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We examined the ability of carbonic anhydrase II to
bind to and affect the transport efficiency of the NHE1
isoform of the mammalian Na�/H� exchanger. The
C-terminal region of NHE1 was expressed in Escherichia
coli fused with an N-terminal glutathionine S-transfer-
ase or with a C-terminal polyhistidine tag. Using a mi-
crotiter plate binding assay we showed that the C-ter-
minal region of NHE1 binds carbonic anhydrase II
(CAII) and binding was stimulated by low pH and
blocked by antibodies against the C-terminal of NHE1.
The binding to NHE1 was confirmed by demonstrating
protein-protein interaction using affinity blotting with
CAII and immobilized NHE1 fusion proteins. CAII co-
immunoprecipitated with NHE1 from CHO cells sug-
gesting the proteins form a complex in vivo. In cells
expressing CAII and NHE1, the H� transport rate was
almost 2-fold greater than in cells expressing NHE1
alone. The CAII inhibitor acetazolamide significantly
decreased the H� transport rate of NHE1 and transfec-
tion with a dominant negative CAII inhibited NHE1 ac-
tivity. Phosphorylation of the C-terminal of NHE1
greatly increased the binding of CAII. Our study sug-
gests that NHE1 transport efficiency is influenced by
CAII, likely through a direct interaction at the C-termi-
nal region. Regulation of NHE1 activity by phosphoryl-
ation could involve modulation of CAII binding.

The Na�/H� exchanger (NHE)1 is a ubiquitously expressed
integral membrane glycoprotein that functions to exchange one
intracellular proton for one extracellular sodium, thereby pro-
tecting cells from intracellular acidification (1). Several known
isoforms of the Na�/H� exchanger have been designated

NHE1–NHE7. NHE1 was the first isoform cloned (2) and is
ubiquitously expressed in the plasma membrane of mamma-
lian cells, with the other isoforms having more restricted tissue
distributions (3). In mammals, NHE1 plays a key role in reg-
ulation of cell pH, cell volume, and cell proliferation (4). It is
also critically involved in the damage that occurs to the myo-
cardium with ischemia and reperfusion (5).

The Na�/H� exchanger (NHE1 isoform) consists of two
structural and functional domains, a 500 amino acid N-termi-
nal membrane domain that is responsible for ion transport, and
a C-terminal cytoplasmic domain of �300 amino acids that
regulates activity of the membrane domain (1). The large cyto-
plasmic domain is involved in protein-protein interactions with
a number of proteins including calcineurin homologous protein
(6), calmodulin (7), and heat shock protein (8). In addition the
Na�/H� exchanger is subject to regulation by phosphorylation
that stimulates transport activity (9).

Carbonic anhydrases catalyze the hydration of CO2 to pro-
duce HCO3

� and H�. The predominant cytoplasmic isozyme is
carbonic anhydrase II (CAII) (10). CAII deficiency is associated
with osteopetrosis, renal tubular acidosis, and cerebral calcifi-
cation (11). In the red blood cell, CA activity is required for
efficient Cl�/HCO3

� exchange by the anion exchanger AE1 (12).
Recently it was discovered (13) that CAII binds directly to AE1.
The binding site was located in acidic residues (887DADD) of
the C-terminal cytosolic region of AE1 (14). The binding site for
AE1 was localized to the basic N-terminal of CAII (15).

Since the activity of CAII can result in proton production, an
association of CAII with the Na�/H� exchanger could facilitate
proton removal. Several reports have supported the notion that
the Na�/H� exchanger is in some way associated with CA and
AE. It was demonstrated earlier that the CA inhibitor aceta-
zolamide could result in a reduction of Na�/H� exchanger
activity (16). The Na�/H� exchanger and the AE both localize
to the same protruding lamellipodium regions of some cell
types (17). Also, the AE has long been shown to be linked to the
cytoskeleton (18), and the Na�/H� exchanger has also recently
been shown to be linked to the cytoskeleton (19). It is also
interesting to note that the presence of NHE1 has been shown
to be essential for the regulation or functional expression of
HCO3

�-dependent and -independent transporters in neurons
(20), suggesting that AE and CA interact with and may in some
way be regulated by the Na�/H� exchanger. In this report we
examine the hypothesis that NHE1 binds to CAII. We demon-
strate a direct interaction of CAII with the Na�/H� exchanger
and give evidence of effects on activity. The results support the
hypothesis that Na�/H� exchanger activity is linked to bicar-
bonate-based pH regulation possibly through carbonic anhy-
drase activity.
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EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes, E. coli BL21-SI, pDest 17, and re-
lated GATEWAYTM cloning items were from Invitrogen. pGEX-3X,
glutathione-Sepharose 4B and protein A-Sepharose CL-4B were from
Amersham Biosciences. Glutathione, CAII protein (from rabbit), nigeri-
cin, phenylenediamine, and acetazolamide were from Sigma. Rabbit
anti-human CAII polyclonal antibody was from Abcam Ltd, (Cam-
bridge, UK), and rabbit anti-hemagglutinin (HA) and Protein G-PLUS
agarose were from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
anti-His tag antibody was purchased from BioWorld, Dublin, OH. Con-
jugated antibodies were from Jackson ImmunoResearch (Mississauga,
Ont.). Ni-NTA-agarose resin was from Qiagen (Valencia, CA). �-Casein
(dephosphorylated) was from Sigma and casein kinase II (human re-
combinant) was from Cederlane laboratories (Hornby, Ont.). DSP (di-
thiobis(succinimidylpropionate)) was purchased from Pierce.

Construction and Purification of Na�/H� Exchanger Fusion Pro-
teins—The C-terminal 178 amino acid sequence of the rabbit cardiac
Na�/H� exchanger was expressed as a fusion protein with GST
(GST178) using the plasmid pGEX-3X as described previously (21). The
E. coli TOPP2 strain was induced with 1 mM isopropylthiol- �-D-galac-
toside. GST178 was purified via glutathione-Sepharose 4B affinity
chromatography as described earlier (21). The C-terminal 182 amino
acids of the rabbit Na�/H� exchanger (NHE1) were expressed as a
fusion protein with a C-terminal histidine tag (His182) using the plas-
mid pDest 17 and the GatewayTM Cloning System. The E. coli strain
BL21-SI strain was induced with 0.3 M NaCl for 3 h. His182 protein was
purified via Ni-NTA affinity chromatography as described by the man-
ufacturer (Qiagen).

Cell Culture and Transfections—A Chinese hamster ovary cell line
(AP1 cells) that was previously selected to lack endogenous NHE activ-
ity (22) was grown in a humidified atmosphere of 5% CO2 and 95% air
in �-MEM medium supplemented with 10% (v/v) fetal bovine serum, 25
mM HEPES, penicillin (100 units/ml), and streptomycin (100 �g/ml), pH
7.4 at 37 °C. Stable transfections were made and selected by the cal-
cium phosphate technique essentially as described earlier (23). The
plasmid pYN4� contains the HA-tagged NHE1 isoform of the human
Na�/H� exchanger (23), and the plasmid pJRC36 encodes human CAII
(24). Both were behind the constitutively active cytomegalovirus (CMV)
promoter and were used to stably transfect AP1 cells as described
earlier (23). Where indicated, transient transfections were used to in-
troduce plasmids as described earlier (24). For dominant negative ex-
periments an inactive mutant of CAII was used, which possessed the
V143Y mutation (24, 25).

Measurement of Intracellular pH—NHE activity was measured flu-
orometrically using 2�,7 -bis(2-carboxyethyl)-5 (6) carboxyfluores-
cein-AM (BCECF-AM) essentially as described previously (26, 27). pH
regulation by the Na�/H� exchanger was examined in (un- or mock-
transfected) AP1 cells, AP1/pYN4� stably transfected cells and AP1/
pYN4�/pJRC36 stably transfected cells. Cells were grown on glass
coverslips and the acetoxymethyl ester of BCECF-AM was used to
measure pHi. Cells on the coverslips were incubated with BCECF-AM
for 18 min at 37 °C and placed into a holder device and inserted into a
fluorescence cuvette at room temperature. The cuvette was supplied
with 5 mM HEPES buffer bubbled with 100% O2 (pH 7.4 � 0.5) with a
constant flow of 3.5 ml/min and shifted into a buffer containing 25 mM

HCO3
� buffer whenever appropriate. HCO3

� solutions were bubbled with
5% CO2, 95% air to create dissolved CO2 where appropriate as described
earlier (27). The intracellular pH was measured using the dual excita-
tion single emission ratio technique with a PTI spectrofluorophotom-
eter. Excitation wavelengths were 440 and 490 nm, and the emission
wavelength was 520 nm. Acetazolmide (100 �M) was added into the
buffer when indicated. A calibration curve for intracellular dye was
generated using the high K�-nigericin technique for each coverslip (24).
The �pH/min was calculated using Sigma plot software. The use of
CO2/HCO3

� to acidify cells for measurement of Na�/H� exchanger ac-
tivity has been used earlier (28, 29).

Western Blot of Na�/H� Exchanger and Carbonic Anhydrase—AP1
cells transfected with pYN4� or both pYN4� and pJRC36 were grown
in 60-mm Petri dishes. They were treated with RIPA lysate buffer (50
mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, and a proteinase inhibitor mixture) (8) to extract cellular pro-
teins. Total cell extracts were fractionated by 12% SDS-PAGE and
transferred to nitrocellulose as described earlier (8). Mouse monoclonal
anti-HA tag antibody (1:2000) and rabbit anti-human CAII antibody
(1:50,000) were used to check for the expression of transfected proteins.

To examine CAII binding to the Na�/H� exchanger immobilized on
nitrocellulose, GST, GST178, and His182 proteins were separated on

12% SDS-PAGE and then transferred to nitrocellulose membranes (8).
Nitrocellulose membranes were blocked with 10% (w/v) skim milk pow-
der in TBS (20 mM Tris, pH 7.4, 137 mM NaCl) for 5 h at 4 °C. They were
then incubated with 10 �g of CAII with 1% (w/v) skim milk powder in
TBS and rocked gently overnight at 4 °C. Membranes were washed with
TBS for 4 � 15 min at room temperature. The nitrocellulose was then
incubated with rabbit anti-CAII antibody (1:50,000) in TBS with 1%
skim milk powder for 2 h at room temperature followed by washing for
another hour with TBS. Further amplification was achieved by a sub-
sequent incubation with goat anti-rabbit-horseradish peroxidase anti-
bodies. Reactive bands were visualized by the Amersham Biosciences
Enhanced Chemiluminescence system.

Co-immunoprecipition of NHE1 and CAII—All steps were performed
at 4 °C unless otherwise noted. AP1 cells, AP1/pYN4�, and AP1/
pYN4�/pJRC36-transfected cells were washed with phosphate-buff-
ered saline (PBS, 150 mM NaCl, 5 mM sodium phosphate, pH 7.4) and
frozen in 2 ml of RIPA buffer in the absence of detergent (50 mM

Tris-HCl, pH 8.0, 150 mM NaCl, 80 mM NaF, 5 mM EDTA, 1 mM EGTA,
1 mM sodium orthovanadate, and proteinase inhibitor mixture) by plac-
ing cells on dry ice. Cells were defrosted and removed from the flask
followed by sonication for 15 s. The lysate was centrifuged (35,000 � g
for 1 h), and the pellet containing the Na�/H� exchanger was resus-
pended and sonicated for 15 s in 2 ml of RIPA buffer with detergent (1%
Nonidet P-40, 0.5% deoxychlolate). After centrifugation at 10,000 � g
for 30 min, the supernatant was collected for immunoprecipitation. The
supernatant, containing Na�/H� exchanger, was rocked overnight with
7.5 �l of rabbit anti-HA tag polyclonal antibody. Protein A-Sepharose
was added, and the sample was incubated for a further 2 h. The resin
was washed with RIPA buffer, and bound protein was solubilized with
SDS-PAGE sample buffer. Proteins were transferred to nitrocellulose
after SDS-PAGE and probed with anti-CAII antibody. For some exper-
iments to obtain a more quantitative co-immunoprecipitation of CAII
and the Na�/H� exchanger a cross-linking reagent was used. DSP was
added to cells at a final concentration of 2 mM for 30 min at room
temperature. The reaction was terminated by addition of Tris, pH 7.5,
to a final concentration of 10 mM. Cells were then washed with phos-
phate-buffered saline, and the immunoprecipitation was continued as
described above.

Microtiter Plate Binding Assay—Purified CAII (0.2 �g/well) was im-
mobilized onto 96-well microtiter plates by overnight incubation in
buffer containing 1.25 mg/ml of 1-cyclohexyl-3-(2-morpholinoethy) car-
bodiimide metho-p-toluene sulfonate in 150 mM NaCl, 100 mM sodium
phosphate, pH 6.0 at 4 °C. Plates were then washed extensively with
PBST (150 mM NaCl, 5 mM sodium phosphate, 0.1% Triton X-100, pH
7.5) and blocked for 1 h at 37 °C in PBS with 0.5% bovine serum
albumin. The bound CAII was shown to be active by an esterase assay
(13). Plates were washed with PBST and incubated for 1 h with 0–100
nM GST178 or His182 in Ab buffer (50 mM Tris-HCl, pH 7.5, 100 mM

NaCl, 5 mM EDTA, 0.1% C12E8, 0.25% gelatin) at 37 °C. Purified GST
was used as a control. Plates were washed with PBST and incubated
with rabbit anti-GST (1:4000) antibody or with anti-His tag antibody
(1:2000) for 1 h at 37 °C. Plates were further washed, and goat anti-
rabbit horse radish peroxidase (1:4000) antibody was added for 1 h at
37 °C. Red color was developed by 0.1% o-phenylenediamine in sub-
strate buffer (50 mM citric acid, 5 mM sodium phosphate, pH 5.0, 0.09%
H2O2). The reaction was terminated with 50 �l of 3 M H2SO4 per well,
and absorbance of microtiter plates was read at A450. For some exper-
iments the pH or incubation time of Ab buffer was varied as indicated
in the figure legends. In other experiments an antibody against the
C-terminal 178 amino acids of the Na�/H� exchanger (described earlier,
Ref. 8) was premixed with His182 in the Ab buffer at the indicated
concentrations. This was then immediately incubated with immobilized
CAII.

In Vitro Phosphorylation of Proteins—In some experiments cell ex-
tracts from rabbit ventricular muscle were used to phosphorylate the
His182 fusion protein. Cell extracts and in vitro phosphorylation of the
His182 fusion protein were as described earlier (9). In some cases
primary cultures of isolated myocyte cells were grown overnight in
serum-free medium (unstimulated), as opposed to serum-containing
medium (stimulated) to reduce the activity of NHE1-directed protein
kinases as described earlier (9). After phosphorylation (or mock phos-
phorylation of controls) by cell extracts the Na�/H� exchanger fusion
protein (His182) was removed from the cell extracts using Ni-NTA-
linked agarose. Phosphorylated and non-phosphorylated His182 pro-
teins were used to examine CAII binding to the Na�/H� exchanger
immobilized on nitrocellulose as described above. To confirm that equal
amounts of phosphorylated and non-phosphorylated protein were pres-
ent, nitrocellulose transfers were examined by Ponceau S staining.
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Some in vitro phosphorylation experiments contained 32P to confirm in
vitro phosphorylation of the protein. In these experiments the final ATP
concentration was 250 �M. In experiments without 32P labeling the final
ATP concentration was 1 mM.

In some experiments we examined the binding of CAII to phospho-
rylated and unphosphorylated casein. To phosphorylate casein (4 �g)
was treated with casein kinase 2 enzyme in a reaction consisting of 100
mM Tris-HCl, pH 8.0, 20 mM MgCl2, 50 mM KCl, 100 mM NaCl, 2.5 mM

EGTA, 0.2 mM EDTA, 3 mM ATP (or 1 �l of [�-32P]ATP) and 1 �l of
kinase (500 units/�l) for 30 min at 30 °C as described by others (30).
Some in vitro phosphorylation experiments contained 32P to confirm in
vitro phosphorylation of the protein. Phosphorylated and unphospho-
rylated casein was then used to examine CAII binding while immobi-
lized on nitrocellulose as described above for the Na�/H� exchanger.

RESULTS

Protein Production and Purification—To study the C-termi-
nal region of the Na�/H� exchanger it was produced as two
independent fusion proteins. The fusion proteins contained
amino acids 635–816 or 639–816, respectively, of the rabbit
NHE1 protein with histidine and GST tags respectively. The
identities of the induced proteins were confirmed using an
antibody generated against the C-terminal region of Na�/H�

exchanger (not shown) (8). The proteins were purified using the
standard procedures with either glutathione-Sepharose or Ni-
NTA affinity chromatography.

Na�/H� Exchanger Binding to CAII—A solid phase binding
assay was used to examine the interaction between the C
terminus of the Na�/H� exchanger (GST178, His182) and
CAII. CAII was immobilized on microtiter plates and possessed
enzymatic activity indicating it had retained a native confor-
mation (13). The binding curves of GST178, His182 and GST to
immobilized CAII (Fig. 2A) showed that the amount of GST178
and His182 binding increased with increasing concentrations
and saturated at higher levels. Under the identical conditions,
only a low background binding to GST was observed, suggest-
ing the binding was caused by the Na�/H� exchanger part of
the molecules. There was no indication of cooperatively from
the shape of the curve. We tested the effect of varying the pH
of the incubation medium on the interaction between CAII and
NHE1. The results (Fig. 1B) showed that in acidic medium the
interaction between NHE1 and CAII was increased. A time
course (Fig. 1C) of the interaction between NHE1 and CAII
showed that the association was time-dependent reaching sat-
uration in 30 min. To confirm that the interaction was specif-
ically due to the association between the C terminus of NHE1
and CAII we used an antibody generated against an independ-
ently made, different fusion protein of NHE1 directed toward
the C-terminal 178 amino acids (8). The results (Fig. 2D)

FIG. 1. Solid phase microtiter plate binding assay for Na�/H� exchanger and CAII interactions. CAII was immobilized to microtiter
plates as described under “Experimental Procedures.” The fusion protein concentration was 20 nM (B–D). A, increasing concentrations of GST178,
His182, or GST proteins were added to CAII immobilized to microtiter plates. Bound proteins were detected with anti-GST antibody or anti-His
tag antibody. B, effect of varying the pH of interaction medium on interaction of NHE1 fusion proteins with immobilized CAII (0.2 �g/well). C, effect
of varying the time of incubation between CAII and NHEI fusion proteins. D, inhibition of CAII and NHE1 interaction by addition of varying
amounts of anti-NHE1 antibody. Results are mean � S.E. of at least four experiments.
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showed that this antibody blocked the association of CAII with
NHE1.

To confirm the results of the solid phase assay we used an
affinity blotting technique. Equal amounts (10 �g) of purified
GST178, His182, or GST were run on SDS-PAGE, transferred
to nitrocellulose membranes, and probed with CAII. The re-
sults (Fig. 2) showed that both the His-tagged and the GST-
tagged Na�/H� exchanger C-terminal proteins (GST178 and
His182) bound CAII. Purified GST alone did not bind CAII.

In Vivo Interactions of CAII and NHE1—To determine if the
Na�/H� exchanger can interact with CAII in vivo we made
stable cell lines of AP1 cells expressing the Na�/H� exchanger
(pYN4�) alone or cells expressing the Na�/H� exchanger plus
CAII (pYN4�/pJRC36). Fig. 3 illustrates the analysis of the
cell lines. Fig. 3A demonstrates the presence of the Na�/H�

exchanger protein in cells lines transfected with HA-tagged
Na�/H� exchanger protein. We usually found a larger form of
the NHE1 protein of �105–110 kDa plus a smaller form about
90–95 kDa in size. This result is commonly found with the
smaller isoform representing unglycosylated or partially glyco-
sylated protein (26, 31). Fig. 3, B and C, demonstrate the
presence of CAII and Na�/H� exchanger, respectively, in cells
stably co-transfected with pYN4�/pJRC36 plasmids. To exam-
ine if an interaction between CAII and the Na�/H� exchanger
occurs in vivo, co-transfected actively growing cells were used
for immunoprecipitation with anti-HA antibody. Fig. 3D illus-
trates the results of immunoblotting of the immunoprecipi-
tates. Lanes 1 and 2 contained CAII immunoreactive protein of
the same size as purified CAII protein (lane 4). Lane 3 con-
tained immunoprecipitates of untransfected AP1 cells and did
not show any CAII immunoreactive species. The results show
that a complex of CAII and NHE1 can be isolated from co-
transfected cells. In this experiment we did not use a cross-
linker to secure the CAII to the Na�/H� exchanger, and there-
fore the results could be described qualitatively only.

Physiologic Effects of CAII on Na�/V̇AH� Exchanger Activ-
ity—To determine if CAII binding influences the activity of the
Na�/H� exchanger we examined pH regulation in AP1, AP1/
pYN4�, and AP1/pYN4�/pJRC36 cells. Fig. 4A illustrates ex-
amples of the effects obtained during transient induction of
acid load by shifting cells from 02-gassed nominally CO2-free
medium to CO2/HCO3

�-containing medium as described by oth-
ers (27–29). AP1 cells, lacking the Na�/H� exchanger, showed
only very small amounts of alkalization (recovery) after acid
load. Stably transfected AP1/pYN4� cells showed a much

greater recovery (Fig. 4A), indicating that the Na�/H� ex-
changer extruded H�s and alkalinized the cells. The results
shown were typical of several independently made cell lines.
Stable transfectants of AP1/pYN4�/pJRC36 cells also alkalin-
ized after acid load; however, their recovery was faster than
AP1/pYN4� cells, indicating that cotransfection of CAII with
NHE1 stimulated H� transport by the Na�/H� exchanger (Fig.
4A). This effect was reduced by treatment with acetazolamide.
Fig. 4B summarizes these results. The amiloride analogue
5-(N,N-hexamethylene)-amiloride inhibited the recovery indi-
cating that it was due to the Na�/H� exchanger (not shown).
Fig. 4B also shows that treatment with the CA inhibitor aceta-
zolamide can affect Na�/H� exchanger activity of (AP1/
pYN4�). The H� transport rate of AP1/NHE1 cells was re-
duced 37 � 7.8% (n � 5) when cells were treated with 100 �M

acetazolamide (Fig. 4B). Acetazolamide also reduced the trans-
port rate of AP1/NHE1/CAII cells by 74% (n � 5). To confirm
that a direct interaction between CAII and NHE1 was neces-
sary for stimulation of NHE1 activity, we transiently trans-

FIG. 2. Affinity blotting assay of CAII with Na�/H� exchanger
fusion proteins. Fusion proteins were separated with SDS-PAGE and
transferred to nitrocellulose. Lanes 1–3 are 10 �g of the proteins
GST178, His182, and GST proteins. A, nitrocellulose transfer of pro-
teins probed with CAII. B, Coommassie Blue stain of corresponding
proteins in SDS-PAGE. Results are typical of three experiments.

FIG. 3. Immunoblot of NHE1 and CAII in cell lines stably trans-
fected with Na�/H� exchanger and CAII. A, immunoblot with an-
ti-HA antibody (directed against the HA tag of the Na�/H� exchanger).
Lane 1, mock-transfected AP1 cells. Lane 2, AP1 cells transfected with
the pYN4� plasmid containing HA-tagged Na�/H� exchanger (NHE1).
Arrow indicates the position of the 105–110 kDa NHE1 immunoreactive
band. B, immunoblot probed with anti-CAII antibody. Lane 1, mock-
transfected AP1 cells. Lane 2, AP1 cells transfected with the pYN4�
plasmid containing HA-tagged Na�/H� exchanger (NHE1) and pJRC36
containing CAII. Lane 3, positive control, 1 �g of purified CAII protein.
Arrow indicates the position of the CAII immunoreactive bands. C,
immunoblot probed with anti-HA antibody. Lane 1, mock-transfected
AP1 cells. Lane 2, AP1 cells transfected with the pYN4� plasmid
containing HA-tagged Na�/H� exchanger (NHE1) and pJRC36 contain-
ing CAII. Arrow indicates the position of the major 105–110-kDa NHE1
immunoreactive band. D, immunoblot probed with anti-CAII antibody
of immunoprecipitates. The immunoprecipitation was with anti-HA
antibody. Lane 1, AP1 cells transfected with the pYN4� plasmid (alone)
containing the Na�/H� exchanger. Lane 2, AP1 cells transfected with
pYN4� and pJRC36 plasmids containing the Na�/H� exchanger and
CAII respectively. Lane 3, mock-transfected AP1 cells. Lane 4, positive
control, 1 of �g purified CAII protein. Arrow indicates the position of the
CAII immunoreactive bands.
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fected the dominant negative CAII mutant with a V143Y mu-
tation into AP1/pYN4� cells. We found that this resulted in
approximately a 50% decrease in NHE1 activity (Fig. 4C, n �
4) likely due to displacement of endogenous CAII from its
binding site on NHE1. Transfection with equivalent amount of
vector without CAII had no effect on NHE1 activity (not
shown).

Effects of Phosphorylation on CAII Binding to NHE1—Be-
cause phosphorylation of NHE1 has been shown to be stimu-
latory to activity (9) we examined if phosphorylation could
influence the binding of CAII to the C-terminal of NHE1. Fig.
5A (lane 1) confirms that cell extracts from rabbit ventricles
phosphorylate the His182 fusion protein. As a control, we also
phosphorylated commercially obtained casein, using casein ki-
nase II (lane 3). We then examined the effect of phosphoryla-
tion of CAII binding. Fig. 5B compares the binding of CAII to
equal amounts of phosphorylated (lane 1) and non-phosphoryl-
ated (lane 2) His182 protein and phosphorylated (lane 3) and
non-phosphorylated (lane 4) casein. Phosphorylated NHE1
C-terminal protein bound much larger amounts of CAII than
unphosphorylated protein. The effect was seen in over seven
independent experiments with the His182 protein. Phosphoryl-
ation of the NHE1 protein also caused a slight mobility shift in
the protein typical of proteins with added phosphate moieties.
Neither phosphorylated or non-phosphorylated casein bound
CAII. To compare the effect of different amounts of phospho-
rylation activity from cells we examined the effects of isolated
myocyte extracts treated or untreated with serum as described
under “Experimental Procedures.” Fig. 5C shows that unstimu-
lated extracts phosphorylated the His182 protein to a lesser
degree than stimulated extracts. The same extracts were used
to treat the His182 protein and then the binding of CAII was
examined. The results are shown in Fig. 5D. Extracts from
active, stimulated cells that caused a higher degree of phospho-
rylation (lanes 2 and 4, stimulated), resulted in greater binding
of the CAII protein to His182 than cells that caused a lesser

degree of phosphorylation (lanes 1 and 3). The amount of in-
crease in CAII binding by increased levels of phosphorylation
was between 45 and 60% in three different experiments. To
examine the effect of phosphorylation in vivo on the binding of
CAII to the Na�/H� exchanger we used a cross-linking reagent,
DSP, to make the linkage between the two proteins more stable
and more quantitative during the immunoprecipitation proc-
ess. DSP contains a thiol-cleavable linkage, and the samples
were incubated in SDS-PAGE sample buffer containing � -mer-
captoethanol prior to electrophoresis. The results are shown in
Fig. 5E. Lanes 2 and 3 illustrate immunoprecipitated CAII
from cells transfected with Na�/H� exchanger and CAII. The
amount immunopreciptated from cells in the presence of serum
(lane 2) was always greater than that in the absence of serum
(lane 3). Lanes 4 and 5 illustrate a similar experiment but with
cells transfected with only the Na�/H� exchanger. More CAII
immunoprecipited in the presence of serum (lane 4) than in its
absence (lane 5). In addition the amount of CAII immunopre-
cipitated in these cells in the presence of serum (lane 4) was
reduced by about 40%, compared with cells transfected with
additional CAII (lane 2). In the absence of serum there was no
difference in the amount immunoprecipitated from cells trans-
fected with or without exogenous CAII, and this amount was
always small, about 25–35% of the amount of CAII immuno-
precipitated from serum-stimulated cells. Reprobing the immu-
noblot with anti-HA antibody demonstrated that the equiva-
lent amount of Na�/H� exchanger was present in lanes 2–5
(not shown).

DISCUSSION

The Na�/H� exchanger is an essential part of pH homeosta-
sis in mammalian cells. Regulation of the Na�/H� exchanger
has been the subject of many investigations but is still not well
understood at the molecular level. The C-terminal, hydrophilic
domain of Na�/H� exchanger regulates the activity of the
membrane domain that transports the Na� and H� ions (4, 32).

FIG. 4. Effects of CAII expression and acetazolamide on H� transport rate of AP1 cells in the presence of bicarbonate. Cell lines
were initially bathed in O2 bubbled HEPES-containing buffer (pH 7.4 � 0.5) and then shifted to CO2/HCO3

�-containing buffer to create a
bicarbonate-dependent acid load. The rate of recovery from an acid load was quantified as described earlier (27). A, examples of effects on
intracellular pH. Representative effects on rate of recovery from an acid load induced by CO2/HCO3

� are illustrated. AP1 refers to AP1 cells that
do not have an endogenous Na�/H� exchanger. AP1/NHE1 refers to AP1 cells stably transfected with the plasmid pYN4� that expresses the
Na�/H� exchanger (NHE1). AP1/pYN4�/CAII are AP1 cells stably transfected with NHE1 and the plasmid pJRC36 that expresses CAII. ACTZ
indicates that the appropriate cells were treated with 100 �M acetazolamide. B, summary of H� transport rates of Na�/H� exchanger and Na�/H�

exchanger and CAII-transfected cells. Results are mean � S.E. of at least seven experiments. Abbreviations are as in A. Asterisk indicates
statistically significant difference from AP1/NHE1 cells at p 	 0,05. C, effect of dominant negative CAII with a V143Y mutation on Na�/H�

exchanger activity of AP1 cells. AP1 cells stably transfected with NHE1 were transiently transfected with either empty vector (AP1/NHE1) or CAII
with a V143Y mutation (AP1/NHE1/CAV143Y). The activity of NHE1 was measured as described in the legend for Fig. 4. Results are mean � S.E.
of four experiments.
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The cytoplasmic, C-terminal of the exchanger is over 300 amino
acids in length and can be divided into four distinct subdo-
mains that are involved in regulation. These include an ATP-
dependent regulation, phosphorylation region, and binding re-
gions for calcineurin homologous protein and calmodulin (1). It
is still unclear if there are other proteins involved in the inter-
actions of the C-terminal of the Na�/H� exchanger.

Recently, it was found that CAII could interact with the
C-terminal of the anion exchanger by binding with an acidic
amino acid cluster (887DADD) (13, 14). Removal of the DADD
sequence resulted in a loss of CAII binding (14). The binding
may allow the formation of a metabolon between AEI and CAII
that functions to channel the products of the carbonic anhy-
drase reaction to the anion exchanger (25, 33). Several obser-
vations suggested that CAII might also associate with the
Na�/H� exchanger. First, there is a general structural and
functional similarity between the anion exchanger and Na�/H�

exchanger, with both proteins having large interior cytoplas-
mic domains with internal acidic amino acids. Second, several
reports have suggested that the Na�/H� exchanger is associ-
ated with CA and AEs (16, 20, 34). Third, since CA catalyzes
the hydration of CO2 to produce a proton and bicarbonate, it
might also co-localize with NHE1 to improve efficiency of pro-
ton removal, similar to CAII and the AE. It is of note that the
C-terminal 178 amino acids of NHE1 contain 12 aspartate and
17 glutamate residues that could be involved in forming a
binding site for CAII.

Our study demonstrated that the C-terminal 178 amino
acids of NHE1 can bind CAII in microtiter plate binding assays
and in affinity blotting assays with immobilized Na�/H� ex-
changer (Figs. 1 and 2). It was clear that the Na�/H� ex-
changer part of these fusion proteins was responsible for the
binding since GST alone did not bind to CAII. CAII was found
co-imunoprecipitating with the Na�/H� exchanger from cells
either transfected or not transfected with CAII (Fig. 3D). How-
ever the AP1 cells we used in this study possessed endogenous
CAII (Fig. 3B, lane 1). Overall our results clearly indicate an
interaction between CAII and the Na�/H� exchanger both in
vivo and in vitro.

To examine the effects of CAII binding on Na�/H� exchanger
activity in vivo, pH regulation of transfected cells was meas-
ured. Our results showed that cells transfected with both
Na�/H� exchanger and CAII have a higher H� transport rate
compared with cells transfected with Na�/H� exchanger alone.
The H� transport rate in cotransfected cells increased 76%,
which suggests that CAII could stimulate Na�/H� exchanger
activity. In addition, the CAII inhibitor acetazolamide signifi-
cantly decreased the H� transport rates by the Na�/H� ex-
changer. This result further demonstrated that CAII activity
influences activity of the Na�/H� exchanger. It was notable
that transfection with a dominant negative inactive carbonic
anhydrase mutant resulted in a decrease in activity of the
Na�/H� exchanger protein (Fig. 4C). Overexpression of a dom-
inant negative CAII would cause displacement of endogenous
CAII from its binding site on NHE1 by the inactive CAII
mutant. Therefore we interpret the inhibitory effect of V143Y
CAII on the Na�/H� exchanger activity as an indication that
direct binding by an active CAII protein is necessary for stim-
ulatory activity.

Phosphorylation of the Na�/H� exchanger has been shown to
stimulate activity in the heart and other tissues. Phosphoryl-
ation has also been localized to the C-terminal 178 amino acids
of the protein (9) similar to the region that we found binds
CAII. We found that phosphorylation of the Na�/H� exchanger
greatly increased CAII binding (Fig. 5). The effect was specific
to CAII since phosphorylation of casein did not result in CAII

FIG. 5. Effect of phosphorylation on CAII binding to the
Na�/H� exchanger. A–D, purified His182 protein was incubated with
ATP and a cell lysate prepared from rabbit ventricular myocardium. A,
autoradiogram of His182 fusion protein and casein phosphorylated in
the presence of [�-32P]ATP. Arrow denotes the phosphorylated His182
protein. The His182 fusion protein containing the C-terminal 182
amino acids of the Na�/H� exchanger was phosphorylated in vitro
with rabbit ventricular cell extracts, and casein was phosphorylated
with casein kinase II as described under “Experimental Procedures.”
Lane 1, His182 protein phosphorylated with cell extracts. Lane 2,
His182 protein treated with the presence of phosphorylating buffer
but in the absence of cell extracts. Lane 3, casein treated with casein
kinase II in a phosphorylating buffer. Lane 4, casein treated with
phosphorylating buffer in the absence of kinase. B, affinity blotting
assay of phosphorylated and non-phosphorylated proteins. Equal
amounts of His182 and casein proteins were separated by SDS-PAGE
and transferred to nitrocellulose as described under “Experimental
Procedures.” Nitrocellulose transfer of proteins was probed with CAII
protein as described in the legend to Fig. 2. Lanes are as described for
Fig. 5. The arrow indicates location of CAII binding to His182. C,
autoradiogram of phosphorylation of the His182 protein by unstimu-
lated (lanes 1 and 2) and stimulated (lanes 3 and 4) rat cardiomyocyte
extracts prepared as described under “Experimental Procedures.” D,
affinity blotting assay of phosphorylated His182 fusion protein
treated with unstimulated (lanes 1 and 3) and stimulated (lanes 2 and
4) rat cardiomyocyte extracts. Equal amounts of His182 proteins were
separated by SDS-PAGE and transferred to nitrocellulose as de-
scribed under “Experimental Procedures.” Nitrocellulose transfer of
proteins was probed with CAII protein as described in the legend to
Fig. 2. Results are typical of three independent experiments. E,
immunoblot of immunoprecipitates probed with anti-CAII antibody.
The immunoprecipitation was with anti-HA antibody. Samples were
treated with DSP prior to immunoprecipitation and were finally
heated in sample buffer containing �-mercaptoethanol as described
under “Experimental Procedures.” Lane 1, positive control, 1 �g of
purified CAII protein. Lanes 2 and 3, immunoprecipitate from cells
transfected with pYN4� and pJRC36 plasmids. Lanes 4 and 5, im-
munoprecipitate from cells transfected with pYN4�. Lanes 2 and 4,
immunoprecipitate from cells grown in the presence of serum. Lanes
3 and 5, immunopreciptate from cells grown in the absence of serum
for 16 h.
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binding. The effect of phosphorylation occurred in vitro, and we
also found that serum treatment of cells increases the amount
of CAII that co-immunoprecipitated with the Na�/H� ex-
changer (Fig. 5E). We have earlier shown that such serum
stimulation causes phosphorylation of the Na�/H� exchanger
in vivo (9). Since phosphorylation has been shown to stimulate
the activity of the Na�/H� exchanger, and since we found that
expression of CAII protein stimulated Na�/H� exchanger ac-
tivity, this leaves open the possibility that the mechanism by
which phosphorylation stimulates the activity is through in-
creased CAII binding. However at present, this only remains a
theory and further experiments are necessary to explore this
possibility. It is interesting to note that the pH dependence of
interaction of CAII with the Na�/H� exchanger (Fig. 1B) is
consistent with the known activity profile of NHE1, which is
activated by decreases in intracellular pH.

In summary, our results show that CAII can bind to the
C-terminal of the Na�/H� exchanger in vitro and in vivo. The
interaction can influence pH regulation of Na�/H� exchanger
in mammalian cells. Where CAII binds on the C-terminal of
Na�/H� exchanger and how CAII interacts with Na�/H� ex-
changer remains undefined. Further experiments are neces-
sary to define the binding site of CAII. Our results support the
earlier suggestions that CAII, the AE, and Na�/H� exchanger
activity may be linked together in a functional complex or
metabolon involved in intracellular bicarbonate and pH regu-
lation (20, 34). Future experiments will further explore this
possibility and the regulatory role that phosphorylation plays
in protein-protein interactions that modulate Na�/H� ex-
changer activity.
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