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The Na+/H+ exchanger is a ubiquitous membrane protein
of bacteria, plants and mammals. The first isoform discov-
ered (NHE1) is present on the mammalian plasma mem-
brane and transports oneH+out of cells in exchange for one
extracellular Na+. With solubilization in standard SDS/
PAGE buffer, this protein had a high tendency to aggregate
when subjected to elevated temperature. The aggregates
were stable and did not dissociate in high concentrations of
SDSor 2-mercaptoethanol.We examined the distribution of
theNa+/H+ exchanger withinmembrane subfractions. The
Na+/H+ exchanger was found both in caveolin-containing
fractions and, in lesser amounts, in higher densitymembrane
fractions where the bulk of proteins were contained. Treat-
ment with cytochalasin D caused only a minor reduction of
the amount of Na+/H+ exchanger present in caveolin-

enriched fractions suggesting an intact cytoskeleton was not
important for NHE1 localization to these microdomains.
Treatment of cells with methyl b-cyclodextrin had a small
stimulatory effect on Na+/H+ exchanger activity and
reduced the amount of Na+/H+ exchanger in low density
membrane fractions. Our study demonstrates that SDS
cannotmaintain the protein in amonomeric state suggesting
that strong hydrophobic interactions are responsible for this
temperature dependent aggregation behavior. In addition a
large proportion of theNa+/H+ exchanger protein is found
to be enriched in low density caveolin-containing fractions.

Keywords: caveolin; intermolecular hydrophobic interac-
tions; lipid rafts; Na+/H+ exchanger; SDS-resistant
aggregation.

The Na+/H+ exchanger is an integral membrane protein
that is present in yeast and Escherichia coli and in
mammalian cell types. In higher eukaryotes, it removes an
intracellular H+ and exchanges it for an extracellular Na+,
thereby protecting cells from intracellular acidification. The
first known isoform of the protein was cloned in 1989 [1]
followed by identification of six other isoforms to date,
NHE2–NHE7 [2]. The human NHE1 protein is an 815
amino acid plasma membrane glycoprotein that is widely
distributed in mammalian tissues [2]. Growth factor-
induced phosphorylation acts to increase its activity result-
ing in a rise in intracellular pH [3]. Studies have suggested
that the NHE1 protein has an N-terminal, hydrophobic,
membrane-associated domain of about 500 amino acids,
and a C-terminal, hydrophilic domain that contains about
315 amino acids. The membrane-associated domain has 12
transmembrane segments and one membrane-associated
segment [1,4]. The protein is known to exist as a dimer and
the NHE1 isoform specifically dimerizes to itself and not to
other isoforms of the Na+/H+ exchanger [5].

Although the NHE1 isoform of the Na+/H+ exchanger
is of great physiological importance, playing a role in
intracellular pH regulation and cell proliferation and
differentiation, there have been few studies with the intact

protein. The relatively low level of expression and the
difficulty in overexpressing membrane proteins has made
characterization of the intact protein difficult. In this study,
we have examined the characteristics of the protein in
detergent (SDS). We developed procedures for maximizing
the detection of the protein and characterize SDS-resistant
aggregation of the protein.We [6] and others [7] have shown
that the Na+/H+ exchanger is localized to specific foci in
some cell types. We therefore also examined the membrane
distribution of the protein using our improved Western
blotting procedure. Our results are the first examination of
the aggregation behavior and membrane microdistribution
of the NHE1 isoform of the Na+/H+ exchanger.

M A T E R I A L S A N D M E T H O D S

Materials

Restriction endonucleases and DNA modifying enzymes
were obtained from Boehringer Mannheim (Laval, Quebec,
Canada) and Bethesda Research Laboratories (Gaithers-
burg, MD, USA). Anti-hemagglutinin (HA) Ig for Western
blotting was purchased fromBoehringerMannheim (Laval,
Quebec, Canada) or Berkeley Antibody Co. (Richmond,
CA, USA). For immunoprecipitation anti-HA Ig was
purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). Anti-NHE1 monoclonal antibody was
from Chemicon Int. Inc. (Temecula, CA, USA) and calpain
I inhibitor was from Calbiochem (San Diego, CA, USA).
Anti Na+/K+ ATPase Ig (6F) was from the Develop-
mental Studies Hybridoma Bank (Iowa City, Iowa, USA).
Rabbit polyclonal anti-caveolin Ig was from Transduction
Laboratories (Lexington, KY, USA). Cholera toxin
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coupled to Alexa Fluor 488 was from Molecular Probes,
Inc. (Eugene, OR,USA). All other chemicals not listed were
of analytical or Molecular Biology grade and were pur-
chased from Fisher Scientific (Ottawa, Ontario, Canada),
Sigma (St., Louis, MO, USA) or BDH (Toronto, Ontario,
Canada).

Preparation of proteins from tissues and cells in culture

Organs were harvested from adult mice and immediately
frozen in liquid nitrogen. Tissues were then placed in a
buffer containing 1 M NaCl, 100 mM Tris pH 7.4, 0.1 mM

phenyl methanesulfonyl fluoride, 0.1 mM benzamidine,
37.5 lM ALLN (calpain I inhibitor) and a proteinase
inhibitor cocktail [6] for homogenization. Samples were
homogenized at 4 �C for 30 s, incubated on ice for 30 s, and
then homogenized again for 30 s using an Omni Interna-
tional 2000 electric homogenizer. To obtain crude mem-
brane fractions (which contained the NHE1 protein within
cells), homogenates were subjected to a series of centrifu-
gation steps [8]. Initial centrifugation was for 10 min at
1100 g. The pellet was discarded and the supernatant
centrifuged at 9000 g for 15 min. The resulting pellet was
again discarded and the supernatant was centrifuged at
100 000 g for 1 h to obtain a fraction enriched in crude
microsomes. The pellet containing the membrane fraction
was resuspended in the same buffer as described above with
the addition of 1% SDS to aid in solubilization. Total
protein was quantified using the Bio-Rad DC Protein Assay
kit.

AP-1 cells stably transfected with the HA-tagged
Na+/H+ exchanger were maintained in alpha-MEM
medium with G418 as described earlier [9]. For analysis of
NHE1, total cell lysates were used and were prepared and
subjected to SDS/PAGE essentially as previously reported
[10]. The standard buffer used for solubilization ofNa+/H+

exchanger containing samples contained 2% SDS, 10%
glycerol, 43.25 mM Tris/HCl, pH 6.8, 0.05 mM bromo-
phenol blue. The temperature of incubation varied as
described in the text and the entire sample treated was used
for electrophoresis. After treatment at various temperatures
samples were maintained at room temperature prior to
SDS/PAGE.

The Na+/H+ exchanger from rat myocyte proteins was
immunoprecipitated with a rabbit polyclonal antibody
against the cytoplasmic domain of the protein as described
earlier [10]. Immunoprecipitation of theNa+/H+exchanger
from transfected AP-1 cells was with a rabbit polyclonal
against the HA tag (Santa Cruz Biotechnology, Inc.).

Preparation of caveolin-enriched membrane fractions
using sucrose density centrifugation AP-1 cells stably
transfected with the HA-tagged Na+/H+ exchanger [9]
were grown to near confluence in 100-mm dishes and were
used to prepare caveolin-enriched membrane fractions by a
detergent-free (sodium carbonate) method [11]. After two
washes with ice-cold NaCl/Pi, two confluent dishes were
scraped into 2 mL of 500 mM sodium carbonate, pH 11.0.
Homogenization was carried out using 10 strokes of a tight-
fitting Dounce homogenizer followed by three 10-s bursts of
a Polytron tissue grinder (Brinkmann Instruments, West-
bury, NY, USA) and then three 20-s bursts of sonication
(XL Sonicator, Hert Systems, Farmingdale, NY, USA) to
more thoroughly disrupt the cellular membranes [11]. The

homogenates were adjusted to 40% sucrose by addition of
2 mL of 80% sucrose and placed at the bottom of an
ultracentrifuge tube. A 5–40% discontinuous sucrose gra-
dient was formed above by placing 4 mL of 30% sucrose
solution above the 4 mL sample (40% sucrose) and then
4 mL of 5% sucrose solution above the 30% sucrose
solution. The tubes were centrifuged at 39 000 r.p.m. for
16–20 h in an SW40Ti rotor (Beckman Instruments, Palo
Alto, CA, USA). A light scattering band was observed at
the 5–30% sucrose interface that contained caveolin-rich
membranes but excluded most other cellular proteins as
judged by Coomassie blue staining of proteins. Twelve
1-mL fractions were removed from the top of the tubes and
equal portions of each were analyzed by SDS/PAGE
followed by Western blot analysis. In some experiments,
AP-1/Na+/H+ exchanger containing cells were treated with
cytochalasin D (0.5 lg/mL, 2 h 37 �C) as described earlier
[12]. To disrupt lipid rafts and examine effects on Na+/H+

exchanger activity we treated cells with 10 mM methyl
b-cyclodextrin for 30 min at 37 �C in serum-freemedium, as
described earlier [13,14].

In some experiments, membrane fractions were isolated
using a procedure that contained TritonX-100 [15,16]. After
two washes with cold NaCl/Pi, two confluent dishes were
scraped into 1 mL of MBS (25 mM Mes, pH 6.5, 0.15 M

NaCl and 1% Triton X-100). Cells were solubilized at 4 �C
for 30 min and scraped from the dishes and collected. Cells
were homogenizedwith aDounce homogenizer as described
above. The homogenates were made to 40% sucrose by
adding 2 mL of 80% sucrose 2 · MBS in a glass tube, mix
by vortexing and placed at the bottom of an ultracentrifuge
tube. A 5–40% discontinuous sucrose gradient in MBS was
made as described above and samples were centrifuged and
collected as described above.

For some experiments we used Triton X-100 to re-extract
membranes that were isolated using the sodium carbonate
containing procedure [11] essentially as described earlier by
others [17]. Samples from fraction 5, that contained theHA-
tagged Na+/H+ exchanger were made to a final concen-
tration 50 mM Tris, pH 7.4, 150 mM NaCl and 5 mM

EDTA ± 1% Triton X-100. Samples were incubated for
20 min at 4 �C then pelleted in a TLA100.3 rotor at
80 000 r.p.m. for 20 min. The supernatants and pellets were
collected and analyzed for the presence of Na+/H+

exchanger by Western blotting.
Na+/H+ exchanger activity was measured in treated and

paired mock-treated cells. Acid load was induced with
ammonium chloride as described earlier [18]. There was no
difference in the degree of acidification in experimental and
mock-treated cells. Results were compared with a paired
Student’s t-test and considered significant when P <0.05
(n ¼ 8).

NHE1 Western blot analysis

Crude membrane fractions containing 60–100 lg total
protein were run on 10% polyacrylamide gels followed by
transfer to nitrocellulose membranes, essentially as des-
cribed earlier [9]. For immunoblotting with anti-NHE1 Ig
(Chemicon) nitrocellulose membranes were incubated over-
night at 4 �C in 10% milk/Tris/NaCl (Tris/NaCl ¼ 20 mM

Tris, 137 mM NaCl, pH 7.6), and then washed four times
for 15 min each in Tris/NaCl at room temperature.
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Membranes were probed at 4 �Covernight in the absence of
milk powder with anti-NHE1 monoclonal antibody
(Chemicon) at a concentration of 1 : 2000 in Tris/NaCl.
Following four washes of 15 min each with Tris/NaCl,
membranes were incubated with 1 : 5000 goat anti-mouse
Ig in Tris/NaCl at room temperature for 1 h. After three
5-min washes in Tris/NaCl, the Amersham Enhanced
Chemiluminescence reaction was used to visualize immuno-
reactivity as described earlier [10]. For samples containing
HA-tagged Na+/H+ exchanger the immunoblotting pro-
cedure was essentially as described earlier [9]. Analysis of the
relative amounts of protein present in membrane fractions
was as described earlier [19].

Immunocytochemistry

To determine the intracellular localization of NHE1 protein
in vivo in relation to lipid rafts AP-1 cells stably transfected
with pYN4 + plasmid containing the Na+/H+ exchanger
[9] were grown on coverslips. At 60% confluence cells on
coverslips were washed three times with 1 · NaCl/Pi,
pH 7.4. Following washes, the cells were fixed in 4%
paraformaldehyde for 10 min. Fixation was terminated
with 100 mM glycine in NaCl/Pi pH 7.4 for 15 min. Cells
were then washed twice with 0.1% Triton-X 100 and 0.1%
BSA in NaCl/Pi (TA-NaCl/Pi) and then permeabilized by
incubation in the same solution for 30 min. The cells were
then washed with three changes of TA-NaCl/Pi followed by
blocking in 5% fetal bovine serum or goat serum for
20 min. After washing with 3 quick changes of TA-NaCl/Pi,
coverslips were incubated overnight at 4 �C with the anti-
HA Ig (dilution 1 : 200). Control coverslips were incubated
in TA-NaCl/Pi only. Following reaction with the anti-HA
Ig, coverslips were washed three more times in TA-NaCl/Pi
and reacted with the fluorescently labeled (Rhodamine)
goat anti-mouse Ig in TA-NaCl/Pi (1 : 500) for 1 h at room
temperature. The fluorescently labeled cells were washed
three times with 1 · NaCl/Pi pH 7.4 and mounted in 50%
glycerol containing 1% propyl gallate. To compare the
localization of NHE1 with lipid raft distribution we used
cholera toxin to examine staining of GM1 ganglioside
essentially as described by others [13]. Cholera toxin
(coupled to Alexa Fluor 488, Molecular probes, dilution

1 : 200) was reacted immediately after the reaction with the
primary antibody against the HA tag as described above.
Cells were visualized with a Zeiss fluorescent microscope
equipped with appropriate filters.

R E S U L T S

To examine the Na+/H+ exchanger protein in intact
murine tissues we used Western blotting with a monoclonal
antibody against the cytoplasmic domain of the Na+/H+

exchanger. Samples of heart and kidney crude membranes
were subjected to a 5-min incubation at either 25, 37, 60 or
100 �C prior to loading the samples into SDS/PAGE.
Western blotting (Fig. 1A) showed that with incubation at
either 60 or 100 �C, the amount of NHE1 immunoreactive
protein dramatically declined. This occurred in both the
heart and kidney membranes. To ensure that the antibody
against the Na+/H+ exchanger was reacting with the
appropriate protein we immunoprecipitated NHE1 from a
rat heart extract using a rabbit polyclonal antibody raised
against the C-terminal 178 amino acids of the protein. The
immunoprecipitate was run on SDS/PAGE and probed
with anti-NHE1 monoclonal and a 100–105 kDa band was
evident (Fig. 1B). The results confirmed that the anti-NHE1
monoclonal was reacting with the Na+/H+ exchanger
protein.

To determine if the same phenomenon occurred in an
entirely different system we examined the Na+/H+

exchanger protein (NHE1 isoform) that was transfected
into AP-1 cells. The HA-tagged protein was immunopre-
cipitated, solubilized with SDS and subjected to incubation
at either 37 or 100 �C for 5 min. We varied the concentra-
tion of 2-mercaptoethanol to determine if this influenced the
effect. The results are shown in Fig. 2A. Boiling the samples
caused aggregation of the immunoprecipitated NHE1
protein that was reduced in amount at the 105–110 kDa
size. The amount of 105–110 kDa protein was reduced and
inmany instances evidence of aggregationwas evident at the
top of the gels. The amount of aggregate present at the top
of the Western blot of the gels was not equal in amount to
that lost at the lower molecular mass. This was probably
due to reduced efficiency of electrophoretic transfer of the
larger size aggregate. There was no effect of varying the

77
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H K H K H K H K
25 C 37 C 60 C 100 CA B

Fig. 1. Western blot analysis of the endogenous Na+/H+ exchanger protein from mammalian heart and kidney. (A) Western blot of adult heart (H)

and kidney (K) crude membrane preparations. Samples were heated for 5 min at 25, 37, 60 or 100 �C prior to loading the SDS/PAGE gel. After

transfer samples were immunoblotted with anti-NHE1 monoclonal antibody. The size and relative position of molecular mass markers are

indicated. (B)Western blot of NHE1 protein immunoprecipitated from rat heart myocytes with an antibody against the C-terminal 178 amino acids

of the protein. The immunoprecipitate was then probed with the anti-NHE1 monoclonal antibody.
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2-mercaptoethanol concentration on the amount of protein
aggregation. Increasing the SDS concentration from the
standard 2% to either 4 or 6% also did not prevent protein
aggregation. We sometimes observed that the NHE1
protein ran as multiple species of approximately 110 kDa
in size. The reason for this is not yet known but could be due
to the presence of other tightly associated proteins such as
calmodulin [20].

Recently, various membrane proteins have been demon-
strated to target to microdomains of the membrane known
as lipid rafts. Lipid rafts are known to be detergent resistant
and enriched in caveolin [21–23]. We examined if the
Na+/H+ exchanger might also be targeted to these lipid
glycosphingolipid- and caveolin-enriched fractions. To test
this hypothesis, we isolated membrane fractions from
mammalian cells and examined the distribution of the
Na+/H+ exchanger and of caveolin, a marker of lipid rafts.
To avoid possible detergent-induced artifacts that could
either alter the distribution of theNa+/H+ exchanger or the
constituency of the lipid rafts, we used an established
detergent-free lipid raft isolation procedure for some of our

studies [11]. Figure 3A shows the protein distribution of the
lipid raft fractions. Little protein was found in the earlier
fractions (4–5) that contain the lipid rafts (summarized in
Fig. 3G) [21–23]. As seen in Fig. 3B,G, caveolin was mainly
found in the low density fractions of lanes 4 and 5, at the
5–30% interface. A small amount of caveolin was also
found in fractions 6–8. In contrast, Western blotting of the
Na+/H+ exchanger protein (Fig. 3A,G) revealed that it
was present in fractions 5–12. Fraction 5 contained a very
reproducible large amount of Na+/H+ exchanger protein.
Smaller amounts were found in fractions 6–12. We and
others have shown that fractions 8–12 contain noncaveolar
membranes including plasma membranes, endoplasmic
reticulum, Golgi apparatus and lysosomes [11]. These
results showed that the NHE1 protein was found in
significant amounts in both the raft and nonraft fractions.

To confirm that the Na+/H+ exchanger is present in low
density membrane fractions we used two procedures. First,
we isolated membrane fractions by standard procedures in
the presence of Triton X-100. The results are shown in
Fig. 3E,F. The Na+/H+ exchanger was present in the low
density fractions (4 and 5) and was again present in the
higher density fractions 8–12. The higher density fractions
again contained the majority of the total protein present in
the membranes (not shown). To confirm that the higher
density fractions contained �nonraft� proteins, we used an
antibody against Na+/K+ ATPase. The results (Fig. 3F)
show that Na+/K+ATPase is present in the highest density
fractions (9–12).

Another experiment was performed to confirm that the
Na+/H+ exchanger was present in detergent resistant low
density fractions, typical of �raft-like� membranes. Low
density fractions (fraction 5) isolated using the bicarbonate-
based procedure [11] were treated with Triton X-100 to
solubilize any non raft-containing membranes. The results
are shown in Fig. 3D. The supernatant solubilized with
Triton X-100 contained relatively small amounts of
Na+/H+ exchanger. In contrast, the pellet of the Triton
X-100 extracted sample did not decrease in amount of
Na+/H+ exchanger protein, and in fact appeared to
increase in the relative concentration of Na+/H+ exchanger
present per protein applied. When calculating the total
volumes and concentrations of the fractions, together with
the relative amount of Na+/H+ exchanger present in the
supernatant and the pellet [19], it was found that over 80%
of the Na+/H+ exchanger remained in the Triton X-100
insoluble fraction.

The Na+/H+ exchanger has been reported to be linked
to the cytoskeleton possibly providing a link between actin
binding proteins and the plasma membrane [24]. We used
cytochalasin D to disrupt the cytoskeleton to determine if
this would affect the distribution of the protein within lipid
rafts. Cytochalasin D caused caveolin to be more widely
distributed throughout the membrane fractions (Fig. 4A).
Cytochalasin D caused a slight reduction in the relative
amount of the Na+/H+ exchanger in fraction 5 and a slight
enrichment in the relative amount present in fractions 8–12
though the majority of the NHE1 protein remained
unchanged in its distribution (Fig. 4A,B). In a separate
experiment, we examined the effect of methyl 2-cyclodextrin
on the distribution of the Na+/H+ exchanger within the
membrane fractions. Methyl b-cyclodextrin treatment
depletes plasma membrane cholesterol and disrupts low
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2% SDS  2% SDS  6% SDS  

β1.25% ME    β3% ME    β0% ME       1    
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Fig. 2. Effect of 2-mercaptoethanol and SDS on temperature-dependent

aggregation of the Na+/H+ exchanger. The hemagglutinin-tagged

Na+/H+ exchanger protein was expressed and immunoprecipitated

from AP-1 cells as described in the Materials and methods. The

immunoprecipitated protein was used for Western blotting under

varying conditions. (A) Effect of varying concentrations of 2-merca-

ptoethanol on aggregation of the Na+/H+ exchanger. Samples were

incubated with the indicated concentration of 2-mercaptoethanol at

either 37 or 100 �C. After SDS/PAGE and transfer, immunoblotting

was with an antibody against the hemagglutinin tag. (B) Samples were

incubated in the presence of 2, 4 or 6% SDS for 5 min at either 37 or

100 �C. After SDS/PAGE and transfer, immunoblotting was carried

out as described in (A).
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density lipid rafts [13,14]. This treatment changed the
distribution of the Na+/H+ exchanger and caveolin. The
Na+/H+ exchanger (Fig. 4C) was almost absent from
fraction 5 and was present in much greater amounts in
fractions 6 and 7 and in fraction 12. The distribution of
caveolin was greatly changed. It was almost absent from
fractions 4 and 5 and was spread throughout the other
fractions, with the greatest amount being in fraction 12.

As an alternative method of examining NHE1 colocali-
zation with lipid rafts we used immunocytochemical stain-
ing of NHE1 in combination with cholera toxin staining of
GM1 gangliosides. Figure 5A illustrates immunocytochem-
ical staining of the Na+/H+ exchanger and Fig. 5B
illustrates cholera toxin staining of the GM1 gangliosides.
The combined image (Fig. 5C) illustrates in yellow where
cholera toxin and the Na+/H+ exchanger distribution
overlap. It demonstrates that there are clearly significant

areas of overlap though there are definitely areas that do not
overlap. These results demonstrate that there are some areas
of colocalization plus other areas that clearly show no
colocalization.

To determine whether rafts were essential to NHE1
activity we used cyclodextrin to deplete rafts of cholesterol
and disrupt them as described earlier [13,14]. Figure 6
shows that treatment with methyl b-cyclodextrin did not
impair NHE1 activity, and a slight, significant stimulation
of Na+/H+ exchanger activity was noted.

D I S C U S S I O N

The NHE1 isoform of the Na+/H+ exchanger is a low
abundance plasma membrane protein responsible for pH
regulation in a variety of mammalian cell types [2,25]. While
numerous studies have characterized activity and regulation

Fig. 3. Distribution of caveolin and the Na
+
/H

+
exchanger in membrane subfractions from AP-1 cells transfected with the NHE1 isoform of the

Na+/H+ exchanger.Membranes were fractionated as described in the Materials and methods and separated by SDS/PAGE.Membrane fractions

for A–D and G were prepared using a detergent free, sodium carbonate-based procedure [11]. Membranes for E and F were prepared using a

detergent-based procedure that contained TritonX-100 [15]. (A) Coomassie blue stain of 30-lL samples of fractions. (B) Immunoblotting with anti-

caveolin Ig. (C) Immunoblotting with anti-NHE1 (HA-tag) monoclonal antibody. (D) Results of re-extraction of membrane fractions containing

the Na+/H+ exchanger (fraction 5) prepared as described for A–C. Membrane fractions were re-extracted with 1% Triton X-100 pelleted and the

supernatant and pellets were subjected to SDS/PAGE and immunoblotting as described in the Materials and methods’. Lane 1, untreated fraction

5, 5 lg; lane 2, 7 lg of supernatant of the Triton X-100-treated fraction 5; lane 3, pellet of Triton X-100-treated fraction 5, 4.5 lg. (E)
Immunoblotting with anti-NHE1 (HA-tag)monoclonal antibody ofmembranes prepared in the presence of TritonX-100. F, Immunoblotting with

anti-(Na+/K+ATPase) Ig of membranes prepared in the presence of TritonX-100. (G) Summary of Na+/H+ exchanger and caveolin distribution

in membrane fractions from AP-1 cells transfected with the NHE1 isoform of the Na+/H+ exchanger. Membrane fractions were prepared and

visualized as described in Fig. 3A–C. The relative distribution of proteins in the gels and Western blots was analyzed as described earlier [19].

Results are typical of at least three independent determinations.
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of the Na+/H+ exchanger, biochemical characterization of
the properties of the full length protein has proven difficult
because of its low abundance and because of the difficulty in
overexpressing integral membrane proteins. In this study,
we examined the behavior of the protein expressed in
mammalian cells to gain insights into its character and to

optimize future analysis of the protein. Our initial experi-
ments demonstrated that the endogenous NHE1 protein of
both heart and kidney aggregated in highly denaturing SDS
containing buffer. Incubation at elevated temperatures
dramatically decreased the amount of protein that was
detectable byWestern blot analysis. The same phenomenon
occurred with immunoprecipitated protein expressed in the
Chinese hamster ovary (CHO) cell line, AP-1 cells (Figs 1
and 2). The effect was not altered by changes in 2-merca-
ptoethanol concentration or by elevation of detergent
concentrations. It was clear that this temperature-dependent
effect was inducing aggregation of the protein because
aggregates could often be seen on the top of the SDS/PAGE
gels depending on the conditions of electrophoresis (Fig. 2).
The effect was not due to overexpression of the Na+/H+

exchanger protein because we also found that it occurred
with the endogenous protein (Fig. 1) that is present in low
levels in the heart and kidney.

SDS-resistant protein aggregation has been demonstra-
ted in a variety of proteins including for the vesicular
monoamine transporter [26], for the E. coli inner mem-
brane glycerol facilitator [27] and for human testis-
enhanced gene transcript [28]. It has been suggested that
proteins susceptible to SDS-resistant aggregation retain a
significant level of structure in the presence of SDS [26].
Several membrane proteins such as bacteriorhodopsin [29]
can maintain a substantial amount of their structure even
in the presence of SDS. Our results suggest that the
Na+/H+ exchanger may belong to this category of
membrane proteins. It has been shown that heat-induced
aggregation of membrane proteins may occur more in
some cases when there is a relatively higher concentration
of protein [28]. However, we found that the aggregation
behavior of the Na+/H+ exchanger occurred for both the
more concentrated, immunoprecipitated protein and for
the unpurified endogenous Na+/H+ exchanger protein in
crude membrane preparations. Because of the key role the
protein plays in calcium overload, several studies have
recently examined expression of the Na+/H+ exchanger in
development and in various pathophysiological states
[30–32]. Our results suggest that treatment of samples
proteins at inappropriate conditions could easily distort
detection of the protein or prevent its detection altogether
in some cases.

Temperature-induced aggregation of proteins in SDS
occurs in membrane proteins. It is suggested that this
aggregation is usually the result of their hydrophobicity
[28,33]. The Na+/H+ exchanger is predicted to have 12
transmembrane segments and one membrane-associated

Fig. 5. Colocalization of the Na+/H+ exchanger with GM1 ganglioside in AP-1 cells. AP-1 cells were immunostained with anti-HA (tag) Ig for the

Na+/H+ exchanger and with cholera toxin for staining of GM1 ganglioside. (A) Immunostaining of Na+/H+ exchanger. (B) Cholera toxin

staining of GM1 ganglioside. (C) Colocalization of the Na+/H+ exchanger and GM1 ganglioside.

Fig. 4. Distribution of caveolin and the Na
+
/H

+
exchanger in mem-

brane subfractions fromAP-1 cells after various treatments.Membranes

were fractionated as described for Fig. 3A–C. Membrane fractions

used in A and B were from cells treated with cytochalasin D as des-

cribed in the Materials and methods. (A) Immunoblotting with anti-

NHE1 (HA-tag) monoclonal antibody of fractions from cytochalasin

D-treated cells. (B) Immunoblotting with anti-caveolin Ig of mem-

brane fractions from cytochalasin D-treated cells. Membrane fractions

used in C and D were from cells treated with methyl b-cyclodextrin as

described in the Materials and methods. (C) Immunoblotting with

anti-NHE1 (HA-tag) monoclonal antibody of fractions from methyl

b-cyclodextrin-treated cells. (D) Immunoblotting with anti-caveolin Ig

of membrane fractions from methyl b-cyclodextrin-treated cells.
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segment [1,4]. This large amount of hydrophobic amino
acids is probably responsible for the aggregation behavior.
It is not clear at the present time whether the aggregation is
homotypic or heterotypic. It is of note that we often found
several forms of the Na+/H+ exchanger of slightly different
apparentmobility. This could suggest associationwith other
different proteins including accessory proteins.

We [6] and others [7] have shown that the Na+/H+

exchanger is localized to specific foci in some cell types.
Because of this property and because of the large amount of
functional hydrophobic residues present in the protein, we
examined whether the protein was present in caveolin-
enriched, low density membrane fractions. Various mem-
brane proteins are specifically targeted to these fractions,
and often this can involve an increase in their hydropho-
bicity by addition of lipid anchors such as myristate or
palmitate. These membrane subdomains are reported to be
enriched in glycosphingolipids, free cholesterol, saturated
phospholipids and some specific proteins [34,35]. The
function of such subdomains of the membrane proteins
may be to aid in targeting, and possibly to aid in signaling
by localizing specific receptors [23]. Several lines of evidence
showed that the Na+/H+ exchanger was present in these
low density membrane fractions. First, we showed that it
colocalized with caveolin in the cholesterol enriched
fractions (Fig. 3). The Na+/H+ exchanger was found in
low density fractions that were isolated by two independent
techniques. Low density fractions were made by either
detergent-free [11] or detergent-containing techniques
[15,16]. In addition, we confirmed that the low density
Na+/H+ exchanger containing fractions isolated by deter-
gent-free techniques were resistant to extraction by Triton
X-100 (Fig. 3D). As another independent method of
determining the Na+/H+ exchanger localization we used

immunocytochemistry. We found that the Na+/H+

exchanger colocalized with GM1 as indicated by cholera
toxin staining (Fig. 5). While there was clearly a colocali-
zationwith these low density fractions, there was also clearly
a significant fraction of the Na+/H+ exchanger protein that
did not colocalize with these fractions. This was evident by
both subcellular fractionation and immunocytochemistry.
Recently, the NHE3 isoform of the Na+/H+ exchanger has
been shown to be present in both raft and nonraft
membrane fractions [36]. Our results show that the NHE1
isoform also has a similar distribution in these membrane
fractions. While the bulk of the Na+/H+ exchanger was
generally found in low density fractions, significant amounts
were present in fractions of higher density.

We also examined whether an intact cytoskeleton was
significant in localization of NHE1 to the low density lipid
fractions. Cells were treated with cytochalasin D to disrupt
the cytoskeleton and to disrupt interactions that have
recently been suggested to occur between NHE1 and the
cytoskeleton [37]. Subcellular fractionation showed that
NHE1 was still contained within both low and high density
membranes. Surprisingly, the distribution of NHE1 did not
vary greatly suggesting that an intact cytoskeleton was not
an important factor in its localization to lipid fractions.
These results suggest that the localization of NHE1 is
probably due to an intrinsic property of the membrane
region of the protein and its interaction with surrounding
lipids.

To examine if specific membrane localization is required
for NHE1 activity we depleted cholesterol using methyl
b-cyclodextrin treatment. Figure 4D shows that cholesterol
depletion altered the membrane distribution of the
Na+/H+ exchanger and caveolin, confirming that methyl
b-cyclodextrin was active. Surprisingly, we found that this
treatment slightly stimulated NHE1 activity and was not
inhibitory. We have recently shown that the Na+/H+

exchanger is regulated by MEK-dependent (mitogen-
activated protein kinase/extracellular signal-regulated
kinase kinase-dependent) specific signaling and that the
cytoplasmic domain is phosphorylated by ERK (extra-
cellular signal-related protein kinase) [10,38]. A recent
report [39] has also shown depletion of cholesterol from
the plasma membrane by methyl b-cyclodextrin results in
activation of mitogen-activated protein kinase pathways
including activation of ERK. Thus it is possible that the
activation of NHE1 we see is due to activation through
ERK-dependent phosphorylation. Further experiments are
necessary to confirm the mechanism of this slight stimula-
tion of activity, though it is clear that there is no inhibitory
effect of methyl b-cyclodextrin treatment on NHE1 activity.

In summary, our results demonstrate both the previously
uncharacterized membrane behavior of the Na+/H+

exchanger and its location within membranes. We show
that this hydrophobic protein is sensitive to temperature
induced aggregation and suggest that lower temperatures of
incubation for SDS/PAGE will improve detection and
characterization of expression of this low abundance
protein. We also demonstrate that the Na+/H+ exchanger
is also present in relatively large amounts low density
membrane fractions. The results are the first that illus-
trate that the NHE1 isoform of the Na+/H+ exchanger
is present in low density microdomains in the plasma
membrane.

Fig. 6. Effect of treatment with methyl b-cyclodextrin on the rate of

Na
+
/H

+
exchanger recovery from an acute acid load. Cells were

treated with 10 mM methyl b-cyclodextrin or �mock� treated and

Na+/H+ exchanger activity was measured after transient induction

with an acid load as described in the Materials and methods. *Signi-

ficantly different from control at P<0.05.
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