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ABSTRACT

Human concentrative nucleoside transporters 1, 2, and 3
(hCNT1, hCNT2, and hCNT3) exhibit different functional char-
acteristics, and a better understanding of their permeant selec-
tivities is critical for development of nucleoside analog drugs
with optimal pharmacokinetic properties. In this study, the sen-
sitivity of a high-throughput yeast expression system used
previously for hCNT1 and hCNT3 was improved and used to
characterize determinants for interaction of uridine (Urd) with
hCNT2. The observed changes of binding energy between
hCNT2 and different Urd analogs suggested that it interacts
with C(3')-OH, C(5’)-OH, and N(3)-H of Urd. The C(2') and C(5)
regions of Urd played minor but significant roles for Urd-hCNT2
binding, possibly through Van der Waals interactions. Because
the yeast assay only provided information about potential
transportability, the permeant selectivities of recombinant

hCNT1, hCNT2, and hCNT3 produced in Xenopus laevis oo-
cytes were investigated using a two-electrode voltage clamp
assay. hCNT1-mediated transport was sensitive to modifica-
tions of the N(3), C(3’), and C(5') positions of Urd. hCNT2
showed some tolerance for transporting Urd analogs with C(2’)
or C(5) modifications, little tolerance for N(3) modifications, and
no tolerance for any modifications at C(3’) or C(5’) of Urd.
Although hCNT3 was sensitive to C(3') modifications, it trans-
ported a broad range of variously substituted Urd analogs. The
transportability profiles identified in this study, which reflected
the binding profiles well, should prove useful in the develop-
ment of anticancer and antiviral therapies with nucleoside
drugs that are permeants of members of the hCNT protein
family.

Mammalian nucleoside transporters are classified into two
structurally and mechanistically unrelated protein families,
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the concentrative and equilibrative nucleoside transporters
(CNTs and ENTs) (Baldwin et al., 1999; Cass et al., 1999).
The ENTs transport a broad range of purine and pyrimidine
nucleosides down their concentration gradients, whereas the
CNTs couple uphill nucleoside transport to downhill sodium
transport and, in the case of human (h)CNT3, to proton
transport. Three hCNTs with different permeant selectivities
have been identified by molecular cloning and functional
expression in Xenopus laevis oocytes (Ritzel et al., 1997,
1998, 2001). hCNT1 and hCNT2 prefer pyrimidine nucleo-
sides and purine nucleosides, respectively, although hCNT1
also transports adenosine and hCNT2 also transports uridine

ABBREVIATIONS: CNT, concentrative nucleoside transporter; ENT, equilibrative nucleoside transporter; DMSO, dimethyl sulfoxide; h, human;
CMM, complete minimal medium; ICs,, inhibitory concentration, 50%; K, inhibitory constant; AG®, Gibbs free energy; PCR, polymerase chain
reaction; TTBS, 0.2% Tween 20, Tris-buffered saline; FUrd, 5-fluorouridine; IUrd, 5-iodouridine; BrUrd, 5-bromouridine; MeUrd, 5-methyluridine;
3MeUrd, 3-methyluridine; dUrd, deoxyuridine; araU, 1-(B-D-arabinofuranosyl)uracil; xyloU, 1-(B-D-xylofuranosyl)uracil; ddUrd, dideoxyuridine;
OMeUrd, O-methyluridine; AzdUrd, azidodeoxyuridine; 5’-CldUrd, chloro-5’-deoxyuridine; iPUrd, O-isopropylideneuridine; FdUrd, 5-fluoro-2’-
deoxyuridine; BrdUrd, 5-bromo-2'-deoxyuridine; IdUrd, 5-iodo-2'-deoxyuridine; EtdUrd, 5-ethyl-2'-deoxyuridine; Thd, thymidine; AZT, 3'-azido-

3'-deoxythymidine.

830

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

(Urd). hCNT38 transports a broad range of pyrimidine and
purine nucleosides (Ritzel et al., 2001; Zhang et al., 2003).
The ENTs seem to be expressed in most human cell types. In
contrast, the CNTs are found primarily in specialized cell
types, including renal and gastrointestinal epithelia (Ritzel
et al., 1998, 2001; del Santo et al., 2001; Li et al., 2001; Ngo
et al., 2001), suggesting an important role in absorption,
secretion, distribution, and elimination of physiologic nucleo-
sides and nucleoside drugs. hCNTs have also been observed
in leukemic cells and a few cancer cell lines (Mackey et al.,
1998; Ritzel et al., 2001; Garcia-Manteiga et al., 2003). Dif-
ferences in tissue distribution and permeant selectivities of
hCNTs suggest different nucleoside-transport capacities of
various tissues and distinct physiological and pharmacolog-
ical roles.

Nucleoside analogs are used clinically in the treatment of
cancer and viral infections. Understanding the structural
requirements for transporter binding and translocation of
nucleosides should enable the design of more effective strat-
egies for use of therapeutic nucleosides. In the absence of
detailed structures for nucleoside transporter proteins, sev-
eral experimental approaches have been used to define the
structural requirements of nucleosides for interaction with
the transporters (Patil et al., 2000; Lang et al., 2001, 2004;
Chang et al., 2004). A study with human intestinal brush-
border membrane vesicles suggested that the binding sites of
hCNT1 and hCNT?2 differentially interacted with analogs of
their common permeants, Urd and adenosine (Patil et al.,
2000). Using three-dimensional quantitative structure-activ-
ity relationships that were based on inhibition data obtained
previously, this same group generated pharmacophore mod-
els in which the predominant determinants for ligand inter-
action were hydrogen bonding for hCNT2 and electrostatic
and steric features for hCNT1 and hENT1 (Chang et al.,
2004). In a study with stably transfected human cell lines,
hCNT1 and hCNT2 exhibited different capacities for the
binding of Urd and adenosine analogs with substituents on
the ribosyl and/or base moieties (Lang et al., 2001, 2004). A
high-throughput inhibitor-sensitivity assay in which recom-
binant hCNT1, hCNT3, hENT1, and hENT2 were produced
in yeast was used to quantify the inhibitory effects of Urd
analogs with systematic sugar modifications (Zhang et al.,
2003; Vickers et al., 2004). A common observation in all of
these inhibition studies was the importance of the 3'-hy-
droxyl group for high-affinity interaction of permeants and/or
inhibitors with the transporters.

A deficiency of the approaches taken thus far to define the
structural determinants for interaction of nucleoside analogs
with the transporters is that they are based primarily on
inhibition data. The current work was undertaken to extend
our earlier inhibition studies of Urd-binding motifs with
hCNT1 and hCNT3 (Zhang et al., 2003) to include hCNT2,
which was not examined previously because of its low expres-
sion levels in the yeast strain initially used in the inhibition
assay, and to determine the extent to which the inhibitory
uridine analogs were also permeants. The original difficulty
of hCNT2 production was circumvented by introducing the
hCNT2-containing plasmid into a double knock-out yeast
strain (fui1:HIS3) that lacked both Urd permease (FUI1) and
uracil permease (FUR4). The binding motif of hCNT2 exhib-
ited distinct features compared with hCNT1 and hCNTS3.
Because a high-affinity ligand might inhibit nucleoside

Uridine Recognition and Transportability Motifs of hCNTs 831
transport without also being transported, two voltage-clamp
experiments were performed in X. laevis oocytes to determine
whether the Urd analogs that inhibited Urd transport were
also permeants, thus defining the transportability profiles of
hCNT1, hCNT2, and hCNT3. Each hCNT exhibited a distinct
Urd transportability profile that was closely related to its
permeant-binding profile.

Materials and Methods

Strains and Media. BY4742-YBR021W (MATq, his3, leu2, lys2,
ura3, AFUR4), which contains a disruption in the gene encoding the
endogenous uracil permease, FUR4, was purchased from the Amer-
ican Type Culture Collection (Manassas, VA) and used as the paren-
tal yeast strain to generate the double-permease knock-out strain
fuil::HIS3. fuil::HIS3 was generated by deleting the fuil gene using
the polymerase chain reaction (PCR)-mediated one-step gene disrup-
tion method (Winzeler et al., 1999). Other strains were generated by
transformation of the yeast-Escherichia coli shuttle vector pYPGE15
(Brunelli and Pall, 1993) into fuil::HIS3 using a standard lithium
acetate method (Ito et al., 1983).

The gene locus for FUI1 was disrupted by integration of the HIS3
expression cassette, encoding imidazoleglycerol-phosphate dehy-
dratase (EC 4.2.1.19) into the coding region of the FUI1 gene to
create fuil::HIS3. The fuil-disruption mutants were selected in a
medium that lacked histidine but contained 500 uM FUrd. Because
FUIl-mediated transport of FUrd leads to yeast death (Vickers et al.,
2000), survival in 500 uM FUrd indicated the successful targeted
integration of the HIS3 cassette into the yeast genome with disrup-
tion of the fuil gene. Three of the surviving yeast colonies and
BY4742-YBR0O21W were then tested for their abilities to transport
[®Hluracil or [*H]Urd in the presence and absence of either 5 or 10
mM nonradioactive uracil or Urd, respectively.

Yeast strains were maintained in complete minimal medium
(CMM) containing 0.67% yeast nitrogen base (Difco, Detroit, MI),
amino acids (as required to maintain auxotrophic selection), and 2%
glucose (CMM/Glu). Agar plates contained CMM with various sup-
plements and 2% agar (Difco). Plasmids were propagated in E. coli
strain TOP10F’ (Invitrogen, Carlsbad, CA) and maintained in Luria
broth with 100 pg/ml ampicillin.

DNA Manipulation and Plasmid Construction. To construct
the deletion strain fuil::HIS3, two 71-mer oligonucleotide primers
were synthesized (Invitrogen), each containing (3’ to 5') 21 bases of
homology to the HIS3 cassette, a unique 50-bp tag sequence that was
complementary to the region (either upstream or downstream of the
fuil open reading frame) being targeted (including the start or stop
codon). The 71-mer primers were used to amplify the HIS3 gene
cassette, which was contained in plasmid pJJ215 (a generous gift
from Dr. B. Lemire, University of Alberta, Edmonton, AB, Canada).
The amplified PCR products were transformed into BY4742-
YBR021W using the lithium acetate method, and the resulting
transformed yeast was selected by growing on agar plates that con-
tained 500 uM FUrd but lacked histidine.

For Saccharomyces cerevisiae expression, the hCNT2 open reading
frames were amplified from vectors (pCDNA3-hCNT2) by PCR using
the following primers (restriction sites underlined): 5'-Xbal-hCNT2
(5'-CTG TCT AGA ATG GAG AAA GCA AGT GGA AG-3'), 3'-Kpnl-
hCNT2 (5'-CGA GGT ACC TCA GGC ACA GAC GGT ATT GTT GTA
G-3’). The amplified open reading frames were inserted into
pYPGE15 (a high copy number episomal yeast vector that expresses
the inserted DNA constitutively under the transcriptional control of
the phosphoglycerate kinase promoter) to generate pYPhCNT2. The
PCR reactions were performed using Pwo polymerase (Roche Diag-
nostics, Indianapolis, IN), and the resulting PCR products were
verified by DNA sequencing using an ABI PRISM 310 sequence
detection system (Applied Biosystems, Foster City, CA).
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Immunostaining of Yeast Membranes. Yeast membranes were
prepared by a method described previously (Vickers et al., 2000) and
subjected to SDS-polyacrylamide gel electrophoresis (Vickers et al.,
1999), after which proteins were transferred to polyvinylidene fluo-
ride membranes (Immobilon-P; Millipore Corporation, Billerica,
MA). The transfer membranes were blocked overnight at 4°C, first in
TTBS (0.2% Tween 20, Tris-buffered saline) containing 5% (w/v)
skim milk powder and then in TTBS with antibodies against hCNT2
and 5% (w/v) skim milk powder. The membranes were then washed
three times with TTBS, incubated with TTBS-containing species-
specific horseradish-peroxidase secondary antibodies (Jackson Im-
munoResearch Laboratories Inc., West Grove, PA) and 5% (w/v) skim
milk powder, washed with TTBS, and visualized with enhanced
chemiluminescence (ECL; Amersham Biosciences Inc., Piscataway,
NJ) and autoradiography. Monoclonal antibodies against hCNT2
were raised by established methods (Jennings et al., 2001) against
an immunogenic epitope that corresponded to residues 30 to 51 of
hCNT?2, a region predicted to be located in a large intracellular loop
close to the amino terminus. The conjugated and unconjugated syn-
thetic peptides were obtained from the Alberta Peptide Institute
(Edmonton, AB, Canada).

Urd Uptake in Yeast-Producing Recombinant hCNT2. The
uptake of [*H]Urd, [*H]adenosine, [*H]cytidine, and [*H]inosine
(Moravek Biochemicals, Brea, CA) into logarithmically proliferating
yeast was measured using a cell harvester as described previously
(Vickers et al., 2002; Zhang et al., 2003). In brief, yeast was grown in
CMM/Glu to an ODgqq of 0.8 to 1.2, washed three times with fresh
CMM/Glu, pH 7.4, and resuspended to an ODgq of 4 in CMM/Glu,
pH 7.4. Fifty-microliter portions of CMM/Glu, pH 7.4, with [*H]Urd
and a test compound (if present) at twice the desired concentration
were preloaded into 96-well plates. The transport assays were initi-
ated by adding an equal volume of yeast suspension at an ODg, of 4
to the individual wells of the preloaded 96-well plates, which were
placed on the semiautomated cell harvester (Micro96 Cell Harvester;
Molecular Devices, Sunnyvale, CA). At graded time intervals, groups
of transport reactions (usually 24) were terminated simultaneously
by harvesting yeast on glass-fiber filters (Skatron Instruments) with
continued washing with demineralized water to remove unincorpo-
rated permeant. The filter discs with yeast corresponding to a par-
ticular transport assay were placed into individual scintillation
counting vials (one disc per vial) to which 5 ml of scintillation
counting fluid (MP Biomedicals, Irvine, CA) was added. Scintillation
vials were allowed to sit at room temperature overnight with shaking
before analysis.

The binding of Urd and its analogs to recombinant hCNT2 was
assessed by measuring their abilities to inhibit the uptake of [PH]Urd
in the “inhibitor-sensitivity” assay as follows. Yeast were incubated
with graded concentrations of a particular test compound and 1 uM
[PH]Urd in CMM/Glu (pH 7.4) for 20 min, after which [*H]Urd
uptake was measured. All of the experiments were carried out in
quadruplicate. The amount of [*H]Urd associated with yeast in the
presence of 10 mM nonradioactive Urd was also determined to quan-
tify nonspecifically associated radioactivity, which was subtracted
from total radioactivity for each transport assay. Data were fitted to
theoretical inhibition curves by nonlinear regression to obtain ICy,
values (concentrations that inhibited reactions by 50%). K; (inhibi-
tory constant) values were determined from the equation (Cheng and
Prusoff, 1973) in which K; = IC5y/[1 + (I/K,)] and L = [*H]Urd
concentration, which was always 1 uM. Gibbs free energy (AG®) was
calculated from AG® = —RTIn(K,), in which R is the gas constant and
T is the absolute temperature. The thermodynamic stability of trans-
porter-inhibitor complexes was quantitatively estimated from AG® as
described elsewhere (de Koning and Jarvis, 2001).

Steady-State Electrophysiological Studies. hCNT1, hCNT2,
or hCNT3 ¢cDNA in pGEM-HE (Ritzel et al., 1997, 1998, 2001) was
linearized with Nhel and transcribed with T3 or T7 polymerase
using the mMessage mMachine (Ambion, Austin, TX) transcription
system. In vitro synthesized transcripts were injected into isolated

mature stage VI oocytes from X. laevis as described previously
(Smith et al., 2004). Mock-injected oocytes were injected with water
alone.

Oocyte membrane currents were measured using a GeneClamp
500B oocyte clamp (Axon Instruments Inc., Union City, CA) in the
two-electrode voltage clamp mode as described previously (Smith et
al., 2004). All of the experiments were performed at room tempera-
ture (20°C), and oocytes were discarded if membrane potentials were
unstable or more positive than —30 mV. The membrane potential
was clamped at a holding potential of —50 mV, and Urd or Urd
analogs were added at various concentrations. The sodium currents
induced by 100 uM Urd were used as controls to compare the trans-
portability of Urd analogs by recombinant hCNT1, hCNT2, and
hCNT3. The concentrations of Urd analogs for electrophysiological
studies were chosen based on their K, values for inhibition of hCNT1
and hCNT3 (Zhang et al., 2003) and hCNT2 (this study) as deter-
mined in the inhibitor-sensitivity assay. The transport medium con-
tained: 100 mM NaCl, 2 mM KCI, 1 mM CaCl,, 1 mM MgCl,, and 10
mM HEPES, pH 7.5. Current values are presented as the means *+
S.E of three or more oocytes.

Urd Analogs. The structures of Urd and its analogs were given
previously (Zhang et al., 2003; Vickers et al., 2004). The Urd analogs
used in this study were either obtained from R.I. Chemical, Inc.
(Orange, CA) or were synthesized as described by Zhang et al. (2003).

Stock solutions of test compounds were either prepared in water or
dimethyl sulfoxide (DMSO) (Sigma-Aldrich Canada Ltd., Oakville,
ON, Canada), and the final concentration of DMSO in transport
reactions was 0.1% if DMSO was used as a solvent.

Results

Detection of Recombinant hCNT2 in Yeast Mem-
branes. The production of recombinant hCNT2 in S. cerevi-
siae was verified by immunoblotting using anti-hCNT2 anti-
bodies (Fig. 1A). A 75-kDa immunoreactive species was
detected in membranes of pYPhCNT2-containing yeast and
was not detected in membranes of pYPGE15-containing
yeast (Fig. 1A). The electrophoretic mobilities of the detected
proteins were consistent with the predicted molecular mass
of hCNT2.

Urd Transport by Recombinant hCNT2 Produced
in Yeast. The FUI1 and FUR4 double knock-out strain
(fui1::HIS3) was confirmed by demonstrating that it was
unable to transport either [*H]Urd or [*H]uracil. The paren-
tal strain (BY4742-YBR021W) exhibited Urd but not uracil
transport activity (data not shown).

The time course for uptake of 1 uM [*H]Urd into fuil::HIS3
that contained pYPGE15 was linear over extended periods
(>30 min) and exhibited rates of 0.05 *+ 0.01 and 0.04 + 0.01
pmol/mg of protein/min in the presence and absence of 10
mM nonradioactive Urd, respectively (data not shown).
When time courses for an influx of 1 uM [*H]Urd were
measured in the presence and absence of 10 mM nonradio-
active Urd into fuil::HIS3 yeast that contained pYPhCNT2
(Fig. 1B), the time courses were linear for up to 30 min with
mean rates (£S.E.) of 4.1 = 0.09 and 0.05 + 0.02 pmol/mg of
protein/min, respectively, indicating the presence of func-
tional hCNT2 in yeast plasma membranes. Urd transport
rates were determined for all subsequent experiments using
incubation times of 20 min for recombinant hCNT2 produced
in yeast, thereby providing large signal-to-noise ratios and
maintaining initial rates of uptake. Results from similar
experiments with other *H-labeled nucleosides demonstrated
that recombinant hCNT2 also transported adenosine, ino-
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sine, and guanosine but not cytidine and Thd (data not
shown), confirming that the permeant selectivity of recombi-
nant hCNT2 produced in yeast was similar to that reported
previously in cultured cells and X. laevis oocytes (Ritzel et al.,
1998; Lang et al., 2001, 2004), thus providing a good model
system for structure-function studies.

The experiments of Fig. 1C showed that recombinant
hCNT2 had a moderate apparent affinity and capacity for
Urd uptake (K, =29 = 7 uM, V., = 146 = 11 pmol/mg of
protein/min; mean * S.E., n = 3). The K, value of recombi-
nant hCNT2 was slightly lower than the values obtained
with X. laevis oocytes [40 = 6 uM (Ritzel et al., 1998)] and
cultured mammalian cells (Ritzel et al., 1998; Lang et al.,
2001); these differences are believed to be the result of vari-
ations in post-translational modifications in different expres-
sion systems and/or differences in membrane lipid environ-
ment (Visser et al., 2005).

Interaction of Urd Analogs with Recombinant
hCNT2: Inhibitor-Sensitivity Assays. To gain an under-
standing of the structural regions of Urd that interact with
hCNT2, Urd analogs with modifications of the base and/or
sugar moieties were tested systematically by assessing the
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Fig. 1. Immunoblotting detection and functional characterization of re-
combinant hCNT2 in yeast. A, immunoblotting. Yeast (fuil::HIS3) were
transformed with either pYPGE15 or pYPhCNT2 to form new yeast
strains named fuil::HIS3 + pYPGE15 and fuil::HIS3 + pYPhCNT2.
Yeast membranes (20 ug of protein) were subjected to SDS-polyacryl-
amide gel electrophoresis, after which proteins were transferred to poly-
vinylidene fluoride membranes that were subjected to immunoblotting
with anti-hCNT2 monoclonal antibodies. The positions of the molecular
mass markers are indicated in kilodaltons at the right. B, time courses of
[*H]Urd uptake. The uptake of 1 uM [*H]Urd by yeast that was trans-
formed with pYPhCNT2 was measured in CMM/Glu, pH 7.4, in the
presence of 100 mM NaCl, either alone (closed symbols) or with 10 mM
nonradioactive Urd (open symbols). C, kinetic properties. The mediated
component of Urd transport (uptake rates of [*’H]Urd at a particular Urd
concentration minus uptake rates at that concentration in the presence of
10 mM nonradioactive permeants) was plotted as a function of concen-
tration and subsequently converted to V versus V/S plots (insets) to
determine the kinetic constants for hCNT2. Each value is the mean =+
S.E. of nine determinations, and the mean = S.E. values are not shown if
they were smaller than the data points. Each graph represents one of
three identical experiments that gave qualitatively similar results.

400
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concentration dependence of inhibition of transport of 1 uM
Urd mediated by hCNT2. The inhibition of Urd uptake was
assumed to be competitive because 1) the inhibitors tested
were close structural analogs of Urd and 2) the transporter
under study was most likely to be the sole source of interac-
tion with the potential inhibitor. Representative concentra-
tion-effect curves of some of the analogs for inhibition of

=

z

&

>

1 uM [’H]Urd uptake
(percent of control)

107 10°¢ 105 10* 10° 102

[Urd analog] M

Fig. 2. Inhibition of recombinant hCNT2-mediated Urd uptake by some
Urd analogs. The uptake of 1 uM [*H]Urd into fui1::HIS3 yeast-producing
hCNT2 was measured over 20 min in the presence of graded concentra-
tions of test compounds. The test compounds were as follows: Urd (H),
2'-dUrd (V), 3’-dUrd (), 5FUrd (#), 3'-AzdUrd (¥), FdUrd (@), EtdUrd
(O), MeUrd (A), IUrd (¢ ), 2'-AzdUrd ([]), 2'-OMeUrd (+), and 5’-CldUrd
(V). Uptake values in the presence of Urd compounds are given as the
percentage of uptake values in their absence. Each data point represents
the means + S.E. of quadruplicate determinations; error bars are not
shown if they are smaller than the symbol. Three or four independent
experiments gave similar results, and results from representative exper-
iments are shown.
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hCNT2-mediated Urd transport are shown in Fig. 2. In all
cases, the Hill coefficients were close to —1 (mean = S.E. =
—0.9 £ 0.2), indicating a single class of inhibitor-binding
sites. The mean K; values (£S.E.) and the corresponding
Gibbs free energy values are listed in Table 1.

Base Modifications. There were apparent weak interac-
tions between hCNT2 and C(5) of Urd, because the addition
of larger substituents at the C(5) position resulted in de-
creases of 2 to 6 kd/mol in AG® with 2- to 15-fold increases in
K, values. The K, values increased dramatically with the
increase in volume of the substituent (e.g., fluoro < bromo <
iodo) at C(5), FUrd exhibited a K, value of 61 * 13 uM, twice
that of Urd (28 = 3 uM), and IUrd exhibited a K, value of
359 + 50 uM, with a loss of 5.7 kJ/mol in AG®, suggesting
that the interactions between hCNT2 and C(5) were steric.
Although these interactions were not tight, high concentra-
tions of FUrd, IUrd, and BrdUrd were capable of completely
inhibiting hCNT2-mediated transport of Urd. Thd was a
weak inhibitor of Urd uptake with a K, value of 566 *= 20 uM.
The lower affinities for FdUrd, BrdUrd, IdUrd, and EtdUrd
with AG° values of 8 to 20 kJ/mol compared with 2'-dUrd
suggested that the ethyl and iodo substituents with larger
sizes than the fluoro and bromo substituents may have steri-
cally reduced the ability of the analog to efficiently contact
the transporter protein.

The third position of the base moiety (N(3)-H) contributed
a recognition determinant for binding to hCNT2. The low

TABLE 1

affinity of 3MeUrd, with a 20-fold increase in K, value com-
pared with that of Urd, indicated the importance of the N(3)
position as part of the binding motif, with a difference of 7
kd/mol binding energy, suggesting the loss of a weak hydro-
gen bond.

Sugar Modifications. hCNT2 displayed a reduced affin-
ity for 2’-dUrd relative to Urd (Fig. 3), with a small loss of
free energy [8(AG®) = 2.1 kJ/mol]. However, C(2') was an
important determinant for high-affinity binding of Urd by
hCNT2, because other modifications at this position reduced
interactions with hCNT2. The inverted orientation of the
hydroxyl group produced an analog that could no longer
interact with hCNT2, because AraU, an epimer of Urd with
the 2’-hydroxyl group above the plane of the sugar ring,
exhibited a pronounced reduction in its interaction with the
transporter (K; > 3 mM). Compounds with substitution of an
O-methyl or azido group for the 2'-hydroxyl group failed to
inhibit hCNT2-mediated Urd transport at high concentra-
tions (K; > 3 mM), most probably because of the bulkier size
of the C(2')-O-CH4 and C(2')-N3 substituents.

Strong interactions existed between hCNT2 and C(5')- and
C(3’)-OH moieties, because the removal of either the 5'- or
3'-hydroxyl groups yielded K; values >3 mM with losses of
>10.5 kJ/mol in AG®, suggesting that hydrogen bonding was
important. Although 2'-dUrd was a moderate-affinity inhib-
itor of hCNT2-mediated Urd transport, additional removal of
the 3’- or 5'-hydroxyl groups diminished its inhibitory effects.

K, and Gibbs free energy values for inhibition of hCNT2-mediated Urd uptake in S. cerevisiae by Urd analogs

The uptake of 1 uM [*H]Urd into yeast (fuil::HIS3) expressing pYPhCNT2 was measured over 20 min in the presence of graded concentrations of nonradioactive Urd or Urd
analogs. IC;, values (mean += S.E., n = 3—4) were determined using Prism version 3.0 software (GraphPad Software Inc., San Diego, CA) and were converted to K; values
(Cheng and Prusoff, 1973) using K,, values (mean + S.E., n = 3) of 29 + 7 uM for recombinant hCNT2. AG® was calculated from AG® = —RTIn(K;).

Urd Compounds IC50 K; AG° S(AG?)
uM
Urd 29 £ 3 28 = 3 23.8 0
Base modification
FUrd 63 =13 61 =13 22.1 1.7
IUrd 371 £ 51 358 + 50 18.1 5.7
BrUrd 238 + 4 230 £ 4 19.1 4.7
MeUrd 165 = 0.3 160 = 1 19.9 3.9
3MeUrd 581 + 151 562 + 146 17.1 6.7
Sugar modification
2'-dUrd 76 = 8 73+ 8 21.7 2.1
5'-dUrd >3000* >3000* <13.3 >10.5
3’-dUrd >3000° >3000°
araU >3000* >3000*
xyloU >3000* >3000*
2',5'-ddUrd >3000* >3000"
3',5'-ddUrd >3000* >3000*
2',3'-ddUrd >3000° >3000°
2'-OMeUrd >1000* >1000* <15.8 >8.0
5'-OMeUrd >3000* >3000*
3'-OMeUrd >3000* >3000"
2'-AzdUrd >3000° >3000°
3’-AzdUrd >3000* >3000*
5'-AzdUrd >3000* >3000*
5'-CldUrd >1000* >1000*
iPUrd >3000* >3000*
Base and sugar modifications
FdUrd 156 = 7 151 = 7 20.0 3.8
BrdUrd 272 + 75 263 £ 72 18.8 5.0
1dUrd 303 + 20 293 = 11 18.5 5.3
EtdUrd 353 + 40 341 + 39 18.2 5.6
5-Fluoro-5’'-deoxyuridine >3000° >3000°
Thd 586 = 20 566 + 20 17.0 6.8
AZT >3000° >3000°

“ No obvious inhibition was observed.
® Inhibition of <50% was observed.
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The possible involvement of the 3’- and 5’-hydroxyl groups
was also apparent from the effects of substitution of an azido
or O-methyl group at these positions; hCNT2-mediated Urd
transport remained unchanged in the presence of high con-
centrations of 3’-AzdUrd, 3’-OMeUrd, 5'-AzdUrd, or 5'-
OMeUrd. AZT, which is 3’-azido-3'-deoxyothymidine, failed
to inhibit hCNT2-mediated Urd uptake. The loss of more
than 8 kJ/mol in AG® value upon substitution of a chloro
group at the C(5’) of 5’-dUrd suggested the loss of hydrogen
bonding between Urd and hCNT2. Although hCNT2 strongly
bound Urd with the 3’-hydroxyl group below the sugar ring
plane, its affinity for xyloU with the 3’-hydroxyl group ori-
ented upward was greatly reduced (K; > 3 mM). Likewise,
iPUrd failed to inhibit Urd transport, presumably because of
the presence at the 3’ position of the isopropylidene group.
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Permeant Selectivities of hCNT1, hCNT2, and
hCNTS3 for Urd Analogs: Transport Assays. To determine
whether the Urd analogs that bound to hCNT1 (Zhang et al.,
2003), hCNT3 (Zhang et al., 2003), or hCNT2 (this study)
were also permeants, two-electrode voltage clamp studies
were used to measure their abilities to induce inward sodium
currents in oocytes of X. laevis producing each of the trans-
porters. Currents produced by Urd, 2'-dUrd, 3’-dUrd, and
5’-dUrd in a sodium-containing medium are shown in Fig. 3.
Average current values for Urd analogs with base modifica-
tions observed in oocytes injected with transcripts are shown
in Fig. 4. To compare the transportability of Urd and Urd
analogs, the mean values of Urd analog-induced currents
were normalized to the mean values of Urd-produced cur-
rents and summarized as I,,.104/Turq in Table 2 for hCNT1,

(L (X,

o

Fig. 3. Representative sodium currents in the
presence of Urd, 2'-dUrd, 3’'-dUrd, or 5'-dUrd. Oo-
cytes were injected with 10 nl of water without
(control) or with 10 ng of hCNT1, hCNT2, or
hCNT3 transcripts. The expression vector was
pGEM-HE. Current responses were generated by
perfusing individual hCNT1-, hCNT2-, or hCNT3-
producing oocytes with 2’-dUrd, 3'-dUrd, or 5'-
dUrd with the concentrations as indicated in a
sodium-containing transport medium (top three
panels). The current produced by 100 uM Urd in a
sodium-containing medium is shown for compari-
son. The same experiment was performed in a con-
trol water-injected oocyte (bottom). Structures
were drawn using ChemDraw Ultra, version 6.0
software, and numbering for Urd is indicated.
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hCNT2, and hCNT3. hCNT1 and hCNT2 generated similar
inward currents (Iy, = 140 nA), whereas hCNT3 induced
higher currents (I, = 330 nA) in the presence of 100 uM
Urd. In all cases, the inward-directed sodium currents were
reversible and abolished in a sodium-free medium, and no
steady-state currents were observed in control water-injected
oocytes (data not shown).

Base Modifications. Moderate currents (Is,q100/Tva =
20-60%) were elicited by hCNT1 and hCNT3 upon applica-
tion of various concentrations of FUrd, IUrd, MeUrd, and
BrUrd, whereas hCNT2 exhibited greatly reduced ability to
transport Urd analogs with modifications at C(5) after a
trend of diminished transportability with bulkier substitu-
ents [i.e., Urd (100 uM) > FUrd (50 and 100 uM) > MeUrd
(500 uM) > IUrd and BrUrd (500 uM)]. Unlike hCNT1 and
hCNT2, hCNT3 transported 3MeUrd well at higher concen-
trations (In,a100/ltra = 48%, 500 uM 3MeUrd).

Sugar Modifications. Moderate to large inward currents
were elicited by hCNT1 with application of 2’-dUrd or 5'-
dUrd. The slightly higher currents of hCNT1 (I5,a0¢/Tta =
112%) observed with 2',5’-ddUrd (100 uM) compared with
that of Urd (100 uM) indicated that the 2'- and 5'-hydroxyl
groups were not obligatory for transportability by hCNT1.
The addition of an O-methyl group at the 2’ position resulted
in a substantial decrease of sodium current; with a concen-
tration of 1 mM, only 41% I,,4 induced by 100 uM Urd was
observed with 2'-OMeUrd. Although hCNT1 was able to
transport Urd analogs with different modifications at C(2’),
including substitution of the hydroxyl group with an azido
group (2'-AzdUrd), it barely transported AraU (I5,a10¢/Ttra =
4.5%). hCNT1 exhibited high tolerance for substitution of the
5'-hydroxyl with chloro but lower tolerance for the other
substitutions (e.g., replacement with an azido or O-methyl
group yielded poor permeants with I,,.,./I5rq values of less

Zhang et al.
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Fig. 4. Transport of Urd and Urd analogs by hCNT1, hCNT2, and
hCNT3. Currents were generated by perfusing hCNT1-, hCNT2-, or
hCNT3-producing oocytes with Urd or various Urd analogs with base
modifications (concentrations as indicated) in a sodium-containing me-
dium. Values are means + S.E. for three different oocytes. The same
experiment was also performed in control water-injected oocytes (data
not shown); no inward currents were generated. The expression vector
was pGEM-HE.

than 10% of that observed with Urd). 3'-dUrd initiated mod-
erate to high inward currents at high concentrations (I, 4104/
Typa = 91%, 3 mM 3'-dUrd, Fig. 3), and small but significant
currents were induced by 3 mM 2',3’-ddUrd, 3',5’-ddUrd,
3'-AzdUrd, 3'-MedUrdU, and xyloU. No currents were ob-
served in the presence of iPUrd.

hCNT?2 transported Urd analogs with modifications at the
C(2') position, whereas those with modification at the C(5')
and C(3') positions were poorly transported, if at all. Moder-
ate currents were produced by 100 uM 2’-dUrd, whereas only
small currents were induced by 3 mM 5'-dUrd (I .00/ Ttra =
14.7%). We were surprised to observe that 2’,5'ddU, a poor
permeant for hCNT2 at 100 uM (3.1% I,4), induced a cur-
rent at a concentration of 3 mM, which was higher than that
of 5'-dUrd. Likewise, although they were poor permeants at
low concentrations, compounds with C(2’) modifications ini-
tiated significant inward currents at higher concentration (3
mM), with 2'-AzdUrd > 2’-OMeUrd > araU. C(5') modifica-
tions significantly reduced transportability. hCNT2 trans-
ported 5’-CldUrd and 5’-AzdUrd poorly at high concentra-
tions and was unable to transport 5-OMeUrd. Small and
moderate currents were induced with 500 uM and 3 mM
3'-dUrd, respectively (Innatoe/ltea = 4.2% at 500 uM versus
30.4% at 3 mM). Although weak currents were detected with
3 mM 2',3’-ddUrd, no currents were initiated by hCNT2 with
xyloU, 3',5’-ddU, 3'-AzdUrd, 3'-OMeUrd, or iPUrd.

hCNTS3 transported a broad range of Urd analogs. The
absence of the 2'- and/or 5'-hydroxyl groups had no effect on
transportability by hCNT3, because the sodium currents pro-
duced by 100 uM 2'-Urd, 5’-Urd, and 2',5'-ddUrd were sim-
ilar to that of Urd (Fig. 3). At 50 uM, the 2’'-AzdUrd-induced
current was similar to that induced by 100 uM Urd. How-
ever, hCNT3 showed reduced transportability of 2'-OMeUrd
(Tanatog/Tura = 33.6% at 100 uM and 64.5% at 1 mM). Mod-
erate inward currents were induced by 3 mM araU, suggest-
ing that the translocation pore of hCNT3 is more flexible
than the pores of hCNT1 and hCNT2. Urd analogs containing
5’ modifications, including 5'-CldUrd, 5’-AzdUrd, and 5'-
OMeUrd, were good permeants with I4,,.10¢/Tura 0f 29.0% for
10 pM 5'-CldUrd and approximately 70.0% for 5’-AzdUrd
and 5-OMeUrd. hCNT3 handled Urd analogs with 3’ modi-
fications much better than hCNT1 and hCNT2. Large cur-
rents were induced by 3'-dUrd at 500 uM (I,a100/Ttra =
77.5%). At high concentrations (3 mM), 3’-dUrd (Fig. 3),
2',3'-ddUrd, and xyloU produced moderate to large inward
currents, whereas 3'-AzdUrd, 3'-OMeUrd, and iPUrd in-
duced low currents and thus were poor permeants of h(CNT3.

Base and Sugar Modifications. The hCNT1-mediated
currents induced by FdUrd, BrdUrd, IdUrd, and EtdUrd
(Lanatog/Tra = 50-70%) were similar to those induced by
FUrd, BrUrd, and IUrd. The hCNT2-mediated current in-
duced by FdUrd was reduced compared with that induced by
2'-dUrd (Inpat0e/Tura = 32.8% for 100 uM FdUrd versus
75.5% for 100 uM 2'-dUrd); current was also induced by
BrdUrd, whereas IdUrd and EtdUrd had almost no effect.
FdUrd, BrdUrd, and IdUrd all induced moderate currents in
hCNT3-producing oocytes. Lack of the 5'-hydroxyl group in
5-fluoro-5'-dUrd compared with 5FUrd had no effect on cur-
rent induction in either hCNT1- or hCNT3-producing oocytes
but resulted in dramatically decreased currents in hCNT2-
producing oocytes. Thd and AZT induced large and moderate
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currents, respectively, for hCNT1 and hCNT3 but very small
or no currents for hCNT2.

Discussion

The present work used an improved yeast expression sys-
tem to characterize the Urd-binding motif of hCNT2. Among
the three hCNT proteins, hCNT2 showed the lowest affinity
for Urd and was most sensitive to modifications of its struc-
ture. The regions of the sugar moiety most critical for inter-

TABLE 2

Uridine Recognition and Transportability Motifs of hCNTs 837

action with hCNT2 were the C(3')- and C(5')-OH groups.
Retention of these two hydroxyl groups was required for
high-affinity interactions with hCNTZ2, because all modifica-
tions at C(3') and C(5’) reduced the capacity of hCNT2 to
bind Urd analogs. The critical region of the base moiety of
Urd for binding was identified as N(3)-H. The loss of more
than 10.5 and 6.7 kJ/mol in Gibbs free energy, respectively,
when the 3’- or 5'-hydroxyl groups and the N(3)-H were
removed or modified suggested that these groups were in-
volved in hydrogen bonding with hCNT2. These findings

The transportability of uridine analogs by hCNT1, hCNT2, and hCNT3 as measured by induction of sodium currents.

Oocytes producing hCNT1, hCNT2, or hCNT3 were voltage-clamped at —50 mV in a sodium-containing medium, and currents were measured in the presence of Urd analogs
at different concentrations (three to four different oocytes per assay). The mean values of Urd analog-induced currents were normalized to the mean value of Urd-produced
currents (100 uM Urd) and summarized as Ixna10¢/lura- None of the Urd analogs induced currents in water-injected control oocytes (data not shown). The expression vector

was pGEM-T.
IAnalogIUrd
Uridine Analogs Concentration (% of Value Observed with 100 uM Urd)
hCNT1 hCNT2 hCNT3
uM

Urd 100 100 = 8.0 100 = 9.2 100 = 14.4

Base modifications
1Urd 10 21.5 + 2.6 1.2+0.6 25.6 1.2
IUrd 500 60.6 = 3.1 124 = 2.1 549 + 3.4
MeUrd 100 66.6 = 11.5 8.5 +0.7 55.5 + 4.8
MeUrd 500 72.5 = 5.7 24.9 = 3.2 59.3 = 8.8
FUrd 50 50.2 = 4.7 30.0 = 4.0 45.6 = 4.7
FUrd 100 66.3 = 4.6 43.9 = 3.0 442 + 4.6
BrUrd 100 59.9 + 5.6 4.3 0.7 60.3 = 6.9
BrUrd 500 61.6 + 4.7 114*16 71.8 £9.9
3MeUrd 100 0.5+ 0.3 2.4+ 0.6 4.6 £0.9
3MeUrd 500 3.8+1.2 10.2 = 0.2 484 + 4.4

Sugar modifications
2'-dUrd 10 18 + 3.6 16.8 £ 2.1 30.5 £ 2.5
2'-dUrd 100 62.1 £ 9.0 75.5 = 10.4 99.9 + 7.8
5'-dUrd 50 39.6 + 6.3 1.0 £ 0.7 85.4 = 3.5
5'-dUrd 3000 218.9 = 18.9 14721 150.9 = 6.0
3'-dUrd 500 39.6 £ 4.5 4.2 +2.0 75.4 = 4.6
3'-dUrd 3000 91 £ 9.9 304 = 6.3 107.3 = 6.4
AraU 3000 4.5+ 1.8 13615 52.1 +25
XyloU 3000 99+ 138 0 62.3 = 3.9
2',5'-ddUrd 100 111.7 7.2 3.1+1.2 100.9 = 4.6
2',5'-ddUrd 3000 166.6 = 12.6 46.2 = 7.3 117.6 = 14.6
3',5’-ddUrd 3000 11.7 = 2.7 0 29.8 + 3.2
2',3'-ddUrd 3000 549 = 12.6 2.1+1.0 87.8 £6.0
2'-OMeUrd 100 23.4 + 3.6 52*12 33.6 3.9
2'-OMeUrd 1000 414 +54 29.4 5.3 64.5 £ 5.7
5'-OMeUrd 100 8.1+27 0 63.0 = 8.1
5'-OMeUrd 3000 46.8 + 5.4 0 79.0 = 10.2
3'-OMeUrd 3000 4.5+ 1.8 0 120+ 1.1
2'-AzdUrd 50 28.8 + 7.2 8.4 *20 75.8 = 3.9
2'-AzdUrd 3000 N.D. 399 £ 4.2 N.D.
3’-AzdUrd 1000 0 N.D. 64+14
3'-AzdUrd 3000 3.6 +1.8 0 16.3 =25
5'-AzdUrd 100 9.0 = 2.7 N.D. 78.6 = 4.3
5'-AzdUrd 3000 N.D. 25.2 3.1 N.D.
5'-CldUrd 10 18918 0 29.0 = 1.8
5'-CldUrd 1000 149.5 = 11.7 315+ 8.4 147.7 = 10.6
IPUrd 3000 0 0 2.5 0.7

Base and sugar modifications
FdUrd 10 222+ 14 4.4+05 31.8 £ 55
FdUrd 100 72.3 £5.0 32.8 £ 4.7 81.3 = 18.8
BrdUrd 10 20.3 = 2.4 2.1*+0.6 234 + 3.2
BrdUrd 500 56.3 £ 9.0 32.6 £ 7.0 N.D.
1dUrd 100 72.1 = 3.8 1.0 0.3 549 = 6.2
EtdUrd 50 514 +4.1 0.3 +0.3 515 3.1
EtdUrd 500 113.5 = 11.8 23 *0.1 70.6 = 2.5
5-Fluoro-5'-dUrd 50 33.4 0.8 0.0 37.7+ 2.0
5-Fluoro-5’-dUrd 3000 N.D. 124 + 2.1 N.D.
Thd 100 83.2 + 2.8 41+14 63.1 + 10.6
AZT 100 19.2 = 1.7 0.0 85+ 13
AZT 1000 59.9 £ 6.5 0.0 28.1 = 3.2

N.D., not determined.
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were consistent with the predictions of a recent computer-
based pharmacophore model for nucleoside-hCNT2 binding,
which suggested that hydrogen bonding was a dominant
determinate of interaction between hCNT2 and nucleosides
(Chang et al., 2004).

The C(2') and C(5) positions were important regions for
hCNT2 binding. hCNT2 tolerated the removal of the 2’'-
hydroxyl group but not its inversion of configuration or sub-
stitution with an azido or an O-methyl group. Considerable
steric interference and physical separation introduced by
modifications evidently weakened permeant-transporter in-
teractions. Weak interactions, probably through Van der
Waals forces, existed between hCNT2 and the C(5) position of
the base moiety. The addition of halogen, methyl, or ethyl
groups to the C(5) regions of Urd and 2’-dUrd resulted in
similar affinity losses roughly corresponding to the volume
size of the modifications.

Although the structural regions of Urd that were involved
in binding to hCNT2 shared similarities with those of hCNT1
and hCNT3, distinguishable features of hCNT2-Urd interac-
tions were observed. We established previously that the 3'-
hydroxyl is the single most critical functional group of Urd
for high-affinity binding by hCNT1 and hCNT3 (Zhang et al.,
2003); in this study, we have found that both the 5'- and
3’-hydroxyl moieties were critical for hCNT2 binding. The
C(2") and C(5) positions, which were relatively unimportant
for hCNT1 or hCNT3 binding of Urd, were the second most
important regions for hCNT2-Urd interactions. Multiple re-
gions are required for direct or indirect hCNT2 interaction
with Urd, suggesting that the amino acid residues composing
the nucleoside-binding pocket of hCNT2 have limited selec-
tivity for pyrimidine nucleosides.

Because the structural determinants of Urd that were
identified by the inhibitor-sensitivity assay might not be
equivalent to those required for physical translocation across
the membrane by the hCNT proteins, the two-voltage clamp
assay was used to determine the regions of Urd that were
important for hCNT transportability in the X. laevis oocyte
expression system. The regions of Urd required for hCNT1-
mediated transport were identified as C(5), N(3), and C(3’).
The transportability of Urd analogs depended on both the
structural region(s) and the nature of the modifications. Urd
analogs with C(5) modifications, which were high-affinity
inhibitors of hCNT1 (Zhang et al., 2003), were also good
permeants. It is noteworthy that a Urd analog with equal or
even higher affinity than Urd did not necessarily produce
higher currents than Urd. For example, hCNT1 exhibited
significantly higher affinities for binding and transport of
FUrd and FdUrd, because the apparent K, and K,, values of
FUrd and FdUrd were smaller than those of Urd (Zhang et
al., 2003; Smith et al., 2004); however, the currents induced
by these two permeants were smaller than those induced by
Urd. Methylation of N(3) reduced interactions with hCNT1,
because the latter exhibited decreased affinity and greatly
reduced transportability of 3MeUrd. C(2')-OH was not a de-
terminant for hCNT1-Urd interactions, because Urd analogs
with modifications at this position were both good inhibitors
(Zhang et al., 2003) and permeants of hCNT1. The 5'-hy-
droxyl group, which was previously identified as a potential
H-bond donor for high-affinity hCNT1-Urd interactions
(Zhang et al., 2003), was not important for transport by
hCNT1, because 5’-dUrd and 5'-CldUrd remained good per-

meants. However, 5'-AzdUrd and 5'-OMeUrd were not trans-
ported well by hCNT1, indicating that the 5’ region of the
sugar moiety contributes to permeant selectivity. Modifica-
tions at C(3’) dramatically decreased the transportability of
Urd analogs. hCNT1 was able to transport 3’-dUrd and 2’,3'-
ddUrd at very high concentrations but was unable to trans-
port Urd analogs with bulkier C(3’) substituents.

The transportability profile of hCNT2 corresponded well to
its binding motif. Changes in almost all regions of Urd af-
fected hCNT2 permeant selectivity. The most critical func-
tional groups for binding to hCNT2 (i.e., the 3'- and 5'-
hydroxyl groups) were also required for transportability.
Almost any changes at the 3’ or 5’ positions, including re-
moval of the hydroxyl group or inversion of configuration (at
the 3’ position), modification, or substitution, yielded Urd
analogs that were poor permeants or not permeants at all.
hCNT2 showed moderate affinity for 2'-dUrd and also ac-
cepted 2'-dUrd as a good permeant. Substitution of a variety
of groups for the 2’-hydroxyl group yielded Urd analogs with
poor binding in hCNT2-producing yeast and poor transport
in hCNT2-producing oocytes. The N(3) region of Urd was also
a determinant of transportability. The small volume of the
C(5) region was evidently needed for tight binding and effi-
cient transport, because substitution of H with bulkier
groups resulted in a similarly large loss of both binding and
transport.

The C(3"), C(5), and N(3) regions of Urd affected hCNT3 to
different degrees. A potential hydrogen-bond interaction at
C(3') of Urd was important for high-affinity binding and
transport, because removal or modification of the 3’-hydroxyl
group significantly reduced analog binding and weakened
transport. However, most poor inhibitors of hCNT3 protein
seemed to be transported at high concentrations. The C(2')
and C(5') regions of Urd, which were shown previously to be
unimportant for Urd binding, were not important for trans-
port, because the C(2')- and C(5’)-Urd analogs were also good
permeants of hCNT3. Although modifications of C(5) and
N(3) caused no substantial changes in binding to hCNT3
(Zhang et al., 2003), the corresponding Urd analogs were
transported less well than either Urd or 2'dUrd, suggesting
that these two regions were minor determinants for hCNT3
transportability.

The transportability of Urd analogs by hCNT1, hCNT2,
and hCNTS3 reflected well the results obtained in the inhib-
itor-sensitivity assays. Most, if not all, of the Urd analogs
that inhibited hCNT1-, hCNT2-, or hCNT3-mediated Urd
transport were also permeants. hCNT2, which showed the
least tolerance for modifications of Urd in the inhibitor-sen-
sitivity assay, also exhibited limited transport of Urd analogs
in the sodium flux assay. In contrast, hCNT3, with the 3'-
hydroxyl group being the only important structural determi-
nant for binding, showed good tolerance to various modifica-
tions of Urd with respect to transportability.

In summary, an improved yeast expression system was
developed and used to determine the Urd-binding motif of
hCNT2, after which Urd analogs were applied to evaluate the
transportability profiles of inhibitors of hCNT1, hCNT2, and
hCNT3 with the two-electrode voltage clamp assay in oocytes
of X. laevis. The transporters displayed key differences in
their ligand recognition and permeant selectivities, indicat-
ing differences in permeant-binding and translocation sites.
Although they are poor inhibitors, 3'-dUrd, 2',3'-ddUrd,
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3',56’-ddUrd, araU, xyloU, and AZT were permeants for
hCNT1 and hCNT3 at high concentrations, indicating the
important roles of these transporters for delivery and distri-
bution of nucleoside analogs. The results of this work will
guide the rational design of nucleoside drugs for use in the
treatment of human diseases.
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