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Dimerization Is Crucial for the Function of the N&i™ Exchanger NHEL
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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 (pH) dependence, suggesting that dimerization is required for exchange activity in the
physiological phHrange. However, a dominanhegative effect of E2621 was not detected when exchange
activity was measured at acidic plinplying 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 S&Pwith a bifunctional sulfhydryl reagent dramatically inhibited exchange
activity mainly by inducing the acidic shift of pldependence and abolished extracellular stimuli-induced
activation of NHE1 without causing a large change in the affinities for extracellulardian 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 i@dge, although each subunit is capable of catalyzing
transport in the acidic pHange.

The Na/H'™ exchanger (NHB is a member of the philic domain. Of nine known isoforms, NHEL1 is ubiqui-
secondary active transporter family, which catalyzes the tously expressed and is responsible for the control of
exchange of Na for H" (1-5). NHE isoforms (NHE+ intracellular pH (pH) and cell volume 1—5). NHEL1 is
NHE9) possess a common structural feature, that is, theknown to be activated in response to various extrinsic stimuli
molecules have two large functional domains, an amip ( such as hormones, growth factors, and changes in the
terminal membrane domain consisting of multiple membrane- medium osmolarity, presumably through the interaction of
spanning helices and a long carboxgH) terminal hydro- various signaling molecules with ti@&terminal cytoplasmic
domain. Importantly, such activation of NHEL1 is thought to
TThis work was supported by a Grant-in-Aid for Priority Areas be exerted through a conformational change of the exchanger

13142210 for Scientific Research from the Ministry of Education, inhic tri ; _ i
Science Culture of Japan, by Grant nano-001 for Research on AdvanceJnOIeCUIe’ which is triggered by protonation at &Hodifier

Medical Technology from the Ministry of Health, Labor, and Welfare ©f PH sensor site that is distinct from the #transport site
of Japan, and by the Program for Promotion of Fundamental Studies (6—8).
in Health Science of the National Institute of Biomedical Innovation

(NIBIO). In contrast to the extensive studies investigating the
*To whom correspondence should be addressed. Tel: 81-6-6833- regulatory mechanism of NHE1L, structural information
5012. Fax: 81-6-6835-5314. E-mail: wak@ri.ncve.go.jp. including the subunit-subunit interaction is extremely limited.

1 Abbreviations: NHE, N&/H" exchanger; pHintracellular pH; EL, : )
extracellular loop; IL, intracellular loop; TM, transmembrane spanning A previous study showed that NHE1 and NHES form homo

region; ER, endoplasmic reticulum; MTS-2, 1,2-ethanediyl-bis-meth- Oligomers by interacting via the transmembrane regions in
anethiosulfonate; MTS-6, 1,6-hexanediyl-bis-methanethiosulfonate; intact cells 0), and consistent with this, NHE1 in the

MTS-17, 3,6,9,12,15,-pentaoxaheptadecane-1,17-diyl-bis-methaneth-
iosulfonate; MTSET, 2-(trimethylammonium) ethyl methanethiosul- placental brush border membranes was detected as a larger

fonate; PMA, phorbol 12-myristate 13-acetate; EIPANsethyl-N- form (~205 kDa), cross-linked by disulfide bond(y.
isopropyl)amiloride; NHS-LC-biotin, succinimidyl-6-(biotinamide)- ~ Furthermore, we recently presented evidence that NHE1
hexanoate; DIOg3), 3,3-dihexyloxacarbocyanine iodide; BCECF-AM,  forms a homodimer but not a homotrimer or a homotetramer

2',7-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester; . - L . .
HA, hem(aglutinin;yPC)FlQ,) p(gl)zmeraseyéhain reaction; DMyEM, Dyulbec- (11). Despite detailed descriptions of the oligomeric state

co’'s modified Eagle’s medium; HEPES, 2-[4-(2-hydroxyethyl)-1- of the exchanger, its functional Significance is not well
piperazinyllethanesulfonic acid; Tris, Tris(hydroxymethyl)aminomethane; understood. The previous stud®)(suggested that the

EDTA, ethylenediamin®,N,N',N'-tetraacetic acid; PBS, phosphate-  fnctional unit of NHEL is a monomer on the basis of the
buffered saline; PAGE, polyacrylamide gel electrophoresis; SH, sulf-

hydryl; LDS, lithium dodecylsulfate; CCD, charge coupled device; aa, CO€Xpression experiment of transport-deficient mutant E2621.
amino acid. However, it has been reported that the interaction between
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subunits may be required for NHE1 function using several this study, we use the prefix “cl-“ for point mutants produced
kinetic approaches1@—14). In addition, the sigmoidal from Cys-less NHE1 as background.
cytosolic H" dependence has recently been reported to be Cross-Linking between Cysteine Residues of NHBE.
best explained by an allosteric model involving the coopera- cross-linking reaction was performed using PS120 cells
tive interaction between subunit&4). stably expressing the NHE1 mutants, essentially as described
In this study, we have addressed whether dimerization is previously (1). Cells expressing each mutant containing a
responsible for the activity of NHE1. We found that expres- Single cysteine residue at an extracellular site of Cys-less
sion of a dominant-negative mutant exchanger greatly inhib- NHE1 were grown to confluence, usually on a 12-well plate,
ited the exchange activity in the neutral jpkange by and then were washed twice with balanced salt solution
inducing an acidic shift of the ptlependence. Furthermore, (BSS) containing 136 mM NacCl, 4 mM KCI, 1 mM Mggl
the exchange activity was markedly reduced by intermolecu- 1.8 mM CaCj, 5 mM glucose, and 10 mM HEPES at pH
lar cross-linking between engineered cysteine residues, 7-4 adjusted with NaOH. Cells were then treated with various
suggesting that cross-linking restricts the cooperative move-thiol-specific cross-linkers, MTS-2, MTS-6, and MTS-17
ment between NHE1 subunits and thereby inhibits ion (usually 0.11.0 mM), in the above solution for 15 min at
transport. The present findings provide a strong piece of room temperature. The cross-linking reaction was stopped
evidence that dimerization is required for the physiological by the addition of 300uL of 2x LDS sample buffer

function of NHEL1. (Invitrogen) containing 10 mMN-ethylmaleimide per well,
and then the PAGE mobility of NHE1 variants in the samples
EXPERIMENTAL PROCEDURES was analyzed by immunoblotting.

) ) ) ] Immunoprecipitation and ImmunoblottingFor co-
Aptlbod|es and Other Material3.he pquclonal a_nt|body immunoprecipitation of the Myc-tagged wild-type NHE1 and
against human NHE1 has been described previousy. (  the HA-tagged E2621 mutant, cells coexpressing these
Antibodies against HA (3F10) and c-Myc epitopes were nroteins were washed with ice-cold PBS and solubilized with

purchased from Roche Diagnostics GmbH (Germany) and lysis buffer (1% Triton X-100, 5 mM EDTA, 1 mM phenyl-
Santa Cruz Biotechnology, Inc. (CA), respectively. Cysteine- methyisulfonyl fluoride, and 1 mM benzamidine in PBS) for
modifier reagent MTSET and cross-linkers MTS-2, MTS-6, 20 min on ice. Quantitative analysis revealed that most of
and MTS-17 were purchased from Toronto Research Chemi-NHE1 (88 + 4%) was recovered in the Triton-soluble
cals, Inc. (Canaday?NaCl and [‘C]-benzoic acid were  fraction. After centrifugation for 5 min at 15,000 rpm, the
purchased from Perkin-Elmer Life Science, Inc. (MA). All - gperatant (Triton-soluble fraction) was incubated for 2 h
other chemicals were of the highest purity available. at 4°C with rabbit anti-Myc antibody plus 36L of Protein

Cell Culture and Plasmid DNA TransfectionThe A-Sepharose beads (Amersham Biosciences, Inc., NJ). The
exchanger-deficient cell line (PS120) and corresponding  beads were washed five times with ice-cold lysis buffer, and
transfectants were maintained in DMEM containing 25 mM proteins were eluted with LDS sample buffer containing 50
NaHCQ; and supplemented with 7.5% (v/v) fetal calf serum, mM DTT. After PAGE on 3-8% gradient gels (NUPAGE
penicillin (50 units/mL), and streptomycin (3@/mL). Cells  Gel, Invitrogen), proteins were transferred electrophoretically
were maintained at 37C in the presence of 5% GOAIl onto polyvinylidene difluoride membranes and subjected to
cDNA constructs were transfected into PS120 or CCL39 cells immunoblotting with anti-HA. Proteins were visualized by
using the calcium phosphate-DNA coprecipitation technique enhanced chemiluminescence detection (Amersham).
or with Lipofectamine 2000 (Invitrogen Corp., CA), and  Immunocytochemistrells were fixed with cold methanol
stable clones for NHE1 and mutant constructs were selectedand then blocked with PBS containing 5% BSA fraction IV.
by repetitive H-killing selection procedures, as described Cells were then treated with anti-NHE1 or anti-HA antibody
previously (7). In some cases, G418-resistant cell clones followed by fluorescent staining with a rhodamine-labeled
were isolated. secondary antibody. Fluorescent images were taken using a

Construction of the NHE1 Mutant Plasmié. plasmid confocal laser scanning attachment (MRC1024, BioRad)
carrying a cDNA encoding human NHE1 and containing mounted on an upright microscope (BX50WI, Olympus
unique restriction sites cloned into the mammalian expressionCorp., Japan) equipped with an 60water immersion
vector pECE has been described previoudly).(A cDNA objective (LUMPIlanFI, Olympus). Both the anti-NHE1
construct for NHE1 in which all endogenous cysteine resi- antibody and the secondary antibody were used after absorb-
dues were replaced by alanine, designated as Cys-less NHEIing against PS120 cells. All procedures were performed at
has also been described previoush8)( Construction of room temperature.
plasmids for NHE1 containing point mutations was carried  Surface LabelingCells were incubated with 1 mM NHS-
out by a PCR-based strategy using two template plasmidsLC-Biotin (Pierce Biotechnology, IL) in PBS containing 0.1
encoding wild-type or Cys-less NHE1, as described previ- mM CaCk and 1 mM MgC} for 30 min at room temperature
ously (18). Similarly, plasmids containing nucleotide se- and then solubilized with lysis buffer. The lysate was
guences corresponding to the HA epitope YPYDVPDYAS centrifuged to remove the insoluble fraction. The supernatant
or the c-Myc epitope EQKLISEEDL were constructed by was incubated with streptavidin-agarose beads (Pierce) for
inserting PCR fragments produced using antisense primersl h at 4°C, and the beads were then washed five times with
containing either epitope sequence and a stop codon just aftetysis buffer. The proteins were eluted wittkk 2.DS sample
the C-terminus of NHE1 into the appropriate restriction sites buffer by heating and then subjected to immunoblot analysis.
of the plasmid containing NHE1 cDNA. Constructs were  Measurement of?lNa Uptake.??Na" uptake activity was
confirmed by sequencing plasmids with an ABI-PRISM measured by the Knigericin pH clamp method19). Brief-
DNA sequencer model 3100 (Applied Biosystems, CA). In 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/KCI A EL1
medium containing 20 mM HEPES/Tris (pH 7.4), £.240
mM KCI, 2 mM CaC}, 1 mM MgCk, 5 mM glucose, and
5 uM nigericin (Invitrogen).??Na" uptake was started by
adding the same choline chloride/KCI solution containing
22NaCl (37 kBg/mL: final concentration, 1 mM), 1 mM Out
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
terminate*Na’ uptake. pkiwas calculated from [K]i/[K 1], g ; In
= [H']i/[H "], by assuming an intracellular [§ of 120 mM.
In some experiments, cells were treated with MTS cross- 2 HOOC
linkers for 15 min at room temperature prior to incubation
with pH;-clamp buffer. The data were normalized on the basis B
of protein concentration, which was measured using a
bicinchoninic assay system (Pierce), using bovine serum
albumin as a standard.

Intracellular pH Measuremen€ells were seeded onto 22-
mm glass coverslips coated with collagen Type-lI (BD
Biosciences, NJ). Two days after plating, cells were loaded
with 1 uM BCECF/AM (Invitrogen) in a “N& solution”
containing 10 mM HEPES/Tris (pH 7.4), 136 mM NacCl, 4
mM KCI, 1.8 mM CaC}, 1 mM MgClk, and 5 mM glucose
for 10 min at room temperature. The coverslip was mounted . . . . .
on a flow chamber and continuously perfused with solution vec WT E2621 G309V WT +
at 0.6 mL/min by means of a Perista pump (ATTO Corp., G309V
Japan). Changes in pHvere estimated by ratiometric
imaging of changes in BCECF fluorescence. Fluorescence C
was monitored at 518530 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 coolet NHE1
CCD camera (ORCA-ER, Hamamatsu photonics K.K., immature
Japan) mounted on an inverted microscope (IX 71, Olympus) NEE]
with an 20x objective (UApo/340, Olympus) and then were Ficure 1: Characterization of two inactive mutant exchangers. (A)
processed with AQUACOSMOS software (Hamamatsu pho- Secondary structure model of NHEL. The membrane topology has
tonics). For NH prepulse, cells were perfused for 5 min with previously been determined by cysteine-accessibility analysjs (

: e Relative positions of mutated residues (BGIly3%, and Set’d)
the above Nasolution containing 30 mM NECI, followed are indicated in the Figure. R-loop, reentrant loop. (B) EIPA-

by perfgsion with a N&-free solution (NaCl was replaced sensitive?Nat-uptake activity in PS120 cells transiently transfected
by choline CI). The NHE1-dependent plfecovery was with an empty pECE vector (vec), wild-type NHE1 (WT), E262I,

induced by reperfusion with the Naolution. The pkivalue G309V, or wild-type NHE1 plus G309V (04g for each). Values

: : i P A are the means S.D. of triplicate determinations. (C) Immunoblots
was calibrated using a *high"Ksolution” containing M of proteins obtained from cells stably expressing the wild-type,

nigericin adjusted to various pH Valu_es' The Ch?‘_nge n pH E262l, or G309V. Cell lysate proteins (3@/lane) were applied
was also measured by th&¢]benzoic acid-equilibration  to 3-89% SDS-PAGE and visualized with anti-NHE1 antibody.
method (7). In this experiment, serum-depleted cells were
preincubated for 30 min in bicarbonate-free HEPES-buffered blot, suggesting that G309V may be retained in the intra-
DMEM (pH 7.0) and then incubated in the same medium cellular membranes. In order to check the surface expression
containing [*Clbenzoic acid («Ci/mL) for 10 min at 37 of these mutant exchangers, we carried out the immuno-
°C. After washing four times with ice-cold PBS, the cellular fluorescence analysis with anti-NHE1 antibody. Similar to
uptake of““C-radioactivity was measured. The change in pH the wild-type NHE1, E262| tagged with HA were expressed
was calculated as described previousdly)( at least partly in the plasma membrane, as shown by
RESULTS immunofluorescence observation with anti-HA antibody
(Figure 2A; see inset for the fluorescence intensity profile
Heterodimer Formation between the Wild-Type and Inac- analysis). In contrast, most of G309V proteins were retained
tive Mutant Exchangerdn this study, we constructed two in the intracellular membranes (Figure 2A and B for summa-
NHE1 mutants, G309V and E262| (see Figure 1A for their rized data). Furthermore, G309V proteins were mostly co-
positions in the secondary structure of NHE1). These mutantstained with the ER marker DiQ(3), whereas neither the
exchangers showed no EIPA-sensitida’™ uptake activity wild-type nor the E2621 exchangers were co-stained (Figure
when they were expressed in exchanger-deficient PS120 cell2C). Thus, the lack of exchange activity of G309V could
(Figure 1B). Although the fully glycosylated mature form result from no surface expression of this mutant.
of the wild-type and E262| exchangers were recognized in  In order to examine whether the G309V mutant interacts
the immunoblot with anti-NHE1 antibody (Figure 1C), only with the wild-type NHE1 and thus inhibit its plasma mem-
the immature form of G309V was observed in the immuno- brane trafficking, we isolated a stable cell line expressing
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Ficure 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 E262| 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 me@aD. from six images (total cell number analyzed;-391). (C) Double staining

of cells for NHE1 and ER maker DiQ3). 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 [{8)G0.1«M) (middle panels). These fluorescent images

were merged (right panels). Scale bars.20.

G309V and then transfected these cells with HA-tagged wild- in a strong dominant-negative effect of G309V on exchange
type NHEL. In contrast to the predominant localization of activity, as assessed B3Na" uptake (Figure 1B). Therefore,
the wild-type NHEL in the plasma membrane upon trans- it is likely that G309V is able to form a heterodimer with
fection with a NHE1-carrying vector alone (Figure 2C, left the wild-type NHE1 and that dimerization of NHE1 may
top panel), coexpression of G309V markedly inhibited the first occur in the ER membranes, although we do not exclude
surface expression of NHE1 (Figure 2C, left bottom panel the possibility that NHE1 subunits interact indirectly.

and see also Figure 2A and B). Consequently, most of this We next examined whether the wild-type and E262I
wild-type NHEL proteins were retained in the ER, which exchangers exist as a heterodimer in the plasma membrane.
were co-stained with DiO&3) upon expression of G309V ~ We stably coexpressed E262| tagged with an HA epitope
(Figure 2C, right bottom panel). Coexpression also resulted (E262I-HA) and the wild-type NHE1 tagged with a Myc
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W/////A ELL AL Lol Ficure 4. Dominant negative effect of E262I on the exchange
Y activity of NHE1. Plasmids carrying the wild-type NHE1 (WT) or
E262| were transiently cotransfected into PS120 cells plated on a
24-well plate using Lipofectamine2000. The total quantity of
plasmids transfected per well was adjusted ta@6ln the absence
of the E262I plasmid, the total quantity was adjusted with an empty
vector. The ratio of the transfected plasmid (WT/E262] or WT/
£mpty vector) was 1:1 and 1:3. Two days after transfection, EIPA-
sensitive??Na’ activity was measured at pH.0 (A) or 5.6 (B)
clamped by K-nigericin, as described under Experimental Proce-
dures. Values are the mea#isS.D. of triplicate determinations.
The statistical significance of the data was analyzed by unpaired
t-test. *P < 0.05.

Ficure 3: Heterodimer formation between the wild-type NHE1
and E262I in the plasma membrane. Cells were stably cotransfecte
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). or 1:3, and exchange activities were assessed by measuring

EIPA-sensitive?Na’ uptake at both neutral (7.0) and acidic
epitope (WT-Myc) in PS120 cells. Cells were surface labeled pH; (5.6). As shown in Figure 4A, coexpression of E262|
with NHS-LC-biotin, and biotinylated proteins were recov- resulted in a marked reduction of the activity of the wild-
ered with streptavidin-agarose and then analyzed by immuno-type NHE1 at pKH 7.0 (more than 50% reduction), that is,
blotting with anti-HA or anti-Myc antibodies. The results E262I exerted the dominant-negative effect. In contrast,
indicate that both proteins were surface-biotinylated (Figure expression of E262| had a negligible effect on the exchange
3), that is, expressed in the plasma membrane. The immatureactivity at acidic pK(Figure 4B). These results suggest that
E262| protein band slightly detected in the biotin-treated heterodimerization with E262I inhibits the transport activity
fraction may be due to the partial membrane permeability of NHE1 in a pH-dependent manner.
of NHS-LC-biotin. To semiquantitatively evaluate the surface  we further investigated the dominant-negative effect of
expression of NHE1, we estimated the amount of NHE1 E262| under more physiological conditions. To do this, we
proteins adsorbed by streptavidin-agarose beads by subtractysed CCL39 fibroblastic cells because these cells homog-
ing the amount of unbound NHEL (including immature enously express a relatively low amount of endogenous
NHE1) from that of total NHE1 after incubation with beads NHE1. The plasmid carrying E2621 was cotransfected with
(data not shown). From such an analysis, we concluded thatDsRed vector carrying a red fluorescent protein as an expres-
45.4+ 8.7 and 33.3t 13.2% (meanst S.D.,n = 3) of sion marker. After DsRed fluorescent images were taken,
total NHE1 proteins were adsorbed by the beads, that is, cells were loaded with a fluorescent pHdicator, BCECF-
expressed in the cell surface for the wild-type and E2621 AM. Figure 5A shows typical images of DsRed (b) and
exchangers, respectively. Furthermore, co-immunoprecipi- BCECF fluorescence (c), which were taken in an identical
tation analysis revealed that E2621-HA was detected in the microscopic field. Using this system, the NHE activity was
immunoprecipitates with anti-Myc antibody (Figure 3), sug- assessed by measuring iptdcovery after NH' prepulse.
gesting that the Myc-tagged wild-type NHE1 and HA-tagged The DsRed-negative cells exhibited a relatively rapid pH
E262] interact with each other. Hence, surface-labeling and recovery due to endogenous NHEL (see cell number 4 in
co-immunoprecipitation experiments indicate that wild-type Figure 5A and B). In contrast, the pFecovery rate was
NHE1 forms a heterodimer with E262I in the plasma dramatically reduced in E262l-expressing DsRed-positive

membrane. cells (cells numbered 1, 2, and 3). The data from DsRed-
Coexpression of Transport-Deficient NHE1 Mutant Exerts positive cells are collected and summarized in Figure 5C
a Dominant-Negatie Effect in the Neutral pHRange We and D. While transfection of exogenous wild-type NHE1

next examined the effect of the expression of E262I on the accelerated the rate of plfecovery, expression of E262|
exchange activity of NHE1. We expected that if two active greatly reduced it (Figure 5C and D). Furthermore, expres-
subunits are required for the exchange reaction, heterodimersion of E262I shifted the pHlependence of the recovery
formation between the wild-type and E2621 exchangers rate to the acidic side (Figure 5E). Figure 5F shows the
would result in the inhibition of activity via the dominant change in pKin response to thrombin. In vector-transfected
negative effect of E2621. PS120 cells were transiently trans- control CCL39 cells, thrombin induces a rapid cytoplasmic
fected with plasmids carrying wild-type NHE1 together with alkalinization via the activation of NHE1, preceded by the
the E2621 mutant or an empty vector at a molar ratio of 1:1 transient acidification (asterisk) resulting from Ca
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Ficure 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 E2621 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 wigiV8 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 ih wa®Nadded at the time

shown by the arrow. (C) and (D) Cells were transiently cotransfected with DsRed together with empty vector (mock), wild-type NHEL, or
E262I plasmid, and p#tecovery 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 averega/pty curves are shown, whereas

in D, the pH increment during 30 s starting from pBl3 (meanst S.E.) is shown. (E) pHilependence of pHecovery rates. The averaged

rate of pH recovery (C) was calculated from the pidcrement at every 10 s and plotted against. fH) Change in pHin 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 intracellular2Canobilization. These acidifications suggest that cells are capable of undergoing
normal cell signaling in response to thrombin.

mobilization (). The expression of E262I completely inhib- Na'/H™ Exchange Actiity Is Inhibited by Symmetrical
ited this thrombin-induced cytoplasmic alkalinization. Thus, Intermolecular Cross-Linking at External Cysteine Residues.
expression of E262| strongly inhibits endogenous NHE1 We expected that if dimerization is essential for the function
activity in CCL39 cells in the neutral piange, and thereby  of NHE1, cross-linking between the two NHE1 subunits
abolishes the pHegulation in response to growth factors. would inhibit the Nd/H* exchange reaction by restricting

It should be noted that unlike tR&@Na" uptake measurement, the conformational change of the proteins during transport.
we could not assess the exchange activity at very acidic pH We constructed NHE mutants containing a single cysteine
by measuring pHecovery because it was difficult to acidify  using Cys-less NHE1 as a background. Of the 34 single
cells by less than 6.0 by N# prepulse. cysteine mutants tested, we found that symmetrical cross-
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(5.6) (Figure 6B, a and b). Similarly, inhibition of NHE1

Cys-less  cl-S375C activity was also observed as a decrease in the rate of pH
kDa recovery after acid loading (data not shown). In contrast to
250 MTS-17, the activity was not affected by the monofunctional

«— dimer of mature NHE1 SH-modifier reagents biotin maleimide or MTSET (Figure
150= <+— dimer of immature NHE1 6B, ¢ and d), which have been reported to react with a
cysteine residue at position S€r(18), suggesting that
100> S— +— mature NHE1 inhibition of cl-S375C activity by MTS-17 is not simply due
s :_ <— immature NHE1 to SH-modification but to intermolecular cross-linking. We
MTS-17 - + -+ did not examine the effects of MTS-2 or MTS-6 on exchange
B 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 pH
(75% inhibition at pH6.8) compared to that at low pk50%

pH, 6.8

EIPA-sensitive
2Na uptake (%)
(%]
o

‘23{';3;23 1 ESSraiess inhibition at pH 5.6). Consistent with this finding, cross-
0 o ~ 05 10 0© 05 50 linking with MTS-17 greatly shifted the pHiependence of
' MTS-17 (mM) ' ' 22Na* uptake to the acidic side and virtually abolished the

activity in the neutral pHrange (Figure 7A), although amino

lgﬁb acid substitution of Séf° itself also slightly shifted the pH

dependence to the acidic side (data not shown). The pH
dependence gfNa'-uptake activity in Cys-less NHE1 was

-
=
, 2
i‘,

EIPA-sensitive
22Na uptake (%)

%07 fclvggesg 2 Clvggggg not affected by treatment with MTS-17 (data not shown). In
6 e i addition, in cells expressing cl-S375C, cytoplasmic alkalin-
01 10 100 10000001 01 1 10 ization in response to thrombin, PMA, or hyperosmotic stress
biotin maleimide (uM) MTSET (mM) was completely abolished upon treatment with MTS-17

FiGURE 6: Inhibition of NHE1 activity by treatment with cross-  (Figure 7B), whereas significant alkalinization was observed
linkers. (A) Immunoblot analysis representing the intermolecular in Cys-less NHEL (Figure 7B). Lack of NHEL activation in

cross-linking of cl-S375C proteins. Cells stably expressing Cys- response to extracellular stimuli is probably due to an acidic
less NHEL (left panel) or cl-S375C (right panel) were treated with  shift of the pH dependence caused by treatment with MTS-

1 mM MTS-17 for 15 min at 4°C in BSS and subjected to ; linki ; )
immunoblot analysis with anti-NHE1 antibody. (B) Cells expressing 17. In contrast to pHregulation, cross-linking with MTS

Cys-less NHE1 or cl-S375C were grown to confluence in 24-well 17 €xerted only a small effect on the concentration depen-
dishes and treated with the indicated concentrations of MTS-17, dence of extracellular Na(Figure 7C). TheK, values for
biotin maleimide, or MTSET for 15 min at room temperature, and Na" were 8.33+ 0.64 and 8.95+ 0.50 mM in Cys-less
the 22Na'-uptake activity was measured. In the absence of modify- NHE1 (the trace is not shown) and 12t70.7 and 7.99

ing reagents, EIPA-sensitivéNat-uptake activity was 1615 and — : )
40-50 nmolimg/min at pH6.8 and 5.6 for Cys-less and cl-S375C 1.15 mM in cl-S375C in the control and MTS-treated cells,

mutants, respectively. Data were normalized by the values without "€Spectively. Treatment with MTS-17 slightly reduced the
modifying reagents and represented as meaigD. of triplicate sensitivity to inhibitor EIPA in cl-S375C (Figure 7D),

determinations. Error bars are sometimes smaller than symbol sizeswhereas the same treatment had no effect on EIPA inhibition
in Cys-less NHE1 (data not shown). The EIPA concentrations
o i i ) i giving half-maximal inhibition (IGg) were 78.23t 1.56 and
linking occurred with homobifunctional MTS cross-linkers, gg 1+ 11.3 nM in Cys-less NHE1 and 126 10.3 and
MTS-2, MTS-6, or MTS-17, at six extracellular sites of 1981 10.6 nM in cI-S375C in control and MTS-treated cells,
NHE1, Prd**in extracellular loop (EL) 2, As{?and Ty?®® respectively. These results suggest that cross-linking at
in EL4, and Set’®, Thr¥””and Tyf®!in EL5. In this study, extracellular sites has a large influence on exchanger function

we focused on a mutant cl-S375C because a significantacross the membrane, while exerting a moderate effect on
reduction of activity was observed upon cross-linking in this he affinities for extracellular Naand EIPA.

mutant. Treatment of the cells with MTS-17 resulted in a

mobility shift of cI-S375C from the monomer to the dimer pisSCUsSSION

position (right panel of Figure 6A). Immature NHEL1 is also

cross-linked, as shown by the mobility shift of the lower In this work, we analyzed the functional significance of
bands. A similar mobility shift was also observed on the dimerization of NHE1 by means of the expression of a
treatment with MTS-2 or MTS-6 having shorter spacer arms dominant-negative mutant exchanger and intermolecular
(data not shown). In contrast to cl-S375C, such a mobility cross-linking. Initially, we showed that the wild-type NHE1
shift was not observed in Cys-less NHE1 (Figure 6A). We is capable of interacting with surface expression-deficient
investigated whether cross-linking actually affects NHE G309V and with transport-deficient E2621. These observa-
activity by assessing the effects of cross-linking reagents ontions, together with the data from cross-linking experiment,
EIPA-sensitive’?Na* uptake. Although treatment with MTS-  reinforce the previous findings that NHE1 exists as a dimer
17 had no effect on the activity of Cys-less NHE1, the same in plasma membranes. Experiments with the dominant-
treatment markedly suppressed the activity of cI-S375C in a negative mutant NHE1 provided evidence that two active
dose-dependent manner both at neutral (6.8) and low pH subunits are required for the function of NHE1. The expres-
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Ficure 7: Functional properties of cl-S375C after cross-linker treatment. (A)deigendence of EIPA-sensiti@Na'-uptake activity
measured in cells expressing cl-S375C treated with or without MTS-1722Rlae uptake at pi5.4 was reduced after cross-linker treatment
(Figure 6B). Data were normalized to those at pH. (B) Change in pHn response to various external stimuli. Cells expressing Cys-less
NHEZ1 or cl-S375C were incubated with or without 2201 MTS-17 for 15 min at room temperature, and then the external stimuli-induced
change in pkwas measured using théC]benzoic acid-equilibration method as described in Experimental Procedures. Cells were stimulated
with 1 unit/mL thrombin, 1uM PMA, or 200 mM sucrose (hyperosmotic stress). (C) and (D) Effect of MTS-17 on the concentration
dependences of EIPA-sensiti¥8Na" uptake on external Na([Na'],) and EIPA in cells expressing cl-S375C. Cells were treated with
500 uM MTS-17 for 15 min at room temperature and jpitamped at 5.6, and then tB&Na" uptake was measured in the presence of
various concentrations of NgC) or EIPA (D). Data were normalized by the values at 50 mM i@ C or at 1 nM EIPA for D.

0.1 0.1 thrombin PMA sucrose

sion of transport-deficient E2621 in CCL39 cells dramatically in EL5, occurred upon treatment with all tested MTS
reduced the exchange activity of endogenous NHE1 throughreagents. These reagents have different spacer arms (MTS-
an acidic shift in the pHdependence of exchange activity 2, 5.2 A; MTS-6, 10.4 A; and MTS-17, 24.7 A), suggesting
(Figure 5). In addition, coexpression of E262I, together with that Se#’® in EL5 is mobile over a relatively long distance
wild-type NHE1, markedly reduced exchange activity at at least between 5 and 25 A. In membrane transporters, the
neutral pH, whereas it exerted only a marginal effect on the movement of extracellular loops often plays an important
activity at acidic pH (Figure 4). These data suggest that role in the transport cycle. For example, in the glycine
heterodimer formation between the wild-type protein and the transporter GLYT2, the first extracellular loop is reported
E2621 mutant exchanger results in a marked inhibition of to alter its accessibility to SH-modification reagents during
exchange activity by inducing an acidic shift of the jpH the transport cycle2@). Our data suggest that cross-linking
dependence, suggesting that dimerization would be essentiaht position Ser° would restrict the motion of EL5 to less
for physiological exchange activity. than 25 A between NHE1 subunits and in turn lead to a

Secondary active transporters such as NHE1 are generallynarked reduction in exchange activity. These results can be
thought to have two major alternating conformations during explained if it is assumed that dimerization is essential for
the transport cycle, outward- and inward-facing orientations. NHE1 function and that the two NHE1 subunits undergo
This is also compatible with the recently solved crystal conformational changes in a concerted manner. Cross-linking
structures of two major facilitator superfamily transporters, would restrict the coupled motion between the subunits,
the glycerol-3-phosphate transport@0) and the lactose  thereby leading to the inhibition of exchange activity possibly
permease oOE. coli (21). In the E262I subunit of the NHE1 by an apparent reduction in plensitivity. Thus, the data
heterodimer, such a conformational change may not be ableobtained from two different approaches, the dominant-
to take place because this subunit is transport-deficient. negative experiment and cross-linking, overall suggest that
Therefore, it is possible that the fixed structure of E2621 the exchange activity depends on a coupled conformational
restricts the free motion of a neighboring active subunit. change of two subunits at physiological p&hd raise the
Intermolecular cross-linking would provide another approach interesting possibility that the pH-sensing machinery of
to restrict such motion between subunits. The treatment of NHE1 may be fully functional only when two subunits are
cells expressing cl-S375C with MTS-17 markedly reduced active. This idea is consistent with previous repo2—
exchange activity. Importantly, this inhibition mainly occurs 14) suggesting that subunit-subunit interaction may be
by shifting the pH dependence of exchange to the acidic important for the function of the exchanger. For example,
side and partly by decreasing the maximal activity at acidic the Na/H* exchange in kidney brush border membrane
pH: (Vmay) and consequently abolished extracellular stimuli- vesicles was reported to exhibit the sigmoidalNfepen-
induced cytoplasmic alkalinization. The same treatment, dence under certain conditiond2( 13). Also, the pH
however, did not exert a large influence on the apparent dependence of exchange activity was recently reported to
affinities for extracellular Na or the inhibitor EIPA. Inter- be best explained by allosteric kinetics on the basis of the
molecular cross-linking at position S&; which is located assumption of a dimeric transportelr4j.
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It is of interest to note that inhibition of activity by  suggest the functional importance for dimerization of bacteria
expression of E2621 was not detected at low (frigure 4), and yeast N&H* antiporters. The glucose transporter
suggesting that the wild-type NHE1 subunit of the hetero- GLUT1 (40) and the serotonin transporter SERALY have
dimer is functional when intracellular Hconcentration is  also been suggested to function as homo-oligomers, whereas
sufficiently high. This is consistent with a previous report the bacterial lactose permease La@¥®)(and the renal type
demonstrating that the dominant-negative effect of E262I lla Na‘/phosphate cotransportet3) have been shown to
on Na'/H* exchange activity was not detected in measure- function as monomers. However, in the case of NHEL, the
ments taken at acidic pH9). This observation may be functional consequence of dimerization appears to be more
explained if we assume that E262I affects-tégulatory sites ~ complex, that is, dimerization is necessary for NHE1 to
but not ion-transport sites of the neighboring active subunit. function in the physiological pHange, although each subunit
At present, there is substantial evidence that the ion transportis capable of functioning at a more acidicphi this context,
machinery is located within the membrane-spanning region. it is of interest to note that the lactose transport protein LacS
For example, previous studies have shown that mutationsfrom Streptococcus thermophilugas recently shown to be
of residues within TM4 and TM9 of NHE1 reduce the a cooperative dimer in which two subunits are functionally

affinity for Na* or the cation transport activity28—27). coupled in AH*-driven substrate symport, whereas the
Furthermore, crystal structure determination and mutational monomer is sufficient for substrate/substrate exchasdke (
studies on the bacterial N&d* antiporter NhaA suggestthat  |n summary, we presented evidence that dimerization may

the ion binding site consists of several polar residues within pe essential for NHE1 to exert exchange activity in neutral
the transmembrane helice23(29). A high-resolution crystal  pH, range. We predict that two active NHE1 subunits would
structure of a bacterial N&Cl~-dependent neurotransmitter  pe required for NHE1 to possess the physiologically relevant
transporter homologue provided more direct proof that resi- H+ affinity presumably at the Hregulatory sites. Although
dues within the transmembrane helices coordinate two Na the underlying molecular mechanism is still unknown, our
ions B0). Thus, it is reasonable to suppose that each subunitpresent findings provide good evidence for the functional
of NHE1 has an ion transport pathway and the active subunitimportance of the dimerization of NHE1.

of the heterodimer is capable of catalyzing the transport
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