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ABSTRACT:. The Na/nucleoside cotransporters hCNT1 (650 residues) and hCNT2 (658 residues) are 72%
identical in amino acid sequence and contain 13 putative transmembrane helices (TMs). Both transport
uridine and adenosine but are otherwise selective for pyrimidine (sysit¢rand purine (systengif)
nucleosides, respectively. Previously, we used site-directed mutagenesis and functional expression in
Xenopusoocytes to identify two pairs of adjacent residues in TMs 7 and 8 of hCNT2%S&In32° and
Sef-Lew®) that, when converted to the corresponding residues in hCNT2 (Gly-Met and Thr-Val,
respectively), changed the permeant selectivity of the transporter é¢iomo cif. We now report an
investigation of the effects of corresponding mutations in TM 8 alone and demonstrate unique S353T-
and L354V-induced changes in nucleoside specificity and cation coupling, respectively. hCNT1 mutation
S353T produced a profound decrease in cytidine transport effici&fgyKm ratio) and, in combination

with L354V (S353T/L354V), resulted in a novel uridine-preferring transport phenotype. In addition, the
L354V mutation markedly increased the apparent affinity of hCNT1 for Blad Li*. Both hCNT1 TM

8 residues exhibited uridine-protectable inhibitiongeghloromercuribenzene sulfonate when converted

to Cys, suggesting that they occupy positions within or closely adjacent to a common cation/nucleoside
translocation pore.

Physiological nucleosides and most therapeutic nucleosidetions in the vicinity of cell surface purinoreceptors, NTs also
analogues are hydrophilic molecules that require specializedprofoundly affect neurotransmission, vascular tone, and other
nucleoside transport proteins (N¥$) pass across cellular  processes5, 6). Two structurally unrelated NT protein
membranes 1—3). NT-mediated transport is a critical families exist in mammalian cells: the SLC28 concentrative
determinant of intracellular nucleoside metabolism and the nucleoside transporter (CNT) family13) and the SLC29
pharmacological actions of antineoplastic and antiviral equilibrative nucleoside transporter (ENT) famify4-17).
nucleoside drugs3( 4). By regulating adenosine concentra- In humans (h), hENT1 and hENT2 mediate facilitated
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is localized in intracellular membranes and is pH-dependent,used in earlier studie®8). Constructs were sequenced in
while hENT4 is a dual adenosine/monoamine transporter both directions to confirm that only the correct mutation had
(18—22). hCNT1 (systentit) transports pyrimidine nucleo-  been introduced. Plasmid DNA was linearized withd and
sides and adenosine; hCNT2 (systeif) transports purine  transcribed with T7 polymerase using the mMESSAGE
nucleosides and uridine, and hCNT3 (sysigh) resembles ~ mMACHINE (Ambion, Austin, TX) transcription system.
the broadly selective hENT1 and -2 and transports both Defolliculated stage VK. laevis oocytes were microinjected
pyrimidine and purine nucleosides. In contrast to ENTs, with 20 nL of water or 20 nL of water containing capped
CNTs are found predominantly in intestinal and renal RNA transcript (20 ng) and incubated in modified Barth’'s
epithelia and other specialized cells, suggesting an importantmedium (changed daily) at I for 72 h prior to the assay
role in absorption, secretion, distribution, and elimination of nucleoside transport activity.

of nucleosides and nucleoside drugs. Radioisotope Flux StudieSrransport assays were per-

While considerable progress has been made in elucidatingformed as described previousl$3 23) on groups of 16-
the structural basis of ENT proteink9), studies of structur- 12 oocytes at room temperature (2T) using 1uCi/mL *C-
ally and functionally important residues within the CNT labeled or 2u4Ci/mL *H-labeled nucleosides (Moravek
protein family are still at an early stage. hCNF3 and other Biochemicals, Brea, CA, or Amersham Pharmacia Biotech,
eukaryote CNT family members have a predicted 13- Baie d’Urfe, QC) in 200uL of the appropriate transport
transmembrane helix (TM) architecture, and multiple align- medium containing either 100 mM NaCl, 100 mM choline
ments reveal strong sequence similarities within the carboxyl chloride (ChCI), or 100 mM LiCl and 2 mM KCI, 1 mM
terminal half of the proteins, particularly within putative TM  CaCh, 1 mM MgCk, and 10 mM HEPES (pH 7.5) or 10
regions. Previously, we used hCNT1 and -2 sequence MM MES (pH 5.5). In cation activation experiments where
comparisons, chimeric constructs, and site-directed mutagenthe indicated Na or Li* concentration was less than 100
esis in combination with heterologous expressioXémopus MM, Na“ or Li* in the transport medium was replaced with
oocytes to identify key residues involved in hCNT1 substrate €quimolar choling to maintain isomolarity. Except where
selectivity @3). Two pairs of residues in TMs 7 and 8 of Otherwise indicated, nucleoside uptake was assessed at a
hCNT1 (Sef®-GIn2°and SeP3Lew’>) were identified that, ~ concentration of 2@M. All uptake values, at both high and
when converted together to the corresponding residues inlow permeant concentrations, represent initial rates of
hCNT2 (Gly-Met and Thr-Val, respectively), changed the transport (e.g., 7, 9, 10, and 23) determined using an
permeant selectivity of the transporter from pyrimidine incubation period of +10 min, depending upon the construct
nucleoside-selectiveit) to purine nucleoside-selectiveif). and coupling cation used in the experiment and have units
Mutation of Sef® in TM 7 of hCNT1 to Gly enabled  ©of picomoles per oocyte per minute. At the end of the
transport of purine nucleosides, and concurrent mutation of incubation period, extracellular radiolabel was removed by
GIn3° to Met augmented this transport. The additional Seven rapid washes in ice-cold ChCl transport medium (pH
mutation of Se¥3in TM 8 of hCNT1 to Thr converted  7.5), and individual oocytes were dissolved in 1% (w/v) SDS
S319G/Q320M from broadly selectiveilf type) to purine for quantitation of cell-associated radioactivity by liquid
nucleoside-selectivecif type), but with relatively low scintillation counting (LS 6000 IC, Beckman, Fullerton, CA).
adenosine transport activity. Further mutation of 1%éto The flux values shown are meattsthe standard error (SE)
Val enhanced the adenosine transport capability of S319G/0f 10-12 oocytes. Values for the transporter-mediated
Q320M/S353T, producing a futif-type phenotype. Residues component of uptake were calculated as uptake in RNA-

in both TMs 7 and 8 therefore play key roles in determining injected oocytes minus uptake in oocytes injected with water
hCNT1 and -2 nucleoside selectivity. alone. Flux values varied in different batches of oocytes by

a maximum of 3-fold between experiments. Kinetg.( Kso,

To further explore the structural and functional significance . .
P g Vmax and Hill coefficient) parameters{SE) were calculated

of hCNT1 TM 8 residues, we report here a follow-up series . : ! )
of experiments in which TM 8 ?esidues &B8rand L§G54 from mediated data using ENZFITTER (Elsevier-Biosoft,

were subjected to site-directed mutagenesis in the absenc&ampridge, U.K.).
of changes to TM 7. The results reveal dual effects on both _Electrophysiology Current Measuremeriéembrane cur-

nucleoside specificity and cation coupling and, combined "€NtS were measured at room temperature(20using the
with findings from cysteine-directed protein chemistry stud- Whole-cell, two-electrode voltage clamp technique (GeneC-

ies, suggest that the two adjacent TM 8 residues face al@MP 500B, Axon Instruments Inc., Foster City, CA). The
common water-accessible cation/nucleoside translocationMicroelectrodes were filled wit3 M KCl and had resistances

pathway. rangi_ng from 0.5 to 1.5 . _The GeneClamp 5_OOB dgv_ice
was interfaced with a dedicated computer via a Digidata
EXPERIMENTAL PROCEDURES 1322A A/D converter and controlled with Axoscope software
(Axon Instruments Inc.). Current signals were filtered at 20
Site-Directed Mutagenesis of hCNT1 and Expression in Hz (four-pole Bessel filter) at a sampling interval of 50 ms.
Xenopus lagis OocyteshCNT1 cDNA (GenBank accession  For data presentation, the signals were further filtered at 0.75
number U62968) inXenopusoocyte expression vector Hz by using pCLAMP (version 9.0, Axon Instruments Inc.).
pGEM-HE @4) provided the template for construction of Following microelectrode penetration, the resting membrane
hCNT1 mutants using the QuikChange mutagenesis kit potential was measured over a 15 min period prior to the
(Stratagene, La Jolla, CA). By providing'-5and 3- start of the experiment. Oocytes exhibiting an unstable
untranslated regions from tiéenopug3-globin gene flanking membrane potential or a potential of less thé80 mV were
the multiple cloning site, pPGEM-HE gave greater functional discarded. Individual oocytes with good resting membrane
activity than the pBluescript Il KSf) (Stratagene) vector  potentials were clamped at50 mV, and current measure-
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Ficure 1: hCNT1 topology model. Putative membrane-spanning FIGURE 2: Functional activity and protein expression levels of
o-helices are numbered, and glycosylation sites are indicated by NCNT1-, S353T-, L354V-, and S353T/L354V-producing oocytes.

the y-like symbol in the extracellular C-terminal tail. Residues =~ X&nopusoocytes injected with RNA transcripts encoding hCNT1,
identified in hCNT1 to be important for substrate selectivity are S353T, L354V, or S353T/L354V and control water-injected oocytes

shown in the expanded TMs 7 and 8 as black circles. were assayed for functional activity by uptake of 2@ radiola-
beled uridine in 100 mM NacCl transport medium (pH 7.5) (A) and

; ; plasma membrane recombinant protein expression by Western
ments were obtained in 100 mM NaCl (pH 7.5), ChCl (pH blotting (B). Flux assay values are the mean$E from a group

5.5), or LICl (pH 7.5) transport media with the same o101 gocytes. Flux values that are less than the thickness of
composition used in the radioisotope transport assays. Tothe line appear as zero.

initiate transport, the medium perfusing the oocyte was
changed to one containing 1 mM uridine for approximately to that of a hCNT2-like transporte2®). The goal of this
40 s and then exchanged with fresh medium lacking the study was to examine the role of the two hCNT1 TM 8
nucleoside permeant. residues (S&# and Led*) independent of those in TM 7.
PCMBS Inhibition Studie®ocytes were preincubated on Surface Expression of hCNT1 TM 8 Mutaritéild-type
ice for 10 min in 20QuL of 100 mM NaCl transport medium ~ hCNT1, the two individual hCNT1 mutants, S353T and
at pH 7.5 containing varying concentrationspe€hloromer- | 354y, and the double hCNT1 mutant, S353T/L354V, all
curibenzene sulfonate (PCMBS) either alone or in the exhibited uptake of radiolabeled uridine (@®1) in 100 mM
presence of 20 mM nonradioactive uridine, as indicated. The NaCl transport medium (pH 7.5) when produceenopus
oocytes were then washed three times with ice-cold transportoocytes (Figure 2A). In contrast, only basal nonmediated
medium and assayed for uridine transport activity {20, uptake of uridine was evident in control water-injected
1 min flux). oocytes under the same conditions. Western blots of purified
Western BlotsPurified plasma membranes were prepared gocyte plasma membranes revealed similar levels of surface
from groups of 100 oocytes using silica beads as describedexpression for each of the constructs, and wild-type and
by Kamsteeg and Deer2§). Protein concentrations were mytant hCNT1 proteins migrated with an apparent molecular
determined by the bicinchoninic acid protein assay (Pierce, mass of~70 kDa (Figure 2B). Antibody specificity for
Rockford, IL) using BSA as a standard. Aliquots(g) of hCNT1 was evident from the lack of immunoreactivity in
plasma membrane proteins were resolved on 12%-SDS  control water-injected oocytes. Thus, the introduced muta-
polyacrylamide gels, and the electrophoresed proteins weretions did not effect cell surface processing of the recombinant
transferred to polyvinylidene difluoride membranes and proteins.
_probed with affinity-purified rapbit anti-hCNEL55 antibod—. Nucleoside Specificities of hCNT1 TM 8 Mutams. an
ies (6). Blots were then incubated with horseradish eyiension of our previous studgd) and to assess the effects
peroxidase-conjugated anti-rabbit antibodies (Amersham ¢ Tvm 8 mutations on permeant selectivity, initial experi-
Pharmacia Biotech) and developed with enhanced chemilu-ants compared wild-type hCNT1 uptake of a panel of
minescence reagents (Amersham Pharmacia Biotech).  ragiolabeled pyrimidine and purine nucleosides to that of
S353T, L354V, and S353T/L354V (Figure 3). Mediated
RESULTS AND DISCUSSION transport, defined as the difference in uptake between RNA
In humans, hCNTZ3 are functionally distinguished on transcript-injected and control water-injected oocytes, was
the basis of substrate selectivity. All three proteins transport assessed at nucleoside concentrations @fM@n 100 mM
uridine and adenosine but are otherwise pyrimidine nucleo- NaCl transport medium (pH 7.5). The rate of uptake in water-
side-selective (hnCNT1), purine nucleoside-selective (hnCNT2), injected oocytes was<0.08 pmol oocyte’ min* for all
or broadly selective for both pyrimidine and purine nucleo- nucleosides tested (thymidine inosine > cytidine >
sides (hCNT3). Previously, we identified two pairs of guanosine> uridine > adenosine) (data not shown). In
isoform-specific residues in the central regions of TMs 7 agreement with previous studiez3( 30—32), the fluxes in
and 8 of hCNT1 (Sé-GIn®?° and Sei®-Lel®, respec- Figure 3A show hCNT1 to be selective for pyrimidine
tively) that, when converted to the corresponding residues nucleosides (uridine> thymidine > cytidine), with no
in hCNT2 (Gly*Met3'* and ThP4-Val**® respectively) measurable uptake of inosine and guanosine. Previous studies
(Figure 1), changed the nucleoside specificity of the protein have established that adenosine is a high-affinity, low-
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Ficure 3: Nucleoside selectivity of hCNTl-, S353T-, L354V-, and S353T/L354V-producing oocyéempusocytes were injected with

RNA transcripts encoding hCNT1 (A), S353T (B), L354V (C), or S353T/L354V (D). The rate of uptake of a panel of radiolabeled physiological
nucleosides (adenosine, uridine, inosine, thymidine, guanosine, and cytidine) at a concentratjoi e¥@&dmeasured in transport medium
containing 100 mM NacCl (pH 7.5). Data are presented as mediated transport, calculated as the rate of uptake in RNA-injected oocytes
minus the rate of uptake in oocytes injected with water alone, and normalized to the mediated uridine uptake for each transport protein.
Mediated uridine fluxes were 6 0.4 (hCNT1), 1.3+ 0.1 (S353T), 3.8+ 0.3 (L354V), and 2.7 0.3 pmol oocyte! min~! (S353T/

L354V). Each value represents the melaiSE of 10-12 oocytes. Mediated uptake values that are less than the thickness of the line appear
as zero. Experiments were performed on the same batch of oocytes used on the same day.

capacity permeant of human and rat CNT, {0). The adenosine, uridine, thymidine, and cytidine, with lower levels
apparent lack of adenosine transport shown by hCNT1 in of inhibition evident for inosine (20%) and guanosine (27%)
Figure 3A reflects the very lowna/Kn ratio exhibited by (Figure 4A). Inhibition profiles similar to that of \CNT1 were
this permeant. Like that of hCNT1, pyrimidine nucleoside- seen for S353T (Figure 4B), L354V (Figure 4C), and S353T/
selective uptake was evident for both S353T (Figure 3B) L354V (Figure 4D), except that L354V and S353T/L354V
and L354V (Figure 3C), although relative to the rate of exhibited modestly increased levels of inhibition by inosine
uridine uptake, the rate of transport of cytidine by S353T and guanosine (L354V) and inosine (S353T/L354V), which
was significantly reduced. Additionally, L354V (Figure 3C) reflects the slightly elevated rate of uptake of these nucleo-
exhibited a modestly elevated rate of transport of purine sides seen in panels C and D of Figure 3, respectively. The
nucleosides (adenosirre inosine > guanosine). This isin  marked inhibition of hCNT1-mediated uridine uptake by
good agreement with our previous finding that the L354V adenosine (Figure 4A), but apparent lack of adenosine
mutation augmented adenosine transport by the double TMtransport in Figure 3A, reflected previous demonstrations of
7 mutant S319G/Q320M, an effect that occurred through an this nucleoside’s role as a high-affinity, low-capacity hCNT1
increase in adenosiné,ax, With no change in the apparent permeant9, 10) and was shared by all three mutant proteins
Km (23). In contrast to the individual mutations, the double (Figures 3B-D and 4B-D). Potentially similar behavior was
mutant S353T/L354V (Figure 3D) exhibited a unique uri- also apparent for cytidine interactions with mutant S353T
dine-selective phenotype with only low levels of uptake for (Figures 3B and 4B) and for both cytidine and thymidine
other pyrimidine and purine nucleosides (uridirgnosine, interactions with mutant S353T/L354V (Figures 3D and 4D).
thymidine, and cytidine> adenosine and guanosine). Similar Thus, despite exhibiting altered nucleoside transport profiles,
to that of L354V, a corresponding small elevation in the rate the hCNT1 mutant proteins maintained relatively unaltered
of inosine transport was also apparent for S353T/L354V nucleoside binding pockets in that they retained thymidine
(Figure 3D). and cytidine binding activities. This was confirmed for the
Nucleoside Inhibition of Uridine Uptake by hCNT1, S353T, uridine-selective S353T/L354V mutant in the experiments
L354V, and S353T/L354VY0 determine if mutation-induced depicted in Figure 5 which examined the concentration
changes in hCNT1 permeant selectivity resulted from dependence of thymidine inhibition of uridine uptake (20
modifications to the nucleoside binding pocket and/or u«M). Thymidine effectively inhibited both wild-type hCNT1
changes in nucleoside translocation, the rate of uptake of 20and S353T/L354V with broadly similar Kgvalues of 55t
uM radiolabeled uridine [L00 mM NaCl (pH 7.5)] by wild- 9 and 26+ 4 uM, respectively.
type hCNT1, S353T, L354V, and S353T/L354V was mea- Kinetic Properties of hCNT1 TM 8 Mutant$o further
sured in the presence of excess (1 mM) nonradioactive characterize the differences in pyrimidine nucleoside uptake
nucleosides (Figure 4). In agreement with the nucleoside that are evident in Figures 3 and 4, we determined kinetic
uptake profile shown in Figure 3A, uridine uptake by wild- parameters of the influx of radiolabeled uridine, thymidine,
type hCNT1 was inhibited by>91% in the presence of and cytidine inXenopuocytes producing wild-type hCNT1
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FIGURE 4: Inhibition of hCNT1-, S353T-, L354V-, and S353T/L354V-mediated uridine uptake by physiological nucleosides. hCNT1-
mediated (A), S353T-mediated (B), L354V-mediated (C), and S353T/L354V-mediated (D) uptakeud 2&diolabeled uridine was
assessed in the presence and absence of a panel of physiological nucleosides (adenosine, uridine, inosine, thymidine, guanosine, and cytidine)
at a concentration of 1 mM in transport medium containing 100 mM NaCl (pH 7.5). Data are presented as mediated transport, calculated
as the rate of uptake in RNA-injected oocytes minus the rate of uptake in oocytes injected with water alone, and normalized to the rate of
uptake in the absence of inhibitor for each transport protein. Mediated uridine fluxes weteO761(hCNT1), 1.7+ 0.2 (S353T), 3.9
0.2 (L354V), and 2.3+ 0.2 pmol oocyte! min~! (S353T/L354V). Each value represents the maaSE of 10-12 oocytes. Mediated
uptake values that are less than the thickness of the line appear as zero. Experiments were performed on the same batch of oocytes used
on the same day.
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ST o hONTI (thymidine>> cytidine > uridine) (data not shown). In all
2 0S353T/L354V cases, mediated transport was saturable and conformed to
g 80 simple Michaelis-Menten kinetics. For wild-type hCNT1
o 60 (Figure 6A), lowerVmax values for transport of thymidine
T % and cytidine relative to that of uridine were partly compen-
% 20 sated by lower appareitt, values such tha¥./Kn, ratios,
g a measure of transport efficiency, were broadly similar for
g 0 all three nucleosides (1.24 0.05 for uridine, 0.7Gt 0.06
0 200 400 600 800 1000 for thymidine, and 0.57+ 0.07 for cytidine) (Table 1).
[Thymidine] (uM) ApparentK, values and theVm./Km trend of uridine>

FicurRe 5: Thymidine inhibition of uridine uptake by hCNT1-and thymidine> cytidine were consistent with those of previous

S353T/L354V-producing oocytes. The rate of uptake ofuR0 studies 23, 27—29) and are in good agreement with uptake
radiolabeled uridine in the presence of increasing concentrationsy,g|yes presented in Figure 3A.

of thymidine was measured in hCNT1-produci®@) @nd S353T/ .

(pH 7.5). Data are presented as mediated transport, calculated a$-354V (Figure 6B-D) confirmed the findings for uridine,
the rate of uptake in RNA-injected oocytes minus the rate of uptake thymidine, and cytidine uptake presented in Figure 3 and
In ‘t'f‘;?(teer;;r;f?;‘]e‘tjhgoggts‘zsﬁcaé”gf”g;?gggﬁgl;? :rqemni]dei?]gtel\%elijrilgtlgg established the kinetic basis for the unique uridine-selective
Sfidine fluxes in the absence of thymidine wergfol (hCNTl) phenotype of the S353T/L354V unbIe mutant. Mutant
and 8.2+ 0.5 pmol oocyte! min~! (S353T/L354V). Each value ~ L354V (Figure 6C and Table 1) exhibited an overall decease
represents the meah SE of 10-12 oocytes. Error bars are not  in both apparenK,, and Vqax values, and as a resula/

shown in cases where values were smaller than the size of thek, ratios (1.36+ 0.12 for uridine, 1.06t 0.13 for thymidine,
symbols. Experiments were performed on the same batch of oocytes; n4 0 46+ 0.03 for cytidine) were similar to those of wild-
used on the same day. type hCNT1. In marked contrast, mutant S353T (Figure 6B
and mutants S353T, L354V, and S353T/L354V. Representa-and Table 1) exhibited substantially redudégh/Kn, ratios

tive concentration dependence curves in 100 mM NaCl (0.35+ 0.02 for uridine, 0.17+ 0.02 for thymidine, and
transport medium (pH 7.5) for transporter-mediated influx 0.02 + 0.01 for cytidine), with cytidine transport being
corrected for basal nonmediated uptake measured in controlespecially compromised as a consequence of a large decrease
water-injected oocytes are presented in Figure 6. Thein Vnax (22-fold decrease relative to that of uridine). The
corresponding kinetic parameters derived from the data arecombination mutant S353T/L354V (Figure 6D and Table 1)
given in Table 1. Control fluxes in water-injected oocytes demonstrated efficient transport of uridine similar to that of
were linear with respect to nucleoside concentration<®d wild-type hCNT1 {V/madKm ratios of 1.35+ 0.10 and 1.24

pmol oocyte® min~! at 1 mM extracellular nucleoside + 0.05, respectively) but was severely compromised with
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uptake of radiolabeled uridin®j, thymidine ), and cytidine ¥) in 100 mM NaCl transport medium (pH 7.5) were measured in hCNT1-
producing (A), S353T-producing (B), L354V-producing (C), or S353T/L354V-producingi@opuoocytes. Data are presented as mediated

transport, calculated as the rate of uptake in RNA-injected oocytes minus the rate of uptake in oocytes injected with water alone. Each
not shown in cases where values were smaller than the size of the

value represents the mean SE of 16-12 oocytes. Error bars are

symbols. Experiments were performed on the same batch of oocytes used on the same day.

Table 1: Kinetic Parameters for Uptake of Uridine, Thymidine, and
Cytidine by hCNT1 and hCNT1 Mutants ProducedXanopus
Oocytes

apparent  Vmax(pmol VinadKm
transporter  nucleosideKy, («M) oocyte™ min—?) ratio
hCNT1 uridine 332 41+ 1 1.24+ 0.05
thymidine 27+ 2 19+1 0.70+ 0.06
cytidine 23+ 2 13+ 1 0.57+ 0.07
S353T uridine 191 6.7+ 0.1 0.35+ 0.02
thymidine 12+1 2.0+0.1 0.17+ 0.02
cytidine 16+ 2 0.3+0.1 0.02+ 0.01
L354V uridine 14+ 1 19+1 1.36+ 0.12
thymidine 7.2+ 0.9 7.6£0.2 1.06+ 0.13
cytidine 14+ 1 6.4+ 0.1 0.46+ 0.03
S353T/L354V uridine 5#04 7.7£0.1 1.35+ 0.10
thymidine 46+ 9 1.2+0.1 0.03£0.01
cytidine 41+ 3 1.1+ 0.1 0.03+0.01

aValues (SE) taken from Figure 6.

respect to transport of both thymidine and cytidine. As was
the case with S353T, I0Wna/Km ratios of 0.03+ 0.01 for
transport of thymidine and cytidine by S353T/L354V were
the result of large decreases\ax with only moderately
increased thymidine and cytidin&, values in comparison

to that of wild-type hCNT1. Overall, the kinetic data
confirmed that mutations S353T and S353T/L354V primarily
altered pyrimidine nucleoside translocation rather than bind-
ing affinities.

Additional Mutants.To investigate the relationship be-
tween side chain structure and function, the role of hCNT1
TM 8 residue positions 353 and 354 in determining nucleo-
side selectivity was further studied through additional muta-
tions by changing Sé#to Ala, Cys, and Val and Lé#to
Ala, Cys, lle, and Met. Mutant proteins were produced in
oocytes and assayed for uridine, thymidine, cytidine, and
inosine uptake under the same conditions used in Figure 3

Conversion of Sép of hCNT1 to Ala (S353A), Cys
(S353C), or Val (S353V) resulted in proteins with hCNT1-
like nucleoside uptake phenotypes, with only basal levels
of inosine uptake €0.1 pmol oocyte! min~t) and rates of
transport in the following order: uridine thymidine >
cytidine (data not shown). Therefore, hydrogen bonding at
hCNT1 residue position 353 was not critical for maintaining
the pyrimidine nucleoside selectivity of the transporter.
Conversion of Le#P* to Ala (L354A), Cys (L354C), lle
(L354l), or Met (L354M) also resulted in proteins with
hCNT1-like substrate selectivity profiles, with none of the
amino acid substitutions mimicking the small L354V increase
in the rate of inosine uptake (data not shown).

Cation Specificity of hCNT1 TM 8 Mutantglammalian
CNTs function predominantly as Naoupled nucleoside
transporters. For hCNT3, Hand Li" have been shown to
substitute for N& (12, 13, 30), a phenomenon also observed
with other Na-coupled membrane cotransport proteins,
including the bacterial MelB melibiose transporter and the
mammalian SGLT Néaglucose and SDCT1/NaDC-1 Na
dicarboxylate cotransporter81—35). To investigate whether
changes in nucleoside specificity of hCNT1 TM 8 mutants
were accompanied by corresponding alterations in cation
selectivities, wild-type hCNT1 and mutant S353T, L354V,
and S353T/L354V proteins were assayed for radiolabeled
uridine uptake (2Q«M) in the presence of Na[100 mM
NaCl (pH 7.5)], H [100 mM ChCI (pH 5.5)], and Lfi [100
mM LiCl (pH 7.5)] and in the absence of cation [100 mM
ChCI (pH 7.5)] (data not shown). As in previous studi2g (
36), Na" was confirmed to be the primary hCNT1 coupling
cation with robust uridine uptake in the presence of a2
=+ 0.7 pmol oocyte! min~t) and only basal levels of uridine
uptake in Nd-free Hf-containing or cation-free medium.

Very weak, but significant, hCNT1-mediated uptake of
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FIGURE 7: Na'- and Li*-dependent nucleoside transport by hCNT1
and L354V. The rate of uptake of 20M radiolabeled physiological

nucleosides (adenosine, uridine, thymidine, and cytidine) in oocytes

producing hCNT1 (A) or L354V (B) was measured in transport
medium containing 100 mM NacCl (black bars) or LiCl (white bars)

(pH 7.5). Data are presented as mediated transport, calculated a
the rate of uptake in RNA-injected oocytes minus the rate of uptake

in water-injected oocytes. Each value represents the me8fk

of 10—12 oocytes. Mediated uptake values that are less than the
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Ficure 8: hCNT1 and L354V N& and Li* activation kinetics.

The rate of uptake of 20M radiolabeled uridine by hCNT 1)

and L354V (O) was measured as a function of N@A) and Li*
concentration (B), using cholifieas an isosmotic Nlasubstitute

(pH 7.5). Data are presented as mediated transport, calculated as
the rate of uptake in RNA-injected oocytes minus the rate of uptake
gn water-injected oocytes. Each value represents the me&E

of 10—12 oocytes. Error bars are not shown in cases where values
were smaller than the size of the symbols. Experiments were
performed on the same batch of oocytes used on the same day.

thickness of the line appear as zero. Experiments were performed

on the same batch of oocytes used on the same day.

uridine was seen in Nafree Li"-containing medium (0.16
+ 0.03 pmol oocyte! min~t). A similar cation selectivity
profile was seen for S353T. In contrast, L354V, and to a
lesser extent S353T/L354V, exhibited elevatet-iriediated
uridine transport activity [1.2£ 0.1 (Li*) and 5.3+ 0.4
(Na") pmol oocyte* min~t for L354V and 0.6+ 0.1 (Li*)
and 3.8+ 0.1 (Na") pmol oocyte® min~ for S353T/L354V].
Similar to hCNT1, however, L354V and S353T/L354V
exhibited only a basal level of uridine uptake inNaee
H*-containing or cation-free medium. L354V "Lidepen-

for LiT activation of L354V (0.6 0.05) was also consistent
with a 1:1 coupling ratio. A Hill coefficient for Li-mediated
transport by hCNT1 could not be determined because of the
low apparent affinity of the wild-type transporter for™Li
Previously, we have established that hCNT1 mediates Na
coupled nucleoside transport by a sequential ordered binding
mechanism in which cation binds to the transporter first,
increasing its affinity for the nucleoside, which then binds
second 27). It was predicted, therefore, that the low apparent
affinity of hCNT1 for Li* would be matched by a cor-
respondingly low apparent affinity for timediated uridine
influx and that the LT Ks difference between L354V and

dence was most marked for uridine but was also apparenthCNT1 would be mirrored by a corresponding downward
for other nucleosides (adenosine, thymidine, and cytidine) shift in the nucleoside appareit, value. The experiments

(Figure 7). All of the other residue mutations that were
constructed (S353A, S353C, S353V, L354A, L354C, L354l,
and L354M) maintained hCNT1-like cation selectivity and
were not able to mimic the L354V increase in the rate of
Li*-dependent uridine uptake (data not shown).

Kinetics of Li-Dependent Uridine Transport by L354V.
Figure 8 compares Naand Li" activation curves for wild-
type hCNT1 and L354V [2«M radiolabeled uridine (pH
7.5)]. Both L354V cation activation curves indicated that

depicted in Figure 9, which confirmed these predictions,
compared the concentration dependence of hCNT1- and
L354V-mediated radiolabeled uridine influx in Naand Li*-
containing transport medium [100 mM NaCl and LiCl (pH
7.5)]. In agreement with panels A and C of Figure 6 and
Table 1, the appareri,, values for Na-mediated uridine
transport were 24 2 (hCNT1) and 15+ 2 uM (L354V).
Li*-mediated uridine uptake was nonsaturable for h\CNT1
(Figure 9A) but exhibited an apparelt, value of 210+

the Lit dependence of L354V reflects a generalized increase20 uM for L354V (Figure 9B). No suchK,, shift was

in the apparent affinities of the mutant transporter for both
Na" and Li". ApparentKsy values for Na activation of
hCNT1 and L354V were 12t 1 and 3.8+ 0.4 mM,
respectively (Figure 8A), compared to100 and 714+ 17
mM, respectively, for LT (Figure 8B). As expected from
previous studies9 10, 29, 36), Hill coefficients for Na
activation of hCNT1 and L354V (0.9% 0.04 and 0.9
0.08, respectively) were consistent with Naucleoside
coupling stoichiometries of 1:1. Similarly, the Hill coefficient

apparent for N&-mediated uridine uptake (Figure 6A,C and
Table 1), because these transport assays were performed at
a Na" concentration of 100 mM which was sufficient to fully
saturate both the mutant and wild-type transporters.Vihe
value for Li"-mediated uridine uptake by L354V was similar
to that in the presence of N49.9 4+ 0.3 and 10+ 1 pmol
oocyte min~t, respectively).

The electrogenic nature of the fl-dependent uridine
transport by wild-type hCNT1 and L354V is demonstrated
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uridine uptake by hCNT1 and L354V. Radiolabeled uridine uptake
rates in Nd-containing @) and Li™-containing transport medium

(O) were determined in oocytes expressing hCNT1 (A) and L354V
(B) [100 mM NacCl or LiCl (pH 7.5)]. Data are presented as
mediated transport, calculated as the rate of uptake in RNA-injected
oocytes minus the rate of uptake in water-injected oocytes. Each
value represents the meanSE of 106-12 oocytes. Error bars are
not shown in cases where values were smaller than the size of the
symbols. Experiments were performed on the same batch of oocytes
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A 1 mM Uridine 1 mM Uridine Ficure 11: PCMBS inhibition of hCNT1-, S353C-, and L354C-
hCNT1 . mediated uridine transport. Radiolabeled uridine uptake rates (20
o uM) were measured in oocytes producing hCNT1 (A), S353C (B),

or L354C (C) that had been preincubated in the presence of PCMBS
(®) or in the presence of PCMBS and 20 mM uridiri@) (100

mM NaCl (pH 7.5)]. Data are presented as mediated transport,
calculated as the rate of uptake in RNA-injected oocytes minus
the rate of uptake in water-injected oocytes. Each value represents
the meant SE of 10-12 oocytes. Error bars are not shown in
cases where values were smaller than the size of the symbols.
Experiments were performed on the same batch of oocytes used
on the same day.

sentative whole-cell currents induced by 1 mM uridine
measured in medium containing either’NA00 mM NacCl

(pH 7.5)] or Li* [100 mM LiCl (pH 7.5)]. Since the Lel¥*

mutation affected Naand hence uridine apparent binding
affinity, the transport difference between L354V and hCNT1
in Li™ medium was minimized at the high uridine concentra-

tion used in this experiment. Thus, the electrophysiology
recordings demonstrated uridine-induced lcurrents for

B 1 mM Uridine 1 mM Uridine
1354V

< both L354V and hCNTL1. These representative electrophysi-
§| ology current recordings are consistent with the radioisotope
30 sec flux data shown in Figure 9.

FicURE 10: Uridine-evoked currents in hCNT1- and L354V- PCMBS Inhibition of S353C- and L354C-Mediated Uri-
producing oocytes. Uridine-evoked currents in 100 mM NaCl and dine TransportResidues lining the translocation pore can
LiCl transport medium at pH 7.5 (right and left columns, respec- pe identified through the use of water-soluble thiol-reactive

tively) are shown for representative oocytes producing hCNT1 (A) K pant ; _
or L354V (B). No current was detected in control water-injected reagents such as membrane-imperm loromercuriben

oocytes (data not shown). Bars indicate the duration of exposure Z€Ne sulfonate (PCMBSBY). Although wild-type hCNT1
to 1 mM uridine. Currents were recorded in the same batch of contains 20 endogenous Cys residues, there was no change
oocytes used on the same day. in the hCNT1-mediated uptake of 20/ radiolabeled uridine

[100 mM NaCl (pH 7.5)] following preincubation with
in Figure 10, which shows results of experiments that used PCMBS at concentrations up to 1 mM (Figure 11A).
the two-electrode, voltage clamp method to compare repre-However, uridine uptake by both S353C and L354C was
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strongly inhibited by low micromolar concentrations of 3.

PCMBS, and the presence of extracellular uridine (20 mM)
significantly protected both mutants against this inhibition
(Figure 11B,C). While previous helix modeling of hCNT1
TM 8 predicted that S& faces the translocation pore and
Leu®™4is involved in helix-helix interactions23), the results
presented here suggest that both residues are accessible from
the extracellular medium, pore-lining, and in the proximity

of the uridine-binding pocket. Additional evidence supporting 6.

this conclusion is found in a cysteine-free version of hCNT3
in which the corresponding residues, when individually -
mutated to cysteine, also show inhibition of uridine uptake
by PCMBS (unpublished observations).
ConclusionsMutational analysis of h\CNT1 TM 8 S&¢
and Led® has revealed a dual role for these adjacent residues
in both nucleoside selectivity and cation coupling. Mutation
of these residues to the corresponding residues in hCNT2
resulted in (i) a decreased rate of cytidine transport (S353T),
(i) a unique uridine-selective phenotype (S353T/L354V), (iii)
a modest increase in the rate of inosine transport (L354V),
and (iv) increased apparent affinities for Nand Li*
(L354V). In all cases, the alterations in the hCNT1 functional
phenotype were amino acid-specific. A possible role for
Ser®? in forming hydrogen bonds with the nucleoside

permeant was discounted by substitution of other amino acids 11.

at this position. Competition studies revealed that the S353T/
L354V double mutant retained an apparently normal nucleo-

side binding pocket, its novel uridine-selective transport 12.

phenotype resulting instead from changes in the subsequent
nucleoside translocation phase of the transport cycle. These
results also revealed that wild-type hCNT1 exhibited a low,
but significant, affinity for Li* as the coupling cation, an
interaction that was markedly enhanced in mutant L354V
and, to a lesser extent, in S353T/L354V. This is similar to
the case for hCNT3, which can utilize Nand Lit (and

H™) electrochemical gradients to drive transp@0)( The
L354V and S353T/L354V mutations did not lead to" H
dependence, indicating different structural requirements for 4,4
CNT H* and Na/Li* coupling. Mutation of both TM 8
residues to Cys resulted in uridine-protected inhibition by
PCMBS. Structurally, this places each of these residues in

an orientation facing the translocation pore and in the vicinity g
of the uridine-binding pocket. This proposed topology, as
well as the influence of both hCNT1 TM 8 residues 3er

and Led® either alone or in combination, on substrate and

cation interactions, therefore suggests closely adjacent 14

interactions of nucleosides and cations within a common
hCNTL1 translocation pore. The recently reported crystal
structure ofAquifex aeolicud.eus,, @ homologue of mam-
malian Na/Cl~-dependent neurotransmitter transporters,
depicts a similar structural model for transport in which
bound leucine and Naions are located in close association
within the protein core halfway across the membrane with
both binding sites being defined by partially unwound
transmembrane helice88).
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