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Phosphorylation-induced modulation of pNBC1 function:
distinct roles for the amino- and carboxy-termini

E. Gross *t, O. Fedotoff *#, A. Pushkin %, N. Abuladze #, D. Newman 1 and I. Kurtz
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The human NBCI (SLC4A4) gene encodes the electrogenic sodium bicarbonate cotransporters
kNBC1 and pNBCI1, which are highly expressed in the kidney and pancreas, respectively. The
HCO; :Na' stoichiometry of these cotransporters is an important determinant of the direction of
ion flux. Recently we showed in a mouse proximal tubule (mPCT) cell line expressing kKNBC1, that
8-Br-cAMP shifts the stoichiometry of the cotransporter from 3:1 to 2:1 via protein kinase A (PKA)-
dependent phosphorylation of Ser®. pNBCl1 has the identical carboxy-terminal consensus
phosphorylation PKA site (KKGS'*®), and an additional site in its amino-terminus (KRKT*’). In
this study we determined the potential role of these sites in regulating the function of pNBCI. The
results demonstrated that in mPCT cells expressing pNBC1, PKA-dependent phosphorylation of
Ser'” following 8-Br-cAMP treatment shifted the stoichiometry from 3:1 to 2:1. The effect was
electrostatic in nature as replacing Ser'*® with Asp resulted in a similar stoichiometry shift. In
addition to shifting the stoichiometry, 8-Br-cAMP caused a significant increase in the
4,4'-dinitrostilbene-2,2'-disulfonic acid (DNDS)-sensitive basolateral membrane conductance
(Gps) of cells expressing pNBC1, but not kNBC1. Although, the effect did not involve
phosphorylation of Thr*’, which was endogenously phosphorylated, replacing this residue with Asp
or Ala abolished the 8-Br-cAMP-induced increase in Gps. In the mPEC pancreatic duct cell line,
where endogenous pNBC1 functions with a HCO; :Na" stoichiometry of 2:1, 8-Br-cAMP increased
Gps by ~90 % without altering the stoichiometry or inducing phosphorylation of the cotransporter.
The results demonstrate that phosphorylation of Ser'*® mediates the cAMP-dependent shift in the
stoichiometry of pNBC1, whereas Thr* plays an essential role in the cAMP-induced increase in Gpg.
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Of the currently characterized sodium bicarbonate
cotransporters, NBCl and NBC4 are known to be
electrogenic (Romero et al. 1997; Gross et al. 2001a;
Sassani ef al. 2002). An important thermodynamic property
of electrogenic sodium bicarbonate cotransporters is their
HCO;:Na* stoichiometry, which determines the reversal
potential of these proteins (Gross & Kurtz, 2002). The
magnitude of the reversal potential relative to the
membrane potential determines whether the cotransporter
functions in an efflux or influx mode.

In humans, the NBCI (SLC4A4) gene encodes two known
electrogenic sodium bicarbonate cotransport proteins,
kNBC1 and pNBC1, which differ in their amino-terminus
(Abuladze et al. 2000). Both transporters possess 10
transmembrane segments with the N- and C-termini
localised in the cytosol (Tatishchev et al. 2003). kKNBC1
mediates basolateral sodium bicarbonate efflux in the
proximal tubule (Burnham et al. 1997; Romero et al. 1997;
Abuladze et al. 1998). In this nephron segment, kNBC1

functions with a 3:1 stoichiometry which places the
reversal potential of the cotransporter positive relative to
the basolateral membrane potential, driving the efflux of
sodium and bicarbonate. pNBC1 mediates basolateral
sodium bicarbonate influx in the pancreatic duct, and is
also widely expressed in various other cell types including
the duodenum, colon, heart, salivary gland, eye, brain,
prostate, testis and thyroid (Abuladze et al. 1998; Marino
et al. 1999; Bok et al. 2001; Gross et al. 2001a). We have
recently shown that in the mPEC cell line derived from
mouse pancreatic duct, the HCO;:Na" stoichiometry of
the cotransporter is 2:1 (Gross et al. 2001a). This
stoichiometry places the reversal potential of the
cotransporter negative relative to the basolateral
membrane potential, allowing pNBC1 to transport
sodium and bicarbonate in the influx direction.

We have previously shown that the stoichiometry of
pNBCl is either 3:1 or 2:1 depending on the cell type in
which it is expressed. In the mPEC and mCD (mouse
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collecting duct) cell lines, pNBC1 functions with a 2:1
stoichiometry whereas in mPCT cells, the cotransporter
functions in the 3:1 mode (Gross et al. 2001a,b). These
finding raise the possibility, that pNBC1 can potentially
mediate bicarbonate influx or efflux depending on the cell
type in which it is expressed in vivo. This variable
stoichiometry is not unique to pNBC1 since the
stoichiometry of kNBC1 has also been shown to be cell-
dependent (Gross et al. 2001b). Moreover, we recently
have shown that cAMP-mediated PKA-dependent
phosphorylation of Ser’ shifts the stoichiometry of
kNBCI1 from 3:1 to 2:1 (Gross et al. 2001¢).

Several hormones, which increase intracellular cAMP,
decrease renal tubular bicarbonate absorption and
increase pancreatic duct bicarbonate secretion (McKinney
& Myers, 1980; Liu & Cogan, 1989; Ishiguro et al. 1996b).
The shift in stoichiometry from 3:1 to 2:1 by protein
kinase A- (PKA)-dependent phosphorylation of kNBC1
provides a potential mechanism by which parathyroid
hormone (PTH) and dopamine decrease bicarbonate
absorption in the proximal tubule (McKinney & Myers
1980; Kunimi et al. 2000). In pancreatic ducts, secretin
stimulates transepithelial bicarbonate secretion (Ishiguro
et al. 1996b) and basolateral sodium bicarbonate influx
(Ishiguro et al. 1996a) via an increase in intracellular
cAMP. The exact mechanism by which cAMP increases
bicarbonate secretion in the pancreas is not known. It has
been suggsted that cAMP may stimulate bicarbonate
secretion (Ishiguro et al. 1996b) and Na* and bicarbonate
influx (Ishiguro et al. 1996a) in pancreatic ducts
by activating apical cystic fibrosis transmembrane
conductance regulator (CFTR) Cl™ channels, which results
in depolarization of the basolateral membrane
potential, thereby indirectly stimulating basolateral
electrogenic sodium bicarbonate cotransport(Shumaker
etal. 1999).

In the present study we demonstrate an alternative
mechanism for stimulation of bicarbonate secretion in the
pancreas that involves a direct, membrane potential-
independent, stimulation of the cotransporter by cAMP.
Here, we provide evidence that cAMP increases the
conductance and V,, of pNBCIl. Mutagenesis
experiments indicate that Thr*, at the amino-terminal
consensus PKA phosphorylation site KRKT*’, plays an
essential role in the cAMP-induced increase in the
cotransporter’s conductance. In addition, we found that
phosphorylation of Ser'**® in pNBC1 by cAMP-dependent
PKA shifts the stoichiometry of the cotransporter from 3:1
to 2:1. Our data provide the first evidence for the distinct
roles of the amino- and carboxy-termini in regulating the
function of an electrogenic sodium bicarbonate
cotransporter. A preliminary account of this work has
been published in abstract form (Gross et al. 2002b).
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METHODS

Cell culture

Most experiments were carried out with the mouse proximal
tubule mPCT cell line, which lacks endogenous electrogenic
sodium bicarbonate cotransport (Gross et al. 2001b). In some
experiments, the mPEC cell line derived from mouse pancreatic
ducts (Gross et al. 2001a), which endogenously expresses pPNBC1,
was used to determine the effect of 8-Br-cAMP treatment on Gp.
Cellisolation, culture and general characterization were described
previously (Gross ef al. 2001a,b). Cells were studied between
passages 15 and 25.

Transfection

Cells were transiently transfected with pNBC1, kNBC1 or with the
indicated pNBCI1 constructs as previously described (Gross et al.
2001b). For transfection, cells were grown on permeable support
inserts, as previously described (Gross et al. 2001b). Cells were
transfected with the corresponding plasmid using Lipofectamine
(Gibco, Grand Island, NY,USA) according to the manufacturer’s
protocol. Mock-transfected cells were transfected with the vector
only. All plasmids were purified with Endofree plasmid
purification kit (Qiagen, Valencia, CA, USA) prior to their use.

Mutagenesis

The coding region of human wt-pNBC1 was cloned into the EcoRI
and EcoRV sites in the pcDNA3.1 vector (Clontech, Palo Alto, CA,
USA). An amino-terminal enhanced green fluorescent protein
(EGFP) fusion protein was produced by inserting pNBCl1 into the
EcoRI and Apal sites in the EGFP-C2 vector (Clontech). The
QuikChange site-directed mutagenesis kit (Invitrogen, Carlsbad,
CA, USA) was used to generate the mutant pNBC1 and EGFP-
pNBC1 constructs. The mutations were verified by DNA
sequencing.

Phosphorylation assays

EGFP-wt-pNBC1, EGFP-S1026A-pNBCI1, and EGFP-pNBCI1-
T49A-S1026A mutants were transiently expressed in mPCT cells.
Cells treated with 0.1 mm 8-Br-cAMP for 15 min or untreated
cells were washed with PBS, collected by centrifugation at 2000 g
for 10 min, and homogenized in 1 ml IPT buffer (60 mm Hepes,
pH 7.4, 150 mm NaCl, 3 mm KCl, 25 mM sodium pyrophosphate,
5mM EDTA, 5 mMm EGTA, 1 mM Na;VO,, 50 mM NaF and 1%
Triton X-100) containing complete protease inhibitor cocktail
and pepstatin A (Roche, Indianapolis, IN, USA). The cells were
homogenized in a glass homogenizer and incubated for 1 hat 0 °C
on a rotating rocker. After cetrifugation for 15 min at 14 000 g, the
supernatants were precleared with 50 ul protein A-Sepharose
and 50 ul protein G-Sepharose (both Amersham Biosciences,
Piscataway, NJ, USA) by rocking for 2 h at 4 °C. The Sepharose
beads then were spun down at 14 000 g for 15s. To each
supernatant, 1.5 ul rabbit polyclonal anti-GFP antibody (Abcam,
Cambridge, UK) was added, and after incubation for 2 h at 4 °C,
15 ul protein A-Sepharose was added. The samples were
incubated for 2 h at 4 °C on a rotating rocker, spun down at
14 000 g for 15 s and the beads were washed once with IPT buffer.
Then the beads were washed twice with each of the following
solutions: (1) 50 mm Tris-HCl, pH 7.5, 1M NaCl, 1%
Triton X-100, and 1 % deoxycholate; (2) 50 mm Tris-HCL, pH 7.5,
1 M NaCl, and 0.1 % Triton X-100; (3) 50 mM Tris-HCI, pH 7.5,
100 mM NaCl, 1% Triton X-100, 0.1% SDS, and 0.5%
deoxycholate; (4) 50 mm Tris-HCI, pH 7.5, 100 mM NaCl, and
0.5% SDS; and (5) 10 mm Tris-HCI, pH 7.5, and 150 mm NaCl.
The immunoprecipitated proteins were eluted from the beads
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with 50 gl 30 mm glycine, pH 2.8, and immediately neutralized
with 6 4l 200 mm Tris, pH 11. Samples were phosphorylated at
pH 7.5 for 30 min at 30 °C in the presence of 100 mwm Tris, pH 7.5,
10 mM glycine, 50 #4M magnesium acetate, 180-200 U of the
catalytic subunit of PKA (Promega, Madison, WI, USA) and
20 uCi [y-"P]ATP (Amersham Biosciences). The reaction was
terminated by adding 50 x#l 2 x Laemmli buffer and incubated for
8 min at 65°C. The samples were separated on 7.5%
polyacrylamide gel (Bio-Rad, Hercules, CA, USA) in the presence
of sodium dodecyl sulfate. The proteins from the gel were
electrotransferred onto nitrocellulose membranes (Amersham
Biosciences). The membranes were blocked with 5% dried milk
solution in 20 mm Tris-HCI, pH 7.5, containing 140 mMm NaCl
(TBS) for 1 h. Affinity-purified rabbit polyclonal pNBC1-specific
antibody was diluted in TBS at 1:1000. Mouse anti-rabbit HR-
conjugated secondary antibody (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) was used at 1:10 000
dilution . The bands were visualized with ECL kit and Hyperfilm-
ECL from Amersham Biosciences. To visualize radioactivity, the
nitrocellulose film was exposed to Kodak Biomax MS film
(Kodak, Rochester, NY, USA).

Dephosphorylation assay

The EGFP-S1026A-pNBC1 and EGFP-T49-S1026A-pNBCl1
mutant proteins were expressed in mPCT cells. The proteins were
immunoprecipitated (see phosphorylation assay) using an anti-
GFP antibody (Abcam) and protein A—Sepharose 4B (Amersham
Biosciences). Immunoprecipitated EGFP-pNBC1 mutants
attached to protein A—Sepharose beads were mixed with 1 ml
dephosphorylation buffer (Roche) and were dephosphorylated
with 5 U calf intestine alkaline phosphatase (Roche) at 20 °C for
18 h. The beads were washed 10 times with 50 mM Tris-HCI,
pH 7.5, and the immunoprecipitated constructs were eluted from
the beads and phosphorylated in vitro using the PKA catalytic
subunit and [y-"P] ATP as described in the ‘Phosphorylation
assays’ section. The amount of EGFP-tagged pNBC1 protein was
quantified using Western blotting with an anti-pNBC1 antibody
(Boketal. 2001).

Electrophysiology

HCO;:Na" stoichiometry. The stoichiometry of the
cotransporter was determined from E,,, and eqn (1), as described
previously (Gross et al. 2001b):

RT [Na;[HCO;];"
E = In ; (1)
F(n—1) [Na],[HCO;],"

where # is the number of bicarbonate anions cotransported with
each sodium cation, and the subscripts i and o represent intra- and
extracellular concentrations of the indicated ion. R, T and F have
their usual meaning. Briefly, E., of the cotransporter was
determined from measurements of the current-voltage (I-V)
relationships at a 5-fold Na* sodium concentration gradient, as
previously described (Gross et al. 2001b). Current through the
cotransporter was defined as the 4,4’-dinitrostilbene-2,2"-
disulfonic acid (DNDS)-sensitive current. Only high-resistance
monolayers with transepithelial resistance of > 1 kQ cm” were
used in this study. For these monolayers, the DNDS-sensitive
current was at least 20 % of the total transepithelial current. For
experiments with transfected cells, only monolayers in which the
DNDS-sensitive current was at least 10-fold larger than that of the
corresponding mock-transfected cells were included in this study.
About 30 % of all transfected cell monolayers met the inclusion
criteria.
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Short-circuit current (I,.) recording. To study the time course of
the I response to apical adition of 8-Br-cAMP, mPEC and mPCT
cells were grown on filters, mounted in an Ussing chamber and
permeabilized apically with amphotericin B, as described
previously (Gross et al. 2001b). A 5-fold Na* concentration
gradient (basolateral/apical = 50/10) was applied as described
previously (Gross ef al. 2001b). In Na'-free solutions, Na" was
replaced by N-methyl-D-glucamine (NMDG). At the indicated
times, 8-Br-cAMP (100 uM) was added acutely to the apical
solution, while DNDS (1 mM) was added to the basolateral
solution (Fig. 3A). In some experiments, mPCT cells expressing
wt-pNBC1 were pretreated with the PKA inhibitor H-89
(Calbiochem, San Diego, CA, USA) or the inactive analogue H-85
(Seikagaku, Fulmouth, MA, USA).

DNDS-sensitive conductance (Gps) of the basolateral
membrane. Gps was calculated from the slope of the A I-V plotsin
apically-permeabilized cell monolayers, where A I is the DNDS-
sensitive current. For kinetic studies, Na* concentrations were
varied symmetrically in both the apical and basolateral solutions
by replacing Na" with NMDG".

Materials

Amphotericin B, N-methyl-D-glucamine (NMDG), and all other
salts were purchased from Sigma, (St Louis, MO, USA). DNDS
was obtained from Pfaltz and Bauer (Waterbury, CT, USA).
Filters were purchased from Millipore (Bedford, MA, USA).

Statistics

Experiments were performed at least four times. The results for
the reversal potential and stoichiometry are presented as
means * S.E.M. Student’s unpaired ¢ tests were used for statistical
analysis, with P < 0.05 considered significant.

RESULTS

When expressed in mPCT cells, wt-pNBC1 exhibited a
reversal potential (E,.,) of =21 mV which corresponded to
a HCO;:Na" stoichiometry of 3:1 (Fig. 1A; Table 1).
8-Br-cAMP treatment shifted the cotransporter’s E,., from
—21mV to —40 mV, P <0.05 (Fig. 1A, Table 1). The
change in E,, represents a corresponding shift in the
HCO;:Na* stoichiometry from 3:1 to 2:1 (Table 1). In
mPCT cells expressing EGFP-wt-pNBC1, the transport
stoichiometry was also 3:1 and shifted to 2:1 following
treatment with 8-Br-cAMP (Table 1). Using this construct,
experiments were perfomed to determine whether 8-Br-
cAMP treatment phosphorylates the cotransporter. As
shown in Fig. 24, 8-Br-cAMP induced the phosphorylation
of EGFP-wt-pNBCl1 in transformed mPCT cells expressing
the cotransporter. To determine whether PKA mediated
the effect of 8-Br-cAMP on the stoichiometry of wt-
pNBC1, we pretreated mPCT cells expressing wt-pNBC1
with the PKA inhibitor H-89 for 15 min. In cells pre-
incubated with H-89, 8-Br-cAMP failed to shift E,., of wt-
pNBCI1 significantly (—24 mV in the presence of H-89 vs.
—21 mV in untreated cells, P = n.s.) (Table 1). In contrast,
in cells pretreated for 15 min with the inactive analogue
H-85, the effect of 8-Br-cAMP was not blocked (Table 1).
These results suggested that the phosphorylation-induced
shift in stoichiometry was mediated by PKA.
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Table 1. Stoichiometry (n) of pNBC1 constructs expressed in mPCT cells

wt S1026A $1026D T49A T49D S1026A—T49A
Treatment Erev n Erew n B n Erev n B n B
= None —212+2 30403 -23.1+2 2.8+0.3 —38.9+4 2.1+02* —22.1+2 29403 —21.942 29403  —22.6+2  2.940.3
X (4) (5) (®) (©) (4) ()
= (EGFP-tagged —20.612 3.0403 —21.5+2 2.9+0.3 —202+2 3.1+0.3
* ; constructs) (3) (5) (6)
=
'é 8Br-cAMP  —39.7+4 2.1+02% —22.2+2 2.9+0.3 —43.8+4 1.9+02% —37.8+4 2.1+03* —39.1+4 2.0402* —213+2  3.040.3
S~ (5) (4) (8) (5) (4) (4)
'3 (EGFP-tagged —36.7+4 2.1402 —18.1+2 3.3+0.3 —40.1+4 2.0+03*
[\ constructs) (4) (4) (4)
=
§ H-89 — 23842 28403
'& 8-Br-cAMP (4)
H-85—> —41.7+4 2.0+02%

8-Br-cAMP (6)

E.. values were calculated from current—voltage relationships measured at 5-fold Na® concentration
gradient (basolateral/apical = 50/10). Number of experiments is shown in parentheses. *P<0.05
compared with the corresponding wild-type (wt)-pNBC1 construct in cells not treated with 8-Br-
cAMP.

.EI"E
.

fln)

v 0 el @ O e &—0 G 0
10 -40 10 20 ﬂ/:O -20 10 20
m - 1 - -
VvV, mV V, mV V, mV
-20 A -20 -20

pPNBC1-T49A PNBC1-T49D PNBC1-S1026A-T49A

Figure 1. Current-voltage relationships of pNBC1 constructs

Current—voltage relationships of wt-pNBC1 (A), pPNBC1-S1026A (B), pNBC1-S1026D (C), pNBC1-T49A (D),
pNBCI1-T49D (E) and pNBC1-S1026A-T49A (F), in mPCT cells in the absence (0) or presence (M) of 8-Br-
cAMP (100 xM) or in mock-transfected cells (O). Cells were pretreated with 8-Br-cAMP for 15 min prior to
collection of I-V data. All I-V relationships were measured at 5-fold Na" concentration gradient
(basolateral/apical = 50/10) in apically permeabilized cells, as described in the Methods section.
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pNBCI has two PKA consensus phosphorylation sites:
KKGS'", in its carboxy-terminus and KRKT* in its
amino-terminus. Mutagenesis experiments were done to
determine the importance of these sites in mediating the
shift in stoichiometry of the cotransporter. Ser'**® was
substituted with alanine and the S1026A mutant was
expressed the in mPCT cells. The S1026A mutant had an
E.,of =23 mV (Fig. 1B) in these cells, which under the
conditions of the experiment corresponded to a 3:1
stoichiometry (Table 1). Treatment of these cells with
8-Br-cAMP did not alter the cotransporter’s E,., (—22 mV)
nor the stoichiometry (Fig. 1B and Table 1). To determine
whether 8-Br-cAMP induces phosphorylation of Ser'**,
we compared the phosphorylation status of the T49A and
T49A-S1026A mutant constructs to that of wt-pNBCI1
using back phosphorylation experiments. As shown in
Fig. 2A, treatment with 8-Br-cAMP induced the
phosphorylation of only the wt-pNBCI and T49A
constructs, indicating that Ser'”*® was phosphorylated.
These findings suggest that phosphorylation of Ser'®*
plays an important role in mediating the shift in
stoichiometry from 3:1 to 2:1 in response to addition of
8-Br-cAMP.

To further examine whether the added negative charge of
phosphorylated Ser'*® is responsible for the shift in
stoichiometry of pNBC1 from 3:1 to 2:1, we replaced
Ser'™ with aspartate. Aspartate is commonly used to
mimic the negative charge of a phosphorylated serine
residue (Hoeffler et al. 1994; Kwak et al. 1999; Lin et al.
2000; Gross et al. 2002a). In mPCT cells the S1026D
mutant had an E., of -39mV (Fig. 1C) which
corresponded to a HCO;:Na® stoichiometry of 2:1.
Treatment of these cells with 8-Br-cAMP did not have a
significant effect on E,., (—44 mV, P = n.s., Fig. 1C) or on
the stoichiometry (2:1, P = n.s., Table 1).

To determine the role of the amino-terminus consensus
phosphorylation site at Thr*’ in modulating the function
of pNBC1, we replaced Thr*’ with alanine. In mPCT cells
expressing the pNBC1-T49A mutant E., was —22 mV
(Fig. 1D), which corresponded to stoichiometry of 3:1
(Table 1). Treatment of the cells with 8-Br-cAMP shifted
E., to =38 mV (Fig. 1D) and the stoichiometry of this
mutant from 3:1 to 2:1 (Table 1). Furthermore, unlike
EGFP-wt-pNBC1, the EGFP-pNBC1-S1026A mutant
isolated from mPCT cells failed to incorporate **P in vitro
(Fig. 2A). This result suggests that Thr* may be either
constitutively phosphorylated in vivo or inaccesible for
phosphorylation in vitro. To distinguish between the two
possibilities, we dephosphorylated in vitro with alkaline
phosphatase the S1026A and S1016A-T49A constructs
expressed in mPCT cells, followed by in vitro
phosphorylation using [y-*P]-ATP and the catalytic
subunit of PKA (see Methods section). The data indicate
that while the S1026A mutant incorporated *°P, the

pNBC1 phosphorylation 677

S1016A-T49A mutant did not, suggesting that Thr* is
endogenously phosphorylated in untreated mPCT cells
(Fig.2B).

The functional data obtained with the EGFP-pNBCI1-
T49A mutant suggested that the amino-terminal PKA
consensus phosphorylation site is not involved in the
regulation of the stoichiometry of the cotransporter. To
determine whether replacing Thr* with a negative residue
to mimic the negative charge of Thr*-phosphate would
affect the stoichiometry of the cotransporter, we replaced
Thr*’ with an aspartate residue. When expressed in mPCT
cells, the pNBC1-T49D mutant exhibited an E,., of
—22 mV (Fig. 1E) which corresponded to a stoichiometry
of 3:1 (Table 1). Treatment of the cells with 8-Br-cAMP
shifted E,., of this mutant to —39 mV (Fig. 1E) and the
stoichiometryto 2:1 (Table 1).

To confirm the results obtained with the amino- and
carboxy-terminal mutants of pNBCI, we replaced both
Thr* and Ser'””® in pNBC1 with alanine residues and
expressed the pNBCI1-S1026A-T49A mutant in mPCT
cells. This mutant exhibited an E,, of =23 mV (Fig. 1F)

A B
2 34 56 7 8 2 34

3zp .Ill g -

Western s «» b 6 4D a5 o _

Figure 2. Phosphorylation of pNBC1 by PKA

A upper panel, in vitro phosphorylation of EGFP-wt-pNBC1
(lanes 1 and 2), EGFP-pNBC1-T49A (lanes 3 and 4), EGFP-
pNBC1-S1026A (lanes 5and 6), EGFP-pNBC1-T49A-S1026A
(lanes 7 and 8) isolated from untreated mPCT cells (lanes 1, 3,5
and 7) or mPCT cells treated with 100 um 8-Br-cAMP (lanes 2, 4, 6
and 8) for 15 min. Immunoprecipitated EGFP-pNBC1 constructs
were eluted from protein A—Sepharose beads and then
phosphorylated in vitro using the PKA catalytic subunit and
[y-*P]ATP. Representative results are shown. Lower panel,
Western blots showing the amount of EGFP-tagged pNBC1
proteins used in the in vitro phosphorylation experiments with an
affinity-purified rabbit polyclonal pNBC1 antibody. Lane
assignments are as in upper panel. Treatment of the cells with
8-Br-cAMP did not effect the expression level of EGFP-tagged
pNBCI proteins. Bupper panel, in vitro phosporylation of EGFP-
pNBC1-S1026A (lanes 1 and 2) and EGFP-pNBC1-T49A-S1026A
(lanes 3and 4) isolated from mPCT cells. Immunoprecipitated
EGFP-pNBC1-S1026A and EGFP-pNBC1-T49A-S1026A bound
to protein A—Sepharose beads were dephosphorylated in vitro with
calfintestine alkaline phosphatase (lanes land 3) or were not
treated with the alkaline phosphatase (lanes 2 and 4). The
immunoprecipitated constructs were eluted from the beads and
phosphorylated in vitro using the PKA catalytic subunit and
[y-**P]ATP. Representative results are shown. Lower panel,
Western blots showing the amount of EGFP-tagged pNBC1
proteins used in the in vitro phosphorylation experiments using an
affinity purified rabbit polyclonal pNBC1 antibody. Lane
assignments are as in upper panel.
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which corresponded to a stoichiometry of 3:1 (Table 1).
Treatment of the cells with 8-Br-cAMP did not affect the
E.., significantly (=21 mV, Fig. 1F) nor the stoichiometry
(3:1, Table 1). Furthermore, 8-Br-cAMP did not induce
phosphorylation of this mutant (Fig. 2A).

It is known that secretin stimulates pancreatic duct
bicarbonate secretion via a cAMP-dependent mechanism
(Ishiguro et al. 1996b). Since we have previously shown
that the stoichiometry of wt-pNBC1 expressed
endogenously in the pancreatic duct mPEC cell line is 2:1
(Gross et al. 2001a), experiments were performed using
mPEC cells to determine whether 8-Br-cAMP treatment
has an additional effect on pNBC1 function operating in
the 2:1 mode, which differs from its ability to shift the
cotransporter’s stoichiometry. Figure 3A shows the effect
on I, of apical addition of 8-Br-cAMP to mPEC cells. As
can be seen, the agonist increased the DNDS-sensitive
component of I,. ~2-fold (upper trace). The increase in I,
was acute (continuous line) and was bicarbonate
dependent (dotted line in Fig. 3A). The HCO;:Na*
stoichiometry of pNBCI1 in mPEC cells was 2:1 (E,.,
38 mV, Fig. 3B). 8-Br-cAMP treatment did not have a
significant effect on E,., (=36 mV, P = n.s., Fig. 3A) or on
the stoichiometry (2:1, P = n.s., Fig. 3B). Unlike in mPCT
cells, 8-Br-cAMP did not induce phosphorylation of the

A 8-Br-cAMP
80 DNDS

0 200 400 600 800 1000 1200 1400
Time, s

n
-
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EGFP-wt-pNBC1 construct expressed in mPEC cells,
suggesting that in these cells Ser'™ in pNBCI is
endogenously phosphorylated (Fig. 3C).

While 8-Br-cAMP did not change the HCO;:Na*
cotransport stoichiometry in mPEC cells, or the
phosphorylation state of EGFP-wt-pNBC1 in these cells, it
increased the DNDS-sensitive conductance Gps by 88 %
(Fig. 3A and B, Table 2). The two known variants of the
human NBCI gene, pNBC1 and kNBC1, differ only in
their extreme amino-terminus. In contrast to the
profound effect of 8-Br-cAMP on Gps in mPEC cells
expressing wt-pNBCI, the agonist did not affect Gps in
mPCT cells expressing wt-kNBC1 (Fig. 3D, Table 2).

The 8-Br-cAMP-evoked increase in Gps was not unique to
mPEC cells, but was also observed in mPCT cells
expressing wt-pNBC1 (Fig. 1, Table 2). In order to
determine the molecular mechanism of the 8-Br-cAMP-
induced increase in Gps, further experiments were
performed using various pNBC1 mutant constructs
expressed in mPCT cells, which lack endogenous
electrogenic sodium bicarbonate cotransport. The data are
summarized in Table 2. 8-Br-cAMP induced a significant
increase in Gps in cells expressing wt-pNBC1, pNBC1-
S1026A, pNBC1-S1026D and their corresponding EGFP-
tagged counterparts, but no significant change in Gpg of

B

Figure 3. Effect of 8-Br-cAMP on sodium and bicarbonate transport in mPEC cells

A, time course of I, response to apical addition of 8-Br-cAMP (100 gM) in mPEC cells, in a bicarbonate-
containing solution (continuous trace) or a bicarbonate-free solution (dotted trace). B, I-V relationship of
sodium bicarbonate cotransport in mPEC cells in the absence (0) or presence (M) of 8-Br-cAMP (100 xm),
or in the nominal absence of bicarbonate (O). C upper panel, phosphorylation of wt-EGFP-pNBCI (lanes 1
and 2) isolated from untreated mPEC cells (lane 1) or mPEC1 cells treated with 100 xm 8-Br-cAMP (lane 2).
Lower panel, Western blots showing the amount of EGFP-tagged pNBC1 proteins used in the in vitro
phosphorylation experiments using an affinity-purified rabbit polyclonal pNBC1 antibody. D, I-V
relationship of wt-kNBC1 in mPCT cells in the absence (0) or presence (M) of 8-Br-cAMP (100 um), or of
mock-transected mPCT cells (O). All I, and I-V relationships were measured at 5-fold Na* concentration
gradient (basolateral/apical = 50/10) in apically permeabilized cells, as described in the Methods section.
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Table 2. Effect of 8-Br-cAMP on basolateral membrane DNDS-sensitive conductance (Gps)

Cell line pNBC1 mutant Gps before cAMP Gps after cAMP Change
(mScm™) (mS cm=) (%)
mPCT wt 0.31 +0.03 (10) 041 +0.04 +32%
S1026A 0.27 £0.03 (8) 0.38 +£0.03 +41*
$1026D 0.28 £0.03 (9) 0.39 +0.04 +39*
T49A 0.36 +0.04 (12) 0.40 +0.04 +11
T49D 0.34 £0.03(8) 0.35 +0.04 +3.0
S1026A-T49D 0.40 +0.04 (10) 043 +0.04 +7.5
wt—kNBC1+ 0.32+0.03 (12) 0.36 +0.04 +12
mPEC 0.32 +0.03 (4) 0.60 +0.05 +88*

Number of experiments is shown in parentheses. Change in Gps reported for same cells before and
after treatment for 15 min with apical 8-Br-cAMP (100 gm). Data for EGFP-tagged and untagged
mutants were pooled together. *P < 0.05. +Gps for mPCT cells expressing wt-kNBC1 was calculated

from -V data in Gross et al. (2001c¢).

cells expressing pNBC1-T49A, pNBC1-S1026A-T49A or
their corresponding EGFP-tagged counterparts. To
determine whether a negative charge at position Thr*
would mimic the Thr*’-phosphate, we replaced Thr*’ with
aspartate. When the pNBC1-T49D mutant was expressed
in mPCT cells, there was no significant change in the
conductance in cells treated with 8-Br-cAMP. Therefore
unlike the carboxy-terminus PKA consensensus
phosphorylation site, the added negative charge in the
pNBC1-T49D mutant does not mimic Thr*’-phosphate.

The increase in Gp; of cells expressing pNBC1 in response
to treatment with 8-Br-cAMP could result from an
increase in V,,,, and/or an increase in substrate affinity of
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the cotransporter. To address these two possibilities, we
characterized the K, and V.., of wt-pNBC1 in mPCT and
mPEC cells for Na*. Our data indicate that in both cell
lines, the DNDS-sensitive conductance to Na' is saturable
for both treated and untreated cells (Fig. 4A and C).
Double-reciprocal analysis of the data revealed that
8-Br-cAMP increased theV,,,, in mPEC cells for Na* by
85 %, and in mPCT cells by 37 % (Fig. 4B and D, Table 3).
Although a small increase in the Michaelis constant (K,)
for Na" in response to 8-Br-cAMP was observed, the effect
was not significant (Table 3). In separate biotinylation
experiments, there was no significant change in the
membrane expression of pNBCl1 after treatment with
8-Br-cAMP (data not shown).

B s
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Figure 4. Effect of 8-Br-cAMP on the kinetics of wt-pNCB1

A and C, DNDS-sensitive conductance (Gpg) as a function of Na* concentration in the absence (O) and
presence (M) of 8-Br-cAMP (100 M) in mPEC (A) and mPCT (C) cells. B and D, double reciprocal plot

analyses of the data for mPEC (B) and mPCT (D) cells.
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Table 3. Effect of 8-Br-cAMP on V,..x and K;, of wt-pNBC1 for Na*

Cell line Parameter Control + 8-Br-cAMP Change
(%)
mPEC Vi (MS cm~?) 0.54 +£0.1(4) 1.00 +£0.2 (4) +85*
K, (mM) 6.23 +1.3(4) 721 +13(4) +16+
mPCT Vi (MScm™) 0.73 +02(6) 1.00 +0.2(6) +37%
K, (mM) 9.2 +2.1(6) 104 +23(6) +13+

Number of experiments is shown in parentheses. Vi of cells treated with 8-Br-cAMP were
normalized to a value of 1.00. *P < 0.05. ¥n.s.

DISCUSSION

In the present study we determined the effects of the cAMP
agonist 8-Br-cAMP on the HCO;:Na' cotransport
stoichiometry and the basolateral conductance of cells
expressing pNBC1. The data indicate that both the amino
and carboxy-terminal consensus PKA sites can be
phosphorylated, and that their PKA-dependent
phosphorylation has different effects on the transport
characteristics of pNBC1. PKA-dependent phosphorylation
of pNBC1-Ser'* shifts the HCO; :Na* stoichiometry of
the cotransporter from 3:1 to 2:1 whereas the amino-
terminal PKA consensus phosphorylation site does not
play a role in mediating the cAMP-induced shift in the
cotransporter stoichiometry. The unique amino-terminus
of pNBC1 was found to play an important role in
modulating the cAMP-induced increase in the current
through the cotransporter. The dual effect of cAMP in
modulating both the stoichiometry and the current
through pNBC1 is unique to this variant of the NBCI
(SLC4A4) gene, as cAMP induces only a stoichiometric
shift in the kKNBCI cotransporter.

kNBC1 possesses a PKA phosphorylation site in its
carboxy-terminus which is identical to the carboxy-
terminal site in pNBCI. In the proximal tubule, PKA-
dependent phosphorylation of kKNBC1-Ser’ modulates
the function of the cotransporter by shifting the
HCO;:Na* stoichiometry from 3:1 to 2:1 thereby
providing a potential mechanism for decreasing net
transepithelial bicarbonate absorption (Gross et al. 2001¢).
Hormones which raise intracellular cAMP levels, such as
dopamine (Kunimi et al. 2000; Wiederkehr et al. 2001) or
parathyroid hormone (McKinney & Meyers, 1980;
Collazo et al. 2000) can decrease net basolateral
bicarbonate efflux by shifting the stoichiometry of kKNBC1
from 3:1 to 2:1. Unlike kNBCI in the proximal tubule,
which normally mediates basolateral bicarbonate efflux,
pNBCI1 functioning with a 2HCO;:1Na* stoichiometry in
pancreatic duct cells would mediate Na* and HCO;™ influx
(Gross et al. 2001a), as long as the basolateral membrane
potential is positive relative to the reversal potential for the
cotransporter. QOur results are compatible with the
hypothesis that in pancreatic ducts in vivo, pNBC1

normally functions with a 2:1 stoichiometry because
Ser'®® is endogenously phosphorylated, whereas in the
proximal tubule, kNBC1-Ser” is unphosphorylated
under basal conditions and therefore the cotransporter
functions in the 3:1 mode. Whether these stoichiometric
differences are due to cellular differences in endogenous
cAMP concentration or compartmentalization requires
further study. Furthermore, whether there are tissue-
specific differences in the complexation of the carboxy-
terminus of these cotransporters with adenylyl
cyclase/PKA complex and/or specific phosphatases by
anchoring/scaffolding proteins such as A-kinase
anchoring proteins (Tumlin, 1997) remains to be
determined.

Both in vivo and in vitro studies have shown that KNBC1
can function in either a 2:1 or 3:1 mode in mammalian
cells (Muller-Berger et al. 1997; Gross et al. 2001b).
Moreover, we have previously shown in in vitro studies
that pNBC1 can also function in both modes in the same
cell (Gross et al. 2001b). There are no in vivo studies in
which the stoichiometry of pNBC1 has been directly
measured in any tissue. Additionally, it is unknown
whether in vivo the stoichiometry of pNBCI can be
physiologically regulated. In the in vivo pancreatic duct
under basal conditions, the stoichiometry of pNBC1 is
inferred to be 2:1 because pNBCI1 mediates cellular
sodium bicarbonate influx. Our results raise the possibility
that the stoichiometry of pNBC1 may shift in vivo
providing the pancreatic duct with an additional
mechanism for modulating the magnitude of
transepithelial bicarbonate transport. Additional studies
are needed to address whether pNBC1 in the native
pancreatic duct can ever function in the 3:1 mode. In this
regard, it would be important in future studies to
determine the in vivo stoichiometry of pNBCI in the
various tissues in which it is expressed.

Secretin stimulates transepithelial bicarbonate secretion
and basolateral sodium bicarbonate influx in pancreatic
ducts (Ishiguro et al. 1996a,b) via an increase in
intracellular cAMP. Studying pancreatic ducts from the rat
perfused in vitro, Novak & Pahl (1993) reported that
secretin depolarized the basolateral membrane potential
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by 35 mV. Although the magnitude of this depolarization
is sufficient in principle to stimulate basolateral
bicarbonate influx through an electrogenic sodium
bicarbonate cotransport process, it is not clear whether a
depolarization of that magnitude also occurs in vivo since
these experiments were done with low Cl -containing
solutions. Our finding that 8-Br-cAMP increases Gps in
mPEC cells by ~90 % provides an alternative mechanism
for secretin-evoked stimulation of bicarbonate secretion
in this tissue.

Our results demonstrate that 8-Br-cAMP significantly
increases the DNDS-sensitive basolateral conductance
(Gps) of cells expressing pNBCI. Kinetic analysis of the
effect of the agonist revealed that the increase in
conductance was due to an increase in V,,,, without a
significant effect on the K, of the cotransporter to Na*
(Table 3). The increase in V,,, is probably due to a kinetic
change of individual transporters since biotinylation
experiments failed to detect a change in transporter
number following 8-Br-cAMP treatment. Similarly,
Weinman et al. (2001) have recently shown that cAMP
does not alter the surface expression of NBC1 in BSC1
cells. To determine which of the two PKA consensus
phosphorylation sites might be responsible for the increase
in conductance, we analysed the changes in current
through pNBCI1 mutants expressed in mPCT cells. These
cells do not express functional electrogenic sodium
bicarbonate cotransport (Gross et al. 2001b). As can be
seen from Table 2, the largest increase in conductance
following 8-Br-cAMP treatment was obtained with the
two carboxy-terminal mutants (S1026A and S1026D)
followed by wt-pNBC1, with no significant change in
conductance detected for the three amino-terminal
mutants. These data suggest that the increase in
conductance requires phosphorylation of the amino-
terminal, but not the carboxy-terminal, PKA consensus
phosphorylation site. Of interest, the change in
conductance with both carboxy-terminal mutants was
~35% larger than the change obtained with wt-pNBCI1
suggesting that the phosphorylation of the carboxy-
terminal PKA consensus site attenuates the increase in flux
mediated by phosphorylation of the amino-terminal site.
The mechanism of the apparent crosstalk between the
amino and carboxy termini remains to be determined. The
intracellular localization of both the amino- and carboxy-
termini of pNBCI1 (Tatishchev ef al. 2003) is compatable
with this finding.

Unlike the effect on pNBCI1, 8-Br-cAMP shifted the
stoichiometry of KNBC1 without altering its conductance
significantly. These results have potentially important
implications regarding the in vivo effect of hormones such
as dopamine and PTH which decrease proximal tubule
basolateral sodium bicarbonate efflux. Specifically, it
would be predicted that by shifting the stoichiometry of
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KNBCI1 from 3:1 to 2:1 without significantly altering the
flux, the inhibition of basolateral bicarbonate efflux by
dopamine and PTH is less than it would be were the
conductance also to have increased as we found for
pNBCI1. Therefore, the differences between various cells
types regarding their specific need to modulate the
stoichiometry or flux through NBC1 cotransporters in
response to cCAMP might account for their tissue-specific
expression which has thus far remained unexplained.

Our data indicate that the amino-terminal PKA concensus
phosphorylation site of pNBC1 is endogenously
phosphorylated in mPCT cells prior to treatment with
8-Br-cAMP. The analysis of several pNBC1 mutants also
demonstrated that the Thr* residue is required for
8-Br-cAMP-induced increase in the current through the
cotransporter. These data are compatible with a model
wherein cAMP treatment phosphorylates one or more
additional proteins, which interact with the
phosphorylated pNBC1 amino terminus thereby altering
the flux through the cotransporter via changes in its
structure and/or membrane insertion. The finding that
8-Br-cAMP treatment did not increase the current
through the pNBCI1-T49D mutant suggests that, in
addition to the negative charge on Thr*-phosphate,
specific size constraints are involved. Further studies are
required to determine which putative protein(s) can
potentially interact with the amino-terminus of pNBCI.
Generalizing this model to the in vivo pancreatic duct, we
would predict that (1) endogenous ductal cell cAMP levels
might be sufficient to induce the phosphorylation of both
the amino and carboxy terminal pNBCI consensus
phosphorylation sites, and that (2) secretin, by further
increasing cCAMP levels, results in the phosphorylation of
one or more proteins which interact with the pNBCl1
amino-terminus thereby increasing the flux through the
cotransporter. Additional experiments are required to
explore the specific details of this model in isolated
pancreatic ducts.
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