown to be less potent
inhibitors. Particularly, 3TC, which has more diverse modifications than any of the other
compounds tested, exhibited little, if any, inhibition of cNT1, -mediated nucleoside uptake.

The rank order of wansportability of pyrimidine nucleosides was uridine >
thymidine > cytidine, which was consistent with the strong inhibitory ability of FUdR and
TUdR. Although AZT is a thymidine analogue as well, it showed less inhibitory ability,
which was probably due to its sugar modifications. These possible relationships between
nucleoside analogue structures and their potential transportabilities may have implications in
further structure/activity studies and new drug design. It may also help develop anti-cancer
and anti-viral therapeutic strategies that maximize the selective penetration of nucleoside
drugs into diseased cells.

In summary, the successful production of ¢NT1,, in transiently transfected COS-1
cells is the first example of expression of a cDNA encoding an NT protein in mammalian
cells at levels sufficient to allow detailed kinetic analyses of wacer fluxes. It also indicated

that it would be feasible to develop ¢NT1_ stable transfectants in mammalian cells.

5.2 Future Work

Using the cNT1_, expression system developed in this study, some further analysis
of ctNT1_, could be done.

Cellular localization. By immunostaining cNT1, c¢DNA transfected
mammalian cells with anti-cNT1_, antibodies, the cellular and subcellular localizations of
the recombinant protein could be determined. While NTs are clearly present in plasma

membranes, it would be interesting to see if cNT1,, is in any subcellular organelles. For
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example, many nucleoside analogue drugs have been found to have mitochondrial toxicity.
Immunostaining of cDNA-transfected cells has been widely used to identfy the cellular
location of an expressed protein. For example, when expressed in CHO cells, the glucose
transporter isoform GLUTS3 is detected on cell surface by mmmunostaining (122).

Topology. Using antibodies directed against epitopes present at either the N-or
C-terminus of cNT1_, the orientation of the N- or C-terminus could be determined. They
are predicted to be located in the cytoplasm (9, 138). If so, reactivity of antibodies with
cells ransfected with ¢cNT1_, cDNA would be observed only after permeabilization, for
example by teamment with the detergent. Additionally, more detailed transmembrane
topology of cNT1,, could be determined by introducing an epitope tag into each of the
predicted linker regions. The cDNA constructs could be expressed transiently in COS-1
cells, and the location of epitopes could be demonstrated by immunocytochermical staining.
This strategy was successfully used to determine the topology of rhodopsin by insertion of
a 12-amino acid c-myc epitope into various regions of the protein (175).

Residues involved in substrate selectivity. cNT1_ and SPNT are both
sodium/nucleoside cotransporters, and , although they are 64% identical in amino acid
sequences, they have different substrate specificities. A number of amino acid stretches in
the transmembrane regions differ between the two proteins and thus, may be responsible
for different substrate specificities. Several regions of cNT1,, share significant identity
with SPNT an: NUPC. These conserved regions may be responsible for nucleoside
transport function, which is the common characteristic shared by the three proteins. These
hypothetical predictions could be examined by constructing various functional chimeras
between the different portions of the three proteins and or by site mutagenesis of some
critical amino acid residues. Since COS-1 cells were shown to be able to rapidly and
successfully express “native” recombinant cNT1,,, in this study, they could be employed to

express chimeras and mutants. Functional characterization could be readily conducted in
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transiently transfected cells. All such studies should include protein immunoblotting
analysis of membrane fractions to establish the presence or absence of recombinant protein.

Regulation of ¢NT1,, activity: Using the cNT1,,-transfectant as a model, the
effects of two kinds of pharmacologic agents could be assessed. Reagents that activate or
inhibit regulatory pathways could be used to determine if protein kinases and phosphatases
are involved in regulation of cNT1_, activity. The predicted amino acid sequence of cNT1_,
has several consensus protein kinase C phosphorylation sites, suggesting that cNT1,,
activity may be regulated by protein kinase C. It has been reported that in vivo the
sensitivity to inhibition by ethanol of adenosine uptake of the es NT can be altered by
activation of cAMP-dependent kinase (176).

Cytotoxicities and transportabilities of some nucleoside drugs.
Studies in this thesis showed that some important anticancer and antiviral nucleoside drugs
were able to inhibit *H-uridine uptake by cNT1_. To confirm their transportabilities,
uptake can be directly measured in cNT1,,, cDNA wansfected cells when these drugs are
radiolabeled, and their kinetic values can be characterized. In addition, the cytotoxicities of
these drugs can be assessed in cNT1,,, cDNA transfected cells. Ideally, stable transfectants

should be used due to the requirement of long-time treatment.
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APPENDIX

STABLE EXPRESSION OF cNT1,,
IN CHO-K1 CELLS
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A.1 Overview

The studies described in chapter 4 demonstrated that it was feasible to produce
functional recombinant cNT1_, in transiently transfected mammalian cells. The objective of
the work described in this chapter was to establish a stably transfected cell line that
produced cNT1,. The approach to establish such a cell line was stable transfection of
cloned transporter cDNA into NT defective cells or into cells whose endogenous nucleoside
transport activity could be eliminated with transport inhibitors.  Although COS-1 cells
met the latter condition, they were not suitable for stable transfection, because they have
the SV40 large T antigen. pCDNAI/Amp-cNT1,,, which contains the SV40 origin of
replication, would replicate episomally, eventually killing the host cells.

CHO-K1 cells are commonly used as recipients for stable mransfection (110).
Previous studies (97) showed that the uptake of a purine nucleoside (formycin B) by CHO-
K1 cells was the same in sodium-containing and sodium-free buffer, and that uptake was
inhibited almost completely by 10 uM dipyridamole. The results suggested that nucleoside
transport in CHO-K1 cells is mediated by a sodium-independent, dipyridamole-sensitive
process of either the es- or ei subtype. Thus, CHO-K1 cells seemed to be suitable to
express NBMPR-insensitive NTs, like cNT1,, because the endogenous nucleoside
transport activity could be eliminated by NT inhibitors.

The strategy to select cNT1,, transfectants was based on geneticin, an antibiotic
drug, which is toxic to mammalian cells (110). Integration of a geneticin resistance gene
into the host cells' genome, if also functonally expressed, can confer resistance to
geneticin, allowing selection of stable transfectants (110). The vector (pPCDNAI/Amp)
which contained cNT1_, cDNA did not itself have a geneticin resistance gene. However,
since cotransfection of a resistance plasmid with a plasmid of interest will frequently
produce cells stably tranfected with both plasmids (111), cotransfection was used. The

cNT1,, plasmid was cotransfected with a plasmid with a geneticin resistance gene at a
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molar ratio of about 20:1. Thus, cells that survived prolonged exposures to the geneticin
selection medi - ~hould have integrated the geneticin resistant gene, as well as cNT1
cDNA, into ther. genome. The functional expression of cNT1,,, cDNA in these cells was
then examined by nucleoside uptake assays.

Using this strategy, a stable transfectant of cNT1,,, was isolated, and its nucleoside
transport actvity was investigated in sodium-containing and sodium-free buffer, with

nontransfected CHO-K1 cells as a control.

A.2 Isolation of Stable Transfectants Producing cNTI1,,,

In the experiment of Figure A.1, 10 uM *H-uridine uptake by CHO cells was used
as a control (100%). Addition of 1 mM nonradioactive uridine to the uptake assay reduced
uptake rate of *H-uridine to 3% of the control value, whereas addition of either 10 yM
NBMPR or dilazep reduced uptake to 8% or 6% of control value, respectively. These
results indicated, since the endogenous nucleoside transport activity could be reduced to
near basal levels by inhibitors of both es and ei-mediated transport, that uridine transport in
CHO-K1 cells was mostly es-mediated. Since the residual nucleoside transport activity in
the presence of the inhibitors was small and probably could be ignored, CHO-K1 cells
were chosen as recipients for stable transfection with the cNT1,, construct. Dilazep was
used to inhibit endogenous nucleoside transport activity in CHO-K1 cells during uptake
assays.

pCDNAVAmp-cNT1,,, (containing cNT1,, sequence) and pSV2neo (containing the
geneticin resistant gene) were cotransfected at a molar ratio of about 20:1 into CHO-K1
cells by the calcium-phosphate method. Forty-eight hours after the transfection, geneticin
(400 pg/ml) was added to the growth medium to select stable transfectants. Cells selected
for expression of the geneticin-resistant gene (pSV2neo) were expected to also have

incorporated pCDNAY/Amp-cNT1,, into their genomes. Seven colonies were isolated
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randomly from the 25 colonies that had survived in the geneticin-containing medium. The
seven colonies were then expanded and screened for expression of the cNT1,, cDNA by a
functional assay that compared uptake of 3H-uridine by transfectants with that of
nontransfected cell.

In the experiment of Figure A.2, uptake of 10 pM *H-uridine by nontransfected
CHO-K1 cells (control) was 9.3 pmol/lO6 cells. The uptake values of the seven transfected
clones varied between 8.65 pmol/10° cells and 23.2 pmol/10°cells. Three clones (A, E. G)
of the seven appeared to be transfectants that expressed the cNT1_, cDNA. Because
Clone A showed the highest uptake level, it was selected for further sutdy.

In order to demonstrate the integration of the ¢cNT1, c¢DNA into the host cell
genome, DNA was isolated from clone A (hereafter designated CHO-K1/cNT1,) cells or
nontransfected CHO-K1 cells. PCR amplification was performed using the genomic DNA
as a template and a pair of primers. They were 5°-ATG GCA GAC AAC ACA CAG-¥
(5'-primer) and 5°-GAA CAC ACA GAT CCC TGC-3’ (3-primer), which corresponded
to nucleotides 157-174 and 2097-2122 of cNT1, cDNA. If the ¢NTI1, cDNA was
integrated into the host cell genome, a 2 Kb PCR product should be detected. As shown in
Figure A.3, the expected PCR product were amplified from the genomic DNA of CHO-
K1/cNT1_, in lane S, but not in the sample from the nontransfected CHO-K1 cells in lane
C. These results indicated integration of the cNT1,,, cDNA in the genome of the stable
ransfectant. There were two extra bands in lane S, which might have been due to non-
specific priming.

To further characterize the transport characteristics of CHO-K1/cNT1,,, cells, uptake
of 10 pM *H-uridine was measured in sodium-containing or sodium-free buffer to
determine if the transfectants had acquired a sodium-dependent process (Figure A.4).
Dilazep was used to inhibit endogenous NT activity of CHO-K1 cells. The 30-min time

courses were linear, and the ratio of uptake in sodium-containing buffer to that in sodium
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free buffer was 2.6 to 1.  Therefore, the cNT1_, stable transfectant exhibited sodium-
dependent uptake of uridine, indicating the presence of functional recombinant cNT1_, in
the transfectant cells. Uptake of uridine in the sodium-free buffer by CHO-K1/cNT1,,,
cells was higher than uptake by CHO-K1 cells. This small difference, which was also
observed in cNT1 _-transfected COS-1 cells (Chapter 4, Section 4.3), may represent
slippage by the sodium-linked system.

The results of Figure A.4 also suggested that CHO-K1 cells possessed low levels
of endogenous sodium-dependent nucleoside transport activity. When the uptake of 10 yM
H-uridine by nontransfected cells was measured in the presence of 10 uM dilazep, it was
consistently lower in sodium-free buffer than in sodium-containing buffer.  This
endogenous activity gave a small but significant background when CHO-K1 cells served as

controls in cNT1_, stable expression experiments.

A.3 Summary

In this chapter, cNT1_, cDNA was stably transfected into CHO-K1 cells. One
clone, which showed the highest *H-uridine uptake activity, was chosen for further
characterization. PCR amplification of genomic DNA of this clone indicated chromosomal
integration of cNT1,. The nucleoside transport activity of the clone was sodium-
dependent, as had been observed in transiently transfected COS-1 cells and Xenopus
oocytes. However, the cNT1_, activity observed in the stable CHO-K1 transfectants was
much lower than that observed in the transient COS-1 transfectants. The *H-uridine
uptake rate in transient COS-1 cells was 50-fold higher than that in CHO-K1 stable
transfectants. A lower expression level in stable transfectants than in transient COS-1
transfectants has been observed for other recombinant proteins (177, 178). The most likely
explanation was that the cNT1,, containing plasmid could not replicate episomally in

CHO-K1 cells, which lack the large T antigen, required for episomal replication. It is also
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possible that the expression level was influenced by the chromosomal elements that
surrounded the integrated cDNA.

Because of the relatively low expression level in the stable transfectants, it was
important to completely eliminate the endogenous nucleoside transport activity of
recipients. Results of previous studies of CHO cells (97) indicated an absence of sodium-
dependent, concentrative nucleoside transport. However, the results of the experiment of
Figure A.1 demonstrated that dilazep inhibited 94% of *H-uridine uptake, whereas 1 mM
nonradioactive uridine inhibited 97% of *H-uridine uptake. Thus, even in the presence of
10 uM dilazep, the nucleoside transport activity was consistently higher than the basal
level.  This tiny difference may indicate the presence in CHO-K1 cells of a small
component of endogenous concentrative NT activity, since nanomolar concentrations of
dilazep completely inhibit equilibrative NT activity (es and ei) (22). The difference
observed in the uptake of uridine in CHO-K1 cells in sodium-containing or sodium-free
buffer was consistent with this conclusion. In CHO-K1 cells, the uptake level was reduced
in sodium-free buffer when compared to that in sodium-containing buffer, suggesting that
there might be a small component sodium-dependent MT activity. This NT inhibitor-
insensitive activity would be expected to give a small but significant background icvcl of
transport when CHO-K1 cells were used as recipients for cNT1_, cDNA stable expression.

Previous studies (97) showed that the uptake of formycin B by CHO-K1 cells was
about the same in sodium-containing and sodium-free buffer. This observation led to the
conclusion that no significant sodium-dependent, concentrative nucleoside transport was
detectable in CHO-K1 cells. However, formycin B is a diagnostic substrate of N1/cif
processes and is not a substrate of N2/cit processes (22). Therefore, if sodium-dependent
N2/cir activity is present in CHO-K1 cells, it could not have been detected in experiments

that used formycin B as the tracer nucleoside.
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Further studies need to be carried out to confirm the presence of sodium-dependent
NT activity in CHO-K1 cells and to determine to which NT subtype it belongs. When the
NT processes in CHO-K1 cells are well characterized, isolation of NT-deficient mutant of
CHO-K1 cells could be attempted. Cells would be treated with a frameshift mutagen, and
selected by exposure to cytotoxic nucleoside analogues whose uptake is largely dependent
on the NT (5, 153). By this strategy, NT-deficient mutant could be isolated because only
cells lacking NTs could survive in the selection medium. The risulting NT-deficient cell
line would be useful for stable expression of other members of cNT family in the future.
Recently, a stable transfectant of cNT1rat has been successfully obtained in NT-deficient
mouse leukemia L1210 cells in the laboratory of Dr. J.A. Belt (St. Jude Children"s
Research Hospital, Memphis, TN). Transport assays conducted with these transfectants
showed that (i) they exhibited nucleoside transport activity, (ii) the transport activity was
sodium-dependent and (iii) thymidine uptake was inhibited by uridine, cytidine and

adenosine.!

! Crawford, C.R., Cass, C.E, Young, J.D. and Belt, J.A., unpublished results.
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Figure A.1 Inhibition of endogenous uridine transport in CHO-K1 cells by
NBMPR and dilazep

Actively proliferating CHO-K1 cells were plated and grown to about 1 x 10
cells/60-mm dish for assay of uridine transport as described in Materials and Methods
(Section 2.12). Uptake of 10 uM >H-uridine was determined in sodium-containing
transport buffer in the absence (@) or in the presence of either 10 yM NBMPR (¥), 10
uM dilazep (M) or 1 mM nonradioactive uridine (4&). Each value represents the mean *

SD of three dishes. Error bars are not shown where SD values were smaller than the

data symbols.
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Figure A.2 Nucleoside uptake by geneticin-resistant stable transfectants
Geneticin-resistant colonies were isolated and expanded to about 1 x 10° cells/60-
mm dish (three dishes each colony). The uptake of 10 uM 3H-uridine was determined in
sodium-containing transport buffer in the presence of 10 uM dilazep over 15 min.
Nontransfected CHO-K1 cells served as a control for determination of basal uptake in

dilazep-inhibited transfectants (A, B, C, D, E, F, G). Each vale~ represents the mean *
SD of three dishes.
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Figure A.3 Demonstration of integration of ¢cNT1,,, cDNA into genomic
DNA of CHO-K1i/cNT1,, by PCR amplification

Genomic DNA from CHO-K1/cNT1_ or nontransfected CHO-K1 cells was
isolated as follows. Briefly, cells were trypsinized from culture dishes, subjected to
centrifugation (100x g, 5 min, 4°C) and washed twice with PBS. The cell pellet was
resuspended in lysis buffer (1 M Tris-Cl, pH7.8, 10% nonidet P40 (v/v), 1 M
dithiothreitol). The DNA was amplified by PCR, using a pair of primers that
corresponded to nucleotides 157-174 and 2097-2122 of ctNT1_, (5’-ATG GCA GAC AAC
ACA CAG-3’ (5-primer) and 5°-GAA CAC ACA GAT CCC TGC-3’ (3'-primer)). A 30
ul-portion of PCR prasduct was then used as template and amplified by second round PCR.
A 10 pl-portion of second round PCR product was analyzed on a 0.8% agarose gcl by
electrophoresis and visualized by a UV light box. 2 DNA/Hind III marker (23, 9.4, 6.6,
4.4, 2.3, 2.0 Kb; from the top to the bottom) was on lane M. The PCR products of CHO-
K1/cNT1_, and nontransfected CHO-K1 cells were loaded on lane S and lane C,

respectively.






Figure A.4 Uridine uptake by nontransfected CHO-K1 <cells and CHO-
K1/eNT1,,, cells in sodium-containing or sodium-free buffer

CHO-K1/cNT1_, cells (@, O0) or CHO-K1 cells (¥, V) were grown to about 1 x 10°
cells/60-mm dish.  Uptake of 10 uM *H-uridine was measured in sodium-containing
transport buffer (M, ¥) or sodium-free transport buffer (O, V), with 10 uM dilazep. Cells
were incubated with 10 uM dilazep at RT for 30 min before the uptake assay. Uptake
assays were started by adding 1.5 ml of wransport buffer containing 10 uM *H-uridine and
10 uM dilazep, ended by aspirating the permeant solution and immediately washing the
dishes by immersion in 1.5 liter of ice-cold sransport buffer. Uptake at ume zero was
determined by placing dishes on ice for 10 min prior to transport assay and by using ice-
cold permeant solution. The cells were solubilized in 5% (v/v) Triton X-100 and combined
with EcoLite scintillint for radioactiviiv measurement. Each value represents the mean *+

SD of three dishes. Error bars are not shown where SD values were small.
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