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exchanger (NHE3) uniformly vary in parallel, suggesting that they are coordinately regulated. PKA-mediated inhibition of
NHE3 is mediated by a PDZ motif–containing protein, the Na+/H+ exchanger regulatory factor (NHE-RF). Given the
common inhibition of these transporters after protein kinase A (PKA) activation, we sought to determine whether NHE-RF
also plays a role in PKA-regulated NBC activity. Renal cortex immunoblot analysis using anti-peptide antibodies directed
against rabbit NHE-RF demonstrated the presence of this regulatory factor in both brush-border membranes (BBMs) and
basolateral membranes (BLMs). Using a reconstitution assay, we found that limited trypsin digestion of detergent
solubilized rabbit renal BLM preparations resulted in NBC activity that was unaffected by PKA activation. Co-reconstitution
of these trypsinized preparations with a recombinant protein corresponding to wild-type rabbit NHE-RF restored the
inhibitory effect of PKA on NBC activity in a concentration-dependent manner. NBC activity was inhibited 60% by 10–8M
NHE-RF; this effect was not observed in the absence of PKA. Reconstitution with heat-denatured NHE-RF also failed to
attenuate NBC activity. To establish further a physiologic role for NHE-RF in NBC regulation, the renal epithelial cell line
B-SC-1, which lacks detectable endogenous NHE-RF expression, was engineered to express stably an NHE-RF
transgene. NHE-RF–expressing B-SC-1 cells (B-SC-RF) exhibited markedly lower […]

Article

Find the latest version:

https://jci.me/5344/pdf

http://www.jci.org
http://www.jci.org/104/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI5344
http://www.jci.org/tags/73?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/5344/pdf
https://jci.me/5344/pdf?utm_content=qrcode


Introduction
The renal proximal tubule reabsorbs more than 80% of
the filtered bicarbonate load. The principal transport
systems (1–3) responsible for transmembrane move-
ment of hydrogen and bicarbonate ions in the proxi-
mal tubule cells are the apical Na+/H– exchanger type
3 isoform (NHE3) and the basolateral  Na+/HCO3

–

cotransporter (NBC). It might be predicted that sys-
temic and proximal tubule intracellular acid-base
homeostasis requires that NHE3 and NBC function in
a coordinate fashion. The uniformly parallel regula-
tion of both transporters under a variety of physiolog-
ic conditions is consistent with such a hypothesis.
NBC activity is enhanced by metabolic acidosis and
inhibited by metabolic alkalosis (4). Similarly, chron-

ic hypercapnia increases NBC activity, whereas chron-
ic respiratory alkalosis has the opposite effect (5). NBC
activity is also modulated by angiotensin II and
parathyroid hormone (6, 7). Under identical condi-
tions, NHE3 activity varies in parallel, suggesting that
the activities of the 2 systems may be coordinately 
regulated (4). The parallel regulation of these trans-
porters has also recently been extended to the level of
specific regulatory protein kinases (8, 9). Phosphory-
lation of brush-border membrane (BBM) and basolat-
eral membrane (BLM) proteins by either protein
kinase A (PKA) or calcium calmodulin multifunction
protein kinase II (Ca-CAMK II) is inhibitory for both
NHE and NBC activities in the respective membranes,
whereas protein kinase C (PKC) is stimulatory (8).
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In the renal proximal tubule, the activities of the basolateral Na+/HCO3
– cotransporter (NBC) and

the apical Na+/H+ exchanger (NHE3) uniformly vary in parallel, suggesting that they are coordinate-
ly regulated. PKA-mediated inhibition of NHE3 is mediated by a PDZ motif–containing protein, the
Na+/H+ exchanger regulatory factor (NHE-RF). Given the common inhibition of these transporters
after protein kinase A (PKA) activation, we sought to determine whether NHE-RF also plays a role in
PKA-regulated NBC activity. Renal cortex immunoblot analysis using anti-peptide antibodies direct-
ed against rabbit NHE-RF demonstrated the presence of this regulatory factor in both brush-border
membranes (BBMs) and basolateral membranes (BLMs). Using a reconstitution assay, we found that
limited trypsin digestion of detergent solubilized rabbit renal BLM preparations resulted in NBC
activity that was unaffected by PKA activation. Co-reconstitution of these trypsinized preparations
with a recombinant protein corresponding to wild-type rabbit NHE-RF restored the inhibitory effect
of PKA on NBC activity in a concentration-dependent manner. NBC activity was inhibited 60% by
10–8M NHE-RF; this effect was not observed in the absence of PKA. Reconstitution with heat-dena-
tured NHE-RF also failed to attenuate NBC activity. To establish further a physiologic role for NHE-
RF in NBC regulation, the renal epithelial cell line B-SC-1, which lacks detectable endogenous NHE-
RF expression, was engineered to express stably an NHE-RF transgene. NHE-RF–expressing B-SC-1
cells (B-SC-RF) exhibited markedly lower basal levels of NBC activity than did wild-type controls.
Inhibition of NBC activity in B-SC-RF cells was enhanced after 10 µM of forskolin treatment, con-
sistent with a postulated role for NHE-RF in mediating the inhibition of NBC activity by PKA. These
findings not only suggest NHE-RF involvement in PKA-regulated NBC activity, but also provide a
unique molecular mechanism whereby basolateral NBC and apical NHE3 activities may be coordi-
nately regulated in renal proximal tubule cells.
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PKA inhibition of NHE3 activity requires the par-
ticipation of a peptide cofactor, the recently cloned
Na+/H– exchanger regulatory factor (NHE-RF) (10).
The corresponding mechanism of PKA-mediated
inhibition of basolateral NBC activity, however, is not
known. An examination of the primary sequences of
the recently cloned amphibian and human NBC
cDNAs reveals conserved COOH-terminal sequences
homologous with known PKA phosphorylation sites
(2, 3), possibly suggesting that PKA regulation may
involve direct phosphorylation of the transporter, as
has been shown for NHE3 (11, 12). This has not yet
been demonstrated for the NBC and thus requires
further investigation. However, we have previously
shown that limited trypsin digestion of solubilized
renal BLMs is sufficient to dissociate NBC activity
from its regulation by PKA (13). Co-reconstitution
experiments have further suggested that a regulatory
protein analogous to NHE-RF is necessary for NBC
regulation by PKA (13). Taken together, these find-
ings suggest a role for NHE-RF in PKA regulation of
NBC activity. We therefore sought to examine this
possibility, and demonstrate herein that NHE-RF
mediates, in large part, the inhibition of NBC by PKA.
Our findings suggest a common molecular mecha-
nism for coordinate regulation of NBC and NHE3
activities in renal proximal tubule cells. They also pro-
vide the first evidence of a regulatory role for NHE-RF
outside the context of NHE3.

Methods
Preparation of membrane vesicles and proteoliposomes.
BLMs and BBMs were prepared from rabbit kidney
cortex as described previously (8, 13, 14). BBM purity
was assessed by enrichment of alkaline phosphatase
activity, and specific activity was typically 10- to 14-
fold greater than that of homogenates. BLM prepara-
tions were similarly 12- to 15-fold increased in
Na+/K+/ATPase content, without a corresponding
increase in the specific activities of luminal mem-
branes markers (e.g., alkaline phosphatase and γ-glu-
tamyl transferase). BLM and BBM proteins were solu-
bilized and reconstituted into proteoliposomes as
described (13, 15, 16). In brief, liposomal reconstitu-
tion of solubilized proteins (2.5 mg/mL) was accom-
plished by mixing 1.6 part protein (vol/vol) with 1.0
part of L-α phosphatidylcholine (35 mg/mL) and son-
icating at maximal output and 4°C for 10 minutes.
This mixture was then dialyzed for 18 hours against
50 mM HEPES plus 250 mM mannitol (pH 7.2) using
a 6- to 8-kDa molecular exclusion cutoff. The result-
ing proteoliposomes were used for uptake studies,
and reconstituted protein content was maintained
constant at 5 µg per assay.

Limited membrane proteolysis. Solubilized BLM protein
preparations (2.5 mg/mL) were incubated with 100
µg/mL trypsin (Sigma Chemical Co., St. Louis, Mis-
souri, USA) when appropriate, as described by Wein-
man et al. (16). After digestion for 15 minutes at 37°C,

proteolysis of solubilized protein was stopped by the
addition of a 10-fold molar excess of soybean trypsin
inhibitor (Sigma Chemical Co.). Studies on the effect
of PKA and trypsin were accomplished using trypsin
cross-linked to agarose (Sigma Chemical Co.); diges-
tion was stopped by 50-µM filtration to remove immo-
bilized protease activity.

Assay of Na+/HCO3
– cotransporter activity in proteolipo-

somes. Initial rates of bicarbonate-dependent 22Na
uptake were used to measure maximal NBC activity in
proteoliposomes and were measured at 3 seconds by
the rapid-filtration technique, as described previous-
ly and outlined later here (13, 15). After preincubation
at room temperature for 1–2 hours in 200 mM
sucrose, 1 mM gluconate, and 50 mM Tris-buffered
HEPES (pH 7.5), proteoliposomes were pelleted at
30,000 g for 30 minutes at 4°C before resuspension in
the same solution. Assays were then initiated at room
temperature by the addition of 40 mM sodium glu-
conate, 60 mM potassium gluconate, 1 mM magne-
sium gluconate, and 50 mM HEPES (pH 7.5) con-
taining 1 µCi 22Na in either the presence or absence of
25 mM NaHCO3 (HCO3

–-free uptake medium was
prepared by equimolar substitution of sodium glu-
conate). Uptakes were stopped after 3 seconds by the
addition of 4 mL of ice-cold stop solution (200 mM
sucrose and 50 mM Tris-buffered HEPES [pH 7.5]),
followed by harvesting of a prewetted 0.45-µm Milli-
pore filter (Millipore Corp., Bedford, Massachusetts,
USA). Proteoliposomes were washed 3 additional
times with ice-cold stop solution, and radioactivity
was measured by liquid scintillation counting. NBC
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Figure 1
Western blot analysis of the native and solubilized BBMs and BLMs
probed with the specific anti-peptide antibody against the NHE-RF.
Highly purified native and solubilized BBMs and BLMs were sepa-
rated on SDS-PAGE, blotted onto nitrocellulose, and analyzed by
Western blot with anti–NHE-RF antibody. Lanes 1 and 2 are from
BBMs; lanes 3 and 4 represent the BLMs. Molecular mass standards
in kilodaltons are shown on the left. NHE-RF protein recognition is
indicated on the right.



activity was taken as the initial rate of HCO3
–-depend-

ent 22Na uptake and was measured as the difference in
22Na uptake measured in both the presence and
absence of an inwardly directed HCO3

– gradient. To
test the ability of recombinant NHE-RF to reconsti-
tute PKA regulation of NBC activity in proteolipo-
somes prepared from trypsinized membrane prepara-
tions, artificial vesicles were incubated with 50 µM
ATP and 100 µM MgCl2 (pH 7.4) in the presence of
the catalytic subunit of PKA (40 mU/mL for 15 min-
utes at 30°C) before reconstitution into proteolipo-
somes (16). Dose dependency was assayed by co-
reconstitution of 10–8 to 10–18 M recombinant
NHE-RF with solubilized BLM proteins in the pres-
ence of PKA. Specificity was ensured by evaluating
heat-denatured NHE-RF in parallel.

Measurement of NBC activity in cells. NBC activity was
monitored as specific changes in intracellular pH (pHi)
using a fluorometric assay described previously (17).
Briefly, pHi was continuously monitored using the pH-
sensitive chemical fluorophore BCECF [1,2,7 biscar-
boxymethyl-5-(6)-carboxyfluorescein] as its caged ace-
toxymethyl ester, BCECF-AM. Confluent cell
monolayers were loaded with 15 µM BCECF-AM at
37°C for 30 minutes. Cells grown on coverslips were
analyzed at 37°C using a PTI RatioMaster dual excita-
tion spectrofluorometer system (Photon Technology
International, Monmoth Junction, New Jersey, USA)
equipped with Felix version 1.1 software for fluores-

cence analysis (Photon Technology International,
South Brunswick, New Jersey, USA). Changes in pHi

were monitored as the ratio of fluorescence emission
intensities resulting from dual excitation at pH-sensi-
tive (500 nm) and pH-insensitive (430 nm) wave-
lengths. Calibration of BCECF fluorescence with pHi

was routinely performed in the presence of the
ionophore nigericin and 140 mM K+ after each experi-
ment. The effect of forskolin stimulation was also eval-
uated in both B-SC-1 and B-SC-RF cells after incuba-
tion with either 10 µM of forskolin (18) or vehicle alone
for 30 minutes at 37°C.

NHE-RF immunoblot analysis. Immunoblot analysis
was performed according to the method of Towbin et
al. (19) with the following modifications. In brief, sol-
ubilized proteins from purified BLM and BBM prepa-
rations were separated by SDS-PAGE before transfer to
nitrocellulose membranes for immunoblotting. Mem-
branes were blocked by incubating in Tris-buffered
saline supplemented with 0.1% Tween-20 (TTBS) and
5% (wt/vol) dry milk for 6 hours at 4°C before incuba-
tion with affinity-purified polyclonal anti-peptide anti-
body directed against amino acid residues 2–10 at the
NH2-terminus of rabbit NHE-RF (10). After thorough
washing with PBS (pH 7.5), specific peptide bands were
viewed using a commercially available enhanced chemi-
luminescence system (ECL; Amersham Life Sciences
Inc., Arlington Heights, Illinois, USA) according to the
manufacturer’s instruction. Molecular weight deter-
mination was done using the Ambis system and soft-
ware (Ambis Corp. San Diego, California, USA). 

Generation of cultured B-SC-1 cells stably expressing the
NHE-RF transgene. A 1.9-kb HindIII-PstI DNA fragment
containing the full-length rabbit NHE-RF cDNA was
excised from the original pBluescript cloning vector (10)
and was inserted into the HindIII-PstI multiple cloning
site of pEGFP-N1 (CLONTECH Laboratories Inc., Palo
Alto, California, USA). Subsequent excision of the PstI-
NotI fragment containing the downstream EGFP
reporter gene resulted in an NHE-RF mammalian
expression plasmid (pCMV-NHE-RF) under the control
of a human cytomegalovirus (CMV) immediate-early
promoter and enhancer. Plasmids used for transfection
were routinely double purified by sequential anion
exchange chromatography (QIAGEN Inc., Valencia, Cal-
ifornia, USA) and isopycnic banding in a CsCl density
gradient. Transient gene transfer was accomplished
using Lipofectamine (GIBCO BRL, Gaithersburg, Mary-
land, USA) according to the manufacturer’s recom-
mendations. Stable transfectants were then selected by
G418 resistance (400 µg/mL) conferred by a coex-
pressed neoR gene in the parent vector. After clonal
selection by limited dilution, stable transfectants were
routinely maintained in normal growth medium sup-
plemented with 200 µg/mL G418.

Northern blot analysis. Isolation of poly(A)+ RNA was
performed using a Poly(A) Pure Kit (Ambion Inc.,
Austin, Texas, USA) according to the manufacturer’s
recommendations. Individual mRNA species were
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Figure 2
Effects of recombinant NHE-RF protein on NBC activity in proteoli-
posomes. NBC activity (nmol/mg/3 s) was measured by the rapid fil-
tration techniques as the HCO3

–-dependent 22Na uptake (see Meth-
ods). NBC activity was measured in different proteoliposome
preparations under different conditions as HCO3

–-dependent 22Na
uptake in the presence or absence of inwardly directed HCO3

– gradi-
ent (NaHCO3 was replaced by sodium gluconate). Solubilized BLM
proteins with (+) or without (–) limited trypsin digestion were recon-
stituted into proteoliposomes in the absence (–) or presence (+) of
PKA. Co-reconstitution with NHE-RF is indicated as shown. The pre-
sented values are the mean  ± SEM of 6 different experiments.



resolved by denaturing agarose gel electrophoresis of
poly(A)+ RNA before Northern transfer to nitrocellu-
lose. Membranes were then probed with random-
primed digoxigenin-labeled NHE-RF cDNA probes
using a DIG/Genius DNA labeling and detection sys-

tem (Boehringer Mannheim Biochemicals Inc., Indi-
anapolis, Indiana, USA).

Analysis of results. Results of the experiments are pre-
sented as mean ± SEM. The Student’s t test for
unpaired or paired data was used to analyze results
whenever appropriate. The analysis of data was done
using the Epistat software program (Math Archives,
Round Rock, Texas, USA). The Western immunoblot
and Northern blots shown were representative exam-
ples of at least 3 experiments. The blots were scanned,
and molecular weight was determined using the
Ambis system and software program.

Results
Immunoblot analysis confirmed the presence of
endogenous NHE-RF in BLM preparations of normal
rabbit kidney. As shown in Figure 1, polyclonal NHE-
RF antibody reproducibly hybridized to a single
polypeptide of appropriate size (∼ 50 kDa) in BLM and
BBM preparations. To determine the specific role of
NHE-RF in the regulation of basolateral NBC activity,
the effect of recombinant NHE-RF on NBC activity was
examined using solubilized rabbit renal BLM proteins
reconstituted into artificial proteoliposomes. In con-
trol proteoliposomes, incubation with the catalytic
subunit of PKA reduced NBC activity from 3.5 ± 0.51
nmol/mg/3 s to 2.7 ± 0.9 nmol/mg/3 s (P < 0.02).
Trypsin pretreatment of solubilized protein abolished
the inhibitory effect of PKA on cotransporter activity
(3.5 ± 0.51 nmol/mg/3 s vs. 4.1 ± 1.3 nmol/mg/3 s; P =
ns). Co-reconstitution of recombinant NHE-RF with
proteoliposomes containing trypsin-treated proteins
restored PKA inhibition of NBC activity (Figure 2),
with activity decreasing from 4.1 ± 1.3 nmol/mg/3 s in
the absence of NHE-RF to 1.6 ± 0.32 nmol/mg/3 s in
the presence of NHE-RF (P < 0.02).

Figure 3 further demonstrates that NHE-RF restores
PKA inhibition of NBC in a concentration-dependent
manner. Increasing recombinant NHE-RF content in
the reconstitution assay from 10–18 to 10–8 M resulted in
corresponding increases in PKA-mediated inhibition of
NBC activity. Heat denaturation of NHE-RF before co-
reconstitution completely abrogated its effect on PKA-
regulated NBC activity but had no effect on basal activ-
ity (Figure 3b). Additional studies were performed to
demonstrate that the inhibition of NBC activity by
NHE-RF required the presence of PKA. As shown in Fig-
ure 3a, in the absence of PKA, the inhibitory effect of
NHE-RF on NBC activity was not observed.

To study further the role of NHE-RF in regulation of
NBC activity, the effects of NHE-RF were studied using
B-SC-1 (African Green Monkey Kidney) cells stably
expressing a rabbit NHE-RF transgene (B-SC-RF cells).
Wild-type B-SC-1 cells exhibit endogenous NBC activity
(20). However, Northern blot analysis of B-SC-1 poly(A)+

RNA failed to detect NHE-RF mRNA. In contrast, B-SC-
RF cells expressed 1.8- to 1.9-kb transcripts that
hybridized with NHE-RF cDNA probes at high strin-
gency (Figure 4). Compared with wild-type cells, NBC
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Figure 3
The effects of different concentrations of recombinant NHE-RF pro-
tein on NBC activity. (a) Trypsin-treated solubilized proteins recon-
stituted into proteoliposomes were incubated with (filled circles) or
without (filled squares) catalytic subunit of PKA (PKA) in the pres-
ence of varying concentrations of recombinant nondenatured NHE-
RF ([NHE-RF]nat). NBC activity (HCO3

–-dependent 22Na uptake) was
measured as the difference in 22Na uptake in the presence or absence
of inwardly directed HCO3

– gradient (NaHCO3 was replaced by sodi-
um gluconate). The data represent the mean ± SEM of 6 independ-
ent experiments in different proteoliposome preparations. *P < 0.05
by t test. (b) The effects of different concentrations of denatured
recombinant NHE-RF protein ([NHE-RF]denat) on NBC activity in the
presence of catalytic subunit of PKA (PKA). Recombinant NHE-RF
protein that was heat denatured was incubated with trypsin-treated
solubilized BLMs in the presence of catalytic subunit of PKA (open
circles). NBC activity (HCO3

–-dependent 22Na uptake) was measured
as the difference in 22Na uptake in the presence or absence of inward-
ly directed HCO3

- gradient (NaHCO3 was replaced by sodium glu-
conate). The presented values are the mean ± SEM of 6 separate
experiments in different proteoliposome preparations.



activity in B-SC-RF cells was markedly decreased (B-SC-
1 wild-type, 1.94 ± 0.22 ∆pH, U/min vs. B-SC-RF, 0.90 ±
0.08 ∆pH, U/min; P < 0.001) (Figure 5). To control for
transfection, NBC activity was also determined in B-SC-
1 cells transfected with β-galactosidase expression vector
and in cells treated with Lipofectamine alone. NBC activ-
ity did not differ between untransfected controls (1.94 ±
0.22 ∆pH, U/min), β-galactosidase–expressing controls
(1.89 ± 0.10 ∆pH, U/min), or mock-transfected cells (1.80
± 0.14 ∆pH, U/min), suggesting that our findings are spe-
cific for heterologous NHE-RF expression and not the
gene transfer procedure per se. In wild-type B-SC-1 cells,
NBC activity was not altered (Figure 5) in the absence
(1.94 ± 0.22 ∆pH, U/min) or presence (1.85 ± 0.16 ∆pH,
U/min) of 10 µM of forskolin. Treatment of B-SC-RF
cells with forskolin to stimulate PKA activity resulted in
a significant inhibition of NBC activity from 0.90 ± 0.08
∆pH, U/min in the absence of forskolin to 0.45 ± 0.05
∆pH, U/min (P < 0.01) in the presence of the drug.

Discussion
We have previously shown that brush-border NHE3
and basolateral NBC activities vary in parallel in a
remarkably coordinate fashion under a variety of phys-
iologic conditions. Acidosis or PKC activation uni-
formly stimulate both transporters, whereas PKA and
Ca-CaMKII are both inhibitory. We therefore hypothe-
sized that coordinate regulation of these important ion
transporters, particularly in response to PKA activa-
tion, could be mediated by common mechanisms.

Previous studies of PKA-inhibited brush-border NHE3
activity have shown that limited trypsin digestion of sol-
ubilized BBM preparations can dissociate NHE3 activi-
ty from its regulation by PKA (9, 21). This observation
ultimately led to the isolation and cloning of an obliga-
tory cofactor for PKA inhibition of Na+/H+ exchange

activity (10). This factor, NHE-RF, was the first of a num-
ber of polyvalent PDZ motif–containing regulatory pro-
teins identified in the kidney (22, 23). PDZ domains are
known to function as protein-recognition modules, sim-
ilar to the Src homology domains, and have been shown
to mediate specific protein-protein interactions involved
in a number of cell functions including signal transduc-
tion at the plasma membranes (24, 25).

In parallel and independent studies of PKA-regulat-
ed NBC activity, it was found that limited trypsin pro-
teolysis of renal BLM proteins also dissociated NBC
activity from its regulation by PKA and that the PKA
regulatory response could be restored by a dissociable
peptide regulatory factor (13). These similar effects of
trypsin were observed on the PKA regulatory respons-
es of both NHE3 and NBC. Even more striking was the
ability of specific membrane fractions to restore the
PKA responsiveness of both transporters. Given the
demonstrated role of NHE-RF in the regulation of the
NHE3, it was attractive to consider the possibility that
NHE-RF could function similarly in the regulation of
NBC activity by PKA. Immunoblotting with specific
antisera directed against the rabbit NHE-RF detected a
single polypeptide of the appropriate size in both
native and detergent-solubilized rabbit BLM and BBM
preparations. It would therefore appear that NHE-RF
is associated with both BLM and BBM in rabbit kidney
cells, and the demonstration of its association with
BLM provided a compelling rationale for more detailed
studies of its possible role in PKA regulation of NBC.

Functional studies suggested a physiologic role for
NHE-RF in NBC regulation. It is of great interest that a
peptide regulatory factor known to mediate PKA inhi-
bition of NHE3 activity at the apical membrane can also
mediate similar functions at the BLM of the same cell
type. We assayed NBC activity in proteoliposomes
reconstituted with rabbit renal BLM proteins in both
the presence and the absence of recombinant NHE-RF.
In the absence of NHE-RF, proteoliposomes containing
trypsinized proteins did not exhibit PKA-inhibitable
NBC activity. However, co-reconstitution of these
preparations with recombinant NHE-RF restored the
inhibitory effect of PKA. NHE-RF affected the response
to PKA in a concentration-dependent manner. NHE-RF
was required for full PKA inhibition, and this effect was
completely abrogated by heat-denaturing NHE-RF
prior to reconstitution into artificial vesicles.

To extend our observations further, we also exam-
ined the functional consequences of NHE-RF trans-
gene expression in cultured B-SC-1 cells. This epithe-
lial-like renal cell line is an appropriate model for
study, as it exhibits NBC activity but does not possess
detectable levels of endogenous NHE-RF expression.
B-SC-1 cells stably expressing an NHE-RF transgene
(B-SC-RF) exhibit markedly decreased basal NBC
activity compared with the wild-type. This effect was
specific for NHE-RF expression, because NBC activi-
ty in control cells overexpressing a β-galactosidase
transgene or treated with Lipofectamine alone was
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Figure 4
Representative Northern blot analysis of NHE-RF in B-SC-1 cells.
NHE-RF expression was examined in B-SC-1 cells stably transfected
with the NHE-RF cDNA (B-SC-RF) and the wild-type B-SC-1 (B-SC-
1). Two micrograms of poly(A)-enriched RNA from B-SC-1 cells was
electrophoresed per lane. Hybridization was performed under high-
stringency conditions.



similar to that observed in wild-type cells. PKA stim-
ulation of B-SC-RF cells by forskolin caused a further
reduction on NBC activity, whereas control cells
expressing a β-galactosidase transgene were not simi-
larly affected. Additionally NBC activity in wild-type
B-SC-1 cells was not inhibited by PKA. Taken togeth-
er, these observations provide clear evidence for a reg-
ulatory role of NHE-RF in modulating the effect of
PKA on NBC activity.

The precise mechanism by which NHE-RF facilitates
PKA-mediated inhibition of NBC is not known at this
time. Recent studies have proposed a model for PKA
regulation of NHE3 involving a signal-complex of pro-
teins including PKA, ezrin, and NHE-RF (26, 27). Stud-
ies by Moe and colleagues (11) have provided evidence
that PKA phosphorylated specific residues in the
COOH-terminal tail of NHE3 and that PKA phospho-
rylation of the transporter by PKA is required for inhi-
bition of activity. Recent studies have indicated that
NHE-RF is required for PKA-mediated regulation of
NHE3 (22). It is of interest that NBC contains poten-
tial PKA phosphorylation sites in its COOH-terminus
(2, 3), and it might be suggested that a signal complex
similar to that regulating NHE3 operates to inhibit
NBC. It is not proved, however, that the NHE3/NHE-
RF model is applicable to regulation of other NHE-
RF–interacting proteins. For example, NHE-RF coim-
munoprecipitates NHE3 in unstimulated cells,
suggesting a physical interaction between these pro-
teins in the absence of PKA activation (28). On the
other hand, NHE-RF binds to the β2-adrenergic recep-
tor only when the receptor is occupied with its agonist
(29). Accordingly, the relation between NBC and NHE-

RF will require additional study. The role of phospho-
rylation of NHE-RF in its interaction with NBC is also
unknown at this time. Although in vitro studies have
indicated that NHE-RF is phosphorylated by PKA, in
vivo studies using HEK293 cells (30), OK cells (28), and
PS120 fibroblast cells (22) all indicate that NHE-RF is
constitutively phosphorylated in vivo and that its phos-
phorylation is not increased by cAMP. Moreover, a
nonphosphorylated mutant of NHE-RF functions in
vivo as a regulatory cofactor in PKA-mediated inhibi-
tion of NHE3 (E.J. Weinman et al., manuscript submit-
ted for publication). The relation between phosphory-
lation of NHE-RF in its interaction with NBC will
require additional study.

In summary, we have provided compelling evidence
for a role of NHE-RF in the PKA regulation of NBC
activity in renal cells. Although it has been suggested
that NHE-RF may participate in the regulation of cell
functions other than Na+/H+ exchange, this has
heretofore not been demonstrated. To our knowledge,
the present report is the first to document the involve-
ment of NHE-RF in a process other than PKA regula-
tion of NHE3 activity in renal epithelial cells. Given
the uniformly parallel regulation of NHE3 and NBC
in these cells under a variety of experimental condi-
tions, the demonstration of a common regulatory fac-
tor for both transporters is thus of great interest. The
regulation of both NBC and NHE3 by PKA via NHE-
RF also suggests a common molecular mechanism
whereby these transporters exhibit coordinate regula-
tion after PKA activation in renal proximal tubule
cells. Additional studies will be necessary to define the
exact mechanism(s) whereby NHE-RF functions as a
physiologic regulator of both NBC and NHE3 activi-
ties. However, our findings provide a model system to
study further the mechanism(s) of the coordinate
NBC and NHE regulation in renal cells.
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