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ABSTRACT

rCNT1, a pyrimidine-selective, Na*-dependent nucleoside transporter from
rat jejunum/kidney is the first identified mammalian representative of a gene family
that also includes the E. coli H*-dependent nucleoside symporter NupC.

ON this study, cDNAs were cloned encoding human CNT1 (hCNT1). A
short PCR product homologous to rCNT1 was amplified from a human kidney
c¢DNA library and used to isolate two larger cDNA fragments (Clones A and B) of
the same protein. Subsequently, the PCR probe was used to clone the full-length
human transporter, which mediated CNT1-type transport activity in Xenopus oocytes.
Clones A and B encoded 40% of the open reading frame of hCNT1.

Site-directed mutagenesis was used to study the functional role of three
conserved amino acid residues from helix 12 of rCNT1. Each mutation individually
had little effect on transport activity in oocytes. Double mutants exhibited
substantially reduced fluxes, while the triple mutant was devoid of activity. Western

analyses confirmed that the mutations altered the intrinsic activity of the transporter.
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CHAPTER 1

Introduction



1. INTRODUCTION

Nucleosides consist of a peatose sugar (typically ribose or deoxyribose) linked to one
of several different purine or pyrimidine nitrogen-containing ring compounds called
nucleobases because of their acceptance of protons. For instance, uridine is
composed of uracil and ribose (Figure 1.1). Nucleosides have various important
biochemical, physiological and pharmacological activities in humans and other
mammals. For example, nucleosides serve as the precursors of nucleic acids in some
tissues (141) and adenosine functions as a local hormone in regulation of lipolysis,
neurotransmitiet release, platelet aggregation, coronary vasodilation, and cardiac
contractility (5,27,52). Inosine is the physiological energy source for pig
erythrocytes (138,139). Some natural nucleosides and synthetic nucleoside analogs
are cytotoxic and have been used as chemotherapuetic agents to treat cancer and viral
infections such as acquired immunodeficiency syndrome (AIDS)(97). In bacteria such
as E.coli, nucleotides for DNA and RNA synthesis are supplied by nucleoside
salvage as well as by de novo synthesis (44,86). Physiological nucleosides and most
therapeutic nucleoside analogs are hydrophilic and their permeation across cell
membranes requires the Mw of nucleoside transporter proteins.

Transporters are a class of integral membrane proteins with muitiple
transmembrane domains (40,46,105). Functionally, transporters are classified as
either equilibrative, where transport of the substrate occurs passively, or

concentrative, where transport is coupled to an energy source and is concentrative.



Many concentrative transporters are driven by transmembrane ion gradients. In the
situation where the ion and solute move in the same direction, transport is termed
symport. Where the ion and solute move in opposite directions, transport is termed
antiport. In mammals, the co-transported ion is typically Na*, while in bacteria it
is mostly H*.

Nucleoside transporter proteins have been studied functionally for many
years. Bacteria possess concentrative, H*/nucleoside symporters. In mammalian
cells, both equilibrative nucleoside transporters and concentrative, Na*/nucleoside
symporters are present (21). Equilibrative nucleoside transport processes are widely
distributed in mammalian tissues and tumour cells and are typically inhibited by low
(nM) concentrations of nitrobenzylthioinosine (NBMPR). These transport processes,
designated es (equilibrative, sensitive) have a broad substrate selectivity and mediate
the transport of physiological nucleosides (purine and pyrimidine ribosides and
deoxyribosides) and a variety of nucleoside analogs (16,20,36,86,93,94,97,140).
Some mammalian cells express equilibrative nucleoside transport processes that are
not inhibited by nM concentrations of NBMPR, and are designated ei (equilibrative,
insensitive) (6-8,18,19,30,53,55,96). Both the es and ei processes are inhibited by
vasoactive drugs such as dipyridamole and dilazep, although there are species
differences (16,20,36,93,94,97,140).

NBMPR has proved to be a powerful tool to identify and purify es-type
nucleoside transporter proteins (18,19,53,54,57,68,69,129,137). The human

erythrocyte transporter is an integral membrane glycoprotein of appareat M, 55,000



and has been purified to homogeneity by a combination of ion-exchange and
immunoaffinity chromatography (54,69). The protein shows some physical and
structural similarity to the human GLUT1 glucose transporter (56,128,137,141) but,
as described below, belongs to a different gene family. Structurally similar es-type
nucleoside transporter polypeptides have been identified in other mammalian cells
and tissues (1-4,26,47,70,71). The molecular properties of ei nucleoside transporters
are unknown.

Experiments have been undertaken to clone cDNAs encoding the es
nucleoside transporter. Several putative es cDNA fragments were obtained from a
phage expression library prepared from cultured human (BeWo) choriocarcinoma
cells by screening with polyclonal antibody against the human erythrocytic es
transporter (13,20). Antisense transcripts of these cDNAs blocked expression of
NBMPR-sensitive uridine transport activity in Xenopus oocytes injected with BeWo
mRNA (13,20). Very recently, a full-length functional es transporter cDNA
(hENT1) was isolated from human placental cDNA library by a PCR-based cloning
strategy that utilized primers corresponding to the N-terminal amino acid sequence
of the purified human erythrocyte es transporter (41). The hENT1 cDNA encodes
a 456 residue, 11 transmembrane domain protein that is unrelated in amino acid
sequence to previously identified transporter families (Table 1.1), including that for
GLUTI. Like GLUTI1, however, hENT1 possesses a putative large extracellular
loop between transmembrane helices 1 and 2, and a large putative intracellular loop

between transmembrane helices 6 and 7. hENT1 shows sequence homology to



several proteins of unknown function in yeast, nematodes, plants and mammals (41).

In other studies, a murine cDNA encoding an unrelated putative Golgi
membrane-associated nucleoside transporter protein, designated MTP, has been
isolated by complementation of the thymidine transport deficiency in Saccharomyces
cerevisiae (20,48). Human MTP has also been cloned (21).

1.1. THE FUNCTIONAL CLASSIFICATION OF Na'-DEPENDENT
NUCLEOSIDE TRANSPORT PROCESSES

In mammals, Na*-dependent nucleoside transport processes are present in
intestinal (12,116) and renal epithelia (42,73,125), choroid plexus (130,131,132),
liver (22), macrophages (98,100) and leukemic cells (10,95), and have been
classified functionally into five types (Table 1.1). Each has a different cellular and
species distribution (21). Only the N5-type process (also known as cs: concentrative,
sensitive), which occurs in fresh leukaemia cells from patients, is inhibited by
NBMPR (95). The other four processes (Systems N1-N4) are not inhibited by
NBMPR, but differ from each other in permeant specificity. The N1 system (also
known as cif: concentrative, jnsensitive, formycin B) is generally purine-selective
(formycin B is regarded as a model permeant), but also transports uridine. The
second system, designated N2 or cit (concentrative, jnsensitive, thymidine) is
generally pyrimidine-selective (thymidine is regarded as a model permeant), but also
transports adenosine. Systems N1 and N2, which represent the two principal Na*-



dependent nucleoside transporter types in mammalian cells, have been found in
tissues and cells of rat, rabbit, murine and bovine origin (21). N3-type nucleoside
transporters (also known as cib: concentrative, jnsensitive, broad) have broad
selectivity for both purine and pyrimidine nucleosides and have been found to date
only in human leukemic cells (9,10), rat jejunum (49,59) and rabbit choroid plexus
(130,131,132). A human kidney N2/cit-like process that is selective for guanosine
in addition to pyrimidine nucleosides and adenosine has been given the designation
Nd4/cit (42).

The N1, N2 and N4 systems have a Na*/nucleoside stoichiometry of 1:1
(22,28,29,42,72,98-100,126). For system N3 of rabbit choroid plexus, however, it
has been determined to be 2:1 (130).

Different Na*-linked nucleoside transport systems have been expressed in
Xenopus oocytes injected with tissue mRNA. The N1 system has been expressed in
oocytes injected with rat jejunal mRNA (49). N2-type activity has been expressed
with mRNA from rabbit intestine (49,59). The N3 system has been expressed from
rat jejunal mRNA (49) and rabbit choroid plexus mRNA (132). Expression of human
kidney N4-type activity has also been reported (43).

Recent studies have isolated cDNAs for several mammalian Na*-dependent
nucleoside transporter proteins. The first to be cloned encodes a putative N3-type
transporter protein from rabbit kidney, SNST1, a member of the Na*/glucose SGLT
cotransporter gene family (90). Subsequently, a ¢cDNA encoding an N2-type
nucleoside transporter, rCNT1, was isolated from rat jejunum by the laboratory of



my supervisor, Dr. James D. Young (50). rCNT1 is unrelated either to SNST1 (90),
hENT1 (41) or MTP (20) and instead belongs to a different gene family that includes
the E. coli H*/nucleoside symporter nupC (25). After my project was initiated,
cDNAs encoding rCNT1-related proteins with N1-type activity were cloned from rat
liver and and rat jejunum and have been given the designation rCNT2 (135) or

SPNT (23).

1.2 SNST1

Members of the SGLT gene family are Na*-coupled symporters with a range
of different substrate specificities (Table 1.2). The rabbit intestinal SGLT1
Na*/glucose cotransporter was the first mammalian symporter to be cloned (45). It
is a 664-residue protein which is predicted to have 12-14 transmembrane domains.
The sequences of SGLT1 from different species are highly conserved (127). SGLT1
homologs from mammalian sources include the low-affinity human renal
Na*/glucose cotransporter SGLT2 (123), the canine renal Na‘/ myo-inositol
cotransporter SMIT1 (67) and the putative rabbit renal Na*/nucleoside cotransporter
SNST1 (90). In addition, there are two SGLT homologs from bacteria. These are
the E. coli Na*/proline cotransporter PutP (88) and Na*/pantothenate cotransporter
(51). There are also a number of SGLT homologs of undetermined function (101).

The SNST1 ¢cDNA was cloned by screening a rabbit renal cDNA library with

a 1.6kb fragment of the rabbit SGLT1 (90). It encodes a protein of 672 amino acid



residues that is 61% identical and 80% similar in amino acid sequence to rabbit
SGLT1. Homology between the two proteins is most marked near the N-terminus.
The conclusion that SNST1 is a nucleoside transporter protein was based on
expression studies in Xenopus oocytes that demonstrated low levels of apparent N3-
type activity (90). Small SNST1-mediated fluxes of nucleosides have also been
observed in §f9 cells (91). The presence of the SNST1 protein in renal epithelia has
not been demonstrated and its role in nucleoside physiology is, at present, uncertain.

1.3 rCNT1

1.3.1 Cloning and Expression of rCNT1

The 2.4 kb cDNA encoding rCNT1 was isolated from a size-selected rat
jejunum cDNA library by expression selection in Xenopus oocytes (50). The cDNA
encodes a 648-residue protein with a predicted molecular mass 71,000 (50). rCNT1
was demonstrated to be an N2-type transporter by functional expression of the
recombinant protein in oocytes (50) and, subsequently, in transiently transfected
COS-1 cells (33).

In oocytes, expressed:basal flux ratios for rtCNT1-mediated uridine uptake (10
M) were > 10%1 (50), in marked contrast to the modest 2- to 3-fold flux ratio
reported for SNST1 (91). After 30 min, the intracellular content of uridine, which

is only slowly metabolized in oocytes (49), reached a concentration 6-fold higher



than that present in the extracellular medium. Transport was saturable (apparent K
37 uM), Na*-dependent and unaffected by NBMPR. Alterations in external pH in
the range 5.5 - 8.5 had no effect on transport rate, indicating a lack of H*-
dependence. Pyrimidine nucleosides and adenosine inhibited *CNT1-mediated uridine
and thymidine influx, while other purine nucleosides, uracil, UMP, UDP and UTP
were without effect, demonstrating that the expressed transport activity was of the
N2-type. Expression experiments in COS-1 cells yielded similar resuits (33).

Northen analysis demonstrated that transcript for rtCNT1 was present in rat
jejunum and kidney, but absent from heart, brain, spleen, lung, liver, muscle and
testis, in accordance with the known distribution of N2-type transport activity in rat
tissues (58,72,73,74,116,125,126).

1.3.2. Structure and Evolution of rCNT1

rCNT1 is a polytopic integral membrane protein (50). The N-terminus does
not contain a signal sequence, suggesting that it is intracellular. The protein contains
three N-linked glycosylation sites, four potential protein kinase-dependent
phosphorylation sites, and a cluster of four serine residues near the C-terminus.
Physiochemical and statistical hydropathy scales (32,118) predict that rCNT1 has
between 10 and 14 a-helical transmembrane domains. The topographical model
shown in Figure 1.2 has the maximum number of 14 potential transmembrane
segments and a (+)-charge difference (extracellular minus intracellular) of 21. In this

model, one potential N-linked glycosylation site is located within transmembrane



segment 13, while the other two are predicted to be intracellular. Four possible O-
linked glycosylation sites are located in the extracellular loop linking transmembrane
domains 13 and 14. All four potential protein kinase C-dependent phosphorylation
sites are predicted to be intracellular.

At the time my project was initiated, the only proteins known to be related
structurally to rCNT1 were the E. coli H*/nucleoside symporter nupC (25) and two
other E. coli proteins of unknown function, designated ECOHU4748 and
ECOHU4751 (101). rICNT1 is 27% identical (58% similar) to mpC and 34%
identical (63% similar) to the other two proteins. A sequence alignment between the
four proteins is shown in Figure 1.3. The 54 amino acid residues that are fully
conserved in the four proteins are clustered predominantly in the C-terminal half of
the rCNT1 sequence and include the motifs "MGV", "NEFVA" and "FANFxSIG".
Homology between rCNT1 and its E. coli counterparts is particularly noticeable in
putative transmembrane domains 12 and 13 and in the loop between them. Other
conserved residues also tend to be localized within putative transmembrane domains.
rCNT1 is ~ 70 amino acid residues longer than the other proteins and the additional
residues are located primarily at the N- and C-termini. In the alignment shown in
Figure 1.3, only 11 of the 14 putative transmembrane domains identified in rCNT1
are shared by nupC and ECOHU4748/4751.

Other than the three E.coli proteins, r*CNT1 showed no detectable homology
to known eucaryotic or procaryotic membrane transporter proteins, including
members of the transporter families listed in Table 1.1. These families include the

10



SGLT transporter family, to which SNST1 belongs, and those for hENT1 and MTP.
It can be concluded, therefore, that rCNT1 and its E. coli homologs constitute a
previously unrecognised, new transporter gene family and that rCNT1 is the first
mammalian representative of that family to be identified. Subsequent to the cloning
of rCNT1, cDNAs encoding a second rat Na*-dependent nucleoside transporter, this
time with N1-type transport activity were isolated from liver (23) and intestine (135)
and designated rCNT2 (SPNT). Thus, members of the rCNT1 family are responsible
for the two major Na*-dependent nucleoside transport activites (systems N1 and N2)
that have been identified functionally in mammalian cells of rat, rabbit, murine and
bovine origin (please see Section 1.1). The rCNT2 (SPNT) transporter and
nucleoside transport in bacteria are reviewed further in Sections 1.4 and 1.5,

respectively.

1.3.3 rCNT1 Transmembrane Domains 12 and 13

Amino acid residues that are conserved between rCNT1 and its bacterial
counterparts are likely to be important for transporter’s structure and function and
are potential targets for site-directed mutagenesis experiments. The sequence
alignment presented in Figure 1.3 shows that transmembrane domains 12 and 13 are
particularly well conserved and there is evidence from studies of other transporters
and receptors that residues important for substrate and cation binding tends to be

localized within membrane-spanning regions (60,82). In the case of E. coli lactose

11



permease for example (82), transport function is not affected by the disruption of
most hydrophilic loops. Helices 9 and 10 of this protein (82), and helix 12 of the rat
brain GABA transporter have been demonstrated to be critical for transport activity
(11). Residues responsible for high-affinity binding of agonists to f-adrenergic
receptors are all located within the hydrophobic transmembrane core of the receptor
(60).

Transmembrane domains 12 and 13 contain 16 (30%) of the 54 amino acid
residues conserved between rCNT1, nupC and ECOHU4748/4751 (Figure 1.3). A
comparison of the vertical views of these two putative a-helices are shown for
rCNT1 in Figures 1.4 and 1.5. In the case of helix 12, it is striking that four of the
8 conserved residues, $459, 1463, Y466 and P470, localize to one face of the helix.
A similar phenomenon has been found in mammalian sugar transporters and has been
used to identify potential pore-forming regions (61).

Two (S459 and Y466) of the four residues are polar and capable of
participating in hydrogen bonds. Such residues may potentially be important in
substrate binding or, alternatively, bonding to an adjacent helix. A number of studies
have demonstrated the importance of serine and tyrosine residues in permeant-
transporter and ligand-receptor interactions. S356 and S359 of the rat dopamine
transporter (62), for example, have been implicated in transport function. S204 of
mammalian a2A-adrenergic receptors (120) and S204, S207, S319 and Y326 of
mammalian f-adrenergic receptors (111) are crucial for both agonist binding and
receptor activation. Y236 is believed to be involved in substrate binding and
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transport by E. coli lactose permease (15). When Y143 and Y293 of GLUT4, which
are conserved in all mammalian glucose transporters, were substituted, glucose
transport activity was reduced and abolished, respectively (119).

The other two conserved residues (1463 and P470) on the same face of
rCNT1 helix 12 as S459 and Y466 are nonpolar, and one is a proline residue.
Conserved and/or functionally important proline residues have been identified within
the transmembrane helices of transporters, channels and receptors (14,109). Most
transporter proteins contain membrane-buried proline residues and a number of such
residues have been studied by site-directed mutagenesis. For example, mutation of
the three proline residues of helix 10 of the human erythrocyte glucose transporter
GLUT1 have been shown to abolish 2-deoxy-D-glucose uptake (122). Mutation of
P328 in transmembrane domain 4 of the a;-subunit of rat kidney Na*/K*-ATPase
influences both cation and ATP binding affinity (117), and P87 in helix 2 of the rat
Cx26 voltage-gated gap junction channel has been shown to be critical to the
transduction of voltage gating (112). Proline is established as a potent breaker of a-
helical structures in soluble proteins (136) and its frequent occurrence in the putative
transmembrane helices of integral membrane proteins, particularly transport proteins,
presents a structural dilemma. Recent studies suggest that the helical propensity of
proline is enhanced greatly in a membrane lipid environment and that relative to
alanine, for example, serves to protect transmembrane helical conformations (75).
Structurally, the presence of a proline residue in a transmembrane a-helix introduces
a bend in the helix longitudinal axis, producing kink angles of between 10° and 40°
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(107,108). In addition to having a role in helix stability and packing, it has been
found that intrahelical proline residues provide potential binding sites for cations via
exposure of the backbone carbonyl oxygen atoms of residues i-3 and i-4 (where i is
the position of the proline) (109).

1.4 rCNT2 (SPNT)

After I initiated my project, two cDNAS encoding N1-type Na*-dependent
nucleoside transporters were cloned. SPNT from rat liver was cloned by expression
selection in Xenopus oocytes (23). SPNT is a 659 residue protein that is 64%
identical (80% similar) in amino acid sequence to rCNT1. In SPNT, the amino acid
residues corresponding to S459, Y466 and P470 of helix 12 in rCNT1 are threonine
(replacing serine), tyrosine and proline, respectively. Since threonine and serine are
close structural homologs (both are polar with a side-chain hydroxyl group that can
form hydrogen bonds), the primary structure of SPNT provides additional evidence
of the potential importance of these three residues. Threonine residues have been
demonstrated to be involved in substrate and cation binding to procaryotic amino
acid transporters (79,115). The other conserved amino acid in this face of helix 12
of rCNT1, 1463, is also present in SPNT. Functionally, SPNT was identified as an
N1-type transporter by its ability to transport adenosine and by the inhibition of this
transport by inosine, guanosine, uridine and formycin B. A ¢cDNA encoding the

same transporter protein was subsequently isolated from rat jejunum (135).
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1.5 BACTERIAL H*/NUCLEOSIDE SYMPORTERS

In bacteria, the best characterized nucleoside transporters are in the inner
membrane of E. coli, where two high-affinity H*-dependent nucleoside transport
processes, designated mpG and mpC, have been identified (25,63-
65,84,86,87,103,104,124). The nupG gene maps to 63.4 min on the E. coli
chromosome and encodes a protein with 418 amino acid residues and a molecular
mass of 43,000 (124). NupG has a broad specificity for both purine and pyrimidine
nucleosides (86). The nupC gene maps to 51.8 min on the E. coli chromosome (142)
and encodes a 401 amino acid protein, also with molecular mass of 43,000 (25).
NupC is structurally related to rCNT1/2 and and to two E. coli proteins of
undetermined function, ECOHU4748 and ECOHU4751, but not to nupG, which has
no known homologs either in mammals or bacteria. NupC, like rCNT1, is selective
for pyrimidine nucleosides and adenosine. This has been established both by studies
of the native protein in bacteria (85,86) and by studies of the recombinant nupC
expressed in Xenopus oocytes (133). Expression experiments in Xenopus oocytes
have also confirmed the transporter’s dependence on protons and not Na* (133).
Subsequent to the initial molecular cloning of nupC from E. coli, nupC genes have
been identified in a range of bacterial species, including Bacillus subtilis and H.

influenzae (17,110).

1.6 RESEARCH OBJECTIVES
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When I began my project under Dr.Young’s supervision in 1993, rCNT1
from rat jejunum/kidney was the first identified mammalian representative of a gene
family that is now known to include the proteins responsible for both the purine-
selective N1-type and pyrimidine-selective N2-type Na*-dependent nucleoside
transport processes of mammalian cells. As reviewed in Section 1.1 of this Chapter,
system N1 and N2 transport activities had been documented functionally in tissues
and cells of rat, rabbit, murine and bovine origin, but not in human cells, which
instead featured N3, N4 and N5-type fluxes. Studies of recombinant rCNT1 in
Xenopus oocytes had established that it transported the antiviral pyrimidine
nucleosides AZT and ddC, in addition to physiological pyrimidine nucleosides (and
adenosine). Therefore, it was hypothesized that the human homolog of rCNT1, if
such an entity existed, might potentially be involved in the intestinal absorption and
renal handling of drugs used to treat AIDS.

The first research objective of my project was to attempt to isolate cDNAs
encoding human CNT1 (hCNT1). Results of these investigations have been published
(102, in press).

In 1994, the genomic nucleotide and deduced amino acid sequence of E. coli
NupC was published. As reviewed in Sections 1.3.2, 1.3.3 and 1.5 of this Chapter,
NupC is a structural and functional homolog of rCNT1. Sequence alignments
between rCNT1, NupC and two other related E. coli proteins of unknown function
established that one face of helix 12 was highly conserved, leading to the hypothesis
that amino acid residues on this face of helix 12 might be important for transport activity.
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The second research objective of my project was to use site-directed
mutagenesis to study the functional role of three of these conserved rCNT1 amino

acid residues, S459, Y466 and P470.
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Table 1.1 Na*-dependent nucleoside transport systems in mammalian cells

N1 (cif) - Purine selective (also uridine)

N2 (cit) - Pyrimidine selective (also adenosine)

N3 (cib) - Broad specificity (purine and pyrimidine nucleosides)
N4 (cit) - Pyrimidine selective (also adenosine and guanosine)

NS (cs) - NBMPR - sensitive (permeant selectivity not determined)
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Table 1.2 Sodium-dependent glucose transporter (SGLT) family

SGLT1 : High-affinity mammalian Na *-dependent glucose transporter
SGLT2 : Low-affinity mammalian Na*-dependent glucose transporter
SNST1 : Putative rabbit renal Na*-dependent nucleoside transporter
SMIT1 : Dog renal Na*-dependent myoinositol transporter

PutP : E. coli Na*-dependent proline transporter

PanF : E. coli Na*-dependent pantothenate transporter
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Figure 1.1 The structure of uridine.
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Figure 1.2 Topographical model of rCNT1 (50). Putative transmembrane domains
are numbered and shown as rectangles. The acidic, basic and Cys residues are
marked by (-), (+) and (®), respectively. Four potential O-linked glycosylation sites
are located in the extracellular loop between the helices 13 and 14 (¢ ). Potential

PKC-dependent phosphorylation sites are indicated by (*).
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Figure 1.3 Alignment of deduced ECOHU4748. ECOHU4751, NupC and rCNT1
amino acid sequences by using the GCG program PILEUP. Fully conserved residues
are indicated by asterisks. Presumed transmembrane helices of rCNT1 are underlined.

S459. Y466 and P470 are marked with an arrow.
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Figure 1.4 Vertical view of putative o~helix 12 of rCNT1. Conserved residues are in

bold.
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Figure 1.5 Vertical view of putative a-helix 13 of rCNT1. Conserved residues are in
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CHAPTER 2

Materials and Methods
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2. MATERIALS AND METHODS
Molecular biology procedures described in this thesis were performed by protocols
described in Molecular cloning - A laboratory manual (106).

2.1 ISOLATION OF ¢cDNAS ENCODING HUMAN CNT1 (hCNTI)

2.1.1 PCR Probe
PCR amplification of hCNT1 partial cDNA was performed on plasmid DNA from
a Clontech 5°-Stretch pYEUra3 human kidney cDNA library using primers (Q1,Q2)
complementary to two conserved 3’-coding regions of rCNT1 cDNA (Figures 2.1
and 2.2). The PCR mixture (100 pul), covered with mineral oil to prevent
evaporation, contained 10mM Tris(Tris-(hydroxymethyl)aminomethane)-acetate (pH
8.4 at 20°C), SOmM KCl, 1.5mM MgCl,, 0.1 mg/ml gelatin, 200 uM each or
dATP, dCTP, dGTP and dTTP, 5Sng template DNA, 2.5 units Tag DNA polymerase
and 50 pmol of each primer. Q1 and Q2 were synthesized by the DNA Sequencing
Laboratory, Department of Biochemistry, University of Alberta, and corresponded
to rCNT1 cDNA nucleotide positions 1565-1588 (sense, 5’-
CTGTGGCCTTCTTGATGGGTGTGG -3’) and nucleotide positions 1777-1801
(antisense, 5’ - CCCGATGGAGCTGAAGTTGGCAAA -3°), respectively.
Amplification (30 cycles) was at 94°C for 1 min (denaturation), S0°C for 1.5
min (primer annealing) and 72°C for 1.5 min (primer extension) using a

Robocycler™ 40 Temperature Cycler (Stratagene). After PCR, the reaction mixture
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was combined with 0.1 volumes of DNA gel loading buffer (20% (w/v) Ficoll 400,
0.1M disodium EDTA (Ethylenediaminetetraacetic Acid) (pH 8.0), 1% (w/v) sodium
dodecyl sulphate (SDS), 0.25% (w/v) Bromophenol Blue), applied to a 1.5% (w/v)
agarose gel (1.5% (w/v) agarose, 0.5 ug/ml ethidium bromide, 2 mM disodium
EDTA and 40 mM Tris-acetate, pH 8.5) and run in Tris-acetate-EDTA (TAE) buffer
(2 mM disodium EDTA, 40 mM Tris-acetate, pH 8.5) at 5-10 V/cm until the
tracking dye from the loading buffer had migrated to a distance judged sufficient for
the analysis and isolation of the PCR DNA fragment (~2 cm). A 312 nm UV light
box (Fisher Science) and a Polaroid camera were used to view and photograph the
PCR product, which was excised from the gel and extracted into sterile water using
the Geneclean IT method as described in the kit’s protocol for the recovery of DNA
(Bio 101 Inc.).

Sequencing of the PCR-generated DNA in both directions was performed by
Taq DyeDeoxy terminator cycle sequencing using an automated Model 373A
Sequencer (Applied Biosystem, Inc.) located in the Department of Biochemistry,
University of Alberta. Sequence analysis and alignments were undertaken using the
program BESTFIT from the Sequence Analysis Software (GCG) package (Genetics

Computer Group Inc.).

2.1.2 Labelling of the PCR Fragment
The PCR fragment was radiolabelled with P by the random priming method

(" QuickPrime Kit, Pharmacia Biotech.) and separated from unincorporated
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nucleotides by chromatography through a Sephadex G-50 (fine) column prepared in
a 1 ml syringe plugged with a glass filter. The labelled probe was eluted from the
column with TE buffer (10 mM Tris-HCI, 1 mM disodium EDTA, pH 8.0) and the
incorporated radioactivity quantified by liquid scintillation counting (LS 6000IC,
Beckman Canada Inc.).

2.1.3 Library Screening
The Clontech 5°-Stretch pYEUra3 human kidney cDNA library, containing

~ 1.1x10° independent clones in the E.coli strain XL1-blue, was screened by
hybridization using the P PCR probe prepared as described in Sections 2.1.1 and
2.1.2. Bacteria were plated out onto 150 mm LB/ampicillin plates (Luria-Bertani
Medium containing 10 g tryptone, 5 g yeast extract, S g NaCl, 15 g agar and 100
ug/ml ampicillin per litre, pH 7.0) at a density of 2x10* cells per piate. The plates,
containing a total number of ~ 6x10° colonies, were incubated overnight at 37°C.
Filters wetted by placing on an LB plate were then laid onto each plate for 1 min.
The orientation of the filters was marked, and the filters were carefully lifted from
the plates. Filters with the bacteria side up were soaked in denaturing solution (1.5
M NaCl, 0.5 M NaOH) for 7 min, then in neutralizing solution (0.5 M Tris-HCl
(pH 7.5), 1.5 M NaCl) for 3 min, and finally in fresh neutralizing solution for a
further 3 min before being air dried and fixed by UV crosslinking (UV Crosslinker,
Amersham Life Science).

Fixed filters were prehybridized for 1h at 42°C in a buffer solution containing
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50% (w/v) formamide, 0.7SM NaCl, 7SmM sodium citrate (pH 7.0), 0.2% (w/v)
bovine serum albumin, 0.2% (w/v) Ficoll, 0.2% (w/v) polyvinylpyrrolidone, 0.5%
(w/v) SDS and 50 ug/ml denatured herring sperm DNA. The filters were then
hybridized overnight at the same temperature and in the same buffer supplemented
10% (w/v) dextran sulfate and 1x10° cpm/ml of the PCR probe.

After hybridization, filters were washed twice in the wash solution containing
15 mM NaCl, 1.5 mM sodium citrate and 0.1% (w/v) SDS for 10-30 min at room
temperature and twice in the same wash solution at 65°C to remove non-specific
binding. Then, the blots were autoradiographed by exposure to X-AR film (Kodak)
in X-ray cassettes with intensifying screens and autoradiographed. Positive colonies
were plated out at low concentration and subjected to secondary and tertiary rounds
of screening until single positive clones had been isolated.

The insert sizes of positive clones were determined by diagnostic PCR and
by direct sizing of crude, phenol-extracted plasmid DNA run on an agarose gel.
When PCR was employed, a portion of bacteria from a positive colony were picked
and suspended in TE buffer (pH 8.0). Amplification was accomplished using
flanking primers on the pYEUra3d vector: URA 3 (§5’-
GCTAAGATCTAAACTCACAAATTAGAGC-3’) and Gal 10 (5'-
GCTACYGCAGTTCACACACTGTGGTAG-3’). The procedure for PCR was the
same as that described in Section 2.1.1. To make crude plasmid DNA, cloned
bacteria were picked after amplification on a plate and were suspended in water
(20ul) and extracted with phenol (20ul) at 20°C. The PCR mixtures or plasmid DNA
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preparations were run on a 1% (w/v) agarose gel, and their sizes compared with
linear or supercoil marker (Gibco/BRL), respectively.

Selected individual colonies were streaked onto 150mm LB plates and
incubated at 37°C ovemight. Cells were harvested by centrifugation at 1500g for 7
min at 4°C. Plasmid DNA from the pellets was isolated and purified using the
Qiagen Mini-Script method (QIAGEN Inc.). The resulting plasmid DNA was
suspended in sterile water and its concentration estimated using a Sequoia/Turner
Model 450 fluorimeter (excitation at 525nm, emission at 600nm).

Cloned pYEUra3 cDNAs and restriction endonuclease fragments subcloned
into the pBluescript II KS+/- vector were sequenced bidirectionally by Taq
DyeDeoxy terminator cycle sequencing (Section 2.1.1) using a combination of vector
(T; and T;) and internal primers. Procedures for restriction enzyme digestion and
subcloning are detailed in Sections 2.2.3, 2.2.4 and 2.2.5. Sequence analysis and

alignments were performed using the GCG BESTFIT program.

2.2 SITE-DIRECTED MUTAGENESIS OF RAT CNTI (rCNT1)

2.2.1 Construction of Mutants

Mutations were introducted into transmembrane domain 12 of rCNT1 by
sequential PCR as outlined in Figure 2.3. During the first PCR amplification, two
separate reactions were performed, each containing one flanking primer and one

inside primer. The flanking primers (FP1,FP2) corresponded to internal regions of
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the rCNT1 coding sequence on either side of the sites to be mutated and enclosed
two unique rCNT1 restriction sites (BspEI, BamHI) for insertion of the final mutated
PCR cassette into the wild-type ICNT1 cDNA. The inside primers (IP1,IP2)
contained the mutation(s) to be introduced into the rCNT1 sequence. PCR products
from the first PCR amplification were used as templates for a second PCR reaction
employing only the two flanking primers (FP1,FP2). The final PCR product was
subjected to restriction enzyme digestion, ligated into the corresponding restriction
sites of rCNT1.

The three amino acid residues in wild-type rCNT1 identified in Chapter 1,
Sections 1.3.3 and 1.6 (S459, Y466, P470) were mutated to alanine, phenylalanine
and alanine, respectively, using mixed, degenerate IP1 and IP2 oligonucleotide
primers designed to generate seven different combinations of the three residue
mutations (ie three single, three double and one triplet substitution). As described
in Chapter 3, Section 3.2.1.5, this strategy resulted in isolation of all of the mutant
combinations, with the exception of S459A/P470A and the rare triplet substitution
S459A/Y4A66F/P470A. These were obtained by a separate series of sequential PCR
reactions using P470A and Y466F/P470A rCNT1 constructs as templates and new
nondegenerate inside primers, IP3 and IP4, to introduce the S459A substitution.

To minimise the possible introduction of PCR sequence errors, the flanking
primers FP1 and FP2 were selected to be as close as possible to the site(s) of
mutation. The nucleotide sequences of cassette regions of each of the rCNT1

constructs described in this thesis was confirmed by Taq DyeDeoxy terminator DNA
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sequencing (Chapter 2, Section 2.1.1).

2.2.1.1 First PCR Ampiification

PCR amplification of wild-type or P470A and Y466F/P470A rCNT1 mutant
plasmids DNAS (in the vector pGEM-3Z) (Promega) was performed using one inside
primer and one flanking primer. Each PCR reaction (100 ul) contained 10 mM Tris-
HCI (pH 8.4 at 20°C), 1.5 mM MgCl,, 50 mM KCl, 100 ug/ml gelatin, S0 pmol of
each primer, 200 uM 4dNTP, 10 ng template DNA and 2.5 units 7aq polymerase
in a 0.5 ml tube covered with mineral oil. Primers were synthesized by the DNA
sequencing Laboratory, Department of Biochemistry, University of Alberta.

The two flanking primers (FP1, FP2) corresponded to rCNT1 nucleotide
positions 1304-1323 (sense, 5’-AGCTGGTCTACCCAGAGGTG-3’) and nucleotide
positions 1941-1960 (antisense, 5’-ACACGCAGTCCACCTCGACC-3’),
respectively. The two degenerate inside primers (IP1,IP2) corresponded to rCNT1
nucleotide positions 1531-1570 (sense, 5°’-
(A/@(G/Q)CTTCCAGCTCATCTGCTCCT(A/TDCGTCCTGCGG(C/Q)CTGTGG-
2’) and 15§526-1564 (antisense, S5°'-
(G/OCCGCAGGACG(T/A)AGGAGCAGATGAGCTGGAAG(C/Q(T/C)GAGTC-
3’), respectively (mutated nucleotides in bold letters). The two other inside primers
(IP3,IP4), designed without mixed nucleotides to introduce only the S459A mutation,
corresponded to rCNT1 nucleotide positions 1521-1544 (sense, 5’-
CCAGGGACTCGCCTTCCAGCTCAT-3’) and 1519-1542 (antisense, 5’-
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GAGCTGGAAGGCGAGTCCCTGGAT-3"), respectively (mutated nucleotides in
bold letters).

The primers used in each reaction comprised one flanking primer and one
inside primer of the opposite cDNA strand, two reactions being performed with each
template. Amplification (25 cycles) was at 94°C for 1 min, 53°C for 1.5 min and

72°C for 1.5 min.

2.2.1.2 Purification of First Round PCR Products

First round PCR reaction mixtures were loaded on a 0.7% (w/v) agarose gel
containing 0.5 ug/ml of ethidium bromide and 0.7% agarose in TAE buffer and run
in TAE buffer at 5-10V/cm. The separated PCR products were excised from the gel
and extracted into sterile water using the Geneclean IT method (Chapter 2, Section

2.1.1).

2.2.1.3 Second PCR Amplification

Each PCR reaction (100 ul) contained 10 mM Tris-HCI (pH 8.4 at 20°C), 1.5
mM MgCl,, 50 mM KCl, 100 ug/ml gelatin, 50 pmol of each primer, 200 xuM
4dNTP, 10 ng template DNA and 2.5 units Taq polymerase in 0.5 ml tubes covered
with mineral oil. The primers used were FP1 and FP2, and the template DNA for
each reaction comprised an equal mixture of the two PCR products derived from
each of original template cDNAs used in the first round PCR amplification.
Amplification (25 cycles) was at 94°C for 1 min, 58°C for 1.5 min and 72°C for 1.5
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2.2.1.4 Pur{fication of Second Round PCR Products

The sizes of second round PCR products were verified by agarose gel
electrophoresis (Chapter 2, Section 2.1.1), after which the PCR mixtures were
subjected to DNA extraction with phenol:chloroform. Phenol (Gibco/BRL) was first
equilibrated to pH 8.0 by mixing with an equal volume of 0.5 M Tris-HC] (pH 8.0).
The Tris/phenol mixture was stirred well, separated at room temperature and the
upper aqueous phase discarded. This process was repeated until the pH of the phenol
had reached 8.0 when tested with pH paper. Equal volumes of this buffered phenol
and PCR reacion mixture were vortexed together, then centrifuged at 10,000g until
the organic and aqueous phases had separated. The upper, aqueous phase was
transferred to a fresh polypropylene tube. An equal volume of buffer-saturated
phenol mixed with chloroform and isoamyl alcohol at a ratio of 25:24:1 (v/v/v) was
added to the aqueous phase and the above steps were repeated. The DNA was
extracted for a third time with an equal volume of chloroform/isoamyl alcohol alone
at a ratio of 24:1 (v/v). Finally, the DNA was precipitated by addition of 0.1
volumes of 3M sodium acetate (pH 5.2) and 2 volumes of cold ethanol (-20°C). The
contents were mixed and kept at -20°C for several hours, after which the DNA was
recovered by centrifugation at 12,000g for 30 min at 4°C. The pellet was washed
with 1 ml of 70% (v/v) ethanol, recovered by centrifugation and dried in either air
or by use of a Savant (SVC 200) SpeedVac (Savant Instrument, Inc.). The purified

35



DNA was dissolved in water at a concentration of 0.5 ug/ul for restriction enzyme

digestion.

2,2.1.5 Restriction Endonuclease Digestion

c¢DNA products from the second PCR amplification were digested (at the
flanking sites) with the restriction enzymes BspEI and BamHI for subcloning into
wild-type rCNT1 in the vector pGEM-3Z, which was cut with the same enzymes.
Incubations were performed at 37°C for 6h in reaction mixtures containing 0.1
volumes of React Buffer (buffer III, New England Biolabs), 10 units of each
restriction enzyme and 2 ug of cDNA, after which the digestion products were run
on 1% (v/v) normal agarose or low-melting-point agarose gels (Gibco/BRL) in TAE
buffer containing ethidium bromide (0.5 ug/ml). For normal agarose gels, cDNA
fragments of the correct size were excised under UV light and subjected to
Geneclean II purification for later ligation (Chapter 2, Section 2.2.1.6). In the case

of low-melting-point agarose gels, gel slices were used directly for ligation.

2.2.1.6 Ligation

Ligation reactions between PCR amplification products and rCNT1 plasmid
cDNA contained 100 ng digested plasmid, S0 ng PCR cDNA, 0.2 volumes of 5X
concentrated ligase buffer (Gibco/BRL), 1 ul of T4 DNA ligase (Gibco/BRL) and
sterile water in a total volume of 10ul. Incubations were for 24 h at 15°C. Low-

melting-point agarose gel slices were heated to 70°C for 10 min, then cooled to 37°C
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before addition to reaction mixtures.

2.2.1.7 Calcium Chloride Transformation

XL1-Blue E. coli were streaked on a 150 mm LB plate and incubated
overnight at 37°C. A well-isolated colony from the plate was inoculated into 500 ml
LB medium in a sterile 2-liter flask and incubated at 37°C with shaking to an ODgy
of 0.3-0.6. The culture was aliquoted into SO ml prechilled, sterile polypropylene
tubes and left on ice for 10 min, after which the cells were centrifuged for 7 min at
1600g and 4°C. Each pellet was resuspended in 10 ml of ice-cold CaCl, solution
(100 mM CaCl,, 70 mM MgCl, and 40 mM sodium acetate, pH 5.5), collected by
centrifugation at 1100g for S min at 4°C, then resuspended in a further 10 ml ice-
cold CaCl, solution and kept on ice for 30 min. The last step was repeated, except
that cells were resuspended in 2 ml CaCl, solution containing 15% (v/v) glycerol.
The cells were dispensed (0.5-1 ml) into sterile polypropylene tubes, prechilled in
dry ice and frozen at -70°C.

Competent cells (200 ul), prepared as described above, were thawed and
transformed by addition of § ul of ligation mixture (Chapter 2, Section 2.2.1.6). The
suspensions were mixed by swirling gently, placed on ice for 10 min, heated to 42°C
for 2 min, then returned to ice for 2 min before addition of 1 ml LB medium. The
mixture was placed on a Gyrotory shaker (Model G2, New Brunswick Scientific) for
1 h at 37°C, then plated on 150 mm LB plates containing ampicillin (100 xg/ml) and
incubated overnight at 37°C. The sizes of plasmid inserts of randomly selected
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transformant colonies were checked by diagnostic PCR (Chapter 2, Section 2.1.3)
using the pGEM-3Z flanking primers T7 (5’-TAATACGACTCACTATAG-3’) and
SP6 (5’-ATTTAGGTGACACTATAG-3’) and by running crude plasmid DNA
preparations on an agarose gel (Chapter 2, Section 2.1.3). Clones of the same size
as wild-type prCNT1 were selected for plasmid preparation (Chapter 2, Section
2.1.3) and DNA sequencing (Chapter 2, Section 2.1.1). Plasmid cDNA inserts with
the correct mutations were transcribed into RNA for expression in Xenopus oocytes
(Chapter 2, Section 2.2.2).

2.2.2 In Vitro Transcription

Native and mutant rCNT1 cDNAs were transcribed in vitro with T7 RNA
polymerase in the presence of the *’GpppG cap using the MEGAscript (Ambion)

transcription system.

To ensure synthesis of run-off transcripts of defined length, cDNAs in the
vector pGEM-3Z with T7 (5°), SP6(3’) orientation were first digested with the
restriction enzyme Xbal, resulting in cleavage of plasmids at the 3’-ends of cDNA
inserts distal to the T7 promoter. After digestion, the DNA templates were purified
by phenol/chloroform extraction and ethanol precipitation (Chapter 2, Sections

2.2.1.4) and dissolved in water.

Each 20 ul of transcription reaction contained 2 ul 10x transcription buffer
(Ambion), 2 ul each of ATP, CTP and UTP (75 mM), 0.5 ul GTP (75 mM), 3 ul
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“'GpppG (40 mM), 2 ul bacteriophage T7 polymerase containing placental
ribonuclease inhibitor (Ambion) and 1 ug linearised plasmid cDNA in RNase-free
water. The contents were mixed gently and incubated at 37°C for 6 h. After the
reaction, 1 ul RNase-free DNase I (2 U/ul, Ambion) was added, and the incubation
continued at 37°C for a further 15 min to remove the template DNA.

The RNA transcript was recovered by adding 30 ul RNase-free water and 25
ul lithium chloride precipitation solution (7.5 M lithium chloride, 50 mM disodium
EDTA). After mixing thoroughly, the contents were chilled to -20°C for 30 min.
Then the RNA was collected by centrifugation at 12,000g for 20 min. The
supernatant solution was carefully removed and the pellet resuspended in 200 ul
RNase-free water. The RNA was subjected to phenol/chloroform/isoamyl alcohol
(25:24:1, v/v/v) extraction and ethanol precipitation as described in Section 2.2.2
of this Chapter for DNA extraction and precipitation. The RNA pellet was then
resuspended in RNase-free water, quantified using a Sequoia/Turner Model 450
fluorimeter, and diluted to a concentration of 1 ug/ul. Approximately 0.5 ug of each
of the RNA transcripts were run on an agarose gel to check for integrity and size
(Chapter 2, Section 2.2.3). The remainder of each preparation was stored in aliquots
(10 ulb) at -70°C.

2.2.3 Gel Electrophoresis of RNA

To confirm the quality of the RNA that was produced, RNA transcripts
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obtained by in vitro transcription of rCNT1 cDNAs (Section 2.2.7) were run on a
1% (w/v) agarose-formaldehyde gel (1% (w/v) agarose in MOPS (3-[N-
morpholino]propanesulfonic acid) electrophoresis buffer (20 mM MOPS, 5§ mM
sodium acetate, 1 mM EDTA, pH 7.0) and 2.2 M formaldehyde). RNA samples
were mixed with § volumes of RNA loading buffer 20 mM MOPS, 2.2 M
formaldehyde, 50% (v/v) formamide, 7% (v/v) glycerol and 0.5% (w/v)
bromophenol blue diluted to 1.5 ml in RNAase-free water). One microliter of 1
mg/ml ethidium bromide was added to the sample mixtures, which were then
incubated for 10 min at 65 °C. Electrophoresis was performed in MOPS
electrophoresis buffer at 5 V/cm, after which the gel was viewed and photographed
as described for DNA gels (Chapter 2, Section 2.1.3). The size of the RNA was
judged by comparison with RNA molecular weight standards (Novagen) run on the

same gel.

2.2.4 Oocyte Preparation

Mature oocyte-positive female Xenopus laevis (Nasco) were anesthetised by
ice immersion and sacrificed by a standard pithing procedure. Ovarian lobes were
removed, opened and washed into modified Barth’s medium (MBM: 88 mM NaCl,
1 mM KCl, 0.33 mM Ca(NO,),, 0.41 mM CaCl,, 0.82 mM MgSO,, 2.4 mM
NaHCO;, 2.5 mM Na-pyruvate, 0.1 mg/ml penicillin, 0.1 mg/ml gentamicin, 10

mM HEPES, pH 7.5). Small clumps of ovarian tissue were dissected and incubated
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in 2 mg/ml collagenase (Type 1, 326 U/mg, Worthington Biochemical Corporation)
in MBM for 2 h at room temperature on a Gyrotory Shaker (Model G2, New
Brunswick Scientific) to separate cocytes from connective tissue. Individual oocytes
were washed five times in MBM containing 0.1% (w/v) bovine serum albumin, five
times in MBM alone, sorted, and allowed to recover ovemnight in MBM before
incubation in hypertonic phosphate buffer (100 mM K,HPO,, pH 6.5, 0.1% (w/v)
bovine serum albumin) for 1h at room temperature to remove remaining follicular
layers. Mature healthy stage VI oocytes were again washed into MBM, sorted, and
maintained at 18°C for 24h in MBM before injection either with RNA transcript

dissolved in RNAase-free water or with water alone.

2.2.5 Injection of Oocytes

Defolliculated oocytes were immobilised in rows along the edges of Petri
dishes and injected either with 10 nl of RNA transcript (1 ug/ul) or water using
microcapillary tips (diameter 10-20 um) attached to a pneumatic microinjector (Inject
+ Matic System, Singer Instrument Co. Ltd.). Tips were prepared from
microcapillary tubes using an Inject + Matic puller (Singer Instrument Co. Ltd.).
Injected oocytes were maintained for 3 days in MBM at 18°C, with a daily change
of medium, and then either assayed for uridine transport activity or processed for

preparation of oocyte plasma membranes.
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2.2.6 Assay of Uridine Transport Activity

After 3 days in MBM at 18°C, which previous work has shown to maximize
rCNT1 expression (133), injected oocytes were assayed for uridine transport activity
using a conventional radioisotope flux technique (50). The initial rate of uridine
influx (10 gM, 20°C) was traced with [5, 6-’H]Juridine (5 xCi/ml)(Moravek
Biochemicals) that was repurified by high performance liquid chromatography
(HPLC) and provided by Dr. Carol E. Cass (Departments of Oncology and
Biochemistry, University of Alberta). As an additional precaution against *H,O
contamination of the [*H]uridine, aliquots of HPLC-repurified [*HJuridine were
lyophilized immediately before use (Savant (SVC 200) SpeedVac, Savant
Instrument, Inc.). Incubations were performed on groups of 10-12 oocytes for 1 min
(transport is linear during this uptake interval) in transport buffer (0.2 ml) containing
100 mM NaCl, 2 mM KCl, 1 mM CaCl,, 1 mM MgCl, and 10 mM HEPES, pH 7.5
(50). At the end of the flux incubation, the extracellular label was removed by six
rapid ice-cold washes in Na*-free transport buffer (100 mM NaCl replaced by 100
mM choline chloride), discarding the supernatant between washes. All washes were
completed within 1 min. Individual oocytes were dissolved in 5% (w/v) SDS for 2
h and assayed for intracellular *H by liquid scintillation counting (LS 6000 IC,
Beckman Canada Inc.).

2.2.7 Statistical Analysis of Transport Data
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Results of the flux studies are presented as means + the standard error of the

mean (SEM) of 4 experiments, each comprising typically 10-12 oocytes. The
significance of differences was tested using Student’s r-test.

2.2.8 Preparation of Oocyte Plasma Membranes

The procedure that was used has been described previously (113). Three days
postinjection, groups of 30 oocytes were placed in petri dishes on ice with 1 ml of
ice-cold homogenization buffer (83 mM NaCl, 1 mM MgCl,, 10 mM HEPES-
NaOH, pH 7.9) containing the protease inhibitors phenylmethanesulphony! fluoride
(0.5 mM), pepstatin A (5 xl/ml) and leupeptin (5 ul/ml). The oocytes were disrupted
using a watchmaker’s forceps. The resulting oocyte ghosts were stirred on ice for
10 min, after which the homogenate was centrifuged at 1000g for 10 min at 4°C.
The supernatant containing the plasma membrane fraction was centrifuged again at
10,000g for 20 min at 4°C. The resulting plasma membrane pellet was resuspended

in homogenization buffer containing protease inhibitors and stored at -70°C.

2.2.9 Quantification of Plasma Membrane Protein

Protein quantification of oocyte plasma membrane protein (31) was performed
by the bicinchoninic acid (BCA) assay (Pierce Chemical Co.). The protein

concentrations of unknown samples, diluted to SO ul with water, were determined
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from a standard curve constructed with bovine serum albumin (BSA) and water was
used as a blank. Working reagent was freshly prepared by mixing 50 parts Reagent
A with 1 part Reagent B. One milliliter of the working reagent was added to each
sample in duplicate. Mixtures were incubated at 60°C for 30 min, then cooled to
room temperature. Absorbance was measured at 562 nm (Ultrospec, LKB Biochrom

Ldd.).

2.2.10 SDS Polyacrylamide Gel Electrophoresis and Western Blotting

Oocyte plasma membrane samples, adjusted to a protein concentration of 0.5
pg/ul, were mixed with gel sample buffer 2% (w/v) SDS, 10% (w/v) glycerol, 5%
(v/v) B-mercaptoethanol, 0.005% (w/v) bromophenol blue, 40 mM Tris-HCI pH 6.8
at 20°C). Proteins (10 ug) were fractionated on preformed 8 x 7 x 0.075 cm 12%
SDS polyacrylamide gels (BioRad) using the Mini-PROTEAN II cell (BioRad)
electrophoresis system. Prestained molecular weight markers (Sigma) were run in
a lane adjacent to the samples. After electrophoresis at 200 V for 1 h, separated
proteins were immobilized onto polyvinylidene difluoride (PVDF) membranes
(Amersham Life Science) by electrotransfer (100 V) for 1 h with the Mini Trans-
Blot cell (BioRad) in transfer buffer containing 192 mM glycine, 20% (v/v)
methanol and 25 mM Tris-HCl, pH 8.3 at 20°C. Membrane blots were
immunoprobed by the following method. Blots were first washed with TBS (20 mM
Tris-HCl, 500 mM NaCl, pH 7.5 at 20°C) for § min. Non-specific binding sites on
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the membrane were blocked for 2 h with TTBS (TBS with 0.2% (v/v) Tween-20)
containing 5% (w/v) dried milk powder, then washed twice for 15 min with the
same solution. rCNT1-immunoreactivity was detected by incubation for 16 h with
a rabbit affinity-purified polyclonal antipeptide antibody at concentration of 1 ug/ml
in TTBS containing 1% milk powder. The antibody was directed against amino acid
residues 505-524 of rCNT1 and was a gift from Dr. Steve A. Baldwin, Department
of Biochemistry, Uuniversity of Leeds. The membranes were washed three times for
15 min each in TTBS and then incubated for 1 h with horseradish peroxidase (HRP)-
conjugated anti-rabbit secondary antibody (Amersham Life Science) diluted 1:5000
in the same solution as used for the primary antibody. After washing as described
above, blots were detected by an enhanced chemiluminesence (ECL) method
(Amersham Life Science) and exposed to Hyperfilm-ECL (Amersham Life Science).

All procedures were performed at room temperature.
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Figure 2.1 Alignment of ECOHU4748, ECOHU4751, NupC and rCNT1 nucleotide
sequences between bases 1368 and 1967 by using the GCG program PILEUP. The
locations of primers Q1 and Q2 are arrowed. Fully conserved nucleotides are

indicated by asterisks.
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1401

1450
ECOHU4748 AACACCGCCA AAAAGCATTA TTGAAGCCGC TGCGACAGGG GCAATGACCG
ECOHU4751 AACGCCGCCA AAAAGCTTTA TCGAAGCGGC GGCGAGCGGT GCGATGACCG
ECNUPC GCACGARAGGT CAGAGCTTCT TCGAAATGCT GGGTGAATAC ATTCTGGCAG
rCNT1 TGGAGACGCT CAGAACCTCT TGGAAGCAGC CAGTGCTGGG GCTGCCATCT
* ® ® = T wew

14S1 1500
ECOHU4748 GGCTGAAAAT CGCCGCAGGT GTGGCAACAG TGGTGATGGC ATTTGTTGCA
ECOHU4751 GGCTAAAAAT CGCCGCTGGT GTGGCGACGG TGGTAATGGC GTTTGTCGCA
ECNUBC GTTTCAAAGT TGCCATTATC GTTGCCGCGA TGCTGATTGG CTTTATCGCC
rCNT1 CAGTGAAGGT CGTTGCCAAC ATTGCTGC ATCTGATTGC CTTCCTGGCT

- *w - - vy e \ 4 T *w v *w v Tw
1501 1550
ECOHU4748 ATAATTGCGT TGATTAACGG TATTATCGGC GGCGTTGGTG GCTGGTTTGG
ECOEU4751 ATTATTGCGC TGATCAACGG CATTATCGGC GGAATTGGCG GCTGGTTTGG
ECNUPC CTGATCGCCG CGCTGAACGC ACTGTTTGCC ACCGTTACTG GCTGGTTTGG
rCNT1 GTACTAGCCT TCGTCAATGC TGCCCTCTCC TGGCTAGGGG ACATGGTGGA

- * *w ” ®® w - R 4 - - - * ® ®
1851 1600
ECOHU4748 TTTTGAACAT GCCTCGCTGG AGTCCATTTT AGGTTACCTG CTGGCTCCAC
ECOHU4751 TTTCGCCAAT GCCTCTCTGG AAAGTATTTT TGGCTATGTG CTGGCACCGC
ECNUPC CT...ACAGC ATCTCCTTCC AGGGCATCCT GGGCTACATC TTCTATCCGA
rCNT1 CATCCAGGGA CTCAGCTTCC AGCTCATCTG CTCCTACGTC CTGCGGCCTG

- - - *w *w - - *w
1601 1650
ECOEU4748 TGGCGTGGGT GATGGGTGTG GACTGGAGTG ATGCGAATCT TGCCGGGAGT
ECOEU4751 TGGCGTGGAT CATGGGTGTG GACTGGAGTG ATGCCAATCT TGCGGGTAGC
ECNUPC TTGCATGGGT GATGGGTGTT CCTTCCAGTG AAGCACTGCA AGTGGGCAGT
rCNTL TGGCCTTCTT GATGGGTGTG GITTGGGAGS ACTGTCCGGT AGTGGCTGAG

L 4 *w - - L4444 422 2 - - - L 4 -

1631 1700
ECOEU4748 TTGATTGGAC AGAAXCTGGC AATAAATGAA TTTGTCGCTT ATCTCAATTT
ECOHEULTIL CTGATTGGGC AGARACTGGC GATTAACGAA TTCGTCGCSTT ACCTGAGTTT
ECNTPC ATCATGGCGA CCAAACTGGT TTCCAACGAG TTCGTTGCGA TGATGGA..T
QT TTGCTGGGCA TCAAGTTCTT TCTGAATGAG TTTGTGGCCT ATCAAGAGCT
170 1753
ECOHEUL748 CTCACCCTAT CTGCAA..AC GGTTGGCE. - tivverennr tmmmeennnn
ECOHU4LTSEL CTCCCCATAC CTGCAA. .AC GGGTGGCA. - crvvcrrenr omnmenneenn
EQAUZC CTGCAGARAAA TTGETTCCAC G..iivvvee tvrrccncnoe srevvenmens
rCNTI  TTCCCAGTAC AAGCRICGAC GCCTGGTAGG GGCTGAGGAG TGGCTTGGTG
Pt 1B8GC
ECCHU3748 .......... - -CTCTCGAT GCTAASMACTG TGGCGATTAT TTCCTTCGCG
ECOETU2TII ... . -CGCTGGRA GTGARARACCA TTGCGATTAT CTCCTTTGTS
ECITECT .o .. ..CTCTCT CCITGTGCTG AAGGCATCAT CTCTGTGTTC
rQATI ACAAGRAACA GTGGATCTCT GTCAGAGCAG AMATCCTGAC TACATACGCC
pE-1o 1834
ZCOEU4748 TTGTGISGTT TCGCTAACTT TGETTCTATC GGGGTGGTGG TGGGGGCGTT
ECOHUS7SL CTTTGTGGTT TTGCTAACTT TGGTTCTATC GSTGTTGTCG TTGGCGCATT
ECIITPC CTGETTTCCT TCGITARACTT CTTTTCIITC GGGATTATCS CAGGTGCAGT
rNTL CTCTGIGGAT TTGCCAACTT CAGCTCCATC GGCATCATGT TGGGAGGCCT
1832 18Q¢
ECOHU1748 TTCTGIGGTT GCGCCACACC GTGTGCCGGA AATCGCCCAG CTTGGTTTAC
SCOHURTSL  TTCGGCTATT TCGCCAARAC GUGLGLCGGA AATCGCCCAG CTTGGTTTA
ECNUPC TAAAGGTCTG AATGAAGAGC AAGGTAACGT GGTTTCTCGS T-CGGTCTGA
rCNTL GACCTCCCTA GTCCCCCAGC GGAGGAGCGA CTTCTCCCAG ATTGTACTCC

- - - » - L 4 - - - -
1861 193¢
ECJOHU4748 GGGIGITGGC GGCGGCGACG CTTTCCAACT TGATGAGTGC GACCATTGCC
ECOHU47S1 GGGIGTTGGC AGCAGCAACG CTTTCCAACC TGATGAGTGC GACTATTGCC
ECNUPC AGCTGGTTTA CGGCTCTACC CTGGTGAGTG TGCTGTCTGC GTCAATCGCA
TCNTL GGGCACTGAT CACAGGGGCT TTCSTGTCCC TGCTARACGC CTGTGTGGCA
1951 2006
ECOHU4748 GGGTTCTTTA TTGGTTTAGT TrGA. .-t er trenevnnce eoeonevens
ZCOHU4751 GGGTTCTTTA TIGGTCTIGET GlAf . cveir trrevnnnne cocoonnncnn
ECIUPC GTACTGGETGC TGTRAGACTA TACATAAAAA AGCCGGGGAT AATTCCCATA
NT1 GGATCCTCT ATGTACCTAG GGGGGTCGAG GTGGACTGCG TGTCCCTTCT

- - -

47
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Figure 2.2 Alignment of deduced ECOHU4748, ECOHU4751, NupC and rCNT1
amino acid sequences by using the GCG program PILEUP. The locations of
primers Q1 and Q2 are indicated by arrows and fully conserved amino acid residues
are indicated by asterisks. Presumed transmembrane helices of rCNT1 are

underlined.
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Figure 2.3. Mutation of wild-type rCNT1 by sequential PCR. FP are two primers
flanking the region of the rCNT1 insert to be mutated. IP are two inside primers
containing the mutation to be introduced. In the first PCR amplification, two
separate reactions were performed with the two pairs of flanking and inside primers.
In the second PCR amplification, the amplified fragments from the first PCR were
mixed and amplified using flanking primers only. The final products were digested
and subcloned into the corresponding restriction sites of the rCNT1 plasmid. “:

mutation. +: restriction site.

50



1) First PCR: FP -

«~a-1P
IP ~A—

T

s Vector
2) Second PCR: FP— « FP
A—
—_—A

d rCNT1 cDNA insert

3) Digestion: 1 a— <: l)
s Vector 3
!
{

4) Subcloning: Ry S—}

<

5!

~N S

Mutant plasmid

« FP
) rCNT1 cDNA insert
3’

3’



CHAPTER 3

Results

52



3. RESULTS

3.1 ISOLATION OF c¢cDNAS ENCODING HUMAN CNTI (hCNTI)

As described in the Introduction to this thesis (Chapter 1, Section 1.3),
rCNT1 (50) and rCNT2 (23,135), which are expressed in jejunum/kidney and
jejunum/liver, respectively, are the first recognised mammalian representatives of
a new transporter gene family that also includes E. coli and other bacterial nupC
proton/nucleoside symporters (23,25). rCNT1 and rCNT2 are selective for
pyrimidine and purine nucleosides, respectively, and correspond functionally to the
two major Na*-dependent nucleoside transport processes that have been observed in
mammalian cells of rodent, rabbit and bovine origin (21). In addition to transporting
physiological pyrimidine nucleosides, recombinant rCNT1 has also been shown to
transport the pyrimidine nucleoside analogs AZT and ddC, two important antiviral
drugs used in the treatment of AIDS (50,134). The research described in Sections
3.1.1 and 3.1.2 below had the objective of isolating cDNA(s) encoding the human

homolog of rCNT1.

3.1.1 Cloning strategy

Hybridization of rat jejunal mRNA at high stringency with a radiolabelled
probe of rCNT1 corresponding to amino acid residues 75-213 has been shown to
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identify a single transcript at 3.4 kb (50). When a rat muitiple tissue Northern blot!
(heart, brain, spleen, lung, liver, muscle (skeletal), kidney, testis) was screened with
the same probe under identical conditions, only kidney gave a positive hybridization
signal (50). I selected kidney in preference to intestine as a potential tissue source
of hCNT1 cDNAs because of the ready availability of commercial human kidney
cDNA libraries. The human kidney Clontech 5°-Stretch pYEUra3 cDNA library that
was used in my experiments contained 1.1x10° primary recombinants, with an
average insert size of 1.6 kb (range 0.5 to 3.5 kb).

Two strategies to isolate hCNT1 cDNAs from this library were attempted.
The first was low stringency screening using an rCNT1 hybridization probe
corresponding to a C-terminal domain between amino acid residues 385 and 588 that
is conserved between rCNT1 and its E.coli homologs (Figure 2.2). The second
approach involved initial PCR amplification of pYEUra3 library plasmid cDNA
using C-terminal primers corresponding to localised regions of high homology within
transmembrane domains 12 and 13 (amino acid residues 470 to 477 and 541 to 548,
respectively: Figure 2.2) to generate a partial hCNT1 cDNA, followed by high
stringency screening of the library with this hCNT1-specific PCR probe. The first
strategy, although more direct, was unsuccessful: cross-species hybridization with
the non-identical probe under low stringency conditions produced high background

! Part of this Chapter is in press. Rizel, M.W.L., Yao, S.Y.M., Huang, M.Y., Elliott, J.F.,
Cass, C.E. and Young, J.D. (1996). Molecular cloning, functional expression and chromosomal
localization of cDNAs encoding a human Na*/nucleoside cotransporter (hCNT1). Am. J.
Physiol,
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autoradiograms and a high incidence of false positive clones. The second approach
overcame these limitations by generating a hybridization probe with a high degree
of identity to the targeted sequence. Subsequent screening of the library under
hybridization conditions of high stringency gave low background autoradiograms
with few false positive clones. This greatly facilitated the identification hCNT1-
positive clones, which were present in the library in relatively low abundance.

3.1.2 PCR probe

Amplification of hCNT1 partial cDNA from the Clontech 5’-Stretch
pYEUra3 human kidney cDNA library, performed as described in Chapter 2,
Section 2.1.1, generated a single PCR product that was separated by agarose gel
electrophoresis as shown in Figure 3.1. The PCR cDNA was extracted from the gel
and sequenced. The 235 bp fragment, which was of the predicted size, was 86%
identical in nucleotide sequence to the corresponding region of rCNT1 ¢cDNA
(Figure 3.2). The corresponding predicted amino acid sequences were 89%
identitical and 98% similar (Figure 3.3).

The high homology between the two sequences suggested that the PCR
reaction had successfully amplified a cDNA fragment of a human rCNT1 homolog.
The specificity of the PCR reaction was confirmed in control experiments in which
the PCR reaction was repeated either in the absence of one of the two primers or in
the absence of pYEUra3 template. No PCR products were obtained under these

conditions (data not shown).
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3.1.3 Library Screening
The above PCR cDNA product was labeled with ®P, and used as a

hybridization probe to screen the Clontech 5°-Stretch YEUra3 human kidney cDNA
library as described in Chapter 2, Sections 2.1.2 and 2.1.3. Two positive clones
were identified (Figures 3.4 and 3.5). One, Clone A, had an 857 bp insert (Figure
3.6). Sequence comparison showed that 557 bp (183 amino acid residues) at the 3’
end of the insert were homologous to rfCNT1. This region of the insert begins 350
bp upstream of the sense primer for the PCR probe (Q1) and ends 45 bp upstream
of the antisense primer sequence (Q2). Most of the homologous region is therefore
upstream of the PCR product and corresponds to rCNT1 nucleotide and amino acid
positions 1216-1732 (87% identical) and 342-525 (91% identical, 96% similar),
respectively (Figure 3.7 and 3.8). The region of Clone A between primers Q1 and
Q2 was identical in nucleotide sequence (except for one position) to the PCR product
(Figure 3.9). The remaining 292 bp of insert in Clone A was unrelated either to
ICNT1 or to other known sequences in the databases and most probably represents
an artifact of library construction (please see Chapter 4, Section 4.1.2).

The other positive clone, Clone B, contained 1066 bp of insert and exhibited
the nucleotide sequence shown in Figure 3.10. Again, only part of the sequence (450
bp, 150 amino acids) at the 3’ end was homologous to rCNT1. The homologous
region extended beyond both ends of the PCR fragment, beginning 66 bp upstream
of the sense primer (QI) and 172 bp downstream of the antisense primer (Q2), and
corresponded to rCNT1 nucleotide and amino acid positions 1499-1949 (86%
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identical) and 450-597 (88% identical, 97% similar), respectively (Figures 3.11 and
3.12). The nucleotide sequence of Clone B between Q1 and Q2 was identical (except
for one position) to that of the PCR product (Figure 3.13). As was the case for
Clone A, the remaining 615 bp of insert sequence was unrelated either to rCNT1 or
to other published sequences and may be an artifact of library construction.

The nucleotide sequences of shared regions of Clone A and Clone B are
compared in Figure 3.14. The nucleotide sequences common to the two cDNAs
were identical except for two positions. The relatioship between Clone A, Clone B
and the PCR product is shown schematically in Figure 3.15.

In summary, Clones A and B both contain sequence 99% identical to the
PCR probe. They are therefore authentic positive cDNAs. Both are highly
homologous to rCNT1 and their overlap regions of sequence were essentially
identical. Therefore, it can be concluded that they encode portions of the same
human kidney rCNT1 homolog.

A full length version of hCNT1 cDNA was subsequently isolated from a
second human kidney cDNA library (Clontech 5°-Stretch Plus pCDNAI human
kidney cDNA library) by Ms. Mabel W.L. Rizel in Dr. Young’s laboratory (102).
The nucleotide sequence of the full length hCNT1 cDNA, which was obtained by
hybridization screening using the PCR probe generated in this study, is compared
with those of the PCR product and Clones A and B in Figures (3.16, 3.17 and 3.18).
The nucleotide and deduced amino acid sequences of the PCR product and Clones
A and B corresponded to hCNT1 nucleotide positions at 1620-1807, 1207-1763 and
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1530-1980, respectively and amino acid positions 484-545, 344-527 and 454-603,
respectively. The nucleotide sequences of the PCR fragment and Clone A are 100%
identical to the corresponding region of full length hCNT1 (Figures 3.16 and 3.17),
while that of Clone B is identical to that of hCNT1 except in three positions (Figure
3.18). The relationship between the PCR product, Clone A, Clone B and the full
length rCNT1 product are shown schematically in Figure 3.19.

3.2 SITE-DIRECTED MUTAGENESIS OF RAT CNTI (rCNTI)

Recombinant jejunal/kidney CNT1 transports physiological pyrimidine
nucleosides and adenosine, and also accepts as permeants the antiviral pyrimidine
nucleoside analogs AZT and ddC (50,102,134). The experiments described in the
first part of this Chapter (Section 3.1) led to the discovery and isolation of cDNAs
encoding a protein (hCNT1) from human kidney homologous to rCNT1. hCNT1
may play a role in the intestinal absorption and renal handling of drugs used to treat
HIV infection in patients suffering from AIDS (Chapter 4, Section 4.1.3). The
remainder of the present Chapter describes experiments that investigated the
functional roles of three evolutionarily conserved amino acid residues that are
common to both rCNT1 and hCNT1.

Structurally, rCNT1 is a membrane protein of 648 amino acid residues which
are predicted to form 14 potential transmembrane domains. At the time I commenced

my project, four CNT1 family members were known: rCNT1, NupC, ECOH4748
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and ECOH4751 (Chapterl, Section 1.3.2). Their deduced amino acid sequences are
aligned and correlated with the predicted secondary structure of rCNT1 in Figure
1.3. Approximately one-third of the fully conserved amino acid residues are
localized in predicted transmembrane helices 12 and 13. Analysis of vertical views
of these two transmembrane segments revealed that helix 12 has a striking conserved
face composed of S459, 1463, Y466 and P470 (Figures 1.4 and 1.5). All four of
these residues are also present in hCNT1 (Figures 3.20), suggesting that this face
of helix 12 is important for the transport function of proteins belonging the CNT
gene family.

To test this hypothesis, three of these conserved residues (S459 and Y466,
which are conventional a-amino acids with polar side chains that can participate in
hydrogen bonds, and the nonpolar imino acid P470, which may have a role in helix
stability and packing and, possibly, cation binding), were mutated in rCNT1 into
corresponding non-hydrogen-bonding a-amino acids of similar size. Therefore,
$459, Y466 and P470 were mutated into Ala, Phe and Ala, respectively.

The effects of these mutations, both singly and in combination, on the
function of the recombinant rCNT1 transporter expressed in Xenopus oocytes were
investigated. The remainder of the present Chapter describes the construction and
expression of the following rCNT1 mutants: S459A, Y466F, P470A, S459A/Y466F,
S459A/P470A, Y466F/P470A and S459A/Y466F/P470A.

3.2.1 Construction of Mutants
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The codons of the wild-type targeted residues of rCNT1 were changed into
the least altered codons corresponding to amino acid residues to be substituted.
Therefore, the codons AGC(Ser), TAC(Tyr) and CCT(Pro) were changed into
GCC(Alanine), TTC(Phenylalanine) and GCT(Alanine), respectively. The mutations
were introduced by a sequential PCR methodology (Chapter 2, Section 2.2.1).

3.2.1.1 First PCR Amplification

During the first PCR amplification, two separate reactions were performed.
Each reaction contained one flanking primer (FP) and one inside primer (IP). The
inside primers contained the mutations to be introduced and were designed to be
degenerate in order to generate simultaneously the seven different mutants to be
studied (Chapter 2, Section 2.2.1) (Figure 3.21). Wild-type rCNT1 cDNA was used
as template. After amplification, the PCR products were run on an agarose gel. The
reactions with the primers FP1/IP1 and FP2/IP2 (Chapter 2, Section 2.2.1.1)
generated products (~ 260 bp and ~ 430 bp, respectively) of the expected size
(Figure 3.22). These products were extracted from the gel, mixed, and subjected to

a second PCR amplification.

3.2.1.2 Second PCR Amplification

The second PCR amplification, performed with the two flanking primers FP1
and FP2 and the mixed first-round PCR products as template, produced, as expected,
a ~ 656 bp fragment (Figure 3.23), which was extracted from the gel for restriction
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enzyme digestion and subsequent insertion into rCNT1 plasmid DNA.

3.2.1.3 Digestion of PCR product and rCNTI1 cDNA with BspEI and BamHI

The second-round PCR product was ligated into wild-type rCNT1 cDNA in
the plasmid expression vector pGEM-3Z using the two unique restricion sites (BspEI
and BamHI) closest to the segment of rCNT1 to be mutated. The strategy of
subcloning the shortest possible PCR fragment into the rCNT1 plasmid was designed
to (i) reduce, as far as possible, the introducion of PCR-induced mutations and (i)
minimise the amount of DNA sequencing required to select mutant clones and verify
their structures.

Digestion of each end of the ~ 656 bp second-round PCR cDNA with BspEI
and BamHI produced a prominant fragment of ~ 580bp (Figure 3.24). Digestion of
the 5144bp rCNT1 pGEM-3Z DNA with the same two restriction enzymes also
produced a fragment of ~ 580bp and a strong top band of ~ 4564bp(Figure 3.24).
The latter was used in the subsequent subcloning of the restriction enzyme-digested
PCR product.

3.2.1.4 Subcloning

The digested PCR product and rCNT1 pGEM-3Z DNA, ligated together to
reform plasmids of ~ 5144bp, were transformed into E. coli. The sizes of
constructs were confirmed by subjecting plasmid DNA to agarose gel electrophoresis
and by PCR with T7 and SP6 vector primers. Representative PCR results for a

61



number of randomly selected transformants are shown in Figure 3.25.

3.2.1.5 Mutant Identification

After subcloning, isolated transformants were randomly selected and
sequenced. Because the degenerate inside primers were designed to include four
nucleotide substitutions (Section 3.2.1, this Chapter and Chapter 2, Section 2.2.1.1),
16 different kinds of transformants should have been produced, including the original
wild-type sequence (Figure 3.26). Therefore, the theoretical frequency of each of the
transformants shown in Figure 3.26 is 1/16. We would expect, however, an over-
representation of the wild-type transformant because its degenerate inside primer
would to anneal more easily to the template cDNA during PCR.

Thirty eight transformants (Table 3.1) were randomly selected, grown and
sequenced using T7 and SP6 primers. Of these, 9 had nucleotide sequences
corresponding to wild-type rCNT1 and 21 had unusable single nucleotide base
changes in the S459 codon, resulting in conversion of AGC(Ser) to either ACC(Thr)
or GGC(Gly). There was one each of mutants S459A, Y466F and Y466£/P470A,
and two of P470A. One corresponded to mutant S459A/P470A, but contained a
spurious additional PCR-induced mutation (frame shift: 1544delA, ATC~TC) and
two of the clones were S459A/Y466F, one having an additional PCR mutation
(S496: AGT-+AGC) that did not change the encoded amino acid sequence.

Thus, the 38 clones yielded five out of the seven expected mutants. These

five mutants included each of the three anticipated single mutants (S459A,
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Y466F,P470A) and two of the expected double mutants (S459A/Y466F and
Y466F/P470A, but not S459A/P470A). No clone corresponding to the triple mutant
(S459A/Y466F/P470A) was found. To avoid sequencing a large number of
additional clones, it was decided to obtain the missing two constructs (S459A/P470A
and S459A/Y466F/P470) directly by means of a second round of mutagenesis

experiments.

3.2.1.6 Second Mutagenesis

In the second round of mutagenesis experiments, the first PCR amplification
was performed using two new nondegenerate inside primers (IP3, IP4) designed to
introduce the S459A substitution (Chapter 2, Section 2.2.1.1). The flanking primers
were the same as used previously. The template used to make the S459A/P470A
mutant was P470A rCNT1 cDNA (Section 3.2.1.5), while that used to make the
triple mutant (S459A/Y466F/P470) was Y466F/P470A rCNT1 cDNA (Section
3.2.1.5, this Chapter and Chapter 2, Section 2.2.1) (Figure 3.28).

PCR amplifications with the two sets of primers (FP1/IP3 and FP2/IP4)
generated fragments of the expected sizes (~ 260bp and ~ 430 bp, respectively).
These PCR products were used in a second PCR amplification with FP1 and FP2
primers and ligated into wild-type rtCNT1 pGEM-3Z as described previously in
Sections 3.2.1.2, 3.2.1.3 and 3.2.1.4 of this Chapter. The resulting transformants
were sequenced until clones corresponding to the correct mutants (without PCR-

induced errors) were obtained.
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3.2.2 In Vitro Transcription
Plasmid DNA of the seven different mutants and wild-type rCNT1 were

subjected to in vitro transcription to make sense RNA for expression in Xenopus
oocytes.

Correct orientation of each insert with respect to the vector T7 RNA
polymerase site was first confirmed by PCR with T7 primer and the inside primer,
IP2 (Chapter 2, Section 2.2.1.1). A clear band of the expected size (~ 1.5 kb) was
obtained for all of the constructs (Figure 3.28). Therefore, T7 RNA polymerase was
used in the transcription reaction. Before transcription, plasmid DNA was linearized
with Xbal, which cleaved the vector DNA at a unique site distal to the 3’-ends of the
inserted cDNAs. Digestion was confirmed by running the linearized DNA on an
agarose gel against both linear and supercoil DNA markers (Figure 3.29). Gel
electrophoresis was used to verify the sizes (~ 2.4 kb) and integrity of each of the
RNA transcripts (Figure 3.30).

3.2.3 Uridine Transport Activity of rCNT1 Mutants

Uridine influx was assayed three days after injection of Xenopus oocytes with
10nl of water or 10nl of water containing 10ng of wild-type or mutant rCNT1
transcript. A conventional radioisotope flux technique was used (50), in which the
initial rate of "H]uridine influx (10xM, 20°C, 1min flux) was measured in transport
buffer containing 100mM NaCl. The transport activities of the mutants, wild-type
rCNT1 and control water-injected oocytes were compared in the same flux

experiment in oocytes from the same frog under identical expermental conditions.
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Four independent flux experiments were performed for each mutant. Each
experiment utilized oocytes from a different frog and different preparations of DNA
and RNA. In one series of 4 experiments, each of the 3 single mutations were
compared with wild-type rCNT1. In a second series of 4 experiments, the 3 double
mutants and the triple mutant were compared with wild-type rCNT1. Figures 3.31
and 3.32 show the mean fluxes (+ SE) obtained in each of the two sets of
experiments. Uridine uptake by water-injected oocytes was < 0.03
pmol/oocyte.min™ in both series of experiments, and is not subtracted from the flux
values given below and summarised in Table 3.2.

Influx values for S459A, Y466F and P470A were 3.45 + 1.16, 4.49 + 0.34
and 3.64 + 1.11 pmol/oocyte.min™, respectively, compared with 4.35 + 1.03
pmol/oocyte.min™ for wild-type rCNT1 (Figure 3.31, Table 3.2). Expressed as a
percentage of the wild-type flux, the mutant activities were 79%, 103% and 84 %,
respectively. Analysis of the data by Student’s ¢-test determined that the decrease for
S459A, but not that for P470A, was statistically significant (P <0.05).

Influx values for the double mutants were in the order Y466F/P470A >
S459A/YA466F > S459A/P470A (Figure 3.32, Table 3.2). Expressed as a percentage
of the wild-type flux (3.62 + 0.98 pmol/oocyte.min™), the mutant activities were
49% (Y466F/P470A: 1.79 + 0.74 pmol/oocyte.min), 20% (S459A/Y466F: 0.73
+ 0.28 pmol/oocyte.min) and 8% (S459A/P470A: 0.29 + 0.13 pmol/oocyte. min"
). In each case, the decrease in activity was statistically significant (P <0.05)

relative to the wild-type flux. The fluxes for the three combination mutants were
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smaller in magnitude than that observed in Figure 3.31 (Table 3.2) for the single
mutant S459A (79% of control). The triple mutant S459A/Y466F/P470A had no
detectable transport activity. A comparison between the double mutant S459A/Y466F
and the triple mutant S459A/Y466F/P470A established that their uridine transport

activities were significantly different (P <0.05).

3.2.4 Western Blotting

Loss of transport activity, such as that described above in Section 3.2.3 of
this Chapter for rCNT1 mutants, may be secondary to decreased expression of the
recombinant proteins in the plasma membrane. To test for this possibility, plasma
membranes were prepared from oocytes expressing each of the different recombinant
rCNT1 constructs, using experimental conditions for oocyte preparation, injection
and incubation that were identical to those used in the transport studies described in
the previous Section. These enriched plasma membrane fractions were then separated
by SDS-polyacrylamide gel electrophoresis and subjected to Western analysis.
Immunostaining was performed with a rabbit polyclonal antipeptide antibody raised
against amino acid residues 505-524 of wild-type rCNT1. As shown in the
representative blots presented in Figures 3.33, the antibody recognised a protein (58-
84 kDA) of the predicted size in plasma membranes prepared from oocytes injected
with wild-type rCNT1 RNA transcript. Inmunoreactive protein migrating either as
a singlet or doublet was also observed for each of the mutant samples, including that

for the functionally-inactive triplet mutant S459A/Y466F/P470A. In contrast, no
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immunostaining was observed in membranes prepared from control oocytes injected
with water. The intensities of staining suggest that wild-type and mutant rtCNT1
transporters were expressed in the oocyte plasma membrane in comparable amounts.
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16Kb- -
1 Kb-

500 bp -
220 bp -

Figure 3.1. Ethidium bromide-stained 1.5% agarose gel of the PCR product
generated from a human kidney cDNA library with two primers (Ql, Q2)
corresponding to conserved regions of rCNT1. This PCR fragment corresponds to
rCNT1 amino acid residues 469-548. The migration of the fragment (235 bp) is
compared with linear DNA markers (Gibco BRL, left hand lane).
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1 CGTGGGAGGACTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTT SO PCR product

ELCRPRRRREEE 10 E0 B0 FURUEE DEDREED FORERE 1 1L
1589 CCTGGGAGGACTGTCCGGTAGTGGCTGAGTTGCTGGGCATCAAGTTICTTT 1638 rCNTL

nmmcmci'mmcmcr&cmmdmcmcsccémo
CELEE TREEEN T e eeeel o eee eeeeeerer ey o
1639 CTGAATGAGTTTGTGGCCTATCAAGAGCTTTCCCAGTACAAGCAACGACG 1688
101 CCTGOCAGGOGCCEAGGAGTOGETCOGCRACAGGAAGCAGTGATCTICCG 150
CEERLEEEENTE TEPEEreey 0 b0 e CEE e
1689 CCTGGCAGGGGCTGAGGAGTGGCTTGGTGACAAGAAACAGTGGATCTCTG 1738
151 TCAGAGCTGAAGTCCTCACGACGTTTGCCCTCTGTGGA 188

RN
1739 TCAGAGCAGAAATCCTGACTACATACGCCCTCTGTGGA 1776

Figure 3.2. Comparison of the nucleotide sequences of the PCR fragment (top) and
the corresponding region of rCNT1 (bottom). The alignment was performed using the
GCG BESTFIT program. Identical nucleotides are indicated by vertical lines. The two

sequences are 86% identical.
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1 WEDCPVVAELLGIKLFLNEFVAYQDLSKYRQRRLAGAEEWVGIRKQWISV 50 ECR product
DEVEEEEEETVREE =D PR = - RO e == 1L
479 WEDCPVVAELLGIKFFLNEFVAYQELSQYKQRRLAGAEEWLGDKKQWISV 528 rCNT1

S1 RAEVLTTFAICG 62

IR
529 RAEILTTYALCG 540

Figure 3.3. Comparison of the deduced amino acid sequences of the PCR product and
the corresponding region of rCNT1. The alignment was performed using the GCG
BESTFIT program. Lines denote identical residues. Two dots represent highly
conserved residues and a single dot shows weakly conserved residues. The two

sequences are 89% identical and 98% similar.
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Figure 3.4. Isolation of Clone A from a pYEUra3 human kidney cDNA library
by hybridization screening with the PCR probe: (a) Clone A was identified by
first round of screening; (b) the positive colony was picked, plated and

rescreened: *t, example of positive signal; [JJj, marker for orientation.
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Figure 3.5. Isolation of Clone B from a pYEUra3 human kidney cDNA library
by hybridization screening with the PCR probe: (a) Clone B was identified by
first round of screening; (b) the positive colony was picked, plated and

rescreened: t, example of positive signal; JJJJ, marker for orientation.
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Figure 3.6. Nucleotide sequence of the Clone A insert. It is a 857 bp fragment, of
which 557 bp (183 amino acid residues) are homologous to rCNT1 c¢DNA. The

AATTCCGGTT

AGGTCATTGC

ATTCTATTCT

GAAGGGAGGT

CACACACAGA

AGGGCCATAA

tgtcatgacc

acatctcctt

gctgeccectt

ggagtccaag

ctcagaaccet

gtggtcgeca

ctttatcaatc

ggctcagett

ttgatgggtg

gatcaagctg

acaagcaacc

cagtgga

TTTTTTTTTG

AGTGAAAGGT

GAACACACAG

GGTAGATGAA

AGGAGGACTG

CAAGAGAGCT

ggaggtracg

tgggatcgat

gtgcecttggce

tttaggaggg

catagaagca

acatcgctge

gctgecctet

ccagectcatce

tggcgtggga

tttctgaacg

ccgectggea

GA*TGGACAA

TGGGGATTGC

AAAGAGATCA

ATGGACTTGA

GCCCTCTTCT

GGATGGTGCC

ccaccattge

gccacctegt

cctcteccaaa

aggaaggagc

gccagcactg

caacctgatt

cctggctggg

tgctectaca

ggactgccca

agtttgtgge

ggggccgagg

homologous region is indicated by lower case letters.

75

TAAGCTTTTA
TTGCTGCTAC
CAGACTCCCT
TTGAAGAGAC
TGGAGCCCAT
GGTGTCCAGG
tggcagcctg
tgattgcage
ctggtctacc
gaaactgacc
gggccgecat
gcgttcctgg
agaaatggtg
tcctgeggec
gtggtagctyg
ctatcaagac

agtgggtcgg

TTGCATTGAA
AGCTGAATGG
ACCCTAAGAA
TAGCCTGGCC
GCTCTGGTAG
ATAACTTCAC
ctgggtgcct
ctctgtgatg
cggaggtgga
tatggagatg
ctccgtgaag
ctgtgctgga
gacatccagg
tgtagcettc
agctgctggg
ctcreccaagt

cgacaggaag



Figure 3.7. Comparison of the nucleotide sequences of the Clone A cDNA (top) and
the corresponding region of rCNT1 (bottom). The alignment was performed using
the GCG BESTFIT program. Identical nucleotides are indicated by vertical lines.

The two sequences are 87% identical.
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293 AACTTCAC..

TGTCATGACCGGAGGTTACGCCACCATTGCTGGCAGCCTG
CETUEEE PECRRLETE TRVRE 00 T COEEETEEreenee
1166 AAGTTCACGTTGTCATGACTGGAGGCTATGCTACCATTGCTGGCAGCCTC

- . -

341 CTGGGTGCCTACATCTCCTTTGGGATCGATGCCACCTCGTTGATTGCAGE
. PLLLD TRERDELEELLECRELECREEEE 10 0 00 TF 1F 1
CTGGGCGCCTACATCTCCTTTGGGATCGACGCTGCTTCCTTAATCGCAGS

- - -

391 CTCTGTGATGACTGCCCCITEIGCCTIGGCCCTCICCARACTGGTCTACE
. CERLEE DEEEE TOERRRETERE FEELE DEELEEED TEEELLLn
CTCTGTCATGGCCGCCCCTTGTGCGTTGGCTCTCTCCAAGCTGGTCTACT

441 CGGAGGTGGAGGAGTCCAAGTTTAGGAGGGAGGAAGGAGTGAAACTGACC

6I LI I I NI
CAGAGGTGGAGGAGTCCAAGTTCCGGAGTGAGAATGGCGTGAAGCTGACC

491 TATGGAGATGCTCAGAACCTCATAGAAGCAGCCAGCACTGGGGCCGCCAT

PLECTERE BFCOETRRRRER © FPRRELELLeE et
1366 TATGGAGACGCTCAGAACCTCTTGGAAGCAGCCAGTGCTGGGGCTGCCAT

541 CTCCGTGAAGGTGGTCGCCAACATCGCTGCCAACCTGATTGCGTTCCTGG

GO ELLEEET PE CEEPEEET DOReeeer iveneeer Peren
1416 CTCAGTGAAGGTCGTTGCCAACATTGCTGCCAATCTGATTGCCTTCCTGG

581 CT"TGCTGGnCT"T%TCAAEGCTGCCCTCTCCTGGCTGGGAGAAATGGTG

COEETE 00 BEELERTEREER VR L R 0 TE FELTE
1466 CTGTACTAGCCTTCGTCAATGCTGCCCTCTCCTGGCTAGGGGACATGGTG

641 GACATCCAGGGGCTCAGCTTCCAGCTCAICTGCTCCIACAICCTGCGGCC

CERLERLOETE PEETLERE TR TRy P eerL
1516 GACATCCAGGGACTCAGCTTCCAGCTCATCTGCTCCTACGTCCTGCGRCC

591 ---AGCC“TCTTC&TGC”TGTGGC”TGGGAGGACWGCCCAGTGGTAGCTG

FOE PHETEERECET TR R TEEERRTEeE 10 bE 11 THE
1566 TGTGGCCTTCTTGATGGETGTGGCCTGGGAGGACTGTCCGGTAGTGGCTG

741 AGCTGCTGGGGATCAAGCTGTTTCTGRACGAGTTTGTGGCCTATCAAGAC

LEPVTEERE PR TE D BT EEE DEER R TR T EET L
1616 AGTTGCTGGGCATCAAGTTCTTTCTGAATGAGTTTGTGGCCTATCAAGAG

791 CTCTCCAAGTACAAGCAACCCCGCCTGGCAGGGGCCGAGGAGQGGGTCGG

ECTEE DECEEERLEED  PRETERRERN R VREREERTE 1 1
1665 CTTTCCCAGTACAAGCAACGACGCCTGGCAGGGGCTGAGGAGTGGCTTGG

841 CGACAGGAAGCAGTGGA 857

R HEE EEEETT
1716 TGACAAGAAACAGTGGA 1732
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3 TVMTGGYATIAGSLLGAYISFGIDATSLIAASVMAAPCALALSKLVYPEV 52 Clone A

SRR T - TP TR R T LEE e
340 VVMTGGYATIAGSLLGAYISFGIDAASLIAASVMAAPCALALSKLVYPEV 389 rCNTL

53 EESKFRREEGVKLTYGDAQNLIEAASTGAATSVKVVANIAANLIAFLAVL, 102
CELLEE - = DEEEEL T =R - R
390 EESKFRSENGVKLTYGDACNLLEAASAGAAISVKVVANIAANLIAFLAVL 439
103 DFINAALSWLGEMVDIQGLSFQLICSYTLREVAFLMGVANEDCEVVAELL, 152
U nnnn
440 AFVNAALSWLGIMVDIQGLSFQLICSYVLREVAFLMGVAWEDCEVVAELL 489

153 GIKLFLNEEVAY DLSKYKQPQLAGAEEWVGDRKW 188

CEE=TTEEVEEE = FE-TRE- R == 1T
490 GIKFFLNEFVAYQELSQYRQRRLAGAEEWLGDKRQW 525

Figure 3.8. Comparison of the deduced amino acid sequences of the overlapping
regions of Clone A and rCNTI1. The alignment was performed using the GCG
BESTFIT program. Lines denote identical residues. Two dots represent highly
conserved residues and a single dot shows weakly conserved residues. The two

sequences are 91% identical and 96% similar.
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714 CGTGGGAGGACTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTT 763 Clone A
COLEECELEEL RO T e e e e el
1 CGTGGGAGGACTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTT 50 ECR product
764 CTGAACGAGTTTGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACCECG 813
FECEEVEECEEEE R LR PR LT T R il
51 CTGAACGAGTTTGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACGCCG 100
814 CCTGGCAGGOGICGAGGAGTGGGTCRGGACAGGARGCAGTGGA 857

CEELTEE LV PO R T TR R T
101 CCTGGCAGGGGCCGAGGAGTGGGTCGGCGACAGGAAGCAGTGGA 144

Figure 3.9. Comparison of the nucleotide sequences of Clone A between primers Ql
and Q2 (top) and the PCR product (bottom). The alignment was performed using the
GCG BESTFIT program. Identical nucleotides are indicated by vertical lines. The two

sequences are identical, except for one position.
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Figure 3.10. Nucleotide sequence of the Clone B insert. It is a 1066 bp fragment,
of which 450 bp (150 amino acid residues) are homologous to rCNT1 cDNA. The

homologous region is indicated by lower case letters.
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101

151

201

251

301

351

401

451

S01

551

601

651

701

751

801

851
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951
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ATTCCGGCAG

AATAGCTATG

GCTGATTTGT

AAGGTATTGT

AAAGGTATCG

TAAAGTAAAA

GCAAAATGTT

ATTTGCTAAA

ATTTCTTATT

AAAGTTATCA

AGTCGGCTTT

GCTAAACAGA

ATATGATATA

ttccagctca

tgtggcgtgg

tgtttctgaa

ccecegeetagg

ctccgtcaga

atttcagctce

caacggaaga

agcectgtgrg

ccagggggygc

ACAAAAAAGA

GTGAAGTCTG

GGTGCCATGA

TTCTATTCAT

ACACCCGAAA

GTTCTGCACC

ATCTAAAAGA

TAACATTTICT

CCTCATACCT

CCTGTGACCA

GAGGTATTTT

AAATGAAAGC

TGATGGGctg

tctgectccta

gaggactgce

cgagtttgtg

caggggecga

gctgaagtce

cattgggatc

gcgacttcte

tccectggtga

tgaagt

ACCATTCCTG
GCTGCTGGTA
AAAATCAGCA
CATTGTACTG
GCAGTGTATT
TTTACTTATA
AGTTGAAAGA
TTTCCCTTAA
TGATAGGAAA
ARACTTATTT
ATTGATTTAA
AGATACTTTA
ggcgacatgg
catcctgegg
cagtggtagc
gcctatcaag
ggagtgggtc
tcacgacgtt
atgctgggag
ccagatagtg

acgecectgtat
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AGAGCATCTG
CTGCGCTTTT
TCATCACAAC
GAAAAGAAGT
CTACAATTAA
AGGCATTAGA
ACACCTAACT
AAAGGAATGT
TAAAATGTTT
TTTAATAAAG
AGGGAAAGCT
ACTGAACACC
tggacatcca
cctgtagect
tgagctgctg
acctctccaa
ggcgacagga
tgccctetgt
gcgtgacctce
ctccgggege

ggcagggatc

GAATTAAATG

TTTTAAACTT

CAGATTCAAA

AGAAAATAAA

GTATTCTACG

ATCAAGGAAA

CTATTTGATT

TAGTGAATGT

GAATTTTTAA

ATTAGAAACA

ACAATTGCAG

ACTCAAGATA

ggggctcage

tcttgatagg

gggatcaagc

gtacaagcaa

agcagtggat

ggatccgecea

catggtccee

tcttcacggg

ctctacatgce



616 GGCTGGGCGACATGGTGGACATCCAGGGGCTCAGCTTCCAGCTCATCTGE 665 Clone B

FUCE LD TREPE RN FEEEEEE TR T
1499 GGCTAGGGGACATGGTGGACATCCAGGGACTCAGCTTCCAGCTCATCTGE 1548 rCNTL

666 TCCTACATCCTGCGGCCTGTAGCCTICTTGATGGGTGTGGCGTGGGAGGA 715

CEECEE PELET R D CELEEEEE LT P
1549 TCCTACGTCCTGCGGCCTGTGGCCTTCTTGATGGGTCTGGCCTGGGAGGA 1598

716 CTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTITCTGAACGAGT 765

FEE DD D DR VEEREEE TREEEE T CREREERD 111
1599 CIGTCCGGTAGTGGCTGAGTTGCTGGGCATCAAGTTCTTTCTGAATGAGT 1648

766 TTGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACCCCGCCTGGCAGGS 815

FLCDEECCECORROED o8 CEE DVRRLETRERRE  TORCEEernen
1649 TTGTGGCCTATCAAGAGCTTTCCCAGTACAAGCAACGACGCCTGGCAGGS 1698

816 GCCGAGGAGTGGGTCGGCGACAGGAAGCAGTGGATCTCCGTCAGAGCTGA 865

FETELEELTE O 0 T T0E THEEERTREEE TETEETTY 1
1699 GCTGAGGAGTGGCTTGGTGACAAGAAACAGTGGATCTCTGTCAGAGCAGA 1748

866 AGTCCTCACGACGTTIGCCCTCTGTGGATTTGCCAATTTCAGCTCCATTG 915
PARD O T VPO EEETEEV R TR e Teerrenaee
1749 AATCCTGACTACATACGCCCTCTGTGGATTTGCCAACTTCAGCTCCATCG 1798
916 GGATCATGCTGGGAGGCGTGACCTCCATGGTCCCCCAACGGAAGAGCGAC 965
EHLELL DEREREEE TEREEE 1 FEEEVRLE FEEE rEEn
1799 GCATCATGTTGGGAGGCCTGACCTCCCTAGTCCCCCAGCGGAGGAGCGAC 1848
966 TTCTCCCAGATAGTGCTCCGGGOGCTCTTCACGGGAGCCTGTGTGTCCCT 1015
R R R A e R A A A A O A R A R AR
1849 TTCTCCCAGATTGTACTCCGGGCACTGATCACAGGGGCTTTCGTGTCCCT 1898
1016 GGTGAACGCCTGTATGGCAGGGATCCTCTACATGCCCAGGGGGGCTGAAG 1065
PO TEUNTEETD PVREREEE LR e 8 LERELTEeL 1 |
1899 GCTAAACGCCTGTGTGGCAGGGATCCTCTATGTACCCAGGGGGGTCGAGG 1948

1066 T 1066

|
1949 T 1949

Figure 3.11. Comparison of the overlapping regions of the nucleotide sequences of the
Clone B (top) and rCNT1 (bottom). The alignment was performed using the GCG
BESTFIT program. Identical nucleotides are indicated by vertical lines. The two

sequences are 86% identical.
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1 LGIMVDIQGLSFQLICSYILRPVAFLMGVAWEDCEVVAELLGIKLFLNEF 50 Clone B
FECECTEERR TR T R =TV R RN DR LR EE =L
449 LGDMVDIQGLSFQLICSYVLREVAFLMGVAWEDCEVVAELLGIKFFLNEF 498 rcNT1
51 VAYQDLSKYKQPRLAGAEEWVGDRKQWISVRAEVLTTFALCGFANESSIG 100
R R e s
499 VAYQELSQYKQRRLAGAEEWLGDKKQWISVRAEILTTYALCGFANFSSIG 548
101 IMLOGVTSMVPQRKSDFSQIVLRALFTGACVSLUNACMAGTLYMPRGAE 149

CEVEE=00=0 R R =00 = TH =P e b E=EE] -
549 IMLGGLTSLVPQRRSDFSQIVLRALITGAFVSLLNACVAGILYVPRGVE 597

Figure 3.12. Comparison of the deduced amino acid sequences of the overlapping
regions of Clone B and rCNT1. The alignment was performed using the GCG
BESTFIT program. Lines denote identical residues. Two dots represent highly
conserved residues and a single dot shows weakly conserved residues. The two

sequences are 88% identical and 97% similarity.
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706 COTGAGAGGACTGCCCAGTGRTAGCTGAGCTGCTGGGGATCAAGCTGTTT 755 Clone B
PEELEERECER R ERL T TR L LT TEELE e Ly

1 CGTGGGAGGACTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTIT 50 ECR product

756 CTGAACGAGTTTGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACCECG 805
COVEEEREL RV EEE R TRV EL LR ECOVERE LR REREELED FE)

51 CTGAACGAGTTTGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACGCCG 100

806 CCTGGCAGGGACCEAGIAGTGIGTCRICRACAGRARGCAGTGGATCTCCG 855
CECELTTLCEE R L LR R R e e e T Er e

101 CCTGGCAGGGGCCGAGGAGTGGGTCGGCGACAGGAAGCAGTGGATCTCCG 150

856 TCAGAGCTGAAGTCCTCACGACGTTTGCCCTCTGTGGA 893

EELELLELE T T T e e e e
151 TCAGAGCTGAAGTCCTCACGACGTTTGCCCTCTGTGGA 188

Figure 3.13. Comparison of the nucleotide sequences of Clone B between primers Q1
and Q2 (top) and the PCR product (bottom). The alignment was performed using the
GCG BESTFIT program. Identical nucleotides are indicated by vertical lines. The two

sequences are identical. except for one position.
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624 GGCTGGGAGAAATGGTGGACATCCAGGGGCTCAGCTTCCAGCTCATCTIGE 673 Clone A

LEELEUE TE PREEEEECE e e L e e e
616 GGCTGGGCGACATGGTGGACATCCAGGGGCTCAGCTTCCAGCTCATCTGE 665 Clone B

674 TCCTACATCCTGCGGCCTGTAGCCTICTTIGATGGETCTGGCOGTGEGAGGA 723

. PELLEECELELRLECLERLEE T R T L R LT Ern ety
TCCTACATCCTGCGGCCTGTAGCCTTCTTGATGGGTGTGGCGTGGGAGGA

66 71s

724 CTGCCCAGTGGTAGCTGAGCTGCTGOGGATCAAGCTGTTICTGAACGAGT 773
PECLRLEEEEE T REL TR T D e e e e e
716 CTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTTCTGAACGAGT 765
774 TTGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACCCOGOCTGRCAGES 823
FECCVEE TR LR PR P LT TR T
766 TIGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACCCCGCCTGGCAGGG 815
824 GCCGAGGAGTGGGTCGICGACAGGAAGCAGTGGS 857

LEEEVELDTERE LT e
816 GCCGAGGAGTGGGTCGGCGACAGGAAGCAGTGGA 849

Figure 3.14. Comparison of the nucleotide sequences of overlapping regions of Clone
A (top) and Clone B (bottom). The alignment was performed using the GCG
BESTFIT program. Identical nucleotides are indicated by vertical lines. The two

sequences are identical. except for two positions.

85



Clone A
(857 bp)

| 557 bp !

Clone B
b——450 bp ———
(1066 bp)

PCR

Figure 3.15. Schematic representation of the alignment of Clones A and B and the
PCR product. Solid lines indicate homologous region. Broken lines indicate regions of

sequence unrelated to rCNT1.
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1 COTGGRAGGACTGCCCAGTGGTAGCTGAGCTGCTGGGRATCAAGCTGTTT 50 BCR product
PELLLEEELN TR DR L R
1620 CGTGGGAGGACTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTT 1669 hONTL
51 CTGAACGAGTTTGIGGCCTATCAAGACCTCTCCAAGTACAAGCAACGCCS 100
CEELUREEREEL R P TR
1670 CTGAACGAGTTTGTGGCCTATCAAGACCTCTCCAAGTACRAGCAACGCCG 1719
101 CCTGACAGGOGCCEAGGAGTOCRTCRACGACAGEAAGCAGTGGATCTCCE 150
CEVLELTLCEE TR P R PR R LTI EE T
1720 CCTGGCAGGGGCCGAGGAGTGGGTCGEOGACAGGAAGCAGTGGATCTCCG 1769
151 TCAGAGCTGAAGTCCTCACGACGTTIGCCCTCTGTGRA 188

LEEVEERE TR CER TR LR T LV EL T TE
1770 TCAGAGCTGAAGTCCTCACGACGTTTGCCCTCTGTGGA 1807

Figure 3.16. Comparison of the nucleotide sequences of the PCR fragment (top) and
the corresponding region of hCNT1 (bottom). The alignment was performed using the
GCG BESTFIT program. Identical nucleotides are indicated by vertical lines. The two

sequences are identical.
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Figure 3.17. Comparison of the nucleotide sequences of the overlap region of Clone
A (top) and hCNTI1 (bottom). The alignment was performed using the GCG
BESTFIT program. Identical nucleotides are indicated by vertical lines. The two

sequences are identical.
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TGTCATGACCGGAGGTTACGCCACCATTGCTGGCAGCCTGCTGGGTGCCT
CELCEECERL LRI R L LT TR R e e
TGTCATGACCGGAGGTTACGCCACCATTGCTGGCAGCCTGCTGGGTGCCT

FELEEEEEEEEE L R R TR ER et
ACATCTCCTTTGGGATCGATGCCACCTCGTTGATTGCAGCCTCTGTGATG

GCTGCCCCTTGTGCCTTGGCCCTCTCCAAACTGGTCIACCCGGAGGTGGA

EELLEELLEEERE R L R TR LT LR L EEL LT
GCTGCCCCTTGTGCCTTGGCCCTCTCCARACTGETCTACCCGGAGGTGGA

- - - - -

GGAGTCCAAGTTTAGGAGGGAGGAAGGAGTGAAACTGACCTATGGAGATG
FEVECEERTL LR R EE R R e L e e i
GGAGTCCAAGTTTAGGAGGGAGGAAGGAGTGAAACTGACCTATGGAGATG

CEELEVELELPEECOR R e R LR E L TR EEL
CTCAGAACCTCATAGAAGCAGCCAGCACTGGGGCCGCCATCTCOGTGAAG

GTGGTCGCCAACATCGCTGCCAACCTGATTGCGTTCCTGGCTGTGCTGGA

FELELTEEL LR TR TR T I R LT
GTGGTCGCCAACATCGCTGCCAACCTGATTECGTTCCTGGCTGTGCTGGA

IlllllllllIllllllllllllllllllllll HLLELEETEY T T
CTTTATCAATGCTGCCCTCTCCTGGCTGGGAGACATGGTGGACATCCAGG

GGCTCAGCTTCCAGCTCAICTGCTCCTACAICCTGCGGCCTGTAGCCTTC

EECLRTEVEETVECEEE R DR CE R PR EE TR E T
GGCTCAGCTTCCAGCTCATCTGCTCCTACATCCTGOGGCCTGTAGCCTTC

TTGAEGGGT&TGGCGTGGGAGGACTGCCCAGTGGTAGCT&AGCTGCTGG&
B
TTGATGGGTCTGGCGTGEGAGGACTCCCCAGTGGTAGCTGAGCTGCTGEG

LERCPEERE VDRV VR TR R TR ETErY
GATCAAGCTGTTTCTGAACGAGTTTGTGGCCTATCAAGACCTCTCCAAGT

ACAEGCAACCCCG»CTGugAGGGGuCGAGGAGTGGGTCGGCGnCAGCnAG

PEOERREEE TEERET R R T e e e T et
ACRAGCAACGCCGCCTGECAGGGGTCGAGGAGTGGGETCGGIGACAGGARG

CAGTGGA 857
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616 GGCTGGGCGACATGGTGGACATCCAGGGGCTCAGCTTCCAGCTCATCTGE 665 Clone B

R nmmm
1530 GGCTGGGAGACATGGTGGACATCCAGGGGCTCAGCTTCCAGCTCATCTGC 1579 hONTL

666 TCCTACATCCIGOGGCCTGTAGCCTTCTTGATGGGTGTGGOGTGGGAGGA 715

PECLELRLTEECEE T R C T L TR
1580 TCCTACATCCTGCGGCCTGTAGCCTTCTTGATGGGTGTGGCGTGGGAGGA 1629

716 CIGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTTCTGAACGAGT 765

s
1630 CTGCCCAGTGGTAGCTGAGCTGCTGGGGATCAAGCTGTTTCTGAACGAGT 1679

766 TTGTGGCCTATCAAGACCTCTCCAAGTACAAGCAACCCCGCCTGGCAGGG 815

FECLLRLETERVRE R R P e CEE e
1680 TTGTGGCCTATCAAGACCTCTCCAAGTACAAGCARCGCOGCCTGACAGES 1729

816 GCCGAGGAGTGGGTCGGCGACAGGARGCAGTGGATCTCCGTCAGAGCTGA 865

CELRELLLEECEE LI TR T LT eeEr e
1730 GCCGAGGAGTGGGTCGGCGACAGGAAGCAGTGGATCTCCGTCAGAGCTGA 1779

866 AGTCCTCACGACGTTTGCCCTCTGTGGATTIGCCAATTTCAGCTCCATTG 915
PERCETERRLEEE R R LR LR LR
1780 AGTCCTCACGACGTTTGCCCTCTGTGGATTTGCCAATTTCAGCTCCATTG 1829

916 GGATCATGCTGGGAGGCGTGACCTCCATGGTCCCCCAACGGAAGAGCGAC 965

CEVLCLEEELTELREEE TEEE LR T e e
1330 GGATCATGCTGGGAGGCTTGACCTCCATGGTCCCCCAACGGARGAGCGAC 1879

966 TTCI’CCCAGA&AGTGCICCGGGCGC“CT’"CACG\NAGCCTGTG'IGPCCCP 1015

FOCEEEEETEE TR PR E R R R LT e
1880 TTCTCCCAGATAGTGCTCCGGGCGCTCTTCACGGGAGCCIGTGTGTCCCT 1929

1016 GGIGAAC&CIGPAIGGCAGG&KTCCTCTMCCAGGGGGGCTGAAG 1065
s nnmm

1930 GGTGAACGCCTGTATGGCAGGGATCCTCTACATGCCCAGGGGGGCTGAAG 1979
1066 T 1066

I
1980 T 13980

Figure 3.18. Comparison of the nucleotide sequences of the overlap region of Clone B
(top) and hCNT1 (bottom). The alignment was performed using the GCG BESTFIT
program. Identical nucleotides are indicated by vertical lines. The two sequences are

identical, except for three positions.



Clone A: 857 bp

Clone A
O S
—_— PCR
hCNT1
0 2790
Clone B: 1066 bp
e m e ————— Clone B
bez50--—|
- PCR
hCNT1
o 2790
fomeemmeemee-coding region-——-——m-mmmoee

Figure 3.19. Schematic representation of the alignment between the hCNT1 cDNA.

the PCR product and homologous regions of Clones A and B.
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Table 3.1 Sequence resuits of rCNT1 mutagenesis with degenerate primers IP1,
P2

Wild-type 9

S459A 1

Y466F 1

P470A 2

S459A/Y466F 2 (1 with a PCR mutation)
Y466F/P470A 1

S459A/P470A 1 (with a PCR mutation)
S459A (single base mutation) 21

Total 38

‘0
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Table 3.2 Uridine influx values for wild-type and mutant rCNT1 constructs

Experimental Group Constructs Influx Values
(pmol/oocyte.min™)

Series 1 Wild-type rCNT1 435 +£ 1.03
S459A 3.45 + 1.16
Y466F 4.49 + 0.34
P470A 3.64 £ 1.11
Water control 0.024 + 0.02

Series 2 Wild-type 3.62 + 0.98
S459A/Y466F 0.73 £0.28
S459A/P470A 0.29 + 0.13
Y466F/P470A 1.79 +£ 0.74

S459A/Y466F/P470A 0.02 + 0.01

Water control 0.02 +£0.02
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ECOHU4748 SLESILGYLLAP

ECOHU4751 SLESIFGYVLAP

NupcC SFQGILGYIFYP
TYCNT1 459 SFQLICSYVLRP 470

hCNT1 SFQLICSYILRP

* *® * k

Figure 3.20. Alignment of reievant regions of the deduced amino acid sequences of
ECOHU4743, ECOHU4751, NupC, rCNT1 and hCNT1. S$459, 1463, Y466 and

P470 that form a conserved face in helix 12 are indicated by asterisks.



------2GC TAC
----- -GGC TAC

------ ACC TAC

------ AGC TAC
----- -GCC TAC

------ GGC TAC
------ GCC TTC
----- -GCC TAC
------ GGC TTC
------ GCC TTC
------ ACC TTC
------ ACC TAC
------ ACC TTC
------ AGC TTC

Wildtype

Y466F
P470A
S459A

S459A/Y466F
S459A/P470A

Triple mutant

Y466F /P470A

Figure 3.21. Oligonucleotide sequences of the sense degenerate primer IP1. Targeted

nucleotides are shown in bold and underiined. Substitute nucleotides are shown in

iralics.
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260 bp 434 bp

Figure 3.22. Ethidium bromide-stained 1% agarose gel of the PCR products
generated from rCNT1 plasmid DNA during first PCR amplification. Lane 1: 260
bp fragment from the reaction using the flanking primer FP1 and the degenerate
inside primer IP2; Lane 2: 434 bp fragment from the reaction using the flanking

orimer FP2 and the degenerate inside primer IP1.
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656 bp-

Figure 3.23 Ethidium bromide-stained 1% agarose gel of the PCR product (565 bp)
generated from rCNT1 plasmid DNA during second PCR amplification with the two
flanking primers FP1 and FP2. Lane 1: control reaction using the wildtype cDNA
as template; Lane 2: aliquots of the reaction using the first PCR products as

templates.
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4564 bp-
580 bp-

Figure 3.24. Ethidium bromide-stained 1% agarose gel of DNA fragments digested
with BspEI and BamHI. Left hand lane: digestion of second PCR product; Right
hand lane: digestion of rCNT1 piasmid DNA. A band at 530 bp in the right hand

lane was visible on the originai gei, but is oniy faintly visibie here.



2.4Kb

Figure 3.25. Ethidium bromide-stained 1% agarose ge! of PCR preducts (~ 2.4 kb)
generated using randomly selected transformant plasmid DNA as template and two
flanking primers for the pGEM-3Z vector, T7 and SP6. Left hand lanes: selected

transformants. Rigat hand lane: control rCNT1 plasmid DNA.
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transformants prcduced by mutagenesis of wiid-type rCNT1 using the degenerate

inside primers IP1 and IP2. W: original nucieotices.
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IP3 >
< IP4 ——> S459A/p470A
P470A (template)
t ¢ ¢
Ser Tyr Ala
Ala
+
IP3 >
< IP4 -——-> triple mutant
Y466F/P470A (template)
t t ¢
Ser Phe Ala

Figure 3.27. Construction of S459A/P470A and S459A/Y466F/P470A using non-
degenerate primers IP3 and IP4 and mutant templates P470A and Y466F/P470A,

respectively.
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1.5 Kb

Figure 3.28. Ethidium bromide-stained 1% agarose gel showing represeatative PCR
prcducts generated from mutant rCNT1 pGEM-3Z DNAs by using the flanking
primer T7, the internal primer IP2 and the corresponding mutant plasmid DNA as

tempiate.
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Figure 3.29. Ethidium bromide-stained 1% agarose gel of mutant piasmid cDNAs
linearized by Xbal. Left to right: S459A, Y466r, P470A, S459A/Y466F,

S459A/P470A, Y466F/P470A, S459A/Y466F/P470A and control, wild-type rCNT1.
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2.4Kb JLahalaialslad X

Figure 3.30. A 1% agarose gel of wild-type and mutant rCNT1 RNA transcripts.
Lefttoright: S459A, Y466F, P470A, S459A/Y466F, S459A/P470A, Y466F/P470A,

S459A/Y466F/P470A and wild-type control rCNT1.
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Figure 3.31. Uridine transport by wild-type and single mutant rCNT1 constructs.
Xenopus oocytes were injected with water alone or with water containing wild-type
or mutant rCNT1 RNA transcripts (10ng). After 3 days, influx of ["Hjuridine
(10gM, 20°C, 1min) was determined in transport buffer containing 100mM NaCl.
Each value is the mean+SEM of four experiments. S, mutant S459A; Y, mutant
Y466F; P, mutant P470A. * denotes values that are statistically different (P <0.05)

from control.
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Figure 3.32. Uridine transport by wild-type, double and triple mutant rCNT1
constructs. Xenopus oocytes were injected with water alone or with water containing
wildtype or mutant rCNT1 RNA transcripts. After 3 days, influx of [HJuridine
(10uM, 20°C, 1min) was determined in transport buffer containing 100mM NaCl.
Each value is the mean+SEM of four experiments. SY, mutant S459A/Y466F; SP,
mutant S459A/P470A; YP, mutant Y466F/P470A; SYP, mutant
S459A/Y466F/P470A. * denotes values that are statistically different (P <0.05) from

control.
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kDa kDa
- ‘
1= e G @
~ S N s TR
Lane 1 2 3 5 6 7 8 9 10 11
Lane 1: S459A Lane 6: S459A/Y466F
2: Y466F 7: S459A/P470A
3: P470A 8: Y466F/P470A
9: S459A/Y466F/P470A
Lanes 4 and 10: wild-type controls

11: water controls.

5 and 11: water control
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CHAPTER 4

Discussion
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4. DISCUSSION

Expression selection in Xenopus oocytes has been used to isolate a cDNA
from rat jejunal epithelium encoding a Na*-dependent nucleoside transporter protein
named rCNT1 (50). rCNT1, which is also present in kidney and corresponds
functionally to one of the two major concentrative nucleoside transporter subtypes
found in mammalian cells (system N2/cit), was the first identified mammalian
representative of a new gene family of transporters that includes the E. coli
H*/nucleoside symporter nupC (25,50). In addition to transporting physiological
pyrimidine nucleosides (and adenosine), recombinant rCNT1 expressed in Xenopus
oocytes has been shown to accept the antiviral pyrimidine nucleoside analogs AZT
and ddC as permeants, suggesting a potential role for the human homolog of this
transporter in the intestinal absorption and renal handling of these drugs (50,134).
The first part of my thesis describes the isolation of cDNAs encoding the human
homolog of this protein, hCNT1. The second part of this thesis describes the
construction and functional expression of a series of rCNT1 mutants involving amino
acid substitutions in a putative transmembrane domain (helix 12) that is highly

conserved between human and rat CNT1 and their bacterial counterpart.

4.1 ISOLATION OF ¢cDNAS ENCODING HUMAN CNTI (hCNTI1)

4.1.1 PCR Product
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A PCR product was amplified from a human kidney pYEUra3 cDNA library
that proved to belong to 2 human rCNT1 homolog (Chapter 3, Section 3.1.2). The
nucleotide sequence of the 235 bp PCR fragment was 86% identical to the
corresponding region of rTCNT1 cDNA. When the deduced amino acid sequence of
the human PCR product was compared with that encoded by the same region of
rCNT1, they were 98% similar and 89% identical. There were sufficient sequence
differences between the human kidney PCR product and rCNTI1 to exclude the
possibility that the former was a PCR artifact derived from contaminating rCNT1
template present in the human kidney cDNA amplification reaction.

Subsequent to the cloning of rCNT1 and the isolation of my human kidney
PCR fragment, cDNAs encoding a second rat nucleoside transporter protein, rCNT2,
with N1/cif transport activity were isolated from rat liver (23) and rat jejunum (135).
The nucleotide and deduced amino acid sequences of the human kidney PCR product
were less similar to the corresponding region of rCNT2 (70% and 63% identity,
respectively) than they were to rCNT1 (86% and 89% identity, respectively),
suggesting that I had isolated a cDNA belonging to a hCNT1-type nucleoside
transporter.

This cDNA, labelled with P, was used subsequently as a hybridization probe
to isolate two further hCNT cDNA fragments (clones A and B) from the same
pYEUra3 human kidney cDNA library (Chapter 3, Section 3.1 and this Chapter,
Section 4.1.2 below). In later studies, the same probe, generated by PCR

amplification using Clone B as template, played an important role in experiments
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which ultimately led to the successful isolation of a full-length h\CNT cDNA (102).
As discussed in Section 4.1.3 below, functional expression of the full-length cDNA
in Xenopus oocytes confirmed that the PCR product (and clones A and B) encoded
a CNT-type transporter (designated hCNT1).

4.1.2 Clones A and B

Hybridization cloning of Clones A and B from the same human kidney
pYEUra3 cDNA library that yielded the PCR fragment provided strong supporting
evidence for the presence of an rCNT1 homolog in human kidney. As described in
Chapter 3, Section 3.1.3, sequence alignments established that the two partial-length
cDNAs (i) encoded overlapping regions of the same rCNT-related protein and (ii)
contained nucleotide sequence identical to the PCR probe. As was the case for the
PCR product, the nucleotide and deduced amino acid sequences of Clones A and B
more closely resembled rCNT1 (87% and 91% identity, respectively, for Clone A
and 86% and 88%, identity, respectively, for Clone B) than rCNT2 (73% and 72%
identity, respectively, for Clone A and 75% and 70%, identity, respectively, for
Clone B) suggesting that the cDNAs belong to a hCNT1-type transporter.

In addition to rCNT1/2-related sequence, the cDNA inserts of Clones A and
B also contained regions of sequence unrelated to either rCNT1 or rCNT2, which
were different in the two clones (Chapter 3, Section 3.1.3). Neither matched known
sequences in the databases. Their open reading frames were not continuous with the

adjacent regions of rCNT1/2-related sequeace and it is likely that the inserts of both
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clones were produced by artifactual ligation of two different cDNAs into the same
plasmid during assembly of the library. It is also possibie that the clones were
produced by recombination events in E. coli. The probability of this occuring,
however, is small because the E. coli strain used to make the library and in my
experiments (XL1-Blue) is a rec4™ host, where homologous recombination does not
occur. A final possibility is that the mRNA used to make the library was
contaminated with genomic DNA, in which case the non-homologous regions of
sequence might be introns in the hCNT1 gene.

The Clone B insert included both primer regions of the PCR product (Figure
3.16). This cDNA was used subsequently as template to provide an additional PCR
probe to screen a different pCDNA1 human kidney cDNA library (Section 4.1.3
below). The choice of using Clone B as template to make the PCR probe, rather
than using the PCR product itself, was to lessen the chance amplifying PCR-induced
mutations. These experiments, which were performed in a study separate from this
thesis by Mrs. Mabel W_.L. Ritzel and Dr. Sylvia Y.M. Yao, resulted in the eventual
isolation and functional expression of cDNAs encoding full-length hCNT1 (102).
Together, Clones A and B encoded 40% of the full open reading frame of hCNT1
(Figure 3.19).

Finally, my experiments suggest that Clone A may contain a novel
endonucleoase, Accl, restriction site. During subcloning and sequencing of the clone,
I discovered that the Accl restriction enzyme, under experimental conditions

recommended by the supplier, unexpectedly cleaved this cDNA at a site ~170 bp
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from the 5’-end (results not shown). Analysis of the original insert and the digested
fragments established that Accl cleaved the cDNA at a site with the sequence
CTAT4TCAT. The normal Accl restriction site has the sequence

GT {(A/CY(T/G)AC.

4.1.3 hCNT1

rCNT1 and rCNT2 are pyrimidine- and purine-selective, respectively, and
correspond functionally to the two major Na*-dependent nucleoside transporter
processes that have been observed in cells of rodent, rabbit and bovine origin (21).
As outlined in Section 4.1.2 above, the conclusion that my human kidney PCR
product and Clones A and B encoded fragments of a human homolog of rCNT1 was
verified in subsequent experiments by the isolation and expression of cDNAs
encoding the full-length transporter in Xenopus oocytes (102). In fact, a series of
cDNAs encoding two human homologs (hCNT1a and hCNT1b) of rCNT1 were
obtained.

hCNT1a was a composite full-length cDNA assembled from two incomplete,
overlapping cDNAs cloned from a pCDNA1l human kidney ¢cDNA library by
hybridization screening with the PCR probe described in this thesis (102). The open
reading frame encoded a 650 amino acid residue protein (compared with 648 for
rCNT1) that was 83% identical in sequence to rCNT1 (Figure 4.1). The sequence
identity between hCNT1a and rat liver rCNT2 (also known as SPNT)(23) was 64%

(Figure 4.2). Northern biot analysis of human kidney mRNA identified a single
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transcript at 3.4 kb (118). The rat kidney rCNT1 transcript was of similar size (50).
hCNT1b was isolated by reverse transcriptase (RT)-PCR amplification of human
kidney RNA using primers flanking the hCNT1a open reading frame (102). The
predicted amino acid sequence was similar (> 99% correspondence), but not
identical, to hCNTla.

Compared with hCNT1a, hCNT1b contained four amino acid substitutions
(G34E, V1091, N410S, D522N) and deletion of V141. These differences, which may
reflect hCNT1 genetic polymorphism (the cDNAs for hCNT1a and hCNT1b were
obtained from different donors) and/or PCR-induced changes, were found to have
no detectable effect on hCNT1 function (102). hCNT1-mediated uridine flux was
rapid, Na*-dependent and saturable, giving kinetic constants (apparent K, ~ 40 xM,
Vo ~ 25 pmol/oocyte.min) similar to those reported previously for rtCNT1 (50).
Na*-independent uridine influx by hCNT1 exhibited a linear concentration-
dependence (up to 1 mM) that was also similar in magnitude to that found previously
for rCNT1 (50) and suggests ordered binding of Na* and nucleoside to the
transporter, with the cation binding first, thereby increasing the protein’s affinity for
nucleosides.

Classification of rCNT1 as a pyrimidine-selective (N2/ciz-type) nucleoside
transporter was based upon selective inhibition of uridine and thymidine fluxes by
pyrimidine nucleosides and adenosine (adenosine, thymidine, cytidine, uridine > >
guanosine, inosine)(50). Uridine fluxes in oocytes expressing recombinant hCNT1
. were inhibited by adenosine, thymidine, cytidine and uridine, but not by guanosine
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and inosine, suggesting close functional homology of the human nucleoside
transporter with rCNT1 (102).

With respect to transport of adenosine, both hCNT1 and rCNT1 treated this
physiologically important purine nucleoside as a high-affinity but low capacity
permeant (102, 135). In human, mouse and rat kidney, adenosine undergoes net
renal reabsorption by a high-affinity, low-capacity process (66,114). For example,
adenosine is reabsorbed at plasma concentrations < 50 uM, but is secreted at higher
concentrations in isolated perfused rat kidneys (114). Unlike adenosine,
deoxyadenosine undergoes net renal secretion in humans and mice (66). Other sugar-
modified adenosine analogs (tubercidin compounds) are also secreted (89). In
experiments with ococytes expressing recombinant hCNT1, deoxyadenosine inhibited
transport activity with an apparent K; value (46 uM) similar to that determined for
adenosine, demonstrating high-affinity binding of deoxyadenosine to the transporter
(102). Consistent with the kidney’s ability to differentiate its handling of adenosine
(reabsorption) and deoxyadenosine (secretion), however, transport of deoxyadenosine
by hCNT1 (and rCNT1) was much slower than for adenosine (102). These findings
establish that the ribose moiety of adenosine is important for transport by hCNT1
and rCNT1 and are compatible with CNT1 participation in renal adenosine
reabsorption. The relative contribution of hCNT1 to that process, assuming that the
transporter is located in the brush border membrane, will depend on the extent to
which human kidney expresses other Na*-linked nucleoside transporters.

Unlike adenosine and deoxyadenosine, hCNT1 transport of uridine was not
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inhibited by guanosine, a presumed N4/cit permeant (102)(please also see Chapter
1, Section 1.1). Direct measurements of PH]guanosine fluxes by oocytes expressing
hCNT1 and rCNT1 confirmed that guanosine was a poor CNT1 permeant (50,102).
Human kidney brush border membrane vesicles (42) and oocytes injected with
human kidney mRNA (43) have previously been shown to exhibit a nucleoside
transport activity that accepts pyrimidine nucleosides, adenosine and guanosine as
permeants. The role of hCNT1 in these processes remains to be determined. The
conclusion that guanosine is a permeant of the human kidney pyrimidine-selective
nucleoside transporter was based upon results from indirect inhibition and trans-
acceleration assays (42,43), and not, as described here, from direct measurements
of guanosine fluxes.

In a final series of functional studies (102), it was established that hCNT1,
like rCNT1, also transports AZT, a pyrimidine nucleoside analog widely used in the
treatment of AIDS (24). This drug is administered orally, is absorbed efficiently by
the gastrointestinal systems of both rats and humans (24,83,92), and is secreted
in the urine either unchanged or as the glucuronide conjugate (38,39). Therefore,
although AZT undergoes net renal secretion (39), the results with recombinant
hCNT1 demonstrate the existence in human kidney of an active transport system that
may contribute to AZT reabsorption.

It can be concluded, therefore, that hCNT1 is both a structural and functional
homolog of rCNT1. The isolation of cDNAs encoding hCNT1 represented the first

molecular cloning of a human nucleoside transporter and the first demonstration that
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members of the CNT family of NT proteins and their associated transport activities
exist in human cells. h(CNT1 represents a potential mechanism for renal reabsorption
of physiological nucleosides and synthetic nucleoside drugs.

4.2 SITE-DIRECTED MUTAGENESIS STUDIES OF RAT CNTI1 (rCNT1)

4.2.1 Three Conserved Amino Acid Residues in Transmembrane Domain 12

My experiments tested the hypothesis that three amino acid residues common
to rCNT1 and its E. coli homologs may play an important role in the
structure/function of the transporter. These rCNT1 residues, S459, Y466 and P470,
are spatially arranged on the same face of presumed helix 12 of the protein and are
also conserved in hCNT1. My studies mutated each of these residues singly and in
combination to investigate the effect(s) of their substitution on the transport activity
of recombinant rCNT1 expressed in Xenopus oocytes. S459 and P470 were mutated
to alanine residues, and Y466 was mutated to phenylalanine.

My experiments provided an unexpected observation. In the situation wh&e
each residue was mutated in isolation, only S459A showed a significant decrease in
transport activity (10 uM uridine influx), and even here the decrease in transport
activity was small (79% of wild-type). The double mutants, in contrast, exhibited
intermediate uridine fluxes (8-49% of wild-type), while the triple mutant was totally
devoid of transport activity. Thus, while the mutagenesis experiments verified the
original hypothesis (that the three residues were important for transport activity), my
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results demonstrated that none of the amino acids, in isolation, were essential for
transport activity. Instead, their mutation had a cumulative effect on the function of
the protein. My studies provided evidence that none of the mutations (either singly
or in combination) adversely affected trafficking of the recombinant proteins to the
oocyte plasma membrane (Section 4.2.2, below). Therefore, it can be concluded that
the observed changes in transport activity reflect alterations in the intrinsic transport
activity of the protein.

Two of the amino acid residues under investigation (S459 and Y466) are
polar and capable of forming hydrogen bonds either with the permeant or with other
structural elements of the transporter protein itself (eg helix-helix interactions).
Whichever possibility is correct, neither residue on its own or in combination with
the other is essential for activity (the double mutant showed an 80% decrease in
uridine influx relative to the wild-type protein). A potential analogy for this situation
is provided by X-ray crystallographic data for the lactose binding site of human S-lac
lectin (76,77). The resolved crystal structure of this sugar-binding protein
demonstrated that there are nine specific interactions, mostly hydrogen bonds,
between the lactose substrate and the side chains of specific amino acid residues in
the protein. In such a circumstance, it might be anticipated that loss of one or
perhaps two of these interactions might reduce the affinity of the protein for its
substrate, but that partial binding (and transport) might still occur. The transport
assay used in my experiments employed a sub-K_ uridine conceatration (10 xuM) to

maximise the chance of observing changes in either K, or V,,,. My data provide
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no information on which kinetic parameter(s) were altered in the different mutants
and would not have detected situations in which both K, and V., changed in parallel
to maintain the wild-type VK, ratio.

The third amino acid residue under investigation was P470. This nonpolar
amino acid residue is particularly interesting because of its postulated location within
the middle of helix 12 (Figure 1.3). The role of proline residues in transmembrane
a-helices and their potential involvement in cation binding is reviewed in Chapter

1, Section 1.3.3).

4.2.2 Expression of Recombinant rCNT1 Mutants in the Oocyte Plasma
Membrane

Xenopus oocytes can translate foreign eukaryotic mRNA efficiently into
protein and process and target the resultant heterologous proteins to the appropriate
cellular compartment. This expression system in combination with site-directed
mutagenesis is a popular and useful methodology to study structure-function
relationships of cloned membrane transporter proteins (eg 31,35,78,80).

Changes in fuctional activity associated with amino acid substitutions are most
usually interpreted in terms of alterations in intrinsic activity. They can, however,
result from altered trafficking of the protein to the plasma membrane. Recent studies
of two human genetic membrane transport disorders provide examples of this. In
Glucose-Galactose Malabsorption patients, the Na*/glucose cotransporter (SGLT1)
mutations A304V and R449H cause impaired sugar transport because of the
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transporters’ failure to traffick normalily to the plasma membrane (81). The majority
of cystic fibrosis cases result from the deletion of a single amino acid residue (F508)
from the cystic fibrosis transmembrane conductance regulator (CFTR)(121). This
mutation causes decreased targeting of the protein to the plasma membrane (121).

To determine whether the effect of a site-directed mutagenesis substitution
is on the intrinsic activity of a membrane transport protein or on its trafficking to the
plasma membrane, it is necessary to estimate the amount of the protein expressed
on the cell surface. This can be achieved by Western analysis of plasma membrane
preparations from cells expressing the recombinant protein.

In my experiments, I adopted a method of oocyte plasma membrane isolation
that has been used successfully in several different laboratories (34,37,113). This
procedure produces a 10,000g plasma membrane-enriched pellet (and, if required
intracellular membrane fractions), which show (i) the expected distribution of
membrane enzyme markers (34,113) and (ii) the correct ultrastructure and
composition by electron microscopy (34). Using this fractionation method, Thomas
and coworkers (113) studied the subcellular distributions of three recombinant
equilibrative glucose transporters (GLUT2, GLUT3 and GLUT4) expressed in
Xenopus oocytes. Immunoblot analysis showed that GLUT2 and GLUT3 were
expressed predominantly in the plasma membrane, while GLUT4 was localized
mainly in intracellular membranes. This distribution correlated with the relative
functional activities of the three proteins. In my experiments, plasma membranes
prepared by this procedure from oocytes injected with wild-type and mutant rCNT1
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RNA transcripts showed comparable levels of expression of each of the recombinant

proteins.

4.3 FUTURE DIRECTIONS

4.3.1 Human CNT Transporters
hCNT1 has been shown to have transport activity with respect to both

physiological pyrimidine nucleosides (and adenosine) and antiviral pyrimidine
nucleoside analogs (102). It will be important to establish the tissue and cellular
distribution of this transporter and to understand the factors which regulate
expression of the hCNT1 gene. Initial confocal immunocytochemistry studies of
rCNT1 using rCNT1 antipeptide antibodies have demonstrated expression of the
transporter in the brush border membrane of eaterocytes of rat jejunum (Dr. S.A.
Baldwin, personal communication). It will be important to analyse other rat tissues,
including kidney, and to extend the study to hCNT1. It would also be informative
to undertake parallel in situ hybridization studies to quantify tissue and cellular levels
of CNT1 message. Cloning and sequencing of the hCNT1 gene and its regulatory
elements is also required. Chromosomal fluorescence in siru hybridization (FISH)
analysis of human lymphocyte metaphase chromosomes has been used to map a 2
kb hCNT1 probe to chromosome 15q25-26 (102). The same chromosomal band
location was determined by screening a human P1-derived artificial chromosome
(PAC) library (102). To date, approximately 10 kb of hCNT1 genomic sequence has
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been obtained from two PAC clones that mapped exclusively to 15q25-26 (M.W_.L.
Ritzel, personal communication). The full h\CNT1 genomic sequence will provide
information not only about regulation of gene expression, but also about transporter
topology, the potential for alternate splicing of hCNT1 transcript (eg to generate an
N4/cit-type phenotype), and whether or not the two anomolous regions of hCNT1
clones A and B correspond to introns.

It will ailso be important to establish whether the human genome contains
genes for other Na*-linked nucleoside transporters, including, for example, that

corresponding to rCNT2.

4.3.2 Mutagenesis Studies

In the rCNT1 mutagenesis experiments described in this thesis, Western
blotting was used to compare expression of mutant and wild-type recombinant
rCNT1 proteins in the oocyte plasma membrane. Cell surface expression of the
different recombinant rCNT1 constructs should be verified by other methods,
including confocal immunocytochemistry (35), charge movement measurements (81)
and freeze-fracture electron microscopy (81). These methods, in combination with
quantification of rCNT1 functional activity using the two electrode voitage clamp
(81) would allow, in theory, transport activity (nucleoside-dependent Na*-currents)
and plasma membrane transporter density to be determined in the same oocyte.

As discussed in Section 4.2.1 of this Chapter, it will also be important to

characterise each mutant functionally with respect to both K, and V. It may also
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be informative to study their handling of permeants other than uridine and to assess

whether any of the amino acid substitutions alter the protein’s interaction with Na*.
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Figure 4.1. Comparison of the deduced amino acid sequences of hCNT1 and
rCNT1. The alignment was performed using the GCG BESTFIT program. Lines
denote identical residues. Two dots represent highly conserved residues and a single

dot shows weakly conserved residues. The two sequences are 83% identical.
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Figure 4.2. Comparison of the deduced amino acid sequences of hCNT1 and
rCNT2. The alignment was performed using the GCG BESTFIT program. Lines
denote identical residues. Two dots represent highly conserved residues and a single

dot shows weakly conserved residues. The two sequences are 64% identical.
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