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Mammalian cells express at least two subtypes of equilibrative
nucleoside transporters, i.e. ENT1 and ENT2, which can be
distinguished functionally by their sensitivity and resistance
respectively to inhibition by nitrobenzylthioinosine. The ENTI
transporters exhibit distinctive species differences in their
sensitivities to inhibition by dipyridamole, dilazep and draflazine
(human > mouse > rat). A comparison of the ENT1 structures
in the three species would facilitate the identification of the
regions involved in the actions of these cardioprotective agents.
We now report the molecular cloning and functional expression
of the murine (m)ENT1 and mENT?2 transporters. mENT and
mENT?2 encode proteins containing 458 and 456 residues re-
spectively, with a predicted 11-transmembrane-domain topology.
mENTT1 has 88 9, and 78 %, amino acid identity with rat ENT1
and human ENT1 respectively; mENT2 is more highly conserved,
with 949, and 88 9, identity with rat ENT2 and human ENT2
respectively. We have also isolated two additional distinct cDNAs
that encode proteins similar to mENT1 ; these probably represent
distinct mENT1 isoforms or alternative splicing products. One
cDNA encodes a protein with two additional amino acids

(designated mENT1b) that adds a potential protein kinase CK2
phosphorylation site in the central intracellular loop of the
transporter, and is similar, in this regard, to the human and rat
ENT1 orthologues. The other cDNA has a 5-untranslated
region sequence that is distinct from that of full-length mENT1.
Microinjection of mENT1, mENTIb or mENT2 ¢cRNA into
Xenopus oocytes resulted in enhanced uptake of [*HJuridine by
the oocytes relative to that seen in water-injected controls.
mENT1-mediated, but not mENT2-mediated, [*H]uridine uptake
was inhibited by nitrobenzylthioinosine and dilazep. Dipyrida-
mole inhibited both mENT1 and mENT?2, but was significantly
more effective against mENT1. Adenosine inhibited both systems
with a similar potency, as did a range of other purine and
pyrimidine nucleosides. These results are compatible with the
known characteristics of the native mENT1 and mENT?2 trans-
porters.

Key words: dipyridamole, nitrobenzylthioinosine, nucleoside
transport, transporter isoforms, Xenopus oocytes.

INTRODUCTION

Pharmacological manipulation of the extracellular and intra-
cellular levels of nucleosides (both endogenous and synthetic
analogues) has been investigated in relation to a number of
clinical situations. These include enhancement of the target
selectivity and effectiveness of cytotoxic nucleoside analogues
used in anti-cancer and anti-viral therapy [1,2], as well as
manipulation of the biological activities of adenosine to enhance
its neuroprotective [3-7] and cardioprotective [8—12] actions.
Many of these protocols involve inhibition of the cellular uptake
or release of nucleosides. Hydrophilic nucleosides, such as
adenosine, do not readily cross cell membranes by passive
diffusion [13]. Their transfer into and out of cells is mediated by
two distinct families of nucleoside transporter proteins: Na*-
independent equilibrative transporters and Na*-dependent con-
centrative transporters [14—16]. These transporters are also
essential for the salvage of nucleosides for nucleotide and nucleic
acid synthesis, particularly in cell types that lack the ability to
synthesize nucleosides de novo [17,18]. Based on functional

analyses of radiolabelled nucleoside flux in cultured cells, six
subtypes of Na*-dependent concentrative transporters (N1-N6)
and two subtypes of equilibrative transporters have been identi-
fied [15]. The present study focused on the equilibrative trans-
porters. These systems are widely expressed in many different cell
lines and tissues, and they play a major role in cellular per-
meability to endogenous nucleosides and nucleoside analogues.

The two equilibrative, Na*-independent, transporters are
defined by their differential sensitivities to nitrobenzylthioinosine
(NBMPR) [15,16]. The ‘es’ (equilibrative inhibitor-sensitive)
transporter is blocked by concentrations of NBMPR lower than
1 nM, whereas concentrations in excess of 1 4M are required to
inhibit the ‘ei’ (equilibrative inhibitor-insensitive) transporter.
The es transporter is also more sensitive than the ei transporter
to other inhibitors, such as dilazep, dipyridamole and draflazine
[16,19,20]. However, unlike that seen using NBMPR, the actual
potency of these latter compounds for inhibiting the es trans-
porter is very species-dependent [21-26]. Dipyridamole, for
example, has a K, of approx. 10 nM for inhibiting the human es
transporter, whereas the mouse es transporter exhibits a K; of
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denote mouse, rat and human respectively); es, equilibrative inhibitor-sensitive nucleoside transport; EST, expressed sequence tag; GSP, gene-specific
primer; NBMPR, nitrobenzylthioinosine {6-[(4-nitrobenzyl)thio-9-4-p-ribofuranosylpurine}; PKC, protein kinase C; RACE, rapid amplification of cDNA
ends; RT-PCR, reverse transcriptase-PCR; TM, transmembrane segment; UTR, untranslated region.
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approx. 100 nM and the rat es transporter is very resistant to
inhibition by dipyridamole, with a K, value greater than 10 yM.
cDNAs have been derived from human and rat tissues that, when
expressed in Xenopus oocytes, encode proteins with functional
and pharmacological characteristics typical of the es and ei
nucleoside transporters [27-30]. These cDNAs have been desig-
nated ENT1 (es phenotype) and ENT2 (ei phenotype), and the
encoded proteins are predicted to have 11 transmembrane
segment (TM) domains with a cytoplasmic N-terminus. The
ENT proteins are members of a newly discovered gene family,
with no similarity to any other mammalian substrate transporters
for which there are molecular data. The ENT1 and ENT2
designations will be used to refer to the equilibrative transporter
subtypes for the remainder of this paper.

To facilitate the development of more subtype-selective nucleo-
side transport inhibitors for use as clinical modifiers of adenosine
bioactivity, it will be necessary to gain a better understanding of
the structural differences between transporter subtypes and
species orthologues that give rise to their distinctive pharma-
cology. We now report the molecular cloning of the mouse
ENT1 (mENT1) and mENT?2 transporters. The availability of
these cDNAs, along with those for the rat and human ortho-
logues, will enable detailed structure—function studies to be
carried out, in order to delineate the defining ligand—protein
interactions underlying the affinity and selectivity of nucleoside
transport inhibitors and substrates.

EXPERIMENTAL

In brief, partial cDNAs encoding proteins with a high degree of
sequence similarity to the human ENT1 (hENT1; es) and hRENT2
(ei) transporters were isolated by reverse transcriptase—PCR
(RT-PCR) amplification of poly(A*)-selected mRNA isolated
from CD-1 mouse whole-brain tissue. Additional sequence data
were then obtained by 5’- and 3’-RACE (rapid amplification of
cDNA ends), using gene-specific primers designed from the RT-
PCR products. The full-length cDNA clones for mENT1 and
mENT?2 were obtained by RT-PCR using primers based on the
5’- and 3’-RACE products.

mENT1

The initial primers for RT-PCR amplification of mENT1 were
derived from the EST (expressed sequence tag) sequences w59610
and aa397253. These ESTs were identified through a search of
the mouse EST database at the National Centre for Bio-
technology Information using hENTT1 (accession no. u81375) as
the query sequence. The sense primer corresponded to nucleotide
positions 12-32 of mEST w59610 (5'-AACCTCCTGCCTGA-
GCCTGAG-3"), and the antisense primer corresponded to
nucleotide positions 383403 of mEST aa397253 (5-CTGGC-
AGGGAAGGAAGTGAGC-3'). Taq polymerase (Life Tech-
nologies, Burlington, ON, U.S.A.) was used in the initial studies
to optimize the PCR conditions; all subsequent studies used the
proof-reading Advantage cDNA PCR Polymerase mix from
Clontech (Palo Alto, CA, U.S.A.). First-strand cDNA synthesis
was performed on 1 ug of mRNA template using the BRL
SuperScript® PreAmplification System (Life Technologies) with
an oligo(dT),, ,, primer. PCR reactions were performed in a
Thermocycler PE 480 (Perkin Elmer, Norwalk, CT, U.S.A))
using an oil-overlaid 50 ul reaction mixture in thin-walled 500 1
reaction tubes, and products were resolved by electrophoresis on
a 19% (w/v) agarose gel. Amplification parameters were as
follows: (a) 94 °C for 3 min (one cycle); (b) 94 °C for 1 min,
59 °C for 1 min and 72 °C for 2 min (30 cycles); and (c) 72 °C for
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10 min. A single amplicon product of ~ 1500 bp was obtained,
gel-purified, ligated into the TA-cloning vector pGEM-T
(Promega, Madison, WI, U.S.A.) and subcloned into DH5«
Escherichia coli competent cells (Life Technologies) using stan-
dard procedures. The plasmid inserts were sequenced with a Tag
BigDye Terminator Cycle Sequencing Kit using an automated
ABIPRISM Model 377 Version 3.3 DNA Sequencer (PE Applied
Biosystems, Norwalk, CT, U.S.A.). This process identified two
distinct cDNA sequences (50:50 ratio in six clones sequenced)
with open reading frames encoding proteins with greater than
80 9, sequence identity with hENT1. These two mENT1 isoforms
differed in the absence (mENT1a) or the presence (MENT1b) of
two additional amino acids and a flanking arginine-to-serine
substitution in the large central intracellular loop (predicted),
which effectively introduced an additional protein kinase CK-2
interaction site in mENT b (see Figures 1 and 2). Both mENT1a
and mENTI1b were also cloned from murine Ehrlich ascites
tumour cells.

The remaining 5-untranslated region (5-UTR) and 3’-UTR
sequence data for mENT1 were obtained from mouse brain
using 5'- and 3’-RACE. The gene-specific primer (GSP) for 5'-
RACE was 5-GTCCCCACAGGGTCACACAAGTGCCC-3,
corresponding to nt 1520-1545 of mENT 1a, and the GSP for 3’-
RACE was 5-GGGGCCTGCAGAGCAAGAGACCAAGT-
3, corresponding to nt 873-898 of mENT 1a. The complementary
primer was the AP1 oligonucleotide provided by Clontech,
designed to hybridize with the Clontech RACE Adaptor. PCR
reaction parameters were based on the manufacturer’s (Clontech)
recommended parameters for touch-down, two-step PCR. The
first set of parameters were: (a) five cycles at 94 °C for 30 s and
72 °C for 4 min; (b) five cycles at 94 °C for 30 s and 70 °C for
4 min; and (c) 25 cycles at 94 °C for 20 s and 66 °C for 4 min.
The secondary PCR reaction used the AP2 primer (Clontech)
and the GSP used in the first reaction with similar parameters,
except that the number of cycles was reduced, to three cycles in
steps (a) and (b) each and to 19 cycles in (¢). The amplicon
produced by this method (1400 bp) was purified and prepared
for sequencing as described above. The ENT1 3’-RACE amplicon
was also obtained by two-step PCR. The primary reaction was
carried out as per the manufacturer’s recommendations, with the
exception that the number of cycles in the amplification step was
reduced to 20, and 69 °C was used as the annealing/extension
temperature. The secondary PCR utilized both the AP2 primer
(Clontech) and a nested GSP, 5-ATTGGGTTGTTCCCTGCT-
3’, corresponding to nt 1060-1077 of mENT1la. The reaction
parameters for the secondary PCR were: (a) 94 °C for 30 s and
72 °C for 1 min (two cycles); (b) 94 °C for 30s and 70 °C for
1 min (two cycles); and (c) 94 °C for 20 s and 68 °C for 2 min (16
cycles), which resulted in a single amplicon of 1030 bp. These
RACE products were ligated into pGEM-T and sequenced as
described above. The full-length mENT1 cDNA was then
obtained by RT-PCR amplification of poly(A)*-selected mRNA
isolated from CD-1 mouse whole-brain tissue using primers
designed to the 5’- and 3’-ends of the 5-RACE and 3’-RACE
products respectively (sense primer, 5-TTGAGTGGTCCTGA-
GTCTGCAGAGGCT-3"; antisense primer, 5-AATCAGATG-
GCCTCTGAAGGCACCTGG-3’), and the following reaction
conditions: (a) 94 °C for 1 min to denature; and (b) 94 °C for
30s, 66°C for 1 min and 72 °C for 4 min (40 cycles). The
resulting mENT1 amplicon (2031 bp) was ligated into pPGEM-T
and sequenced in both directions. The mENT1 ¢cDNA had an
open reading frame encoding a 458-residue protein flanked by
187 bp of untranslated 5’-nucleotide sequence and 452 bp of
untranslated 3’-sequence. The open reading frame of the full-
length mENT1 cDNA was identical with that of mENTla (as



Molecular cloning of mouse nucleoside transporters 365

opposed to mENT1b). However, mENT1a differed from the full-
length mENT]1 in the first 95 nt of untranslated 5’-nucleotide
sequence (see Figure 3).

mENT2

The coding region of mENT2 was obtained by RT-PCR using
a sense primer designed to the 5-end of the rat ENT2
(rENT2; accession no. af015305) open reading frame (5'-
GCGGACATCATGGCGCACGGAAA-3") and an antisense
primer to the 3’-end of mHNP36 (accession no. x86682) (5'-
GTGGAGGATTCTTCCTCACCATATGC-3). mHNP36 was
identified in a screen of the GenBank® database with hENT2
(GenBank® accession no. AF02358) as the query sequence. PCR
amplification was performed as described above for mENT1, but
with the following changes: (a) 94 °C for 3 min (one cycle); (b)
94 °C for 1 min, 59 °C for 1 min and 72 °C for 1 min (40 cycles
with a segment extension of 1s per cycle); and (c) 72 °C for
10 min. This PCR reaction generated a 1529 bp product that was
ligated into pGEM-T and prepared for sequencing as described
above. This procedure was repeated three times with two distinct
first-strand cDNA preparations, resulting in clones with identical
nucleotide sequences, designated mENT2,,, (the 5R signifies the
5 21 nt from rENT?2).

The true 5-end of the mENT?2 coding region, as well as the
remaining 5’- and 3’-UTR sequences, were then obtained using
RACE, similar to that described above for mENT1. For mENT2,
the 5'-RACE GSP was 5-GTGAACGTCCCAACTCCAGAA-
GCTGCAC-3, corresponding to nt 1414-1441 of mENT2,,,
and the GSP for 3-RACE was 5-TCCCGTACTTCCAGGG-
GCGGTTAG-3’, corresponding to nt 116-139 of mENT2_,.
The PCR reaction was performed by touch-down, two-step
PCR as described above (using a 68 °C annealing/extension
temperature). The 3’-RACE product resolved as a single band
of ~2100bp on 19% (w/v) agarose gels. However, the initial
5’-RACE procedure resulted in multiple products. To obtain a
single 5-RACE product for mENT2, a second, semi-nested,
PCR reaction with the AP2 primer (Clontech) was required using
the manufacturer’s recommended parameters as detailed above.
This reaction produced an approx. 1150 bp product that was
ligated into pGEM-T and sequenced. The full-length mENT2
cDNA was then obtained by RT-PCR amplification of poly(A)*-
selected mRNA isolated from CD-1 mouse whole-brain tissue
using primers designed to the RACE products (sense primer,
5-GCAGTGTAACCCAACCCCGACCCTCCGCTA-3; anti-
sense primer, 5-GAACAGTTTTAATTGGATGCAGGAGC-
AGGG-3") with the following reaction conditions: (a) 94 °C
for 1 min to denature; and (b) 94 °C for 30 s, 66 °C for 1 min and
72 °C for 4 min (40 cycles). The resulting mENT2 amplicon
(2372 bp) was ligated into pGEM-T and sequenced in both
directions. The mENT2 cDNA had an open reading frame
encoding a 456-residue protein flanked by 153 bp of untranslated
S’-nucleotide sequence and 851 bp of untranslated 3’-sequence,
and was identical with the partial sequences obtained by 5’- and
3-RACE and mENT2,, (with the exception of the first 21
nucleotides of mENT?2,,, that correspond to rENT?2).

Expression in Xenopus oocytes

Plasmids containing the mENT1 and mENT2 inserts were
linearized using Sphl and transcribed with either SP6 or T7
polymerase (depending on the directionality in the plasmid) in
the presence of ™" GpppG cap using the mMessage mMachine
(Ambion, Austin, TX, U.S.A.) in vitro transcription kit. Capped
RNA size was checked on a 1 %, Mops/formaldehyde denaturing
gel and quantified by spectroscopic analysis. Xenopus laevis

female frogs were pithed and the ovary lobes were removed,
segmented and placed in ND96 medium (96 mM NaCl,
2mM KCI, 1 mM MgCl,, 1 mM CaCl,, 5mM Hepes and 2.5 mM
pyruvate, pH 7.5) supplemented with gentamicin sulphate
(50 pg/ml) and BSA (0.1 9, w/v). Follicular cells were removed
from the oocytes by manual dissection, and the defolliculated
oocytes were incubated overnight at 18 °C in ND96 medium
supplemented with 0.19%, BSA and 50 ug/ml gentamicin sul-
phate. Oocytes were then injected with 10 nl of double-distilled
water alone (control) or containing mENT1 or mENT2 RNA
transcript (1 ng/nl) using a Drummond Nanoject Auto Injector
(Drummond Scientific Co., Broomall, PA, U.S.A.). ND96 me-
dium was changed twice daily, with oocytes being incubated for
48-72 h at 18 °C prior to use in functional assays.

[*H]Uridine uptake assays

The uptake of 10 M [*H]uridine (10 xCi/ml) by Xenopus oocytes
was assessed using a method similar to that described by Young
and co-workers [30,31]. Between ten and twelve oocytes were
pooled for each assay condition in a final incubation volume of
0.2 ml. After a defined incubation time, oocytes were washed
rapidly six times with 1 ml of ice-cold buffer (ND96, without
supplements); individual oocytes were then digested overnight in
59% (w/v) SDS, and the *H content of each oocyte was assessed
by standard liquid scintillation procedures. For inhibition studies,
competing unlabelled nucleoside substrates were added con-
currently with the [*H]uridine, and inhibitors such as NBMPR
and dipyridamole were incubated with the oocytes for approx.
15 min before addition of [*H]Juridine. A 5 min uptake time was
chosen for the inhibition studies, based on the results of the
uptake time course profiles, which showed that the rate of uptake
of [*PH]uridine was linear up to this time point (see Figure 4).
Assays using oocytes injected with double-distilled water and
RNA were conducted in parallel. Likewise, oocytes injected with
mENT1 and mENT1b RNAs were assessed in parallel.

Results for the uptake experiments are given as means + S.E.M.
for 20-30 individual oocytes. Non-linear curve fitting to the data
was performed using Prism (v 3.0) software (GraphPAD, San
Diego, CA, U.S.A.). Each experiment was performed at least
two times using oocytes from different animals.

RESULTS AND DISCUSSION

Functional studies of the uptake of radiolabelled nucleosides by
mammalian cells have identified a heterogeneous population of
equilibrative nucleoside transporters that differ widely in their
pharmacological properties [15,16]. Many cells express both
NBMPR-sensitive and NBMPR-resistant transporters, and these
two functional phenotypes have recently been correlated with the
existence of two distinct gene products, designated ENT1 and
ENT?2 respectively [27-30]. Our laboratory has conducted ex-
tensive studies on the functional and pharmacological charac-
teristics of the mENT1 and mENT?2 transporters expressed by
Ehrlich ascites tumour cells [20,32,33]. The mENT1 transporter
has an affinity for dipyridamole (K; ~ 100 nM) that is inter-
mediate between those of the hRENT1 and rENT1 transporters.
This suggests that there are multiple structural determinants for
dipyridamole binding to the transporter, and that the mouse
transporter shares at least one additional interaction site for
dipyridamole with the human transporter that is not found in
rENT1. We have also screened a variety of analogues of draflazine
and have identified functional groups important for ENT1 versus
ENT?2 selectivity in the mouse, as well as chemical features that
contribute to hENT1 versus mENT! binding affinity [20,34].
These structure—activity data, in conjunction with the amino acid
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sequences of mMENT1 and mENT2 determined in the present
study, will assist in the delineation of the protein domains
involved in the binding of draflazine, and other cardioprotective
agents, to nucleoside transporters [11,35,36].

mENT1

The full-length mENT1 c¢cDNA, obtained by RT-PCR using
primers designed from the 3’- and 5'-RACE products, encoded a
458-residue protein (M, 50076) (Figure 1) that was 88 9%, identical
(93 9, similar) with rENT1 and 78 9, identical (86 %, similar) with
hENT1 in amino acid sequence. Hydropathy analysis predicted
an eleven-TM-domain topology for mENT1, with a cytoplasmic
N-terminus (Figure 2), similar to those of hENT1 and rENT1
[27,28,30]. Notably, mENT1 was similar to hENT1 in that it did
not contain the additional cysteine residue that is found in the
fourth extracellular loop of rENTI1. However, mENT1 had a
four-amino-acid insert (Arg-His-His-Phe) in the fifth extra-
cellular loop that was not found in either hENTI1 or rENTI.
Relative to hENT1, mENT1 was also missing two amino acids
(Lys-Gly) from the large central intracellular loop; however,
another mENT1 isoform (mENT1b; Figure 1 and see below)
was also identified in the present study that did not have this
particular two-amino-acid deletion. In general, the major
differences in ENT1 sequence between species (rat, mouse and
human) occurred in the C-terminal half of the large extracellular
loop between TM1 and TM2 and in the fifth extracellular loop
between TM9 and TM 10; these differences may contribute to the
distinctive affinities of the transporters from the three species for
the cardioprotective agents dipyridamole, dilazep and draflazine
[21-26,34]. In this regard, Sundaram et al. [37] have used
hENT1/rENTI chimaeric constructs to identify a region
bordered by residues 100 and 231 in hENT]1 as being critical for
the interaction of dipyridamole and dilazep with the transport
protein. However, in the same study, a construct containing
residues 1-99 of hENT1 and residues 100457 of rENT1 encoded
a protein that retained partial sensitivity to dipyridamole, indi-
cating that interactions with the hydrophilic loop between TM1
and TM2 may also be involved in the binding reaction. It is
noteworthy that the amino acid sequence between residues 99
and 231 is highly conserved between species (Figure 2), suggesting
that differences in dipyridamole sensitivity may be due to discrete
amino acid substitutions in this region. Structure—activity studies
[19,34,38] have led to the hypothesis that interactions with
discrete hydrophobic elements of the transporter are required
for high-affinity binding of inhibitors to hENT1. Comparative
hydropathy analysis showed that residues 50—67 of the first
extracellular loop of hENT are significantly more hydrophobic
than the corresponding residues in mENT1 and rENT1; indeed,
this region is the only one that displays a marked difference in
hydrophobicity among the species examined. This part of the
first extracellular loop may, therefore, contribute to the binding
of the species-discriminating transport inhibitors, such as
dipyridamole and some draflazine analogues [34].

mENT]1, like hENT], has a single putative glycosylation site in
the first extracellular loop (Asn-48). This coincides with the
finding that photoaffinity-labelled mENT]1 transporters migrate
on SDS/polyacrylamide gels with an apparent M of 45000 [39],
which is close to the size of the hENTI transporter (M,
45000-55000) but much smaller than the rENT! transporter
(M, ~ 62000), which has three potential glycosylation sites [40].
This glycosylated residue has been implicated in the binding of
NBMPR to hENTI, as mutation of this residue to glutamine
resulted in a 10-fold decrease in the affinity of NBMPR for the
mutant transporter expressed in yeast [41]. We have also noted
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that partial deglycosylation of mouse Ehrlich cell membranes
with endoglycosidase F significantly decreased the binding of
[PHINBMPR to these membranes (J. R. Hammond and M. Su,
unpublished work).

Interestingly, two distinct mENT1 isoforms (mENTla and
mENT1b) were obtained by RT-PCR using primers based on the
mouse ESTs w59610 and aa397253. The peptide encoded by
mENTI1b differed from that encoded by mENT1a and the full-
length mENT1 by an Arg-254 — Ser substitution and a two-
amino-acid insert (Lys-Gly) after residue 254 (Figures 1 and 2).
These modifications insert a potential protein kinase CK2
phosphorylation site into the sequence, raising the possibility
that these isoforms may be subject to differential regulation by
phosphorylation. Preliminary data from our laboratory suggest
that inhibition of protein kinase CK2 activity does lead to an up-
regulation of hENT1 activity in osteosarcoma cells (L. Cooper,
G. Vilk, D. W. Litchfield and J. R. Hammond, unpublished
work). ESTs have been identified in the GenBank® database that
correspond to both of these mENT]1 isoforms, confirming their
physiological expression. Two ESTs, both derived from a day-
7.5 post-conception mouse embryo cDNA library (accession nos.
AA407561 and AA409415), corresponded to mENTI1b (con-
taining the sequence encoding the CK2 site), while three ESTs
were found (AU051703, AW320820 and AA270375; each iso-
lated from different libraries) with the characteristic six-base
deletion of mENTI1a. It is noteworthy that the hENT1 and
rENT1 sequences that have been reported previously are most
similar to the mENT1b isoform.

mENT]I, like the rat and human orthologues, also has two
potential protein kinase C (PKC) phosphorylation sites in the
intracellular hydrophilic loops (Figure 2): one near the C-
terminal end of the region joining TM2 and TM3 (Ser-109) and
one in the large intracellular loop between TM6 and TM7 (Thr-
274). Although direct phosphorylation of the transporters by
PKC has not yet been demonstrated, PKC activators (i.e. phorbol
esters) have been shown to down-regulate nucleoside transport
activity in neural cells [42], HL60 leukaemia cells [43,44], human
B-lymphocytes [45] and cultured chromaffin cells [46].

The present study also provides preliminary evidence for the
existence of two distinct 5-UTR sequences associated with
mENT1. The mENTI1 sequences (mENT1a/b) obtained using
the EST-derived primers had a distinct 5-UTR sequence relative
to the full-length mENT1 obtained using primers designed to the
5’-and 3’-RACE products (Figure 3). Six EST sequences (ac-
cession nos. AI047867, WS59610, AA237136, AW321734,
AW647617 and Al451844) were identified in the GenBank®
database that corresponded to the 5-UTR of mENT1a/b. Only
one EST sequence (accession no. AU051152; M. Sasaki, Y.
Suzuki, M. Watanabe, J. Imai, A. Shibui, K. Yoshida, H. Hata,
R. Yamaguchi, S. Tateyama and S. Sugano) was found that
contained a 5-UTR corresponding to that of the full-length
mENT1 cDNA derived via 5'- and 3'-RACE; notably, this latter
EST was also derived from brain tissue. It is not yet known if
these two 5'-UTRs are indicative of multiple gene products or
alternative splicing products derived from a single gene.

mENT2

The full-length mENT2 ¢cDNA encoded a 456-residue protein
(M, 50255) that was 949, identical (959, similar) with TENT2
and 889, identical (929, similar) with hENT2 in amino acid
sequence, with a predicted topography (Figure 2) similar to that
determined for mENT1. Compared with mENT1, mENT2 was
notable in the high degree of conservation of amino acid sequence
between species (Figure 2) and, with the exception of the loop
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mENT1T LKS I CVPALSVCFIFTVTIGLFPAVTAEVESSIAGTSPWKSYFIPVACFL 333
mENT2 FRKIWLTALCLVLVFTVTLSVFPAITAMVTTSSNSPGKWGLFFNPICCFL 334

mENTI NFNVFDWLGRSLTAVCMWPGODSR-WLPYLVASRIVFIPLLMLCNYKARH 332
MENT2 LFNVMDWLGRSLTSYFLWPDEDSQQLLPLLVYCLRFLFVPLFMLCHVPQ - - 382

mENT1 CGAQRHHFVFKHDAWFIAFMAAFAFSNGYLASLCMCFGPKK\IKPAEAETTMZ
MENT2 - - HARLPIIFROQDAYFITFMLLFAVSNGYLVSLTMCLAPRQVLPHEREVA 430

mENTT GNIMSFFLCLGLALGAVLSFLLRALY 458
mENT2 GALMTFFLALGLSCGASLSFLFKALL 45

Figure 1 Alignment of the predicted amino acid sequences of mENT1 and mENT2

Amino acid sequences were deduced from the nucleotide open reading frames for each clone. A shaded background denotes residues that are identical in mENT1 and mENT2. The residues that
distinguish the mENT1b isoform are indicated above the mENT1 sequence (white letters on a black background). The bars above and below the sequences represent the predicted transmembrane

regions of mENT1 and mENT2 respectively.

connecting TM1 and TM2, in the relatively short extracellular
connecting loops between the predicted TM a-helices. mENT2
was similar to rENT2 in that it lacked the glycine residue that is
present at position 46 of hENT2, and had a threonine insert at
position 315 (Thr-316 in rENT2) and a lysine insert at position
246 (Lys-247 in rENT?2). However, mENT?2 differed from rENT2
in having a serine insert at position 227 (Ser-228 in hENT2), and
it differed from both rENT2 and hENT2 in the deletion of two
amino acids (Ser-270 and Glu-271 of hENT?2) from the intra-
cellular loop joining TM6 and TM7, as well as in the addition
of a glutamine residue in position 358 of mENT?2. There are two
N-linked glycosylation sites in the first extracellular loop (Asn-47
and Asn-56) and a potential protein kinase CK2 phosphorylation
site in the third intracellular loop (Thr-236). In addition, as
noted for mENTT, there is a PKC consensus sequence in the first
intracellular loop (Ser-95) and another in the large third intra-
cellular loop (Thr-223), indicating that mENT2 may also be
subject to regulation by PKC-mediated phosphorylation.

The primary functional difference between the ENT1 and
ENT?2 transporters in mouse cells is the lower affinity of ENT2
for inhibitors of nucleoside transport, such as NBMPR, dilazep
and draflazine [20]. At the amino acid level, mENT1 and mENT2
are 479, identical (709, similar; see Figure 1). The greatest
differences are in the extracellular hydrophilic loops and the
large intracellular domain joining TM6 and TM7. In particular,
the extracellular loop between TM1 and TM2 of mENT1 has 14
additional residues relative to mENT2 (Figure 1). The fifth
extracellular loop joining TM9 and TM10 of mENT2 is also
missing four amino acids found in mENTI, and is poorly
conserved in the remaining residues of the loop (Figure 1). It is
noteworthy that these two loops in ENT1 are also the ones that
show the greatest variability between species (Figure 2). The

reduced size of the first and fifth extracellular loops of mENT?2
compared with mENT1 is offset by the presence of a larger (415
residues) intracellular loop between TM6 and TM7, resulting in
the similar protein sizes of mMENT1 and mENT?2. The 15-residue
insert in the intracellular loop of mENT?2 is also notable in that
it includes a proline-rich region that meets the minimum require-
ments for SH3 (Src homology 3) domain interactions [47,48].
A search of the GenBank® database revealed 12 entries
with similarity to mENT2. The most significant match was with
mHNP36 (accession no. X86682), which corresponds to positions
345-2372 of mENT2 (99 9, identity). mHNP36 was identified as
a mitogen-activated, delayed/early response gene that encodes a
nucleolar protein [49]. Three alternative splice isoforms of the
human homologue of HNP36 have been identified that encode
related, but distinct, proteins [50]. These data suggest that
mENT?2 encodes a transporter that participates in the uptake/
release of nucleosides by intracellular organelles. In this regard,
there is recent functional evidence for the expression of both
hENT1 and hENT2 in intracellular compartments of BeWo cells
[51]. In addition to mHNP36, a further 11 mouse ESTs were
identified (AWS542486, AWS537215, C79114, AA675457,
AI851366, AWO060591, AV375781, AV248983, AV104874,
AV301231 and AV230133). All of the ESTs indicated were
similar to the 3’-end of mENT2 (downstream of nt 1763) and
were generally derived from embryonic or neonatal tissues.
After the initial submission of the present study for publication,
sequences corresponding to mENTI, mENTIb and mENT2
were deposited in the GenBank® database by Dr A. Gordon and
colleagues at the Gallo Research Institute (San Francisco, CA,
U.S.A.). These cDNA sequences were derived from the hybrid
NG108-15 mouse neuroblastoma x rat glioma cell line, with the
two ENTI1 isoforms designated as mENTI1.1 (accession no.
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® Identical
O Similar

O Not conserved
@ Mouse only

Figure 2 Topological model of mENT1 and mENT2: comparison with rat and human homologues

Potential membrane-spanning regions and orientation were determined with the TMpred program (http://www.ch.embnet.org/software/TMPRED_form.html). Potential N-linked glycosylation sites
are indicated by ‘branching lines’, and putative serine/threonine phosphorylation sites are indicated by the associated protein kinase (PKC or protein kinase CK2). Residues identical with those
found in both the human and rat homologues are shown as black circles; conservative substitutions in all three species are shown as grey circles. Residues that are not conserved in at least
one of the other species are shown as white circles. Residues missing from the mouse sequence that are found in other species are indicated along with the first letter of the species in which
the insertion is found. Residues found in the mouse sequence that are missing from either the rat or human sequence are indicated with an arrow along with the first letter of the species in
which this residue is found. Note that there are four amino acids in the fifth extracellular loop of mENT1 that are not found in either hENT1 or rENT1. The two-amino-acid insertion in the third
intracellular loop of MENT1b is also indicated, along with the serine substitution for Arg-254 of mENTT1.

AF257188) and mENTI1.2 (accession no. AF257189), corre-
sponding to mouse brain mENTI1b and mENT1 respectively.
The mENT1.1 sequence is missing the first 95 nucleotides of
mENTI1b, and differs from mENTIb at five other positions
along the sequence. mENT1.2 is missing the first 132 bases of
brain mENT1, and differs at three other positions along the
sequence. It is noteworthy that the 5-UTR that is missing from
both mENTI.1 and mENTI1.2 is the variable region located
upstream of nucleotide 133 of the mouse brain mENT]1 identified
in the present study (see Figure 3). Mouse brain mENT2 has an
additional 41 bases at the 5-end and 15 bases at the 3’-end
compared with the NG108-15 mENT?2 (accession no. AF257190).
The two mENT?2 transcripts also differ at six other discrete
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points along the nucleotide sequence. These nucleotide differences
may reflect the fact that the cDNAs isolated in the present study
were derived from normal brain tissue, as opposed to a trans-
formed hybrid cell line. The predicted amino acid sequences,
however, are identical for mENTI/mENT1.2, mENTI1b/
mENTI1.1 and mENT?2 from each source.

Functional expression of mENT1 and mENT2 in Xenopus oocytes

The functionality of the proteins encoded by the mENTI,
mENT1b and mENT2 cDNA clones was tested by the expression
of cRNA, obtained by in vitro transcription of the respective
cDNA, in Xenopus oocytes. This expression system has been
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1.0 ... 10, . . . L2000 30, ... 400 .0 Lo 50
MENT! TTGAGTGGTCCTGAGTCTGCAGAGGCTTCCCTTGCCTACTCTBTGTCCAG
MENTAalh = - - - - - - e e AACCTCGTGCCTGAGC

0. . ... ... .80 ... ... 100
mENT1 CTCTACCCGCCCCCCCCCAAGAGAAAGGBCCCAGGGCAGTGTGGAAGCAGA

mENT1alb CTGAGCCAGGACCCCTTCCTGGGB6AACGCCCAGGTACCTTTGGCTCTCA -

......... Mo 20 3 150
mENT1 GCCAGACAGGGCTCGATATTCCTTTACCCCCAGGCAAGAGCCAGAGGGAGS
MENT1alb - CCGTCCTGCCAACATCGAGTCTATAAATTT-GCAAGAGCCAGAGGGAGG

Figure 3 mENT1 5'-UTR heterogeneity

Two distinct cDNAs corresponding to mENT1 were obtained, depending on the specific 5”-primer
used in the PCR reaction. The cDNA clone designated mENT1 was obtained using a primer
designed from the 5”-end of the 5"-RACE product, as described in the text. An alternative 5'-
UTR sequence (mENT1a/b) was obtained when using a 5-primer designed against EST
w59610 from Soares mouse embryo. Nucleotides that are identical in the two sequences are
indicated by a shaded background; note that sequence identity starts at nt 133, which is 55
bases upstream of the start of the coding region (nt 188). For clarity, only the first 150
nucleotides of the mENT1 sequence are shown.

used successfully for the functional evaluation of the proteins
encoded by the human and rat ENT1 and ENT2 cDNAs [27,30].
Oocytes injected with 10 ng of mMENT1 RNA transcript accumu-

mENT1

(MENT1b)

120

0 30 60 90

[*H]Uridine uptake (pmol/oocyte)
o

O T T T
0 30 60 90

Time (min)

120

Figure 4 [°H]Uridine uptake by recombinant mENT1 and mENT2 expressed
in Xenopus laevis oocytes

Oocytes were injected with 10 nl of double-distilled water containing 10 ng of mENT1 (I, [J;
upper panel), mENT1b (@) or mENT2 (M, [1; lower panel) RNA transcript. The uptake of
10 uM [*H]uridine was assessed at room temperature (~ 20 °C) after a 46—72 h incubation
of the injected oocytes at 18 °C. Incubation times with [*H]uridine ranged from 1 to 120 min,
in the absence (closed symbols) or the presence (open symbols) of 10 xM NBMPR/
dipyridamole. Uptake by water-injected oocytes (A, /\) was assessed in parallel with that of
the RNA-injected oocytes. The ‘zero-time’ uptake of [*H]uridine, which was subtracted from all
data, was estimated at ~ 2 °C using the minimum possible incubation time (< 10 s). Each
value is the mean + S.E.M. for 20-30 oocytes from at least two independent experiments.
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Figure 5 Inhibition of mENT1- and mENT2-mediated uptake of [*H]uridine

Oocytes injected with mENT1 (HM) or mENT2 (C3J) RNA were incubated with 10 M
[®H]uridine for 5 min at ~ 20 °C in the presence or the absence of the indicated concentrations
of inhibitors. Oocytes were preincubated for at least 15 min with NBMPR or dipyridamole before
the addition of [*H]uridine. Adenosine was added to the oocytes 10 s before the addition of
[*H]uridine. The amount of uptake of [*H]uridine by water-injected oocytes was subtracted from
all data, and the amount of mENT1/mENT2-mediated uptake is shown as a percentage of that
observed in the absence of inhibitor (control). Each value is the mean+ S.E.M. for 20—24
oocytes from two independent experiments.

lated [*HJuridine (10 xM) at a significantly greater rate
(0.78+0.07 pmol/5 min per oocyte) than those injected with
water alone (0.13+0.01 pmol/5 min per oocyte) (Figure 4).
Interestingly, when 10 ng of cRNA prepared from the mENT1b
clone was injected into Xenopus oocytes, a significantly lower
level of expression of [*H]uridine uptake activity was observed
(0.34+0.03 pmol/5 min per oocyte; Figure 4) relative to that
seen for mENT1. It is unlikely that the two-amino-acid insert in
the central intracellular loop of mENTI1b contributed to this
lower activity, since both the hENT1 and rENTI1 transporters
have a similar insert in this region, and they have been shown to
be functional when expressed in Xenopus oocytes [27,30]. It is
possible that the difference in the 5'-UTR of mENT1 compared
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Table 1

Inhibition of recombinant and native mENT1- and mENT2-mediated [*H]uridine uptake

IG5, values (with 95% confidence intervals in parentheses) for the inhibition of uridine uptake by recombinant mENT1- and mENT2-injected oocytes were calculated from the data shown in Figure
5 by non-linear regression analysis. The K values (means + S.E.M.; n = 5) for inhibition of [®H]uridine uptake by the ENT1 and ENT2 transporters of mouse Ehrlich ascites tumour cells were

derived from [20].

Inhibition of MENT1

Inhibition of mMENT2

Inhibitor (units of concn.) QOocytes (ICgp) Ehrlich cells (K) QOocytes (ICyp) Enhrlich cells (K)
NBMPR (nM) 1.4(0.8-2.3) 0.16+0.03 > 10000 16000 £ 3000
Dipyridamole (nM) 75 (36—158) 66+17 2204 (481-10100) 371 +36
Adenosine (M) 131 (46-373) 4742 265 (109-644) 6147
with that of mENT1b may impact on the stability or translation q
efficiency of the cRNA in Xenopus oocytes. Preincubation of o 1004 L C—_ImENT1 l
the mENTI-RNA-injected oocytes with 5 M NBMPR and r . mENT2 q
5 uM dipyridamole reduced the rate of uptake of [*H]uridine 29 *
to levels similar to that seen in water-injected oocytes 3 g
(0.07+0.01 pmol/5 min per oocyte). Incubation of the mENT1- £ O *
RNA-injected oocytes with a range of concentrations of NBMPR .E S 504
and dipyridamole prior to incubation with 10 xM [*H]uridine for 2.8
Smin resulted in the inhibition profiles shown in Figure 5. o
Analyses of these data yielded IC,; values for NBMPR and =
dipyridamole of 1.4 nM and 75 nM respectively (Table 1). Similar
studies involving concurrent incubation of the oocytes with a 0—"0 o © o o o a
range of concentrations of adenosine and 10 xM [*H]Juridine for g £ £ £ g £ £ ]
5 min generated an IC,, value of 131 M for adenosine inhibition S 2 3 8 > 8 & 8
of mENTI-mediated uptake. These values are very similar to (&) g 5‘ 5 8 £ 2 o
those determined for inhibition by NBMPR, dipyridamole and I'E 8 o
adenosine of the uptake of 10 uM uridine by the ENTI trans- N
porter of mouse Ehrlich cells (Table 1). The lower affinity of
adenosine for the mENTI transporter expressed in 00CyteS,  Eiure 6 Inhibition of [*Hjuridine uptake by transporter substrates and
relative to that seen in Ehrlich cells, may reflect metabolism of  junibitors

adenosine over the 5 min incubation period in these studies; the
previous studies in Ehrlich cells involved a much shorter (20 s)
uptake time. Uridine uptake by the oocytes injected with mENT1
RNA was also inhibited by dilazep and by a range of purine and
pyrimidine transporter substrates, but not by the nucleobase
adenine (Figure 6). These results indicate that the cDNA
designated mENTT in the present study encodes a protein with
characteristics compatible with the inhibitor-sensitive subtype
(es) of the equilibrative nucleoside transporter.

Oocytes injected with mENT2 RNA (10 ng) also accumulated
10 uM [PH]uridine at a significantly greater rate (1.26+
0.09 pmol/5 min per oocyte) than water-injected control
oocytes (0.18 £0.01 pmol/5 min per oocyte) (Figure 4). However,
unlike the mENT1-RNA-injected oocytes, the enhanced uptake
by the mENT2-injected oocytes could not be inhibited by
NBMPR, even at concentrations as high as 20 xM, and was only
partially inhibited by dipyridamole at concentrations greater
than 1 4M (Figure 5, Table 1). mENT2 was also insensitive to
inhibition by 1 xM dilazep. Adenosine, on the other hand, was
an effective inhibitor of [*H]uridine uptake by the mENT2-
injected oocytes (IC,, 265 uM; Figure 5, Table 1), as were other
nucleoside substrates, including cytidine, guanosine, thymidine,
2-deoxyadenosine and inosine (Figure 6). Interestingly, 1 mM
adenine also produced a small, but significant, inhibition of
mENT2, but did not block mENT1-mediated uridine uptake
(Figure 6). This pharmacological profile for mENT2-injected
Xenopus oocytes is compatible with the operation of the inhibitor-
resistant subtype (ei) of the mouse equilibrative nucleoside
transporter (see Table 1).
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Oocytes injected with mENT1 (hatched bars) or mENT2 (solid bars) RNA (10 ng) were
incubated with 10 xM [®H]uridine for 5 min at ~ 20 °C in the presence or the absence
(Control) of the indicated inhibitors. Thymiding (1 mM), guanosine (300 M), cytidine (1 mM),
inosine (1 mM), 2-deoxyadenosine (2-Deoxyado; 1 mM) or adenine (1 mM) was added to the
assay 10 s before the [*H]uridine. Oocytes were incubated with dilazep (1 M) for at least
15 min before the assay. Uptake of [*H]uridine by water-injected oocytes, assayed in parallel,
was subtracted from all data. Data are shown as percentages of the uptake observed in the
absence of inhibitor (Control). Each value is the mean+ S.E.M. of 20—24 oocytes from two
independent experiments. Significance of differences: *, significantly different from control; 9,
significantly different from the corresponding mENT1-mediated uptake (randomized-block
ANOVA followed by the Student—Newman—Keuls multiple-range test; P < 0.05).

Conclusions

In summary, we have isolated cDNAs that encode proteins with
the functional and pharmacological characteristics of the mouse
inhibitor-sensitive (es; mENTI1) and inhibitor-resistant (ei;
mENT?2) equilibrative nucleoside transporters. We have also
isolated additional cDNA transcripts for mENT]1 that differ in
their 5’-UTR sequences and in the expression of a potential
protein kinase CK2 phosphorylation site in the central intra-
cellular loop. Additional studies will be required to assess the
significance of these mENT1 isoforms, but they may represent a
novel mode of regulation of ENTI transporter activity in cells.
The availability of ENT1 and ENT2 nucleotide sequences from
human, mouse and rat, representing a range of inhibitor
sensitivities, will now allow detailed structure—function studies to
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be carried out, in order to assess the interaction of inhibitors with
these transport systems. Such information will ultimately assist
in the development of more specific nucleoside transport in-
hibitors and substrates for potential use in chemotherapy and in
the treatment of cardiovascular disorders and pathological
conditions of neuronal hyperexcitability.

Note added in proof (received October 11, 2000)

Subsequent to the final submission of this manuscript, the
mouse ENT1 genomic nucleotide sequence was released to the
GenBank® database (accession no. AF218255). Comparative
sequence analyses suggest that the three mENT1 cDNA sequence
variants reported herein are alternative splicing products of this
mENT1 gene.

These studies were supported by grants to J. R. H. and T. A. D. from the Medical
Research Council of Canada. K. F. was supported by a Medical Research Council of
Canada Studentship.
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