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Calcineurin B homologous protein (CHP) 1 and 2 are Ca2�-
binding proteins that modulate several cellular processes,
including cytoplasmic pH by positively regulating plasmamem-
brane-type Na�/H� exchangers (NHEs). Recently another
CHP-related protein, termed tescalcin orCHP3, was also shown
to interact with the ubiquitous NHE1 isoform, but seemingly
suppressed its activity. However, the precise physical and func-
tional nature of this association was not examined in detail. In
this study, biochemical and cellular studies were undertaken to
further delineate this relationship. Glutathione S-transferase-
NHE1 fusion protein pulldown assays revealed that full-length
CHP3 binds directly to the proximal juxtamembrane C-termi-
nal region (amino acids 505–571) of rat NHE1 in the same
region that binds CHP1 and CHP2. The interaction was further
validated by coimmunoprecipitation and coimmunolocaliza-
tion experiments using full-lengthCHP3andwild-typeNHE1 in
transfected Chinese hamster ovary AP-1 cells. Simultaneous
mutation of four hydrophobic residues within this region
(530FLDHLL535) to either Ala, Gln, or Arg (FL-A, FL-Q, or FL-R)
abrogated this interaction both in vitro and in intact cells. The
NHE1 mutants were sorted properly to the cell surface but
showed markedly reduced (FL-A) or minimal (FL-R and FL-Q)
activity. Interestingly, and contrary to an earlier finding, ectopic
coexpression of CHP3 up-regulated the cell surface activity of
wild-type NHE1. This stimulation was not observed with the
CHP3 binding-defective mutants. Mechanistically, overexpres-
sion of CHP3 did not alter the H� sensitivity of wild-type NHE1
but rather promoted its biosynthetic maturation and half-life at
the cell surface, thereby increasing the steady-state abundance
of functional NHE1 protein.

Monovalent cations such as Li�, Na�, and K� are trans-
ported across biological membranes in exchange for H� by a
family of alkali cation/proton countertransporters, commonly
referred to as Na�/H� exchangers (NHE)2 or antiporters. Phy-

logenetic analyses and functional studies have revealed the
existence of at least 11 mammalian NHE isoforms that display
varied primary structure (�13–70% identity), tissue distribu-
tion, subcellular compartmentalization, cation selectivity, and
function (1–3). Structurally, the NHEs are composed of two
major domains as follows: an N terminus that contains 12 pre-
dicted membrane-spanning segments responsible for cation
permeation and a C terminus that faces the cytoplasm and
serves to regulate transport activity, membrane targeting,
anchorage to the underlying actin cytoskeleton, and as a scaf-
fold for the assembly of other signaling complexes (1, 2, 4–7).
Of these isoforms, NHE1 has received considerable attention

because it is widely expressed and plays a vital role in several
physiological processes, notably cytoplasmic pH homeostasis
and maintenance of cell volume, but also cell shape, migration,
proliferation, differentiation, and apoptosis (7–13). Accord-
ingly, diverse signals (e.g. hormones, mitogens, and physical
stimuli such as mechanical stretch and hyperosmolality) that
regulate such phenomena also acutely stimulate NHE1 activity,
mainly by enhancing the affinity of the transporter for intracel-
lular H�. Depending on the stimulus, this activation is often
associated with direct phosphorylation of its C terminus by
assorted serine/threonine protein kinases, including extracel-
lular signal-regulated protein kinases 1 and 2 (14), p38mitogen-
activated protein kinase (15), p90 ribosomal S6 kinase (16, 17),
Rho-associated coiled-coil containing protein kinase 1 (18), and
Nck-interacting kinase (19). In turn, phosphorylation at certain
sites has been shown to promote the binding of additional
ancillary proteins such as carbonic anhydrase (20) and the scaf-
folding protein 14-3-3 (21). Conversely, protein phosphatases
such as PP1 and PP2A act as negative regulators of NHE1 phos-
phorylation and activity (22, 23). However, other interacting
partners can bind independently of NHE1 phosphorylation,
including Ca2�-calmodulin (24), members of the calcineurin
B homologous protein (CHP) family (25–29), phosphatidylino-
sitol 4,5-bisphosphate (PIP2) (30), and the actin filament
anchoring proteins ezrin, radixin, and moesin (31). In general,
these associations are thought to elicit a change in the confor-
mation of its C-terminal regulatory domain, thereby altering
H� affinity, but structural evidence supporting this conjecture
is wanting.
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Of the abovementioned regulatorymolecules, the CHP fam-
ily of proteins (CHP1–3) appear to be crucial partners for basal
as well as regulated activity of NHE1 and other plasma mem-
brane-resident NHE isoforms (25–29, 32, 33). CHPs are
N-myristoylated, EF-hand Ca2�-binding proteins that exhibit
�29–61% identity to each other and share �40% identity with
the regulatory B subunit of the protein phosphatase cal-
cineurin. Indeed, the CHPs can inhibit calcineurin activity (34,
35). CHP1 is present in most tissues, binds to the proximal
region of the cytoplasmic C terminus of NHE1, and plays a
significant role in setting the resting intracellular pH sensitivity
of the transporter in the neutral range, and also its activation in
response to various stimuli (26, 36). By comparison, the expres-
sion of CHP2 is largely restricted to normal intestinal epithelia
(28), but it is significantly induced in different malignant cell
types (27). CHP2 interacts with the same region of NHE1 as
CHP1, but binds with severalfold higher affinity (27). Intrigu-
ingly, heterologous expression of CHP2 in fibroblasts appears
to constitutively activate the transporter in the absence of
external stimuli, resulting in a marked elevation in steady-state
intracellular pH relative to cells expressing only CHP1 (27).
This activation also appears to correlate with a significant
reduction in the incidence of cell death upon prolonged serum
withdrawal, implicating a role for NHE1/CHP2 and intracellu-
lar pH in the progression of cancerous cells (27, 37). By contrast,
CHP3, originally isolated from the developingmouse testis and
termed “tescalcin” (38), is detected predominantly in adult
mouse heart, brain, and stomach (35), although in adult human
tissues it appears to be restricted primarily to heart (29).
Intriguingly, unlikeCHP1 and -2, CHP3was reported to bind to
a unique site within the distal half of the cytoplasmic C termi-
nus of NHE1 and to suppress the activity of the transporter in
transfected cells (32). However, the precise binding location
andmolecular basis for the negative regulation were not exam-
ined extensively.
In this study, we further investigated the molecular interac-

tion and mechanism of action of CHP3 on NHE1 function.
Contrary to a previous finding (32), we found that CHP3 binds
to the same juxtamembrane region of the cytoplasmic C termi-
nus of NHE1 as CHP1 and CHP2. An intact CHP3-binding
motif was found to be crucial for optimal Na�/H� exchange.
Furthermore, rather than suppressing exchanger activity,
CHP3 was found to increase NHE1 abundance at the cell sur-
face by facilitating its maturation along the biosynthetic path-
way and enhancing its half-life at the plasma membrane.

EXPERIMENTAL PROCEDURES

Materials—Mouse monoclonal and rabbit polyclonal anti-
hemagglutinin (HA) antibodies were purchased from Covance
Inc. (Berkeley, CA); anti-Myc antibodies were obtained from
Upstate Biotechnology, Inc. (Lake Placid, NY); a rabbit poly-
clonal anti-green fluorescent protein (anti-GFP) antibody was
obtained from Invitrogen; and antibodies specific to glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) were purchased
from Abcam Inc. (Cambridge, MA). Horseradish peroxidase-
conjugated secondary IgG antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA). All Alexa Fluor�-

conjugated goat anti-mouse and anti-rabbit IgG antibodies
were purchased fromMolecular Probes (Eugene, OR).

�-Minimum essential medium (�-MEM), fetal bovine
serum, penicillin/streptomycin, geneticin (G418), and trypsin-
EDTA and LipofectamineTM 2000 transfection reagent were
obtained from Invitrogen. Carrier-free 22NaCl and [35S]methi-
onine were obtained from PerkinElmer Life Sciences. Amilo-
ride hydrochloride, nigericin, and ouabain were purchased
from Sigma, and complete protease inhibitor mixture tablets
were obtained fromRocheDiagnostics. All other chemicals and
reagents used in these experiments were obtained from Bio-
Shop Canada (Burlington, Ontario, Canada), Sigma, or Fisher
and were of the highest grade available.
cDNA Construction and Mutagenesis—The construction of

the mammalian expression vector containing the HA epitope-
tagged form of the rat NHE1 cDNA (NHE1HA) was described
previously (39). Previous experiments showed that when this
modified NHE1 construct was expressed in AP-1 cells, no obvi-
ous effect was observed on basal activity or the functional prop-
erties of the exchanger (30). The full-length human CHP3/tes-
calcin cDNA was cloned using PCR methodology from a
human heart MatchmakerTM cDNA library (Clontech), and it
was engineered to include a myc epitope (EQKLISEEDL) at its
extreme C terminus for immunological detection. This con-
struct, henceforth termed CHP3myc, was inserted into the
HindIII/XbaI sites of the mammalian expression vector
pcDNA3 (Invitrogen), as well as the mammalian expression
vector pCMV (40).
Mutations of the hydrophobic amino acids in NHE1HA cru-

cial for interaction with CHP3myc were accomplished using a
commercially available QuikChangeTM site-directed mutagen-
esis kit (Stratagene, Cedar Creek, TX) according to the manu-
facturer’s protocol. These amino acids (530FLDHLL535) were
substituted for either Ala (530AADHAA535, FL-A), Glu
(530QQDHQQ535, FL-Q), or Arg (530RRDHRR535, FL-R). Dele-
tion of segments at the N-terminal juxtamembrane region of
the cytoplasmic tail ofNHE1HA (�505–540 and�505–566)was
accomplished by PCR mutagenesis. All constructs were
sequenced using the Sanger method (41) to validate the fidelity
of the sequences.
Cell Culture and DNATransfection—Chinese hamster ovary

cells devoid of plasma membrane Na�/H� exchange activity
(AP-1 cells) (42) were maintained in �-MEM supplemented
with 10% fetal bovine serum, penicillin (100 units/ml), strepto-
mycin (100 �g/ml), and 25 mM NaHCO3 (pH 7.4) and incu-
bated in a humidified atmosphere of 95% air, 5% CO2 at 37 °C.
To generate AP-1 cells stably expressingNHE1HA and its derived
mutants, plasmid DNA (0.5–1.0 �g/ml) was transfected into sub-
confluent cells in a 6-well plate using LipofectamineTM-2000
according to the manufacturer’s recommended procedure.
Twenty four hours post-transfection, cells were split (1:10 to
1:50, depending on cell density) into 10-cm dishes and selected
for stably expressing clones over a 2-week period using
repeated acid selection as described previously (40). NHE1HA
and CHP3myc double expressing cells were obtained by trans-
fecting a single clone expressing NHE1HA with CHP3myc using
LipofectamineTM-2000, as described above, and selecting in
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�-MEM culture medium supplemented with geneticin (G418)
(600 �g/ml) over a 2–4-week period.
Construction of Glutathione S-Transferase (GST) Fusion Pro-

tein and in Vitro Binding Assay—GST fusion proteins of seg-
ments of the C-terminal regulatory region of NHE1 were pro-
duced by PCR amplification using primers containing BamHI
at the 5� terminus and EcoRI at the 3� terminus. These PCR
products were subcloned in-frame into the bacterial expression
vector pGEX-2T (Amersham Biosciences). Inserts were
sequenced to confirm their fidelity, and then the plasmid con-
structs were transformed into the Epicurian Coli� BL21-
CodonPlusTM strain (Stratagene, Cedar Creek, TX).

Individual colonies were cultured overnight, then diluted
1:25 in 50 ml of bacterial growth media, and incubated further
at 37 °C with vigorous shaking to attain a sufficient population
density. Protein expression was then induced with the addition
of 0.4 mM isopropyl 1-thio-�-galactopyranoside, and cultures
were incubated a further 2.5 h at 30 °C. The bacterial cultures
were centrifuged, and the resulting pellets were resuspended in
500 �l of GST-lysis buffer (1 mM EDTA, 0.5% Nonidet P-40)
and protease inhibitors in standard phosphate-buffered saline
(PBS). Bacteria were subsequently lysed by sonication (model
100 Sonic Dismembrator, Fisher) on ice and cleared by centrif-
ugation at 4 °C for 20 min. Proteins were then purified by
incubating cell lysates with a reduced form of glutathione-
SepharoseTM beads (Amersham Biosciences) for several hours
at 4 °C. The purifiedGST fusion proteins bound to glutathione-
Sepharose beads were washed six times with GST-lysis buffer
and then incubated with either 2.5 �l of in vitro translated full-
length 35S-labeledCHP3 or lysates fromChinese hamster ovary
(CHO) cells transiently transfected with CHPmyc for several
hours at 4 °C.
In vitro synthesis of CHP3 was accomplished by subcloning

the CHP3 cDNA into a vector containing a T7 promoter to
enable an in vitro transcription-translation coupling reaction
using rabbit reticulocyte lysates (Promega,Madison,WI) in the
presence of [35S]methionine. CHP3myc containing cell lysates
were obtained by transfecting CHO cells with CHP3myc cDNA
using LipofectamineTM-2000 following themanufacturer’s rec-
ommended procedure. Twenty four hours post-transfection,
cells were lysed on ice by washing two times with ice-cold PBS,
followed by the addition of 1 ml of ice-cold RIPA buffer (150
mM NaCl, 0.25% deoxycholic acid, 50 mM Tris-HCl, pH 8.0,
0.5% Nonidet P-40, 1 mM EDTA, and protease inhibitors),
scraping, and then incubating the cells on ice for 1 h. Cell lysates
were then centrifuged for 10 min at 4 °C to remove cellular
particulate debris.
NHE1 fusion protein complexes were washed six times with

GST-lysis buffer, then eluted in SDS-sample buffer (50 mM
Tris-HCl, pH 6.8, 1% SDS, 50 mM dithiothreitol, 10% glycerol,
1% bromphenol blue), and subjected to SDS-PAGE. Gels con-
taining in vitro translated 35S-labeled CHP3were dried, and the
resulting bound 35S-labeled CHP3 was resolved using a
PhosphorImagerTM (GE Healthcare). Gels containing CHP3myc
from CHO cell lysates were subject to electrophoretic protein
transfer onto polyvinylidene fluoride membranes (Millipore,
Nepean, Ontario, Canada) for Western blotting. Membranes
were blocked with 5% nonfat powdered milk and exposed to

1:1000 dilution of mouse monoclonal antibody against themyc
epitope, and a secondary goat anti-mouse antibody conjugated
to horseradish peroxidase at a dilution of 1:5000. Immunoreac-
tive bands were then visualized using ECLTMWestern blotting
detection reagents (Amersham Biosciences).
Coimmunoprecipitation—Immunoprecipitation of wild-

type and mutant forms (FL-A, FL-Q, FL-R, �505–540, and
�505–566) of NHE1HA were performed in 10-cm plates of
CHO cells cotransfected with 5 �g of both NHE1HA and
CHP3myc cDNA constructs. Transfections were performed
using LipofectamineTM-2000 according to the manufacturer’s
recommended procedure. Twenty four to 36 h post-transfec-
tion, cells lysates were obtained by washing cells twice on ice
with ice-cold PBS, followed by the addition of 1 ml of RIPA
buffer. The cells were removed from the dish by scraping and
then incubating for an additional 20 min at 4 °C. The lysates
were then centrifuged for 20 min at 4 °C to pellet the cellular
debris. The supernatants were pre-cleared with 100 �l of 50%
protein G-Sepharose slurry (Amersham Biosciences) in RIPA
buffer for 2 h at 4 °C. The protein G-Sepharose slurry was
removed by brief centrifugation, and a fraction of each lysate
was removed for Western blotting. Five �g of primary mouse
monoclonal antibody against the HA epitope or 10 �g of poly-
clonal rabbit antibody against themyc epitope was added to the
remaining lysates and incubated with gentle rocking overnight
at 4 °C. One hundred �l of 50% protein G-Sepharose slurry was
added to each tube and allowed to incubate for several hours at
4 °C with gentle rocking, followed by six washes in RIPA buffer.
Protein conjugates were eluted by SDS-sample buffer and incu-
bated for 30 min at room temperature without boiling to min-
imize aggregation of the NHE1 proteins. Samples were then
subjected to SDS-PAGE andWestern blotting as described pre-
viously. Blots from monoclonal anti-HA immunoprecipitates
were detected with rabbit polyclonal antibodies against the HA
andmyc epitopes followed by incubation with goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody. Poly-
clonal anti-Myc immunoprecipitates were detected using
mouse monoclonal antibodies to the respective epitopes fol-
lowed by goat anti-mouse secondary antibody conjugated to
horseradish peroxidase. All blots were visualized with ECLTM
Western blotting detection reagents.
Immunocytochemistry—For colocalization studies of NHE1

and CHP3, AP-1 cells overexpressing wild-type and mutant
NHE1HA were grown on glass coverslips in 6-well plates and
transiently transfected with 1 �g of CHP3myc. Thirty six hours
post-transfection, cells were fixed with 2% paraformaldehyde
for 20 min at room temperature, rinsed several times with PBS
(pH 7.4), and permeabilized and blocked in 0.2% saponin, 2%
BSA in PBS for 30 min at room temperature. Cells were subse-
quently rinsed in PBS, and then incubated with amousemono-
clonal antibody against the HA epitope at a dilution of 1:1000,
and a rabbit polyclonal antibody against the myc epitope at a
dilution of 1:500 in 2% BSA in PBS for 2 h. Cells were then
washed three times in 0.01% saponin in PBS, followed by incu-
bation with anti-mouse Alexa FluorTM 488 and anti-rabbit
Alexa FluorTM 568 secondary antibodies at a dilution of 1:2000
in 2% BSA in PBS for 1 h. Coverslips were subsequently washed
several times with 0.01% saponin in PBS and mounted onto
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glass slides with Immuno-FluorTM mounting medium (ICN
Biomedicals, Aurora, OH). Transfected cells were analyzed
by laser scanning confocal microscopy using a Zeiss LSM
510, and images were analyzed using LSM software and
Corel� CorelDrawTM version 12.
Measurement of Na�/H� Exchanger Activity—Cells were

grown to confluence in 24-well plates. NHE activity was deter-
mined by preloading the cells with H� using the NH4Cl tech-
nique (43) and then measuring the initial rates of 22Na� influx
essentially as described (40). Briefly, the cell culture medium
was aspirated and replaced by isotonic NH4Cl medium (50 mM
NH4Cl, 70 mM choline chloride, 5 mM KCl, 1 mM MgCl2, 2 mM
CaCl2, 5 mM glucose, 20 mM HEPES-Tris, pH 7.4). Cells were
incubated in this media for 30min at 37 °C in a nominally CO2-
free atmosphere. After acid loading, the monolayers were rap-
idly washed twice with isotonic choline chloride solution (125
mM choline chloride, 1 mM MgCl2, 2 mM CaCl2, 5 mM glucose,
20 mMHEPES-Tris, pH 7.4). 22Na� influx assays were initiated
by incubating the cells in isotonic choline chloride solution
containing 1mM ouabain and 1 �Ci of 22NaCl (carrier-free)/ml
(�120 nM NaCl). The assay medium was K�-free and included
ouabain to prevent the transport of 22Na� by the Na�-K�-Cl�
cotransporter and the Na�,K�-ATPase. Influx of 22Na� was
terminated by rapidly washing the cell monolayers three times
with 4 volumes of ice-cold isotonic saline solution (130 mM
NaCl, 1mMMgCl2, 2mMCaCl2, 20mMHEPES-NaOH, pH7.4).
The washed cell monolayers were solubilized in 0.25ml of 0.5 N
NaOH, and the wells were washed with 0.25 ml of 0.5 N HCl.
Both the solubilized cell extract and wash solutions were added
to vials, and radioactivitywas assayed using a liquid scintillation
counter. Under the conditions ofH�-loading used in this study,
uptake of 22Na� was linear with time for 8–10min (at lowNa�

concentrations, 22 °C). Therefore, 22Na� uptakes were meas-
ured after 5 min. Measurements of 22Na� influx specific to the
Na�/H� exchanger were determined as the difference
between the initial rates of H�-activated 22Na� influx in the
absence and presence of 1 mM amiloride, an NHE antagonist.
Protein content was determined using the Bio-Rad DC pro-
tein assay procedure.
To examine NHE activity as a function of the intracellular

H� concentration, the pHi was clamped at different concentra-
tions over the range of 5.4–7.4 by suspending the cells inmedia
of varying K� concentrations containing the K�/H� exchange
ionophore nigericin as described previously (30).
Measurement of NHE1 Half-life—To determine the half-life

ofNHE1HA in the absence and presence of CHP3myc, AP-1 cells
stably expressing NHE1HA alone or in conjunction with
CHP3myc were grown on 10-cm dishes to near confluence.
Plates were treated with cycloheximide (100 �g/ml) in �-MEM
supplementedwith 10%FBS and penicillin/streptomycin for up
to 48 h. At appropriate time points, cell lysates were obtained,
and equal volumes were subject to SDS-PAGE and immuno-
blotting. Spot densitometry of visualized bands obtained by
immunoblotting was performed on an FC1000 gel imaging sys-
tem and software (Alpha Innotech Corp., San Leandro, CA).
Multiple exposures of the same blotwere used to obtain relative
band intensities to account for under- or oversaturation of indi-
vidual bands on each film.

Cell Surface Biotinylation and Pulse-Chase Assay—A cell
surface biotinylation assay (44)was used tomeasure the relative
abundance of plasma membrane NHE1HA in the absence and
presence of CHP3myc. AP-1 cells grown to subconfluence on
10-cm dishes were cotransfected with 8 �g of plasmid DNA
containing NHE1HA and an increasing ratio of CHP3myc (0–2
�g) to empty vector (pCMV).Cellswere also cotransfectedwith
an expression plasmid (1 �g) that constitutively expresses
green fluorescent protein (pGFP) as a control for transfection
efficiency. Thirty six hours post-transfection, cells werewashed
quickly on icewith ice-cold PBS containing 1mMMgCl2 and 0.1
mM CaCl2 (PBS-CM), and incubated for 20 min on ice with 0.5
mg/ml sulfo-NHS-SS-biotin (Pierce), a water-soluble, mem-
brane-impermeable, thiol-cleavable, amine-reactive biotinyla-
tion reagent. Cells were quickly washed and incubated twice in
quenching buffer (20mM glycine in PBS-CM) for 7min each on
ice to remove excess biotin. After two more washes in ice-cold
PBS-CM, cell lysates were harvested in RIPA buffer. A small
fraction of the cell lysates was removed for immunoblotting,
and the remainder was incubated with 200 �l of 50% Neutr-
Avidin-Sepharose slurry (Pierce) in RIPA buffer overnight at
4 °C. The bound biotinylated protein complexes were washed
six times in RIPA buffer and then eluted with SDS-sample
buffer for 30 min at room temperature with gentle rocking. All
samples were then subject to SDS-PAGE and immunoblotting
analysis.
The half-life of NHE1HA in AP-1 cells in the absence and

presence of CHP3myc was determined by growing AP-1 cells
stably expressing either NHE1HA or both NHE1HA and
CHP3myc to �90% confluence. Cells were biotinylated and
quenched as described above, and after extensive washing to
remove excess biotin, cells were returned to growth media at
37 °C, and then cell lysates were prepared at varying times over
a 48-h period, with freshmedia being added every 12 h tomain-
tain cell viability. At each time point, a small fraction of the cell
lysates was removed for immunoblotting, and the remainder
was incubated with 200 �l of 50% NeutrAvidin-Sepharose
beads to extract the biotinylated proteins. Cell lysates and
extracted biotinylated proteins were subjected to SDS-PAGE
and immunoblot analysis. Relative band intensities of Western
blots were obtained through multiple exposures of the same
blot to ensure that the signal was within the linear range of the
x-ray film. Densitometry measurements were obtained using
the FC1000 gel imaging system and software.

RESULTS

Delineation of the CHP3-binding Domain of NHE1—An ear-
lier study (32) indicated that CHP3/tescalcin bound to a histi-
dine-tagged fragment of NHE1 encompassing the distal half
(amino acids 633 and 815) of its cytoplasmic C terminus using
an in vitro affinity blotting assay. However, the precise binding
site within this fragment was not delineated nor was the analy-
sis extended to other regions of the cytoplasmic C terminus
where its close paralogs, CHP1 and CHP2, were shown to bind
(i.e. amino acids 516–540 of human NHE1) (26, 27, 36).
To provide amore comprehensive survey of potential CHP3-

binding site(s) within the cytoplasmic C terminus of rat NHE1,
we performed in vitro protein-binding pulldown assays. Puri-
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fied GST fusion proteins containing the entire cytoplasmic C
terminus of ratNHE1 (amino acids 505–820) as well as smaller
segments spanning that region were incubated with 35S-la-
beled CHP3 protein synthesized in vitro using rabbit reticu-
locyte lysates. Complexes of GST-NHE1 and 35S-labeled
CHP3 were isolated, subjected to SDS-PAGE, and analyzed
using a PhosphorImager. Contrary to the study by Li et al.
(32), CHP3 associated only with the juxtamembrane region
of the C terminus between residues 505 and 571 (Fig. 1),
similar to the binding region of CHP1 and CHP2.
To further define the bindingmotif, four hydrophobic amino

acids within this region of NHE1 (530FLDHLL535) that were
shown previously to be crucial for direct binding of CHP1 and
CHP2 (26, 27) were simultaneously mutated in the GST-
NHE1(505–820) construct to either Ala, Gln, or Arg (FL-A,
FL-Q, or FL-R).Mutation of these amino acids completely abol-
ished the interaction of in vitro synthesized 35S-labeled CHP3
with GST-NHE1(505–820) (Fig. 2A). Because the 35S-labeled
CHP3 protein synthesized in vitro using rabbit reticulocyte
lysates may lack potential post-translational modifications
important for binding to other potential sites in the NHE1 C
terminus, we repeated the pulldown assay using whole cell
lysates of transfected CHO cells expressing a Myc-tagged form
of CHP3 (CHP3myc) and immunoblotting. As shown in Fig. 2B,
CHP3myc bound to wild-type GST-NHE1(505–820) but not to
the FL-A, -Q, or -R mutants.

To verify the interaction between NHE1 and CHP3 in intact
cells, amutagenizedCHOcell line that lacks endogenousNHE1
(i.e. AP-1 cells) was transiently transfected with either full-
length wild-type or mutant forms (FL-A, -Q, or -R) of an HA
epitope-tagged construct of NHE1 (NHE1HA) and CHP3myc.
Following a 36-h incubation period, cell lysates were prepared
and incubated with an anti-Myc antibody to precipitate
CHP3myc, and aliquots of the initial lysates and resultant immu-
noprecipitates were resolved by SDS-PAGE andWestern blot-
ting. As shown in Fig. 3A, each of the cell lysates expressed
similar amounts of CHP3myc, which migrated as a single band
of �24 kDa, whereas the wild-type and mutant NHE1HA pro-
teins migrated as two bands as described previously (45), i.e. a
slower migrating, fully glycosylated form with an apparent
molecularmass of�100 kDa that is present in the plasmamem-
brane and a faster migrating, core-glycosylated form of �75
kDa that resides intracellularly, likely within the endoplasmic
reticulum. Interestingly, each of the NHE1 mutants showed a
noticeable reduction in expression of the fully glycosylated
form relative to the core-glycosylated form, suggesting that
processing of these mutants may be partially impaired. Probing

FIGURE 1. Mapping the CHP3-binding region of NHE1. Protein binding
pulldown assays were used to delineate the site of interaction of CHP3 within
the cytoplasmic C terminus of NHE1. GST fusion proteins containing full-
length (amino acids 505– 820) or partial segments spanning the length of the
C terminus of NHE1 were generated in E. coli. Purified GST fusion proteins
were incubated with 35S-labeled CHP3 protein synthesized in vitro in rabbit
reticulocyte lysates using a transcription-translation coupling reaction in the
presence of [35S]methionine. Complexes of GST-NHE1 and 35S-labeled CHP3
were isolated from the lysates using glutathione-SepharoseTM beads and
subjected to SDS-PAGE, as described under “Experimental Procedures.” The
radioactivity was analyzed using a PhosphorImager (upper panel). To verify
equivalent gel loading of the GST fusion proteins, a parallel gel was stained
with Coomassie Blue (CB) dye (lower panel). Data shown are representative of
at least three independent experiments.

FIGURE 2. Mutational analysis of the CHP3-binding site of NHE1. Four
hydrophobic amino acids within the juxtamembrane region of NHE1
(530FLDHLL535) that were shown previously to be crucial for direct binding of
CHP1 and CHP2 were simultaneously mutated in the GST-NHE1(505– 820)
construct to either Ala, Gln, or Arg (FL-A, FL-Q, or FL-R). Purified wild-type (WT)
and mutant GST-NHE1 fusion proteins were incubated with either rabbit
reticulocyte lysates containing in vitro synthesized 35S-labeled CHP3 protein
(A) or lysates of CHO cells transiently expressing exogenous CHP3myc (B).
Complexes of GST-NHE1 and 35S-labeled CHP3 or CHP3myc were isolated
using glutathione-SepharoseTM beads and subjected to SDS-PAGE. The levels
of 35S-labeled CHP3 were analyzed using a PhosphorImager (A, upper panel),
whereas the amounts of CHP3myc were detected by immunoblotting (IB)
using a primary mouse monoclonal anti-Myc antibody and a secondary goat
anti-mouse antibody conjugated to horseradish peroxidase (B, upper panel).
To verify equivalent gel loading of the GST fusion proteins, parallel gels were
stained with Coomassie blue (CB) dye (A and B, lower panel). Data shown are
representative of at least three independent experiments.
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of the blots containing the anti-Myc immunoprecipitates with
an anti-HA antibody revealed strong immunoreactive bands
corresponding to both the core- and fully glycosylated forms of
wild-type NHE1HA, but negligible signals from lysates of cells
expressing the NHE1HA/FL-A, -Q or -Rmutants. The presence
of both immature and mature forms of wild-type NHE1HA in
the anti-Myc immunoprecipitates indicates that CHP3myc
associates with NHE1HA at an early stage of the transporter’s
biosynthesis. The reciprocal experiment, whereby wild-type
and mutant NHE1 proteins were immunoprecipitated with an
anti-HA antibody, also demonstrated that CHP3myc associated
only with wild-type NHE1HA (data not shown). In addition,
internal deletion of segments of the C terminus of NHE1
encompassing the CHP3-binding domain, either �505–540 or
�505–566, also resulted in the loss of interactionwithCHP3myc
when evaluated by coimmunoprecipitation (Fig. 3B).
To further characterize the association of NHE1HA with

CHP3myc, AP-1 cells stably expressing either wild-type or
mutant forms (FL-A, -Q, or -R) of NHE1HA were transiently
transfected with CHP3myc, and their subcellular distribution
was compared by immunofluorescence confocal microscopy.

As shown in Fig. 4, wild-type NHE1HA and CHP3myc showed
low diffuse staining throughout the cell (non-nuclear) but
strongly colocalized at the plasma membrane. By comparison,
although the CHP3 binding-deficient mutants of NHE1HA also
trafficked to the cell surface, CHP3myc was distributed largely
throughout the cytoplasm and nucleus. CHP3 also displayed a
diffuse distribution in transfected AP-1 cells that lack NHE1
expression (data not shown). Collectively, these analyses con-
firm that the juxtamembrane region of the C terminus of NHE1
serves as the principal site for binding CHP3. In addition, they
indicate that the binding of CHP3 is not essential for targeting
NHE1 to the plasma membrane but may facilitate the process-
ing of the exchanger to its fully glycosylated state (as hinted by
data in Fig. 3).
Having ascertained that the mutants were appropriately

expressed and targeted to the cell surface, we proceeded to eval-
uate the effect of the mutations on the basal rate of transport.
The expression level of the exchangers varied among the trans-
fected lines, and meaningful comparison of their rates of trans-
port required normalizationwith respect to the number of plas-

FIGURE 3. NHE1 forms a complex with CHP3 in transfected cells. Chinese
hamster ovary AP-1 cells were transiently cotransfected with expression plas-
mids containing full-length CHP3myc and wild-type or mutant NHE1HA con-
taining site-specific substitutions (FL-A, FL-Q, or FL-R) (A) or internal deletions
(�505–540 and �505–566) of the CHP3-binding region (B), as indicated. After
transfection (�36 h), the cells were lysed, and a major fraction was used for
immunoprecipitation (IP) analyses using a rabbit polyclonal anti-Myc anti-
body. Immunoblot (IB) analyses of the cell lysates and immunoprecipitates
were performed as described under “Experimental Procedures.” Immunore-
active bands corresponding to the fully glycosylated (fg) and core-glycosy-
lated (cg) forms of NHE1 are indicated beside the gels. Data shown are repre-
sentative of three independent experiments.

FIGURE 4. Colocalization of NHE1 and CHP3 in intact cells. AP-1 cells were
stably transfected with either wild-type (WT) or mutant forms (FL-A, -Q, or -R)
of NHE1HA, followed by transient coexpression of CHP3myc, and their subcel-
lular distribution was compared by immunofluorescence confocal micros-
copy. NHE1HA was detected with a primary mouse monoclonal anti-HA anti-
body and a secondary goat anti-mouse antibody conjugated to Alexa FluorTM

488. CHP3myc was detected with a rabbit polyclonal anti-Myc antibody and a
secondary goat anti-rabbit antibody conjugated to Alexa FluorTM 568. The
scale bar in the panels on the right represents 10 �m.
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malemmal exchangers. This was estimated from the relative
intensities of the fully glycosylatedNHE1 band in immunoblots
of the stably expressing cell lines, as assessed by densitometry.
Using this procedure, we compared the rates of Na�/H�

exchange in acid-loaded wild-type and mutant cells by meas-
uring rates of H�-activated 22Na� influx, expressed as pico-
moles/min/mg total cellular protein per unit density of plas-
malemmal NHE1. A comparison of near maximal rates of
transport is shown in Fig. 5A. Compared with wild type, the
efficiency of transport of the FL-A, -Q, and -R mutants was
markedly reduced to �26, 2, and 4%, respectively. Further
examination of the rates of transport as a function of the H�

concentration (normalized to 100% at pH 5.4) showed that sub-
stitution of the critical Phe and Leu amino acids with polar
residues (i.e. Glu or Arg) within the CHP3-binding region
caused a profound acidic shift in theH� sensitivity of the trans-
porter, whereas substitution with the nonpolar Ala residue had
no appreciable effect (Fig. 5B). Although the basis for the dif-

ferential effects of the amino acid substitutions on H� sensitiv-
ity is unclear, it is possible that the Gln and Arg substitutions,
unlike Ala, may cause a more pronounced conformational
change in the C terminus of NHE1 that significantly compro-
mises H� sensitivity independent of their effects on the maxi-
mal transport velocity (Vmax) of the transporter.Notwithstand-
ing, the results indicate that the motif capable of binding CHP3
(aswell as otherCHP isoforms) is essential for optimalNa�/H�

exchange, but the nature of the mutations that disrupt CHP
binding can also autonomously affect the kinetic properties of
the transporter (i.e. Vmax alone or both Vmax and H� affinity).
CHP3 Promotes the Maturation and Cell Surface Activity of

NHE—As mentioned earlier, the data presented in Fig. 3 sug-
gest that the binding of CHP3 may also influence the matura-
tion of NHE1. To further examine this possibility, AP-1 cells
stably expressing either wild-type NHE1HA or the mildly active
NHE1HA/FL-A mutant were transiently transfected with
increasing amounts of the CHP3myc-containing expression
plasmid (Fig. 6A). Increasing levels of CHP3myc resulted in a
corresponding increase in the abundance of both the core- and
fully glycosylated forms of wild-type NHE1HA, whereas the

FIGURE 5. Comparative analysis of rates of H�-activated 22Na� influx of
AP-1 cells transfected with wild-type or mutant forms of NHE1. AP-1 cells
stably transfected with wild-type (WT) or mutant forms (FL-A, -Q, or -R) of
NHE1HA were grown to confluence in 24-well plates. Initial rates of amiloride-
inhibitable H�-activated 22Na� influx were measured at various intracellular
H� concentrations over the range of pHi 5.4 to 7.4. The pHi was adjusted by
the K�-nigericin method, as described under “Experimental Procedures.” To
facilitate comparison of the effects of mutating the CHP-binding site, the
rates of 22Na� influx (pmol/min/mg total cellular protein) of wild-type and
mutant forms of NHE1HA were normalized to their respective plasmalemmal
(fully glycosylated) protein levels, as determined by densitometry. A, compar-
ison of the near-maximal velocities of the various NHE1 constructs. B, percent-
age of the transport velocities of WT and mutant NHE1 as a function of the
intracellular H� concentration, each normalized to their respective maximal
rates of uptake. Values represent the mean � S.E. of three experiments, each
performed in triplicate. Error bars smaller than the symbol are absent.

FIGURE 6. Effect of overexpression of CHP3 on NHE1 abundance and
activity. AP-1 cells stably expressing either wild-type NHE1HA or CHP3-bind-
ing defective mutant NHE1HA/FL-A were cultured to subconfluence in 6-well
plates (10-cm2/well) for immunoblot analyses (A) or 24-well plates (2-cm2/
well) for measurement of NHE1 activity (B), and then transiently transfected
with empty vector or increasing amounts of the CHP3myc-containing expres-
sion plasmid relative to empty vector. The total concentration of the trans-
fected plasmid DNA remained constant at 2 �g of DNA/ml serum-free culture
medium (2.5 ml per 10-cm2 dish or 0.5 ml per 2-cm2 dish). A, following trans-
fection (24 h), cell lysates were prepared and analyzed for NHE1HA and
CHP3myc expression by SDS-PAGE and immunoblotting. Immunoreactive
bands corresponding to the fully glycosylated and core-glycosylated forms of
NHE1HA and CHPmyc were detected using a primary mouse monoclonal
anti-HA and anti-Myc antibody, respectively, and a secondary goat anti-
mouse antibody conjugated to horseradish peroxidase. As a control for pro-
tein loading, the blots were stripped and reprobed for expression of endog-
enous GAPDH using a primary mouse monoclonal anti-GAPDH antibody and
a secondary goat anti-mouse antibody conjugated to horseradish peroxi-
dase. B, Na�/H� exchange activity of cells expressing wild-type NHE1HA and
mutant NHE1HA/FL-A were measured as a function of CHP3 abundance. NHE
activity was determined as the initial rates of amiloride-inhibitable 22Na�

influx following an acute intracellular acid load induced by prepulsing with
NH4

�, as described under “Experimental Procedures.” To facilitate compari-
son, the data were normalized to cells that do not express CHP3. Values rep-
resent the mean � S.E. of three experiments, each performed in triplicate.
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abundances of both forms of NHE1HA/FL-A were largely
unchanged. The increased abundance of wild-type NHE1HA as
a function of CHP3myc expression also closely correlated with
an elevation in its transport activity (Fig. 6B). By contrast, the
effect of CHP3myc on NHE1HA/FL-A activity was marginal.

Previous studies have reported that the interaction of CHP2,
but not CHP1, with wild-type NHE1 increased the exchanger’s
affinity for intracellularH� in the absence of hormonal ormito-
genic stimulation (27). To determine whether the activation of
NHE1 in the presence of CHP3 could also reflect a change in
H� affinity, CHP3myc was stably coexpressed in the established
AP-1/NHE1HA cell line. As shown in Fig. 7, the pH profile and
calculated half-maximal activity orH� affinity (KH) ofNHE1HA
in the presence of CHP3myc (KH � 6.39 � 0.04) was not mark-
edly different from NHE1HA alone (KH � 6.29 � 0.04). Collec-
tively, the above data support the notion that CHP3 promotes
thematuration and accumulation of wild-type NHE1 at the cell
surface.
To further explore a potential role for CHP3 in the matura-

tion ofNHE1,we examined the processing of newly synthesized
NHE1 in the absence or presence of CHP3 as a function of time.
To this end, NHE1HA alone or in combination with CHP3myc
was transiently transfected intoAP-1 cells, and their expression
was analyzed at various time points over a 72-h period. As
shown in Fig. 8, cells expressing NHE1HA alone showed a grad-
ual increase in the formation of both the core- and fully glyco-
sylated forms of the exchanger, with the production of the latter
lagging expectedly behind the former, but both peaking at 36 h.
By comparison, cells coexpressing NHE1HA and CHP3myc
showed a similar time course for production of the core- and
fully glycosylated forms, but the abundance of the fully glyco-
sylated formwasmarkedly increased relative to the core-glyco-
sylated form and correlated closely with the relative abundance
of CHP3myc.

To verify that the CHP3-mediated increase in production of
fully glycosylatedNHE1 protein and transport activity also par-
alleled its accumulation at the cell surface, we performed an
analogous experiment to that described in Fig. 6. AP-1 cells
were transiently cotransfected with fixed amounts of NHE1HA
and an increasing ratio of CHP3myc to empty vector (pCMV).
The cells were also cotransfected with an expression plasmid
(pGFP) that constitutively expresses green fluorescent protein
as a control for transfection efficiency. Thirty six hours post-
transfection, a cell surface biotinylation method (44) was used
to selectively extract the plasma membrane proteins for analy-
sis of NHE1 abundance by immunoblotting. As illustrated in
Fig. 9, the fully glycosylated form of NHE1HA was the predom-
inant species detected at the cell surface and increased as a
function of the level of CHP3myc.
Role for CHP3 in Cell Surface Half-life of NHE1—Mechanis-

tically, the CHP3-mediated increase in fully glycosylatedNHE1
levels could arise from accelerated processing of newly trans-
latedNHE1 along the biosynthetic pathway, as suggested by the
data in Fig. 8, but could also reflect increased stability of the
mature protein at the cell surface, albeit these processes are not
necessarilymutually exclusive. To test the latter hypothesis, the
half-life of fully glycosylated NHE1HA at the cell surface was
measured in the absence and presence of CHP3myc using two
different approaches as follows: (i) monitoring the disappear-
ance of fully glycosylated NHE1 over time following cyclohex-
imide blockage of de novo protein synthesis, and (ii) measuring
the longevity of fully glycosylated NHE1HA by tagging the cell
surface transporter with biotin (to facilitate its isolation) and
tracking its existence as a function of time. For these assays, we
generated AP-1 cells that stably express either NHE1HA alone
or both NHE1HA and CHP3myc.
With respect to the first approach (presented in Fig. 10A), it

is noteworthy that in untreated AP-1/NHE1HA cells, the rela-
tive fractions of core- and fully glycosylated NHE1HA are simi-
lar, whereas in AP-1/NHE1HA�CHP3myc cells, the bulk of
NHE1HA exists in its fully glycosylated state. These relative
shifts in the proportions of the two glycosylated states of
NHE1HA closely parallel the patterns observed using tran-
siently transfected cells. Upon treatment with cycloheximide

FIGURE 7. Effect of CHP3 on affinity of NHE1 for intracellular protons. AP-1
cells stably expressing wild-type NHE1HA alone or stably coexpressing
NHE1HA and CHP3myc were cultured to confluence in 24-well plates. Initial
rates of amiloride-inhibitable H�-activated 22Na� influx were measured at
various intracellular H� concentrations over the range of pHi 5.4 to 7.4. The
pHi was adjusted by the K�-nigericin method, as described under “Experi-
mental Procedures.” To facilitate comparison of the effects of CHP3, the data
were normalized to their respective maximal rates of uptake. Values repre-
sent the mean � S.E. of three experiments, each performed in triplicate. Error
bars smaller than the symbol are absent.

FIGURE 8. Effect of CHP3 on biosynthetic maturation of NHE1. AP-1 cells
were transiently cotransfected with NHE1HA and empty vector or CHP3myc.
Cell lysates were prepared at the indicated time points following transfection
and subjected to SDS-PAGE and immunoblotting to detect expression of fully
glycosylated (fg) and core-glycosylated (cg) forms of NHE1HA and CHP3myc as
described in the legend to Fig. 6. Blots were stripped and reprobed for expres-
sion of endogenous GAPDH as a control for protein loading. Data shown are
representative of three independent experiments.

Regulation of NHE1 by CHP3

MAY 2, 2008 • VOLUME 283 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 12463



(100 �g/ml), the core-glycosylated form of NHE1HA in AP-1/
NHE1HA cells gradually decreased with time, presumably
reflectingmaturation to the fully glycosylated form and/or pro-
tein degradation. Similarly, the fully glycosylated pool of
NHE1HA was also markedly reduced by �58% over the 48-h
treatment period, as quantitated by densitometry (Fig. 10B). In
AP-1 cells stably coexpressing bothNHE1HA andCHP3myc, the
minor levels of core-glycosylated NHE1HA also diminished as a
function of time in the presence of cycloheximide. On the other
hand, the level of the fully glycosylated form appeared more
stable, decreasing modestly by �18% at 48 h of treatment (Fig.
11, A and B), and paralleled the gradual decline in CHP3myc
levels. These data are consistent with a role for CHP3 in stabi-
lizing the fully glycosylated form of NHE1HA.

To provide a more direct measure of the half-life of fully
glycosylatedNHE1HA present at the plasmamembrane, we also
performed a pulse-chase assay. Cell surface proteins were
labeled with biotin using the membrane-impermeant reagent,
sulfo-NHS-SS-biotin, for 30min on ice. The excess reagent was
then removed by quenching with glycine-enriched buffer and
extensive washing, followed by incubation in regular culture
media over a 48-h period. At each time point, the biotinylated

proteins were extracted from the various cell lysates using
NeutrAvidinTM-Sepharose beads, fractionated by SDS-PAGE,
andanalyzedby immunoblotting.As shown inFig. 11,AandB, the
half-life of biotinylated, fully glycosylated NHE1HA was 3-fold
higher in the presence of CHP3myc than in its absence (12.3 �
1.5 h versus 4.1 � 0.3 h, respectively). For each time point, the
total cellular steady-state levels of NHE1HA, or NHE1HA and
CHP3myc, were constant. These results corroborate the find-
ings using cycloheximide and validate the hypothesis that
CHP3 enhances the stability of NHE1 at the plasmamembrane.

DISCUSSION

This study delineates the site of interaction and functional
relevance of the association between the ubiquitously
expressed NHE1 isoform and the third member of the CHP
family of EF-hand Ca2�-binding proteins, CHP3/tescalcin.
Using a combination of biochemical, immunological, and cel-
lular techniques, we demonstrate that CHP3 binds to the same
juxtamembrane segment of the cytoplasmic C terminus of
NHE1 (amino acids 516–540 of human or 520–544 of rat
NHE1, which are identical between these two species as well as
other mammals) as CHP1 and CHP2. Recent high resolution
structural analyses have revealed that this segment forms an

FIGURE 9. Effect of CHP3 on abundance of the cell surface fully glyco-
sylated form of NHE1. AP-1 cells were transfected with a fixed amount of
expression plasmid DNA containing NHE1HA and an increasing ratio of
CHP3myc to empty expression vector (pCMV). Cells were also cotransfected
with a plasmid that constitutively expresses green fluorescent protein (pGFP)
as a control for transfection efficiency. At 36 h post-transfection, cells were
subjected to surface biotinylation as described under “Experimental Proce-
dures,” and whole cell lysates were prepared. A major fraction of the lysates
was subsequently incubated with NeutrAvidin-Sepharose beads to isolate
the biotinylated cell surface proteins. Aliquots of the whole cell lysates and
biotinylated cell surface proteins were subjected to SDS-PAGE and immuno-
blotting. Expression of fully glycosylated (fg) and core-glycosylated (cg) forms
of NHE1HA and CHP3myc were detected as described in Fig. 6. GFP was
detected using a primary rabbit polyclonal anti-GFP antibody and a second-
ary goat anti-rabbit antibody conjugated to horseradish peroxidase. Immu-
noblots of the lysates were stripped and reprobed for endogenous GAPDH as
a control for protein loading. Data shown are representative of three inde-
pendent experiments.

FIGURE 10. Effect of CHP3 expression on half-life of NHE1 upon arrest of
cellular protein synthesis. A, AP-1 cells stably expressing either NHE1HA
alone or coexpressing both NHE1HA and CHP3myc were grown to subconflu-
ence and then subjected to treatment with cycloheximide (100 �g/ml) to
block de novo protein synthesis. At the indicated time points, cell lysates were
prepared and fractionated by SDS-PAGE, followed by immunoblotting to
visualize fully glycosylated (fg) and core-glycosylated (cg) NHE1HA and
CHP3myc. B, fully glycosylated bands of NHE1HA presented in A were quanti-
fied by densitometry and displayed as a percentage of their maximal levels as
a function of time following cycloheximide treatment. Values represent the
mean � S.E. of four experiments.

Regulation of NHE1 by CHP3

12464 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 18 • MAY 2, 2008



amphipathic �-helix whose apolar face is embraced by an
extended hydrophobic cavity present in bothCHP1 (46, 47) and
CHP2 (48). Because the same amino acids of NHE1 that confer
binding to CHP1 and CHP2 are also important for the interac-
tion with CHP3, it is likely that a similar NHE1-CHP3 complex
is formed.
Functional analyses have revealed that overexpression of

CHP3 enhances wild-type NHE1 activity at the cell surface
chiefly by enhancing its biosyntheticmaturation and stability at
the plasma membrane, while having little detectable impact on
its intracellular H� sensitivity. Mutations of NHE1 (FL-A, -R,
and -Q) that disrupt the binding of CHP3 (as well as other
CHPs) also appeared to impede (see Fig. 3A), but not prevent,
the trafficking of fully glycosylated NHE1 to the cell surface.
Interestingly, thesemutations also caused a pronounced reduc-
tion in intrinsic NHE1 activity. In the case of the FL-A mutant,
loss of CHP3 binding markedly reduced its maximal rate of
transport (Vmax) but did not appreciably alter its affinity for
intracellular H�. However, for the FL-Q and FL-R mutants,
drastic reductions were observed not only in Vmax but also in
H� sensitivity. These more radical substitutions, aside from
disruptingCHP3binding andNHE1 stability,may cause amore
dramatic change in the conformation of the C terminus that
is sufficient to broadly perturb cation translocation. Despite
these differences, collectively the results indicate that the
binding of CHP3 (as well as other CHP isoforms) is essential
for optimal Na�/H� exchange, both in terms of protein sta-
bility and catalysis.

Our findings are in contrast to an earlier study (32) showing
that CHP3/tescalcin bound to the distal half of the C-terminal
NHE1 and suppressed NHE1 activity in transfected CHO cells.
The apparent discrepancies between the two studies are diffi-
cult to reconcile but may reflect differences in experimental
approaches. For instance, in the former report (32), the binding
of CHP3 was tested only on a single fragment derived from the
extreme C terminus of human NHE1 (between amino acids
633–815; equivalent to amino acids 638–820 of rat NHE1)
using an in vitro affinity blotting assay. Under the conditions
employed, this techniquemay have revealed a low affinity bind-
ing site for CHP3 that was not readily detected using the more
stringent approaches applied in this study. Alternatively, amino
acid differences in this region (18 of 183 amino acids) between
human and rat NHE1 could also be a factor. However, these
sites are not highly conserved among mammalian species, sug-
gesting they are unlikely to play a major role in the binding of
critical regulatory proteins such as CHP. Because the precise
location of this distal C-terminal site in human NHE1 was not
delineated further nor manipulated experimentally, its func-
tional relevance remains obscure. A more difficult issue to
resolve between the two studies is the opposing effects of CHP3
onNHE1 activity. Although different assaysmethodswere used
to assessNHE1 activity, i.e. fluorimetricmeasurements ofNa�-
dependent H� efflux using the pH-sensitive dye 2�,7�-
bis(carboxyethyl)-5,6-carboxyfluorescein (32) versus radioiso-
topic measurements of H�-activated 22Na� influx used herein,
they are complementary techniques and in principal should
provide equivalent outcomes. Further investigation will be
required to resolve these disparities.
In comparison to CHP3, earlier studies indicated that CHP1

and CHP2 were primarily involved in regulating the H� sensi-
tivity of NHE1 as well as other plasma membrane-type NHEs
(26, 27, 36), albeit in subtly different ways. CHP1 appeared crit-
ical for setting the resting intracellular H� sensitivity of the
exchanger in the neutral pH range and modulating its respon-
siveness to various stimuli (26, 33, 36). By contrast, CHP2
bound NHE1 with severalfold higher affinity than CHP1 and
appeared to constitutively activate the transporter in the
absence of external stimuli, resulting in marked alkalinization
of steady-state intracellular pH relative to cells expressing only
CHP1 (27). However, more recent evidence indicates that
CHP1may also influence NHE1 protein stability (49). Analyses
of chicken B lymphoma DT40 cells containing null mutations
of CHP1 showed a significant reduction in the total cellular
abundance of NHE1 protein without affecting its mRNA
expression, an effect consistent with either a decreased rate of
translation and/or reduced post-translational processing and
stability of NHE1 (49). Whether CHP2 also regulates NHE1
protein stability is unknown.Taken together, these data suggest
that members of the CHP family act as positive regulators of
NHE1 (and possibly other plasmalemmal NHEs) by enhancing
its post-translational maturation and stability, maximal veloc-
ity, and/or intrinsic sensitivity to intracellular H� in a manner
that is dependent on the CHP isoform. In cells that express
multiple CHP isoforms, it is conceivable that these ancillary
proteins could act in a temporal and spatial manner to control
different facets of NHE1 biosynthesis and function.

FIGURE 11. Effect of CHP3 on half-life of cell surface NHE1 tagged by bioti-
nylation. A, AP-1 cells stably expressing NHE1HA or stably coexpressing
NHE1HA and CHP3myc were subject to cell surface biotinylation, as described
under “Experimental Procedures.” The cells were returned to growth media at
37 °C, and then cell lysates were prepared at varying times over a 48-h period.
At each time point, a small fraction of the cell lysates was removed for immu-
noblotting, and the remainder was incubated with 200 �l of NeutrAvidin-
Sepharose beads to extract the biotinylated proteins. Total cellular levels of
fully glycosylated (fg) and core-glycosylated (cg) NHE1HA and CHP3myc as well
as levels of surface biotinylated, fully glycosylated NHE1HA were monitored as
a function of time by SDS-PAGE and immunoblotting, as described in the
legend to Fig. 6. B, data represent densitometric analysis of the cell surface
biotinylated NHE1HA presented in A, normalized as a percentage of its maxi-
mal abundance at time 0 h. Values represent the mean � S.E. of four experi-
ments. Error bars smaller than the symbol are absent.
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Other studies have also highlighted the critical impor-
tance of the proximal cytoplasmic C terminus for the proper
functioning of the exchanger. In addition to binding CHP,
this region contains two positively charged amino acid clus-
ters that immediately flank the CHP-binding site and inter-
act directly with the inositol phospholipid PIP2 located in the
inner leaflet of the plasma membrane (30). Mutations of
NHE1 that disrupt the binding of PIP2 or biochemical
manipulations that sequester or deplete PIP2 in intact cells
greatly reduce the transport capability of NHE1. In addition,
the distal positively charged amino acid cluster has also been
shown to bind the actin binding proteins ezrin, radixin, and
moesin, an association that appears vital for proper organiza-
tion of focal adhesions, actin stress fibers, and cell shape (31).
Thus, although the precise structural basis for these functional
effects is uncertain, the binding of CHP1, -2, or -3, PIP2, and
ezrin/radixin/moesin, operating separately or in conjunction,
may act to orient the juxtamembrane cytoplasmic C terminus
of NHE1 in tight apposition with the inner membrane surface.
Such a configuration may support enhanced protein matura-
tion, stability, and optimal transport at the cell surface.
In addition to their effects on the NHEs, the CHPs also reg-

ulate other cellular processes. CHP1 (also referred to as p22)
was found to play a significant role in constitutive transcytotic
targeting of apical membrane proteins in epithelial cells (50).
Subsequent analyses revealed that CHP1/p22 interacts with
several proteins linked to the movement of vesicles along
microtubules, including the kinesin-related motor protein
KIF1B�2 (51) and the multifunctional enzyme glyceraldehyde-
3-phosphate dehydrogenase (52). Moreover, CHP1/p22 ex-
pression was shown to modulate the assembly and dynamics of
the microtubule cytoskeleton and endoplasmic reticulum net-
work (53). Thus, CHP1 appears to play a broad role in the
movement of membrane proteins along the biosynthetic path-
way. With regard to CHP3/tescalcin, up-regulation of this iso-
formwas found to be essential for the expression ofmembers of
the Ets family of transcription factors (i.e. Fli-1, Ets-1, and
Ets-2) that promote differentiation of hematopoietic progeni-
tor cells along the megakaryocyte lineage (54). Whether this
phenomenon is linked to changes in cellular pH or through an
independent pathway is unknown.
In summary, these data provide new insight into the

importance of CHP3 for the optimal functioning of the
Na�/H� exchanger NHE1 isoform. CHP3 positively regu-
lates NHE1 activity by promoting its rate of biosynthetic
maturation and half-life at the cell surface as well as its max-
imal rate of transport.
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