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ABSTRACT

Human concentrative nucleoside transporter 3 (hCNT3) is a
broad-selectivity, high-affinity protein implicated in the uptake
of most nucleoside-derived anticancer and antiviral drugs. Reg-
ulated trafficking of hCNT3 has been recently postulated as a
suitable way to improve nucleoside-based therapies. More-
over, the recent identification of a putative novel hCNT3-type
transporter lacking the first 69 amino acids and retained at the
endoplasmic reticulum anticipated that the N terminus of
hCNT3 contains critical motifs implicated in trafficking. In the
current study, we have addressed this issue by using deletions

and site-directed mutagenesis and plasma membrane expres-
sion and nucleoside uptake kinetic analysis. Data reveal that 1)
a segment between amino acids 50 and 62 contains plasma
membrane-sorting determinants in nonpolarized cells; 2) in par-
ticular, the Val®”-Thr®8-val®® tripeptide seems to be the core of
the export signal, whereas acidic motifs upstream and down-
stream of it seem to be important for the kinetics of the process;
and 3) in polarized epithelia, the B-turn-forming motif "VGFQ?°
is necessary for proper apical expression of the protein.

Introduction

Nucleosides play an important role as metabolic precursors
in nucleic acid synthesis, being recycled through salvage
pathways, and are crucial for the control of cell and tissue
growth. In addition, many nucleoside analogs are currently
used in anticancer and antiviral therapies, thus highlighting
the pharmacological role these molecules can play in disease.
Nucleoside-specific membrane transporters mediate plasma
membrane permeation of physiologic nucleosides and most
nucleoside analogs, which will be further activated intracel-
lularly by nucleoside kinases (Pastor-Anglada et al., 2008;
Huber-Ruano and Pastor-Anglada, 2009; Molina-Arcas et al.,
2009). Among these transporters, hCNT3 seems to play a
crucial role in the disposition of physiological nucleosides and
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nucleoside analogs because of its broad substrate selectivity,
high concentrative capacity, and relatively wide tissue dis-
tribution (Ritzel et al.,, 2001; Errasti-Murugarren et al.,
2009). In absorptive epithelia, apical localization of h(CNT3 is
crucial to determine vectorial flux of all antiviral and anti-
cancer nucleosides tested so far (Errasti-Murugarren et al.,
2007), thus being a major candidate to modulate drug phar-
macokinetics. It is noteworthy that in chronic lymphocytic
leukemia (CLL) cells, hCNT3 protein is expressed but mostly
in intracellular compartments; its abundance marks a poorer
prognosis in terms of time to disease progression (Mackey et
al., 2005). Considering that patients with CLL are treated
with fludarabine, an hCNT3 substrate, resistance to treat-
ment could be due in part to impaired trafficking of hCNT3
into the plasma membrane of B cells. In this regard, a recent
report from our group showed that retinoic acid increases
hCNTS3 trafficking to the plasma membrane by transforming
growth factor-p1-dependent mechanisms in CLL-derived cell
lines, which would eventually contribute to promote fludara-
bine-induced cytotoxicity (Fernandez-Calotti and Pastor-An-
glada, 2010). Despite the probable pharmacological relevance
of nucleoside transporter trafficking mechanisms, this issue
has been poorly addressed so far. In this regard, a previous

ABBREVIATIONS: CLL, chronic lymphocytic leukemia; hCNT3, human concentrative nucleoside transporter 3; MDCK, Madin-Darby canine

kidney cells; ER, endoplasmic reticulum; GFP, green fluorescent protein.
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study from our group reported that bile acids can increase
plasma membrane concentrative nucleoside transporter 2-re-
lated activity by a short-term mechanism consistent with
transporter recruitment from intracellular stores into the
plasma membrane (Fernandez-Veledo et al., 2006).

A novel hCNT3-type transporter (hCNT3ins) has been
identified. hCNT3ins lacks the first 69 amino acids of the
cytoplasmic N terminus, seems to be the result of alternative
splicing of the SLC28A3 gene, and is retained intracellularly
at the endoplasmic reticulum when expressed in nonpolar-
ized cells (Errasti-Murugarren et al., 2009). Expression in
polarized MDCK cells also reveals a loss of fidelity for apical
sorting (Errasti-Murugarren et al., 2009). These findings an-
ticipate that the N terminus of hCNTS3 is implicated in pro-
tein trafficking in both polarized and nonpolarized cells. In
this regard, several classes of ER export signals in the cyto-
plasmic domains of proteins have been identified and in-
clude, for instance, two adjacent hydrophobic residues or
diacidic motifs, although signals can also be conformational
epitopes (Nishimura and Balch, 1997; Votsmeier and Gall-
witz, 2001; Otte and Barlowe, 2002; Mancias and Goldberg,
2007; Zuzarte et al., 2007).

Unveiling the constitutive and regulated trafficking mech-
anisms of hCNT-type proteins, thereby controlling cell sur-
face expression of these drug transporters, might help us to
better understand how the uptake of natural nucleosides and
clinically relevant nucleoside analogs is regulated in the
short-term. As a first step in this goal, and on the basis of the
evidence obtained when analyzing hCNT3ins localization, in
the present study we have constructed a series of truncated
and mutated hCNT3 proteins to identify targeting motifs
implicated in transporter sorting, both in polarized and non-
polarized cells. In fact, a novel 13-mer comprising two puta-
tive diacidic motifs with a region in the middle with alter-
nated hydrophilic and hydrophobic amino acids has been
identified as a key determinant of plasma membrane sorting
and ER export in nonpolarized cells. It is noteworthy that an
additional motif, a tetrapeptide that may adopt a B-turn
secondary structure, has also been identified as a molecular
determinant for apical sorting of hCNT3 in polarized MDCK
cells. These experiments provide novel information about the
residues that contribute to the protein localization and ER
export, suggesting as well the evidence that key differences
exist in sorting mechanisms between polarized and nonpo-
larized cells.

Materials and Methods

Reagents. Uridine ([5,6->H]; 35-50 Ci/mmol) was purchased from
GE Healthcare (Little Chalfont, Buckinghamshire, UK). Uridine was
obtained from Sigma-Aldrich (Saint Louis, MO, USA).

Construction of GFP-Fused Mutants of hCNT3 ¢cDNA. Wild-
type human CNT3 ¢cDNA was subcloned into the green fluorescent
protein (GFP) vector pEGFPC1/N1 (Clontech, Palo Alto, CA) as
described previously (Errasti-Murugarren et al., 2007). The trun-
cated hCNT3-pEGFP constructs were generated using the specific
primer combinations defined in Supplemental Tables 1 and 2 under
polymerase chain reaction conditions outlined previously (Errasti-
Murugarren et al., 2008). Polymerase chain reaction products and
the pEGFP vector were double-digested with Pstl and HindIII,
and the products were gel-isolated and ligated together to gener-
ate in-frame fusion proteins with enhanced GFP fused to the N or
C terminus of each construct. The QuikChange site-directed mu-

tagenesis kit (Stratagene, La Jolla, CA) was used to generate
hCNT3 sorting signal mutants according to the manufacturer’s
protocol. The GFP-fused hCNT3 chimera was used as template.
Specific primer sequences are shown in Supplemental Table 3. All
constructions were verified by DNA sequencing and used for tran-
sient transfection.

Cell Culture and Transfection. HeLa cells were mantained at
37°C/5% CO, in Dulbecco’s modified Eagle’s medium (Lonza, Basel,
Switzerland) supplemented with 10% (v/v) fetal bovine serum, 50
units/ml penicillin, 50 pg/ml streptomycin, and 2 mM L-glutamine.
HelLa cells were transiently transfected with plasmid constructions
mentioned above with the use of Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) following the manufacturer’s protocol. Nucleoside
transport, confocal microscopy, and flow cytometry analyses were
carried out 24, 48, and 72 h after transfection. MDCK cells were also
maintained at 37°C/5% CO, in Dulbecco’s modified Eagle’s medium
(Lonza) supplemented with 10% fetal bovine serum (v/v), 50 units/ml
penicillin, 50 pg/ml streptomycin and 2 mM L-glutamine. Cells were
plated in Transwell plates (12-mm diameter, 0.3-um pore; Costar;
Corning Life Sciences, Lowell, MA) and transfected as described
previously (Harris et al., 2004).

Nucleoside Transport Assay. Nucleoside uptake was measured
as described previously (del Santo et al., 1998) by exposing replicate
cultures at room temperature to [*H]labeled uridine (1 uM, 1 uwCi/ml;
GE Healthcare) in sodium or sodium-free transport buffer (137 mM
NaCl or 137 mM choline chloride, 5 mM KCl, 2 mM CaCl,, 1 mM
MgSO,, and 10 mM HEPES, pH 7.4). Initial rates of transport were
determined using an incubation period of 1 min. Assays were termi-
nated by washing with an excess volume of chilled buffer. Saturation
kinetics was evaluated by nonlinear regression analysis and the
kinetic parameters derived from this method were confirmed by
linear regression analysis of the derived Eadie-Hofstee plots.

Transwell Transport Experiments. The transwell filter inserts
were washed three times with sodium or sodium-free buffer, and
then 1 uM [*H]uridine (GE Healthcare) was added to the apical or
basal side. Transport experiments were conducted with buffer (0.5
ml each in the apical and basal compartments) containing sodium or
choline on both sides of the Transwell filters. The transport experi-
ments were terminated by aspirating the buffer, and filters were
washed with chilled buffer. The whole filter was wiped with tissue to
remove any excess of buffer, and the filter was removed from the
plastic support and counted on a scintillation counter. The cells on
the filters were solubilized using 0.1% SDS and 100 mM NaOH.

Visualization of Nucleoside Transporters Tagged with
Green Fluorescent Protein. To analyze the effect of the muta-
tions on plasma membrane sorting of hCNT3, confocal microscopy
of GFP-fused chimeras was performed on a semiconfluent mono-
layer of transfected HeLa cells cultured on glass coverslips. Glass
coverslip-grown cells were rinsed three times with phosphate-
buffered saline-Ca®"-Mg?", fixed for 15 min in 3% paraformalde-
hyde and 0.06 M sucrose, rinsed three times with phosphate-
buffered saline, and then mounted with aqua-poly/mount
coverslipping medium (Polysciences, Inc. Warrington, PA). Endo-
plasmic reticulum retention was analyzed by cotransfecting GFP-
fused transporter chimeras with pDsRed2-ER (BD Living Colors).
Sections were viewed using a Leica TCS SP5 laser-scanning con-
focal microscope (Leica Microsystems Heidelberg GmbH, Mann-
heim, Germany) equipped with a DMI6000 inverted microscope,
diode-pumped solid-state (561 nm) argon laser, and a 63X oil
immersion objective lens (numerical aperture 1.4) was used. For
visualization of GFP and pDsRed2-ER labelings, images were
acquired sequentially using 488 and 561 nm laser lines, Acousto-
Optical Beam Splitter, emission detection ranges from 500 to 550
and 571 to 650 nm, respectively, and the confocal pinhole set at 1
Airy unit. Optical sections were collected every 0.3 um in a 1024 X
1024 format, zoom 4 and pixel size 60 X 60 nm. Transfection
efficiency as well as fluorescence intensity were determined by



flow cytometry using a Cytomics FC 500 MPL Flow Cytometry
System (Beckman Coulter, Fullerton, CA).

To analyze the polarized membrane sorting of GFP-fused hCNT3
and hCNT3 mutants, 1.7 X 10° MDCK cells were grown in 12-well
Corning Costar polycarbonate transwell filter inserts for 24 h and
then transfected as explained previously. The filters were rinsed
three times with phosphate-buffered-Ca%*-Mg?", fixed for 15 min in
3% paraformaldehyde and 0.06 M sucrose, excised, and then loaded
on a glass slide and covered with a coverslip. Between the slide and
the coverslip, a ~1-mm gap was filled with aqua-poly/mount cover-
slipping medium (Polysciences, Inc. Warrington, PA). Actin was
stained using phalloidin-TRITC (Sigma-Aldrich, Saint Louis, MO,
USA). Images were also obtained using a Leica TCS SP5 laser
scanning confocal microscope (Leica Microsystems Heidelberg
GmbH, Manheim, Germany). Optical sections were collected every
0.3 wm in a 1024 X 1024 format, zoom 4 and pixel size 60 X 60 nm.

Data Analysis. Data are expressed as the mean *= S.D. of uptake
values obtained in three wells or filter inserts. Data are representa-
tive of three experiments carried out on different days on different
batches of cells.

Results

Deletion of the Cytoplasmic N Terminus of hCNT3
Causes ER Retention in a Nonpolarized Cell Model. To
gain insight into the signal sequence(s) required for tar-
geting of hCNT3 to the plasma membrane in a nonpolar-
ized cell model, we employed a truncation approach, in

hCNT3 Sorting and ER Export 797

which the full-length protein was progressively shortened
from the N terminus. hCNT3 mutants fused to the N or C
terminus of the GFP were generated and transiently ex-
pressed in the HeLa cell line, and the subcellular distri-
bution and kinetic properties of each truncation mutant
were determined 24 h after transient transfection. HeLa
cells were transfected with the plasmids coding for the
wild-type GFP-hCNT3, GFP-hCNT3A35, GFP-hCNT3A49,
GFP-hCNT3A58, GFP-hCNT3A62, or GFP (Fig. 1). Func-
tional characterization of these constructions resulted in a
significant sodium-dependent uridine transport activity
for the wild-type, and the 35 and 49 amino acid-deleted
mutants, whereas GFP-hCNT3A62 expressing HeLa cells
showed no sodium-dependent uridine transport activity. On the
other hand, the GFP-hCNT3A58 construction showed a slightly
higher uridine sodium-dependent activity than that shown by
HeLa cells transfected with the GFP vector (Fig. 1B). Confocal
microscopy analysis of transfected HeLa cells showed that trun-
cation of 35 and 49 amino acids had no effect on plasma mem-
brane sorting, whereas truncation of 62 amino acids resulted in
ER retention of the transporter. The deletion of 58 amino acids
resulted in both ER retention and little but significant plasma
membrane localization (Fig. 1C). The intracellular localization
of these chimeras was determined by cotransfection of GFP-
fused hCNT3 truncation mutants with pDsRed2-ER, a specific

Fig. 1. Summary of the mutations made
in the N terminus of hCNT3 and their
effects on plasma membrane expression
and activity in HeLa cells. A, schematic
representation of the N terminus of
hCNT3 (residues 1-102) and truncation
mutants. B, sodium-dependent uptake of
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days on different batches of cells. C, sub-
cellular localization of GFP-fused
hCNT3 truncation mutants in HeLa
cells compared with that of the full-
length GFP-hCNT3 protein (691 amino
acids). Wild-type hCNT3 and truncation
mutants hCNT3A35 and hCNT3A49 are
expressed at the plasma membrane,
showing no overlap with pDsRed2-ER
expression, a protein expressed in the
endoplasmic reticulum. On the other
hand, truncation mutant hCNT3A62 co-
localizes with pDsRed2-ER staining, in-
dicating that this mutant is retained in
the endoplasmic reticulum. Deletion of
first 58 amino acids from N terminus of
hCNT3 (hCNT3A58) resulted in an in-
termediate pattern, both ER and plasma
membrane being stained.
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marker of the ER. As shown in Fig. 1C, wild-type hCNT3 and
35- and 49-amino acid truncated mutants did not colocalize
with the ER marker, being mainly expressed at the cell surface,
whereas the 62-amino acid truncated mutant and most but not
all of the 58-amino acid deleted mutant showed a distribution
pattern coincident with the ER marker. Moreover, flow cytom-
etry analysis revealed similar transfection rates for all con-
structions but slight differences in fluorescence intensity values
(Table 1). Kinetic analysis of the plasma membrane expressed
mutants showed no differences in uridine affinity (Supplemen-
tal Fig. 1), which suggests that the N terminus of the trans-
porter is not involved in substrate specificity. The calculation of
V nax/fluorescence intensity ratios for each construction corrob-
orated proper membrane sorting for both the 35 and 49 amino
acids truncated constructions and intracellular retention of the
58 amino acid truncation (Table 1). In all cases results were
identical with those of the N1GFP- or C1GFP-fused chimeras
(data not shown).

A 13-Residue Peptide of the hCNT3 N Terminus Is
Involved in the ER Export and Plasma Membrane
Sorting in a Nonpolarized Cell Model. These results
demonstrate that amino acids between 50 and 62 are impor-
tant for cell surface targeting. This 13-residue peptide com-
prised two acidic motifs (residues **DEE®® and *°EQD®2 of
the human CNT3 sequence) with a region in the middle with
alternated hydrophilic and hydrophobic amino acids (resi-
dues ?QVTV?®). These motifs are conserved in the N termi-
nus of the concentrative nucleoside transporter 3 from sev-
eral species (Fig. 2A). To identify further the potential role of
these domains in the export of CNT3 protein from the ER, we
generated a series of mutants in which each amino acid of the
sequence *°TKQDEEQVTVEQD®?2 was substituted by an ala-
nine individually or in combination (Fig. 2B). Wild-type and
hCNT3 mutants conjugated with GFP were transiently ex-
pressed in HeLa cells, and their activities and subcellular
localization were revealed by uptake assays and confocal
microscopy, respectively (Fig. 2, B and C). Individual muta-
tion of residue Tyr®®, Lys®!, GIn®?, Asp®?, Glu®*, Glu®®, GIn®¢,
GIn®!, or Asp®? did not significantly influence the activity
and subcellular localization of hCNT3 mutants after a 24-h
culture (Fig. 2, B and C). In contrast, single mutations of
Val®’, Thr°®, Val®®, and Glu®® abolished transporter activity
and were associated with intracellular ER retention (Fig. 2,
B-D). Nevertheless, the sodium-dependent uridine transport
measured 48 h after transfection reached values similar to
those observed for the wild-type construction (Supplemental
Fig. 2A). In this regard, analysis of the activity and subcel-
lular localization 48 h after transfection revealed a clearly
distinguishable plasma membrane localization of the mu-
tants (Supplemental Fig. 2B), suggesting that these muta-

TABLE 1

Transfection efficiency and fluorescence intensity of GFP-fused chimeras

tions did not completely block but rather slowed down the
delivery of hCNT3 to the plasma membrane. Substitution of
Val®” and/or Val®® with isoleucine had no effect on trans-
porter activity and subcellular localization (data not shown).
Because the presence of acidic motifs has been suggested to
be essential for cell-surface expression of several plasma
membrane proteins (Nishimura and Balch, 1997; Votsmeier
and Gallwitz, 2001; Zuzarte et al., 2007), we determined the
effect of either double or triple mutations of Asp®?-Glu®® on
hCNTS3 activity and subcellular localization. Our results in-
dicate that, although individual mutation of Asp®®, Glu®*, or
Glu®® had no obvious effect on transporter export from ER,
double and triple mutations of acidic residues to alanine
resulted in intracellular ER retention and dramatic loss of
plasma membrane sodium-dependent uridine transport ac-
tivity (Fig. 2, B and C). In this case, these changes also
seemed to be the result of slow trafficking, because proper
sodium-dependent uridine uptake and plasma membrane lo-
calization were revealed 48 h after transfection (Supplemen-
tal Fig. 2, A and B). However, mutation of tripeptide Val®’-
Thr®8-Val®® to Ala®’-Ala®®-Ala®® resulted in a complete
retention of the transporter in the ER even at 72 h after
transfection (Supplemental Fig. 2, A and B). This observation
suggests that these amino acids are the core of the hCNT3 ER
export signal and that the acidic motifs upstream and downstream
of this core region are important for the kinetics of the sorting
process. Results were identical in all cases with either the N1GFP-
or the C1GFP-fused chimeras (data not shown).

The Cytoplasmic N Terminus of hCNT3 Contains an
Apical Targeting Signal. As introduced above, concentra-
tive nucleoside transporter-type proteins show an asym-
metrical distribution in polarized cells, being present at
the apical surface and determining vectorial flux of nucleo-
sides (Ngo et al., 2001; Errasti-Murugarren et al., 2007).
Because deletion of the first 69 amino acids from the N
terminus of hCNT3 results in mis-sorting of the trans-
porter protein in polarized cells (Errasti-Murugarren et
al., 2009), a series of truncation mutants was also gener-
ated to define the specific requirements for normal apical
localization of hCNT3. Polarized MDCK cells were trans-
fected with the plasmids coding for GFP-fused hCNTS3,
hCNT3A10, hCNT3A25, hCNT3A69, or GFP. The steady-
state membrane distribution of these mutants was deter-
mined by activity assays on polarized MDCK cells grown
on Transwell inserts (Fig. 3B) and confirmed using immu-
nofluorescence confocal microscopy of fixed monolayers
(Fig. 3C). These data confirmed that hCN'T3 was present in
the apical domain of polarized MDCK. Deletion of the first
10 amino acids from the N terminus of hCNT3 had no
effect on transporter apical sorting, whereas deletion of

HeLa cells were transfected with the GFP-fused chimeras; after 24 h, cells were resuspended and analyzed by flow cytometry for transfection efficiency and construction
expression rate. The calculated V., values (obtained from Supplemental Figure 2) were normalized to the fluorescence intensity values. Fluorescence intensity is expressed
in arbitrary units. Data are expressed as the mean * S.D. of three experiments carried out on different days on different batches of cells.

Construction Transfection S.D. Fluorescence Intensity S.D. Ratio V,,,/Fluorescence Intensity
%
hCNT3 77.9 5.1 223.4 17 2.1
hCNT3A35 81.9 3.9 129.5 9.5 1.9
hCNT3A49 82.2 2.2 196.7 4.1 2.1
hCNT3A58 79.9 3.7 188.4 7.3 0.3
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either 25 or 69 amino acids resulted in a similar mis- cence intensity values for all constructions (Table 2), being
sorting of hCNT3. In fact, both deleted constructs resulted the hCNT3 truncated mutant activities corrected by their
in a significant reduction of the apical and a concomitant fluorescence intensities (Table 3). All together, these data
increase of the basolateral sodium-dependent uridine identified a sequence of 15 amino acids (*'AEGYSNVG-
transport (Fig. 3B). Moreover, flow cytometry analysis FQNEENF?2°) that seems to be important for polarized
showed the same transfection rates but different fluores- expression of hCNT3 in MDCK cells. In all cases, results
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measured as in Fig. 1. Suggested important domain is boxed. Data are expressed as the mean = S.D. of three experiments carried out on different days on
different batches of cells. C, subcellular localization of wild-type GFP-hCNT3 and GFP-fused alanine substitution mutants in HeLa cells. Wild-type hCNT3
and mutants hCNT3T50A, K51A, Q52A, D53A, E54A, E55A, Q56A, Q61A, and D62A are expressed at the plasma membrane, showing no overlap with ER
marker pDsRed2-ER. On the other hand, hCNT3V57A, T58A, V59A, >*DE?¥/AA, and **DEE®*/AAA mutants were retained in intracellular ER derived
structures. Finally, hCNT3°"VTV°%/AAA mutant colocalizes with pDsRed2-ER staining, indicating that this mutant is retained in the endoplasmic
reticulum. D, detailed intracellular ER derived structure from mutant hCNT3T58A and its colocalization with ER marker pDsRed2-ER.
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were identical with either the N1GFP- or the C1GFP-fused
chimeras (data not shown).

A Tetrapeptide Adopting a B-Turn Structure Is Im-
plicated in Apical Sorting of hCNT3. The analysis of the
15-residue long peptide sequence showed no evident struc-
tural motifs, apart from a clustering of negatively charged
amino acids in the distal part of the sequence. The alignment
of this amino acid sequence with the equivalent one from
different CNT3 orthologs showed a low conservation de-
gree among different species (Fig. 4A). Several short cyto-
solic motifs have been identified as positive apical sorting
or ER export signals in polarized models. Among these,
Sun et al. (2003) defined a fourteen amino acid sequence
required for optimal apical membrane targeting of the rat
ileal bile acid transporter, with a B-turn tetramer within
this sequence sufficient to produce an apical bias of protein
location. On the basis of this report, we analyzed the
conformational topology of these selected 15 amino acids of
the hCNT3 N terminus applying a predictive method to
identify B-turns within proteins named tetrapeptide resi-
due-coupled model, developed by Chou (1997). Using this
method successive tetrapeptide regions along the N-
terminal region of hCNT3 were analyzed for propensity to
form B-turns, scored in terms of a discriminant function 8§,
where values greater than 0 indicate the tetrapeptide
forms a B-turn. Within the 15-amino acids long peptide
identified using the truncation approach of the cytoplasmic
N terminus of hCNT3, we found one tetrapeptide that
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scored positively for the occurrence of a B-turn (*"VGFQZ°)
(Fig. 4C). Similar B-turn-forming tetrapeptides were found
within the corresponding 15-residue long peptide of some
but not all of the orthologs analyzed, suggesting a common
mechanisms of apical sorting for some CNT3 orthologs
(Fig. 4C). In addition, substitution of the putative cytosolic
B-turn domain with a similar but non—gB-turn-forming tet-
rapeptide Met-Thr-Phe-Arg (MTFR) (Chou, 1997) resulted
in a similar phenotype to that previously observed for the
deletion of 25 and 69 amino acids, with a reduction in the
apical and an increase in the basolateral sodium-
dependent uridine transport activity (Fig. 4B). The steady-
state membrane distribution of these mutants was con-
firmed using immunofluorescence confocal microscopy of
fixed monolayers (Fig. 4D). Moreover, flow cytometry anal-
ysis showed similar transfection rates and fluorescence
intensity values for all constructions. hCNT3 mutant ac-
tivities were corrected by their fluorescence intensities to
allow better comparisons (Table 3). In all cases, results
were identical with the N1GFP- or C1GFP-fused chimeras
(data not shown).

Discussion

In the present contribution, N-terminally truncated mu-
tants of hCNT3 have been used to reveal that 1) the N
terminus was not implicated in substrate binding, which is in
agreement with previous data (Loewen et al., 1999; Hamilton
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Sodium-dependent transport was calcu-
lated as uptake in NaCl medium minus up-
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as the mean = S.D. of three experiments car-
ried out on different days on different batches
of cells. C, transiently transfected MDCK
cells with GFP-tagged hCNT3, hCNT3 trun-
cation mutants, or vector alone. Cells were
fixed, stained for actin with Texas Red conju-
gated phalloidin, and visualized by confocal
microscopy. Red, actin; green, GFP. Subcellu-
lar localization of hCNT3 truncation mutants
in MDCK cells was compared with that of the
full-length hCNTS3 protein (691 amino acids).
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basolateral staining.

Basolateral

PEGFPCI1-hCNT3A69

Actin

Merged Merged



et al., 2001) and 2) a 13-residue peptide between amino acids
50 and 62 contained plasma membrane sorting determinants
in nonpolarized cell models. Alanine scanning mutagenesis of
this region revealed the presence of two different domains
essential for proper plasma membrane sorting of the trans-
porter, a PDZ binding domain type II-like sequence and
negatively charged amino acids upstream and downstream of
this core region. This particular amino acid distribution is
highly conserved in all CNT3 orthologs, suggesting a com-
mon mechanism for CNT3 protein sorting in nonpolarized
cell models. Individual mutations of 5“VTV®® to alanines
resulted in intracellular ER-derived structures retention of
hCNTS3 transporter mutants 24 h after transfection. One
possible explanation of these structures is that vesicles bud-
ding from ER and containing hCNT3 mutants leave ER and
fuse homotypically to give rise to larger containers, as de-
scribed for GABA transporter-1 mutants (Farhan et al.,
2008). However, in contrast to those described for GABA
transporter-1 mutants, these ER-derived structures are not a
dead-end for hCNT3 mutants because they are able to reach
the plasma membrane 48 h after transfection. In addition,
mutation of 5“VTV®® to *’AAA®° resulted in ER retention of
the mutant, suggesting an essential role for this domain in
the ER export of the hCNT3 transporter.

Replacement of either Val®” or Val®® with other nonpolar
amino acids, similar to those found in other orthologs, re-
sulted in a fully active hCNT3 transporter, showing that it
was the hydrophobic nature of valine that leads to efficient
ER export. The importance of hydrophobic residue-based
sorting signals has been described in the interaction of trans-
membrane cargo with COPII components (Otte and Barlowe,
2002) as well as in protein-protein interactions occurring at
the plasma membrane. In this regard, three different PDZ

TABLE 2

Transfection efficiency and fluorescence intensity of GFP-fused
chimeras

MDCK cells were transfected with the GFP-fused chimeras; after 48 h, cells were
resuspended and analyzed by flow cytometry for transfection efficiency and construc-
tion expression rate. Fluorescence intensity is expressed in arbitrary units. Data are
expressed as the mean = S.D. of three experiments carried out on different days on
different batches of cells.

Fluorescence

Construction Transfection S.D. Intensity S.D.
%
hCNT3 39.6 0.5 60.3 4.1
hCNT3A10 36.4 0.3 61.1 2.9
hCNT3A25 36.8 0.5 64.0 0.3
hCNT3A69 38.5 0.3 11.0 4.4
hCNT3'"VGFQ?*°MTFR 38.2 0.3 62.2 4.1
TABLE 3

Analysis of the polarized sorting of GFP-fused chimeras
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domain recognition motifs (classes I-III) depending on valine
residues play a role in protein transport to the plasma mem-
brane (Nourry et al., 2003). In addition to the valine, these
motifs require a critical amino acid (X) at position —2; in
class II, a hydrophobic residue (V) at position —2 (X¥XWV) in
the peptide interacts with a corresponding hydrophobic res-
idue in the PDZ-containing protein (Nourry et al., 2003). In
the case of hCNT3, the valine residue in position —2 is also
essential for ER export, it being likely that this internal
56QVTV®>® motif of the transporter is recognized during ER
export by PDZ domain containing proteins. Moreover, the
role of this sequence in COPII dependent ER export could not
be excluded, a possibility that warrants further studies.

Furthermore, our experiments ruled out the importance
of diacidic motifs in hCNT3 ER export. In fact, residues
53DEE®® and °°EQD®? might confer the consensus of the
ER export diacidic motif (DE/X/ED). This motif is present
in the cytoplasmic tail of several transmembrane proteins
(Nishimura et al., 1999; Votsmeier and Gallwitz, 2001;
Zuzarte et al., 2007). Individual mutations of negatively
charged amino acids from both putative diacidic motifs
resulted in fully functional transporters, except for the
mutation E60A, which showed an ER-derived structures
intracellular retention, as showed for previous hCNT3 mu-
tants. The progressive substitution of negatively charged
amino acids by alanines produced a decrease in surface
expression and in transport activity of the CNT3 trans-
porter, suggesting the need of at least two negatively
charged amino acids preceding the *QVTV®® domain, as
well as the Glu®® downstream of this domain for trans-
porter export from the ER. This result is in accordance
with previous reports showing that the immediate envi-
ronment of certain motifs affect their function (Mancias
and Goldberg, 2007), thus suggesting a role for the acidic
residues referred to above in the maintenance of the proper
spatial conformation of the ®°QVTV®® domain. Neverthe-
less, an additional role for these acidic residues besides the
structural one cannot be ruled out.

hCNTS3 is also expressed in a variety of epithelia in which
its apical sorting and expression might determine vectorial
flux of nucleosides and nucleoside-derived drugs (Mangravite
et al., 2003; Damaraju et al., 2007; Errasti-Murugarren et al.,
2007). In fact, in contrast to basolateral sorting motifs, the
interaction of apical sorting determinants of proteins with
the sorting machinery of polarized cells is still poorly under-
stood. The known motifs identified so far are highly di-
verse, often consisting of post-translational modifications
or transmembrane domains that enable preferential asso-

MDCK cells were transfected with the GFP-fused chimeras, and uridine uptake at both apical and basolateral domains was analyzed. GFP-fused transporters sodium-
dependent uridine uptake was normalized by fluorescence intensity values from Table 2, and then the ratio between apical and basolateral uridine uptake was calculated.
Data are expressed as the mean * S.D. of three experiments carried out on different days on different batches of cells.

. Apical Basolateral Ratios
Construction Activity Activity Ani .. . .. . .
pical Activity/Fluorescence Intensity =~ Basolateral Activity/Fluorescence Intensity ~ Apical/Basolateral
pmol meg of S
protein~ - min~
hCNT3 37.5 £ 3.6 3.5*+12 0.62 0.06 10.3
hCNT3A10 37.1 = 0.7 3.6 0.5 0.60 0.06 10.0
hCNT3A25 172 = 0.7 69=*+19 0.27 0.11 2.45
hCNT3A69 29 +0.3 1.0 £ 0.2 0.26 0,10 2.60
hCNT3'"VGFQ*®MTFR 16.8 = 0.8 7.2*0.8 0.27 0.12 2.25
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ciation of the protein with plasma membrane microdo- Subramanian et al., 2004). Disruption of this probable
mains, being not as strict as prototypical basolateral de- p-turn structure by either deletion or site-directed mu-
terminants (Ellis et al., 2006). Moreover, several short tagenesis to form a non—B-turn tetrapeptide resulted in
cytosolic motifs have been identified as positive apical partial mis-sorting of hCNT3 from the apical to the baso-
sorting or ER export signals in polarized models (Karim- lateral domain, either during secretion or after endocyto-
Jimenez et al., 2000; Francesconi and Duvoisin, 2002; Sun sis, as described for the cystic fibrosis transmembrane
et al., 2003; Kwon and Guggino, 2004). In fact, noncon- conductance regulator (Moyer et al., 1999). Although the
served amino acid sequences in different protein orthologs probability of B-turn structure is apparently not conserved
might define by themselves structural signals for ER ex- in a few orthologs, when their primary sequences were
port and polarized sorting (Sun et al., 2003; Subramanian analyzed based upon the tetrapeptide residue-coupled
et al., 2004; Sun et al., 2004). In this study, we showed that model (Chou, 1997), this does not fully rule out its occur-
the efficient arrival of hCNT3 to the apical domain of the rence. In fact, our data show that this apical sorting signal
polarized MDCK cell model requires four amino acids 1is necessary but not sufficient to confer polarized apical
(*"VGFQ?°) in the proximal segment of the cytosolic amino localization of hCNT3 in MDCK cells. In this regard, some
terminus. The prediction of the secondary structure of the membrane proteins contain multiple sorting signal motifs
proximal segment of the N terminus of hCNT3 indicated that are regulated by several sorting factors and mecha-
that a potential turn structure may occur between amino nisms (Saunders and Limbird, 1997; Pei et al., 2000) sug-
acids 17 and 20. In this regard, B-turn-forming peptides gesting the requirement of complementary signals for
have been proposed to be implicated in either basolateral proper apical sorting of the hCNT3 transporter.

or apical sorting (Aroeti et al., 1993; Sun et al., 2003, 2004; Understanding mechanisms responsible for hCNT3 traf-
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Fig. 4. An N-terminal motif dictates apical sorting of hCNT3. A, primary structure of human CNT3 (residues 11-25). The amino acid sequence of
human CNT3 (hCNT3) is compared with that of chimpanzee (ptCNT3), orangutan (ppCNT3), cow (btCNT3), dog (cfCNT3), dolphin (ttCNT3), mouse
lemur (miCNT3), megabat (pvCNT3), pika (opCNT3), squirrel (stCNT3), mouse (mCNT3), and rat (rCNT3). Protein accession numbers are the same
as in Fig. 2. Suggested B-turn forming tetrapeptide is boxed. B, apical and basal sodium-dependent uptake of [*Hluridine (1 M, 1 min) by hCNT8 and
mutants was measured as in Fig. 3. Data are expressed as the mean *= S.D. of three experiments carried out on different days on different batches
of cells. C, application of tetrapeptide residue-coupled model (Chou, 1997) to predict the localization of B-turns within the putative N-terminal
targeting region of hCNT3. Sequential tetrapeptides were assigned a B-turn attribute function (A), where the criterion for g-turn prediction is A > 0.
Prediction of occurrence of B-turns in N terminus of hCNT3 (residues 11-25) (top) and hCNT3 orthologs (bottom). D, transiently transfected MDCK
cells with GFP-tagged hCNT3 and hCNT3 mutants. Cells were fixed, stained for actin with Texas Red conjugated phalloidin, and visualized by
confocal microscopy. Red, actin; green, GFP. Subcellular localization of hCNT3 mutants in MDCK cells was compared with that of the full-length
hCNT3 protein (691 amino acids). Wild-type hCNT3 is sorted to the apical plasma membrane, showing no basolateral staining, whereas the
non—g-turn-forming hCNT3*VGFQ*°MTFR mutant showed both apical and basolateral staining.



ficking may be of biological and pharmacological relevance.
hCNTS3 is found mostly in intracellular stores in CLL cells
and this occurrence is associated with poor prognosis in pa-
tients under fludarabine treatment (Mackey et al., 2005;
Tsang et al., 2008). We recently found that hCNT3 trafficking
into the plasma membrane can be stimulated by retinoic acid
in CLL but also in solid tumor-derived cell lines. This phe-
nomenon is mediated by transforming growth factor-g1 and
is dependent upon the small GTPase RhoA (Ferndndez-Cal-
otti and Pastor-Anglada, 2010). It is noteworthy that Rho
family members are found in vesicular compartments, where
they can play major roles in vesicle trafficking in both endo-
cytic and exocytic pathways (Ridley, 2001; Symons and Rusk,
2003).

In summary, mapping of the N terminus tail of the hCNT3
protein revealed that acidic and hydrophobic motifs in this
domain control ER export and cell surface expression levels
in nonpolarized cells, whereas a putative B-turn domain con-
tributes to hCNT3 polarized surface expression in epithelial
cells. This represents a first step in the understanding of the
mechanisms of constitutive and regulated hCNT3 traffick-
ing, which is a relevant goal not only for a better understand-
ing of hCNT3 biology but also in the clinical treatment with
nucleoside-derived drugs.
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