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Background:NHE3 is regulated by a signaling complex on itsC terminus, only someof the components ofwhich are known.
Results: CaMKII� binds to the NHE3 C terminus and phosphorylates and inhibits basal NHE3 activity by altering turnover
number.
Conclusion: CaMKII� is part of an NHE3 signaling complex.
Significance: Signaling complexes that form on transport proteins take part in regulation of the transporter

The epithelial brush border (BB) Na�/H� exchanger 3
(NHE3) accounts for most renal and intestinal Na� absorption.
Ca2�/calmodulin-dependent protein kinase II (CaMKII) inhib-
its NHE3 activity under basal conditions in intact intestine, act-
ing in the BB, but the mechanism is unclear. We now demon-
strate that in both PS120 fibroblasts and polarized Caco-2BBe
cells expressing NHE3, CaMKII inhibits basal NHE3 activity,
because theCaMKII-specific inhibitors KN-93 andKN-62 stim-
ulate NHE3 activity. This inhibition requires NHERF2.
CaMKII� associates with NHE3 between aa 586 and 605 in the
NHE3 C terminus in a Ca2�-dependent manner, with less asso-
ciation when Ca2� is increased. CaMKII inhibits NHE3 by an
effect on its turnover number, not changing surface expression.
Back phosphorylation demonstrated that NHE3 is phosphory-
lated by CaMKII under basal conditions. This overall phosphor-
ylation of NHE3 is not affected by the presence of NHERF2.
Amino acids downstream of NHE3 aa 690 are required for
CaMKII to inhibit basal NHE3 activity, and mutations of the
three putative CaMKII phosphorylation sites downstream of aa
690 each prevented KN-93 stimulation of NHE3 activity. These
studies demonstrate that CaMKII� is a novel NHE3-binding
protein, and this association is reduced by elevated Ca2�.
CaMKII inhibits basal NHE3 activity associated with phosphor-
ylation of NHE3 by effects requiring aa downstream of NHE3 aa
690 and of the CaMKII-binding site on NHE3. CaMKII binding
to and phosphorylation of the NHE3 C terminus are parts of the

physiologic regulation ofNHE3 that occurs in fibroblasts as well
as in the BB of an intestinal Na�-absorptive cell.

There are nineNa�/H� exchanger (NHE)3 isoforms that can
be divided into two groups as follows: isoforms 1–5 (NHE1–5)
function predominantly in the plasmamembrane, and isoforms
6–9 (NHE6–9) reside in the membrane of subcellular organ-
elles, although NHE8 also occurs in the BB of several epithelia.
NHE3 is present in the BB of intestinal Na�-absorptive cells
and the renal proximal tubule where it accounts for the major-
ity of gastrointestinal and renal Na� absorption (1, 2). NHE3
also influences other BB transport processes.NHE3 is function-
ally linked to the intestinal BB Cl�/HCO3

� exchangers DRA
(down-regulated in adenoma) and PAT-1 (putative anion
transporter 1) (3, 4), Cl� secretion mediated by cystic fibrosis
transmembrane regulator (5), and peptide absorptionmediated
by PEPT1 (6).
NHE3 shares a common organizational structure with other

mammalian NHE isoforms, being made up of an N-terminal
transmembrane domain that mediates Na� and H� exchange
followed by a long C-terminal cytoplasmic domain that regu-
latesNa�/H� exchange activity and interactswith the cytoskel-
eton and other proteins. NHE3 is acutely regulated predomi-
nantly by changes in its Vmax by processes that involve changes
in its continual trafficking to/from the plasma membrane by
endocytosis and exocytosis; however, some of its regulation
predominantly involves changes in theNHE3 turnover number
(7).
Regulation ofNa�/H� exchange activity involves several dis-

tinct domains in theNHE3C terminus (7–14). NHE3 exists as a
member of largemultiprotein complexeswith sizes of up to 1–2
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MDa rather than its predicted size of 87 kDa. Its C-terminal
binding partners include the multi-PDZ domain containing
Na�/H� exchanger regulatory factor gene family members
(NHERF1–4), CK2, phospholipase C�, calmodulin, megalin,
dipeptidyl peptidase IV, calcineurin homologous protein, and
ezrin (7–14). At least six of these regulatory proteins
(NHERF1–4, CK2, and phospholipase C�) directly associate
with NHE3 via a small, putative �-helical domain of NHE3,
between amino acids 586 and 605 (14). These interactionsmod-
ulate acute stimulation and inhibition of NHE3 activity, which
mimic changes that occur in digestive physiology.
On a molecular and cellular level, there are multiple exam-

ples in which NHE3 regulation is dependent on changes in its
protein phosphorylation (15, 16), and NHE3 phosphorylation
by different protein kinases is part of the signal transduction
that modulates NHE3 activity. For example, cAMP phosphor-
ylates NHE3 at aa Ser552 and Ser605, although inhibition of
NHE3 by cAMP requires an additional but unknown event (17).
Oppositely, basal NHE3 activity requires phosphorylation at
Ser719 by CK2, and glucocorticoid stimulation of NHE3
requires phosphorylation at Ser663 (18, 19).
Ca2�/calmodulin-dependent protein kinase II (CaMKII) is a

multifunctional kinase that has been implicated in a multitude
of Ca2�-regulated biologic processes, including synaptic trans-
mission, gene transcription, and channel regulation (20). There
are four isoforms of CaMKII encoded by separate genes. Two of
them, the� and � isoforms, are ubiquitously expressed, whereas
the � and � isoforms are expressedmostly in the neural system.
Involvement of CaMKII in the basal regulation of small intesti-
nal BB Na�/H� exchange was demonstrated because addition
of Ca2�/CaM, ATP, and Mg2� to the inside of right-side out
rabbit ileal BB membrane vesicles inhibited Na�/H� exchange
(21). These membranes contain CaMKII, and a specific inhibi-
tory peptide of CaMKII reversed the inhibition and stimulated
BB Na�/H� exchange activity (21). Thus, CaMKII inhibits
basal BBNHE activity (21).Moreover, theCaMKII inhibition of
BB Na�/H� exchange was consistent with phosphorylation,
because it required Mg2�/ATP, and the Ca2� concentration
dependence of the effects on Na�/H� exchange and on Ca2�/
CaM-dependent phosphorylation in the same vesicles was sim-
ilar (21). However, direct NHE3 phosphorylation by CaMKII
was not demonstrated, andhowCaMKII regulatedNHE3 activ-
ity was not determined.
Further mechanistic studies of CaMKII regulation of NHE3

were carried out in endogenous NHE3 null PS120 fibroblasts
stably expressing rabbit NHE3 and in a polarized intestinal epi-
thelial cell model, Caco-2 cells (22). We now show that NHE3
activity is stimulated by CaMKII inhibitors under basal Ca2�

conditions, further suggesting that CaMKII inhibits basal
NHE3 activity. This CaMKII inhibition of basal NHE3 activity
was shown to be associated with NHE3 phosphorylation by
CaMKII, and the mechanism of this regulation is the further
subject of this study.

MATERIALS AND METHODS

Reagents—Reagents were from Sigma unless otherwise
stated. Protein A-Sepharose was from Amersham Biosciences.
Protein G-agarose beads were from Millipore. KN-62, KN-93,

and KN-92 were from Calbiochem (catalog nos. 422706,
422708, 422709, respectively). KN-04 was from Seikagaku
America Inc (catalog no. 71208321, Ijamsville, MD). HaltTM
phosphatase inhibitor mixture was from Thermo Scientific.
Nigericin was from Invitrogen. 2�,7�-Bis(carboxyethyl)-5–6-
carboxyfluorescein-AM was from Molecular Probes. EZ-Link
Sulfo-NHS-SS-biotin was from Pierce. Rat recombinant
CaMKII� was from Calbiochem (catalog no. 208706), and
CaMKII� recombinant protein was from Novus Biologicals
(catalog no. H00000818, Littleton, CO). [�-32P]ATP was from
AmershamBiosciences (catalog no. PB10168). ECL reagentwas
from Amersham Biosciences. Monoclonal anti-hemagglutinin
(HA) affinity matrix was from Roche Diagnostics (catalog no.
11815016001).
Cell Culture—Studies were performed using either PS120

fibroblasts stably transfected with rabbit NHE3 (rNHE3) or
Caco-2BBe cells transiently infected (adenovirus) with rNHE3.
PS120 cells, which lack all endogenous plasma membrane
NHEs, were stably transfected with rNHE3 tagged either at the
C terminus with a vesicular stomatitis virus-glycoprotein
epitope tag (NHE3V) or on the N terminus with a triple HA
epitope tag (HA-NHE3), as described previously (23). They
were transfected as described previously (23, 24). Where indi-
cated, PS120/HA-NHE3 or PS120/NHE3V cells were stably co-
transfectedwith humanNHERF1 orNHERF2, as described pre-
viously (25). All stable PS120 cell lines weremaintained at 37 °C
in a humidified atmosphere with 5% CO2 and 95% O2 in Dul-
becco’s modified Eagle’s medium with sodium pyruvate (cata-
log no. 10-013-CV, Mediatech Inc.) supplemented with 10%
(v/v) fetal calf serum and G418 (400 �g/ml) (Invitrogen). The
cells co-transfected with NHERF1/2 were additionally supple-
mented with hygromycin (600 �g/ml). To maintain high levels
of NHE3 expression, the stably transfected cells were “acid-
loaded” weekly, as described previously (26).
The Caco-2BBe cell line, originally derived from a human

adenocarcinoma, was obtained from M. Mooseker (Yale Uni-
versity) via J. Turner (University of Chicago) and grown at 37 °C
in a humidified atmosphere with 5% CO2 and 95% O2 in Dul-
becco’smodified Eagle’smediumwithout sodiumpyruvate (10-
017-CM, Mediatech Inc.) supplemented with 15 mM HEPES
and 10% fetal bovine serum (referred to as “Caco-2 medium”).
Adenoviral Constructs/Infection—Caco-2BBe cells, which

endogenously express the four members of the NHERF gene
family and small amounts of NHE3, were transiently infected
with triple HA-tagged rNHE3 previously engineered into repli-
cation-deficient adenoviral shuttle vector ADLOX.HTMunder
a cytomegalovirus promoter. Caco-2BBe cells were first grown
on Transwell filters (Corning Glass) until 12 days post-conflu-
ence in Caco-2 medium. Cells were then treated with serum-
free media containing 6 mM EGTA for 2 h at 37 °C to allow the
tight junctions to open, further exposing apical and basolateral
surfaces to the virus. Cells were then infected by appropriate
amounts of viral particles diluted (109–1010 particles/ml) in
serum-free Caco-2medium at 37 °C for 6 h, and then cells were
allowed to recover in Caco-2 medium over the next 40 h before
transport assays or Western analyses.
Antibodies—Rabbit polyclonal CaMKII antibodies (G-301),

raised against synthetic peptide corresponding to residue 281–
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302 of the � subunit of rat brain CaMKII, a sequence that is
highly conserved among isoforms, was generously provided by
F. S. Gorelick/A. Czernig (Yale University). Affinity-purified
rabbit polyclonal antibodies against human NHERF2 (Ab2570)
have been described previously (27). Mouse monoclonal
CaMKII� (catalog no. sc-13141), rabbit polyclonal p-CaMKII�
(catalog no. sc-12886-R), and goat polyclonal CaMKII� and
CaMKII� antibodies (catalog nos. sc-5392 and sc-1541, respec-
tively) were from Santa Cruz Biotechnology (Santa Cruz, CA).
Mousemonoclonal anti-vesicular stomatitis virus (VSVG) anti-
bodies were derived from the P5D4 hybridoma from T. Kreiss
via D. Louvard (Curie Institute, Paris, France). Monoclonal
mouse antibodies to the hemagglutinin (HA) epitopewere from
Covance Research Products (Princeton, NJ).
Construction and Expression of NHE3 Truncation Mutants—

DNA fragments of NHE3/585V, NHE3/605V, NHE3/640V,
NHE3/660V, andNHE3/690V (the final number in the name of
each mutant indicates the C-terminal amino acid number fol-
lowing the truncation) were amplified from pcDNA 3.1 con-
taining the full-length NHE3V (pcDNA 3.1/NHE3V) by PCR to
generate HindIII-XhoI fragments. Sense primer was engi-
neered to contain the HindIII restriction site on the 5� end of
NHE3. The XhoI restriction site at the junction between NHE3
and the VSVG sequence allowed the design of antisense prim-
ers with the internal sequence at the desired sites of truncation
and an XhoI site inserted at the 3� end. Amplicons were
restricted with HindIII and XhoI and electrophoresed on 1%
agarose gels. The DNA fragments were ligated into the pcDNA
3.1/NHE3V expression vector and selected with G418. Plas-
mids expressing theseC-terminal truncationmutantswere ver-
ified by restriction analysis and sequencing. TheNHE-deficient
PS120 cells were transfected with each plasmid construct using
Lipofectamine 2000 (Invitrogen). Transfected cell lines resis-
tant to G418 (400 �g/ml) and/or to hygromycin (600 �g/ml),
where indicated, were selected for measurement of Na�/H�

exchange activity by exposing cells to repetitive cycles of acid
loading, as described previously (26).
Measurement of Na�/H� Exchange Activity—Na�/H�

exchange activity in PS120/NHE3 and Caco-2BBe/HA-NHE3
cells was determined fluorometrically using the intracellular
pH-sensitive fluorescent dye 2�,7�-bis(carboxyethyl)-5–6-car-
boxyfluorescein-AM (5 �M) as described previously (26, 28).
Briefly, stably transfected PS120 cells were grown on glass cov-
erslips up to �70% confluence and studied after serum starva-
tion for 3–6 h, and polarized Caco-2BBe cells were grown to
confluence on small pieces of Transwell filtermembranes glued
to plastic coverslips (0.4-�m pore size, Corning Glass), called
“filter slips,” and polarized cells were studied �14 days after
reaching confluence. To achieve an initial pHi of 6.0–6.2, the
cells were pulsedwithNH4Cl solution, containing 98mMNaCl,
1 mM NaPO4, 25 mM dextrose, and 40 mM NH4Cl, pH 7.4, dur-
ing 30 min (PS120 cells) or 60 min (Caco-2BBe cells) of dye
loading. During the final 20 min of the dye loading, cells were
incubated with CaMKII inhibitors, KN-62 and KN-93, or with
their nonactive analogs KN-04 and KN-92, respectively. Glass
coverslips and filter slips were then mounted in a cuvette and
placed in the fluorometer (Photon Technology International,
Lawrenceville, NJ). In polarized Caco-2BBe cells, the apical and

basolateral monolayer surfaces were perfused separately, with
sequential apical perfusion with TMA and Na� solutions and
basal only with TMA solution throughout. Removal of NH4Cl
and perfusion with TMA� solution (130 mM TMA chloride, 1
mMTMAPO4, 25mMdextrose, pH 7.4) resulted in acidification
of the cells. Perfusion of the cells with Na� solution (130 mM

NaCl, 1mMNaPO4, 25mMdextrose, pH7.4)was used for deter-
mining Na�/H� exchange activity. In Caco-2BBe cells, the
endogenous NHE1 and NHE2 activity was inhibited by 50 �M

HOE694 present in TMAandNa� solutions. At the end of each
experiment, the fluorescence ratio was calibrated to pHi, using
the high potassium/nigericin method (22); the cells were equil-
ibrated in external pH clamp media containing 20 mM HEPES,
20 mM MES, 110 mM KCl, 14 mM NaCl, 1 mM MgSO4, 1 mM

CaCl2, 1 mM TMA, 25 mM glucose, and 10 mM nigericin at pH
6.1, 6.6, and 7.4.
For PS120 cells, Na�/H� exchange activity, calculated as H�

efflux rate (in �M/s), was determined by multiplying the rate of
change in intracellular pH (pHi) by the cellular buffering capac-
ity at the corresponding pHi. Intracellular buffering capacity for
the transfected cells was determined as described previously
(26, 29). All measurements in control and experimental cells
were made on cells from the same passage and assayed on the
same day. The nonlinear regression data analysis computer
program (Microcal Origin), which allows fitting of data to a
general allosteric model described by the Hill equation, was
used to analyze the data. Estimates were determined for Vmax
and K�(H�)i by comparing means � S.E. of the Vmax and
K�(H�) of Na�/H� exchange rates of multiple separate exper-
iments (daily average was considered n � 1) using Student’s t
test or ANOVA.
For Caco-2BBe cells, Na�/H� exchange activity for a given

pHi was calculated as initial rates of sodium-dependent intra-
cellular alkalinization (efflux of H�, in �M/s); �1 min of the
initial rate of intracellular alkalinization was analyzed as �pH/
�T. Means �S.E. were determined from at least three
experiments.
Co-immunoprecipitation Experiments—Both Caco-2BBe

cells grown on 10-cm2 Transwell filters and infected as
described above and PS120 cells stably expressing either VSVG
or HA-tagged full-length NHE3 or NHE3 truncation mutants
grown in 10-cm2 Petri dishes were collected and lysed in 500 �l
of ice-cold 50 mM Tris-Cl, 150 mM NaCl, 1% Triton X-100, pH
7.4, plus protease inhibitor mixture using a 23-gauge needle.
Cells were then solubilized with gentle rotation for 30 min at
4 °C, and cellular debris was cleared by centrifugation at
14,000 � g for 30 min at 4 °C. The supernatants (1–1.5 mg of
total protein per ml of cell lysate) were incubated with 30 �l of
monoclonal anti-HA affinity agarose beads or with polyclonal
anti-CaMKII antibody in the lysis buffer for 2 h or overnight at
4 °C. Where indicated, the lysis buffer contained 1 mM EGTA,
100�MCa2�, or 0.1 and 3.0�M free Ca2� (set with 1mMEGTA
and calculated with a computer program) (30). Samples incu-
bated with polyclonal antibody were then incubated with pre-
washed protein beads for either 2 h or overnight at 4 °C with
gentle rotation. In the last step, beads with immunocomplexes
were precipitated by brief centrifugation at 3000 rpm and then
washed five times with ice-cold lysis buffer containing Ca2� in
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concentrations corresponding to the immunoprecipitation
conditions.
After washing, the immunoprecipitated proteins were eluted

from the beadswith 2�Laemmli buffer, separated by 10% SDS-
PAGE, and transferred to nitrocellulose. Proteins were
detected with anti-VSVG, anti-HA, or anti-CaMKII antibodies
where indicated and visualized by the enhanced chemilumines-
cence method or by an Odyssey Infrared Imaging System (Li-
Cor, Lincoln, NE). Results were obtained from at least three
individual experiments.
“Pulldown” Assays Using His6-tagged Fusion Proteins—Pull-

down assays were used to identify which fragment of the NHE3
C terminus binds to CaMKII. For these purposes, we used the
NHE3 C terminus divided into four different His6-tagged frag-
ments as follows: F1 (aa 475–581), F2 (aa 582–667), F3 (aa
668–744), and F4 (aa 745–832) (31). His6-tagged fragments (3
�g each) were first linked to Ni-NTA beads and then incubated
with CaMKII recombinant protein (�2�g) for an hour at 30 °C
in a buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
10% glycerol, 1% Nonidet P-40 plus protease inhibitor mixture,
in the presence of either 2 mM Ca2� or 1 mM EGTA. Ni-NTA
beads alonewere used as a negative control, and the amounts of
the samples loaded were identified with monoclonal anti-His6
antibody. Beads were spun down at 3000 rpm for 5min, and the
supernatant was discarded, and beads were washed three times
with lysis buffer (containing either Ca2� or EGTA). Nonbound
material waswashed off the beadswith ice-cold lysis buffer, and
subsequently the binding complexes were eluted by sample
loading buffer. The samples were resolved by SDS-PAGE and
analyzed by Western blot with monoclonal anti-His6 antibody
or anti-CaMKII antibody.
In Vitro Back Phosphorylation of NHE3—An in vitro back

phosphorylation assay was used to assess CaMKII-mediated
phosphorylation of NHE3, as described previously (32). They
assay was performed in two steps. In step 1, PS120/NHE3V and
PS120/NHE3V/NHERF2 cells were first exposed in vivo to
KN-62 or KN-93 (30 �M for 30 min) under conditions allowing
in vivo phosphorylation, and then NHE3 was immunoprecipi-
tated. In step 2, immunoprecipitated NHE3 was phosphory-
lated, in vitro, with recombinant CaMKII in the presence of
Ca2�/CaM, Mg2�, and [�-32P]ATP. By this method, all sites
that were not occupied by endogenous phosphate residues in
vivo should be available for in vitro phosphorylation by recom-
binant CaMKII. Briefly, cells grown in 10-cm2 Petri dishes were
first incubated (where indicated) with KN-62 or KN-93 (30 �M

for 30min), and thenNHE3was lysed in 50mMHEPES, 150mM

NaCl, 5 mM Na3EDTA, 10 mM sodium orthovanadate, 50 �M

NaF, pH 7.4, and 1% Triton X-100, plus protease and phospha-
tase inhibitor mixtures. The supernatants from cell lysate were
incubated with protein A-Sepharose beads for 2 h at 4 °C with
gentle rotation, and then the beads were precipitated by brief
centrifugation at 2400 rpm and washed three times with ice-
cold lysis buffer without Triton X-100. In the second step,
immunoprecipitated NHE3 was first washed three times with
CaMKII buffer containing 20 mM Tris, 0.5 mM DTT, 0.1 mM

Na2EDTA, 2.0 mM CaCl2, pH 7.4, and then immunoprecipi-
tated NHE3 was phosphorylated with recombinant CaMKII
(1.2 �g/ml) for 20 min at 30 °C in 10 mM MgCl2, 100 �M ATP,

10 �Ci of [�-32P]ATP, 1.2 �M CaM, 2 mM CaCl2. The reaction
was terminated by boiling in Laemmli buffer and separated on
10% SDS-polyacrylamide gels. The proteins were transferred to
nitrocellulose membranes, and the phosphoproteins labeled
during in vitro phosphorylation were visualized by autoradiog-
raphy. After autoradiography, Western immunoblotting using
polyclonal anti-VSVG antibodies was performed to assess the
amount of immunoprecipitated NHE3V and sample loading of
the gels.
Dephosphorylation of CaMKII with Alkaline Phosphatase—

Calf intestinal alkaline phosphatase was used to release phos-
phate groups fromphosphorylatedCaMKII inCaco-2BBe cells.
Cells were lysed in 100 mM NaCl, 50 mM Tris-HCl, 10 mM

MgCl2, 1 mM dithiothreitol, pH 7.9, with 1% Triton X-100 and
incubated (100 �g of total lysate protein) with 1.0 unit of intes-
tinal alkaline phosphatase/�g of protein. Themixturewas incu-
bated for 60 min at 37 °C. Then the reaction was terminated by
boiling in Laemmli buffer, and the proteins were separated on
10% SDS-polyacrylamide gels and then transferred to nitrocel-
lulose membranes. CaMKII� bands were visualized by anti-
CaMKII� antibody.
Immunoblot Analyses—The immunoprecipitates solubilized

in 50 �l of the sample buffer were resolved on 10% SDS-PAGE
and transferred to nitrocellulose membranes. Unbound sites
were blocked with 5% (w/v) fat free milk powder in PBS (10mM

potassium phosphate buffer, 0.15 M NaCl, pH 7.4) for 1 h at
room temperature. The blots were probed with primary anti-
bodies (where indicated: polyclonal anti-CaMKII� (1:200);
monoclonal anti-VSVG (1:100); anti-HA (1:1000); and anti-His
(1:5000)) in 5% milk/PBST (PBS with 0.1% Tween 20) at room
temperature for 1 h and then washed three times for 10 min
each with PBST. Where indicated, IRDye 800- or 680-conju-
gated anti-mouse or anti-rabbit IgG (1:15000; Rockland Immu-
nochemicals, Gilbertsville, PA) or horseradish peroxidase
(HRP)-conjugated IgG (2 �g/ml) were used as secondary anti-
bodies for 1 h followed by three washes. Protein bands were
detected by using either theOdyssey infrared system at 700 and
800 nm wavelengths (LI-COR, Lincoln, NE) or standard ECL.
Signal intensities from each Western blot were quantified by
either the LI-COR/Odyssey Image Studio software or for ECL
by scanning the developed films, followed by analysis with
MetaMorph software.
Cell Surface Biotinylation and Immunoblotting—Caco-2BBe

cells transiently infected with triple HA-tagged rabbit NHE3 as
described abovewere grown on 10-cmTranswell filters until 14
days post-confluence. The cells were first serum-starved for�4
h and then exposed in vivo to CamKII inhibitors/controls for 20
min. All subsequent manipulations were performed at 4 °C as
described previously (33). Briefly, cells were first rinsed three
times with ice-cold PBS and once in borate buffer (154 mM

NaCl, 10mMboric acid, 7.2mMKCl, and 1.8mMCaCl2, pH 9.0).
For surface labeling of NHE3, cells were incubated with 0.5
mg/ml NHS-SS biotin (Pierce) in ice-cold borate buffer by
gently shaking for 20 min and repeated once. The cells were
then washed with the quenching buffer (20 mM Tris and 120
mM NaCl, pH 7.4) to scavenge the unreacted biotin and subse-
quently washed twice with PBS. Cells were scraped at 4 °C and
solubilized with the lysis buffer (60mMHEPES, pH 7.4, 150mM
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NaCl, 3 mM KCl, 5 mM EDTA trisodium, 3 mM EGTA, 1 mM

Na3VO4, and 1% Triton X-100), sonicated, and then centri-
fuged to remove insoluble cellular debris. Lysates, containing
biotinylated surface proteins, were incubated with streptavi-
din-agarose beads for 16 h (overnight) to determine the per-
centage of cell surface NHE3. After precipitation of avidin-aga-
rose beads, the supernatant was retained as the intracellular
fraction, and the beads were washed five times with the lysis
buffer. Biotinylated proteins bound to the beads were eluted by
Laemmli sample buffer, and bound proteins were resolved by
SDS-PAGE (10% gel) and transferred to nitrocellulose mem-
branes. After blocking, the blots were probed with monoclonal
anti-HA polyclonal antibodies and anti-�-actin antibodies.
Western analysis and the quantification of the total and surface
NHE3 fractions and total actinwere performed using theOdys-
sey system (LI-COR). Multiple volumes for each total, surface,
and intracellular sample were used with linear regression of
intensity of signal to obtain a single value for each sample. Per-
centage of surfaceNHE3was calculated from the ratio ((surface
NHE3 signal/total NHE3 signal/total actin)� dilution factor of
surface and totalNHE3 samples) of the cells treatedwithKN-93
or KN-92 normalized to the ratio of control cells from three
separate experiments.
Mass Spectrometry Analyses—HA-NHE3 was first immuno-

precipitated from a 6-mg lysate of PS120/NHERF2/HA-NHE3
fibroblasts prepared in lysis buffer (50 mM Tris, 150 mM NaCl,
10 mM EDTA, 1% Triton X-100, 0.1% SDS, 20 mM N-ethylma-
leimide (Sigma), pH 7.4) and incubated with 100 �l of mono-
clonal anti-HA affinity matrix. Cell lysates incubated with anti-
VSVG antibody and immobilized to agarose were used as a
negative control. Immunoprecipitated NHE3 was resolved by
12% SDS-PAGE, and then protein bands were visualized by
antigen staining. The bands present in the anti-HA affinity
matrix but not in the negative control were cut out from the gel
and trypsinized, and proteins were identified by liquid chroma-
tography-Tandem mass spectrometry (LC-MS/MS) in the
Mass Spectrometry Core of The Johns Hopkins University
School of Medicine, as described previously (19). Briefly, sam-
ples were destained, in gel digested, extracted, and run on an
LTQ ion trap mass spectrometer. The data were analyzed with
the search program Mascot (Matrix Science, London, UK) to
search the NCBI database with a wide open species designation
(mammals and all species).

RESULTS

CaMKII Inhibits NHE3 under Basal Conditions by an
NHERF2-dependent Process—We previously demonstrated
that CaMKII inhibits ileal neutral NaCl absorption and its con-
stituent BBNa�/H� exchanger under basal conditions (21, 34).
In examining the mechanism for this effect, we reported that
pretreatment of PS120 cells stably expressing NHE3 with the
CaMKII inhibitor KN-62 increased Na�/H� exchange activity
(22). However, in subsequent studies, these results were vari-
able and seemed to vary from clone to clone of PS120/NHE3
cells. Given the recent appreciation that many aspects of NHE3
regulation depend on the presence of members of the NHERF
family of multi-PDZ domain containing regulatory proteins,
CaMKII inhibitors were studied in cells stably expressing

NHERF1 or NHERF2. PS120 cells express small amounts of
NHERF1 and do not express NHERF2 (5, 13). Therefore, to
determine whether NHERF1 or -2 was involved in the KN-62-
dependent stimulation of NHE3 activity, clones of PS120/
NHE3 were stably co-transfected with NHERF2 or NHERF1.
As shown in single experiments in Fig. 1A and in a series of

experiments in Fig. 1B, NHERF2 reconstituted KN-62 stimula-
tion of NHE3 in PS120 cells. KN-62 caused �45% (p 	 0.05)
higher Vmax values compared with untreated control cells and
increased theK�(H�)i (p	 0.05) without affecting the napp (Hill
coefficient). In contrast, NHERF1 expression did not lead to a
reproducible KN-62 effect. Pretreatment of the cells with the
KN-62 control, KN-04 (30 �M), did not affect NHE3 activity
(data not shown).
Similar studies were performed using Caco-2BBe cells

adenovirally infected with HA-rNHE3. In Fig. 1C, left panel, a
single example is shown inwhich 30�MKN-93 (but not KN-92,
a control) stimulates basal NHE3 activity, which is consistent
with the results in PS120 fibroblasts. These cells endogenously
express NHERF1 and NHERF2; thus, the roles of NHERF1 and
-2were determined using shRNA.Wehave previously reported
the use of shRNA to knock down NHERF1 and NHERF2 sepa-
rately in these Caco-2BBe cells, using lentivirus-shRNA for
NHERF1 and NHERF2 compared with shRNA for GFP (does
not occur endogenously in Caco-2-BBe cells) as the negative
control (35). As shown in Fig. 1C, right panel, initial rates of
NHE3 activity in Caco-2BBe cells, as reported previously (35),
were affected by KD NHERF1 (inhibits basal NHE3 activity)
and NHERF2 (increases basal NHE3 activity). Moreover,
KN-93 stimulation of NHE3 activity occurred similarly to wild
type in NHERF1 KD, whereas this KN-93 effect was abolished
in the NHERF2 KD (Fig. 1C, right panel). Note that KN-92 did
not affect basal NHE3 activity in wild type Caco-2BBe cells.
Taken together, these results suggest that CaMKII inhibits
NHE3 under basal conditions in PS120/NHERF2/NHE3 and
Caco-2BBe/HA-NHE3 cells and that NHERF2 but not
NHERF1 is necessary for this CaMKII inhibition.
CaMKII Inhibitor KN-62HasNoAdditive Effect with the EGF

Stimulation of NHE3—We next determined whether the stim-
ulatory pathway unmasked by CaMKII inhibition overlapped
with other NHE3 stimulatory processes. EGF stimulates NHE3
via basolateral membrane EGF receptors (36) and via apical
EGF receptor transactivation (37). Thus, Caco-2BBe/HA-
NHE3 cells had NHE3 activity determined in the presence/ab-
sence of 30 �M KN-62, and the effects compared with a maxi-
mally effective concentration of EGF added both apically and
basolaterally with determination of whether both stimulatory
processes were additive. As shown in Fig. 2, EGF and KN-62
both stimulated NHE3 activity in Caco-2BBe/HA-NHE3 cells,
with effects that were similar in magnitude. These effects were
not additive. This suggests the involvement of at least some
overlap in the signaling pathways used in NHE3 regulation by
CaMKII and EGF.
CaMKII Does Not Alter Cell Surface Expression of NHE3—

NHE3 activity is regulated by mechanisms involving either
changes in trafficking and/or changes in turnover number. Reg-
ulation by changes in trafficking alters the percent of total
NHE3 present on the cell surface, which can be determined by
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cell surface biotinylation studies. Therefore, to determine the
mechanism by which CaMKII inhibits NHE3 activity under
basal conditions, the amount of the total NHE3 and plasma
membrane-expressed NHE3 was determined in polarized
Caco-2-BBe/HA-NHE3 exposed in vivo to the CaMKII inhibi-
tor KN-93 or to its inactive analog KN-92 with biotin added

apically.Western immunoblotting of the total amount ofNHE3
and apical surface-expressed NHE3 protein was used for quan-
tification and comparison between control cells and cells
exposed to KN-93 or KN-92. A Western blot of total and sur-
face-biotinylated NHE3 in a single experiment is shown in Fig.
3, left panel, showing that the ratios between total NHE3/total

FIGURE 1. CaMKII inhibitors KN-62 and KN-93 increase NHE3 activity by a mechanism requiring NHERF2. A, representative experiment of the effect of
KN-62 on NHE3 activity in PS120 cells with or without stable expression of NHERF2. Left panel, in PS120/NHE3 cells, KN-62 had no effect on Na�/H� exchange
compared with untreated control cells. Right panel, in PS120/NHE3 cells stably expressing NHERF2, KN-62 increased Na�/H� exchange activity Vmax by �35%
versus untreated controls with a simultaneous decrease in K�(H�)i. Kinetic parameters from the single experiment are shown in the box, with S.E. indicating the
variance among the multiple coverslips studied (3– 4 per condition). B, KN-62 stimulation of NHE3 in PS120 cells is NHERF2-dependent. Cells were acidified by
pulsing with NH4Cl (with or without KN-62) followed by perfusion with TMA media. Cells were then allowed to recover to steady state pHi in Na� medium. H�

efflux rates equivalent to Na�/H� exchange were plotted against intracellular [H�], and Na�/H� exchange activity was determined. Results shown are mean �
S.E.; n � at least 3. p values in comparison with untreated control (paired t test). NS, not significant. C, KN-93 stimulates NHE3 in Caco-2BBe cells by an
NHERF2-dependent but not NHERF1-dependent process. Na�/H� exchange activity was measured in wild type Caco-2BBe/HA-NHE3 or with NHERF2 or
NHERF1 stably knocked down via lentivirus shRNA �14 days after reaching confluency. Cells were exposed to 50 mM NH4Cl either alone or with KN-93 or KN-92
during the final 20 min of a 50-min dye-loading period. Endogenous NHE1 and NHE2 activity were inhibited by 50 �M HOE694. In the wild type cells, KN-93
treatment significantly increased activity of NHE3, although KN-92 had no effect. In cells with NHERF1 knocked down, KN-93 treatment significantly increased
activity of NHE3. However, KN-93 did not increase NHE3 activity in the Caco-2-BBe cells with NHERF2 knocked down. Left panel shows results from a single
experiment. Right panel shows mean � S.E. of n � 3, with p values in comparison with basal NHE3 activity in each untreated control (paired t test).
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actin and surface-expressed NHE3 signal were similar in con-
trol cells and cells treatedwithKN-93 orKN-92.Quantification
and analysis of the data from three independent experiments
(Fig. 3, right) showed that neither KN-93 nor KN-92 altered the
percentage of NHE3 expressed on the plasma membrane. Sim-
ilar results were obtained when cell surface biotinylation stud-
ies were performed in PS120/NHERF2/NHE3V (VSV-G
epitope-tagged cells) (data not shown). Thus, these results indi-
cate that CaMKII regulation of basal NHE3 activity is via
changes in turnover number and not by changes in trafficking.
CaMKII Increases Total NHE3 Phosphorylation under Basal

Conditions, and NHERF2 Is Not Required for This Effect—An-
other mechanism that is likely to be involved in NHE3 regula-

tion by CaMKII is phosphorylation, especially because NHE3
contains multiple CaMKII consensus sites in its C terminus.
Therefore, whether CaMKII caused phosphorylation of NHE3
under basal conditions was examined by studying the effect of
the CaMKII inhibitors KN-62 and KN-93 on NHE3 phosphor-
ylation. Evidence that CaMKII increased NHE3 phosphoryla-
tion under basal conditions was provided by an in vitro back
phosphorylation assay.NHE3was studied in control conditions
and after the PS120 cells were exposed in vivo to KN-62 or
KN-93 and before in vitro phosphorylation with recombinant
CaMKII in the presence of Ca2�/CaM,Mg2�, and [�-32P]ATP.
In step 1, PS120/NHE3 (Fig. 4A) and PS120/NHE3V/NHERF2
(Fig. 4B) cells were first exposed in vivo to KN-62 or KN-93
under conditions allowing in vivo phosphorylation, and then
NHE3was immunoprecipitated. In step 2, immunoprecipitated
NHE3 was phosphorylated in vitro with recombinant CaMKII
in the presence of Ca2�/CaM, Mg2�, and [�-32P]ATP. In this
technique, all sites on NHE3 that are not occupied by endoge-
nous phosphate residues during the in vivo treatment with
CaMKII inhibitor should have been available for �-32P labeling

FIGURE 2. KN-62 (30 �M) and EGF (100 ng/ml) both acutely stimulate
NHE3 activity in Caco-2BBe/HA-NHE3 cells in a nonadditive manner.
Caco-2BBe cells expressing HA-NHE3 were exposed to KN-62 and EGF for 30
min, and the apical NHE3 activity was determined (initial rates). Both stimu-
lated NHE3 activity similarly with the effects not being additive. Results are
from 3 to 4 experiments, with p values representing comparison to untreated
controls (Ctrl) (paired t tests).

FIGURE 3. CaMKII inhibitor KN-93 does not alter surface expression of
NHE3 in Caco-2BBe/HA-NHE3 cells. The amounts of the total NHE3 with
actin as a loading control and apical membrane-expressed NHE3 were deter-
mined in polarized Caco-2BBe/HA-NHE3 cells exposed in vivo to CaMKII inhib-
itor KN-93 (30 �M), its inactive analog KN-92 (30 �M) for 20 min, or untreated
control. NHS-SS-biotin was added only apically. Left panel, a single example of
Western blot of three dilutions of total and avidin-precipitated (surface-bio-
tinylated) NHE3 with actin staining on the total sample used as a loading
control for control; KN-92- and KN-93-exposed cells demonstrate no differ-
ence in ratio between total and surface-expressed NHE3 signal. Right panel,
quantification of the total amount of NHE3/actin and apical surface NHE3
protein performed using Western immunoblotting from three experiments
such as shown in the left panel. Results are presented as mean � S.E. of the
ratio of surface/total NHE3/actin. Neither KN-93 nor KN-92 altered the percent
of NHE3 expressed on the apical plasma membrane. p values in comparison
with untreated control (Ctrl) (paired t test) are shown. NS, not significant.

FIGURE 4. CaMKII phosphorylates NHE3 under basal conditions, and
NHERF2 does not alter the magnitude of this phosphorylation. A back
phosphorylation assay was used to assess the in vivo change of NHE3 phos-
phorylation level after treatment with KN-62 or KN-93. This approach is based
on the fact that all potential CaMKII phosphorylation sites on NHE3 that are
not occupied by endogenous phosphate residues during the in vivo treat-
ment should have been available to �-32P during the in vitro phosphorylation.
Therefore, by this method, increased in vitro phosphorylation indicates less in
vivo phosphorylation. A, PS130/NHE3V. B, PS130/NHE3V cells stably express-
ing NHERF2 were studied in the absence of KN-62 or KN-93 (control (Ctrl)) or
following 20 min of in vivo treatment with 30 �M KN-62 or KN-93. Immuno-
precipitated NHE3 was then phosphorylated in vitro by recombinant CaMKII
in the presence of Ca2�/CaM, Mg2�, and [�-32P]ATP. Representative autora-
diographs (upper panel) and Western immunoblots (lower panel) of four (no
NHERF2) or three (NHERF2 containing) similar experiments are shown.
C, quantitative analysis of KN-62 or KN-93 effects on NHE3 back phosphory-
lation in the presence or absence of stable expression of NHERF2 in PS120
cells. Quantitation was by MetaMorph of autoradiograph/immunoblots of
NHE3. Results for KN-62- or KN-93-treated cells were normalized to untreated
controls in each experiment. These results were similar in KN-62 or KN-93
treatments, and these results were combined. Results are mean � S.E. of 3– 4
experiments. NS, not significant.
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of phosphate residues during the in vitro phosphorylation by
recombinant CaMKII. By this method, an increase in in vitro
phosphorylation indicates a decrease in vivo phosphorylation.
Shown in Fig. 4A (upper panel), in vitro phosphorylation of
immunoprecipitated NHE3 was increased in PS120/NHE3V
cells treated by KN-62 or KN-93, and this increase in phospho-
rylation was not attributed to changes in the amount of NHE3
as shown by Western blotting (lower panel). Because NHERF2
is necessary for CaMKII inhibition of basal NHE3 activity, we
examined whether NHERF2 played a role in CaMKII-mediated
phosphorylation of NHE3 under basal conditions. As shown in
Fig. 4B (upper panel), in vitro phosphorylation of immunopre-
cipitated NHE3 was increased in the cells treated by KN-62 or
KN-93 during in vivo treatment of PS120/NHERF2/NHE3V
cells. Moreover, the magnitude of the increase in NHE3 phos-
phorylation caused by KN-62 or KN-93 was similar in the pres-
ence and absence ofNHERF2 (Fig. 4C). These data indicate that
CaMKII phosphorylates NHE3 under basal conditions and the
presence of NHERF2 does not alter the extent of total NHE3
phosphorylation.

Identification of CaMKII Isoforms in Caco-2BBe and PS120
Cells—There are four isoforms of CaMKII with the � and �
isoforms ubiquitously expressed, although� and� isoforms are
mostly expressed in the neural system (38). To identify which
isoforms of CaMKII were expressed inCaco-2BBe cells, we first
used quantitative RT-PCR. Shown in Fig. 5A, quantitative RT-
PCR revealed expression of only � and � isoforms of CaMKII,
and these were expressed in similar amounts. This expression
was confirmed using immunoprecipitation and Western blot-
ting with antibodies directed against � and � isoforms. Both
CaMKII � and � proteins were expressed in Caco-2BBe cells
(Fig. 5, B and C). In addition, immunoprecipitation and West-
ern blotting with anti-CaMKII� antibody did not identify the
corresponding CaMKII protein in Caco-2BBe cells (data not
shown). Using brain as a standard, the � isoform present
appeared to be the 54-kDa splice variant (39). As is shown in
Fig. 5,B andD, inCaco-2BBe cells, CaMKII�was present as two
bands. These bands appear to be different states of phosphory-
lation of CaMKII�, as determined by exposure to alkaline phos-
phatase. After exposing the Caco-2BBe cell lysates to alkaline

FIGURE 5. Expression of CaMKII isoforms � and � in Caco-2BBe cells and PS120 cells. A, Caco-2BBe cells. Quantitative RT-PCR revealed that messages for
only two CaMKII isoforms, CaMKII� and CaMKII�, were expressed in the Caco-2BBe cells, and they were expressed in similar quantity. B and C, an immunopre-
cipitation (IP)/Western blot (WB) approach was used with specific anti-CaMKII� and anti-CaMKII� antibodies to confirm the presence of these two CaMKII
isoforms. B, CaMKII� (n � 7); C, CaMKII� (n � 2) in Caco-2BBe cells. Rat brain was used as a positive control. D, Western blotting of Caco-2BBe cells with CaMKII�
antibodies reveals two bands. The upper band disappeared after the Caco-2 cell lysate was treated with alkaline phosphatase at 37 °C for 60 min, but there was
no change in the lower band (n � 2). E, immunoprecipitation/Western blot was used to identify isoforms of CaMKII proteins expressed in PS120 cells. Only
CaMKII� was present (n � 5). Specific CaMKII� and CaMKII� antibodies failed to identify these isoforms (data not shown).
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phosphatase, the upper band was no longer detected, although
the large amount of alkaline phosphatase depressed all bands in
this area of the gel (Fig. 5D).

Immunoprecipitation/Western blotting was also used to
identify which isoforms of CaMKII were expressed in PS120
cells. As shown in Fig. 5E, only CaMKII� was expressed; nega-

FIGURE 6. CaMKII associates with NHE3 in vitro and in vivo by a Ca2�-inhibitable process. A, PS120/NHERF2/HA-NHE3 cells lysates were immunoprecipitated (IP)
with anti-HA affinity beads in the presence (100 �M) or absence (1 mM EGTA) of Ca2� and Western blotted (WB) with anti-CaMKII� antibodies. Immunoprecipitation
with anti-VSVG antibodies was used as a negative control. Immunoprecipitated HA-NHE3 co-precipitated CaMKII� in the presence and absence of Ca2�; however, the
co-precipitation decreased with elevation of Ca2�. Rat brain lysate was used as a positive control for CaMKII�. B, reciprocal experiment in which the immunoprecipi-
tated CaMKII-co-precipitated HA-NHE3 confirmed the association between NHE3 and CaMKII� in the presence and absence of Ca2�. The co-precipitation also
decreased with elevation of Ca2�. C, Caco-2BBe/HA-NHE3 cells lysates were immunoprecipitated with anti-HA affinity beads and then Western blotted with anti-
CaMKII� antibodies. Immunoprecipitated HA-NHE3 co-precipitated CaMKII� in the presence (100 �M) or absence (1 mM EGTA) of Ca2�, but the association between
CaMKII� and NHE3 decreased with elevation of Ca2�. Note, blotting with anti-CaMKII� antibodies revealed two bands with the upper band representing the phos-
phorylated form of CaMKII�. D, Caco-2BBe/HA-NHE3 cells lysates were immunoprecipitated with anti-CaMKII� and then Western-blotted with anti-HA antibodies.
Immunoprecipitated CaMKII� did not co-precipitate HA-NHE3. Rat brain lysate was used as a positive control for CaMKII�. E, PS120/HA-NHE3 (2nd and 4th lanes) and
PS120/NHE3/NHERF2 (3rd and 5th lanes) cell lysates were immunoprecipitated with anti-HA affinity beads and then Western-blotted with anti-CaMKII� antibodies.
HA-NHE3 co-precipitated CaMKII� in the presence and absence of NHERF2, indicating that NHERF2 is not required for the binding of CaMKII� with NHE3. F, PS120/
NHERF2/NHE3V cell lysates were immunoprecipitated with anti-CaMKII� antibody in the presence of 0.1 and 3.0 �M free Ca2� (set with EGTA), and co-precipitated
NHE3V was visualized by Western blotting with monoclonal anti-VSVG antibodies. Co-precipitation occurred in the presence of both 0.1 and 3.0 �M free Ca2� but was
decreased with 3 �M Ca2�. G, PS120/NHERF2/HA-NHE3 cells were pretreated with 30 �M KN-93 for 30 min, and cell lysates were incubated with anti-HA affinity beads,
and co-immunoprecipitated CaMKII� was detected by immunoblotting using anti-CaMKII� antibodies. KN-93 did not affect the co-immunoprecipitation between
CaMKII and NHE3, compared with untreated controls. All experiments were at least n � 3.
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tive immunoblots studies for CaMKII� and CaMKII� are not
shown.
Identification of CaMKII� as an NHE3 Co-precipitating Pro-

tein in PS120/NHERF2/HA-NHE3 Cells—To further under-
stand how CaMKII affects basal NHE3 activity, NHE3 was
immunoprecipitated from PS120/NHERF2/HA-NHE3 cell
lysates. Immunoprecipitation with anti-HA affinity matrix was
compared with anti-VSVG affinitymatrix as a negative control,
followed by separation of the immunoprecipitates on 12%
SDS-PAGE and then antigen staining. The bands immunopre-
cipitated by the anti-HA affinity matrix but not the negative
control were cut from the gel and trypsinized, and proteins
were identified by LC-MS/MS (data not shown). One protein
identified was CaMKII� (95% certainty) based on identification
of a single peptide (FTDDYQLFEELGK). Blast search failed to
identify any other proteins with an identical sequence to this
peptide.
CaMKII Associates with NHE3 in Vivo by a Ca2�-inhibitable

Process—CaMKII binds to some of its target proteins in addi-
tion to phosphorylating them (40, 41). To understand more
about CaMKII association with NHE3 under basal conditions,
NHE3 and CaMKII were co-immunoprecipitated from PS120/
NHERF2/HA-NHE3 cells (Fig. 6), using either anti-HA anti-
bodies (Fig. 6A) or anti-CaMKII antibodies (Fig. 6B). As nega-
tive controls, the cell lysate was incubated with anti-VSVG or
IgG. As shown in Fig. 6A, CaMKII� was precipitated by
anti-HA antibody but not by anti-VSVG antibody. The associ-
ation betweenNHE3 andCaMKII�was confirmed by the recip-
rocal co-precipitation (Fig. 6B) in which immunoprecipitated
CaMKII� co-precipitated HA-NHE3. IgG did not co-precipi-
tate HA-NHE3. A similar association between NHE3 and
CaMKII� was demonstrated in Caco-2BBe/HA-NHE3 cells.
Co-immunoprecipitationwith anti-HA antibodies showed that
NHE3 co-precipitated CaMKII (Fig. 6C). In contrast, CaMKII�
did not co-precipitate NHE3 in Caco-2BBe cells (Fig. 6D).
The relationship between NHE3 and CaMKII was further

examined, askingwhetherNHERF2 affected their co-precipita-
tion. HA-NHE3 was immunoprecipitated from total lysates
of PS120/HA-NHE3 and PS120/NHERF2/HA-NHE3 cells,
respectively. As shown in Fig. 6E, CaMKII� was co-immuno-
precipitated equally with HA-NHE3 in the absence or presence
of NHERF2, indicating that NHERF2 is not required for the
CaMKII� binding with NHE3.
Because the increase of intracellular Ca2� is known to induce

binding of CaMKII to some of its binding partners (42), we
examined whether Ca2� affects the association between NHE3
and CaMKII. For these purposes we initially used co-immuno-
precipitation assays with cell lysate in the presence (100 �M)
and absence (1 mM EGTA) of Ca2�, with all studies performed
by changing Ca2� concentration in vitro. Fig. 6,A and B, shows
that CaMKII and NHE3 co-precipitated in the presence and
absence of Ca2�, but the association between CaMKII� and
NHE3 decreased with elevation of Ca2�. Similar in vitro studies
in Caco-2BBe/HA-NHE3 cells (Fig. 6C) demonstrated that
increased Ca2� decreased CaMKII� binding with NHE3.

To determine the effect of physiologic levels of [Ca2�] on
CaMKII� binding to NHE3 in vivo, immunoprecipitation of
PS120/NHE3V cell lysates by anti-CaMKII antibody was per-

formed in the presence of either 0.1 or 3.0 �M free [Ca2�] (set
with EGTA (30)). As shown in Fig. 6F, CaMKII co-precipitated
NHE3V in the presence of both 0.1 and 3.0 �M free [Ca2�], but
this co-precipitation decreased with 3.0 �M [Ca2�]. These
results indicate that in vivo changes of intracellular [Ca2�] are
likely to be involved in CaMKII association with NHE3, with
increases of intracellular [Ca2�] causing decreased CaMKII
binding to NHE3.
The effect of CaMKII inhibitor KN-93 on CaMKII binding

withNHE3was examined to determine whether the increase in
NHE3 activity after exposing cells to KN-93 is associated with a
change in the CaMKII association with NHE3. For these pur-
poses PS120/NHERF2/HA-NHE3 cells were incubated with
and without KN-93 for 20 min prior to co-immunoprecipita-
tion with anti-HA affinity beads. As shown in Fig. 6G, KN-93
did not affect the co-immunoprecipitation between CaMKII
and NHE3, suggesting that CaMKII activity was not necessary
for CaMKII binding to NHE3.
CaMKII Directly Binds NHE3—CaMKII pulldown assays

were used to identify the following: (i) whether CaMKII inter-
acts with the NHE3 C terminus directly or through another
protein and (ii) whether the binding sites for CaMKII were
within theNHE3C terminus. TheNHE3C-terminal regionwas
divided into four contiguous fragments and produced as His6-
tagged fusion proteins as follows: His-F1 (aa 475–581), His-F2
(aa 582–667), His-F3 (aa 668–744), and His-F4 (aa 745–832)
(Fig. 7). These fusion proteins (�3 �g each) were attached to
Ni-NTA beads and incubated with recombinant CaMKII pro-
tein (�2 �g) in the absence of Ca2� (1 mM EGTA) or presence
of 2 mM Ca2�. All pulldown assays were done in the absence of
CaMandATP.Ni-NTAbeads alone or incubatedwith CaMKII
recombinant protein without the NHE3 fusion proteins were
used as negative controls. Sample loading was examined with
monoclonal anti-His antibodies (data not shown). Fig. 7 shows
a representative Western blot probed with anti-CaMKII anti-
body. Recombinant CaMKII was bound to His6-F2 fusion pro-

FIGURE 7. CaMKII directly binds to NHE3 C terminus. Schematic showing
four His6-tagged NHE3 C-terminal fusion proteins, His-F1 (aa 475–581), His-F2
(aa 582– 667), His-F3 (aa 668 –744), and His-F4 (aa 745– 832), is at top of figure.
Pulldown of CaMKII recombinant protein with these four His6-tagged fusion
proteins of the NHE3 C terminus (�3 �g each) bound to Ni-NTA beads was
performed in the absence of Ca2� (1 mM EGTA) (A) or in the presence 2 mM

Ca2� (B). Western blotting with polyclonal anti-CaMKII antibody visualized
CaMKII binding only to His6-F2 fusion protein. Probing of the blots with anti-
His antibodies indicated that comparable amounts of the Ni-NTA beads were
present in all samples (data not shown). Note reduction of binding with Ca2�.
CaMKII loading control is in the middle. Experiment shown was performed
twice with similar results.
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tein but not to the His6-F1, -F3, and -F4. This binding to the F2
domain of NHE3 occurred both in the presence (Fig. 7A) and
absence (Fig. 7B) of Ca2�, although therewas less binding in the
presence of Ca2�. This binding was specific because recombi-
nant CaMKII was not pulled down using Ni-NTA beads alone
either in the presence or absence ofCa2�. These results indicate
that CaMKII binds to NHE3 directly, involving NHE3 aa 582–
667, without involvement of another protein. In addition, this
direct binding of CaMKII to the NHE3 C terminus does not
require the presence of Ca2�, calmodulin, or ATP.
Further Localization of the CaMKII� Binding Domain within

the NHE3 C Terminus—To further localize the site of the
CaMKII� binding domain within the NHE3 C terminus, cell
lysates of PS120 cells expressing NHE3 C-terminal truncation
mutants epitope-tagged with VSVG were immunoprecipitated
by anti-VSVG antibodies (Fig. 8A) or co-precipitated with anti-
CaMKII� antibody (Fig. 8B). The NHE3 C-terminal mutants
were truncated at aa 585, 605, 640, 660, and 690 (NHE3/�585V,
NHE3/�605V, NHE3/�640V, NHE3/�660V, and NHE3/
�690V, respectively). As shown in Fig. 8B (for all except NHE3/
�690V), CaMKII co-immunoprecipitated full-length NHE3
and all NHE3 C-terminal truncation mutants except NHE/
585V. These co-precipitations studies were done in the pres-
ence of 100 �M Ca2� or EGTA. There was less binding when
Ca2� was elevated for wild type NHE3 and each truncation.
These data demonstrate that CaMKII� binding to the NHE3 C
terminus requires NHE3 aa 586–605.
CaMKII Requires a Domain C-terminal to Its Binding Site to

Regulate NHE3 Activity—Having determined that CaMKII
binds to the NHE3 C terminus using aa 586–605, we studied

NHE3 truncation mutations to determine whether the part of
NHE3 required for CaMKII regulation of basal NHE3 activity
was the same as that required for CaMKII binding. As shown in
Fig. 9, unlike KN-62 stimulation of wild type NHE3 activity,
KN-62 had no effect on NHE3 activity truncated to aa 690
(NHE3/�690V). Similar results were obtained using KN-93
(data not shown). This identified the C-terminal 143 aa of
NHE3 as necessary for the CaMKII inhibition of NHE3 activity.
Using software from several bioinformatics/kinase consen-

sus sequence identification programs (43, 44), three CaMKII
phosphorylation consensus sequences were identified in
NHE3, which are conserved across species (rabbit Ser693,
Ser694, and Ser810). Each of these were mutated Ser to Ala indi-
vidually and together, confirmed by sequencing, and stably
expressed in PS120/NHERF2 cells. The effect of KN-93 (30�M)
on eachmutant was compared with wild type NHE3. As shown
in Fig 10A, mutation of each putative CaMKII consensus abol-
ished KN-93 stimulation of NHE3. Basal activity was not
altered in any of the three mutants. In contrast, as shown in Fig
10B, in which all three Ser were mutated to Ala, basal NHE3
activity was increased, and KN-93 failed to further increase
basal NHE3 activity. Together, these results demonstrate that
these three Ser are all needed for CaMKII to inhibit basal NHE3
activity.

DISCUSSION

This study demonstrated that under basal conditions,
CaMKII binds to the NHE3C terminus, phosphorylates NHE3,
and reduces NHE3 activity, and these effects help to set the
overall basal NHE3 activity. One of the consistently identified
characteristics of NHE3 is that it is active under basal condi-
tions (45). This allows the large swings in its activity that occur
as part of digestion in which it is initially inhibited and then is
sequentially stimulated by release of multiple neurohumoral
ligands. Being active under fasting conditions allows NHE3 to
carry out its major physiologic function during digestion in the
intestine in which it is inhibited in the early post-prandial state,
which, via water transport coupling, helps spread the digestive
enzymes over the digestive and absorptive surface of the intes-

FIGURE 8. CaMKII binds in vivo to NHE3 between aa 586 and 605. A, immu-
noprecipitation (IP) of a series of NHE3 C-terminal truncation mutants trun-
cated at aa 585, 605, 640, 660, and 690 (NHE3/�585V, NHE3/�605V, NHE3/
�640V, NHE3/�660V, and NHE3/�690V, respectively) were identified with
anti-VSVG polyclonal antibodies (data not shown for �690). B, cell lysates with
NHE3 C-terminal truncation mutants were immunoprecipitated with anti-
CaMKII� antibody in the presence (100 �M) and absence (1 mM EGTA) of Ca2�,
and coprecipitated NHE3 truncation mutants were visualized with anti-VSVG
antibodies. CaMKII co-immunoprecipitated all tested NHE3 C-terminal trun-
cation mutants except NHE3/�585V. NHE3 mutants were all co-precipitated
in the presence and absence of Ca2� with less binding when Ca2� was
elevated.

FIGURE 9. CaMKII requires a domain C-terminal of its binding site to reg-
ulate NHE3 activity. PS120/NHERF2 cells stably transfected with NHE3 trun-
cated to aa 690 (NHE3/�690V) were exposed to 30 �M KN-62 as in Fig. 1, and
the effect on NHE3 activity was determined. KN-62 failed to affect NHE3 activ-
ity of the truncation mutant suggesting that the C-terminal 143 aa of NHE3
are required for the CaMKII inhibition of NHE3 activity. Note that basal NHE3
activity in NHE3/�690V cells is much faster than full-length NHE3, as reported
(33). N refers to the number of separate experiments. NS, not significant.
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tine, following which there is increased NHE3 activity, which
helps prevent dehydration occurring as part of digestion.
The characteristics of the effects of CaMKII in regulation of

NHE3 in PS120 and Caco-2 cells demonstrated here are con-
sistent with and extend mechanistic understanding of our pre-
vious studies of Ca2� regulation of NHE3 in intact mammalian
ileum. We previously showed that CaMKII is present in small

intestinal BB where it inhibits neutral NaCl absorption under
basal conditions, and studied in isolated ileal villus cell BB, it
inhibits NHE3 activity by a process consistent with phosphor-
ylation, because it was Mg2�-, ATP-, Ca2�-, and calmodulin-
dependent (21, 34). The similarity of the CaMKII effects in
intact ileal Na�-absorptive cells, isolated absorptive cell BB,
PS120 fibroblasts, and Caco-2-BBe cells, as shown here, sup-
ports that this inhibition of basal NHE3 activity by CaMKII is
intrinsic toNHE3 rather than being tissue- or cell-specific. This
study provides some mechanistic understanding of how this
occurs, which is by altering the NHE3 turnover number with-
out affecting surface expression. In addition, it is important to
note that this study concentrated on the regulation of NHE3
under basal conditions. In intact intestine, elevation of Ca2�

inhibits basal NaCl absorption, acting independently of CaM-
KII via activation of PKC (46). The role of CaMKII in additional
regulation (stimulation and inhibition as part of digestion phys-
iologically) of NHE3 remains to be defined.
Acute regulation of NHE3, as occurs in the post-prandial

state, involves signaling complexes that form on the NHE3 C
terminus.We have estimated that at any time up to 20 proteins
of an average size of 50 kDa associate with NHE3, only some of
whichhave been identified (14). TheNHE3C-terminal domain,
which is necessary for CaMKII binding is aa 586–605, which is
predicted by multiple modeling programs to be �-helical.
Please note that we do not know whether there are additional
sequences in the NHE3 C terminus or in its N-terminal trans-
port domain that are involved in the binding of CaMKII to
NHE3. However, other proteins that associate with NHE3 also
require this NHE3 domain, including NHERF1–4, phospho-
lipase C�, and CK2� (10, 19). Based on point mutations of this
part of NHE3, this signaling complex is necessary for part of
basal NHE3 activity (the phosphatidylinositol 3-kinase-depen-
dent component) and is necessary for all cAMP, cGMP, and
elevated Ca2� inhibition of NHE3 activity.4 CaMKII appears to
bind to NHE3 at one site (586–605) but requires a domain
C-terminal to aa 690 to inhibit basal NHE3 activity. This part of
NHE3 contains three putative CaMKII phosphorylation con-
sensus sequences conserved across species (in rabbit NHE3,
Ser693, Ser694, and Ser810), all of which are necessary for CaM-
KII to inhibit basal NHE3 activity as indicated by increased
basal NHE3 activity only when all three were removed simulta-
neously, whereas removal of any one eliminated the KN-93
stimulation ofNHE3 (Fig 10). Althoughwe have not shown that
any of these sites are phosphorylated by CaMKII under basal
conditions, there is another example in which three sites in
NHE3 are phosphorylated by a single protein kinase, all of
which are required for the kinase to regulate NHE3 function. In
starfish NHE3, theMos-MEK-MAPK-p90RSK pathway stimu-
lates NHE3 via Rsk phosphorylation of NHE3 at three distal
C-terminal sites, all of which are necessary for NHE3 phospho-
rylation and stimulation of NHE3 activity (47). CaMKII is not
the only kinase that binds to this domain of NHE3 and is part of
the large NHE3 signaling complex that forms there. CK2�, an
active subunit, also associates with NHE3 in this domain (also

4 B. Cha and M. Donowitz, unpublished data.

FIGURE 10. Serines in putative CaMKII phosphorylation consensus
sequences C-terminal to amino acid 690 are all necessary to increase
basal NHE3 activity and for KN-93 stimulation of NHE3 activity. PS120/
NHERF2 cells were stably transfected separately with three NHE3 mutants,
S693A, S694A, and S810A (A). These are the serines of the three putative
CaMKII phosphorylation consensus sequences that are present in NHE3 C-ter-
minal to aa 690. After multiple rounds of acid loading to increase NHE3
expression, basal NHE3 activity and activity after KN-93 (30 �M) were deter-
mined. KN-93 increased basal NHE3 activity in wild type NHE3-expressing
cells studied at the same time as the three mutants but failed to increase
activity in any of the three mutants. Note basal NHE3 activity in the three
mutants was similar to that of wild type. B, single construct containing all
three mutants, S693A, S694A, S810A. Basal NHE3 activity was significantly
higher in the triple mutant than in wild type, but this mutant failed to increase
NHE3 activity with KN-93. Results shown are NHE3 Vmax (mean � S.E.) from
three separate experiments. NS, not significant.
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aa 586–605) and like CaMKII affects basal NHE3 activity
(stimulates) by phosphorylating a site C-terminal to the kinase-
binding site (Ser719) (19). It is important to note that although
mutation of the three Ser in putative CaMKII phosphorylation
sites C-terminal to NHE3 aa 690 prevented a CaMKII inhibitor
from stimulating basal NHE3 activity, they did not increase
basal NHE3 activity by themselves. We speculate that this
might indicate a more complex regulation of NHE3 by CaMKII
in addition to possible interactions among these three Ser phos-
phorylation sites in basal regulation.
Thus, this NHE3 signaling complex, which sets basal NHE3

activity, includes two active kinases that stimulate and inhibit
NHE3 and almost certainly contribute to the “footprint of
NHE3,” which is its ability to be both stimulated and inhibited
as part of digestion (14). It is not known how the CK2 stimula-
tion and CaMKII inhibition of NHE3 are coordinated, but it is
of interest that two different mechanisms of regulation of
NHE3 activity are used (CK2 trafficking; CaMKII change in
turnover number without changes in trafficking), suggesting
potential coordination of their effects. Also, how such a small
�-helical domain can be necessary for interactions with so
many large proteins is not understood structurally.NHE3 exists
as a dimer, and even if the two NHE3 monomers making up a
dimer bind to somewhat different components of the signaling
complex, such a large complex suggests that multiple areas in
the NHE3 C terminus are likely to interact, as has been sug-
gested previously (14, 48).
The dynamic aspect of the CaMKII-NHE3 association in the

plasma membrane with elevated Ca2� is consistent with the
NHE3 signaling complex changing with signaling; we and oth-
ers have demonstrated that the NHE3 signaling complexes
change in size not only with elevated Ca2� but also with other
signaling that alters NHE3 activity, including D-glucose, lyso-
phosphatidic acid, and parathyroid hormone (14, 49, 50). The
role of changes in the NHE3-CaMKII association or in changes
in other NHE3 associating proteins (elevated Ca2� reduces
binding to NHE3 of NHERFs 2 and 3 (but not NHERF1), phos-
pholipase C�, andCK2, in addition toCaMKII as demonstrated
here) in mediating signaling related changes in NHE3 activity
has not been defined (10, 51, 52).
Binding of the specific isoform CaMKII� to NHE3 was ini-

tially identified by immunoprecipitation of NHE3 followed by
LC-MS/MS, which was undertaken to identify further compo-
nents of the NHE3 signaling complexes. Intestinal cells, includ-
ing Caco-2 cells, contain only the � and � isoforms of CaMKII,
which are ubiquitously expressed, with the 54-kDa � splice var-
iant being the form expressed in Caco-2 and PS120 cells; and it
is only the � isoform that associates with NHE3. As shown in
Fig. 5D, CaMKII� is phosphorylated under basal conditions,
which, along with the transport and NHE3 phosphorylation

studies reported here, demonstrate that at least a pool of this
isoform is active in Caco-2 cells under basal conditions. We
have assumed that it is the CaMKII� that binds NHE3, which is
the pool involved in basal NHE3 inhibition. This is an interpre-
tation consistent with our previous demonstration that BB
vesicular CaMKII inhibits NHE3 (21). Moreover, there is no
evidence that CaMKII� is involved in any aspect of NHE3
regulation.
What explains the unusual circumstances of having an active

CaMKII binding toNHE3 at basal Ca2� where it inhibits NHE3
activity? CaMKII is generally inactive at basal Ca2�, and an
active CaMKII generally is created by autophosphorylation and
release of the kinase sequence from binding to the CaMKII
autoinhibitory domain. There are at least two possible mecha-
nisms by which CaMKII can retain activity at basal Ca2�, both
of which include initial activation of CaMKII byCa2�/CaMand
subsequent release of the kinase catalytic domain from its auto-
inhibitory domain. This is followed by autophosphorylation at
Thr286/287 (based on species) or oxidation of Met281 or Met282
(53), which cause a conformational change inCaMKII, allowing
high affinity interactions with the target proteins, and prevent
inactivation of the kinase by re-association of the catalytic
domain with the autoinhibitory domain after Ca2� returns to
basal levels. In the first of these mechanisms, exemplified by
CaMKII binding and stimulating the NMDA receptor, CaMKII
activated by Ca2�/CaM binds the NMDA receptor, which
blocks access of the catalytic domain to the autoinhibitory
domain despite Ca2�/CaM no longer being present. In the sec-
ond mechanism, the catalytic subunit of the activated CaMKII
(freed from its autoinhibitory domain) binds to a domain in its
substrate that resembles the kinase autoinhibitory domain but
fails to inactivate the catalytic domain, while preventing access
to the kinase autoinhibitory domain (54, 55). Similarity in the
sequence alignments of the CaMKII binding domain of NHE3
with the CaMKII autoinhibitory domain (Fig 11) suggests
involvement of the second mechanism, although testing this
hypothesis by mutagenesis has not been completed.
Multiple aspects of NHE3 regulation depend on the presence

of the NHERF family of multi-PDZ domain proteins. Conse-
quently, we evaluated the role of CaMKII in basal NHE3 regu-
lation in cells containing eitherNHERF1 orNHERF2.We dem-
onstrate here that CaMKII inhibits NHE3 basal activity by a
mechanism that depends on the presence of NHERF2 but not
NHERF1. This was shown both in cells in which NHERF1 and
NHERF2, which are absent or present in low amounts, were
stably transfected (PS120 fibroblasts) and in Caco-2BBe cells
that express both NHERF1 and NHERF2, in which they were
separately knocked down (35). The mechanism of the depen-
dence of the CaMKII inhibition of NHE3 under basal condi-
tions has not been identified, although several possible mecha-

FIGURE 11. Alignment of CaMKII autoinhibitory domain and related sequences in NHE3. CaMKII autoinhibitory domain is underlined. * represents amino
acids that when mutated convert CaMKII inhibition to activation (54). # represents high homology; �, represents identity.
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nisms have been eliminated. Despite both CaMKII and the
NHERF familymembers binding to the same 20 aa of theNHE3
C terminus (56), the NHE3-CaMKII� co-precipitation is not
NHERF2-dependent (Fig. 6E). In addition, although CaMKII
phosphorylatesNHE3 under basal conditions, the total amount
of phosphorylation is not influenced by the presence of
NHERF2 (Fig. 4); although it is not known whether NHERF2 is
necessary for the specific CaMKII phosphorylation of NHE3
that regulates NHE3 activity.
In summary, our results reveal several layers of complexity

for CaMKII regulation and binding to NHE3. We demonstrate
here that NHE3 is a novel CaMKII�-binding protein, which
directly binds NHE3 under basal conditions between aa 586–
605, and this binding is rapidly reduced by physiologic levels of
elevated Ca2�. CaMKII inhibition of basal NHE3 activity is
NHERF2-dependent, occurs via changes in the NHE3 turnover
number, and is associated with phosphorylation of NHE3, with
the regulatory effect requiring amino acids C-terminal to the
CaMKII binding domain and downstream of NHE3 aa 690
(Ser693, Ser694, and Ser810), which are part of putative CaMKII
phosphorylation consensus sequences. It appears that CaMKII
binding to theNHE3C terminus and its effect onNHE3 activity
are part of the physiologic regulation of NHE3 that occurs in
multiple cell types, including fibroblasts as well as in the brush
border of intestinal Na�-absorptive cells, and in this function,
CaMKII acts as part of a large multiprotein- and multikinase-
containing signaling complex that forms on the NHE3 C
terminus.
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