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hCNT3 (human concentrative nucleoside transporter 3) is a
nucleoside—sodium symporter that transports a broad range of
naturally occurring purine and pyrimidine nucleosides as well as
anticancer nucleoside drugs. To understand its uridine binding
and translocation mechanisms, a cysteine-less version of hCNT3
was constructed and used for cysteine-accessibility and permeant-
protection assays. Cysteine-less hCNT3, with 14 endogenous cys-
teine residues changed to serine, displayed wild-type properties
in a yeast expression system, indicating that endogenous cysteine
residues are not essential for hCNT3-mediated nucleoside trans-
port. A series of cysteine-substitution mutants spanning predicted
TMs (transmembrane domains) 11-13 was constructed and tested
for accessibility to thiol-specific reagents. Mutants M496C,
G498C, F563C, A594C, G598C and A606C had no detectable
transport activity, indicating that a cysteine substitution at each
of these positions was not tolerated. Two functional mutants in
putative TM 11 (L480C and S487C) and four in putative TM 12

(N565C, T557C, G567C and 1571C) were partially inhibited by
MTS (methanethiosulphonate) reagent and high concentrations of
uridine protected against inhibition, indicating that TMs 11 and
12 may form part of the nucleoside translocation pathway. The
lack of accessibility of MTS reagents to TM 13 mutants suggests
that TM 13 is not exposed to the nucleoside translocation path-
way. Furthermore, G567C, N565C and I571C mutants were
only sensitive to MTSEA (MTS-ethylammonium), a membrane-
permeant thiol reagent, indicating that these residues may be
accessible from the cytoplasmic side of the membrane, providing
evidence in support of the predicted orientation of TM 12 in the
current putative topology model of hCNT3.

Key words: cysteine-scanning mutagenesis, human concentrative
nucleoside transporter, methanethiosulphonate modification, per-
meant translocation pathway, structure—function relationship,
transmembrane domain.

INTRODUCTION

Nucleosides are central metabolites in all life forms and, as pre-
cursors of nucleotides, play an essential role in intermediary meta-
bolism, biosynthesis of macromolecules and cell signalling
through interaction with purinergic receptors. Since most nucleo-
sides are hydrophilic molecules and do not cross cell membranes
readily by diffusion, their cellular uptake is dependent on the ac-
tivity of specialized membrane transporter proteins. Two distinct
nucleoside transporter families, the ENTs (equilibrative nucleo-
side transporters) and CNTs (concentrative nucleoside trans-
porters), have been identified by molecular cloning and functional
expression of cDNAs encoding transporter proteins from a variety
of species, including mammals, protozoan parasites and bacteria.
In humans (h), hENT1 and hENT2 mediate facilitated diffusion
of nucleosides down their concentration gradients, whereas
hCNT1 (human CNT1), hCNT2 and hCNT3 couple uphill
nucleoside transport with downhill sodium transport and, in the
case of hCNT3, also with downhill proton transport. hENT1
and hENT?2 are functionally distinguished by different sensitiv-
ities (hENT1>>hENT2) to NBMPR {6-[(4-nitrobenzyl)thio]-
9-B-D-ribofuranosylpurine; nitrobenzylthioinosine} and have
therefore been assigned the functional designations equilibrative
sensitive (es) and equilibrative insensitive (ef) respectively [1,2].
hENT3, which is proton-dependent and, like hENT1, broadly

selective, is believed to be a transporter of intracellular membranes
[3-5], and hENT4, which mediates equilibrative transport of
adenosine [3,6], also transport monoamine neurotransmitters [7].
Three major CNT subtypes differ functionally with respect to their
permeant selectivities. In humans as in other mammals, hCNT1
prefers pyrimidine nucleosides but also transports adenosine,
whereas hCNT2, which is 72 % identical with hCNT1, prefers
purine nucleosides but also transports uridine [8,9]. hCNT3,
which is 48 % identical with either h\CNT1 or hCNT?2, transports
both pyrimidine and purine nucleosides [10]. The ENTs appear
to be expressed ubiquitously in human cells. In contrast, the
CNTs are found primarily in specialized cell types [9-13],
suggesting an important role in absorption, secretion, distribution
and elimination of nucleoside and nucleoside analogue drugs.
Interest in nucleoside transporters has been increased because
of their potential and proven therapeutic applications in cancer
and stroke as well as cardiovascular, parasitic and viral diseases.
Nucleoside transporter proteins are critical in controlling extra-
cellular concentrations of adenosine, a physiological ligand for
purinergic receptors that is involved in coronary vasodilation,
neuromodulation and platelet aggregation [14,15]. The presence
of nucleoside transporters in plasma membranes is required for
effective cellular uptake of many anticancer nucleoside drugs
(e.g. gemcitabine, capecitabine and fludarabine) and is linked
mechanistically with drug sensitivities and toxicities [16—18].

Abbreviations used: CMM, complete minimal medium; CNT, concentrative nucleoside transporter; ENT, equilibrative nucleoside transporter; GFP, green
fluorescent protein; hCNT, human CNT; hENT, human ENT; MTS, methanethiosulphonate; MTSEA, MTS-ethylammonium; MTSES, MTS-ethylsulphonate;
MTSET, MTS-ethyltrimethylammonium; SCAM, substituted-cysteine-accessibility method; TM, transmembrane domain.
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Results from an oligonucleotide array study revealed that express-
ion of mRNA encoding hENTs and hCNTs positively correlated
with chemosensitivity to nucleoside anticancer drugs [19]. For ex-
ample, a positive correlation existed between the expression level
of hCNT3 mRNA and cytotoxicity of cytorabine and gemcitabine.

While considerable progress has been made in elucidating the
structural basis of ENT proteins [20-24], studies on the struc-
turally and functionally important residues of the CNT family are
still at an early stage. Mammalian CNT proteins (~ 650 amino
acid residues) of human, mouse, rat, rabbit and pig share high
amino acid sequence identities (> 50 %). The presence of 13 TMs
(transmembrane domains) for mammalian CNTs was predicted
from sequence alignment, which has been experimentally verified
using glycosylation-scanning mutagenesis [25]. However, the
three-dimensional packing of the TMs is still largely unknown,
as are the molecular mechanisms by which CNTs bind and trans-
locate their permeants. The first three TMs of mammalian CNTs,
which are absent from prokaryote CNTs, are not essential for
transport, since both rat CNT1 and hCNT1 that lacked TMs 1-3
retained wild-type transporter properties [25]. TMs 7-9 are
thought to form part of the substrate translocation pore for CNT
proteins, and four critical residues (Ser’, Glu™, Ser’> and
Leu**) in this region of hCNT1 determine permeant selectivities
[26,27]. Furthermore, conserved residues Phe®'® (putative TM 7)
and Gly*® (putative TM 11) were identified as determinants
for guanosine sensitivity and membrane expression of hCNT1
respectively [28]. Chimaeric proteins comprising hCNT3 (TMs
1-6) and hCNT1 (TMs 7-13) and hfCNT (hagfish CNT; TMs 1—
6) and hCNT1 (TMs 7-13) produced in Xenopus laevis oocytes
exhibited hCNT1-like cation interactions as well as hCNT1-like
permeant selectivities [29,30], establishing that the structural
determinants of cation stoichiometry and binding affinity are
located within the C-terminal half of the protein. The loss of
proton dependence of the hCNT3-hCNT1 chimaera indicated
that the proton-binding site resides in the C-terminal half of the
protein [29]. Studies of transporters and their interactions with
uridine analogues showed that the three hCNTs exhibit distinct
permeant selectivities and nucleoside-binding motifs [31,32].

Several of the 13 putative TMs possess the potential to form am-
phipathic «-helices, which led to the hypothesis that these helices
cluster together in the membrane to form the walls of a water-
filled tunnel through which nucleosides translocate the membrane.
It was further suggested that the hydroxyl- and amide-containing
amino acid side chains within these helices form the nucleoside-
binding pocket of hCNT3 via the formation of hydrogen bonds
with the hydroxy groups of nucleosides [31]. In the present
study, we used SCAM (substituted-cysteine-accessibility method)
in conjunction with three thiol-specific MTS (methanethiosulpho-
nate) reagents to systematically address the roles of TMs 11-13
in the formation of the nucleoside translocation pathway. A fully
functional cysteine-less hCNT3 mutant was constructed by substi-
tution of the endogenous cysteine residues with serine. The single-
cysteine mutants were constructed using cysteine-less hCNT3 as
the starting point, and their expression patterns, transport activities
and sensitivities to MTS reagents were determined in Saccharo-
myces cerevisiae. Our results suggest that portions of TMs 11 and
12 face the water-accessible uridine permeation pathway.

EXPERIMENTAL

Strains and media

fuil :TRP1 (MAT«, gal, ura3-52, trpl, lys2, ade2, hisd2000
and Afuil ::TRP1I), which contains a disruption in the gene en-
coding the endogenous uridine permease (FUI1) [33], was the par-
ental yeast strain used to produce the recombinant human nucleo-
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side transporters [31,34]. Other strains were generated by trans-
formation of the yeast Escherichia coli shuttle vector pYPGE15
[containing the constitutive PGK (phosphoglycerate kinase)
promoter] [35] into fuil ::TRPI with a standard lithium acetate
method [36]. Yeast strains were maintained in CMM (complete
minimal medium) containing 0.67 % yeast nitrogen base (Difco,
Detroit, MI, U.S.A.), amino acids (as required to maintain
auxotrophic selection) and 2 % (w/v) glucose (CMM/GLU). Agar
plates contained CMM with various supplements and 2 % (w/v)
agar (Difco). Plasmids were propagated in E. coli strain DH5¢
(Invitrogen, Carlsbad, CA, U.S.A.) and maintained in Luria—
Bertani broth with 100 pg/ml ampicillin.

Construction of cysteine-scanning mutants

The hCNT3 open reading frame (GenBank® accession number
AF305210) was subcloned into the yeast expression vector
pYPGEL1S to generate pYPhCNT3 as described previously [31].
pYPhCNT?3 served as the template to generate plasmid containing
cDNAs encoding cysteine-less hCNT3 (pYPhCNT3-cysteine-
less) and the pYPhCNT3-cysteine-less served as the template
to generate single-cysteine mutants using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.)
according to the manufacturer’s instructions. The sequences of
all the constructs were confirmed by DNA sequencing using an
ABI PRISM 310 sequence detection system (PerkinElmer Life
and Analytical Sciences, Boston, MA, U.S.A.).

Immunofluorescence and confocal microscopy of yeast

Exponentially growing yeast (10 absorbance units, A4y 0.7—1.0)
were fixed using 3.7 % (w/v) formaldehyde for 30 min with occa-
sional mixing, after which cells were centrifuged (5 min, 3000 g)
and washed with 4 ml of doubly distilled water. The resulting
pellets were resuspended in 1 ml of 700 pg/ml Zymolyase-100 T
(MP Biomedicals, Irvine, CA, U.S.A.) in solution B (1.2M
sorbitol and 100 mM potassium phosphate, pH 7.5) for 30—
40 min at 30°C. The yeast suspensions (300 ul) were applied on
to poly(L-lysine)-coated coverslips, permeabilized using chilled
acetone/methanol (1:1, v/v) and incubated first with blocking
buffer [2% (v/v) goat serum in PBS (pH 7.2)] for 30 min and
then with anti-hCNT?3 monoclonal antibodies in PBST (PBS with
1 % Triton X-100) for 30 min. An immunogenic epitope (residues
45-69 of h\CNT3, REHTNTKQDEEQVTVEQDSPRNREH) was
used to generate the monoclonal antibodies against hCNT3
[31,37]. After extensive washing with PBST, the yeast were
stained with the secondary antibodies [Alexa Fluor 488 goat-
anti mouse IgM (1:250 dilution in PBS; Molecular Probes)] for
30 min, followed by extensive washing with PBS. The coverslips
were mounted and dried overnight. Confocal images were col-
lected using a Zeiss LSM510 confocal laser scanning microscope
with a 60 x 1.4 objective (F-Fluar) using a frame size of 512 x 512
pixels with a pixel resolution of 0.08 um and a pixel depth of
8 bits.

Transport assay in S. cerevisiae

Yeast cells producing recombinant hCNT3 mutant proteins were
grown in CMM/GLU medium to an Ay, (absorbance) of 0.7-1.2,
washed twice in sodium-containing transport buffer (5 mM D-
glucose, 20 mM Tris/HCl, 3 mM K,HPO,, 1 mM MgCl,, 2 mM
CaCl, and 130 mM NaCl, pH 7.4) and resuspended to Agy 4.0
in sodium-containing transport buffer (pH 7.4). All transport
assays were performed at room temperature (24 °C) and pH 7.4
using a cell-harvester-based method as described previously
[31,38]. Transport reactions were initiated by rapid mixing of
50 ul of yeast suspension with 50 ul of sodium-containing
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Figure 1 Predicated topology model of hCNT3

Residues shaded in grey are endogenous cysteine residues and in black are MTS-sensitive residues.

transport buffer (pH 7.4) with [*H]nucleoside at twice the final
concentration in each of the individual wells of 96-well microtitre
plates. Nucleoside uptake into yeast cells producing recombinant
hCNT3 mutants was linear for approx. 10—15 min, and kinetic
studies were therefore performed using rates obtained from
5 min exposures to *H-labelled nucleosides. At the end of 5 min
incubations, the yeast cells were collected on glass-fibre filtermats
(Skatron Instruments, Lier, Norway) using the semi-automated
cell harvester (Micro96 Harvester; Skatron Instruments) with
continuous washing with demineralized water. The individual
filter portions, which corresponded to individual wells of the
microtitre plates, were excised and transferred to scintillation
vials for liquid-scintillation counting. Uptake rates are presented
as pmol/mg of yeast protein. The quantification of yeast protein
was performed using a Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA, U.S.A.). K,, (permeant concentration at half-
maximal unidirectional flux) and V., (maximum transport rate)
values for transport of nucleosides by yeast producing cysteine-
less hCNT3 or single-cysteine mutant were calculated from rate-
versus-concentration plots using PRISM GraphPad version 3.0
software (GraphPad Software, San Diego, CA, U.S.A.). Statistical
significance of the reported data sets was evaluated using ¢ tests.

MTS modification experiments

Yeast containing pYPhCNT3-cysteine-less or one of the single-
cysteine mutant plasmids were grown in CMM to an Agy of
0.7-1.2, washed twice in sodium-containing transport buffer
(pH 7.4) and resuspended to an Agy of 2.2. All MTS reagents
were dissolved in ice-cold doubly distilled water and kept on

ice until use. Portions (0.9 ml) of the yeast suspension were
distributed to microcentrifuge tubes to which had been added
100 ul of 25 mM MTSEA (MTS-ethylammonium), 100 mM
MTSES (MTS-ethylsulphonate) or 10 mM MTSET (MTS-
ethyltrimethylammonium; Toronto Research Chemicals, Toronto,
ON, Canada) alone or together with 10 mM uridine as a protection
permeant. After a 5 min incubation period, the cells were centri-
fuged and washed three times with ice-cold PBS to remove
unchanged MTS reagent and uridine. The cells were resuspended
to an Agy of 4.0 in sodium-containing transport buffer (pH 7.4)
and distributed to 96-well microtitre plates for uridine transport
assays. For each individual mutant, the accessibility to MTS
reagents was normalized by computing the percentages of uridine
uptake in the presence of the MTS reagent relative to that in its
absence.

RESULTS
Generation and characterization of cysteine-less hCNT3

Most endogenous cysteine residues are clustered in the C-terminal
part of hCNT3 (Figure 1). To test the role of endogenous
cysteine residue in hCNT3, 14 mutants in which a single cys-
teine residue was changed to serine were constructed and the ki-
netic properties of uridine and adenosine transport were compared
with those of wild-type hCNT3 (results not shown). No obvious
differences were observed between the mutants and wild-type
hCNT3, indicating that none of the individual endogenous cys-
teine residues was important for the function of activity of
hCNT3. Therefore a cysteine-less hCNT3 mutant, in which all 14
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Table 1 Kinetic properties of wild-type and cysteine-less hCNT3 produced
in S. cerevisiae

The Km and Vi values shown are the means + S.E.M. for three or four separate experiments.

hCNT3 Cysteine-less hCNT3

Vmax (pm0| N Vmax (meI .
Substrate Ko (uM) min—'-mg~") Ko (M) min—'-mg~")
Uridine 17403 1402 + 286 25+04 5800 + 142
Cytidine 36+13 1310+ 113 23104 5448 +112
Adenosine 22+07 1020 + 44 21405 5020 + 110
Inosine 21406 1740+ 114 31405 6420+ 180
Gemcitabine 38+10 390+ 50 414141 1600 + 50
Clofarabine 41413 410440 46+15 1800+ 120

endogenous cysteine residues, were replaced with serine residues
was generated by site-directed mutagenesis. The resulting cys-
teine-less hCNT3 protein was produced in yeast and characterized
for its ability to transport several naturally occurring nucleosides
(uridine, cytidine, adenosine and inosine) and nucleoside

10 pm

R593C

G598C A606C

Figure 2

analogues (gemcitabine and clofarabine). Compared with wild-
type hCNT3, the cysteine-less transporter exhibited similar
affinities and a 4-fold increase in transport activities (Table 1).
The global increase in V. values for various nucleosides may
have been due to an increased production of cysteine-less hCNT3
in yeast cells.

Indirect immunostaining was used to compare the localization
of hCNT3 and cysteine-less hCNT3 proteins in yeast. As shown
in Figure 2, yeast producing recombinant cysteine-less hCNT3
exhibited staining patterns similar to those of wild-type hCNT3,
in which staining was predominantly localized to the plasma
membrane. No significant fluorescence was observed for yeast
transformed with the insert-free vector (pYPGE1S) or for
yeast producing recombinant hCNT3 or cysteine-less hCNT3 that
were treated with either IgM isotype antibodies or secondary
antibodies only (results not shown).

Recombinant hCNT3 produced in X. laevis oocytes exhibits
a sodium/nucleoside coupling ratio of 2:1 [10]. Using a radio-
isotope assay, the sodium dependence of uridine influx mediated
by recombinant cysteine-less hCNT3 produced in yeast was ana-
lysed. When uridine uptake was measured as a function of sodium

G610C

Immunostaining of yeast producing cysteine-less hCNT3 or some single-cysteine hCNT3 mutants

Yeast cells producing wild-type hCNT3, cysteine-less hCNT3 or one of the 63 single-cysteine hCNT3 mutants were treated with anti-hCNT3 IgM as primary antibodies followed by Alexa Fluor
488 goat anti-mouse IgM as secondary antibodies. The images were captured by confocal microscopy as described in the Materials and methods section using a x 60 objective; and the scale
bar represents a distance of 10 .«m. Negative control cells containing empty vector (EV; pYPGE15) with no insert were stained with both the anti-hCNT3 IgM and Alexa Fluor 488 1gG antibodies.
Other controls included yeast producing cysteine-less hCNT3 stained with IgM isotype primary antibodies in place of the anti-hCNT3 IgM or only with the secondary antibodies. No significant
fluorescence signals were detected under these control conditions (results not shown). Images presented are representative of 10-20 similar images recorded for cysteine-less hCNT3 and some of

the single-cysteine hCNT3 mutants.
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hCNT3 499
TCNT3 514
rCNT3 516
hfCNT 494
hCNT1 478
mCNT1 477
pKCNTL 476
rbCNTL 472
hCNT2 472
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rCNT2 473
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Figure 3 Protein sequence alignment of TMs 11-13 of the CNT transporter family

Single-cysteine mutants that were inactivated by cysteine substitution are indicated. Single-cysteine mutants that showed large decreases in Ve values or increase in K values are boxed or circled

respectively. Abbreviations: h, human; hf, hagfish; r, rat; m, mouse; pk, pig; and rb, rabbit.

concentration, a K5, (sodium concentration at half-maximal
activation rate) value for sodium activation of 4.5 4+ 0.6 mM was
observed for cysteine-less hCNT3. Fitting the data to the Hill
equation, v="V ., - [Na*]/(K5" + [Na*]"), gave Hill coefficients
(n) of 2.1 +0.2 (wild-type hCNT3) and 2.0 £ 0.1 (cysteine-less
hCNT?3), indicating that a sodium/nucleoside coupling ratio of
2:1 remained unchanged for cysteine-less hCNT3. These results
demonstrated that the cysteine-less transporter, which maintained
wild-type properties, is an appropriate substituent of hCNT3 for
SCAM studies.

Functional expression of single-cysteine mutants in yeast

The cysteine-less hCNT3 was used as the template to construct
63 site-directed mutants in which single-cysteine mutations were
systematically introduced at positions 479499, 554-574 and
592-612, encompassing all of predicted TMs 11-13 of hCNT3.
The kinetic properties of each single-cysteine mutant were as-
sessed by measurements of the concentration dependence of trans-
port of [*H]uridine and [*H]adenosine (see Supplementary
Tables 1-3 at http://www.BiochemlJ.org/bj/394/bj3940389add.
htm). Although the V,,,, values varied, most of the cysteine-sub-
stituted mutants were functional, exhibiting micromolar K, values
for uridine and adenosine similar to those of wild-type and
cysteine-less hCNT3 (Supplementary Tables 1-3; http://www.
BiochemlJ.org/bj/394/bj3940389add.htm). Among the functional
mutants, only three, A564C, I571C and F603C, exhibited large
increases in K, values for uridine and adenosine relative to those
of cysteine-less hCNT3. I608C displayed higher affinity and capa-
city for uridine than for adenosine: K,, values of 6.0+ 1.2 and
18 + 3.2 uM respectively; V.. values of 1250490 and 250 +
50 pmol - mg™" - min™' respectively. Six mutants (1485C, S568C,
R593C, L595C, F603C and G610C) showed very low transport
capacity, with V., values <200 pmol - mg™" - min~" for both uri-
dine and adenosine. While the activities of these mutants were low,
they were high enough above background to measure the effects
of MTS reagents and thus were included in subsequent analyses.
However, no significant transport activity was detected for the
six other mutants (M496C, G498C, F563C, A594C, G598C and
A606C). Multiple sequence alignments across the mammalian
CNT family (Figure 3) revealed that most of the mutants that
exhibited compromised transport affinity and/or capacity were
highly conserved residues, indicating that these residues are struc-
turally and/or functionally important for hCNT3 transport activity.

Substitution of Met*°, Gly*®, Phe’® and Gly**® with an alanine
residue resulted in two functional mutants. M496A exhibited K,
values of 2.7 + 0.3 and 3.1 + 0.6 uM and V . values of 950 + 30
and 990+ 50 pmol - (mg of protein)™' - min~' for uridine and
adenosine respectively, and G598A exhibited K, values of
3.1£+0.6 and 2.7+ 0.6 uM and V, values of 320+ 30 and
300 4+ 50 pmol - mg~' - min~" for uridine and adenosine respect-
ively. However, mutants G498A and F563A remained non-
functional, indicating that something other than the hydrophobic
property of glycine or phenylalanine may be required at these
positions.

Expression of the single-cysteine mutants in yeast was assessed
visually by indirect immunofluorescence laser confocal micro-
scopy using monoclonal anti-hCNT3 antibodies (Figure 2). All
recombinant single-cysteine hCNT3 mutants except G498C and
L595C exhibited staining patterns similar to those of wild-type
and cysteine-less hCNT3, for which staining was predominantly
localized to the plasma membrane (Figure 2). Stronger intra-
cellular staining was observed in yeast producing G598C and
very weak staining was observed in yeast producing L595C (for
which staining could be visualized in the magnified on-screen
version of the high-resolution digital image shown in Figure 2);
these results were consistent with the absence of detectable
transport for mutant G598C and extremely low transport activity
for mutant L595C (Supplementary Tables 1 and 3; http://www.
BiochemlJ.org/bj/394/bj3940389add.htm). The lack of nucleoside
transport activity observed in other substitution mutants was not
the result of reduced protein expression, since strong plasma
membrane staining was observed for yeast that produced either
of these mutants. No significant fluorescent signal was observed
for yeast transformed with the insert-free vector (pYPGE1S5) or
yeast producing recombinant hCNT3 that were treated with either
IgM isotype antibodies or secondary antibodies only (results not
shown).

SCAM of TMs 11-13

The function of cysteine-less hCNT3 was not affected by the thiol-
specific reagents, p-chloromercuribenzenesulphonate (results not
shown) and MTS reagents (Figure 4). The goal of SCAM was to
determine if any portions of TMs 11-13 contribute to the structure
of the water-filled pore through which the permeant (uridine)
is translocated into the cell. Three MTS reagents (MTSEA,
MTSES and MTSET) with different sizes, charges and membrane

© 2006 Biochemical Society
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Figure 4 Reactivity of cysteine residues within TM 11 (top panel), TM 12
(middle panel) and TM 13 (bottom panel) with three MTS reagents

Mutants are designated by the single-letter amino acid abbreviation for the targeted residue,
followed by the sequence position number in hCNT3 and a second letter indicating the cysteine
replacement. These three panels show the effects of MTSEA, MTSES and MTSET on the ability
of single-cysteine substituted mutants to transport 1 .M [®H]uridine. Activity is expressed as
the mean percentage of control value (no MTS reagent) for each individual mutant with standard
deviations of quadruplicate values from a representative experiment. Black bars, 2.5 mM MTSEA;
white bars, 10 mM MTSES,; shaded bars, 1 mM MTSET. Three independent experiments were
performed and similar results were obtained.
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permeabilities were used. Any time that a cysteine residue has
replaced an amino acid residue that is normally exposed to the
aqueous translocation pore, MTSES, MTSET or MTESA should
have access to the cysteine thiol group, resulting in formation of
cysteine-MTS adduct, thus blocking permeant translocation.

Figure 4 presents the normalized uridine transport activities of
57 single-cysteine mutants after treatment with 2.5 mM MTSEA,
10 mM MTSES or | mM MTSET (100 % was set as the activity of
individual mutants without being incubated with MTS reagents).
In every series of SCAM experiments, the cysteine-less hCNT3
served as a negative control and displayed no sensitivity towards
the MTS reagents. Most of the mutants in TMs 11 and 12 and
all mutants of TM 13 were not affected by the MTS reagents,
suggesting that either modification of these cysteine residues did
not affect uridine translocation or, most likely, these residues were
not accessible to MTS reagents. The uridine transport activities of
single-cysteine mutants L480C and S487C in TM 11 and T557C
in TM 12 were markedly reduced (< 60 % of control values) by
all three reagents, indicating that these residues were accessible
to hydrophilic reagents and probably faced the permeant trans-
location channel. Although positively charged, MTSEA is small
and can cross plasma membranes by diffusion and react with
cysteine side chains from both the extracellular and cytoplasmic
sides of the membrane [39]. The transport activities of N565C,
G567C and I571C in TM 12 were inhibited only by MTSEA
(< 60 % of control values) but not by MTSES and MTSET, which
are membrane-impermeant and have larger sizes than MTSEA.
Several mutants (E483C, L484C and C486C in TM 11, I555C
in TM 12 and R593C in TM 13) showed higher uridine trans-
portability when treated with MTS reagents; the reason for the
increased activities is unknown.

Uridine protection of MTS modifications

To test the hypothesis that the mutants that showed high sensitiv-
ity to modifications by the MTS reagents were exposed to the
aqueous translocation pore, permeant protection analysis was
undertaken. It is assumed that occupying the translocation path-
way with permeant before and during exposure to MTS reagents
blocks access of the reagents to the pore-lining cysteine resi-
dues, thus protecting the residues from thiol modifications. In
preliminary experiments, the protection effect was shown to be
concentration-dependent, with maximal protection achieved at
high concentration of uridine (5-10 mM); subsequent protection
experiments used 10 mM uridine. Uridine at high concentration
(10 mM) protected all six MTS-sensitive mutants from inhibi-
tion by MTS modification, although the extent of protection varied
among mutants and MTS reagent applied (Figure 5). These results
provided evidence that Leu®®?, Ser*®”, Thr’¥’, Asn®®, Gly*® and
Ile’”" in TMs 11 and 12 formed part of the nucleoside permeation
pathway. For MTSEA, application of 10 mM uridine completely
protected N565C from inhibitor, whereas the other mutants were
partially protected. For MTSES, uridine completely protected
T557C but only partially protected L480C and S487C. For
MTSET, L480C and T557C were completely protected by
10 mM uridine, whereas S487C was only partially protected.
The experimental method used in the permeant protection assays
assessed the effects of uridine on MTS modifications by co-
incubation of cells with uridine and the MTS reagent, conditions
that were designed to examine the ability of a reversible reaction
(uridine binding and translocation) to slow an irreversible re-
action (MTS modifications). With the co-incubation method, a
less-than-complete protection is usually obtained (for a review,
see [40]). The incomplete protection by high concentrations of
nucleosides against thiol reagent modifications was also observed
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Yeast producing recombinant hCNT3 mutants were incubated with MTS reagents as indicated in the presence (black bars) or absence (control; white bars) of 10 mM uridine for 5 min, washed three
times with PBS and assayed for their ability to transport 1 .M [3H]uridine. Activity is expressed as the mean percentage of control value (no MTS reagent and no 10 mM uridine) for each individual
mutant, with standard deviations of quadruplicate values from a representative experiment. Three independent experiments were performed and similar results were obtained.

in studies with other nucleoside transporters [22,41,42]. A 40 %
stimulation of uridine uptake after co-incubating mutant N565C
with 10 mM uridine and MTSES (or MTSET) was observed and
the reason remains unclear. A stimulation was also observed
with lower concentrations of uridine (e.g. 1 and 5 mM; results
not shown). It is possible that the local steric structure of the
transporter mutant was altered by MTS reagents and uridine and
that this conformational change favoured uridine transport.

DISCUSSION

The role of putative TMs 11-13 in the current topology model
of hCNT3 (Figure 1) was investigated using cysteine-scanning
mutagenesis in conjunction with thiol-specific MTS reagents. A
total of 63 single-cysteine hCNT3 mutants were created from
fully functional cysteine-less hCNT3 by individually changing
each residue along TMs 11-13 to a cysteine residue. Immuno-

fluorescence staining and transport assays were used to assess
the membrane abundance, kinetic properties and sensitivities
of the mutant proteins to MTS modifications. Cysteine substi-
tutions at Met*®, Gly*®, Phe’®, Ala®*, Gly**® and Ala® abolished
uridine and adenosine transport activities, and substitutions at
Ie*, Ala®, 11’7, Arg™?, Leu™, Phe®?, 11e%® and Gly®'° resulted
in markedly decreased V,,, values and/or increased K,, values,
whereas substitutions at other positions resulted in either little
or no effect on transport properties. Most of the residues, the
mutation of which resulted in large functional changes, are highly
conserved across the CNT family (Figure 2), consistent with their
importance in transporter structure and/or function.
Immunostaining demonstrated that non-functional single-
cysteine mutants, except G498C, were produced and localized to
cell surfaces at levels similar to those of wild-type and cysteine-
less hCNT3, indicating that the impaired transport activity of the
mutants was not due to defective trafficking. Cysteine substitution
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might have caused changes in transporter folding that resulted
in compromised transportability. Future studies using a screen
for second site suppressor residue(s) could be used to further
assess the potential roles of these residues in protein processing.
The decreased transport capacities of mutant L595C were due to
its low abundance in yeast. Mutant G498C was detected mainly
in intracellular regions, consistent with the observation that the
GFP (green fluorescent protein)-tagged corresponding mutants of
hCNT1 (G476 A—GFP and G476L-GFP) were non-functional and
could not be detected on plasma membranes in undifferentiated or
differentiated Madin—Darby canine kidney cells [28]. No transport
activity was detected when Gly** or Phe®® was converted into
the hydrophilic small-side-chain residue alanine, suggesting that
these two residues are essential and cannot be substituted.

To determine the structural locations of the residues identified in
the present study, helical wheel projections of TMs 11-13 were
generated (Figure 6). Both TM 11 and TM 12 are moderately
amphipathic, suggesting that these two domains could line the
permeant translocation pore. All of the MTS-accessible residues
(Leu*®, Ser®®”, Thr*¥7, Asn®®, Gly>® and Ile*”") except Gly* are
highly conserved across the CNT family. Although the extent of
uridine protection varied among the mutants and with different
MTS reagents, all six MTS-sensitive residues were protected by
uridine, supplying further evidence that these residues face the
pore-lining pathway. Generally, uridine protection was higher for
modifications by MTSES and MTSET than by MTSEA, probably
because MTSEA was able to diffuse across the plasma mem-
brane, affecting uridine binding from both sides of the membrane.
S487C and L480C were accessible to three MTS reagents and are
located close to each other on the hydrophilic face of TM 11 (Fig-
ure 6). Residues Met*¢ and Ile**5, which were sensitive to cysteine
substitution, are buried on the hydrophilic face of TM 11, sug-
gesting that these two residues might be involved in stabilizing
the structure of the transporter. Only two residues of TM 11 were
MTS-sensitive, suggesting that TM 11 is partially buried in the
lipid membrane and contributes only a small portion of the nucleo-
side translocation pathway. TM 11 also contains a proline residue,
which could induce a kink in its structure bringing residues Met**
and Tle* close to the water-filling pore. It is possible that TM 11
has a high degree of conformational flexibility and is involved
in helical movements during the transport cycle, allowing the
pore-lining side of the «-helix to be solvent accessible during
nucleoside flux.

Four MTS-sensitive residues and most of the cysteine substi-
tution-sensitive residues in TM 12 are clustered close to each other
on the hydrophilic face of the putative TM segment (Figure 6),
suggesting that TM 12 forms part of the nucleoside translocation
pore. Ile’” is the second residue of a highly conserved GXXXG
helix—helix interaction motif involving Gly*™ and Gly*’*. Given
the accessibility of MTSEA to [571C and the effect of I571C on
permeant binding affinity changes (20-fold decrease in affinities
for both uridine and adenosine compared with cysteine-less
hCNT3), Ile’”" might be a pore-lining residue that is also involved
in permeant interactions. It could also play a role in stabilizing the
helix—helix packing interface involving Gly*” and Gly*™*. G567C,
N565C and I571C mutants were only sensitive to the membrane-
permeant thiol reagent MTSEA, indicating that these residues
may be accessible from the cytoplasmic side of the membrane,
providing evidence in support of the predicted orientation of TM
12 in the current putative topology model of hCNT3 in which
these three residues are located in the cytoplasmic side of the
plasma membrane (Figure 1).

Putative TM 13 mainly contained hydrophobic residues and dis-
played no accessibility to any MTS reagent, suggesting that it
is not in the permeabilization pathway. However, several of the
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Figure 6 Helix wheel projection of putative TMs 11-13 of hCNT3

Mutants that were sensitive to MTS reagents are in shaded boxes. Mutants that showed no
assayable activity or significantly changed kinetic properties are labelled in white boxes.

cysteine substitution mutants in TM 13 displayed altered kinetic
properties for nucleoside transport. Mutation of the highly con-
served hydrophobic residues in TM 13 to hydrophilic cysteine
residues was poorly tolerated. It is possible that these mutations
created a conformational distortion that resulted in a non-func-
tional transporter. TM 13 might be one of the outer helices that
surround the inner helical bundle that comprises the aqueous per-
meant-binding cavity. The compromised transportability ob-
served in nearly half of the TM 13 mutants suggests an important
structural role for this TM segment, and the possibility that some
of these unsubstitutable residues serve as direct determinants
for permeant interactions cannot be excluded. The differential
binding affinities and transport capacities that mutant 1608C
displayed for uridine and adenosine suggest a possible role of
TM 13 in the recognition of pyrimidine and purine nucleosides.
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Knowing the structure and mechanism of a transporter protein
is crucial for understanding its biological function and designing
drugs to interact with it. The lack of a crystal structure for
any CNT family member is an impediment to interpreting the
significance of the residues with functional roles within the TM
regions. Although labour intensive, SCAM is a powerful tool
in the elucidation and estimation of the tertiary structures
of various membrane proteins. Mutagenesis approaches have
identified several highly conserved residues that may be potential
determinants for permeant interaction and/or structural stability
and are worth further investigation. Direct evidence from SCAM
studies suggested that part of the hydrophilic faces of TMs 11
and 12 contributes to the nucleoside translocation pathway, and
TM 13 is not involved in permeation but may play a crucial role
in maintaining proper protein functions. Extension of the present
study to the remaining TM segments will provide further insights
into the mechanism and structure of CNTs.
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