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movement with mNect.hCNT3 is
an accurate assay of H* /nucleoside
co-transport.

. Radiolabeled substrate uptake
studies in oocytes found that uri-
] dine is transported to a similar
extent in both acidic Na™-free and
acidic Na™-containing conditions
(10, 12). Charge/uptake experi-
ments suggested that in Na*-con-
taining buffer, pH 5.5, both Na™ and
H* contribute to the driving force,
and that one of the two Na™ binding
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FIGURE 5. Measurement of intracellular pH, using cytosolic mNectarine, mNect.hCNT3, and BCECF.
HEK293 cells were transiently co-transfected with cytosolic mNectarine and hCNT3 cDNA (A) or mNect.hCNT3
cDNA (B) or hCNT3 cDNA (C). hCNT3-transfected cells were incubated with the pH-sensitive dye BCECF-AM (C).
Cells were perfused with nigericin/high potassium calibration solutions at pH values indicated in the black bars
above the curves to calibrate fluorescence to pH. To minimize the period of sample illumination, samples were
perfused without illumination for 480 s in each solution prior to collecting fluorescence data. Average pH
values for each perfusion interval (calculated from the fluorescence data) are indicated above or below the
trace. A and B, mNect fluorescence (A, = 550 nm and A,,,, = 573 nm) was corrected for photobleaching.
C, BCECF fluorescence was monitored at A, = 440 nm and 502.5 nm and A, = 528.7 nm.

F563C. HEK293 cells transfected with either mNect. hCNT3 or
mNect. hCNT3-F563C ¢cDNA had similar degrees of plasma
membrane localization on the basis of imaging mNectarine flu-
orescence by confocal microscopy (data not shown).

To assess the reliability of the mNect.hCNT3 fusion as an
assay for H*/nucleoside co-transport, we measured the K, of
mNecthCNT3 for uridine. HEK293 cells were transiently
transfected with mNect. hCNT3 cDNA, and were consecutively
perfused with Na*-free MBSS buffer at pH 7.5, Na™ -free MBSS
buffer, pH 5.5, and Na*-free MBSS buffer, pH 5.5, containing
varying amounts of uridine, from 0 to 960 um. The change in
the rate of acidification (proton flux in units of mm-min ') was
quantified upon switching to uridine-containing medium at
each concentration of uridine. Fig. 7 shows a representative
example of three separate experiments used to calculate the K,
for uridine transport in HEK293 cells, as measured with
mNect.hCNT3. The K, determined was 72 = 24 um (n = 3),
which lies between the two previously published values of
110 = 10 M and 62.4 = 5.4 uMm found in oocytes (10, 12). We
conclude that measurement of uridine flux by following H*
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sites is shared by H™ (10). To deter-
mine whether a H™ is co-trans-
ported with uridine in acidic Na™-
containing medium, HEK293 cells
were transiently transfected with
mNect.hCNT3 or mNect. hCNT3-
F563C cDNA: Cells were perfused
with Na™*-free MBSS buffer, pH
5.5, in which NaCl was replaced
by ChCl, Na*-containing MBSS
buffer, pH 5.5, and Na™-containing
MBSS buffer, pH 5.5, containing 0.5
mw uridine. The Na™/H™ exchange
inhibitor, EIPA (5 um), was present
in all perfusion buffers. The data
were collected and analyzed as
described above.

Addition of uridine induced acid-
ification in both Na™-free (Fig. 8B)
and Na™-containing medium (Fig.
8A) in mNect.hCNT3-transfected
cells. Cells expressing catalytically
inactive mNect. hCNT3-F563C had
no increase in acidification rate
upon addition of uridine to the
medium (Fig. 8C). Quantification of the increase in acidifica-
tion rate following addition of uridine (Fig. 8D) revealed that
Na™ had no effect on the acidification rate (1.09 * 0.11 or
1.18 = 0.32 mm min~ ", in the absence or presence of Na™,
respectively). This provides support for the proposed mecha-
nism that in acidic Na " -containing conditions, 1 Na“ and 1H™
are transported per uridine molecule, while in acidic Na™-free
conditions, 1 H™ alone is transported per uridine molecule
(9-12).

Prior to the addition of uridine, the mNect. hCNT3-F563C
transfected cells acidified to a lesser extent than the mNect.
hCNT3-transfected cells (Fig. 6), but this difference was found
to be not statistically significant (data not shown). We reasoned
that Na™-free medium might cause the plasma membrane
Na®/H™ exchanger (NHE) to act in reverse mode, exporting
Na™ and importing H", resulting in acidification upon switch-
ing from Na™ -containing to Na " -free medium. Indeed, cytoso-
lic acidification was found in Na™ -free medium, but only at pH
5.5, not at pH 7.5 (Fig. 6, A and B). Because acidification rates
were similar in cells expressing functional and catalytically
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mNect.hCNT3-F563C

el p%hgg inactive hCNT3 (Fig. 6, A and B),
pH 5.5 + uridine the acidification mechanism is

inherent to the HEK293 cells. To
assess the possible role of NHE in
cytosolic acidification 5 um EIPA, a
Na®/H™ exchange inhibitor (43),
was added to media (Fig. 8). EIPA
was unable to suppress the acidifica-
tion rate in Na™-free medium (Fig.
8B). Together these data suggest
that there is an H' leak into
. HEK293 cells in acidic Na™-free
medium that is independent of NHE
and hCNT3. The identity of the
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FIGURE 6. hCNT3 mediated H*/uridine co-transport measured by mNectarine-hCNT3. HEK293 cells
were transiently transfected with mNect.hCNT3 cDNA (A) or with mNect.hCNT3-F563C cDNA (B). mNect.
hCNT3 fluorescence was monitored at A, = 550 nm and A.,,, = 573 nm. Cells were perfused consecutively
with Na*-free MBSS buffer, pH 7.5 (open bar), in which NaCl is replaced by choline chloride, Na " -free MBSS
buffer, pH 5.5 (gray bar), and Na™-free MBSS buffer with 0.5 mm uridine, pH 5.5 (black bar). At the end of
each experiment photobleaching-corrected fluorescence values were calibrated to pH via the nigericin/
high potassium technique (not shown in figure) (35). A, pH; transients observed for mNectarine.hCNT3-
transfected cells. B, pH; transients observed for mNect.hCNT3-F563C-transfected cells. C, quantification of
the change in rate of acidification (proton flux in units of mm-min ') upon switching to uridine-containing
medium. Error bars represent standard error (n = 5). Asterisk indicates significant difference (p < 0.0001).
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FIGURE 7. Kinetics of H* /uridine co-transport in HEK293 cells. HEK293
cells were transiently transfected with mNect.hnCNT3 cDNA. mNect.hCNT3
fluorescence was monitored at A, = 550 nm and A.,, = 573 nm. Cells
were perfused consecutively with Na™-free MBSS buffer, pH 7.5, in which
NaCl is replaced by choline chloride, Na*-free MBSS buffer, pH 5.5, and
Na™-free MBSS buffer, pH 5.5, containing varying concentrations of uri-
dine from 0to 960 um. At the end of each experiment pH was calibrated via
the nigericin/high potassium technique, and fluorescence values were
calibrated to pH. The change in the rate of acidification (proton flux in
units of mm-min~") was quantified upon switching to uridine-containing
medium at each concentration of uridine. This graph is a representative
example of three separate experiments used to calculate the K, of
mNect.hCNT3 for uridine.
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pathway is unknown, but H™ leak
through cation channels has been
reported (44, 45). The background
H* leak can be avoided by in
mNect.hCNT3 assays of H/uri-
dine co-transport in the presence of
Na*, because no acidification was
found at pH 5.5 until uridine was
added to mNect. hCNT3-expressing
cells (Fig. 8, A and C).

Time (s)

DISCUSSION

We utilized hCNT3’s H*-cou-
pling characteristics to develop a
new method to assay nucleoside
transport in cultured mammalian
cells. This assay was made possible
by engineering a new pH-sensitive
red fluorescent protein, mNectarine.
mNectarine, fused to the N termi-
nus of hCNT3, was able to reliably
report on changes in pH at the intracellular surface of hCNT3
in real-time. Addition of uridine to mNect. hCNT3-expressing
cells, in both Na™-free and Na™-containing conditions elicited
an increase in the rate of acidification that was not seen in the
negative control (mNect. hCNT3-F563C-expressing cells). Our
data are consistent with hCNT3-mediated Na* /H" /nucleoside
co-transport under acid conditions.

Using mNect. hCNT3 to measure uridine flux by monitoring
H* co-transport is advantageous, because it enables direct
measurement of changes in intracellular H* concentration,
which, up until now, had only been inferred from H™ activation
of [**C]uridine influx and pH-dependent uridine-evoked cur-
rents in oocytes (8, 9, 29). The present experiments therefore
provide the first direct evidence that hCNT3 transports H™.
Because we did not directly measure uridine flux in these exper-
iments, it is formally possible that the mNect hCNT3 assay
measures an hCNT3-mediated H" flux unrelated to uridine
transport. We consider this unlikely, because under similar
extracellular acid medium conditions uptake of radioactive
nucleoside was observed in oocytes (9, 10).

We assessed the reliability of mNect. hCNT3 as a reporter for
hCNT3 H™/nucleoside co-transport, by measuring the K, of
mNect.hCNTS3 for uridine. The K,,, determined here (72 * 24

A VEN

VOLUME 284 +NUMBER 31-JULY 31, 2009

¥T0Z ‘Z Joquieides uo saikeiqieLeq|Y Jo Aisealun e /Bloaglmmmy/:dny woday papeojumoq


http://www.jbc.org/

mNect.hCNT3 H* /Uridine Co-transport

EIPA oocytes revealed that hCNT3 func-
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Na™-containing medium, com-
pared with a 1:1 cation:uridine stoi-
chiometry in acidic Na™-free me-
dium (10, 12). Because we find
similar rates of H* movement in the
presence and absence of Na™, the
present data support a model in
which 1 H" and 1 Na™ are trans-
ported per uridine molecule in
acidic Na™-containing medium,
compared with 1 H* per uridine
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molecule in the absence of Na*, and
2 Na™ per uridine molecule in alka-
line conditions.

mNecthCNT3 can be used to
measure the transport rate for any
nucleoside or nucleoside drug that
is co-transported with H*, so any
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FIGURE 8. Effect of Na* on H* /uridine co-transport. HEK293 cells were transiently transfected with mNectarine.
hCNT3 cDNA (A and B) or with mNect.hCNT3-F563C cDNA (C). mNect.hCNT3 fluorescence was monitored at
Aex = 550 nm and A, = 573 nm. Cells were perfused with MBSS buffer, pH 5.5 (gray bars), or MBSS buffer, pH
5.5, containing 0.5 mm uridine (black bars). Perfusion with Na™-containing MBSS buffer is indicated by hatched
bars, and perfusion with Na " -free MBSS buffer, in which NaCl is replaced by choline chloride (ChCl), is indicated
by un-hatched bars. Open bar indicates perfusion with Na*-free MBSS, pH 7.5. All buffers contained 5 um EIPA.
D, quantification of the change in rate of acidification (proton flux in units of mmmin~") upon switching to
uridine-containing medium. Error bars represent standard error (n = 3). N.S. indicates non-significant differ-

ence (p = 0.81).

uM) was between two previously published values for hCNT3
expressed in oocytes (110 * 10 and 62 = 5 um) (10, 12), indi-
cating that mNect.hCNT3 provides an accurate method to
measure hCNT3 kinetics.

This study illuminates the mechanism of nucleoside trans-
port under conditions of extracellular acid and Na™. Previous
investigations in X. laevis oocytes demonstrated that uridine
was transported with high efficiency in both Na™-containing
medium at pH 5.5, and Na™ -free medium at pH 5.5, although to
a somewhat lesser extent under Na™* -free conditions (10, 12).
hCNT3 co-transport of nucleoside with Na™ has been verified
outside oocytes, using yeast and mammalian cells (28, 41, 46).
In the current study, there was H movement in both acidic
Na*-containing and acidic Na™-free medium, with no signifi-
cant difference in transport rate between the two conditions.
This result indicates that H" is co-transported with uridine in
acidic Na*-containing buffer. Charge/flux ratio experiments in

JULY 31, 2009+ VOLUME 284+NUMBER 31

range of substrates can be assayed
for transport, even if a radioactive
analogue is unavailable. This char-
acteristic, along with utilizing a
pH-sensitive fluorescent reporter,
opens up the possibility of high
throughput assays in which a
wide range of possible substrates
could be added to mNect.hCNT3-
transfected cells grown in multiwell
plates while monitoring fluores-
cence changes over time with a mul-
tiwell plate fluorometer. mNect.
hCNT3 also provides the possibility
of high throughput screening for
inhibitors, as no high affinity CNT
inhibitors have yet been identified.
In contrast to hCNT3 assays per-
formed using X. laevis oocytes (9,
10, 29), the mNecthCNT3 assay
enables studies of hCNT3 regulation in a physiologically rele-
vant mammalian cell context.

Interestingly, hCNT3 exhibits markedly different selectiv-
ity characteristics for symport of physiological nucleosides
and therapeutic nucleoside drugs in acidic Na™-free or alka-
line Na™-containing conditions (10). For example, in acidic
Na™-free conditions, transport of guanosine, 3'-azido-3’-
deoxythymidine and 2',3’-dideoxycytidine are almost com-
pletely abolished (10, 29). This suggests that binding of Na™
or H" induces cation-specific conformational changes in
hCNT3 (10). Differential H" or Na™* binding to the SGLT1
Na™/glucose transporter also leads to cation-specific con-
formational changes (47). Using mNect.hCNT3, it will be
possible to measure transport of nucleosides and nucleoside
drugs in acidic Na™-containing conditions. In conjunction
with corresponding electrophysiological recordings in
hCNT3-expressing oocytes (9, 10, 12, 29), it may be possible

ChCl
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to discern an intermediate conformation where both Na™
and H™ are bound.

The concentrative nucleoside transporters are primarily
expressed in epithelial cells where they are involved in absorp-
tion, secretion, distribution, and elimination of nucleosides and
nucleoside analogs (2, 3, 11). hCNT3 is especially abundant in
the kidney, and may be the key CNT at the apical surface of the
proximal tubule (3, 11). The ability of hCNT3 to couple nucle-
oside movement to either a Na* and/or H" gradient may be
advantageous in the kidney, because the lumen of the proximal
tubule is acidic, and hCNT3 could take advantage of the H"
gradient to maximize its transport rate in these conditions.
Both hCNT3 and SGLT1, which have similar transport kinet-
ics, are present in the intestine, which also has an acidic luminal
environment, particularly in the more proximal regions (48).
Thus, the H" -coupling characteristic of hCNT3 may be physi-
ologically and pharmacologically important (3, 9).

The use of pH-sensitive fluorescent protein fusions as an
assay of transport activity extends beyond hCNT3. mNectarine
could be fused to any transporter that induces a change in intra-
cellular pH. Such transporters could include the H" -coupled
PepT1/2 peptide transporters (49, 50), SGLT1 (48), and the
MCT1 monocarboxylate transporter (51), or any of the trans-
port proteins involved in the regulation of pH,, including C1~/
HCOj; exchangers (52), NHEs (53), or sodium bicarbonate co-
transporters (54). PepT1 (55), MCT1 (56), NHE1 (53), and the
SLC4 family members (including CI”/HCO; exchangers and
sodium bicarbonate co-transporters) (54), all have at least one
intracellular terminus, so an mNectarine fusion could be con-
structed. SGLT1 does not have intracellular N or C termini, but
FP fusions could possibly be made in the large cytosolic loop
(57). Fusion of mNectarine to these proteins would report on
changes in pH local to the transporter and would be more spe-
cific than simply measuring pH changes in the bulk cytosol with
a pH-sensitive intracellular dye. Moreover, the self-referencing
nature of an mNect.transporter fusion ensures that transport
activity is measured only in the cells expressing the transport
protein. This would be particularly beneficial in studying pH
microdomains or metabolons (51, 58).

Furthermore, the spectral characteristics of mNectarine
make it ideal for use as a partner with other fluorescent
reporters. Even more tantalizing, is the prospect of pairing
one mNectarine fusion protein with another pH-sensitive flu-
orescent protein fusion. This would allow simultaneous meas-
urement of pH in two different regions of a cell. For example,
mNectarine can be paired with the green fluorescent protein
deGFP4 (15, 59), because they exhibit spectrally distinct wave-
lengths, which do not exhibit cross-talk (not shown).” Indeed,
ongoing studies are investigating the phenomenon of differen-
tial pH surrounding pH regulatory transport proteins, resulting
from unstirred layer effects.

In conclusion, we have developed a method to measure
H™ /uridine co-transport in mammalian cells by fusing the pH-
sensitive fluorescent protein, mNectarine, to the N terminus of
hCNT3. mNectarine is a bright, pH-sensitive mRFP with a pK,

9D. E. Johnson, H.-w. Ai, P. Wong, J. D. Young, R. E. Campbell, and J. R. Casey,
our observations.
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well suited to measurement of physiological pH changes.
Fusion to hCNT3 created a self-reporting probe of nucleoside
transport that can be expressed in mammalian cells. Further-
more, mNect.hCNT3 reports on nucleoside transport in real-
time and enables measurement of the transportability of any
substrate that is coupled to H™ flux. Fusion to the pH-reporting
mNectarine is an approach that could be extended to high
throughput assays and could be used to report on the transport
activity of any pH transporter. Taken together, our findings
demonstrate that mNect. hCNT3 is a valid reporter of H" /nu-
cleoside co-transport, and support a transport mechanism
where 1H" and 1 Na™ are co-transported with uridine in acidic
Na*-containing conditions.
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