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ABSTRACT: The Na+/H+ exchanger 1 (NHE1) exists as a homo-dimer in the plasma membranes. In the
present study, we have investigated the functional significance of the dimerization, using two nonfunctional
NHE1 mutants, surface-expression-deficient G309V and transport-deficient E262I. Biochemical and
immunocytochemical experiments revealed that these NHE1 mutants are capable of interacting with the
wild-type NHE1 and, thus, forming a heterodimer. Expression of G309V retained the wild-type NHE1 to
the ER membranes, suggesting that NHE1 would first form a dimer in the ER. On the other hand, expression
of E262I markedly reduced the exchange activity of the wild-type NHE1 through an acidic shift in the
intracellular pH (pHi) dependence, suggesting that dimerization is required for exchange activity in the
physiological pHi range. However, a dominant-negative effect of E262I was not detected when exchange
activity was measured at acidic pHi, implying that one active subunit is sufficient to catalyze ion transport
when the intracellular H+ concentration is sufficiently high. Furthermore, intermolecular cysteine cross-
linking at extracellular position Ser375with a bifunctional sulfhydryl reagent dramatically inhibited exchange
activity mainly by inducing the acidic shift of pHi dependence and abolished extracellular stimuli-induced
activation of NHE1 without causing a large change in the affinities for extracellular Na+ or an inhibitor
EIPA. Because monofunctional sulfhydryl regents had no effect, it is likely that cross-linking inhibited
the activity of NHE1 by restricting a coupled motion between the two subunits during transport. Taken
together, these data support the view that dimerization of two active subunits are required for NHE1 to
possess the exchange activity in the neutral pHi range, although each subunit is capable of catalyzing
transport in the acidic pHi range.

The Na+/H+ exchanger (NHE1) is a member of the
secondary active transporter family, which catalyzes the
exchange of Na+ for H+ (1-5). NHE isoforms (NHE1-
NHE9) possess a common structural feature, that is, the
molecules have two large functional domains, an amino (N-)
terminal membrane domain consisting of multiple membrane-
spanning helices and a long carboxyl (C-) terminal hydro-

philic domain. Of nine known isoforms, NHE1 is ubiqui-
tously expressed and is responsible for the control of
intracellular pH (pHi) and cell volume (1-5). NHE1 is
known to be activated in response to various extrinsic stimuli
such as hormones, growth factors, and changes in the
medium osmolarity, presumably through the interaction of
various signaling molecules with theC-terminal cytoplasmic
domain. Importantly, such activation of NHE1 is thought to
be exerted through a conformational change of the exchanger
molecule, which is triggered by protonation at a H+-modifier
or pH sensor site that is distinct from the H+-transport site
(6-8).

In contrast to the extensive studies investigating the
regulatory mechanism of NHE1, structural information
including the subunit-subunit interaction is extremely limited.
A previous study showed that NHE1 and NHE3 form homo-
oligomers by interacting via the transmembrane regions in
intact cells (9), and consistent with this, NHE1 in the
placental brush border membranes was detected as a larger
form (∼205 kDa), cross-linked by disulfide bonds (10).
Furthermore, we recently presented evidence that NHE1
forms a homodimer but not a homotrimer or a homotetramer
(11). Despite detailed descriptions of the oligomeric state
of the exchanger, its functional significance is not well
understood. The previous study (9) suggested that the
functional unit of NHE1 is a monomer on the basis of the
coexpression experiment of transport-deficient mutant E262I.
However, it has been reported that the interaction between
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subunits may be required for NHE1 function using several
kinetic approaches (12-14). In addition, the sigmoidal
cytosolic H+ dependence has recently been reported to be
best explained by an allosteric model involving the coopera-
tive interaction between subunits (14).

In this study, we have addressed whether dimerization is
responsible for the activity of NHE1. We found that expres-
sion of a dominant-negative mutant exchanger greatly inhib-
ited the exchange activity in the neutral pHi range by
inducing an acidic shift of the pHi dependence. Furthermore,
the exchange activity was markedly reduced by intermolecu-
lar cross-linking between engineered cysteine residues,
suggesting that cross-linking restricts the cooperative move-
ment between NHE1 subunits and thereby inhibits ion
transport. The present findings provide a strong piece of
evidence that dimerization is required for the physiological
function of NHE1.

EXPERIMENTAL PROCEDURES

Antibodies and Other Materials.The polyclonal antibody
against human NHE1 has been described previously (15).
Antibodies against HA (3F10) and c-Myc epitopes were
purchased from Roche Diagnostics GmbH (Germany) and
Santa Cruz Biotechnology, Inc. (CA), respectively. Cysteine-
modifier reagent MTSET and cross-linkers MTS-2, MTS-6,
and MTS-17 were purchased from Toronto Research Chemi-
cals, Inc. (Canada).22NaCl and [14C]-benzoic acid were
purchased from Perkin-Elmer Life Science, Inc. (MA). All
other chemicals were of the highest purity available.

Cell Culture and Plasmid DNA Transfection.The
exchanger-deficient cell line (PS120) (16) and corresponding
transfectants were maintained in DMEM containing 25 mM
NaHCO3 and supplemented with 7.5% (v/v) fetal calf serum,
penicillin (50 units/mL), and streptomycin (50µg/mL). Cells
were maintained at 37°C in the presence of 5% CO2. All
cDNA constructs were transfected into PS120 or CCL39 cells
using the calcium phosphate-DNA coprecipitation technique
or with Lipofectamine 2000 (Invitrogen Corp., CA), and
stable clones for NHE1 and mutant constructs were selected
by repetitive H+-killing selection procedures, as described
previously (17). In some cases, G418-resistant cell clones
were isolated.

Construction of the NHE1 Mutant Plasmid.A plasmid
carrying a cDNA encoding human NHE1 and containing
unique restriction sites cloned into the mammalian expression
vector pECE has been described previously (17). A cDNA
construct for NHE1 in which all endogenous cysteine resi-
dues were replaced by alanine, designated as Cys-less NHE1,
has also been described previously (18). Construction of
plasmids for NHE1 containing point mutations was carried
out by a PCR-based strategy using two template plasmids
encoding wild-type or Cys-less NHE1, as described previ-
ously (18). Similarly, plasmids containing nucleotide se-
quences corresponding to the HA epitope YPYDVPDYAS
or the c-Myc epitope EQKLISEEDL were constructed by
inserting PCR fragments produced using antisense primers
containing either epitope sequence and a stop codon just after
theC-terminus of NHE1 into the appropriate restriction sites
of the plasmid containing NHE1 cDNA. Constructs were
confirmed by sequencing plasmids with an ABI-PRISM
DNA sequencer model 3100 (Applied Biosystems, CA). In

this study, we use the prefix “cl-“ for point mutants produced
from Cys-less NHE1 as background.

Cross-Linking between Cysteine Residues of NHE1.The
cross-linking reaction was performed using PS120 cells
stably expressing the NHE1 mutants, essentially as described
previously (11). Cells expressing each mutant containing a
single cysteine residue at an extracellular site of Cys-less
NHE1 were grown to confluence, usually on a 12-well plate,
and then were washed twice with balanced salt solution
(BSS) containing 136 mM NaCl, 4 mM KCl, 1 mM MgCl2,
1.8 mM CaCl2, 5 mM glucose, and 10 mM HEPES at pH
7.4 adjusted with NaOH. Cells were then treated with various
thiol-specific cross-linkers, MTS-2, MTS-6, and MTS-17
(usually 0.1-1.0 mM), in the above solution for 15 min at
room temperature. The cross-linking reaction was stopped
by the addition of 300µL of 2× LDS sample buffer
(Invitrogen) containing 10 mMN-ethylmaleimide per well,
and then the PAGE mobility of NHE1 variants in the samples
was analyzed by immunoblotting.

Immunoprecipitation and Immunoblotting.For co-
immunoprecipitation of the Myc-tagged wild-type NHE1 and
the HA-tagged E262I mutant, cells coexpressing these
proteins were washed with ice-cold PBS and solubilized with
lysis buffer (1% Triton X-100, 5 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mM benzamidine in PBS) for
20 min on ice. Quantitative analysis revealed that most of
NHE1 (88 ( 4%) was recovered in the Triton-soluble
fraction. After centrifugation for 5 min at 15,000 rpm, the
supernatant (Triton-soluble fraction) was incubated for 2 h
at 4°C with rabbit anti-Myc antibody plus 30µL of Protein
A-Sepharose beads (Amersham Biosciences, Inc., NJ). The
beads were washed five times with ice-cold lysis buffer, and
proteins were eluted with LDS sample buffer containing 50
mM DTT. After PAGE on 3-8% gradient gels (NuPAGE
Gel, Invitrogen), proteins were transferred electrophoretically
onto polyvinylidene difluoride membranes and subjected to
immunoblotting with anti-HA. Proteins were visualized by
enhanced chemiluminescence detection (Amersham).

Immunocytochemistry.Cells were fixed with cold methanol
and then blocked with PBS containing 5% BSA fraction IV.
Cells were then treated with anti-NHE1 or anti-HA antibody
followed by fluorescent staining with a rhodamine-labeled
secondary antibody. Fluorescent images were taken using a
confocal laser scanning attachment (MRC1024, BioRad)
mounted on an upright microscope (BX50WI, Olympus
Corp., Japan) equipped with an 60× water immersion
objective (LUMPlanFI, Olympus). Both the anti-NHE1
antibody and the secondary antibody were used after absorb-
ing against PS120 cells. All procedures were performed at
room temperature.

Surface Labeling.Cells were incubated with 1 mM NHS-
LC-Biotin (Pierce Biotechnology, IL) in PBS containing 0.1
mM CaCl2 and 1 mM MgCl2 for 30 min at room temperature
and then solubilized with lysis buffer. The lysate was
centrifuged to remove the insoluble fraction. The supernatant
was incubated with streptavidin-agarose beads (Pierce) for
1 h at 4°C, and the beads were then washed five times with
lysis buffer. The proteins were eluted with 2× LDS sample
buffer by heating and then subjected to immunoblot analysis.

Measurement of22Na Uptake.22Na+ uptake activity was
measured by the K+/nigericin pHi clamp method (19). Brief-
ly, serum-depleted cells in 24-well plates were preincubated
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for 30 min at 37°C in a Na+-free choline chloride/KCl
medium containing 20 mM HEPES/Tris (pH 7.4), 1.2-140
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose, and
5 µM nigericin (Invitrogen).22Na+ uptake was started by
adding the same choline chloride/KCl solution containing
22NaCl (37 kBq/mL: final concentration, 1 mM), 1 mM
ouabain, and 0.1 mM bumetanide. In some wells, the uptake
solution contained 0.1 mM EIPA. One to 5 min later, cells
were rapidly washed four times with ice-cold PBS to
terminate22Na+ uptake. pHi was calculated from [K+]i/[K+]o

) [H+]i/[H+]o by assuming an intracellular [K+] of 120 mM.
In some experiments, cells were treated with MTS cross-
linkers for 15 min at room temperature prior to incubation
with pHi-clamp buffer. The data were normalized on the basis
of protein concentration, which was measured using a
bicinchoninic assay system (Pierce), using bovine serum
albumin as a standard.

Intracellular pH Measurement.Cells were seeded onto 22-
mm glass coverslips coated with collagen Type-I (BD
Biosciences, NJ). Two days after plating, cells were loaded
with 1 µM BCECF/AM (Invitrogen) in a “Na+ solution”
containing 10 mM HEPES/Tris (pH 7.4), 136 mM NaCl, 4
mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM glucose
for 10 min at room temperature. The coverslip was mounted
on a flow chamber and continuously perfused with solution
at 0.6 mL/min by means of a Perista pump (ATTO Corp.,
Japan). Changes in pHi were estimated by ratiometric
imaging of changes in BCECF fluorescence. Fluorescence
was monitored at 510-530 nm by alternatively exciting at
440 and 490 nm through a 505-nm dichroic reflector. Fluo-
rescence images were collected every 5 or 10 s using a cooled
CCD camera (ORCA-ER, Hamamatsu photonics K.K.,
Japan) mounted on an inverted microscope (IX 71, Olympus)
with an 20× objective (UApo/340, Olympus) and then were
processed with AQUACOSMOS software (Hamamatsu pho-
tonics). For NH4 prepulse, cells were perfused for 5 min with
the above Na+ solution containing 30 mM NH4Cl, followed
by perfusion with a Na+-free solution (NaCl was replaced
by choline Cl). The NHE1-dependent pHi recovery was
induced by reperfusion with the Na+ solution. The pHi value
was calibrated using a “high K+ solution” containing 5µM
nigericin adjusted to various pH values. The change in pHi

was also measured by the [14C]benzoic acid-equilibration
method (17). In this experiment, serum-depleted cells were
preincubated for 30 min in bicarbonate-free HEPES-buffered
DMEM (pH 7.0) and then incubated in the same medium
containing [14C]benzoic acid (1µCi/mL) for 10 min at 37
°C. After washing four times with ice-cold PBS, the cellular
uptake of14C-radioactivity was measured. The change in pHi

was calculated as described previously (17).

RESULTS

Heterodimer Formation between the Wild-Type and Inac-
tiVe Mutant Exchangers.In this study, we constructed two
NHE1 mutants, G309V and E262I (see Figure 1A for their
positions in the secondary structure of NHE1). These mutant
exchangers showed no EIPA-sensitive22Na+ uptake activity
when they were expressed in exchanger-deficient PS120 cells
(Figure 1B). Although the fully glycosylated mature form
of the wild-type and E262I exchangers were recognized in
the immunoblot with anti-NHE1 antibody (Figure 1C), only
the immature form of G309V was observed in the immuno-

blot, suggesting that G309V may be retained in the intra-
cellular membranes. In order to check the surface expression
of these mutant exchangers, we carried out the immuno-
fluorescence analysis with anti-NHE1 antibody. Similar to
the wild-type NHE1, E262I tagged with HA were expressed
at least partly in the plasma membrane, as shown by
immunofluorescence observation with anti-HA antibody
(Figure 2A; see inset for the fluorescence intensity profile
analysis). In contrast, most of G309V proteins were retained
in the intracellular membranes (Figure 2A and B for summa-
rized data). Furthermore, G309V proteins were mostly co-
stained with the ER marker DiOC6(3), whereas neither the
wild-type nor the E262I exchangers were co-stained (Figure
2C). Thus, the lack of exchange activity of G309V could
result from no surface expression of this mutant.

In order to examine whether the G309V mutant interacts
with the wild-type NHE1 and thus inhibit its plasma mem-
brane trafficking, we isolated a stable cell line expressing

FIGURE 1: Characterization of two inactive mutant exchangers. (A)
Secondary structure model of NHE1. The membrane topology has
previously been determined by cysteine-accessibility analysis (18).
Relative positions of mutated residues (Glu262, Gly309, and Ser375)
are indicated in the Figure. R-loop, reentrant loop. (B) EIPA-
sensitive22Na+-uptake activity in PS120 cells transiently transfected
with an empty pECE vector (vec), wild-type NHE1 (WT), E262I,
G309V, or wild-type NHE1 plus G309V (0.3µg for each). Values
are the means( S.D. of triplicate determinations. (C) Immunoblots
of proteins obtained from cells stably expressing the wild-type,
E262I, or G309V. Cell lysate proteins (50µg/lane) were applied
to 3-8% SDS-PAGE and visualized with anti-NHE1 antibody.
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G309V and then transfected these cells with HA-tagged wild-
type NHE1. In contrast to the predominant localization of
the wild-type NHE1 in the plasma membrane upon trans-
fection with a NHE1-carrying vector alone (Figure 2C, left
top panel), coexpression of G309V markedly inhibited the
surface expression of NHE1 (Figure 2C, left bottom panel
and see also Figure 2A and B). Consequently, most of this
wild-type NHE1 proteins were retained in the ER, which
were co-stained with DiOC6(3) upon expression of G309V
(Figure 2C, right bottom panel). Coexpression also resulted

in a strong dominant-negative effect of G309V on exchange
activity, as assessed by22Na+ uptake (Figure 1B). Therefore,
it is likely that G309V is able to form a heterodimer with
the wild-type NHE1 and that dimerization of NHE1 may
first occur in the ER membranes, although we do not exclude
the possibility that NHE1 subunits interact indirectly.

We next examined whether the wild-type and E262I
exchangers exist as a heterodimer in the plasma membrane.
We stably coexpressed E262I tagged with an HA epitope
(E262I-HA) and the wild-type NHE1 tagged with a Myc

FIGURE 2: Immunofluorescence analysis of two mutant exchangers. (A) Confocal immunofluorescence images of the cells stably expressing
the NHE1 variants with or without HA-tag. In one experiment (right panel), cells stably expressing G309V were further transfected with
NHE1-HA. Cells were immunostained with anti-HA except for G309V, which were immunostained with anti-NHE1 (third panel). The
inset shows the intensity profile of fluorescence along the dotted line. In many cells expressing the wild-type or E262I mutant exchangers,
strong fluorescence signals were detected at the cell edge. (B) Summary data for membrane localization of fluorescence signal. The number
of cells with a strong fluorescence signal at the cell edge (at least three times more than the average of fluorescence in the internal cell
region) was counted. Data are expressed as the mean( S.D. from six images (total cell number analyzed, 39-101). (C) Double staining
of cells for NHE1 and ER maker DiOC6 (3). Cells were fixed, permeabilized, and immunostained with anti-HA or anti-NHE1 antibody for
G309V (left panels) and then briefly (1 min) incubated with the ER marker DiOC6(3) (0.1µM) (middle panels). These fluorescent images
were merged (right panels). Scale bars, 20µm.
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epitope (WT-Myc) in PS120 cells. Cells were surface labeled
with NHS-LC-biotin, and biotinylated proteins were recov-
ered with streptavidin-agarose and then analyzed by immuno-
blotting with anti-HA or anti-Myc antibodies. The results
indicate that both proteins were surface-biotinylated (Figure
3), that is, expressed in the plasma membrane. The immature
E262I protein band slightly detected in the biotin-treated
fraction may be due to the partial membrane permeability
of NHS-LC-biotin. To semiquantitatively evaluate the surface
expression of NHE1, we estimated the amount of NHE1
proteins adsorbed by streptavidin-agarose beads by subtract-
ing the amount of unbound NHE1 (including immature
NHE1) from that of total NHE1 after incubation with beads
(data not shown). From such an analysis, we concluded that
45.4 ( 8.7 and 33.3( 13.2% (means( S.D., n ) 3) of
total NHE1 proteins were adsorbed by the beads, that is,
expressed in the cell surface for the wild-type and E262I
exchangers, respectively. Furthermore, co-immunoprecipi-
tation analysis revealed that E262I-HA was detected in the
immunoprecipitates with anti-Myc antibody (Figure 3), sug-
gesting that the Myc-tagged wild-type NHE1 and HA-tagged
E262I interact with each other. Hence, surface-labeling and
co-immunoprecipitation experiments indicate that wild-type
NHE1 forms a heterodimer with E262I in the plasma
membrane.

Coexpression of Transport-Deficient NHE1 Mutant Exerts
a Dominant-NegatiVe Effect in the Neutral pHi Range.We
next examined the effect of the expression of E262I on the
exchange activity of NHE1. We expected that if two active
subunits are required for the exchange reaction, heterodimer
formation between the wild-type and E262I exchangers
would result in the inhibition of activity via the dominant-
negative effect of E262I. PS120 cells were transiently trans-
fected with plasmids carrying wild-type NHE1 together with
the E262I mutant or an empty vector at a molar ratio of 1:1

or 1:3, and exchange activities were assessed by measuring
EIPA-sensitive22Na+ uptake at both neutral (7.0) and acidic
pHi (5.6). As shown in Figure 4A, coexpression of E262I
resulted in a marked reduction of the activity of the wild-
type NHE1 at pHi 7.0 (more than 50% reduction), that is,
E262I exerted the dominant-negative effect. In contrast,
expression of E262I had a negligible effect on the exchange
activity at acidic pHi (Figure 4B). These results suggest that
heterodimerization with E262I inhibits the transport activity
of NHE1 in a pHi-dependent manner.

We further investigated the dominant-negative effect of
E262I under more physiological conditions. To do this, we
used CCL39 fibroblastic cells because these cells homog-
enously express a relatively low amount of endogenous
NHE1. The plasmid carrying E262I was cotransfected with
DsRed vector carrying a red fluorescent protein as an expres-
sion marker. After DsRed fluorescent images were taken,
cells were loaded with a fluorescent pHi indicator, BCECF-
AM. Figure 5A shows typical images of DsRed (b) and
BCECF fluorescence (c), which were taken in an identical
microscopic field. Using this system, the NHE activity was
assessed by measuring pHi recovery after NH4+ prepulse.
The DsRed-negative cells exhibited a relatively rapid pHi

recovery due to endogenous NHE1 (see cell number 4 in
Figure 5A and B). In contrast, the pHi-recovery rate was
dramatically reduced in E262I-expressing DsRed-positive
cells (cells numbered 1, 2, and 3). The data from DsRed-
positive cells are collected and summarized in Figure 5C
and D. While transfection of exogenous wild-type NHE1
accelerated the rate of pHi recovery, expression of E262I
greatly reduced it (Figure 5C and D). Furthermore, expres-
sion of E262I shifted the pHi dependence of the recovery
rate to the acidic side (Figure 5E). Figure 5F shows the
change in pHi in response to thrombin. In vector-transfected
control CCL39 cells, thrombin induces a rapid cytoplasmic
alkalinization via the activation of NHE1, preceded by the
transient acidification (asterisk) resulting from Ca2+-

FIGURE 3: Heterodimer formation between the wild-type NHE1
and E262I in the plasma membrane. Cells were stably cotransfected
with Myc-tagged NHE1 and HA-tagged E262I and treated with
1 mM NHS-LC-biotin. The biotin-labeled proteins (BL) were
collected with streptavidin-agarose beads and analyzed by immu-
noblotting. Double-transfected cells were also solubilized and
subjected to immunoprecipitation with anti-Myc antibody, followed
by immunoblotting with anti-HA antibody. The cell lysate was also
analyzed by immunoblotting with the indicated antibodies (Ly).

FIGURE 4: Dominant negative effect of E262I on the exchange
activity of NHE1. Plasmids carrying the wild-type NHE1 (WT) or
E262I were transiently cotransfected into PS120 cells plated on a
24-well plate using Lipofectamine2000. The total quantity of
plasmids transfected per well was adjusted to 0.6µg. In the absence
of the E262I plasmid, the total quantity was adjusted with an empty
vector. The ratio of the transfected plasmid (WT/E262I or WT/
empty vector) was 1:1 and 1:3. Two days after transfection, EIPA-
sensitive22Na+ activity was measured at pHi 7.0 (A) or 5.6 (B)
clamped by K+-nigericin, as described under Experimental Proce-
dures. Values are the means( S.D. of triplicate determinations.
The statistical significance of the data was analyzed by unpaired
t-test. *P < 0.05.
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mobilization (1). The expression of E262I completely inhib-
ited this thrombin-induced cytoplasmic alkalinization. Thus,
expression of E262I strongly inhibits endogenous NHE1
activity in CCL39 cells in the neutral pHi range, and thereby
abolishes the pHi regulation in response to growth factors.
It should be noted that unlike the22Na+ uptake measurement,
we could not assess the exchange activity at very acidic pHi

by measuring pHi recovery because it was difficult to acidify
cells by less than 6.0 by NH4+ prepulse.

Na+/H+ Exchange ActiVity Is Inhibited by Symmetrical
Intermolecular Cross-Linking at External Cysteine Residues.
We expected that if dimerization is essential for the function
of NHE1, cross-linking between the two NHE1 subunits
would inhibit the Na+/H+ exchange reaction by restricting
the conformational change of the proteins during transport.
We constructed NHE mutants containing a single cysteine
using Cys-less NHE1 as a background. Of the 34 single
cysteine mutants tested, we found that symmetrical cross-

FIGURE 5: Dominant-negative effect of E262I on endogenous NHE1 activity in CCL39 cells. (A) CCL39 cells were grown on collagen-
coated glass coverslips and transiently cotransfected with E262I and DsRed (as an expression marker) at a molar ratio of 3:1. Forty-eight
hours after transfection, they were serum-depleted for more than 5 h, and a coverslip with a perfusion chamber was mounted on the stage
of an inverted microscope fitted with a CCD camera. Differential interference contrast (DIC) and DsRed fluorescence images (a and b)
were taken, and then the cells were loaded with 3µM BCECF-AM for 10 min at room temperature (c, BCECF fluorescence image). (B)
pHi-recovery curves obtained from individually numbered cells. The numbers in B correspond to those in A. Na+ was added at the time
shown by the arrow. (C) and (D) Cells were transiently cotransfected with DsRed together with empty vector (mock), wild-type NHE1, or
E262I plasmid, and pHi-recovery curves were obtained from a DsRed-positive cell. Data were collected from more than 60 DsRed-positive
cells in two independent experiments, and a summary of these data is shown. In C, these averaged pHi-recovery curves are shown, whereas
in D, the pHi increment during 30 s starting from pHi 6.3 (means( S.E.) is shown. (E) pHi dependence of pHi-recovery rates. The averaged
rate of pHi recovery (C) was calculated from the pHi increment at every 10 s and plotted against pHi. (F) Change in pHi in response to
thrombin. CCL39 cells were transiently cotransfected with an empty vector or E262I together with DsRed. At the time indicated by arrows,
perfusion was changed to the solution containing 1 uint/mL thrombin. Traces from more than 60 cells were averaged. Asterisks (*) represent
the transient acidification resulting from intracellular Ca2+ mobilization. These acidifications suggest that cells are capable of undergoing
normal cell signaling in response to thrombin.
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linking occurred with homobifunctional MTS cross-linkers,
MTS-2, MTS-6, or MTS-17, at six extracellular sites of
NHE1, Pro153 in extracellular loop (EL) 2, Asn282 and Tyr283

in EL4, and Ser375, Thr377 and Tyr381 in EL5. In this study,
we focused on a mutant cl-S375C because a significant
reduction of activity was observed upon cross-linking in this
mutant. Treatment of the cells with MTS-17 resulted in a
mobility shift of cl-S375C from the monomer to the dimer
position (right panel of Figure 6A). Immature NHE1 is also
cross-linked, as shown by the mobility shift of the lower
bands. A similar mobility shift was also observed on
treatment with MTS-2 or MTS-6 having shorter spacer arms
(data not shown). In contrast to cl-S375C, such a mobility
shift was not observed in Cys-less NHE1 (Figure 6A). We
investigated whether cross-linking actually affects NHE
activity by assessing the effects of cross-linking reagents on
EIPA-sensitive22Na+ uptake. Although treatment with MTS-
17 had no effect on the activity of Cys-less NHE1, the same
treatment markedly suppressed the activity of cl-S375C in a
dose-dependent manner both at neutral (6.8) and low pHi

(5.6) (Figure 6B, a and b). Similarly, inhibition of NHE1
activity was also observed as a decrease in the rate of pHi

recovery after acid loading (data not shown). In contrast to
MTS-17, the activity was not affected by the monofunctional
SH-modifier reagents biotin maleimide or MTSET (Figure
6B, c and d), which have been reported to react with a
cysteine residue at position Ser375 (18), suggesting that
inhibition of cl-S375C activity by MTS-17 is not simply due
to SH-modification but to intermolecular cross-linking. We
did not examine the effects of MTS-2 or MTS-6 on exchange
activity because these reagents had a severe toxic effect on
cells.

We next investigated several functional properties of cross-
linked cl-S375C. As shown in Figure 6B, inhibition of the
cl-S375C activity by cross-linking was stronger at high pHi

(75% inhibition at pHi 6.8) compared to that at low pHi (50%
inhibition at pHi 5.6). Consistent with this finding, cross-
linking with MTS-17 greatly shifted the pHi dependence of
22Na+ uptake to the acidic side and virtually abolished the
activity in the neutral pHi range (Figure 7A), although amino
acid substitution of Ser375 itself also slightly shifted the pHi
dependence to the acidic side (data not shown). The pHi

dependence of22Na+-uptake activity in Cys-less NHE1 was
not affected by treatment with MTS-17 (data not shown). In
addition, in cells expressing cl-S375C, cytoplasmic alkalin-
ization in response to thrombin, PMA, or hyperosmotic stress
was completely abolished upon treatment with MTS-17
(Figure 7B), whereas significant alkalinization was observed
in Cys-less NHE1 (Figure 7B). Lack of NHE1 activation in
response to extracellular stimuli is probably due to an acidic
shift of the pHi dependence caused by treatment with MTS-
17. In contrast to pHi regulation, cross-linking with MTS-
17 exerted only a small effect on the concentration depen-
dence of extracellular Na+ (Figure 7C). TheKm values for
Na+ were 8.33( 0.64 and 8.95( 0.50 mM in Cys-less
NHE1 (the trace is not shown) and 12.7( 0.7 and 7.99(
1.15 mM in cl-S375C in the control and MTS-treated cells,
respectively. Treatment with MTS-17 slightly reduced the
sensitivity to inhibitor EIPA in cl-S375C (Figure 7D),
whereas the same treatment had no effect on EIPA inhibition
in Cys-less NHE1 (data not shown). The EIPA concentrations
giving half-maximal inhibition (IC50) were 78.23( 1.56 and
88.1 ( 11.3 nM in Cys-less NHE1 and 126.0( 10.3 and
198( 10.6 nM in cl-S375C in control and MTS-treated cells,
respectively. These results suggest that cross-linking at
extracellular sites has a large influence on exchanger function
across the membrane, while exerting a moderate effect on
the affinities for extracellular Na+ and EIPA.

DISCUSSION

In this work, we analyzed the functional significance of
the dimerization of NHE1 by means of the expression of a
dominant-negative mutant exchanger and intermolecular
cross-linking. Initially, we showed that the wild-type NHE1
is capable of interacting with surface expression-deficient
G309V and with transport-deficient E262I. These observa-
tions, together with the data from cross-linking experiment,
reinforce the previous findings that NHE1 exists as a dimer
in plasma membranes. Experiments with the dominant-
negative mutant NHE1 provided evidence that two active
subunits are required for the function of NHE1. The expres-

FIGURE 6: Inhibition of NHE1 activity by treatment with cross-
linkers. (A) Immunoblot analysis representing the intermolecular
cross-linking of cl-S375C proteins. Cells stably expressing Cys-
less NHE1 (left panel) or cl-S375C (right panel) were treated with
1 mM MTS-17 for 15 min at 4°C in BSS and subjected to
immunoblot analysis with anti-NHE1 antibody. (B) Cells expressing
Cys-less NHE1 or cl-S375C were grown to confluence in 24-well
dishes and treated with the indicated concentrations of MTS-17,
biotin maleimide, or MTSET for 15 min at room temperature, and
the22Na+-uptake activity was measured. In the absence of modify-
ing reagents, EIPA-sensitive22Na+-uptake activity was 10-15 and
40-50 nmol/mg/min at pHi 6.8 and 5.6 for Cys-less and cl-S375C
mutants, respectively. Data were normalized by the values without
modifying reagents and represented as means( S.D. of triplicate
determinations. Error bars are sometimes smaller than symbol sizes.
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sion of transport-deficient E262I in CCL39 cells dramatically
reduced the exchange activity of endogenous NHE1 through
an acidic shift in the pHi dependence of exchange activity
(Figure 5). In addition, coexpression of E262I, together with
wild-type NHE1, markedly reduced exchange activity at
neutral pHi, whereas it exerted only a marginal effect on the
activity at acidic pHi (Figure 4). These data suggest that
heterodimer formation between the wild-type protein and the
E262I mutant exchanger results in a marked inhibition of
exchange activity by inducing an acidic shift of the pHi

dependence, suggesting that dimerization would be essential
for physiological exchange activity.

Secondary active transporters such as NHE1 are generally
thought to have two major alternating conformations during
the transport cycle, outward- and inward-facing orientations.
This is also compatible with the recently solved crystal
structures of two major facilitator superfamily transporters,
the glycerol-3-phosphate transporter (20) and the lactose
permease ofE. coli (21). In the E262I subunit of the NHE1
heterodimer, such a conformational change may not be able
to take place because this subunit is transport-deficient.
Therefore, it is possible that the fixed structure of E262I
restricts the free motion of a neighboring active subunit.
Intermolecular cross-linking would provide another approach
to restrict such motion between subunits. The treatment of
cells expressing cl-S375C with MTS-17 markedly reduced
exchange activity. Importantly, this inhibition mainly occurs
by shifting the pHi dependence of exchange to the acidic
side and partly by decreasing the maximal activity at acidic
pHi (Vmax) and consequently abolished extracellular stimuli-
induced cytoplasmic alkalinization. The same treatment,
however, did not exert a large influence on the apparent
affinities for extracellular Na+ or the inhibitor EIPA. Inter-
molecular cross-linking at position Ser375, which is located

in EL5, occurred upon treatment with all tested MTS
reagents. These reagents have different spacer arms (MTS-
2, 5.2 Å; MTS-6, 10.4 Å; and MTS-17, 24.7 Å), suggesting
that Ser375 in EL5 is mobile over a relatively long distance
at least between 5 and 25 Å. In membrane transporters, the
movement of extracellular loops often plays an important
role in the transport cycle. For example, in the glycine
transporter GLYT2, the first extracellular loop is reported
to alter its accessibility to SH-modification reagents during
the transport cycle (22). Our data suggest that cross-linking
at position Ser375 would restrict the motion of EL5 to less
than 25 Å between NHE1 subunits and in turn lead to a
marked reduction in exchange activity. These results can be
explained if it is assumed that dimerization is essential for
NHE1 function and that the two NHE1 subunits undergo
conformational changes in a concerted manner. Cross-linking
would restrict the coupled motion between the subunits,
thereby leading to the inhibition of exchange activity possibly
by an apparent reduction in pHi sensitivity. Thus, the data
obtained from two different approaches, the dominant-
negative experiment and cross-linking, overall suggest that
the exchange activity depends on a coupled conformational
change of two subunits at physiological pHi and raise the
interesting possibility that the pH-sensing machinery of
NHE1 may be fully functional only when two subunits are
active. This idea is consistent with previous reports (12-
14) suggesting that subunit-subunit interaction may be
important for the function of the exchanger. For example,
the Na+/H+ exchange in kidney brush border membrane
vesicles was reported to exhibit the sigmoidal Na+ depen-
dence under certain conditions (12, 13). Also, the pHi

dependence of exchange activity was recently reported to
be best explained by allosteric kinetics on the basis of the
assumption of a dimeric transporter (14).

FIGURE 7: Functional properties of cl-S375C after cross-linker treatment. (A) pHi dependence of EIPA-sensitive22Na+-uptake activity
measured in cells expressing cl-S375C treated with or without MTS-17. The22Na+ uptake at pHi 5.4 was reduced after cross-linker treatment
(Figure 6B). Data were normalized to those at pHi 5.4. (B) Change in pHi in response to various external stimuli. Cells expressing Cys-less
NHE1 or cl-S375C were incubated with or without 250µM MTS-17 for 15 min at room temperature, and then the external stimuli-induced
change in pHi was measured using the [14C]benzoic acid-equilibration method as described in Experimental Procedures. Cells were stimulated
with 1 unit/mL thrombin, 1µM PMA, or 200 mM sucrose (hyperosmotic stress). (C) and (D) Effect of MTS-17 on the concentration
dependences of EIPA-sensitive22Na+ uptake on external Na+ ([Na+]o) and EIPA in cells expressing cl-S375C. Cells were treated with
500 µM MTS-17 for 15 min at room temperature and pHi-clamped at 5.6, and then the22Na+ uptake was measured in the presence of
various concentrations of Na+ (C) or EIPA (D). Data were normalized by the values at 50 mM Na+ for C or at 1 nM EIPA for D.

Role of the NHE1 Dimerization Biochemistry, Vol. 45, No. 44, 200613353



It is of interest to note that inhibition of activity by
expression of E262I was not detected at low pHi (Figure 4),
suggesting that the wild-type NHE1 subunit of the hetero-
dimer is functional when intracellular H+ concentration is
sufficiently high. This is consistent with a previous report
demonstrating that the dominant-negative effect of E262I
on Na+/H+ exchange activity was not detected in measure-
ments taken at acidic pHi (9). This observation may be
explained if we assume that E262I affects H+-regulatory sites
but not ion-transport sites of the neighboring active subunit.
At present, there is substantial evidence that the ion transport
machinery is located within the membrane-spanning region.
For example, previous studies have shown that mutations
of residues within TM4 and TM9 of NHE1 reduce the
affinity for Na+ or the cation transport activity (23-27).
Furthermore, crystal structure determination and mutational
studies on the bacterial Na+/H+ antiporter NhaA suggest that
the ion binding site consists of several polar residues within
the transmembrane helices (28, 29). A high-resolution crystal
structure of a bacterial Na+/Cl--dependent neurotransmitter
transporter homologue provided more direct proof that resi-
dues within the transmembrane helices coordinate two Na+

ions (30). Thus, it is reasonable to suppose that each subunit
of NHE1 has an ion transport pathway and the active subunit
of the heterodimer is capable of catalyzing the transport
reaction under particular conditions. However, previous bio-
chemical data (6, 8) suggest that the H+-regulatory sites and
ion-transport sites of exchangers are a part of different struc-
tural elements and that the acidic shift in the pHi dependence
of exchange mainly results from decrease in the H+ affinity
at regulatory sites. Recent crystal structure determination of
NhaA (28) and the subsequent electrostatic analysis (31)
predicted that charged residues with unusual pKa values, as
the pH-sensor, may undergo protonation/deprotonation reac-
tions and subsequently induce the overall conformational
changes resulting in the formation of the active form. In the
case of NHE1, we have previously identified crucial elements
regulating pH sensing: (i) Arg440 in IL5 (32), (ii) a juxta-
membrane cytoplasmic domain (aa 503-595) (19), and (iii)
a calcineurin B homologous protein (CHP) interacting with
a part of this juxtamembrane domain (33, 34). Arg327 in IL4
has also recently been reported to be an important residue
for determining H+ affinity (14). Interaction with E262I may
possibly modify these regions of the neighboring active
subunit. Intermolecular cross-linking at position Ser375 may
also exert similar effects on H+-regulatory sites. This led us
to predict that these important regions of NHE1 may exist
close to the interface between subunits. We recently reported
that deletion of the putative juxtamembrane dimer-interface
region (aa 560-580) markedly decreased the pHi-sensitivity
of NHE1 (11).

The functional significance of oligomerization has only
been studied for a few transporters. Some experimental data
(35-38) suggest that NhaA exists as a dimer in membranes
and that the subunits may functionally interact. A recent study
using a fluorescence resonance energy transfer technique (38)
suggested that theHelicobacter pyloriNa+/H+ antiporter
NhaA monomers exerts conformational change during trans-
port. Furthermore, the transport-deficient mutant form of
Saccaromyces cereVisiae Na+/H+ antiporter Nha1p was
reported to exert the dominant-negative effect upon coex-
pression with the wild-type Nha1p (39). These studies

suggest the functional importance for dimerization of bacteria
and yeast Na+/H+ antiporters. The glucose transporter
GLUT1 (40) and the serotonin transporter SERT (41) have
also been suggested to function as homo-oligomers, whereas
the bacterial lactose permease LacY (42) and the renal type
IIa Na+/phosphate cotransporter (43) have been shown to
function as monomers. However, in the case of NHE1, the
functional consequence of dimerization appears to be more
complex, that is, dimerization is necessary for NHE1 to
function in the physiological pHi range, although each subunit
is capable of functioning at a more acidic pHi. In this context,
it is of interest to note that the lactose transport protein LacS
from Streptococcus thermophiluswas recently shown to be
a cooperative dimer in which two subunits are functionally
coupled in ∆H+-driven substrate symport, whereas the
monomer is sufficient for substrate/substrate exchange (44).

In summary, we presented evidence that dimerization may
be essential for NHE1 to exert exchange activity in neutral
pHi range. We predict that two active NHE1 subunits would
be required for NHE1 to possess the physiologically relevant
H+ affinity presumably at the H+-regulatory sites. Although
the underlying molecular mechanism is still unknown, our
present findings provide good evidence for the functional
importance of the dimerization of NHE1.
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