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Odunewu A, Fliegel L. Acidosis-mediated regulation of the
NHE1 isoform of the Na�/H� exchanger in renal cells. Am J
Physiol Renal Physiol 305: F370 –F381, 2013. First published May
15, 2013; doi:10.1152/ajprenal.00598.2012.—The mammalian
Na�/H� exchanger isoform 1 (NHE1) is a ubiquitous plasma mem-
brane protein that regulates intracellular pH by removing a proton in
exchange for extracellular sodium. Renal tissues are subject to met-
abolic and respiratory acidosis, and acidosis has been shown to
acutely activate NHE1 activity in other cell types. We examined if
NHE1 is activated by acute acidosis in HEK293 and Madin-Darby
canine kidney (MDCK) cells. Acute sustained intracellular acidosis
(SIA) activated NHE1 in both cell types. We expressed wild-type and
mutant NHE1 cDNAs in MDCK cells. All the cDNAs had a L163F/
G174S mutation, which conferred a 100-fold resistance to EMD87580, an
NHE1-specific inhibitor. We assayed exogenous NHE1 activity while
inhibiting endogenous activity with EMD87580 and while inhibiting
the NHE3 isoform of the Na�/H� exchanger using the isoform-
specific inhibitor S3226. We examined the activation and phosphor-
ylation of the wild-type and mutant NHE1 proteins in response to SIA.
In MDCK cells we demonstrated that the amino acids Ser771, Ser776,
Thr779, and Ser785 are important for NHE1 phosphorylation and
activation after acute SIA. SIA activated ERK-dependent pathways in
MDCK cells, and this was blocked by treatment with the MEK
inhibitor U0126. Treatment with U0126 also blocked activation of
NHE1 by SIA. These results suggest that acute acidosis activates
NHE1 in mammalian kidney cells and that in MDCK cells this
activation occurs through an ERK-dependent pathway affecting phos-
phorylation of a distinct set of amino acids in the cytosolic regulatory
tail of NHE1.
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THE NA�/H� EXCHANGER ISOFORM-1 (NHE1) is a ubiquitously
expressed plasma membrane glycoprotein which functions to
protect cells from intracellular acidification by extruding one
intracellular proton in exchange for a single extracellular so-
dium (8). Ten isoforms of Na�/H� exchanger have been
discovered (NHE1–NHE10). NHE1 was the first isoform dis-
covered and is ubiquitously distributed (9). Other isoforms
have more restricted tissue distributions, and some have
predominantly intracellular localization. In mammals, aside
from its role in regulation of intracellular pH, NHE1 is also
important in regulation of cell volume, cell proliferation,
and differentiation and in metastasis of some types of tumor
cells (2, 8, 39).

Na�/H� exchanger proteins have two major domains. The
N-terminal membrane domain is �500 amino acids and trans-
ports ions. This is followed by a hydrophilic, carboxyl-terminal
cytosolic domain that is 315 amino acids in human NHE1. The

cytosolic domain regulates the membrane domain, and much of
the regulation is by phosphorylation occurring in the distal 178
amino acids of the cytosolic domain (24, 36). We demonstrated
that the mitogen-activated protein kinases (MAPK) extracellu-
lar regulated kinases 1 and 2 (ERK1/2) are implicated in
growth factor activation of NHE1 in the myocardium (24) and
in Chinese hamster ovary (CHO) cells (38). The ERK-depen-
dent pathway was activated in several models of ischemic heart
disease that cause acidosis, and this resulted in further activa-
tion of the Na�/H� exchanger in the myocardium (23). We
also demonstrated that ERK phosphorylates the NHE1 cytoso-
lic domain at one or more of the following amino acids, Ser693,
Ser766, Ser770, Ser771, Thr779, and Ser785 (17) in vitro. In CHO
cells (19) and in heart cells (4), we showed that the amino acids
Ser770 and Ser771 are critical to NHE1 activation by acidosis.

Isoform one of the Na�/H� exchanger is ubiquitous in
mammalian tissues. One tissue in which it is present is the
kidney. NHE1 has been identified in renal tissues by Western
blotting, characterization of activity, or identification of its
mRNA in various renal cell lines and tissues including Madin-
Darby canine kidney (MDCK) cells (16), rat proximal tubule
cells (3), in M-1 cortical collecting duct cells (20), human
embryonic kidney cells (40), renal tissues including renal
tubules (27), inner medullary collecting duct (35), and whole
renal cortex (1). It has been localized on both the apical and on
the basolateral membrane of polarized renal cells MDCK cells
(26), although more frequently reported to be on the basolateral
membrane only (15, 21). In renal cells the Na�/H� exchanger
is involved in a variety of functions including NaHCO3 ab-
sorption, NaCl absorption, pH regulation, and maintenance of
cell volume (reviewed in Ref. 21). The NHE3 isoform of the
Na�/H� exchanger is also present in renal cells and is found on
the apical membrane of polarized renal cells (21). Several
studies have shown earlier that acidosis activates NHE1 in the
myocardium via ERK-mediated phosphorylation (4, 12). The
kidney is subject to chronic acidosis, which results in a host of
adaptive changes including elevated NHE1 message (22).
Long-term metabolic or respiratory acidosis has been reported
to elevate messenger RNA levels of NHE1 (14, 22). However,
the effects of short-term acidosis on the activity of NHE1 in
renal cells have not been well examined. In addition, although
ERK 1/2 have been suggested to regulate NHE in kidney cells
(10), the molecular mechanisms of ERK-dependent regulation
of NHE1 have not been elucidated in renal tissues. In this
study, we examine if acidosis acutely activates the NHE1
isoform of the Na�/H� exchanger in renal cells. We determine
the mechanism of activation and amino acids involved in
regulation of the protein by phosphorylation. Our results are
the first demonstration of the amino acids and mechanisms
involved in regulation of this protein in the mammalian kidney.
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MATERIALS AND METHODS

Materials. Protein A-Sepharose beads were from Sigma-Aldrich
(St. Louis, MO). 2=,7-Bis (2-carboxyethyl)-5(6) carboxyfluorescein
acetoxymethyl ester (BCECF-AM) was from Molecular Probes (Eu-
gene, OR). Anti-MAPK (ERK1/2), anti-phospho ERK1/2, anti-
p90RSK (recognizing RSK1/RSK2/RSK3), and anti-phospho p90RSK

(Ser 380) were from Cell Signaling Technology (Beverly, MA).
Anti-hemagglutinin (HA) antibody (Y-11) was from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-NHE1 antibody was a gift
from BD Biosciences. Anti-NHE3 antibody was a generous gift of Dr.
Todd Alexander of the University of Alberta. S3226 was a generous
gift from Dr. Sergio Grinstein of University of Toronto Hospital for
Sick Kids, (Toronto, Canada). EMD87580 was a generous gift from
Dr. N. Beier of Merck (Frankfurter, Germany). Lipofectamine 2000
reagent was from Invitrogen (Carlsbad, CA). [32P]orthophosphate was
from Perkin Elmer Life and Analytical Sciences (Boston, MA). All
other chemicals used were of analytical grade and purchased from
Fisher Scientific (Ottawa, ON), Sigma, or BDH (Toronto, Canada).

Site-directed mutagenesis. Site directed mutagenesis was per-
formed as previously described (19). Mutations in the regulatory
region of the cytosolic tail of NHE1 were made to the expression
plasmid pYN4�, which contains the cDNA coding for HA-tagged
human NHE1 (31).

The mutants used were as follows: mutant 3: S776/770/771A
(IRM3); mutant 4: T779A/S785A (IRM4); and individual mutations
to S770 and S771 to alanine (S770A and S771A) and were described
earlier (4). All mutants had additional mutations L163F/G174S which
increased NHE1 resistance to inhibition �100-fold (5).

Cell culture and stable transfection. MDCK cells were passaged in
Ham’s F-12/DMEM supplemented with 5% FBS and 50 �g/ml
gentamicin. HEK293 cells were passaged in DMEM/high glucose
supplemented with 10% FBS, 100 �g/ml dentamicin, and 25 mM
HEPES. All cells were maintained at 37°C in 5% CO2.

The cells were stably transfected with the mutant plasmid con-
structs using Lipfectamine 2000 reagent in accordance with the
manufacturer’s instructions. Transfected cells were selected with 800
�g/ml geneticin (G418).

Cell surface processing was measured in MDCK cells as de-
scribed earlier (19, 32). Cell surface proteins were labeled with
sulpho-NHS-SS-Biotin (Pierce Chemical, Rockford, IL). After
solubilization a total fraction was examined and an unbound
fraction that was incubated with immobilized streptavidin as de-
scribed earlier. We have earlier noted that bound labeled NHE1
does not reliably elute from streptavidin resin, so we examined
total and unbound fractions (32). Total fraction and unbound
fraction were loaded on 10% acrylamide gels for SDS-PAGE.
NHE1 (upper and lower bands) were detected by Western blotting,
and quantified using ImageJ software.

Immunoprecipitation of phosphorylated NHE1. For some experi-
ments, cells expressing NHE1 were labeled with [32P]inorganic phos-
phate. The media were removed, and the plates were washed two
times with phosphate-free DMEM. Then, 8 ml of phosphate-free
DMEM were added for 30 min at 37°C, and the plates were washed
2� with more media. Then, 2 ml of phosphate-free DMEM were
added with H3

32PO4 added to a final concentration of 100 �Ci/ml
media. Following incubation with [32P] for 3 h, stably transfected
MDCK cells were subjected to sustained intracellular acidosis (SIA)
for 3 min. Cell lysates were then prepared using RIPA buffer con-
taining 150 mM NaCl, 80 mM NaF, 50 mM Tris·HCl (pH 8.0), 5 mM
EDTA, 1 mM EGTA, 5 mM Na pyrophosphate, 1 mM Na orthovana-
date and protease inhibitors, 0.1 mM PMSF, 0.1 mM benzamidine,
and 40 �M ALLN. Where indicated, detergents were added as
follows, 1.0% (vol/vol) NP-40, 0.5% (wt/vol) deoxycholate, and
0.1% (wt/vol) SDS. Ice-cold RIPA buffer without detergents was
added to the cells, which were then placed on dry ice for 5 min.
After thawing on ice, cells were scraped and put into Eppendorf

tubes and sonicated on ice for �15 s. The cells were centrifuged at
14,000 rpm for 30 min at 4°C. The supernatant was removed, and
the pellets were resuspended in RIPA buffer with detergents and
sonicated for �15 s. The cells were further centrifuged at 10,000
rpm for 30 min at 4°C.

To immunoprecipitate NHE1 via the HA-tag, the supernatant was
incubated with 1.4 �g/ml of rabbit HA-probe (Y11) sc-805 (Santa
Cruz) antibody and rocked overnight at 4°C. Then, 100 �l of prepared
protein-A-Sepharose beads were added to the supernatant with anti-
body, and the mixture was rocked for 1 h at 4°C. The beads were

Fig. 1. Characterization of the Na�/H� exchanger in Madin-Darby canine
kidney (MDCK) cells. A: examples of traces illustrating the effect of
EMD87580 (10 �M) on recovery from an acute acid load. Intracellular pH
was examined in cells that were transiently acidified using ammonium chloride
as described in MATERIALS AND METHODS. Periods of NH4Cl, NaCl, and Na-free
solution are indicated. An entire example of the recovery in the absence of
EMD87580 is indicated. For treatment with EMD87580, only the recovery
after acidification is shown. Ctl, control. B: summary of endogenous NHE1
activity in the presence of varying concentrations of EMD87580 (�) or S3226
(�). Intracellular pH was measured as described in A, and recovery from
acidosis was in the presence of varying concentrations of inhibitor present in
the entire recovery stage. Values are means � SE of at least 6 experiments.
*P � 0.05, �P � 0.01, significantly different from the control. Absolute
value of control activity of NHE1 in MDCK cells was 0.21 � 0.023
�pH/min.
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collected by centrifugation at 4,000 rpm for 30 s and washed twice
with RIPA buffer. The bound proteins were eluted from the beads by
solubilizing the proteins in 50 �l of 1� SDS-PAGE sample-loading
buffer at 37°C for 15 min. The beads were spun down, and the
supernatant containing immunoprecipitated NHE1 was run on SDS-
PAGE gel. After transfer to nitrocellulose membrane, radioactivity
was detected using a Typhoon 9400, variable mode imager (GE
Healthcare, Piscataway, NJ).

SDS-PAGE and immunoblotting. Expression of NHE1 mutants was
confirmed by immunoblotting using anti-HA antibody (Boehringer
Mannheim, Laval, Quebec). Equal amounts of each sample were
resolved on 10% SDS-PAGE gels. The gels were transferred to
nitrocellulose membrane and immunostained with anti-HA monoclo-
nal antibody and peroxidase-conjugated goat anti-mouse antibody
(Bio/Can, Mississauga, Canada). Immunoreactive proteins were de-

tected on X-ray film using the Amersham enhanced chemilumines-
cence Western blotting and detection system.

For the detection of ERK1/2, phospho-ERK1/2, p90RSK, and phos-
pho p90RSK, antibodies to these proteins were used according to the
manufacturer’s instruction and visualized with the appropriate sec-
ondary antibodies. Gels were transferred to a nitrocellulose mem-
brane, and immunoreactive proteins were viewed on the membrane
using the Li-COR fluorescence labeling and detection systems (LI-
COR Biosciences, Lincoln, Nebraska). For some experiments, immu-
noreactive proteins were detected on X-ray film by using s antibodies
conjugated to horse radish peroxidase.

Densitometric analysis was carried out using ImageJ 1.35s software
(National Institute of Health, Bethesda, MD).

Intracellular pH measurement. To determine the effect of SIA on
NHE1 in kidney cells, MDCK and HEK293 cells, grown to �90%
confluency on coverslips, were incubated overnight in reduced (0.5%)
serum media. BCECF was used to measure the rate of intracellular pH
(pHi) recovery after acute acid load by ammonium chloride (50 mM � 3
min). NHE1 activity was measured as the slope of the first 20 s of
recovery from acidification and was expressed as �pH per second as
described earlier (32). Where indicated, cells were subjected to a
two-pulse acidification assay using a PTI Deltascan spectrofluorom-
eter as previously described (4). NH4Cl prepulse was used to acidify
the cells both times. In the first pulse, acidification of cells by NH4Cl
removal was followed by �20-s incubation in a Na�-free buffer after
which the cells were allowed to recover in a normal Na� buffer. The
second pulse was the same except that acidification induced by NH4Cl
withdrawal was allowed to occur for 3 min in Na�-free buffer before
recovery in normal Na� buffer. SIA was not introduced in the second
pulse for control cells where indicated. For one series of experiments,
SIA was induced in the presence of normal external Na�, by use of a
high concentration of the NHE inhibitor 1 mM 5-(N,N-hexamethyl-
ene)-amiloride to inhibit any NHE1- or NHE3-dependent Na�/H�

exchanger activity.
Where noted, assays were carried out in the presence of 10 �M

EMD87580 (a NHE1-specific inhibitor) and 3 �M S3226 (a specific
NHE3 inhibitor). We have determined that these concentrations suf-

Fig. 2. Characterization of the Na�/H� exchanger in HEK cells. A: examples
of traces illustrating the effect of EMD87580 (10 �M) on recovery from an
acute acid load. Intracellular pH was examined as described in Fig 1A. B: summary of
endogenous NHE1 activity in the presence of varying concentrations of
EMD87580 (�) or S3226 (�). Intracellular pH was measured as described in
Fig. 1A, and recovery from acidosis examined was in the presence of varying
concentrations of EMD87580, which was present in the entire recovery stage.
Values are means � SE of at least 6 experiments. �P � 0.01, significantly
different from the control. Absolute value of control activity of NHE1 in HEK
cells was 0.25 � 0.012 �pH/min.

Fig. 3. Western blot analysis of cell extracts from MDCK and HEK293 cells.
Cell extracts were separated by SDS-PAGE, transferred to nitrocellulose, and
immunoblotted with antibodies against anti-NHE1 (A) and anti-NHE3 (B).
Results are typical of 3 experiments.
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ficiently inhibited endogenous NHE1 and NHE3, respectively, in
kidney cells, but 10 �M EMD87580 do not inhibit NHE1, which has
the L163F/G174S mutation (5). EMD87580 was dissolved in PBS
while S3226 was dissolved in DMSO. In some cases, the MEK
inhibitor U0126 was used before evaluation of phospho-ERK, phos-
pho-RSK, or NHE1 activity. U0126 was dissolved in DMSO and
added to a final concentration of 10 �M. U0126 or control (DMSO)
was added for 10 min before assay.

Results are shown as the means � SE and statistical significance
was determined using the Wilcoxon signed-rank test.

RESULTS

We have previously (4, 13, 19) demonstrated that sustained
intracellular acidosis activates the NHE1 isoform of the
Na�/H� exchanger. Initial experiments characterized the Na�/H�

exchanger in two cell lines derived from renal tissues, MDCK
and HEK293 cells. They also examined whether sustained
intracellular acidosis could stimulate Na�/H� exchanger ac-
tivity. EMD87580 is a specific inhibitor of the NHE1 isoform

Fig. 4. Effect of sustained intracellular aci-
dosis on NHE1 activity of MDCK and
HEK293 cells. Cells were subjected to a
2-pulse Na�/H� exchanger activity assays,
and the activity of the exchanger in the 2nd
pulse was compared with that of the 1st
pulse. The 2nd pulse was done either with or
without a 3-min period of sustained intracel-
lular acidosis immediately prior to recovery.
A and B: examples of traces of dual pulse
assay on MDCK (A) and HEK293 (B) cells.
Top: example of a dual pulse assay illustrat-
ing pHi with ammonium chloride treatment
and recovery after transient acidosis. For
brevity, only the recovery after the 2nd am-
monium chloride pulse is shown. Bottom: as
in the top but for the 2nd recovery cells were
maintained in sustained acidosis for 3 min
before reintroduction of NaCl. After ammo-
nium chloride treatment and before each
recovery from acidosis, cells were main-
tained either a brief or extended period in
Na�-free medium. C: summary of NHE1
activity in dual pulse assays of MDCK and
HEK293 cells. Two pulse assays were used,
and in experimentals, the 2nd pulse con-
tained an extended 3-min period of sustained
intracellular acidosis (SIA). Controls (CT)
did not have a sustained acidosis in the 2nd
pulse. Values summarized are means � SE
of 6–10 experiments. *P � 0.05, signifi-
cantly different from the control. Absolute
value of control activity of NHE1 in MDCK
and HEK cells was 0.25 � 0.023 and 0.23 �
0.01 �pH/min, respectively.
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of the Na�/H� exchanger. At a concentration of 10 �M, the
NHE1 isoform is largely inhibited while the NHE3 isoform of
the Na�/H� exchanger is resistant to inhibition until much
higher concentrations are used (5, 6). Figure 1, A and B,
illustrates the effect of addition of the inhibitor EMD87580 on
the Na�/H� exchanger activity of MDCK cells. Concentra-
tions of EMD87580 of 1 �M or higher inhibited �30% of the
NHE activity, consistent with a significant, though minority
presence of the NHE1 isoform of the Na�/H� exchanger.

Figure 2, A and B, illustrates similar experiments with HEK
cells. At concentrations �1 �M EMD87580 inhibited �50%
of the Na�/H� exchanger activity of these cells consistent with
the presence of the NHE1 isoform of the Na�/H� exchanger.

S3226 is a Na�/H� exchanger inhibitor reported to have
specificity for the NHE3 isoform of the Na�/H� exchanger
(28). To determine if this isoform was present in MDCK and
HEK cells, we tested the effect of this inhibitor on Na�/H�

exchanger activity in these cell types. Figures 1B and 2B show
that the presence of S3226 potently inhibited up to 80% and of
Na�/H� exchanger activity in MDCK cells while in HEK cells
the effect plateaued at 60% inhibition.

To confirm the presence of the NHE1 and NHE3 isoforms of
the Na�/H� exchanger Western blotting was used. Figure 3A
demonstrates that the NHE1 isoform of the protein was pres-
ent. There was a characteristic larger molecular mass isoform
and a smaller size protein corresponding to the fully and
partially or deglycosylated forms of the NHE1 protein, respec-
tively, that we have described earlier (32). Figure 3B demon-
strates the presence of the NHE3 isoform of the Na�/H�

exchanger. A characteristic 	80- to 85-kDa immunoreactive
band was present. There was a slight difference in the apparent
molecular mass of NHE3 between the two cell types, which
could be due to differences in glycosylation.

We next examined whether a sustained intracellular acid
load stimulated activity of the Na�/H� exchanger in MDCK
and HEK293 cells. We (4, 19) and others (12) have demon-
strated this phenomenon earlier in other cell types. The results
are shown in Fig. 4. Cells were subjected to a two pulse assay
with acidosis induced by ammonium chloride withdrawal. In
the second pulse, acidosis was maintained for 3 min before
reintroduction of NaCl and recovery of pHi by the Na�/H�

exchanger. Figure 4C illustrates a summary of the results and
Fig. 4, A and B, examples of activity. In MDCK cells, the
recovery from the second pulse was slightly reduced, com-
pared with the first pulse, in the absence of a sustained acidosis.
In contrast, after 3 min of sustained acidosis, the second
recovery was elevated compared with the first pulse and was
significantly greater than the value obtained in the absence of
acidosis. Similar results were obtained with HEK293 cells
though to a lesser extent. SIA caused a smaller, but significant,
increase in NHE activity (Fig. 4C). In one series of experi-
ments we used 5-(N,N-hexamethylene)-amiloride to cause SIA
in MDCK cells in the presence of normal external Na�. Under
these conditions, SIA induced a significant increase in the rate
of recovery from acidosis, which was 43% greater than recov-
ery in the absence of SIA (not shown).

For our experiments, we included S3226 as an inhibitor of
the NHE3 isoform of the Na�/H� exchanger. To confirm that
the dose of S3226 that we used does not inhibit the NHE1
isoform of the exchanger, we tested the effect of 10 �M S3226
on activator protein-1 (AP-1) cells that were transfected with

the inhibitor-resistant isoform of the Na�/H� exchanger that
we used earlier in our experiments (5). AP-1 cells have their
endogenous Na�/H� exchanger deleted and only possess that
Na�/H� exchanger that we add to the cells (25). Figure 5
demonstrates that 10 �M S3226 did not inhibit activity of the
exogenous NHE1 protein.

Since we demonstrated (Fig. 4) that SIA produced an en-
hancement of NHE1 activity, we examined which amino acids
of the regulatory cytosolic domain of NHE1 might be involved.
We had previously demonstrated that two regions containing
phosphorylatable amino acids are potentially important in this
regard. Ser766, Ser770, and Ser771 were in one region (called
region 3) and amino acids Thr779 and Ser785 of region 4 (4).
Ser703 (13) and the phosphorylatable amino acids Ser693 and
Thr718, Ser723, Ser726, and Ser729 (4, 19) were not involved in
the SIA response in several cell types. We therefore made
stable cell lines of cells that contained plasmids that express
NHE1 with mutations in region 3 and region 4. The NHE1
isoform that was expressed contained mutations in transmem-
brane segment IV that made the protein resistant to inhibitors.
EMD87580 inhibitor (and S3226) were added to the assay so
that only exogenous NHE1 activity was measured. The results
are shown in Fig. 6. Figure 6A demonstrates that the various
stable cell lines in MDCK cells expressed the HA-tagged
NHE1 protein. Similar results were obtained in HEK cells (not
shown). In MDCK cells, cell lines with NHE1 with a mutation
in Ser771 or with the mutations in IRM3 and IRM4 were not
stimulated by sustained intracellular acidosis (Fig. 6B). How-
ever, the wild-type NHE1 protein and mutation of Ser770 to Ala
did not prevent stimulation of activity by SIA. In contrast in
HEK cells (Fig. 6C), none of the mutations prevented SIA from
stimulating NHE1 activity, suggesting that the mechanism of
stimulation of NHE1 activity was different in these cell types.

We examined if the mutations we introduced altered surface
targeting of the wild-type and mutant NHE1 protein in MDCK
cells. The results are shown in Fig. 6D. Wild-type, IRM3,
IRM4, and the S770A and S771A mutants had similar, al-
though not identical, levels of targeting to the plasma mem-
brane, which was consistent with results shown earlier (19).

Fig. 5. Effect of 10 uM S3226 on activity of the NHE1 protein in AP-1 cells.
An inhibitor-resistant (5) mutant form of the NHE1 protein was introduced into
AP-1 cells as described earlier. Activity of the NHE1 isoform of the protein
was determined in the presence or absence of S3226 as described in the
MATERIALS AND METHODS. S3226 was present during recovery from SIA.
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To examine the pathways that were involved in mediating
the SIA in MDCK cells, we examined a time course of
activation of ERK and p90rsk that had previously been sug-
gested to be involved in activation of NHE1 in other tissues (4,
19). Figure 7A illustrates the results that are summarized in Fig. 7, B
and C. Treatment of cells with SIA resulted in an increased
amount of P-ERK and P-RSK that peaked at 3 min in MDCK

cells for P-ERK. The levels were increased significantly for
pERK at 3 min and were significantly elevated for P-RSK at 3
and 5 min. P-ERK levels in HEK 293 cells had a tendency to
increase and peaked �50% over the levels of control, but the
changes were more variable and not statistically significant.

To directly determine which amino acids may be involved in
regulation of NHE1 by phosphorylation, we examined the

Fig. 6. Analysis of mutated and wild-type NHE1 protein in MDCK and HEK cells. A: Western blot analysis of whole cell lysates of stable MDCK cell lines
expressing HA-tagged NHE1 protein. Ct, control, whole cell lysate of MDCK cells mock transfected; Wt, lysate of MDCK cells stably transfected with wild-type
NHE1 protein. Lanes 1–4: stable cell lines of NHE1 protein containing the mutants, S770A, S771A, IRM3, and IRM4, respectively. (Cells were not normalized
for protein concentration.) B and C: effect of mutations of phosphorylation sites on induction of activity of NHE1 by SIA. B: stable cell lines of wild-type (WT)
or indicated mutant NHE1 proteins in MDCK cells. Cells lines were subjected to dual pulse NHE activity assay essentially as described in Fig. 4. NHE1 activity
was assayed in the presence of 10 �M EMD87580 and 3 �M S3226 as indicated. Value of the 2nd recovery from acidosis was compared with the 1st recovery,
and results are expressed as percent of the 1st pulse. “C” indicates a dual pulse assay control in the absence of sustained intracellular acidosis. “S” indicates the
2nd pulse was after a period of sustained intracellular acidosis. C: as in B except in HEK 293 cells. Results are means � SE of at least 6 experiments. *P �
0.05, #P � 0.01, significantly different from the control. Absolute values of �pH change/min for all MDCK cell types uncorrected for levels of protein expression
were from 0.23 to 0.43. For HEK cells, the values were between 0.34 to 1.2 �pH/min. D: surface localization of NHE1 of wild-type and mutant proteins.
Sulfo-NHS-SS-biotin-treated MDCK cells were lysed proteins were solubilized and subsequently treated as described in the MATERIALS AND METHODS. Equal
samples of total lysates (T) and unbound (representing intracellular) lysates (U) were resolved on SDS-PAGE and probed with anti-HA antibody to identify NHE1
protein. Amount of surface localized NHE1 was calculated from densitometric analysis by taking the (total protein) 
 (unbound protein) � (membrane surface
localized protein). Percentage of the total NHE1 protein localized to the plasma membrane is indicated. Results are means � SE; n � at least 3 experiments.
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effect of mutation of several putative phosphorylation sites on
the level of phosphorylated protein in the presence or absence
of SIA. Initially, we compared the basal level of phosphoryla-
tion of the wild-type NHE1 protein and of several mutants in
MDCK cells. The results (Fig. 8, A and B) showed that
mutation of amino acids Ser770 and Ser771 or of Thr779 and
Ser785 in the IRM4 mutant caused large decreases in the basal
level of phosphorylation of the NHE1 protein.

To determine which amino acids may be involved in acti-
vation of NHE1 by SIA, we examined the relative levels of
phosphorylation of the NHE1 protein in wild-type and mutant
NHE1 proteins in the presence or absence of SIA. The results
are shown in Fig. 8, C and D. SIA induced increased phos-
phorylation in the wild-type NHE1 protein and in the protein
with a mutation at Ser770. In contrast, the other mutants,
S771A, IRM3, and IRM4 all showed no increase in phosphor-
ylation in response to SIA and in fact showed a slight decrease
in phosphorylation levels. It was necessary to add more of
some experimental protein to obtain a detectable signal, which
may have caused inaccuracy in these measures, so these values
should be considered as only estimates of the radioactivity
level.

To further confirm the role of the ERK pathway in acidosis-
mediated activation of NHE1 in MDCK cells, we tested the

effect of the inhibitor U0126 on the activation of the ERK
pathway and on activation of the NHE1 protein. Figure 9, A
and C, demonstrates that treatment with U0126 dramatically
reduces the level of phosphor-ERK protein and prevented
activation of the ERK by SIA. The levels of phopho-p90rsk

were less affected, declining only slightly (Fig. 9, B and D).
Treatment of MDCK cells with U0126 also prevented activa-
tion of the cells by sustained intracellular acidosis (Fig. 10).

DISCUSSION

Renal tissues are subject to both chronic metabolic or respi-
ratory acidosiss which result in a host of adaptive changes.
While it has been demonstrated that chronic acidosis elevates
renal NHE1 message levels (14, 22), the acute effects on
activity are not well characterized. We recently demonstrated
that acute acidosis activates NHE1 via an ERK-dependent
pathway in CHO cells (13, 19) and in isolated cardiomyocytes
(4). In these cell types amino acids, Ser770 and Ser771 were
shown to be phosphorylated in response to sustained intracel-
lular acidosis and were important in stimulation of NHE1
activity. While the acute effects on the NHE3 isoform of the
Na�/H� exchanger have been well characterized in renal cell
types (21), the NHE1 isoform has not been well studied.

Fig. 7. Time course of activation of ERK and p90rsk by sustained intracellular acidosis in MDCK cells. Cells were subjected to SIA for the times indicated and
the level of phospho-ERK and phosphor-p90rsk was examined by Western blotting as described in MATERIALS AND METHODS. A: examples of Western blotting
for phospho-ERK and phosphor-p90rsk. ERK and p90rsk were immunoblotted to control for the absolute level of the protein. B and C: summary of experiments
examining phospho-ERK (B) and phosphor-p90rsk (C) levels relative to the levels of ERK and p90rsk. Results are means � SE of 3–5 experiments. *P � 0.05,
significantly different from the control.
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Whether it is activated by short-term acidosis and any putative
molecular mechanism is unknown. We initially characterized
two renal-derived cell lines HEK293 cells and MDCK cells.
HEK293 cells were derived by transformation of primary
cultures of human embryonic kidney cells with adenovirus
DNA (11). MDCK cells are a well-characterized epithelial cell
line derived from the kidney of a female adult cocker spaniel.
MDCK are derived from the distal tubule/collecting duct and
have retained morphological traits and enzymatic properties
characteristic of their tissue of origin. They have been reported
to express NHE1 at both apical and basolateral sides of these
cells (16).

Initial experiments determined that both NHE1 and NHE3
protein and activity were present in HEK and MDCK cells,
confirming previous observations. While it has been reported
that endogenous NHE3 is not expressed in MDCK cells (26),
other reports have shown that it can be induced in this cell type

and a basal level of expression was shown (33, 34). NHE1-
dependent activity was shown by inhibition with EMD87580.
Additionally, we found that we were able to inhibit endoge-
nous NHE3 with the compound S3226. S3226 is a specific
inhibitor of NHE3 with very low efficacy of inhibition of
NHE1 (28). We confirmed that S3226 was ineffective in
inhibition of NHE1 by examining its effectiveness in AP-1
cells that expressed only NHE1 isoform (Fig. 5). This experi-
ment also confirmed that NHE1 with the IRM mutation was not
sensitive to inhibition by S3226. We therefore included S3226
in assays of NHE1 activity so that we could examine effects on
NHE1, free of any residual activity of NHE3.

When we treated either MDCK or HEK cells with sustained
intracellular acidosis for a period of 3 min, both cell types had
increased NHE1 activity upon recovery. EMD87580 attenu-
ated NHE1 activity with or without SIA treatment (not shown).
ERK activation occurred within 3 min in both cell types. We

Fig. 8. Effect of mutation of phosphorylation sites on phosphate incorporation in the NHE1 protein. A: stable cell lines of wild-type or NHE1 mutant-containing
MDCK cells. Cells were incubated in [32P]-containing media and immunoprecipitated as described in MATERIALS AND METHODS. Cells were not stimulated by
SIA. Top: [32P] profile of immunoprecipitate. Bottom: immunoblot of immunoprecipitate using anti-HA tag antibody. B: summary of experiments in A. Results
are means � SE of at least 3 experiments. C: effect of SIA on phosphorylation levels of wild-type or NHE1 mutant-containing MDCK stable cell lines. Cells
were incubated in [32P]-containing media, and NHE1 was immunoprecipitated as described in MATERIALS AND METHODS after SIA treatment. Examples of [32P]
levels of immunoprecipitates are shown. D: summary of experiments in C. Phosphorylation levels were corrected for the levels of immunoprecipitated protein
which was determined using anti-HA tag antibody. Results are means � SE of at least 3 experiments.
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found more consistent activation of ERK in MDCK cells as
opposed to HEK cells. Depletion of intracellular Na� could
theoretically alter the cellular Na� gradient and augment
NHE1 activity directly. We therefore induced SIA by use of
NHE inhibitors, and this SIA induced in the presence of normal
Na� still caused an increase in NHE1 activity. Other studies
have also demonstrated that SIA stimulates NHE1 activity in
the presence of normal external Na� (12, 13). Prolonged
depletion of extracellular sodium can deplete intracellular so-
dium; however, our assays only used 3 min of sodium deple-
tion making it unlikely that intracellular sodium was depleted
(7, 41).

We made stable cell lines of MDCK and HEK cells express-
ing the NHE1 protein. The exogenous protein was both HA
tagged and contained mutations that render it resistant to
inhibition by EMD87580 (4, 5). We were therefore able to
measure exogenous NHE1 activity by inhibiting endogenous

NHE1 activity with EMD87580 and inhibiting any NHE3
activity with S3226. We examined the effect of SIA on the rate
of NHE1 activity in both HEK and MDCK cells. For these
experiments we examined activity of the wild-type NHE1
protein and of the NHE1 protein with the mutations Ser770,
Ser771, S776/770/771A (IRM3), and T779A/S785A (IRM4).
HEK cells gave a pattern of activation of NHE1 that was
independent of the nature of the mutant protein. In contrast,
mutation of Ser771 or the IRM3 and IRM4 group of mutations
specifically eliminated activation of the NHE1 protein in
MDCK cells while the wild-type NHE1 protein and the S770A
mutant were activated by SIA. We examined basal phosphor-
ylation levels of the exogenous wild-type NHE1 protein in
comparison wild type. Mutation of either Ser770, Ser771, or the
IRM4 site caused large decreases in the overall level of basal
phosphorylation of the NHE1 protein. This indicated that a
significant amount of the rapidly exchangeable phosphate in-

Fig. 9. Effect of U0126 on phosphorylation levels and activation of ERK and p90rsk by sustained intracellular acidosis. A: example of Western blotting
for ERK and phospho-ERK. B: example of Western blotting for RSK and phospho-RSK. C and D: summary of experiments in A and B, respectively.
Results are means � SE of at least 3 experiments.
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corporation into the NHE1 protein was in these amino acids.
There was an indication that mutation of one site might affect
phosphorylation levels at other sites, since both the S770A and
S771A appeared to cause large reductions in the level of NHE1
basal phosphorylation. This may be through a change in the
protein kinase consensus site or by a change in the conforma-
tion of the protein in this region, which affects phosphorylation
of the adjacent site.

To gain insights into the mechanism by which SIA stimu-
lated NHE1 activity, we examined the effect of SIA on the
phosphorylation levels of the wild-type and mutant NHE1
proteins in MDCK cells. We found that our results mirrored the
effects on NHE1 activity. Mutation of amino acids S771A or
the IRM4 site prevented increases in the phosphorylation level
of NHE1 in response to SIA. However, the mutation of S770A
did not prevent an increase in NHE1 phosphorylation in re-
sponse to SIA. These results suggest that amino acid Ser771 and
the phosphorylation sites T779/S785, in the IRM4 site, are
important targets of NHE1 when stimulated by SIA.

These results have both similarities and differences from
those that were reported earlier. In the present study we
showed that Ser771 was critical in activation of NHE1 by SIA
and that when it was mutated there was no enhancement of
NHE1 phosphorylation levels by SIA. In contrast Ser770 was
not critical for either activation of NHE1 activity or for
elevated phosphorylation in response to SIA. However, previ-
ously (4, 19) we demonstrated that in CHO cells and in isolated
cardiomyocytes both Ser770 and Ser771 were important in
activation of NHE1 by SIA. Ser771 precedes Pro772 and forms
a consensus sequence for ERK (29). We had earlier suggested
that Ser770 may form part of the kinase binding site (4).
Differences in conformation of this part of the tail region,
perhaps induced by binding of tissue-specific regulatory pro-
teins, might account for the differences shown in this study.

The IRM4 region of NHE1 contains Thr779 and Ser785. In the
present study, we found that this region was important in
activation of NHE1 activity by SIA. Mutation of these two
amino acids to Ala prevented increased phosphorylation of
NHE1 by SIA. Previously, in CHO cells (19), we showed that
mutation of this site also prevented increases in NHE1 activity
in response to SIA and there was an intermediate effect on
phosphorylation levels. However, in isolated cardiomyocytes,
mutation of this region did not prevent activation of the NHE1
protein and only had a partial effect on elevation of phosphor-
ylation levels. It appears as though the relative importance of
this region varies, depending on the cell type. Tissue-specific
regulation of NHE1 has been reported earlier. In the myocar-
dium for example, the Hill coefficient of activation is near 3,
steeper than in some other cell types indicating a different
regulatory mechanism (37).

An interesting observation of the present study was that the
total level of basal NHE1 phosphorylation was greatly reduced
by mutation of Ser770 and Ser771. Additionally, mutation of
Thr779 and Ser785 also reduced the total level of basal NHE1
phosphorylation. We earlier reported that in cardiomyocytes
mutation of Ser770 and Ser771 reduced the basal level of
phosphorylation of NHE1 greatly, while mutation of Thr779

and Ser785 did not have this effect in these cells. Our results in
the present study with MDCK cells followed the same pattern,
although we found mutation of Thr779 and Ser785 had a more
significant effect, which correlated with their functional role.
Why mutation of either Ser770 or Ser771 would reduce most of
the basal level of phosphorylation may be because mutation of
one of the sites affects the others accessibility to regulation.

A critical role of ERK-dependent pathways in SIA was
initially described by Haworth et al. (12). We also demon-
strated that ERK is critical in SIA activation of NHE1 in CHO
cells and in cardiomyocytes (4, 19). The studies demonstrated
that ERK and p90rsk can be activated by sustained acidosis in
several cell types (4, 12, 19). Our results in MDCK cells
confirm the importance of this pathway. U0126, the MEK
inhibitor, prevented SIA activation of NHE1. It also blocked
activation of the ERK-dependent pathway by SIA. The effect
of U0126 was more pronounced on ERK phosphorylation
levels than it was with p90rsk. We have earlier demonstrated
that ERK can directly phosphorylate the NHE1 cytosolic do-
main in vitro at multiple regions including regions encompass-
ing Ser770, Ser771, Thr779, and Ser785 (18). The present results
demonstrate that this pathway of activation of ERK and p90rsk

is also active in MDCK cells. While phosphorylation of Ser703

by p90rsk has been demonstrated to be important in some
pathological circumstances (18), we demonstrated that it was
not important in activation of the Na�/H� exchanger by SIA in
both CHO cells and cardiomyocytes (13). The present results
are consistent with these observations and suggest that phos-
phorylation sites that are further downstream are more critical
in activation of NHE1 by SIA.

While our experiments demonstrated that SIA activated
NHE1 in HEK cells, we did not demonstrate that mutation of
any of the residues Ser770, Ser771, Thr779, and Ser785 played a
significant role in this activation in this cell type. This con-
trasted with results in MDCK cells and with our results in CHO
cells and isolated cardiomyocytes. In HEK 293 cells, it seems
clear that activation of NHE1 by SIA occurs by another
mechanism, which has yet to be elucidated. While this result

Fig. 10. Effect of U0126 on NHE1 activity after SIA. MDCK cells expressing
NHE1 were subjected to a two pulse Na�/H� exchanger activity assays as
described in Fig. 4. Rate of recovery after the 2nd pulse was compared with
that of the 1st in the presence or absence of sustained intracellular acidosis.
S3226 was present in all assays (3 �M). U0126 was present (10 �M) where
indicated. Values summarized are means � SE of at least 10 experiments.
*P � 0.05, significantly different from the control.
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appears surprising, recently results have suggested that
HEK293 cells have an unexpected close relationship to neu-
ronal cells and are not typical kidney cells. They have a pattern
of intermediate filament expression similar to that of early
differentiating neurons, and despite their wide use as kidney
cells, they have properties of neuronal lineage cells and not
more typical of kidney cells (30). This may explain their
different regulation of NHE1 when compared with MDCK
cells.

Overall, our study demonstrates for the first time that SIA
acutely activates NHE1 activity in kidney cells. We have
defined specific residues that are involved in this process and
the pathway of activation involved. Future studies will exam-
ine how phosphorylation mediates its stimulatory effects.
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